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In refluxing toluene N-ierf-octylaminocyanoketen-N-iert-octyliimne (3) and tert-octylaminomalononitrile (1) 
both thermolyze. Additionally, 3 rearranges to give ierf-octylammo-ieri-oetylmalononitrile (10). It is proposed 
that in each case the initial intermediate is a hybrid ion pair-radical pair in a solvent cage. This intermediate 
may either proceed directly to products or may— with increasing solvent separation—diverge into distinct ion 
and radical pairs. In the case of 3, combination or disproportionation reactions can account for the formation 
of all identified products with the exception of ierf-octylimino-ferf-octylacetonitrile (12) and of di-fert-octylamino- 
maleonitrile (16). Stoichiometrically, these compounds are related to 3 as the products of elimination and 
addition of hydrogen cyanide. With fJ-cis elimination ruled out by MO-symmetry considerations, it is proposed 
that cyanide ion is generated by a elimination from the ¿eri-octylaminomalononitrile anion which is the anionic 
component in the proposed ion pairs. Combination of the resulting ierf-octylaminocyanocarbene (11) with the 
tert-octyl cation— the cationic component— and subsequent elimination of a proton gives 12. In the case of 1, 
Thorpe-type dimerization appears to compete with thermolysis since a triaminotricyanopyroline, 22, was isolated. 
Formation of this compound may involve addition of hydrogen cyanide to an iminopyroline resulting from 
cyclization of the initial Thorpe dimer. Also obtained was an enaminoimine 23 which formally corresponds 
to the product of elimination of hydrogen cyanide from the dimer, but which may originate from insertion of the 
aminocyanocarbene 11 in the C -H  bond of 1. From the thermolysis of neat 1 a dehydrogenation product of 
the Thorpe dimer was isolated. It is proposed that 11 is responsible for the hydrogen abstraction.

In an earlier paper1 the reactions of feri-octylamino- 
malononitrile (1) and of V-ierf-octylaminocyanoketen- 
A-ferf-octylimine (3) in basic media are described.

Esr evidence shows that under these conditions 1 
gives the relatively stable teri-octylglycinonitrile radical
(18). Additionally, the formation of the t e r t - o ctyl- 
aminomalononitrile radical (5) is indicated. The 
evidence points to initial a  elimination of hydrogen 
cyanide from 1 to give the ¿ert-octylaminocyanocarbene
(11) 51 3 however, competing (3 elimination to give the 
tautomeric teri-octyl i minoacetonitrilc (13) is difficult 
to rule out.

Therefore, the uncatalyzed thermolysis of 1 and 3 
became of interest. Under these conditions /? elimina­
tion can be virtually ruled out. Concerted j3-cis elim­
ination is forbidden by the MO symmetry rules,2,3 
and the alternative nonconcerted /3-trans elimination 
should be a high-energy process because it implies 
ionization without solvation. Moreover, as previously

(1) L . de Vries, J. Org. Chem., 38, 2604 (1973).
(2) R. Hoffmann and R. B. Woodward, Science, 167, 825 (1970).
(3) I t  has recently been recognized that some reactions in which orbital 

symmetry is not conserved m ay yet occur in a concerted manner. 4 * These 
are, however, likely to be high-energy processes, requiring conditions of con­
siderably greater severity than those used in the present work.

(4) J. E . Baldwin, A . H . Andrist, and R. K . Pinschmidt, Accounts Chem.
Res., 5, 402 (1972); J. A . Berson, ibid., 5, 406 (1972).

pointed out,1 heterolysis of aminomalononitriles such 
as 1 is unlikely even in a solvating medium. These 
predictions are experimentally confirmed (see below). 
Homolytic paths are likely in the thermolysis of 3, 
since a number of thermal rearrangements of ketenim- 
ines have been reported to involve the formation and 
recombination of radicals. Examples are R  =  CH3,6 
R2 = -fCH 2ffi3.6

r 2C = C = N C R .

hIN

r  i r 2c = c = n 
\  IL IffiC — C =F

r i R 2C = C = N - C IV
+  I

;N CN .
R2C— CR2 

CN CN

Results and Discussion

Thermolysis of the Aminocyanoketenimine 3.—In
the thermolysis of 3 (Scheme I) the major isolated 
products are 2,4,4-trimethylpentene-l (7), 2,4,4-tri- 
methylpentane (8), feri-octylimino-ferf-octylaminomalo- 
nonitrile (10), and terf-octylimino-feri-octylacetonitrile
(12). Minor isolated products are di-teri-octylamino- 
tricyanoethane (19), di-terf-oetylaminomaleonitrile (16), 
and di-ferl-octyliminosuccinonitrile (25). Additionally,

(5) G. S. Hammond, O. D. Trapp, R . T . Keys, and D . L. Neff, J. Amer. 
Chem. Soc.. 81, 4878 (1959).

(6 ) H. D . Waits and G. S. Hammond, J. Amer. Chem. Soc., 86, 1911 
(1964).
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the presence of small amounts of ¿eri-octylaminomalo- 
nonitrile (1) and of ferf-octyliminomalononitrile (9)7 is 
indicated by glpc.

Moreover, hydrogen cyanide is evidently evolved as 
well, because among the above thermolysis products 
the diaminomaleonitrile 16 is the adduct of hydrogen 
cyanide to 3,8 while the iminoacetonitrile 12 is the 
(stoichiometric) product of elimination of hydrogen 
cyanide from 3.

The restrictions imposed by the MO symmetry 
rules suggest that none of these products is formed by 
a concerted process. Specifically, the formation of the 
aminomalononitrile 10 by rearrangement of the amino- 
cyanoketenimine 3 involves a 1,3 shift of a t e r t -octyl 
group from nitrogen to carbon. A concerted shift of 
this type is symmetry forbidden because it is equivalent 
to a suprafacial 1,3 shift in an allylic system with reten­
tion of configuration in the migrating group.9 Steric 
considerations lead independently to the same conclu­
sion : the linearity of the C -C -N  system in both the 
initial ketenimine and the final nitrile makes it im­
possible for the migrating group to remain bonded to 
both ends of the unsaturated system throughout the 
rearrangement, as is required for a concerted process.

Concerted j3-cis elimination is another symmetry- 
forbidden process. Concerted decomposition of the 
aminocyanoketenimine can, therefore, not account for 
the formation of the trimethylpentene 7 and the amino­
malononitrile 1 (by way of its ketenimine tautomer 2).

Similarly, the hydrogen cyanide that is formed in the 
thermolysis of 3 cannot originate by the forbidden d- 
cis-elimination route from the aminomalononitriles 1 
or 10 (both of these are thermolysis products). For 
the case of 10, this conclusion is experimentally verified. 
Upon d elimination of hydrogen cyanide 10 would give 
the iminoacetonitrile 12. In the thermolysis of 3 in

(7) Compound 9 is prepared in high yield by dehydrogenation of 1 with 
tetracyanoethylene or benzoyl peroxide. 1

(8 ) L. deVries, J. Org. Chem., 36, 3442 (1971).
(9) R. B. Woodward and R . Hoffmann, “ The Conservation of Orbital

Symmetry,” Academic Press, New York, N . Y ., 1970, p 114.

refluxing toluene for 18 hr 12 is a major product, but 
under identical conditions no 12, and therefore no hy­
drogen cyanide, is produced from 10 which is quantita­
tively recovered.

In summary, a nonconcerted, rather than a concerted, 
mechanism is indicated for the thermolysis of 3. That 
this process has homolytic features is suggested by the 
formation of thermolysis products such as 2,4,4-tri- 
methylpentane (8) and the iminomalononitrile 9, 
which is formally the product of dehydrogenation of 
1. On the other hand, the formation of hydrogen 
cyanide points to a heterolytic pathway, since the 
C = N  radical is a high-energy species.10 The simplest 
nonconcerted heterolytic process leading to hydrogen 
cyanide and 12 is a d-trans elimination, involving initial 
ionization of aminomalononitrile 10 to give a cyano- 
immonium cyanide and subsequent deprotonation of 
the immonium ion by the cyanide counterion to give
12. This path is, however, a  p r i o r i  improbable for 
reasons mentioned above and is experimentally ruled 
out by the demonstrated thermal stability of 10 in re­
fluxing toluene.

R N H R N H R N

1 — | ^  II
C — CN R — C + CN C

/ \ | / \
R  CN CN R  CN

10 R  =  e C 8H 1T 12

The formation of all isolated thermolysis products 
can be rationalized by a single mechanism with homo­
lytic, as well as heterolytic, features if one assumes 
that the first intermediate is an intimate ion pair- 
radical pair hybrid in a solvent cage (4, Scheme I). 
This initial intermediate may directly proceed to 
products or, with increasing solvent separation, it may 
diverge into distinct ion pairs (4b) and radical pairs (4a). 
This seems a reasonable possibility, since both the 
radical and the anion derived from terf-octylamino-

(10) J. C. Boden and B. A. Trush, Proc. Roy. Soc., Ser. A, 306, 107 (1968).



T h e k m o l y sis  o f  a n  A m in o m a l o n o n it r il e J. Org. Chem., Vol. 38, No. 26, 1973 4359

Scheme II
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malononitrile (5 and 6) are presumably resonance- 
stabilized species.1

Walling11 has proposed a similar ion pair-radical pair

(11) C. Walling, H. D. Waits, J. Milanovic, and C. G. Pappiaonnou, J.
Amer. Chem. Soc., 92, 4927 (1970); see also J. E. Leffier and A. A. More,
ibid., 94, 2483 (1972).

hybrid—later diverging into distinct ion pairs and rad­
ical pairs—in order to account for the competing homo- 
lytic and heterolytic decomposition paths of acyl 
peroxides.

Recombination and disproportionation in 4, 4a, or 
4b can account for the formation of 7, 8, 9, and 10.

The ion pair 4b also explains the formation of the 
iminoacetonitrile 12 and of hydrogen cyanide. Inside 
the solvent cage the aminomalononitrile anion 6 may 
expel a cyanide ion to give the aminocyanocarbene 11 
(shown in the ylide form 11a). Combination of 11 
with R+, followed by expulsion of a proton, results in 
formation of 12. The hydrogen cyanide thus produced 
adds to 3 to give the isolated diaminomaleonitrile 16 (re­
action a, Scheme II).

It may be significant that thermolysis of neat 3 
(as opposed to 3 in refluxing toluene) gives no rearrange­
ment product 10. Under these conditions the main 
product is the iminoacetonitrile 12.

Evidence presented earlier1 suggests that the carbene 
11 could be a fairly long-lived species, capable of diffus­
ing out of the initial solvent cage to react with other 
molecules in the environment, primarily through hydro­
gen abstraction. The formation of the diiminosuccino- 
nitrile 25 (Scheme III) can be rationalized in this manner,

Scheme III

RNH CN RN CN RN CN
RNH \ / RNH \ / \ /

C C C
C: + II — ■ C— H + II ~ 1

c c c-
CN / \ CN / \ / \
11 RNH CN 18 RNH CN RNH CN

16 24

RN CN

aispruporuuuauuii ,
24 +  24 --------------------------- >- | +  16

C
✓  \

RN CN
25

R = i-C8H!7

since under dehydrogenating conditions 25 is readily 
formed from the diaminomaleonitrile 16. Esr shows 
that a stable radical is involved.1

It is proposed that abstraction of hydrogen from the 
diaminomaleonitrile 16 by the carbene 11 results in the 
initial formation of the radical 24. Disproportionation 
of this radical then generates the diiminosuccinonitrile 
25 and regenerates 16 (Scheme III). This mechanism 
is supported by the observation that the diimino­
succinonitrile 25 is also produced when the carbene 11 
is generated (from the aminomalononitrile 1 and tri- 
ethylamine) in the presence of an excess of the diamino­
maleonitrile 16.

Formation of the carbene 11 also suggests two routes 
—both discussed earlier1—to the diaminotricyanoethane 
19 (reaction b, Scheme II).

(1) Hydrogen abstraction by the carbene 11 from 
the concomitantly formed aminomalononitrile 1 results 
in the formation of the glycinonitrile radical 18 and the
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aminomalononitrile radical 5. These radicals may 
combine to yield 19.

(2) The carbene 11 first rearranges to the more stable 
iminoacetonitrile 13, to which 1 adds to give 19.

In summary, the mechanism shown in Scheme I could 
account for the formation of all products identified in the 
thermolysis of the aminocyanoketenimine 3. Proof is 
however needed that the carbene 11 is not formed by an 
alternative route that does not involve the ion pair- 
radical pair intermediate 4. Such a route could be 
thermal dissociation of the aminocyanoketenimine 3 to 
give 11 and ieri-octylisonitrile (14, Scheme I). This 
would constitute a reversal of a reaction observed by 
Ciganek,12 i . e . ,  the addition of a carbene to an isonitrile 
to give a ketenimine.

Such a direct formation of 11 is, however, very im­
probable. According to Hoffmann, Gleiter, and Mal­
lory,13 orbital symmetry rules demand that two di­
merizing singlet carbenes approach each other in per­
pendicular planes to give an olefin. The principle of 
microscopic reversibility implies, therefore, that co- 
planar dissociation of an olefin to give two singlet car­
benes (or other singlet species) is symmetry forbidden 
and that the x bond must first be broken in an initial 90° 
twist. Such a high-energy process would be required 
for thermal dissociation of 3 since the isonitrile 14 is a 
ground-state singlet as is assumedly the carbene l l . 1 
Glpc analysis confirms the nonoccurrence of this pro­
cess, since teri-octylisonitrile was shown to be absent 
among the thermolysis products.

The thermolysis of ketene-V-ferf-butylimines, which 
are structurally similar to 3, has been reported to give 
isobutene and a nitrile.

R,R2C =C=N C (C H 3)3 — R 1 R 2 CHCN +  H2C=C(CH3)2

Ciganek14 found first-order kinetics for this reaction 
and proposed that it may be analogous to a reverse 
ene reaction. However, the required cyclic, six- 
membered transition state appears to be highly strained 
owing to the linearity of the ketenimine moiety. (See, 
however, ref 14.) Disproportionation of an ion pair- 
radical pair intermediate similar to 4 is an attractive 
alternative. Such a mechanism would be analogous 
to that proposed above for the thermolysis of 3. 
Ciganek considered a radical mechanism but dismissed 
it because neither isobutane nor the dimers of the t e r t -  

butyl radical and of the radical R iR2C C = N  are found 
among the products. (In this system isobutane would 
originate from disproportionation of a pair of ¿erf-butyl 
radicals.14b) Formation of these products is not ex­
pected, however, if an initial ion pair-radical pair pro­
ceeds directly to products within the solvent cage and 
does not dissociate to give individual radicals.

Thermolysis of the Aminomalononitrile 1.—Thermol­
ysis of 1 in toluene gave a product mixture from which 
six products have been isolated and identified (Scheme 
II). For one of these the triaminotricyanopyroline 
structure 22 is proposed; the others are the two di- 
aminodicyanoethylene isomers 15 and 17 (the male- 
onitrile and fumaronitrile structures are unassigned), the 
diaminotricyanoethane 19, the enaminoimine 23, and

(12) E. Ciganek, J. Org. Chew.., 36, 862 (1970).
(13) R . Hoffmann, R . Gleiter, and F. B. Mallory, J. Amer. Chem. Soc., 

92, 1460 (1970).
(14) (a) E . Ciganek, Tetrahedron Lett., 59, 5179 (1969); (b) ref 14a, foot­

note 8 .

the iminomalononitrile 9. Several additional products 
were separated by chromatography but were not identi­
fied, since they could not be purified by crystallization.

The initial step in the formation of triaminotricyano­
pyroline 22 may be Thorpe-type dimerization of 1 to 
give 20. It is hypothesized that cyclization of this 
dimer gives 21, to whose imino group hydrogen cyanide 
adds to give 22 (reaction e, Scheme II). A mechanisti­
cally similar cyclization of the trimer of malononitrile 
has been reported.16 Other structures fit the formula of 
2 2  (C23H39N 7), which was determined by elemental 
analysis and mass spectra, but only the triamino­
tricyanopyroline is consistent with the nmr evidence. 
(See Experimental Section.)

Formation of the remaining products in the thermol­
ysis of 1 can be explained by a mechanism analogous 
to that proposed for the thermolysis of 3. This implies 
a hybrid ion pair-radical pair intermediate which, 
among other products, gives rise to the carbene 11 and 
to hydrogen cyanide.

Addition of the hydrogen cyanide to 1 accounts for 
the formation of the two isomeric JV-alkyldiamino- 
dicyanoethylenes 15 and 1716 (reaction a, Scheme II).

The enaminoimine 23 may originate from insertion of 
the carbene 11 into the C -H  bond of 1, as proposed 
earlier1 for the formation of 23 from 1 in triethylamine.

Under thermolytic conditions 1,4 elimination of hy­
drogen cyanide from the Thorpe dimer 20 must be 
considered a possible alternative route to 23 (reaction d, 
Scheme II). An uncatalyzed, concerted process of this 
type is MO symmetry allowed, but appears question­
able in view of the mildness of the conditions. Not 
only does it require a hydrogen to leave from a rela­
tively basic amino group but, additionally, the nitrile 
group is a very poor leaving group.

Conceivably, elimination of hydrogen cyanide from 
the Thorpe dimer 20 could also be bimolecular and auto- 
catalyzed by one of the amino groups. However, this 
appears improbable as well, because the basicity of 
these amino groups is lowered owing to inductive or 
tautomeric electron withdrawal by the nitrile groups.

The iminomalononitrile 9 could originate from direct 
disproportionation of the radical pair-ion pair inter­
mediate 4 with generation of molecular hydrogen 
(Scheme I, Ri = H). Although this may occur, there 
is no experimental evidence to support the evolution of 
hydrogen.

It seems more likely that the aminocyanocarbene 11 
is the hydrogen-abstracting species. According to a 
mechanism discussed earlier1 (reaction b Scheme I I ) , 11 
initially abstracts a hydrogen atom from the amino­
malononitrile 1, to yield simultaneously the glycino- 
nitrile radical 18 and the aminomalononitrile radical 5. 
Combination of 5 and 18 gives the diaminotricyano­
ethane 19. Disproportionation of 5 gives 9 and re­
generates 1 (reaction c, Scheme II).

When fer¿-octylaminomalononitrile (1) is heated in 
the absence of solvent at 60°, a thermolysis mixture re­
sults which differs profoundly from that obtained in 
refluxing toluene. Under the solvent-free conditions, 
the enaminoimine 23 is still formed, but the diamino-

(15) H . Junek and H . Sterk, Z .  Naturforsch., 22, 732 (1967).
(16) The assignment of a l-íerí-octylamino-2-aminodicyanoethylene 

structure to 17 is based on elemental analysis, on mass spectrum, and on the 
striking similarity of its ir and nmr spectra to those of the configurationally 
isomeric 15, which was isolated earlier. 1
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tricyanoethane 19 is not found, although it is a major 
component in refluxing toluene. Similarly, neat 1 gives 
very little of the triaminotricyanopyroline 22 and only a 
trace of teri-octyliminomalononitrile (9) is shown by 
glpc. On the other hand, relatively more of the 
diaminodicyanoethylene isomers 15 and 17 is found 
and additionally a new compound is isolated. Accord­
ing to elemental analysis and spectral evidence (see 
Experimental Section) this is l-fert-octylimino-2-imino-
3-teri-octylamino-l,3,3-tricyanopropane (26), which is 
formally the product of dehydrogenation of the Thorpe 
dimer 20. The hydrogen abstraction which is implied 
in this formula is attributed to the aminocyanocarbene 
11.

RNH CNi i RN CN
1 U -C C

1 1
C  C-— CN -2H  ^

/  \  /  \ RNH /  \  /  \
C N 1 NC C I
1 / \ 1 II /

h 2n h  r CN / - V  /
20 11 H Tl 

26

Conclusion

It thus appears that the intermediates involved in 
the thermolyses of 1 and 3 are either identical with or 
are closely related to those postulated for the reactions 
of these same compounds in basic media. Under the 
latter conditions, most of the evidence for the inter­
mediacy of fert-octylaminocyanocarbene was of an in­
direct nature. In the thermolysis reactions, however, 
this intermediate appears more directly implicated ow­
ing to the mechanistic restrictions imposed by the MO 
symmetry requirements.

Experimental Section
Equipment.—-The following instruments were used: a Perkin- 

Elmer 621 double-beam grating ir spectrometer, a Laser-Raman 
Cary 81 spectrometer, and a Varían HA-100 nmr spectrometer.

Materials.— íerf-Octylaminomalononitrile (l)1 and tert-octyl- 
aminocyanoketen-lV-ieri-octylimine (3)8 were prepared as de­
scribed in earlier papers.

¿erí-Octylamino-Zerí-octylmalononitrile (10) by Thermal Re­
arrangement of 3 in Toluene.— An 11.4-g (0.037 mol) quantity of 
3 was dissolved in 75 ml of toluene, and the solution was heated at 
reflux in a nitrogen atmosphere for 14 hr. The toluene and the 
volatile reaction products were collected by distillation in vacuo. 
The residue was diluted with 20 ml of pentane, chilled to —10°, 
and filtered to give 6.5 g of a crystalline product. With the ex­
ception of a small residue, this product could be redissolved in 
cold pentane. After three recrystallizations from this solvent at 
— 10° (including a treatment with Norit), 4.1 g (36.0%) of pure 
10 was recovered, mp 67.0-67.5°.

Anal. Caled for CiSH35N 3: C, 74.69; H, 11.54; N, 13.75. 
Found: C, 74.61; H, 11.63; N, 13.84.

Ir (CC14) 3405, 3360 (w, NH), 2235 cm “ 1 (vw, C = N );17 nmr 
(CCh) 8 0.97, 1.01 [18 H, 2 C(CH3)3], 1.26, 1.41 [each 6 H, 
C(CH3)2], 1.46, 1.54 ppm (each 2 H, CH2); mass spectrum (70 
eV) m /e 305 (M +); mol wt 303 (Thermonam).

Formation of l,2-Di-ferf-octylammo-l,2,3-tricyanoethane (19) 
in Thermolysis of 3.-—The pentane-insoluble part of the crystal­
line thermolysis residue of 3 was recrystallized from a benzene- 
hexane mixture. An 0.153-g amount (2.3% ) of pure 19 was 
obtained, identified by ir spectrum and mixture melting point 
determination. Authentic 19, prepared by thermolysis of 1 (see 
below), was used for comparison.

Glpc Analysis of Mother Liquors of 10. Identification of tert- 
Octylaminomalononitrile (1) and of Art-Octyliminomalononitrile

(17) Extremely weak C = N  bands are the rule in aminomalononitriles. 8

(9 ) .— The condensed mother liquors of 10 were analyzed by glpc. 
The support was 5%  silicone SE-30 (General Electric Co.) on 
Chromosorb W (Johns-Manville). By means of the coinjection 
technique, three of the major components were identified as tert- 
octylimino-ferf-octylacetonitrile (12), di-ierf-octyliminosuccino- 
nitrile (26), and di-ierf-octylaminomaleonitrile (16). These sub­
stances were also isolated by column chromatography (see below).

Additionally, by means of the coinjection technique, two minor 
components were identified as ¿erf-octylaminomalononitrile (1) 
and ferf-octyliminomalononitrile4 (9). Neither of these com­
pounds could be isolated by column chromatography.

Chromatography of the Mother Liquors of 10.— The mother 
liquors of 10 were chromatographed through a silica column using 
mixed pentane-ether eluents of progressively increasing ether 
content.

¿ert-Octylimino-ierf-octylacetonitrile (12) and Di-ierf-octylimino- 
succinonitrile (25) from Thermolysis of 3.— Removal of the sol­
vents from the pentane-ether (19:1) eluate left an oily residue. 
Distillation of this residue through a microstill yielded 1.1 g 
(10.7%) of 12 as a colorless oil, bp 82.0-82.5° (0.13 mm), nwd 
1.4582.

Anal. Calcd for Ci8H34N2: C, 77.60; H, 12.33; N, 10.06. 
Found: C, 77.46; H, 12.31; N, 10.25.

Ir (neat) 1622 cm“ 1 (m, C = N ); nmr (CC14) 5 0.93, 0.96 [18 H 
unresolved, 2 C(CH3)3], 1.18, 1.42 [each 6 H, 2 C(CH3)2], 3.36,
3.38 ppm (4 H, unresolved, 2 CH2).

The residue remaining after distillation of 12 was dissolved in 
pentane, and the solution was treated with decolorizing carbon. 
After condensation and cooling to —40°, a crystalline precipitate 
was obtained. One additional crystallization gave 0.33 g (2.7% ) 
of 25, identified by ir spectrum and mixture melting point deter­
mination using authentic 25.8

Di-ierf-octylammomaleonitrile (16) from Thermolysis of 3.—
The pentane-ether (85:15) eluate yielded a crystalline residue 
which was recrystallized from hot hexane, yield 0.57 g (4.6% ) of 
16, identified by ir spectrum and mixture melting point deter­
mination using authentic 16.8

2,4,4-Trimethylpentene-l and 2,4,4-Trimethylpentane from 
Thermolysis of 3.—The combined toluene solvent and volatile 
reaction products from the thermolysis of 3 were redistilled 
through a spinning band distillation column. The fraction with 
bp 94-104° (760 mm) weighed 0.8 g and consisted, according to 
the coinjection glpc method, of 2,4,4-trimethylpentene-l (93% ) 
and 2,4,4-trimethylpentane (7% ). The corresponding yields in 
the thermolysis are 17.9 and 1.3%.

Thermal Stability of ¿erf-Octylammo-ierf-octylmalononitrile
(10) .— A 0.53-g quantity of 10 was dissolved in 10 ml of toluene. 
The solution was blanketed with nitrogen and heated at reflux for 
19 hr. Removal of the toluene in vacuo left a residue that was re­
crystallized from pentane. After 2 hr at —15°, filtration yielded 
0.50 g (94.3%) of a crystalline precipitate which was identical 
with the starting material according to ir spectra and mixture 
melting point determination.

Thermolysis of 3 in the Absence of Solvent. Isolation of Di- 
¿eri-octylaminomaleonitrile (16).— An 18.7-g quantity of 3 was 
blanketed with nitrogen and heated at 100-105° for 18 hr. At 
that time the characteristic ketenimine band at 2025 cm "1 was no 
longer present in the ir spectrum. The dark green liquid was dis­
solved in 50 ml of pentane and cooled to —10°. After 10 hr, 
filtration yielded 3.57 g (17.5% ) of a colorless precipitate which 
was identified as 16 by ir spectrum and mixture melting point 
determination using authentic 16.8

Isolation of ierf-Octylimino-i'erf-octylacetonitrile (12) from 
Thermolysis of Neat 3.— The mother liquors of 16 were chro­
matographed through a silica column. From the 95:5 pentane- 
ether eluent, 1.72 g (10.1%) of an oil was obtained which, accord­
ing to ir spectrum (see above) and glpc (coinjection), was almost 
pure 12.

Formation of Di-ieri-octyliminosuccinonitrile (25) from 16, 1, 
and Triethylamine.— A solution of 2 g (0.01 mol) of 1 and 3.3 g 
(0.01 mol) of 16 in triethylamine under a nitrogen atmosphere was 
stirred at room temperature for 14 hr. The triethylamine was 
removed in vacuo, and the partially crystalline residue was ex­
tracted with 50 ml of pentane. The pentane-insoluble part of 
the residue consisted of 16 according to ir spectrum and mixture 
melting point determination. Upon cooling to —15°, the pen­
tane extract deposited additional 16 which was removed by filtra­
tion . The filtrate was chromatographed through a silica column. 
Pentane-ether (98:2) eluted a fraction which was further purified
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by two crystallizations from pentane (3 ml) at —30° to yield 
0.64 g (16.6%) of 25, identified by ir spectrum and mixture melt­
ing point determination using an authentic sample.8

Thermolysis of 1 in Toluene. Isolation of 14ert-Octyl-2,4-di­
amino-2,3,5-tricyano-3-ierf-octylaminopyroline (22).— A 15-g 
quantity of 1 was dissolved in 100 ml of toluene, and the solution 
was kept at reflux for 15 hr in a nitrogen atmosphere. The 
toluene and the volatile products were removed by distillation in 
vacuo. The residue was diluted with 200 ml of pentane and 
allowed to stand for 15 hr in the refrigerator. Filtration gave a 
crystalline precipitate (A) and a filtrate (B ). Extraction of the 
precipitate A with 200 ml of refluxing hexane gave an insoluble 
part (C) and a hexane solution (D ). The hexane-insoluble part
(C) was twice recrystallized from hot benzene to give 0.31 g 
(1.8% ) of 22 as colorless crystals, mp 232-233°.

Anal. Calcd for C23H39N7: C, 66.77; H, 9.52; N, 23.71. 
Found: C, 66.70; H, 9.61; N, 23.59.

Ir (CHCla) 3395, 3320 (m, NHj, NH ), 2172 (vs, C = N ), 1605, 
1555, 1547, 1510 cm -1 (m, C = C  and NH2, NH deformation); 
nmr (CDC1,) i  0.792 [9 H, C (C H ,),],' 1.016 [9 H, C(CH3)3], 
1.592 [6 H, C(CH3)2], 1.97 [8 H, C(CH3)2 +  CH2], 2.218 [2 H, 
CH2], 3.904 (4 H, 2 NHi), 4.68 ppm (1 H, NH R); mass spectrum 
(70 eV) m /e 413 (M+).

l,2-Di-ierf-octylamino-l,2,3-tricyanoethane (19) from Thermol­
ysis of 1 in Toluene.— The hexane solution D obtained in the 
thermolysis of 1 deposited a crystalline precipitate upon cooling 
to —10°. A second yield was obtained upon concentrating the 
mother liquors and cooling to —40°. Both precipitates were 
combined and after two recrystallizations from hot hexane, 1.14 
g (18.2% ) of 19 was obtained as colorless crystals, mp 116— 
116.5°.

Anal. Calcd for C2iH37N6: C, 70.13; H, 10.39; N , 19.48. 
Found: 0,70.47; H, 10.31; N , 19.32.

Ir (CCh) 3325 (mw with shoulders at 3365 and 3275, NH), 
2245 and 2220 cm -1 (vw, C = N ); nmr (CDC13) 5 1.07 [18 H, 2 
C(CH3)3], 1.28 and 1.32 [6 H, two heterosteric CH3 in C(CH3)2], 
1.50, 1.53, and 1.58 [10 H, unresolved multiplet, C(CH3)2 +  
2 CH2], 1.85 and 2.05 (1 H, doublet, /  =  12.0H z,N H , disappears 
on deuteration), 2.22 (1 H, singlet, NH, disappears on deutera- 
tion), 3.95 and 4.15 ppm (1 H doublet, J  =  12.0 Hz, CH, re­
placed by singlet at 4.05 ppm on deuteration); partial mass spec­
trum above m/e 260 (70 eV) m/e (rel intensity) 359 (M +, 0), 344 
(M+ -  CH3, 1.5), 332 (M + -  HCN, 100), 317 (M+ -  CH3 -  
HCN, 3.1), 307 [M+ -  (CN)2, 25.6], 288 (M+ -  C5HU, 11.8), 
261 (M+ -  CsHn -  HCN, 66.7).

l-ferf-Octylamino-2-amino-3-ierf-octylimino-l,3-dicyanopro- 
pene-1 (23) from Thermolysis of 1 in Toluene.— The orange- 
colored filtrate (B) obtained in the thermolysis of 1 was concen­
trated to a 75-ml volume and seeded with some crystals of 23 
obtained in the decomposition of 1 in triethylamine.1 After 10 
hr in the refrigerator, filtration yielded a crystalline precipitate 
which was recrystallized from hexane ( — 10 °),yield 1.08g (5.9%) 
of yellow needles, identified as 23 by ir spectrum and mixture 
melting point determination using authentic 23.1

Chromatography of the Mother Liquors of 23. Isolation of 
Additional Products of Thermolysis of 1 in Refluxing Toluene.—  
The mother liquors of 23 were chromatographed through a silica 
column using mixed pentane-ether eluents of progressively in­
creasing ether content.

tert-Octyliminomalononitrile (9) from Thermolysis of 1.—
From the pentane-ether (9:1) eluate 0.172 g (1.2% ) of a brown 
oil was recovered which became almost colorless upon treatment 
with Norit. It was identified as slightly impure 9 by ir and nmr 
spectra1 and by glpc (coinjection using authentic 9).

Unchanged 1 and l-fert-Octylamino-2-aminodicyanoethylenes 
(Cis or Trans) 17 and 15 from Pentane-Ether Eluate.— Pentane- 
ether (1 :1) eluted two products. The brown residue from the 
initial fraction was extracted with pentane. Treatment of the 
pentane extract with Norit, followed by concentration and cool­
ing to —78°, gave a crystalline precipitate. After two additional

crystallizations from pentane ( — 78°) 0.237 g of unchanged 1 
was recovered, melting at 35.0-35.5° and identified by ir spec­
trum and by the glpc coinjection technique using authentic 1.

Similar treatment of the residue from a subsequent 1:1 
pentane-ether fraction yielded 0.065 g (0.4% ) of 17, mp 83.7- 
84.2°.

Anal. Calcd for Ci2HMN4: C, 65.45; H, 9.09; N , 25.46. 
Found: C, 65.46; H, 9.24; N , 25.57.

Ir (CCh) 3450 (m), 3360 and 3335 (doublet, ms), 3180 (w) (all 
NH2 and NH ), 2200 (ms), 2160 (sh, C = N ), 1615 (ms, C = C ), 
1580 cm -1 (sh, NH2, NH deformation); nmr (CDC13) 5 1.05 
[9 H, C(CH3)3], 1.33 [6 H, C(CH3)2] , 1.58 (2 H, CH2), 2.97 (1 H, 
NH), 3.90 ppm (2 H, NH2); mass spectrum (70 eV) m/e 220 
(parent).

Pentane-ether (1:3) eluted an additional product which was 
recrystallized from benzene, yield 0.18 g (1.1% ) of 15, identified 
by ir spectrum and by mixture melting point determination using 
a sample of authentic 15.1

Thermolysis of Neat ferf-Octylaminomalononitrile (1).— A 5.5- 
g quantity of 1 was blanketed with nitrogen and heated at 60° for 
36 hr. The deep orange liquid was extracted by shaking with 50 
ml of warm (50°) hexane to give a hexane extract (A) and a resi­
due (B).

l-Zerf-Octylammo-2-amino-3-Zerf-octylimino-l,3-dicyanopro- 
pene-1 (23) from Thermolysis of Neat 1.— The hexane extract (A) 
was treated with Norit and condensed to a 10-ml volume. The 
solution was seeded with authentic 23 (see above). After 10 
hr at —10°, the solution was filtered to give 0.21 g (3.1% ) of 23 
identified by ir spectrum and mixture melting point determina­
tion.

l-ierf-Octylamino-2-amino-l,2-dicyanoethylene (17) from Ther­
molysis of Neat 1.—The mother liquors of 23 were chromato­
graphed through a silica column. From the pentane-ether (1 :3) 
eluent, 0.067 g (1.0%) of a crystalline product was obtained that 
was identified as 17 by ir spectrum and mixture melting point 
determination using a sample of authentic 17 (see above).

l-Zert-Octyl-2,4-diamino-2,3,5-tricyano-3-ZerZ-octylaminopyro- 
line (22) from Thermolysis of Neat 1.-—The hexane-insoluble 
residue B (see above) was dissolved in 25 ml of ether. Upon 
cooling to —10°, a crystalline precipitate formed, yield 0.072 
g (1.2%) of 22, identified by ir spectrum and mixture melting 
point determination.

l-ZerZ-Octylamino-2-amino-l ,2-dicyanoethylene (15) from Ther­
molysis of Neat 1.—The ether mother liquors of 22 were freed of 
solvent and the residue was dissolved in 10 ml of warm benzene. 
A 5-ml quantity of hexane was added, and the solution was cooled 
at —10° for 12 hr. Filtration yielded 0.53 g (8.5% ) of 15, 
identified by ir spectrum and mixture melting point determina­
tion using a sample of authentic 15.1

l-Zert-Octylimino-2-imino-3-Zer/-octylaminc-l ,3,3-tricyanopro- 
pane (26) from Thermolysis of Neat 1.— The mother liquors of 
15 were freed of solvent in vacuo. The residue was extracted 
with 25 ml of refluxing hexane. The hexane extract was concen­
trated to a 5-ml volume and cooled to —10° for 12 hr. The 
crystalline precipitate was collected by filtration and once recrys­
tallized from hot hexane (Norit treatment) to yield 0.093 g 
(1.7% ) of 26 as yellow crystals, mp 131.5-132°.

Anal. Calcd for C^H^Ne: C, 68.70; H, 9.45; N , 21.85. 
Found: C, 68.76; H ,9.54; N, 22.07.

Ir (CHCla) 3475 (m), 3230 (w), and 3160 (w) (NH), 2215 (s, 
C = N ), 1610 (vs) and 1580 (s) (R N = C C = N H ), 1515 cm “ 1 
(NH deformation ?); nmr (CDC13) 5 0.90 [9 H, C(CH3)3], 0.97 
[9 H, C(CHa)3] , 1.56 [6 H, C(CH3)2] , 1.93 [8 H, CH2 +  C(CH3)2] ,
2.06 (2 H, CH2), 6.27 ppm (2 H, NH, disappears upon deutera­
tion); mass spectrum (70 eV) m/e 384 (M +). * 26

Registry No.— 1, 31819-52-0; 3, 30768-56-0; 10, 40127-69-3; 
12,42271-33-0; 17,42271-34-1; 19,42271-35-2; 22,42447-97-2;
26, 42447-98-3.
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During an attempt to prepare 2,4,6-trinitrobenzonitrile by the action of nitrosyl chloride on 2,4,6-trinitro­
toluene, the unexpected formation of the by-product 4-chloro-5,7-dinitro-2-(2,4,6-trinitrophenyl)quinazoline 
1-oxide occurred. However, reaction conditions were found that gave the trinitrobenzonitrile free of the quin- 
azoline. Mechanisms that account for the formation of the nitrile and the quinazoline are given.

The reaction of nitrosyl chloride with hydrocarbons 
is well established in the literature:1 at low tempera­
tures the products are nitroso compounds which often 
rearrange to oximes; at elevated temperatures, 100° 
and above, chlorinated products usually result. Here­
tofore, there has been no report in the literature of a 
nitrile isolated as a major product from nitrosyl chloride 
and a hydrocarbon.2

The action of nitrosyl chloride on 2,4,6-trinitrotoluene 
(1) in pyridine solution was investigated as a con­
venient method for the preparation of 2,4,6-trinitro­
benzonitrile3 (2). The nitrile 2 is obtained as the major 
product of the reaction v i a  the intermediate 2,4,6- 
trinitrobenzaldoxime (3).

H
NOCI I NOCI

(N 02)3C6H2CH3 — >- (N 02)3C6H2C = N 0 H  •— >
1  pyr 3  pyr

H
-H O N O

(N 02)3C6H2C = N 0 N 0 ------->- (N 02)3C6H2C = N
4 2

A pyridine solution of 1 and nitrosyl chloride would 
be expected to first give a-nitroso-2,4,6-trinitrotoluene. 
Loss of a proton forms 2,4,6-trinitrobenzaldoxime anion, 
which upon reaction with nitrosyl chloride yields the 
oxime nitrite 4. Elimination of the elements of nitrous 
acid from the oxime nitrite produces the nitrile 2.

As evidence for this reaction sequence, authentic 3 
gave the same products (see Experimental Section) as 
obtained from 1. The conversion of 3 to 2 v i a  the oxime 
nitrite seems logical in view of the fact that 3 in pyridine 
solution without nitrosyl chloride does not produce 2. 
The considerable gas evolution that occurs during the 
course of the reaction results from the reaction of 
nitrous acid (eliminated from 4) with nitrosyl chloride. 
The production of nitrous acid (pyridine salt) by addi­
tion of pyridine containing a small amount of water to 
a nitrosyl chloride-pyridine solution is accompanied by 
gas evolution. The unstable nitrous anhydride formed

Pyr HONO +  NOCI — N20 3 +  Pyr HC1 
N20 3 — >■ NO +  N 0 2

(1) L. J. Beckham, W . A . Fessler, and M . A . Kise, Chem. Rev., 48, 354 
(1951).

(2) A  small amount of benzoyl cyanide from the reaction of nitrosyl chlo­
ride with acetophenone in ethanol-pyridine was the result of thermal de­
hydration of phenylglyoxal aldoxime during the work-up distillation: D . T.
Manning and H . A . Standbury, Jr., J. Amer. Chem. Soc., 81, 4885 (1959).

(3) Dr. Mortimer J. Kamlet of these laboratories obtained 2,4,6-trinitro­
benzonitrile by dehydration of trinitrobenzaldoxime. Dehydration of 
2,4,6-trinitrobenzamide also gives the trinitrobenzonitrile. Recently, 
Konarski and Graczyk described the preparation of 2,4,6-trinitrobenzonitrile 
in 6 0 %  yield by the reaction of picryl chloride with cuprous cyanide in nitro­
benzene at 2 0 0 °: J. Konarski and A. Graczyk, Rocz. Chem., 46, 745 (1972).

from nitrous acid and nitrosyl chloride decomposes to 
a mixture of nitric oxide and nitrogen dioxide.

When the reaction was run by adding 1 to a solution 
of nitrosyl chloride in pyridine at 0° and slowly allowing 
the mixture to warm to 20-25°, 4-chloro-5,7-dinitro-2- 
(2,4,6-trinitrophenyl)quinazoline 1-oxide (5) was formed 
in addition to 2. This made the isolation of pure 2 too 
difficult for a practical synthesis. At —10 to —5° the 
reaction gave no 5, but gave 2,4,6-trinitrobenzo- 
hydroximoyl chloride (6) as a by-product from which a 
60% yield of pure 2 could readily be separated.

The formation of 6 can occur by reaction of 3 with 
nitrosyl chloride. Nitrosyl chloride reacts with ke- 
toximes4 and onimino esters5 to give chloro nitroso 
compounds. Aliphatic aldoximes with nitrosyl chloride

OH
/

N

R C R ' +  2NOC1

N

R C R ' +  2NO +  HC1

Ai
give chloro nitroso compounds which can be converted 
by heating to the corresponding hydroximoyl chlorides, 
whereas aromatic aldoximes yield the hydroximoyl 
chlorides directly.4 Thus 6 can be formed from the 
oxime 3 as shown. The reaction of 3 with nitrosyl 
chloride in pyridine did give 6 together with 2.

Cl

3 +  2NOC1 — >- (N 02)3C6H2C = N 0 H  +  2NO +  HC1 
6

There is also the possibility that 6 produced from 1 
results from nitrosation of 2,4,6-trinitrobenzyl chloride
(7). Authentic 7 with nitrosyl chloride in pyridine did 
give 6. The formation of 7 would have to result from

NOCl
(N 02)3C6H2CH2C1 — >  6

17 pyr

chlorination rather than nitrosation of 1 by nitrosyl 
chloride.

It is likely that 6 exists in the pyridine reaction mix­
ture as the nitrite derivative 8. The fact that 6 rather 
than 8 is isolated as a product from the reaction at — 5 
to —10° is probably due to hydrolysis of 8 during the

Cl
NOCl I

6 — (N 02)3C6H2C = N 0 N 0
pyr g

(4) Reference 1, pp 358-360.
(5) L. W . Kissinger and H . E. Ungnade, J. Org. Chem., 23, 1517 (1958).
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work-up procedure (the pyridine reaction mixture is 
poured into dilute hydrochloric acid).

The formation of the quinazoline 5 when the reaction 
temperature is allowed to rise above 0° can be rational­
ized as follows. The addition of 2,4,6-trinitrobenzyl 
anion6 (9) to 8 gives the intermediate carbanion 10; 
loss of nitrite ion from 10 produces 11; the cyclization 
of 11 by the addition of the methylene carbon to the 
nitro group followed by dehydration yields 5.

(N02)3C6H,CH2 +  8 
9

Cl
I

(N02)3C6H2CNCH2C9H2(N02)3

ONO
10

The apparent attack of 9 on the nitrogen of 8 is con­
trary to the usual mode of reaction of hydroximoyl 
chlorides.7 This could be accounted for by resonance 
structures such as 12, which show a positive charge on

the nitrogen atom bearing the ONO group. Nucleo­
philic attack on this electron-deficient nitrogen atom 
by 9 produces the resonance-stabilized carbanion 10.

The structure for 5 is consistent with all the analyti­
cal data obtained (elemental analysis, molecular weight, 
and nmr).8 Hydrolysis products of 5 with refluxing 
50% sulfuric acid included 2,4,6-trinitrobenzamide 
and 2,4,6-trinitrobenzoie acid. The trinitrobenzamide 
would be expected along with 2,4-dinitro-5-hydroxyl- 
aminobenzoic acid as products from hydrolytic cleavage

(6 ) The use of 2,4,6-trinitrobenzyl anion as a nucleophile has been de­
scribed in the literature: K . G. Shipp, L. A . Kaplan, and M . E . Sitzmann,
J. Org. Chem., 37, 1966 (1972).

(7) Hydroximoyl chlorides normally react with carbanions to give ke- 
toximes.

Cl R '

RC==NO H  +  R 'M g X ------ >- R C = N O H

Alkoximoyl chlorides (R C lC = N O R ) react similarly. P. A . S. Smith, 
“ The Chemistry of Open-Chain Organic Nitrogen Compounds,” Vol. II, W . 
A . Benjamin, New York, N . Y .,  1966, p87.

(8 ) There are a number of positional isomers (heteroring) of 5 which are 
entirely consistent with the nmr, molecular weight, elemental analysis, etc. 
Mechanistically, however, 5 is the most likely product. The authors wish 
to thank a referee for suggesting these possibilities.

of the bonds between positions 1 and 2 and 3 and 4 
of the quinazoline ring. The trinitrobenzoic acid can 
arise from hydrolysis of the trinitrobenzamide.

Experimental Section
General.—Caution! The compounds described herein are 

explosives and should be handled with care. Melting points 
were taken on a Thomas-Hoover apparatus and are corrected. 
Silica gel HF-254 was used for tic and the spots were visualized 
with uv light. Nmr spectra were determined on a Varian HA-100 
spectrometer. Microanalyses were performed by Galbraith 
Laboratories, Inc., Knoxville, Tenn.

Work-up of the pyridine reaction mixtures was accomplished 
by pouring them into a stirred mixture of methylene chloride, 
dilute hydrochloric acid, and ice. The methylene chloride ex­
tract was dried (MgSO,) and filtered. The solvent was removed 
under reduced pressure or in a current of air in the hood to give 
the product residue.

4-Chloro-5,7-dinitro-2-( 2,4,6-trinitrophenyl )quinazoline 1-Ox­
ide.— Six grams of 2,4,6-trinitrotoluene was added all at once to 
a solution of 7.5 g of nitrosyl chloride in 25 ml of pyridine cooled 
to 0°. The temperature was slowly allowed to rise to 15-18° to 
maintain a moderate rate of gas evolution. After ca. 45 min at 
15-18°, the rate of gas evolution slowed considerably and the 
temperature was then maintained at 20-25° for 4 hr. Work-up 
(see above) gave a red oil which was stirred with 60 ml of methanol 
at 25°. The yellow solid (2.05 g, mp 182-188° dec) that formed 
was removed by filtration. Crystallization from acetone- 
methanol gave 1.75 g of the quinazoline: mp 198-199° dec; 
nmr (acetone-c^) 6 9.45 (s, 2), 8.80 (d, 1), 8.54 (d, 1).

Anal. Calcd for Ci JL N 7O 11C I: 0,34.90; H, 0.84; N , 20.35; 
Cl, 7.36; mol wt, 481.67. Found: C, 34.85; H, 0.73; N, 
20.14; Cl, 7.50; mol wt, 484, 482.

The methanol filtrate (60 ml of methanol above) was concen­
trated to 10 ml, after which 20 ml of benzene was added. Cooling 
gave 1.8 g of product, mp 115-127°. The product was mainly
2.4.6- trinitrobenzonitrile with a small amount of the quinazoline 
(as analyzed by tic). Pure trinitrobenzonitrile was not obtained 
by repeated crystallizations.

2,4,6-Trmitrobenzonitrile from 2,4,6-Trinitrotoluene.— To a
solution of 18.7 g of nitrosyl chloride in 55 ml of pyridine cooled 
to —10° was added 18 g of 2,4,6-trinitrotoluene. The dark mix­
ture was stirred at —10 to —5° (evolution of gas occurs) for 6 
hr. Work-up (see above) gave 19.8 g of residue which was 
crystallized from methanol-benzene to give 11.5 g (60.9% ) of
2.4.6- trinitrobenzonitrile, mp 132-135°. Recrystallization from 
methanol-benzene raised the melting point to 134-135°. The 
trinitrobenzonitrile separates as solvates; drying for several hours 
at 60° removed the benzene of solvation. Nmr (acetone-de) 
showed S 9.38 (s).

2,4,6-Trinitrobenzohydroximoyl Chloride. A. From 2,4,6- 
Trinitrotoluene.— In a parallel run at —10 to —5° as above, the 
residue from the methylene chloride extract was stirred with 60 
ml of benzene at 25°. The insoluble solid (2,4,6-trinitrobenzo­
nitrile containing a small amount of the hydroximoyl chloride) 
was removed by filtration. The benzene filtrate was treated with 
charcoal and filtered. Removal of the solvent under reduced 
pressure left a residual oil, which after two crystallizations from 
methylene chloride gave 1.0 g of crystals, mp 145-147° dec. A 
final crystallization (charcoal) from benzene by slow addition of 
hexane gave 0.75 g of 2,4,6-trinitrobenzohydroximoyl chloride: 
mp 151-152° dec; ir (film) 3525 cm-1 (OH ); nmr (acetone-d6) 
5 9.21 (s), 12.30 (s, disappears with D 20 ).

Anal. Calcd for C7H3N40 7C1: C, 28.93; H, 1.04; N, 19.28; 
01,12.20. Found: 0 , 29.06; H, 0.95; N, 19.11; 01,12.01.

B. From 2,4,6-Trmitrobenzaldoxime.— To a solution of 2.0 g 
of nitrosyl chloride in 5 ml of pyridine cooled to —30° was added 
0.5 g of 2,4,6-trinitrobenzaldoxime. After the solution was 
stirred for 5 hr at —30 to —20°, work-up gave an oil which was 
shown by tic (benzene) to be a mixture of the trinitrobenzo- 
hydroximoyl chloride and trinitrobenzonitrile. Separation of the 
products as before yielded 75 mg of the hydroximoyl chloride, mp 
148-150° dec. Mixture with the hydroximoyl chloride from 
trinitrotoluene did not depress the melting point.

C. From 2,4,6-Trinitrobenzyl Chloride.— A solution of 1 g of 
nitrosyl chloride in 5 ml of pyridine was cooled to 0° before the 
addition of 0.5 g of 2,4,6-trinitrobenzyl chloride. After the 
mixture was stirred at 0-5° for 2 hr, work-up gave an oil which
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tic (benzene) showed to be mostly hydroximoyl chloride along 
with some origin material. The oil was crystallized twice by 
solution in benzene (charcoal) and precipitation by the slow 
addition of hexane to give 125 mg, mp 147-148° dec. A third 
crystallization yielded 100 mg, mp 150-152° dec. The melting 
point was not depressed by mixture with the product from 
trinitrotoluene.

Hydrolysis of 4-Chloro-5,7-dinitro-2-(2,4,6-trinitrophenyl)quin- 
azoline 1-Oxide.— The quinazoline (0.3 g) was stirred at reflux 
temperature (ca. 160°) with 15 ml of 50% sulfuric acid for 2 hr 
before all the solid dissolved. The solution was heated at reflux 
temperature for an additional 1 hr, then was cooled and diluted

with water. The small amount of dark solid that precipitated 
was removed by filtration, and the filtrate was extracted with 
ether. The ether solution, after extraction with aqueous sodium 
bicarbonate, was concentrated and hexane was added to pre­
cipitate the 2,4,6-trinitrobenzamide (identified by tic and mixture 
melting point with an authentic sample). The bicarbonate ex­
tract contained 2,4,6-trinitrobenzoic acid which was identified by 
decarboxylation to 1,3,5-trinitrobenzene, mp 119-122°. Mixture 
with authentic trinitrobenzene did not depress the melting point.

Registry No.— 1, 118-96-7; 2, 37841-25-1; 3, 42449-44-5; 5, 
42449-45-6 ; 6,42449-46-7; 7,7176-28-5.
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Several new convenient syntheses of nitriles are described. Reaction of benzohydroxamoyl chlorides with iron 
pentacarbonyl in refluxing tetrahydrofuran affords nitriles in moderate yields. Higher yields of nitriles can be 
realized by treating the organic reactant with triiron dodecacarbonyl and methanol in hot benzene. The in situ 
generated hydridoundecacarbonyltriferrate anion is the active species in the latter reaction. Iron pentacarbonyl 
can also deoxygenate nitrile oxides to nitriles.

Iron pentacarbonyl [Fe(CO)5] has recently been 
shown to be a useful reagent for converting a-halo 
ketones to 1,4-diketones.1 Also isolated in these 
reactions were monoketones and, in several instances, 
d-epoxy ketones. A mechanistic study of the reaction 
indicated initial oxidative addition to the a-halo ketone 
1 to give the iron tetracarbonyl halide 2.

O O
II Fe(CO)® ||

R C C H iX ---------RCCII2Fe(CO)4 +  CO

X
1 2

Treatment of oximes with the same metal carbonyl 
in di-n-butyl ether results in the regeneration of the 
corresponding carbonyl compound (e . g . ,  3 4) in

R C = N O H ----------->- R C = 0
(M-C4H 9 ) 2 O

3 4

specifically chlorine (5), then oxidative addition may 
now occur to give 6 either directly or, more likely, v i a  

the it  complex 7. Regarding the latter, irradiation of 
related vinyl halides with Fe(CO)6 (or thermal reaction 
with diiron enneacarbonyl) has been reported to give 
iron tetracarbonyl complexes with x complexation to 
the double bond.4'5 These mononuclear x complexes 
are convertible to binuclear complexes d m  analogs of 6. 
Such transformations can be effected thermally6 or 
photolytically,4’5 subject to the stereochemistry of the 
mononuclear x-complexed vinyl halides. This paper 
describes the reaction of benzohydroxamoyl chlorides 
with Fe(CO)6. It was of considerable interest to learn 
the fate of 6, if formed, in these reactions.

One of us has demonstrated the utility of the hydri- 
doundecacarbonyltriferrate anion (generated from tri­
iron dodecacarbonyl and methanol in benzene) as a 
reagent for reducing the carbon-nitrogen double bond in 
heterocycles ( e . g . ,  phthalazine) and in Schiff bases 
( e . g . ,  8 -► 9).6 Several benzohydroxamoyl chlorides

reasonable yields.2 Although the mechanism of this 
reaction has yet to be fully elucidated,3 it clearly does 
not involve initial oxidative addition. If, however, 
the vinylic hydrogen of 3 was replaced by a halogen,

Cl ClFe(CO)4
I Fe(CO>5 I

RC=NOH  --------------------- *- RC=NOH

R— C=N O H

I
Fe(CO)4
7

(1) H . Alper and E. C. H . Keung, J. Org. Chem., 37, 2566 (1972).
(2) H . Alper and J. T . Edward, J . Org. Chem., 32, 2938 (1967).
(3) H . Alper, unpublished results.

9

were also exposed to the iron hydride in order to deter­
mine whether hydrogenation would occur here, as was 
observed for 8.

(4) C. Kruger, Y . H . Tsay, F. W . Grevels, and E . K . von Gustorf, Israel 
J. Chem., 10, 201 (1972), and references cited therein.

(5) F. W . Gravels, E . K . von Gustorf, and G. Bor, “ Procedings of the 
Third International Symposium on Reactivity and Bonding in Transition 
Organometallic Compounds, Venice, 1970 ," Inorganica Chimica Acta, E4.

(6 ) H . Alper, J. Org. Chem., 37, 3972 (1972).
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T able I
Y ields of N itriles Obtained from R eaction of Benzohydroxamoyl Chlorides with 

Fe(CO)3 AND WITH THE in SÜU GENERATED HFe3(CO)ll~

5, R  = Registry no. Product (s) Registry no.
Fe(CO)& 
yield, % °

H F e ,(C O )„ -  
yield, % “

c 6h 5 698-16-8 Benzonitrile 100-47-0 76
4-ClC6H4 28123-63-9 4-Chlorobenzonitrile 623-03-0 60 86
4-CeH5C6H4 42202-94-8 4-Cyanobiphenyl 2920-38-9 33 76
2,6-Cl2C6H3 6579-27-7 2,6-Dichlorobenzonitrile 1194-65-6 62 90
4-FC6H4 42202-95-9 4-Fluorobenzonitrile 1194-02-1 67
2,4,6-(CH30 )3C6H2 2904-65-6 2,4,6-Trimethoxy benzonitrile 2571-54-2 44
4-N 02CeH4 1011-84-3 4-Nitrobenzonitrile 619-72-7 40 586
4-NH2C6H4 42202-97-1 4-Aminobenzonitrile 873-74-5 0 19

° Yields are of sublimed, recrystallized, or distilled material. The melting or boiling points and spectral data were in good agreement 
with data reported in the literature. b "Use of a 2:1 mole ratio of Fe3(CO)i2 to 5, R  =  4-N 02C6H4, gave 4-aminobenzonitrile in 68% 
yield.

Results and Discussion

Treatment of benzohydroxamoyl chlorides (5, It = 
aryl) with Fe(CO)5 [2:1 mole ratio of Fe(CO)s:S] 
in refluxing anhydrous tetrahydrofuran (THF) for 
18-24 hr results in the formation of nitriles in 33-76% 
yields (Table I). This reaction is very simple both in 
execution and work-up, thus providing a convenient 
synthesis of nitriles under neutral conditions. The 
reaction is not catalytic in the metal carbonyl.

THF

Fe3(CO)]2, CHjOH, C6H6

Nitriles were also formed when 5 was treated with an 
approximately equimolar amount of triiron dodecacar- 
bonyl [Fe3(CO)12] and methanol in boiling benzene. 
As indicated in Table I, the yields of nitriles are su­
perior using this reagent combination as compared with 
the results with Fe(CO)6. However, there are several 
differences between the two processes. First, Fe(CO)6 
is a more economical reagent than Fe3(CO)i2. Sec­
ondly, while Fe(CO)6 is uncharged, the iron hydride is 
anionic (and of moderate nucleophilicity).

The results for 4-nitrobenzohydroxamoyl chloride 
(5, R  =  4-N 02C6H4) are noteworthy. Iron penta- 
carbonyl is known to deoxygenate nitrobenzenes to 
azo, azoxy, and/or amino compounds, subject to the 
nature and position of substitution on the benzene 
ring.7 The formation of only 4-nitrobenzonitrile from 
treatment of 5, R  =  4-N02C6H4, with Fe(CO)5 is in­
dicative of the substantially greater reactivity of the 
C1C=N0H group as compared with the nitro function. 
In addition, Landesberg and coworkers8 have reported 
that nitrobenzenes, bearing a variety of substituents, 
can be reduced to anilines with Fe3(CO)i2 and methanol 
in benzene. Here, however, reaction occurs primarily 
at the hydroxamic acid site of 5, R = 4-N 02C6H4, 
when equimolar quantities of reactants are used. 4- 
Aminobenzonitrile was obtained in 68% yield using a 
2:1 mole ratio of Fe3(CO)i2 :5, R  =  4-N 02C6H4.

Solid evidence for the intermediacy of nitrile oxides 
in the Fe(CO)5 reaction was obtained by conducting 
the reaction of benzohydroxamoyl chloride and the 
metal carbonyl in the presence of excess benzaldehyde.

(7) H . A lper and J. T . E dw ard , Can, J. Chem., 48, 1543 (1970).
(8) J. M . Landesberg, L . K atz, and C . Olsen, J. Org. Chem., 37, 930 

(1972).

The 1,3-dipolar cycloaddition product, 2,5-diphenyl-
1,3,4-dioxazole,9 was isolated in 40% yield, along with 
some nitrile. In addition, treatment of 2,6-dichloro- 
benzohydroxamoyl chloride with Fe2(CO)9 at room 
temperature for 2 hr afforded a mixture of an iron 
tetracarbonyl complex [6 or 7, yco(KBr) 2083 (w-m), 
2036 (s), and 1982 cm-1 (m-s) ], 2,6-dichlorobenzonitrile, 
and 2,6-dichlorobenzonitrile oxide (the infrared spec­
trum showed intense bands at 2294 and 1366 cm-1 
characteristic of nitrile oxides).10

The above results suggest the deoxygenation of ni­
trile oxides. Treatment of 2,4,6-trimethoxybenzoni- 
trile oxide with an equimolar quantity of Fe(CO)5 
gave 2,4,6-trimethoxybenzonitrile in 47% yield. Simi­
larly, mesitonitrile was obtained in 64% yield from
2,4,6-trimethylbenzonitrile oxide and Fe(CO)5. There­
fore, Fe(CO)5 is capable of deoxygenating nitrile oxides 
to nitriles in moderate yields. The use of excess Fe- 
(CO)6 in these deoxygenations should be avoided, since 
such conditions lead to the ligand substitution products 
(RCN)Fe(CO)4 and/or (RCN)2Fe(CO)s. The latter 
complexes, however, undergo partial or complete de­
composition to nitriles after standing for 3-6 weeks.

It is not clear how the hydridoundecacarbonyltri- 
ferrate anion converts benzohydroxamoyl chlorides to 
nitriles. 2,6-Dichlorobenzaldoxime failed to react with 
Fe3(CO)i2 and methanol in benzene using identical 
reaction conditions with those for the 2,6-dichloro- 
benzohydroxamoyl chloride-Fe3(CO)i2-methanol reac­
tion. Therefore, oximes are not involved in the benzo- 
hydroxamoyl-HF e3 (CO)n -  reaction.

Experimental Section
Melting points were determined using a Fisher-Johns ap­

paratus and are uncorrected. Microanalyses were performed by 
Hoffmann-La Roche, Inc. Infrared spectra were obtained on a 
Perkin-Elmer 457 grating spectrophotometer. Polystyrene was 
used for calibration. Nuclear magnetic resonance spectra were 
determined on Varian A-60 (TMS as internal standard) and/or 
HA-100 spectrometers.

Iron pentacarbonyl, diiron enneacarbonyl, and triiron dodeca- 
carbonyl were purchased from Pressure Chemical Co. and used 
as received. Solvents were dried and purified by standard tech­
niques . A ll reactions were run under an atmosphere of dry nitrogen.

Benzohydroxamoyl Chlorides (5).— Except for 5, R =  2,4,6- 
(CH30 )3C6H2, all of the benzohydroxamoyl chlorides were readily 
prepared by chlorination of the corresponding oxime in com­
mercial chloroform. The following general procedure is a 
modification of that described by Chiang.11 To commercial

(9) R. Huisgen and W . Mack, Tetrahedron Lett.. 583 (1961).
(10) R. H . Wiley and B. J. Wakefield, J. Org. Chem., 26, 546 (1960).
(11) Y . Chiang, J. Org. Chem., 36, 2146 (1971).



chloroform (225 ml) was added 15 drops of absolute ethanol. 
After the solution was cooled to —15 to —20° (Dry Ice-CCh) 
the oxime (2.8-4.0 g) was added and then chlorine gas was 
bubbled through the solution at a moderate rate for 25-35 min. 
The reaction mixture was allowed to stand at —20° for 2 hr, 
and then at room temperature for 6-8 hr. The solution was 
flushed with nitrogen gas to remove excess chlorine. Filtration 
and subsequent evaporation of the filtrate gave an oil. The 
benzohydroxamoyl chloride was crystallized by adding pentane 
and immersing the solution in a Dry Ice-acetone bath for 15 min. 
The crystals were filtered and dried in a vacuum desiccator. 
Yields of pure 5 follow: R =  CiHs, 56%; R =  4-ClC6H4, 79%; 
R = 4-C6H5C6H4, 42%; R =  4-N 02C6H4, 84%; R = 2,6- 
CliCsHs, 62% [mp 92-93° (lit.12 mp 93-94°). A n a l .  Calcd for 
C7H4CI3NO: C, 37.44; H, 1.80; N, 6.24. Found: C, 37.44; 
H, 1.76; N, 6.31 (Dondoni and coworkers12 claimed that this 
compound could not be prepared by direct chlorination of the 
oxime)]; R =  4-FC6H4, 74% (mp 72-73°. A n a l .  Calcd for 
C7H5CIFNO: C, 48.44; H, 2.90; N, 8.07. Found: C, 
48.09; H, 2.73; N.8.29.).

Compound 5, R =  2,4,6-(CH30)3C6H2, was prepared from the 
nitrile oxide following the procedure of Grundmann and Dean.13

General Procedures for Conversion of Benzohydroxamoyl 
Chlorides to Nitriles. A. Fe(CO)5.— To a dried, deoxygenated 
solution to THF (40-50 ml) was added the benzohydroxamoyl 
chloride (5.0- 8 .7 mmol) followed by Fe(CO)5 [2:1 mole ratio of 
Fe(CO)5:5]. The mixture was refluxed (expect for 5, R = 4- 
NO2C6H4, where a reaction temperature of 60° was used) with 
stirring for 18-24 hr, cooled, and filtered, and pentane (100 ml) 
was then added to the filtrate. After standing in the refrigerator 
overnight, the solution was filtered, and the filtrate was flash 
evaporated. The residual nitrile (10) obtained from flash 
evaporation was then purified, if necessary, by sublimation, 
recrystallization (n-heptane), or distillation. The yields of 
nitrile are given in Table I.

B. Fe3(CO)i2-CH3OH.— A mixture of Fe3(CO)i2 (2.92 g, 4.3 
mmol) and methanol (1.0 ml) in benzene (55 ml) was refluxed 
with stirring for 8 hr. The solution was cooled, the benzohy­
droxamoyl chloride (4.52 mmol) was added, and the resulting 
mixture was refluxed for 17-22 hr. The solution was cooled and 
filtered, and the filtrate was evaporated to afford reasonably pure

(12) A . Dondoni, G. F. Pedulli, and G. Barbaro, J. Org. Chem., 37, 3564 
(1972).

(13) C. Grundmann and J. M . Dean, J. Org. Chem., 30, 2809 (1965).
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nitrile. Further purification, if required, could be effected as 
described in A. The two products obtained from 4-nitrobenzo- 
hydroxamoyl chloride were separated by chromatography on 
Florisil or by trituration with hexane. 2,6-Dichlorobenzaldoxime 
failed to react with Fe3(CO)i2-methanol under these conditions.

Reaction of 2,6-Dichlorobenzohydroxamoyl Chloride with 
Fe2(CO)9.— A mixture of Fe2(CO)9 (1.72 g, 4.72 mmol) and 2,6- 
diehlorobenzohydroxamoyl chloride (0.825 g, 3.60 mmol) in 
benzene (50 ml) was stirred at room temperature for 2 hr. The 
solution was filtered and evaporation of the filtrate gave 2,6- 
dichlorobenzonitrile and the nitrile oxide. The benzene-in­
soluble solid apparently was an iron tet.racarbonyl complex 
(see Results and Discussion) but was of low stability and could 
not be isolated in analytically pure form. Reactant 5, R = 4- 
CiHsCeH,, behaved similarly when treated with Fe2(CO)9.

2,5-Diphenyl-l,3,4-dioxazole.—The general procedure de­
scribed for the reaction of 5 and Fe(CO)5 was repeated for 5, R =  
CiHs, in the presence of a fivefold excess of benzaldehyde. 
Work-up as above gave 2,5-diphenyl-l,3,4-dioxazole, mp 38-40° 
(lit.9 mp 41-42°), in 40% yield and benzonitrile in 14% yield.

General Procedure for Deoxygenation of Nitrile Oxides by 
Fe(CO)s.— An equimolar mixture of nitrile oxide13 (0.5—1.0 mmol) 
and Fe(CO)& in THF (20-50 ml) was refluxed with stirring for 1-2 
hr. The reaction was worked up as described for the benzohy­
droxamoyl chloride-Fe(CO)5 reaction. The nitriles were identi­
fied by comparison with authentic samples and by comparison 
with melting points and spectral data. Rearrangement of 
nitrile oxides to isocyanates13 does not occur to a significant 
extent under these reaction conditions.
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A New Method for the Conversion of Nitro Groups into Carbonyls
J o h n  E. M c M u r r y *  a n d  J a c k  M e l t o n  

T h i m a n n  L a b o r a t o r i e s ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  S a n t a  C r u z ,  C a l i f o r n i a  9 5 0 6 4  

R e c e i v e d  J u l y  1 6 ,  1 9 7 3

When a primary or secondary nitro compound is treated with aqueous TiCl3, reduction occurs yielding an imine 
which hydrolyzes to the corresponding ketone or aldehyde. A study of the scope and mechanism has been carried 
out. A variety of functional groups including ketone, ester, nitrile, ketal, and hydroxyl survive the reaction con­
ditions. Yields range between 45 and 90%. The reaction probably proceeds through a nitroso intermediate 
which then tautomerizes to an oxime and is further reduced to imine. Evidence in support of this mechanism is 
presented. The use of the reaction in organic synthesis is illustrated by a synthesis of cfs-jasmone.

The nitro group is a function of great synthetic poten­
tial in organic chemistry because of the versatility with 
which it may react.1 Acting as a strong electron with- 
drawer, a nitro group can activate a neighboring C -H  
bond for aldol or Michael-type additions to suitable ac­
ceptors. Conversely, nitro olefins can themselves act 
as excellent Michael acceptors. Nitro groups /3 to car­
bonyls can also act as leaving groups in /3-elimination 
reactions— a property which we recently took ad­
vantage of in our synthesis of a-methylenebutyrolac-

(1) For a review of the chemistry of nitro groups, see H . Feuer, Ed., 
“ The Chemistry of the Nitro and Nitroso Groups,”  Wiley-Interscience, New  
York, N . Y ., 1969.

tones.2 Acting in yet other ways, nitro groups can be 
converted into other useful functional groups such as 
amines or carbonyls. This latter conversion is of con­
siderable interest and utility because it in effect reverses

H-W !— N 02 — >  f>+C=0 »-
/  /

I electrophilic C

-C  NO2
/

nucleophilic C

(2) J. W . Patterson and J. E. M cMurry, Chem. Commun., 488 (1971).
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the polarity of the neighboring carbon from nucleophilic 
to electrophilic, thus allowing a wide range of transfor­
mations to be carried out.

Current methods for effecting this conversion, how­
ever, are either incompatible with the presence of other 
sensitive functionality within the molecule or proceed in 
low yield. Thus the Nef reaction3 is an acidic method 
which is incompatible with the presence of a ketal func­
tion; permanganate oxidation of nitronate anions4 is in­
compatible with other easily oxidized functional groups; 
persulfate oxidation of nitronates5 proceeds in low 
yield. We therefore sought an effective, mild method 
for performing the nitro - *  carbonyl transformation.

In a recent communication, Timms and Wildsmith 
reported6 that oximes are rapidly reduced by aqueous 
titanium trichloride to imines which are then hydro­
lyzed to carbonyl compounds in high overall yield. 
Since oximes might be expected to occur as interme­
diates in the reduction of primary and secondary nitro 
compounds, we investigated the action of aqueous 
Ti111 on aliphatic nitro compounds in the hope that 
they too might be reduced to imines, and thence, by 
hydrolysis, to ketones.

For a model system, we examined the reduction of 5- 
nitroheptan-2-one (1) prepared by diisopropylamine- 
catalyzed addition of 1-nitropropane to methyl vinyl 
ketone (M VK ). Addition of an aqueous solution of 4 
equiv of TiCl3 to a solution of 1 in glyme at room tem­
perature resulted in the slow disappearance of the deep 
purple Tim  color. After 6 hr, vpc analysis indicated 
the absence of starting material and the presence of a 
single new product. After work-up, 2,5-heptanedione 
was isolated in 85%  yield.7

NO,

1

It  iCl3 -H 2 0 -g ly m e

2

The feasibility of this new method had therefore been 
established and we began a study of the reaction’s 
scope.

It quickly became apparent that, although simple 
nitro compounds underwent ready transformation to 
the corresponding ketones in good yields (1 -► 2 , 8 5 % ; 
a-nitrotoluene —► benzaldehyde, 8 0 % ; nitrocyclo- 
octene — cyclooctanone, 55% ), our conditions were 
still too vigorous (pH < 1 ) for acid-sensitive functional 
groups to survive. For example, nitro ketal 9 was re­
duced and hydrolyzed to diketone 2 in the course of the 
reaction; hexanal (from 1-nitrohexane) aldolized 
during the reaction to give the dimer 1 1 ; nitro ester 12

(3) For a review of the Nef reaction, see W . E . Noland, Chem. Rev., 55, 137 
(1955).

(4) H . Shechter and F. T . Williams, J. Org. Chem., 27, 3699 (1962).
(5) A . H . Pagano and H . Shechter, J. Org. Chem., 35, 295 (1970).
(6 ) G. H . Timms and E. Wildsmith, Tetrahedron Lett., 195 (1971).
(7) A  preliminary account of this work has already appeared: J. E.

M cM urry and J. Melton, J. Amer. Chem. Soc., 93, 5309 ( 971).

was reduced and hydrolyzed to the corresponding keto 
acid 13; nitro olefin 14 was reduced and isomerized to 
a,/3-enone 15 under the reaction conditions. These 
transformations are summarized in Table I.

T a b l e  I
R e a c t i o n  o f  N it h o  C o m p o u n d s  w i t h  

A q u e o u s  TiCl8 S o l u t i o n s  ( p H  < 1 )

Yield,
%

85

80

55

55

40

74

COOCH,

NO,

1 2

40

35

Because of these difficulties, we therefore sought 
milder conditions under which we could carry out the 
reaction. The obvious solution was to raise the pH of 
the reaction medium, and we chose to do this by adding 
ammonium acetate as a buffer. In the proportion 
N H 4OAc:TiCl3 of 6:1, the pH of the reaction was ap­
proximately 6 and reduction still occurred at a rate 
similar to that at pH < 1 . We immediately found that 
under these near neutral conditions a marked improve­
ment in some of the reactions could be made. For ex­
ample, the nitro ketal 9 now gave the desired keto ketal 
16 in 70%  yield. Similarly, the nitro ester 12 gave the 
desired keto ester 17 (35%) and nitro olefin 14 gave @,y- 
enone 18 (30%), although yields were still not accept­
able.
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Much to our surprise, however, several nitro com­
pounds gave worse results under these neutral condi­
tions than under acidic conditions. For example, 
nitro ketone 2 gave none of the expected diketone 3 but 
gave rather, as the only isolable organic compound, the 
pyrroline 19 (20%). Similarly, 1-nitrohexane now 
gave aldol dimer plus azoxy-n-hexane. These results 
are given in Table II.

T a b l e  II
R e a c t i o n  o f  N i t r o  C o m p o u n d s  w i t h  

TiCl3-N H 4OAc (1:6) a t  pH 6

1 2

r ~ \

Yield,
%

70

70

35

These unexpected results are saying something about 
the mechanism of the reduction but, leaving this aside 
for the moment, it is still clear that better conditions 
are needed in some cases. After considering the pos­
sible mechanism of the reaction (vide infra), and after 
further experimentation, we found that, if we first 
formed the sodium salt of the nitro compound (1 equiv 
of NaOCH3 in CH3OH) and then added this salt to an 
aqueous solution of TiCl3-N H 4OAC (1:3, pH ~  5-6), 
reaction occurred within minutes at room temperature 
and the desired carbonyl compounds could be isolated 
in good yields in all cases.

Thus, to dwell on only the more delicate cases, the 
nitro ester 12 could be transformed into methyl 
levulinate (17, 9 0 % ); nitro nitrile 7 similarly was con­
verted in 90%  yield to keto nitrile 8 ; /3-nitrophenyl- 
ethane was converted to phenylacetaldehyde (70% ); 1 - 
nitrohexane gave hexanal (45% ); and nitro olefin 14 
was transformed into the /?, 7 -unsaturated ketone 18 in 
60%  yield. This last case is particularly noteworthy, 
because, in effect, a nitro olefin has served as a ketene

equivalent in the Diels-Alder reaction with butadiene. 
This simple synthesis of 8,7 -unsaturated cyclohex- 
enones is thus complementary to the well-known Birch 
reduction of anisóles. These and other examples are 
shown in Table III.

T a b l e  III
R e a c t i o n  o f  N i t r o n a t e  A n i o n s  w i t h  

TiCl3-N H 4OAc (1:3) a t  pH 6

9 —► 16
Yield, %

70
12 —*■ 17 90
7 -* 8 90

14 -► 18 60
10 CH3(CH2)CHO 45

2 2

2 0  2 1

23 ■— 24 90

One further point we wanted to investigate was the 
reaction of conjugated nitro olefins with Tim . A 
'priori, one might expect to obtain an a,/3-unsaturated 
ketone from such a reaction. In fact, however, when 
we treated 1-nitrocyclooctene (25) with 1 equiv of 
NaOCH3 in CH3OH followed by treatment with 1:3  
TiCl3-N H 4OAc in water, a 70%  yield of 2-methoxy- 
cyclooctanone (26) was formed. Similarly, if we used 
hydroxide in aqueous dioxane as the base, a 90%  yield 
of 2-hydroxcyclooctanone could be isolated. Pre­
sumably the alkoxide adds to the olefin to give the 2- 
alkoxynitronate anion, which then reduces normally.

26, R =  CH¡
27, R =  H
28, R =  i-Bu

Synthetically, this appears to be quite an attrac­
tive way to generate these rather difficultly accessible 
systems.

Mechanistically, however, this was a most unex­
pected result, since it has been reported8 that treat­
ment of a nitro olefin with ethoxide leads to the con­
jugated nitronate anion, not to the addition product. 
Interestingly, however, we have been able to show that 
the product obtained by treating a nitro olefin with 
alkoxide depends on the conditions used. When we 
treated 1-nitrocyclooctene with 1 equiv of NaOCH3 in 
methanol followed rapidly by quenching the dilute 
acetic acid-sodium acetate buffer at 0°, we isolated 2- 
methoxy-l-nitrocyclooctane in near-quantitative yield. 
If, on the other hand, we allowed the base to react with
1-nitrooctene overnight followed by quenching, we re­
covered largely 1-nitrocyclooctene. Evidently the

(8 ) A . T . Neilsen, J. Org. Chem., 27, 2001 (1962).
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addition product is ldnetically formed whereas the con­
jugated nitronate anion is thermodynamically favored.

Mechanism.—As reported above, we have carried 
out two basic kinds of reactions: reactions on free 
nitro compounds at different pH ’s and reactions on 
nitronate anions. These two cases may well proceed 
by different mechanisms and we will consider them 
separately.

Reduction of Nitronate Anions.—Since Timms and 
Wildsmith have conclusively shown6 that oximes reduce 
rapidly to imines with aqueous TiCl3, we see no reason 
to assume that the reduction of nitronate anions is any­
thing other than analogous. It can be written in the 
following way. NAA T  i C 1 -j 

pH 5

OTiCl,
" I TA

V ,H*° NHA - A
1

The details of the N - 0  bond cleavage steps are not 
clear (although radicals are probably involved since 
TiHI is a one-electron reducing agent) but the general 
picture seems secure.

Reduction of Free Nitro Compounds.— The mecha­
nism of reduction of free nitro groups is considerably 
less obvious, since one must deal with the question of 
when the C = N  double bond is formed. Assuming that 
at some stage the titanium is covalently bound to nitro 
oxygen, we can conceive of two routes, a and b.

0 .  + X T  (A  + .OTiCl,
TiC1 t 0 ^ + OTiCL
n e i.,  -  h ;

A N"

H

H

etc.

A
j

NOHA
A  + ATiCl, Ck

T ic u

H H
(b)

A H

etc. AA
The major difference between the two concerns the 

timing of C = N  double bond formation. In a, C = N  
double bond formation takes place while the titanium is 
still bound to oxygen, whereas in b the C = N  double 
bond is formed via tautomerization of a discrete ni- 
troso intermediate. We have found evidence pointing 
to b as the correct mechanism, and we believe that a 
nitroso compound is in fact an intermediate in the reac­
tion. Our evidence is the following.

(1) The initial step in a is simply a Lewis acid (TiHI) 
catalyzed tautomerization of the nitro compound to its 
acidform. It has been shown, however, that acid-

catalyzed tautomerizations of nitro compounds are ex­
tremely slow.9 Thus this mechanism is probably in­
correct.

(2) As shown in Tables I and II, 5-nitroheptan-2-one 
(2) reduces normally to the diketone 3 at low pH, but 
gives only pyrroline 19 at neutral pH. We feel that 
this is best explained by assuming that nitroso com­
pound 29 is an intermediate. At low pH, tautomeriza­
tion to the oxime 30 would be rapid10 and further reduc­
tion to the diketone would occur normally. At neutral 
pH, however, tautomerism of 29 to oxime 30 is slower,10 
and the nitroso group can therefore be trapped in­
ternally by the ketone carbonyl. Further reduction of 
the N - 0  bond followed by dehydration gives the ob­
served pyrroline (19).

29 30

(3) The third piece of evidence in support of a ni­
troso intermediate comes from reduction of 1-nitro- 
hexane. At pH < 1 , reaction occurs normally and 
hexanal is produced. At neutral pH, however, a mix­
ture of hexanal (as the aldol dimer) and azoxy-n- 
hexane is formed. It is well known that nitroso com­
pounds, particularly primary ones, dimerize quite 
readily to azodioxy compounds.11 Evidently, 1-nitro- 
sohexane (34) is an intermediate in the reduction of 10. 
At low pH, 34 tautomerizes rapidly to oxime 35, but, at 
neutral pH where tautomerization is slow, dimeriza­
tion intervenes and further reduction occurs. It is 
interesting that only in the case of a primary nitro 
compound does this dimerization of the nitroso inter­
mediate occur, but this is just what one would expect on 
steric grounds.

CH,(CH:)4CHoN02 — -  CH3(CH,)4C H ,N =0  
10 34

CH,(CH,)CH=NOH
35
1

CHj(CH2)4CHO

jpH'6

0  0  

t t
C6H1üN==NC6H13

o
t

C6HuN = N C 6Hu

(9) A . T . Neilsen in “ The Chemistry of the Nitro and Nitroso Groups,” 
Voi. X, H . Feuer, Ed., Wiley-Interscience, New York, N . Y ., 1969, pp 3 7 0 -  
372.

(10) M . H . Palmer and E. R. R. Russell, Chem. Ind. {London), 157 (1966).
(11) J. H . Boyer in “ The Chemistry of the Nitro and Nitroso Groups,” 

Voi. 1, H . Feuer, Ed., Wiley-Interscience, New York, N . Y ., 1969, pp 252— 
255.
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There is good analogy in the literature for this cy- 
clization. Zinc-acetic acid reduction of 5-methyl-5- 
nitrohexan-2-one (31) has been reported to yield the 
pyrroline 1-oxide 32, presumably also through the 
intermediacy of a nitroso ketone.12 Aqueous TiCl3 is 
evidently able to carry the reduction one step further, 
for, when 31 is treated with TiCl3, pyrroline 33 is the 
sole product isolated.

33

(4) Finally, one further point which should be made 
is that we have shown that hexanal oxime reduces 
normally to hexanal at pH ~ 6  and does not dimerize. 
Thus it cannot be an intermediate in the formation of 
azoxyhexane at this pH.

Synthesis of cfs-Jasmone.—As stated at the outset, 
the nitro — carbonyl conversion is of great synthetic 
importance because it allows one to alter the polarity of 
the neighboring carbon atom. One consequence of 
this is the ability of a primary nitro compound to serve 
as a “ carbonyl anion” equivalent.13 We decided to 
demonstrate this process in a simple synthesis of the 
naturally occurring cfs-jasmone (40).

4-Heptynoic acid14 15 was reduced (LiAlH4), and the re­
sulting alcohol was mesylated. This mesylate was 
converted into the iodide by treatment with N al in 
acetone, and the iodide was readily converted into the 
required primary nitro compound 36 with NaNCb in 
D M SO .18 Taking advantage of the nucleophilic char­
acter of the nitro-bearing carbon, the diisopropylamine- 
catalyzed addition of 36 to M V K  gave the desired 
nitro ketone 37 in 83% yield. Treatment of 37 in 
glyme with 4.5 equiv of aqueous TiCl3 then gave the 
desired diketone 38 (85%), which was cyclized to de- 
hydro jasmone (39) in 90% yield by treatment with re­
fluxing 5% NaOH in aqueous ethanol. Hydrogena­
tion of 39 over Lindlar catalyst16 gave pure cis-jasmone 
(40, 95%), identified by comparison with an authentic 
sample17 (Scheme I).

Summary.— In summary, we have developed, and 
refined conditions on, a new method of transforming a 
nitro group into a carbonyl. If the specific case is not 
acid sensitive, the simplest procedure is to treat the 
nitro compound with an unbuffered aqueous solution of 
TiCl3. For sensitive cases, however, one should first 
form the nitronate anion, and then treat it with a 
buffered TiCl3 solution.

(12) R . F. C. Brown, V. M . Clark, and A. Todd, Proc. Chem. Soc., London, 
97 (1957).

(13) For a general discussion of carbonyl anion equivalents, see D . See- 
bach, Angew. Chem., Int. Ed. Engl., 9, 639 (1969).

(14) M . F, Ansell, J. C. Emmett, and R. V . Coombs, J. Chem. Soc. C, 
217 (1968).

(15) N. Kornblum and J. W , Powers, J. Crg. Chem., 22, 455 (1957).
(16) Purchased from Fluka, A . G ., Buchs, Switzerland.
(17) J. E . M cM urry and T. E . Glass, Tetrahedron Lett., 2575 (1971).
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Scheme I
1. LiAlH4
2. MsCl_____
3. Nal-acetone

35

Experimental Section
Preparation of Nitro Compounds.—4-Nitrovaleronitrile and 

methyl 4-nitrovalerate were prepared by the procedure of von 
Schickh.18 1-Nitrocyclohexene and 1-nitrocyclooetene were 
prepared according to Seifert.19

5-Nitroheptan-2-one (1).— 1-Nitropropane (0.2 mol, 17.8 g) 
and diisopropylamine (10 ml) in 200 ml of chloroform were stirred 
at 60° under a nitrogen atmosphere. Methyl vinyl ketone (0.1 
mol, 7.0 g) was added dropwise to this solution. After 3 hr, 
another portion of MVK (0.1 mol, 7.0 g) was added and the 
reaction was further stirred for 24 hr. The solution was then 
washed sequentially with water, 10% aqueous HC1, 5%  NaHC03, 
and saturated brine, then dried (NasSO,), concentrated, and 
distilled to yield nitro ketone 1 (17.0 g ,55% ): bp 120° (10 mm); 
ir (neat) 1715, 1545 cm-1; nmr (CC1<) S 0.97 (t, 3 H, J  =  7  

Hz), 2.7-2.5 (m, 6 H), 2.13 (s, 3 H), 4.38 (m, 1 H).
5-Nitroheptan-2-one Ethylene Ketal (9).— The nitro ketone 1 

(10 mmol, 1.59 g) was dissolved in 5  ml of benzene, and ethylene 
glycol (12 mmol, 0.75 g) and 5 mg of p-toluenesulfonic acid 
monohydrate were added. The mixture was refluxed for 5 hr in 
a flask fitted with a Dean-Stark trap. The reaction solution 
was cooled and diluted with ether. After washing with 5%  
aqueous NaHC03 and brine, the organic phase was dried (Na*- 
S04) and concentrated, giving 1.98 g (98%) of crude nitro ketal 
9: ir (neat) 1545, 1040 cm-1; nmr (CC14) 5 0.93 (t, 3 H, /  =  7 
Hz), 1.20 (s, 3 H), 2.2-1.3 (m, 6 H), 3.75 (s, 4 H), 4.5-4.0 (m, 
1 H ) .

4-Nitro-5-methylcyclohexene (14).— A thick-walled glass tube 
was charged with 1-nitropropene20 (9.0 g, 0.10 mol) and butadiene 
(4.5 ml). The tube was sealed and heated on a steam bath for 4 
days to yield 6.54 g (46%) of 14: bp 90° (10 mm); ir (neat) 
3050, 1650, 1545 cm“1; nmr (CCU) 5 0.95 (d, 3 H, J  =  5.5 Hz),
3.0-1.5 (m, 4 H), 4.30 (m, 1 H), 5.53 (d, 2 H, J  =  1.5 Hz). 
A n a l .  Calcd for C,H „N02: C, 59.56; H, 7.85. Found: C, 
59.64; H, 7.87.

Nitro Ketal 23.— 1-Nitropropene (2.0 g, 27.5 mmol) in 20 ml 
of acetonitrile was added dropwise to a stirred solution of morpho- 
linocyclohexene (6.0 g) in 20 ml of acetonitrile at —20° and the 
reaction was let stir for 1 hr under a nitrogen atmosphere. Hy­
drolysis of the enamine was effected by addition of 30 ml of
1.5 M  HC1. After extraction with ether, distillation gave 2.64 g 
(65%) of nitro ketone corresponding to 23: bp 90° (7 mm); ir
(neat) 1710, 1545 cm-1; nmr (CC14) S 1.00 (d, 3 H, J  =  6 Hz),
3.5-1.30 (m, 9 H), 4.33 (d, 2 H, /  =  6 Hz). The 2,4-DNP had

(18) Chem. Abstr., 52, 5455 / (1958).
(19) W . Seifert, J. Org. Chem., 28, 125 (1963).
(20) G . D. Buckley and C. W . Scaife, J. Chem. Soc., 1471 (1947).
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mp 139-140°. A n a l .  Calcd for C15H19N 5O6: C, 49.31; H, 
5.24. Found: C, 49.41; H, 5.21.

General Procedures for TiCl3 Reduction of Nitro Compounds.
A. Reductions with Aqueous TiCl3 at pH 1.— The alkyl nitro 
compound in an appropriate solvent (THF or dimethoxyethane, 
0.2 M )  was treated with 4 equiv of TiCl3 (20% aqueous solution) 
and stirred under nitrogen at room temperature for the indicated 
time. The reaction mixture was then poured into ether and 
separated into phases. The aqueous phase was extracted several 
times with ether; the organic extracts were combined, washed 
with 5% NaHC03 and with brine, then dried (Na2S04), con­
centrated, and distilled. The following examples were run.

a-Nitrotoluene (3).— Benzaldehyde was isolated in 80% yield 
after allowing a-nitrotoluene (3) to react for 18 hr in THF.

5-Nitroheptan-2-one (1).— Dione 2 was isolated in 96% yield 
after allowing 1 to react for 24 hr in THF: ir (neat) 1710 cm-1; 
nmr (CC14) 8 2 60 (s, 4 H), 3.41 (q, 2 H, /  = 7 Hz), 2.10 (s, 3 H),
1.00 (t, 3 H, J  =  7 Hz). Dione 2 was further identified by 
cyclization with 5%  aqueous NaOH to the known 2,3-dimethyl- 
cyclopentenone (85%), 2,4-DNP mp 226-227° (lit.21 mp 226- 
227°).

1-Nitrohexane (10).— Hexanal aldol dimer (11) was isolated in 
74% yield after allowing 10 to react for 18 hr in THF: ir (CHC13)
2730, 1680, 1640 cm"1; nmr (CC14) 5 9.35 (s, 1 H), 6.4 (t, 1 H, 
/  = 7.5 Hz), 2.5-2.0 (m, 4 Ii), 1.8-1.1 (m, 6 H), 1.1-0.8 (m, 6 
H).

4- Nitrovaleronitrile (7).— Levulinonitrile (8) was isolated in 
55% yield after allowing 7 to react for 2 days in THF, 2,4-DNP 
mp 146° (lit.22mp 146°).

Methyl 4-Nitrovalerate (12).— Methyl levulinate was isolated 
in 16% yield, plus 32% levulinic acid after allowing 12 to react 
for 12 hr in THF.

1- Nitrocyclooctene (5).— Allowing 5 to react for 2 hr in THF 
gave 55% 6.

5- Nitroheptan-2-one Ethylene Ketal (9).— Keto ketal 16 was 
isolated in 40% yield after allowing 9 to react for 12 hr in THF.

4- Nitro-5-methylcyclohexene (14).— After reaction for 12 hr in 
THF, 6-methylcyclohex-2-en-l-one (15) was isolated in 35% 
yield.

B . Reduction of Nitro Compounds with Aqueous TiCl3 at pH
5.— A buffered TiCl3 solution was prepared by adding NH4OAc 
(4.6 g, 0.06mol) in 15 ml of H20  to 20% aqueous TiCl3 (0.01 mol) 
under nitrogen. Nitro compound in the appropriate solvent was 
added rapidly and the mixture was stirred for the indicated period 
at room temperature. Product isolation was carried out as in 
procedure A. The following examples were run.

2- Nitroheptan-2-one Ethylene Ketal (9).— Keto ketal 16 was 
isolated in 67% yield after reaction of 9 for 12 hr in dimethoxy­
ethane: ir (neat) 1715, 1100, 1030 cm-1; nmr (CCh) S 0.97 (t, 3
H, J  = 7 Hz), 1.18 (s, 3 H), 2.0-1.3 (m, 2 H), 3.6-2.0 (m, 2 H),
3.75 (s, 4 H). Ketal 16 was further identified by acidic hydrol­
ysis to diketone 2.

Nitro Ketal 23.— Ketal aldehyde 24 was isolated in 70% yield 
after stirring nitro ketal 23 for 12 hr in methanol: ir (neat)
2750, 1725 cm-1; nmr (CC14) 5 0.96 and 1.00 (two doublets, 3 H, 
J  =  J '  =  7 Hz), 3.84 (s, 4 H), 9.1 and 11.1 (two doublets, 1 H, 
J  =  J ’  =  4 Hz). A n a l .  Calcd for CuHi80 3: C, 66.64; H, 
9.15. Found: C, 66.60; H,9.14.

1-Nitrohexane (10).— After reaction of 10 for 3 hr in methanol, 
hexanal dimer (45%) and azoxy-n-hexane (20%) were isolated. 
Azoxy n-hexane had ir (CHC13) 1500 cm-1; nmr (CDC13) 5 4.15 
(t, 2 H, /  = 7 Hz), 3.40 (t, 2 H, /  = 7 Hz), 2.0-1.0 (m, 10 H),
I . 0 -0 .6 (m, 6 H). An authentic sample was prepared for com­
parison purposes by the procedure of Greene,23 and was identical 
in all respects.

5- Nitroheptan-2-one (1).— After 12 hr reaction in THF, 
2-methyl-5-ethyl-A1-pyrroline (19) was isolated (20%): ir (neat) 
2975, 2940, 2880, 1650cm-1; nmr (CC14) S 3.6 (m, 1 H), 2.20 (m, 
2 H), 1.9 (d, 3H , J  =  1.5 Hz), 1.7-1.2 (m, 4 H), 1.2-0.7 (m, 3 
H); pi crate mp 126.5-127.5°. A n a l .  Calcd for Ci3Hi6N40i: 
C, 45.89; H, 4.74. Found: C, 46.14; H, 4.80.

1-Nitrocyclohexene.— After reaction for 12 hr in methanol, a 
42% yield of cyclohexanone was found.

1-Nitrocyclooctene (5).— After reaction for 12 hr in methanol, 
cyclooctanone was produced in 70% yield.

(21) S. Dev and C. Rai, J. Indian Chem. Soc., 34, 266 (1957).
(22) G. D . Buckley and T. J. Elliott, J. Chem, Soc., 1505 (1947).
(23) F. D . Greene and S. S. Hecht, J. Org. Chem., 35, 2482 (1970).

Methyl 4-Nitrovalerate (12).— After 12 hr in THF, methyl
levulinate (17) was isolated (35%).

4-Nitro-5-methylcyclohexene (14).— After 12 hr reaction in 
THF, 6-methylcyclohex-3-en-l-one (18) was isolated (30%).

C. Reduction of Nitronate Anions with Aqueous TiCl3 at pH
5.— The nitro compound was dissolved in methanol (0.5 M )  and 
treated with 1 equiv of NaOCH3. A buffered TiCl3-N H 4OAc 
solution prepared as in procedure B was then added in one portion 
to the anion solution at room temperature under a nitrogen 
atmosphere. After an appropriate period, the reaction was 
worked up as in procedure A. The following examples were 
examined.

4-Nitro-5-methylcyclohexene (14).— After reaction for 45 min,
6-methylcyclohex-3-en-l-one (18) was isolated in 60% yield: ir
(neat) 3040, 1715 cm-1; nmr (CC14) 8 1.05 (d, 3 H, J  =  6 Hz),
5.71 (m, 2 H); 2,4-DNP mp 142°. A n a l .  Calcd for Ci3Hi4- 
N4O4 : C, 53.79; H, 4.86. Found: C, 53.75; H, 4.77.

Methyl 4-Nitrovalerate (12).— A 90% yield of methyl levuli­
nate was isolated after 30-min reactions, 2,4-DNP mp 141° 
(lit.24mp 141°).

4- Nitrovaleronitrile (7).— A 90% yield of levulinonitrile was 
isolated after 45-min reaction, 2,4-DNP mp 146° (lit.22 mp 146°).

Nitro Ketal 23.— A 90% yield of ketal aldehyde was isolated 
after 45 min reaction.

0- Nitrophenylethane (20).— Phenylacetaldehyde (21, 70%) 
was isolated after 30-min reaction.

1- Nitrohexane (10).— Hexanal (45%) was isolated after 30-min 
reaction.

1-Nitrocyclooctene (5).— After 1 hr reaction, 2-methyoxycyclo-
octanone (70%) was isolated: ir (neat) 1710, 1100 cm-1; nmr 
(CCh) 5 3.54 (m, 1 H), 3.28 (s, 3 H), 2.8-0.8 (12 H); 2,4-DNP 
mp 136°. A n a l .  Calcd for C1SH20N4O5: C, 53.57; H, 5.99. 
Found: C, 53.56; H, 6.11.

When aqueous NaOAc-dioxane was used to form the nitronate 
anion, 2-hydroxycyclooctane (90%) was formed.

5- Nitroheptan-2-one Ethylene Ketal (9).— Keto ketal 16 was 
isolated in 70% yield after 2-hr reaction in methanol.

4-Heptyn-l-ol.— A slurry of lithium aluminum hydride (1.93 g, 
0.051 mol) in 75 ml of dry ether was mechanically stirred in a 
250-ml flask and a solution of 4-heptynoic acid (6.13 g, 0.049 mol) 
in 75 ml of ether was slowly added. After addition was com­
plete, the reaction was further stirred for 30 min and then cau­
tiously quenched by sequential addition of water (2.5 ml), 15% 
NaOH (2.5 ml), and water (7.5 ml). The reaction mixture was 
then filtered, dried (Na2S04), concentrated, and distilled to yield 
the desired alcohol (5.18 g, 95%) as a colorless oil: bp 91° (15 
mm); ir (neat) 3350, 1050 cm-1; nmr (CCh) 8 3.58 (t, 2 H, J  =

6.5 Hz), 3.6 (s, 1 H), 2.15 (m, 4 H), 1.68 (m, 2 H), 1.08 (t, 3 H, 
J  = 7.5 Hz).

l-Iodo-4-heptyne (35).—4-Heptyn-l-ol (1.0 g, 8.9 mmol) was 
dissolved in 40 ml of methylene chloride and 15 ml of triethyl- 
amine at —10°. Methanesulfonyl chloride (10 mmol) was 
slowly added, and, after 15 min of additional stirring, the mixture 
was transferred to a separatory funnel and washed sequentially 
with water, 10% HC1, 5% NaHC03, and saturated brine. The 
solution was then dried (Na2S04) and concentrated to yield crude 
mesylate (1.67 g, 100%).

Without further purification, the crude mesylate (3.54 g, 18.6 
mmol) was added to a mixture of Nal (4.15 g, 28 mmol) in ace­
tone (20 ml) and the reaction mixture was stirred overnight at 
room temperature. The mixture was then filtered and concen­
trated. The residue was taken up in ether and washed with 
water, 10% NaHS03, and saturated brine, and then was dried 
(Na2S04) and concentrated. The residual oil was distilled to give 
iodide 35 (3.0 g, 73%): bp 91-94° (15 mm); ir (neat) 2980, 
1240, 1165 cm“1; nmr (CC14) 8 3.12 (m, 2 H), 2.7 (m, 2 H), 2.17 
(m, 2 H), 1.12 (t, 3 H, /  = 7.5 Hz).

l-Nitro-4-heptyne (36).— A solution of iodide 35 (2.77 g, 12.5 
mmol) and NaN02 (1.52 g, 21.7 mmol) in DMSO (10 ml) was 
mechanically stirred for 1 hr at room temperature. The reaction 
mixture was diluted with 30 ml of ice water and extracted with 
petroleum ether (bp 30-60°) (5 X 10 ml). The combined ex­
tracts were washed with water, dried (MgS04), filtered, con­
centrated, and distilled to give the nitro compound 36 (0.8 g, 
45%): bp 60-70° (5 mm); ir (neat) 1550 cm“1; nmr (CC14) 8
4.25 (t, 2 H, J  =  7 Hz), 2.5-1.4 (m, 6 H), 1.10 (t, 3 H, J  = 7  
Hz).

(24) M . A. Cowley and H. S. Schuette, J. Amer. Chem. Soc., 55, 3463 
(1933).
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5-Nitro-8-undecyn-2-one (37).— l-Nitro-4-heptyne (0.79 g,
5.62 mmol), diisopropylamine (0.3 ml), and methyl vinyl ketone 
(0.43 g, 6.1 mmol) in 6 ml of chloroform were stirred at 40° for 
16 hr under nitrogen. The solution was then distilled to give 
980 mg (83%) of product 37: bp 110° (0.001 mm); ir (neat) 
1715, 1545 cm-1; nmr (CC14) 5 1.09 (t, 3 H, /  =  7 Hz), 2.10 (s, 3 
H), 4.6 (m, 1 H); mass spectrum m / e  (rel intensity) 162 (P+, 50), 
147 (100). A n a l .  Calcd for C11H17NO3: C, 62.53; H, 8.13. 
Found: C, 62.53; H, 8.10.

8-Undecyne-2,5-dione (38).— This compound was prepared by 
reduction of 37 with TiCh according to procedure A above; an 
85% yield was obtained after 18-hr reaction in dimethoxyethane 
as solvent.

Dehydrojasmone (39).— Diketone 38 (0.38 g, 2.1 mmol) was 
dissolved in 10 ml of 5% ethanolic KOH solution and the solution 
was refluxed for 2 hr under nitrogen. The solution was then 
poured into a separatory funnel, diluted with water, and ex­
tracted with ether. The extracts were washed with brine, dried 
(MgSOi), concentrated, and distilled to yield dehydrojasmone 
(39, 0.34 g, 85%): bp 103-105° (0.1 mm); ir (neat) 1705, 1650 
cm“1; nmr (CC14) 6 1.13 (t, 3 H, /  =  7 Hz), 2.15 (s, 3 H), 2.25 
(m, 6 H), 2.95 (t, 2 H, J  = 1.5 Hz); 2,4-DNP mp 165° (lit.* 364 26 mp 
166°).

(25) K . Sisido, Y . Kawasima, and T. Isida, Perfum. Essent. Oil. Rec., 57,
364 (1966).

c i s - Jasmone (40).— Lindlar catalyst16 (50 mg) in 2 ml of ethyl 
acetate was equilibrated under 1 atm of hydrogen for 12 hr and 
dehydrojasmone (0.050 g, 0.003 mol) in 1 ml of ethyl acetate was 
added. After 5 min, hydrogen uptake stopped, and the reaction 
was filtered free of catalyst and concentrated to yield cw-jasmone 
(40, 47 mg, 95%): ir 1705, 16.50 cm -1; nmr (CC14) 5 0.97 (t, 3 
H, J  =  7.5 Hz), 2.02 (s, 3 H), 2.20 (m, 6 H), 2.84 (d, 2 H, /  =  5 
Hz), 5.22 (triplet of doublets, 2 H, /  =  4, T  =  6 Hz); 2,4- 
DNP mp 116° (lit.26 mp 117.5°).
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Synthesis of 7V-(2-Triphenylstannylethyl)amines and Their Reactivities
Y o sh iro  Sa t o ,* Y a s u c h ik a  B a n , a n d  H id e a k i  Sh ir a i 

F a c u l t y  o f  P h a r m a c e u t i c a l  S c i e n c e s ,  N a g o y a  C i t y  U n i v e r s i t y ,  M i z u h o - k u ,  N a g o y a  J f i 7 ,  J a p a n

R e c e i v e d  J u n e  1 5 ,  1 9 7 3

The reactions of seven A-(2-triphenylstannylethyl)amines (3a-g), prepared from the corresponding 2-chloro- 
ethylamines (la-e,g) and triphenyltinlithium (2), with methyl halides (MeX) or hydrogen halides (HX) were in­
vestigated. In the case of X  =  I or Br, the quaternary ammonium salts or the amine hydrohalides, produced 
from Ar-(2-triphenylstannylethyl)alkylamines (3a and 3b), were unstable and were cleaved by nucleophilic attack 
of X  ~ at tin atom which resulted in the formation of triphenyltin halides and alkylamines with the loss of ethylene. 
On the contrary, 3a-c hydrochlorides were stable, but the presence of excess hydrogen chloride led quantitatively 
to (2-alkylaminoethyl)phenyltin dichloride hydrochlorides (8a-c) by electrophilic attack of H + on the phenyl 
groups. However, the reaction of ;Y-(2-triphenylstannylethyl)arylamines (3d and 3e) with hydrogen chloride 
gave a mixture of triphenyltin chloride, diphenyltin dichloride, phenyltin trichloride, and sec-arylamines, as a 
result of the competition between the nucleophilic attack of Cl-  at tin atom and the electrophilic attack of H + 
on phenyl group.

Previous investigations of aminoalkyltin compounds 
have dealt with the chemistry of the a- 1 and 7 -amino2 
derivatives. While a few of the /3-aminoalkyltin com­
pounds have been obtained by additions of triorganotin 
hydrides to vinylamines2a'3 or by carbon-carbon inser­
tion reaction into tin-nitrogen bonds,4 little is known 
about their chemical properties. We now report the 
preparation of several new alkylamino- and arylamino- 
ethyltriphenyltin compounds as well as some of the 
reactions that they undergo.

Seven JV-(2-triphenylstannylethyl) amines (3a-g)
were synthesized in 60 -80% yields from reactions of 
the corresponding 2-chloroethylamines (la-e,g) with 
triphenyltinlithium (2) in tetrahydrofuran (see Table 
I ) . Their structures were confirmed by elemental and 
4H nmr spectral analyses (see Table IV). N-(2-Tri-

(1) D . J. Peterson, J. Organometal. Chem., 21, P63 (1970); J. Amer. 
Chem. Soc., 93, 4027 (1971). R . G. Kostyanovskii and A. K . Prokofev, Izv. 
Akad. Nauk SSSR , Ser. Khim., 175 (1965).

(2) (a) G. J. M . van der Kerk and J. G. Noltes, J. Appl. Chem., 9, 106 
(1959); (b) ibid., 9 , 176 (1959).

(3) G. J. M . van der Kerk, J. G . Noltes, and J. G. A . Luijten, J . Appl. 
Chem., 7, 356 (1957); W . P. Neumann, H . Niermann, and R. Sommer, 
Justus Liebigs Ann. Chem., 659, 27 (1962).

(4) G. Chandra, T. A . George, and M . F. Lappert, Chem. Commun., 116 
(1967).

phenylstannylethyl)aniline (3f) was isolated in low 
yield from the reaction of (V-(2-chloroethyl)acetanilide 
(lg) with 2. Hydrolysis of V -(2-triphenylstannyl- 
ethyl) acetanilide (3g) in alcoholic potassium hydroxide 
also gave 3f. The reduction of 3g with lithium 
aluminum hydride gave 3f in high yield. No N-(2- 
triphenylstannylethyl)-V-ethylaniline was obtained. 
The acetylation of 3f with acetic anhydride led to 3g. 
However, the methylation of 3f with an equimolar 
amount of methyl bromide or methyl iodide in ethanol 
did not produce V -(2-triphenylstannylethyl)-lV'-meth- 
ylaniline (3d) as expected, but gave mixtures which 
consisted of V-met,hy 1 ani 1 ine, triphenyltin bromide, or 
triphenyltin iodide, respectively, as major products, 
and aniline and Ay.V-dimethylaniline as minor prod­
ucts along with unreacted 3d. These products are re­
garded as resulting from the following reactions 
(Scheme I).

The reaction of 3f with M eX  (X  =  Br, I) initially 
gives 3d hydrohalide (3d~HX). Proton transfer from 
3d-HX to 3f affords 3f hydrohalide (3f-HX) and 3d, 
which subsequent reacts with additional M eX  to give 
V -(2-tripheny Istannylethyl) -N,N- dimethyl - N - phenyl- 
ammonium halide (5d). These three ammonium
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Table I

^NCHjCH,Cl +  PhaSnLi---------- >- ' \ c H 2CHiSnPh, +  Ph6Sn,
/  in T H F  /

R2 R2
la-e,g 2 3a-g 4

,-----Reaction conditions-----n -------------------- —3------------- *-------- . 4,
Compd R 1 R 2 Temp Time, hr M p, °C Yield, % Yield, %

a c h 3 CH3 Room 7 81-83 85.3 5
b c 2h 6 C2H6 Room 18 48.5-49.5 63.5 5

Reflux 2
c (-CH2CH2)20 Room 18 125-126 56.1 7

Reflux 2
d c h 3 c 6h 6 Room 20 59.5-60.0 62.4 5

Reflux 2
e c 6h 5 c 6h 5 Room 19 98-100 78.5 5

Reflux 3
f H c 6h 6 91-92.5 a

g CH3C0 c 6h 5 Room 18 106-108 65.0 9
Reflux 2

° 3f was isolated from the reaction of lg with 2 as a by-product in 4%  yield.

halides, 3d-H X, 3f-H X, and 5d, are cleaved by nucleo­
philic attack of the X "  at the tin atom to give the 
amines, triphenyltin halide, and ethylene (path a, b, 
and c). Evidence in support of these three postulated 
reaction paths is found in the following experimental 
results. The addition of an equimolar solution of 
hydrogen bromide in ether to 3d afforded X-methyl- 
aniline and triphenyltin bromide, accompanied by a 
small amount of 3d hydrobromide (3d-HBr). Simi­
larly, the addition of an equimolar amount of hydro­
gen bromide to 3f gave 3f hydrobromide (3f-HBr) 
quantitatively, which was readily cleaved to aniline 
and triphenyltin bromide by heating in ethanol. The 
reaction of 3d with an equimolar amount of methyl 
iodide gave X,A-dimethylaniline, triphenyltin iodide, 
and no 5d.

The other /S-aminoethyltin compounds, iV-(2-tri- 
phenylstannylethyl)dimethylamine (3a) and lV-(2-tri- 
phenylstannylethyl) diethylamine (3b), gave, upon re­
action with excess methyl bromide, the corresponding 
amine methobromides (6a and 6b) and triphenyltin 
bromide, respectively. Attempts to isolate quater­
nary ammonium bromides from any of the reactions 
were unsuccessful. A-(2-Triphenylstannylethyl)di- 
phenylamine (3e) and 3g did not react with the methyl 
halide to form quaternary ammonium salts. There 
is no doubt from these results that the cleavage of 
N- (2-triphenylstannylethyl) amines by methyl halides 
proceeds via the quaternary ammonium salts.

-^ N +— CH,— CH —  Sn^-X~ —*

+  CH2= C H 2 +  X -S n ^

Early observations in organosilicon chemistry indi­
cated that substituted organosilanes, R 3SiCH2CH- 
(R ')X  (X  =  halogen or hydroxyl, R ' =  H  or alkyl), 
react rapidly with acid, base, and a variety of other 
reagents to generate the corresponding alkene and R3- 
SiX .5 Davis, et al.,6 recognized that /3-triphenyl-

(5) C. Eaborn and R . W . Rott in A . G. MacDiarmid, Ed., “ Organometallic 
Compounds of the Group IV  Elements, Vol. 1: The Bond to Carbon,”  
Part 1, Marcel Dekker, New York, N . Y ., 1968, pp 378-391 , and references 
cited therein.

(6 ) D . D , Davis and C. E . Gray, J. Org. Chem., 35, 1303 (1970).

stannyl alcohols readily undergo an acid-catalyzed 
deoxymetalation reaction in an acidic medium.

H + M eO H -H sO
Ph3SnCH2CH2OH — >  Ph3SnCH2CH20  +H2-------------- >

Ph3SnOH +  CH2= C H 2 +  H20  +  H +

Addition of an equimolar amount of ethereal hydro­
gen bromide to 3a gave a mixture of 3a hydrobromide 
(3a-HBr), dimethylamine, and triphenyltin bromide, 
whereas stable crystals of 3a hydrochloride (3a-HCl) 
were formed upon treatment of 3a with an equimolar 
amount of ethereal hydrogen chloride (Table II). 
Two equivalents of hydrogen chloride and 3a in ether 
gave quantitatively (2-dimethylaminoethyl) diphenyl- 
tin chloride hydrochloride (7a). When further excess 
hydrogen chloride in ether was treated with 3a, (2-di- 
methylaminoethyl)phenyltin dichloride hydrochloride 
(8a) only was isolated quantitatively. These results 
suggest that the phenyl-tin bonds are cleaved step­
wise by electrophilic attack of H + to give 7a from 
3a-HCl, then 8a from 7a, but one phenyl-tin bond re­
mains. These three amine hydrochlorides are stable 
and the nucleophilic attack of C l-  at the tin atom is 
not observed. The same results were also obtained in 
the other (2-triphenylstannylethyl)amines: 3b, N-{2- 
triphenylstannylethyl) morpholine (3c) and 3f to give 
(2-diethylaminoethyl)phenyltin dichloride hydrochlo­
ride (8b), (2-morpholinoethyl)phenyltin dichloride hy­
drochloride (8c), and (2-anilinoethyl)phenyltin di­
chloride hydrochloride (8f) in a quantitative yield, 
respectively.

iV-(2-Triphenylstannylethyl)acetanilide (3g) also re­
acted quantitatively with excess hydrogen chloride in 
ether to give the crystals, mp 149-150°, whose ele­
mental analysis, molecular weight determination, and 
nmr spectrum showed reasonable agreement with 
(2-acetylphenylaminoethyl)phenyltin dichloride (10). 
The carbonyl absorption of 10 shifted extremely to low 
frequency, at 1565 and 1575 cm-1 in carbon tetra­
chloride. The carbonyl band of Ar-(2-dimethylphenyl- 
stannylethyl) acetanilide (11), derived by the reaction of 
10 with 2 equiv of methylmagnesium iodide, was ob­
served again at 1660 cm-1 in the same region as 3g. 
Therefore it seems reasonable to assume that the low- 
frequency shift of the carbonyl stretching vibration of
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Ac

Ph

S c h e m e  I

\  KOH-EtOH or LiAIH,
NCHsCHjSnPh, v ^  ^ PhNHCH2CH2SnPh3/  AcîO

3 g 3f

3f +  MeX

"Me

Ph

N+HC&CHsSnPhrX-

3d-HX

Me
\

NH +  CH2= C H 2 +  Ph3SnX

r /
Me

\

3f +  3d-HX-

NCH2CH2SnPh3

Ph
3d

3d +  MeX

R1

PhN+H2CH2CH2SnPh3-X~ — >- 
3 f-HX
PhNIR +  CH2==CH2 +  Ph3SnX

' Me

PhN +— CH2CH2SnPhs X  -
I

Me
Sd

PhNMe2 +  CHï==CH2 +  Ph3SnX 

Me CH2= C H 2
\ MeBr (excess)

NCHiCHsSnPhs---------------- >- R’N +Me • Br -  +  +/  3a,t> |
R2 R2

3a-f
6a,b

R1 . HCI
\

N+HCH2CH2SnPh3- C l - -----------/  3d,e-HCl
R2 R2

R1
\

■*- NH

3a-f-HCl

R> 1 HC1
\

N +HCH2CH2SnClPh2 • Cl'

R1

NH +
/ 7d,e

R2 R2
7a-f

R l 1 HC1 R1
\ e

N +HCH2CH2SnCl2Ph. • Cl “ ---- ^
/ 8d,e

R2 R2
8a-f

8̂ MeMgl (excess)
I HCI 8 f----------------—>  PhN
^ (excess)

c h 3

NH +

Ph3SnBr

CH2= C H 2

+

Ph3SnCl

CH2= C H 2

+

Ph2SnCl2

c h 2= c h 2

+

PhSnCl3

l .2E £ l2C
9

, MeMgl
c = o - —I Ac
I Y 2MeMgI \

PhN CH2CH2SnCl2P h -----------NCH2CH2SnMe2Ph

Ph
1 0 1 1

10 is due to the formation of an intramolecular six- 
membered ring by the coordination of the carbonyl 
oxygen to the tin atom, which acidity was enhanced

by the two chlorine atoms. A  similar intramolecular 
cyclization has been reported on [2,3-bis(ethoxycarbo- 
nyl) propyl ]-n-butyltin dibromide by Matsuda and co­
workers.7

Two organic groups in a tetraorganotin compound 
can be replaced stepwise by free halogen under ap­
propriate condition to give diorganotin dihalides;8 
however, the cleavage of the tin-carbon bonds of alkyl- 
triphenyltin derivatives by hydrogen halides has not 
been studied in detail. From the results mentioned 
above, it seems general that alkyltriphenyltin com­
pounds will give the corresponding alkylphenyltin di- 
chlorides by excess ethereal hydrogen chloride. The 
following experiments are performed on this point of 
view. When six alkyltriphenyltin compounds (12a-f) 
were treated with excess hydrogen chloride in ether at 
room temperature, the corresponding alkylphenyltin 
dichlorides (13a-f) were given quantitatively as shown 
in Table III. This procedure provides an excellent 
method to prepare alkylphenyltin dichlorides.

The reaction of either 3d or 3 e with 3 mol of hydrogen 
chloride9 in ether led to a mixture, whose nmr spectra 
showed the absence of N -C H 2CH2Sn linkage. Glc 
analysis of each reaction mixture suggested the pres­
ence of phenyltin chlorides and secondary amine in­
stead of (2-methylphenylaminoethyl) phenyltin di­
chloride hydrochloride (8d) or (2-diphenylaminoethyl)- 
phenyltin dichloride hydrochloride (8e), expected from 
the results described above. In order to obtain a more 
definite conclusion, each reaction mixture was methyl­
ated by an excess of methylmagnesium bromide. Sep­
aration of the products gave the following compounds: 
methyltriphenyltin (56%), dimethyldiphenyltin (31% ), 
trimethylphenyltin (4% ), and A-methylaniline (78%) 
from the reactant of 3d; methyltriphenyltin (56% ), 
dimethyldiphenyltin (34% ), trimethylphenyltin (1% ), 
and diphenylamine (85%) from the reactant of 3e. 
The ratios of these tin compounds were apparently 
consistent with the original ratios of phenyltin chlo­
rides.

Each of the reactions probably takes place in the 
following stages. At first, nearly half of the 3d hydro­
chloride (3d-HCl) or 3e hydrochloride (3e-IICl) is 
cleaved to form triphenyltin chloride and secondary 
amine with the loss of ethylene by nucleophilic attack 
of Cl~ on the triphenyltin moiety (path a). (In fact, 
independent 3d-HCl, prepared from 3d and 1 equiv of 
hydrogen chloride, was unstable at room temperature 
decomposing readily to triphenyltin chloride and N- 
methylaniline.) On another half, electrophilic attack 
of H + on the phenyl group results in the formation of 
(2-methylphenylaminoethyl) diphenyltin chloride hy­
drochloride (7d) or (2-diphenylaminoethyl) diphenyl­
tin chloride hydrochloride (7e). At the second stage, 
a part of 7d or 7e is cleaved to give diphenyltin di- 
chloride, secondary amine and ethylene (path d). A  
few remaining parts lead to 8d or 8e. 8d or 8e 
cleavage then gives phenyltin trichloride, secondary

(7) I. Omae, S. Onishi, and S. Matsuda, J. Organometal. C h e m 22, 623 
(1970).

(8) G, P. Van Der Kelen, E. V. Van Den Berghe, and L. Verdonck in A. K. 
Sawyer, Ed., “Organotin Compounds,” Vol. 1, Marcel Dekker, New York, 
N. Y., 1971, pp 58-88.

(9) This amount is a theoretical mole for the preparation of 8d or 8e. 
When excess hydrogen chloride is employed, initially produced triphenyltin 
chloride is converted to diphenyltin dichloride.
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T able II
R1

\  H C l
NCH2CH2SnPh3-----------------> - products +  PhH

/  in EtiO,
room temp

3a-g
/-------Reaction conditions------- *

3 H Cl, mol Time, hr Products Mp, °C Yield, % -
a 1 4 Me2N +HCH2CH2SnPh3 • Cl " 106-107.5 100 3a-HCl
a 2 4 MeîN +HCH2CH2SnClPh2 • Cl~ 156-157 100 7a
a Excess 4 Me2N +HCH2CH2SnCl2Ph • Cl - 177-180 100 8a
b Excess 17 Et2N +HCH2CH2SnCl2Ph • Cl~ 177-178 100 8b
c Excess 14 OCH2CH2N +HCH2CH2SnCl2Ph • Cl -  

LCH2CH2J
201-203 100 8c

d 3 27 PhaSnCl 56«
Ph2SnCl2 31“
PhSnCls 4“
PhMeN+H2-C l-
C H ^ C H ,

78

e 3 14 PhaSnCl 56«
Ph2SnCl2 34«
PhSnCls 1“
Ph2N+H2-C l-
CHí= C H 2

84

f Excess 20 PhN +H2CH2CH2SnCl2Ph • Cl "  
A c

95-100 dec 100 8f

\
g Excess 5 N CH2CH2SnCl2Ph 149-150 100 1 0

/
Ph

“ These compounds were isolated from the mixture as the corresponding methylphenyltin derivatives.

T able III
HCl

Ph3SnR------------>- RPhSnCL +  2PhH
in EtiO

12a -f  13a-f
Reaction conditions ,— Products (13a-f)“— •

R Temp
Time,

hr
M p or bp, 
°C  (mm)

Yield,
%

a Me Room 5 MePhSnCh 41-43 100
b Et Room 4 EtPhSnCl2 54 .5-60 100
c n-Pr Room 4 n-PrPhSnCl2 35-37 100
d f-Pr Room 2 /-PrPhSnCL 153-157

(10)
100

e n-Bu Room 3 .5 ra-BuPhSnCl2 43 .5-45 100
f Bz Room 2 BzPhSnCL 82-84 100

“ Satisfactory analytical data (± 0 .4 %  for C, H) were reported 
for all new compounds listed in the table: Ed.

amine, and ethylene (path e). Thus the competition 
between the electrophilic aromatic substitution and the 
nucleophilic cleavage reaction occurs by lV-(2-tri- 
phenylstannylethyl)arylamines. If redistribution re­
actions were slow enough among the phenyltin chlo­
rides produced via paths a, d, and e, the contribution 
of these paths could be estimated as 56% , path a; 
31-34%, d; and 1-4%, e.

Experimental Section
Nuclear magnetic resonance spectra were recorded using a 

JNM-MH-60 (JOEL) spectrometer employing tetramethylsilane 
as an internal standard. Infrared spectra were obtained using an 
IR-A-2 (JASCO) spectrophotometer. Gas-liquid chromato­
graphic analyses were performed on JGC-750 and JGC-1100 
(JOEL). All boiling points and melting points are uncorrected.

Diphenylaminoethyl Chloride (le).—A solution of diphenyl- 
aminoethanol (21.3 g, 0.1 mol) and triphenylphosphine (26.2 g, 
0.1 mol) in 110 ml of carbon tetrachloride was stirred at room 
temperature for 7 hr, then heated under reflux for 3 hr. After 
the removal of the solvent, the residue was extracted with pe­

troleum ether (bp 30-60°). The extract was concentrated and 
distilled, giving 18.2 g (78%) of a pale yellow oil, bp 105-108° 
(0.05 mm).

A n a l .  Calcd for CuHnCIN: C, 72.13; H, 6.09; N, 6.05. 
Found: C, 72.39; H, 6.05; N, 6.40.

JV-(2-Hydroxyethyl(acetanilide.— Sodium borohydride (0.6 g, 
0.014 mol) was added in small portions with stirring to a cold 
solution of N-(2-acetoxyethyl)acetanilide (5 g, 0.023 mol) in 45 
ml of methanol. The mixture was stirred below 10° for 2.5 hr, 
and then at room temperature for 4 hr. After the addition of 30 
ml of a saturated sodium chloride solution, the methanol was 
removed. The residue was extracted with benzene. The 
extract was dried and concentrated. Recrystallization of the 
residue from petroleum ether-carbon tetrachloride gave 3.2 g 
(78%) of AA(2-hydroxyethyl)acetanilide, mp 61-62° (lit.10 mp 
62-63°).

A'-(2-Chloroethyl(acetanilide (lg).— A solution of thionyl 
chloride (10.0 g, 0.084 mol) in 20 ml of dry toluene was added to 
an ice-cold solution of lV-(2-hydroxyethyl(acetanilide (10.0 g, 
0.056 mol) in 30 ml of dry toluene. After the addition, the 
mixture was stirred at room temperature for 18 hr and distilled, 
giving9.0g (81.8%) of lg: bp83-86° (0.07 mm); nmr (CDC13) 
a 1.85 (s, 3, NCOCHj), 3.70 (t, J  =  6 Hz, 2, CH2C1), 4.10 (t, 
J  =  6 Hz, 2, NCH2).

A n a l .  Calcd for C10Hi2C1NO: C, 60.87; H, 6.13; N, 7.10. 
Found: C, 61.17; H, 6.32; N, 7.10.

Ar-(2-Triphenylstannylethyljdimethylamine (3a).— A solution 
of triphenyltinlithium (2, 0.03 mol) in THF11 was added to an 
ice-cold solution of dimethylaminoethyl chloride (la, 2.26 g, 
0.021 mol) in 15 ml of THF. After the addition, the mixture 
was stirred at room temperature for 7 hr, and then it was hy­
drolyzed with a saturated ammonium chloride solution. The 
THF layer was separated and the aqueous layer was extracted 
with ether. The combined organic layer was dried and con­
centrated. Recrystallization of the residue from ethanol gave
7.75 g (85.3%) of 3a: mp 81-83°; nmr (CCL) 6 1.63 ( t ,  J  =  7  

Hz, 2, SnCH2), 2.06 (s, 6, NCH3), 2.60 (t, J  =  7 Hz, 2, NCH2),
7.0-8.0 (m, 15 aromatic protons). The ethanol-insoluble solid 
was recrystallized from petroleum ether to give 0.53 g (5%) of 
hexaphenylditin (4). Nmr data are given in Table IV.

(10) A . B. Boese, Jr., U. S. Patent 2,355,141 (1944).
(11) C. Tamborski, F. E. Ford, and E. J. Soloski, J. Org. Chem., 28, 181 

(1963).
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T able IV
jV-(2-Triphenylstannylethyl)amines (3)

Nmr, 5,
3 Ri R2 Formula® .— NCH2CH2S11—
a CH3 CH, C22H25NSn 2.60 1.63
b c 2h 6 c 2h 5 C24H29NSn 2.79 1.73
c (-CH2CH2)20 C24H27NOSn 2.70 1.75
d c h 3 c 6h 5 C27H27NSn 3.68 1.72
e c 6h 5 c 6h 5 C32H29NSn 4.20 1.93
f H c 6h 5 C26H25NSn 3.50 1.75
g c h 3c o c 6h 3 CaH27NOSn 4.10 1.6-2.2

Satisfactory analytical data (±0 .3 %  for C, H, N) and vapor-
pressure molecular weight data were reported for all new com­
pounds listed in the table: Ed.

iV-(2-Triphenylstannylethyljdiethylamine (3b).— In a similar 
manner as described for 3a, the reaction of diethylaminoethyl 
chloride (lb, 4.418 g, 0.033 mol) with 2 (0.03 mol) gave 8.570 g 
(63.5%) of 3b [mp 48.5-49.5° (recrystallized from ethanol); 
nmr (CCh) S 0.80 (t, 6, CH3CH2N), 1.73 (t, /  =  7.5 Hz, 2, 
SnCH2), 2.43 (q, 4, CH3CH2N), 2.79 (t, J  = 7.5 Hz, 2, NCH2- 
CH2Sn), 6.8-8.0 (m, 15 aromatic protons)] and 0.52 g (5%) of 4.

fV-(2-Triphenylstannylethyl)morpholine (3c).—In a similar 
manner as described for 3a, the reaction of /3-4-morpholinoethyl 
chloride (lc, 4.170 g, 0.027 mol) with 2 (0.03 mol) gave 7.031 g 
(56.1%) of 3c [mp 125-126° (recrystallized from ethanol); nmr 
(CDCla) S 1 . 7 5  (t, J  =  7.5 Hz, 2, SnCH2), 2.2-2.6 (m, 4, CH2- 
NCHO, 2.70 (t, J  = 7.5 Hz, 2, SnCH2CH2), 7.0-8.0 (m, 15, 
aromatic protons)] and 0.74 g (7%) of 4.

iV-(2-Triphenylstannylethyl)-iVr-methylaniline (3d).— In asimi­
lar manner as described for 3a, the reaction of V-(2-chloroethyl)- 
]V-methylaniline (Id, 3.2 g, 0.019 mol) with 2 (0.023 mol) gave
5.92 g (62.0%) of 3d [mp 59.5-60° (recrystallized from ethanol); 
nmr (CDC13) 5 1.72 (t, J  =  7.5 Hz, 2, SnCH2), 2.80 (s, 3, NCH3),
3.68 (t, J  =  7.5 Hz, 2, NCH2), 6.5-8.2 (m, 20, aromatic pro­
tons)] and 0.40 g (5%) of 4.

A'-(2-TriphenylstannylethylJdiphenylamine (3e).— In a similar 
manner as described for 3a, the reaction of le (2.42 g, 0.01 mol) 
with 2 (0.015 mol) gave 4.50 g (78.5%) of 3e [mp 98-100° (re­
crystallized from ethanol); nmr (CCh) 5 1.93 (m, 2, SnCH2),
4.20 (m, 2, NCH2), 6.4-7.7 (m, 25, aromatic protons)] and 0.26 
g (5%) of 4.

lV-(2-Triphenylstannylethyl)acetamlide (3g) and Ar-(2-Tri- 
phenylstannylethyl)aniline (3f).— A solution of 2 (0.03 mol) was 
added to a cold solution of lg (4.10 g, 0.021 mol) in 15 ml of THF. 
The mixture was stirred at room temperature for 18 hr and then 
refluxed for 2 hr. After the addition of a saturated ammonium 
chloride solution, the THF layer was separated and the aqueous 
layer was extracted with ether. The combined organic layer was 
dried. Removal of the solvent afforded a mixture which was 
separated on a silica gel column eluting with benzene. The first 
elution gave 0.411 g (4%) of 3f: mp 91-92.5° (recrystallized 
from ethanol); nmr (CDC13) 5 1.75 (t, J  = 7.5 Hz, 2, SnCH2),
3.34 (s, 1, NH), 3.50 (t, J  =  7.5 Hz, 2, NCH2), 6.3-8.2 (m, 20, 
aromatic protons); ir (CCh) 3500 cm-1 (NH). The second 
elution gave 6.811 g (65%) of 3g: mp 106-108° (recrystallized 
from ethanol); nmr (CCh) S 1-76 (s, 3, NCOCH3), 1.6-2.2 (m, 
2, SnCH2),4.10 (m, 2, NCH2), 6.9-8.2 (m, 20, aromatic protons); 
ir (CCh) 1660 cm-1 (C = 0 ).

Hydrolysis of 3g.— A mixture of 3g (0.63 g) and 30% potas­
sium hydroxide-ethanol (35 ml) was refluxed for 7.5 hr. After 
the addition of water, the ethanol was removed under reduced 
pressure. The residue was extracted with chloroform, washed 
with water, and dried. Removal of the solvent afforded 0.27 g 
(47%) of 3f.

Lithium Aluminum Hydride Reduction of 3g.— A solution of 
3g (1.00 g, 1.95 mmol) and lithium aluminum hydride (77 mg,
2.03 mmol) in 70 ml of ether was heated under reflux for 7 hr and 
then hydrolyzed with a saturated ammonium chloride solution. 
The reaction mixture was extracted with ether. The extract was 
washed with water, dried, and then concentrated. Recrystal­
lization of the residue from ethanol gave 0.75 g (81.5%) of 3f.

Acetylation of 3f with Acetic Anhydride.— A mixture of 3f 
(100 mg), acetic anhydride (2 ml), and glacial acetic acid (30 ml) 
was stirred at room temperature for 3 hr, and then made alkaline 
by adding of a saturated sodium carbonate solution. The 
reaction mixture was extracted with ether. The extract was

washed with water, dried, and concentrated to give 90 mg (82%) 
of 3g.

Reaction of 3f with Methyl Halides. A.— A mixture of 3f (47 
mg, 0.1 mmol), methyl bromide (9.5 mg, 0.1 mmol) in absolute 
ethanol (2 ml), and dry ether (1 ml) was heated in a sealed tube 
at 40-50° for 2 hr, and then at 70-80° for 2 hr. After the 
addition of 20 ml of water, the organic solvent was removed 
under reduced pressure. The aqueous layer was made slightly 
alkaline (pH 8) by adding of a sodium bicarbonate solution and 
it was extracted with ether. The extract was dried and con­
centrated. Glc analysis of the residue on Lubrol-MO column 
and silicon SE-30 column showed the presence of A'-methylaniline 
(18%), AAM-dimethylaniline (2%), aniline (3%), triphenyltin 
bromide (20%), and unreacted 3f (60%).

B.— A mixture of 3f (94 mg, 0.2 mmol), methyl iodide (30 mg, 
0.2 mmol) in absolute ethanol (4 ml), and dry ether (2 ml) was 
heated in a sealed tube at 40-50° for 5 hr. The treatment of the 
products in the same manner as described above showed the pres­
ence of V-methylaniline (36%), AAA'-dimethylaniline (6%), ani­
line (6%), triphenyltin iodide (43%), and unreacted 3f (40%).

Reaction of 3d with Hydrogen Bromide.— A mixture of 
hydrogen bromide (0.5 mmol) in dry ether (2 ml) and 3d (0.242 
g, 0.5 mmol) in dry ether (15 ml) was allowed to stand at room 
temperature for 1.5 hr. The precipitated white crystals were 
filtered to give 35 mg (12%) of 3d hydrobromide (3d-HBr), mp 
78-80° dec. Glc analysis of the filtrate on Lubrol-MO and 
silicone SE-30 showed the presence of Ar-methylaniline (75%) and 
triphenyltin bromide (84%).

iV-(2-Triphenylstannylethyl (aniline Hydrobromide (3f-HBr).—
A mixture of hydrogen bromide (1.0 mmol) in dry ether (14 ml) 
and 3f (0.470 g, 1.0 mmol) in dry ether (20 ml) was allowed to 
stand for 1.5 hr to give 0.550 g (100%) of 3f-HBr, mp 124-125°.

A n a l .  Calcd for G26HMBrNSn: C, 56.67; H, 4.76; N, 2.54. 
Found: C, 56.39; H, 4.81; N, 2.62.

A solution of 3f-HBr (55 mg, 0.1 mmol) in 10 ml of ethanol was 
refluxed for 2 hr. The ethanol was removed and the residue was 
extracted with ether. The ethereal extract was dried and con­
centrated. Column chromatography of the residue on silica gel 
gave aniline (7 mg, 75%) and triphenyltin bromide (36 mg, 
83%).

Reaction of 3d with Methyl Iodide.— A solution of 3d (0.315 g, 
0.65 mmol) and methyl iodide (93 mg, 0.65 mmol) in 10 ml of 
absolute ethanol was heated in a sealed tube at 70-80° for 4 hr. 
After the removal of the ethanol, column chromatography of the 
residue on silica gel gave A%V-dimethylaniline (53 mg, 67%), 
triphenyltin bromide (198 mg, 71%), and unreacted 3d (47 mg, 
16%).

Reaction of 3a or 3b with Methyl Bromide.— Methyl bromide 
gas was conducted into a solution of 3a or 3b (1 mmol) in 30 ml 
of dry ether for 7 hr, and then the mixture was allowed to stand 
overnight. The precipitate was filtered and it was identified 
with an authentic sample of tetramethylammonium bromide (6a) 
or dimethyldiethylammonium bromide (6b), respectively, yield
90-100%. Each filtrate was concentrated to give triphenyltin 
bromide in 90-100% yield.

IV-(2-Triphenylstannylethyl )dimethylamine Hydrobromide (3a- 
HBr).— The addition of hydrogen bromide (1 mmol) in 11 ml of 
dry ether to 3a (0.422 g, 1 mmol) in 25 ml of dry ether gave 
0.352 g (70%) of 3a-HBr, mp 138-141°.

A n a l .  Calcd for C22H26BrNSn: C, 52.53; H, 5.21; N, 2.68. 
Found: C, 52.08; H, 4.92; N, 2.77.

The filtrate was concentrated to give 0.122 g (28.4%) of 
triphenyltin bromide.

A'-(2-Triphenylstannylethyl)dimethylamine Hydrochloride (3a- 
HC1).— The addition of hydrogen chloride (1.05 mmol) in 2 ml 
of dry ether to 3a (0.444 g, 1.05 mmol) in 30 ml of dry ether 
gave 0.572 g (100%) of 3a-HCl, mp 106-107.5°.

A n a l .  Calcd for C22H26ClNSn: 0,57.61; H, 5.51; N, 3.05. 
Found: C, 57.35; H, 5.47; N, 3.07.

(2-Dimethylammoethyl)diphenyltin Chloride Hydrochloride 
(7a).— A mixture of hydrogen chloride (2.04 mmol) in 8.7 ml of 
dry ether and 3a (0.430 g, 1.02 mmol) in 30 ml of dry ether was 
allowed to stand at room temperature for 4 hr. The precipitate 
was separated by filtration, giving 0.430 g (100%) of 7a: mp
156-157° (recrystallized from methanol); nmr (DMSO-ds- 
CDC13) 6 1.8-2.1 (m, 2, SnCH2), 2.60 (s, 6, NCH3), 7.2-8.2 (m, 
10, aromatic protons).

A n a l .  Calcd for Ci6H2lCl2NSn: C, 46.10; H, 5.08; N, 3.36. 
Found: C, 46.04; H, 5.19; N, 3.33.
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(2-Substituted aminoethyl)phenyltin Dichloride Hydrochloride 
(8a-c,f) and (2-Acetylphenylaminoethyl)phenyltin Dichloride
(10).— A mixture of a solution of 3a-c,f or 3g in dry ether and a 
saturated solution of hydrogen chloride (excess) in dry ether was 
allowed to stand at room temperature for 4-20 hr. Removal of 
the solvent and the excess hydrogen chloride under reduced 
pressure afforded 8a-c,f or 10 in quantitative yield, respectively. 
Their data are shown in Tables II and V.

T able V
(2-Substituted aminoethyl)phenyltin 

D ichloride H ydrochloride (8a-c-f) and 
(2-Acetylphenylaminoethyl)phenyltin D ichloride (10)

Compd R 1 R 2 . F ormula® Nmr, 5

DMSO-de-CDCh
8a CHS CHS CioHieChNSn 1.5-2 .0  (2, SnCH2) 

3 .1 -3 .6  (2, NCH2) 
6 .8 -7 .8  

(5, aromatic H) 
DMSO-ds

8b c 2h 5 c 2h 6 Ci2H20Cl3NSn 1.6-2 .2  (2, SnCH2) 
7 .0 -8 .0  

(5, aromatic H) 
DMSO-d,

8c (-CH2CH2)20 C12HI8Cl3NOSn 1 .7 - 2.2 (2, SnCH2)
6 .7 - 7.8

(5, aromatic H)
8f H c 6h 5 C14H16Cl3NSn

ODCls
10 CHsCO c 6h 5 CieHnChNOSn 1.9-2.3 (2, SnCH2) 

4 .0 -4 .4  (2, NCH2)
7 .0-8 .3

(10, aromatic H)
° Satisfactory analytical data (± 0 .4 %  for C, H, N) were 

reported for all new compounds listed in the table, except for 
compound 8f, which was too hygroscopic: Ed.

A?-(2-Dimethylphenylstannylethyl)aniline (9). A.— A solution 
of méthylmagnésium iodide (25 mmol) in dry ether was added 
to a stirred suspension of 8f (0.450 g, 1.60 mmol) in dry ether (15 
ml). The mixture was stirred at room temperature for 2.5 hr 
and then heated under reflux for 2 hr. The reaction mixture was 
hydrolyzed with a saturated ammonium chloride solution and 
extracted with ether. The extract was dried and concentrated 
and the residue was then purified by column chromatography on 
silica gel to give 0.323 g (87.8%) of a pale yellow oil (9): n m r  

(CCI.) S 0.30 (s, 6, SnCH3), 1.30 (t, J  =  9 Hz, 2, SnCH2), 3.32 
(t, J  =  9 Hz, 2, NCH2), 3.20 (s, 1, NH), 6.2-7.5 (m, 10, aro­
matic protons); ir (CC14) 3400 cm“1 (NH).

A n a l .  Calcd for Ci6H21NSn: C, 55.54; H, 6.12; N, 4.05. 
Found: C, 55.46; H, 5.92; N, 3.86.

B.— A solution of 10 (800 mg, 1.86 mmol) in dry ether was 
added to a solution of méthylmagnésium iodide (10.7 mmol) in 
ether. After the mixture was heated under reflux for 3 hr, the 
reaction temperature was raised to 80° by addition of dry ben­
zene and evaporation of the ether. The reaction mixture was 
hydrolyzed with a saturated ammonium chloride solution and 
extracted with ether. The ethereal extract was dried and con­
centrated, and the residue was purified by preparative thin 
layer chromatography on silica gel to give 0.240 g (37.2%) of 9.

A'-(2-Dimethylphenylstannylethyl(acetanilide (11).—A solu­
tion of 10 (1.340 g, 3.12 mmol) and methyl iodide (5 ml) in THF 
(30 ml) was added slowly to magnesium turnings (157 mg, 6.46

mg-atoms). After the addition, the mixture was stirred at room 
temperature for 5 hr and then heated under reflux for 3 hr. The 
reaction mixture was hydrolyzed with a saturated ammonium 
chloride solution. The THF layer was separated and the 
aqueous layer was extracted with ether. The combined organic 
layer was dried and concentrated, and the residue was purified by 
column chromatography on silica gel to give 0.848 g (70%) of a 
pale yellow oil (11): nmr (CC14) 6 1.22 (t, J  =  8Hz, 2, SnCH2),
I . 71 (s, 3, NCOCH,), 0.32 (s, 6, SnCH3), 3.92 (t, /  =  8 Hz, 
2, NCH2), 6.9-7.6 (aromatic protons); ir (CC14) 1660 cm-1 
(C = 0 ).

A n a l .  Calcd for C^HaNOSn: C, 55.71; H, 5.97; N, 3.61. 
Found: C, 55.51; H, 5.90; N, 3.58.

Reaction of 3d with Hydrogen Chloride. A.— A mixture of a 
solution of 3d (0.534 g, 1.1 mmol) in dry ether (30 ml) and a 
solution of hydrogen chloride (1.1 mmol) in dry ether (2.7 ml) 
was stirred at room temperature for 1.5 hr. After removal of the 
ether, the residue was neutralized with a sodium bicarbonate 
solution and extracted with benzene. The benzene extract was 
dried and concentrated. Preparative thin layer chromatography 
of the residue on silica gel gave 49.9 mg (46.2%) of JV-methyl- 
aniline, 0.229 g (53.8%) of triphenyltin chloride, and 0.109 g 
(20.4%) of 3d.

B.— A mixture of a solution of 3d (1.010 g, 2.09 mmol) in dry 
ether (30 ml) and a solution of hydrogen chloride (6.27 mmol) in 
dry ether (30 ml) was stirred at room temperature for 27 hr. 
After removal of the ether, the residue which was dissolved in 
15 ml of THF was added to a solution of methylmagnesium 
bromide (25 mmol) in THF (20 ml). The mixture was heated 
under reflux for 5 hr, hydrolyzed with a saturated ammonium 
chloride solution, and extracted with ether. The ethereal 
extract was dried and concentrated. Glc analysis (silicone SE-30) 
of the residue showed the presence of JV-methylaniline (78%), 
methyltriphenyltin (56%), dimethyldiphenyltin (31%), and 
trimethylphenyltin (4%).

Reaction of 3e with Hydrogen Chloride.—A mixture of a 
solution of 3e (0.982 g, 1.79 mmol) in dry ether (25 ml) and a 
solution of hydrogen chloride (5.37 mmol) in dry ether (27 ml) 
was stirred at room temperature for 14 hr. Treatment of the 
reaction mixture in a similar manner as described above showed 
the presence of diphenylamine (84%), methyltriphenyltin 
(56%), dimethyldiphenyltin (34%), and trimethylphenyltin 
(!%)•

Alkylphenyltin Dichlorides (13a-f).— A mixture of a solution 
of alkyltriphenyltin compounds (12a-f) (3 mmol) in dry ether 
(60 ml) and a saturated solution of hydrogen chloride in dry 
ether (12 ml) was allowed to stand at room temperature for 2-5 
hr. The ether and the excess hydrogen chloride were removed 
under reduced pressure to yield alkylphenyltin dichlorides 
(13a-f) in quantitative yield, respectively. Their data are 
shown in Table III.

Acknowledgment.— W e are grateful to Professor Y . 
Ishii and Dr. K . Ito (Nagoya University) for valuable 
suggestions.
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Dimetalated Heterocycles as Synthetic Intermediates. IV. Dilithio Derivatives 
of 2-Methylbenzimidazole, 2-Benzylbenzimidazole, and Related Compounds1

Jam es V. H a y , D avid  E. P ortlock , and  Jam es F. W o lfe*

D e p a r t m e n t  o f  C h e m i s t r y ,  V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e  a n d  S t a t e  U n i v e r s i t y ,  B l a c k s b u r g ,  V i r g i n i a  2 4 0 6 1

R e c e i v e d  J u n e  8,  1 9 7 3

Treatment of 2-methyIbenzimidazole (la), 2-methyl-5-chlorobenzimidazole (lb), 2-benzylbenzimidazole (1c), 
and l-(2-benzimidazolyl)-l-phenylpropane (3g) with 2 mol equiv of ra-butyllithium in THF-hexane at 0° resulted 
in abstraction of the heterocyclic NH proton as well as an a  hydrogen of the 2-alkyl substituent. Reactions of 
the resulting dilithio derivatives with alkyl halides, aldehydes, and ketones took place selectively at the side- 
chain carbanion center to produce 2-alkylbenzimidazoles and 2-(2-hydroxylalkyl)benzimidazoles, respectively. 
Attempted twofold deprotonation of 2-propylbenzimidazole (3a) with rr-butyllithium afforded only the mono- 
lithio salt (7) even in the presence of TMEDA or HMPA.

The weakly acidic character of the methyl protons of
2-methylbenzimidazole (la) has been demonstrated 
on a number of occasions.2 For example, la reacts 
with aromatic aldehydes in the presence of both acidic 
and basic catalysts to form 2-styrylbenzimidazoles.2c 
Although the base-catalyzed reactions presumably 
involve an intermediate possessing carbanion character 
at the 2-methyl position,2* active hydrogen condensa­
tions at this site have previously been limited to those 
in which unfavorable ionization of a side-chain proton 
is compensated for by a later, irreversible step such as 
dehydration of an intermediate aldol product. It 
occurred to us that treatment of la with a suitable 
strong base should effect rapid ionization of the NH  
proton and that the benzimidazole nucleus might pro­
vide sufficient delocalization of negative charge to then

.N
- ; ) — CHR, 
'N

2 Li+

la, R, =  Ro =  H
b, R[ =  H; R, =  Cl
c, R, =C (1H-,; R, =  H

2a, R, =  R2 =  H
b, R, = H; R2 =  Cl
c ,  R1 =  C6Hs;R2 =  H

(1) (a) The following papers constitute parts I - I I I  of this series: J. F.
Wolfe, G. B. Trimitsis, and D . R . Morris, J. Org. Chem., 34, 3263 (1969); 
J. F. W olfe and T. G. Rogers, ibid., 35, 3600 (1970); J. D . Taylor and J. F. 
Wolfe, Synthesis, 310 (1971). (b) Abstracted in part from the Ph.D . dis­
sertation of D. E . Portlock, Virginia Polytechnic Institute and State Uni­
versity, April 1972. (c) Supported by Grant No. NS-10197 from the Na­
tional Institute of Neurological Diseases and Stroke, (d) Presented at the 
166th National Meeting of the American Chemical Society, Chicago, 111., 
Aug 30, 1973.

(2) (a) For reviews see K . Hofmann in “ The Chemistry of Heterocyclic
Compounds,”  Part I, A. Weissberger, Ed., Interscience, New York, N . Y ., 
1953; A. F. Pozharskii, A . D. Garnovskii, and A . M . Simonov, Russ. Chem. 
Rev., 35, 122 (1966). (b) For a report of H -D  exchange at the methyl group
of la see N . N . Zatsepina, Y . L. Kaminskii, and I. F. Tupitsyr, Reakts. 
Sposobnost Org. Soedin., 433 (1967); Chem. Abstr., 69, 85848e (1968). (c)
For examples of aldol condensations involving la see W . R. Sullivan, J. Med. 
Chem., 13, 784 (1970), and references cited therein.

allow secondary ionization of a methyl hydrogen to 
form dianion 2a. If such a dual ionization process 
could be driven to completion by utilizing an essentially 
irreversible acid-base reaction, and if dianion 2a were 
to possess reasonable stability in aprotic solvents, it 
seemed possible that this and similar intermediates 
might be useful for the synthesis of a variety of 2-sub- 
stituted benzimidazole derivatives via simple carbanion 
condensations.

We now wish to report that la can be readily con­
verted into dianion 2a by means of 2 mol equiv of n- 
butyllithium in THF-hexane at 0 °, as shown by deu- 
teration and selective condensations with various elec­
trophiles at the exocyclic carbanion site. These re­
sults represent the first example of simultaneous ring 
and side-chain metalation of a 2-alkylbenzimidazole.3

Alkylation of 2a with a series of primary halides as 
well as isopropyl bromide afforded C-alkyl derivatives 
3a-e (Table I). These results are in contrast to alkyla­
tions of 2-alkylbenzimidazoles in the presence of weaker 
bases, which afford N-substituted derivatives.4 Re­
actions of 2a with a representative series of aromatic, 
aliphatic, and a,(3-unsaturated aldehydes produced 
carbinols 4a-d, rather than the styryl derivatives ob­
tained under more vigorous conditions.20 Similarly, 
benzophenone, cyclohexanone, and acetophenone af­
forded tertiary alcohols 4e-f and 4h, while benzalaceto- 
phenone gave a mixture of 1,2 and 1,4 adducts 4g and 
3f, respectively. Twofold lithiation of 5-chloro-2- 
methylbenzimidazole (lb) to form dianion 2b also took 
place smoothly, as demonstrated by condensations 
with anisaldehyde and benzophenone to form 4i and 
4j, respectively.

Exposure of 2-propylbenzimidazole (3a) to 2 mol 
equiv of n-butyllithium in THF-hexane at 0° afforded 
a light yellow slurry. Treatment of such reaction mix­
tures with benzyl chloride or benzophenone failed to 
yield the expected side-chain condensation products, 
and 3a was recovered unchanged. The absence of 
detectable quantities of addition and/or reduction5 
products resulting from reaction of residual ra-butyl-

(3) Several investigators have found previously that 1-alkyl- or 1-aryl- 
benzimidazoles undergo metalation of the heterocyclic ring and/or addition, 
to the azomethine linkage on treatment with organolithium reagents. See
(a) R. C. Elderfield and V. B. Meyer, J. Amer. Chem. Soc., 76, 1891 (1954);
(b) P. W . Alley and D . A . Shirley, J. Org. Chem., 23, 1791 (1958); (c) B. A. 
Tertov, N . A . Ivankova, and A. M . Simonov, Zh. Obshch. Khim., 32, 2989 
(1962); (d) B. A . Tertov and S. E . Panchenko, ibid., 33, 3671 (1963); (e) 
A. V. Koblik, Mater. Nauch. Konf. Aspir., Rostov-na-Donu Gos. Univ., 7th, 
8 th, 235 (1967) [Chem. Abstr., 71, 13061m (1969)].

(4) For example see M , Mousseron, J. M . Kamenka, and A. Stenger, J. 
Med. Chem., 11, 889 (1968).

(5) J. D. Buhler, J. Org. Chem., 38, 904 (1973).
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Table I
Condensations of Dianions 2a-e and 5 with Alkyl Halides and Carbonyl Compounds

Di- /■— -----------------------Halide or carbonyl----------------------------> Yield,
anion Registry no. Compd No. Ri Ri Rs % “ Recrystn solvent

2a 74-96-4 CH3CH2Br 3a c h sc h 2 H H 78 EtOH-H20
2a 100-44-7 C6H6CH2C1 3b c 6h 3c h 2 H H 44 EtOH-H20
2a 926-57-8 C1CH2CH=C(C1)CH3 3c CH3C(C1)=CHCH2 H H 40 EtOH-H20
2a 106-95-6 CHi!=CHCH2Br 3d c h 2= c h c h 2 H H 33 Me2CO-hexane
2a 75-26-3 (CH3)2CHBr 3e (CH3)2CH H H 43 EtOH-H20
2a 111-71-7 CH3(CH2)6CHO 4a CH3(CH2)4CH2 H H 61 EtOH
2a 100-52-7 CsHsCHO 4b c 6h 6 H H 65 EtOH
2a 123-11-5 p-CHsOCsHiCHO 4c p-CH3OC6H4 H H 48 EtOH
2a 107-02-8 C6H5CH=CHCHO 4d c 6h 5c h = c h H H 68 EtOH
2a 119-61-9 (C6H5)2C = 0 4e c ,h 3 C Jb H 70 EtOH
2a 108-94-1 c-CsHnO 4f - c h 2c h 2c h 2c h 2c h 2- H 49 EtOAc
2a 94-41-7 C6H5CH=CHCOC6H5 4g c 6h 5 c 6h 5c h = c h H 59 Me2CO-hexane

779-51-1 Benzalacetophenone 3f C6H„COCH2CH(C6H6) H H 32 Me2CO-hexane
2a 98-86-2 CsHsCOCHs 4h c 6h 6 c h 3 H 65 EtOAc-hexane
2b p-CH3OC6H4CHO 4i p-CH3OC6H4 H Cl 46 EtOH
2b (C6H6)2C = 0 4j c 6h 5 c 6h 6 Cl 62 EtOH
2c CH3CH2Br 3g c h 3c h 2 c 6h 5 H 69 EtOH-H20
2c C6H5CH2C1 3h C6H;CH2 c 6h 5 H 70 EtOH-H20
5 105-65-9 CHs(CH2)2CH2Br 6 CH3(CH2)2CH2 c h 3c h 2 88 EtOAc-hexane

“ Yields are based on isolated, constant-melting material and have not been subjected to optimization.

lithium with benzophenone raised the question as to 
whether the precipitate was the desired dianion or per­
haps an insoluble complex consisting of monoanion 7

7

and 1 equiv of lithium reagent.6 The first of these 
possibilities was eliminated by deuterium oxide quench­
ing, which returned 3a containing no side-chain deute­
rium. The second premise was shown to be suspect by 
isolation of valeric acid (17%) upon treatment of the 
inhomogeneous reaction mixture with excess, gaseous 
carbon dioxide. However, this experiment was com­
plicated by rapid dissolution of the precipitate as carbon 
dioxide was added. The identity of the precipitate 
was established as uncomplexed monoanion 7 by sepa­
rating it from the reaction mixture, followed by hydrol­
ysis and titration of the resulting aqueous solution 
against standard hydrochloric acid.

Several subsequent attempts were made to effect 
side-chain metalation of 3a utilizing n-butyllithium 
complexed with N,N,N',N '-tetramethylethylenediamine 
(T M E D A )7 and by solubilizing monoanion 7 with hexa- 
methylphosphoric triamide (HM PA). The first of 
these approaches again gave only the insoluble mono­
anion as shown by deuterium oxide quenches. Use 
of H M PA resulted in the production of a homogeneous 
solution, but addition of benzyl chloride to the reaction 
mixture afforded a nearly quantitative recovery of 3a 
and a 64%  yield of stilbene. Excess n-butyllithium 
(3 mol equiv/mol equiv of 3a) effected a small amount 
of metalation at the a-methylene position of 3a as evi­
denced by incorporation of 0.29 D per a-methylene 
group of 3a. However, these experimental conditions 
appear to offer limited possibilities for the synthesis of

(6 ) R . G. Harvey and L. N . H . Cho, J. Amer. Chem. Soc., 95, 2376 (1973), 
have recently proposed such a 1 : 1  complex between the monolithio salt of 
9,10-dihydrophenanthrene and n-butyllithium.

(7) A . W . Langer, Jr., Trans. N. Y. Acad. Sci., 27, 741 (1965).

benzimidazoles bearing a-alkyl substituents in the 2 
position.

Although substitution of alkyl groups larger than 
methyl at the 2 position of the benzimidazole nucleus 
appears to surpress, almost completely, side-chain 
metalation, the a-phenyl substituent of 2-benzyl- 
benzimidazole (lc) is compatible with formation of 
dianion 2c as shown by alkylations with ethyl bromide 
and benzyl chloride to afford 3g and 3h in yields of 69 
and 70% , respectively. The a-phenyl substituent 
of 3g provides sufficient activation to allow abstraction 
of the methinyl hydrogen to form tertiary dianion 5, 
which underwent alkylation with butyl bromide to form 
6 in 88%  yield.

In conclusion, it should be pointed out that the pres­
ent reactions involving dianions 2a-c and 5 represent 
a mild and seemingly versatile alternative to more 
classical methods8 for the synthesis of 2-substituted 
benzimidazoles. Moreover, such dianions should prove 
to be useful intermediates for introduction of the bio­
logically interesting2’4 2-benzimidazolemethyl and re­
lated moieties into various molecules containing ap­
propriate electrophilic centers.

Experimental Section

General.— Melting points were obtained on a Thomas-Hoover 
apparatus in open capillaries and are uncorrected. All evapora­
tions were carried out i n  v a c u o .

Materials.— Tetrahvdrofuran (THF) was distilled from lithium 
aluminum hydride immediately before use. N , N , N ' , N ' ~ Tetra­
methylethylenediamine (TMEDA) and hexamethylphosphoric 
triamide (HMPA) were distilled from calcium hydride and stored 
over Linde type 3A molecular sieves. n-Butyllithium (as a solu­
tion in hexane) was obtained from Ventron Corp., Beverly, Mass.
5-Chloro-2-methylbenzimidazole (lb) was obtained from Aldrich 
Chemical Co., Inc., Milwaukee, Wis., and was recrystallized 
from water. All other commercial reagents were used without 
further purification.

(8 ) For examples of such methods, which normally involve condensations 
of o-phenylenediamines with acids, aldehydes, and imino ethers, respectively, 
see (a) M . A. Phillips, J. Chem. Soc., 2393 (1928); (b) D . Jerchez, H . Fischer, 
and M . Kracht, Justus Liebigs Ann. Chem., 575, 162 (1952); (c) F. E . King 
and R . M . Acheson, J. Chem. Soc., 1396 (1949).
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2-Methylbenzimidazole (la) was prepared in 43% yield by 
condensation of acetic acid with o-phenylenediamine according 
to the procedure of Phillips,8“ and had mp 178-179° (lit.8“ mp 
176°); pmr (DMSO-iA) 8 2.63 (s, 3, CH3), 7.02 (m, 2, aromatic), 
and 7.32ppm (m, 2, aromatic).

2-Benzylbenzimidazole (lc) was prepared by the method of 
King and Acheson8“ from o-phenylenediamine and the hydro­
chloride salt of methyl iminophenylacetate in 55% yield: mp 
190-191° (lit.8“ mp 191°); pmr (DMSO-d6) 8 4.16 (s, 2, CH2),
7.04 (m, 2, aromatic), and 7.30 ppm (m, 8, aromatic and NH).

General Procedure for Preparation of Dianions 2a-c and 5.—  
The 2-alkylbenzimidazole la-c and 3g (1-15 mmol) was dissolved 
in 50-75 ml of THF under nitrogen. The magnetically stirred 
solution was cooled to 0° in an ice bath, and n-butyllithium (2.1-
32.0 mmol) was added v i a  syringe. The resulting reaction mix­
ture was stirred for 1 hr at 0° to ensure complete formation of 
the respective dianion. Dianion 2a appeared as a tan slurry; 
dianions 2b and 2c formed red-brown solutions, while dianion 
5 formed a blood-red solution.

Deuteration of Dianion 2a.— A slurry of 2a in THF was 
quenched with 0.5 ml of D20 . The precipitated lithium deuteri- 
oxide was removed by filtration, the filtrate was diluted with ether 
and dried over MgSCh and the solvent was evaporated, giving deu- 
terated la. Analysis of the pmr spectrum of this material 
(CDC13) indicated incorporation of 0.84 D per methyl group of la.

Alkylations of Dianions 2a-c and 5.— A solution of the ap­
propriate alkyl halide (5-15 mmol) in 10-15 ml of THF was added 
to the respective dianion. The reaction mixture was stirred 
for 2 hr while warming to room temperature. The reaction was 
processed by quenching with 50 ml of water, neutralization with 
concentrated HC1, and extraction with ether. The crude iso­
lated products were recrystallized from the appropriate solvent 
(Table I). The following 2-alkyl benzimidazoles were prepared 
by this method.

2-Propylbenzimidazole (3a) had mp 156-157.5° (lit.® mp 152- 
153°); pmr (DMSO-A) 5 0.96 (s, 3, CH3), 1.81 (m, 2, CH2), 
2.80 (t, 2, CH2), 7.01 (m, 2, aromatic), and 7.36 ppm (m, 2, 
aromatic).

2-Phenethylbenzimidazole (3b) had mp 190-191° (lit.9 10 mp 
189-190°); pmr (DMSO-d6) 8 3.16 (m, 4, CH2) and 7.25 ppm 
(m, 9, aromatic).

5-(2-Benzimidazolyl)-2-chloro-2-pentene (3c) had mp 143- 
144°; pmr (DMSO-A) 8 2.05 (s, 3, CH3), 2.63 (t, 2, CH2), 2.82 
(m, 2, CH2), 5.61 (t, 1, = C H ), 7.04 (m, 2, aromatic), and 7.41 
ppm (m, 2, aromatic).

A n a l .  Calcd for Ci2H,3N 2CT. C, 65.30; H, 5.93; N, 12.70. 
Found: C ,65.38; H ,5.80; N, 12.62.

4-(2-Benzimidazolyl)-l-butene (3d) had mp 165-166°; pmr 
(DMSO-de) 8 2.51 (t, 2, CH2), 2.86 (m, 2, CH2), 4.94 (m, 2, 
= C H 2), 5.78 (m, 1, = C H ), 7.01 (m, 2, aromatic), and 7.37 ppm 
(m, 2, aromatic).

A n a l .  Calcd for CUH12N2: C, 76.71; H, 7.03; N, 16.27. 
Found: C, 76.89; H, 6.77; N, 16.35.

2-Isobutylbenzimidazole (3e) had mp 185.5-187° (lit.11 mp 
186-187°); pmr (DMSO-ds) 8 0.97 (d, 6, CH3), 2.21 (m, 1, CH),
2.72 (d, 2, CH2), 7.13 (m, 2, aromatic), and 7.52 ppm (m, 2, 
aromatic).

4-(2-Benzimidazolyl)-l,3-diphenyl-1-butanone (3f)12 had mp 
194-195.5°; pmr (DMSO-de) 8 3.19 (m, 2, CH2), 3.48 (m, 2, 
CH2), 3.92 (m, 1, CH), 7.21 (m, 12, aromatic), and 7.81 ppm 
(d,2, aromatic).

A n a l .  Calcd for CaHaNiO: C, 81.15; H, 5.92; N, 8.23. 
Found: C, 80.85; H, 5.96; N, 8.27.

l-(2-Benzimidazolyl)-l-phenylpropane (3g) had mp 189-191° 
(lit.13 mp 189-190°); pmr (DMSO-d6) 5 0.87 (t, 3, CH3), 2.14 
(m, 2, CH2), 4.07 (t, 1, CH), and 7.29 ppm (m, 10, aromatic 
and NH).

l-(2-Benzimidazolyl)-l,2-diphenylethane (3h) had mp 244- 
245°; pmr (DMSO-d6) 8 3.31 and 3.62 (2 AB, 2, CH2), 4.52 (t, 
1, CH), and 7.29ppm (m, 15, aromatic andNH).

(9) R . Sera and R. H . Müller, Monatsh. Chem., 67, 97 (1931).
(10) B. A. Porai-Koshits and G. M . Kharkhova, Zh. Obshch. Khim., 25, 

2138 (1955).
(11) R. Weidenhagen, Ber., 69B , 2263 (1936).
(1 2 ) 3 f  was obtained from reaction of 2 a with benzalacetophenone and 

was separated from the 1 ,2 -addition product 4g  by column chromatography 
on silica gel, employing ether-hexane as the eluent.

(13) A . Hunger, J. Kerble, A . Rossi, and K . Hoffman, Hdv. Chim. Acta, 
43, 800 (1960).

A n a l .  Calcd for C2xHi8N2: C, 84.53; H, 6.05; N, 9.39. 
Found: C, 84.25; H, 6.19; N, 9.44.

3-(2-Benzimidazolyl)-3-phenylheptane (6) had mp 211-213°; 
pmr (DMSO-de) 8 0.96 (m, 10, CH2 and CH3), 2.30 (m, 4, CH2),
7.23 (m, 8, aromatic), and 7.62ppm (m, 1, aromatic).

A n a l .  Calcd for C2oH24N2: C, 82.14; H, 8.27; N, 9.58. 
Found: 0,82.43; H ,8.56; N.9.27.

Carbonyl Condensations of Dianions 2a-b.— A solution of the 
aldehyde or ketone (5-15 mmol) in 10-15 ml of THF was added 
to the respective dianion. After 2 hr the reaction mixture was 
poured into 100 ml of iced water, and the crude product was iso­
lated by ether extraction, or, in cases where a precipitate formed, 
filtration. The crude product was purified by recrystallization 
from the appropriate solvent (Table I). The following carbinols 
were prepared in this manner.

l-(2-Benzimidazolyl)-2-octanol (4a) had mp 192-193°; pmr 
(DMSO-d6) 5 0.85 (t, 3, CH3), 1.30 (m, 10, CH2), 2.50 (s, 1, OH),
2.90 (d, 2, CH2), 4.03 (t, 1, CH), 7.03 (m, 2, aromatic), and
7.38 ppm (m, 2, aromatic).

A n a l .  Calcd for Ci5H22N20 : C, 73.12; H, 9.02; N, 11.37. 
Found: C, 73.26; H, 8.86; N, 11.24.

l-Phenyl-2-(2-benzimidazolyl)ethanol (4b) had mp 213.5°; 
pmr (DMSO-de) 8 3.18 (d, 2, CH2), 5.18 (t, 1, CH), 5.72 (s, 1, 
OH), and 7.36ppm (m, 9, aromatic).

A n a l .  Calcd for C15Hi4N2C : C, 75.61; H, 5.93; N, 11.76. 
Found: C, 75.72; H, 6.08; N, 11.88.

l-p-Anisyl-2-(2-benzimidazolyl)ethanol (4c) had mp 212.5- 
213°; pmr (DMSO-A) 8 3.06 (d, 2, CH2), 3.67 (s, 3, OCH3),
5.04 (t, 1, CH), 5.50 (broad, 1, OH), 6.82 (d, 2, aromatic), 7.05 
(m, 2, aromatic), 7.25 (d, 2, aromatic), and 7.38 ppm (m, 2, 
aromatic).

A n a l .  Calcd for Ci6Hi6N20 2: 0 ,71 .62 ; H, 6.01; N, 10.44. 
Found: C, 71.65; H, 5.85; N, 10.26.

1- (2-Benzimidazolyl)-4-phenyl-3-buten-2-ol (4d) had mp 214.5- 
215°; pmr (DMSO-de) 5 3.03 (d, 2, CH2), 4.67 (2 d, 1, CH),
5.43 (s, 1, OH), 6.30 (2 d, 1, = C H ), 6.58 (d, 1, = C H ), and 7.26 
ppm (m, 9, aromatic).

A n a l .  Calcd for Ci7Hi6N20 : C, 77.24; H, 6.10; N, 10.61. 
Found: C, 76.93; H, 6.18; N, 10.37.

l,l-Diphenyl-2-(2-benzimidazolyl)ethanol (4e) had mp 199- 
201°; pmr (DMSO-d6) 8 3.36 (broad, 1, OH), 3.85 (d, 2, CH2), 
and 7.29 ppm (m, 14, aromatic).

A n a l .  Calcd for C21Hi8N20 : C, 80.22; H, 5.78; N, 8.91. 
Found: C ,80.03; H ,5.91; N ,9.15.

2- (l-Hydroxycyclohexylmethyl)benzimidazole (4f) had mp 
200-201.5°; pmr (DMSO-d6) 8 1.44 (s, 10, CH2), 2.85 (s, 2, 
CH2), 4.72 (s, 1, OH), 7.04 (m, 2, aromatic), and 7.42 ppm (m, 
2, aromatic).

A n a l .  Calcd for CmH18N20 : C, 73.01; H, 7.88; N, 12.16. 
Found: C, 73.28; H ,8.08; N, 12.13.

l-(2-Benzimidazolyl)-2,4-diphenyl-3-buten-2-ol (4g) had mp
139.5-140.5°; pmr (DMSO-d6) 8 3.51 (s, 2, CH2), 6.49 (s, 1, 
OH), 6.60 (d, 1, = C H ), and 7.22 ppm (m, 15, aromatic and 
= C H ).

A n a l .  Calcd for C23H2„N20 : C, 81.15; H, 5.92; N, 8.23. 
Found: C, 81.25; H, 5.75; N, 8.52.

l-(2-Benzimidazolyl)-2-phenyl-2-propanol (4h) had mp 157.5- 
159°; pmr (DMSO-d6) 8 1.53 (s, 3, CH3), 3.27 (s, 2, CH2), 5.91 
(s, 1, OH), and 7.38ppm (m, 9, aromatic).

A n a l .  Calcd for C,6H16N20 : C, 76.16; H, 6.39; N, 11.11. 
Found: C, 76.44; H, 6.09; N, 11.20.

1- p-Anisyl-2-(5-chloro-2-benzimidazolyl)ethanol (4i) had mp
235-236°; pmr (DMSO-&) 8 3.08 (d, 2, CH2), 3.70 (s, 3, OCH3),
5.04 (t, 1, CH), 5.64 (s, 1, OH), 6.84 (d, 2, aromatic), 7.01 (m, 
1, aromatic), 7.28 (d, 2, aromatic), and 7.47 ppm (d, 2, aro­
matic).

A n a l .  Calcd for Ci6Hi6ClN20 2: C, 63.47; H, 4.99; N, 9.25.
Found: C, 63.28; H, 5.06; N, 9.28.

2 -  (5 -C h lo r o -2 -b e n z im id a z o ly l) -l ,l -d ip h e n y le th a n o l  ( 4 j )  h a d  
mp 204.5-206°; pmr (DMSO-d6) 8 3.89 (s, 2, CH2), 6.89 (s, 1, 
OH), and7.36ppm (m, 13, aromatic).

A n a l .  Calcd for C2iH17C1N20 : C, 72.30; H, 4.91; N, 8.03. 
Found: C, 72.51; H, 4.76; N, 8.16.

Attempted Dimetalation of 2-Propylbenzimidazole (3a) with 
ri-Butyllithium.— n-Butyllithium (2.1-21.0 mmol) was added 
v i a  syringe to asolution of 2-propylbenzimidazole (3a, 1-10 mmol) 
in 25-50 ml of THF at 0° under nitrogen. After stirring for 1 
hr, the yellow slurry was quenched with one of the following 
electrophiles.
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A. Deuterium Oxide.— The reaction slurry formed from 2 
mmol of 3a was quenched with 0.5 ml of deuterium oxide. The 
precipitated lithium deuterioxide was removed by filtration; the 
filtrate was diluted with ether, dried over MgS04, and concen­
trated. Analysis of the pmr spectrum (DMSO-d6) of the residue 
indicated no deuterium incorporation at the a-methylene posi­
tion of 3a.

B. Benzyl Chloride.— To a reaction slurry formed from 10 
mmol of 3a was added a 1; 1 v /v  solution of benzyl chloride (11 
mmol) in THF, and the resulting mixture was stirred for 2 hr. 
The reaction mixture was poured into 50 ml of water and neu­
tralized with concentrated HC1. The organic phase was sepa­
rated, and the aqueous phase was extracted with two 50-ml por­
tions of ether. The organic solution was dried over MgS04, 
and the solvent was evaporated. Tic analysis (benzene-acetone- 
hexane, 1 :1 :1) of the resulting gummy solid indicated the pres­
ence of only unreacted 3a and benzyl chloride.

C. Butyl Bromide.—Butyl bromide (1 mmol) in 2 ml of THF 
was added to the slurry formed from 1 mmol of 3a. After 2 hr, 
the reaction mixture was processed in a manner similar to that 
of the preceding experiment. Tic analysis (benzene-acetone- 
hexane, 1:1:1) of the crude reaction product indicated the pres­
ence of only unreacted 3a.

D. Benzophenone.—To a reaction slurry formed from 10 
mmol of 3a, benzophenone (11 mmol) in 25 ml of THF was added. 
After 2 hr, the reaction was processed in the usual manner. Tic 
analyses (benzene-acetone-hexane, 1 :1 :1 , and ether) showed 
only the presence of unreacted 3a and benzophenone in the crude 
reaction product; no diphenylbutylcarbinol could be detected.

E. Carbon Dioxide.— Carbon dioxide was bubbled through 
a slurry formed from 3.5 mmol of 3a and 7.1 mmol of n-butyl- 
lithium for 3 min, causing dissolution of the yellow slurry. The 
reaction mixture was poured into 50 ml of iced water. The or­
ganic phase was separated, and the aqueous phase was extracted 
with two 50-ml portions of ether. The organic solution was 
dried over MgS04 and the solvent was evaporated, giving 0.55 
g (98% recovery) of 3a. The alkaline aqueous solution was 
acidified to pH ~ 2  and was continuously extracted with ether 
for 22 hr. The ethereal solution was dried over MgS04, and the 
solvent was evaporated to afford 0.06 g (17%) of valeric acid; 
ir and pmr spectra were identical with those of authentic ma­
terial.

F. Water.— The precipitate formed from 1 mmol of 3a was 
allowed to settle, and the yellow supernatant solution was with­
drawn with a syringe and added to 25 ml of water. The pre­
cipitate was washed with 5 ml of THF, and the washing was 
added to the hydrolyzed supernatant. The basic solution was 
titrated with 0.05 M  HC1 to the end point of phenolphthalein,
29.50 ml of acid being required to reach the end point. This 
volume of acid represents 1.475 mmol of total base present in the 
supernatant.

The precipitate was suspended in 5 ml of THF and hydrolyzed 
with 25 ml of water. Titration of this solution with 0.05 M  HC1 
to the end point of phenolphthalein required 23.45 ml, indicating

that hydrolysis of the precipitate liberated 1.173 mmol of hy­
droxide ion.

Attempted Dimetalation of 2-Propylbenzimidazole (3a) with 
2 Mol Equiv of n-Butyllithium-TMEDA Complex.— ra-Butyl- 
lithium (1.1 ml of 1.9 M  hexane solution, 2.1 mmol) was added 
v i a  syringe to a solution of 3a (0.160 g, 1 mmol) and TMEDA  
(0.232 g, 2 mmol) in 15 ml of THF at 0° under nitrogen. The 
resulting yellow slurry was stirred for 1 hr before the addition 
of 0.5 ml of deuterium oxide. After stirring for 1 min, lithium 
deuteroxide was removed by filtration, the filtrate was diluted 
with 50 ml of ether and dried over MgS04, and the solvent was 
evaporated. The recovered 3a was dried at 50° (3 mm) for 3 
hr to remove residual TMEDA. Analysis of the pmr spectrum 
(DMSO-d6) of this material indicated no deuterium incorporation 
at the a-methylene group of 3a.

Attempted Benzylation of 2-Propylbenzimidazole (3a) with
2 Mol Equiv of n-Butyllithium in the Presence of HMPA.— n -

Butyllithium (5.8 ml of 1.9 M  hexane solution, 11 mmol) was 
added v i a  syringe to a solution of 3a (0.800 g, 5 mmol) in 20 ml 
of THF and 2 ml of HMPA at 0° under nitrogen. The yellow- 
brown solution was stirred for 1 hr, and benzyl chloride (0.633 
g, 5 mmol) in 5 ml of THF was added. The reaction solution 
immediately became deep red-black. After approximately 30 
sec, this color was discharged, being replaced by the original 
yellow-brown color. The reaction solution was stirred for 2 hr 
before being poured into 100 ml of iced water containing 2.5 ml 
of concentrated HC1. The organic phase was separated, and 
the acidic aqueous phase was extracted with two 50-ml portions 
of ether. The organic solution was dried over MgS04, and the 
solvent was evaporated. The resulting tan, oily solid was re­
crystallized from ethanol, giving 0.29 g (64%) of stilbene, mp
119-121° (lit.14mp 124°).

The acidic solution was neutralized with concentrated NH4OH 
and then was extracted with two 50-ml portions of ether. The 
organic solution was dried over MgS04 and the solvent was evap­
orated, giving0.77 g (96.5% recovery) of 3a.

Attempted Dimetalation of 2-Propylbenzimidazole (3a) with
3 Mol Equiv of /¡-Butyllithium.—n-Butyllithium (3.3 ml of 1.9 
M  hexane solution, 6.3 mmol) was added v i a  syringe to a solution 
of 3a (0.320 g, 2 mmol) in 25 ml of THF at 0° under nitrogen. 
The resulting yellow slurry was stirred for 1 hr before the addi­
tion of 1 ml of deuterium oxide. The resulting reaction mixture 
was processed as in other deuteration experiments. Analysis 
of the pmr spectrum (DMSO-dc) of the recovered material in­
dicated incorporation of 0.29 D per a-methylene group of 3a.

Registry No.— la, 615-15-6; lb, 2818-69-1; lc, 621-72-7; 3a, 
5465-29-2; 3b, 5805-30-1; 3c, 42449-70-7; 3d, 5838-57-3; 3e, 
5851-45-6; 3f, 42449-72-9; 3g, 24893-44-5; 3h, 42449-74-1; 
4a,42449-75-2; 4b, 42449-76-3 ; 4c, 42449-77-4; 4d, 42449-78-5; 
4e, 42449-79-6; 4f, 42449-80-9; 4g, 42449-81-0; 4h, 42449-82-1; 
4i, 42449-83-2; 4j, 42449-84-3; 6,42449-85-4.

(14) T. W . J. Taylor and A. R. Murray, J. Chem. Soc., 2079 (1938).
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Studies in the Heterocyclic Series. VII.
The Use of Kaufmann’s Reaction as a Route to o-Aminomercaptopyridines

Charles O. Ok afo r1

D e p a r t m e n t  o f  C h e m i s t r y , H a r v a r d  U n i v e r s i t y ,  C a m b r i d g e ,  M a s s a c h u s e t t s  0 2 1 3 8  

R e c e i v e d  J u n e  2 9 ,  1 9 7 3

The Kaufmann s thiocyanation of 6-substituted 2-amino- and 3-aminopyridines has now been fully studied and 
analytically pure compounds obtained therefrom. A study of their uv, ir, pmr, and mass spectra establishes 
the products as 6-substituted 2-amino-3-thiocyanatopyridine and 5-substbuted 2-aminothiazolo [5,4-6] pyridine, 
respectively. The action of 20% sodium hydroxide on the thiazolo [5,4-6] pyridines led to analytically pure 6- 
substituted 3-aminopyridin-2[lfi]-thiones required for azaphenothiazine synthesis. Our modified procedures 
gave yields better than 90% overall. Isomerization and acetylation of 6-substituted 2-amino-3-thiocyanato- 
pyridine to 5-substituted 2-acetamidothiazolo[4,5-6]pyridine was accompKhed by prolonged heating in acetic 
anhydride.

The importance of phenothiazine compounds in 
medicine has prompted a lot of attention, not only on 
the aza- and thiaphenothiazines2 themselves but also on 
their precursors.3 A  convenient method of synthesizing 
one of these precursors, o-aminomercaptopyridine, 
patterned after Kaufmann’s reaction,4 5 was developed, 
but contradictory results on both the structure6'6 and 
purity7 of the products were reported. Maggiolo’s 
claim6 that the thiocyanation of 2,6-diaminopyridine 
gave 2,5-diaminothiazolo [4,5-6 [pyridine (1) was shown 
to be incorrect; the product is 3-thiocyanato-2,6- 
diaminopyridine (2).6 Baker and Hill6 therefore con-

1  2

absorption maxima around 311 and 270 mp were 
observed. The two spectra are nearly superimposable, 
indicating similarities in structure. There was no 
absorption in the 2000-2200-cm - 1 region in their 
infrared spectra, thus showing the absence of the 
thiocyanato group. If, however, the thiocyanato 
derivatives were postulated as intermediates, isomeriza­
tion of the 2- and 4-thiocyanato derivatives will lead 
to thiazolo [5,4-6 [pyridine (7) and thiazolo [4,5-c [pyri­
dine (8), respectively. Isomerization of the third

eluded that the reported base-catalyzed hydrolysis of 
thiazolopyridine could well be the hydrolysis of o- 
aminothiocyanatopyridine, since cleavage of the thia- 
zole ring is unlikely owing to the aromatic stabilization 
of the ring. There is also a possibility that the thio­
cyanation of 3-aminopyridines should occur preferen­
tially in the 4 position owing to greater reactivity of the 
4 carbon center to nucleophiles such as thiocyanogen. 
All these reports and counterreports on the thiocyana­
tion site, the purity and structure of the products, the 
isomerization of the thiocyanato derivative, and the 
cleavage of the thiazole ring led us to investigate these 
reactions, as they are crucial in our azaphenothiazine 
studies.

The action of potassium thiocyanate and bromine on
6-substituted 3-aminopyridine in glacial acetic acid 
led to a single product recrystallizable from methanol. 
From 3-amino-6-methoxy- (3) and 3-amino-6-chloro- 
pyridines (4), the products 5 and 6, o f  molecular formu­
las C7H7N 3OS and CeHiNaSCl, respectively, were ob­
tained. Their ultraviolet absorption spectra showed no 
maxima in the visible, but in the ultraviolet region,

(1) Address correspondence to Department of Chemistry, University of 
Nigeria, Nsukka, Nigeria.

(2) C . O. Okafor,Int. J. Sulfur Chem., B, 6 , 237 (1971); 7, 109 (1972).
(3) 0 .  R . Rodig, R . E . Collier, and R . K . Schlatzer, J. Org. Chem., 29, 

2652(1964).
(4) H . P. Kaufmann and P. Schulz, Arch. Pharm. (Weinheim), 273, 31 

(1935); H . P. Kaufmann, Ber., 62B, 390 (1929); H . P. Kaufmann and 
M . Schubert, German Patent 493,025 (1927) [Chem. Abstr., 24, 2754 (1930)].

(5) A . Maggiolo, J. Amer. Chem. Soc., 73, 5815 (1951).
(6 ) J . A. Baker and S. A . Hill, J . Chem. Soc., 3464 (1962).
(7) T. Takahashi and Y , M aki, Chem. Pharm. Bull., 3, 92 (1955).

possibility, 3-amino-5-thiocyanatopyridine, to a cyclic 
structure appears improbable owing to the rigidly 
planar structure of the pyridine ring. Spectral studies 
are in agreement with the structure 7 rather than 8. 
In the proton magnetic resonance spectrum of the 
product 5, taken in hexadeuteriodimethyl sulfoxide 
(DMSO-<4), a large coupling constant is expected if the 
correct structure is 7 owing to strong coupling of the 
6 and 7 protons, which are in close proximity. From 
structure 8, a low coupling constant will be expected 
(0-3 Hz) owing to large separation between the protons 
at the 4 and 7 positions8 and the planarity of the 
aromatic ring. As the observed coupling constant is 
quite large (J =  10 Hz), the alternative structure 8 was 
therefore ruled out and structure 7 (R =  OCIK) was 
assigned to this product. A  similar effect was observed 
in the pmr spectrum of the product 6. Here, the 
coupling constant is less (J =  8 Hz) than what was 
observed in the methoxy analog (J =  10 Hz) in agree­
ment with the observation in the vinyl compounds that 
electronegative substituents tend to diminish the 
magnitude of Jci s.9'10 The areas of the peaks are in 
agreement with the assigned structures 7 (R =  OCH3 
and Cl). The absence of additional peaks in the spec­
trum led to the elimination of such imino tautomeric 
structures as 9. The strong infrared absorption be-

(8 ) L . M . Jackman and S. Sternhell, "Applications of Nuclear Magnetic 
Resonance Spectroscopy in Organic Chemistry,”  2nd ed, Pergamon Press, 
London, 1969, pp 305-311.

(9) P. Laszlo and ? .  R . Sehleyer, Bull. Soc. Chim. Fr., 87 (1964).
(10) T . Schaefer, Can. J. Chem., 40, 1 (1962).
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tween 810 and 820 c m '1 is consistent with structure 7, 
in which two aromatic protons are in adjacent carbons.11 
The mass spectra of these compounds were also taken 
and the observed fragmentation patterns were rational­
ized with the assigned structures 7 (R =  OCH3 
and Cl).

From the molecular orbital calculations of the x- 
electron densities in 3-amino-6-chloropyridine,12 the 4 
position is the most positive center. As the attack, 
however, was on the 2 position, which is the electro­
philic center, it is probable that thiocyanogen, being a 
pseudohalogen, behaves as an electrophile by attacking 
this electrophilic center (the 2 position). It is equally 
plausible to consider the 2 position as mounting a 
nucleophilic attack on thiocyanogen as the substrate. 
Thus the reactions which led to the structures 7 can be 
formulated according to Scheme I.

S c h e m e  I

1

7

The ready solubility in dilute base and the absence of 
the SH group in the ir spectra are further evidence of 
the structures 10 (R =  OCH3, Cl).

1 0

The thiocyanation of the isomeric 2-aminopyridine 
was also investigated for comparison with the 3-amino 
isomer. In the 2-aminopyridine series, the 4-methyl 
and 5-methyl derivatives failed to react and in both 
cases nearly 50%  of the starting amines was recovered. 
When 2-amino-6-picoline was, however, thiocyanated, a 
single product of molecular weight 165 and molecular 
formula GjiRNsS was isolated in 35%  yield. The in­
frared spectrum of this compound showed a strong SCN  
peak at 2145 cm“ 1. The large spin-spin coupling 
constant in the pmr spectrum (J =  9 Hz) and the 
ready conversion of the product to thiazolo [4,5-65- 
pyridine prove that this compound is 2-amino-3-thio- 
cyanato-6-picoline (11) rather than 2-amino-5-thio- 
cyanato-6-pieoline or 2-amino-4-thiocyanato-6-picoline. 
This structure is also in conformity with the mass 
spectrum.

Although the acetylation of 2-amino-3-thiocyanato-6- 
picoline (11) is expected to give the 2-acetamido deriva­
tive, the product obtained showed no thiocyanate peak 
between 2000 and 2200 cm“ 1 in the ir spectrum but 
gave the expected single N H  peak at 3290 cm“ 1 and 
the amide II band at 1665 cm“ 1. This product was 
therefore formulated as 2-acetamido-5-methylthiazolo- 
[4,5-6 [pyridine (12), which is formed by isomerization 
and acetylation of compound 11.

The structures of the products of the base-catalyzed 
reactions were also investigated. When these thiazolo- 
[5,4-6 [pyridines were refluxed in 20%  sodium hydroxide 
followed by acidification, massive yellowish precipitates 
were formed. Upon recrystallization from methanol, 
yellow, glistening needles of the product of each reaction 
were collected in near-quantitative yields. Analyses of 
these products are in agreement with the formulas 
C6H8N 2OS and C sH ^ S C l, which were confirmed by an 
examination of their mass spectra. A  study of their 
uv, ir, and particularly pmr spectra confirmed that 
these products are 3-aminopyridine-2 [ 1II [-thiones 10.

(11) L . J. Bellamy, "T h e  Infrared Spectra of Complex Molecules,” 2nd 
ed, Methuen and Co., London, 1964, pp 65, 277.

(12) The w-electron densities given were calculated by the L C A O -M O  
method. The figures in the structure show a higher electron density in the 
2 position compared to the 4 and 5 positions.

H

1.4770

A. Streitwieser, Jr., “ Molecular Orbital Theory for Organic Chemists,”  
W iley, New York, N . Y ., 1967, pp 97-135-, J. Ridd in “ Physical Methods 
in Heterocyclic Chemistry,”  A . R. Katritzky, Ed., Vol. I, Academic Press, 
New York, N. Y ., 1963, pp 27-43, 109-160.

These results therefore show that, although the thio­
cyanation of 2- and 3-aminopyridines gives the thio- 
cyanato derivatives, isomerization of the 3-amino-2- 
thiocyanatopyridine takes place with much ease, 
leading to the isolated 2-aminothiazolo [5,4-6 [pyridines, 
while the 2-amino-3-thiocyanatopyridine does so only 
on prolonged heating. The difficulty in the isomeriza-

r >

tion of 2-amino-3-thiocyanato-6-picoline is probably a 
result of amino-imino tautomerism in which the imino 
form hinders the intramolecular nucleophilic attack on 
the positive carbon of the thiocyanate group. In the 
isomeric 3-amino-2-thiocyanatopyridine, no such tau­
tomerism can be formulated, as the amino group is



meta and remote from the ring nitrogen, and therefore 
the isomerization to the 2-aminothiazolo [5,4-6 [pyridine will proceed with ease.

Experimental Section
General.— Melting points were determined with a Thomas- 

Hoover apparatus in open capillaries and are corrected. Uv 
absorption spectra were measured with a Cary Model 14 spectro­
photometer in methanol solutions using matched 1-cm quartz 
cells. Ir spectra were determined on a Perkin-Elmer Model 137 
spectrophotometer in Nujol (Kaydol) pastes. Pmr spectra 
were recorded at 60 MHz on a Varian Associates A-60 spectrome­
ter. Chemical shifts were reported on the r scale relative to 
tetramethylsilane (TMS) used as an internal standard. The 
mass spectra of these compounds were obtained on an AEI MS-9 
(ion source temperature 190°, 70 eV) mass spectrometer.

2-Amino-5-methoxythiazolo[5,4-5]pyridine (7, R =  OCHs).—  
This compound was prepared by a modification of the previously 
described methods.13,14

2-Methoxy-5-nitropyridine was prepared by the condensation 
of 2-chloro-5-nitropyridine with sodium methoxide in methanol. 
Reduction of the nitrogroup was accomplished by slow addition 
of 15.4 g (0.1 mol) of 2-methoxy-5-nitropyridine to a well-stirred 
and ice-cooled solution of 113 g (0.5 mol) of stannous chloride di­
hydrate and 150 ml of concentrated hydrochloric acid ( d  1.42). 
The addition of the nitro compound was carried out in small 
quantities and at such a rate that the temperature never exceeded 
85°. The reduction was highly exothermic and a cooling bath 
was therefore used.

After all the nitro compound had been added, the mixture was 
stirred for 4 hr and allowed to stand overnight. Neutralization 
with sodium carbonate followed by the use of concentrated am­
monia solution gave 3-amino-6-methoxypyridine, which was iso­
lated by successive extraction with four 200-ml portions of ether. 
After removal of the solvent by distillation followed by purifica­
tion by fractional distillation i n  v a c u o ,  11.6 g (94%) of the red 
liquid was isolated, n®d 1.5729, dipicrate mp 128-129°.

To glacial acetic acid (100 ml) precooled to 5° were added 40 g 
(0.41 mol) of potassium thiocyanate and 6.2 g (0.05 mol) of 3- 
amino-6-methoxypyridine. The mixture was placed in a freez­
ing mixture of ice and salt and mechanically stirred while 8 ml of 
bromine in 30 ml of glacial acetic acid was added from a dropping 
funnel at such a rate that the temperature never rose beyond 0°. 
After all the bromine has been added (105 min), the solution was 
stirred for an additional 2 hr at 0° and at room temperature for 
10 hr. It was then allowed to stand overnight, during which 
period an orange precipitate settled at the bottom. Water (30 
ml) was added quickly and the slurry was heated to 85° on a 
steam bath and filtered hot. The orange residue was placed in 
the reaction flask and treated with 50 ml of glacial acetic acid, 
heated again to 85°, and filtered hot. The combined filtrates 
were cooled and neutralized with concentrated ammonia solution 
to pH 6, when a dark yellow precipitate was collected. Re­
crystallization from methanol (twice) after treatment with ac­
tivated charcoal gave colorless plates of 2-amino-5-methoxy- 
thiazolo[5,4-5]pyridine after drying in a vacuum oven at 50° 
(0.02 mm). The dry material (8.7 g, 96%) melted at 192-193°: 
uv spectrum (MeOH) Xmax 314 him (log e 3.8603), Xmin 293 
(3.6033), Xmax 267 (4.1037), Xmin 240 (3.5102); uv (HC1) Xmax 
302 (4.0378), Xmin 285 (3.8902), Xmax 270 (3.9535); uv (NaOH) 
Xmax 314 (3.8202), Xmin 293 (3.5398), Xmax 267 (4.1170); ir 
spectrum (Nujol) 3330, 3100, 1640, 1580, 1565, 1544, 1403, 
1290, 1280, 1247, 1170, 1122, 1108, 1078, 1020, 949, 907, 845, 
815 , 743, 700 cm-1; pmr spectrum (DMSO-d«) t  5.87 (singlet,
5- OCHa), 2.04 (broad peak, 2-NH2), 2.87 (doublet, J  =  10 Hz,
6- H), 1.85 (doublet, /  = 10 Hz, 7-H); mass spectrum m/e (rel 
intensity) 52 (13), 80 (33), 107 (33), 111 (5), 122(4), 138 (10), 151
(11), 152 (42), 154 (41,166 (21), 181 (M+, 100).

A n a l .  Calcd. for C7H,N3SO: C, 46.41; H, 3.87; N, 23.21;
S, 17.68. Found: C, 46.28; H, 3.96; N, 22.84; S, 17.70.

2-Amino-5-chlorothiazolo[5,4-6]pyridine (7, R = Cl).— The 
synthesis of this compound from 2-chloro-5-nitropyridine is 
similar to what was reported for the 5-methoxy analog. From
31.7 g (0.2 mol) of 2-chloro-5-nitropyridine, 225 g (1.0 mol) of
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(13) T. Takahashi and E. Yoshïi, Chem. Pharm. Bull., 2 , 382 (1954).
(14) C. O. Okafor, J. Org. Chem., 32, 2006 (1967); C. O. Okafor, J. Med. 

Chem., 10, 126 (1967).

stannous chloride dihydrate, and 300 ml of concentrated hydro­
chloric acid, 25.0 g (97%) of white needles of 3-amino-6-chloro- 
pyridine was obtained, mp 82-83°.

This product (12.85 g, 0.1 mol) was treated with 80 g (0.82 mol) 
of potassium thiocyanate in 200 ml of glacial acetic acid and 6 ml 
of bromine to yield 15.2 g (95%) of 2-amino-5-chIorothiazolo- 
[5,4-6]pyridine as glistening, light-yellow needles melting at 
243-244° dec: uv spectrum (MeOH) Xm».x 310 mg (log e 3.9164),
Xmin 292 (3.7029), m̂ax 272 (4.1606), Xmin 246 (3.6101); uv 
(HC1) Xmax 297 (4.0803), Xmin 277 (3.8801), Xma* 260 (4.0661), 
Xmin 233 (3.7503); uv (NaOH) Xmax 310 (3.9507), Xmin 292 
(3.7765), Xmax 272 (4.1910), Xmin 246 (3.7366); ir spectrum (Nu­
jol) Vm&x 3310, 1640, 1577, 1525, 1400, 1316, 1300, 1280, 1240, 
1138, 1120, 1082, 940, 895, 813, 769, 736, 690 cm -1; pmr spec­
trum (DMSO-d6) t 1.48 (broad peak, 2-NH2), 1.77 (doublet, J  =  
8 Hz, 6-H), 2.20 (doublet, J  =  8 Hz, 7-H); mass spectrum m / e  

(rel intensity) 96 (7), 108 (7), 123 (15), 150 (13), 158 (15), 185 
(M+, 100), 187 (39).

A n a l .  Calcd for C6H4N3SCI: C, 38.81; H, 2.16; N, 22.64; 
S, 17.25; Cl, 19.14. Found: C, 38.90; H, 2.28; N, 22.62; S, 
17.46; Cl, 19.18.

2-Amino-3-thiocyanato-6-picoline (11).—This compound was 
prepared by the same procedure used for the 2-aminothiazolo- 
[5,4-6]pyridines 7.

From 10.8 g (0.1 mol) of 2-amino-6-picoJine, 80 g (0.82 mol) 
of potassium thiocyanate in 100 ml of glacial acetic acid, and 16 
ml of bromine in 60 ml of glacial acetic acid, 5.8 g (35%) of white 
needles of 2-amino-3-thiocyanato-6-picoline (11), melting at 
161-162°, were obtained after recystallization twice from meth­
anol (more products were collected by keeping the volume of 
the partially neutralized solution to a minimum and for several 
days at 0-3°); uv spectrum (MeOH) Xmax 302 (log «3.7462), 
Xmin 282 (3.6309), Xmax 256 (4.2015), Xmia 220 (3.4883); ir spec­
trum rmax 3330, 3150, 2145, 1640, 1572, 1547, 1390, 1339, 1292, 
1186, 1134, 1020, 960, 928, 822, 750 cm-1; pmr spectrum (DM- 
SO-d6) r 7.37 (singlet, 6 -CH3), 2.95 (broad based singlet, 2-NHa),
3.17 (doublet, J  =  9 Hz, 5-H), 1.91 (doublet, J  =  9 Hz, 4-H); 
mass spectrum r r ./ e  (rel intensity) 53 (12), 70 (12), 97 (26), 106
(8), 124 (20), 138 (15), 165 (M+, 100).

A n a l .  Calcd for C7H7N3S: C, 50.91; H, 4.21; N, 25.46; 
S, 19.39. Found: C, 50.81; H, 4.28; N, 25.19; S, 19.48.

2- Acetamido-5-methylthiazolo[4,5-6]pyridine (12).— 2-Amino-
3-thiocyanato-6-picoline (1.65 g, 0.01 mol) was refluxed in 40 ml 
of acetic anhydride for 7 hr, during which period there was com­
plete dissolution.

After cooling in an ice bath, a few ice cubes were added and 
the mixture was stirred with constant cooling until a precipitate 
was formed. Upon filtration and recrystallization of the material 
from aqueous acetone after treatment with activated charcoal,
1.95 g (94%) of glistening white needles of 2-acetamido-5- 
methylthiazolo[4;5-fc]pyridine melting at 193-194° was obtained; 
uv spectrum (MeOH) Xmax 292 mn  (log t 4.1516), Xmin 277 
(3.9664), Xmax 255 (4.1361), Xm’n 223 (3.8493); ir spectrum (Nu­
jol) «max 3290, 1665, 1576, 1540, 1420, 1292, 1268, 1235, 1139, 
1038, 1003, 956, 912 (doublet), 826, 775, 742, 677 cm“1; mass 
spectrum m / e  (rel intensity) 41 (8), 42 (9), 97 (9), 111 (3), 124 
(14), 138 (9), 165 (100), 207 (M+, 30), 208 (4), 209 (3).

A n a l ,  Calcd. for C9H9N3OS: C, 52.17; H, 4.35; N, 20.29; 
S, 15.46. Found: C, 52.02; H, 4.47; N, 20.00; S, 15.70.

3- Amino-6-methoxypyridine-2[lH]-thione (10, R =  OCH3).—
2-Amino-5-methoxythiazolo [5,4-6] pyridine (7, R = OCH3) 
(18.1 g, 0.1 mol) containing 1 g of sodium sulfite was refluxed in 
20% sodium hydroxide (150 ml) for 3 hr. Complete dissolution 
was achieved after 1 hr. The clear, yellowish brown solution 
was treated with activated charcoal, boiled, and filtered. Upon 
cooling and neutralizing with glacial acetic acid, a massive yel­
lowish precipitate was obtained. It was purified quickly13 14 15 by 
re crystallization from methanol after treating with charcoal again. 
Long, yellowish needles of 3-amino-6-methoxypyridine-2[1 if]- 
thione (15.2 g, 97%) melting at 178-179° dec were obtained after 
drying in a vacuum oven at 5-mm pressure for 24 hr: uv spec­
trum (MeOH) Xmax 388 m*. (log e 4.0947), Xmin 297 (2.4282), 
Xmax 270 (3.8102), Xmin 235 (3.5743); ir spectrum (Nujol) 
3400, 3300, 1600, 1560, 1400, 1360, 1283, 1272, 1260, 1120, 1103, 
1056, 1028, 1020, 890, 875, 778, 765 cm-1; pmr spectrum (DM- 
SO- d e )  t  6.0 (singlet, 6-OCH3), 3.50 (doublet, J =  9 Hz, 5-H),
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(15) These 3 -aminopyridme-2 -thiones are unstable to heat and light. 
They are best recrystallized from methanol and oven dried at 50° (10 mm) 
and preserved in brown bottles wrapped with aluminium foil.
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2.63 (doublet, J  =  9  Hz, 4-H), 1.70 (singlet, 1-NH); pmr (pyri- 
dine-ds) t  6.13 (singlet, 6-OHs), 3.80 (doublet, /  =  9 Hz, 5-H),
2.67 (doublet, J  =  9  Hz, 4-H), 0.90 (broad singlet, 3-NH2 and 
1-NH); mass spectrum m/e (rel intensity) 52 (36), 53 (44), 54 
(36), 80 (40), 97 (22), 114 (78), 141 (100), 156 (M+, 94).

A n a l .  Calcd for C6H8N2OS: C, 46.15; H, 5.13; N, 17.95; 
S, 20.51. Found: C, 46.26; H, 5.14; N, 17.84; S, 20.43.

3-Amino-6-chloropyridine-2[l//]-thione (10, R = Cl).— The 
base-catalyzed hydrolysis of 2-amino-5-chlorothiazolo [5,4-61- 
pyridine (7, R = Cl) was carried out by the same method de­
scribed for the preparation of the 6-methoxy analog.

From 18.55 g (0.10 mol) of this compound (7, R =  Cl), 1 g of 
sodium sulfite, and 150 ml of 20% NaOH, 15.4 g (96%) of 3- 
amino-6-chloropyridine-2[177]-thione15 was obtained as glistening 
yellow needles melting at 210-211° dec: uv spectrum (MeOH)
> w  355 mM (log e 3.5463), Xmin 292 (3.1362), Xmax 256 (3.8992), 
Xmin 237 (3.7832); ir spectrum (Nujol) rmax 3480, 3311, 3180, 
1600, 1550, 1545, 1300, 1250, 1136, 1108, 1088, 1030, 855, 815, 
728 cm-1; pmr spectrum (pyridine-ds) r  3.03 (singlet with broad 
base, 3-NH2), 2.50 (doublet, J  =  2 Hz, 4-H and5-H), 0.80 (singlet 
with broad base, 1-NH); pmr (DMSO-d6) t 3.53 (singlet with 
broad base, 3-NH2), 2.33 (singlet, 4-H and 5-H); mass spectrum 
m/e (rel intensity) 44 (6), 64 (11), 81 (6), 98 (9), 115 (21), 116

(9), 125 (28), 132 (13), 133 (11), 159 (11), 160 (M+, 100), 161
(13), 162 (39).

A n a l .  Calcd for CsHsNjSCl: C, 37.38; H, 3.12; N, 17.45; 
S, 19.94; Cl, 22.12. Found: C, 37.76; H, 2.72; N, 17.46; 
S, 20.04; Cl, 22.35.
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Studies in the Heterocyclic Series. VIII.
The First Synthesis of a Triazaphenothiazine Ring

Charles 0 . Okafor1

D e p a r t m e n t  o f  C h e m i s t r y ,  H a r v a r d  U n i v e r s i t y ,  C a m b r i d g e ,  M a s s a c h u s e t t s  0 2 1 3 8  

R e c e i v e d  J u n e  2 9 ,  1 9 7 3

Compounds of 1,3,6-triazaphenothiazine, a new heterocyclic ring, are hereby described. Previously, no tri­
azaphenothiazine compound was known. The synthesis of these compounds was achieved by acid-catalyzed 
reaction of suitably placed 3-aminopyridine-2[lii]-thiones with 5,6-dihalopyrimidines. Optimum yields were 
obtained in dilute sulfuric acid at concentrations between 0.12 and 0.50 N .  Their uv, ir, pmr, and mass spectra 
were taken and used along with certain reactions to establish their structures. The related “open” 1,3,6-triaza- 
phenothiazines were also synthesized and characterized and the abnormal appearance of their parent peaks in 
their mass spectra was rationalized. Many derivatives of these “open” and “closed” 1,3,6-triazaphenothiazines 
were also reported.

In continuation of our search for new azaphenothia- 
zine drugs, a new azaphenothiazine ring was considered 
desirable, as previously reported azaphenothiazine rings 
are only the monoaza- and the diazaphenothiazine 
systems.2 This work becomes even more important 
in the study of the mechanism of action of phenothiazine 
drugs where a correlation between tranquilizing activity 
and electron-donor property in charge-transfer com­
plexes has been made. The stronger electron-donor 
property and hence the higher psychopharmacological 
activity have been associated with the heterocyclic ring, 
phenothiazine, and evidence for this conclusion has been 
provided.3 More systematic studies in this direction 
will require a greater variety of phenothiazine rings. 
In an earlier paper4 in this series, the synthesis of some
3,6-diazaphenothiazine compounds was described, and 
in continuation of this work, we present the first 
synthesis of a triazaphenothiazine system.

These compounds were obtained from 3-aminopy- 
ridine-2[l//J-thiones ( l)5 and 5-bromo-4-chloropyrim- 
idines (2) prepared by an adaptation of Phillips’

(1) Address correspondence to Department of Chemistry, University of 
Nigeria, Nsukka, Nigeria.

(2) C. O. Okafor, Int. J. Sulfur Chem., B, 6 , 237 (1971).
(3) G. K arreman, I. Isenberg, and A. Szent-Gyorgyi, Science, 130, 1191 

(1959); R . Foster and C. A . Fyfe, Biochim. Biophys. Acta, 112, 490 (1966); 
R. Foster and P. Hanson, ibid., 112, 482 (1966).

(4) C. O. Okafor, J. Org. Chem., 32, 2006 (1967).
(5) C. O. Okafor, J. Org. Chem., 38, 4383 (1973).
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procedure.6 The pmr spectra of the latter products 
showed no evidence for imino structures, contrary to 
the situation in related dihydroxypyrimidines.7 In 
the crucial step involving the nucleophilic attack of the 
aminopyridinethione on the dihalopyrimidine followed 
by cyclization of the intermediate diarylamine 3, 
several condensing agents were tried. Most promising 
results were obtained by acid-catalyzed procedures.8 
Using concentrated acid techniques, no reaction took 
place in concentrated hydrochloric and sulfuric acids, 
as all basic points were protonated. The insolubility of 
compound 1 in concentrated acids also posed a serious 
problem. However, upon dilution, it was possible to 
dissolve the compound and to protonate selectively the 
tertiary and secondary amino groups only, as these are 
more basic than the primary N H 2 group. The protona-

(6 ) A . P. Phillips, N . B. Mehta, and J. Z. Strelitz, J . Org. Chem., 28, 1488 
(1963).

(7) G. M . Kneifets, N . V. Khromov-Borisov, A . I. Koltsov, and M . V. 
Volkenstein, Tetrahedron, 23, 1197 (1967).

(8 ) C. K . Banks, J. Amer. Chem. Soc., 6 6 , 1127 (1944); O. R. Rodig, 
R. E. Collier, and R . K . Schlatzer, J. Org. Chem., 29, 2652 (1964).



tion of the pyrimidine ring nitrogens enhances the 
positive characters of the 2,4 and 6 carbons both by 
inductive and conjugative mechanisms. The 5 carbon 
is relatively less reactive, as it is only affected by the 
inductive effect of the ring nitrogens, which are, even 
then, relatively more remote. Under these conditions, 
therefore, the 3-NH 2 group in structure 1 mounts a 
nucleophilic attack on the positive pyrimidine carbon 
bearing the active halogen (C-4) leading to the forma­
tion of the o-thioxopyridylpyrimidinylamine 3 as the 
intermediate. These diarylamines, bearing both ortho­
halo and mercapto groups, are sufficiently reactive in 
the acid medium and spontaneously cyclize to the 1,3,6- 
triazaphenothiazines (4).

F ir s t  S y n t h e s i s  o f  a  T r i a z a p h e n o t h i a z i n e  R in g

The conditions for optimum yields were also in­
vestigated. Best yields and purest products were ob­
tained in aqueous solutions of 0.12 and 0.50 N H 2S 0 4. 
Addition of a little amount of sodium sulfite helped to 
prevent the autoxidation of the aminopyridinethione 
which diverts the reaction to the undesirable disulfide. 
By refluxing for 3 hr, reproducible yields better than 
70 -9 5 %  were obtained in most cases.

The reaction of 3-amino-6-methoxypyridine-2[lH]- 
thione (1, Ri =  6-OCH3) and 5-bromo-4-chloro-2,6- 
diaminopyrimidine (2, R2 =  R3 =  N H 2) under these 
conditions led to a triazaphenothiazine of molecular 
weight 262. Elemental analysis and molecular weight 
determination are consistent with the formula Ci0H10- 
N 6OS. The uv spectrum gave three maximum absorp­
tions at 335, 300, and 252 mg; the strong band in the 
neighborhood of 252 mg is consistent with similar 
observation in phenothiazinoid systems.9 The infrared 
spectrum showed the N H 2 (doublet) and N H  (singlet) 
stretching bands expected from structure 4. The pmr 
and mass spectra of this compound were rationalized on 
the basis of the assigned structure 4 (Rj =  7-OCH3; 
r 2 =  R 3 =  N H 2).

Using 3-amino-6-chloropyridine-2 [l//]-thione in place 
of 1 (Ri =  OCH3), 7-chloro-2,4-diamino-l,3,6-triaza- 
phenothiazine was obtained. These two triazapheno- 
thiazines have similar uv spectra and the substitution 
of chlorine for the 7-methoxy group did not affect the 
characteristic phenothiazine band at 252 mg. Owing 
to the stronger inductive effect of chlorine compared 
with the methoxy group, there was a general deshielding 
of all the proton absorptions found in the pmr spectrum. 
Diazotization of these diaminotriazaphenothiazines (4,

(9) F . Yoneda, T. Ohtaka, and Y . Nitta, Chem. Pharm. Bull., 13, 580
(1965); D . E . Ames and N . D . Griffiths, J. Chem. Soc. C, 2672 (1970); F . H.
Clarke, G . B . Silverman, C. M . Watnick, and N. Sperber, J. Org. Chem., 26,
1126 (1961).

R2 =  R3 =  N H 2) did not give the 1,10-diazoles (5) 
characteristic of o-aminodiarylamines (6).10 1-Amino-
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3-azaphenothiazine11 and l-amino-3-azaphenoxazine,12 
structurally related to the alternative structure 8, gave 
the corresponding 1,10-diazoles (5). It can be inferred 
from these reactions, therefore, that the o-thioxodiaryl- 
amine 3 does not undergo Smiles rearrangement to
o-aminodiaryl sulfide 7, which will lead to the alterna­
tive structure 8 expected to give the nitrous acid re­
action. This is evidence for the assigned structures 4.

The synthesis of systems in which the central ring has 
been “ opened” was also carried out, since many such 
systems are reported to be biologically active.13 Fur­
thermore, the determination of their structures as 0- 
thioxodiarylamines will lend further support to the 
assigned structures of the “ closed” systems, as this 
implies that Smiles rearrangement did not occur. 
These compounds were generally obtained by treating 
the 3-aminopyridine-2[lH]-thiones with 4-chloropyrim- 
idines under the reaction conditions used for obtaining 
the “ closed” systems. The uv spectra of these “ open” 
products resemble those of the “ closed” systems. In 
the ir spectrum, the absence of an SH band in the region 
of 2600-2550 cm-1 even in concentrated solutions and 
the appearance of N H  bands as singlets rather than 
doublets show that these compounds exist as the thioxo 
form 9 rather than 10. Examination of their pmr

H

H

(10) F. Kehrmann and J. Steinberg, Ber., 44, 3011 (1911); G. R. Ciemo, 
W . H . Perkin, Jr., and R. Robinson, J. Chem. Soc., 125, 1754 (1924).
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spectra confirmed the structures as 9. The formation 
of these “ open” nonrearranged structures, which are 
related to and formed by the same method used for the 
closed systems, is further evidence that the diaryl 
intermediate 3 did not rearrange to the diaryl sulfide 7, 
which should yield 2,4,6-triazaphenothiazine 8 upon 
cyclization.

One interesting observation in the mass spectra of 
these “ open” 1,3,6-triazaphenothiazines is the ap­
pearance of the parent peak (11) consistently at two 
mass units lower than the expected value. In all the 
four compounds whose mass spectra wTere examined, 
the parent peak appeared at two mass units lower than 
the expected charge to mass ratio. It appears therefore 
that the elimination of hydrogen occurs readily under 
the condition in which the mass spectra were run, 
thereby leading to the tricyclic ion 12. This shows that,

in the excited state, the diarylamine intermediate 3 is 
in a favorable steric arrangement within the molecule, 
which ensures cyclization in the acid medium. Many 
other derivatives of both the “ closed” and “ open” 1,3,6- 
triazaphenothiazines were also described.

Experimental Section

Melting points were determined with a Thomas-Hoover ap­
paratus in open capillaries. Uv spectra were taken with a 
Cary Model 14 spectrophotometer in methanol solutions using 
matched 1-cm quartz cells. Ir spectra were determined on a 
Perkin-Elmer Model 137 spectrophotometer in Nujol (Kaydol) 
pastes. Nmr spectra were obtained with a Varian Associates 
A-60 spectrometer. Chemical shifts are reported on the r scale 
relative to tetramethylsilane (TMS) used as an internal standard 
except in the case of compound 13, where TMS was used as an 
external reference. The mass spectra were obtained on an AE1 
MS-9 mass spectrometer at 70 eV.

3-Ammopyridine-2[lff]-thiones (1).— This class of compounds 
was obtained by the thiocyanation of substituted 3-aminopyri- 
dines with potassium thiocyanate and bromine in glacial acetic 
acid. The now formed 2-aminothiazolo[5,4-6]pyridine was 
treated with 20% sodium hydroxide solution to give excellent 
yields of 3-aminopyridine-2[li7]-thiones, fully described in the 
preceding paper.5

4-Chloro-2,6-diammopyrimidine.—2,4-Diamino-6-hydroxy-
pyrimidine (28.9 g, 0.2 mol) was treated with phosphoryl chloride 
(45 ml) and phosphorus pentachloride (40 g) and the mixture 
was refluxed in an oil bath maintained at 120-130° for a 3-hr 
period. Excess phosphorus halides were removed by distillation 
i n  v a c u o .  The gummy brown solid was poured c a u t i o u s l y  into a 
few chips of ice in an ice bath. The solution was then partially 
neutralized with concentrated ammonia solution while cooling. 
The product was collected by filtration and recrystallized from 
methanol. White, glistening needles of 4-chloro-2,6-diamino- 
pyrimidine (11.6 g, 80%) melting at 202-203° were obtained.

2-Ammo-4-chloro-6-methylpyrimidine.—Dried and powdered 
2-amino-4-hydroxy-6-methylpyrimidine (12.5 g, 0.1 mol) was

refluxed with phosphoryl chloride (30 ml) and phosphorus penta­
chloride (40 g) as previously described. Long white needles of 
2-amino-4-chloro-6-methylpyrimidine (11.7 g, 81.5%) melting 
at 182-183° were obtained after recrystallization from aqueous 
methanol (Norit).

5-Bromo-4-chloro-2,6-dimethoxypyrimidine (2, R2 =  R3 = 
OCH3).— 4-Chloro-2,6-dimethoxypyrimidine (17.45 g, 0.1 mol) 
was slurried with 12 g of sodium bicarbonate in 300 ml of 50%  
methanol. Bromine (9 ml) was added with efficient stirring 
during a period of 1 hr. After 30 min of bromine addition, an 
additional 7 g of sodium bicarbonate was added and the mixture 
was stirred at room temperature for a total of 2 hr. The white 
precipitate obtained (mp 95-96°) was collected by filtration and 
recrystallized from aqueous methanol, yielding 24.1 g (95.1%) of 
white crystalline plates of 5-bromo-4-chloro-2,6-dimethoxypyrimi- 
dine melting at 97-98°. The analytical sample was purified by 
sublimation (sublimes at 98°): uv spectrum XmaI 273 m y  (log
e 3.84), Xmin 250 (3.40), Xmax 223 (3.97), Xmin 210 (3.84); ir 
spectrum (Kaydol) 1563, 1545, 1320, 1238, 1195, 1106, 
1027, 1008, 937, 866, 772 cm '1; pmr spectrum (CDC13) r 5.73 
(singlet, 6-OCH3), 5.65 (singlet, 2-OCH3).

A n a l .  Calcd for C6H6N20 2BrCl: C, 28.41; H, 2.37; N, 
11.05; Cl,14.01; Br, 31.53. Found: C ,28.45; H, 2.45; N, 
10.97; Cl, 14.10; Br, 31.52.

5-Bromo-4-chloro-2,6-diaminopyrimidine (2, R2 = R3 = NH2).
— 4-Chloro-2,6-diaminopyrimidine (14.45 g, 0.1 mol) was bromi- 
nated with 16 ml of bromine in 750 ml of 50% methanol in the 
presence of a total of 20 g of sodium bicarbonate as described for
5-bromo-4-chloro-2,6-dimethoxypyrimidine. White needles of
5-bromo-4-chloro-2,6-diaminopyrimidine (15.87 g, 71%) melting 
at 217.5-218° were obtained: uv spectrum Xmax 294 m y  (log e 
3.78), Xmin 264 (2.79), Xmal 233 (4.05); ir spectrum (Kaydol) 
rmax 3350 (doublet), 3200, 1670, 1645, 1605, 1530, 1328, 1270, 
1063, 988, 886, 762 cm-1.

A n a l .  Calcd for CiHiNiClBr: C, 21.48; H, 1.79; N, 25.07; 
Cl, 15.89; Br, 35.76. Found: C, 21.58; H, 1.68; N, 25.05; 
Cl, 15.92; Br, 35.68.

2-Amino-5-bromo-4-chloro-6-methylpyrimidine (2, R2 =  NH2; 
R3 = CH3).— 2-Amino-4-chloro-6-methylpyrimidine (10.76 g, 
75 mmol) was treated with 15 g of sodium bicarbonate in 500 ml 
of 50% aqueous methanol. Bromine (14 ml) was added as de­
scribed for 5-bromo-4-chloro-2,6-dimethoxypyrimidine. White 
needles of 2-amino-5-bromo-4-chloro-6-methylpyrimidine (16.9 
g, 96.5%) melting at 206-207° were obtained after recrystalliza­
tion from methanol (Norit): uv spectrum Xmax 310 m/x (log e
3.57), Xmin 270 (2.88), Xma* 237 (4.22), Xmin 216 (3.68); ir spec­
trum (Kaydol) rm9X 3380, 3250, 1640, 1550, 1526, 1280, 1217, 
1044, 1020, 888, 862, 771 cm-1; pmr spectrum (CDC13) r 7.33 
(singlet, 6 -CH3 ), 2.22 (singlet, 2-NEL).

A n a l .  Calcd for C5H5N3ClBr: C, 26.98; H, 2.25; N, 18.88; 
Cl, 15.96; Br, 35.91. Found: C, 27.08; H, 2.21; N, 18.84; 
Cl, 15.83; Br, 36.02.

2-Amino-5-bromo-4,6-dichloropyrimidine (2, R2 = NH2; R3 
= Cl).— 2-Amino-4,6-dichloropyrimidine (32.8 g, 0.2 mol) was 
mixed with 20 g of sodium bicarbonate and slurried in 600 ml of 
50% methanol. Bromine (16 ml) was added as described for 5- 
broino-4-chloro-2,6-dimethoxypyrimidine followed by addition 
of an additional 15 g of sodium bicarbonate. 2-Amino-5-bromo-
4,6-diehloropyrimidine (46.2 g, 95%) was collected after re­
crystallization from methanol (Norit): mp 235-236°; uv spec­
trum Xmax 314 mM (log e 3.62), Xmin 277 (2.95), Xmax 238 (4.26), 
Xmin 217 (3.63); ir spectrum (Kaydol) rmax 3290 (doublet), 
1640, 1545, 1490, 1325, 1270, 1250, 1210 (doublet), 1050, 1023, 
953, 815, 762 cm '1; pmr spectrum (CDC13) t 2.25 (singlet, 2- 
NH2).

A n a l .  Calcd for C4H2N3Cl2Br: C, 19.76; H, 0.82; N, 
17.29; Cl, 29.23; Br, 32.90. Found: C, 19.70; H, 0.87; N, 
17.40; Cl,29.11; Br, 33.08.

5-Bromo-2,4-diamino-6-hydroxypyrimidine.—2,4-Diamino-6-
hydroxypyrimidine monohydrate (28.8 g, 0.2 mol) was dissolved 
in 5% aqueous sodium hydroxide (480 ml). The solution was 
cooled to 20° and 12.5 ml of bromine was added with efficient 
stirring during a 3-hr period. The temperature was maintained 
at 20° throughout the addition and for an additional 0.5 hr. 
The clear solution was stirred at room temperature for an addi­
tional 3 hr and allowed to stand overnight.

Upon acidification with concentrated hydrochloric acid while 
cooling, a massive white precipitate of 5-bromo-2,4-diamino-6- 
hydroxypyrimidine resulted. It was recrystallized from water 
after treating with activated charcoal, yielding glistening white



needles: mp 264-265°; ir spectrum 3300, 3190, 1650, 
1600, 1550,1430,1160,1088, 998, 875, 764, 683 cm“1.'

A n a l .  Calcd for C4H5N4OBr: C, 23.43; H, 2.44; N, 27.32; 
Br, 38.99. Found: C, 23.44; H, 2.51; N, 27.21; Br, 39.06.

5-Bromo-6-chloro-2,4-diaminopyrimidine from 5-Bromo-2,4- 
diamino-6-hydroxypyrimidine.— To an intimate mixture of 5- 
bromo-2,4-diamino-6-hydroxypyrimidine (20.5 g, 0.1 mol) and 
phosphorus pentachloride (41.7 g, 0.2 mol) was added 60 ml of 
phosphoryl chloride and the mixture was refluxed in an oil bath 
maintained at 120-130° for 2.5 hr. The phosphorus halides 
were removed by vacuum distillation, leaving a yellow, gummy 
residue. It was then transferred to a beaker to which some ice 
chips were cautiously added. Upon neutralization with con­
centrated ammonia solution while cooling, a yellow precipitate 
was collected after filtration. Recrystallization from water 
after treating with activated charcoal (Norit) gave white, micro- 
cystallineplates of 5-bromo-6-chloro-2,4-diaminopyrimidine (15.2 
g, 68%) melting at 217.5-218°. A mixture melting point with 
the product, obtained by the alternative method already de­
scribed, did not show any depression. Furthermore, their 
spectra are superimposable.

2,4-Diamino-7-methoxy-l,3,6-triazaphenothiazine (4, Ri =
7-OCH3; R2 = R3 = NH2).— 3-Amino-6-methoxypyridine-2- 
[ Iff]-thione (1.56 g, 10 mmol) was intimately mixed with 2.46 g 
(11 mmol) of 5-bromo-6-chloro-2,4-diaminopyrimidine in a mortar 
and placed in a 250-ml three-necked flask equipped with an effi­
cient mechanical stirrer. Some 100 ml of water and 1 g of so­
dium sulfite were added and the mixture was refluxed with stir­
ring for 2 hr in the presence of 1 ml. of concentrated sulfuric acid 
( d  1.84). Complete dissolution was achieved within 30 min 
followed by massive precipitation of a yellowish-green product.14 
The pH of the solution was checked from time to time to ensure 
that the solution remained acidic.15

The mixture was allowed to cool in an ice bath and neutralized 
with dilute ammonia and the residue was collected by filtration. 
Upon recrystallization from acetone after addition of activated 
charcoal (Norit), light, yellowish-green plates of 2,4-diamino-7- 
methoxy-l,3,6-triazaphenothiazine (2.38 g, 91%) melting at 
255-256° were obtained: uv spectrum Xmax 335 m u  (log e 
3.79), Xmin 307 (3.65), Xmax 300 (3.65), Xmia 283 (3.55), Xmax 
252 (4.36), Xmi„ 234 (4.22); ir spectrum rmnx 3390 (doublet), 
3200, 1630, 1602, 1565, 1500, 1478, 1417, 1332,1300, 1280, 1260, 
1220, 1173, 1155, 1105, 1088, 1057, 1028, 980, 903, 818, 810, 740 
cm-1; pmr spectrum (DMSO-d6) r 6.00 (singlet, 7-OCH3), 3.78 
(broad peak, 4-NH2), 3.50 (broad peak, 2-NH2), 3.12 (doublet, J  

=  8.4 Hz, 9-H), 2.40 (doublet, J  =  8.4 Hz, 8-H), 0.82 (broad 
peak, 10-NH); mass spectrum m / e  (rel intensity) 150 (5), 177
(6), 178 (8), 219 (18), 220 (8), 247 (24), 262 (M+, 100).

A n a l .  Calcd for CicHioNeOS: C, 45.78; H, 3.84; N, 32.04; 
S, 12.22. Found: C, 45.95; H, 4.01; N, 31.97; S, 12.22.

7-Chloro-2,4-diamino-l,3,6-triazaphenothiazme (4, Ri =  7-C1; 
R2 = R3 =  NH2).— This compound was prepared from 3-amino-
6-chloropyridine-2[lff]-thione (1.61 g, 10 mmol) and 5-bromo-4- 
chloro-2,6-diaminopyrimidine (2.46 g, 11 mmol) as described 
for 2,4-diamino-7-methoxy-l,3,6-triazaphenothiazine. Yellow 
microcrystals of 7-chloro-2,4-diamino-l,3,6-triazaphenothiazine 
(2.35, g, 88%) melting at 309-310° were collected: uv spectrum 
Xmax 353 mM (log <e 3.64), Xmin 313 (3.11), Xin,i 290 (3.61), Xmax 
254 (4.47), Xmi„ 230 (4.12); ir spectrum * w  3395, 3240, 1640, 
1588, 1555, 1500, 1440, 1400, 1340, 1285, 1260, 1224, 1173, 
1140, 1110, 1092, 1060, 992, 934, 877, 814, 790, 760, 730 cm“1; 
pmr spectrum (DMSO-d6) t 3.63 (broad peak 4-NH2), 3.32 
(broad peak, 2-NH2), 2.48 (singlet, 8-H and 9-H), 0.40 (broad 
peak, 10-NH); mass spectrum m / e  (rel intensity) 192 (6), 199 
(8), 234 (23), 266 (M+, 100), 268 (37).

A n a l .  Calcd for C„H7N6SC1: C, 40.53; H, 2.65; N, 31.51; 
S, 12.00; Cl, 13.29. Found: C, 40.59; H, 2.80; N, 31.30; S, 
11.92; Cl, 13.48.

2,4,7-Trimethoxy-l,3,6-triazaphenothiazine (4, Ri =  7-OCH3; 
R2 =  R3 =  OCH3).— To a mixture of 1.56 g (10 mmol) of 3- 
amino-6-methoxypyridine-2[lff]-thione (5, Ri =  6-OCH3) and
5.07 g (20 mmol) of 5-bromo-4-chloro-2,6-dimethoxypyTimidine 
7 (6, R2 =  R3 =  OCH3) in 100 ml of water was added 1 ml of 
concentrated sulfuric acid and 1 g of sodium sulfite. The mix­
ture was refluxed with efficient stirring for 6 hr. There was 
complete dissolution after 5 min followed by extensive sublima­

F ir s t  S y n t h e s i s  o f  a  T r i a z a p h e n o t h i a z i n e  R in g

(14) There was excessive frothing and foaming if an efficient stirrer was 
not used.

(15) Alternatively, a 0.22 N  H 2SO4 solution was used satisfactorily.

tion of 7. It was washed down with water followed by reduction 
in heating to reduce its reappearance at 96°. At the end of the 
reaction, a tarry, greenish product, which solidified upon cooling, 
was formed. It was collected by decanting off the hot super­
natant liquid, neutralized with concentrated ammonia, and fil­
tered. The bulk of this product was the unreacted pyrimidine 
compound 7, which was removed by extraction with boiling 
methanol. The greenish residue was recrystallized from ethanol 
to give 0.32 g (11%) of 2,4,7-trimethoxy-l,3,6-triazaphenothia- 
zine (10, Ri =  7-OCH3; R2 =  R3 =  OCH3) as green plates melt­
ing at 187-188°: uv spectrum X^* 308 m/i (log e 4.21), Xmax 
250 (4.00); ir spectrum 3m„  3250 (singlet), 1600, 1535, 1280, 
1219, 1192, 1178, 1141, 1111, 1103, 1077, 1030, 1021, 939, 926, 
901, 840, 826, 786, 771, 690 cm“1.

A n a l .  Calcd for Ci2H,2N40 3S: C, 49.32; H, 4.11; N, 19.18; 
S, 10.96. Found: C, 49.49; H, 4.30; N, 19.01; S, 11.05.

7-Chloro-2,4-dimethoxy-l,3,6-triazaphenothiazine(4,R1 =  7-C1; 
R2 =  R3 =  OCH3).— A mixture of 1.61 g (10 mmol) of 3-amino-
6- chloropyridinc-2[Iff ]-thione and 3.80 g (15 mmol) of 5-bromo-
4-chloro-2,6-dimethoxypyrimidine in 200 ml of water was re­
fluxed for 4 hr in the presence of 1 g of sodium sulfite and 1 ml of 
concentrated sulfuric acid as was described for compound 4 (Ri 
=  7-OCH3; R2 =  R3 =  NH2). Recrystallization from ethanol 
after treatment with activated charcoal afforded 2.82 g (95%) of
7- chloro-2,4-dimethoxy-l,3,6-triazaphenothiazine as green plates:
mp 202-203°; uv spectrum 343 mf i  (log e  3.89), Xmill 333
(3.87), Xmax 308 (4.19), Xmin 281 (3.90), Xmax 261 (4.05), Xmin 
247 (4.03), Xinn 224 (4.14); ir spectrum rmax 3200 (singlet), 1600, 
1570,1525,1476,1350,1309, 1281,1270,1223, 1189,1174,1153, 
1101, 1070, 1022, 1004, 930, 870, 845, 820, 808, 770, 689 cm“1.

A n a l .  Calcd for C„H9N4S0C1: C, 44.52; H, 3.04; N, 
18.89; S, 10.79; Cl, 11.98. Found: C, 44.66; H, 2.89; N, 18.69; 
S, 10.76; Cl, 12.08.

2-Amino-7-chloro-4-methyl-l,3,6-triazaphenothiazine (4, Ri =
7-C1; R2 =  NH2; Rs =  CH3).— A mixture of 1.61 g (10 mmol) of
3-amino-6-chloropyridine-2[Iff]-thione and 2.45 g (11 mmol) of 
2-amino-5-bromo-4-chloro-6-methylpyrimidine was treated as 
described earlier except that the reflux period was increased to 3.5 
hr. Green plates of 2-amino-7-chloro-4-methyl-l,3,6-triaza- 
phenothiazine (1.94 g, 73%) were collected after recrystallization 
from aqueous acetone (Norit): mp 247-249°; uv spectrum Xmax 
321 m/a (log e 3.47), Xmux 245 (3.45); ir spectrum rmax 3420, 
1660, 1608, 1565,1525,1500, 1320, 1270, 1200, 1150, 1116, 1066, 
1050, 853, 813, 803, 772, 736 cm "1.

A n a l .  Calcd for Ci„H8N5SC1: C, 45.21; H, 3.01; N, 26.37; 
S, 12.05; Cl, 13.38. Found: C, 44.99; H, 2.89; N, 26.41; 
S, 12.11; Cl, 13.47.

2-Amino-7-methoxy-4-methyl-l,3,6-triazaphenothiazine (4, Ri 
= 7-OCHs; R2 — NH2; R3 =  CH3).—3-Amino-6-methoxypyri- 
dine-2[Iff]-thione (3.12 g, 20 mmol) was treated with 2.45 g (11 
mmol) of 2-amino-5-bromo-4-chloro-6-methylpyrimidine in the 
presence of sodium sulfite and sulfuric acid as was described for
2,4-diamino-7-methoxy-l,3,6-triazaphenothiazine. This time 
the reflux period was extended to 5 hr. White plates of 2-amino-
7-methoxy-4-methyl-l,3,6-triazaphenothiazine were obtained 
after recrystallization from aqueous acetone: mp 243-244°; uv 
spectrum Xmax 308 him (log e 3.91), Xmin 278 (3.57), Xmax 232
(4.07), Xmm 217 (4.05); ir spectrum rmax 3340, 3200, 1640, 1600, 
1570, 1540,1500, 1400, 1327, 1280,1270,1260, 1238, 1220, 1058, 
1042, 1020, 984, 973, 884, 858, 825, 806, 776, 770 cm -1.

A n a l .  Calcd for CuHiiN5SO: C, 50.58; H, 4.21; N, 
26.82; S, 12.26. Found: C, 50.25; H, 3.37; N, 26.90; S,
12.25.

2 -A m in o -4 ,7 -d ic h lo r o -l ,3 ,6 -tr ia z a p h e n o th ia z in e  (4 , Ri =  7 -  
Cl; R2 =  NH2; R3 =  Cl).— 2-Amino-5-bromo-4,6-dichloro- 
pyrimidine (1.34 g, 5.5 mmol) and 3-amino-6-methoxypyridine- 
2[lff]-thione (0.78 g, 5 mmol) were refluxed in 0.43 N  H2S04 as 
described for the 4-amino analog. Yellow microplates of 2- 
amino-4,7-dichloro-l,3,6-triazaphenothiazine (1 g, 70%) were 
collected; mp >300°; uv spectrum X max 318 him (log e 4.07), 
Xmin 287 (3.77), Xnax 234 (4.21), Xmin 222 (4.19); ir spectrum 
rmax 3380, 3230, 1606, 1550, 1530, 1410, 1342, 1261, 1220, 1138, 
1065, 1050, 1003,913, 838, 827, 770 cm -1.

A n a l .  Calcd for C9H5N5SC12: C, 37.76; H, 1.75; N, 24.47; 
S, 11.19; Cl, 24.82. Found: C, 37.70; H, 1.96; N, 24.22; S,
11.28; Cl, 24.65.

2,4-Diamino-6-(6-methoxy-2 [ Iff] -thion-3-pyridyl)pyrimidmyl- 
amine (9, Ri = 6-OCH3; R2 =  R3 =  NH2).— This “ open”
1,3,6-triazaphenothiazine was prepared as described for the 
corresponding closed system. From 1.56 g (10 mmol) of 3-
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ammo-6-methoxypyridine-2[lff]-thione (1, Ri = 6-OCH3) and
4-chloro-2,6-diaminopyrimidine in 0.50 N  I i2S04, 1.36 g (94% 
yield) of 2,4-diamino-6-(6-methoxy-2[lff]-thion-3-pyridyl)py- 
rimidinylamine was obtained as yellow plates: mp 270-272°; 
uv spectrum Amax 384 him (log e 3.54), Am;n 342 (3.36), AmaX 311 
(3.88), Amin 280 (3.62), Am0x 249 (3.87), Amin 242 (3.85); ir 
spectrum j w  3200, 1675, 1595, 1404, 1290, 1260, 1225, 1200, 
1163, 1130, 1080, 1060, 1030, 1012, 980, 900, 865, 796, 774 cm-1; 
mass spectrum m /e (rel intensity) 147 (16), 178 (10), 218 (8), 220
(14), 231 (30), 262 (M+, 100).

A n a l. Calcd for C10H12N 6OS: C, 45,45; H, 4.55; N, 
31.82; S, 12.12. Found: C, 45.20; H, 4.49; N, 32.00; S,
12.19.

2,4-Diamino-6- (6-chloro-2 [Iff] -thion-3-pyridyl )py rimidinyl- 
amine (9, Ri = 6-C1; R2 = R3 = NH2).— This compound was 
again prepared as described for the closed analog 4. From 0.80 
g (5 mmol) of 3-amino-6-chloropyridine-2[lff]-thione (1, Ri =
6-C1) and 0.80 g (5.5 mmol) of 4-ehloro-2,6-diaminopyrimidine,
1.22 g (91% yield) of yellow plates of 2,4-diamino-6-(6-chloro- 
2[lff]-thion-3-pyridyl)pyrimidinylamine was collected: mp
>300°; uv spectrum Amax 345 him (log e 3.72), Xmm 333 (3.67), 
Xmax 306 (3.96), Ami„ 283 (3.79), Xmax251 (4.15), Xmin 232 (4.10); 
ir spectrum < w  3400, 3250, 1675, 1600, 1575, 1525, 1273, 1232, 
1240, 975, 885, 870, 832, 786, 776, 745 cm-1; mass spectrum m /e  
(rel intensity) 199 (10), 224 (9), 231 (8), 234 (25), 266 (M+ 100), 
268 (40).

A n a l. Calcd for C9H,N6SC1: C, 40.23; H, 3.35; N, 31.29; 
S, 11.92; Cl, 13.22. Found: C, 40.32; H, 3.11; N, 31.50;
S. 12.03; Cl, 13.19.

6'-Methoxy-2' [ 1 'ff ] -thion-3 '-pyridyl-2,4-dimethoxy-6-pyrimi- 
dinylamine 13 (9, Ri = 6-OMe; R2 =  R3 = OCH3).— The reac­
tion of 1.56 g (10 mmol) of 3-amino-6-methoxypyridine-2[lff]- 
thione and 1.59 g (11 mmol) of 4-chloro-2,6-dimethoxypyrimidine 
was carried out as described for “ closed”  1,3,6-t.riazapheno- 
thiazine compounds. A 2.56-g (87%) yield of 2,4-dimethoxy-
6-(6-methoxy-2[lff]-thion-3-pyridyl)pyrimidinylamine was ob­
tained as white plates: mp 163-164°; uv spectrum Amax 272 
im (log e 4.16); ir spectrum 3440, 1608, 1580, 1520, 1418, 
1340, 1284, 1257, 1202, 1193, 1162, 1132, 1120, 1105, 1094, 
1073, 1048, 1026, 1000, 984, 976, 940, 888, 868, 834, 810, 802, 
772, 733, 701 cm-1; pmr spectrum [(CD3)2SO] r 5.93 (singlet, 
2-OMe, 4-OMe, 6'-OMe), 4.02 (singlet, 5-H), 3.27 (singlet, 
l '-N H ), 2.58 (doublet, J  =  9.6 Hz, 4 '-H ), 1.53 (doublet, J  =  9.6 
Hz, 5'-H ), 0.45 (singlet, 6-NH); mass spectrum m /e (rel in­
tensity) 247 (3), 260 (12), 261 (58), 262 (10), 277 (35), 292 (100).

A n a l. Calcd for Ci2H14N40 3S: C, 48.98; H, 4.76; N, 19.05; 
S, 10.88. Found: C, 49.15; H, 4.63; N, 19.22 S, 11.00.

6'-Chloro-2' [ 1 'f f  ] -thion-3 '-pyridyl-2,4-dimethoxy-6-pyrimidmyl- 
amine (9, Ri = 6-C1; R 2 = R3 = OCH3) .— This compound was 
obtained by the reaction of 3-amino-6-chloropyridine-2[lff]- 
thione (1.6 g, 10 mmol) and 4-chloro-2,6-dimethoxypyrimidine 
(1.59 g, 11 mmol) as described for the closed triazaphenothiazines. 
White plates of 6'-chloro-2'[l'ff]-thion-3'-pyridyl-2,4-dimethoxy-
6-pyrimidinylamine (2.39 g, 80% ) were obtained: mp 270-271°; 
uv spectrum Amax 348 mp (log e 3.67), Xmi„ 320 (3.47), Amax 295 
(3.72), Amin 270 (3.47), X „ „  244 (4.39), Xmi„ 225 (4.19), Xmax 209 
(4.37); ir spectrum 3320, 3250, 1620, 1590, 1570, 1530,
1440, 1420, 1337, 1290, 1272, 1238, 1196, 1173, 1148, 1133, 
1110, 1048, 978, 960, 938, 886, 816, 809, 774 cm^1; pmr spectrum 
(DMSO-d6) t 5.95 (singlet, 4-OCH3), 5.90 (singlet, 2-OCH3),
2.60 (singlet, 4-H and 5-H), —0.25 (singlet, 3-NH); mass 
spectrum m /e (rel intensity) 252 (3), 261 (4), 265 (53), 266 (8), 
281 (28), 296 (M+ 100), 298 (61).

A n a l. Calcd for C „H UN40 2SC1: C, 44.23; H, 3.68; N,
18.76; S, 10.72; Cl, 11.90. Found: C, 44.51; H, 3.36; N, 
18.81; S, 10.70.

2-Amino-4-methyl-6-( 6-methoxy-2 [Iff] -thion - 3 - pyridyl )pyrimi- 
dinylamine (9, Ri =  6-OCH3; R2 =  NH2; R3 =  CH3).— This 
compound was prepared by acid-catalyzed condensation of 3- 
amino-6-methoxypyridm-2[lff]-thione (4.68 g, 30 mmol) and 
2-amino-4-chloro-6-methylpyrimidine (4.74 g, 33 mmol) as 
described for the closed systems. A 90% (7.10 g) yield of white 
2-amino-4-methyl-6-(6-methoxy - 2 [ I f f  ] - thion - 3 - pyridyl )pyrimi- 
dinylamine was obtained: mp >  300; ir spectrum i>max 3400, 3230, 
1650, 1595, 1550, 1412, 1290, 1262, 1058, 1020, 969, 890, 866, 
810, 788 cm -1.

A n a l. Calcd for CnHuNsOS: C, 50.19 H, 4.94; N, 26.62; 
S, 12.16. Found: C, 49.97; H, 5.09; N, 26.71; S, 12.10.

2-Amino-4-methyl-6-(6-chloro-2 [Iff] -thion-3-pyridyl)pyrimi- 
dinylamine (9, Ri = 7-C1; R2 = NH2; R3 = CH3).— The prepara­
tion of this compound from 3-amino-6-chloropyridine-2[lff]- 
thione (0.80 g, 5 mmol) and 2-amino-4-chloro-6-methylpyrimidine 
(0.79 g, 5.5 mmol) was carried out as described for the closed
1,3,6-triazaphenothiazine analog. White plates of 2-amino-4- 
methyl-6-(6-chloro-2 [Iff ]-thion-3-pyridyl)pyrimidinylamine( 1.19 
g, 89%) were obtained: mp 275-276°; uv spectrum Xmax 315 
mn (log * 4.06), Xmin 286 (3.65), Xin,i 280 (3.66), 245 (3.89),
Xmi„ 240 (3.89), Xmax 220 (3.96), Amj„ 210 (3.96); ir spectrum 
Pmax 3390, 3240, 1647, 1590, 1550, 1515, 1420, 1292, 1271, 1248, 
1211, 1148, 1120, 1070, 1028, 974, 965, 874, 856, 827, 794, 784, 
768 cm-1.

A n a l. Calcd for CioHioNoSCl: C, 44.86; H, 3.74; N, 26.17; 
S, 11.96; Cl, 13.27. Found: C, 44.67; H, 3.92; N, 26.15; 
S, 12.11.

2-Amino-4-chloro-6-(6-methoxy-2 [ Iff ] -thion-3-pyridyl)pyrimi- 
dinylamine (9, Ri = 6-OCH.,; R2 = NH2; R3 = Cl).— This com­
pound was prepared in the usual way, starting with 1.56 g (10 
mmol) of 3-amino-6-methoxypyridine-2[lff]-thione and 1.80 g 
(11 mmol) of 2-amino-4,6-diehloropyridmidine. Yellow platelets 
of 2-amino-4-chloro-6-(6-methoxy-2[lff]-thion-3-pyridyl)pyrimi- 
dinylamine (2.04 g, 72%) were obtained: mp 270-272°; ir
spectrum ¡ w  3400, 3290, 1660, 1625, 1520, 1420, 1350, 1309, 
1263, 1020, 974, 888, 815 cm“ 1.

A n a l. Calcd for Ci0H10N5OSC1: C, 42.33; H, 3.53; N, 24.69; 
S, 11.29; Cl, 12.52. Found: C, 42.51; II, 3.33; N, 24.59; 
S, 11.42; Cl, 12.44.

2-Amino-4-chloro-6-(6-chloro-2 [Iff] -thion-3-pyridyl)pyrimidin- 
ylamine (9, Ri =  6-C1; R2 =  NH2; R3 = Cl).— By acid-catalyzed 
condensation of 1.60 g (10 mmol) of 3-amino-6-chloropyridine- 
2[lff]-thione and 1.80 g (11 mmol) of 2-amino-4,6-diehloro- 
pyrimidine, yellow plates of 2-amino-4-chloro-6-(6-chloro-2[lff]- 
thion-3-pyridyl)pyrimidinylamine (2.65 g, 92%) were obtained 
as described for the closed system: mp >300°; ir spectrum rmaX 
3400, 3280, 1625, 1575, 1550, 1405, 1267, 1220, 1138, 975, 910, 
835, 790 cm -1.

A n a l. Calcd for C<,H,N6SC12: C, 37.50; H, 2.43; N, 24.31; 
S, 11.11; Cl, 24.65. Found: C, 37.74; H, 2.30; N, 24.19; 
S, 11.25; Cl, 24.61.
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Localization or Delocalization of Nonbonded 
Electrons in Unsaturated Heterocycles1

Phillip Crews,* R. Roy K intner,2 and Henry C. Padgett
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The pmr couplings for the vinyl H’s have been obtained for several fully unsaturated nitrogen heterocycles, in­
cluding l-methyl-l,2-dihydro-2-diphenylmethylidinepyridine (16), indolizine (9), 4-quinolizone (11), and 1,3- 
diphenyl-2-methylisoindole (8a). These data are discussed in terms of the average ( / av), and ratio (/ratio) of the 
J ’ s  across adjacent bonds and long-range V  couplings, and they are compared with the known values for other 
unsaturated six-membered heterocycles. The results of these comparisons indicate that nmr J  values offer a 
simple method for obtaining a semiquantitative picture of the extent of interaction between olefin residues and a 
nitrogen electron pair.
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Unsaturated organic molecules containing group VA  
or VIA heteroatoms have sparked numerous investiga­
tions aimed at defining the nature of the interaction 
between a heteroatom lone pair and adjacent trigonal 
carbons.3'4 The five-membered family of fully unsat­
urated heterocycles has received a large amount of at­
tention and some interesting similarities and diversions 
in structure can be implied for members of this series 
from data in the literature. For example, perusal of 
experimental bond lengths (A) a and b for cyclopenta- 
diene ( l )5 and a series of five-membered heterocycles 
(2 -5 )6 shows for 1 a =  1.47 and b = 1.34 as compared 
with 2-5 wherein a =  1.42-1.44 and b =  1.34— 1.37. 
The fairly close similarity of these respective data, in 
contrast to the idealized approach to a = b =  1.39 upon 
complete delocalization between the M  lone pair and 
double bonds, suggests that only a small interaction 
occurs between the olefinic function and the hetero- 
atomic electrons for 2 -5 . Semiempirical MO calcula-

X

X

1, M =  CH,;X =  H 4,M=PCH,Ph;X =  H
4a, M =  PCD,C(OCH3)2HPh; X =  Ph, CH3

2, M =  0 ;X =  C02H 5 ,M =S :; X =  H

3, M =  NH; X =  H 6, M =  0 = S : ; X =  aCH3)2CH2C(CH3)3

tionsforfuran, pyrrole, indole (7), and isoindole (8) have 
led to the proposition, based on estimates of both bond
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hedron, 26, 4505 (1970); M . J. S. Dewar and N . Trinajstie, J. Amer. Chem. 
Soc., 92, 1453 (1970); however, see also N . C. Baird, Can. J. Chem., 47, 3535 
(1969).

(5) J. F . Chiang and S. H . Bauer, J. Amer. Chem. Soc., 92, 261 (1970).
(6 ) Structural data (A) for bonds a and b, respectively, follow, (a)

2 , 1.442, 1.354: E . Martuscelli and C. Pedone, Acta Crystallogr., Sect. B,
24, 175 (1968). (b) 3, 1.429, 1.371: B. Bak, D . Christensen, L. Hansen,
and J. Andersen, J. Chem. Phys., 24, 720 (1956). (c) 4, 1.438, 1.343: P.
Coggon, T. F. Engel, A . T . McPhail, and L. D . Quin, J. Amer. Chem. Soc.,
92, 5779 (1970). (d) 5, 1.423, 1.370: B. Bak, D , Christensen, L. Nygaard,
and J. Andersen, J. Mol. Spectrosc., 7 , 58 (1961).

lengths and delocalization energies, that in furan there is 
essentially no heteroatom electron pair-carbon p orbital 
interaction, whereas a sizable such interaction of this 
type exists for the latter molecules.4 Comparison of 
the observed planar configuration about the pyrrole 
nitrogen,6b'7 relative to the pyramidal ground state 
observed for phosphole [AG+inv (4a) =  16 kcal/mol]8 
and thiophene sulfoxide [AG*inv (6) =  15 kcal/mol],9 
might suggest that the degree of interaction between 
carbon p orbitals and heteroatomic electrons is in some 
way directly a function of nonbonded orbital types. A  
variety of pmr data involving proton chemical shifts for 
pyrrole and isoindole derivatives has been interpreted as 
being in support of a fully delocalized trigonal carbon- 
heteroatom lone pair constellation.10

Most recently the similarity of 13C chemical shifts 
between indolizine (9) and the isoelectronic indenide 
anion has been put forth as evidence that the bridge­
head nitrogen does not perturb full ir-electron delocal­
ization in the former molecule.12

We have recently utilized both vicinal and long- 
range pmr coupling constants as convenient guides for 
achieving moderately precise estimates of both con­
formation and electronic configuration in polyolefins.13 
Accurate pmr coupling constant data can be found in 
the literature for each member of the series 1-5.14 For 
cyclopentadiene (1) the 3J’s across bonds b and a are
5.1 and 1.9 Hz, respectively,1411 while for 2-5 the individ­
ual 3 J’s range across bond b from a low of 1.7 Hz (furan) 
to a high of 7.2 Hz (1-methylphosphole) and across

(7) A  planar structure at nitrogen for pyrrole has been inferred from a
variety of data: R. A . Jones, Advan. Heterocycl. Chem., 11, 384 (1970);
see also H . L. Ammon and L. H . Jensen, J. Amer. Chem. Soc., 8 8 , 681 (1966).

(8 ) W . Egan, R . Tang, G. Zon, and K . Mislow, J. Amer. Chem. Soc., 93, 
6205 (1971).

(9) W . L. Mock, J. Amer. Chem. Soc., 92, 7610 (1970).
(10) (a) J. A . Elvidge and L. M . Jackman, J. Chem. Soc., 859 (1961); 

(b) J. A . Elvidge, Chem. Commun., 160 (1965); (c) J. D . White, M . E . 
Mann, H . D . Krishenbaum, and A . Mitra, J. Org. Chem., 36, 1048 (1971); 
(d) J. J. Eisch and G. Gupta, Tetrahedron Lett., 3273 (1972). However, 
data from two separate studies imply that observations of a ring current in 
five-membered ring hejerocyeles or cyclic six-7r-electron systems does not 
necessarily imply a direct relationship to enhanced resonance stabilization or 
electron delocalization. 11

(11) (a) R . J. Abraham and W . A . Thomas, J. Chem. Soc. B, 127 (1966); 
(b) J. A . Pople and K . G. Untch, J. Amer. Chem. Soc., 8 8 , 4811 (1966).

(12) R . J. Pugmire, M . J. Robins, D . M . Grant, and R. K . Robins, J . 
Amer. Chem. Soc., 93, 1887 (1971).

(13) (a) P. Crews, J. Amer. Chem. Soc., 95, 636 (1973); (b) P. Crews, 
Chem. Commun., 583 (1971).

(14) (a) M . A . Cooper, D . D . Elleman, C. D . Pearce, and S. L. M anatt, 
J. Chem. Phys., 53, 2343 (1970); (b) G. S. Reddy and J. H . Goldstein, 
J. Amer. Chem. Soc., 84, 583 (1962); (c) H . Fukui, S. Shimukawa, and J. 
Sohma, Mol. Phys., 18, 217 (1970); (d) D . M . Grant, R. C. Hirst, and H . S. 
Gutowski, J. Chem. Phys., 38, 470 (1963); (e) L. D. Quin, J. G . Bryson, 
and C. G . Moreland, J, Amer. Chem. Soc., 91, 3308 (1969).
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Figure 1.— Experimental (100MHz) and calculated pmr spectrum of indolizine (as 15% solution in CDCU). Chemical shifts (Hz) are
relative to TMS.

bond a from a low of 1.9 Hz (1-methylphosphole) to 3.6 
Hz (pyrrole). Large variations can also be observed for 
the 4J ’s and6J ’s for ring systems 1 -5 .I4b~e Thus the M  
center exerts a substantial influence on the J ’s in com­
pounds 1 -5 ; consequently, these vicinal or long-range 
pmr J ’s have only limited utility as a useful probe of 
structure. Alternatively, there are several isomeric
5,6-fused ring heterocycles known which are electronic 
homologs of ring skeletons 2 and 3. In these systems 
the heteroatom effect upon several J ’s should be negligi­
ble owing to the large number of heteroring bonds 
separating the coupled protons and heteroatom. We 
therefore felt that a systematic comparison of pmr J ’s 
among several bicyclic and fully unsaturated nitrogen 
heterocycles would be an attractive starting point in a 
program to provide a sound basis for attempting to 
index the extent of long pair-trigonal carbon interac­
tion. In this regard we describe below data obtained 
from pmr analyses of l,3-diphenyl-2-methylisoindole 
(8a), indolizine (9), l-methyl-2-cyclopentadienylidene-
1,2-dihydropyridine (10), and 4-quinolizone (11).

Spectral Analyses.—Pmr coupling constant data for 
indolizine (9) was first reported by Black, et al., some 
years ago.16 The protons of 9 are representative of an 
ABCD EFG type spin system with a maximum of 21 
coupling constants, and obtaining an accurate solution 
for such a complex spin system tests the limits of most 
of the available iterative computer programs. In order 
to simplify the analysis of this specta, Black approxi­
mated nine of the long-range J ’s as being equal to zero; 
however, there are examples in the literature which 15

(15) P. J. Black, M . L. Heffernan, L. M . Jackman, Q. N . Porter, and
G . R . Underwood, Aust. J. Chem., 17, 1128 (1964).

demonstrate that significant errors can be present in 
3J ’s derived from analyses in which certain long-range 
couplings are arbitrarily ignored.133'16 Our 100-MHz 
pmr experimental spectrum of indolizine is shown in 
Figure 1. By treating it as a closely coupled seven-spin 
system we were successful in obtaining an acceptable fit 
of the computer-generated spectrum and the experi­
mental, following several trial calculations and a final 
iterative run in which 456 transitions were assigned. It 
should be noted that only one of the possible 21 cou­
plings is equal to zero (Table I).

The pmr spectrum of the interesting amide 4-quinol­
izone (11) (see paragraph at end of paper regarding 
supplementary material) was also treated as a closely 
coupled seven-spin system and 472 transitions were 
assigned in the final iterative run. Treatment of the 
spectrum of isoindole 8a as an A A 'B B ' spin system gave 
a computer-generated spectra which was an exact fit of 
the experimental. Although pmr J ’s had been pre­
viously published for 10, inspection of these data re­
vealed that the 4J for the nitrogen ring had been as­
sumed to be zero.17 The results of our analyses of the 
pmr J ’s for this compound are given in Table I.

Discussion

Before attempting to evaluate the trends exhibited by 
the pmr J ’s (Table I) obtained for the nitrogen hetero­
cycles described in the previous section, it is necessary to 
briefly summarize several simultaneously operating 
effects. The major influences upon the pmr J ’s of vinyl 
H ’s in unsaturated ring systems can be ascribed to 
variations in (a) electron delocalization (even though 
3Jtotal can be approximately partitioned in terms of 3J„ 
and ?‘Jr, it has been shown by several groups that good 
linear correlations can be drawn between changes in 
3J and C -C  bond length) ;16b'18 (b) H -H  dihedral

(16) (a) R. E . Rondeau, H . M . Rosenberg, and D . J. Dunbar, J. Mol. 
Spectrosc., 26, 139 (1968); (b) M . A . Cooper and S. L. Manatt, J. Amer. 
Chem. Soc., 91, 6325 (1969).

(17) J. H . Crabtree and D . J. Bertelli, J. Amer. Chem. Soc., 89, 5384 
(1967).

(18) (a) D . J. Bertelli and P. Crews, Tetrahedron, 26, 4717 (1970); (b) 
J. B. Pawliczek and H. Gunther, ibid., 26, 1755 (1970).
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T a b l e  I

E x p e r i m e n t a l  P m r  C o u p l i n g  C o n s t a n t s “

•̂H.H 15 16 10 9 u 8a

1,2 7.11 7.00 6.74(6.50) 7.06 7.36 8.63 4.86 4.84
1,3 1.39 1.64 1.47(1.60) 1.07 1.30 0.98 1.85 1.79
1,4 0.89 0.76 0.76(0) 1.21 0.97 1.02 0.98 1.00
2,3 5.40 5.96 6.61(6.50) 6.45 6.50 6.39 7.66 7.62
2,4 1.27 1.44 1.43(1.50) 1.30 1.52 0.98 1.36 1.45
3,4 9.80 9.72 9.27(9.30) 9.07 8.91 8.63 7.66 7.62
5,6 3.93 7.47
5,7 1.39* 1.27
6,7 2.70 8.75
1,5 ± 0 .9 5 ±0 .9 8
1,6 ± 0 .1 0 -0 .3 0
1,7 ±0 .1 5 ± 0 .1 7
2,5 ± 0 .2 0 ± 0 .3 4
2,6 ± 0 .3 2 ±0 .0 9
2,7 ± 0 .2 5 ± 0 .1 0
3,5 ± 0 .1 4 ±0 .1 9
3,6 ±0 .21 ± 0 .1 6
3,7 0.00 ± 0 .1 7
4,5 ±0 .3 5 ± 0 .2 2
4,6 ±0 .21 ±0 .1 8
4,7 ±0 .6 8 ±0 .3 2

Ref e This work“ This work, / This work6 This work' This workfc g

' J ’ s  are in hertz. b Experimental proton chemical shifts (in hertz) are in Figure 1. ' Chemical shifts (hertz) relative to TMS: :
via  =  757.8, 1*2,3 =  693.2; 16, n  =  645.9, n  =  541.1, n  =  610.6, * 4 =  676.9; and 11, n  =  903.5, n  =  692.8, ¡*3 =  725.8, v,  =  740.3, 
vs =  657.7, r6 =  759.0, r7 = 655.7. d The relative sign could not be determined (see Experimental Section) but a +  sign is preferred 
based upon calculations: M. Bacon and G. E. Maciel, M o l .  P h y s . ,  21, 257 (1971). • G. Fraenkel and J. C. Cooper, T e t r a h e d r o n  L e t t . ,  

1825 (1968). 1 J. H. Crabtree and D. J. Bertelli, J .  A m e r .  C h e m .  S o c . ,  89, 5384 (1967). a S. Castellano, C. Sun, and R. Kostelnik, J .  

C h e m .  P h y s . ,  46, 327 (1967) ; J. B. Merry and J. H. Goldstein, J .  A m e r .  C h e m .  S o c . ,  88, 5560 (1966).

angles19 (both ZJ and 4./  are directly sensitive to such 
angle changes, and 3J follows a Karplus-type function, 
across sp2-sp 2 single bonds while iJ passes from positive 
to negative in sign as the angle H -C C C -H  increases) ;14a 
(c) ring strain (using benzenoids as models, increasing 
ring strain affects 3J couplings in a random way, iJ 
decreases, and 5J increases);20 and (d) ring size (i.e., 
changes in angle HCC ) .21

Since we wish to capitalize upon the sensitivity of 
Jvic to variations of bond or electron delocalization in 
our analysis of fused-ring nitrogen heterocycles, it is 
imperative that only this parameter change over a 
related series of compounds. To illustrate how some of 
these above-mentioned factors can be easily recognized, 
the pmr J’s for several planar, unsaturated six-membered 
rings have been collected in Table II. To facilitate our 
discussion of the trends in the tabulated vicinal cou­
plings we include the computed average and ratio of the 
3J ’s across adjacent bonds. The data for the unsatu­
rated C-6 rings of Table II will be briefly discussed below 
in order to specifically illustrate how «/av and / ratio can 
provide a convenient assay of variations in a-d and also 
to point out their limitations in this end.

In principle the invarance of parameter . /av =  1/2- 
(</23 +  Ju) for a series of related polyenes reflects that

(19) (a) S. Sternhell, Quart Rev., Chem. Soc., 23, 236 (1969); (b) M . Bacon 
and G. E. Maciel, M ol. Phys., 21, 257 (1971).

(20) M . A . Cooper and S. L. Manatt, J. Amer. Chem. Soc., 92, 1605 (1970).
(21) O. L. Chapman, / .  Amer. Chem. Soc., 85, 2014 (1963); G. V. Smith 

and H. Kriloff, ibid., 85, 2016 (1963); P. Laszlo and P. v. R . Schleyer, 
ibid., 85, 2017 (1963).

T a b l e  I I

P r o t o n  C o u p l in g s  f o r  V i n y l  H ’s  o f  
P l a n a r  S i x - M e m b e r e d  R in g s

Compd J 23 J 34 J 24
J  av — 0.5 

Ref (4/23 d- J 34)
J ratio —

J is/J mCO .5.47 9.69 0.99 13a 7.58 0.56

oo 8.23 6.89 1.00 20 7.56 0.84“

CO 5.83 8.30 1.20 16b 7.57 0.92

0 7.54 7.54 1.37 b 7.54 1.00

“ (*723/ J 34) —1. M. Read, R. E. Mayo, and J. H. Gold-
stein, J .  M o l .  S p e c t r o s c . ,  22,419 (1967).

factors b-d remain constant, whereas the invariance of 
Jratio =  Jn/Ju reflects that factors a-d are constant. 
The similarity of / av [=  l/i{Jn +  Ju) =  7-57 ±  0.03 
Hz] for the compounds in Table II reflects that each of 
the unsaturated C-6 rings have a planar conformation 
with approximately the same component of ring strain. 
Moreover, the average of the bond lengths across the 
two adjacent olefinic bonds can be assumed to be 
approximately identical. That the term Jav is spe­
cifically sensitive to variation in b and c can be shown by 
the dav =  7.25 and 6.24 Hz, respectively, for 1,3-cyclo- 
hexadiene13a and benzocyclopropene (13).20 In 1,3- 
cyclohexadiene the H2-H 3 dihedral angle is known to be
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1 8 °22 and 13 has been concluded to exhibit extreme ring 
strain as evidenced by the unusually small 4/ 24 =  0.33 
H z .20 It has, however, been pointed out that 3 J’s may 
not vary in a predictable fashion as the component of 
ring strain changes;20 therefore, to fully assess variation 
in this term (i.e., c) it is evident that both the / av and 
4J Hh values must be monitored. Tricyclic undecadiene 
14, which can be assumed to have a planar diene con­
formation, represents a particularly dramatic example 
in which «/av =  7.60 Hz is almost identical with that 
observed in Table II, whereas the diminished 4/ 24 =  
0.58 Hz indicates that the diene ring is moderately 
strained.23 Turning to ./ratio (Ja/Ju), the regular in­
crease in this parameter from 0.56 to 1.0 in progressing 
down Table II directly reflects the convergence of the 
adjacent bond lengths from fullyr bond alternant in tri- 
cyclo[4.4.1.0]undecadiene (12) to delocalized in ben­
zene.24

In order to utilize / ratio as an index of electron delocal­
ization for the fused-ring nitrogen compounds one must 
first have estimates of this parameter for the two limit­
ing heterocyclic structural types. Pmr J ’s for the vinyl 
H ’s of 2-n-butyl-l,2-dihydropyridine-d1 (IS) are 
known25 (Table I), and comparison of these data with 
those from tricycloundecadiene (12, Table II) shows 
th at3J’s (/23 and Ju), ./av, and J rat¡0 (Tables II and III)

T a b l e  III
P m r  J ’ s  f o r  V i n y l  H y d r o g e n s

J — J ratio =
(t/2 3  >/m) /2  Jr,./JmCompd

O
11

Ph

Ref Ju
25 1.27

1.44

1.43

1.30

1.52

0.98

a 1.37
1.45

7.60 0.55

7.84 0.61

7.94 0.71

7.76 0.71

7.71 0.73

7.51 0.74

7.66 1.0
7.62

0 S. Castellano, C. Sun, and R. Kostelnik, J .  Chem.. P h y s., 46, 
327 (1967); J. B. Merry and J. H. Goldstein, J .  A m er. Chem . 
Soc., 88, 5560(1966).

(22) H. Oberhammer and S. H. Bauer, J. Amer. Chem. Soc., 91,»10 (1969); 
S. S. Butcher, J. Chem. Phys., 42, 1830 (1965).

(23) Computed J,,v and J 24 from couplings reported by H. Gunther and
H. H. Hinrichs, Tetrahedron Lett., 787 (1966).

(24) Gunther has previously proposed ./rati 0 as a qualitative index of 7r-
bond delocalization: H. Gunther, Tetrahedron Lett., 2967 (1967).

(25) G. Fraenkel and J. C. Cooper, Tetrahedron Lett., 1825 (1968).

are, within experimental error, identical. The large 
variation in Jn of 1.6 Hz between 12 and 15 and the 
difference in their 4/ 24’s of 0.4 Hz can be ascribed to the 
substituent effect of nitrogen.26 Models show the diene 
carbons of 12 to be entirely coplanar, and the similarity 
of Jav and Ju (corrected for the N  substituent) be­
tween 12 and 15 implies near coplanarity of the diene 
array in the latter. The coincidence of «/ratio for these 
two compounds indicates that dihydropyridine 15 
displays pmr J’s characteristic of an approximately 
planar olefin-nitrogen chromophore in which the lone 
pair is entirely localized at nitrogen. As might be 
anticipated, the / av term computed for pyridine (Table
III) is essentially identical with that of 15, and the 
pmr J’s of pyridine provide values to be expected for 
complete delocalization. To further test the sensi­
tivity of «/ratio and Jav to substitution upon the dihydro­
pyridine ring nucleus we prepared 1-methyl-
l,2-dihydro-2-diphenylmethylidinepyridine (16). By

12 13 14

Ph

15 16

matching a computer-generated spectrum to the 100- 
M Hz pmr spectrum of the vinyl H ’s of 16 we obtained 
the J’s reported in Table I (see paragraph at end of 
paper regarding supplementary material). The com­
puted </av =  7.84 and 4/ 24 =  1.4 Hz for 16 (Table III) 
are quite similar to the corresponding values of / av =
7.60 and 4/ 24 =  1.3 Hz for dihydropyridine 15. The 
very slight increase of /ratio =  0.61 for the former vs. 
Jratio =  0.55 for the latter indicates that only a minor 
interaction of the nitrogen lone pair with the carbon 
p orbitals results when the length of the adjacent ole- 
finic chromophore is significantly increased. In con­
trast, replacement of the diphenylmethilidine function 
by a fulvene group on the IV-methyldihydropyridine 
ring system, i.e.. 16 -*■ 10, causes a significant increase 
in the parameter /ratio to 0.71, while / aT (7.84 vs. 7.94) 
and 4/ 24 (1.4 vs. 1.4 Hz) are essentially invariable.

Additional changes in the architecture of the dihydro­
pyridine skeleton are embodied in indolizine (9) and
4-quinolizone (11). Scrutiny of the data summarized 
in Table III shows that for compounds 10, 9, and 11 
each of the parameters / av (7.94, 7.76, 7.71 Hz), / 24

(26) Based on pmr J ’s of benzene27 vs. pyridine28 and naphthalene165 us. 
quinoline,29 the nitrogen substituent effect upon 3<7 is almost negligible at the 
/3~7 bond [3J  (benzene) =  7.54 Hz vs. 3Jzi (pyridine) =  7.66 Hz, and 3Jzt 
(naphthalene) =  8.30 Hz vs. 3J 34 (quinoline) =  8.3 H z], but 4Ju  is slightly 
increased [4J  (benzene) =  1.37 Hz and (pyridine) =  1.37 or 1.45 H z)]. 
It  is also noteworthy that the relative input of AJ-n- ( — sign) and 4J<j ( +  
sign)13“ upon 4J total appears to be slightly changed upon going from a diene 
to a fully delocalized system, as evidenced by 4J 24 =  0.99 Hz for 1 2  increasing 
to *J24 =  1.37 Hz for benzene and 4J 24 =  1.27 Hz for 15 increasing to 4J 24 =
1.37 or 1.45 Hz for pyridine.

(27) J. M . Read, R. E . M ayo, and J. H . Goldstein, J. Mol. Spectrosc., 22, 
419 (1967).

(28) S. Castellano, C. Sun, and R. Kostelnik, J. Chem. Phys., 46, 327 
(1967); J. B. Merry and J . H . Goldstein, J. Amer. Chem. Soc., 8 8 , 5560 
(1966).

(29) P. J. Black and M . L. Heffernan, Aust. J. Chem., 17, 558 (1964).
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(1.4, 1.3, and 1.5 Hz), and / ratio (0.71, 0.71, and 0.73) 
are almost identical. A  similar coincidence in these 
respective data is also observable for isoindole 8a (4/ 24 
corrected for an adjacent nitrogen substituent effect). 
Thus, an overall view of the data of Table III in terms of 
■/ratio reveals three catagories of nitrogen heterocycles 
8a, 9, 10, and 11 which are bordered on one side by 
dihydropyridines 15 and 16 and by pyridine on the 
other.

As a first approximation quinolizone (11) can be 
considered to be an extended vinylogous amide. In 
simple amides dynamic magnetic resonance studies 
have revealed a barrier of 20 kcal/mol for rotation 
about the C -N  bond,30 which is consistent with Paul­
ing’s conclusion that charged resonance structures such 
as B, representing total N  lone pair delocalization, 
contribute 40%  to the ground state.31

The ground-state structure of quinolizone (11) can be 
expressed in similar terms with the aid of the /ratio- In 
Table III descending from dihydropyridine 15 the 
■/ratio for 11 has progressed ca. 40%  of the distance 
toward a value of unity, which implies that the extent of 
delocalization of the nitrogen lone pair in a simple 
amide is not further increased when it is inserted into a 
cyclooctetraene-type chromophore to give quinolizone 
(11). Similarly, isoindole (8) and indolizine (9) can be 
viewed, based on their respective / ratio values, as having 
a magnitude of N  lone pair delocalization which is 
nearly identical with that of quinolizone. The elec­
tronic structure of cyclopentdienylidenedihydropyridine 
(10) has been discussed previously. On the basis of its 
observed and calculated dipole moment30 and measured 
C -N  rotational barrier from dnmr experiments17 
charge-separated structures have been envisioned as 
making approximately a 30%  contribution to the 
structure of 10. It is satisfying to note that our pmr J 
data suggest an entirely similar conclusion for this 
molecule in that /ratio has progressed ca. 35%  toward 
the limiting value of unity.

Thus, it appears that the measurement of pmr J’s for 
unsaturated heterocycles, wherein the effects of the 
heteroatom upon /  are minimal, can provide a rapid, 
semiquantitative method for evaluation of the influence 
of the heteroatom lone pair on their electronic con­
stitution. We feel that this method has distinct ad­
vantages over the more classical methods involving 
interpretation of dipole moments or barriers of dynamic 
behavior, and we are currently expanding this approach 
to the further study of second and higher row unsat­
urated heterocycles.

aid of iterative least-squares programs, l a o c n  3 or n m r it 32 on 
spectra recorded at 54 Hz sweep width. An experimental cou­
pling constant error is estimated at ±0 .1  Hz based upon our 
ability to detect significant changes in the computed spectra as a 
function of different imput values. The relative signs of the 
coupling constants were assumed to be positive for dihydropyri­
dines 10 and 16 and for isoindole 8a based upon analogy to the 
known relative signs in other unsaturated six-membered 
rings13,20,28 and upon the good agreement between the calculated 
and experimental spectra. The proton chemical shifts of the 
multiplets in the indolizine (9) spectra were solvent sensitive, but 
they did not show a large downfield shift in the presence of Eu- 
(thd)3. Exact chemical shift assignments were derived by in­
spection of the 15% CDC13 spectrum in which H ’s 2, 5, 6, 7, and 
8 (Figure 1) were assignable entirely on first-order coupling con­
siderations. The assignment33 of Hi (vs. H3) at S 6.38 was 
suggested by double irradiation at Hg ( S 7.27) and this assign­
ment was confirmed by trial and error computer runs. Relative 
to the experimental the computed spectra were quite sensitive to 
alterations in long-range J ’ s .  For example, switching33 J n  and 
/26 resulted in unacceptable changes in the multiplet shapes of H5 
and H6, and a switch of the * J  couplings among H ’s 1 ,3 ,5 , and 8 
in that /  is —► / 35, J  is —*■ /  is, / 35 — / 38, and / 38 —► J  is caused per­
ceptible deterioration of the multiplets associated with Hi, H3, 
Hs, and H8. In contrast, systematic variation of the relative 
signs of all of the cross-ring couplings and intraring coupling J i3 

produced essentially no variation in the appearance of the multi­
plet sets. The relative signs for the remaining intraring long- 
range couplings for 9 were derived by trial and error input of both 
plus and minus values. The multiplet structure of the 4-quino- 
lizone (11) spectra showed with only one exception (/is) insensi­
tivity to variation in the relative signs of the cross-ring coupling 
constants. The signs of the intraring couplings for 11 were 
derived by input of both possible signs.

The compounds analyzed in this work, 2-methyI-l,2-dihydro- 
2-diphenylmethilidinepyridine (16),34 l-methyI-2-cyelopentadi- 
enylidene-l,2-dihydropyridine (10),35 indolizine (9),36 4-quino- 
lizone (11),37 and isolindole (8a),10a were prepared according to 
literature methods.
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Experimental Section

The nmr spectra were determined on a Jeol PS-100 spectrom­
eter (100 MHz), and computer analyses were performed with the

(30) The magnitude of the barrier for D M F  has an unusual history: 
P. Laszlo and P. Stang, “ Organic Spectroscopy,” Harper and Row, New  
York, N. Y ., 1971, pp 151-153.

(31) L. Pauling, “ The Nature of the Chemical Bond,” 3rd ed, Cornell 
University Press, Ithaca, N. Y ., 1960, pp 281-282.

(32) These programs are described in D . F. Detar, Ed., “ Computer Pro­
grams for Chemistry,” Vol. I. W . A. Benjamin, New York, N. Y ., 1968.

(33) Numbering system of Figure 1.
(34) A. E . Tschitschibabin and S. W . Benewolenskaja, Chem. Ber., 61, 

547 (1928).
(35) J. A. Berson, E. M . Evleth, and Z. Hamlet, J. Amer. Chem. Soc., 87, 

2887 (1965).
(36) V. Boekelheide and R. J. Windgassen, Jr., J. Amer. Chem. Soc., 81, 

1456 (1959).
(37) V. Boekelheide and J. P. Lodge, Jr., J. Amer. Chem. Soc., 73, 3681 

(1951).
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Nucleophilic and Bifunctional Catalysis.
Mechanism, Reactivity, and Transition-State Structure in the Hydrolysis of

2-Chloro-4-isopropylamino-6-cyclopropylamino-s-triazine by 
N-Hydroxysuccinimide and l-Hydroxy-2-piperidone

N a o m i  I. N a k a n o , E d w a r d  E. S m i s s m a n , *  a n d  R i c h a r d  L. S c h o w e n

D e p a r t m e n t  o f  M e d i c i n a l  C h e m i s t r y ,  S c h o o l  o f  P h a r m a c y  a n d  D e p a r t m e n t  o f  C h e m i s t r y ,

T h e  U n i v e r s i t y  o f  K a n s a s ,  L a w r e n c e ,  K a n s a s  6 6 0 4 4

R e c e i v e d  A u g u s t  1 6 ,  1 9 7 3

The hydrolysis in water at 70° of the herbicide 2-chloro-4-isopropylamino-6-cyclopropylamino-s-triazine 
(Cyprazine) is nucleophilically catalyzed by JV-hydroxysuccinimide and l-hydroxy-2-piperidone, which are 
models for natural plant resistance factors. iV-Hydroxysuccmimide (pffa ~  6), which is more acidic than the 
transition state for its attack on the triazine nucleus (pKa ~  7), is 10-fold more nucleophilically reactive than its 
conjugate base, while l-hydroxy-2-piperidone (pK „  ~  9), which is less acidic than the transition state, is 25-fold 
less reactive than its conjugate base, in agreement with a general rule. Structural analysis of the transition 
states shows that the reduced acidity results from a bifunctional catalytic proton bridge in a reactant-like transi­
tion state. Application of the findings to the i n  v i v o  action of the corn-plant resistance factor demonstrates 
that the mechanism is adequate to describe the biological detoxification of the herbicide.

The ability of resistant plants to metabolize and 
detoxify 2-chlorobis(alkylamino)-s-triazine (1) herbi-

R‘HN

Cl

N ^ N

NHR2

C o m p d

a , Simazine
b, Atrazine

c, Cyprazine

1

R 1 R 2

c2h , c2h5
; - c3h7 c2h5

/CH,
i-C3H7 -CH | 

\  1
" ^ C H ,

cides is now considered to be the basis for the selectivity 
of this class of herbicides rather than the degree of ab­
sorption of the herbicide by resistant plants or selective 
interference with certain biochemical processes by the 
herbicides in susceptible plants.1-3 Three metabolic 
pathways for 1 are now known to exist, with the major 
pathway found in corn being dechlorination to give the 
2-hydroxy analogs, which are relatively nonphyto­
toxic.4-7

The compound which is responsible for this meta­
bolic inactivation reaction was isolated and identified as 
a benzoxazinone hydroxamic acid (2) which occurs as 
the glucoside.8-12

The dechlorination reaction caused by this cyclic 
hydroxamic acid has also been demonstrated to occur 
in  vitro.6>13 In resistant crops such as sorghum6’14 and

(1) H . Gysin and E. Knuesli, Advan. Pest Contr. Res., 3, 289 (1960).
(2) M . !.. Montgomery and V. H. Freed, J. Agr. Food Chem., 12, 11 

(1964).
(3) R . H. Shimabukuro and H. R. Swanson, J. Agr. Food Chem., 17, 199 

(1969).
(4) P. Castelfranco, C. P. Foy, and D. B. Deutch, Weeds, 9, 580 (1961).
(5) R. H. Hamilton and D . E . Moreland, Science, 136, 373 (1962).
(6 ) R. H. Shimabukuro, Plant Physiol., 42, 1269 (1927).
(7) W . Roth, C. R. Acad. Sci., 246, 942 (1957).
(8 ) A. V. Virtanen and P. K . Hietala, Suom. Kemistilehti B , 32, 252 

(1959).
(9) O. IVahlroos and A. I. Virtanen, Acfa Chem. Scand.. 13, 1609 (1959).
(10) A. I. Virtanen and P. K . Hietala, Acta Chem. Scand., 14, 499 (1960).
(11) P. K . Hietala and A. I. Virtanen, Acta Chem. Scand., 14, 502 (1960).
(1 2 ) E . Honkanen and A. I. Virtanen, Acta Chem. Scand., 14, 504 (1960).
(13) W . Roth and E. Knuesli, Experientia, 17, 312 (1961).
(14) R. H. Shimabukuro, Plant Physiol., 43, 1925 (1968b

OH
2a, R — R ’ -  H
b, R = CH„0; R' = H
c, R = C H, O : R' = glucose

pea plants,16’16 which do not contain the hydroxamic 
acid 2, an N-dealkylation pathway has been shown to be 
responsible for the resistance to the chlorotriazine 
herbicides. Another metabolic pathway which has 
recently been reported is the formation of a glutathione 
conjugate of the triazine herbicide in the sorghum 
plant.17

Although evidence exists regarding the detoxification 
of the chlorotriazines (1) by the cyclic hydroxamic 
acids, 2a and 2b, studies concerning the mechanism 
of this process are very limited. Castelfranco and 
Brown18 screened many nucleophilic agents for their 
ability to react with Simazine (la) but found that only 
pyridine and hydroxylamine were effective. They 
suggested that nucleophilic attack occurred at carbon 
2. The resulting intermediate 3 may undergo hydrol­
ysis to give the 2-hydroxy triazine, 4 (eq 1). Tipton

NHR1 NHR1

+ nO >
y—n

-  A iJ—N v
NHR2 NHR2

1 3
NHR1

V - N
nQ > -
A

NHR2
4

> c r

( l )

(15) R . H . Shimabukuro, R. E. Kadunce, and D . S_-Erear, J. Agr. Food 
Chem., 14, 392 (1966).

(16) R. H . Shimabukuro, J. Agr. Food Chem., 15, 557 (1967).
(17) G. L. Lanoureux, R . H . Shimabukuro, R . H . Swanson, and D . S. 

Frear, J. Agr. Food Chem., 18, 81 (1970).
(18) P. Castelfranco and M . S. Brown, Weeds, 10, 131 (1962).
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and coworkers19 have recently studied the reaction of 
Simazine with the hydroxamic acid 2b and suggested 
that a molecular aggregate of 2b may catalyze the re­
action.

Since the reaction of the chlorotriazines 1 and the 
natural detoxifying agents 2 is slow13 and 2 is unstable 
in hydroxylic solvents,10,20,21 we decided to examine 
the reaction of 2-chloro-4-isopropylamino-6-cyclopropyl- 
amino-s-triazine (Cyprazine, lc) with more stable hy­
droxamic acids. The two cyclic hydroxamic acids 
which were selected as models for the natural system 
2 were A-hydroxysuccinimide (5) and l-hydroxy-2- 
piperidone (6). The absence of strong chromophores

Cr̂o1
OH
5

. 1 
OH

6

in 5 and 6 permitted us to obtain detailed kinetic data 
by ultraviolet spectrophotometry.

Results

A-Hydroxysuccinimide-Catalyzed Hydrolysis of Cy- 
prazine. --T h e ultraviolet absorption change with time 
during the reaction of Cyprazine (lc, 3.0 X  10~4 M) 
with A-hydroxysuccinimide (5) (20.0 X  10-4 M) at 
70° in water containing 2 %  methanol is presented in 
Figure 1. The initial absence of isosbestic points shows 
that an intermediate (Xmax ~ 2 6 0  nm) accumulates 
during the first 2 hr. It then proceeds over a longer 
period to 2-hydroxy-4-isopropylamino-6-cyclopropyl- 
amino-s-triazine (4), to which the final spectrum cor­
responds exactly. If 4 arises from hydrolysis of an 
intermediate generated by reaction of Cyprazine and 
5, it should be isolable from their reaction in a non- 
aqueous medium. In fact, the product of the reaction 
in acetonitrile has Xmax 258 nm and a spectrum which 
resembles the 2-hr spectrum in Figure 1 (where the 
maximum at 258 nm can be seen as a shoulder) so that 
the isosbestic points observed after 2 hr at 228 and 
255 nm corresponds to conversion of this compound to
4.

Neither the intermediate compound 7 nor the product 
4 nor AT-hydroxysuccinimide (5) absorb at wavelengths 
beyond 280 nm, so that the decrease in absorbance at 
285 or 290 nm gives a direct measure of the rate of dis­
appearance of lc. Similarly, the increase in absorbance 
at 243 nm is specific for appearance of 4. First-order 
plots of the data at 285 or 290 nm are linear with slopes 
independent of the initial concentration of reactant 
lc. The first-order rate constants, W  (Table I), are 
proportional to the concentration of A-hydroxysuc- 
cinimide (present in 6.7-fold to 27-fold excess) in both 
water and 0.1 Af acetate buffer (pH 3.94) and are un­
altered by the buffer at this pH. A  plot of W  vs. con­
centration of 5 yields a second-order rate constant ki 
of 480 M - 1 h r -1 at 70°.

First-order plots of the data at 243 nm show an ini­
tial lag time of 1-4 hr (depending on the concentration

(19) C. L. Tipton, R. R. Husted, and F. H. C. Tsao, J. Apr. Food Chem., 
19, 484 (1971).

(20) J. B-Son Brendenberg, E . Honkanen, and A. I . Virtanen, Acta Chem. 
Scand., 16, 135 (1962).

(21) M . D . Corbett, Ph.D. Thesis, University of Kansas, 1970.

Figure 1.—Ultraviolet absorption as a function of time during 
the reaction of Cyprazine (lc, 3 X 10~4 M )  with IV-hydroxy­
succinimide (5, 2 X 10-3 M )  at 70° in water containing 2%  
methanol.

Table I
First-Order Rate Constants in the Reaction of 

Cyprazine (lc) with 1V-Hydroxysuccinimide 
(5) in Water (1% Methanol) at 70°

10<[lc], M 1005], M Buffer k i ' , hr 1 k i , hr 1

1.50 1.00 None 0.444 0.130
1.50 2.00 None 0.820
1.50 3.00 None 1.20
3.0 4.00 None 2.01 0.126
1.50 2.00 Acetate“ 0.94 0.128
1.50 3.00 Acetate“ 1.50
1.50 4.00 Acetate“ 1.88
1.50 0.00 Acetate“ 0.023

“ Acetate buffer composed of 0.084 M  acetic acid, 0.016 M  

sodium acetate (pH 3.9 at 70°), /r = 0.5 with added potassium 
chloride.

of 5), followed by good first-order behavior. The first- 
order rate constant (Table I) is independent of the 
concentration of lc, 5, and acetate buffer at pH 3.94, 
and is identical with that obtained in separate experi­
ments for hydrolysis of the intermediate 7 to 4 and 5 
under the same conditions.

These data thus indicate a second-order reaction of 
Cyprazine with A-hydroxysuccinimide to form an inter­
mediate 7, which slowly hydrolyzes to 4 with regenera­
tion of 5. A-Hydroxysuccinimide is therefore a cata­
lyst for the hydrolysis of Cyprazine.

Structure of the Intermediate 7.—The product 7 of 
the reaction of Cyprazine and A-hydroxysuccinimide

7



4398 J. Org. Chern., Vol. 38, No. 26, 1973 N a k a n o , S m i s s m a n , a n d  S c h o w e n

in acetonitrile is a monohydrochloride (silver nitrate, 
titration with 0.1 N NaOH) with a pK a of 2.07 at 
26° (vs. 1.6 for lc). It hydrolyzes to 4 and A-hydroxy- 
succinimide in water, as shown by thin layer chroma­
tography. The nmr spectrum of the salt in CDCh in­
dicates the absence of a free OH group. These results 
and the analytical data are all consistent with the prod­
uct 7 [R1 =  ¿-C3H 7, R 2 =  CH (CH2)2] from nucleo­
philic attack by the oxygen on lc.

Effect of pH.—The rate of attack of A-hydroxysuc- 
cinimide (5) on Cyprazine (lc) is independent of buffer 
concentration but varies with pH as shown in Table 
II. If the fall-off at higher pH is assumed to result

T a b l e  I I

p H  D e p e n d e n c e  o f  R a t e  C o n s t a n t s  i n  t h e  R e a c t io n  
o f  C y p r a z i n e  (lc) w i t h  IV -H y d r o x y s u c c i n i m i d e  (S) 

i n  W a t e r  (1% M e t h a n o l ) a t  70°

Buffer [HA], M
[MA],

M pH
10!

[5], M k i\  hr ;
CH3CO2H - 0.084 0.016 3.94 2.00 0.94
CH3C02Na 0.084 0.016 3.94 0.00 0.023

0.016 0.084 5.40 2.00 0.73
0.016 0.084 5.40 0.00 0.002

k h 2p o 4-
Na2HP04-7H20 0.050 0.050 6.8» 2.00 0.21
“ Measured at 26° .

from ionization of A-hydroxysuccinimide to its con­
jugate base, then eq 2 should hold where fcHA' and fcA'

k /  =  ^ha' / ha +  k \ ' {  1 — / ha) (2)

are the pseudo-first-order rate constants for reaction 
of the acid and base forms, respectively, and / Ha is the 
fraction of 5 present as acid. Taking the pKa of 5 as 
about 6 at 70° (it is 5.95 at 25°), eq 2 is obeyed for the 
three available points and gives =  0.9 hr-1 and 
fcA' =  0.08 hr-1 . This remarkable result indicates that 
the neutral form of 5 is ten times more nucleophilic than 
its conjugate base toward Cyprazine.

l-Hydroxy-2-piperidone Catalyzed Hydrolysis of 
Cyprazine.—The time variation of the ultraviolet 
spectrum in the course of the reaction of l-hydroxy-2- 
piperidone (6) with Cyprazine is identical in character 
with that described for the A-hydroxysuccinimide reac­
tion. Analysis of the data at 290 nm yields a rate 
constant ki for disappearance of lc at 70° in water of 
0.01 hr-1 (0.002 M 6, pH 4.4-6) while fc2 for conver­
sion of the intermediate to 4 is 0.0027 hr“ 1. At pH 10.0 
in 0.1 M  carbonate buffer, both rate constants greatly 
increased, fc/ to 0.25 hr“ 1, fc2 to about 0.2 hr-1 . Thus, 
contrary to the situation with IV-hydroxysuccinimide, 
nucleophilic attack by 6 on Cyprazine is base catalyzed. 
If this results from formation of the conjugate base of 6, 
this species is about 25 times more reactive than neutral
6. The increase in fc2 at high pH is indicative of base 
catalysis in the hydrolysis of 7.

Activation Parameters.— A rough determination of 
the rate of the A-hydroxysuccinimide reaction with 
Cyprazine at 40° yields a rate constant fci =  95 M ~l 
hr“ 1. Together with the value of 480 M~x hr-1 at 70°, 
this gives the approximate activation parameters 
AG'3.13* =  2.16 kcal/mol, AH* =  11 kcal/mol, and AS* 
=  — 31 gibbs/mol. From these, we estimate ki =  37 
M ~l hr-1 at 25°.

Discussion

Mechanism.— All data given above are consistent 
with the mechanism of Scheme I for hydroxamic acid

S c h e m e  I

catalyzed hydrolysis of Cyprazine. Both the anion 
and the neutral form of the hydroxamic acid are ca­
pable of displacing chloride from the chlorotriazine 
nucleus to give intermediate 7. The latter then under­
goes acid-, neutral, and base-catalyzed hydrolysis; the 
mechanistic details of this process will be treated in 
another report.

Relative Reactivities of N eutral and Anionic Forms. —
One of the notable features of these findings is that the 
anion of l-hydroxy-2-piperidone is about 25 times more 
nucleophilically reactive than its neutral form toward 
Cyprazine, while the neutral form of A-hydroxysuc- 
cinimide is ten times more reactive than its anion. A  
conventional explanation for the latter kind of observa­
tion (greater nucleophilic reactivity of the conjugate 
acid than the nucleophile itself) is that the rate constant 
&ha does not reflect direct attack of A-hydroxysuc- 
cinimide on lc but rather an initial exchange of a proton 
between the reactants, followed by attack of the anion of 
A-hydroxysuccinimide on lc-H+ (eq 3). Then the rate

NOH + lc -—  I NO + lc-H+ —-*• products (3)

constant knA =  KekAH and since Ke =  A«5/ A al0'H, fcHA 
=  A a5fcAH/ A alc'H. It is possible in this case for fcHA 
to exceed kA, the rate constant for attack of the 
anion of 5 directly on lc, but there is no a -priori 
way to tell whether it will or not. It is likely 
that fcAn >  kA, since protonation of lc should acti­
vate it toward nucleophilic attack, but the question 
is whether this activation is sufficient to overcome the 
effect of the initial unfavorable proton transfer from 
5 (pAa ~  6) to lc (pAalc_H ~  1.6). In other words, 
kuA =  10“ 4-4fcAH on this model, and unless fcAH >  
104-4fcA, then the conventional wisdom must fail to 
explain why /cH A >  kA. In fact, the relative magnitudes 
of fcAH and fcA depend on the structure of the transition
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state for nucleophilic attack (eq 4). Early transition 
states resemble the reactants lc and lc-H+strongly, so

O. . X I  
hn' jN

^ (4)

_ O. CI
Y IS I

A A .
early transition; late 

states-
transition

states

that transition-state free-energy differences will be 
cancelled by reactant-state differences and Aah Aa. 
Late transition states greatly favor protonation of the 
ring nitrogen, so that now Aah will tend to become 
larger than Aa. Transition states for nucleophilic 
attack on substrates like lc are often thought, from the 
Hammond postulate for example, to have product-like 
structures because of the instability of the nucleophilic 
adduct (tetrahedral intermediate, Meisenheimer com­
plex, etc.) relative to reactants. Thus the conventional 
wisdom may succeed in cases where this prediction is 
accurate.

However, it is important to notice that it is very 
difficult to establish or even to test mechanisms of the 
form of eq 3 for processes of this type. One is attempt­
ing to infer the route by which molecules leave the 
reactant state and travel to the transition state from 
data which in general refer only to free-energy dif­
ferences between the initial and final states. It is 
therefore more desirable to formulate the problem of 
relative 'phenomenological reactivities of nucleophiles and 
their conjugate acids (i.e., relative magnitudes of Aa and 
Aha) in terms which are independent of the route by 
which reactants reach the transition state. This is 
particularly true because there are other reasons for 
greater reactivity of nucleophile conjugate acids than 
the conventional one reviewed above. We find that the 
concept of transition-state acidities22 offers a convenient 
method for treating the problem.

Scheme II shows the thermodynamic cycle from 
which the transition-state acidities can be deduced.22 
As in other thermodynamic cycles, the free-energy 
changes are state functions and no mechanistic knowl­
edge of the route from one state to another is implied by 
the scheme. In Scheme II, transition state 8 contains 
one more proton than transition state 9 and the two are 
therefore a conjugate acid-base pair, connected by the 
ionization constant K,,*. The exact position of the 
proton in 8 is not specified but is discussed below. The 
ionization constant K,V can be calculated from experi­
mental data because Scheme II constitutes a closed 
thermodynamic cycle; thus K:i* =  K „A a /A h a , or 
pKa* =  pKa — log A a / A h a - For IV-hydroxysuc- 
cinimide (R2 = 0  in Scheme II), pHa ~  6 and Aa/Aha 
~  0.1 so that pKa* ~  7 for 8b. For l-hydroxy-2- 
piperidone (R2 = H2 in Scheme II), pHa 9 and Aa/  
Ah a  ~  25 so that pK a* =  7.6 for 8a.

(22) J. L. K urz, Accounts Chem. Res., 6, 1 (1972).

Figure 2.—Free-energy diagram illustrating that nucleophiles 
which are more acidic than the transition states for their nucelo- 
philic attack (pAa < pKV) are also more reactive than then- 
conjugate bases (&ha > fcA) and vice versa.

S c h e m e  II
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The transition states for attack by both neutral 
nucleophiles are thus about equally acidic, the pHa*’s 
being 7.6 for 8a and 7 for 8b. Now W-hydroxysuc- 
cinimide, with a pKH of about 6, is a somewhat stronger 
acid than these transition states, while l-hydroxy-2- 
piperidone, with a pKa of about 9, is a considerably 
weaker acid than the transition states. As Figure 2 
shows schematically, this situation is covered by the 
following general rule.

Whenever a nucleophile is more acidic than the transi­
tion state for its nucleophilic attack, it will be more 
nucleophilically reactive than its conjugate base; if a 
nucleophile is less acidic than the transition state for its 
nucleophilic attack, it will be less reactive nucleophilically 
than its conjugate base.

As can be seen from Figure 2, ionization of a relatively 
weak reactant acid produces a conjugate base closer to 
its corresponding transition state in free energy and thus 
more reactive than the conjugate acid. A relatively 
strong acid, on the other hand, ionizes to a species more
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distant in free energy from its transition state and there­
fore less reactive than its conjugate acid.

Usually transition states for nucleophilic attack by 
ionizable nucleophiles are stronger acids than the free 
nucleophile because the proton remains bound to the 
nucleophilic atom in the transition state. The latter is 
becoming more positive and thus the proton is more 
acidic. Then the nucleophilic reactivity of the anion 
always exceeds that of its conjugate base. Here the 
opposite is true in the case of W-hydroxysuccinimide, for 
which reasons are considered below.

The correctness of the rule we state above is obvious 
from the method of calculation of A a* (he., kHA/ k A = 
K ^ / K ^  so that &ha >  k A  only when K a *  >  Ka11A) but 
it is by no means a restatement of this equation or a 
mere tautology. Ka* is a good thermodynamic prop­
erty of the transition state and the molecular structure 
of the transition state determines its value; thus some 
transition-state structures can lead to / cH a  >  kA while 
others cannot.

What is the factor (or factors) which makes transition 
state 8 so weakly acidic? One explanation, correspond­
ing to the conventional picture of eq 3 and 4, is that 8 
has a structure approaching 11, which might have a 
p ifa (for loss of the proton from the ring NH) as large23 
as 12. On this model, the acidity constant of 8, K a*, 
will vary from HU1-6 (when it exactly resembles 
reactant lc-H+) to 10-12 (when it exactly resembles 11).

Y *V0 HN"W
A NA
11

Thus i?a* =  (10-1-6) 1-* (10-12)* where x  is an index of 
transition state structure which varies from 0 (reactant 
like) to 1 (product like). In fact, if the O-C bond order 
from nucleophile to ring is a good measure of transition- 
state structure, as it should be, then the negative charge 
5 on the nucleophilic oxygen of 8 will vary from — 5 = 
— 1 (reactant-like) to — 5 = 0 (product-like), so that 
5 = 1 — x, 1 — <5 = x. Therefore K a *  =  (10-1-6)8- 
(1 0 -12) 1“"8 and, since pA a* = 7 for 8a and 7.6 for 8b, we 
obtain — 5 = —0.5 (8a), — 5 = —0.4 (8b) i f  the conven­
tional model of eq 3-4- is correct.

Now7 the conventional model can be tested because 
the charges 5 in 8 and S' in 9 (Scheme II) of the nucleo­
philic oxygens can also be inferred in the following 
independent way. W-Hydroxysuccinimide is 103 times 
more acidic than l-hydroxy-2-piperidone because the 
additional carbonyl group stabilizes the negative charge 
in the conjugate base as in 10. If the two neutral

'^ N ^ O11
CT

1 1
0“ O' 
10

(23) T h is estim ate is based on  analogies tabulated b y  G . K ortiim , W . 
V ogel, and K . Andrussow , “ D issociation  C onstants o f  O rganic A cids in 
A queous Solution ,”  Butterw orths, London, 1961, b y  A . A lbert and E . P. 
Serjeant, “ Ion ization  C onstants o f A cids and Bases,”  M ethuen, London, 
1962, and b y  G. Y agil, T e tr a h e d r o n , 23, 2855 (1967), and should be regarded 
as a m axim um  value. N ote  that a smaller, m ore realistic value will in­
tensify  the argum ent offered below.

nucleophiles were converted into a transition state with 
a full negative charge on the nucleophilic oyxgen, then 
the same stabilizing effects should come into play and 
A-hydroxvsuccinimide should react 103 times faster. 
Actually the ratio /cHa (5)/&ha (6) is about 90. The 
usual linear free energy concepts thus suggest that 5 = 
log 90/log 103 ~0.7, i.e., that transition state 8 has a 
charge —S of — 0.7 on its nucleophilic oxygen. A 
similar argument indicates that, if the anionic nucleo­
philes were converted to a transition state with z e r o  

negative charge on the nucleophilic oxygen, then the 
less stable l-hydroxy-2-piperidone anion should react 
103 times faster. In fact, it reacts only three times 
faster, meaning that the charge has decreased only a 
fraction log 3/log 10s or about 0.2 of the way from one to 
zero. That is, — S' =  — (1 — 0.2) = —0.8 in 9, about 
the same as —8 = —0.7 in 8. The large quantity of 
charge still on this oxygen shows that the bond to the 
triazine ring is only slightly (20-30%) formed in both 8 
and 9.

Returning now to the conventional model discussed 
above, we notice that only if — S were as small as — 0.4 
in 8b (transition state C -0  bond about 60% formed) 
vuuld the NH bond be sufficiently lacking in acidity in 
8b to permit fcHA >  kA. Since the independent measure 
of 5 just made shows that — 5 is actually about — 0.7 in 8 
(transition state C -0  bond only 30% formed), the 
conventional model does not account for the findings.

We conclude that the transition state for nucleophilic 
attack on lc is an early one, so early that A-hydroxy- 
succinimide would react more slowly than its conjugate 
base, e v e n  b y  p r i o r  p r o t o n  t r a n s f e r ,  unless some special 
interaction were present to stabilize the proton of 8 and 
render it less acidic.24 The most reasonable interaction 
is a bridging of the proton between O and N as in 12, a 
form of bifunctional catalysis in which one function 
performs a protolytic role, the other a nucleophilic role.

Application to the in Vivo Action of the Natural 
Resistance Factor.—The natural detoxifying agent 
present in corn, 2b, has a pAa of 6.4 at room tempera­
ture. Assuming that the transition-state acidities are 
related to the hydroxamic acid acidities by a linear free 
energy equation, and knowing that the transition states 
for the reaction of A-hydroxysuccinimide (pAa = 6) 
and l-hydroxy-2-piperidone (pAa = 9) have pA a’s of 7 
and 7.6, respectively, we estimate that pK a* =  7.1 for 
2b. This is turn tells us that (since pAa <  pR a*) the 
neutral form of 2b should be more reactive than its 
anion; in fact kHA/kA ~  5 (=  K J K a*). From the 
separate linear free energy relations for kA vs. Aa and 
/c h a  v s . K z , w7e obtain that fcH a  for 2b is about 1.8-fold 
smaller than &ha for A-hydroxysuccinimide while kA is 
about 1.1-fold larger than kA for A-hydroxysuccini-

(24) This concept has some affinities with the ideas of J. Hine, “ Physical
Organic Chemistry,” McGraw-Hill, New York, N. Y ., 1962, p 111, and of
W . P. Jencks, Chem. Rev., 72, 705 (1972).
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mide. The temperature dependence of kHA for N- 
hydroxysuccinimide gives fcHa ~  37 M~x hr-1 at 25°, 
approximating in vivo conditions and the correction 
factor of 1.8 for 2b yields &Ha ~  21 M~* l hr-1 for the 
natural resistance factor in vivo. The ratio A)ha/&a ~  5 
then provides kA ~  4 M “ 1 hr-1. Thus the effective 
in vivo rate constant for action of the corn plant re­
sistance factor against Cyprazine varies from ~21 M _1 
hr““1 below pH 5.4 to about 4 M*-1 hr““1 above pH 7.4. 
Small’s summary26 of pH measurements on tissues of 
Zea mays indicates a range from 5.19 to 5.68 in normal 
plants. The effective rate constant thus varies only 
from about 21 to about 18 M^1 hr-1, giving an average 
around 20 M -1 hr-1.

To find the time required for detoxification by this 
mechanism we assume that the resistance factor is in 
large excess over intracellular Cyprazine. The loss of 
Cyprazine will proceed with a first-order rate constant 
fceff = 20 M ““1 hr-1 (concentration of 2b, M). Various 
measurements of tissue levels of corn plant resistance 
factors indicate an average concentration of approxi­
mately 5 X 10^3 M, which gives keii =  0.10 hr-1. This 
corresponds to a half-life of about 7 hr for intracellular 
Cyprazine, or complete (99%) detoxification in about
2-3 days.

The fact that the natural resistance factor is more 
acidic (pKa = 6.4) than its nucleophilic transition state 
(pAa* = 7.1) is of some significance since it is responsi­
ble for the high efficiency of detoxification even under 
the relatively acidic conditions prevailing in the corn 
tissue.

Experimental Section

Materials.— Cyprazine (lc) supplied by Gulf Research and 
Development Co. was recrystallized twice from toluene followed 
by two recrystallizations from chloroform-petroleum ether (bp 
60-68°), mp 161-164° (lit.26mp 167-168).

A-Hydroxysuccinimide (5) (Aldrich Chemical Co.) was purified 
by repeated crystallization from methanol-ethyl acetate to cor­
rect elemental analysis. The pK* was determined to be 5.95 
by titration with 0.1 N NaOH.

l-Hydroxy-2-piperidone (6) was prepared according to the 
method of Panizzi, et al.,*1 by reaction of A-hydroxybenzene- 
sulfonamide with cyclopentanone at 0°. It was purified by re­
peated sublimation at 50-55° (0.1 mm), mp 55°, pK a =  9.15 
(determined spectrophotometrically at 26 ° ).

Basic alumina, chromatographic grade (E. Merck A. G., 
Darmstadt) and reagent grade chemicals were utilized.

Reaction of Cyprazine (lc) with A-Hydroxysuccinimide (5) 
in Acetonitrile.— Cyprazine (lc, 9.79 g, 0.043 mol) and A-hy- 
droxysuccinimide (5, 4.95 g, 0.043 mol) were placed in a 500-ml 
erlenmeyer flask and enough acetonitrile was added to effect solu­
tion. The flask was maintained at 70° for 3 days, after which 
the solvent was removed in vacuo and the residue was dissolved 
in chloroform. The solution was warmed and ether was added

(25) J. Small, “ H y d rog en -Ion  C on cen tra tion  in P lant C ells and 
T issues,”  V erlag G ebrüder B orntraeger, B erlin , 1929.

(26) R . P . N eighbors and L. V . Phillips, South  A frican  P aten t 6,802,975 
(O ct 21, 1968); C h e m . A b s t r . ,  71, 39013x (1969).

(27) L . Panizzi, G . D iM aio , P. A . Tardella, and L. d ’A bbiero , R i c .  S e i . ,

1 ,  I IA , 312 (1961); C h e m . A b s t r . ,  57, 9658 (1962).

to the cloud point. Upon cooling an oily substance separated 
as the lower layer. The addition of ethyl acetate to the oil 
caused the precipitation of the desired substance. The pre­
cipitate was collected and washed with ether-ethyl acetate. The 
chloroform-ether solution from which the oily substance sepa­
rated was evaporated to dryness and the residue was washed 
with ethyl acetate and combined with the solid obtained pre­
viously. The yield of the crude product as the hydrochloride 
salt was 9.80 g (66.5%), mp 191-194° dec. Purification of the 
salt by recrystallization was not successful; thus it was converted 
to the free base by chromatography on basic alumina. The 
crude salt (6.0 g) was eluted with ethyl acetate from 210 g of 
basic alumina to give 3.8 g (71%) of a residue which was recry­
stallized from ethyl acetate-ether: mp 179-181°; Xmax 220 nm 
(acetate buffer, pH 4.0, 6 3.8 X 104), 217 (0.01 A  HCIO4 , 2.9 X 
104), 257 (0.01 A  HC104 , 7.9 X 103); nmr (CDC13) 5 2.82 (s, 
4, 0 = C C H 2CH2C = 0 ) ;  ir (KBr) 1745 cm "1 (C = 0 ) ;  m/e 3.06.3.

Anal. Calcd for Ci3Hi8N 60 3: C, 50.96; H, 5.91; N, 27.49. 
Found: C, 50.73; H, 5.93; N, 27.18.

Kinetic Procedure.— An aliquot of the hydroxamic acid solu­
tion in water (2-8 ml, 0.05 M) was placed into each of two 100-ml 
volumetric flasks and diluted to about 95 ml with water. When 
the reaction was performed in buffers the calculated amounts 
of buffer components were added together with the calculated 
amount of KC1 to maintain the ionic strength at 0.5 M and the 
contents of the flasks were then diluted to about 95 ml with water. 
The flasks were immersed in a constant-temperature bath at
70.00 ±  0.5°. After thermal equilibration an aliquot (1 or 2 ml) 
of a stock solution of chlorotriazine (1.5 X 10-2 M in MeOH) 
was added to one flask and the same volume of methanol was 
added to the other flask. The flasks were then filled to the mark 
with water maintained at the same temperature, shaken, and 
returned to the constant-temperature bath. Zero time samples 
(5 ml) were withdrawn immediately and sampling was continued 
at appropriate time intervals. The samples were acidified by 
addition of 0.5-2.0 ml of 1 A  HC104 or H2SO4 and diluted to 50 
ml with water. The spectra or absorbances at a fixed wave­
length were obtained on a Cary 14 spectrophotometer against 
the control sample solutions which were obtained in the identical 
manner from the control reaction mixture. Absorbance was 
measured using 10-cm cells at either 285 or 290 nm, and in 2- 
or 1-cm cells at 243 nm.

Thin Layer Chromatography.— Samples were spotted on pre­
coated silica gel F 254 plates (Brinkmann Instruments) and de­
veloped to a distance of 7 cm using two solvent systems: (1)
n-butyl alcohol-acetic acid-water (5 :1 :4 ) upper layer; and (2) 
isopropyl alcohol-ammonia-water (80:5:15) upper layer.

The fact that the salt hydrolyzes in water to 2-hydroxytriazine 
4 and regenerates A-hydroxysuccinimide (5) was confirmed by 
tic. The salt solution in water was allowed to stand for several 
days at room temperature, spotted on silica plates, and developed 
with two different solvent systems, 1 and 2. The Ri’s observed 
with solvent systems 1 and 2, respectively, were 0.74 (7), 0.60 
(4), and 0.41 (5) and 0.44 (7), 0.56 (4), and 0.11 (5). The reac­
tion mixture gave a faint red-purple color with FeCls, indicating 
the possible presence of 5.
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Reaction of Diazonium Salts with Nucleophiles.
XVIII. Dimethyl Phosphonate in Base1

Edward S. Lew is* and Edward C. N ieh2
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The rates of reaction of diazonium salts with dimethyl phosphonate have been followed in two cases. The 
kinetics, almost but not exactly third order, indicate that the ionization of dimethyl phosphonate by base occurs 
before the attack of diazonium salt on the phosphonate anion, but neither step is rate determining at accessible 
concentrations. Most of the isolated arylazophosphonates probably have syn stereochemistry.

Aromatic diazonium salts react with nucleophiles 
at the terminal nitrogen, yielding covalent diazo com­
pounds which have the syn configuration in those cases 
when both stereoisomers are known. Studies in this 
area are usually complicated by side reactions, and, 
because both the desired and side reactions are very 
sensitive to substituent, often the reactions can be 
studied only over a small range of substituents. A 
type of nucleophile not yet extensively studied quan­
titatively in this reaction includes phosphorus com­
pounds in lower oxidation states. Some of these, such 
as hypophosphorous acid and phosphorous acid, lead 
to replacement of the diazonium group by hydrogen 
by way of a free radical chain reaction.3 In contrast, 
triphenylphosphine reacts with diazonium salts, again 
with ultimate reduction but with the intermediacy 
of the covalent diazo compound, ArN2P(C6H5)3+.4 
Dialkyl phosphonates react to form stable dialkyl diazo- 
phosphonates,8 which are the subject of this paper, 
and the preparation is shown in reaction 1. We were

(MeO)2PHO +  ArNa + — >- ArN2PO(OMe)2 +  H+ (1)

able to prepare several of these compounds (1) follow­
ing the literature methods5 in which 1 precipitates from 
an aqueous mixture of diazonium salt and dimethyl 
phosphonate at about pH 7, but the change to condi­
tions suitable for a kinetic study was difficult. When 
the solvent was changed to methanol the reaction in 
most cases followed a different course, as indicated by 
uv absorption, and when very dilute solutions were 
used in water various side reactions in most cases over­
whelmed the desired process. With Ar = p-ChSCeHj, 
the product 1 is water soluble, and the reactions could 
be studied and, with Ar = p-N =C C 6lL, the side re­
actions were slow enough to allow the study. With 
Ar = p-CH30, p-CH3, H, p-N 02, and p-Cl-phenyl, 
the only other ones tried, no reasonably accurate study 
was possible in either water or methanol, although the 
product could be readily prepared.

The reaction 1 was not detectably reversed in water, 
but, when 1 was dissolved in concentrated sulfuric acid, 
the product showed the coupling reaction after neu­

(1) P aper X V I I :  E . S. Lewis and D . J. Chalmers, J .  A m e r .  C k e m . S o c . ,
93, 3267 (1971). This w ork was supported by  a grant from  the R ob ert  A, 
W elch  Fou ndation  which w e gratefu lly acknow ledge.

(2) F rom  a portion  o f the P h .D . Thesis o f  E dw ard  C . N ieh, R ice  U ni­
versity , 1972.

(3) N . K orn blu m , G . D . C ooper, and J. E . T aylor, J .  A m e r .  C h e m . S o c . ,  
72, 3013 (1950); N . K orn blu m , A . E . K elle 3r, and G . D . C oop er, i b id . ,  74, 
3074 (1952).

(4) L . H orn er and H . Stohr, B e r . ,  86, 1066, 1073 (1953); L. H orner and
H . H offm ann, A n g e w .  C h e m ., 68, 473 (1956).

(5) F. Suckfull and H . H aubrick , A n g e w . C h e m ., 70, 238 (1958); see also
G erm an Patents 1,008,313 (1955), 1,011,432 (1955), 1,015,443 (1955), and
I , 075,627 (1956). W e thank Drs. Suckfull and H aubrick  for copies o f these
patents.

tralization. We may conclude that the equilibrium 
lies very far to the right.

The reaction rates were readily followed; they were 
very strongly pH dependent and reminiscent of some 
other chemistry of dialkyl phosphonates, the oxidation 
with halogens6 and the deuterium exchange,7 in which 
the anion (MeO)2PO_ (2) or its O-protonated con­
jugate acid, dialkyl phosphite, is implicated as a reac­
tive intermediate. Using this analogy as a basis for 
the present work, the mechanism would be that given 
by eq 2 and 3. This leads to the rate equation (eq 4),

fe
(MeO )2PHO +  B -  (MeO)2P O - +  BH (2)

4-2 2
fa

(MeO )2PO +  ArN2+ ■— >- ArN=NPO(OM e)2 (3)
1

d[l] i;3 [ ArN2 +] [(MeO)2PHO]S,fc2,[B ;“ ] . . .
ck /c3[ArN2+] +  2 ,/L 2,[B,H] 1 1

where the summations recognize the multiplicity of 
bases and conjugate acids, and this equation reduces to 
two limiting forms, depending on which term in the 
denominator is predominant. If the second term pre­
dominates, the equation reduces to one specific hy­
droxide ion catalysis, eq 5,8 and, if the first term predom­
inates, eq 6 applies, showing general base catalysis

d [l] /d i = M OH -][ArN2+][(M eO)2PHO] (5)

d [l] /d i = [(MeO)2PHO]2,'fc2l[B j-] (6)

and a rate-determining first step. The first experi­
ments showed that the rate is insensitive to a twofold 
buffer concentration and dependent on diazonium ion 
concentration, excluding the limit (eq 6). However, 
the distinction between the limit (eq 5) and the more 
general eq 4 was more difficult, for the range of concen­
trations without serious side reactions was limited. 
The method of accounting for a minor side reaction is 
described in the Experimental Section. The pseudo- 
first-order rate constant, for the reaction (1) was 
calculated by the method of Guggenheim9 from the 
absorbance vs. time curves. At constant [ArN2+]> a 
plot of log vs. pH is linear with a slope of + 1 , and a 
plot of vs. [ArN2+] at constant pH was linear.10 We 
therefore calculated k' = fc^/[OH^][ArN2+], which

(6) P . N ylen , Z. A n o r g .  A l lg .  C h em .., 235, 161 (1938).
(7) Z. Luz and B. Silver, J . A m e r .  C h e m . S o c . ,  84, 1095 (1962).
(8) T h is reduction  is not an algebraic iden tity ; it requires further rela­

tions betw een the terms in the sum m ation such as is required b y  m icroscop ic  
reversibility.

(9) E . A . G uggenheim , P h i l .  M a g . ,  2, 538 (1926).
(10) A lthough  diazonium  salts react with high pH  buffers to  give diazo-

tates, this does not occur perceptib ly  at these p H ’s: E . S. Lewis and H .
Suhr, C h e m . B e r . ,  91, 2350 (1958).
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would be pH and concentration independent if eq 5 
holds exactly. The results are shown in Table I. The

T able I
R ates of D iazophosphonate Formation at 6.0 ± 0 .1 °  

from p-XC0H4N2+ and (MeO)2PHO

X
(A rN 2+) X  

1(R, M pH
kyfy X  10 - 3, 

se c “ 1
k '  x 1 0 -6,

sec-1
S03- 0.8 7.0 3.75 4.46
S03- 1.0 7.0 3.99 3.99
so 3- 1.2 7.0 4.33 3.60
SOs- 1.4 7.0 4.87 3.47
s o 3- 1.6 7.0 5.32 3.32
s o 3- 1.8 7.0 5.77 3.20
so 3- 1.6 6.2 0.93 3.65
so3- 1.6 7.4 14.70 .3.68
CN 1.0 6.4 2.86 . 11.4
CN 1.2 6.4 3.25 10.8
CN 1.4 6.4 3.54 10.1
CN 1.6 6.4 3.82 9.55
CN 1.8 6.4 4.28 9.51

a All runs were done with an initial 6.8 X 10 “4 M  (MeO)»PHO; 
a more extensive set is to be found in E. C. Nieh’s thesis (ref 2). 
Registry number for (MeOhPHO, 868-85-9.

pH effect (as shown by the virtual identity of k' at pH
6.2 and 7.4 at constant [ArN2+]) is very clearly of the 
correct form, but the rate dependent on [ArN2+] less 
than is demanded by eq 5.

Equation 4 will clearly give a better fit, and only the 
term with B~ = OH- is very significant. We use these 
data to calculate the limiting rate at high diazonium 
salt concentrations most easily as the slope of a plot 
of 1/fc' vs. [ArN2+], since eq 4 with only an O H " term 
becomes eq 7, and using the data with X  = SO3"  we

find fc2 =  3.3 X 105 M -1 sec"1, and that from X  = CN 
gives k -2 =  1.4 X 10s M -1  sec-1. Making suitable 
corrections for pH and temperature, and counting 
only the [OH- ] term, we get from Nylen’s iodine oxida­
tion data fc2 =  7 X 105. The roughness of our calcula­
tion, severely limited by the small range of variation 
of [ArN2+] imposed by solubility, together with other 
uncertainties of comparison make the better than order 
of magnitude agreement satisfactory, and we therefore 
believe that the mechanism of eq 2 and 3 is adequately 
demonstrated.

The separate constants fc3 or fc2 are not firmly estab­
lished, although the ratio of fc3/fc_2 is determined; for 
the sulfonate case a value between 0.01 and 0.1 results. 
The equilibrium constant, K2, for reaction 2 with B "  
=  OH-  is kt/k-2, it is available from the pX a of di­
methyl phosphonate, i.e., K2 =  K a/X w. Hammond11 
has estimated the pK & of diethyl phosphonate as about 
15, but without a clear basis. Using this value we 
find /c„ 2 =  10/c2 =  3 X  10s sec-1  and h  is then of the 
order of 105 M-1  sec-1. Dimethyl phosphite as an 
intermediate rather than its anion is possible if its re­
activity is very high and its acidity is improbably low. 
Since we did not find evidence of acid catalysis, and 
since acid catalyzes the iodine reaction, a reaction prob­
ably passing through this tautomer, the anion is a more 
acceptable intermediate.

(11) P. R . H am m on d, J .  Chem. Soc., 136S (1962).

A question of product stereochemistry appears; the 
observation that with Ar =  p-CHsOCeHi the uv spec­
trum changed with time may be relevant. The in­
tensity of the visible band increased from a value with 
e ca. 100 at 475 nm to e 240 at 475 nm in an hour or so. 
The other bands [Xmax 345 nm (e 2 X 104), Amax 242 
(e 1.3 X 104)] were unaltered. If this corresponds to 
a syn-anti change, then the other substances are re­
arranged either too fast to see or too slow to see; an 
extremum for the rate with p-OCH3 substituent is rea­
sonable. The nmr spectrum does not change notice­
ably, so that we rule out a reaction far more extensive 
than this stereoisomerization. Since the phosphonate 
group is electron withdrawing, it is most reasonable to 
assume that the fastest isomerization will be with para 
electron-rich substituents (like that of the diazo cya­
nides12 13) rather than the reverse characteristic of elec­
tron-supplying groups on nitrogen, such as in the di- 
azotates18 which isomerize most rapidly with the p- 
nitro substituent. It is thus reasonable that all the 
diazophosphonates studied are syn, and that isomeriza­
tion to the anti form is detectable only for thep-methoxy 
case. A further support for this argument lies in the 
extinction coefficients. All the substances had extinc­
tion coefficients at the longest wavelength absorption 
maximum in the range 73-107, including the early 
measurements on the p-methoxy compound. After 
the spectrum became time stable, the p-methoxy com­
pound was well outside this range with e 240.

Experimental Section

Materials.— Dimethyl phosphonate, Matheson Coleman and 
Bell practical grade, was dried over Drierite and then distilled 
through a 14-in. column packed with glass helices. The frac­
tion with bp 62-63° was collected and used; proton nmr found 
no contaminants.

Diazonium salts were prepared as the fluoroborates and purity 
was assayed by the uv absorption.14 The diazotization of sul- 
fanilic acid yielded the inner salt, not requiring any external 
anion.

Dimethyl Arylazcphosphonates.— To a suspension of 0.2 mol 
of diazonium salt with 0.2 mol of dimethyl phosphonate in 30 
ml of water at 0° was added in small portions 15 g of sodium 
bicarbonate over a period of 15 min. After stirring for an addi­
tional 15 min at 0°, the solution was extracted several times with 
dichloromethane, and evaporation of the solvent left the azo- 
phosphonates as red oils in 75-80% yields. The p-nitro and the 
p-cyano compounds were recrystallized [mp 114-116° (lit.5 mp 
119°) and 74-75°, respectively] from dichloromethane-pentane. 
The uv spectra are presented in Table II, and in the two cases 
where recrystallization was possible no significant change was 
found.

Kinetic Procedures.— A buffer solution with total phosphate 
0.1 M  made up according to Britten15 * and cooled to 0° was added 
to a weighed sample of diazonium salt in a volumetric flask. After 
mixing, the solution was used to fill a 10-cm cell in the thermo- 
stated (at 6.0°) compartment of the spectrophotometer. Tem­
perature equilibrium was attained in a few minutes. After about 
15 min a 2-/il sample of dimethyl phosphonate was added, the 
cell was shaken, and then absorbance was recorded at the absorp­
tion maximum (485 nm for the p-S03~ compound, 505 nm for 
the ¡»-CN compound).

The absorbances used to calculate the rate Constances con­
tained a small correction for a side reaction. Diazotized sul- 
fanilic acid is slightly unstable at the pH used, and an absorbing 
species is produced. In the times used this change in absorbance

(12) R . J. W . LeF évre and J. N orth cott, J .  C h e m . S o c . ,  944 (1949).
(13) E . S. L e w s  and H . Suhr, C h e m . B e r . ,  92, 3031 (1959).
(14) E . S. Lewis and M . P . H anson, J .  A m e r .  C h em . S o c . , 89, 6268 (1967).
(15) H . S. T . Britten, “ H ydrogen  Ion s ,”  V ol. 1, 3rd ed, V an N ostrand,

Princeton, N . J., 1943, p 135.
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T a b l e  II
U l t r a v i o l e t  A b s o r p t i o n  M a x i m a  o p  p-XC6H.iN2PO(C>Me)2“
Registry no. X Xi, nm (e) X2, nm (e) Xs, nm (e)
42334-47-4 N 02 510 (108) 257 (21,800)
42334-48-5 CN 505 (84) 286 (16,000) 235 (11,000)
42334-49-6 Cl 496 (96) 310 (17,000) 230 (10,900)

e OCH3 475 (240)6 345 (20,000) 242 (12,600)
42398-38-9 s o 3- 485 (~ 100)'
42334-52-1 CH3 490 (107) 304 (14,700) 22 (9370)
42334-53-2 H 485 (73 ) d 293 (12,000)
° In methanol solutions; extinction coefficients are in paren­

theses. b This extinction coefficient was that obtained after 
several hours of standing; the initial value was about 100. 
c In water solution assuming a quantitative reaction, the pure 
azophosphonate was not isolated. Shorter wavelength absorp­
tion was not studied because of possible contamination. d This 
maximum was at 487 nm in dioxane solution, with the same ex­
tinction coefficient. e 42334-51-0 (anti), 42334-50-9 (syn).

is essentially linear with time, i . e . ,  A  = A t ,  +  k 0t ,  where k 0 is a 
zero-order rate constant for change of absorbance (.4 ) with time 
(t ) .  The absorbance was then measured for a while to establish 
A „  and k a before the dimethyl phosphonate was added. After

the reaction with dimethyl phosphonate was virtually complete, 
the absorbance continued to increase with the same slope. The 
corrected absorbances were those calculated by subtracting those 
due to the zero-order process. This correction was typically 
up to about 10% of the absorbance change resulting from reac­
tion 1 over about 3 or 4 half-lives. If the extinction coefficient 
is the same as that of 1, this corresponds to a loss of about 0.5%  
of the diazonium salt. The correction increased with pH; it 
is presumably the known decomposition of diazonium salts near 
pH 7.16 This correction was negligible with p-cyanobenzene- 
diazonium ion, but another absorbance change after the reaction 
was complete was presumed to represent the hydrolysis of the 
methoxy groups of the azophosphonate. The effect was min­
imized by using data from the first two half-lives only.

This known hydrolytic instability, characteristic of all these 
substances, prevented the study of these methods over very long 
periods which would have answered questions about possible 
isomerization rates.

Registry No.— p-XC6HtN2+: X  =  SOa-  305-80-6; X  =  CN, 
19262-72-7; X  = N 02, 14368-49-1; X  =  Cl, 17333-85-6; X  = 
OMe, 17333-79-8; X  = Me, 14597-45-6; X  =  H, 2684-02-8.

(16) See, for exam ple, C. R tlchardt and E. M erz, T e tr a h e d r o n  L e t t . ,  2431 
(1964).

Anomalous Photocyelization of Methyl 2-(l-Naphthyl)-3-(4-pyridyl)acrylate1
W a y n e  C. F lem ing , W illiam  W . L e e ,*  and  D avid  W . H enry

L i f e  S c i e n c e s  D i v i s i o n ,  S t a n f o r d  R e s e a r c h  I n s t i t u t e ,  M e n l o  P a r k ,  C a l i f o r n i a  9 I f l 2 5  

R e c e i v e d  O c t o b e r  1 9 ,  1 9 7 2

Oxidative photocyelization of methyl 2-(l-naphthyl)-3-(4-pyridyl)acrylate (5b) gave acenaphthene and ace­
naphthylene derivatives by cyclization to the 8 position of the naphthalene ring rather than the expected azachry- 
sene that would result from cyclization into the 2 position. Chemical and spectral evidence is presented to 
support structural assignments of the products.

The oxidative photocyelization of stilbene and related 
compounds is a useful synthetic route to many poly­
cyclic compounds.2 For example, oxidative photo- 
cyclization of 2-phenyl-3-(4-pyridyl)acrylonitrile (1) is 
reported to yield 6-cyanobenz [h ]isoquinoline (2) in good 
yield,3 and likewise, 1-styrylnaphthalene has been re­
ported to yield chrysene.4 In a similar manner, photo- 
cyclization of 4-styrylquinoline (3) gave benzo[t]~

«

CQN
1

3

(1) Supported b y  C on tract N IH -71-2070  from  the D ivision  o f Cancer 
T reatm ent, N ationa l C ancer Institute, N ational Institutes o f H ealth.

(2) See, for exam ple, A . Schonberg, “ P reparative O rganic P h otoch em ­
is try ,"  Springer-Verlag, N ew  Y ork , N . Y ., 1968, p  126; E . V. B lackbu rn  
and C . J. T im m ons, Q u a r t .  R e v . ,  C h e m . S o c . ,  23, 482 (1969).

(3) P . L. K um ler and R . A , R y b a s , J .  O r g . C h e m ., 35, 3825 (1970).
( 4 )  C . S. W ood  and F. B . M allory , J .  O r g . C h e m ., 29, 3 3 7 3  (1964).

phenanthridine (4).5 Based on these reactions, oxida­
tive photocyelization of 5b appeared to be a reasonable 
synthetic approach to the naphth[l,2-/i]isoquinoline 6a.

An attempt to prepare azachrysene 6a by oxidative 
photocyelization of 5b in methanol (see Experimental 
Section) led to isolation of a yellow solid in low yield. 
The 60-MHz nmr spectrum of the yellow product was

5 a . R  =  C O ,H  6 a . R  =  C O ,C H 3
b, R  =  C O .C H ;, b , R  =  C N
c , R=CN (trans)

not consistent with structure 6a, as it lacked a singlet 
near 5 10.0 expected for H4,6 and 100-HMz nmr 
revealed that the 4-pyridyl group was unchanged from 
5 b . The mass spectrum showed a molecular ion at m/e 
287, indicating a loss of 2 in molecular weight from 5b.

Examination of the photocyelization products 
(Scheme I )  from 5 b  by chromatography on silica gel 
gave as the major fraction (75-80% by weight) a yellow 
oil, which exhibited two overlapping spots on tic (ethyl 
acetate or chloroform), one of which corresponded to 
the yellow solid. Nmr examination of the oil revealed 
a set of doublets not present in the crystalline solid.

(5) C. E . L oader and C .  J . T im m ons, / .  C h e m . S o c .  C , 1457 (1967 ); 330 
(1968).

(6) H i in 2, prepared during the course o f  this investigation, was fou n d  at 
6 10.08. See also O. D e S ilva and V. Snieckus, S y n t h e s i s ,  254 (1971).
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Scheme I

11 9 10a, R =  NHNH2
b, R=NHN=C(CH3)2

These doublets, centered at 5 4.50 (.7 = 5 Hz) and 5.35 
(./ = 5 Hz), integrated for slightly less than one proton 
each, indicating that the two products of the photo- 
cyclization might be quite similar, with one being a 
dihydro derivative of the other.7 By comparison of 
peak height in the nmr spectrum, the dihydro compo­
nent was estimated to account for about 75% of the 
mixture, and the yellow solid, 25%. Photocyclization 
in tert-butyl alcohol gave the same mixture, while use of 
benzene as solvent led to amorphous insoluble powders 
and tars. Addition of iodine did not appear to affect 
the course of the reaction or the product ratios.8

Attempts to separate the mixture cleanly were un­
successful, and the major component could not be 
obtained in crystalline form. Acid or base hydrolysis 
of the chromatographed mixture led to a solid acid, but 
repeated recrystallization failed to remove the minor 
component. Hydrazinolysis of the nixture led to a light 
yellow power which showed only one spot in tic, but did 
not give satisfactory elemental analyses. The uv 
spectrum of this hydrazide was nearly identical with 
that of acenaphthene (Figure 1), and it was assigned 
structure 10a on this basis. The mass spectrum of 10a 
showed a molecular ion at m/e 289 and fragments at m/e 
230 and 152 which are accounted for by Scheme II. 
The acenaphthylene fragment 13 has been observed 
as a major peak in the mass spectrum of another sub­
stituted acenaphthylene.9 The assignment of structure 
10a then led to the assignment of structures 7 and 8 for 
the original mixture.10 Hydrazide 10a was further 
characterized as the hydrazone 10b, which gave correct 
elemental analyses and was spectrally quite similar.

A literature search revealed the preparation of the 
closely related acenaphthylene 15 by Ghigi.11 During 
the course of structure proof, Ghigi degraded 15 to acid

(7) Th is assum ption was orig inally m ade on  the grounds th a t  related 
ph otocyclization s proceed through a d ihydro  interm ediate. See F . B . 
M allory , C . S. W ood , and J. T . G ord on , J .  A m e r .  C h e m . S o c . ,  86, 3094 
(1964).

(8) C . E . L oader and C. J. T im m ons, J .  C h e m . S o c .  C , 1078 (1966 ); see 
also ref 4.

(9) J. M ein w ald  and J. W . Y ou n g , J .  A m e r .  C h e m . S o c . ,  93, 725 (1971).
(10) The excess hydrazine used in  the preparation o f 10a m ay have reduced  

the double b o n d  in 8. See L. F . Fieser and M . Fieser, “ R eagents for O rganic 
Synthesis,”  W iley , N ew  Y ork , N. Y .,  1967, p  1074.

(11) E . G higi, C h e m . B e r . ,  75, 764 (1942).

Figure 1.— Uv comparison of 10a with acenaphthene.

S c h e m e  II

16 and to acenaphthylene 11. Attempts to oxidize 
the mixture of 7 and 8 to acid 16, with various oxidizing

11
agents including excess acidic dichromate or basic 
permanganate, did not yield isolable products. How­
ever, the careful use of a limited amount of basic
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Figure 2.— 100-MHz nmr spectrum of aromatic protons in ace­
naphthylene 8 before addition of shift reagent.

Figure 3.— 100-MHz spectrum of 8 after addition of about 
5 mg of Euroshift F reagent. Ha appears about 400 Hz down- 
field.

permanganate gave a good yield of a bright yellow acid, 
which melted well above the value reported for 16. On 
the basis of elemental analyses and nmr spectra data, 
this acid was assigned structure 9. Decarboxylation of 
9 gave a low yield of yellow oil which was assigned the 
structure 11. This oil was treated with a saturated 
picric acid solution to yield a yellow solid whose melt­
ing point (266-268° dec) compared well with the melt­
ing point reported for the picrate of 11 (264-265°).11

Further confirmation of the structure of the minor 
product (8) was sought. Since nmr examination of pure 
8 using 60- or 100-MHz instruments did not resolve the 
six acenaphthylene protons sufficiently for definitive 
interpretation (Figure 2), the use of shift reagents was 
tried. Addition of Rondeau’s reagent (Prashift F,

Figure 4.—Changes in the 100-MHz spectrum of 8 from 
Figure 3. H^ doublet collapsed by irradiation of H„ protons 
which are about 400 Hz downfield.

Pierce Chemical Co.) shifted the acenapthylene protons 
even closer together, but Sievers’ reagent (Euroshift F , 
Pierce Chemical Co.) gave a 60-MHz spectrum with the 
protons reasonably well separated. Finally, using the 
Euroshift F reagent and 100-MHz nmr with decoupling 
gave definitive evidence for the acenaphthylene system. 
Dewar and Fahey report the following coupling con­
stants for acenaphthylene.12

J q j  — 8.3 Hz 
t/6 8 = 0.6 Hz 
J 78 = 6.9 Hz

6 f>

Thus, the spectrum of 8, once the pyridyl protons are 
shifted away, should consist of four doublets and two 
quartets (or apparent triplets) as seen in Figure 3.

Before addition of Sievers’ reagent, a small (<1 Hz)
1,3 aromatic splitting was observed (Figure 2). In prac­
tice, Sievers’ reagent was added in small portions (about 
5 mg) until sufficient separation was obtained for de­
coupling. Figure 3 shows the six acenaphthylene 
protons and a doublet assumed to be the 1% protons on 
the 4-pyridyl group. Irradiation of the II« protons, 
which have been shifted nearly 400 Hz downfield, col­
lapsed the doublet, as seen in Figure 4, but left the rest 
of the spectrum unchanged, confirming that this doublet 
is due to the pyridine ring. Irradiation of H4 and H7 
collapsed all four doublets, as shown in Figure 5, in­
dicating that the four doublets were all coupled to H4 
and H7 with J = 7 or 8 Hz. The only arrangement of 
protons that could give this result is two independent 
ABC systems as in acenaphthylene 8. Thus, the nmr 
data substantiate structure 8 for the minor product and 
support the assignment of structure 7 to the minor 
product. As additional confirmation of the structure of 
8, the acid 9 was reesterified to give an ester that was 
identical with 8 in all respects. Since 9 was obtained 
in 59% yield from a 3:1 mixture of 7:8, some 9 must 
have come from 7. This is additional confirmation of 
the relationship of 7 to 8.

(12) M . J. S. D ew ar and R . C . Fahey, J .  A m e r .  C h e m . S o c . ,  85, 2704 
(1963).
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This cyclization to the 8 position in naphthalene is in 
contrast to the reported cyclization of 1-styrylnaph- 
thalene to the 2 position to give chrysene.4 An exam­
ination of models shows that to obtain the azachrysene 
structure 6a, the carbomethoxy group must be in a 
quite hindered environment, which may account for the 
direction of cyclization. If steric effects are important, 
cyclization of the sterically less demanding nitrile 5c 
would be more likely to give the desired azachrysene. 
Irradiation of 5c led to a complex mixture. The nmr 
spectrum of the crude mixture showed a small peak at 
8 10.146 that may have been H4 of 6b. There was also 
evidence for a small amount of an acenaphthene (two 
small doublets at 8 4.45 and 8 5.10 with J = 5 Hz). 
Yields of both products appeared to be less than 10%, 
and thus the photocyclization route to 6b did not appear 
to be practical.

A possible mechanism for formation of 7 and 8 is 
presented in Scheme III.

Irradiation of 5b produces a resonance-stabilized 
diradicai 17, which then cyclizes to 18.13 A 1,3 hydro­
gen shift would lead to 7, while 8 could be formed by 
oxidation of either 7 or 18.

Experimental Section
Melting points were observed on a Fisher-Johns hot stage and 

were not corrected. Ultraviolet (methanol solution, Cary 11 
instrument) and 60-MHz nmr (Varian Associates, A-60 spec­
trometer) measurements were performed by the Pharmaceutical 
Analysis Group under the direction of Dr. Peter Lim. Mass 
spectra were recorded by Dr. D. W. Thomas with an LKB Model 
9000 mass spectrometer. Decoupling experiments were per­
formed by Dr. H. C. Barret, using a Varian HA-100 spectrom­
eter, and elemental microanalyses were provided by E. M. Mc­
Carthy of SRI.

Thin layer chromatography plates were prepared, using silica 
gel HF-254, and visualized with uv or iodine. Photocyclizations 
were performed using either a 100-W GE high-pressure mercury

(13) F or an  exam ple o f  another ty p e  o f  1,8 ph otocycliza tion  in  naph­
thalene, see H . H . O ng and E . L . M a y , J .  O rff. C h e m ., 35, 2544 (1970).

Figure 5.'—Changes in the 100-MHz spectrum of 8 from Figure 
3. Irradiation of H4 and H7 has collapsed H3, H5, H6, and Hs 
to singlets.

vapor lamp or a 450-W Hanovia high-pressure mercury vapor 
lamp in Pyrex glassware. Solvents were evaporated i n  v a c u o .

efs-2-( 1-Naphthyl )-3-(4-pyridyl (acrylic Acid (5a).14— Sodium 
methoxide (1.5 g, 27.8 mmol) was added slowly, with stirring, 
to acetic anhydride (20 ml). After 5 min, a-naphthylacetic 
acid (5.0 g, 26.9 mmol) was added and the solution was stirred 
for 20 min. Pyridine-4-carboxaldehyde (2.5 ml, 22.2 mmol) 
was added and the solution was heated slowly to 100° over about 
1 hr. After 20 hr at 100°, the solution was cooled to 80° and 
water (100 ml) was added slowly over about 15 min. The solu­
tion was cooled, made basic with concentrated ammonium hy­
droxide, and filtered to remove tars. The filtrate was adjusted 
to pH 4 with concentrated hydrochloric acid and cooled in ice. 
The light yellow solid that separated was collected (3.60 g, 
56%), mp 290-300° Recrystallization from methanol-water 
gave a yellow, crystalline solid, mp >300°, nmr (TFA) 5 6.70- 
8.00 (m).

A n a l .  Calcd for Ci8Hi3N 02: C, 78.53; H, 4.76; N, 5.09. 
Found: C, 78.41; H ,4.80; N .5.32.

«s-Methyl 2-( 1-Naphthyl)-3-(4-pyridyl(acrylate (5b).— A solu­
tion of 2-(l-naphthyl)-3-(4-pyridyl)acrylic acid (0.40 g, 1.45 
mmol) in methanol (40 ml) containing concentrated sulfuric acid 
(1.0 ml, 17.6 mmol) was heated at reflux for 2 hr. The solution 
was poured into water (150 ml) and excess sodium bicarbonate, 
and the suspension was extracted with two 75-ml portions of 
chloroform. The chloroform was washed with water (50 ml) 
and evaporated to leave a yellow oil, which crystallized from 
benzene-hexane as a yellow solid (0.21 g, 50%), mp 98-101°. 
Recrystallization from the same solvent gave a white, crystalline 
solid: mp 106-107°; nmr (CDC13) S 3.70 (s, 3) and 6.65-8.40 
(m, 12); uv max (MeOH) 222 and 262 nm.

A n a l .  Calcd for CI9Hi6N 0 2: C, 78.87; H, 5.23; N, 4.84. 
Found: C, 79.02; H, 5.23; N, 4.97.

t r a n s -2-( 1-Naphthyl)-3-(4-pyridyl)acrylonitrile (5c).15— A solu­
tion of 1-naphthylacetonitrile (2.0 ml, 12 mmol) in dry tetra- 
hydrofuran (30 ml) was treated with 0.7 g (17 mmol) of 58.1%  
sodium hydride dispersed in oil and heated to reflux. Pyridine-
4-carboxaldehyde (1.6 ml) was added slowly; after 10 min, an 
additional 0.5 ml (2.1 ml total, 19 mmol) was added. Reflux­
ing was continued for 1.5 hr; then the solution was cooled, 
diluted with water (100 ml), and extracted with two 75-ml por­
tions of benzene. Evaporation of the benzene left a yellow 
oil, which was dissolved in benzene (20 ml) and applied to a 
column of silica gel (80-200 mesh, 80 g). The column was 
washed with benzene (200 ml) and then eluted with ethyl acetate 
(150 ml). Evaporation of the ethyl acetate left a yellow oil, 
which crystallized slowly from 1:1 ethanol-water to give a sticky 
yellow solid, mp 45-50° (0.89 g, 29%). A sample was recrystal­
lized from methanol-water, then from acetone-water to give a 
yellow solid, mp 63-66°. Tic (CHCls) still showed trace im­
purities; nmr (CDC1S), S 7.25-8.30 (m, 10) and 8.60-8.90 (m, 2).

(14) A ssum ed to  be  cis based on  m eth od  o f  synthesis. See H . E . Zim m er­
m an and L . A hram jian, J .  A m e r .  C h e m . S o c . ,  81, 2086 (1959).

(15) Assum ed to  be  trans based on  m ethod  o f  synthesis. See F . H . 
Clarke, G . A . Felock , G . B . Silverm an, and C. M . W atnick , J .  O r g . C h e m .,  

27, 533 (1962).
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A n a l .  Calcd for Ci8H12N2: C, 84.35; H, 4.72; N, 10.93. 
Found: 0,83.96; H ,4.66; N, 10.66.

Photocyclization of Methyl 2-(l-Naphthyl)-3-(4-pyridyl)- 
acrylate.— A solution of methyl 2-(l-naphthyl)-3-(4-pyridyl)- 
acrylate (1.0 g ,  3.46 mmol) in methanol (400 ml) was irradiated 
with a 100-W mercury vapor lamp through a Pyrex well for 18 
hr. Air was bubbled slowly through, and the solution was 
stirred during the irradiation. The solvent was evaporated 
and the residual oil was dissolved in benzene (20 ml) and poured 
onto a 1.5 X 10 cm column of basic alumina. The column was 
washed with benzene (~100 ml) until a yellow band approached 
the end of the column, then eluted with chloroform (~200 ml) 
until no more yellow product was obtained. Evaporation of the 
chloroform left 0.75 g of yellow oil (7 and 8, two spots on tic 
with ethyl acetate), which was dissolved in a large volume of hot 
hexane. On long cooling, 0.13 g (13%) of yellow crystals of 8 
formed, mp 97-100°. Recrystallization from hexane gave 
yellow needles: mp 110-113°; ir 5.82, 6.24, 6.99, 8.09, 8.25,
8.82, 9.42, 11.76, 12.10, and 12.98 ¡ t ;  nmr (CDC1.) S 3.82 (s, 3), 
7.25-8.40 (m, 8), and 8.85 (d, 2); mass spectrum m / e  287, 256, 
227, 200, and 100; uv Xmax 316 nm (e 7350) and 343 (9950).

A n a l .  Calcd for Ci9Hi3N 02: C, 79.43; H, 4.56; N, 4.88. 
Found: C, 79.33; H, 4.59; N .5.07.

Different runs gave approximately the same mixture of 7 and
8. However, the relative amount of 8 appeared to slowly in­
crease in solutions left exposed to air.

The photocyclizations with other solvents were run under the 
same experimental conditions.

2-(4-Pyridyl)acenaphthene-l-carbonylhydrazide (10a).— A 
chromatographed mixture of 7 and 8 (0.75 g), ethanol (20 ml), 
and 95% hydrazine (1.5 ml) was heated on a steam bath for 2 
hr. The solution was evaporated to dryness, treated with ben­
zene (20 ml), and again evaporated to dryness. The residual 
yellow oil was crystallized twice from methylene chloride-carbon 
tetrachloride to afford 0.21 g (28%) of 10a as a sticky yellow 
powder: mp 135-138°; nmr (CDC13) 5 3.80 (s, 2), 4.32 (d, 1, 
J  =  4 Hz), 5.25 (d, 1, J  = 4 Hz), 7.00-8.00 (m, 9), and 8.47 
(d, 2, J  =  6 Hz); mass spectrum m / e  289, 230, 152, 121, 119, 
117. Satisfactory elemental analyses were not obtained.

Acetone l-(4-Pyridyl)acenaphthene-2-carbonylhydrazone (10b). 
— A sample of crude hydrazide 10a (prepared from 0.5 g 
of ester 5b) was crystallized from acetone-hexane to give a light 
yellow powder, mp 235-238°. Recrystallization from acetone- 
ethanol gave 0.15 g (26%) of white solid: mp 242-245°; nmr 
(TFA) 5 2.10 (s, 3), 2.25 (s, 3), 4.35 (m, 1), 5.15 (m, 1), and
6.65-8.35 (m, 10).

A n a l .  Calcd for C21H19N30 : C, 76.57; H, 5.81; N, 12.76. 
Found: C, 76.35; H, 6.02; N, 12.70.

2-(4-Pyridyl)acenaphthylene-l-carboxylic Acid (9).— A crude 
chromatographed mixture of 7 and 8 (0.75 g) was suspended in 
10% sodium hydroxide (20 ml), and potassium permanganate 
(1.0 g) was added. The mixture was heated on a steam bath for
2.5 hr, with occasional swirling, and then cooled and filtered. 
The solids were washed with water (20 ml). The combined 
filtrates were acidified with acetic acid and cooled to give 0.56 g 
(59% from 5b) of bright yellow solid. Recrystallization from 
methanol-water gave an analytical sample: mp >300° dec; 
nmr (DMSO-d6) 5 7.55-8.45 (m, 8) and 8.65-8.90 (m, 2).

A n a l .  Calcd for C,8HnN 0 2: C, 79.11; H, 4.06; N, 5.13. 
Found: C, 78.89; H, 4.06; N, 5.36.

Reesterification of 9 with methanol and HC1 afforded 8, iden­
tical with 8 obtained by photocyclization above on comparison 
of melting point, mixture melting point (no depression), ir, 
and tic.

l-(4-Pyridyl)acenaphthylene (11) Picrate.— A finely powdered 
mixture of l-(4-pyridyl)acenaphthylene-2-carboxylic acid (0.2 
g, 0.7 mmol) in a small sublimation apparatus (no vacuum) 
was placed in an oil bath preheated to 260°. After 20 min, the 
mixture was cooled and the entire apparatus was washed out 
with benzene (50 ml). The benzene was filtered and evaporated 
to leave a yellow oil. The oil was dissolved in ethanol (20 ml), 
and a saturated picric acid solution in ethanol (20 ml) was added. 
The suspension was heated to boiling on a steam bath and cooled. 
The yellow solid was collected. Recrystallization from ethanol 
gave tiny yellow needles (0.04 g, 12%): mp 266-268° dec16 
(lit.11 mp264-265°); nmr (DMSO-cb) 56.80-9.10 (m).

A n a l .  Calcd for CaHnNAb: C, 60.26; H, 3.08; N, 12.22. 
Found: C, 60.45; H, 3.43; N, 12.03.
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Optical Resolution of DL-Amino Acids by Preferential Crystallization Procedure
Shigeki Y amada,* M asao Y amamoto, and I chiro Chibata 

R e s e a r c h  L a b o r a t o r y  o f  A p p l i e d  B i o c h e m i s t r y ,  T a n a b e  S e i y a k u  C o . ,  L t d . ,  9 6 8  K a s h i m a - c h o ,  H i g a s h i y o d o g a w a - k u ,  O s a k a ,  J a p a n

R e c e i v e d  J u n e  2 6 ,  1 9 7 3

To make preferential crystallization procedure more generally applicable for optical resolution of racemic 
amino acids, the resolution was carried out in the form of aromatic sulfonates of amino acids. Aromatic sulfonic 
acids were chosen because they vary greatly in properties and easily form salts with any kind of amino acids. 
Moreover it seemed very likely that some of these salts would form racemic mixtures suitable for preferential 
crystallization procedure. As a result of extensive studies, a method was developed for the resolution of amino 
acids in high yields such as DL-alanine, DL-leucine, Dn-lysine, DL-serine, DU-3,4-dihydroxyphenylalanine, d l -  
tryptophan, and DL-3-(3,4-methylenedioxyphenyl)-2-methylalanine through the use of different aromatic sulfonic 
acids. These results indicate that the present method can be applied more generally for resolution of amino 
acids.

Although a number of methods for optical resolution 
of DL-amino acids have been reported, most of them 
have employed chemical or enzymatic procedures and 
only a few reports on preferential crystallization pro­
cedure have appeared.1 If successfully applied, pre­
ferential crystallization procedure is a very advanta­
geous method for the production of optically active 
amino acids, since the procedure can be easily accom­

(1) J. P . G reenstein and M . W initz, “ C hem istry o f  the A m in o  A c id s ,”
V o l. 1, W iley , N ew  Y ork , N . Y ., 1961, pp  715-716.

plished by providing seed crystals of one antipode in a 
supersaturated solution of the racemic modification.2 
However, in nearly a century since the first example 
of this type of resolution was reported, satisfactory 
application of this simple procedure has been restricted 
to several amino acids such as asparagine,3 histidine,4

(2) R . M . Secor, C h e m . R e v ., 63, 297 (1963).
(3) A . P iutti, C . R .  A c a d .  S c i . ,  103, 134 (1886).
(4) R .  D nsch insky, C h e m . I n d .  { L o n d o n ) ,  53, 1 0  ( 1 9 3 4 ) ;  “ Festschrift 

E m il Bareli,”  Friendrich R einhardt A . G ., Basel, 1936, p  375.
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threonine, 5 glutamic acids, 6 -7 and aspartic acid. 8 - 9 The 
reason for this limited applicability is that most amino 
acids form racemic compounds instead of racemic mix­
tures and have no properties suitable for this resolution 
procedure. Although it was suggested10 that resolu­
tion is possible when the solubility of each of the pure 
optical isomers is less than that of the racemic modifi­
cation, resolution by preferential crystallization is more 
easily accomplished when the racemic modification 
forms a racemic mixture. Therefore, if it becomes pos­
sible to find out the conditions under which respective 
amino acid crystallizes as a racemic mixture, this con­
venient method is expected to be applied for all syn­
thetic amino acids as a general method. To realize 
this expectation, the optical resolution of amino acids 
was carried out in the form of their aromatic sulfonates. 
Aromatic sulfonic acids were chosen because they vary 
greatly in properties and easily form salts with any 
kinds of amino acids, so that it is very likely that some 
of their salts will form racemic mixtures and can be 
resolved by preferential crystallization procedure. 
Previously, it was found that DL-lysine, as an example 
of basic amino acids, was resolved in the form of 
the salt with p-aminobenzenesulfonic acid. 11 Subse­
quently, under this idea, optical resolution of other 
amino acids was investigated, and it became possible to 
resolve many amino acids, for example, DL-alanine and 
DL-leucine as typical aliphatic amino acids, DL-serine as 
a hydroxy amino acid, DL-3,4-dihydroxyphenylalanine 
as an aromatic amino acid, DL-tryptophan as a hetero­
cyclic amino acid, and DL-3-(3,4-methylenedioxy- 
phenyl)-2 -methylalanine as an a-alkyl amino acid. 
The optically active forms of these amino acids are im­
portant in nutritional and pharmaceutical fields. 
Especially, L-3,4-dihydroxyphenylalanine (l-DOPA) 
has been in large commercial demand as a specific 
drug for treatment of Parkinson’s disease and l-3-(3,4- 
methylenedioxvphenyl)-2-methylalanine (l-M D PM A) 
is useful for an intermediate of the antihypertensive 
drug, L-3,4-dihydroxyphenyl-2-methylalanine ( l - o -  

methyl DOPA).
Generally it is well recognized that the solid state 

infrared spectra of respective optical isomers are identi­
cal but different from that of the corresponding racemic 
compound. 1 2 However, in the case where racemic 
amino acids exist as a racemic mixture, the infrared 
spectrum of a racemic modification should be identical 
with that of the respective optical isomers. Thus the 
above amino acids were converted to the wide variety of 
the salts with aromatic sulfonic acids and the spectra 
of their optically active salts were compared with those 
of the respective racemic modifications. This method 
was very useful for screening the salts which form 
racemic mixtures. As a result, the spectra of DL- 
alanine p-chlorobenzenesulfonate (DL-Ala-p-CIBS), DL- 
leucine benzenesulfonate (DL-Leu-BS), DL-serine m- 
xylene-4-sulfonate (DL-Ser-m-XS), dl-3,4-dihydroxy-

(5) L . V elluz and G, Am iard, B u l l .  S o c .  C h im . F r . ,  20, 903 (1953).
(6) F . K ogl, H . Erxleben, and G. J. van  Veersen, Z .  P h y s i o l .  C h e m .,  

277, 260 (1943).
(7) T . Akashi, N i p p o n  K a g a k u  Z a s s h i ,  83, 417 (1962).
(8) T . H aga, M . Sato, and K . M iu ra , Japanese P aten t 42-3290 (1967).
(9) K . H arada, B u l l .  C h e m . S o c .  J a p . ,  38, 1552 (1965).
(10) A . W erner, B e r . ,  47, 2171 (1914).
(11) S. Y am ada, M . Y a m a m oto , and X. Ch ibata , J .  A g r .  F o o d  C h e m .,  

21 ,8 8 9  (1973).
(12) R . J. K oegel, R . A . M cC allum , J. P. G reenstein, M . W initz, and S. M . 

B irnbaum , A n n .  N .  Y .  A c a d .  S d . ,  69, 94 (1957).

phenylalanine 2-naphthol-6-sulfonate (dl-DOPA- 
N S-3/ 2H20), DL-tryptophan benzenesulfonate (DL-Trp- 
BS), and DL-3-(3,4-methylenedioxyphenyl)-2-methyl- 
alanine p-phenolsulfonate (dl-M D P M A -p-PS • H20 ) , 
were found to be exactly identical with those of the 
corresponding optical isomers. The result suggests 
that these racemic modifications exist as racemic mix­
tures. This was also supported by the melting point- 
composition diagram. In each case, the melting point 
of the racemic modification was identical with that of 
the mechanical mixture of equal amount of the two 
antipodes, and admixture of one of the pure isomers to 
the racemic modification increased the melting point. 
Also, the solubility of the racemic modifications was 
much higher than that of the corresponding isomers. 
The saturated solution of the racemic modifications no 
longer dissolved the optically active isomers. Thus, 
DL-Ala-p-CIBS, DL-Leu-BS, DL-Ser-m-XS, dl-D O PA- 
N S-3/ 2H20, DL-Trp-BS, and dl-M D P M A -p-PS ■ II20  
could be easily screened as the simple salts forming the 
racemic mixtures.

The resolutions of these salts were accomplished in 
the usual manner. Seeding a supersaturated solution 
of each racemic modification with the crystals of the 
desired isomer (for example, l  isomer) brought about 
preferential crystallization of the l  isomer, while the 
nonseeded d  isomer remained in the mother liquor as 
supersaturation. The resolutions were also carried out 
without seeding by spontaneous crystallization of an 
excess isomer ( l  isomer) from a supersaturated solution 
containing an excess of one isomer ( l  isomer). This 
procedure of using an excess of one isomer in the initial 
solution was equivalent, in principle, to adding seed 
crystals because the l  isomer present in higher concen­
tration began to crystallize initially and it played a role 
of seed crystals. However, the most favorable res­
olution procedure in a practical purpose was that 
described in the Experimental Section. This was 
started with a supersaturated solution containing an 
excess of one isomer ( l  isomer). Furthermore, the 
solution was nucleated with the isomer ( l  isomer) present 
in excess. In this case, preferential crystallization of l  

isomer occurred more rapidly and smoothly without 
crystallization of d  isomer. The presence in the initial 
solution of an excess of the isomer being crystallized 
seemed to be important for the successful functioning of 
the resolution procedure. It was also desirable that 
the amount of an excess isomer ( l  isomer) dissolved 
initially in a supersaturated solution of racemic modifi­
cation was adjusted to almost the same amount of l  

isomer resolved in a single cycle, and that the amount of 
crystallization was controlled to about twofold of the 
excess of l  isomer employed initially. In that case, 
almost the same conditions as the first, except that the 
solution contained d  isomer in excess, could be obtained 
by adding the same amount of the racemic modification 
as that of the l  isomer previously separated into the 
mother liquor. Then d  isomer was separated in the 
same way. Thus, the entire cycle could be repeated 
and both l  and d  isomers were obtained reciprocally. 
However, the amount of a desired isomer resolved in a 
single cycle should be limited in order to avoid crystal­
lization of the antipode. As shown in Table IV , optimal 
conditions for resolution were dependent on the proper­
ties of the individual racemic modification. The iso­
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mers obtained by this procedure were almost optically 
pure. If the optical purity is not satisfactory and fur­
ther purification is required, the crude products can be 
easily purified by recrystallization without loss of the 
optically active isomer. The optically active enantio- 
morph no longer dissolves in the saturated solution of 
the racemic modification. Therefore, this purification 
can be performed by dissolving the mixture in a mini­
mum amount of water required to dissolve the racemic 
modification in the crude crystals, and allowing the pure 
crystals to crystallize out. However, the operation is 
not so easy because the amount of water required to dis­
solve the racemic impurity is very small. So it was 
convenient to carry out the above operation by adding 
an appropriate amount of the solution saturated with 
the racemic modification. Thus, obtained optically 
pure sulfonates were easily converted to optically pure 
amino acids by neutralization with alkali or by use of 
ion exchange resin.

In the present work we cannot establish a theory to 
predict what kind of racemic modification forms a 
racemic mixture suitable for the resolution by pre­
ferential crystallization. By the use of aromatic 
sulfonates, however, it becomes easy to find out the 
simple salts which form racemic mixtures and can be 
resolved by the preferential crystallization procedure. 
Consequently, it is very likely that the present simple 
method using aromatic sulfonates may be applied more 
generally for resolution of synthetic amino acids.

Experimental Section
Materials.— Analytical standard grade amino acids manufac­

tured by our company, Tanabe Seiyaku Co., Ltd., were used, 
except MDPMA.13 All aromatic sulfonic acids were obtained 
from Tokyo Kasei Kogyo Co., Ltd., and E. Merck AG. These 
were used without further purification.

Analyses.— All samples for analyses were dried overnight 
i n  v a c u o  at 45-50° unless otherwise noted. Melting points 
were measured with a Yamato MP-21 melting point apparatus 
in an unsealed capillary tube and were uncorrected. Infrared 
spectra of samples were determined in KBr disks using a Shimazu 
infrared spectrophotometer, Model IR-27G. Optical rotations 
were measured with a Perkin-Elmer 141 automatic polarimeter. 
Elemental analyses were performed by a Perkin-Elmer 240 
elemental analyzer. Solubility was determined by approaching 
saturation equilibrium from both sides of undersaturation and 
supersaturation. Concentration of solutes was measured by a 
Karl Zeiss immersion refractohreter.

Preparation of Aromatic Sulfonates of Amino Acids.— d l - 
Alanine p-chlorobenzenesulfonate (DL-Ala-p-CIBS), DL-3,4-di- 
hydroxyphenylalanine 2-naphthol-6-sulfonate (dl-DOPA-NS- 
3/ 2H20), DL-leucine benzenesulfonate (DL-Leu-BS), DL-lysine 
p-aminobenzenesulfonate (DL-Lys-p-ABS), DL-3-(3,4-methylene- 
dioxyphenyl)-2-methylalanine p-phenolsulfonate (dl-MDPMA- 
p-PS-H20), DL-serine m-xylenesulfonate (DL-Ser-m-XS), and 
DL-tryptophan benzenesulfonate (DL-Trp-BS) were easily pre­
pared from amino acids and the corresponding aromatic sulfonic 
acids.

A mixture of 1 mol of amino acids and 1.03 mol of aromatic 
sulfonic acids was dissolved in water by heating, treated with 
charcoal, concentrated i n  v a c u o ,  and cooled in a refrigerator. 
The resulting precipitates and further crops obtained by succes­
sive concentrations of the combined filtrate were collected, washed 
with cold water, and dried i n  v a c u o  at 45°. The products 
were almost pure and could be used for optical resolution with­
out further purification. The optically active isomers were

(13) dl-M D P M A  was prepared from  3,4-m ethyIened ioxyphenylaceton e 
accord in g to  the m ethod o f G . A . Stein, H . A, B ronner, and K . Pfister, I I I ,  
J ,  A m e r .  C h em . S o c . ,  77, 700 (1955). O ptica lly  pure and d-M D P M A  
w ere prepared b y  the op tica l resolu tion  o f the iV -acetyl m enthyl ester ac­
cording to  the m ethod o f S. Terashim a, K . A chiw a, and S. Y am ada, C h e m .  
P h a r m . B u l l . ,  13, 1399 (1965).

prepared in the same way. The total yields based on the amino 
acids were from 95 to 98%. The elemental analyses are sum­
marized in T able I .

T a b l e  I
A r o m a t i c  S u l f o n a t e s  o f  A m i n o  A c id s

A rom atic  sulfonate ,--------—E lem ental analysis, % - ---------- -
of am ino acids /-------- F ound--------

(elem ental com position ) C a lcd DL L

c 38.37 38.48 38.23
Ala-p-CIBS H 4.29 4.40 4.42
(C9H12C1N05S) N 4.97 4.87 4.80

S 11.38 11.52 11.20
c 50,89 50.83 50.95

D0PA-NS-3AH20 H 4.97 4.70 4.97
(C19Hi9N 08S -3/ 2H20) N 3.12 3.03 3.13

S 7.15 7.27 7.29
c 49.81 50.04 50.06

Leu-BS H 6.62 6.65 6.64
(CVELsNCLS) N 4.84 4.97 4.82

S 11.08 10.93 11.20
c 45.12 45.20 45.00

Lys-p-ABS H 6.63 6.73 6.74
(C12H2lN30 5S) N 13.16 13.09 13.14

S 10.04 10.01 10.06
c 49.15 49.27 49.27

MDPMA-p-PS • H20 H 5.10 5.21 5.10
(Ci7H19N 0sS-H20) N 3.37 3.32 3.32

S 7.72 7.70 7.66
c 45.35 45.38 45.43

Ser-m-XS H 5.88 5.91 5.92
(CnHnNOeS) N 4.81 4.70 4.76

S 11.01 11.06 10.93
c 40.36 40.25 40.55

Ser-m-XS • 2H20 6 H 6.47 6.32 6.47
(C,iHi,N 06S-2H20) N 4.28 4.33 4.23

S 9.80 9.78 9.75
c 56.34 56.63 56.53

Trp-BS H 5.01 5.04 5.07
(C17H18N20 5S) N 7.73 7.88 7.80

S 8.85 8.57 8.82
“ Recrystallized from 0.25 mol of an aqueous solution of p -  

phenolsulfonic acid. b Dried in air at room temperature.

The samples for elemental analysis were recrystallized from 
water except for MDPMA-p-PS-H20 . Recrystallization of 
DL-MDPMA-p-PS-H20  from water gave DL-MDPMA-V2P-PS 
(hemisulfonate) as colorless prisms, mp 237-238° dec. A n a l .  

Calcd for C„Hi30 4N -7 ,(C 6H60,S): C, 54.19; H, 5.20; N, 
4.51; S, 5.17. Found: C, 53.99; H, 5.28; N, 4.45; S, 4.96. 
On the other hand, recrystallization from 0.25 mol of an aqueous 
solution of p-phenolsulfonic acid gave a monosulfonate as needles. 
It was stable as a hydrate and melted at 110-120, 184-186, 
and 192-193° with decomposition. For the optically active 
MDPMA-p-PS-HoO, the hemisulfonates were not obtained. 
The optically active and racemic Ser-m-XS • 2H20  crystallized 
from water as dihydrate. Elemental analyses of the samples 
dried in air at room temperature corresponded to CnHnN06S. 
2H20 . Drying the samples i n  v a c u o  over P2Os or at elevated 
temperatures yielded their anhydrates.

The properties of the aromatic sulfonates of amino acids thus 
obtained are shown in Table II.

Optical Resolution.— A typical experiment for the resolution 
was carried out as follows. DL-Ser-m-XS (94.00 g) and L-Ser- 
ni-XS (6.00 g) were dissolved in 100 ml of water at elevated tem­
perature. The mixture was cooled to 25°, seeded with L-Ser- 
m-XS-2H20  (0.10 g), and stirred for 50 min at the same tem­
perature. The precipitated crystals were collected by filtra­
tion, washed with small amount of cold water, and dried. The 
crystals thus obtained were optically pure, yield 12.66 g, 
[ a ] 26D +4.1° (c 4, HjO), mp 172-173°. A n a l .  Found: C, 
45.37; H, 5.87; N, 4.85; S, 1 1 . 1 4 .  After the separation of 
the l  isomer, DL-Ser-m-XS (13.88 g )  and a small amount of water 
were added to the mother liquor. The amounts of the addition 
were adjusted by refractometric measurement and weighing
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T able II
P r o p e r t i e s  o p  A r o m a t i c  S u l f o n a t e s  o f  A m i n o  A c id s

A rom atic sulfonate deg [«lies, deg
o f am ino acids Isom er M p , °C ( c  2, water) (c  2, w ater) ----------------S o lu bility  in  w ater, g /1 0 0  ml ( ° C )— ----------- ï

Ala-p-CIBS DL 190-192 53.2 (15) 86.3 (30) 139.2 (45)
L 222-223 + 3 .6 +  15.4 24.2 (15) 37.2 (30) 67.5 (45)

d o p a -n s -3a h 2o DL 152-154 1.6 (10) 3.3 (30) 9.0(50)
L 162-164 - 8 . 6 -1 9 .7 1.1 (10) 2.0 (30) 5.3 (50)

Leu-BS DL 152-154 39.4 (15) 58.0 (25)
L 172-173 + 3 .2 +  18.6 17.0 (15) 22.9 (25)

Lys-p-ABS DL 238-239 54.0 (15) 66.1(25) 90.6 (45)
L 250-251 + 6 .2 +23 .0 33.8 (15) 42.7 (25) 63.1 (45)

MDPMA-p-PS-H20 DL 192-193 10.8 (10) 18.6 (25) 76.3 (45)
L 212-213 +  0.8» +  14.0» 5.0(10) 8.3 (25) 25.0 (45)

Ser-m-XS DL 157-158 45.1 (15) 80.9 (25) 175.4 (40)
L 172-173 + 4 . Is +  19. 6s 23.5 (15) 39.5 (25) 86.8 (40)

Trp-BS DL 210-211 5.7 (15) 10.7 (35) 20.9 (50)
L 234-235 - 2 .9 +  16.8 3.5 (15) 5.6 (35) 8.9 (50)

“ 1 % in 1 N  HC1. s 4%. c Solubility was determined in 0.25 mol of p-phenolsulfonic acid aqueous solution.

T a b l e  III
S u c c e s s i v e  R e s o l u t i o n  o f  DL-Ser-m-XS»

E xpt
--------------A m ou n t of add ition— -—

d l  form , g A ctive  form , g
-— ------ ’C om position  o f solution— ------- *

d l  form , g  A ctive  form  g
--------------Crystals
Y ield , g

separated-------------*
O ptica l pu rity , %

1 (l) 94.00 6.00 94.00 6.00 12.66 100
2(D) 13.88 93 . 846 6.16s 12.52 98
3 ( l ) 13.08 94.02s 5.98s 11.34 100
4 ( d ) 13.34 94.74* 5.26s 13.24 98
5 ( l ) 14.24 92.36s 7.64s 12.20 97
6  (D ) 12.20 95.92s 4.08s 12.42 98
7 ( l ) 14.40 92.04s 7.96s 13.10 97
8 ( d ) 14.84 95.36s 4.64s 13.54 97
9 ( l ) 15.32 91.62s 8.38s 12.56 98

10 (D ) 14.42 96.14s 3.86s 12.18 96
Mean 13.97 94.00 6.00 12.58 98

Resolution was carried out on a 100-ml scale. Crystallization time was 50 min in every case. s Values calculated theoretically
from analysis of separated crystals.

T a b l e  IV
O p t i c a l  R e s o l u t i o n  o f  A r o m a t i c  S u l f o n a t e s  o f  A m i n o  A c id s “

.— Separated crystals—•
-̂------------A m ou n t o f  add ition ------------^ —C om position  of solution—^— C rystn——- O ptica l

A rom atic  su lfonate of R esoln dl  form , A ctive d l  form , A ctive Tem p, T im e, Y ield , pu rity ,
am ino acids no. R eg istry  no. g R eg istry  no. form , g g form , g °C m in g %

Ala-p-CIBS 1 ( l ) 36760-85-7 97.00 42334-78-1 5.00 97.00 5.00 30 40 10.56 98
2 ( d ) 36760-86-8 1 1 .0 0 96.71s 5.29s 30 40 10.34 98

d o p a -n s v 2h 2o 1 (L ) 4233+82-7 16.00 42334-81-6 3.00 16.00 3.00 50 25 6.44 1 0 0

2  ( d ) 42334-83-8 6.50 15.66s 3.34s 50 25 6.52 1 0 0
Leu-BS 1 (L ) 42398-40-3 66.50 42398-39-0 1 . 0 0 66.50 1 . 0 0 25 50 2.23 93

2 (D ) 42398-41-4 2.32 66.53s 0.97s 25 50 2 . 1 2 93
Lys-p-ABS 1 ( l ) 27168-73-6 77.00 42719-79-9 5.00 77.00 5.00 25 65 11.04 98

2 ( d ) 42398-44-7 11.54 76.26s 5.74s 25 65 11.72 98
MDPMA-p-PS-H20 1 ( l ) 42334-84-9 50.00 42398-45-8 7.50 50.00 7.50 25 1 2 0 17.83 95

2 ( D ) 42398-46-9 18.40 48.36s 9.14s 25 1 2 0 17.92 97
Ser-TO-XS* 1 (L ) 27168-77-0 94.00 27168-75-8 6 . 0 0 94.00 6 . 0 0 25 50 1 2 .6 6 1 0 0

2 ( D ) 27168-76-9 13.88 93.84s 6.16s 25 50 12.52 98
Try-BS 1 (L ) 42719-78-8 16.00 42719-79-9 1 . 2 0 16.00 1 . 2 0 35 50 2.84 92

2 ( D ) 42746-61-2 2.93 15.88s 1.32s 35 50 2.78 92
“ Resolution was carried out on a 100-ml scale by use of 0.10 g of seed crystals. 6 Values calculated theoretically from analysis of 

separated crystals. c Resolution was carried out in 0.25 mol of p-phenolsulfonic acid aqueous solution. i  Dihydrates of this compound 
were used as seed crystals.

according to a standard curve previously constructed. Thus, 
almost the same composition as in the previous resolution was 
obtained, except that the predominant enantiomorph was d 
isomer. This supersaturated solution was seeded with D-Ser-m- 
XS'2H20  (0.10 g) at 25° and stirred for 50 min. Drying the 
precipitated crystals yielded D-Ser-m-XS (12.52 g) which had 
98% optical purity. By repeating these procedures, l and d 
isomers were successively obtained as shown in Table III.

Other sulfonates of amino acids could also be resolved in the 
same manner as described above. Conditions for the resolution

and the analyses for separated crystals are summarized in Table
iV.

Optical Purification of Optically Impure Isomers.— The isomers 
obtained by the above procedure were practically pure. If the 
optical purification is, however, required, it can be performed as 
follows. Crude L-Ser-ra-XS (10.00 g, optical purity 87.7%) 
was mixed with 1.5 ml of water and an appropriate amount (30 
ml) of the solution saturated with DL-Ser-ro-XS at 25° and 
dissolved at elevated temperature. The mixture was then 
stirred for 2 hr at 25°. The resulting crystals were collected
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Table V
Optically Active Amino Acids Pbepared from Their Aromatic Sulfonates

—N  analysis, % ---------------* [a ]MD, deg
----------------Registry r no.--------------- ' Y ield , ✓-----------F  ound----------- ' --------<C 2 , 5 N  H C l)-------X

A m in o acid D ii M eth od % Caled L D L D
Alanine 338-69-2 56-41-7 Ion exchange 96 15.72 15.72 15.73 +  14.6 -1 4 .6
DOPA 5796-17-8 59-92-7 LiOH 96 7.10 7.08 7.11 — 12.2° +  12.3“
Leucine 328-38-1 61-90-5 Ion exchange 95 10.68 10.63 10.64 +  15.9 -1 6 .0
Lysine HC1 42334-88-3 10098-89-2 Ion exchange 96 15.34 15.41 15.45 +  20.8 - 20.8
MDPMA 42334-90-7 42334-89-4 NH4OH 96 6.28 6.27 6.27 + 2 5 .46 -25.4*-
Serine 312-84-5 56-45-1 Ion exchange 98 13.33 13.37 13.35 +  15.0' - 1 5 . 1 '

Tryptophan 153-94-6 73-22-3 NH4OH 95 13.72 13.74 13.73 -3 2 .4 4 +  32.5á
« 4%, in 1 N  HC1, at 20°. » [«]&, 1% in 1 N  HC1. ‘ I n  I N  H C 1 . dl% in H 20 .

by filtration, washed with a small amount of cold water, and 
dried. By this operation, optically pure crystals of L-Ser-m-XS 
were obtained, yield 8.62 g, ( a ] 25D + 4 .1° (c4,H 20).

Preparation of Optically Active Amino Acids.— From optically 
pure aromatic sulfonates of amino acids, the free amino acids 
were easily obtained either by neutralization with alkali or by 
use of an ion exchange resin. In the former, an aqueous solu­
tion of aromatic sulfonates was adjusted with alkali to the iso­
electric point of the amino acids and cooled in a refrigerator 
overnight. The crystallized free amino acids were filtered off, 
washed with cold water, and dried. This method was convenient 
for sparingly soluble amino acids. For readily soluble amino 
acids, the latter method was employed. Aromatic sulfonates 
were taken up in a tenfold amount of water. The solution was 
passed through an ion exchange column of Amberlite IR-120 
(in H form). The column was washed with water and the amino 
acid was eluted with 2 N  NH4OH. The eluate was concentrated, 
treated with charcoal, and concentrated again until the crystalline 
precipitate appeared. To the residue MeOH was added and the 
mixture was allowed to stand in a refrigerator overnight to give 
the colorless amino acid.

Table V indicates the yields and the specific rotations of opti­
cally active amino acids obtained by this process.

For the preparation of L-a-methyl DOPA, the l-MDPMA 
(50.0 g) obtained above was hydrolyzed with 20% hydrochloric 
acid (930 ml) and phenol (47 g) for 17 hr. After evaporation, 
the residue was dissolved in 120 ml of water and adjusted to 
pH 5.8 with 5 N  NH4OH containing a small amount of sodium 
bisulfite. The precipitate was collected, and further crops were 
obtained by successive concentrations of the filtrate. The total 
yield of L-a-methyl DOPA-VsFLO was 43.6 g (81.6%). Re­
crystallization from sulfurous acid solution (0.5%) gave a white 
powder of L-a-methyl DOPA-3/ 2H20 , and drying of the sesqui- 
hydrate i n  v a c u o  at 100° gave the anhydrous form, mp 306-307° 
dec, [a]«D -5 .2 ° , [a]578 -5 .5 °  (c 2, 0.1 VH Cl). A n a l .  Calcd 
for CioHI3N 0 4: C, 56.86; H, 6.20; N, 6.63. Found: C,
56.63; H, 6.24; N, 6.59.
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Total Synthesis of dZ-Prostagl andin E!
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cK-Prostaglandin Ei (PGEi) (61) has been synthesized in 14 steps from 2-carboxy~5-oxo-l-cyclopentenehep- 
tanoic acid (15). The synthesis required the development of two mild procedures and a new protecting group. 
A Moffatt oxidation using a water-soluble carbodiimide converted the carbinol 52 to aldehyde 53. The Wittig 
reaction of aldehyde 53 with the tributylphosphorane 36 was used to obtain the enone 54. Protection of the 
cyclopentanone carbonjd group was achieved v i a  the phenylthiomethyl oxime 48. This derivative is unaffected 
by mild oxidative (Moffatt or Collins) or reductive (borohydride) procedures and yet can be readily cleaved back 
to the unsubstituted oxime with mercury ion catalysis and hence in turn to the ketone.

The prostaglandins have, during the past decade, 
become a major area of biological1 and clinical in­
vestigation.2 As a consequence of their limited ac­
cessibility from natural sources, and the desire to ex­
plore the structural requirements for their biological 
activity, the prostaglandins have become the syn­
thetic targets of many groups.3 Several of these groups 
have reported specific syntheses of prostaglandin Ej 
(PGEO4 (61). We now describe the details of our 
synthesis of PGE1.5

(1) J. R . W eeks, A n n u .  R e v . P h a r m a c o l . ,  12, 317 (1972).
(2) Research in Prostaglandins (Supplem ent), Sept 1972, W orcester 

F oundation .
(3) J. E . Pike, F o r t s c h r .  C h e m . O r g . N a t u r s t . ,  28, 313 (1970).
(4) (a) C, J. Sib, P. Price, R . Sood, R . G. Salom on, G. Peruzzotti, and 

M . Casey, J .  A m e r .  C h e m . S o c . . 94, 3643 (1972); (b) D . Taub, R . D . H ofl- 
som m er, C. H. K uo, H . L. Slates, Z. S. Zelaw ski, and N. L. W endler, T e tr a ­
h e d r o n , 29, 1447 (1973); (c) E . J. C orey  and R . K . Varm a, J .  A m e r .  C h em .  
S o c . ,  93 , 73 1 9 (1971), and references cited therein; (d) W . P. Schneider, U. 
A xen, F. H . L incoln, J. E . Pike, and J, L. T h om pson , ib id . ,  91, 5372 (1969); 
(e) M . M iy a n o  and M . A. Stealey, J .  C h e m . S o c . ,  C h e m . C o m m u n .,  180 (1973).

At the time our efforts commenced there was no 
significant clinical work published on the prostaglandins 
which would indicate any important differences between 
PGEi and PGE2. PGEi seemed to be the most ap­
propriate target compound, as it had been converted 
to PGAi and PGFia3 and the additional double bond 
in the carboxylic acid side chain of PGE-> seemed to 
pose additional synthetic limitations.

The preparation of an appropriate starting material, 
15, was anticipated as being possible by a process 
analogous to one of those used to synthesize iso- 
sarkomycin, 2-methyl-3-carboxycyclopentenone. The 
synthesis of Shemyakin6 was briefly investigated but 
discarded in favor of the procedure used by Newman.7

(5) N. Finch and J. J. F itt, T e tr a h e d r o n  L e t t . ,  4639 (1969).
(6) M . M . Shem yakin, M . N . K olosov , M . G . K arapetyan, and V . Y .  

R od ion ov , Z h .  O b s h c h . K h i m . ,  28, 2068 (1958); C h e m . A b s t r . ,  63, 2228e 
(1959).

(7) M . S. N ew m an and J. L . M cP herson , J . O r g . C h em .\  19, 1717 (1954).
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Substituting readily available diethyl a-bromoaze- 
late8 for the ethyl a-bromopropionate used by New­
man gave access in good yield to the cyclopentenone 
diacid 15 (Scheme I). The only critical step in this 
procedure was to ensure that the addition of acrylo­
nitrile to compound 1 goes to completion (tic). If 
adduct 4 is contaminated with unreacted starting 
material, 1, hydrolysis gives a crystalline mixture of 
tetraacid 5 and triacid 2. The acids 5 and 2 cocrystal­
lize and the presence of 2 in 5 becomes easily evident 
only after esterification, when the presence of the tri­
ester 3 in the tetraester 6 can be readily detected by 
vpc. After Dieckmann cyclization of 6, the resultant 
cyclopentanone diester, 7, was hydrolyzed to the 
diacid.9 Conversion of 7 to the cyclopentenone di­
ester 13 was explored both via bromination of the enol 
acetate mixture 12 and directly of 7 followed by de- 
hydrobromination. Both procedures gave comparable 
overall yields, and the latter procedure was one step 
less, so this was employed for the large scale prepara­
tions.

Introduction of the hydroxyl group into the cyclo­
pentenone diester 13 (Scheme I), to obtain 22, also

(8) B . Teiehm ann, A c t a  C h im . ( B u d a p e s t ) ,  41, 331 (1964); C h e m . A b s t r . ,  
62, 2704c (1965).

(9) J. F. B agli, T . Bogri, R . D eghenghi, and K . W iesner, T e tr a h e d r o n

L e t t . ,  465 (1966).

employed well-established procedures.10 The only 
ambiguity possible, i.e., that the hydroxyl group of 22 
was in position 5 rather than 4 of the cyclopentenone 
ring, was removed by spectral comparison (particularly 
the uv shift with base) of the precursor to 22, the acet- 
oxycyclopentenone diester 21, with 2-methy 1-3-car bo- 
methoxy-4-acetoxycyclopentenone whose structure has 
been firmly established.11

To obtain the appropriate stereochemistry for 
PGEi, i.e., trans,trans, it was presumed that silylation 
of the hydroxycyclopentenone diester 22 would create 
a functionality, i.e., the siloxy group, large enough to 
influence the direction of hydrogenation. Thus cis 
addition of hydrogen to the double bond of siloxycyclo- 
pentenone 25 from the side opposite to the siloxy group 
would yield an all-eis siloxycyclopentanone. Epi- 
merization then at the center a to the carbomethoxy 
group should lead predominantly to the desired all- 
trans arrangement. In fact, hydrogenation of the 
siloxycyclopentanone diester, 25, over Raney nickel gave 
a crystalline siloxycyclopentanone, 26, in almost 
quantitative yield. A single spot on tic and crystal­
linity were taken as indicators of homogeneity. Re­
action with methoxyamine in pyridine gave a crystalline

(10) C . H . D eP uy, M . Isaks, K . L . Eilers, and G . F. M orris, J .  O r g . C h e m .,  

29, 3503 (1964).
(11) N . F inch  and E . Sehlittler, T e tr a h e d r o n , 24, 5421 (1968).
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Scheme II
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methyl oxime, 28, in 69% yield. The mother liquor 
material contained a second compound, which was 
assumed to be a syn or anti isomer of 28. Reaction of 
siloxycyclopentanone, 26, with hydroxylamine gave 
an oxime, 29, which could be O-methylated to give the 
same methyl oxime, 28, as had been obtained directly 
from 26 with methoxyamine. Serious doubts, for sev­
eral reasons, developed about whether the methyl oxime 
mother liquor material was indeed a syn or anti isomer 
and as epimerization during methyl oxime formation 
had been excluded12 these doubts necessarily extended 
to the homogeneity of 26. Treatment of this sub­
stance with methanolic formic acid at room tempera­
ture, to remove the silyl group, yielded a crystalline 
hydroxycyclopentanone, which by tic was clearly a 
mixture of two substances. Both isomers cocrystal­
lized and several recrystallizations were necessary to 
obtain a homogeneous sample of the major isomer 27 
(Scheme II). Compound 27 yielded the same oxime 
derivatives as could be obtained directly from the 
siloxycyclopentanone, 26. The minor isomeric hydroxy­
cyclopentanone was subsequently shown to be a cis,- 
trans compound derived by hydrogenation from the 
same side as the siloxy group. This was therefore the 
origin of the “ mother liquor” methyl oxime, rather than 
syn-anti isomerism. Despite our disappointment in the 
lack of stereospecificity at the hydrogenation step, 
our expectations were completely fulfilled on treatment 
of the major all-cis crystalline methyl oxime, 28, with 
base. Hydrolysis with aqueous methanolic potassium 
carbonate and reesterification with diazomethane 
yielded an isomeric compound, 32, which contained 
only traces of the starting material 28. That this change 
involved epimerization at the carbomethoxv group 
was confirmed by an ir dilution study of the OH region. 
The crystalline methyl oxime, 28, showed a concentra­
tion-independent behavior expected for a cis arrange­
ment of hydroxyl group and ester, which makes pos­
sible a strong fniramolecular hydrogen bond. The 
isomeric methyl oxime, 32, exhibited concentration- 
dependent behavior and can be reasonably assigned

(12) Configurational stab ility  o f m ethyl oxim es f r o m  epim erizable ketones, 
the stereochem ical assignments to  substitu ted 2-hydroxycyclopentane-« 
carboxy lic acids, and other m odel studies will be  discussed in m ore detail in 
a subsequent paper.

a trans stereochemistry at these centers.12 Inde­
pendent work12 on methyl oximes derived from con­
figurationally unstable ketones demonstrated that under 
these conditions epimerization a to the methyl oxime 
was unlikely. Thus the stereochemistry of the epi- 
merized methyl oxime, 32, can be assigned all trans, 
assuming cis addition of hydrogen at the reduction 
step.

The next step in the sequence called for selectivity 
between the ester at the end of the chain and that on 
the ring. Earlier efforts (Scheme I) had provided 
half-ester acid derivatives of cyclopentenone diacid 
15, e.g., compounds 17 and 18. Nevertheless, based 
both on the yields by which they were obtained and 
the ease of their conversion to the hydroxycyclo- 
pentenones, these compounds, 17 and 18, were not 
regarded as being useful intermediates, which would 
provide this selectivity. Therefore, an alternative 
approach was explored. It had been anticipated that 
selectivity between the esters would be possible via 
an internal assist from the hydroxy group, e.g., sodium 
borohydride might be expected to reduce the ester 
attached to the ring via an intermediate alkoxy boro­
hydride. Alas the stereochemical differences evident 
in the ir study, discussed above, now worked against 
us. The all-cis crystalline methyl oxime, 28, was re­
duced rapidly in good yield to the crystalline diol 
methyl oxime ester 30, but epimerized methyl oxime 
32 reacted only sluggishly with borohydride and no 
discrimination was evident in the reduction of the 
esters. In desperation the dihydropyran addition step 
was carried out and borohydride reduction repeated on 
THP ether 33. For reasons we do not completely 
understand, 33 gave selective reduction of the ester 
on the ring and the desired THP methyl oxime ester 
carbinol, 34, could be readily separated by chroma­
tography from overreduced material. Nevertheless 
this step is the poorest in the scheme, except for the 
cleavage of PGEi oxime.

Oxidation of carbinol 34 to aldehyde 35 could be 
effected in almost quantitative yield by a modified 
Moffatt oxidation13 using the water-soluble 1-cyclo-

(13) (a) J. G. M offa tt, O r g . S y n . ,  47, 25 (1967); (b ) N. M . W einshenker 
and C. M . Shen, T e tr a h e d r o n  L e t t . , 3285 (1972).
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NOR'
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hexyl-3-(2-morpholinoethyl)carbodiimidemetho-p-tolu- 
enesulfonate (Aldrich C-10, 640-2). The excess reagent 
was readily removed by an ice water wash. In this 
instance the product would be affected by oxalic acid 
treatment, normally used to remove excess DCC, the 
reagent used by Moffatt.13a Other modifications of the 
Moffatt oxidation have been developed by the Alza 
group.I3b Reaction of aldehyde 35 with the tributyl- 
phosphorane 36 gave the enone 37. The use of 36 
was developed by us because of the instability of the 
reactant aldehyde 35. Tributylphosphoranes were 
known to be more reactive than the conventional tri­
phenyl phosphoranes.14 Thus a Wittig reaction with 
the tributylphosphorane 36 is possible under milder 
conditions.

The enone 37 was reduced with sodium borohydride 
in ethanol at room temperature. Under these condi­
tions with the THP group still present, little con­
jugate reduction (estimated by nmr) was evident. The 
mixture of allylic alcohols 40 was treated with meth- 
anolic hydrochloric acid to remove the THP group and

(14) A . J. Speziale and D . E . Bissing, J .  A m e r .  C h e m . S o c . ,  85, 3878
(1963).

the mixture of hydroxy allylic alcohols, 39 and 41, 
subjected to preparative tic on alumina plates. The 
slower moving material, 39, crystallized. Hydrolysis 
of this with methanolic potassium carbonate solution 
gave (±)-PG E i methyl oxime, 42, which was identical 
spectrally and on tic with the methyl oxime prepared 
from (-*-)-PGEi15 (Scheme III).

A variety of methods were investigated for cleavage 
of the methyl oxime back to PGEi. Attention was 
directed to the nonoxidative procedures used for 
oximes, i.e., reduction or exchange processes. Reaction 
in levulinic acid or its ethyl ester containing aqueous 
mineral acid at 4° effected some conversion to PGEi. 
However, the yields were poor, and the process was 
clearly unsuited for providing adequate quantities of 
prostaglandin analogs. What was needed was an 
oxime, which could be cleaved more readily. An un- 
substituted oxime would be suitable as many mild

(15) W e wish to  acknow ledge help  b y  Swiss colleagues w ith this com pari­
son during a stay  in Basle in 1967 b y  N eville Finch. C I B A -G E IG Y  col­
leagues, D r. J. Schm idlin  obtained the ir  spectra, D r. H . H urzeler the mass 
spectra, and D r. N eher m ade the tic com parisons. D r. U. Scheidegger 
(Varian, Zurich) obtained nm r spectra on  2 m g b y  use o f  a C A T . A  sam ple 
o f ( — )-P G E t was kindly prov ided  b y  Professor D . A . van D orp  (U nilever).
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methods are available for conversion of oximes back 
to ketones.16 However, unsubstituted oximes will not 
survive even the mild oxidation conditions of the 
Moffatt oxidation;17 so an appropriate protecting 
group was required. After several investigations18 
one particularly satisfactory reagent was discovered 
which should have broad applicability for the protec­
tion of sensitive ketones, phenylthiomethoxamine 43. 
This was prepared and treated with a variety of ketones. 
The phenylthiomethyl oximes were cleaved back to 
the unsubstituted oximes in a two-step procedure. 
Treatment with a mixture of mercuric oxide and mer­
curic chloride in potassium acetate-acetic acid gave the 
acetoxymethyl oxime which was unstable and collapsed 
to the unsubstituted oxime on treatment with meth- 
anolic potassium carbonate in the cold.19

While this procedure involves multiple operations 
it is well suited for telescoping, and overall yields are 
excellent.

The siloxycyclopentanone 26 or the desilylated ma­
terial 27 reacted with phenylthiomethoxyamine hydro­
chloride (43) in pyridine to give a crystalline product, 
44, in excellent yield. As with other derivatives in 
this series both isomers had cocrystallized. The major 
isomer, the all-cis compound 46, was separated on the 
first occasion by preparative tic and fully characterized 
along with the minor isomer 47. Application of the 
cleavage conditions to 46 gave the unsubstituted oxime 
29, which was identical with that obtained as the major 
product from the reaction of hydroxylamine on the 
siloxycyclopentanone 26 (Scheme IY). After appropri­
ate experiments on model compounds,19 to confirm the 
stability of the new group to oxidation conditions, the 
scheme proceeded with compound 44 as an intermedi­
ate. The epimerization step was first carried out on 
the separated isomers 46 and 47. They were separately 
converted by methanolic sodium methoxide at reflux 
almost exclusively into epimeric substances (Scheme
IV). That the epimerization involved the center a 
to the carbomethoxy group in both cases was evident 
from the fact that the minor isomer 47 which was re­
sistant to sodium borohydride reduction was epimerized 
to 49. This was smoothly reduced to the crystalline 
diol ester SO by sodium borohydride (Scheme IV), thus 
establishing that the ester and hydroxyl group were 
cis to one another in 49. The reverse situation per­
tained to 46, as its epimer, 48, could be converted to a 
diol ester with sodium borohydride only via the THP 
derivative 51, which, as we have shown above, is the 
behavior of a trans arrangement of ester and hydroxyl 
group.

In view of the lack of stereospecificity in the hydro­
genation of the cyclopentenone diester 22 and the ab­
sence of a readily purifiable crystalline derivative, such 
as existed in the methyl oxime sequence, it was clearly 
necessary to achieve stereochemical homogeneity by 
means of chromatography. It turned out that separa­
tion after epimerization, i.e., of 48 from 49 (Scheme IV)

(16) (a) G . H . T im m s and E . W ildsm ith , T e tr a h e d r o n  L e t t . ,  195 (1971); 
(b ) A . M cK illop , J. D . H unt, R . D . N aylor, and E . C . T a ylor , J .  A m e r .  
C h e m . S o c . ,  93, 4918 (1971); (c) E . J. C orey  and J. E . R ich m an , i b id . ,  92, 
5276 (1970), and references cited  therein.

(17) A . H . Fenselau, E . H . H am am ura, and J. G . M offa tt, J .  O r g . C h e m .,  
35, 3546 (1970).

(18) N . F inch, U . S. P aten t 3,657,328 (1972).
(19) I . Vlattas, L . D ellaV ecchia , and J. J. F itt, J .  O r g . C h e m .,  38, 3749

(1973).
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by chromatography, was quite easy. Furthermore 
as silylation of the cyclopentenone 22 achieved very 
little in the way of increasing the stereospecificity of 
the hydrogenation step, it was clear that the process 
from 22 to 48 could be telescoped (Scheme V ). Hydro­
genation of 22 with Raney nickel yielded a mixture 
of the hydroxycyclopentanone, 27, and its isomer 
(Scheme II), which was not purified but treated directly 
with phenylthiomethoxlamine hydrochloride, 43, in 
pyridine. The mixture of oximes 46 and 47 (Scheme 
IV) was epimerized with sodium methoxide and the 
major isomer, 48, separated by preparative tic. 48 
was obtained in 48% overall yield from 22.

A publication by Miyano20 described an alternative 
reduction scheme, using zinc and acetic acid, on a re­
lated compound. Using this process it was possible to 
proceed in two steps from hydroxycyclopentenone, 
22, to 48 with approximately the same overall yield. 
Transformation of 48 into a prostaglandin (Scheme V) 
proceeded in a manner analogous to that for the methyl 
oxime 32 (Scheme III). Particular attention was 
directed at the poor step, i.e., selective borohydride 
reduction of the esters of the THP ether 51. Inter­
estingly the ester exchange noted with the analogous 
process in the methyl oxime case, i.e., 33 to 34 in Scheme

(20) M . M iy an o , C . R . D orn , and R . A . M ueller, J .  O r g . C h e m .,  37, 1810 
(1972).
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Oa (CH2)6C02CH3 

CO,CH,

OH
22

1. R aney N i/H 2
2. H2NOCH2SPh HCl-py 43

3. NaOMe
4. prep tic

or
1. Zn-acetic Acid

2. H2N OCH2SPh-HCl-py 43
3. prep tic

Scheme V

■OCH2SPh

1. EtOH-NaBH,
2. H +
3. prep tic

1. Moffatt or Collins 
oxid n

2. Bu-,P =  CHCO(CH2)4CH3 
36

-OCH2SPh
N
II ..(CH2)eC02CH3a

'C 02CH,,
OR
48% overall 48

2. NaBH,

5 5 %  overall 52

51, R = C 0 2CH3
52, R = CH2OH
53, R = CHO

36% overall of 56

I. HsO-HfClj-KOAc-HOAc

2. K j C 0 3-M  eOH
3. NaNOj-HOAc

55, R -  CH2SPh; R' = CH3; R "  = (C,5 mixture)

56, R = CH2SPh; R' = CH3; R "  = H
57, R = CH2SPh; R' = CH3; R ”  = H (C ,5 epimer)
58, R = CH2OCOCH3; R' = CH3; R ”  = H
59, R = R = H; R' = CH3 ( d l - PGE, oxime methyl ester)
60, R = R' = R "  = H (d/ -PGE, oxime)
62, R = CH2OCOCH3; R ’ = CH3; R "  = H (C15 epimer)

(d/)-PGE, 61, 15% overall yield 
(dl) -15-epi-PGE,

III, did not occur in the transformation of 51 to 5221 
(Scheme V).

The reasons for the absence of exchange in the latter 
case are not clear. An especially interesting observa­
tion was that the “ starting material” recovered from 
the borohydride reduction of the THP ether, 51, was 
resistant to further reduction. Nevertheless, cleavage 
by acid back to the hydroxy diester 48 and re-formation 
of 51 from this product, yielded material which would 
again undergo selective reduction of the ester groups, 
to the extent of about 50%, to yield the carbinol ester 
52 (Scheme Y). From this we infer that 51 is a 1:1 
mixture of epimers only one of which has the geometry 
suitable for assisting the reduction.

Finally, removal of the ketone protecting group from 
56 (Scheme V) proceeded as for the model ketones,19 
via the acetoxymethyl oxime 58. However, cleavage 
of 58 to the unsubstituted oxime could in this case be

(21) E . Schenker in “ N ewer M eth od s  o f  Preparative O rganic C h em istry ,”
V ol. IV , W . Foerst, E d ., Verlag Chem ie, W einheim , 1968, pp  224-225.

accomplished incidental to ester hydrolysis to give 
( ±  )-PGE oxime, 60, directly.

The final step, i.e., nitrosation of (± )-P G E i oxime 
60 into (± )-PG E i 61 was the poorest step in the entire 
scheme. This was disappointing, especially in view 
of the claims that oximation was a suitable method for 
protecting the ketone function of PGEi.22 Neverthe­
less nitrosation provided a clean product which could 
be crystallized directly. The racemic PGEi obtained 
was identical by spectra (nmr, ir) and tic behavior23 
with an authentic sample of ( — )-PGE,. Our material 
showed no depression of melting point on admixture 
with (± )-P G E i.24 Some additional work to improve 
the conversion of PGE, oxime 60 to PGEi 61, using 
some of the newer procedures,16 will be undertaken.

(22) J. E . P ike, F. H . Lincoln, and W . P . Schneider, J .  O rg . C h e m ., 34, 
3552 (1969).

(23) K , G r 6e n  and B . Samuelsson, J .  L i p i d  R e s . ,  5, 117 (1964).
(24) W e are indebted to  D r. U. A xen o f the U p joh n  Co. for a g ift o f 

racem ic P G E i.
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Experimental Section25
Ethyl 2-Cyano-3-ethoxycarbonyl-l,10-decanedioate (1).— So­

dium hydride (75.0 g, 3.13 M  as a 59.8% dispersion in mineral 
oil) was suspended in 1,2-dimethoxyethane (1.5 1., dried over Li- 
AIH4 and distilled) and ethyl cyanoacetate (352 g, 3.12 M )  

added dropwise over 2 hr. The mixture was refluxed for 1 hr to 
complete reaction and cooled to room temperature. Ethyl 
2-bromoazelate (733 g, 2.27 M )  was added over a 2.5-hr period 
and refluxed for 3.5 hr after the addition. The solvent was re­
moved i n  v a c u o  and the residue slurried in water and acidified 
with 2 N  HC1. This was ether extracted and the ether extract 
washed with water and salt solution. The ether was removed i n  

v a c u o  and the residue distilled to give 1 [670 g (84%), bp 190- 
205° (0.70 mm)]. Redistillation [bp 144° (0.05 mm)] gave the 
analytical sample: nmr S 4.12 (m, 7), 3.07 (m, 1); ir (film) 
2225 (w), 1735 (s), 1470 (m), 1375 (m), 1028 cm-1 (m).

A n a l .  Calcd for Ci8H29N0 6: C, 60.82; H, 8.22; N, 3.94. 
Found: C, 61.15; H, 8.27; N, 4.04

3-Carboxy-l,10-decanedioic Acid (2 )— Ethyl 2-cyano-3-eth- 
oxycarbonyl-l,10-decanedioate (1) (10.0 g, 28.2 mM )  was mixed 
with concentrated HC1 (70 ml) and refluxed for 24 hr. The 
mixture was filtered to remove an insoluble solid and the filtrate 
extracted with ethyl acetate. Removal of the ethyl acetate gave 
a wax that became a white solid on trituration with CH2CI2. 
Recrystallization from CHC13 gave the triacid 2: mp 55-58°; 
ir 1705 (s), 1215 (m), 930 cm-1 (m); nmr (DMSO) 5 2.38 (m, 5),
1.41 (m, 10).

A n a l .  Calcd for CiiHi80 6: C, 53.65; H, 7.37. Found: 
C, 53.43; H, 7.42.'

Ethyl 3-Ethoxycarbonyl-l,10-decanedioate (3).-—The triacid 2 
was esterified by reaction in ethanol and benzene with a catalytic 
amount of H2SO4. After work-up the oil was distilled to give the 
triester 3: bp 217-225° (8.5 mm); ir (film) 1734 (s), 1375 (m), 
1030 (m), 858 cm-1 (m); nmr 8 4.18 (overlapping quartets, 6),
2.55 (m, 5).

A n a l .  Calcd for CnH30O6: C, 61.79; H, 9.15 Found: C, 
61.63; H, 9.14.

Ethyl 2-Cyano-2-(2-cyanoethyl)-3-ethoxycarbonyl-l, 10-decane- 
dioate (4).— Sodium (6.0 g, 0.26 M )  was allowed to react with 
anhydrous ethanol (1.5 1.) and cooled to —5° (ice-salt bath). 
The triester nitrile 1 (1100 g, 3.1 M )  was added dropwise over 1 
hr. Acrylonitrile (200 g, 3.8 M )  was added dropwise over 1.75 
hr with continued cooling and stirring. After addition, the reac­
tion was equilibrated to room temperature and stirred for 18 hr. 
Examination by tic (silica gel, benzene-CHCl3 1:9) indicated 
that the starting material had been converted to product. The 
solvent was removed i n  v a c u o  and the residue shaken between 
ether and water. The ether extract was washed with water and 
saturated NaCl solution and dried (MgSO<), and the solvent was 
removed giving 4 (1230 g, 2.92 M ,  94% yield). This residue was 
used for the preparation of the tetraacid 5 without further puri­
fication .

A small amount was distilled giving the analytical sample: 
bp 181-183° (0.10 mm); nmr 8 4.25 (overlapping quartets, 6); 
ir (film) 2250 (w), 1735 (s), 1370 (m), 1020 (m), 850 cm-1 (m).

A n a l .  Calcd for C2iH32N20 6: C, 61.74; H, 7.90; N, 6.86. 
Found: C, 61.50; H, 8.01; N, 6.79.

4,5-Dicarboxy-l,12-dodecanedioic Acid (5).— The dicyano tri­
ester 4 (660 g, 1.62 M )  was mixed with concentrated HC1 (2.5 1) 
and heated to reflux, utilizing an air condenser. After 6 hr, an 
additional 400 ml of concentrated HC1 was added, a water con­
denser attached, and the mixture refluxed 18 hr. The reaction 
mixture was concentrated to one-third volume i n  v a c u o  and water 
added to dissolve the precipitated NH4C1. This was extracted 
with ethyl acetate which was washed with saturated NaCl solu­
tion, dried (MgS04), and evaporated to dryness i n  v a c u o .  The 
residue was recrystallized from ethyl acetate-CH2Cl2 to give com­
pound 5 (414.5 g, 81%) as a white solid, mp 130-134°. Re­
crystallization from ethyl acetate gave the analytical sample: 
mp 143-145°; ir 1712 (s), 1440 (m), 1210 (m), 925 cm "1 (m); 
nmr (NaOD) 62.42 (m,6), 1.48 (m, 12).

A n a l .  Calcd for Ci4H220 8: C, 52.82; H, 6.97 Found: C, 
53.01; H, 7.09.

(25) M eltin g  points were obtained in a T h om a s-H oover m elting point 
apparatus and are uncorrected. N m r spectra were obtained on a Varian 
A -60  instrum ent as C D C I 3 solutions and ir spectra as N u jo l m ulls, unless 
otherw ise indicated . M ass spectra were obtained on a M .S .9  instrum ent, at 
70 eV.

Ethyl 4,5-Diethoxycarbonyl-l,12-dodecanedioate (6).— The 
tetraacid 5 (300 g, 0.945 M )  was dissolved in anhydrous ethanol 
(330 ml) and benzene (550 ml) and concentrated H2S04 (5 ml) 
added. This was heated to reflux and a Dean-Stark water trap 
attached. After 18 hr, the water was no longer forming and 
slightly more than the theoretical amount already collected, 
the heating was discontinued. The solvents were removed i n  

v a c u o  without heating above room temperature. The residue 
was dissolved in ether and shaken with water and 10% KHCO3 

solution. The ether was removed and the residue distilled to 
give compound 6 [325.1 g (80%), bp 205-210° (0.2 mm)]. Re­
distillation [bp 192-194° (0.13 mm)] gave the analytical sample: 
nmr 5 4.16 (overlapping quartets, 8), 2.48 (m, 6); ir (film) 1737 
(s), 1380 (m), 1035 (m), 858 cm "1 (w); vpc [2% DEGS on 
Anachrom ABS (110-120 mesh) at 300°] retention time of com­
pound 6 18.4-27.2 min, retention time of compound 3 2.8 min.

A n a l .  Calcd for C22H280 8: C, 61.37; H, 8.90. Found: 
C, 62.03; H, 9.05.

Ethyl 2-Ethoxycarbonyl-5-oxocyclopentaneheptanoate (7).—  
Sodium hydride (38 g, 1.59 M  as a 57.2% dispersion in mineral 
oil) was suspended in dry ethyl ether (500 ml) and cooled to 3-4° 
(cold room). Ethanol (5 ml) was added and after stirring 20 
min a cold (3-4° ) solution of the tetraester 6 (562.5 g, 1.31 M )  in 
dry ether (1.5 1.) was added dropwise over 5 hr. The internal 
temperature was at 3-4° during the addition and while stirring 
for an additional 5 days. Hydrochloric acid (400 ml, 2 N )  was 
added and the mixture stirred at room temperature for 2 hr. 
The ether layer was separated, washed with saturated NaCl 
solution, and removed. The residue from the ether layer (posi­
tive FeCl3 test) was mixed with 6.0 N  HC1 (1.01.) and refluxed 24 
hr. The cooled mixture was extracted with ether, which was 
washed with saturated NaCl solution. The ether was removed 
and the residue (negative FeCl3) mixed with benzene (1.6 1.), 
ethanol (650 ml), and H2S04 (2.5 ml). This was heated to reflux 
and a Dean-Stark water trap attached. After 48 hr, the solvents 
were removed i n  v a c u o ,  without heating, and the residue dissolved 
in ether and shaken with water and KHC08 solution. The 
ether was removed and the residue distilled to give compound 7 
[376.2 g (92%), bp 201-205° (0.45 mm)], vpc [Supelcoport 80/ 
100, 3% coating SP-2250 at 220°] major retention time 9.3, 
minor 10.2 (9:1). Redistillation [bp 160-164° (0.10 mm)] gave 
the analytical sample: nmr 8 4.18 (overlapping quartets, 4),
2.40 (m, 8); ir (film) 1728 (s), 1465 (m), 1378 (m), 1030 (m), 855 
cm "1 (w).

A n a l .  Calcd for C„H280 5: C, 65.36; H, 9.03. Found: C, 
65.44; H ,9.23.

The semicarbazone 8 of the cyclopentanone diester 7 was pre­
pared and had mp 114-117° (ethanol-water); nmr 8 4.17 (over­
lapping quartets, 4), 2.45 (m, 7); ir (CHC13) 3515 (w), 3380 (w), 
1735 (s), 1690 (s), 1560 (s), 1380cm"1 (m).

A n a l .  Calcd for C18H31N30 3: C, 58.51; H, 8.46; N, 11.37. 
Found: C, 58.34; H, 8.29; N, 11.16.

2-Carboxy-5-oxocyclopentaneheptanoic Acid (9).— The cyclo­
pentanone diester 7 (10 g) was mixed with 10% aqueous KOH 
(60 ml), and ethanol was added to effect complete solution. 
After stirring 18 hr at room temperature the solution was ex­
tracted with ether, which was discarded. The aqueous phase 
was acidified with concentrated HC1 and extracted with ether. 
The ether was shaken with saturated NaCl solution and removed 
to give 9 as a very viscous oil (7.6 g, 92.5%): nmr 8 2.52 (m, 8),
1.55 (m, 10); ir (film) 1735 (s), 1702 (s), 1405 (m), 1040 (m), 
870 cm "1 (w).

The thiosemicarbazone, 10, of the cyclopentanone diacid 9 was 
prepared. The cyclopentanone diacid 9 (550 mg) was dissolved 
in 50% aqueous acetic acid (10 ml), and thiosemicarbazide (219 
mg) was added. The mixture was heated to boiling to obtain a 
solution; water was added until a slight turbidity persisted. 
On cooling a white precipitate formed. Recrystallization from 
water afforded the analytical sample of 10: 510 mg; mp 160-
162°; nmr (DMSO) 5 2.59 (m, 4), 2.20 (m, 3); ir 3420 (w), 3140 
(m), 1695 (s), 1600 (s), 1510 cm "1 (s).

A n a l .  Calcd for C14H23N30 4S: C, 51.05; H, 7.04; N, 12.75. 
Found: C, 51.33; H, 7.00; N, 12.99.

Ethyl 2-Ethoxycarbonyl-5-oxocyclopentaneheptanoate Enol 
Acetate (12).— The cyclopentanone diester 7 (95.5 g, 0.306 M )  

was dissolved in isopropenyl acetate (61.2 g, 0.612 M ) ,  and 
p-toluenesulfonic acid (1.0 g) was added. The solution was re­
fluxed for 18 hr, cooled, and added to excess 10% K2C03 solution. 
This was ether extracted, the ether removed, and the residue

F i n c h , D e l l a V e c c h i a , F i t t , S t e p h a n i , a n d  V l a t t a s



distilled. The major fraction [bp 168-175° (0.1 mm)] was the 
mixture of the enol acetates 12 (92.1 g, 85%): nmr 8 4.15 (pair 
of quartets, 4), 2.47 (m, 8); ir (film) 1755 (m), 1733 (s), 1375 (m), 
1030 (m) cm-1; vpc (2% Degs on Anachrom ABS (110-120 
mesh) at 200°) 7.7 and 9.3 min (5:3).

A l t a i .  Calcd for C19H30O6: C, 64.38; H, 8.53. Found: C, 
64.86; H, 8.55.

Ethyl 2-Ethoxycarbonyl-5-oxo-l-cyclopenteneheptanoate (13). 
Formed via the Enol Acetate.'—The cyclopentanone diester enol 
acetates 12 (48 g, 0.135 M )  were dissolved in dry CC1< (100 ml, 
dried by passage through neutral activity I A120 3) and cooled to 
— 5° (ice-salt bath). Bromine (21.6 g, 0.135 M )  dissolved in dry 
CC14 (100 ml) was added dropwise over 0.5 hr, with continued 
cooling. The bromine color was discharged immediately on 
addition. After stirring an additional 0.5 hr, triethylamine 
(27.3 g, 0.27 M ) was added, and the mixture was refluxed for 2 
hr and stirred overnight at room temperature. The mixture 
was filtered to remove the precipitated salt. The filtrate was 
evaporated in vacuo and the residue vacuum distilled to give 13 
[28.5g(68%); bp 153-154° (0.1 mm)]: nmr 54.18 (overlapping 
quartets, 4), 2.46 (m, 8); ir (film) 1735-1705 (broad s), 1635 
(w), 1375 (m), 1095 (m), 855 (m), 755 cm-1 (m); uv Am!lx 
(MeOH) 246 m^ (y 9700).

A n a l .  Calcd for Ci7H260 6: C, 65.78; H, 8.44. Found: C, 
65.89; H, 8.69.

Ethyl 2-Ethoxycarbonyl-5-oxo-l-cyclopenteneheptanoate (13). 
Directly from the Cyclopentanone Diester 7.— The cyclo­
pentanone diester 7 (306 g, 0.97 M ) was dissolved in glacial 
acetic acid (500 ml) and to it added a solution of bromine (155 g, 
0.97 M )  in glacial acetic acid (250 ml) dropwise over 1.75 hr while 
stirring at room temperature. After an additional 2 hr, the 
solvent was removed i n  v a c u o .  The residue was dissolved in 
ether and shaken with water and 10% KHCO3 solution. The 
residue from the ether was dissolved in CCh (1.2 1., dried by 
passage through neutral activity I A120 3); to it was added triethyl­
amine (101 g, 1.0 M ) .  The mixture was refluxed for 8 hr and 
filtered and the residue from the filtrate vacuum distilled to give 
13 [190 g (61%), bp 165-173° (0.3 mm)], which was identical 
(ir, nmr, vpc) with that obtained from the enol acetate.

The semicarbazone 14 of the cyclopentenone diester 13 was 
prepared in the usual way and had mp 87-88° (ethanol-water); 
nmr 8 4.08 (overlapping quartets, 4), 2.47 (m, 8); ir (CHC13)3510 
(w), 3370 (w), 1720 (s), 1685 (s), 1600 (w), 1560 cm-' (s); uv 
Xmax (MeOH) 298 m/3 (e23,640).

A n a l .  Calcd for Ci8H29N30 5: C, 58.83; H, 7.96; N, 11.44. 
Found: C, 58.89; H, 7.99; N, 11.43.

2-Carboxy-5-oxo-l-cyclopenteneheptanoic Acid (15).— The
cyclopentenone diester 13 (75.5 g, 0.243 M )  was dissolved in 
methanol (800 ml), and 15% K 2CO3 (800 ml) was added. The 
mixture was refluxed for 2 hr, cooled, and most of the solvent re­
moved in vacuo. The residue was diluted with water and ether 
extracted. The ether extract was discarded. The aqueous 
phase was acidified with concentrated HC1, saturated with NaCl, 
and extracted with ether. The residue from the ether layer was 
recrystallized from benzene to give 15 [57.6 g (93%), mp 81-83°]. 
Recrystallization from water afforded the analytical sample: mp 
95-96°; nmr 8 2.55 (m, 8), 1.55 (m, 8); ir 1710 (s), 1665 (s), 
1215 (s), 905 (m), 720 cm“1 (m); uv Xmsx (MeOH) 245 m/j (e 
12,690).

A n a l .  Calcd for Ci3H180 5: C, 61.40; H, 7.14. Found: C, 
61.51; H, 7.32.

2-Methoxycarbonyl-5-oxo-l-cyclopenteneheptanoic Acid (16).
— The cyclopentenone diacid 15 (5.32 g, 0.021 M )  was dissolved 
in ether (200 ml) and to it added ethereal diazomethane (0.0233 
M )  slowly with vigorous stirring. After stirring an additional 
0.5 hr the ether solution was extracted with 10% KHC03 solu­
tion. The basic solution was acidified with concentrated HC1, 
saturated with NaCl, and extracted with ether. The ether was 
removed to give 16 [3.66 g (65%)] as an oil: nmr 8 3.86 (s, 3),
2.55 (m, 8), 1.53 8 (m, 8).

Ar-Ethyl-2-methoxycarbonyl-5-oxo-l-cyclopenteneheptanoic 
Acid Amide (17).— Trisethylaminoboron26 (600 mg) was dis­
solved in dry benzene (10 ml, dried over Na wire), and, while 
stirring at room temperature, a solution of the half-ester acid 16 
(1.0 g) in dry benzene (15 ml) was added over a period of 15 min. 
After stirring 3 days, 1 N  HC1 was added and the benzene layer 
separated. It was shaken with water and saturated NaCl solu­
tion and dried (MgSOi). The residue from the benzene was

(26) D . W . A u brey  and M . F . Lappert, J .  C h e m . S o c . ,  2927 (1959).

T o t a l  S y n t h e s i s  o f  ^ - P r o s t a g l a n d i n  E x

chromatographed over silica gel and the product eluted as a crys­
talline solid with methylene chloride-ethyl acetate (1:1). Re­
crystallization from ether-hexane afforded the analytical sample 
of 17 (230 mg, mp 57-58°): nmr 8 3.87 (s, 3), 3.31 (m, 2), 1.13 
(t, 3); ir (m), 1725 (s), 1705 (s), 1670 (w), 1645 (s), 1555 cm- ' 
(m); uvAml,x (MeOH) 246 mu (e 13,070).

A n a l .  Calcd for C^H^NO,: C, 65.06; 8.53; N, 4.74. 
Found: C, 64.85; H, 8.59; N, 5.05.

A’-Phenyl-2-carboxy-5-oxo- 1-cyclopenteneheptanoic Acid 
Amide (19).—The half-ester acid 16 (5.1 g) was dissolved in dry 
ether (100 ml), and oxalyl chloride (2.5 ml) was added with stir­
ring at room temperature. After 3 hr the solvent and excess 
oxalyl chloride were removed i n  v a c u o .  The residue was dis­
solved in ether (150 ml), and aniline (4 ml) was added with 
vigorous stirring. After 1 hr the mixture was shaken with 
water, 1 N  HC1, and 10% KHC03 solution. The residue from 
the ether layer was chromatographed over silica gel and the 
methyl ester of compound 18 eluted as viscous wax-like oil with 
ethyl acetate-methylene chloride (1:3) (3.96 g): nmr 6 7.29 (m, 
5), 3.84 (s, 3), 2.47 (m, 8); ir (film) 3295 (m), 1728 (s), 1703 (s), 
1670 (m), 1620 (s), 1460 (s), 770 (m), 705 cm-1 (m).

This half-ester anilide 18 (350 mg) was dissolved in methanol 
(10 ml) and 10% K2C03 solution (10 ml) and refluxed for 2 hr. 
After cooling it was diluted with water and extracted with ether. 
The aqueous phase was acidified with concentrated HC1, satu­
rated with NaCl, and extracted with ether. Removal of the 
ether gave an oil that crystallized. Recrystallization from ethyl 
acetate gave the analytical sample of 19 (180 mg): mp 166-
168°; nmr (NaOD) 5 7.21 (m, 5), 2.73 (m, 2), 2.23 (m, 6); ir 
3304 (w), 1712 (s), 1665 (s), 1602 (m), 1538 (m), 1210 (m), 768 
(w), 725 cm- ' (w); uv Amax (MeOH) 242 m/i (e 26,140).

A n a l .  Calcd for Ci9H23N 04: C, 69,28; H, 7.04; N, 4.25. 
Found: C, 69.05; H, 7.14; N, 4.15.

Methyl 2-Methoxycarbonyl-5-oxo-l-cyclopenteneheptanoate
(20).— The cyclopentenone diacid 15 (52.5 g, 0.207 M ) was dis­
solved in ethyl ether (1.0 1.), and, with stirring at room tempera­
ture, ethereal diazomethane added until the yellow color per­
sisted. After 0.5 hr the solution was concentrated to half vol­
ume by steam bath. It was shaken with 10% KHC03 solution. 
The residue from the ether layer was distilled to give 20 [50.6 g, 
(87%), bp 146° (0.1 mm)]: nmr 8 3.87 (s, 3), 3.66 (s, 3), 2.49 
(m, 8); ir (film) 1735-1700 (s), 1630 (w), 1438 (m), 1095 (w), 753 
cm-1 (w); uvkmax (MeOH)246m,u (e9630).

A n a l .  Calcd for C15H220 5: C, 63.81; H, 7.85. Found: 
C, 63.47; H.7.84.

Methyl 2-Methoxycarbonyl-3-acetoxy-5-oxo-l-cyclopentene- 
heptanoate (21).— The cyclopentenone dimethyl ester 20 (25.4 g, 
0.09 M )  was dissolved in CCh (225 ml, dried by passage through 
neutral activity I A120 3), and IV-bromosuccinimide (19.5 g, 0.11 
M )  was added. A catalyst, 2,2'-azobis(2-met,hylpropionitrile) 
(400 mg), was added, and the mixture was refluxed for 1 hr. The 
floating suspended solid was removed by filtration.

The residue from the filtrate was dissolved in glacial acetic acid 
(175 ml), and silver acetate (22.6 g, 0.135 M )  was added. This 
mixture was refluxed for 1 hr, cooled, and filtered. The filtrate 
was diluted with ether and extracted with water and 10% KHC03 
solution. The residue from the ether was vacuum distilled to 
give 21 [17.4 g (47%), bp 169-170° (0.01 mm)]: nmr 8 6.08 
(m, 1), 3.88 (s, 3), 3.65 (s, 3), 2.06 (s, 3); ir (film) 1725 (s) 
1640 (w), 1440 (m), 1230 cm-1 (s); uv Amj (MeOH) 238 mM (e 
12,830), basified with 0.1 N  KOH 252 (e 7710), 422 mM (e 8380)."

A n a l .  Calcd for ChH mO,: C, 59.99; H, 7.11. Found: 
C, 60.38; H, 7.21.

Methyl 2-Methoxycarbonyl-3-hydroxy-5-oxo-l-cyclopentene- 
heptanoate (22).-—The acetoxycyclopentenone diester 21 (32.5 
g, 0.0956 M )  was dissolved in cold 2.4 N  methanolie HC1 (450 
ml) and stirred at room temperature. After 4 hr the solvent was 
removed i n  v a c u o  and the residue dissolved in ether and shaken 
with water (until the aqueous washes were neutral). The residue 
from the ether layer was chromatographed over silica gel and 22 
eluted with methylene chloride-ethyl acetate (3:2) [19.0 g 
(67%), bp 156-158° (0.01 mm)]: nmr & 5.15 (m, 1), 3.92 (s, 3),
3.66 (s, 3); ir (film) 3460 (m), 1720 (s), 1636 (w), 1440 cm 1 (m); 
uv Amax (MeOH) 237 mM (c 11,700).

A n a l .  Calcd for C15H220 6: C, 60.39; H, 7.43. Found: 
C,60.11; H.7.6C.

The semicarbazone, 23, of the hydroxycyclopentenone diester 
22 was prepared: mp 140-141° (methanol-water); ir 3514
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(w), 3304 (m), 1735 (s), 1715 (s), 1672 (s), 1610 c m -  (m); uv 
Xmax (MeOH)296 m/r («23,850).

Anal. Calcd for C16H25N30 6: C, 54.07; H, 7.09; N, 11.83. 
Found: C, 53.77; H, 7.06; N, 12.07.

The 0-methyl oxime, 24, of the hydroxycyclopentenone diacid 
was prepared by dissolving the ketone in dry pyridine (molecular 
sieves, type 4A) and adding an excess of methoxyamine hydro­
chloride. After 2 days at room temperature the solvent was re­
moved in vacuo, the residue was dissolved in ether-water, and the 
ether layer reshaken with water. The residue from the ether was 
the diester of 24 as a low melting waxy solid.

This wax was dissolved in methanol-10% K 2C 03 solution (1:1) 
and refluxed for 1.5 hr. Work-up in the usual manner gave 24: 
mp 102-104° (ether-hexane); nmr 65.08 (m, 1), 3.98 (s, 3), 2.72 
(m, 4), 2.33 (m, 2); ir (CHC13) 3585 (w), 1685 (s), 1610 (m), 
1040 cm “ 1 (s); uv X™  (MeOH) 269 npu (c 14,800).

Anal. Calcd for C „H 21N 0 6: C, 56.17; H, 7.07; N, 4.68. 
Found: C, 56.49; H, 7.39; N , 4.87.

Methyl 2-Methoxycarbonyl-3-trimethy lsiloxy-5-oxo- 1-cyclo- 
penteneheptanoate (25).— The hydroxycyclopentenone diester 22 
(18.9 g, 0.051 M ) was dissolved in dry ether (500 ml) and mixed 
with trimethylsilyl chloride (19 ml). With vigorous stirring 
at room temperature triethylamine (33 ml) was added dropwise 
causing immediate precipitation of triethylamine hydrochloride. 
After 2 hr the mixture was filtered. The filtrate was shaken 
with water and saturated NaCl solution. The residue from the 
ether layer was chromatograhed over silica gel, and 25, an oil 
(21.1 g, 90% ), was eluted with ethyl acetate-methylene chloride 
(1 :9 ): nmr S 5.15 (m, 1), 3.88 (s, 3), 3.63 (s, 3), 0.18 (s, 9); 
ir (film) 1722 (s), 1640 (w), 1440 (m), 1258 (s), 845 cm -1 (s).

Methyl 2-Methoxycarbonyl-3-trimethylsiloxy-5-oxocyclopen- 
taneheptanoate (26).— The trimethylsiloxycyclopentenone diester 
25 (9.8 g, 0.0265 M) was dissolved in methanol (125 ml), and 
Raney nickel catalyst (1.0-2.0 g, wet with methanol) was added. 
The reduction was conducted at an initial hydrogen pressure of 
48 psi, at room temperature. After 3.5 hr slightly more than the 
theoretical amount of hydrogen was consumed. The mixture was 
filtered through Celite which was washed well with methanol. 
Evaporation of the filtrate gave compound 26 (9.21 g, 93.5%) as 
an oil that crystallized (mp «2 2 -2 4 °) on standing in the cold. 
Although satisfactory microanalysis could not be obtained, the 
spectra concur with the assigned structure: nmr 6 4.61 (m, 1),
3.69 (s, 3), 3.63 (s, 3), 2.38 (m, 6), 0.14 (s, 9); ir (film) 1738 (s), 
1440 (m), 1255 (s), 845 cm "' (s).

Methyl 2-M ethoxycarbonyl-3-hydroxy-5-oxocyclopentane- 
heptanoate (27).— The trimethylsiloxycyclopentanone diester 26 
(7.25 g, 0.0195 M) was dissolved in methanol (200 ml), and formic 
acid (1 ml) was added. After stirring 3 hr at room temperature 
the solvent was removed in vacuo. The oily residue (5.72 g, 
97.5% ), which crystallized on standing, showed two spots on tic 
(silica gel, ethyl acetate-methylene chloride 1:4, two develop- 
ings) a minor Rs 0.565 and a major Rt 0.495. Recrystallization 
from ether gave a white solid (4.79 g, mp 68-70°) which was pre­
dominantly the polar isomer. Further recrystallizations from 
ether gave pure polar material, the all-cis configuration of 27: 
mp 72-73°; nmr 5 4.62 (m, 1), 3.74 (s, 3), 3.68 (s, 3), 3.46 (m,
2); ir (CHC13) 3480 (w), 1736 (s), 1435 cm "1 (m); mass spectrum 
m/e 300 (M ), 282 (M -  H20 ), 269 (M -  OCH3).

Anal. Calcd for C 15H 24O6 : C, 59.98; H, 8.05. Found:
C, 60.26; H, 8.26.

The O-Methyl Oxime (28) of the Cyclopentanone Diester 27.—
Trimethylsiloxycyclopentanone diester 26 (8.6 g, 0.0231 M) was 
dissolved in pyridine (100 ml, dried over molecular seives), and 
O-methylhydroxylamine hydrochloride (9.8 g) was added. After 
24 hr at room temperature the pyridine was removed in vacuo. 
The residue was shaken between ether and water. The residue 
from the ether layer was recrystallized (ether-hexane) to give 
compound 28 (5.2 g, 69% ). A further recrystallization from 
hexane gave the analytical sample: mp 46-47°; nmr 5 4.48 
(q,_l), 3.84 (s, 3), 3.72 (s, 3), 3.64 (s, 3); ir 3380 (m), 1730 (s), 
1655 (w), 1043 cm-1 (s); tic [ethyl acetate-chloroform (1:1 two 
developings)] R; 0.635.

Anal. Calcd for Ci6H27N 0 6: C, 58.34; H, 8.26; N, 4.25. 
Found: C, 58.43; H, 8.35; N, 4.24.

The Oxime (29) of the Cyclopentanone Diester 27.— Tri­
methylsiloxycyclopentanone diester 26 (525 mg) was dissolved in 
dry pyridine (25 ml), and hydroxylamine hydrochloride (1.5 g) 
was added. After 24 hr at room temperature the pyridine was 
removed in vacuo and the residue shaken between ether and
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water. The crystalline residue from the ether layer was re­
crystallized (benzene-hexane) to give 29 (320 mg): mp 97-98°; 
nmr S 4.50 (m, 1), 3.74 (s, 3), 3.67 (s, 3); ir 3390 (m), 3250 (m), 
1730 (s), 1190 c m -1 (m).

Anal. Calcd for Cl5H25N 0 6: C, 57.13; H, 7.99; N , 4.44. 
Found: C, 57.08; H, 7.73; N, 4.57.

Preparation of O-Methyl Oxime 28 from Oxime 29.— Oxime 29 
(100 mg) was dissolved in acetonitrile (2 ml, dried by passage 
through A120 3 neutral activity I) and methyl iodide (3 ml). 
The solution was warmed to 45° and Ag20  (11 mg) was added. 
After 1 hr an additional 11 mg of Ag20  was added. This process 
was repeated every hour until a total of 66 mg of Ag20  was added. 
After 20 hr, the mixture was diluted with CHC13 and filtered. 
The residue from the filtrate was chromatographed over silica gel, 
and the crystalline solid (48 mg) eluted with methylene chloride- 
ethyl acetate (4 :1) was shown to be the methyl oxime, 28, by tic, 
melting point, and mixture melting point.

Methyl 2-Hydroxymethyl-3-hydroxy-5-methoxyiminocyclo- 
pentaneheptanoate (30).— O-methyl oxime 28 (3.0 g) was dis­
solved in ethanol (100 ml), and NaBBU (2.0 g) was added. After 
stirring 2 hr, another 1.0 g NaBBU was added. After an addi­
tional 1.5 hr, the ethanol was removed in vacuo and the residue 
shaken between ether and water. The residue from the ether 
layer was chromatographed over silica gel. Compound 30, 1.71 
g, was eluted with ethyl acetate-methylene chloride (3 :2). Re­
crystallization from ether gave the analytical sample: mp 86-
88°; nmr 5 3.83 (s, 3), 3.65 (s, 3); ir 3290 (s), 1735 (s), 1650 
(w), 875 cm -1 (m).

Anal. Calcd for Ci5H2,N 05: C, 59.78; H, 9.03; N , 4.65. 
Found: C, 60.09; H, 9.17; N, 4.70.

Methyl 2-Hydroxymethyl-3-hydroxy-5-hydroxyiminocyclo- 
pentaneheptanoate (31).— Oxime 29 (630 mg) was dissolved in 
ethanol (30 ml), and NaBIR (630 mg) was added. After stirring 
2 hr at room temperature an additional 630 mg of NaBBU was 
added. After a total of 4.5 hr, the solvent was removed in vacuo 
and the residue shaken between ether and water. The residue 
from the ether layer was chromatographed over silica gel. Un­
reacted starting material 29 (350 mg) was eluted with ethyl 
acetate-methylene chloride (3:7), and compound 31 (180 mg, 
71% based on recovered starting material) was eluted with ethyl 
acetate-methylene chloride (3:2). Recrystallization from ether 
gave the analytical sample: mp 79-80°; nmr 5 4.48 (m, 1),
3.67 (s, 3); ir3210 (s), 1730 (s), 1677 cm “ 1 (w).

Anal. Calcd for ChH25N 0 5: C, 58.51; H, 8.77; N, 4.87. 
Found: C, 58.83; H ,8.91; N .4.53.

Epimerization of Methyl Oxime 28 to 32.— Methyl oxime 28 
(8.6 g, 0.0261 M) was dissolved in methanol (250 ml) and 10% 
K 2C 03 solution (250 ml) and refluxed for 2 hr. After cooling to 
room temperature it was extracted with ether, which was dis­
carded. The aqueous layer was cooled in an ice bath, acidified 
with concentrated HC1, saturated with (NEUhSCh, and extracted 
with ether. The residue from the ether layer was dissolved in 
ether (75 ml) and treated with excess ethereal diazomethane. 
After 1 hr at room temperature, the solution was extracted with 
10% K H C 03 solution, dried over MgSCU, and evaporated to give 
32 (7.85 g, 91%), homogeneous on tic: nmr 6 4.39 (m, 1), 3.82 
(s, 3), 3.74 (s, 3), 3.63 (s, 3); ir (film) 3465 (m), 1730 (s), 1650 
(w), 1435 (m), 1040 cm-1 (s); tic [ethyl acetate-chloroform (1:1, 
two developings)] Rf0.70.

Tetrahydropyranyl Ether (33) of 32.— 32 (2.75 g) was dis­
solved in methylene chloride (100 ml) and to it added 2,3-di- 
hydro-Y-pyran (1.5 g) and picric acid (50 mg). After 18 hr, 
the solution was shaken with water and 10% K H C 03 solution. 
The residue from the methylene chloride layer chromatographed 
over silica gel and 33 (3.28 g, 95% ) eluted with ethyl acetate- 
methylene chloride (1:9): nmr S 4.62 (m, 1), 4.36 (m, 1), 3.82 
(s, 3), 3.73 (s, 3), 3.64 (s, 3); ir (film) 1732 (s), 1630 (w), 1438 
m), 1200 (s), 1170 (s), 1042 cm "1 (s).

Borohydride Reduction of 33 to 34.— 33 (10.2 g, 0.0247 M) 
was dissolved in anhydrous ethanol (300 ml) and to it was added 
NaBHi (21.5 g) portionwise over 3.5 hr while stirring at room 
temperature. After that time, the mixture was diluted with 
water and extracted with ether. The ether layer was reshaken 
with water and saturated NaCl solution. The residue from the 
ether layer was chromatographed over silica gel and unreacted 
starting material (33, 2.09 g) eluted with ethyl acetate-methylene 
chloride (1 :4). 34 (4.15 g, 53% based on recovered starting
material) was eluted with ethyl acetate-methylene chloride (2 :3). 
Ester exchange occurred during this reaction and 34 was isolated
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as the ethyl ester: nmr S 4.66 (m, 1), 4.12 (q, 2), 3.84 (s,3); ir 
(film) 3440 (m), 1730 (s), 1650 (w), 1195 (s), 1040 cm"1 (s).

Moffatt Oxidation of 34 to 35.—34 (1.45 g) was dissolved in 
benzene (20 ml, dried over Na wire) and dimethyl sulfoxide (20 
ml, dried over molecular seives) and cooled to 4°. Then dry 
pyridine (0.47 ml), trifluoroacetic acid (0.26 ml), and 1-cyclo- 
hexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluenesulfo- 
nate (Aldrich No. C-10,640-2) (1.5 g) were added in that order. 
After stirring 24 hr at 4°, the mixture was poured into ice water 
and extracted with ether. The ether layer was reshaken with ice 
water, dried (MgSOj), and evaporated to dryness in  vacuo, to give 
35 [1.35 g (93%)]: nmr 5 9.76 (m, 1), 4.61 (m, 1), 4.13 (q, 2),
3.83 (s, 3); ir (film) 2720 (w), 1725 (s), 1650 (w), 1440 (m), 1030 
cm-1 (s).

Preparation of l-Tributylphosphoranylidene-2-heptanone (36). 
— l-Chloro-2-heptanone27 (5.0 g, 0.0337 M )  was added to a solu­
tion of tri-?i-butylphosphine (6.8 g, 0.0337 M )  in chloroform (35 
ml). The mixture was refluxed for 1 hour, and then the solvent 
was removed. A portion of the residue (5 g, 0.0156 M )  was 
slurried in water (100 ml). The water was extracted (ether) and 
filtered. The clear aqueous solution was basified (15 ml of 2 N  

NaOH), with stirring (5 min) and extracted (ether). The ethe­
real extracts were dried (MgS04), and the ether was removed. 
The residue was distilled. The main fraction, 1-tributylphos- 
phoranylidene-2-heptanone (36, 2.4 g, 0.0077 M ,  49%), had bp 
140-143° (0.01 mm); nmr 8 3.14 (s, <1), 2.06 (t, 2); ir (film) 
1530 (s), 1470 (m), 1402 (s) cm-1. This substance, 36, colors 
rapidly on exposure to air. It was not possible to obtain a satis­
factory elemental analysis.

Wittig Reaction of Aldehyde 35 to Enone 37.—35 (1.35 g) was 
mixed with-l-tributylphosphoranylidene-2-heptanone 36 (1.3 g) 
in ether (50 ml) and stirred at room temperature. After 1.5 hr, 
the solvent was removed and the residue chromatographed over 
silica gel. The enone 37 [1.24 g (74%)] was eluted with ethyl 
acetate-methylene chloride (1:19): nmr 8 6.82 (m, 1), 6.1 (m,
1) , 4.61 (m, 1), 4.15 (m, 4), 3.83 (s, 3), 0.90 (m, 3); ir (film) 
1735 (s), 1695 (m), 1670 (m), 1625 (m), 1030 cm-1 (s); uv 
(MeOH)225mM (* 15,200).

Hydrolysis of Enone 37 to 38.—37 (780 mg) was dissolved in 
methanol (75 ml), and 1 N  HC1 (1 ml) was added. The mixture 
was stirred at room temperature under a N2 atmosphere. After 
3 hr most of the methanol was removed in vacuo at room tempera­
ture . The residue was dissolved in ether and shaken with water. 
The residue from the ether layer was chromatographed on silica 
gel, and 38 (230 mg) was eluted with ethyl acetate-methylene 
chloride (1:9). It was homogeneous on tic: nmr 5 6.76 (m, 1),
6.20 (m, 1), 3.81 (s, 3), 2.45 (complexmultiplet, 8), 0.91 (m 3).

Borohydride Reduction of Enone 38 to 39.—38 (230 mg) was 
dissolved in ethanol (10 ml) and NaBH4 (440 mg) added. Stirred 
at room temperature for 2 hr the solvent was removed i n  vacuo at 
room temperature; the residue was shaken between ether and 
water. Removal of the ether gave an oil, 195 mg. A major 
component of this oil was 39 as indicated by tic [alumina GF, 
cyclohexane-dioxane-ethyl acetate (7:2.5:0.5)] and nmr.

Borohydride Reduction of Enone 37 to 40.— 37 (3.6 g) was dis­
solved in ethanol (250 ml), and NaBH4 (7.2 g) was added. After 
stirring 1.5 hr at room temperature, the mixture was poured into 
ice water and extracted with ether (three times). The ether 
layer was reshaken with water and saturated NaCl solution. 
The residue from the ether layer was chromatographed over 
silica gel and 40, 2.54 g, as an oil, eluted with ethyl acetate- 
methylene chloride (1:9): nmr 5 5.61 (m, 2), 4.69 (m, 1), 3.83 
(s, 3), 0.91 (m, 3): ir (film) 3415 (m), 1732 (s), 1650 (w), 1040 
cm "1 (s).

Hydrolysis of 40 to 39.— 40 (740 mg) was dissolved in methanol 
(60 ml), and 1 N  HC1 (1 ml) was added. Stirred overnight at 
room temperature, it was poured into cold water and extracted 
with ether (twice). The ether layer was reshaken with water 
and saturated NaCl solution and dried over MgS04. The residue 
from the ether layer was preparatively separated [alumina GF, 
cyclohexane-dioxane-ethyl acetate (7:2.5:0.5)] and two major 
bands isolated. The nonpolar band, 41, R i  0.33, was an oil (220 
mg). The polar band gave 39 (228 mg), R s 0.20, which crystal­
lized on standing in the cold. Recrystallization from ether- 
pentane gave the analytical sample: mp 67-68°; nmr 5 5.61 (m,
2) , 3.82 (s, 2), 2.28 (m, 2), 0.93 (m, 3); ir (CHC1S) 3590 (w),

(27) S. Archer, M. J. Unser, and E. Froelich, J. Amer. Chem. Soc., 78, 
6182 (1956).

3375 (m), 1728 (s), 1650 (w), 1465 (m), 1045 cm-1 (s); mass 
spectrum m/e411 (M), 393 (M -  H20 ), 380 (M -  CH30).

A n a l .  Calcd for C23H4iN05: C, 67.12; H, 10.04; N, 3.40. 
Found: C, 67.52; H, 10.26; N, 3.31.

di-PGEi Methyl Oxime (42) from 39.—39 (220 mg) was dis­
solved in methane 1 (35 ml), and 10% K 2C03 solution (35 ml) was 
added. The mixture was refluxed on the steam bath for 2 hr. 
On cooling, the reaction was diluted with water and extracted 
with ether. The aqueous layer was cooled in an ice bath, acidi­
fied with 2 N  HC1, saturated with NaCl, and extracted with 
ether twice. The ether was dried over MgS04 and evaporated to 
dryness i n  v a c u o  to give df-PGEi methyl oxime, 42, as a solid. 
Recrystallization from ether-pentane gave the analytical sample 
(144 mg): mp 97-99°; nmr 8 5.50 (m, 2), 4.05 (m, 1), 3.78 (s. 3), 
0.91 (m, 3); ir (CH2C12) 3610 (m), 3400 (m), 1710 (s), 1044 cm "1 
(s); mass spectrum m/e 383 (M), 365 (M — H20), 347 (M — 
2H20 ) , 334 (M -  H20 , CH30).

Anal. Calcd for C21H37N 0 5: C, 65.76; H, 9.72; N, 3.65. 
Found: C, 66.15: H,9.73; N.3.62.

PGEi was converted to a syn-anti mixture of methyl oximes by 
aforementioned procedures. The product was chromatographed 
on Mallinekrodt silicic acid [100-120 mesh, well washed (meth­
anol), and reactivated (120°, 18 hr)] using chloroform-methanol 
(99:1) as eluent. The faster moving isomer was crystallized 
[mp 55-57° (aqueous methanol)]. The ir, nmr, and mass 
spectra of this compound were identical with those of 42 as was 
its mobility on tic [silica gel, CHCl3-methanol-acetic acid-H20  
(90:8:1:0.7)].«

Cleavage of Methyl Oxime 42.— di-PGEi methyl oxime 42 
(63 mg) was dissolved in a solution of levulinic acid (0.9 ml) 
and 13% aqueous HC104 (0.1 ml), precooled to 3°. After 48 hr 
at 3° the solution was diluted with cold ether and extracted with 
cold water (four times). The ether layer was dried (MgS04) 
and evaporated to dryness i n  v a c u o  below room temperature. 
The residue was chromatographed on silicic acid [100-120 mesh, 
well washed (methanol), and reactivated (120°, 18 hr)]. An oil 
(2 mg) eluted with CHCl3-MeOH (97:3) was identical with PGEi 
( R i  0.27; CHCl3-M e0H -H 0A c-H 20 , 90:8:1.0:0.7) on tic and 
gave the typical uv shift with base. All attempts to crystallize 
the oil were unsuccessful.

Phenylthiomethoxyamine Hydrochloride (43).— Thiophenol 
(110.2 g, 1.0 M )  and paraformaldehyde (45.0 g, 0.5 M ) were 
mixed together and cooled to —15°. Anhydrous HC1 gas was 
bubbled into the mixture and within 5 min the temperature rose 
to 22 ° ; HC1 addition was stopped during the exothermic reaction. 
When the temperature returned to —15° the HC1 addition was 
continued for 3 hr. The mixture was warmed to room tempera­
ture and anhydrous CaCl2 was added with stirring. This mix­
ture was filtered, and the filtrate distilled to give chloromethyl 
phenyl sulfide (63.4 g, 40% yield): bp 62-63° (0.1 mm) [lit.28
106-7° (13 mm)]; nmr S 7.42 (m, 5), 4.85 (s, 2). JV-Hydroxy- 
phthalimide (81.5 g, 0.5 M ) ,  triethylamine (49.6 g, 0.49 M ) ,  and 
chloromethyl phenyl sulfide (63.4 g, 0.4 M )  were mixed together 
in dry tetrahydrofuran (830 ml) and refluxed for 15 hr. The 
mixture was filtered and the residue from the filtrate was dis­
solved in CH2C12 and shaken with 10% KH C03 solution (five 
times) and water. The residue from the CH2C12 layer was re­
crystallized from CH2Cl2-ether to give N-phenylthiomethoxy- 
phthalimide (75.0 g, 66% yield): mp 88-88.5°; nmr 5 7.50 
(m, 9), 3.58 (s, 2); ir (KBr) 1785 (w), 1725 (s), 1605 (w), 970 
cm-1 (m).

A n a l .  Calcd for Ci5H „N 03S: C, 63.16; H, 3.89; N, 4.91 
Found: C, 62.90; H, 3.91; N, 4.86.

A7-Phenylthiomethoxyphthalimide (75.0 g, 0.26 M )  and hy­
drazine hydrate (13.5 g, 0.27 M )  were mixed together in 95%  
ethanol (600 ml) and refluxed for 4.5 hr. After cooling to room 
temperature the mixture was filtered. The filtrate was concen­
trated i n  v a c u o  to a very small volume, diluted with ether, and 
cooled to 0°. After 1 hour at 0° it was filtered. The residue 
from the filtrate was distilled to give phenylthiomethoxyamine 
(30.2 g, 75% yield): bp 82-94° (0.1 mm); nmr 8 7.35 (m, 5),
5.57 (s, 2), 5.00 is, 2); ir (film) 3300 (m), 3050 (m), 2910 (m), 
1585 (s), 990 cm -1 (s).

A n a l .  Calcd for C7H9NOS: C, 54.19; H, 5.85; N, 9.03. 
Found: C, 54.40; H, 5.99; N, 9.16.

Phenylthiomethoxyamine (3.0 g, 0.0193 M )  was dissolved in 
ether (50 ml), and excess ethereal-HCl was added causing the 
immediate formation of a white precipitate. Filtration gave

(28) H. Bohme and H. P. Teltz, Justus Liebigs Ann. Chem., 620, 1 (1959).



phenylthiomethoxyamine hydrochloride (43, 3.57 g, 96.5%). 
Recrystallization from ethyl acetate-methanol gave the analyti­
cal sample: mp 110-112° dec; nmr (DMSO) 5 7.47 (m, 5),
5.68 (s, 2); ir 2660 (s), 1585 (w), 1570 (w), 1005 (s), 860 cm-' 
(s).

A n a l .  Calcd for C7HsNOS-HC1: C, 43.86; H, 5.26; N,
7.31. Found: C, 43.93; H, 5.39; N, 7.41.

The Phenylthiomethyl Oxime (44) of 27.— The crystalline 
residue from the preparation of 27 (5.55 g) was dissolved in pyri­
dine (150 ml, dried over molecular sieves), and phenyl mercapto- 
methylhydroxylamine hydrochloride (43) (4.94 g) was added. 
After stirring 24 hr at room temperature the pyridine was re­
moved i n  v a c u o .  The residue was dissolved in ether and shaken 
with water, 0.2 N  HCI, and water again. The residue from the 
ether (8.54 g) crystallized on standing.

A portion of this residue was preparatively separated [silica gel, 
ethyl acetate-methylene chloride (1:4)] to give the major prod­
uct 46 { R t  =  0.64), a white crystalline solid: mp 53-55° (ether-
hexane); nmr 5 7.33 (m, 5), 5.46 (s, 2), 4;55 (m, 1), 3.70 (s, 3),
3.66 (s, 3), 2.75 (m, 2) 2.28 (m, 2); ir (KBr) 3240 (m), 1731 
(s), 1030 cm-1 (m); mass spectrum m/e 437 (M).

A n a l .  Calcd for C^H-uNOeS: C, 60.40; H, 7.14; N, 3.20. 
Found: C, 60.62; H,7.18; N.3.12.

A minor product, 47, R i  0.57, was also isolated: nmr 8 7.31 
(m, 5), 5.46 (s, 2), 4.49 (m, 1), 3.73 (s, 3), 3.66 (s, 3), 2.65 (m, 2),
2.27 (m, 2).

A n a l .  Calcd for CmH uNObS: C, 60.40; H, 7.14; N, 3.20. 
Found: C, 61.19; H, 7.37; N, 3.32.

Conversion of 46 to Oxime 29.—46 (25 mg) was dissolved in 
glacial acetic acid (3 ml), and with stirring at room temperature a 
solution of HgCl2 (105 mg), KOAc (90 mg), and H20  (44 mg) in 3 
ml glacial acetic acid was added. A white precipitate formed 
after 1 hr, and, after a total of 2.5 hr, the mixture was diluted 
with acetone and H2S was bubbled into it until a black precipitate 
formed. The mixture was filtered through Celite and the filtrate 
evaporated to dryness i n  v a c u o .  This residue was dissolved 
in ether-water. The ether layer was reshaken with water and 
dried over MgS04. The residue from the ether layer was dis­
solved in methanol (4 ml), and 10% K 2C03 solution (1 ml) was 
added. After 35 min at room temperature the solution was 
diluted with ether and washed with water. The residue from 
the ether layer was recrystallized from ether to give 29, 12 mg, 
identical by tic, melting point, and mixture melting point with 
the material from oximation of siloxycyclopentanone diester, 26.

Epimerization of 46 to 48.— 46 (125 mg) was dissolved in an­
hydrous methanol (7 ml), and a solution of Na (2 mg) in an­
hydrous methanol (2 ml) was added. Refluxed for 20 hr under 
N2, the solution was cooled, diluted with ether, and shaken with 
water. The residue from the ether layer was preparatively 
separated [silica gel, ethyl acetate-methylene chloride (1:4)] 
to give 48 as an oil (103 mg, R i  0.605): nmr 5 7.36 (m, 5), 5.45 
(s, 2), 4.35 (m, 1), 3.73 (s, 3), 3.65 is, 3), 2.05-3.4 (complex 
multiple!, 7).

A n a l .  Calcd for C22H31N 0 6S: C, 60.40; H, 7.14; N, 3.20. 
Found: C, 60.27; H, 7.13; N, 3.11.

Epimerization of 47 to 4 9 .-4 7  (62 mg) was dissolved in an­
hydrous methanol (5 ml), and a solution of Na (1.0 mg) in an­
hydrous methanol (2 ml) was added. Refluxed 20 hr under N2, 
the solution was cooled, diluted with ether, and shaken with 
water. The residue from the ether layer was preparatively 
separated [silica gel, ethyl acetate-methylene chloride (1:4)] 
to give 49 as an oil (55 mg, R t 0.44); nmr S 7.38 (m, 5), 5.43 
(s, 2), 4.37 (m, 1), 3.72 (s, 3), 2.87 (complex multiplet, 5), 2.24 
(m, 2).

A n a l .  Calcd for C22H3iNOr,S: C, 60.40; H, 7.14; N, 3.20. 
Found: C, 60.74; H ,7.38; N,3.28.

Borohydride Reduction of 49 to 50.— 49 (710 mg) was dis­
solved in methanol (35 ml). While stirring at room temperature, 
NaBH4 (840 mg) was added portionwise over 2 hr. After 2.5 
hr, the mixture was poured into ice water and extracted with 
ether. The ether was shaken with water, dried over MgS04, 
and evaporated i n  v a c u o .  The residue from the ether layer was 
recrystallized from ether to give 50, 540 mg: mp 56-57°; nmr
5 7.33 (m, 5), 5.42 (s, 2), 3.66 (s, 3), 2.1-2.8 (complex multiplet, 
5); ir 3350 (m), 1738 (s), 1020 cm -' (s).

A n a l .  Calcd for C21H3,N 03S: C, 61.59; H, 7.63; N, 3.42. 
Found: C, 61.67; H, 7.75; N, 3.42.

Preparation of 48 Directly.—The crude crystalline mixture 
of compounds 46 and 47 (7.0 g) was dissolved in anhydrous meth­
anol (250 ml), and a solution of Na (105 mg) in anhydrous meth­
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anol (50 ml) was added. Refluxed for 20 hr under Nz, the solvent 
was removed i n  v a c u o .  The residue was dissolved in ether and 
shaken with water and saturated NaCl solution. The residue 
was preparatively separated [silica gel, ethyl acetate-methylene 
chloride (1:4)] to give 48 (3.24 g, 40.5%, overall from 22) and 
49 (1.21 g, 15% overall from compound 22).

48 by Catalytic Reduction of 22 and a TelescopedSequence.—  
22 (9.5 g) was dissolved in methanol (130 ml), and Raney nickel 
catalyst (2.0-3.0 g, wet with methanol) was added. The mix­
ture was reduced at an initial hydrogen pressure of 47 psi, at 
room temperature. After 24 hr, slightly more than the theo­
retical amount of hydrogen absorbed; the mixture was filtered 
through Celite.

The residue from the filtrate, 27 by ir, nmr, and tic (8.21 g), 
was dissolved in pyridine (175 ml, dried over molecular selves) 
and O-phenylmereaptomethylhydroxylamine hydrochloride (43) 
(7.4 g) was added. After 48 hr at room temperature the pyridine 
was removed i n  v a c u o .  The residue was partitioned between 
ether and water. The ether layer was shaken with 0.1 N  HCI 
and water.

The residue from the ether, 44 by ir, nmr, and tic (12.5 g), 
was dissolved in anhydrous methanol (400 ml); a solution of Na 
(150 mg) in anhydrous methanol (15 ml) was added; and the 
mixture was refluxed 20 hr under a nitrogen atmosphere. Most 
of the methanol was removed i n  v a c u o  without heating above 
room temperature. The residue was dissolved in ether and 
shaken with water.

The residue from the ether layer (11.7 g) was preparatively 
separated [silica gel, ethyl acetate-methylene chloride (1:4)] 
to give 48, identified by tic and nmr (6.81 g, 48% overall from 
22).

The material corresponding to 49 (1.93 g, 14% overall from 
22) was also isolated.

48 from 22 by Zinc-Acetic Acid Reduction.—22 (1.0 g) was 
dissolved in glacial acetic acid (40 ml), and Zn dust (2.0 g) was 
added. After 20 hr of vigorous stirring at room temperature 
the mixture was diluted with ether and filtered. The filtrate 
was evaporated to dryness i n  v a c u o  without heating above room 
temperature. The residue was dissolved in ether and shaken 
with water.

The residue from the ether layer (980 mg) was dissolved in 
pyridine (50 ml, dried over molecular selves); O-phenylmercapto- 
methylhydroxylamine hydrochloride (43) was added. After 
48 hr at room temperature the pyridine was removed i n  v a c u o .  

The residue was partitioned between ether and water. The 
ether layer was shaken with 0.1 N  HCI and water.

The residue from the ether layer was preparatively separated 
[silica gel, ethyl acetate-methylene chloride (1:4)] to give 48 
by tic and nmr (685 mg, 47% overall from 22) and 49 (309 mg, 
21 %  overall from 22).

Tetrahydropyranyl Ether of 48.— 48 (3.2 g ,  7.34 mM )  was 
dissolved in methylene chloride (200 ml, dried over molecular 
sieves) and to it added 2,3-dihydro--y-pyran (2.1 ml) and picric 
acid (210 mg). After stirring 18 hr at room temperature the 
solution was shaken with water and 10% KHCOs solution. The 
residue from the methylene chloride layer was chromatographed 
over silica gel and 51 (3.76 g, 98.5%) eluted with ethyl acetate- 
methylene chloride (1:9): nmr 5 7.35 (m, 5), 5.45 (s, 2), 4.61 
(m, 1), 3.72 (s, 3), 3.66 (s, 3); ir (film) 1732 (s), 1655 (w), 1585 
(s), 1015 cm-1 (s).

Borohydride Reduction of 51 to 52.— 51 (3.7 g, 7.1 m l )  was
dissolved in ethanol (200 ml), and NaBH4 (4.0 g) was added por­
tionwise over a 4-hr period at a rate of 1.0 g/hr. After 4.5 hr, 
the solvent was removed i n  v a c u o  and the residue shaken between 
ether and water. The residue from the ether layer was pre­
paratively separated (silica gel; ethyl acetate-methylene chlo­
ride, 1:4) to give unreacted starting material (1.03 g, R t  0.86) 
and 52 (1.44 g, 57% based on recovered starting material, R i  

0.42): nmr S 7.38 (m, 5), 5.46 (s, 2), 4.65 (m, 1), 3.67 (s, 3); 
ir (film) 3410 (m), 1730 (s), 1648 (w), 1580 (w), 1010 cm“1 (s).

Recyclization of Recovered Material from the Borohydride 
Reduction of 51.— 51 (1.55 g, recovered from the preparation of 
compound 52) was dissolved in methanol (120 ml), and 1 N  HCI 
(3 ml) was added. After stirring 18 hr at r o o m  temperature, the 
solvent was removed i n  v a c u o  at room temperature, the residue 
was dissolved in ether, and shaken with water. The residue 
from the ether layer was chromatographed over silica gel and 
48, 880 mg (68%), eluted with ethyl acetate-methylene chloride 
(1:9).

48 (880 mg) was dissolved in methylene chloride (60 ml), and
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2,3-dihydro-y-pyran (0.6 ml) and picric acid (60 mg) was added. 
After 18 hr at room temperature the solution was shaken with 
water and 10% KHC03 solution. The residue from the methy­
lene chloride layer [51 by tic, 1.05 g (100%)] was dissolved in 
ethanol (50 ml); NaBH4 (1.9 g) was added portionwise over 
4 hr with stirring at room temperature. After 4.5 hr most of the 
solvent was removed i n  v a c u o  at room temperature. The residue 
was dissolved in ether-water. The ether layer was reshaken 
with water (twice). The residue from the ether layer was pre- 
paratively separated (silica gel; ethyl acetate-methylene chlo­
ride, 1:4) to give unreacted starting material, 51 (420 mg, R s  

0.86) and 52 (435 mg, 73% based on recovered starting material, 
R t  0.42).

The Collins Oxidation of 52 to Aldehyde 53.— 52 (305 mg) 
was dissolved in methylene chloride (40 ml, dried over molecular 
sieves), and with stirring at room temperature a solution of freshly 
prepared pyridine dichromate (1.07 g) in dry methylene chloride 
(150 ml) was added in one portion. After stirring 10 min, the 
CH2CI2 was decanted into a separatory funnel containing water. 
The CH2CI2 layer was reshaken with water (twice) and dried 
over MgS04. Removal of the solvent gave 53 (290 mg) homo­
geneous on tic: nmr 5 9.75 (m, 1), 7.4 (m, 5), 5.4 (s, 3), 4.61 
(m, 1), 3.61 (s, 3).

This residue was used immediately without further purifica­
tion or identification.

The Moffatt Oxidation of 52 to Aldehyde 53.— 52 (725 mg) 
was dissolved in dimethyl sulfoxide (19 ml, dried over molecular 
sieves) and benzene (19 ml, dried over sodium wire) and cooled 
to 4°. Then dry pyridine (175 mg), trifluoroacetic acid (210 
mg), and l-cyclohexyl-3-(2-morpholinoethyl)carbodiimidemetho- 
p-toluenesulfonate (Aldrich No. C-10,640-2) (2.5 g) were added 
in that order. After stirring 72 hr at 4°, the reaction mixture 
was poured into ice water and extracted with ether. The ether 
was reshaken with water, dried over MgS04, and evaporated 
i n  v a c u o  to give 53 (710 mg), identical with the aldehyde derived 
from the Collins oxidation by nmr and tic.

The Wittig Reaction on 53 to Give 54.— 53 (290 mg) and 1- 
tributylphosphoranylidene-2-heptanone (43) (450 mg) were 
mixed together in ether (20 ml) and stirred at room temperature. 
After 18 hr, the ether was removed and the residue preparatively 
separated (silica gel; ethyl acetate-methylene chloride, 1:9) 
to give 54 [302 mg, 87.5%; R t 0.83; nmr 5 7.37 (m, 5), 6.77 
(m, 1), 6.22 (m, 1), 5.45 (s, 2), 4.61 (m, 1), 3.65 (s, 3), 0.92 (m,
3)] as an oil.

Borohydride Reduction of Enone 54 to 55.— 54 (440 mg) was 
dissolved in ethanol (30 ml), and NaBH4 (450 mg) was added 
portionwise over a 5-min period. The mixture was stirred at 
room temperature for 0.5 hr. The solution was poured into 
ice water and extracted twice with ether. The ether layer was 
reshaken with water, dried (MgS04), and evaporated to dryness 
i n  v a c u o .  The residue 55 (430 mg) was used in the next step 
without further purification or identification.

Hydrolysis of 55 to 56 and 57.— 55 (430 mg) was dissolved in 
methanol (60 ml), and 0.1 N  HC1 (1.25 ml) was added. Stirred 
at room temperature 20 hr. The solvent was removed i n  v a c u o  

without heating above room temperature. The residue was 
dissolved in ether and shaken with water. The residue from 
the ether layer was preparatively separated [silica gel, ethyl 
acetate-methylene chloride (3:7), two developings] to give 56 
(132 mg) as a crystalline solid (iff 0.51; ethyl acetate-methylene 
chloride, 1:1).

Recrystallization from ether-hexane gave the analytical sample: 
mp 52-54°; nmr S 7.45 (m), 5.48 (m, 2), 5.42 (s, 2), 3.64 (s, 3), 
0.90 (m, 3); ir (CHC13) 3605 (m), 3415 (m), 1727 (s), 1585 (w), 
1018 cm-1 (s); mass spectrum m/e 505 (M), 473 (M — HOCR3), 
366 (M -  OCHjSPh).

A n a l .  Calcd for C ^ N C h S : C, 66.51; H, 8.57; N, 2.77. 
Found: C, 66.55; H ,8.51; N ,2.78.

The less polar band was 57 (143 mg as an oil; iff 0.64, ethyl 
acetate-methylene chloride, 1:1): nmr 5 7.39 (m, 5), 5.59 (m, 
2), 5.45 (s, 2), 3.63 (s, 3), 0.92 (m, 3); ir (CHC13) 3610 (m), 3450 
(w), 1727 (s), 1582 (w), 1020 cm“ 1 (s).

Cleavage of 56 to 58.— 56 (72 mg) was dissolved in glacial acetic 
acid (5 ml), and a solution of mercuric chloride (230 mg), potas­
sium acetate (210 mg) and mercuric oxide (100 mg) in glacial 
acetic acid (7.5 ml) was added in one portion. The mixture 
was stirred at room temperature for 0.5 hr; a white precipitate 
formed after 10 min. The mixture was diluted with acetone 
and H2S bubbled into it until a black precipitate formed. This 
mixture was filtered through Celite, which was washed well with

T o t a l  S y n t h e s i s  o f  cW -P r o s t a g l a n d i n  E ,

acetone and ether. The filtrate was evaporated i n  v a c u o  at room 
temperature. The residue was dissolved in ether-water. The 
ether layer was reshaken with water, dried over MgS04 and evap­
orated under aspirator pressure to give 58 (61 mg) as an oil: 
homogeneous on tic; nmr S 5.63 (m, 4), 4.00 (m, 2), 3.66 (s, 3),
2.23 (complexmultiplet, 7), 0.92 (m, 3).

Formation of the d l - PGEi Oxime Methyl Ester 59 from 58.— 58 
(34 mg) was dissolved in methanol (3 ml) and 10% K 2C03 solu­
tion (0.5 ml) added. Stirred at room temperature for 0.5 hr. 
Most of the methanol was removed by aspirator; the residue 
was dissolved in ether and shaken with water and saturated NaCl 
solution. The ether layer was dried over MgS04 and evaporated 
i n  v a c u o  to give a crystalline residue. Recrystallization from 
ether-hexane gave the analytical sample of 59 (17 mg): mp 105- 
107°; nmr 5 5.59 (m, 2), 3.68 (s, 3), 0.98 (m, 3); ir (KBr) 3360 
(s), 1738 (m), 1708 (s, internally bonded carbonyl), 1660 (w), 
935 cm-1 (m); mass spectrum m/e 383 (M), 367 (M — O), 366 
(M -  OH).

A n a l .  Calcd for C2iH37N 0 5: C, 65.76; H, 9.72; N, 3.65. 
Found: C, 65.85; H, 9.92; N, 3.75.

dZ-PGEi Oxime and dZ-PGEi from 58.— 58 (68 mg) was dis­
solved in methanol (6.8 ml) and 10% K 2C03 solution (1.13 ml) 
was added; after stirring at room temperature for 4 days, the 
solvent was removed i n  v a c u o  at room temperature. The residue 
was crystallized with ether-methylene chloride to give crystals 
of d l - PGEf oxime 60: mp 123-5°; nmr (drop of DMSO added 
to CDC13) S 5.52 (t, 2), 3.10 (d, 1), 2.92 (d, 1); ir (KBr) 3390 
(s), 1680 cm-1 (s). Spectra and tic behavior were identical with 
those of a sample of Z-PGEf oxime.

A n a l .  Calcd for C2oH35N 06: C, 65.01; H, 9.55; N, 3.79. 
Found: C, 64.87; H, 9.78; N, 3.47.

The mother liquor and crystals were recombined and dissolved 
in glacial acetic acid (3.5 ml) and cooled to 10°. Then 10% 
aqueous NaN02 solution (1.5 ml) was added and the reaction 
was stirred at 10° for 1 hr. An additional 1.5 ml of 10% N aN02 
solution was added and the reaction was allowed to warm to room 
temperature over 15 min. The mixture was shaken between 
water and ethyl acetate-ether (3:1). The organic layer was 
reshaken with water and saturated NaCl solution, dried over 
MgS04, and evaporated in vacuo at room temperature. The 
residue was dissolved in ethyl acetate (0.2 ml) and allowed to 
stand at —5° overnight. dZ-PGE 61 (8 mg) crystallized out, 
mp 112-115°, no melting point depression on admixture with 
authentic dZ-PGEi.24 The nmr and ir were identical with those 
of authentic PGEi. Tic examination (solvent systems AI and 
M I28) also showed that they were identical.

Cleavage of 57 to 62.— 57 (78 mg) was dissolved in glacial acetic 
acid (5.5 ml) and a solution of mercuric chloride (250 mg), po­
tassium acetate (218 mg), and mercuric oxide (105 mg) in glacial 
acetic acid (8.0 ml) was added in one portion. After the mixture 
stirred for 0.5 hr at room temperature, a white precipitate was 
present. The mixture was diluted with acetone, and H2S was 
bubbled into it until a black precipitate formed. It was filtered 
through Celite, which was washed well with acetone and ether. 
The filtrate was evaporated in vacuo at room temperature. The 
residue was dissolved in ether-water. The ether layer was re­
shaken with water, dried (MgS04), and evaporated to give 62 
(71 mg) as an oil: homogeneous on tic; nmr 5 5.67 (m, 4), 4.12
(m, 2), 3.67 (s, 3), 2.25 (complex multiplet, 7), 0.91 (m, 3).

di-Cl5-Epi-PGEi (63) from 62.— 62 (132 mg) was dissolved 
in methanol (13.2 ml) and 10% K2C03 solution (2.2 ml) added. 
After stirring at room temperature for 4 days, the solvent was 
removed in vacuo. The residue was dissolved in glacial acetic 
acid (6.5 ml) and stirred at 10°. Then 10% aqueous NaN02 
solution (2.75 ml) was added and the solution was stirred at 10° 
for 1 hr. An additional 2.75 ml of 10% NaN02 solution was 
added and the reaction mixture was allowed to warm to room 
temperature over a 20-min period. The solution was shaken 
between water and ethyl acetate-ether (3:1). The organic 
layer was reshaken with water and saturated NaCl solution, dried 
(MgS04), and evaporated in vacuo at room temperature. The 
residue from the organic layer was preparatively separated (silica 
gel; benzene-dioxane-acetic acid, 20:20:1) to give Cir, tZZ-Epi- 
PGEi 63 (21 mg): nmr S 5.69 (m, 2), 4.16 (m, 2), 2.36 (m, 3), 
0.92 (m, 3); homogeneous on tic (solvent systems AI and M I28).
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A General Synthetic Approach to the Eudesmane Class of Sesquiterpenes
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A versatile synthetic approach to the eudesmane class of sesquiterpenes is described. The key intermediate 
in the synthetic scheme is 6-methoxy-10-methyl-A6,7-octal-l-one (4). Elaboration of 4 into precursors which 
have been used in previous eudesmane sesquiterpene synthesis was accomplished in two manners. Wittig 
olefination of 4 with methylenetriphenylphosphorane followed by acid hydrolysis gave l-methylene-10-met.hyl-6- 
decalone (10) which has previously been converted to atractylon and isoalantolactone. Incorporation of a carbo- 
methoxy group at C-7 and removal of the carbonyl group at C-6 transformed 4 eventually into 7-carboxy-10- 
methyl-l-deealone (11) which has previously been converted to (3-eudesmol.

The eudesmane class (see 1 for the general substitu­
tion pattern) of decalin sesquiterpanes has recently 
received considerable synthetic attention, especially @- 
eudesmol (2).1 As part of our own synthetic studies,

1

we have developed a general approach which allows 
elaboration from a common intermediate into diverse 
members of the eudesmane class. The synthesis of 
this intermediate and its conversion into compounds 
used in other eudesmane sesquiterpene syntheses is the 
subject of this paper.

Our scheme was based on the use of a synthon of the 
diketone 3. This type of intermediate, properly pro-

3

tected so that the carbonyl functions could be operated 
on selectively, would allow elaboration at both C-l and 
C-7 as is required for the synthesis of the eudesmane 
sesquiterpenes. Also the presence of the carbonyl 
groups at C-l and C-6 would allow stereochemical con-

(1) F or som e previous syntheses o f  m em bers o f the eudesm ane class, es­
pecia lly  j3-eudesmol, see (a) J. A . M arshall, M . T. Pike, and R . D. Carroll, 
J. Org. Chem., 31, 2933 (1966); (b ) D. C. H um ber, A . R . P inder, and R . A. 
W illiam s, ibid., 32, 2335 (1967 ); (c) C . H . H ea th cock  and T . R . K elly, 
Tetrahedron, 24, 1801 (1968); (d) J. A . M arshall and M . T. Pike, J. Org. 
Chcm., 33, 435 (1968); (e) J. W . H uffm an and M . L. M ole. Tetrahedron 
Lett., 501 (1971); J. Org. Chem. 37, 13 (1972); (f) R . G. Carlson and E. G. 
Z ev, ibid., 37, 2468 (1972).

trol of the ring fusion and the group at C-7 by equili­
bration at these centers. Finally the carbonyl function 
at C-6 would allow the synthesis of other eudesmane 
sesquiterpenes, such as the furanosesquiterpene atrac­
tylon,2 not readily accessible by the earlier cited syn­
thetic routes.

Our choice and initial synthetic goal for the protected 
diketone was the keto-enol ether 4. This was con-

CH;l

veniently prepared as outlined in Scheme I. Fol­
lowing a modified procedure of Birch,3a we prepared 
keto enol ether 83 in good yield. Birch had suggested 
that prior reduction of the carbonyl group at C-l to a 
hydroxyl group should increase the yield of enol ether- 
alcohol 7 in the subsequent Birch reduction step. 
This indeed proved correct as reduction of 5 with so­
dium borohydride to 6 followed by Birch reduction as 
previously described3“ afforded crystalline 7 in 90% 
yield, whereas direct reduction of 5 gave yields on the 
order of 60%. Oppenauer oxidation of 73a gave crys­
talline enol ether-ketone 8 in yields in excess of 90%. 
Treatment of 8 with lithium dimethylcopper(I) gave 
the desired 1,4-addition product as an epimeric mixture 
at C-9. Under the aqueous work-up conditions the 
trans-fused product 4 predominated, constituting 70%

(2) S. T a k i and G . H ongo, J. Pharm. Soc. Jap., 44, 539 (1925). H . H ik ino, 
Y . H ik ino , and I. Y osh ioka , Chem. Pharm. Bull., 10, 641 (1962 ); 12, 755 
(1964).

(3) (a) A . J. B irch , J. A . K. Q uartey, and H . Sm ight, J . Chem. Soc., 1769 
(1952); (b ) A . J. Birch, Proc. Roy. Soc. N. S. W., 83, 245 (1949); (c ) N . N . 
G a id am ovich  and I. V . T orgov , Bull. Acad. Sci. USSR, Div. Chem. Sci., 1682 
(1961).
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S c h e m e  1“ S c h e m e  I I “

“ a, NaBH4, MeOH; b, Na,NH8(l), EtOH; c, Al(I-PrO)3, 
CHsCOCHs, PhCH3; d, Li(CH3)2Cu, Et20.

of the 1,4-addition product.4-6 That the initially ob­
tained product seemed to be the equilibrium mixture 
was indicated by treatment of the isolated 1,4-addition 
product with sodium methoxide in methanol to give the 
same ratio of 4 to 9 as previously observed. Florisil 
chromatography proved to be an easy method of sep­
aration and purification giving 4 in 35% isolated yield.

Despite the somewhat disappointing yield of the 
lithium dimethylcopper(I) reaction, the ease of prep­
aration and purification of this masked diketone 4 
caused us to explore its versatility in the synthesis of 
eudesmane sesquiterpenes. We investigated two ap­
proaches to the use of this compound. First we chose 
to directly functionalize the carbonyl group at C-l 
while leaving the potential carbonyl group at C-6 for 
later elaboration. This approach, as outlined in 
Scheme II, led to a compound typified by the exocvclic 
methylene ketone 10. This transformation was ac­
complished by treatment of 46 with methylenetri- 
phenylphosphorane in dimethyl sulfoxide7 followed by 
acidic hydrolysis of the crude exocyclic methylene 
enol ether giving 10 in 57% yield. Compound 10 has 
been previously synthesized by a rather involved route 
by Minato8 and used as a key intermediate in his syn­
theses of the eudesmane furanosesquiterpene atrac-

(4) T h e isom eric ratio  betw een 4 and 9 was determ ined b y  nm r analysis. 
C arlson (see ref I f)  h ad  show n th a t in  a sim ilar system  the angular m eth yl 
signal in the cis-fused system  occurs at low er field (8 1.0 ppm  in the case o f  9) 
than that in  the trans-fused system  (5 0.75 ppm  in the case o f  4).

(5) Th is isom eric ratio  is approxim ately  the sam e as the to ta l tra n s : cis 
ring fusion ratio found b y  Carlson (see ref I f)  after m ethoxide equ ilibration  
o f  i.

(6) I t  shou ld  be n oted  th at the use o f a m ixture o f  4 and 9 w ould  prob a b ly  
be suitable here in th at under the reaction  conditions the cis-fused com pou n d  
9 w ould also g ive 10. F or exam ples see ref l a  and le .

(7) R . G reenw ald, M . C h ayk ovsk y , a n d E . J. C orey, J .  O r g . C h e m .,  28, 128 
(1963).

(8) H . M in a to  and T . N agasaki, C h e m . C o m m u n .,  377 (1965).

a,b

57%

ch3

ch2
10

“ a, Ph3P =CH 2, DMSO; b, H20+.

tylon8 (11) and of the eudesmane sesquiterpene lactone 
isoalantolactone9 (12).

The second approach using 4 was directed toward the 
synthesis of the keto acid 13, an intermediate in many

C H 3

13

of the previous syntheses of /3-eudesmol.lc-e'f In this 
sequence the carbonyl group at C-l was reduced and 
protected while the carbonyl group at C-6 was utilized 
to introduce functionality at C-7. Then, after removal 
of the C-6 carbonyl group, the C-l carbonyl group was 
regenerated. These transformations were carried out 
as indicated in Scheme III. Reduction of 4 with so­
dium borohydride followed by acidic hydrolysis of the 
resulting hydroxy enol ethers gave the epimeric mix­
ture of hydroxy ketone 14 in 73% yield. Treatment of 
this mixture with sodium hydride in dimethyl car­
bonate followed by chromatography gave the crys­
talline keto carbonate ester 15 in 61% isolated yield 
and a fraction (21% yield) containing what seems to be 
mainly its C-l epimer 16. Although the asymmetry at 
C-l would later be destroyed, it was convenient to con­
tinue the sequence with the crystalline epimer 15. 
The stereochemical assignment of 15 will be discussed 
later in this paper.

The next transformation involved removal of the C-6 
carbonyl group. After attempting several unsuccessful 
methods, this problem was solved by conversion of 15 
to its crystalline thioketal 17 in 95% yield by treat­
ment with ethanedithiol, glacial acetic acid, and a cat­
alytic amount of p-toluenesulfonic acid. Desulfuriza­
tion was accomplished using W-2 Raney nickel10 in ab­
solute ethanol to give crystalline carbonate ester 18 in 
70% yield. Removal of the carbonate group was 
achieved by subjecting 18 to lithium aluminum hydride 
reduction to quantitatively afford the crystalline diol 
19. Finally the keto acid 13 was obtained in 53% 
yield by Jones oxidation11 of the diol 17. As 13 has

(9) H . M in ato  a n d l.  H oribe, C h e m . C o m m u n ., 531 (1965).
(10) R .  M ozin go, “ O rganic Syntheses,’ ’ C ollect. V oi. I l l ,  W iley , N ew  

Y o rk , N . Y .,  1955, p 181.
(11) K . B ow den , I . M . H eilbron, E. R . H . Jones, and B . C . L . W eed on  , 

J .  C h e m . S o c . ,  39 (1946).
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S c h e m e  III“

a, b 

73% >82%

CO,CH,

CH:iO,CO
15

CH;, S '

15
95%

€0,CH„
70%

CHACO
17

CO,CH,

CH,0,C0
18

CH,OH
53%

13

“ a, NaBH4, CH3OH; b, H30 +; c, (CH30 )2C0, NaH; d, 
HSCH2CH2SH, HO Ac, p-TsOH; e, W-2 Raney nickel, EtOH; 
f, LiAlHi, Et20 ;  g, Cr03, H2S04, CH3COCH3.

been previously converted into |3-eudesmol,lc this con­
stitutes a formal total synthesis of this eudesmane 
sesquiterpene.

Concerning the stereochemistry12 of the keto car­
bonate ester 15, the assignment was made from the 
following observations. The trans ring fusion follows 
from both the starting material 4 and the final product 
13 which are known to possess this stereochemistry. 
The equatorial assignment to the carbomethoxy group 
at C-7 is consistent with the method of formation and 
again with transformation into 13, possessing known 
equatorial carboxyl stereochemistry. Both of these 
assignments are predicated on the use of reactions not 
expected to cause epimerization at the centers of in­
terest. Finally the axial stereochemistry of the car­
bonate group at C-l was assigned by comparison of 
diol 19, derived from 15 by reactions not involving that 
position, and diol 20, obtained by Heathcock10 in his

CH,

'CE,OH¡ H
OH

20
synthesis of /3-eudesmol. Although the two diols are 
different (both by nmr and melting point), they are 
converted to the same keto acid 13 by Jones oxidation.13

(12) A ll com pounds in this sequence are d l m ixtures and on ly  one enan­
tiom eric form  is given.

(13) F or use o f  the Jones oxidation  procedure for the oxidation  o f  a lcohols 
to  enolizable ketones w ithout epim erization o f  an  asym m etry cen ter a  to  the 
ketone function , see C. D jerassi, P . A . H art, and E . J. W araw a, J . A m e r . 
C h e m . S o c . ,  88, 78 (1964).

Since Heathcock has shown diol 20 to have the equa­
torial hydroxyl group at C-l, it follows that diol 19 and 
keto carbonate ester 15 have the axial orientation at 
that position. This is also consistent with the ob­
servation that the position of absorption of the angular 
methyl group in the nmr is sensitive to the nature of the 
function at C-l. This variation in angular methyl 
chemical shift can be seen in Table I. The shift to

T a b l e  I
A ngular m ethyl group chem ical shift (5, ppm )

C om pd ecu C D 3C O C O 3 CsHsN

13 0.83 0.82 0.77
15 1.08 1.07 1.09
19 a 1.12 1.38
20 0.836

“ Solubility too low to obtain spectrum. 6 From ref lc.

higher field in going from hydroxyl or carbonate to 
ketone at C-l is consistent with a decrease in de­
shielding by virtue of the 1,3-diaxial interaction which 
is removed in the keto acid 13. It can be seen that the 
angular methyl group in 20 has a high field chemical 
shift (S 0.82 ppm) which is consistent with there being 
no interaction between the equatorial hydroxyl group at 
C-l and the angular methyl group.

Experimental Section14
6-Methoxy-l-tetralol (6).— To a mixture of 53.6 g (304 mmol) 

of 6-methoxy-l-tetralone15 in 920 ml of methanol at 0° was slowly 
added 24.0 g (631 mmol) of sodium borohydride. After stirring 
the mixture for 3 hr at room temperature, 300 ml of water was 
added dropwise. The resulting tan solution was concentrated 
and extracted with ether. The combined ether layers were 
washed with water and brine, dried, and concentrated to give 
54.3 g, quantitative yield, of the crude alcohol 6: ir (neat) 3400
cm “ 1 (OH); nmr (CC14) S 3.6 (s, 3 H, OCH3) and 4.4 ppm (m, 1 
H, >CH OH ). An a-napthylurethane derivative was prepared, 
mp 130-132° (lit.16mp 131-133°).

Formation and Separation of an Isomeric Mixture of 6-Methoxy- 
10-methyl-A6'7-octal-l-one (4 and 9).— To 14.6 g (7.68 mmol) of 
anhydrous copper (I) iodide in 150 ml of anhydrous ether was 
added 9.5 ml (15.4 mmol) of 1.63 M methyllithium at 0°. After 
15 min, 0.914 g (5.1 mmol) of 8 in 60 ml of anhydrous ether was 
added dropwise. The mixture was stirred at 0° for 2 hr; then it 
was allowed to warm to room temperature as 100 ml of water was 
added. After filtration, the inorganic salts were crushed and 
thoroughly washed with ether. The filtrate was extracted with 
ether. The combined ether layers were washed with water and 
brine, dried, and concentrated to give 0.854 g of a crude mixture 
of 4 and 9. Elution from Florisil with 75% petroleum ether- 
25% dichloromethane afforded 0.109 g, 11% yield, of 9: ir
(neat) 1710 cm “ 1 (C = 0 ) ;  nmr (CC14) S 1.1 (s, 3 H, angular 
CH3), 3.4 (s, 3 H, OCHa), and 4.5 ppm (m, 1 H, vinyl proton). 
Further elution from Florisil with 50% petroleum ether-50 % 
dichloromethane afforded 0.348 g, 35% yield, of 4: ir (neat)
1710 cm “ 1 (C = 0 ) ;  nmr (CC14) 5 0.75 (s, 3 H, angular CH3), 3.4 
(s, 3 H, OCH3), and 4.5 ppm (m, 1 H, vinyl proton); mass 
spectrum (m/e) calcd for Ci2H iS0 2 194.1307, found 194.1285.

Equilibration of 4 and 9.— To a solution resulting from the 
addition of 0.39 g of sodium to 10 ml of anhydrous methanol was 
added 4.34 g (2.24 mmol) of a crude mixture of 4 and 9. This

(14) A ll m elting points are uncorrected. Ir spectra  were recorded  on  a 
B eckm an I R - 8  spectrophotom eter and nm r spectra  were recorded  o n  a 
V arian A -60A  instrum ent using tetram ethylsilane as an internal, stan d ard . 
H igh -resolution  mass spectra were obta ined  w ith a Varian M - 6 6  sp e c ­
trom eter. C om bu stion  analyses were done b y  C h em alytics, In c., T e m p e , 
Ariz. P etroleum  ether used was reagent grade w ith  boiling range 3 0 -6 0 ° .  
A ll reactions were carried out under a nitrogen atm osphere. A n h yd rou s  
sodium  sulfate was used as the dry ing  agent. Florisil (6 0 /1 0 0 A ) used  for  
chrom atography was purchased from  W ilshire C hem ical C o., Inc.

(15) Purchased from  A ldrich C hem ical C o.
(16) L . L on g and A . Burger, J .  O r g . C h e m ., 6, 852 (1941).
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solution was allowed to stir at room temperature for 48 hr after 
which water was added and the resulting mixture was extracted 
with ether. The combined ether layers were washed with water 
and brine, dried, and concentrated to afford 3.71 g, 85% yield, 
of a mixture of 4 and 9. The spectral properties of this mixture 
were identical with those of the starting mixture, i.e., the initial 
mixture from the lithium dimethyl copper reaction.

1-Methylene- 10-methyl-6-decalone (10).— To 3.55 g (260 
mmol) of a 57% mineral oil dispersion of sodium hydride (twice 
washed with dry pentane) wad added 4.5 ml of anhydrous di­
methyl sulfoxide. The mixture was heated to 70° for 30 min 
after which an additional 8.5 ml of anhydrous dimethyl sulfoxide 
and 22 g (61.6 mmol) of methyltriphenylphosphonium bromide 
were added. After 15 min, 6.0 g (30.9 mmol) of 4 was added in 
2 ml of anhydrous dimethyl sulfoxide. The dark burgundy 
solution was stirred at 55° for 18 hr; then it was poured into ice 
and thoroughly extracted with pentane. The pentane layer was 
washed with an ice-cold 1:1 mixture of dimethyl sulfoxide-water, 
ice-cold water, and brine, dried, and concentrated to give 7.5 g of 
crude product. This material was dissolved in 10 ml of ether and 
placed in a flask containing 30 ml of 1% aqueous hydrochloric 
acid. After vigorous sitrring overnight, the mixture was ex­
tracted with ether. The combined ether extracts were washed 
with water and brine, dried, and concentrated to give 6.6 g of 
crude product. Elution with 25% petroleum ether-75% di- 
chloromethane from Florisil afforded 3.1 g, 57% yield from 4, of 
clear oily 10: ir (neat) 1710 (C = 0 )  and 890 cm “ 1 (C = C H 2); 
nmr (CC14) of 5 0.70 (s, 3 H, angular CH3), 4.5 (m, 1 H, vinyl 
proton), and 4.8 ppm (m, 1 H, vinyl proton); mass spectrum 
(m/e) calcd for C i2H i80  178.1354, found 178.1357.

Epimeric Mixture of l-Hydroxy-10-methyl-6-decalone (14).—  
To 1.61 g (8.3 mmol) of 4 in 20 ml of methanol at 0° was added 
0.719 g (18.9 mmol) of sodium borohydride. The mixture was 
stirred 3 hr as it warmed to room temperature. After adding 15 
ml of water, the mixture was concentrated and extracted with 
ether. The combined ether layers were washed with water and 
brine, dried, and concentrated to yield 1.56 g, 96% yield, of crude 
product. This material was dissolved in 5 ml of ether and placed 
in a flask containing 30 ml of 1% aqueous hydrochloric acid. 
After vigorous stirring overnight, the mixture was extracted with 
ether. The combined ether layers were washed with brine, dried, 
and concentrated to give 1.29 g of crude 14. Florisil chromatog­
raphy afforded 1.10 g, 73% overall yield from 4, of the epimeric 
mixture 14: ir (neat) 3460 (OH) and 1710 cm -1 (C = 0 ) ;  nmr 
(CC14) 6 1.0 (s, 3 H, angular CH3) and 3.9 ppm (broad m, 1 H, 
>CH OH ); mass spectrum (m/e) calcd for CnHis02 182.1307, 
found 182.1284.

Formation and Separation of an Epimeric Mixture of Methyl 
7-Carbomethoxy-10-methyl-6-oxodecalin 1-Carbonate (15 and
16).— To 0.143 g (3.4 mmol) of a 57% mineral oil dispersion of 
sodium hydride (twice washed with dry pentane) in 2 ml of dry 
dimethyl carbonate was added 0.305 g (1.68 mmol) of 14 in 15 ml 
of dimethyl carbonate. The mixture was stirred at 50° for 3 hr 
after which it was poured into 100 ml of water, acidified, and 
extracted with ether. The combined ether layers were washed 
with water and brine, dried, and concentrated to give 0.480 g of a 
crude mixture of 15 and 16. Elution with 50% petroleum ether- 
50% dichloromethanefrom Florisil afforded 0.107 g, 21% yield, of 
an oil which was presumed to be mainly 16. Further elution gave 
0.304 g, 61% yield, of crystalline 15. Recrystallization from 
petroleum ether gave material with mp 88-89°: ir (CCI4 ) 1650
and 1740 cm-1 (C = 0 ) ;  nmr (CCI4 ) S 1.08 (s, 3 H, angular CH3),
3.7 (s, 6 H, OCH3), and 4.8 ppm (m, 1 H, -C H 0 C 0 2CH3).

Anal. Calcd for C i5H220 6: C, 60.39; H, 7.43. Found: C, 
60.52; H, 7.26.

Thioketalization of 15.— To 0.308 g (1.03 mmol) of 15 was 
added 0.2 ml of ethanedithiol, 0.08 g of p-toluenesulfonic acid,

and 2.5 ml of glacial acetic acid. This mixture was stirred at 
room temperature for 3 days after which it was poured into ether. 
The ether layer was washed with 3 N sodium hydroxide, water, 
and brine, dried, and concentrated to give 0.370 g of oily crystals. 
Recrystallization from ether gave 0.368 g, 95% yield, of crystal­
line 17: mp 175-176.5°; ir (CCL) 1730 cm “ 1 (C = 0 ) ;  nmr 
(CCh) & 1.25 (s, 3 H, angular CH3), 3.20 (m, 4 H, -SCH 2CH2S-),
3.68 (s, 3 H, OCH3), 3.75 (s, 3 H, OCH3), and 4.8 ppm (m, 1 H, 
> C H 0 C 02CH3).

Anal. Calcd for CnH260 5S2: C, 54.52; H, 7.00; S, 17.12. 
Found: 54.79; H, 6.91; S, 16.50.

Methyl 7-Carbomethoxy-10-methyldecalin 1-Carbonate (18). 
— To 0.600 g (1.60 mmol) of 17 was added 8.1 g of W-2 
Raney nickel10 in 40 ml of absolute ethanol. The mixture was 
stirred with the aid of an overhead stirrer for 12 hr at 65° after 
which the catalyst was removed by filtration and the mixture was 
concentrated and taken up in ether. The ether layer was washed 
with brine, dried, and concentrated to give 0.408 g of crude prod­
uct. Elution with 50% petroleum ether-50% dichloromethane 
from Florisil afforded 0.316 g, 70% yield, of crystalline 18. A 
small sample was recrystallized from petroleum ether: mp 60.5-
61.5°; ir (CCI4 ) 1730 cm "1 (C = 0 ) ;  nmr (CC14) S 1.0 (s, 3 H, 
angular CH3), 3.6 (s, 3H, OCH3), 3.7 (s, 3 H, OCH3), and 4.7 
ppm (m, 1 H, > C H 0 C 02CH3).

Anal. Calcd for CisHmOs: C, 63 36; H, 8.51. Found: C,
63.56; H, 8.39.

l-Hydroxy-7-hydroxymethyl-10-methyldecalin (19).— To 0.183 
g (0.65 mmol) of 18 was added 0.343 g of lithium aluminum 
hydride and 10 ml of anhydrous ether. The resulting mixture 
was stirred at room temperature overnight after which 0.34 ml of 
water was cautiously added, followed by 0.26 ml of 20% sodium 
hydroxide then 1 ml of water. After filtration, the resulting salts 
were rinsed and triturated with ether. The combined ether 
fractions were concentrated to give 0.128 g, quantitative yield, of 
crystalline 19. A small portion was recrystallized from ether: 
mp 139.5-141°; ir (CH2C12) 3620 cm “ 1 (OH); nmr (CD3COCD3) 
5 0.1.12 (s, 3 H , angular CH3) and 3.1-3.8 ppm (m, 3 H , >  CHOH 
and >C H 2OH).

Anal. Calcd for C ijHwO;,: C, 72.68; H, 11.18. Found: 
C, 72.39; H, 10.88

7-Carboxy-10-methyl-l-decalone (13).— To 0.100 g (0.51 
mmol) of 19 in 5 ml of reagent grade acetone was added 1.1 ml of 
Jones reagent.11 This mixture was stirred for 30 min at room 
temperature after which it was poured into water and extracted 
with ether. The ether layer was extracted with saturated 
aqueous sodium bicarbonate solution. The basic aqueous layer 
was acidified to pH 2 and extracted with ether. The combined 
ether extracts were dried and concentrated to give 0.060 g, 57% 
yield, of 13 as a clear oil which solidified on standing. Recrystal­
lization from ether gave crystalline 13: mp 123-125° (lit.10 mp 
124-126°); ir (CCh) 2700-3200 (OH) and 1700 cm“ 1 (C = 0 ) ;  
nmr (CCI4 ) 5 0.83 (s, 3 H, angular CH3) and 9.70 ppm (s, 1 H, 
COOH). There was no depression in melting point on admixing 
with an authentic sample.17
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(17) W e  are indebted  to  P rofessor C layton  H eath cock  for supplying a 
sam ple o f  the keto  acid 13.
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The Synthesis of Some 3',2"-Dioxamethylene-Bridged p-Quaterphenyls and
Related Compounds1“

J. Ernest Simpson,lb Guido H. D aub ,*10 and F. N ewton H ayes111
D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  N e w  M e x i c o ,  A l b u q u e r q u e ,  N e w  M e x i c o  8 7 1 3 1 ,  a n d  

B i o m e d i c a l  R e s e a r c h  C r o u p ,  L o s  A l a m o s  S c i e n t i f i c  L a b o r a t o r y ,  L o s  A l a m o s ,  N e w  M e x i c o  8 7 5 4 4

R e c e i v e d  A u g u s t  1 7 ,  1 9 7 3

The synthesis of some p-quaterphenyls with -0(C H 2)„0- bridges across the 3' and 2 "  positions haying n  =  1, 
2, 3, and 4 is reported. These compounds have been evaluated as liquid scintillator solutes, the results of which 
are being reported elsewhere. Attempts to prepare analogous compounds with -NH(CH2)„NH- bridges across 
the 3' and 2 "  positions generally were unsuccessful; however, some products related to these are reported. The 
synthesis of the bridged p-quaterphenyls having - 0 -  or -N H - across the 3' and 2 "  positions is also reported.

Earlier work by Taber2 on the effect of noncoplanar­
ity of some bridged p-quaterphenyls on the scintillator 
efficiency of the compounds prompted the synthesis of 
the following compounds for further studies.

c6h5 -#)W(VC6H5

X . .X
(CH2)„

1, X = - 0 - 2, X.
la, n  = 1 2a, n = i
lb, n  = 2 2b, n = 2
lc, n  = 3 2c, n =  3
Id, n  —4 2d, n =  4

We are reporting the synthesis of the compounds 
la-d along with attempts to prepare the compounds 
2a-d and certain other related compounds. The di- 
oxepin la, dioxocin lb, dioxonin lc, and dioxecin Id 
were each obtained from 2",3'-dihydroxy-p-quater- 
phenyl (3) by reaction of the appropriate dihalide with 
3 in DMF containing potassium carbonate.3 Depend­
ing on the desired number of methylene groups in the 
bridge, either methylene iodide, 1,2-dibromoethane,
1,3-dibromopropane, or 1,4-dibromobutane was used 
to yield the respective bridged diethers la-d.

The 2",3'-dihydroxy-p-quaterphenyl (3) was syn­
thesized in several steps starting with commercially 
available 4-nitrobiphenyl (4), which was converted to
2-nitro-5-phenylphenol (5) by treatment with potas­
sium hydroxide in diphenyl ether at 95° under an oxy­
gen atmosphere. The yields in this hydroxylation step 
were quite good, running as high as 80%. Other pro­
cedures, such as using potassium hydroxide and toluene 
or benzene4 without the oxygen atmosphere, were less 
successful, the yields generally being less than 20%.

Treatment of crude 5 with dimethyl sulfate and po­
tassium carbonate5 in anhydrous toluene gave the 
methyl ether 6 in an 87% yield. Reduction of 6 with

(1) (a) F rom  the dissertation presented b y  J. E rnest S im pson to  the
graduate fa cu lty  o f  the U niversity  o f N ew  M ex ico  in partial fulfillm ent o f 
the requirem ents for the degree o f  D o cto r  o f  P h ilosophy. This investiga­
tion  was supported  in  part b y  a R esearch  G rant from  the D iv ision  o f B io logy  
and M ed icin e  o f  the U . S. A tom ic  E n ergy C om m ission , C on tra ct N o. A T - 
(29-2)915. (b ) G raduate R esearch  Assistant, June 196 3 -A u g  1967. (c)
U niversity  o f  N ew  M ex ico , (d ) W ork  perform ed under the auspices o f  the
U . S. A tom ic  E n ergy Com m ission.

(2) R . L . T aber, G . H . D aub, F. N . H ayes, and D . G . O tt, J . H e t e r o c y c l .  
C h e m . , 2 ,  181 (1965).

(3) J. E . Sim pson, G . H . D aub, and F. N . H ayes, J .  O r g . C h e m .,  38 , 1771 
(1973).

(4) J. C . C olbert, W . M eigs, and R . L. Jenkins, J .  A m e r ,  C h e m . S o c . ,  59, 
1122 (1937).

(5) B . B . D ay , J .  S c i .  I n d .  R e s .  ( I n d i a ) ,  3, 338 (1945); C h e m . A b s t r . ,  
3 9 , 45979 (1945).

3, X =  OH 
9, X =  OCH3

12, X =  N02
13, X =  NH2 
15, X =  NHTs

X

5, X =  OH; Y =  N02
6, X =  OCH3; Y =  N02
7 , X =  OCH3;Y  =  NH2
8, X =  OCH3; Y =  I

10, X =  N02; Y =  NH2
11, X =  N02; Y =  I

14, X =  0
17, X =  NH

0
II

18, X =  -NHCNH-
0  0  
II II

19, X =  -NHC— CNH-

Raney nickel and hydrazine6 afforded a 68% yield of
3-methoxy-4-biphenylamine (7). Diazotization of 7 
with sodium nitrite and hydrochloric acid followed by 
treatment of the resulting diazonium salt with potas­
sium iodide resulted in an 81% yield of 4-iodo-3-me- 
thoxybiphenyl (8). Treatment of 8 with copper bronze 
at 200° afforded a 54% yield of 2",3'-dimethoxy-p- 
quaterphenyl (9), which was cleaved to the desired 3 in 
9 6 %  yield by refluxing with 57% hydriodic acid in 
glacial acetic acid. Thus, 3 was prepared in an overall 
yield of about 20% from 4-nitrobiphenyl (4).

Attempts to synthesize the analogous diazepine 2a, 
diazocine 2b, diazonine 2c, and diazecine 2d failed; 
however, several key intermediates and related com­
pounds also of interest to us were prepared as discussed 
below.

3-Nitro-4-biphenylamine (10) prepared from 4-nitro­
biphenyl (4) by modification of the procedure described 
by Campbell, Anderson, and Gilmore,7 was diazotized 
and treated with potassium iodide to give a 55% yield 
of 4-iodo-3-nitrobiphenyl (11). Ullmann coupling of 
11 afforded 2 " ,3 ,-dinitro-p-quaterphenyl (12), which 
was reduced with hydrazine in the presence of Raney 
nickel8 to 2” ,3/-diamino-p-quaterphenyl (13) in 77% 
overall yield.

Initially it was hoped that diazotization of 13 and 
treatment of the diazonium salt with water would yield 
2",3'-dihydroxy-p-quaterphenyl (3); however, the

(6) D . B a lcom  and A . Furst, J .  A m e r .  C h e m . S o c . ,  75, 4334 (1953).
(7) N . C am pbell, W . Anderson, and J. G ilm ore, J .  C h e m . S o c . ,  446 (1940).
(8) R . E . M oore  and A . Furst, J .  O rg . C h e m ., 23, 1504 (1958).



major product isolated in 31% yield proved to be 3,7- 
diphenyldibenzofuran (14). Attempts to cleave 14 to 
yield 2",3'-dihydroxy-p-quaterphenyl (3) proved futile.

Stetter9 has reported the synthesis of some biphenyl 
derivatives similar to 2a -d by treatment of the ditosyl 
derivative of 2,2'-diaminobiphenyl with dihalides of 
the type Br(CH2)mBr where n = 2, 3, 4, and 5 in n- 
butyl alcohol containing sodium n-butoxide. The re­
sulting bridged biphenyl was then hydrolyzed to the 
corresponding biphenyl with the -N H (CH 2)KN H - 
bridge across the 2 and 2 ' positions.

In an effort to use Stetter’s procedure for the syn­
thesis of 2a d, the ditosyl derivative of 13 was prepared 
by addition of p-toluenesulfonyl chloride to a solution 
of 13 in anhydrous pyridine, affording a 96% yield 
of Ar,Ar'-ditosyl-2",3'-diamino-p-quaterphenyl (15). 
However, treatment of 15 with sodium, n-butyl alcohol, 
and an appropriate dibromoalkane failed to give any 
of the desired bridged compounds. Other bases, such 
as sodium hydride, potassium carbonate, and potas­
sium metal, were tried as well as different solvents, such 
as IVjiV-dimethylformamide, dimethyl sulfoxide, and 
n-amyl alcohol, but without success; however, in one 
case a 10% yield of the N,iV'-ditosyl derivative (16) 
of 3,11- diphenyl - 6,7,8,9 - tetrahydro - 5 H - dibenzo [f,h ]-
[l,5]diazonine (2c) was obtained using A,A-dimethyl- 
formamide and potassium carbonate.

Attempts to remove the tosyl groups from 16 using 
sodium metal and w-amyl alcohol or using concentrated 
hydrobromic acid and phenol failed to give any of the 
desired 2c, only starting material being recovered. 
Attempts to make the desired bridged compounds using 
the diamine 13 in a manner similar to that used for the 
analogous oxygen compounds 1 also failed.

Attention was then turned to some different ap­
proaches to the synthesis of 2a-d and 3,7-diphenyl- 
carbazole (17), which would be the nitrogen analog of
3,7-diphenyldibenzofuran (14). The carbazole 17 was 
indeed prepared in 75% yield by heating the diamine 
13 with phosphoric acid.10

One approach to synthesis of 2a might be through 
reduction of the corresponding compound with a car­
bonyl function at the 6 position. With this in mind
3,9-diphenyl-6-oxo-6,7-dihydro-5/i-dibenzo[d,/][l,3]- 
diazepine (18) was prepared by treatment of the di­
amine 13 with urea11 at 200°, affording a 91% yield of
18. Attempts to reduce 18 with lithium aluminum 
hydride to the desired diazepine 2a failed, yielding only 
recovered starting material.

A similar approach to 2b was made by prepar­
ing 3,10-diphenyl-6,7-dioxo-5,6,7,8-tetrahydrodibenzo- 
[e,0][l,4]diazocine (19) in 82% yield by treatment of 
the diamine 13 with oxalyl chloride in anhydrous tolu­
ene. However, reduction of 19 with lithium alumi­
num hydride failed to give anything but recovered 
starting material. Further studies on the synthesis 
of 2a-d were abandoned.

Experimental Section12
2-Nitro-5-phenylphenol (5).— A mixture of 120 ml of diphenyl 

ether and 170 g of KOH, after mixing in a warm blender, was

(9) H . Stetter, C h e m . B e r . ,  86, 380 (1953).
(10) E . Tauber, C h e m . B e r . ,  26, 1703 (1893).
(11) St. von  N iem entow ski, C h e m . B e r . ,  34, 3325 (1901).
(12) A ll m elting points were taken in P yrex capillary tubes in a H oover-

Thom as m elting p oin t apparatus and are uncorrected.
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added to 67.2 g of 4-nitrobiphenyl, mp 113-114°. After stirring 
in an atmosphere of oxygen at 95° for 28 hr, benzene and water 
were added to the brick-red mixture. A bright orange solid (70 
g) was collected by filtration and dissolved in 1.5 1. of water. 
Acidification gave 58 g (80%) of 5, mp 103-104° (lit.4 mp 103- 
103.3°).

3-Methoxy-4-nitrobiphenyl (6).— A 58-g (0.27 mol) portion of 
the crude 2-nitro-5-phenylphenol (5), mp 103-104°, was dis­
solved in 1 1. of dry toluene and 37.6 g (0.272 mol) of anhydrous 
potassium carbonate was added. To this mixture a solution of 
41.9 g (0.33 mol) of dimethyl sulfate in 50 ml of dry toluene was 
added dropwise over 0.5 hr with the temperature maintained 
between 70 and 90°. The reaction mixture was heated on a 
steam bath for 24 hr, after which time the mixture had turned to 
a light orange slurry. The toluene layer was washed with 5%  
sodium hydroxide and then water. After drying over anhydrous 
sodium sulfate, the toluene solution was chromatographed 
through an alumina column (Woelm neutral, activity grade 1 
alumina). Removal of the toluene from the eluates gave a light 
yellow oil which solidified upon cooling, and was recrystallized 
once from 95% ethanol affording 53.8 g (87% yield) of light 
yellow solid, mp 62-63.5°. Repeated crystallization from 95% 
ethanol gave an analytical sample of 6 as light yellow rods, mp 
62-63.5°.

A n a l .  Calcd for Ci3HnN03: C, 68.11; H, 4.84. Found: 
C, 68.03; H, 4.99.

3- Methoxy-4-biphenylamine (7).— A 54-g (0.235 mol) portion 
of 3-methoxy-4-nitrobiphenyl (6), mp 62-63.5°, was dissolved in 
1 1. of 95% ethanol, and 3-4 teaspoons of fresh Raney nickel 
mud13 were added; a solution of 144 ml of anhydrous hydrazine 
in 75 ml of ethanol was added to this mixture at such a rate so as 
to maintain gentle reflux. When addition of the hydrazine was 
complete, the mixture was refluxed on a steam bath for 3 hr, 
after which the Raney nickel was removed by filtration. The 
solvent was removed using a rotary evaporator and replaced by 
dry ether Concentrated HC1 (35 ml) was added to the ether 
solution and the amine hydrochloride separated. After filtering, 
the solid hydrochloride was dissolved in hot water and filtered, 
and the cooled aqueous solution was made basic with 10%  
sodium hydroxide, whereupon the free amine separated. The 
free amine was filtered, washed well with water, and dried. 
Recrystallization from cyclohexane afforded 32 g (68%  yield) of 
7 as tan plates, mp 74-76°. The acetyl derivative of 7 was 
prepared and recrystallized twice from cyclohexane, giving an 
analytical sample of 2-methoxy-4-phenylacetanilide, mp 117.5- 
118.5°.

A n a l .  Calcd for C15H,5N 0 2: C, 74.67; H, 6.27. Found: 
C, 74.49; H, 6.34.

4- Iodo-3-methoxybiphenyl (8).— A mixture of 32.4 g (0.162 
mol) of 3-methoxy-4-biphenylamine (7), mp 74-76°, 300 ml of 
water, and 42 ml of concentrated hydrochloric acid was cooled to 
0° and a solution of 11.8 g (0.170 mol) of sodium nitrite in 100 
ml of water was added dropwise with stirring over 1.5 hr with 
the temperature being maintained at 0-2°. After stirring for an 
additional 1 hr at 2-3°, the excess sodium nitrite was destroyed 
with sulfamic acid and the diazonium salt was decomposed by the 
addition of a solution of 134 g (0.81 mol) of potassium iodide in 
100 ml of water. The pasty mixture was stirred at 5-10° for 
0.75 hr and at room temperature for 1.0 hr. Considerable 
foaming was encountered, and, after all of the nitrogen had been 
expelled, the dark brown, oily product was extracted with ben­
zene. The benzene layer was washed successively with 10% 
aqueous sodium bisulfite, 10%  aqueous sodium hydroxide, and 
water. The benzene solution was dried (potassium carbonate) 
and chromatographed (Woelm, neutral, activity grade 1 alumina). 
The benzene was removed from the eluates, and the iodo com­
pound 8 was obtained as a viscous, light yellow oil which was 
sufficiently pure for the next step. Crystallization from 95% 
ethanol gave 40.8 g (81% yield), mp 48-50°. Repeated crystal­
lization from 95% ethanol gave an analytical sample of 8 as 
colorless needles, mp 51-52.5°.

A n a l .  Calcd for C13H11OI: C, 50.34; H, 3.58. Found: C, 
50.75; H, 3.82.

2'' ,3 '-Dimethoxy-p-quaterphenyl (9).—4-Iodo-3-methoxybi-
phenyl (8), 4.4 g (0.014 mol), was heated at 190-210°, and 3.16 g 
(0.050 mol) of copper bronze (O. Hommel Co., Pittsburgh, Pa.,

J . O rg . C h em . ,  V o l . 38 , N o . 26 ,  1973 4429

(13) H . Adkins, “ R eactions o f  H ydrogen  w ith O rganic C om pounds over 
C op per C h rom ium  O xide and N ickel,’ ’ T h e U niversity  o f W isconsin Press, 
M adison , W is., 1937.
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5743) was added in small portions over 1.5 hr. The reaction 
mixture was stirred (dry nitrogen) during the addition and for an 
additional 4 hr. The reaction mixture was cooled and extracted 
with hot benzene, and the benzene solution was filtered and 
chromatographed (Woelm, neutral, activity grade 1 alumina). 
After removal of the benzene, 1.4 g (54% yield) of fluorescent 
solid, mp 160-163°, was obtained. Repeated crystallization 
from ethyl acetate gave an analytical sample of 9 as colorless 
plates, mp 162.5-163.5°.

A n a l .  Calcd for C26H22O2: C, 85.22; H, 6.05. Found: C, 
85.48; H, 6.28.

2 " , 3 Dihydroxy-p-quaterphenyl (3).— A mixture of 2.5 g (6.8 
mmol) of 2'',3'-dimethoxy-p-quaterphenyl (9), mp 161.5-163°, 
64 ml of 57% hydriodic acid, and 32 ml of glacial acetic acid was 
refluxed and vigorously agitated for 24 hr, after which time the 
reaction mixture was poured into ice water. The precipitated 
solid was collected and dried, affording 2.2 g (96% yield) of 
colorless product, mp 231-233°. Two recrystallizations from 
toluene gave an analytical sample of 3, mp 232-233°.

A n a l .  Calcd for C24Hi802: C, 85.18; H, 5.36. Found: C, 
84.87; H, 5.32.

3.9- Diphenyldibenzo[d,/] [l,3]dioxepin (la).— A mixture of
1.5 g (4.5 mmol) of 2",3'-dihydroxy-p-quaterphenyl (3), mp 
231-233°, and 1.35 g (9.77 mmol) of anhydrous potassium car­
bonate in 100 ml of dry Ar,Ar-dimethylformamide was warmed to 
80° and a solution of 1.25 g (4.65 mmol) of methylene iodide in 
50 ml of dry A.M-dimethylformamide was added with stirring 
over 2.5 hr.3 The reaction mixture was heated for an additional 
22 hr at 80-90° and was then poured into water and extracted 
with benzene. The benzene layer was washed twice with 5%  
sodium hydroxide and water, dried (potassium carbonate), and 
chromatographed (Woelm neutral, activity grade 1 alumina). 
Concentration of the eluates yielded a colorless solid which 
upon recrystallization from cyclohexane afforded 0.7 g (44% 
yield) of la as colorless needles, mp 147.5-149°. Repeated 
crystallization from cyclohexane gave an analytical sample, mp 
148-149°.

A n a l .  Calcd for C25Hi80 2: C, 85.69; H, 5.18. Found: C, 
85.64; H, 5.08.

3.10- Diphenyl-6,7-dihydrodibenzo[e,j] [l,4]dioxocin (lb).— The
procedure used was essentially the same as that used for la 
(except that 1,2-dibromoethane replaced the methylene iodide), 
resulting in a 36% yield of a colorless solid, mp 235-236.5°. 
An analytical sample of lb, mp 235.8-236.8°, was obtained by 
repeated crystallization fom benzene.

A n a l .  Calcd for C26H20O2: C, 85.69; H, 5.53. Found: C, 
85.81; H, 5.60.

3,ll-Diphenyl-7,8-dihydro-6ff-dibenzo[/,)i] [l,5]dioxonin (lc).
—The procedure used was essentially the same as that used for 
la (but using 1,3-dibromopropane), resulting in a 49% yield of 
colorless solid, mp 218-220°. Recrystallization from a cyclo­
hexane-benzene solvent pair led to a more insoluble crystalline 
form, mp 224.5-225.5°, and a more soluble form, mp 218-220°. 
Repeated crystallization from cyclohexane-benzene yielded 
analytical samples of both types of melting points, 219-220.5 
and 224.5-225.5°. A sample of solid, mp 219-220.5°, was 
melted, allowed to cool, and remelted, mp 224-224.5°. Thin 
layer chromatography indicated that both samples were pure 
and the same. A mixture melting point (222-225°) was taken.

A n a l .  Calcd for C27H22O2: C, 85.69; H, 5.86. Found 
(mp 219-220.5°): C, 85.73; H, 5.69. Found (mp 224.5-
225.5°): C, 85.84; H, 5.97.

3,12-DiphenyI-6,7,8,9-tetrahydrodibenzo[ g , i ]  [1,6]dioxecin 
(Id).— The procedure used was the same as that described for 
la (using 1,4-dibromobutane), resulting in a 66%  yield of color­
less solid, mp 185.7-186.5°. Repeated crystallization from a 
cyclohexane-benzene solvent pair gave an analytical sample of 
Id, mp 186.0-186.5°.

A n a l .  Calcd for C28H2402: C, 85.68; H, 6.16. Found: 
C, 85.54; H, 6.10.

4-Iodo-3-nitrobiphenyl (11).— Concentrated sulfuric acid (75 
ml) was cooled to 5° and to this was added gradually 11.7 g 
(0.170 mol) of sodium nitrite. The resulting solution was 
warmed to 70° on a steam bath and then cooled to 10°, at which 
time a hot solution of 33 g (0.154 mol) of 3-nitro-4-biphenyl- 
amine (10), mp 169-171°, in 600 ml of glacial acetic acid was 
added with stirring over a 2-hr period, the temperature being 
maintained between 10 and 15°. The resulting diazonium salt 
was decomposed by the addition of a solution of 80 g (0.48 mol) of 
potassium iodide in 80 ml of water over a 15-min period below

15°. Stirring was continued for 16 hr at room temperature, 
after which time the reaction mixture was diluted with water, 
and sodium bisulfite was added to reduce any free iodine. The 
aqueous mixture was extracted with benzene and the benzene 
layer was washed four times with 75 ml of 10% sodium hydroxide 
and finally several times with water. After drying (magnesium 
sulfate), the benzene layer was concentrated and cyclohexane 
was added to produce a 10:1 ratio of cyclohexane to benzene. 
This solution was chromatographed (Woelm, neutral, activity 
grade 1 alumina) and the column was eluted with solutions of 
increasing benzene concentration. After the solvent was re­
moved from the eluates, the resulting crude yellow solid was 
recrystallized from methanol, affording 27.7 g (55% yield) of 11 
as yellow rods, mp 73-75°. Repeated crystallization gave an 
analytical sample of 11, mp 74.5-75° (reported14 mp 74°).

2 '',3 '-Dinitro-p-quaterphenyl (12).— A Pyrex test tube was 
charged with4.67 g (0.0143 mol) of 11, mp 73-75°, and heated to 
190° in a Wood’s metal bath. To this melt 2.7 g (0.046 mol) of 
copper bronze (Hommel 5743) was added with stirring in small 
portions over 30 min, keeping the reaction temperature between 
190 and 205°. The initially fluid reaction mixture gradually 
solidified with addition of the copper bronze and after an ad­
ditional 30 min the reaction mixture had turned to a powdery 
solid. The reaction mixture was cooled and extracted with 200 
ml of hot toluene in three portions, and the toluene solution was 
filtered to remove the excess copper bronze. Concentration of 
the filtrate afforded 2.36 g (83% yield) of a light-sensitive yellow 
solid, mp 238.0-239.5°. Repeated crystallization from toluene 
gave a pure sample of 12, mp 239.5-241.0° (reported14 mp 242°).

2'',3 '-Diamino-'/)-quaterphenyl (13).— To a stirred mixture of
8.69 g (0.0219 mol) of 12, mp 238.0-239.5°, and two teaspoons of 
freshly prepared Raney nickel mud13 in 950 ml of 95% ethanol 
was added dropwise 39 ml of 95% hydrazine over a period of 1 hr. 
The reaction mixture was kept under gentle reflux by warming 
on a steam bath during the addition of the hydrazine and for an 
additional 4 hr, after which time the reaction mixture was 
diluted with 500 ml of ice water. The reaction mixture was 
filtered and the precipitate was extracted with 300 ml of DMF 
and filtered to remove the Raney nickel. The filtrate was 
added to 500 ml of water, whereupon a white solid separated. 
This crude product was collected, washed well with water, and 
air dried. The solid was recrystallized from toluene containing 
a small amount of DMF to give 6.9 g (93%, yield) of 13 as color­
less plates, mp 225-227°. Repeated crystallization from toluene 
gave an analytical sample, mp 225.8-227.0° (reported14 mp 
217°).

A n a l .  Calcd for C24H20N2; C, 85.68; H, 5.99. Found: C, 
85.89; H, 5.85.

3.7- Diphenyldibenzofuran (14).— A slurry of 1.68 g (5.0 
mmol) of 13, mp 225-227.0°, in 20 ml of glacial acetic acid was 
added dropwise to a stirred solution of 0.69 g (10.0 mmol) of 
sodium nitrite in 5 ml of concentrated sulfuric acid while the 
temperature was kept between 5 and 12°. After the addition 
period, the reaction mixture was stirred at 10° for an additional 
30 min; 50 ml of water was then added, whereupon the reaction 
mixture turned to a clear red color. The solution was heated on 
a steam bath for 10 hr with nitrogen being evolved and a brown 
solid separating The crude product was filtered, and three 
recrystallizations from benzene (Norit) afforded 0.5 g (31% 
yield) of 14 as light pink plates, mp 247.5-249° (reported15 mp 
248°).

3.7- Diphenylcarbazole (17).—The synthesis of 17 was ac­
complished by heating 1.0 g (3.0 mmol) of 13, mp 225.5-227.0°, 
with 3 ml of concentrated phosphoric acid at 190-200° for 3-4 hr. 
The crude product was recrystallized three times from DMF, 
affording 0.72 g (75% yield) of an analytical sample of 17, mp
349.5- 351.5°, as fine, colorless needles.

A n a l .  Calcd for CsiHnN: C, 90.25; H, 5.37; N, 4.39. 
Found: C, 90.25; H, 5.64; N, 4.28.

3,9-Diphenyl-6-oxo-6,7-dihydro-577-dibenzo[d,/] [ 1,3]diazepine 
(18).— An intimate mixture of 0.34 g (1.0 mmol) of 13, mp
225.5- 227.0°, and 0.06 g (1.0 mmol) of urea was heated to a 
melt at 200°. A solid reformed after- a minute during which time 
ammonia was evolved, and after heating for several minutes 
more, the reaction mixture was cooled. The solid material was

(14) H . O. W irth , R . M ueller, and W . K ern , M a k r o m o l .  C h e m ., 77 , 90
(1964 ) .

(15) H . O. W irth , G . W aese, and W . K ern , M a k r o m o l .  C h e m ., 86, 139
(1965) .



taken up in hot DMF, filtered, and water was added to precipi­
tate the crude product which was collected, affording 0.33 g (91% 
yield) of a colorless solid, mp 389-391°. Repeated crystal­
lization from DMF-water solvent pair gave an analytical sample 
of 18, mp 390-392°.

Anal. Calcd for C25H 18N 2O: C, 83.13; H, 5.01. Found: 
C, 82.91; H, 5.02.

An attempt to reduce 18 using lithium aluminum hydride in 
anhydrous diglyme yielded only unreduced 18 and none of the 
desired 2 a.

3 ,10-Diphenyl-6,7-dioxo-5,6,7,8-tetrahydrodibenzo[e,f/] [1,4]- 
diazocine (19).— Two grams (6.0 mmol) of 13, mp 225.0-227.0°, 
was dissolved in 250 ml of anhydrous toluene and to this reflux­
ing solution 0.93 ml (7.5 mmol) of oxalyl chloride in 100 ml of 
anhydrous toluene was added dropwise with stirring. A color­
less solid separated immediately. After refluxing for an addi­
tional 30 min, the reaction mixture was cooled, filtered, washed 
with toluene, and dried at 125° for 24 hr. The product proved

D e c o m p o s i t i o n  o f  H a l o h y d r i n  M a g n e s i u m  S a l t s

to be insoluble in several solvents, and was finally triturated 
with hot DM F and filtered. This process was repeated twice, 
affording 1.9 g (82% yield) of 19 as a colorless powder, mp above 
400°.

Anal. Calcd for C26Hi8N 20 2 : C, 79.99; H, 4.64. Found: 
C, 79.65; H ,4.26.

Lithium aluminum hydride reduction of 19 in anhydrous di­
glyme yielded only recovered 19 and none of the desired reduc­
tion product 2 b .

Registry No.— la, 42447-99-4; lb, 42448-00-0; lc, 42448-01-1 ; 
Id, 42448-02-2; 3, 42448-03-3; 5, 18062-89-0; 6 , 42271-42-1; 
7, 42271-43-2; 7 acetyl derivative, 42271-44-3; 8 , 42271-45-4; 
9, 42271-46-5; 10, 4085-18-1; 11, 2499-68-5; 12, 2499-69-6; 
13, 2499-76-5; 17, 42448-04-4; 18, 42448-05-5; 19, 42448-06-6; 
diphenyl ether, 101-84-8; 4-nitrobiphenyl, 92-93-3; methylene 
iodide, 75-11-6; 1,2-dibromoethane, 106-93-4; 1,3-dibromopro- 
pane, 109-64-8; 1,4-dibromobutane, 110-52-1.
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A New Ring Expansion Reaction. V. The Decomposition of the Magnesium 
Salts of Various l-(l-Rromo-l-methylethyl)-l-cycloalkanols.

Electrophilic Addition to Isopropylidenecyeloalkanes
A nth ony  J. Sist i* and  M . M eyers  

Department of Chemistry, Adelphi University, Garden City, New York 11530 
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The synthesis of some 2 ,2 -dimethylcycloalkanones is described. They were prepared from the decomposition 
of the magnesium salts of various halohydrins by a ring-enlargement procedure previously described. The 
necessary halohydrins were prepared from an electrophilic addition reaction with aqueous NBS and the isopro- 
pylidenecycloalkanes. The reasons for the observed selective orientation of the bromo and hydroxyl groups are 
discussed.

Preliminary papers1 have reported a new ring-en­
largement procedure2 entailing the decomposition of 
the magnesium salts of appropriate halohydrins (eq 1).

R = CH 3 and C 6 H5; n = 4, 5, 6 , and 7

Our results were in accord with those of Geissman and 
Akawie,3 who extensively studied the reaction produc­
ing ketones via the decomposition of the magnesium 
salts of halohydrins. They observed that primary 
halides rearrange only when a good migrating group 
is involved but that secondary and tertiary halides 
rearrange regardless of the migrating group. From 
their stereochemical studies, they concluded that the 
halo and hydroxyl groups must be cis (or be able to 
attain the cis conformation in nonrigid systems) to 
effect the rearrangement. Trans isomers lead to exten­
sive decomposition, making an epoxide intermediate 
for the reaction unlikely and leaving as most plausible 
a pinacol-type mechanism (eq 2).

(P  A . J. Sisti, J. Org. Chem., S3, 453 (1968); 35, 2670 (1970).
(2) For an excellent recent review, see C. D. Gutsche and D . Redmore, 

“ Carbocyclic Ring Expansion Reactions,” Academic Press, New York, N . Y ., 
1968.

(3) T. A . Geissman and R . I. Akawie, J. Amer. Chem. Soc. 73, 1993 
(1951).

This paper describes the synthesis of various 2,2- 
dimethylcycloalkanones by the new ring-enlargement 
procedure,1 as starting materials for which we required 
halohydrins of the type depicted in 1. In a preliminary 
communication,4 we reported that isopropylidene- 
cyclopentane, when treated with aqueous iV-bromo- 
succinimide (NBS), yielded 1 (n = 4), the structural 
assignment for which was confirmed by the conversion 
of its magnesium salt to 2,2-dimethylcyclohexanone6 
in 5 4 %  overall yield. Additional confirmation has 
now been furnished by examination of the nmr spec­
trum, which reveals, from the location of the methyl 
signal (r 8.2), that the bromine is indeed attached to 
the exocyclic carbon atom.6 It was also reported4 
that isopropylidenecyclohexane, when treated with 
aqueous NBS, gave a halohydrin 2 isomeric with 1 (n 
=  5). The structure 2 was verified by decomposition 
of the magnesium salt, which yielded only 1-acetyl-l- 
methylcyclohexane in 66% overall yield. Further

(4) A . J. Sisti, Tetrahedron Lett., 3305 (1970).
(5) The vpc revealed the presence of a 5 -1 0 %  contaminant, presumably 

methyl 1 -methylcyclopentyl ketone based upon the same retention time 
as that of an authentic sample [A. J. Sisti and A . C. Vitale, J. Org. Chem., 
37 4090 (1972)3 and the nmr spectrum (r 8.0 and 8 .8 , two small sharp 
singlets) It  is presumed that the ketone arose from the rearrangement 
of small amounts of the corresponding epoxide and/or small amounts of the 
magnesium salt of the halohydrin isomeric with 1 (n =  4).

(6 ) R . M . Silverstein and G. C. Bassler, “ Spectrometric Identification of 
Organic Compounds,” Wiley, New York, N. Y ., 1967, p 136. Model com­
pounds i show the nmr methyl signal at r 8.3 (doublet); see A. J. Sisti, J . Org. 
Chem., 35, 2670 (1970).

r' \ / 0H Br
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1 (n  =  4, 5, and 6)

2

data now reported confirm that the hydroxyl group is 
bound to the exocyclic carbon atom6 in 2 (CH3 signal 
r 8.6). The striking feature of the reactions of these 
two olefins is that the addition of the bromo and hy­
droxyl groups is regiospecifieally opposite in the two 
cases. Since the reaction of aqueous NBS with an 
olefin proceeds via the bromonium ion,7 these results 
were rationalized by invoking the concepts of I strain8 
and the unsymmetrical bromonium ion9 as follows. 
Of the two possible unsymmetrical bromonium ions 
from isopropylidenecyclopentane (3 and 3a), the former

Results and Discussion

2,2-Dimethylcyclooctanone (5) from Isopropylidene- 
cycloheptane.—The halohydrin10 1 (n =  6) was pre­
pared from isopropylidenecycloheptane by treatment 
with aqueous NBS. The structure for 1 (n =  6) is 
based upon the nmr spectrum (the methyl signal at 
t 8.2 indicates that the bromine is bound to the iso­
propyl carbon atom6), the ir spectrum, and the ring 
expansion to, almost exclusively, 2,2-dimethylcyclo- 
octanone (5) (eq 3). The purity of 5 was established

by vpc and found to be about 90%.11 The structure 
for 5 was confirmed by elemental analysis and the ir 
and nmr spectra.

The orientation observed from the electrophilic 
addition to isopropylidenecycloheptane was rational­
ized by the concepts of I strain8 and the unsymmetrical 
bromonium ion9 (eq 4). A change in hybridization

Ô+

3

3a

should be the more stable since it would more nearly 
maintain sp2 hybridization on the ring carbon in the 
transition state and thereby avoid or minimize four 
bond oppositions (two H-Br and two H-isopropyl 
oppositions) present in 3a; 3 then reacts with water 
to yield 1 (n = 4).

In the case of isopropylidenecyclohexane, 4 should 
be more stable than 4a since the transition state of the

4 4a

former has essentially sp3 hybridization on the ring 
carbon, and thus minimizes the two bond oppositions 
which are present in 4a (two adjacent equatorial hydro­
gens opposed to the isopropyl group); 4 subsequently 
reacts with water to produce 2.

The present work further examines this rationale 
and the synthetic utility of our ring-enlargement se­
quence by extending them to the cycloheptane, cyclo­
octane, and norbornane systems.

(7) E . E , Van Tamelen and K . B. Sharpless, Tetrahedron Lett., 2655 
(1967).

(8 ) H . C. Brown, R , S. Fletcher, and R . B. Johannesen, J. Amer. Chem. 
Soc., 73, 212 (1951).

(9) D . R , Dalton, V. P. Dutta, and D . C. Jones, J. Amer. Chem. Soc., 
90, 5498 (1968).

6a

from sp2 to sp3 at the site of reaction in a seven-mem- 
bered ring is beset with bond oppositions and is com­
paratively disfavored. Therefore, of the two possible 
unsymmetrical bromonium ions 6 and 6a, 6 should 
be the more stable since it would maintain a trigonal 
or quasitrigonal geometry on the ring carbon in the 
transition state and thereby avoid or minimize four 
bond oppositions (two H-Br and two H-isopropyl) 
present in 6a; 6 will then yield 1 (n = 6) after nucleo­
philic attack by water (eq 4).

3,3-Dimethyl[3.2.1 ]bicyclooctanone-2 (7) from 2- 
Isopropylidenenorbornane.—The necessary halohy- 
drin10 8 was prepared from the olefin with aqueous NBS 
and was subsequently converted by ring enlargement to 
the bicyclic ketone 7 in 13% overall yield (eq 5). The 
poor yield is primarily attributed to the extensive 
decomposition of 8 during the ring enlargement reac­
tion. The vpc analysis indicated that the product 7 
was approximately 85% pure.12 The structure of 8

(10) All halohydrins herein were handled under mild conditions during 
work-up and were used immediately without purification. Undoubtedly, 
their extreme lability is due to the presence of the tertiary bromo group and 
the relatively severe bond oppositions in 1 , 2 , and 8 .

( 1 1 ) The impurity is probably 1-acetyl- 1-methyIcycloheptane (as sug­
gested by the observation of two small sharp signals in the nmr spectrum at 
r 8.0 and 8.9), probably arising from the rearrangement of the corresponding 
epoxide and/or small amounts of the magnesium salt of the halohydrin 
isomeric with 1  (n =  6 ).

(1 2 ) Again the impurity is presumably 2-acetyl-2-methylnorbornane (on 
the basis of two small sharp signals in the nmr spectrum at r 8.0 and 8.95) 
probably arising from rearrangement of small amounts of the corresponding 
epoxide and/or small amounts of the magnesium salt of the halohydrin iso­
meric with 8 .
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was established from the ir spectrum, the nmr spectrum 
(signal position for the methyl group at t  8.28), and 
conversion to the bicyclic ketone 7 (eq 5). The struc­
ture assigned to 7 is based upon the ir spectrum, ele­
mental analysis (2,4-DNP), and the nmr spectrum, 
which confirmed structure 7 by the presence of signals 
at t 7.3-7.4 (Ha multiplet), 7.6-7.7 (Hb multiplet), and
8.9 and 9.0 (the two methyl groups). Model com­
pounds for these signal assignments have already been 
presented.13 Additional support for the structural 
assignment was obtained from a deuterium exchange 
study. After the bicyclic ketone 7 was treated with 
trifluoroacetic acid-d (10% solution) for 24 hr at 80°, 
the nmr spectrum revealed that essentially no hydro­
gens were exchanged [the bicyclic ketone 7a, the prod­
uct, if the more substituted C-l-C-2 bond had migrated 
in 8 (eq 5), should have exchanged two hydrogens]. 
The reasons for the migratory preference of the less 
substituted C-2-C-3 bond in 8 have been discussed 
previously13 and need not be repeated here.

Since it is known that, in the norbornane system, bond 
oppositions are present between the groups on C-2 
and C-3 and between the groups on C-5 and C-6, I 
strain8 and the unsymmetrical bromonium ion9 should 
adequately explain the production of 8. Of the two 
possible unsymmetrical (exo) bromonium ions, 9 and 
9a, 9 is the more stable since it would more nearly main­
tain the quasitrigonal geometry at C-2 in the transition 
state and thus avoid or minimize two bond oppositions 
(H-Br and H-isopropyl) present in 9a. Subsequent 
endo attack by water on 9 will yield 8, the observed 
product (eq 6).

that the symmetrical bromonium ions and the cor­
responding unsymmetrical bromonium ions (3, 4, 6, 
and 9) should be of comparable stabilities in terms of 
purely polar considerations. All these results there­
fore seem best explained by invoking the concepts of I 
strain8 and the unsymmetrical bromonium ion,9 as 
elaborated above.

2,2-Dimethylcycloheptanone (10) from Isopropyli- 
denecyclohexane.—It has already been demonstrated 
that the desired halohydrin 1 (n =  5) cannot be pre­
pared directly from the olefin with aqueous NBS, since 
the isomeric halohydrin 2 is produced. Our alternate 
synthetic approach to the halohydrin 1 (n = 5) involved 
the hydrogen bromide cleavage of isopropylidenecyclo- 
hexane epoxide (11) (eq 7). The structure elucidation

1. —  MgBr
2. C6H6, A 1

1 ( n  =  5)

10

for the product 1 (n = 5) was based upon the ir spec­
trum, the nmr spectrum,6 and conversion to 2,2-di- 
methylcycloheptanone (10) in 57% overall yield (eq 7). 
The structure for 10 was assigned from the ir and nmr 
spectra and conversion to a known derivative. The 
vpc of 10 established the purity as 85%.14

The two most plausible mechanisms for the produc­
tion of a halohydrin from the epoxide 11 both reason­
ably lead to 1 (n =  5). If the symmetrical oxonium 
ion 12 were involved, bromide ion should preferentially 
attack the exocyclic carbon atom (eq 8), since it is

The above arguments presented to account for the 
orientation observed from all four olefins apply, pro­
vided that other effects are excluded or accounted for. 
Rationalizations based upon polar considerations do not 
seem fruitful, since both bromo carbonium ions from 
each olefin would be tertiary and should be of com­
parable stability. It also seems reasonable to suppose

(13) A . J. Sisti, G . M . Ruscb, and H. Sukhon, J. Org. Chem., 36, 2030 
(1971); A . J. Sisti, ibid., 35, 2670 (1970).

know n th a t S n 2 reactions upon th e cyclo h exyl system  
are sluggish16 com pared w ith  those upon its  acyclic  
cou n terp art; a ltern a tive ly , o f th e tw o un sym m etrical

(6) oxonium  ions, 13 and 13a, the form er should be the 
m ore stable since it  m ore n ea rly  m aintains th e  sp 8 h y ­
brid ization  on th e rin g carbon in th e tran sition  state 
and bond oppositions present in  13a are th ereby avoided 
or m inim ized (eq 9); a tta c k  b y  brom ide ion on 13 w ill 
th en  y ield  1 (n =  5). A ttem p ts  to  accoun t for the 
p roduct due to  a difference in  s ta b ility  betw een  13 and 
13a based on polar considerations are unconvincing, 
since th e y  should be of com parable s ta b ility . T h e

(14) The major contaminant is believed to be 1 -acetyl-l-m ethylcyclo- 
hexane, confirmation being obtained from the nmr spectrum, which revealed 
two small sharp signals at r 8.0 and 8.9; an authentic sample (ref 4) had the 
same retention time as the impurity. The source of the ketone is probably 
the rearrangement of small amounts of the corresponding epoxide and/or 
small amounts of the magnesium salt of the isomeric halohydrin 2 .

(15) E. L. Eliel in “ Steric Effects of Organic Chemistry,” M . S. Newman, 
Ed., Wiley, New York, N . Y ., 1956, pp 123-125; P. J. Fierens, Bull. Soc. 
Chim. Bdg., 61, 427, 609 (1952).



4434 J . Org . Chem . ,  V ol . 38,  N o . 26, 1973 S i s t i  a n d  M e y e r s

1 (n =5)

mechanism involving the unsymmetrical oxonium ion 
13 is preferred, because it is known that under acidic 
conditions highly substituted epoxides undergo cleavage 
by the Sn I mechanism.16

The epoxides from isopropylidenecyclopentane and 
isopropylidencycloheptane were prepared and sub­
jected to cleavage with 48% hydrogen bromide in an 
attempt to synthesize the halohydrins isomeric with 
1 (ft =  4 and 6). However, in each case, extensive 
decomposition ensued—polymerization (cyclopentane 
system) and dehydrohalogenation17 and dehydration 
(cycloheptyl system)—as evidenced by the ir and nmr 
spectra.

Presently, other electrophilic and free-radical addi­
tions to the isopropylidenecycloalkanes herein men­
tioned are being undertaken.

Experimental Section18
l-(l-Bromo-l-methylethyl)-l-cycloalkanols were prepared from 

the appropriate isopropylidenecycloalkanes (Columbia Organic 
Chemicals Co.) (100-150 mmol), an equivalent amount of N- 
bromosuccinimide (NBS), and 100-150 ml of water according to 
a previously described procedure,19 20 except that the reaction 
temperature was maintained between 10 and 20°, and, after all the 
NBS had reacted, the mixture was stirred for 5 min. All halo­
hydrins were used immediately without purification.10

Halohydrin 1 (n = 4) was a colorless oil: ir .3480 cm -1; nmr r
8.2 [sharp s, -C (B r)(C H 3)2] ; 1 (n = 4) gave an instantaneous 
precipitate of AgBr when treated with alcoholic AgNOs.

Halohydrin 1 (n =  6) was a light yellow oil: ir 3560 and 3480 
cm “ 1; nmr t 8.2 [sharp s, -C (B r)(C H 3)s] ; 1 (n = 6) gave an 
instantaneous precipitate of AgBr with alcoholic AgNOi.

Halohydrin 2 was a colorless oil: ir 3540 and 3460 cm “ 1; nmr 
(CDC13) r 8.6 [sharp s, -C (O H )(CH 3)2] ; 2 gave an instantaneous 
precipitate of AgBr when treated with alcoholic AgN 03.

Halohydrin 8 (prepared from 2-isopropylidenenorbornane20 by 
the above procedure) was a dark yellow oil: ir 3550 and 3480 
cm “ 1; nmr t 8.28 [sharp s, -C (B r)(C H 3)2] ; an instantaneous 
precipitate resulted when 8 was treated with alcoholic AgN03.

Isopropylidenecyclohexane epoxide 11 was prepared by the 
dropwise addition of a solution of 20.3 g (100 mmol) of ra-chloro- 
perbenzoic acid (Aldrich Chemical Co.) dissolved in 200 ml of 
CH2CI2 to a vigorously stirred solution of 12.4 g (100 mmol) of 
isoprop3didenecyclohexane21 in 50 ml of CH2C12 (at room tempera-

(16) C. K . Ingold, “ Structure and Mechanism in Organic Chem istry," 
Cornell University Press, Ithaca, N . Y ., 1953, p 344; see also ref 15, p 112.

(17) It  should be noted that the tertiary bromine on the ring carbon atom 
as opposed to the exocyclic tertiary bromine 1 (n =  4 and 6 ) would be more 
labile, since the magnitude of the bond oppositions (five- and seven-mem- 
bered rings) would be increased and thus provide added impetus for the loss 
of bromide ion.

(18) All melting points are uncorrected. Infrared spectra, all of pure 
liquid films, were determined with a Perkin-Elmer Spectracord spectro­
photometer. The nmr spectra of CCU solutions, unless otherwise specified, 
v ere determined with a Varian A-60 instrument. The vpc analyses were 
performed with an F & M  Scientific Model 720 duel column programmed 
temperature instrument; a 4-ft column packed with 2 0 %  Carbowax 4000 
on Chromosorb W  was employed at a pressure of 40 psi.

(19) C. O. Guss and R. Rosenthal, J. Amer. Chem. Soc., 77, 2549 (1955).
(20) J. A. Berson and M . Willoott, J. Ora. Chem., 30, 3569 (1965); F. D. 

Greene, M . Savitz, F. Osterholtz, H . Law, W . Smith, and P. Zanet, ibid., 
28, 55 (1963).

(21) R . Siegmann, M . Beers, and H. Huisman, Reel. Trav. Chim. Pays-
Bas, 83, 67 (1964).

ture). The reaction mixture was stirred at room temperature 
overnight. It was then filtered and the filtrate was washed twice 
with 25 ml of 20% NaHS03, twice with 50 ml of 10% N aH C 03, 
and once with 100 ml of saturated aquaous NaCl. The organic 
solution was dried (MgS04), filtered, concentrated, and distilled 
through a 20-cm micro-Vigreux column and there was obtained
12.1 g (87%) of 11 as a colorless liquid: bp 61-62° (12 mm);
nmr t  8.7 (sharp s, 6 H) and 8.2-S.4 (m, 10 H).

Anal. Calcd for C»H160 :  C, 77.09; H, 11.50. Found: C, 
77.17; H, 11.51.

Ten grams (72 mmol) of the epoxide 11 was cleaved with 48% 
HBr at 0° 10 according to the procedure of Traynham.22 The 
resulting dense oil 1 (n = 5) gave the following data: ir 3450
cm“ 1; nmr r 8.15 [sharp s, -C (B r)(C H 3)2] .

Isopropylidenecyclopentane epoxide was prepared from 11.0 g 
(100 mmol) of isopropylidenecyclopentane21 and 20.3 g (100 mmol) 
of m-chloroperbenzoic acid as above. Distillation through a 
20-cm micro-Vigreux column yielded 7.6 g (60% ) of a colorless 
liquid: bp 56-57° (22 mm); nmr t8.7 (sharp s, 6 H) and 8.1-8.2
(m, 8 H).

Anal. Calcd for CsHuO: C, 76.14; H, 11.18. Found: C,
76.28; H, 11.16.

Upon treatment of isopropylidenecyclopentane epoxide with 
48% hydrogen bromide according to the procedure of Trayn­
ham,22 extensive decomposition and polymerization occurred 
immediately17 along with extreme discoloration. No product 
characteristic of a halohydrin could be isolated.

Isopropylidenecycloheptane epoxide was prepared with 13.8 g 
(100 mmol) of isopropylidenecycloheptane (Columbia Organic 
Chemical Co.) and 20.3 g (100 mmol) of m-chloroperbenzoic acid 
as above. Distillation through a 20-cm micro-Vigreux column 
afforded 12.3 g (80%) of a colorless liquid: bp 74-75° (9 mm); 
nmr r 8.6 (sharp s, 6 H) and 8.1-8.2 (m, 12 H).

Anal. Calcd for C10H i8O: C, 77.86; H, 11.76. Found: C,
77.67; H, 11.70.

Treatment of isopropylidenecycloheptane epoxide with 48% 
HBr at 0° according to the procedure of Traynham22 afforded an 
unstable oil which spontaneously fumed (HBr):17 ir 1600 (vinyl 
hydrogen), 3500 cm“ 1 (w, OH); nmr (CDC13) r 3.7-3.9 (m, vinyl 
hydrogen) and 5.0-5.1 (d, vinyl hydrogen).

2.2- Dimethylcycloalkanones were prepared by the dropwise 
addition of an equivalent amount of isopropylmagnesium bromide 
in ether (since the halohydrins were not purified,10 the quantity 
of isopropyl bromide used in the formation of the Grignard 
reagent was equal to the number of moles of olefin employed for 
the preparation of the halohydrins) to 300 ml of a cooled an­
hydrous benzene solution of the halohydrin. After the addition, 
the solution was refluxed for 1 hr and subsequently decomposed 
with aqueous NH,C1. The separated organic portion was washed 
successively with water, 10% NaH C03 solution, and water, and 
then dried (MgSOO, concentrated, and distilled.

2.2- Dimethylcyclohexanone: bp 55-57° (9 mm) (lit,.23 bp
169-170°); 10.2 g (79 mmol, 54% based upon 150 mmol of 
isopropylidenecyclopentane) isolated; ir 1710 cm “ 1; nmr r 8.98 
[sharp s, -CO C(CH 3)s]; vpc (150°)18 showed 90-95%  purity;5
2,4-DNP mp 139-140° (lit.23 mp 140-142°); mixture melting 
point produced no depression.

2.2- Dimethylcyclooctanone (5): bp 68-70° (2.5 mm); 8.0 g 
(52 mmol) isolated (52% based upon 100 mmol of isopropylidene­
cycloheptane); ir 1700 cm “ 1; nmr r 8.98 [sharp s ,-C O C (C H 3)2] ; 
vpc (200°)18 demonstrated that 5 was 90%, pure.11

Anal. Calcd for CioHigO: 0,77.92; H, 11.68. Found: C,
77.72; H, 11.50.

The 2,4-DNP was prepared as usual, mp 129-130° (EtOII).
Anal. Calcd for Ci6H22N 4 0 4: C, 57.48; H, 6.58, N , 16.76. 

Found: C, 57.45; H, 6.50; N, 16.66.
2.2- Dimethylcycloheptanone (10): bp 81° (18 mm) [lit.24 bp 

82° (18 m m )]; 6.7 g (47 mmol) (67% based upon 72 mmol of the 
epoxide 11 or 57% based upon 83 mmol of isopropylidenecyclo­
hexane) isolated; the amount of isopropyl bromide employed in 
the formation of the Grignard was equal to the number of moles 
of epoxide 11 used for the formation of the halohydrin 1 (n — 5); 
ir 1700 cm“ 1; nmr r 9.0 [sharp s, -CO C(C H 3)2[; vpc (200°)18 
demonstrated that 10 was 85% pure;14 the semicarbazone had a 
melting point of 175-176° (lit.24 mp 175°).

(22) J. G. Traynham and O. Pascual, Tetrahedron, 7, 165 (1959).
(23) P. S. Adamson, A . M . Marlow, and J. L. Simonsen, J. Chem. Soc., 

774 (1938).
(24) P. J. Tarbouriech, C. R. Acad. Sri., 156, 75 (1913).
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1-Acetyl-l-methylcyclohexane: bp 68-70° (7 mm) [lit.25 bp 
80-85° (16 nun.)]; 13.8 g (66% based upon. 150 mmol of olefin) 
isolated; ir 1700 cm -1; nmr t 8.0 and 9.0 [sharp s, H3CCOCCH3]; 
vpc (130° and 150°)18 showed a single compound. The 2,4-DNP 
had a melting point of 131-132° (lit.26 mp 132°) and the semicar- 
bazone melted at 183-185° (lit.26 mp 186-187°).

3,3-Dimethyl[3.2.1]bicyclooctanone-2 (7): bp 30-40° (0.3 
mm); ir 1710, 3050, and 1610 cm ” 1 (the latter indicated olefinic 
contamination); vpc (200° )18 indicated three compounds present. 
The distillate, dissolved in petroleum ether (bp 30-60°), was 
placed upon a column containing 30 g of neutral alumina. Elu­
tion with petroleum ether yielded an unidentified olefin, ir 3050 
and 1610 cm ” 1, no carbonyl or hydroxyl absorptions present. 
Elution with 50% (v /v ) benzene-petroleum ether yielded 2 g of 7

(25) O. Sakur, C. R. Acad. Sci., 208, 1092 (1939).
(26) H . Pines and J. Maréchal, J. Amer. Chem. Soc., 77, 2819 (1955).

(13% based upon 100 mmol of 2-isopropylidenenorbornane used): 
ir 1705 cm ” 1; vpc (200°)18 indicated 85% purity;12 nmr r 8.9 and
9.0 [d, sharp -CO C(CH 3)2] ; the 2,4-DNP had a melting point of
103-105°(EtOH).

Anal. Calcd for CieihoN^O,: C, 57.83; H, 6.02; N, 16.86. 
Found: C, 57.91; H, 6.16; N, 17.01.

A small amount of 7 was treated with trifluoroacetic acid-d 
(10% solution) at 80° for 24 hr; the nmr of the product showed 
no deuterium exchange.

Registry No.— 1 (n =  4), 42393-47-5; 1 (n =  5), 42393-48-6; 
1 (n = 6), 42393-49-7; 2, 42393-50-0; 5, 42393-51-1; 5 2,4- 
DNP, 42393-52-2; 7, 42393-53-3; 7 2,4-DNP, 42393-54-4; 8, 
42393-55-5; 11, 15448-32-9; m-chloroperbenzoic acid, 937-14-4; 
isopropylidenecyclohexane, 5749-72-4; isopropylideneeyclopen- 
tane epoxide, 42393-57-7; isopropylidenecyclopentane, 765-83-3; 
isopropylidenecycloheptane epoxide, 42393-59-9; isopropylidene- 
cycloheptane, 7087-36-7.

Intramolecular Propagation in the Oxidation of n-Alkanes. 
Autoxidation of n-Pentane and n-Octane

D al e  E. V an  Sic k l e , T heodore  M il l , * 1 F r a n k  R . M a y o , H arold  R ichardson ,
and  C onstance  W . G ould

Physical Sciences Division, Stanford Research Institute, Menlo Park, California 94085
Received May SO, 1978

Initiated oxidations of liquid n-pentane and n-octane at 100 and 125°, respectively, give complex mixtures of 
products, including 34-76% pentyl hydroperoxides (mostly secondary monohydroperoxides) at < 1%  conver­
sion and 19-54% octyl hydroperoxides at higher conversions. More cleavage products are found for octane than 
for pentane at all conversions. Bifunctional products from pentane include dihydroperoxide or diol and keto- 
hydroperoxide with maximum yields of 10% on consumed oxygen. Added ieri-Bu02H markedly reduced this 
yield. Small amounts of octanediols were found following reduction but no reliable estimates of yields were possi­
ble. The absolute rate of intramolecular abstraction by sec-pentyl peroxy radicals is 1/go of that of 2,4-dimethyl- 
2-pentylperoxy radical and the ratio of attack by peroxy radicals at secondary and primary CH bonds is 38.5:1.

It was originally demonstrated by Rust2 that, in the 
low-temperature liquid-phase oxidation3 of certain 
branched alkanes, intramolecular transfer of a hydrogen 
atom to form bifunctional products is a major reaction 
path. Thus, good yields of 2,4-dihydroperoxy-2,4- 
dimethylpentane (Chart I) (Ri-R 4 = CH3) could be

C h a r t  I

R> \ /C H „,

R ^ l
H

.R
' ( %  —

H

Rx
r V

1. R O ,-. h„

R  % R,CHo
ICC " '■c.

Or VR
H
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R.> N aH p R  
H 

IV

R

\  /CH 2 R3

o2h r4
III

®2» p̂o
2. R H ,  k p

CH* %

V

obtained from the oxidation of 2,4-dimethylpentane 
(2,4-DMP); oxidation of 2,5-dimethylhexane gave a 
lower yield of the difunctional product. Recent work 
by Mill and Montorsi4 showed that, at 100°, over 90%

(1) To whom correspondence should be addressed.
(2) F. F. Rust, J. Amer. Chem. Soc., 79, 4000 (1957).
(3) F . R. M ayo, Accounts Chem. Res., 1, 193 (1968).
(4) T . M ill and G . Montorsi, Int. J. Chem. Kinet., 5, 119 (1973).

of the oxygen consumed by 2,4-DMP could be ac­
counted for by hydroperoxide and that the ratio of 
mono- to difunctional hydroperoxide products was 1:7. 
The apparent generality of intramolecular propagation 
in the oxidation of alkanes with alternating tertiary 
hydrogens was confirmed by Van Sickle in the oxidation 
of 2,4,6-trimethylheptane6 (2,4,6-TMH) [Chart I, 
R i-R 3 =  CH3; R 4 =  CH2CH(CH3)2] where the major 
oxidation product is 2,4,6-trihydroperoxy-2,4,6-tri- 
methylheptane and the calculated value for the ratio of 
rate constants of inter- to intramolecular propagation, 
fcp/fcr, is practically identical with that of 2,4-DMP4 
(0.015 M - 1 vs. 0.013 M~l).

The question now arises as to what proportions of 
bifunctional reaction products are formed in low- 
temperature (100-125°) liquid-phase oxidations of 
n-alkanes. A 'priori, one might expect the reaction 
scheme in Chart I to be valid for the general case where 
Rx, R 3 = H and R 2, R 4 = any alkyl group. In gas- 
phase oxidations6 above 200°, cyclic ethers, expected to 
arise from III of Chart I, are major products.

Although the liquid-phase oxidation of n-alkanes has 
been reported for various homologs, the results have 
not been analyzed from the standpoint of intra- 
intermolecular propagation. We now report the results 
of an investigation of the oxidation of n-pentane at 
100° and n-octane at 125° where we have searched 
specifically for bifunctional products expected to be 
derived from intermediate III of Chart I.

(5) D . E. Van Sickle, J. Org. Chem., 37, 755 (1972).
(6 ) A . Fish, Advan. Chem. Ser., 76, 69 (1968).
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T able I
R ates of Oxidation of Octane at 125°

Run no.-
92 78 96 108 140 143 126 146 67“ 74°

Time, min 620 470 410 270 320 465 1930 565 600 350
Vol of soin, ml 52.5 56.1 51.3 52.5 52.2 50.5 48.7 50.8 49.0 56.8
[CsH is] o, mM 5410 5410 5410 5410 4330' 3540' 2720' 2090' 5450 5360
[î-BuîCLIo, mM 4.8 9.2 19.6 47.8 11.4 12.6 13.6 12.0 26.3 18.4
A[02], mmol 7.9 6.90 7.2 6.7 2.92 3.15 9.04 2.5 7.4 10.7
R i *  ( M / min) X  10° 8.2 15.7 33.3 81 19.3 21.5 23.2 20.3 24.6 55.0
R v , d  ( M / min) X  104 2.4 2.6 3.4 4.7 1.95 1.38 1.33 0.93 1.73 6.25
R o / R i 1/z, (Af/m in)I/! 0.084 0.066 0.059 0.052 0.044 0.029 0.028 0.021 0.035 0.084
A [02] /[C 8H is]„, % 2.2 2.3 2.6 2.4 1.3 1.8 6.8 2.4 2.8 3.5
Yield R 0 2H, %  on 0 2 54 54 47 19 36 50 41

“ 120°. b 130°. '  Benzene solutions. d R  -, = rate of initiation = 2fcd[i-Bu202]; fcd =  4.7 X 10 4/min at 120°, 8.5 X 10 4/min at
125°, 1.5 X 10~3/min at 130°; Rt> = initial rate of oxygen consumption.

Chart II
Analysis of Octane Oxidation
PhaP

R a w  o x id a te  — :— «— R e d u ce d  o x id a t e ----- *—  F ree  a c id  t i t r a t io n

- 0 2H  ■ r-
T i t r a i io n

H 20 2 te s t

P h 3PO  +
re s id u e

D is t i l l a t io n

A d s o rp t io n ,  th e n  
e lu t io n  o f  p ro d u c ts  
f ro m  S i 0 2

G lp c  a n a ly s is  
o f  E t 20  e lu a te

“ S a p o n i f ic a t io n ”

I
C o lle c t io n  o f  a l l  
p r o d u c t  in to  one  
o rg a n ic  la y e r

D is t i l l a t io n

l I
P h 3PO  +  D is t i l la te s  
re s id u e  a n a ly z e d  b y  

g lp c

Experimental Section
Materials.—The re-pentane and re-octane used were either 

Phillips Petroleum Co. “ Pure Grade”  (99%) or “ Research 
Grade”  (99.7%) materials. They were distilled and passed 
over neutral alumina just before use. The i-Bu20 2 was distilled 
(70°, 197 Torr) and stored at —20°; titrations on other samples 
treated this way have indicated 9 9 + %  purity. For solution 
oxidations, Matheson Coleman and Bell “ Chromatoquality”  
benzene was used directly. Triphenylphosphine (same supplier) 
was purified by short-path sublimation using a standard sub­
limation apparatus. All other materials were reagens grade and 
used directly.

Apparatus and Oxidation Procedure.— Octane oxidations were 
performed in an apparatus consisting of a heavy glass bulb con­
nected to an oxygen reservoir. The use of this apparatus has 
been described elsewhere.7 Solutions of the octane with ¿-BU2O2 , 
and in some cases benzene, were made up in volumetric flasks 
before transfer to the reaction bulbs. The bulbs were pressured 
with oxygen and shaken at the required temperature in a thermo- 
stated oil bath, and the drop in pressure was followed. After the 
desired extent of oxidation had been attained (and in one case 
after the gas in the void space of the reaction bulb had been 
sampled for mass spectral analysis), the solutions were cooled and 
saved for product analysis.

re-Pefttane oxidations were done at 100° by a sealed-tube 
technique similar to that used for isobutane.8 The reactants 
were sealed in glass bulbs with a known amount of oxygen and 
then shaken in the thermostated bath for the indicated time.

Analytical Procedure.— The most elaborate analytical pro­
cedure used for octane oxidation analysis is summarized in Chart 
II; it was used for the 6.6-psia run in Table II. Analyses on 
some other oxidates were abbreviations of this procedure. The 
titration procedure9 was Hercules Method I. The triphenyl- 
phosphine-reduced10 oxidate was divided for different work-ups in

(7) D . E . Van Sickle, F. R. Mayo, and R. M . Àrluck, J. Amer. Chem. 
Soc., 87, 4832 (1965).

(8 ) D . L. Allara, T . M ill, D . G . Hendry, and F. R . M ayo, Advan. Chem. 
Ser., 76, 40 (1968).

(9) R . D . Mair and A. J. Graupner, Anal. Chem., 36, 194 (1964).
(10) D . B. Denney, W . F. Goodyear, and B. Goldstein, J. Amer. Chem.

Soc., 82, 1393 (1960).

order to determine the possible residue-forming effect on the 
saponification procedure (heating to 100° the mixture of water, 
added during titration, and oxidate with 2- to 3-mmol excess 
sodium hydroxide). The distillations of Chart II collected all 
the materials up to temperatures of 100° at pressures of 0.1 Torr. 
The amounts of residues remaining, small in comparison with 
triphenylphosphine oxide, were determined by subtracting the 
expected quantities of this material. Where desirable, the 
volatile oxidation products could be isolated from the large 
quantities of unreacted octane by absorption on silica, followed 
by elution with ether.

In some experiments, as in procedure A of the 85-psia experi­
ment (Table II), the volatile products were further reduced 
with sodium borohydride in isopropyl alcohol before glpc analy­
sis on a 15 ft X 0.25 in. column of 15% Carbowax 20M on 
Chromosorb R; also, in procedure B of the 85-psia experiment, 
the aqueous layer present from the saponification procedure was 
separated and continuously extracted with ether after acidifi­
cation to isolate the product acids for identification. After 
treatment of the ether extract with diazomethane, only acetic 
and propionic acids with a trace of butyric acid could be found 
(as methyl esters) by glpc.

Analysis of the pentane oxidation products was more direct. 
After the gases in the bulb void space were analyzed on the 
vacuum line to determine oxygen absorbed and an aliquot was 
titrated for hydroperoxide yield, an additional aliquot was 
reduced11 with triphenylphosphine and analyzed by glpc. Low- 
boiling products were determined on a 20-ft 20% Carbowax 20M 
column, first at 100° for 36 min, then programmed at 2 °/min to 
160°, with toluene as internal standard. High boilers were 
determined on a 6-ft XE60 on Chromosorb G column (runs 3 and
4) or a 10-ft 2%  Carbowax 20M on Chromosorb G column (runs 
5 and 6) isothermally at 105° for 12 min, then programmed at 
4°/m in to 170°. In runs 3 and 4, peaks were estimated relative 
to toluene; in 5 and 6 the product 1-pentanol was employed 
as a secondary standard to estimate the relative peak 
sizes.

Results and Discussion

The rates and products of oxidation of octane are 
listed in Tables I and II and the same information for 
pentane is summarized in Table III. The footnotes 
make the tables mostly self-explanatory.

The equations listed below (Charts III and IV) are 
believed to be likely and reasonable routes to the 
products found. They have been grouped according to 
whether the products are primary or secondary (derived 
from subsequent attack on the primary products). 
R  represents either a secondary pentyl or octyl radical 
while R ' and R "  are any primary alkyl radical from 
methyl to hexyl. Nonfree-radical reactions, which 
may lead to some of the products found, are not listed 
but are mentioned in the discussion. Formation of

(11) R. Hiatt in “ Organic Peroxides,”  Vol. II, C. D. Swern, Ed., Wiley-
Interseience, New York, N. Y., 1971, p 94.
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Products Work-up A Work-up B Po2 ~  1 0  psia Po, =  6 . 6  psia POj“ =  40 psia

[i-Bu2O2]0 12.0 12.0 10.0 11.0 12.6
Time, min 375 375 489 353 465
A[02] 114 114 187 115 62.4
Titratable - 0 2H 61.5 61.5 75.3 56.7 30.0

(%  on A[Oj]) (54) (54) (40) (49) (48)
Octanones b 2.5 b 7.5," 7 .9d 0.8
Octanols" 34 36 51.8/ 30," 33 .6d 16.7
Octanediols0 0.7 0 1.6 0 0
C 0 2 1.9* 1.9* 3.2 1.9* 1.2*
h 2 1.1* 1.1* 1.8 1.1* 0.8*
Free acids 12.9 12.9 26.4 1 2 . 3 d 13.5
Esters 3.2 7.1 15.3 10.2d 4.0
Unidentified products 

Volatile 6.4«'’ 16.23' 7.0*' 9.5"'*
Residue

C8Hi8 accounted for" 49.2 71.7 93.1
5.2 ,"'! 1 6 . 2 d ’ m  

73.6," 88.6* 30.2
[02] accounted for," % 78 (68) 87 (76) 122 (65) 96," 92d (83)(80) 48 (77)
Chain length* 13 13 14 14 10

“ [C8H18]o =  3540, benzene diluent. b Not determined; converted to octanols by NaBH4 reduction. " In the unsaponified aliquot. 
d In the saponified aliquot. " After Ph3P reduction. 1 Product was 2.2, 20.6, 15.5, and 13.5 mM in 1-, 2-, 3-, and 4-octanols, respect­
ively. ° After NaBH4 reduction. h Estimated by analogy from 10-psia experiment. * Probably butanol, pentanol, or hexanol. > 128 
mg of material in octane layer plus 112 mg of material extracted from basic aqueous layer. This material is assumed for calculation to 
be C8H i80. * 107 mg of material (four peaks that elute between Et20  solvent and 4-octanone); assumed mol wt 100. 1 76 mg; as­
sumed mol wt 130, corresponding to 1 mol of 0 2. “  238 mg; assumed mol wt 130, corresponding to 1 mol of 0 2. ” Octanols +  ketones
+  esters +  unidentified - f  (lower alcohols +  acids +  esters)/2. 0 Including accompanying water; A [02] =  hydroperoxide +  octanones 

1.5 C 02 — 0.5 H2 +  0.75 acid +  1.5 ester - f  residue. Volatile unidentified products were not counted in oxygen balance and in the 
saponified aliquot of the 6.6-psia experiment; ester was not counted in lieu of the higher residue figures. * Initial R o / R i  (see Table I). 
a Concentrations in m il.

C h a r t  III 
P r i m a r y  R e a c t i o n s  

Initiation

i-Bui02 — ► 2f-BuO- ¿-BuOH +  R-l 2
P ropagation

R- +  02 — ► R02-1 3 *

RH
R02H +  R' (to 3)

R'CH

l5
CHR"
I — > R'CH CHR" +  HO-
0,H 6 X T  (to 10)

0 , 7

CH2
R'CH ÇHR"

o 2h
2RO,-

(to 4)

2RO- +  0 2 (to 2)

T erm in ation
2RO-,- ► n onrad ica l products +  0,8b

alkoxy radicals is depicted as arising both from simple 
unimolecular decomposition of primary product hydro­
peroxide, R 0 2H (eq 9), although, in actuality, “ de­
composition”  is certainly more complex than this, and 
from nonterminating interaction of sec-peroxy radicals 
(eq 8); 50-70% of the interactions of sec-butyl peroxy 
radicals have been estimated12 to be nonterminating at 
100-125°.

Rates of Oxidation.—The data of Table I show that,

C h a r t  IV
S e c o n d a r y  R e a c t i o n s

RO,H - 9 »  HO- +  RO-

HOH or ROH +  R R'CHO +  R"- (to 3)
0,H
f

R02H +  RO,- — > R'CR" +  RO,H1 ~ 12
l13

R'CR" +  HO- (to 10)
II
0

R'CHO R0---° - R0'> R'CO +  RO,H (or ROH)
14 |

OJ 15
T DIJ
R'COa- R'CO;,H +  R- (to 3)

J 16

in spite of the product complexity of the reaction, the 
oxidation of n-octane fits the relatively simple rate law

initial oxidarion rate — R 0 = (i?i/2fct)'A fcp[C8Hi8]

That the n-oxtane oxidation is nearly one-half order in 
rate of initiation was established by plotting log R0 vs. 
log [¿-Bu20 3] for runs 92, 78, 96, and 108 (Figure 1). 
Two lines, drawn as limits to the best fit, have slopes of 
0.48 and 0.57. If the datum of run 3, Table III, is 
omitted from a similar log-log plot, the average oxida­
tion rate of n-pentane appears to be ^0.68 order in 
initiation. These results support the idea that termina­
tion involves principally the interaction of sec-alkyl 
peroxy radicals.13

A plot of the rate of n-octane oxidation, corrected to 
unit initiation, Ro/Ri/2, against hydrocarbon concentra-

(12) T. Mill, D. Allara, F. R. Mayo, H. Richardson, and K . C. Irwin,
J. Amer. Chem. Soc., 94, 6802 (1972).

(13) J. A. Howard, W . J. Schwalm, and K . U. Ingold, Advan. Chem. Ser.,
75, 6 (1967).
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T a b l e  III
O x i d a t i o n  o f  N e a t  w- P e n t a n e  (7.44 M ) a t  10000

-Run-
l 2 3 4 5 0“

Initial Conditions
Time, min 2390 3836 4137 200 1444 200
RH, mmol 36.6 35.7 57.8 83.8 43.7 34.0
¿-Bu20 2 97 50 54 43 9.8 9 .8
0 2, mmol 968 369 1062 887 879 1066

Products
0 2 absorbed (A [02]) 82 73 47 4.7 10.7 -9.7"
r o 2h 28 39 32 1.95 8.2 — 60*
R 0 2H /A [0 2], % 34 54 68 41 76
2- and 3-AmOH 37 34 23 1.6 5.9 88.3
2- and 3-CsHioO 15 7.8 4.2 0.26 0.51 5.6
re-AmOH 1.2 0.26 2.3
AcH Trace 0.6 2.5
EtOH Trace 0.2 0.9
(MeCHOH~)-2CH2 2.4 0.21 0.13 0.18
Ac^CHu 0.07
Residue 3-6 mg 9' 0 .18c

Rates X  106, M/ min

RS 7.5 4.1 4.4 3.5 0.82
Ro =  A [02] /  Ai 34 19 11 24 7.4
Ro/Ri 4.6 4.5 2.6 6.9 9.1
A[OJ/[Am H]i, % 0.9 0.7 0.55 0.065 0.12
0 2 accounted for, % e 52 64 77 47 87
fcp/(2fct)1/2 X 10s/ 1.32 0.99 0.42 1.45 0.97

« 1.81 M i-BuOsH added initially; R 0 2H in products corrected accordingly. b Net evolution of 0 2 and loss of R 0 2H. 5 Estimated
mM of unknown product. d R, =  2fed[t-Bu20 2] ; kA = 4.08 X 10” 5/min (ref 8). '  Arbitrarily calculated from R 0 2H +  mono- and
diketones. 1 Calculated from R0 = RJ2a +  (iKi/2A;t)1/2Ap[RH] with a = 0.5 (ref 12). « Other concentrations in m l .

Figure 1.— Plot of log Ro vs. log [i-Bu20 2] for oxidation of n-oetane 
at 125°.

tion for all 125° runs gives a fairly good straight line, 
excepting the datum of run 143 (Figure 2). The value 
of the composite rate constant, fcp/(2fct) I/2, from the 
slope of the plot is 0.011/(M min)1/2; for n-butane,12 
the composite rate constant is 0.0028/(M min)I/2, 
which value is 20% lower on a per secondary hydrogen 
basis and identical within the experimental error.

The limited rate data for oxidation of n-pentane at 
100° fit the theoretical equation less well than those of 
octane. (Experiments were done over too small a 
range of Ri and with chain lengths too short to expect 
close agreement.) If we assume that the oxidation 
obeys the extended rate law for oxidation of n-butane 
(eq 9 of ref 12) then an average value for fcp/  (2/ct) 1/! at 
100° is 1.2 X 10 ~3/  (M min)1/2 (excluding runs 3 and 6), 
in good agreement with the value for n-butane of 
0.76 X 10%  taking into account the difference in 
numbers of secondary hydrogens.

Figure 2.— Plot of Ro/R V2 v s . [n-octane] for oxidation of n-octane 
at 125°.

An attempt to determine the overall energy of activa­
tion for octane oxidation from an Arrhenius plot of 
Ro/Ri^ vs. l/T for runs 67, 92, and 74 gives an un­
reasonably high value for Ep — Et/2 of 26 kcal/mol. 
A value of 14-16 kcal/mol is expected.12 This result 
suggests that a significant contribution to the rate of 
initiation is made by decomposition of product octyl 
hydroperoxides at the higher temperatures (reaction 9) 
and/or additional complications.

Products.—Unfortunately, in the oxidation of n- 
alkanes larger than n-pentane the multiplicity of 
products is so great and, therefore, the analyses so com­
plex that only qualitative conclusions can be drawn 
about the relative importance of the postulated steps 
of the reaction mechanism. One indication of the com­
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plications present is the strong inverse dependency of 
total hydroperoxide yield on conversion. For the 
n-octane oxidations which were carried out at relatively 
high conversions, hydroperoxide yields range from 54 to 
19%. For the pentane oxidations, where all conversions 
are less than 1%, hydroperoxide yields range from 76 to 
34%. Because of analytical difficulties, the lowest con­
version n-pentane run (4) does not fit the trend. None­
theless, it seems reasonable to conclude that hydro­
peroxides are the principal primary products of these 
oxidations under most conditions.

By the somewhat arbitrary procedure of accounting 
for oxygen in the products, as detailed in the table 
footnotes, up to 83% of the consumed oxygen can be 
accounted for in the 6.6-psi oxidation of n-octane. 
Oxygen balances for other runs are lower. Similarly, 
for n-pentane, where the basis for accounted oxygen has 
been simplified, products of one run account for 87% 
of consumed oxygen but other runs are less satisfactory. 
Part of the problem with oxygen balances lies in the 
discrepancy between titrated hydroperoxide and oc- 
tanols or pentanols detected after triphenylphosphine 
reduction of the oxidates. With the higher conversion 
octane oxidations, the octanol yields are only about 50% 
of the hydroperoxide titre while with the pentane oxida­
tions, excepting run 1, the pentanols account for 70- 
80% of the titrated hydroperoxide. The source of the 
remaining titrated hydroperoxide is uncertain, although 
peracids (reaction 16) seem a likely possibility. For 
most of the octane analyses, the acid found by titration 
taken with the octanols is still insufficient to account 
for all of the titrated hydroperoxide.

Turning to the original objective of this work, we 
find that the yield of readily identifiable bifunctional 
products from both octane and pentane oxidations is 
small, in marked contrast to the results for oxidation 
of 2,4-dime thy lpentape4 and 2,4,6-trimethylheptane,6 
where bi- or polyfunctional products predominate. 
Further, the yields of the bifunctional products seem 
to be an erratic function of the conversion, and the oxida­
tion state of the bifunctional products is variable. For 
runs 3 and 4 of the pentane oxidation, pentanediol is 
about 10% of pentanols and pentanones, although con­
versions are substantially different. However, at an 
intermediate conversion, run 5, the combined yield of 
pentanediol and pentanedione is only 3.1% of the 
monofunctional products. The marked reduction of 
pentanediol yield to 0.2% of the pentanols in run 6 
(Table III) made with added ¿-BuChH confirms that 
intramolecular propagation is the source of the small 
yields of these products in these experiments. The 
hydroperoxide would be expected to chain transfer13 
efficiently with intermediate II with near elimination 
of intramolecular propagation. Criegee and Ludwig14 
have shown that in autoxidations of some cyclic hydro­
carbons such as 1,4-dimethylcyclohexane, bishydro- 
peroxides can arise from secondary oxidation of mono­
hydroperoxide intermediates but at substantially higher 
conversions than used here.

Despite the semiquantitative character of these re­
sults, we can calculate the approximate ratio of rate 
constants for intra- and intermolecular hydrogen trans­
fer (fcr/fcp) from the amounts of difunctional (D) and 
monofunctional (M) pentane products, including diols,

(14) R . Criegee and P. Ludwig, Erdoel Kohle, 15, 523 (1962).

keto alcohols and residue and secondary alcohols and 
ketones, from the equation

where m and n refer to the number of possible CH 
bonds available for reaction. For run 5, [D] ~  0.38 
mM, [M] ~  6.41 mM, and RH = 7.44 M. On a per 
hydrogen basis, with the assumptions that only the 2- 
pentyl peroxy radical gives significant intramolecular 
abstraction at -he 4 position and that only sec-CH 
bonds are attacked in intermolecular abstraction, 
2fcr/6fcp 0.45 M and kT/ k p ~  1.4 M. This may be 
compared with a value of 83 M for 2,4-dimethyl- 
pentane4. The absolute value of 48/min for fcr is 
estimated using a value of 37/M  min for kp 15 for pentane.

For octane oxidations product identification and 
analyses are even less certain than with pentane, but 
rough calculations of kr/ k p give values in the same range 
(~ 1  M) as found for pentane; the proportion of intra­
molecular propagation does not significantly change 
with chain length.

The detection of 1-pentanol and 1-octanol allows an 
estimation of relative reactivities of primary and secon­
dary hydrogens by the radicals present. In n-pentane, 
a reliable value of kp(secondary)/ k p(primary) at 100° 
obtained from expt 6 (Table III) where the principal 
chain carrier is ierf-butylperoxy radical is 88/2.3 = 38.5. 
Based on the 10-psia octane experiment at 125° (Table 
II), the ratio seems as low as 11, =  (6/12) X  [(20.6 +
15.5 +  13.5)/2.2]. Analysis of n-butane oxidation12 
gave relative reactivities of secondary and primary 
hydrogens of n-butane toward sec-peroxy radicals of 
45:1 at 100° while the same ratio for alkoxy radicals 
was stated to be 8:1 at 100°. The octane result ap­
pears to give a low value, even taking into account the 
higher temperatures, indicating a change to less selec­
tive radical chain carriers (such as RO • and HO ■ radi­
cals) as conversions are increased.

Other investigators16 _1S have reported results similar 
to our octane experiments in the oxidation of other 
n-alkanes: about 50% of the alkane is converted to 
hydroperoxide, 10-12% to acids, and 5-15% to ketone. 
At higher temperature and lower oxygen pressures,17 
small amounts of cyclic ethers can be detected, but, in 
all cases, the amount of intramolecular propagation, as 
measured by diols or cyclic ethers, is minor.

In conclusion, the question must be asked as to why 
the n-alkanes give so little intramolecular propagation 
while 2-4-dimethylpentane and 2,4,6-trimethylheptane 
give so much under similar conditions. Explanations 
based on a high degree of reversibility for reaction 5 in 
the n-alkane case do not seem satisfactory.4 Nor do the 
pentane data support the idea that, at moderate con­
versions, the reactive oxidation products, including a 
hydrogens of sec-ROOH, intercept sec-RCh radicals 
before they can undergo intramolecular abstraction.

Our previous studies4’5 together with this one indicate

(15) Estimated from the eooxidation of n-BuH and i-BuH  (ref 12), with 
the assumption that sec-R 0 2- is ten times as reactive as i-R G r  toward 
the same C H  bond (private communication from K . U. Ingold).

(16) A . W . Dawkins, Eur. Chem. News, Normal Paraffin Suppl., 50 (Dec 
2, 1966).

(17) R . D . Boss and R . N . Hazlett, Can. J. Chem., 47, 4175 (1969); nu­
merous pertinent references to Russian investigators of n-alkane oxida­
tions are cited in this article.

(18) G. H . Twigg, Chem. Eng. Sci., Suppl., 3, 5 (1954).
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that only a very limited number of hydrocarbon sub­
strates oxidize with major participation of intra­
molecular abstraction. Normal and cyclic14 alkanes 
may, therefore, be the general case and explanations are 
required, instead, for the exceptional cases of alternately 
branched alkanes. We can only speculate at this time 
that unusual steric factors operate in the alternately 
branched alkanes which promote reaction 5 by a favored 
orientation-restricted chain rotation mechanism. Par­

tial screening of the reactive tertiary hydrogens of the 
substrate from external attack (reaction 4) by the 
clusters of methyl groups present must also be a factor.1 2 3 4
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. The Z and E isomers of Mmethyl-a-fp-tolyb-a-phenyl nitrone (7a and 8a) and the Z and E isomers of N- 
benzyl-a-(p-tolyl)-a-phenyl nitrone (9a and 10) were prepared. Alkylations of isomeric oxime anions and the reac­
tion of jV-benzylhydroxylamine (13) with l,l-dichloro-4'-methyldiphenylmethane (14) were employed in the 
syntheses. The first-order rates for thermal approach to geometric equilibrium of 7a, 8a, 9a, and 10 were deter­
mined in degassed ierf-butyl alcohol solutions. Activation parameters for the isomerization of 9a were deter­
mined in the same solvent and are A = 33.6 ± 1 .4  kcal/mol; AS+ =  — 4 ±  4 eu. The energy barrier to 
isomerization is substantially larger than would be anticipated from the limited data available from previous 
studies of geometric isomerizations of nitrones. These results are briefly discussed.

The existence of separate geometric isomers of un- 
symmetrical nitrones has been reported on several 
occasions. A modest configurational stability of a,a- 
diaryl-A-methyl nitrones has been inferred from the 
apparent absence of geometric isomerization during 
recrystallizations and upon melting.2’3 By contrast, 
Barrow and Thorneycroft4 observed that the cis 
isomers (1) of some A-aryl-a-phenyl nitrones slowly 
isomerized to the trans isomers (2) during melting

NC -O  NC Ar
\  + /  \  /

C = N  — >  C - N
/  \  A /  +\

C6H5 Ar C6H6 0_
1 2

point determinations. Koyano and Tanaka5 inves­
tigated this isomerization in ?;-butyl alcohol. The 
activation energy for the cis to trans isomerization of 
A,a-diphenyl-o:-cyano nitrone (1 —► 2; Ar = C6H5) 
was found to be 24.6 kcal/mol. Layer and Carman6 
have reported a study of the geometric isomerization 
of AjA'-diphenyl-p-benzoquinonediimine N,N'-dioxide 
(3a and 3b). The pmr study in deuteriochloroform

Oft

0_
3a 3b

provided an estimate of the energy barrier (AF * below 
room temperature) of about 12 kcal/mol from data

(1) (a) Taken in part from the Ph.D . Thesis of Thomas S. Dobashi,
California State University, San Diego, and the University of California, 
San Diego, 1973. (b) N D E A  Fellow, 1967-1971. (c) N SF College Teacher
Reseasch Participant, summer, 1971.

(2) O. L. Brady and R. P. Mehta, J. Chem. Soc., 2297 (1924).
(3) L. Semper and L. Lichtenstadt, Chem, Ber., 51, 928 (1918).
(4) F. Barrow and F. J. Thorneycroft. J. Chem. Soc., 722 (1934); 769 

(1939).
(5) K . Koyano and I. Tanaka, J. Phys. Chem., 69, 2545 (1965).
(6 ) R . W . Layer and C. J. Carman, Tetrahedron Lett., 1285 (1968).

obtained at the coalescence temperature. More re­
cently Boyle, Peagram, and Whitham estimated the 
rate constant for the “ configurational exchange”  of 
the vinyl protons for IV-(l-ethylcyclohexyl) nitrone 
(4) by pmr methods.7 From the first-order rate con­
stant at 180°, a free energy of activation of 23.2 
kcal/mol was calculated.

Our interest in obtaining rates and activation energies 
for the geometric isomerization of certain nitrones 
derives from our investigation of the stereochemical 
course of the N to O rearrangements of (Z)- (5) and 
(E)- (6) W-benzhydryl-a-(p-tolyl)-a-phenyl nitrone.8
p-CHsCelL

\  +
C = N

/
c 6h 5

\
CH(C6H6)2

p-CILCVh
\

C = N

CH(C6H5)2
/

/
c 6h 5

\
0_

5 6
Evidence was obtained8 that these rearrangements pro­
ceed via intermediate benzhydryl and rapidly inter­
converting iminoxy radicals. Since it was also dis­
covered that these radicals recombine at nitrogen as 
well as oxygen, this provided a potential route to the 
geometric isomerization of 5 and 6 which was observed 
during the course of the N to O rearrangements.8 To 
estimate the rates of the pure torsional isomerizations, 
the configurational isomerizations of two pairs of 
isomeric nitrones which do not appear to dissociate 
to alkyl and iminoxy radicals were investigated. The 
nitrones chosen for this study were the Z and E isomers 
of A'-methyl-a-(p-tolyl)-a-phenyl nitrone (7a and

p-CH3C6H, O - p-CHaCeH, CH3
x + /  b  \  /

C = N  
/  + \  

C6H5 O-
8a

C = N
/  \  k-' 

c 6h 5 c h 3
7a

(7) L. W . Boyle, M . J. Peagram, and G. H . Whitham, J. Chem. Soc. B, 
1728 (1971).

(8 ) T . S. Dobashi and E. J. Grubbs, J. Amer. Chem. Soc., 95, 5070 (1973).
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8a, respectively) and the corresponding isomers of 
A-benzyl- a- (p-tolyl) - a-phenyl nitrone (9a and 10,
p-CH3C6H4 O - p-CHaG,H, CH2C6H5

\  + /  k, \  /
C = N  C = N

/  \  /  +\
c6h 5 c h 2c6h 6 c6h 5 o_

9a 10

respectively). The rates of approach to equilibrium 
in these systems are easily measured by use of pmr, 
since within each isomeric pair the chemical shifts of 
the methyl singlets differ sufficiently.

Results and Discussion

The nitrones 7a and 8a (along with the correspond­
ing O-methyl oximes) were obtained by the dimethyl 
sulfate alkylations of (Z)- (11) and (E)- (12) 4-methyl-
p- CH3C6H4 0 -

\  /
t>-c h 3c 6h 4 o -

\  /

o II 3 C=N
/ /  \C,Hs c 6h 5 c h 2c 6h 6
11 9a
+ ---- 4- +

CeHsCHsCl p-o h 3c 6h 4 o c h 2c „h 6V /
/

c 6h 5
9b

benzophenone oximates.3 The IV-benzyl nitrone 9a was 
first prepared by the reaction of 11 with benzyl chloride 
in ethanol. A mixture of the two A-benzyl nitrones 
9a and 10 vras prepared by the reaction of A-benzyl- 
hydroxylamine (13) with l,l-dichloro-4'-methyldi- 
phenylmethane (14). Geometric assignments for the

p-CH3C«H4 Cl
\  /  c 6h .

C6H6CH2NHOH +  C — >- 9a +  10
1 3  /  \  CsHeN

C6H5 Cl
14

pure separated nitrones were made by a pmr method 
based upon the multiplicity characteristics of the ortho 
protons of the «-aryl rings cis to the oxygen atom.9'10

The rate constants for approach to equilibrium 
(assuming a reversible first-order rate law) were de­
termined in degassed ierf-butyl alcohol solutions. The 
rate constants, fcr (rotation), along with probable 
errors, are listed in Table I.

The activation parameters for the isomerization of 
the A-benzyl nitrone 9a calculated from the last six 
entries of Table I are Ka =  33.6 ±  1.4 kcal/mol, 
AS* = — 4 ±  4 eu. This energy barrier is much larger 
than that determined for the cis to trans isomeriza­
tion of A,a-diphenyl-a-cyano nitrone.5 It is also con­
siderably larger than those which might be estimated 
(assuming small entropies of activation) for the 3a to 
3b isomerization o t  for the “ configurational exchange” 
of vinyl protons in 4. The barrier for the «-cyano 
derivative may be low (compared with 9a) because of 
the reduction of C—N double bond character through 
contributions of resonance forms such as 15 to the

(9) K . Koyano and H . Suzuki, Bull. Chem. Soc. Jap., 42, 3306 (1969).
(10) E. J. Grubbs, R . J. Milligan, and M . H. Goodrow, J. O rg. Chem., 36,

1780 (1971).
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T a b l e  I

F ir s t -O r d e r  R a t e  C o n s t a n t s  f o r  t h e  T h e r m a l  G e o m e t r i c  

I s o m e r iz a t io n  o f  S o m e  A7-A L K Y L -a -(p -T o L Y L )-a -P H E N Y i, 
N i t r o n e s  i n  lert-B u t y l  A l c o h o l

Nitrone Temp, °C yfcr X  106, sec “ 1

7a“ 144 4.3 =fc 0.4
7a“ 144 3.6 ±  0.4
7a5 144 3.5 ±  0.2
7a6 144 3.1 ±  0.1
7ac 144 3.7 ±  0.7
7ac 144 3.5 ±  0.2
8a 144 3.6 ±  0 A *

10 144 7.2 ±  0 .3 d
10 144 7.2 ±  0 .2 d
9a 160 30.1 ±  3.3
9a 160 30.3 ±  1.0
9a 144 8.8 ±  0.9
9a 144 7.4 ±  0.4
9a 135 2.4 ±  0.1
9a 135 2.9 ±  0.1

“ c Nitrone concentrations: 9.2 X  10 3 M;a 4.6 X  10 2 M;b 
9.2 X 10“ 2 M; c all other runs, 3.3 X 10-2 M. d E to Z isomeri-
zation, fc_r.

N -N
\ \

C o - C  O
\ +  / \  + /

c==N >  C— N
/ \ /  \

c 6h 6 Ar C6H6 Ar
1 15

hybrid. Similar delocalization effects could account
for the low rotational barriers to the 3a 3b isomeriza­
tion, but no such explanation appears reasonable for
the relatively low barrier associated with the pmr
observed rotational process in 4 .  Since it was re­
ported7 that decomposition occurred at the elevated
temperatures employed in the study, the possibility
of catalysis by some by-product is a reasonable con­
cern.

In interpreting the stereochemical results of the 
cycloaddition of a-phenyl-A-methyl nitrone to nor- 
bornene, it was concluded (on the basis of the rate of 
“ isomerization”  of 4) that at 85° the rate of geometric 
isomerization of this aldonitrone is reasonably rapid 
compared with the rate of the cycloaddition.7 While 
this may be true, in light of our results it would appear 
that a study of the rates and interconversion barriers 
for aldoxime geometric isomerizations would be well 
justified; and the illusiveness of E isomers of aldo- 
nitrones may prove to be more a reflection of the dif­
ficulty in isolating them from mixtures overwhelmingly 
predominated by the Z isomers, rather than because of 
rapid thermal interconversion.11

An approximately twofold isomerization rate in­
crease is observed when the A-methyl group (com­
pounds 7a and 8a) is changed to A-benzyl (nitrones 
9a and 10, Table I). This difference is probably due to 
increased ground-state energies of 9a and 10 caused 
by larger nonbc-nded interactions between the benzyl 
and a-phenyl groups. The importance of such inter­
actions in influencing electronic spectra of nitrones has 
been discussed.12 Indeed, when benzyl (nitrone 9a or 
10) is replaced by benzhydryl (nitrone 5 or 6), the

(11) E . Buehler, / .  Org. Chem., 32, 261 (1967).
(1 2 ) T. Kubota, M . Yamakatva, and Y . Mori, Bull. Chem. Soc. Jap., 36, 

1552 (1963).
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observed first-order rate constant (under the same 
conditions) jumps to approximately 2.0 X 10~5 sec-1.13 
However, in this case the torsional process is, no 
doubt, accompanied by isomerization via intermediate 
isomerizing iminoxy radicals. Thus, this latter figure 
represents a maximum limiting value for the rotational 
rate constants for interconversion of 5 and 6.

A comprehensive study of solvent effects upon the 
rates of geometric isomerization of these nitrones has 
not yet been conducted. However, one observation 
may be suggestive of the potential magnitude of such 
effects. The first-order rate constant for the isomeriza­
tion of 10 to 9a was determined in a degassed solution 
of diethylcarbitol (diethylene glycol diethyl ether) 
at 135°. The observed rate constant is 9.5 ±  0.5 X 
10~5 sec-1 (duplicate, 9.1 ±  0.5 X 10~5 sec^1). A 
comparison of this rate constant with that for the 
9a to 10 isomerization in ferf-butyl alcohol (approxi­
mately 2.65 X 10—6; see Table I) at this temperature 
indicates that the rate is approximately 35 times slower 
in feri-butyl alcohol. Alcohols reportedly hydrogen 
bond to nitrones14 (presumably at the nitrone oxygen 
atom). It is possible that this type of hydrogen bond­
ing may increase the double-bond character of the a- 
carbon to nitrogen bond, thereby inhibiting the tor­
sional isomerization. However, additional experimental 
work will be necessary to elucidate the nature of such 
solvent effects,

Experimental Section
All melting points are uncorrected. The nmr spectra were 

obtained with a Varian Model A-60 spectrometer. Absorptions 
are reported in parts per million relative to internal TMS. 
Infrared spectra were obtained on a Perkin-Elmer 621 grating 
spectrophotometer, and uv spectra on a Cary Model 14 recording 
spectrophotometer. Analyses were performed by M . H. W. 
Laboratories.

(X)-V-Methyl-a-(p-tolyl)-a-phenyl Nitrone (7a).— This nitrone 
was prepared by the dimethyl sulfate methylation of (Z)-p- 
methylbenzophenone oxime using a method previously described 
by Semper and Lichtenstadt.3 The initially obtained product is a 
mixture of unreacted oxime, 7a, and the corresponding (Z)-0- 
methyl-p-methylbenzophenone oxime (7b). The nitrone and the 
O-methyl derivative were isolated (in low yields) by a combina­
tion of crystallization and chromatography (silica gel). The 
nitrone 7a was obtained as colorless crystals, mp 90.5-91.5° 
(lit.3 mp 91-92°), and showed the following spectral character­
istics: pmr (CDC13) 5 7.92 (d, 2, aromatic), 6.95-7.73 (m, 7, 
aromatic), 3.69 (s, 3, NM e), 2.34 (s, 3, p-Me); uv (heptane) 
Xmas 305 nm (e 15,520); ir (KBr disk) 1255 cm -1 (N —► O stretch). 
The O-methyl oxime 7b was obtained as colorless crystals, mp
70.5-71.5° (lit.3 mp 70.5-72°), and showed the following spectral 
features: pmr (CDCI3 ) S  7.62-7.17 (m, 9, aromatic), 3.97 (s, 3, 
OCH3), and 2.38 (s, 3, p-CHs); uv (C2H5OH) Xm„  261.5 nm (« 
11,180).

(A’ )-A-Methyl-a-(p-tolyl)-a-phenyl Nitrone (8 a).— The iso­
meric nitrone 8 a was prepared as described above [starting from 
pure (-E)-p-methylbenzophenone oxime] and was isolated as 
colorless crystals, mp 111-112.5° (lit.3mp 113-114°). Thespec- 
tral features of 8 a are as follows: pmr (CDC13) S  7.82-8.20 (m, 2, 
aromatic), 7.06-7.68 (m, 7, aromatic), 3.73 (s, 3, NM e), 2.44 
(s, 3, p-CHa); uv (C 2H6OH) Xmnx 303 nm (e 14,310); ir (KBr 
disk) 1250 cm - 1  (N —*• O stretch). The corresponding O-methyl 
oxime 8 b was chromatographically separated from the reaction 
mixture and remained a colorless oil with the following spectral 
features: pmr (CDC13) S  7.54 (m, 9, aromatic), 3.97 (s, 3, 
OCH 3 ), 2.34 (s, 3, p-CH3); uv (C2HsOH) Xmax 265.5 nm (e 
11,980).

(^)-iV-Benzyl-a-phenyl-a-(p-tolyl) Nitrone (9a).— To 23 ml of

(13) T. S. Dobashi and E. J. Grubbs, unpublished data.
(14) J. Hamer and A. Macaluso, Chem. Rev., 64, 473 (1964).

absolute ethanol was added 0.490 g (0.0125 g-atom) of freshly cut 
potassium. Pure (Z)-4-methylbenzophenone oxime (2.64 g, 
0.0125 mol) and then 2.14 g (0.0125 mol) of benzyl chloride were 
added. The mixture was stirred at room temperature for 48 hr. 
The reaction mixture was concentrated under dry nitrogen and 
the products were separated from KBr by extraction with chloro­
form. The chloroform extract was concentrated to a pale yellow 
oil. The crude product mixture (3.76 g) was chromatographed 
on 100 g of silica gel (60-200 mesh). Elution with hexane contain­
ing 50-75% methylene chloride afforded 2.52 g (67%) of (Z)-O- 
benzyl-p-methylbenzophenone oxime (9b), mp 85-86.5°. Re­
crystallization from hexane afforded 2.19 g of 9b as colorless 
needles, mp 86-86.5°. Spectral characterization of 9b revealed 
the following: pmr (CC14) 5 6.95-7.55 (m, 14, aromatic), 5.13 
(s, 2, CH2), 2.36 (s, 3, p - CHa); u v  (C2H6OH) XmM 263 nm (e 
12,830), 236 (16,280).

Anal. Calcd for C2iH1DNO: C, 83.69; H, 6.35; N, 4.65. 
Found: 0 , 83.78,83.97; H, 6.34, 6.30; N , 4.60, 4.75.

Further elution with 10-25% ether in methylene chloride 
yielded approximately 10% unreacted oxime. Elution with 50% 
ether in methylene chloride, ether, and 2%  methanol in ether 
afforded the crude nitrone 9a (contaminated with approximately 
6%  of its geometric isomer 10) as a white solid, mp 82-90°. 
Recrystallization first from 10% ether in hexane and then from 
hexane provided 0.56 g (15%) of 9a as colorless crystals, mp
91.5-92.5°. The pmr spectrum (in CCh) revealed no evidence 
for the presence of 10 and showed the following absorptions: 5
7.88 (d, 2, aromatic), 6.85-7.50 (m, 12, aromatic), 4.83 (s, 2, 
CHj), 2.31 (s, 3, p-CH3).

Anal. Calcd for C21H15NO: C, 83.69; H, 6.35; N, 4.65. 
Found: 0,83.52,83.71; H, 6.21,6.28; N , 4.63, 4.63.

In a second preparation conducted as described above, the (Z)- 
O-benzyl oxime 9b obtained possessed a melting point of 84-85°, 
but the melting point of nitrone 9a was 106.5-108°. In all other 
respects {i.e., spectral comparisons), this nitrone appeared 
identical with the lower melting sample. The source of this 
discrepancy in melting points is not yet clear.

(Z)- (9a) and (E)- (10) A-Benzyl-a-phenyl-a-(p-tolyl) Nitrone. 
A mixture of the isomeric nitrones was prepared by the reaction of 
A-benzylhydroxylamine (13) with l,l-dichloro-4'-methyl-di- 
phenylmethane (14). The dichloride 14 was prepared as follows. 
A mixture of 4.48 g (0.0228 mol) of 4-methylbenzophenone, 4.85 
g (0.0234 mol) of phosphorus pentachloride, and 25 mg of di- 
fert-butylphenol was stirred under nitrogen at 80°. The bath 
temperature was increased to 95-100°, whereupon the solution 
began to evolve gas and became darker yellow in color. The 
phosphorus oxychloride was removed under reduced pressure and 
the straw-colored product 14 (4.69 g, 82% ) was obtained by a 
short-path distillation, bp 116-122° (0.1 mm). The pmr spec­
trum (CCh) exhibited the following absorptions: 5 6.9-7.7
(m, 9, aromatic), 2.35 (s, 3, p-CH3). Weak absorption peaks in 
the ir spectrum characteristic of the starting ketone and a small 
peak at 6 2.40 in the pmr spectrum indicated the presence of 
approximately 3%  of p-methylbenzophenone.

In a dry-nitrogen atmosphere, 1.2 g (0.0098 mol) of V-benzyl- 
hydroxylamine (33) (prepared by the method of Jones and 
Sneed15) was dissolved in a solution of 5 ml of benzene and 2.5 ml 
of pyridine. With continuous stirring, 2.4 g (0.0096 mol) of the 
above-described dichloride 14 was added over a 30-min period.16 
After 6 hr at room temperature, the reaction mixture had sepa­
rated into two phases. The mixture was heated to 70°, but, after 
15 min, considerable darkening of both layers occurred and heat­
ing was terminated. The top layer was separated and the lower 
phase (which had then solidified) was washed thoroughly with 
benzene. The combined upper phase and benzene extract was 
concentrated under reduced pressure to 2.70 g of a dark orange 
semisolid. This residue was chromatographed on 100 g of silica 
gel (60-80 mesh). Elution with pentane-methylene chloride 
mixtures and finally with 10% ether in methylene chloride re­
moved 4-methylbenzophenone (and possibly other side products) 
from the column. Elution with 25-75%  ether in methylene 
chloride, followed by concentration of the fractions, afforded 1.48 
g of a mixture of the isomeric nitrones 9a and 10 as a yellow oil. 
Repeated chromatography on silica gel and Florisil and repeated 
crystallization attempts from many common solvents failed to

(15) L. W . Jones and M . C. Sneed, J. Amer. Chem. Soc., 39, 674 (1917).
(16) During this time, the temperature of the reaction mixture increased 

approximately 2° (from 23'-25°). However, on a fivefold scale-up, the 
reaction was vigorously exothermic and external cooling was required.
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produce a solid. A crystalline product, mp 116-118°, was finally 
obtained when a small sample of the oily mixture of nitrones (in 
methanol) was seeded with a mixture of 9a and 9b obtained from 
the above oxime-alkylation reaction. This crystalline sample 
provided seed crystals for fractional crystallizations employing 
hexane and ether-hexane mixtures. In these solvents 9a and 10 
cocrystallize, but 9a mainly as needles and 10 mainly as hemi­
spheres. The two were separated mechanically. Two final 
recrystallizations of 10 from 10% ether in hexane afforded 0.345 g 
(15%) of 10 as nearly colorless crystals, mp 118.0-118.7°. The 
spectral features of 10 are as follows: pmr (CC14) 5 7.87-8.10 
(m, 2, aromatic), 7.05-7.30 (m, 12, aromatic), 4.87 (s, 2, CH2),
2.42 (s, 3, p-CHa); uv (C2H5OH) W  300 nm (c 12,730).

Anal. Calcd for C21H i9NO: C, 83.69; H, 6.35; N, 4.65. 
Found: C, 84.09; H ,6.30; N .4.63.

Mechanically separated samples of the isomeric nitrone 9a 
were combined with corresponding samples from a second prepa­
ration and recrystallized from 1:1 ether-hexane yielding pure 9a, 
mp 107-108°. The yield of 9a in the first preparation was only 
approximately 5% .

Kinetics of the Thermal Configurational Isomerization of 
Nitrones 7a, 8a, 9a, and 10 in ¡erf-Butyl Alcohol.— Control 
experiments demonstrated that, under the conditions of the kinetic 
measurements, decomposition of the nitrones (to unidentified

products) occurred to an extent less than 2% . Kinetic measure­
ments were performed as follows. Samples of the nitrones in 
¿erf-butyl alcohol were thoroughly degassed and sealed in Pyrex 
tubes under reduced pressure. The sample tubes were placed in a 
constant-temperature bath at the appropriate temperature main­
tained at ±0 .05° of the values cited in Table I. Samples were 
periodically removed, quenched at low temperature, opened, and 
concentrated to oils. The nmr spectra were then determined in 
deuteriochloroform. The isomeric composition of each sample 
was determined from the relative areas of the two methyl proton 
absorptions. In all cases, the equilibrium constant was 1.0 ±  
~ 0.08 . With the above data and assuming a first-order revers­
ible rate law, the rate constants shown in Table I were calculated. 
Rate constants for the isomerization of 7a were unaffected by a 
tenfold change in concentration.
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N otes
Metal-Catalyzed Electrophilic Substitution
and Coupling of Naphthalene. Kinetic and 

Catalytic Considerations

G r e g o r y  G. A r z o t j m a n id is * a n d  F r a n k  C. R a u c h

C h em ica l  R e s e a r c h  D i v i s i o n ,  A m e r i c a n  C y a n a m id  C o m p a n y ,  
S ta m fo r d , C o n n e c t ic u t  06901 ,

R e c e iv e d  M a y  2 2 , 1 9 7 3

Reactions of benzene and its derivatives with pal­
ladium salts have been studied by a number of in­
vestigators in recent years.1 Acétoxylation and/or 
oxidation of these aromatics in a manner analogous to 
the Wacker process have apparently not been developed 
as yet to the status of industrial processes. In that 
respect, little notice has been given to similar reactions 
of condensed aromatic ring systems. The present 
report concerns the results of our study of the acétoxyla­
tion of naphthalene under catalytic conditions employ­
ing Pd(CHsCOO) > and other metal salts. Of particular 
interest was the isomer distribution, since from the 
preparative standpoint a process yielding predomi­
nantly one isomer would be desirable.

Results and Discussion

A reaction stoichiometric with respect to Pd2+ was 
carried out with a mixture of Pd(CH3COO)2, CioHs, and 
CH3COONa at a molar ratio of —'1 :1 .2 :1  in glacial

(1) (a) O. R . V a n  H e ld e n  a n d  G . V e ib e rg , Reel. T ran. Chim. P a y s - B a s ,  
84, 1263 (1965); (b) J. M . D a v id s o n  and C. T rigg s , J. Chem. Soc. A , 1324
(1968); (e) K .  Ic h ik a w a , S. V e m u ra , and T .  O kada , Nippon K a g a  K u  
Zasshi, 20, 212, (1969) ; (d ) P. M . H e n r y , ./. Org. Chem., 36, 1886 (1971).

acetic acid. At the reflux temperature of the solvent 
the reaction appeared to proceed at a faster rate than 
the analogous benzene reactions. The reaction was 
essentially complete within 4 hr. The products and the 
corresponding yields based on Pd2+, are shown in the 
following Scheme I. Decomposition of Pd(CH3COO)2

S c h e m e  I

OOCCHj

also occurs with formation of C 02, which was detected 
mass spectroscopically, and partially accounts for the 
low overall yield. The naphthyl acetates are readily 
hydrolyzed in mildly alkaline solutions. Naphthols 
found in the products are most probably entirely formed 
during the work-up, which involved treatment with 
saturated aqueous NaHCCh and ethyl ether, but some 
direct production from the small amount of water 
present in the reaction mixture cannot be ruled out.

Following completion of this work, a communication 
appeared2 in which the same reaction was claimed to 
yield oxidation products having an isomer ratio of 1:1, 
in agreement with our results.

In conventional Wacker-type processes, the reoxida-

(2) L. Eberson and L. Gomez-Gonzales, Chem. Commuti., 263 (1971).
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Figure 1.— Average rate of naphthalene consumption as a 
function of the [C l~]/([Cu2+] +  [Pd2+] ) ratio.

tion of Pd to give a catalytic reaction is accomplished 
by the use of redox systems such as Cu+2/Cu + or 
Fe3+/F e 2+, e.g.

2CuX 2 +  Pd — >- PdX2 +  2CuX 

2CuX +  2HX +  »/«Os — >  2CuX8 +  H20  

Pd +  2HX +  l/ 20 2 — >  PdX2 +  H20

A number of experiments were conducted using several 
redox systems to investigate the catalytic possibilities 
of aromatic acetoxylation. The results are presented 
in Table I.

These investigations indicate that the success of this 
step depends on the nature of the anion, X, and on the 
relative concentrations of the metal ions and X  in the 
solution. Acetates of Cu2+, Fe3+, and U 02+ were 
largely ineffective under atmospheric pressure of oxygen 
and only slightly effective under high pressures of oxy­
gen. Similar conclusions were reached by other in­
vestigators.3 The addition of another nucleophile, 
especially a halide ion, to the Cu(CH3COO)2/Pd(CH 3- 
COO)2 system promotes the reoxidation of Pd and 
makes the reaction catalytic with respect to Pd even 
at atmospheric pressure. The highest rate for the 
reoxidation of Pd, as measured by the rate of Ci0H8 
consumption over the first 4 hr, occurs at a [C l-]/ 
([Cu2+] +  [Pd2+]) ratio equal to 1 and falls off rapidly 
as this ratio approaches either 0 or 2 (Figure 1). This 
relationship suggests that the active catalytic species 
may be a halide bridged complex of the form I.

/ C l  OOCCH,
Pd Cu 

CH;)COO X l X  
I

Similar species have been suggested by various au­
thors as intermediates in Wacker-type processes.4 The 
inherent problem in the addition of another nucleo­
phile to the system is that it functions not only to pro­
mote reoxidation of Pd, but also participates in product 
formation, i.e., chloronaphthalene. The relative yields 
of naphthyl acetate and chloronaphthalene are signifi-

(3) M . Tamura and T. Yasui, Kogyo Kaga K u  Zasshi, 71, 1858 (1968).
(4) See, e.g., R. G. Schultz and D . E. Gross in “ Homogeneous Catalysis,” 

Advan. Chem. Series, 70, 97 (1968).

cantly affected by changing the [O A c-]/[C l_ ] ratio. 
At a 2.30 ratio the highest recorded6 yields during the 
course of the reaction were 21% «-naphthyl acetate 
and 30% «-chloronaphthalene, whereas at 3.39 the 
yields were 39 and 11%, respectively. In a typical 
run using a 7:1 molar ratio of Ci0H8 to Pd(OOCCH3)2 
and under the optimum redox conditions, the highest 
combined yield of «-chloronaphthalene and «-acetoxy- 
naphthalene, 25% of naphthalene consumed, is found 
after ~ 4  hr and falls over longer time periods. The 
bulk of naphthalene is eventually converted to bi­
naphthyl, multisubstituted naphthalenes, and acetoxy- 
and chloro-substituted polynuclear products containing 
palladium. Water (10% in glacial acetic acid) further 
reduces the yield of the monomeric products.

Of the other reoxidant systems employed in conjunc­
tion with oxygen, quinones, e.g., chloranil, were ineffec­
tive, but an Fe(N 03)3/LiCl system did promote a re­
action catalytic with respect to Pd.

The effects of the different [CH3COO_ ]/[C l-] ratio 
on the rate is seen to be minimal. For the first 6 to 8 
hr the reaction is first order in naphthalene. A control 
experiment was carried out without Pd(OOCCH3)2 
(see Experimental Section). The rate of naphthalene 
consumption (/c ~  1.2 X 10-6 sec-1) was approximately 
one third that in the run with ,Pd(OOCCH3)2 under 
the same reagent concentrations and conditions. In 
the control experiment only traces of substituted prod­
ucts were found by vpc; coupling6 and oxidation to 
quinonic derivatives appeared to be the predominant 
reaction routes. Binaphthyls were identified by vpc 
and the polymeric product of the reaction showed char­
acteristic quinonic ir absorption. Acetoxy and chloro 
substituents appeared to be absent.

A redox system such as Cu2+/C u + is necessary for 
reoxidation of Pd under mild conditions and the achieve­
ment of a catalytic acetoxylation. However, the 
direct participation of Cu2+ in the oxidation of the 
organic substrate to coupled products (either of naph­
thalene or of the monosubstituted products) results 
in loss of selectivity.

An interesting effect observed in the runs incorporat­
ing both Cu and Pd and Cl“  ion is the nearly exclusive 
selectivity for a substitution in contrast to the 50:50% 
a :6 substitution pattern obtained using Pd(OOCCH3)2 
alone. The reason for this behavior might be elec­
tronic given the differences in structure between Cl~ 
bridged complexes, such as I, and Pd(OOCCH3)2.7 The 
stoichiometric reaction of naphthalene with Pd (OO- 
CCF3)2 results in exclusive «  substitution.8

(5) The participation of «-chloronaphthalene and a-naphthyl acetate 
in secondary coupling reactions under catalytic conditions results in loss of 
directly measurable yield of these products. This reaction sequence is 
shown by (a) the isolation of 1,1,-binaphthyl 4 ,4 / -diacetate in the first 4 to 
6  hr of the experiment and (b) vpc monitoring of the reaction; the yield of 
monosubstituted produces increases gradually during the first 5 hr and then 
decreases exponentially. This behavior is in line with participation of the 
initial products in secondary reaction schemes. The pattern applies gen­
erally to all catalytic runs, with only small rate variations, attributable to 
the different reactant ratios.

(6 ) Cupric halides are well-known halogenating agents for aromatic sys­
tems and in certain occasions may act as coupling agents as well. See, e.g., 
D . C . Nonhebel and J. A . Russel, Tetrahedron, 25, 3493 (1969). CuCb acts 
as an exclusive coupling agent in our reactions, as deduced by the absence 
of chlorinated products and the formation of coupled naphthalene deriva­
tives.

(7) A . C. Skapski and M . L. Smart, Chem. Commun., 658 (1970).
(8 ) G. G. Arzoumanidis, F. C. Rauch, and G. Blank, Abstracts of Papers, 

163rd National Meeting of the American Chemical Society, Boston, M ass., 
April 1972, No. 73 (Inorg.).
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Experimental Section

Materials.— Palladium acetate was purchased by Engelhard 
Industries. Absence of nitrate ions in the compound was con­
firmed by ir. Reagent grade chemicals were used without further 
purification.

Rate Studies.— The rate of naphthalene consumption and 
product formation was followed by vpc. A Hewlett-Packard 
Model 5750 research chromatograph, equipped with a flame 
ionization detector and a 6-ft column of 10% Apiezon L on 
Chromosorb W maintained at 220°, was employed. Products 
were identified by vpc retention time and ir comparison with 
authentic samples.

Acetoxylation of Naphthalene.— Pd(OOCCH3)2 [1.485 g (6.6 
mmol)], C ioH8 [1.024 g (8.0 mmol)], and CH3COONa [0.584 g 
(7.1 mmol)] were dissolved in 10 ml of 99% glacial acetic acid and 
allowed to react at the reflux temperature of the solvent. The 
mixture assumed a dark color after 10 min and the reaction con­
tinued for 4 hr.

The Pd black isolated (0.725 g) indicated quantitative con­
version. The acetic acid filtrate was suspended in ether- 
aqueous NaH C03, and the ether extract was evaporated to 
obtain the products. Vpc analysis of the solid products indi­
cated the following compounds to be present (yields): a-naph- 
thylacetate (25% ), 0-napht.hylacetate (25% ), a-naphthol (6% ), 
0-naphthol (6% ), and binaphthyls (2% ).

A Typical Catalytic Reaction.— Ci0H8 [2.096 g (16.4 mmol)], 
Pd(CH3COO)2 [0.498 g (2.2 mmol)], Cu(CH3C 0 0 )2-H20  [0.890 
g (4.5 mmol)], LiOOCCH3 ■ 2H20  [1.356 g (13.3 mmol)], and 
LiCl [0.291 g (6.9 mmol)] were suspended in 15 ml of CH3COOH 
in a 100-ml, three-neck flask. The mixture was heated at the 
reflux temperature for 12 hr while oxygen was sparged through 
the solution. The yield (based on Pd2+) of isolable5 monomeric 
products was highest in about 4 hr after the start of the experi­
ment: a-naphthylacetate (39% ) and a-chloronaphthalene
d e ­

control Run.— The above reaction was repeated without Pd- 
(CH3COO)2. Only traces of monosubstituted products could be 
detected via vpc.

Registry No.— Pd(OOCCH3)2, 3375-31-3; naphthalene, 91- 
20-3.

Supplementary Material Available.—A table containing 14 
oxidative reactions of naphthalene in the presence of Pd(OOC- 
CH3)2 with various redox systems and three kinetic figures de­
picting two of the runs will appear following these pages in the 
microfilm edition of this volume of the journal. Photocopies of 
the supplementary material from this paper only or microfiche 
(105 X 148 mm, 20X reduction, negatives) containing all of the 
supplementary material for the papers in this issue may be 
obtained from the Journals Department, American Chemical 
Society, 1155 16th St., N .W ., Washington, D . C. 20036. 
Remit check or money order for $3.00 for photocopy or $2.00 for 
microfiche, referring to code number JOC-73-4443.

Kinetics and Mechanism of the Reactions of 
Allyl Halides with Silver Nitrate in Acetonitrile

D e n n is  N. K e v i l l * a n d  L u c e t t e  H e l d

Department of Chemistry, Northern Illinois University, 
DeKalh, Illinois 60115

Received June 28, 1973

Kinetic studies of the reactions of methyl, primary, 
and secondary alkyl halides with acetonitrile solutions 
of silver nitrate have indicated a mechanism in which 
electrophilic assistance by the silver ion is accompanied, 
in the rate-determining step, by nucleophilic attack by 
nitrate ion.1'2 Alkyl halides found to exhibit these

(1) G. S. Hammond, M . F. Hawthorne, J. H . Waters, and B. M . Gray- 
bill, J. Amer. Chem. Soc., 82, 704 (1960).

(2) Y . Pocker and D . N . Kevill, J. Amer. Chem. Soc., 87, 4760 (1965).

characteristics include methyl,1 ethyl,1'3 neopentyl,1 
and isopropyl1 iodides, 1-octyl and 2-octyl bromides,2 
and 2-octyl chloride.2 For concentrations of silver 
salt within the range 0.002-0.2 M the overall kinetic 
order approximates 2.5, first order in alkyl halide, first 
order in silver ion, and one-half order in nitrate ion.2

If the reasonably nucleophilic nitrate ion is replaced 
by the weakly nucleophilic perchlorate ion, the rate 
of precipitation of silver halide is considerably reduced; 
for example, with 0.03 M  silver salt at 44.6°, silver 
nitrate reacts with 2-octyl bromide 80 times faster than 
silver perchlorate.4 Additional evidence for Sn2 char­
acter in the rate-determining step comes from a con­
siderably slower reaction for the appreciably sterically 
hindered neopentyl iodide than for the considerably 
less hindered, but also primary, ethyl iodide.1

A reconsideration1'2 of product data obtained for 
reactions of silver nitrate with ethyl iodide in ethanol5'6 
suggested that an ion pair containing the carbonium 
ion and the nitrate ion is formed, which then either 
collapses to product or undergoes solvolysis. A recent 
study of the reactions of 1-adamantyl halides with silver 
nitrate in ethanol7 also implicated such an ion pair. 
The complex kinetics and the variation observed for 
the product partitioning between solvolysis and anion 
exchange with changing identity of the halogen sug­
gested that, in the product-determining step, the halide 
ion is still in the vicinity of the carbonium ion. They 
may well be contained within an ion quadruplet or 
an even more complex aggregate.7

While it is reasonable to suppose that the scheme 
postulated for reactions in ethanol1'2’7 can also be ex­
tended to reactions in other solvents, it should be em­
phasized that there is no direct evidence for formation of 
ion pairs between a carbonium ion and the anion of the 
silver salt during reactions in acetonitrile. An argu­
ment developed earlier1 in favor of such an ion pair within 
reactions of alkyl iodides with silver perchlorate was 
based on the assumption that covalent alkyl perchlo­
rates would not be solvolyzed by acetonitrile. It has, 
however, been shown that 2-octyl perchlorate has, in 
acetonitrile at 25.0°. a half-life of less than 1 min.8 
Nucleophilic attack within the rate-determining step 
and intermediate ion-pair formation has also been sug­
gested for the reaction in acetonitrile between ierf-butyl 
bromide and silver p-toluenesulfonate.9

A study of the reactions of the tertiary a-halogenated 
ketone, a-bromo-p-phenylisobutyrophenone, with silver 
salts in acetonitrile10 also suggested nucleophilic par­
ticipation by nitrate ion within the rate-determining 
step of the reaction with silver nitrate.

Previous studies of silver ion assisted reactions of 
allylic halides have usually been interpreted (in the 
Hughes-Ingold terminology11) as SnI Ag+ reactions, 
involving in the rate-determining step an eleetrophili-

(3) F . G. Donnan and H . E. Potts, J. Chem. Soc., 97, 882 (1910); for a
reassessment of these data see ref 2 .

(4) Y . Pocker and D . N . Kevill* J- Amer. Chem. Soc., 87, 4771 (1965).
(5) A . K . Burke and F. G . Donnan, J. Chem. Soc., 85, 555 (1904).
(6 ) F. G . Donnan and A . K . Burke, Z. Phys. Chem. (Leipzig), 69, 148 

(1909).
(7) D . N . Kevill and V. M . Horvath, Tetrahedron Lett., 711 (1971).
(8 ) Y .  Pocker and D . N. Kevill, J. Amer. Chem. Soc., 87, 5060 (1965).
(9) H . M .  R . H o ffm a n n , J. Chem. Soc., 6748 (1965).
(10) D . N . Kevill and N . H. Cromwell, J. Org. Chem., 29, 499 (1964).
(11) See, for example, C. K . Ingold, “ Structure and Mechanism in Organic 

Chem istry," 2nd ed, Cornell University Press, Ithaca, N . Y .,  1969, pp 4 7 9 -  
483.
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T able I
A v e r a g e  V a l u e s  f o r  the I ntegrated 2.5-Order R ate 

C o e f f ic i e n t s ,“  ( I R - 1 -6 s e c - 1 ), f o r  R e a c t io n  o f  
A l l y l  B romide with Silver N itrate or Silver P erchlorate

in  A c e t o n it r il e  a t  V a r io u s  T e m p e r a t u r e s

Temp,
[CsHsBr] [AgNCb] [AgClO.J °C 103

0.0400 0.00500 45.0 29.9 ± 1 . 1
0.0400 0.0100 45.0 26.1 ±  0.8
0.0400 0.0200 45.0 30.0 ±  2.0
0.0400 0.0400 45.0 28.4 ±  0 .7b

0.0800 0.0400 45.0 26.7 ± 1 . 1
0.160 0.0400 45.0 25.1 ±  2.1
0.0400 0.0800 45.0 23.0 ±  1.5
0.0800 0.160 45.0 22.1 ±  0.6
0.0800 0.0400 25.0 5.3 ±  0.2
0.0812 0.0406 35.0 9.5 ±  0.5
0.0766 0.0383 55.0 65.7 ±  2.5
0.0400 0.0435 45.0 0.0159 ±  0.0010
0.200 0.0435 45.0 0.0171 ±  0.0009
0.200 0.0870 45.0 0.0164 ±  0.0005
“ Calculated from appropriate integrated form of — d[A g+]/d i 

= [CJ3IIr,Br[ [AgX] ‘ A where X  = N 0 3 or C104. b A solution
initially 0.0800 M in both reactants and allowed to react to 50%, 
with precipitation of silver bromide, before start of run (35 min) 
gave an essentially identical value of 0.0268 ±  0.0021 M~l 5 
sec-1.

cally assisted ionization. Systems which have been 
interpreted in this way include reactions with silver 
acetate in acetic acid,12 silver oxide suspended in water,13 
and silver nitrate in water14 or ethanol.16 The present 
investigation was undertaken to determine whether 
reactions of allyl halides with silver nitrate in aceto­
nitrile follow the S n I Ag+ type mechanism previously 
postulated for silver ion assisted reactions of allylic 
halides or the alternate type of mechanism with con­
current nucleophilic assistance, previously postulated 
for reactions of acetonitrile solutions of silver nitrate 
with a variety of organic halides.

It is known that acetonitrile solutions of silver nitrate 
react with the analogous 2-methallyl chloride to give 
the replacement product, 2-methallyl nitrate.16 Silver 
ion assisted solvolytic reaction (Ritter reaction17) could 
to some extent compete with collapse to nitrate ester. 
Such reaction would produce an imidoyl nitrate which 
on addition to moist acetone would be rapidly hydro­
lyzed to IV-allylacetamide plus an equivalent amount 
of nitric acid. Any elimination reaction to give allene 
would also produce an equivalent amount of nitric acid. 
An acetonitrile solution, 0.08 M in allyl bromide and 
0.16 M in silver nitrate, was allowed to react to com­
pletion and acid-base titration after addition to moist 
acetone indicated less than 0.2% acid development; 
presumably, allyl nitrate is formed in better than 99.8% 
yield based on allyl bromide consumed.

The kinetics of the reaction of allyl bromide with 
silver salts in acetonitrile was analyzed in terms of 
integrated 2.5-order rate coefficients. The reactions 
of alkyl bromides with silver perchlorate in acetonitrile 
have been shown to exhibit complex and variable kinetic

(12) J. D . Roberts, W . G . Young, and S. Winstein, J, Amer. Ghent. Soc., 
64, 2157 (1942).

(13) W . G , Young and L. J. Andrews, J. Amer. Chem. Soc., 6 6 , 421 (1944).
(14) W . G. Young, S. H . Sharman, and S. Winstein, J. Amer. Chem. Soc., 

82, 1376 (1960).
(15) S. Oae and C. A . Vanderwerf, J. Amer. Chem. Soc., 75, 2724 (1953).
(16) A . F. Ferris, K . W . McLean, I. G. Marks, and W . D . Emmons, J. 

Amer. Chem. Soc., 75, 4078 (1953).
(17) J. J. Ritter and P. Minieir, J. Amer. Chem. Soc., 70, 4045 (1948).

Average V alues for the I ntegrated 2.5-Order R ate 
Coefficients,“ fe.s (Af-15 sec-1), for R eaction of 

Allyl Chloride with Silver Nitrate in Acetonitrile a t  
45.0° and Comparison of T hese Coefficients with T hose 

for R eaction of Identical Concentrations of 
Silver Nitrate with Allyl B romide

T a b l e  II

[CaHsCl] [AgNOa] 105 k2.i
0.0800 0.0100 10.8 ±  0.5 242
0.0800 0.0200 8.7  ±  0.8 345
0.0800 0.0400 10.3 ±  0.4 259
0.0800 0.0800 9.1 ±  0.6 253
0.0800 0.160 6.8 ±  0.7 324

° Calculated from appropriate integrated form of — d [ Ag +] /d i = 
fcj.elC.HiClRAgNO,]1-'.

orders4 but at the concentrations of silver perchlorate 
employed (0.04-0.08 M) the kinetic order closely ap­
proximates 1.5 in silver salt and unity in alkyl or allyl 
bromide. The averages of the integrated rate coeffi­
cients (with standard deviations) are shown in Table I. 
Corresponding rate coefficients for reaction of allyl 
chloride with silver nitrate in acetonitrile at 45.0°, 
together with the ratio of the rate coefficients for allyl 
bromide (from Table I) relative to those for allyl chlo­
ride at each silver nitrate concentration, are shown in 
Table II.

Reaction of both allyl chloride and allyl bromide 
with 0.005-0.16 M silver nitrate in acetonitrile shows 
essentially the same overall 2.5-order kinetics as pre­
viously observed2 for identical reaction of 1-octyl and 
2-octyl halides and, presumably, a mechanism is operat­
ing which is closely related to that which was previously 
proposed (Scheme I).2

Scheme I

RX + Ag+ ^  (RX ■ • • Ag)+ (1)

NO.% + (RX ■ ■ • Ag)+ ^  (NO:1~R + X~Ag + ) (2)

OzNOR + AgX
(N O j R * X  A g *) ------ >- HNO, + a lk encs + AgX

c h , c n J[
CH ,CN  N.

CH 3C N H t N O J + a lk en es
+ AgX (3)

There does appear to be, in the present investiga­
tion, a tendency for the 2.5-order rate coefficients to 
fall off slightly in value at the higher silver nitrate con­
centrations.

From Table I, it can be seen that, for reaction at 
45.0° with approximately 0.04 M silver salt, allyl bro­
mide reacts with silver nitrate some 1600 times faster 
than with silver perchlorate. This can be compared 
with data available for 2-octyl bromide where, at 44.6°, 
reaction with silver nitrate is governed2 by a 2.5-order 
rate coefficient of 3.27 X 10-3 M -1-5 sec-1 and reac­
tions with silver perchlorate4 have initial second-order 
rate coefficients of 0.578 X 10-5 M - 1 sec-1 at 0.0155 
M salt and 0.715 X 10~6 M~b sec“ 1 at 0.0310 M salt. 
These second-order rate coefficients correspond to 2.5- 
order rate coefficients of 4.65 X 10-5 M -1-5 sec-1 and
4.06 X 10-5 M -1-6 sec-1, respectively. For 0.03 M 
silver salt at 44.6°, silver nitrate reacts with 2-octyl
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A. Temp, 45.0°; 5-ml aliquots; [C3H5Br], 0.0400 Af; [AgN03], 0.0100 M; Titers, ml of 0.00625 M KC1
T a b l e  III

Time, min 0 10.15 15.20 20.34 24.95
Titer 7.88 7.40 7.19 7.02 6.85
102 fe>.5, A f -1-6 sec “ 1 2.64 2.60 2.47 2.53
Time, min 30.51 40.02 49.90
Titer 6.57 6 . 2 2 5.92
102 fe.5, A f~ 1 6  sec “ 1 2.67 2.69 2 . 6 6

B. Temp, 45.0°:; 5-ml aliquots; [CaHsBr], 0.0800 M,• [AgNOa], 0.160 M; Titers, ml of 0.100 Af KCl
Time, min 0 1.30 2.03 2 . 6 6 3.28
Titer 7.70 7.30 7.12 7.00 6.83
102 kt.5, A f - 1 -6 sec - 1 2.29 2 . 2 2 2 . 1 1 2.23
Time, min 3.96 4.54 5.18
Titer 6.71 6.57 6.50
102 ki.i, A f - 1 -6 sec - 1 2.18 2.26 2.15

C. Temp, 45.0°;; 5-ml aliquots; [C3H 6Br], 0.200 Af; [AgClOa], 0.087 Af; Titers, ml of 0.0500 M KCl
Time, min 0 1343 2835 4215 5630
Titer 8.70 8.05 7.48 7.04 6.58
105 ki.5, A f - 1 -6 sec - 1 1.70 1.62 1.57 1.60
Time, min 9970 11458 12903 14393
Titer 5.38 5.17 4.84 4.60
105 ki.5, A f - 1 -6 sec - 1 1.63 1.64 1.69 1.69

D. Temp, 45.0°; 5-ml aliquots; [C3H5CI], 0.0800 Af; [AgN03], 0.0400 Af; Titers, ml of 0.0250 M KCl
Time, min 0 1452 2897 4282 8649
Titer 8.04 7.00 6.23 5.50 4.32
104 ki.5, A f-1-6 sec-1 0.97 1.03 1.12 1.02
Time, min 10077 11511 12953 14363
Titer 3.98 3.70 3.48 3.28
104 ki.5, A f-1-6 sec-1 1.03 1.03 1.02 1.01

bromide 80 times faster than silver perchlorate. The 
corresponding ratio of 1600 for allyl bromide is some 
20 times larger and this suggests that in reaction with 
silver nitrate nucleophilic assistance is more pronounced 
for allyl bromide than for the secondary 2-octyl bromide 
or the tertiary a-brominated ketone, a-bromo-p-phenyl- 
isobutyrophenone, where, at 74.0° and for reaction 
with 0.16 M  salt, a ratio of 130 was observed.10

The leaving-group effect (Table II) has an average 
value of 285, which can be compared to a corresponding 
bromide/chloride ratio of 467 for reaction of 2-octyl 
halides.2 While the difference between these ratios is 
quite small, its direction is consistent with the proposal 
of more pronounced nucleophilic assistance (less SnI 
character) for reaction of the allyl bromide.

At 45°, silver nitrate reacts with allyl bromide about 
eight times faster than with 2-octyl bromide. Streit- 
wicser18 reports that, on the average, allyl derivatives 
react under Sn2 conditions some 1600 times faster than 
isopropyl derivatives; the rates of isopropyl derivatives 
can be considered to represent an upper limit for the 
possible Sn2 rates of 2-octyl derivatives. In the pres­
ence of accompanying electrophilic assistance, the 
spread between the rates of nucleophilic attack upon 
allyl bromide and secondary bromides is considerably 
reduced.

Experimental Section

Materials.— Allyl chloride and allyl bromide were purified by 
fractional distillation. Silver nitrate was used as received. 
Acetonitrile and silver perchlorate were purified as described 
previously.2

Kinetic Procedures.—Potentiometric titration to determine 
the concentration of silver ion remaining in solution and titration 
of developed acid, in the presence of silver ion, were carried out

(18) A. Streitwieser, Jr., Chem. Rev., 56, 571 (1956).

as described previously.2 Reaction solutions were prepared by 
appropriate dilution of concentrated stock solutions within 50-ml 
volumetric flasks and, after shaking and temperature equili­
bration, 5-ml aliquots of solution were removed at appropriate 
time intervals. Heterogeneous catalysis by precipitated silver 
bromide was shown to be unimportant by allowing a solution 
initially 0.08 M in both allyl bromide and silver nitrate to re­
act to 50% completion and then showing the subsequent kinetics 
to be identical with those of a solution initially 0.04 M in each 
reactant. Integrated 2.5-order rate coefficients were calculated 
using the appropriate form for the integrated rate equation.2'19 
Four illustrative runs are reported in Table III.

Registry No.— Allyl bromide, 106-95-6; allyl chloride, 107-05-1; 
silver nitrate, 7761-88-8; silver perchlorate, 7783-93-9; aceto­
nitrile, 75-05-8.

(19) W e wish to thank M r. K. C. Kolwyck for writing a computer program 
for this operation and M r. A . W ang for applying the program to the ex­
perimental results.

Onium Ions. V III.1 Selenonium and
Telluronium Ions and Their Comparison with 

Oxonium and Sulfonium Ions

G e o r g e  A. O l a h ,*  J a m e s  J. S v o b o d a , a n d  A l ic e  T. K it

Department of Chemistry, Case Western Reserve University, 
Cleveland, Ohio 1,4106

Received August 7, 1973

A series of trialkyl (aryl) selenonium and telluronium 
ions are known.2 However, neither were acidic sele­
nonium (telluronium) ions previously obtained, nor

(1 ) Part V II : G. A . Olah, J. R . DeMember, Y . K . M o, J. J. Svoboda, 
P. Schilling, and J. A . Olah, J. Amer. Chem. Soc., in press.

(2) For a summary and references see H . Reinboldt in "H ouben-W eyl 
Methoden der Organischen Chemie,”  Vol. 9, Georg Thieme Verlag, Stutt­
gart, 1955, pp 1034, 1975.
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T a b l e  I

P m r  P a r a m e t e r s  o p  S e l e n o n i u m  I o n s  a n d  P a r e n t  S e l e n i d e s 6

Registry no. Solvent SeH Hi Hs

7783-07-5 H2Se c s 2 -0 .2 5
42423-18-7 H3Se + HF (excess )-BF3 5.80 (s)

593-79-3 (CH3)2Se S02 1.66
42423-19-8 (CH3)2SeH + FS03H-SbF5-S 0 2 4.50 (sp) 2.96 (d,

J = 7 .0 Hz)
7101-31-7 (CH3)2Se2 S 02 2.26

42493-34-5 (CH3)3Se+ ° S02 2.70
627-53-2 (CH3CH2)2Se S 02 2.41 (q) 1.30 (t,

J = 7 Hz)
42423-22-3 (CH3CH2)2SeH + FS03H-SbF5-S 0 2 4.40 (p) 3.77 (p) 2 . 0 0  ( t )

42493-35-6 (CH3CH2)3Se+ 0 S02 3.20 (q) 1.40 (t)
° As fluorosulfate salts. b s =  singlet, d =  doublet, t = triplet, q = quartet, p =  pentuplet, sp = septuplet.

were any of these onium ions studied by nmr spectros­
copy.

To extend our study of onium ions, we prepared and 
studied the selenonium ion (H3Se+), as well as a series 
of acidic secondary alkylsclenonium and telluronium 
ions R2Se(Te)H+ in superacid solution. We also pre­
pared and isolated a series of trialkylselenonium and 
-telluronium ions as well as trialkylsulfonium ions as 
their fluorosulfate salts. A comparative study of all 
onium ions by pmr spectroscopy was carried out.

Results and Discussion

Hydrogen selenide is very easily oxidized to elemental 
selenium. As a result, fluoroantimonic acid (HF- 
SbF6) and “ Magic Acid” (FSO3H Sbl'Y), generally used 
in preparation of acidic onium ions, cannot be used, 
since they both oxidize hydrogen selenide. We have 
found, however, that hydrogen selenide can be pro- 
tonated without oxidation by HF-BF3, in excess HF 
solution.

H2Se +  HF +  BF3 — >- H3Se+BF4-

The selenonium ion formed in this way at —70° 
showed a singlet pmr absorption at 8 5.8, deshielded 
by 6.1 ppm from the absorption of parent H2Se.

Hydrogen selenide used in the preparation of the 
selenonium ion was obtained by the hydrolysis of alu­
minum selenide, Al2Se3.

Alkyl selenides are much more stable to oxidation 
than hydrogen selenide, and can be protonated in 
FSO3H- Sblq-SCb solution. The dimethylselenonium

FSOaH-SbFs
IhSe----------------- s- R2SeH+

SO2, - 6 0 °

ion (protonated dimethyl selenide) shows in its pmr 
spectrum the methyl doublet at 8 2.90 (J =  7.0 Hz) 
and the SeH septet at 5 4.50 (J = 7.0 Hz). A double 
irradiation experiment showed that the doublet and 
septet are coupled. The pmr spectrum also shows an 
unidentified small doublet at 8 3.50 and a singlet at 8 
3.80 for the (CH3)2Se-SbF5 complex (see subsequent 
discussion). The diethylselenonium ion shows the 
methyl triplet at 8 2.00 (J =  7.0 Hz), the methylene 
quintet at 8 3.77, and the SeH quintet at 8 4.40. Pmr 
data of the parent selenium compounds and the cor­
responding selenonium ions are summarized in Table I.

The pmr spectrum of dimethyl selenide in SbF5-  
S02C1F solution at —60° shows a singlet at 8 3.85 of the 
donor-acceptor complex, (CH3)2Se-SbF5.

The acidic, secondary alkyl selenonium ions are re­
markably stable. The pmr spectra showed no signifi­
cant change from — 60 to 65°.

Trialkylselenonium fluorosulfates are conveniently 
prepared by the reaction of dialkyl selenide and alkyl 
fluorosulfate, using 1,1,2-trichlorotrifluoroethane as 
the reaction solvent. Trimethyl selenonium fluorosul-

R2Se +  ROS02F — R3Se+FS03-  (R  = CH3, C2H5)

fate thus prepared is a stable, white solid, mp 83-85°, 
which, when dissolved in liquid sulfur dioxide, exhibits 
a singlet proton nmr absorption at 8 2.7. Triethyl- 
selenonium fluorosulfate was also prepared in the same 
way. It is also a stable, white solid, mp 25-28°. When 
dissolved in liquid sulfur dioxide, triethylselenonium 
fluorosulfate shows the methylene protons at 8 3.2 
(quartet) and the methyl protons at 8 1.4 (triplet).

The parent telluronium ion, H3Te+, could not be 
observed in superacid solution of hydrogen telluride, 
under conditions where the selenonium ion is observed. 
Alkyl tellurides in FS03H-SbF5 solution using S02 as 
a diluent at —60° show deshielded alkyl proton chemi­
cal shifts, as compared with the corresponding dialkyl 
tellurides themselves in S02. This indicates that in 
this medium the tellurides are protonated, but neither 
the proton on tellurium nor its coupling was seen. Us­
ing HF-BF3 in excess HF solution both the >TeH + 
proton and its coupling in secondary alkyl telluronium 
ions can be observed.

R2Te 4 - HF +  BF3 — >  R 2TeH+, IH'v

Alkyltelluronium ions show' well-resolved pmr spec­
tra (Table II). The dimethyltelluronium ion (pro­
tonated dimethyl telluride) shows the methyl doublet 
at 8 2.7 ppm (J = 7 Hz) and the TeH septet at 8 1.6 
ppm. Similarly, the diethyltelluronium ion (pro­
tonated diethyl telluride) shows the methyl triplet at 
8 1.9 ppm, the methylene quintet at 8 3.4 ppm, and the 
TeH multiplet, partially overlapping the methyl triplet, 
at 8 1.6 ppm.

Trialky ltelluronium fluorosulfates were prepared 
similarly to the trialkylselenonium salts from dialkyl 
telluride and alkyl fluorosulfate. Trimethyltelluro-

(CH3 )2Te +  CH30 S 0 2F — >- (CH3)3T e +FS03-

nium fluorosulfate prepared in this way is a stable, light 
yellow salt, mp 130°, which, when dissolved in liquid 
sulfur dioxide, exhibits a singlet HI nmr signal at 8 2.3 
ppm. The triethyltelluronium salt could not be iso­
lated, although prepared in solution it is also quite
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Registry no. Solvent TeH Hi h 2 Hs H t
593-80-6 (CH3)2Te s o 2 1.60 (s)

42422-95-7 (CH3)2TeH + FS0 3H-SbF 6-S 0 2 3.55 (s)
(CH3)2TeH + H F-B F 3 1.6 (sp, 2.70 (d,

/  =  7 Hz) J = 7 Hz)
42493-33-4 (CH 3 )3T e+0S0 2F~ S0 2 2.30 (s)

627-54-3 (CH 3CH2)2Te S 0 2 2.40 (q, 1.30 (t,
J = 7 .5 Hz) J =  7.5 Hz)

42422-97-9 (CH 3CH2)2TeH + FS0 3H-SbF 5-S 0 2 4.35 (q, 2.33 (t,
J =  7.5 Hz) /  =  7.5 Hz)

(CH 3CH2)2TeH + H F-BF 3 1.6 (m) 3 .4  (m) 1.9 (t)
38788-38-4 (CH 3CH 2CH 2CH2)2Te S 0 2 2.48 (t, 1.46 (m) 1.46 (m) 0.80 (t,

J =  7.3 Hz) /  =  7.3 Hz)
42422-99-1 (CH 3CH 2CH 2CH2)2TeH + FS0 3H-SbF 5-S 0 2 4.33 (t, 2.40 (m) 1.96 (m) 1.40 (t,

J =  7.5 Hz) J =  7.5  Hz)
“ Chemical shifts are in parts per million from external TMS. Coupling constants in hertz are given in parentheses following the multi­

plicities: s =  singlet, t = triplet, q = quartet, sp = septuplet, m =  multiplet.

T a b l e  III
C o m p a r is o n  o f  P m r  P a r a m e t e r s  o f  B e l a t e d  O x o n iu m /  S u l f o n iu m /  S e l e n o n iu m , a n d  T e l l u r o n id m  I o n s “

Registry no. +X H Hi h2 •Th—XH
13968-08-6 H30  + 1 0 . 2

18155-21-0 h 3s + 6.60
H 3Se+ 6 5.80

17009-82-4 (CH3)2OH + 9.05 (sp, 4.49 (d) 3.4
J =  3 .4  Hz)

18683-32-4 (CHs)2SH + 6.52 (sp,
J = 8 . 0  Hz)

3.08 (d) 8 .0

(CH3)2SeH + 4.50 (sp, 2.96 (d) 7.0
J = 7 .0 Hz)

(CH3)2TeH + i 
2  1

1 . 6  (sp) 2.70 (d) 7

17009-83-5 (CH 3CH2)2OH + 8.61 (p, 4.73 (0 ) 1.53 (t) 3 .6

2 1
J =  3 .6  Hz)

18682-84-3 (CH 8CH2)2SH + 6.23 (p, 3.57 (p) 1.67 (t) 8 . 0

2 1 +
J =  8 .0  Hz)

(CH 3CH2)2SeH 4.40 (p, 3.77 (p) 2 . 0 0  (t) 7.0

2 1  +
J =  7 .0 Hz)

( C H a C H iV T e H 1 1 . 6  (m) 3 .4  (m) 1.9 (t)
12116-05-1 (CH3)30  + ® 4.12 (s)
42423-04-1 (C H sJ a S + x 3.90 (s)

(CH 3 )3Se+ 2.7  (s)
(CHOsTe+rf 

2  1

2.3 (s)

17950-40-2 (CH sCH 2 )30+® 
2  1

5.1 (q) 2 . 0  (t)

42423-05-2 (CH 3CH 2 )3S+ “
2 1

(CH 3CH 2 )3Se+'i

3 .4  (q) 1 . 8  (t)

3 .2  (q) 1.4 (t)
“ In FS0 3H-SbF 5-S 0 2 solution at —60°, from capillary TMS. Figures in parentheses show multiplicity of peaks: s =  singlet, 

d = doublet, t. =  triplet, q =  quartet, p = pentuplet, sp =  septuplet, o = octet, m =  multiplet. 6 In HF (excess )-B F 3 at —60°. 
c In S0 2 at — 60° as the hexafluorophosphate salt. d In S0 2 at — 60° as the fluorosulfate salt. * Data summarized in G. A. Olah, A. M. 
White, and D. II. O’Brien, Chem. Iiev., 70, 561 (1970), and references cited therein.

stable. No cleavage of the ions in solution is observed 
up to 65°.

The proton on selenium in selenonium ions and on 
tellurium in telluronium ions is considerably more 
shielded than the proton on oxygen in the related 
oxonium ions (5 7.88-9.21) and the proton on sulfur in 
the corresponding sulfonium ions (5 5.80-6.52). For 
comparison, the chemical shifts of the corresponding 
oxonium, sulfonium, selenonium, and telluronium ions 
arc summarized in Table III. There is a consistent 
trend of increasing shielding going from related oxonium 
to sulfonium to selenonium to telluronium ions (which 
is particularly significant when considering the directly

observed protons on heteroatoms). Charge delocaliza­
tion and shielding by increasingly heavier atoms is thus 
indicated.

Experimental Section

Protonation of Dialkyl Selenides and Tellurides in FS03H -
SbF6-S 0 2.— Ca. 200 mg of corresponding dialkyl selenide 
(telluride) was dissolved in about 2  ml of liquid sulfur dioxide and 
added, with good stirring, to a solution of 2 ml of 1: 1:4 FSO3H - 
SbF5-S 0 2 (at about —70°). Part of the resultant solution was 
transferred by precooled pipette to the nmr tube. A TMS 
capillary was inserted and pmr spectra were obtained on a Varian 
Associates Model 56/60A spectrometer.

Protonation of H2Se in HF-BF3 .—Approximately 100 mg of
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H2Se (prepared in a side-arm test tube by hydrolysis of Al2Se3 and 
condensed in dry N2 atmosphere directly into the nmr tube) 
contained in a quartz nmr tube was cooled to —78° in a Dry Ice- 
acetone bath. To the nmr tube was added 1 ml of anhydrous 
hydrogen fluoride and the mixture was agitated to form a clear 
solution. The solution was then saturated with boron trifluoride. 
A TMS capillary was inserted and the pmr spectrum was obtained 
at -8 0 ° .

Protonation of Alkyl Tellurides in HF BF,.—Approximately 1 
ml of anhydrous hydrogen fluoride was placed into a quartz nmr 
tube and cooled to —78° in a Dry Ice-acetone bath. To the 
nmr tube was added 100 mg of alkyl telluride and the mixture 
was agitated to form a clear solution. The solution was then 
saturated with boron trifluoride. A TMS capillary was inserted 
and the pmr spectrum was obtained at —80°.

Trimethylselenonium Fluorosulfate.— To a solution of 11.4 g 
(0.1 mol) of methyl fluorosulfate in 50 ml of anhydrous 1,1,2- 
trichlorotrifluoroethane was added a solution of 9.4 g (0.1 mol) of 
dimethyl selenide in 50 ml of anhydrous 1,1,2-trichlorotrifluoro- 
ethane at room temperature. The mixture was agitated for 10 
min and the white precipitate was filtered off. The product was 
twice washed with 1,1,2-trichlorotrifluoroethane and dried in a 
stream of dry N2, mp 83-85°.

Triethylselenonium Fluorosulfate.—The procedure was similar 
to that used for. the preparation of trimethylselenonium fluoro­
sulfate except that 12.8 g (0.1 mol) of ethyl fluorosulfate and 10.8 
g (0.1 mol) of diethyl selenide were used. In order to isolate the 
product it was necessary to extend the reaction time at 0° to 1 hr, 
after which the white precipitated triethyl selenonium ion was 
isolated as before, mp 25-28°.

Trimethyltelluronium Fluorosulfate.—The procedure was 
similar to that used for the preparation of trimethylselenonium 
fluorosulfate except that 14.3 g (0.1 mol) of dimethyl telluride 
was used, mp 128-130°. All melting points were determined in 
sealed capillary tubes. They are dependent on rate of heating 
(2°/min in the melting range, after having determined it by 
10°/min).

Trimethylsulfonium Fluorosulfate and Triethylsulfonium 
Fluorosulfate.—The preparations used were similar to those of 
the corresponding selenonium ions, using dimethyl and diethyl 
sulfide, respectively. (CH3)3S+S03F _ had mp 174-176° and 
(C2H5)3S+S03F -  had mp 25°.

All isolated onium fluorosulfate salts gave correct elemental 
analyses.

Acknowledgment.—Support of our work by the 
National Institutes of Health is gratefully acknowledged.

Registry No.— Methyl fluorosulfate, 421-20-5; ethyl fluoro­
sulfate, 371-69-7; dimethyl sulfide, 75-18-3; diethvl sulfide, 
352-93-2.

Regiospecific Alkylation of 
Organocopper Enolates

R o b e r t  K .  B o e c k m a n , J r .

from problems of polyalkylation resulting from proton 
transfer. A recent paper by Grieco and coworkers 
prompts us to report our studies in this area.2d

The organocopper enolates (1) generated by the addi­
tion of lithium dialkylcuprates to enones offer the pos­
sibility of eliminating the problems of polyalkylation 
since these are presumably highly covalent and, there­
fore, less likely to undergo proton transfer. One also 
can take advantage of the higher stereoselectivity and 
generally higher yields of 1,4-addition products pro­
duced with the organocopper reagents. We would like 
to report that these intermediate enolates may be 
alkylated regiospecifically in unhindered cases without 
significant amounts of polyalkylation occurring. There 
has been no direct evidence reported as to the struc­
ture of the intermediate (1), but in our experience, as

well as others,2e the unreactivity of 1 under the normal 
alkylation conditions (methyl iodide, ether, 25°) in­
dicates that the structure is best interpreted as an or­
ganocopper enolate. A representative group of cyclo- 
hexenones (Table I) which was studied showed that

T a b l e  I
Reactions Yield ,a,b %

0 0

° Distilled yields. b Analysis by vpc compared with inde-
Departmenl of Chemistry, Wayne State University, pendently prepared samples.

Detroit, Michigan 8̂202

Received June 15, 1973

Regiospecific alkylation of lithium and magnesium 
enolates, generated from enol acetates1 or the 1,4 addi­
tion of Grignard reagents,2 has been known for some 
time. The latter process allows the introduction of 
two different alkyl groups in one synthetic operation. 
However, to varying degrees, these methods suffer

(1) H . O. House and B. M . Trost, J. Org. Chem., 30, 2502 (1968;.
(2 ) (a) G. Stork, G. L. Nelson, F. Rouesac, and O. Gringore, J . Amer, 

Chem. Soc., 93, 3091 (1971); (b) G. Stork, Pure Appl. Chem., 17, 383 (1968); 
(c) P. Hudrlik, Ph.D. Dissertation, Columbia University, 1969; (d) P. A. 
Grieco and R. Finkelhor, J. Org. Chem., 38, 2100 (1973); (e) G. H . Posner 
and J. J. Sterling, J. Amer. Chem. Soc., 95, 3076 (1973).

alkylation can be accomplished regiospecifically and 
in high yield under mild conditions. Significantly, 
no evidence of polyalkylation was found even in the 
presence of excess allyl halides.

One limitation of this method (and presumably that 
of the magnesium enolate also) was encountered. The 
preservation of enolate regiospecificity during alkyla­
tion requires that the rate of alkylation be significantly 
greater than proton transfer. In the case of /3,/3-di- 
substituted enones this criterion is not met. Treat­
ment of did-disubstituted enones under the usual con­
ditions for 1,4 addition followed by alkylation resulted 
in varying amounts of equilibration prior to alkylation. 
As can be seen (Table II), it appears that reduction
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T a b l e  I I
Reactants Products6

41%
(c/t ~ 1:1)

30#
“ Method of synthesis; see ref 6. 6 Analysis by vpc, compared

with independently synthesized samples. c Structure assigned 
by nmr (CH3)2CCH2C (= 0 )C (C H 3)CH2C(==CH2)CHa protons a 
to carbonyl, S 2.61 (1, d, J — 12 Hz), 2.17 (1, A, J = 12 Hz)! 
i Isolated yields.

in the size of the alkyl halide increases the ratio of 
alkylation to equilibration. This suggests that the 
problem lies in steric hindrance retarding the alkylation 
rate rather than the covalent nature of the organo- 
copper enolate. To investigate this hypothesis the 
lithium enolate 2 was generated from enol acetate 33

2 3

(methyllithium, dimethoxyethane, 00) .1 This enolate 
was unreactive when treated with excess allyl iodide 
even in the presence of small amounts of hexamethyl- 
phosphoric triamide (HMPA) (/~20%). If the me­
dium is made sufficiently polar (~ 50%  HMPA) exclu­
sive O-alkylation results producing enol ether 4 (80%). 
The structure of 4 was determined by subjecting the 
enol ether to Claisen rearrangement (at reflux in pyri­
dine) to produce the epimeric 5 (1:1 a/3), identical

with the product of the trapping experiment, whose 
structure was verified by independent synthesis.4 This 
suggests that, when (3 substitution is present, enolate 
equilibration, resulting in loss of regiospecificity, will 
be a major, if not the exclusive, process. This result 
is not altogether surprising considering the steric con- 
jestion in 2 which hinders approach of reagents to C-4.6

(3) J. A . Marshall and A. Hochstetler, J. Amer. Chem. Soc., 91, 648 
(1969).

(4) Prepared by carbométhoxylation of ketone 6 , alkylation (NaH /CK U —  
C H C H 2I), décarbométhoxylation (Lil • 3 H 2 0 /collidine) ; see Experimental 
Section.

(5) One must also recognize that other steric factors in the fused-ring cis- 
decalin system undoubtedly contribute to the inability to alkylate enolate
2.

Further studies will be reported elsewhere concerning 
the reactivity of copper enolates with vinyl ketones.

Experimental Section

All boiling points are uncorrected. Ir spectra were recorded on 
a Perkin-Elmer IR-257 and are reported in cm-1; nmr spectra 
were recorded on a Varian T-60 spectrometer and are reported 
on ppm (5) downfield from TM S. Tetrahydrofuran (TH F), 
p-dioxane, and 1,2-dimethoxyethane (DM E) were dried by 
distillation from lithium aluminum hydride, hexamethylphos- 
phoric triamide by distillation under reduced pressure from 
calcium hydride, and pyridine from barium oxide.

Representative Alkylation Procedure. Preparation of 2,2,3- 
Trimethylcyclohexanone.— A solution of lithium dimethylcuprate 
in anhydrous ether (20 ml) was prepared from purified cuprous 
iodide (Alfa) (760 mg, 4.0 mmol) and 2.3 M methyllithium 
(Ventron) in ether (3.5 ml, 8.0 mmol). After 15 min at 0°, 2- 
methyl-2-cyclohexen-l-one7 (220 mg, 2.0 mmol) in 2 ml of dry 
Et20  was added. The mixture was maintained at 0° with stirring 
for 1 hr. A solution of 5 ml of anhydrous THF and 5 ml of 
anhydrous HMPA was added, followed by rapid addition of 
excess methyl iodide (1 ml). The mixture was allowed to warm 
to room temperature and stirred for 3 hr. The reaction mixture 
was poured into a 10% aqueous ammonium hydroxide solution, 
and the organic layer was separated, washed successively with 
10% ammonium hydroxide, water, and saturated brine, and 
dried over magnesium sulfate. Evaporation of the solvent and 
distillation (Kugelrohr oven 80°) at 24 mm afforded 250 mg 
(92%) of colorless 2,2,3-trimethylcyclohexanone (lit.8 bp 90-100° 
at 100 mm): ir 1705; nmr 1.06 (s, 3), 1.03 (s, 3), 1.02 (broad 
doublet, 3); vpc3 analysis indicated > 97 %  purity (single peak, 
retention time 23 min).

Preparation of cis- and ¿rcms-3-Allyl-cis-9,10-dimethyl-2- 
decalone (5).— cis-9,10-Dimethyl-2-decalone3 (180 mg, 1.0 mmol) 
in 20 ml of anhydrous p-dioxane was treated with sodium hydride 
(washed) (96 mg, 4.0 mmol) and 2.0 ml (23.0 mmol) of dimethyl 
carbonate. The mixture was heated at 85° for 18 hr under 
nitrogen, during which time the solution became deep red. The 
cooled reaction mixture was acidified with aqueous acetic acid 
and poured into water. After extraction with ether (three 
times), the combined organic layers were washed with water, 
dried over magnesium sulfate, and evaporated to an orange oily 
/3-keto ester (204 mg) which exhibited a positive ferric chloride 
test: ir 1745, 1715, 1655, 1615.

A sample of the crude /3-keto ester (473 mg, 1.9 mmol) in 
anhydrous p-dioxane (5 ml) was added to a suspension of sodium 
hydride (48 mg, 2.0 mmol) in 8 ml of dry dioxane. After gas 
evolution ceased (35 min), the deep red solution was treated with 
excess allyl iodide (504 mg, 3.0 mmol), and the mixture was 
heated at 85° for 3 hr under nitrogen. The products were iso­
lated by ether extraction and dried over magnesium sulfate. 
Evaporation of the solvent gave 492 mg of crude /3-keto ester: 
ir 1740, 1710, 1640; nmr 6.20M.80 (m, 3), 3.73 (s, 3), 1.0 (s, 6).

The crude alkylated /3-keto ester (492 mg) was added dropwise 
to a hot (~ 12 0°) solution of lithium iodide trihj'drate (564 mg,
3.0 mmol) in 30 ml of collidine, and the mixture was heated at 
reflux under nitrogen for 5 hr. The organic products were iso­
lated by ether extraction as usual to afford a dark oil. A short 
path distillation (Kugelrohr) at 100° (0.5 mm) gave 318 mg of 
colorless 5: ir 1710, 1640, 915; nmr 6.20-4.80 (m, 3), 1.13, 1.00, 
0.97, 0.78 (C-9, 10 methyl); mass spectrum P+ calcd 230.3620, 
found 230.3615. The spectral data and vpc behavior10 were 
identical with the product of the enolate trapping experiment.

cts-9 , 10-Dimethyl-A12-octal-2-ol Acetate (3).— A solution of 
lithium dimethylcv.prate, from 11.4 g (60 mmol) of cuprous 
iodide and 72 ml (120 mmol) of 1.67 M methyllithium in 150 ml 
of anhydrous ether at 0° under nitrogen, was treated with 10- 
methyl-A1'9-octal-2-one (4.92 g, 30 mmol) in 20 ml of anhydrous 
ether and stirred for 1 hr at 0°. Acetyl chloride (10 ml, excess)

(6 ) G . Stork, M . Nussim, and B. August, Tetrahedron Suppl., 8 , Part I, 
105 (1966).

(7) W . S. Johnson, D . G. Martin, and E. W . Warnhoff, “ Organic Synthe­
ses,’ ’ Collect. Vol. IV , W iley, New York, N. Y ., 1963, p 161.

(8 ) E . C. Horning, M . G. Horning, and E. J. Platt, J . Amer. Chem. Soc., 
71, 1771 (1949).

(9) 2 0 %  SE-30, 6  ft, 100°.
(10) 2 0 %  SE-30, 6  ft, 170°.
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was rapidly added at 0° via syringe (foaming) and the mixture 
was warmed to room temperature and stirred (3 hr).

The crude mixture was filtered free of salts and evaporated. 
Benzene was added and evaporated to remove the last traces of 
acetyl chloride. Distillation of the residue under reduced pres­
sure [Kugelrohr oven temperature 100° (0.5 m m )]3 afforded 6.2 g 
(93%) of colorless 3: ir 1750, 1685; nmr 5.10 (t, /  =  2 Hz, 1),
2.20 (s, 3), 1.10 (s, 6).

cj's- 9 ,10-Dim ethyl-A2’3-octal-2-ol Allyl Ether (4).— A solution of 
methyllithium (1.2 ml of 1.67 M solution, 2.0 mmol) was evapo­
rated under nitrogen stream and 5 ml of anhydrous DM E added 
along with a small amount of triphenylmethane as indicator. A 
solution of 444 mg (2.0 ml) of 3 in 2 ml of DM E was added 
dropwise at 0° (pale pink color remains). Anhydrous HMPA 
(5 ml) was added followed by 1 ml (excess) of allyl iodide at room 
temperature.

The usual ether-water work-up afforded after chromatography 
on silica gel (10 g) and elution with hexane-benzene (9 :1) 325 
mg of enol ether 4 (80% ): ir 1665, 1645; nmr 6.20-4.80 (m, 4),
1.12 (s, 6); mass spectrum P+ calcd 230.3620, found 230.3627.

Rearrangement of Enol Ether (4).— Enol ether 4 (30 mg) was 
heated at reflux in 1 ml of anhydrous pyridine for 20 hr under 
nitrogen. The pyridine was evaporated in vacuo and residue 
taken up in ether, filtered, and evaporated to afford a yellow oil 
(25 mg). Analysis of the material by vpc1(t and tic (silica gel; 
benzene) established the identity of the major product with allyl 
ketone (5).

Acknowledgments. —Acknowledgment is made to the 
donors of the Petroleum Research Fund, administered 
by the American Chemical Society, for support of this 
research.

Registry N o — 3, 22738-17-6; 4, 42449-61-6; ct's-5, 42449- 
62-7; trans-5, 42449-63-8; 2,2,3-trimethylcyclohexanone, 39257-
08-4; 2-methyl-2-cyclohexen-l-one, 1121-18-2; methyl iodide,
74- 88-4; cw-9,10-dimethyl-2-decalone, 5523-99-9; allyl iodide, 
556-56-9; 10-methyl-AI,9-octal-2-one, 826-56-2; acetyl chloride,
75- 36-5.

Palladium(II) -7T-Allyl Complexes. An Improved 
Synthesis of Di-/u-chlorobis(l,3,4,5,6-penta- 

methylbicyclo[2.2.0]hexa-2,5-diene)palladium(II)

G e r a l d  F. K o s e r *  a n d  D a v id  R. St . Cyr

hydrochloric acid.3 When 2 is allowed to react with 
palladium(II) salts and complexes under homogeneous 
conditions in the presence of hydroxylic solvents, it is 
either isomerized to hexamethylbenzene (4 )  (neutral 
media)4 or converted to cyclopentadiene complexes of 
general structure 5 (acid media).5 Shaw and Shaw 
studied the action of methanolic sodium methoxide on 
hexamethylbicyclo [2.2.0 jhexa-2,5 - dienepalladium(II) 
chloride (6) and isolated 1 in low yield (0.41 g of 6 —► 
0.05 g of l ) . 1 However, this approach to 1 is not only 
inefficient but hinges on the manipulation of a highly 
unstable precursor.6

We have found that ir-allyl complex 1 can be iso­
lated in gram quantities by adherence to a simple pro­
cedure: a solution of 2 (commercially available and 
thermally stable7) in dichloromethane is allowed to 
stir heterogeneously with anhydrous 3 at room tem­
perature, the critical reaction variable being time. In 
one experiment, 10.0 g of 2 and 2.0 g of 3 gave, after 
504- hr and column chromatography on alumina, 2.3 
g of 1, a 62% yield of that complex based on starting 
palladous chloride.

The structure of 1 was confirmed by its elemental 
composition (C, H, Cl), by comparison of its spectral 
parameters (ir, nmr) with those published for the 
authentic compound,1 and by its known conversion to 
triphenylphosphine complex 7.1

H,C

Pd 
/  \

Cl Cl 
6

P(C6H5)3

Department of Chemistry, The University of Akron,
Akron, Ohio 44325

Received June 29, 1973

The title compound l , 1 derived from hexamethyl­
bicyclo [2.2.0 ]hexa-2,5-diene (2), is unique among t- 
allyl complexes insofar as it contains two cyclobutene 
rings.2 Even so, a convenient synthesis of 1 has not 
yet been developed. The general procedure of Hiittel 
and Christ for preparing 7r-allyl-palladium(II) com­
plexes is not applicable to the synthesis of 1, since the 
starting alkene must be heated with palladium(II) 
chloride (3 ) in 50% aqueous acetic acid containing

CH2yClNH2C.- 
Pd Yd"— I

V  
1

[PdCl2]„
3

(1) B. L. Shaw and G. Shaw, J. Chem. Soc. A , 602 (1969).
(2) The structure, synthesis, and chemistry of palladium(II)-Tr-allyl 

complexes have been reviewed in detail; see P. M , Maitlis, “ The Organic 
Chemistry of Palladium,” Academic Press, New York, N . Y ., 1971, pp 175- 
252.

The formation of 1 proceeds simultaneously with 
some aromatization of 2 and with reduction of some 
Pd(II) to Pd(0). Material balances and descriptions 
of chromatography fractions for two runs are given in 
Table I. Run 1 was monitored by nmr spectroscopy, 
and the relative quantities (based on 100 mol % ) of 
1, 2, and 4  as a function of time were determined; the 
results are displayed in Figure 1. After about 300 hr 
both the aromatization of 2 and the formation of 1 
were nearly complete, presumably because all starting 
palladous chloride had been consumed.

It seems plausible that Tr-allyl complex 1 arises via 
loss of hydrogen chloride from intermediate complex 
88 while aromatization of 2 is promoted by “ mono­
meric” palladium(II) chloride.

(3) See ref 2, pp 176-177.
(4) C. J. Attridge and S. J. Maddock, J. Organometal. Chem., 26, C65  

(1971).
(5) P. Y . Balakrishnan and P. M . Maitlis, J. Chem. Soc. A , 1721 (1971).
(6 ) H. Dietl and P. M . Maitlis, Chem. Commun., 759 (1967).
(7) W . Schafer and H. Heilman, Angew. Chem., Int. Ed. Engl., 6, 518 

(1967).
(8 ) See ref 2, p 112, for a discussion of Pd(II) complexes of this structural 

type.
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Figure 1.— Relative mole per cents of ir-allyl complex 1, hexa- 
methyl (Dewar benzene) (2), and hexamethylbenzene (4) as a 
function of time.

T a b l e  I
Frac­
tion Solvent Compd Appearance

Run 1“ 
yield, g

Run 2b 
yield, g

A Pentane 2 Clear liquid 2.20 2.42
B Pentane 4 White solid 1.46 3.69
C Methanol Unknown Orange oil 0.63 2.10
D Methanol 1 Yellow solid 0.33 0.40
E Dichloro­ 1 Yellow solid 1 . 0 1.93

F
methane

Pd(0) Black solid 0.09 0.19
“ 5.0 g of hexamethyl (Dewar benzene); 1.0 g of palladous

chloride. 6 10.0 g of hexamethyl (Dewar benzene); 2.0 g of 
palladous chloride.

Experimental Section

General.—Nmr spectra were recorded on a Varian Model A-60 
nmr spectrometer relative to internal TM S. Melting points are 
uncorrected. The elemental composition of 1 was determined by 
Galbraith Laboratories, Inc., Knoxville, Tenn. Hexamethyl- 
bicyclo[2.2.0]hexa-2,5-diene was obtained from K  & K  Labora­
tories and palladous chloride from Alpha Inorganics.

Reaction of Hexamethylbicyclo[2.2.0]hexa-2,5-diene (2) with 
Palladous Chloride. Run 1.— A mixture of 5.0 g (30.9 mmol) of 
2 in 25 ml of dichloromethane and 1.0 g (5.6 mmol) of anhydrous 
palladium(II) chloride was allowed to stir for 502 hr at room 
temperature. At periodic intervals, aliquots were removed for 
nmr analysis and the relative mole per cents of 1, 2, and 4 were 
determined by integration of appropriate proton resonances. 
Each aliquot was returned to the reaction vessel immediately 
after its nmr spectrum had been recorded. At the end of this 
time, the reaction mixture was centrifuged, and 0.09 g (15%) of 
Pd(0) was isolated. The supernatant liquid was subsequently 
concentrated (30°, 75 mm) to a crude oil (5.78 g) which was 
resolved by column chromatography on ca. 120 g of basic alumina 
(refer to Table I).

Run 2.— A mixture of 10.0 g (61.8 mmol) of 2 in 50 ml of di­
chloromethane and 2.0 g (11.2 mmol) of anhydrous palladium(II) 
chloride was allowed to stir undisturbed for 504 hr at room tem­
perature and worked up as described above. Products and 
yields are summarized in Table I.

Characterization of Di-M-chlorobis(l,3,4,5,6-pentamethylbicy- 
clo[2.2.0]hexa-2 ,5-diene)palladium(II) (1 ).— x-Allyl complex 1 
was recrystallized from benzene-petroleum ether (bp 30-60°) to 
give yellow crystals: mp 159-160° (lit.1 mp 170-174°); ir 
(KBr) 1685 cm -1 (C = C ); nmr (C6H6, TM S) t 6.22 (d, 1), 8.45 
Is, 3), 8.55 (m, 3), 8.66 (s, 3), 8.72 (m, 3), 8.75 (s, 3).

Anal. Calcd for [C^HnPdClh: C, 47.60; H, 5.62; Cl, 
11.73. Found: C, 47.60; H, 5.74; Cl, 11.96.

Reaction of 1 with Triphenylphosphine.— A solution of 0.30 g 
(0.5 mmol) of 1 and 0.26 g (1 mmol) of triphenylphosphine in 20 
ml of dichloromethane was allowed to stir for 1 hr at room tem­
perature. The solvent was subsequently removed in vacuo, and 
the crude product (0.40 g) was recrystallized from dichloro- 
methane-petroleum ether to give 7 as pale yellow crystals: mp 
145-147° (lit.1 mp 150-158°); nmr (C6D6) t 7.1 (d, 1), 7.37 (d, 
1), 8.10-8.25 (m, 6), 8.45 (m, 3), 8.64 (m, 3), 8.81 (s, 3). The 
nmr spectrum compares favorably with that reported for 7 in ref 1.

Registry Ko.— l, 33111-51-2; 2,7641-77-2 ; 3,7647-10-1.

Synthesis and Stereochemistry of 
Arylidenepyruvic Acids and Derived 

trcms-a-Bromocinnamic Acids1

E m m a  D ie t z  S t e c h e r ,*  M a r y  J a n e  I n c o r v ia , 
B a r b a r a  K e r b e n , D a n a  L a v i n e , M a r g a r e t  O e n , 

a n d  E m m y  S u h l

Department of Chemistry, Barnard College,
New York, New York 10027

Received February 23, 1973

New arylidenepyruvic acids (la-f) were prepared 
through their salts.2a The appropriate aldehyde con­
densed rapidly with pyruvic acid in the presence of 
base. Table I lists the yellow acids and their methyl 
esters. Furylidenepyruvic acid formed polymeric 
brown tars on heating and on dry storage.

Reimer and coworkers3 concluded that their phenyl- 
substituted benzylidenepyruvic acids all had the trans 
configuration, since, on oxidation with hydrogen 
peroxide in basic solution, iraws-cinnamic acids were 
the only products. Our nmr evidence supports the 
trans structure of 1, Ar =  CelR.

The acids 1 readily formed crystalline, somewhat un­
stable dibromides (2) (only one enantiomer shown). 
By analogy with trans-cinnamic acid dibromide (6), 
we assume them to be erythro compounds.4 When the 
dibromides 2 are heated with water, hydrogen bromide 
is lost with the formation of stable, colorless /3-bro mo­
on ol lactones (3). Lacking uv and ir spectra, Reimer 
identified these as their less stable yellow (3-bromo keto

(1) Acknowledgment is made to the National Science Foundation for 
Undergraduate Research Participation Summer Grants, and to the National 
Cancer Institute, Columbia University, New York, N . Y .,  for grants in sup­
port of this research.

(2) (a) E. D . Stecher and H . F. Ryder, J. Amer. Chem. Soc., 74, 4392
(1952) ; (b) E . D . Stecher and A. Clements, ibid., 76, 503 (1954); (c) E . D. 
Stecher, F. Dunn, and E . Gelblum, ibid., 79, 4748 (1957); (d) E . D . Stecher 
and E . Gelblum, J. Org. Chem., 26, 2693 (1961); (e) E . D . Stecher, A . W a ld -  
man, and D . Fabiny, ibid., 30, 1800 (1965).

(3) M . Reimer, et al., J. Amer. Chem. Soc. (1926—1941). See Table III  
for specific references.

(4) (a) E . Grovenstein, Jr., and D . E . Lee, J. Amer. Chem. Soc., 76, 2640
(1953) ; (b) S. J. Cristol and W . P. Norris, ibid., 76, 632, 2645 (1953).
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T a b l e  I
------- ------------Calcd, % ------------------- - -------------------- Found, %-

Registry no. Ar M p, °C Formula c H Hal or S C H H al or S

ArCH=CHCOCOOH“
42393-06-6 4-ClC6H46 139-140 C10H7ClO3 57.02 3.35 16.84 57.00 3.24 16.98
42393-07-7 2,4-Cl2C6H3 138-139 C10H6Cl2O3 49.01 2.47 28.93 48.92 2.63 28.94
42393-08-8 3,4-Cl2C6H3 135-136 c 10h 6c i2o 3 49.01 2.47 28.93 49.26 2.83 28.64
42393-09-9 2-C4H30 114-115 c 8h 6o 4 57.83 3.64 57.77 3.77
42393-10-2 2-C4H3Sd 127-128 c 8h 6o 3s 52.74 3.31 17.60 52.61 3.33 17.55

ArCH=CHCOCOOCH3“
42393-11-3 4-ClC6H4 116-117 C „H 9C103 58.81 4.04 15.78 59.09 4.05 16.02
42393-12-4 2,4-Cl2C6H3 83-84.5 CnHsCkCb 50.99 3.11 27.37 50.92 3.10 27.41
42393-13-5 3,4-Cl2C6H3 119-121 CuHsCUO, 50.99 3.11 27.37 51.03 3.38 27.60
42393-14-6 2-C4HsO 64.5-65.5 CsH80 4 60.00 4.48 60.58 . 4.56
42393-15-7 2-C4H3S 111-113.5 c 9h 8o 3s 55.09 4.11 16.34 55.28 4.02 16.40

“ All compounds are yellow and have characteristic spectra.2b'd,« 4-Nitrobenzylidenepyruvic acid and ester have already been de­
scribed by us.20 6S. Bodforss, Justus Liebigs Ann. Chem., 609, 117 (1957), analyzed a monohydrate. No melting point was given. 
c E. Friedmann, Helv. Chim. Ada, 14, 783 (1931), reported and analyzed this acid, mp 112=. He found it to decompose unless protected 
from light. d It. E. Miller and F. F. Nord, J. Org. Chem., 16, 1720 (1951), analyzed a hydrate which when dry melted at 128-128.5°.

ArCH-
IO

CBr

!OR

x co /
A (R =  H, CH,)

T a b l e  11“
Ar Br

C = C
\

COCOOR
B (R =  H, CH3)

Registry no. Ar Compd R M p, °C Formula c
-Calcd, % -  

H Hal c
-Found, % -  

H Hal

42393-16-8 4-ClC6H4 A H 140-140.5 Ci0H6BrClO3 41.48 2.09 39.85 41.76 2.19 39.74
42393-17-9 4-ClC6H4 A c h 3 95.5-96.5 CnH8BrC103 43.52 2.66 38.00 43.41 2.43 38.01
42393-18-0 2,4-Cl2C6H3 A H 145-146 CioH5BrCl20 3 37.07 1 .55 46.56 37.12 1.77 46.48
42393-19-1 2,4-Cl2C6H3 A c h 3 135-136.5 C „H 7BrCl20 3 39.09 2.09 44.62 39.30 2.02 44.55
42393-20-4 3,4-Cl2C6H3 A H 145-147.5 Ci0H5BrCl2O3 37.07 1.55 46.56 37.37 1 . 6 8

42393-21-5 3,4-Cl2C6H3 A c h 3 126-127 C „H 7BrCl20 3 39.09 2.09 44.62 38.97 2.18 44.70
42393-22-6 4-CH3OC6H4 A c h 3 78.5-80 C12H,iBr04 48.19 3.71 26.72 48.46 3.94 26.70
42393-23-7 4-CH3OC6H4 B c h 3 77-77.5 Ci2H „B r04 48.19 3.71 26.72 48.52 3.72
42393-24-8 2-C4H3S B c h 3 77-79.5 C9H7Br03S 39.15 2.92 28.94 39.45 2.84 29.18
42393-25-9 4-N 02C6H4 A H 161-161.5 C10H6BrNO5 40.02 2.02 26.64 40.24 2.12 26.67
42393-26-0 4-N 02C6H4 A c h 3 115-116 CiiH8BrN 05 42.17 2.53 25.45 41.98 2.50 25.22
42393-27-1 4-N 02C6H4 B c h 3 100.5-101 CnH8BrN 05 42.17 2.53 25.45 42.10 2.47 25.30
“ /3-Bromoenols and enol ethers (A) are colorless. For the ethers, uv max (CH3OH) 223-230 nm (e 15,000-20,000), ir (CHC13) ca. 

1785 cm-1 (lactone C = 0 ) .  Bromo keto esters (B) are pale yellow, uv max (CH3OH) 340-347 nm (e 17,000-21,000), ir (CHC13) ca. 
1680 (C = 0 )  and 1725 cm-1 (ester C = 0 ) .

Ar.

H"
; c = c Br,

COCOOR

Ar<\ ,COCOOH 
B r - '-C —C 'o H

H Br

L Na.fiO,
2. H-A
3. H ,0+

c = c ;
, Bi-

COO R
5, R = H, CH:i

a, Ar =  4-C1CÄ d, Ar =  4-NO,C,;H,
b, Ar =  2,4 AC .H ;, e, Ar =  2-C„H,0
c, Ar =  3,4-CLC6H, f, Ar =  2-C4H3S

acid tautomers (4, acid form). The latter may be the 
first products formed, and then may change rapidly in 
the hot acid solution to the less soluble lactones. We

separated the tautomer mixture by extraction of an 
ether solution with pH 7.2 phosphate buffer to remove 
the stronger keto acid. The methyl esters of the /3- 
bromobenzylidenepyruvic acids are stable compounds, 
and were prepared by the action of diazomethane on 
the few stable acids, or by long boiling of the lactones 
with methanol-hydrogen chloride. The lactone ethers 
are also stable (see Table II).

In 19542b we offered clear physical proof (uv and ir 
spectra and pK values) of the tautomeric structures (3 
and 4, acid form) both of which had been isolated by 
Reimer in the p-bromo and p-ethoxy series. Because 
the erroneous 0-bromobenzylidenepyruvic acid struc­
tures still appear in the reference literature (Beilstein, 
Chemical Abstracts, 1926-1941), we have listed in 
Table III corrected structures for Reimer’s com­
pounds, with specific references.

Reimer isolated two pure sodium enolates (3, Ar =
4-BrCeH4, 4-C2H5OC6H4; R  = Na) which were not 
oxidized directly by hydrogen peroxide. In weak base 
their solutions slowly turned yellow and, on acidifica­
tion, pure /3-bromobenzylidenepyruvic acids were re­
covered. These were then oxidized rapidly by hydro­
gen peroxide at pH 8.5 to trans-a-bromocinnamic acids
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T a b l e  III 
ArCH-------CBr

I II
O COH

\  /
Registry no. Ar“ M p, °C

42393-28-2 c6h 68 131-132
42393-29-3 4-CH8OC«H46 136
42393-30-6 2-CH3OC6H4“ 173
42393-31-7 3-CH3OC7H4'i 166-167
42393-32-8 3,4-(CH30)2C6H36 158
32544-95-9 4-CH3C6H4' 182
42393-34-0 4-BrC6H4* 144-145
42393-35-1 4-C2H5OC6H4* 148-149
42393-36-2 5-Br ri ri c 

2-CH30 >U±1s
210

42393-37-3 6'Br>C3-CH30 >UH3 137-139

42393-38-4 6 ' B l%  P  tr ,
3,4-(CH30)2 ” 2 162-164

“ These enol lactone structures replace the tautomeric (3-bromo- 
benzylidenepyruvic acid structures erroneously assigned by 
Reimer. See footnote 2b. b M. Reimer, J. Amer. Chem. Soc., 
48, 2454 (1926); 58, 1108 (1936). 6 M. Reimer and M. Howard, 
ibid., 50, 2508 (1928). d M. Reimer and H. Kamerling, ibid., 
55, 4646 (1933). e M. Reimer, E. Tobin, and M. Schaffner, 
ibid., 57, 212 (1935). > M. Riemer and E. Chase, ibid., 60, 2470 
(1938). » M. Reimer and E. Tobin, ibid., 62, 2518 (1940). 
h M. Reimer and A. L. Morrison, ibid., 63,238 (1941).

(5) as the sole products. Although the mechanism of 
lactone formation and opening to 4 is still obscure, the 
above results indicate that 4 is the species which is 
oxidized with preservation of its trans configuration.

By this method Reimer and coworkers prepared the 
tt-bromocinnamic acids (5) from most of the lactones 
in Table III. To justify the assignment of trans 
structure they were often able to prepare the corre­
sponding cis acids (lower melting point)6 by the method 
of Sudborough and Thompson.6 These authors used 
potassium hydroxide in 95% ethanol to eliminate hydro­
gen bromide from erythro-2,3-di bromo-3-phenylbutyric 
acid (frans-cinnamic acid dibromide) (6, Ar = C6H5). 
cfs-a-Bromocinnamic acid (7) predominated in a ratio 
of 7:1, a result explicable by a trans E2 elimination of 
hydrogen bromide. A competing reaction, and at times

erylhro- ArCHBrCHBrCOOH 
6
|oH“,EtOH

cis-ArCH=CBrCOOH +  ArCH=CHBr 
7 8

the only one, was the concerted elimination of carbon 
dioxide and hydrogen bromide from 6 to form /3-bromo- 
styrene (8). The mechanism of styrene formation has 
since been worked out in detail4 and will be discussed 
later.

In new experiments we converted benzylidenepyruvic 
acid dibromides (2) directly to trans-a-bromocinnamic 
acids (5) without the isolation of lactone as inter­
mediate. Thus 2, Ar =  4-CH3OC6H4, in dilute sodium 
carbonate solution, after standing for 1 day or after 
heating at 80° for 1 hr, was oxidized with hydrogen

(5) The configurations of cis- and ¿rans-a-bromocinnamic acids have been
well established by physical and chemical reactions. Reference 4a includes 
a literature review. J. Klein and S. Zitrin, J. Org. Chem., 35, 6 6 6  (1970), 
report the following uv spectra: trans acid, 273 m/x (e 19,000), 217
(17,000); cis acid, * 2 S H 254 m/x (« 9600), 210 (12,000).

(6 ) J. J. Sudborough and K . J. Thompson, J. Chem. Soc., 83, 673 (1903).

peroxide. The sole product, ircros-4-methoxy-a-bromo- 
cinnamic acid, was the same as that obtained from the 
corresponding lactone under the same conditions (mp 
189-190°).7 A concerted trans E2 elimination of hy­
drogen bromide from 2 in basic solution would have 
formed the cis isomer of 4, which on oxidation and 
acidification would have yielded the cfs-a-bromocin- 
namic acid as the only product. To explain our results 
we suggest tentatively that in dilute aqueous base a 
bromide ion is lost from 2 (E l mechanism) forming the 
carbonium ion intermediate (4-CH3OC6H4C +HCHBr- 
COCOO- ) which then loses a proton to form the more 
stable trans anion (4, Ar = 4-CH3OC6H4). This is 
then oxidized to the trans acid 5.

We observed that ¿rans-a-bromocinnamic acids con­
taining strong electron-withdrawing groups (5, Ar =
2,4-Cl2C6H3, Sjd-CkCfiHj, and 4-N02C6H4) prepared in 
this way (Table IV) were not as pure as those in which 
Ar = CeHs or 4-CH3OC6H4, and were probably con­
taminated by cis isomer. We proved that trans-4- 
nitro-a-bromocinnamic acid was accompanied by 31% 
of the cis isomer. We suggest that strong electron- 
withdrawing groups render the intermediate carbonium 
ion less stable, so that some trans E2 elimination takes 
place even in the aqueous medium, forming the cis 
acid.

Further research is needed to substantiate this 
mechanism, but some support is offered by striking 
parallels with results in the conversion of 6, Ar = 
CeHs (sodium salt), to /3-bromostyrene (8). In detailed 
studies two teams of investigators4 found that nonpolar 
solvents favored a concerted trans elimination of 
bromide ion and carbon dioxide with 75-100% of the 
styrene product present as the cis isomer of 8. In 
aqueous solutions 80% of the styrene product was 
trans isomer. To explain the latter, both teams postu­
late the loss of a bromide ion to form a carbonium ion 
intermediate (C6H5C +HCHBrCOO_), which then loses 
carbon dioxide. As in our experiments, electron-with­
drawing substituents on benzene, such as the nitro 
group, reversed the stereochemistry, forming the pure 
cis isomer. They explained this result as due to the ef­
fect of the nitro group in causing carbonium ion de- 
stabilization, thus favoring concerted trans elimination 
even in aqueous solution.

Experimental Section8

Potassium Arylidenepyruvates.—These yellow salts were 
prepared2» from 1 equiv each of purified pyruvic acid and of 
aldehyde and 1.5 equiv of KOH in 50% aqueous CH3OH. 
For the more soluble salts formed from liquid aldehydes, the 
solvent was pure CH3OH. Sodium carbonate in 50% CH3OH 
was used for the preparation of sodium 4-nitrobenzylidene- 
pyruvate as was done previously for the 3-nitro salt.2» Purity 
(85-100%) was determined in pH 7.5 phosphate buffer (0.1 M) 
at the uv max (300-337 nm). Yields were 60-85% . Con­
taminants were potassium pyruvate and the less reactive chloro- 
aldehydes. After one recrystallization from 50% CH3OH the 
purity was 95-100%.

Arylidenepyruvic Acids (1, Table I).— These were prepared 
in 90% yield from the alkali salts.26 Recrystallization was from

(7) M . Reimer, J . Amer. Chem. Soc., 48, 2454 (1926); 6 8 , 1108 (1936).
(8 ) M ost melting points are corrected and were determined in a Hersch- 

berg total immersion apparatus, or a Thomas-Hoover apparatus, with the 
sample inserted 15° below the melting point. Analyses were by Micro- 
Tech, Skokie, 111. U v spectra were obtained on a Beckman D U  or D BG  
instrument, ir spectra on a Beckman IR -5 . Nmr spectra were taken on a 
Varian T-60 instrument, using T M S as internal standard.
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H '7  \ :O O Y  
Y  =  H, CH3

Registry no. Ar Y M p, °C Formula C
—Calcd, % -  

H Hal C
-Found, % — 

H Hal

42393-39-5 4-OlC+b H“ 203-204 C9H6BrC102 41.34 2.31 44.14 41.24 2.45 43.91
42393-40-8 4-ClC6H4 CH;,« 74-75 Ci0H8BrClO2 43.61 2.93 41.91 43.81 2.82 42.01
42393-41-9 2,4-Cl2C6H3 H 223-223.5 C9H5BrCl20 2 36.52 1.70 50.95 36.50 1.78 50.85
42393-42-0 2,4-Cl2C6H3 c h 3 74.5-75.5 Ci0H7BrCl2O2 38.73 2.28 48.65 38.80 2.36 48.47
42393-43-1 3,4-Cl2C6H3 H 188-189 C9H5BrCl20 2 36.52 1.70 50.95 36.93 1.79 50.90
42393-44-2 3,+Cl2C6H3 c h 3 102.5-104 Ci0H7BrCl2O2 38.73 2.28 48.65 38.56 2.34 48.87
42393-45-3 4-N 02C6H4 Hb 211.5-212 C9H6BrN 04 39.72 2 . 2 2 29.36 39.84 2.26 29.38
42393-46-4 4-N 02C6H4 CH36 126.5-127 CioH8BrN 04 41.97 2.82 27.93 42.23 2 . 8 8 27.97

“ S. Reich, J. Araus, J. Potok, and H. Tempel, Helv. Chim. Acta, 3, 798 (1920), reported an acid, mp 256°, methyl ester mp 82°. 
b P. Pfeiffer, Ber., 47, 1758 (1914), reported a yellow acid, mp 210°, and an off-white methyl ester, mp 131-132°.

benzene or benzene-acetone. As furylidenepyruvic acid formed 
tars in concentrated solution it was crystallized from a dilute 
ether-petroleum ether (bp 30-60°) mixture: uv max (CH3OH)
300-333 nm (e 15,000-20,000); ir (CHC1S) ca. 1680 (C = 0 ) , 
1770 cm “ 1 (acid C = 0 ) ;  nmr (CC14) 5 7.6 (d, 1, J = 16 Hz),
6.4 (d, 1, J = 16 Hz), trans protons in 1, Ar = CeH5.

Methyl Arylidenepyruvates (1, R =  CH:i) Table I).— These 
yellow esters were prepared with diazomethane in ether solu­
tion.26 A second method for all except methyl furylidenepyr- 
uvate was to reflux the acid or its salt for 30 min with CH3OH -3%  
HC1: uv max (CH3OH) 313-348 nm (e 13,000-22,000); ir 
(CHC13) co. 1680 (C = 0 ) ,  1740 cm-1 (ester C = 0 ) .

3,4-Dibromo-4-aryl-2-oxobutyric Acids (2).— The acids 1 
added bromine rapidly2e in a stirred, dry CHC13 or ether solution 
or suspension at 30°. One half of the solvent was blown off 
with dry N 2 and the rest was removed below 40° in a vacuum 
evaporator. The oily residue crystallized slowly on adding a 
little benzene or hexane. Products were often unstable to re­
crystallization, and some decomposed rapidly in moist air and 
more slowly on dry storage. Yields were 60-88%  and the melt­
ing point varied with the speed of heating. Occasionally, when 
the dibromide did not crystallize overnight, the oil was dehy- 
drobrominated directly.

3-Bromo-2,4-dihydroxy-4-arylcrotonic Acid 7 -Lactones (3, 
Table II).— These colorless compounds were prepared as previ­
ously described2b'° by stirring the melt of the dibromides 2 in 
water at 75 ° for 30-60 min. The suspension was cooled slowly and 
left overnight to increase conversion of the less stable keto acid 
(4, acid form) to the lactone. Isolation of the anhydrous prod­
uct was best achieved by transfer to ether solution and removal 
of the stronger keto acid2b with pH 7.2 buffer (0.1 M KH 2P 0 4-  
Na2HP0 4 ). This acid was then recovered separately by acidifi­
cation and extraction into ether. Lactone fractions gave red 
colors with FeCl3 solution, and keto acid and keto ester frac­
tions gave 2,4-dinitrophenylhydrazone precipitates.9 Spectra 
were characteristic211 (see Table II). Ether solutions were dried 
(M gS04), evaporated, and then dried azeotropically with ben­
zene on a rotating vacuum evaporator. Crystallization was 
from benzene-petroleum ether. The yellow keto acid tautomer 
was more soluble and less stable to heat than the colorless lac­
tone. Typical yields follow: Ar = 4-ClC6H4, 75% lactone 
+  12.5% keto acid; 2,4-Cl2C6H3, 38% lactone +  27.5% keto 
acid; 4 -N 02C6H4, 34.6% lactone +  19% keto acid.

3-Bromo-4-hydroxy-2-methoxy-4-arylcrotonic Acid 7 -Lactones 
(Table II).— The /3-bromoenol lactones were easily converted to 
colorless lactone ethers with diazomethane in ether or THF solu­
tion. Brief treatment of the lactone with CH3O H -3%  HC1 
had no effect, but boiling for 1 hr with this reagent produced the 
methyl /3-bromobenzylidenepyruvate. Recrystallization was 
from benzene or benzene-petroleum ether; uv spectra in CH3OH 
had a maximum from 223 to 230 nm (e 15,000-20,000); ir spec­
tra in CH3CN included a single lactone C = 0  band at about 1785 
cm -1. These are characteristic.211

/3-Bromobenzylidenepyruvic Acids (4 Acid Form, Table II).—  
These were prepared from the benzylidenepyruvic acid dibro­
mides 2 or from the lactones 3 by heating at 80° for 1 hr in dilute

(9) Reference 2e, footnote 9.

2%  Na2C 03 solution at pH 8.5 or on standing at 30° for 1-3 days. 
The deep yellow solutions were cooled, extracted once with ether 
to remove a trace of insoluble /3-bromostyrene, and then acidified 
with HC1 in the presence of fresh ether.' The acids were isolated 
as usual using a vacuum evaporator, and were crystallized from 
benzene or benzene-petroleum ether. These pale yellow acids 
are less stable than the corresponding enol lactone tautomers. 
Reimer isolated the p-bromo and p-ethoxy acids but found that 
they were converted to the lactones on heating above the melt­
ing point, or on dry storage, or on standing in acid solution. 
We found that p-methoxy-/3-bromobenzylidenepyruvic acid, 
obtained by hydrolysis of its methyl ester, changed gradually 
to pure lactone during isolation and recrystallization from 
benzene.

Crude p-chloro-/3-bromobenzylidenepyruvic acid was ob­
tained in 69% yield and melted at 133.5-135°. It was oxidized 
without further purification to the iroms-a-bromocinnamic acid. 
The crude p-nitro acid was formed in 53.5% yield and melted 
at 139.5-141°. After recrystallization the melting point was
144.5-145.5°, but the analysis, though satisfactory in N, was 
1% high in C and 1% low in Br. The methyl ester analyzed 
correctly.

Methyl /3-Bromobenzylidenepyruvates (Table II).— These yel­
low esters were prepared from the few stable /3-bromo keto acids, 
with diazomethane in ether solution, or preferably from the 
lactones 3 boiled for 1 hr with CH3O H -3%  HC1. Those pre­
pared by the latter method were transferred to ether and washed 
free of reagents. Uv spectra in CH3OH have a maximum at 
340-347 nm (e 17,000-21,000); ir spectra have two strong 
C = 0  bands at about 1730 and 1680 cm “ 1. These are charac­
teristic.215'0

irans-a-Bromocinnamic Acids (5, Table IV). A. From the 
Lactones 3.— One gram of lactone was dissolved in 45 ml of 
1.5% K 2C 0 3 solution and heated for 1 hr at 75° to convert it 
to 4. After cooling to 30°, 15 ml of 3%  II20 2 solution neutralized 
with K2C 03 was added. The yellow solution paled rapidly, and 
after 2-16 hr when no further paling took place on adding 10% 
more H20 2, it was acidified with HC1. Yields were 60-80%  
and in most cases the melting point indicated high purity of the 
iro?w-a-bromocinnamic acid formed.

B. From the /3-Bromobenzylidenepyruvic Acids.— When 
these could be isolated in stable form, they were dissolved in 
1.5% K 2C 03 solution and oxidation with 3%  H20 2 as above took 
place rapidly without previous heating.

C. From the Dibromides 2.— It was found possible to omit 
isolation of an intermediate bromo keto acid or lactone. In a 
typical preparation 10 g (0.027 mol) of p-chlorobenzylidenepy- 
ruvic acid dibromide in 210 ml of 2%  K 2C 03 solution was heated 
at 75° for 1 hr. Then, at 30°, 150 ml of neutral 3%  H20 2 was 
added. After 15 hr there was sometimes a small precipitate of 
the sodium cinnamate combined with a trace of 4-chloro-/3- 
bromostyrene. The whole product was transferred to ether with 
HC1 and eventually crystallized from benzene, yield 3.05 g, 
mp 203-204°, with a second crop of 1.05 g, mp 200.5-201.5° 
(total yield 53%), of pure frans-4-chloro-a-bromocinnamic acid 
as the sole product. By contrast, the ira?is-3,4-dichloro acid 
separated as a pure first crop (39%, mp 184-186°) and an impure 
second crop (21%, mp 138-139°). Similar results were obtained
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with 2,4-dichloro-a-bromocinnamic acid. irans-4-Nitro-a-bro- 
mocinnamic acid separated as a pure yellow first crop (56.5%, 
mp 211-212°) and impure further crops which contained off-white 
cis isomer. The acids could not be separated by further re­
crystallization or by column chromatography. Smooth separa­
tion of the two isomers in the form of their methyl esters (pre­
pared by diazomethane in ether solution) was effected on a Si02 
column, using benzene as eluting solvent. Thus a 17.5% yield 
of the cis isomer was recovered (31% of the total product) as 
the methyl ester, mp 79-80.10

Anal. Calcd for CioHsBrNOu C, 41.97; H, 2.82; Br, 
27.93. Found: C, 41.94; H ,2.70; Br, 27.79.

Methyl fro/is-a-Bromocinnamates (Table IV).— These were 
prepared from the acids with diazomethane in ether solution; 
ir spectra in CHC13 contained a single C = 0  band at 1730-1715 
cm“ 1.

(10) P. Pfeiffer (Table IV , footnote b) reports mp 7 9 -8 1 °.

Isolation o f 2-(4-Hydroxybenzyl)m alic Acid 
from  P e ta l o s te m o n  g a tt in g e r i
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Petalostemon gattingeri (Heller) Heller (Leguminosae) 
is endemic to cedar glades and codominant in open 
glade communities.1 In these glades, certain plant 
species display a degree of exclusion from the vicinity 
of Petalostemon that might be attributable, at least 
in part, to metabolites of the plant or to decomposition 
products of plant litter. Such a pattern is particularly 
noticeable in the case of Arenaria patula Michx., ger­
mination of which, under experimental conditions, 
was reduced by an aqueous extract of Petalostemon shoot 
material. Various aspects of the ecological relation­
ship between Petalostemon and Arenaria in the cedar 
glade ecosystem, including allelopathic effects, have 
been studied and will be reported elsewhere. An effort 
has been made to isolate and characterize the inhibitory 
compound (s) from shoot material of Petalostemon, re­
sults of which are presented here.

An extract of shoots of Petalostemon gattingeri was 
washed with ether and subjected to acidic treatment 
in order to cleave glycosidic and other labile linkages. 
Column chromatography on silica gel of ether-soluble 
material obtained from the hydrolysis gave a crystalline 
solid, mp 167-168°, which has been assigned structure 
1 on the basis of spectral and chemical evidence.

OH

CH2C02R'
1, R =  R' = R" =  H
2, R = R' =  CH,; R" = H
3, R =  R' = R" =  CH3
9, R =  R" =  CH3; R' = H

The ultraviolet spectrum of 1 closely resembled that 
of p-cresol. The infrared spectrum suggested the pres­
ence of carboxyl (1725 cm-1) and hydroxyl (3110- 
3480 cm“ 1) groups. A molecular ion was observed 
at m/e 240 in the mass spectrum; high-resolution mass 
measurement indicated the molecular formula CiiHi20 6. 
The base peak of the spectrum (m/e 107) corresponded 
to hydroxy benzyl (or hydroxy tropylium) ion. The 
nmr spectrum contained an A A 'X X ' pattern, indicat­
ing that the compound contained a para-substituted 
ring. The aromatic protons of p-cresol produce a 
similar pattern. The nmr spectrum of 1 also contained 
a broad hydroxyl resonance at 5 6.33 ppm, representing 
four protons, and two methylene resonances. One 
of these was essentially a singlet (6 3.03), whereas the 
other appeared as an AB pair of doublets (6 2.54 and 
2.94) with a coupling constant (geminal) of 16 Hz. 
Both pairs of methylene protons must have diastereo- 
topic environments resulting from the presence of a 
chiral center in the molecule, although it is only clearly 
observed in the latter case. These data account for 
all of the protons and functionality of 1 and can be 
accommodated only by that assignment.

Additional proof of the structure was obtained chemi­
cally. Compound 1 was shown to be a dibasic acid 
by formation of diester 2 on treatment with diazo­
methane. The mass spectrum of 2 indicated that two 
methyl groups had been added (m/e 268, m- +). The 
nmr spectrum of 2 confirmed that two of the hydroxyl 
groups had been transformed into methoxyls. Treat­
ment of 2 with methyl iodide and potassium carbonate 
gave phenolic ether 3 (m/e 282, m-+). Attempted 
derivatization of the tertiary hydroxyl group was un­
successful. Acetic anhydride in pyridine failed to give 
the acetate derivative. Furthermore, 3 was not de­
hydrated by methanolic hydrogen chloride, p-toluene- 
sulfonic acid, or potassium acid sulfate.

An independent synthesis of 3 was undertaken for a 
final confirmation of the structure of 1. Ester acid 
4, obtained by a Stobbe condensation,2 was treated 
with diazomethane to give diester 5. Oxidation of 5 
with osmium tetroxide gave glycol 6, which proved to be 
unstable, lactonizing to 7 during chromatography on 
silica gel. Hydrogenolysis, catalyzed by palladium 
on charcoal, proceeded very slowly in methanol; the 
reaction gave a mixture of two products. Repeated 
efforts to resolve this mixture by liquid chromatography 
were unsuccessful. However, an adequate separation 
was obtained by glc; direct introduction of the glc 
effluent into the mass spectrometer revealed that one 
of the components was the desired ester 3 and was iden­
tical with 3 prepared from 1. The other reduction 
product was tentatively assigned as hexahydroaryl 
derivative 8. The nmr and ultraviolet spectra of the 
unresolved mixture of 3 and 8 confirmed these assign­
ments. The latter spectrum indicated that 3 and 8 
were present in approximately a 60:40 ratio.

It is surprising that hydrogenolysis gave diester 3 
instead of ester acid 9. A probable explanation is 
traces of acid in the palladium on charcoal catalyzed 
esterification, methanol being the solvent. Hydro­
genolysis of benzylic alcohols and their esters can often 
be accomplished without subsequent reduction of the

(1) E . Quarterman, Ecology, 31, 234 (1950). (2) A . M . El-Abbady and L. S. El-Assal, J. Chem. Soc., 1024 (1959).
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aromatic ring;3 however, in the present case the rate 
of the initial reduction was not favorable.

Compound 1 was assayed for germination inhibition 
with seeds of Arenaria patula. A 0.4 mM aqueous 
solution of 1 produced no inhibition of germination, 
but a 5 m l  solution caused 70% inhibition. It is 
somewhat less efficacious than the crude plant extract, 
suggesting that a glycoside or other conjugate of I is 
more inhibitory than 1 itself, or that other inhibitory 
compounds are present in the plant. No evidence is 
available to indicate whether 1 is conjugated with a 
sugar or with some other moiety. Several other frac­
tions of the plant extract inhibited germination of 
Arenaria, but their compositions have not been deter­
mined.

2-Benzylmalic acid has been postulated as an inter­
mediate in the biosynthesis of gluconasturtiin ;4 phal- 
aenopsin (10), which is a conjugate of 2-benzylmalic 
acid with an alkaloid, has been isolated.5

10

Experimental Section

Melting points were taken with open capillaries. Nmr spectra 
were obtained with a 60-MHz Varian A-60 spectrometer. Low- 
resolution mass spectra were determined with an LKB-9000 mass 
spectrometer using direct insertion and glc inlet systems; high- 
resolution mass measurements were performed by the Mass 
Spectrometry Laboratory, Battelle Memorial Institute, Colum­

(3) J. F. W . McOmie in "Advances in Organic Chemistry: Methods and 
Results,”  Vol. 3, R, A . Raphael, E . C. Taylor, and H. Wynberg, Ed., Inter- 
science, New York, N . Y ., 1963, pp 191-294.

(4) T. Geissman and D. H . G. Crout, "Organic Chemistry of Secondary 
Plant M etabolism ," Freeman, Cooper & Co., San Francisco, Calif., 1969, 
p 91.

(5) S. Brandage and B. Luning, Acta Chem. Scand., 23, 1151 (1969);
S. Brandage, I. Granelli, and B. Luning, ibid., 24, 354 (1970).

bus, Ohio. Elemental analyses were performed by Galbraith 
Laboratories, Knoxville, Tenn.

Isolation of 2-(4-Hydroxybenzyl)malic Acid (1).— The shoots of 
Petafostemon gattingeri (600 g), gathered in June 1969 and 1970, 
from a cedar glade near Lavergne, Tenn . , 6 were cut into small 
pieces and ground with 750 ml of H20  in a Waring Blendor for 5 
min. The mixture was filtered through cloth and then through 
Celite. The resulting solution was washed with three 200-ml 
portions of Et20  and refluxed for 2 hr in the presence of 30 g of the 
acidic form of Dowex 50 W -X 8  ion exchange resin. The mixture 
was cooled, filtered, and extracted with Et20  for 48 hr in a con­
tinuous extractor. The ethereal solution was dried (M gS04) and 
evaporated in vacuo. The residual brown oil (0.7 g) was par­
titioned on silica gel. Elution with hexane containing increasing 
amounts of Et20  gave a number of minor components followed by 
the major one, a greenish white solid (0.295 g). Rechromatog­
raphy of the solid gave 0.195 g of 2-(4-hydroxybenzyl)malic acid 
( 1 ); mp 161-166 and 167-168° after, recrystallization from 
Et20-hexane; v (KBr) 3480-3100, 1725 c m '1; Xraax (95% 
EtOH) 228 nm (« 9630), 276 (2490), 282 (2480), 320 (830); nmr 
(CD 3COCD 3 ) 3 2.54 (1 H, d, J =  16 Hz, 3 -o r« -C H 2), 2.94 (2H , 
approx s, a- or 3-CH2), 3.03 (1 H, d, J = 16 Hz, 3- or a-CH i),
6.33 (4 H, broad, hydroxyls), 6.66-7.20 (4 H, A A 'X X ' multiplet, 
p-C6H4); mass spectrum m/e 240 (1.9% , m -+), 222 (1.0), 150
(1.6) , 132 (2.2), 131 (2.7), 107 (100), 94 (2.2), 77 (17.3), 51 (5.9), 
43 (8.1); mass measurement by high-resolution mass spectroscopy 
m/e 240.0633 (calcd for CnHi206, m/e 240.0633). The crystals 
were dried at 25° (0.5 mm) over P 20 3 prior to elemental analysis; 
the analysis indicated the presence of residual H 20 .

Anal. Calcd for CnHi206: C, 55.00; H, 5.04. Calcd for 
CnHi20 6• V 3H20 : C, 53.66; H, 5.19. Found: C, 53.60; H,
5.18.

The Et20  wash of the original aqueous plant extract was shown 
by nmr and glc-mass spectroscopy to contain terpenes; diacid 1  

was not detected.
Treatment of 1 with CH2N2.— A solution of 1 (10.5 mg, 0.044 

mmol) in Et20  was treated for 15 min with excess CH 2N2. 
Chromatography of the product on silica gel (Et20-hexane elu­
tion) gave dimethyl 2-(4-hydroxybenzyl)malate (2) as an oil (8.1 
mg, 70% ): v (neat) 1750-1730 c m '1; nmr7 (CDC13) 6 2.68 (1 H, 
d, J = 16 Hz, 3- or a-CIi2), 2.95 (2 H, ~ s ,  « - or 3-CH2), 3.08 (1 
H, d, J = 16 Hz, 3- or a-CH2), 3.69 (3 Ii, s, OCH3), 3.77 (3 H, s, 
OCH3), 6.69-7.16 (4 H, A A 'X X ' multiplet, p-C6H4); mass 
spectrum m/e 268 (0.8%, m -+), 250 (45), 218 (3.1), 209 (17), 191
(3.3), 177 (7.8), 161 (9.0), 135 (11), 107 (100), 101 (22), 77 (22), 
69 (4.8), 59 (14).

Treatment of 2 with CH3I.—Diester 2 (60 mg, 0.22 mmol), 
CH3I (150 mg), and anhydrous K 2C 0 3 (100 mg) were refluxed in 
5 ml of acetone for 7 hr to give, after microdistillation [bp 100° 
(0.04 mm)], 60.6 mg (95%) of dimethyl 2-(4-methoxybenzyl)- 
malate (3) as an oil: v (CC14) 1745 cm -1; Xmsx (CH 3OH) 225 
nm (c 1 0 ,2 0 0 ), 276 (1700), and 283 (1500); nmr7 (CDC1,) 6 2.64 
(1 H, d, J =  16 Hz, 3- or a-CH,), 2.94 (2 H, s, « -  or 3-CH2), 3.07 
(1 H, d, J = 16 Hz, 3- or a-CH*), 3.68 (3, s, OCH3), 3.75 (3, s, 
OCH3 ), 3.79 (3 H, s, OCH3), and 6.76-7.23 (4 H, A A 'X X ' 
multiplet, p-C6H4); mass spectrum m/e 282 (1.4% , m -+), 264
(5.6) , 223 (2.8), 191 (1.4), 149 (1.4), 121 (100), 101 (2.2), 91
(2.6) , 77 (4.2), 59 (2.5).

Anal. Calcd for C,4H i80 6: C, 59.57; H, 6.43. Found: C,
59.22; H, 6.42.

Oxidation of 5 with O s04.— Diester 5 (1.04 g, 3.94 mmol), 
prepared by esterification of 42 with CH 2N2, was treated w'ith 
Os04 (1.0 g, 3.94 mmol) in C6H5N (30 ml) for 22 hr at 20°. The 
adduct was decomposed by treatment with NaHS0 3 (1.9 g) in 
aqueous pyridine. The mixture was diluted with H20  and 
extracted with CHC13. The extract was dried (M gS04) and 
evaporated. Chromatography of the residue on silica gel (Et20 -  
hexane elution) gave 0.889 g (8 6 % ) of 3-carbomethoxy-3- 
hydroxy-4-(4-methoxyphenyl)butyrolactone (7) as a glass that 
crystallized on lengthy standing at 5°: mp 80-87 and 88.5-90° 
after recrystallization from CH 2Cl2-pentane; v (KBr) 1740 
cm -1; Xmnx (EtOH) 228 nm (« 11,600), 274 (1370), 282
(11,700); nmr (CDC1S) 6  2.88 (1 H, d, J = 18 Hz, CH2), 3.23 (1 
H, d, /  = 18 Hz, CH2), 3.48 (3 H, s, OCH3), 3.79 (3 H, s, OCII3),
4.36 (1, s, OH), 5.42 (1 H, s, CH), 6.76-7.27 (4 H, A A 'X X ' 
multiplet, p-C6H4); mass spectrum m/e 266 (5.6, m -+), 207 (1.4),

(6 ) Comparable specimens are located in the Vanderbilt University 
herbarium.

(7) The sample was too small to observe the hydroxyl signal(s).
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179 (2.9),^137 (100), 136 (15), 135 (22), 130 (7.1), 109 (5.8), 102
(12), 77 (5.7); mass measurement by high-resolution mass spec­
troscopy m/e 266.0807 (calcd for Ci3H u06, 266.0790).

Anal. Calcd for C13H u0 6: C, 58.65; H, 5.30. Found: C, 
58.80; H, 5.43.

Hydrogenolysis of 7 — Lactone 7 (889 mg, 3.3 mmol) and 300 
mg of 10% P d/C  in CH3OH (50 ml) was treated with H2 (3.7 atm) 
for 9 days. The solution was filtered and evaporated in vacuo. 
Chromatography of the residue on silica gel (Et20-hexane elution) 
gave 586 mg of an oil which, although homogeneous by tic, was 
shown by nmr and uv spectra to be a mixture of 3 and another 
component, provisionally assigned as 8. Preparative tic, pre­
parative glc, distillation, and further column chromatography 
failed to separate the components, but an adequate separation on 
an analytical scale could be obtained by glc. Direct introduction 
of the glc column effluent into the mass spectrometer gave spectra 
of the two components.8 The spectrum of 3 was identical with 
the spectrum of trimethylated 1. The spectrum of the second 
component was consistent with the assignment as dimethyl 2-(4- 
methoxycyclohexylmethyl)malate (8): mass spectrum m/e 288 
(0.9%, m-+), 270 (1.3), 256 (13), 229 (15), 197 (77), 179 (15), 165
(16), 161 (16), 123 (72), 117 (36), 101 (34), 95 (55), 81 (100), 71 
(78).

Assay of Germination Inhibition.— The test consisted of placing 
100 Arenaria patula seeds on Whatman No. 1 filter paper in each 
of three Petri plates. Each plate was moistened with 5 ml of an 
aqueous solution of 1. Controls employed 5 ml of distilled, 
deionized H20 . After 2 weeks at 20° under a 12/12 photoperiod, 
germination counts were made. In a test using a 0.4 mM solu­
tion of 1, germination in both the control and the test samples was 
75% ; however, with a 5 m l  solution of 1, 22% germination was 
observed as compared with 73% in the control samples. The 
latter represents an inhibition of 70%.

Acknowledgment.—This work was supported by a 
grant (GB-12439) from the National Science Founda­
tion.

Registry N o — 1, 42151-32-6; 2, 42151-33-7; 3, 42151-34-8; 4, 
42151-35-9; 5, 42151-36-0; 7, 42151-37-1; 8, 42151-38-2;
CH2N 2, 334-88-3; CH3I, 74-88-4; OsO,, 20816-12-0.

(8 ) A  trace of a third component (m /e  296) was observed; it is probably 
an ethyl analog of 7.

A Short Nonannelation Approach to Synthesis 
of Oxygenated Eudesmane Sesquiterpenes

G a r y  H . P o s n e r * a n d  G a r y  L . L o o m is

Department of Chemistry, The Johns Hopkins University, 
Baltimore, Maryland 21218

Received June 21, 1973

Many syntheses of eudesmane sesquiterpenes have 
been accomplished within the past 10 years.1 Most 
approaches have involved constructing the bicyclic 
carbon framework of the decalin system via Robinson 
annelation reactions.2 Although such annelation re-

(1) (a) J. A. Marshall, M . T. Pike, and R. D . Carroll, J. Org. Chem., 31, 
2933 (1966); (b) D . C. Humber, A. O. Pinder, and R . A . Williams, ibid., 
32, 2335 (1967); (c) R . K . Mathur and A. S. Rao, Tetrahedron, 23, 1259 
(1967); (d) C. H . Heathcock and T. R . Kelly, ibid., 24, 1801 (1968); (e) D .
L. Robinson and D . W . Theobald, ibid., 24, 5227 (1968); (f) J. A. Marshall 
and M . T. Pike, J. Org. Chem., 33, 435 (1968); (g) H. M inato and T . Naga­
saki, J. Chem. Soc. C, 622 (1968); (h) J. Naemura and M . Nagasaki, Tetra­
hedron Lett., 33 (1969); (i) for stereochemical relationships in the eudesmane 
group of sesquiterpenes, see W . Cocker and B. H . M cM urry, Tetrahedron, 
8 , 181 (1960); (j) for a review of synthetic approaches to decalin sesquiter­
penes, see J. M . Mellor and S. Munavelli, Quart. Rev., Chem. Soc., 18, 270 
(1964).

(2) (a) E . C. DuFeu, F. J. McQuillin, and R. Robinson, J. Chem. Soc., 
53 (1937); (b) E . D . Bergmann, D . Ginsburg, and R . Pappo, Org. React.,

S c h e m e  I

actions have been thoroughly studied and reviewed, 
they are often low-yield procedures which require sub­
stantial experimentation before optimum conditions 
can be achieved, and they may be subject to stereo­
chemical complications when substituents are present 
in either the Michael donor or the Michael acceptor. 
Recently /3-eudesmol, a simple member of the eudesmane 
class of sesquiterpenes, has been prepared via a stereo­
selective nonannelation approach starting with a naph­
thalene derivative.3 We have extended and generalized 
this type of approach so that various oxygenated (e.g., 
furan and lactone) eudesmane sesquiterpenes can be 
prepared stereoselectively from naphthalene precursors.

Our primary synthetic effort involved developing 
a direct nonannelation synthesis of keto enol ether 1. 
This compound was attractive for several reasons: (1)
the C-l carbonyl group would allow epimerization (and 
possibly alkylation) at C-9; (2) the C-l carbonyl group 
could be easily transformed into a variety of other 
functional groups (e.g., methylene or tertiary alcohol);
(3) the masked C-6 carbonyl group would allow regio- 
selective alkylation of the ¿rans-decalin system at C-7 ; 
and (4) the C-6 oxygen atom could be removed or in­
corporated into furan or lactone rings as, for example, 
in atractylon (6)4 or alantolactone (7).5 We selected 
dienone 2 as immediate precursor to keto enol ether 1 
because dienone 2 is easily prepared from 6-methoxy-l- 
tetralone,6 and it was expected to undergo a conjugate 
addition reaction with lithium dimethylcuprate(I) 
to produce enol ether 1 (Scheme I).7

Dienone 2, prepared in 40% yield from 6-methoxy-

10, 179; (c) J. A . Marshall and W . I. Fanta, J. Org. Chem., 29, 2501 (1904); 
(d) B. P. M undy, J. Chem. Educ., 50, 110 (1973).

(3) (a) J. W . Huffman and M . L. M ole, J. Org. Chem., 37, 13 (1972).
(b) See also R. G. Carlson and E. G. Zey, ibid., 37, 2468 (1972), for a similar 
approach, (c) After submission of this manuscript, we learned that Professor 
R . B. Miller was also pursuing this approach: R . B. Miller and R . D . Nash,
J. Org. Chem. 38, 4424 (1973).

(4) (a) H . M inato and I. Horibe, J. Chem. Soc. C, 1575 (1967); (b) H. 
Minato and T . Nagasaki, ibid., 1866 (1966); (c) H . M inato and T . Naga­
saki, Chem. Commun., 377 (1965).

(5) J. A . Marshall, N, Cohen, and A. R . Hochstetler, J. Amer. Chem. Soc., 
8 8 , 3408 (1966).

(6 ) (a) A. J. Birch, J. A. K . Quartey, and H . Smith, J. Chem. Soc., 1768 
(1952); (b) H . O. House and R. W . Bashe, II, J. Org. Chem., 30, 2942 
(1965).

(7) G. H . Posner, O+g. React., 19, 1 (1972).
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1-tetralon e,6 w as found to be contam in ated b y  abou t 
6 %  of a con ju gated  dienone.8'9

C on ju g ate addition  reactions of organocopper re­
agents h ave been used effectively  to a tta ch  a w ide 
v a r ie ty  of hydrocarbon  groups to the /3-carbon atom  
of m an y ty p e s  of a,/3-ethylenic ketones.7' 10 D ienone 
2, how ever, poses an unusual problem ; the C -5 h y d ro ­
gen atom s, w hich are a llylic  and vin y lo go u sly  a  to  the 
C - l  carbo n yl group, m ay be sufficiently acidic to  be 
a b stracted  b y  the organocopper reagent. I t  was 
gratify in g, therefore, th a t reaction of dienone 2 w ith  a 
large excess of lith iu m  dim eth ylcu prate produced con­
ju g a te  adduct I, w hich  w as isolated in ap p roxim ately  
5 0 %  yield  b y  p rep arative tic using p H  7 buffered plates. 
T h e  n atu re  of th e  rem aining m aterial form ed in  this 
reaction  w as elusive; deuterium  oxide quenching of 
the reaction in the hope of recoverin g d euterated  dienone 
2 led to ad du ct 1 and  an unstable oil and trea tin g  the 
crude reaction products w ith  lith ium  dim eth ylcu prate 
led to no dram atic increase in the am ount of con jugate 
ad d u ct 1. I t  should be n oted  th a t enolate ions form ed 
via  organocopper con jugate addition  to enones h ave 
been trap ped  as enol acetates and enol sily l e th ers101’11 
w hich can be co n verted  to lith ium  en o la tes;llb’ 12 thus 
in d irect a lk y latio n  a t C-9 m ay be possible .13' 14

T o  confirm  the gross stru ctu re of con jugate adduct 
1, this liquid  enol ether w as h yd ro lyzed  in good yield  
to  crystallin e diketone 3. 1,6-D ecaldione 3 has not 
been reported  previously.

T rea tin g  con jugate a d du ct 1 w ith  m ethylenetri- 
ph enylphosphorane15 led upon acidic w ork-up d irectly  
to  enone 4, w hich had spectral properties iden tical w ith  
those of enone 4 prepared p reviou sly  b y  M in ato  and 
H o rib e.4' 16 R eactio n  of adduct 1 w ith  m ethyllith ium  
and then th ion yl chloride in p y rid in e 17 led d irectly  to 
enone 5, w hich had spectral d a ta  iden tical w ith  those 
of enone 5 prepared previously  b y  M arshall, Cohen, 
and H och stetler.5' 18

(8 ) A . J. Birch and K . P. Dastur, Tetrahedron Lett., 4195 (1972).
(9) M . V. R. Koteswara Rao, G. S. Khrishna Rao, and S. Dev, Tetra­

hedron, 22, 1977 (1966).
(10) Several organocopper conjugate additions to octal ones have been

reported: (a) A. J. Birch and R , Robinson, J, Chem. Soc., 501 (1943);
(b) A. J. Birch and M . Smith, Proc. Chem. Soc., London, 356 (1962); (c) J. 
A . Marshall and H . Roebke, J. Org. Chem., 33, 840 (1968); (d) J. A . M ar­
shall, W . I. Fanta, and H . Roebke, ibid,, 37, 1016 (1966); (e) R. E. Ireland,
M . I. Dawson, J. Bordner, and R . E . Dickerson, J. Amer. Chem. Soc., 92, 
2568 (1970); (f) E . Piers, W . de W aal, and R. Britton, ibid., 93, 5113 (1971); 
(g) R. S. Matthews and R. E. Meteyer, Chem. Commun., 1576 (1971).

(11) (a) K . Heusler, J. Kebrle, C. Meystre, H . Ueberwasser, P. Wieland, 
G . Anner, and A. Wettstein, Helv. Chim. Acta, 42, 2043 (1959); (b) G . Stork 
and F. Hudrlick, J. Amer. Chem. Soc., 90, 4462 (1968).

(12) (a) H . O. House, “ Modern Synthetic Reactions,” 2nd ed, W , A. 
Benjamin, New York, N . Y ., 1972, Chapter 9; (b) H . O. House, M . Gall, 
and H . O. Ohmstead, J. Org. Chem., 36, 2361 (1971), and references therein.

(13) Depending on the stereochemistry of C-9 alkylation, an entry might 
be available into the cis-9,10-dimethyldecalin system, which is characteristic 
of valerane sesquiterpenes.

(14) Epoxidation of the initial enol acetate, rearrangement, and elimina­
tion of HOAc might lead ultimately to C - 8  functionalized decalins.

(15) M . Sehlosser and K . F. Christmann, Angew. Chem., Ini. Ed. Engl., 
3, 636 (1964).

(16) W e thank Professor Minato for providing us with a copy of his ir 
spectrum of enone 4.

(17) Thionyl chloride in pyridine is known to favor formation of endo-
cyclic rather than exocyclic olefins: R . M . Coates and R. L. Sowerby, J.
Amer. Chem. Soc., 94, 5386 (1972).

(18) W e thank Professor Marshall for providing us with copies of his ir 
and nmr spectra of enone 5.

The stereochemistry of conjugate adduct 1, of the 
corresponding diketone 3, and of methylene derivative 
4 was determined by nuclear magnetic resonance (nmr) 
spectral data according to the method of Williamson, 
Howell, and Spencer.19 The data are summarized in 
Table I. Since the NW,/, values are substantially

T a b l e  I
N m r  D a t a  f o r  A n g u l a r  M e t h y l  G r o u p s  

in  K e t o n e s  1, 3, a n d  4
Ketone Chemical shift, ppm A IT i/2.a Hz

1 0.80 1.01
3 0.78 1.58
4 0.72 1.05

° The ATTi/, values were determined by using the formula 
ATT./, = 1T i/.(CH.O -  TTi/,(TMS), where TT./2(CH3) is the 
half band width of the angular methyl group and 1T i/ 2(TMS) is 
the half band width of the TMS signal.

larger than 0.25 associated with ds-9-methyldecalins 
and are in the range of those reported for tran s-9-methyl- 
decalins, the methyldecalins 1, 3, and 4 are assigned 
trans ring fusions. It is noteworthy that trans-10- 
methyldecalin (1) is formed stereoselectively under the 
conditions of the conjugate addition reaction.

Because enone 4 has previously been converted to 
isoalantolactone and atractylon (6)4 and enone 5 has 
previously been transformed to telekin and alanto- 
lactone (7),5 our synthesis of 4 and 5 constitutes a for­
mal total synthesis of these four furanoeudesmane and 
eudesmanolide sesquiterpenes. In addition, keto enol 
ether 1 might be a useful intermediate in synthesis of 
other sesquiterpenes containing the 10-methyl-1,6- 
decaldione functionality or derivatives thereof.

Experimental Section

General.— Melting points are uncorrected. The ir spectra 
were determined with a Perkin-Elmer Model 457 ir spectropho­
tometer. Nmr spectra were determined with either a Varian 
A-60 or a Jeol MH-100 spectrometer. The mass spectra were 
determined on a Hitachi Model RMU6 high-resolution mass 
spectrometer. Microanalyses were performed by Chemalyties, 
Inc., Tempe, Ariz. Analytical gas-liquid chromatography 
utilized a Varian Model 1200 gas chromatograph with flame 
ionization detector. Preparative gas-liquid chromatography 
utilized a Varian Model 90-P gas chromatograph with a thermal 
conductivity detector. Thin layer chromatography plates were 
prepared from silica gel PF-254 which was obtained from EM  
Laboratories, Ine.

Methyllithium was obtained as a -~2.0 M  solution in ether 
from Alpha Inorganics and was titrated20 before each use. 
Cuprous iodide was obtained from Fisher Scientific Co. and was 
extracted with tetrahydrofuran and then dried i n  v a c u o  before 
use. Triphenylmethylphosphonium bromide was obtained from 
Aldrich Chemical Co. and was used without further purification. 
Potassium ieri-butoxide was obtained from Alpha Inorganics and 
was sublimed before use.

Preparation of Keto Enol Ether 1.— To a 50-ml three-neck 
flask fitted with two serum stoppers and a T-joint with a nitrogen 
filled balloon attached was added 5.05 g (26.8 mmol) of cuprous 
iodide. The flask was alternately evacuated while being flamed 
and purged with nitrogen from the balloon. To the flask was 
added 19.0 ml of anhydrous ether m'a hypodermic syringe and the 
flask was cooled to 0°. To this stirred suspension of cuprous 
iodide in ether was added 27.0 ml of a 1.98 M  (53.6 mmol) 
methyllithium, followed by 600 mg (3.37 mmol) of enone 2 in 2.0 
ml of anhydrous ether. The reaction mixture was allowed to

(19) K . L. Williamson, T. Howell, and T. Spencer, J. Amer. Chem. Soc., 
8 8 , 325 (1966).

(20) G. M . Whitesides, C. P. Casey, and J. K . Krieger, J. Amer. Chem. 
Soc., 93, 1379 (1971).



N o t e s J . Org . Chem . ,  V ol . 88, N o . 26, 1973 4461

stir for 2.0 hr at 0° after which time it was quenched by cautiously 
pouring it into 100 ml of saturated aqueous sodium bicarbonate. 
The entire mixture was vacuum filtered to remove all solids, the 
ether layer was separated, and the aqueous portion was extracted 
with two additional 20-ml portions of ether. The combined 
ethereal solutions were washed with 50 ml of brine, dried (an­
hydrous potassium carbonate), and concentrated in vacuo to 
afford 654 mg of a yellow oil. Preparative tic on pH 7 buffered 
silica plates21 eluted with 9:1 carbon tetrachloride:ethyl acetate 
gave three distinct bands. The fastest migrating band (72£ «  
0.5) was collected to afford 307 mg (48%) of ketone 1 as a pale 
yellow oil. This material was not further purified for use in 
subsequent reactions: nmr (CDC13) S 0.80 (s, 3 H), 1.20-2.80 
(m, 11 H), 3.45 (s, 3 H), 4.52 (unresolved m, 1 H ); ir (CHC13) 
1715 cm -' (C = 0 ) .

10-Methyldecal-l,6-dione (3).— Preparative tic of ketone 1 
on a nonbuffered silica plate yielded white crystalline material 
of mp 74-77°. Three recrystallizations from hexane containing 
a trace of ether afforded an analytical sample of dione 3 as white 
needles: mp 84-85°; ir (CHC13) 1710 (C = 0 ) ,  1378 (CH3 bend) 
cm “ 1; nmr (CDC13) 5 0.78 (s, 3 H), 1.50-2.82 (m, 13 H); mass 
spectrum (70 eV) m / c  180 (M+), 165 (M+ — CH3), 137 (165 — 
CO), 124, 111,96,95, 55.

Anal. Calcd for CnHi60 2: C, 73.30; H, 8.95. Found: 
C, 73.32; H, 8.98.

Preparation of Ketone 4.— In a 10-ml three-neck flask 555 
mg (1.55 mmol) of triphenylmethylphosphonium bromide and 
150 mg (1.34 mmol) of freshly sublimed potassium ¿erf-butoxide 
were intimately mixed under a nitrogen atmosphere. Anhydrous 
ether (6.0 ml) was introduced and the mixture turned bright 
yellow. To this solution of methylene triphenylphosphorane 
was added 60 mg (0.31 mmol) of ketone 1 in 3.0 ml of anhydrous 
ether and the reaction was allowed to stir at room temperature 
for 10 hr. The reaction was quenched by the addition of 5 ml 
of 1 N hydrochloric acid followed by 5 ml of water. The ether 
layer was separated and the aqueous portion was washed with 
two additional portions of ether. The combined ethereal ex­
tracts were washed with saturated aqueous bicarbonate and 
brine, dried (magnesium sulfate), and concentrated in vacuo 
to afford 293 mg of an oil with traces of solid.22 The yield of 
ketone 4 as determined by glpc23 using hexadecane as an added 
calibrated internal standard was 48%. A pure sample (24 mg, 
43% yield) was obtained by preparative silica gel tic which was 
eluted with 9:1 hexane:ether (_ffif »  0.30): ir (thin film) 3090, 
1713, 1645, 895, 887 cm -'; nmr (CCfi) S 4.48 (s, 1 H), 4.78 (s, 
1 H), 0.72 (s, 3 H), 2.5-0.90 (m, all other protons); mass spec­
trum (70 eV) m/c 178 (M+, base), 163 (M+ -  CH3), 150 (M+ -  
CO), 135, 79.

Preparation of Ketone 5.— Into a 10-ml three-neck flask in 
which a nitrogen atmosphere was maintained was introduced 60 
mg (0.31 mmol) of ketone 1 in 2.0 ml of anhydrous ether. The 
solution was cooled to 0° and 0.5 ml of 2.0 M (1.0 mmol) methyl- 
lithium was added. After stirring for 20 min at 0°, the reaction 
was allowed to warm to room temperature, and 5.0 ml of satu­
rated aqueous sodium bicarbonate was cautiously added. An 
additional 10 ml of ether was added and the organic layer was 
separated. The aqueous phase was extracted with two additional 
10-ml portions of ether. The combined extracts were washed 
with 10 ml of brine, dried (anhydrous potassium carbonate), and 
concentrated in vacuo to afford 64 mg of an oil. This crude 
methyllithium adduct was dissolved in 2.0 ml of freshly dried 
pyridine and to this solution was added 2.0 ml of a solution 
made from 0.4 ml of thionyl chloride in 20 ml of pyridine. The 
reaction mixture was allowed to stir at room temperature for 15 
min after which time it was poured into 15 g of ice and acidified 
with 1 N hydrochloric acid to pH 2. The mixture was extracted 
with two 15-ml portions of ether. The combined ether extracts 
were washed with water, saturated aqueous sodium bicarbonate, 
and brine, dried (magnesium sulfate), and concentrated in vacuo 
to afford 35 mg (70%) of ketone 5 as an oil. A pure sample of 5 
was obtained via preparative gas-liquid chromatography:21 nmr

(21) Plates were prepared in the standard manner except that an aqueous 
solution containing 1%  of a standard pH 7 buffer solution was used in place 
of pure water. These plates were dried at room temperature for at least 24 
hr prior to use.

(22) M ost of this crude material consists of phosphine oxides.
(23) In a 7 ft X  Vs in. SE-30 column at 160° with a helium flow rate of 

45 m l/min.
(24) In a 20 X  5/s  in. QF-1 column at 175° with a helium flow rate of 100 

m l/m in. A  smaller peak « 1 0 % )  was also detected but was not isolated.

(CCh) S 1.70 (s, CH3), 1.00 (s, CH3); ir (thin film) 1712, 1455, 
1265; mass spectrum (70 eV) m/c 178 (M +), 163 (M + — CH3), 
150 (M+ -  CO), 135, 121, 107, 105, 93, 79.
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The preparation of 2-pyridylacetylenes has been 
besieged by sporadic results; for example, dehydro- 
bromination of stilbazole dibromide (2a) has been 
shown to give stilbazole, bromostilbazole, and/or 2- 
phenylethynylpyridine, depending upon reaction con­
ditions. Scheuing and Winterhalder2 were the first to 
isolate 2-phenylethynylpyridine (3a) by treatment of 
the dibromide 2a with refluxing ethanolic potassium 
hydroxide. Attempted repetition of this reaction af­
forded, in one case,3 only stilbazole (la) and an un­
stipulated bromostilbazole, whereas others4 obtained 
3a, bromostilbazole, and a-(2-pyridyl)acetophenone.5 
Recently, Acheson and Bridson,7 utilizing these re­
action conditions,2 obtained 2-phenylethynylpyridine 
(3a) containing at best approximately 30% of bromo­
stilbazole, which was identified as 2-(l-bromo-ws-2- 
phenylvinyl)pyridine. The pure acetylene 3a was 
prepared7 (83%) by using potassium ferf-butoxide, as 
the dehydrobromination reagent, in refluxing tert- 
butyl alcohol.

During the course of our studies, we needed the pre­
viously prepared di(2-pyridyl)acetylene (7a)8 and di(6- 
methyl-2-pyridyl) acetylene (7b). We herein describe 
the preparation of pure 7, as well as the structural 
determination of the major side products, which arise 
when more rigorous conditions2 are utilized.

( 1) This research has been supported by Public Health Service Grant No.
5 -R 0 1 -M S-09930 from the National Institute of Neurological Diseases 
and Stroke, the donors of the Petroleum Research Fund, administered by 
the American Chemical Society, and the Research Corp.

(2) G . Scheuing and L. Winterhalder, Justus Liebigs Ann. Chem., 473, 
126 (1929).

(3) J. W . Blood and B. D. Shaw, J. Chem. Soc., 504 (1930).
(4) T . Katsumoto and A. Honda, J. Chem. Soc. Jap., 84, 527 (1963).
(5) Preparations of other phenylethynyl heterocycles6 have utiliized the 

original, or slightly modified, procedure of Scheuing and Winterhalder. 2 

Analyses of the acetylenic products are generally outside the acceptable 
analytical limits, which are indicative of halogenated contaminants.

(6 ) (a) J. M . Smith, Jr., H. W . Stewart, B. Roth, and E. H . Northey, J. 
Amer. Chem. Soc., 70, 3997 (1948); (b) K . Schofield and T . Swain, J. Chem. 
Soc., 2393 (1949); (c) H . C . Beyerman, W . Eveleens, and Y . M . F. Muller, 
Reel. Trav. Chim. Pays-Bas, 75, 63 (1956); (d) T. Nakashima, Yakugaku 
Zasshi, 77, 1298 (1957); (e) A . I. Kiprianov and G. G . Dyadyusha, Zh. 
Obshch. Khim., 30, 3647 (1960); (f) I. Ernest, Collect. Czech. Chem. Commun., 
25, 748 (1960).

(7) R . M . Acheson and J. N . Bridson, J. Chem. Soc. C, 1143 (1969).
(8 ) D . Jerchel and W . Melloh, Justus Liebigs Ann. Chem., 622, 53 (1959).
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la, R = H 2a, R = H
b, R =  CH=CHC(,H-,

JÛu® +  R
'N
3a, R = H 4a, R = H

Preparation of the di(2-pyridyl) acetylenes basically 
follows the procedure shown in Scheme I. Condcnsa-

S c h e m e  I

b, R = OH., b, R = CH3

tion of picoline with pyridinecarboxaldehyde gave 5a, 
and lutidine with 6-methyl-2-pyridinecarboxaldchyde 
afforded 5b along with a 2:1 product 8 whose trans,trans 
configuration can now be assigned on the basis of the 
lb.h-Hz coupling constant (220 MHz nmr). Bromina- 
tion of 5a and 5b in chloroform or acetic acid gave (79%) 
the dibromides 6a9 and 6b,10 respectively. Owing to the 
insolubility of 6, deuterated dimethyl sulfoxide was 
used in an attempt to obtain their nmr spectra; how­
ever, upon warming to 100°, facile dcbromination oc­
curred, affording the starting olefin 5 with only traces 
of the dibromide.

Dehydrobromination of 6 is extremely sensitive to 
the reaction conditions, with the best conditions being 
the rapid addition of small quantities of the dibromide to 
refluxing methanolic potassium hydroxide, followed by a 
brief 20-30-min reflux period. After the standard 
work-up procedure, yield data in the range of 90-96% 
can be realized. Monobromide products, such as ex­
perienced in the dehydrobromination of 2, were not 
detected under these reaction conditions. Deviation,
e.g., a single addition of 6b, from this procedure re­
sulted in increased quantities of starting olefin, where­
as, under prolonged reflux periods, acetylene 7b under­
went addition of solvent (methanol) forming isomeric 
enol ethers 9 and 10. With calcium carbonate in di- 
methylacetamide, 6b was recovered unchanged after 12 
hr at 60°, but at 90-100° debromination occurred ex­
clusively.

The configurations of the enol ethers were assigned on 
the basis of their nmr spectra. In 9, the trans aryl 
groups approach coplanarity with the double bond; 
thus the 6-methyl substituents (5 2.56 and 2.58) are

(9) G. Harris and G. H . L6 n6 rt, Justus Liebigs Ann. Chem., 410, 95 (1915).
(10) W . Baker, K. M . Buggle, J. F. W . McOmie, and D. A . M . Watkins, 

J. Chem. Soc., 3594 (1958).

6b — ► 7b — ►

subjected to approximately the same environment. Co­
planarity of the cis aryl groups in 10 is not possible 
owing to steric interactions; therefore, one of the 6- 
mcthyl groups (8 2.42 and 2.53) is shifted owing to the 
anisotropy of the neighboring pyridyl ring. The chemi­
cal shifts of the vinyl proton [9 (in aromatic region), 
10 (8 6.08)] and the methoxyl group [9 (5 3.73), 10 (5 
3.88) ] further substantiate the structural assignments.

Hydrolysis of 9 and 10 with dilute acid gave the ex­
pected enol, l ib, which was synthesized according to 
the method of Goldberg, et al.,n from methyl 6-methyl- 
picolinate and 6-methyl-2-picolyllithium. Hydrolysis 
of 10 was essentially complete after 8 hr, whereas 9 
was only partially (33%) hydrolyzed under identical 
conditions. These chemical data are consistent with 
the assigned configuration of the enol ethers.12

Experimental Section13

(.ETl^-DRó-methyl^-pyridybethene (5b).— A mixture of 6- 
methylpyridineearboxaldehyde (50 g, 0.413 mol, Aldrich Chem­
ical Co.), redistilled lutidine (150 ml), and acetic anhydride 
(60 ml) was refluxed for 4 hr. The volatile unreacted starting 
materials were removed in vacuo and the residue was vacuum 
distilled, affording the crude olefin 5b, bp 136-140° (0.5 mm). 
Recrystallization from benzene-cyclohexane gave 44 g (48%) 
of the colorless, crystalline olefin: mp 110-112° (lit.10 mp 111- 
113°); nmr (CDCR) 8 7.7 (H C =C H , s), 2.58 (6-pyr-Me, s).

The residue from the above vacuum distillation afforded, 
upon crystallization from benzene, 1.5 g (2% ) of (i?,2?)-2,6-di[2- 
(6-methyl-2-pyridyl)vinyl]pyridine: mp 132-135° (lit.10 mp 
129-133°); nmr (CDC13, 220 MHz) 8 2.57 (6-pyr-Me, s, 6 H),
7.03 (Hä, d, J = 7.8 Hz, 2 H), 7.30 and 7.305 (H,, H3', Hr,', d, 
./ = 7.8 Hz, 4 H), 7.55 and 7.59 (H4 and H4', t, J = 7.8 Hz, 3 
H), 7.59 and 7.78 (trans H C = C H , d,J = 16.5 Hz, 4 H).

(11) N . N. Goldberg, L. B. Barkley, and R. Levine, J. Amer. Chem. Soc., 
73, 4301 (1951).

(12) Hydrolysis of a mixture of enol ethers 9 and 10 and olefin 5b gave a 
condensation product (i), based on its spectral and analytical data. A t­
tempted repetition of the hydrolysis conditions failed to afford additional 
quantities of i.

(13) Infrared spectra were recorded with a Perkin-Elmer 237B grating 
spectrometer. Nmr spectra were obtained with a Varian A -60A  or H R -220  
(220-M H z) spectrometer and are reported in 5 units (parts per million) rela­
tive to tetramethylsilane as the internal standard. Elemental analyses 
were performed by Mr. Seab in our laboratories. Melting points and boiling 
points are uncorrected.
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(_E)-l,2-Di(2-pyridyl)ethene (5a) was prepared in an identical 
manner, bp 160-180° (1-2 mm), mp 117-119° (lit.9 mp 118- 
119°).

Bromination of (H)-l,2-Di(6-methyl-2-pyridyl)ethene. 
Method A.— To a stirred suspension of 1 g (4.8 mmol) of ( E ) -

l,2-di(6-methyl-2-pyridyl)ethene in 10 ml of chloroform, a solu­
tion of bromine (770 mg, 4.8 mmol) in 10 ml of chloroform was 
added drop wise over 1 hr. During the addition, the crude di­
bromide slowly crystallized, yield 1.4 g (79%), mp 193-195° dec. 
Recrystallization of 6b from ethanol increased the melting point 
to 208-209° dec (lit.10mp 194-196°).

Method B.— Bromination was identical except that acetic 
acid was used as solvent, yield 1.4 g (79%,), mp 184-185° dec. 
Recrystallization of 6b from ethanol increased the melting point 
to 202-203° dec.

l,2-I>i(2-pyridyl)l,2-dibromoethane (6a) was prepared (92%) 
by method A, mp 149-150° (lit.9mp 153-154°).

Di(6-methyl-2-pyridyl)acetylene (7b).— To a refluxing solu­
tion of potassium hydroxide (3 g) in absolute methanol (20 ml), 
the above s o l i d  dibromide 6b (1.0 g) was rapidly added in 50- 
mg (or less) quantities. Potassium bromide instantaneously 
precipitated. The suspension was refluxed for 30 min after 
completion of addition. The solvent was removed i n  v a c u o .  

The residue was dissolved in ice-water and the organic material 
was extracted with ether, washed with a saturated salt solution, 
dried, and concentrated, affording the crude acetylene. Recrys­
tallization from cyclohexane afforded 550 mg (95%) of the white, 
crystalline acetylene: mp 138-139°; nmr (CDC13) 6 2.56 (6- 
pyr-Me, s, 3 H), 7.1-7.9 (pyr H, m, 4 H); Raman (solid) 2215 
cm-1 (sym-aeetylene).

A n a l .  Calcd for C14H12N2: C, 80.74; H, 5.81; N, 13.45. 
Found: C, 80.45; H ,5.78; N, 13.35.

Di(2-pyridyl (acetylene (7a) was prepared in an identical man­
ner in 93% yield,mp 69-71° (lit.8mp 69-70°).

Di(6-methyl-2-pyridyl(acetylene. Rapid Addition and Ex­
tended Reflux Times.— The solid dibromide 6b (4.5 g, 12.2 
mmol) was added rapidly to a refluxing methanolic potassium 
hydroxide solution (6 g/20 ml). The reaction mixture was re­
fluxed for 6 hr and cooled, and the potassium bromide precipitate 
[2.8 g (2.9 g theoretical weight)] was removed by filtration. 
The solvent was removed i n  v a c u o  and ice-water was added; 
the residue was extracted with ether, washed with a saturated 
salt solution, dried, and concentrated, affording a yellow oil,
2.9 g. Upon standing, the starting olefin 5b crystallized as 
white needles, yield 350 mg, mp 110-113° (recrystallized from 
low-boiling petroleum ether, mp 112-113°).

The crude oil (2.55 g) was distilled, affording three major frac­
tions, bp 134-148° (0.6 mm), all of which possess different per­
centages, as quantitatively determined by vpc (10% OV 101 
on Gas-Chrom Q 100-120 mesh, 6 ft X 0.125 in.), of four major 
components, which were isolated by thick layer chromatography 
(Brinkmann silica gel PF, 50% ethyl acetate-50% cyclohexane, 
500 mg).

The fastest moving component was the starting olefin 
5b: R i  0.50; yield 165 mg (33%), 35% v i a  vpc; mp 111-113°;
nmr (C1)C13) b  2.58 (6-pyr-Me, s) and 7.7 (trans H C=C H , s).

The second component was (Z)-l-methoxy-l,2-di(6-methyl-2- 
pyridyl)ethene (9): R t  0.42; yield 200 mg (40%), 45% v i a

vpc; nmr (CDC13) S 2.56 and 2.58 (6-pyr-Me, 2 s, 6 H), 3.73 
(-OMe, s, 3 H), 6.82-8.02 (pyr H and > C = C H , m, 7 H); ir 
(neat) 1640,1580,1460,1330,1310,1080,1020 cm-'.

The third component was di(6-methyl-2-pyridyl)acetylene 
(7b): R i  0.25; yield 5 mg (1%), 1% v i a  vpc: mp 133-137°.

The fourth component was (E)-l-methoxy-l,2-di(6-methyl- 
2-pyridyl)ethene (10): R i  0.06; yield 65 mg (13%), 14% v i a

vpc; nmr (CDC13) 5 2.42 (6-pyr-Me, s, 3 H), 2.53 (6-pyr-Me, 
s, 3 H), 3.88 (-OMe, 3 H), 6.08 (>C =C H , s, 1 H), 6.44-7.6 
(pyr H, m, 6 II); ir (neat) 1640, 1580,1450,1210,1140 cm -'.

A n a l .  Calcd for Ci5Hi6N20  (ethers): C, 74.97; H, 6.71; 
N, 11.66. Found: C, 74.86; H, 6.89; N, 11.58.

Hydrolysis of (jB)-l-Methoxy-l,2-di(6-methyl-2-pyridyl)ethene
(10).— A solution of the E  vinyl ether (55 mg, 0.23 mmol) in 
methanol (10 ml) and 5 N  HC1 (5 ml) was refluxed for 8 hr. 
The solution was cooled, basified with a saturated sodium 
carbonate solution, and extracted with ether. The extract was 
washed with a saturated salt solution, dried over anhydrous 
magnesium sulfate, and concentrated i n  v a c u o ,  giving (100%) 
the yellow crystalline ketone (as enol): mp 122-123°; nmr 
(CDCh) b 2.50 and 2.56 (6-pyr-Me, 2 s, 6 H), 6.7-7.8 (pyr H, 
m, 7 H); ir (KBr) 2500-3500 (-OH, broad), 1645, 1600, 1560, 
1455,1305, 830, 805, 765 cm“1.

A n a l .  Calcd for Ci4Hi4N20 : C, 74.31; H, 6.24; N, 12.38. 
Found: C, 74.33; H, 6.21; N, 12.40.

Hydrolysis of (Z)-l-methoxy-l,2-di(6-methyl-2-pyridyl)ethene
(9) under identical conditions as above afforded the ketone, mp
122-123°, in 33% (nmr and isolated) yield and the unreacted 
Z  enol ether.

Hydrolysis of the enol ethers 9 and 10 in the presence of olefin
5b under identical conditions as above initially afforded a viscous 
oil, which gave colorless crystals upon standing overnight. 
The crystals were recrystallized from ether-petroleum ether 
(bp 30-60°), affording an analytical sample of the tetrapyridyl 
ketone:12 mp 178-179°; R i  0.1 (50% ethyl acetate-50% cyclo­
hexane); nmr (CUC13) 5 2.22, 2.41, 2.51, 2.59 (6-pyr-Me, 4 s, 
3 H each), 2.9-3.15 (-CH2- ,  J  = 7,11 Hz, 2 H), 4.3-4.8 (>C H 2- ,  
J  = 7 ,7  Hz, 1 H), 6.4 (>CH'CO-, J  = 7 Hz, d, 1 H, exchanged 
slowly with D20 ), and 6.6-7.7 (pyr H, m, 12 H); ir (KBr) 
1706 (> C = 0 ) , 1592, 1575, 1457, 1378, 1328, 1292, 1263, 1152, 
1093,992 cm-'.

A n a l .  Calcd for C28H28 N40 : C, 77.04; H, 6.47; N, 12.83. 
Found: C, 76.83; H, 6.72; N, 12.75.

l,2-Di(6-methyl-2-pyridyl)ethanone (11) was prepared (20.6%) 
according to the method of Goldberg, e t  a l . , n  from methyl 6- 
methylpicolinate’4 and 6-methyl-2-picolyllithium, mp 122-123° 
(cyclohexane). The mother liquor afforded, after chromatog­
raphy with cyclohexane-ethyl acetate (3:1), l,2,3-tri(6-methyl- 
2-pyridyl)propan-l-ol:16 bp 167-169° (1.2 mm); nmr (CDC13) 
S 2.40 [l,3-(2-pyr-Me), s, 6 H], 2.45 [2-(2-pyr-Me), s, 3 H],
3.25 (-CH2- ,  d, /  = 11 Hz), 3.56 (-CH2- ,  d, J  = 11 Hz), and
6.7-7.5 (pyr H, m, 9 H).

Registry No.— 5a, 13341-40-7; 5b, 16552-23-1; 6a, 42296-31-1; 
6b, 42296-32-2; 7a, 28790-65-0; 7b, 42296-34-4; 8, 39689-97-9; 
9, 42296-37-7; 10, 42296-38-8; lib, 42296-39-9; i, 42296-36-6;
6-methylpyridine-2-carboxaldehyde, 1122-72-1; 2,6-butadiene, 
108-48-5; 2-picoline, 109-06-8 ; 2-pyridenecarboxaldehyde, 1121- 
60-4; l,2,3-tri(6-methyl-2-pyridyl)propan-l-ol, 42447-96-1.

(14) W . M athes, W . Sauerm ilch, and T . K lein, C h e m . B e r . ,  86, 584 (1953).
(15) A ttem p ted  further purification  was thw arted b y  decom p osition  to  

lu tidine and l,2 -d i(6 -m eth y l-2 -p yrid y l)e th a n on e . A d d ition al ev idence on 
this p oin t w ill be presented in a subsequent com m unication .

Preparation of Cis and Trans Isomers of
4-Phenylcyclohexyl and

4-CyclohexylcycIohexyl Bromides

W. No vis Smith'

D e p a r t m e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  C a l i f o r n i a ,  

B e r k e l e y ,  C a l i f o r n i a

R e c e i v e d  J u l y  5 ,  1 9 7 3

Substituted cyclohexane compounds have been ex­
tensively used in the investigation of steric and con­
formational properties of functional groups, and for 
the elucidation of certain mechanistic aspects of chemi­
cal reactions. For a number of these investigations, 
bulky, inert functional groups having a strong prefer-

(1) Address correspondence to Foote Mineral Co., Exton, Pa. 19341
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ence for equatorial bonding to the cyclohexane ring 
in cases of 1,4 substitution such as ferf-butyl have been 
utilized. 1,4-Substituted cyclohexanes containing either 
the phenyl or cyclohexyl group provide another such 
set of potentially useful compounds. In particular, 
the syntheses and assignments of the stereochemistry 
of the cis and trans isomers of 4-phenylcyclohexyl and
4-cyclohexylcyclohexyl bromides have been accom­
plished. These compounds possess a reactive bromide 
atom which permits ready access to other 4-phenyl and
4-cyclohexyl substituted cyclohexanes, especially by 
way of organometallic syntheses. Only mixtures of
4-phenylcyclohexyl bromides,21* and 4-cyclohexylcyclo- 
hexyl bromides,21* have been reported.

Results2 3
The route initially attempted for the preparation of 

the 4-phenylcyclohexyl bromide isomers was the re­
action of Br2-CCh with the silver salt of fra?is-4-phenyl- 
cyclohexanoic acid,4 but only para aromatic ring bro- 
mination occurred to produce 4-(4-bromophenyl)cyclo- 
hexanoic acid (1), mp 266-267°.

The successful route was the conversion of trans-4- 
phenylcyclohexanol (2a) to a 4-phenylcyclohexyl halide, 
although this was far more difficult than expected. 
(Reaction with hydriodic acid, hydrobromic acid, 
anhydrous HI, SOCl2, SOBr2, PBr5, PC16, POCl3 or PC13 
produced the inorganic esters or starting material.)

Successful reaction of 2a to produce mainly cfs-4- 
phenylcyclohexyl bromide (3b) in 82% yield was only 
accomplished with PBr3 at 80° for 34 hr with inter­
mittent addition of excess HBr gas. (trans-A-tert- 
Butylcyclohexanol responded readily at room tem­
perature with PBr3.) The trans bromide 3a could 
only be obtained pure and in reasonable amounts by 
reaction of iraws-4-phenylcyclohexylmercuric bromide 
(4a) with Br2-pyridine complex. This reaction has 
been shown to be stereospecific by Jensen and Gale.5 
4a was prepared by recrystallization from benzene 
of the mixture of 4-phenylcyclohexylmercuric bromides 
(4a and 4b) obtained by reaction of HgBr2 with the 
Grignard from pure 3b or the crude bromide product 
mixture from the PBr3 reaction. (This 4-phenylcyclo­
hexylmercuric bromide mixture was 88% 4a and 12% 
4b.) Pure cfs-4-phenylcyclohexylmercuric bromide (4b) 
was obtained by recrystallization and chromatography 
of the residue from the benzene mother liquors formed 
in the isolation of 4a. 4b was cleaved by Br2-pyridine 
to give the previously obtained cis bromide 3b. The 
infrared spectra were the same, and the mixture melt­
ing point was not depressed for 3b bromides from both 
sources.

The Grignard reagents from trans bromide 3a and 
from cis bromide 3b were carbonated, and the resultant 
acid mixture was esterified with diazomethane and 
analyzed by glc. 3a gave 99.8% methyl irans-4-phenyl- 
cyclohexanoate (5a), and 3b gave 98.2% trans methyl

(2) (a) M . A . Carissimi, A . C attaneo, R . D ’ A m brosio, E . G rum elli, E.
M illa , and F . R avenna, F o r m a c o ,  E d .  S c i . ,  20 (2 ), 106 (1965); C h e m . A b s t r . ,  
62, 14559ft (1965). (b ) J. V . Braun, G . Irm isch, and J. Nelles, B e r . ,  66B,
1471 (1933).

(3) T aken  from  the dissertation o f  W* N . Sm ith, U niversity  o f  California, 
B erkeley, 1963.

(4) H . E . Zim m erm an and H . J. G iallom bardo, J .  A m e r .  C h e m . S o c . ,  78, 
6259 (1956).

(5) F . R .  Jensen and L . G ale, J .  A m e r .  C h e m . S o c . ,  82, 148 (1960).

ester (5a). 5a had the same infrared spectra with no 
depression of the mixture melting point with authentic 
methyl irans-4-phenylcyclohexanoate prepared from 
the trans acid.4

3a (trans) and 3b (cis) were both reduced selectively 
in glacial acetic acid with H2-P t0 2 to ¿raw.s-4-cyclo- 
hexylcyclohexyl bromide (6a) and cis-4-cyclohexyl- 
cyclohexyl bromide (6b), respectively. (Infrared spec­
tra showed no aromatic hydrogen present in the prod­
ucts.) The reaction of an authentic sample of cis-4- 
cyclohexylcyclohexanol (7b) with PBr3 gave the trans 
bromide 6a. The same reaction with authentic trans 
alcohol 7a gave the cis bromide 6b.

6b (cis) and 6a (trans) bromides produced by reac­
tion with PBr3 had the same ir, nmr, and physical prop­
erties as the corresponding 6b and 6a produced by the 
reduction of the 3b (cis) and 3a (trans) bromides.

The nmr absorptions of the bromide carbon methine 
hydrogen are summarized in the Experimental Section 
for the cyclohexyl bromides prepared in this investiga­
tion, and as expected the cis isomers show this hydrogen 
as a singlet downfield compared to the multiplet found 
for the trans isomers by Jensen and Berlin.6

Discussion

The cis-trans interrelationship of the two 4-phenyl­
cyclohexyl bromide isomers and the two 4-cyclohexyl­
cyclohexyl bromide isomers was shown by intercon­
version using organometallic derivatives and com­
parisons with authentic compounds.

The high preference of the Grignard should be noted 
for equatorial bonding considering that the trans-4- 
phenylcyclohexanoic acid was formed in 98.2% or 
higher purity by the generally accepted stereospecific 
carbonation reaction. The corresponding reaction 
with HgBr2 gave 88% trans isomer, but there are a 
number of possible intermediates formed during reac­
tion that can explain this slightly lower preference.

Experimental Section

General.— All melting points are uncorrected. Nmr spectra 
were run in CS2 with a Varian Model HR-60 nmr spectrometer. 
Ir spectra were obtained with a Beckman IR-4 recording spec­
trometer. Microanalyses were performed by the Microanalysis 
Laboratory, Department of Chemistry, University of California, 
Berkeley. Glc analyses were carried out on a 10 ft X 0.25 in. 
column packed with 10% DECS on 60-80 mesh Chromosorb W. 
All ir spectra were consistent with structure. 4-Cyclohexyl- 
cyclohexanol and 4-ieri-butylcyclohexanol were donated by Dow 
Chemical Co. All solvents were reagent grade unless otherwise 
stated.

as-4-Phenylcyclohexyl Bromide (3b).— To 248.3 g (1.410 mol) 
of (rans-4-phenylcyelohexol7 at —70° was added 134 ml (1.410 
mol) of PBr3. The mixture was stirred, initially warmed to 
80°, and maintained at this temperature for 34 hr with inter­
mittent addition of HBr gas. The reaction mixture was cooled 
and poured into ice-isopentane. The isopentane solution was 
washed with concentrated H2S04, aqueous NaHC03, and H20 , 
then dried over anhydrous MgS04 and filtered. The solvent was 
removed to give 276.8 g (1.20 mol), 82% yield, of impure 4- 
phenylcyclohexyl bromide (cis was the predominant isomer). 
3b was obtained pure by seven recrystallizations from pentane: 
mp 46.2-46.4°; 687 cm“1 (C-Br); nmr (CS2) S 5.54 (s,
=CBrH). A n a l .  Calcd for C,2Hi6Br: C, 60.28; H, 6.32; 
Br, 33.40. Found; C, 60.19; H, 6.27; Br, 33.41.

Zmns-4-Phenylcyclohexylmercuric Bromide (4a).— Triply sub-

(6) F. R . Jensen and A . Berlin, unpublished results.
(7) H . E . U ngnade, J .  O r g . C h e m ., 13, 361 (1948).
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limed Mg (43.7 g, 1.80 mol) and 200 ml of purified Et20  under 
argon were stirred while 348 g (1.46 mol) of 3b in 800 ml of puri­
fied Et20  was added at such a rate as to maintain reflux. The 
solution was stirred for 30 min after addition and then filtered. 
The Grignard solution was added slowly to 548 g (1.60 mol) of 
HgBi'2 in 200 ml of purified Et20  and stirred overnight. (The 
slurry had the consistency of paste at this point.) The slurry 
was then poured into a large excess of H20  and filtered, and the 
solid was air dried. The Et20  filtrate was distilled, and the 
solid remaining was combined with the precipitate. The ma­
terial was divided into two batches, and each was recrystallized 
from c a .  15 1. of benzene. The first crops were pure 4a, mp
182.1-183.0° dec (sealed tube), and weighed 158 g (0.36 mol). 
The benzene solution was evaporated down in stages, taking 
various crops, and the final residue of 00 g was discarded. The 
last crops were recrystallized from EtOH to yield 130 g (0.226 
mol) of impure 4b, mp 109-111°. There was also isolated 158 g 
(0.360 mol) of additional impure 4a. The total yield was 70% 
based on 3b. A n a l .  Calcd for Ci2H45HgBr: C, 32.75; H, 
3.44. Found: C, 32.47; H, 3.48.

ds-4-Phenylcyclohexylmercuric Bromide (4b).— Impure 4b 
from above was recrystallized from EtOH until the melting point 
was 120°. The material was then chromatographed using 
Woelm activity I neutral A120 3 with Et20-benzene as eluent, 
followed by recrystallization from EtOH, mp 134.0-134.3°. 
A n a l .  Calcd for Ci2Hi6HgBr: C, 32.75; H, 3.44. Found:
C, 32.71; H, 3.44.

(rans-4-Phenylcydohexyl Bromide (3a).— After 132.2 g (0.301 
mol) of 4a was dissolved in 500 ml of pyridine, a solution of 15.5 
ml (0.301 mol) of Br2 in 100 ml of pyridine was added slowly with 
stirring over a 15-min period at 25° with cooling. The solution 
was cooled to 15° for 1 hr and then poured into a mixture of ice, 
200 ml of pentane, and 1200 ml of 6 N  HC1. The organic layer 
was separated, washed with NaHS03 solution, washed several 
times with H20 , and dried over anhydrous MgS04. After re­
moval of the pentane, 54.2 g (76% yield) was obtained. After 
recrystallization from pentane, the melting point was 62.8- 
63.2°, rmax 687 cm "1 (C-Br), nmr 5 4.66 (m, =CBrH ). A n a l .  

Calcd for Ci2H16Br: C, 60.28; H, 6.32; Br, 33.40. Found: 
C, 60.04; H, 6.45; Br, 33.43.

Reaction of the Grignard Reagent Prepared from Pure ci's-4- 
Phenylcyclohexyl Bromide (3b) with Mercuric Bromide.— 3b
(12.0 g, 0.0502 mol) in 40 ml of Et20  was added slowly to just 
maintain reflux to 1.80 g (0.0741 mol) of sublimed Mg and 25 ml 
of Et20  under N2. The soln. was refluxed for 1 hr after addition. 
The Grignard formed in 69% yield. This solution was added to
22.6 g (0.0618 mol) of HgBr2 in 50 ml of Et20 . After the mixture 
was stirred for 20 hr, 40 ml of H20  was added, and the precipitate 
was dissolved in benzene, washed with H20 , dried, and filtered. 
After the volume of the filtrate was reduced to 75 ml, 5.28 g of 
4a was isolated and recrystallized, mp 182.5-184.0° dec. The 
impure residue, 5.6 g, was chromatographed over Woelm activity 
I neutral A120 3 with Et20-benzene eluent. The combination of 
the latter fractions gave 1.22 g of 4b, mp 133-134°. The total 
weight of 4-phenylcyclohexylmereuric bromide obtained from 
the Grignard reaction was 10.9 g (72%). 4b, therefore, con­
stituted 12% of the alkylmercuric bromide compounds formed.

Carbonation of the Grignard Reagent from as-4-Phenylcyclo- 
hexyl Bromide (3b).— Sublimed Mg (0.35 g, 0.0144 mol) in 12 
ml of purified Et20  was refluxed and stirred under N2, while 2.00 g 
(0.0084 mol) of 3b in 22 ml of purified Et20  was added slowly. 
The reaction mixture was refluxed for 1.75 hr and poured into an 
Et20-Dry Ice mixture. This mixture was acidified and CH2C12 
was added. The organic layer was washed several times with 
H20  and dried over anhydrous Na2S04; the solvent was removed 
to give 1.59 g (93% yield) of the acids. The ir showed the mix­
ture to be only carboxylic acids. After esterification with CH2N2, 
the ester mixture was analyzed by glc. 5a was found to be 98.2%  
of the total methyl ester mixture. The glc retention time and 
the ir spectra of authentic samples corresponded with those 
obtained by the Grignard carbonation. Pure 5a was obtained 
by recrystallization from pentane, mp 29-31°. The same Gri­
gnard formation and carbonation procedure using irans-4-phenyl- 
cyclohexyl bromide (3a) gave 99.8% 5a after esterification fol­
lowed by glc analyses.

cis-4-Cyclohexylcyclohexyl Bromide (6b).— 7a was obtained by 
the recrystallization of commercial 4-cyclohexylcyclohexanol 
from cyclohexane until the melting point was 103.8-104.2° (lit.3 
mp 103-104°).

To 4.00 g (0.022 mol) of 7a was added 5.96 g (0.022 mol) PBr3

at — 40°. The solution was warmed slowly to room temperature 
and stirred for 3 days. The solution was then poured over ice- 
isopentane. (A large amount of phosphite ester was still present, 
indicating that the reaction had not gone to completion.) The 
yield was 1.81 g (35%), mp 29-32°. A n a l .  Calcd for Ci2H2iBr: 
C, 58.87; H, 8.66. Found: C, 58.76; H ,8.61.

irans-4-Cyclohexyxyclohexyl Bromide (6a).— 7b was prepared 
by the reduction of 21.0 g (0.124 mol) of p-phenylphenol in 150 
ml of HOAc, with H2 and Rh-Al20 3, at 50 psi and 70°. After H2 
absorption ceased, the solution was cooled and poured into H20 . 
The precipitate was dissolved in CH2C12, washed with aqueous 
base, and dried over anhydrous MgS04 and the solvent was re­
moved to yield 19.2 g (85%) of impure 7b. A small amount of 
this alcohol was chromatographed over Woelm activity II 
neutral A120 3 with pentane-Et20  eluent, mp 94.0-94.5° (lit.3 
mp 92-93°).

To 1.05 g (0.0058 mol) of 7b at —40° was added 1.60 g (0.0059 
mol) of PBi'a and the solution was stirred for 3 days at room 
temperature. The solution was poured into ice-pentane, washed 
with concentrated H2S04 and H20 , and then dried over anhy­
drous MgS04. After the solvent was removed, 0.49 g (0.0020 
mol) of 6a was obtained (35% yield). The material could not 
be crystallized at room temperature. A n a l .  Calcd for Ci2H2iBr: 
C, 58.87; H, 8.66. Found: C, 59.17; H, 8.87.

Reduction of the c i s -  and (rans-4-Phenylcyclohexyl Bromides 
(3b and 3a).—To 30 ml of HOAc were added 0.300 g (0.0013 mol) 
of 3a and 0.088 g of Pt02. The Hj pressure was kept at 40 mm 
for 12 hr. The ir spectrum showed complete reduction of 3a 
bromide, and was identical with that prepared using 7b. The 
material could not be crystallized at room temperature, nmr 6
4.56 (m, =CBrH).

The same procedure was used with 3b. The ir spectrum was 
identical with that of the cis bromide 6b prepared from 7a and the 
mixture melting point was not depressed. The yield was 54%, 
mp 33-34°, nmr S 5.40 (s, =CBrH).

Summary of Nmr. Bromide-Substituted Carbon Methine 
Absorption for Cyclohexyl Bromides: ds-4-phenylcyclohexyl
bromide (3b), 5.54 (s); iroms-4-phenylcyclohexyl bromide (3a),
4.66 (m); cfs-4-cyclohexylcyclohexyl bromide (6b), 5.40 (s); 
ircms-4-cyclohexylcyclohexyl bromide (6a), 4.56 (m); axial 
methine in cyclohexyl bromide at —81°, 4.70s (m)6; equatorial 
methine in cyclohexyl bromide at —81°, 5.56s (s).6
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The Addition of Dichloroketene to 
2- Ary I-A 2-oxazolines

Pktur Y . J o h n s o n * a n d  J o h n  W. C a l d w e l l

D e p a r t m e n t  o f  C h e m i s t r y ,  T h e  J o h n s  H o p k i n s  U n i v e r s i t y ,  

B a l t i m o r e ,  M a r y l a n d  2 1 2 1 8

R e c e i v e d  J u l y  1 3 ,  1 9 7 3

Dichloroketene formed by the in situ dehydrohalo- 
genation of dichloroacetyl chloride1 has been shown2 
to react with many Schiff bases to form a,a-dichloro- 
(8-lactams. In our hands, however, many variations 
of this reaction with the substrate 4,4-dimethyl-2- 
pheny 1-A2-oxazoline (1) have not produced the desired 
oxygen-containing penicillin-like lactam, 4, but rather 
a 2:1 ketene diadduct, 3.

(1) L. G hosez, R . M ontaigne, and D . M ollet, T etrah ed ron  L ett., 135 (1966); 
W . T . B rady, H . G . L iddell, and W . L. Vaughn, J .  O r g . C h em ., 31, 626 (1966).

(2) F . D uran and L. G hosez, T etrah ed ron  L ett., 245 (1970).
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S c h e m e  I Scheme II

9, R = H
10, R = NO,

R R R

6, R = NO,

Determination of the structure of 3 was complicated 
by the possible formation of a number of other isomers, 
chiefly 7 and 8. While the absence of protons on the 
ketene dimer portion of the molecule hindered the struc­
ture assignment, the infrared spectra provided some 
information. The presence of a carbonyl absorption 
in the ir at 1809 cm-1 can be rationalized3 only in terms 
of structures 3 or 7, not 8. Also the formation of ester 
9 (Scheme I) by solvolysis of the ketene diadduct in 
warm methanol could result from either isomer 3 or 7. 
The inertness of the diadduct to sodium borohydride 
(Scheme II) in warm ether for 5 days, however, suggests 
structure 3, as the ketone group in 7 would be expected 
to be reduced to an alcohol under the conditions em­
ployed.

Neither changes in the stoichiometry nor alteration 
of the order of reactant addition affected the formation 
of 3, which was the only observed product of either 1:1 
or 2:1 ratios of ketene precursors to substrate and of 
reaction conditions ranging from —78° to reflux in 
cyclohexane, ether, THF, and THF-DM F. When 1:1 
ratios were used, oxazoline 1 could be recovered from 
the reaction mixtures.

Consideration of the reaction mechanism which, 
reportedly,4'6 involves zwitterion 2 led to the idea that

NnBH, _ MeO~, Ano reaction -*------  3 ---------► ¡!
A. 175°

no reaction

destabilization of the benzylic carbonium ion could 
encourage collapse of 2 to give ^-lactam 4 in preference 
to attack by the intermediate on a second molecule of 
ketene. When dichloroketene was treated with ox- 
azoline 5, the p-nitrophenyl derivative of 1, under vary­
ing conditions as mentioned above, only product 6 was 
observed, in direct analogy to the unsubstituted oxa­
zoline.

Dimethyl- and diphenylketene have been reported6'7 
to react with some Schiff bases to form the tetrasub- 
stituted ketene dimers analogous to 3. These have 
been shown6 to undergo a base-catalyzed rearrangement 
to yield piperidincdiones analogous to ketene dimer 7. 
Attempts to rearrange compound 3 to 7 using sodium 
methoxide in refluxing benzene, however, gave only 
methyl ester 11 rather than the expected dione 7, al­
though 7 may have served as an intermediate in this 
reaction. Isomer 3 was found to be thermally stable 
to 175° in the absence of sodium methoxide.

Experimental Section

Melting points were taken with a Thomas-Hoover Uni-Melt 
apparatus and are uncorrected. Infrared spectra were recorded 
on a Perkin-Elmer 457 grating instrument, while nmr data were 
collected on a JOEL MH 100 spectrometer utilizing TMS as 
internal standard. Mass spectra were taken with a Hitachi 
RMU6-D mass spectrometer. Microanalyses were performed by 
Galbraith Laboratories, Knoxville, Tenn.

4,4-Dimethyl-2-phenyl-A2-oxazoline (1) and 4,4-dimethyl-2-p- 
nitrophenyl-A2-oxazoline (5) were prepared by the method of 
Boyd and Hansen,8 and gave satisfactory spectral data.

Synthesis of 8,8-Dichloro-5-dichlorovinylidene-3,3-dimethyl- 
8a-phenyltetrahydrooxazolo[3,2-a]oxazin-7-one (3) and p-Nitro- 
phenyl Analog 6.— Either oxazoline 1 or 5 (0.01 mol) was placed 
in a dry flask equipped with magnetic stirrer, addition funnel, 
condenser, and drying tube. One or two equivalents of freshly 
distilled triethylamine was then added along with 100 ml of dry 
solvent (either, cyclohexane, THF, or THF-DMF). The 
solution was brought to the desired temperature, at which time 
1 or 2 equiv of dichloroacetyl chloride was added slowly. A 
white precipitate, amine hydrochloride, became immediately 
evident. After addition, the mixture was stirred for an additional 
1 hr, at which time a theoretical yield of amine salt was recovered 
by vacuum filtration. About 90% of the solvent was removed 
from the filtrate i n  v a c u o ,  and the resulting liquid was triturated 
with hexane to cause precipitation of the diadduct. after 1 hr at 
0°. Sublimation of the product afforded analytically pure 
material.

For compound 3: yield 90% (average for 0.01-0.03-mol scale); 
mp 91-92°; ir (CCU) 1809, 1660, and 1182 cm % nmr (CCb) 
5 1.08 (s, 3), 1.37 (s, 3), 3.66 (AB pattern, 2), 7.28-7.85 (aro­
matic, 5); mass spectrum9 (70 eV) parent ion at m / e  397; 
chlorine isotope ratio shows four chlorines.

(3) F or a recent article dealing w ith the con troversy  o f  d iaddu ct form a­
tion  in ketene add ition  reactions to  imines see A. H assner and M . J. H ad d a - 
din, J . O rg. C h em ., 38 , 2650 (1973).

(4) H . B . K agan  and J. L . Luche, T etra h ed ron  L ett., 3093 (1968).
(5) R . H uisgen, B . A . D avis, and M , M orikaw a, A n g ew . Chem.., 80 , 802 

(1968); A n g ew , C hem ,, I n t .  E d . E n g l., 7 , 826 (1968) ; W . T . B rad y  and E . D , 
D orsey , J . O rg. C hem ., 3 5 ,  2737 (1970).

(6) A . Hassner, M . J. H addadin , and A. B. L evy , T etrah ed ron  L ett., 1015 
(1973).

(7) J. C . M artin , K . C . B rannock, R . D . B u rp itt, P. G . G ott, and V . A . 
H oy le , J . O rg. C h em ., 36 , 2211 (1971).

(8) R . N . B oy d  and R . H . H ansen, J . A m er . Chem . S oc ., 7 5 ,  5896 (1953).
(9) W e thank D r. C. Fenslau o f  T h e Johns H opkins School o f  H ygien e 

and P u blic H ealth for provid ing us with this spectrum .
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A n a l .  Calcd for CiSH,,Cl,NO,: C, 45.37; H, 3.30; N, 3.53. 
Found: C, 45.37; H, 3.28; N, 3.53.

For 6: yield 85% (average for 0.01-0.03-mol scale); nip 154- 
155°; ir (CCl,) 1809, 1658, 1535, 1350, 1175 cm -'; nmr (CDC1,) 
8 1.10 (s, 3,), 1.46 (s, 3), 3.65 (AB pattern, 2), 7.62-7.92 and
8.10-8.32 (aromatic, 4).

Preparation of 3-Dichloroacetyl-4,4-dimethyl-2-(methyldichlo- 
roacetoxy)-2-phenyloxazolidine (9) and p-Nitrophenyl Analog
10.—(Diadduct 3 or 6 was placed under gentle reflux in an excess 
of methanol for 3 hr. Addition of warm water precipitated the 
methyl esters, which were purified by recrystallization from 
methanol-water.

For oxazolidine 9: yield >95%  on 0.01-mol scale; mp 
192-193°; ir (CCl,) 1755, 1674, 1401, 1070 cm“1; nmr (CCl,) 5

1.39 (s, 3), 1.73 (s, 3), 3.60 (s, 3), 3.76 (AB pattern, 2), 6.34 
(s, 1), 7.20-7.64 (aromatic, 5); mass spectrum (70 eV) no parent 
ion, m / e  285 (-C2CI2O), 181, 104.

A n a l .  Calcd for ClcH,7Cl,NO,: C, 44.78; H, 3.99; N, 
3.26; Cl, 33.05. Found: C, 44.90; H, 3.93; N, 3.17; Cl, 
33.16.

For 10: yield >95%  on 0.01-mol scale; mp 229°; ir (CCl,) 
1756, 1670, 1525, 1415, 1350, 1250 cm“1; nmr (CCl,) 5 1.40 (s,
3), 1.76 (s, 3), 3.68 (s, 3), 3.80 (AB pattern, 2), 6.38 (s, 1), 
7.67-8.32 (aromatic, 4).

A n a l .  Calcd for CltH16Cl,N20 6: C, 40.53; H, 3.41; N, 
5.91. Found: C, 40.40; H, 3.25; N, 5.79.

Methyl-2-dichloromethyl-4,4-dimethyl-2 - phenyloxazolidine -3- 
carboxylic Acid (11).— Compound 3 (0.01 mol) was placed in 50 
ml of dry benzene and brought to reflux. One equivalent of 
sodium methoxide in methanol was added v i a  syringe and the 
reflux was continued for 1 hr. The solvent was removed i n  

v a c u o ,  and the remaining solid was recrystallized from methanol- 
water. For 11: yield 70%; mp 142-143°; ir (CC14) 1691, 1450, 
1380, 1260 cm“1; nmr (CDCU) 5 1.65 (s, 6, broad), 3.48 (s, 3),
3.66 (AB pattern, 2), 6.05 (s, 1), 7.38-7.61 (aromatic, 5). The 
mass spectrum (70 eV) shows a parent ion at m / e  317 containing 
two chlorines (isotope ratio).

A n a l .  Calcd for CuHnChNOs: C, 52.84; H, 5.38; N, 4.43. 
Found: C, 52.97; H, 5.26; N, 4.36.

Ester 9 was also formed in 10% yield from this reaction.
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Acetaldehyde aluminum organo catalyst 

1130
Acetaldehyde ammonia reaction N M R 2931 
Acetaldehyde dimethoxyphosphinylphenyl 

oxime 4208
Acetaldehyde enolate ion condensation 322 
Acetamide naphthyl tetralone oxime 4073 
Acetamidodimethoxybenzylpropionitrile 

anodic reaction 3854 
Acetate enol acetylene 4254 
Acetate methyl redn m echanism  795 
Acetoacetate condensation retro 4081 
Acetolactone bistrifluoromethyl 2269 
Acetolysis azulylalkyl arenesulfonate kine= 

tics 1106
Acetolysis bicyclohèxyl tosylate m echanism  

860
Acetolysis chrom ium  carbonyl complex 1518 
Acetolysis cyclohexylnorbonyl tosylate 4142 
Acetolysis kinetics benzonorbornadienylme= 

thyl tosylate 4350
Acetolysis methanomethenoazulenyl brosylate 

rearrangement 2797 
Acetolysis phenylnorbornyl tosylate 4127 

4134
Acetolysis tosyloxycyclopentane epoxide 

kinetics 4122
Acétonation xylose diphenyl dithioacetal 

187
Acetone diazo Darzens condensation 4216 
Acetone phenyl C laisen Schmidt reaction  

1747
Acetone phenylphenol cyclization 1621 
Acetone reaction arom carbonyl eompd 

3136
Acetonyl group introduction reagent 4082 
Acetonyl photosubstitution benzene halo 

1407
Acetonylphosphonate deeompn ketone 

polymetaphosphate 2721 
Acetophenone nitro reaction acetone 3136 
Acetophenone reductive alkylation 3887 
Acetophenone thionyl chloride pyridine 

1570
Acetoxyepoxystigmastane boron trifluoride 

etherate 1688
Acetoxyethylbicyclononenone 1215 
Acetoxyisobutyryl halide nucleoside reaction  

3179
Acétoxylation naphthalene palladium copper 

4443
Acetoxymethylhomoandrostanyl formate 

1270
Acetoxymethylxanthine rearrangem ent 1291 
Acetoxynaphthalene deriv 3425 
Acetoxypregnanyl tosylate form olysis 1270 
Acetyl chloride reaction 2176 
Acetyladamantane prepn 3447 
Acetyleephalotaxine alkaloid Cephalotaxus 2110
Acetylene addn diaziridine 2984 
Acetylene butyl 1367 
Acetylene carboxylation reagent 4086 
Acetylene deriv arom isocyanide reaction 

1319
Acetylene dibutyl 816 
Acetylene dipyridyl 4461 
Acetylene enol acetate ether 4254 
Acetylene ethoxy cycloaddn ketene 1451 
Acetylene methoxydiphenyl cyanation 1045 
Acetylene phenyl benzoyl I R  2544 
Acetylene phenyl oxidn kinetics 1044 
Acetylene sily l deriv homologation agent 

2254
Acetylenedicarboxylate diazo ketone 825 
Acetylenedicarboxylate ester isocyanide 

reaction 1319

Acetylenedicarboxylate T H F  oxetane addn 
1369

Acetylferrocene ethyl orthoformate addn 
3723

Acid carboxylic hydratocarbonylation olefin 
3192

Acid catalyzed rearrangem ent diazidobenzo= 
quinone 3865

Acid chloride fatty chlorination 3919 
Acid halide ether reaction 64 
Acid magic protonation cyclic anhydride 

3207
Acid sensitive olefin epoxidn 2267 
Acid unsatd iodolactonization kinetics 800 
Acidity pyridine pyrazine 658 
Acridizinium  salts 4167 
Acridizinium  styrene cycloaddn 2917 
Acrolein bromo D iels Alder 3961 
Acrylam ide pentadienyl intramol cycloaddn 

2169
Acrylate naphthylpyridyl oxidative photoey= 

clization 4404
A crylic  acid carboxyalkylthio 3507 
A crylic  acid diphenyl 3737 
A crylic  crotonic acid derivs 1183 
Acrylonitrile dichloro aryl 479 
Acrylonitrile ethylene cycloaddn 2084 
Active ester peptide prepn 1296 
Acyclic alkenes N M R (correction) 4217 
Acyl amino acid 3571 
Acyl amino acid redn 2731 
Acyl dithiosulfite sym unsym 3654 
Acyl ketone acylenol ester dihydrodiazepi= 

none 2939
Acyl protecting group 977 
Acylamino acid  ester 457 
Acylamino acid nitrate ester 1183 
Acylating reagent 174 
Acylation hydroxyaniline phthalic anhydride 

1247
Acylation intramol lactone cyclopentenone 

4071
Acylation ketenimine mechanism 4288 
Acylation m etal enolate 514 
Acylation oxidative nitro eompd (correction) 

4217
Acylation protective alkanol amine 3223 
Acylenol ester acyl ketone dihydrodiazepi= 

none 2939
Acylform ate ethoxyalkenyl ester pyrolysis 

3386
Acylhydroxyl amine arom 1239 
Acyllactone rearrangem ent 3874 
Acylmethylenephosphorane hydrolysis aliph 

ketone 4082
Acyloxyphenol halophenol oxidn acid 1741 
Acylphenylpyrazole 2939 
Adamantane adamantylidene 3061 
Adamantane dehydro 2556 
Adamantane deriv ring enlargement 3455 
Adamantane disubstituted 3447 
Adamantane m ass spectra 1042 
Adamantane oxa analog 2230 
Adamantanone dehydro redn 2556 
Adamantylideneadamantane prepn 3061 
Addn alkadiene iodoperfluoroalkane 3167 
Addn carbonyl m ethylcalcium  iodide 3403 
Addn chlorosulfonyl isocyanate exocyclic 

methylene 1893
Addn cycloheptatrienylidene phenylacetylene 

bicyclononatetraene 2573 
Addn diaziridine acetylene 2984 
Addn ethylene Hammett correlation 1631 
Addn hydroxide benzaldehyde 3164 
Addn isocyanic acid fluoroguanidine 1080 
Addn m echanism  ionic 616 
Addn methyldichlorosilane pentadiene 

stereochem 3353
Addn M ichael sulfilim ine alkene 4324 
Addn organmetallic alkenyloxazine 2136 
Addn reaction propynylalkali 3588 
Addn stereochem 844 
Addn stereochem istry organoaluminum  

ketone 2526
Addn sulfonium ylide diene 2806 
Addn tetrafluoronorbornene polyhalomethane 

stereochem istry 2035 
IK

Addn vinylbenzyl ale butyllithium 2756 
Adduct phenylethylene phenylketene 2147 
Adenine deoxymannofuranosyl 3704 
Adenosine methyl migration mechanism  

2247
Adenosine tosyl elimination didehydro 2896 
Aglycon disaccharide synthesis 202 
Akuammiline model 2882 
Alane alkoxy hydrogenolysis 384 
Alanine cyclohexadiene 621 
Alanine mercapto 126 
Ale amino cleavage enamine 2089 
Ale amino sulfated NM R 1810 
Ale antiMarkovnikov hydroboration 4092 
Ale arom prepn 1738 
Ale ethynyl Rupe rearrangem ent 2103 
Ale oxaziridine iron catalyst 4206 
Ale oxidn cerium  kinetic 1497 
Ale oxidn silver carbonate 2536 
Ale polycyclic 642 
Ale prostaglandin oxidn 1233 
Ale protecting group dihydrocinnamate 

3575
Ale tertiary borane ether 2422 
Ale tetrahomoterpene codling moth 2733 
Aldehyde alkylation 304 
Aldehyde ammonia condensation 3288 
Aldehyde arom 1735 
Aldehyde arom Claisen Schmidt reaction  

1747
Aldehyde arom Darzens condensation 4216 
Aldehyde butyllithium addn 904 
Aldehyde condensation ethylphosphonometh= 

ylphosphinate 1423
Aldehyde isopropenylphosphonium wittig 

reaction 1583
Aldehyde keto pteridine precursor 2073 
Aldehyde ketone 2136 
Aldehyde oxidn kinetics 3348 
Aldehyde synthesis 36 
Aldehyde Tishchenko reaction boric acid  

1433
Aldehyde unsatd hydroformylation 2361 
Aldolase m echanism  2689 
Aldose ketene dithioacetal 187 
Aldoxime hexachlorocyclotriphosphazatriene 

nitrile 1060
Aliph carboxylic acid 2016 
Aliph chloro ketone rearrangem ent 1709 
Aliph ether fluorinated 3025 
Aliph imino thio ester 2242 
Aliph ketone benzil condensation 1749 
Aliph ketone prepn 1418 
Aliph nitrile phénylation 4156 
Aliph nitrosamine reaction organometallic 

2412
Aliph oxo ester 3436 
Aliph sulfoxide ylide alkylation 1798 
Aliph thiol amino 2405 
Aliphatic amine photolysis 1227 
Alkadiene bromination stereochemistry 

4109
Alkadiene iodoperfluoroalkane addn 3167 
A lkali metal redn magnesium alkyl 3718 
A lkali metal reductive hydrolysis 2314 
Alkaloid aporphine prepn 405 
Alkaloid bisbenzylisoquinoline structure 

1846
Alkaloid carbon 13 N M R 1983 
Alkaloid Cephalotaxus structure 2110 
Alkaloid Daphniphyllum structure 2404 
Alkaloid ergot ergotoxine 2249 
Alkaloid febrifugine stereochem 1933 
Alkaloid geissoveliine 215 
Alkaloid hasubanan 151 
Alkaloid hydrangea febrifugine 1937 
Alkaloid imenine 60 
Alkaloid methyl homopavine 2099 
Alkaloid M urraya 2728 
Alkaloid pavinane structure 1761 
Alkaloid structure Argemone 3701 
Alkaloid yohimbine total synthesis 2496 

2501
Alkane autoxidn 4435 
Alkanesulfinic acid 4070 
Alkanoate oxo ester vicinal 3653 
Alkanoic acid benzoyl 4044
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Alkanol protected alkyl ally l carbonate 3223 
Alkanol reaction acetylene deriv 1319 
Alkanone oxime 3296
Alkene carbonylation copper catalyst 2016 
Alkene hindered prepn photoisomerization 

1247
Alkene nickel hydrogenation catalyst 2226 
Alkene N M R 2644 
Alkene oxidn chrom yl chloride 185 
Alkene p lanarity photoelectron spectra 1049 
Alkene sulfilim ine Michael addn 4324 
Aikenone chloro rearrangem ent 1709 
Alkenoyl chloride amino cyano 2287 
Alkenylmaionate ester 2572 
Alkenyloxazine organm etallic addn 2136 
Alkenylpteridine 2817 
Alkoxide initiator elimination 3059 
AIkoxide reaction haïocyclopropane 1361 
Alkoxy scission substituent effect 4219 
Alkoxycarbonyl amino acid resolution 1286 
Alkoxycyclohexenone enolate regiospecific 

alkylation 1775
Alkoxyvinylam m onium  bromide 2845 
Alkyl ally l carbonate protected alkanol 3223 
Alkyl halide esterification complex 1753 
Alkyl m ercaptan oxidn peracid 4070 
Alkyl nitrate stereochem U V  2281 
Alkyl peroxide reaction phosphine deriv 

3175
Alkyl phenylalkyl ketone 2129 
Alkyl sulfone fluorinated 3358 
Alkylallene cleavage alkyloxazolidone 2435 
Alkyl amine reaction arom carbonyl compd 

3136
Alkylaminothiadiazole 3947 
Alkylation aliph sulfoxide ylide 1798 
Alkylation alkyllithium  ditosylhydrazone 

3815
Alkylation arom hydrocarbon 312 
Alkylation chloromethyl ether borane 3968 
Alkylation cyclohexanone stereochem 1000 
Alkylation dimethylenebenzoquinone 813 
Alkylation ferrocenecarboxamide 1677 
Alkylation intramol brom oethylbicycloalken- 

one 2125
Alkylation keto phosphonate dianion 2909 
Alkylation methylene chloride phenylmethide 

2534
Alkylation monopeptide nucleophilic 1538 
Alkylation phenylacetylurea 1236 
Alkylation piperidine acetate thiomorpholin== 

eacetate bromoacetate 2453 
Alkylation pyridine quinoline oxide (co rrect  

tion) 4218
Alkylation redn indanone deriv 1735 
Alkylation reductive acetophenone 3887 
Alkylation regiospecific alkoxycyclohexenone 

enolate 1775
Alkylation regiospecific copper enolate 4450 
Alkylation site arom amidrazone 1344 
Alkylation vinylcyclopropane deriv 2100 
Alkylbenzene 4156 
Alkylbenzene oxidn cobalt 909 
Alkylcalcium  halide 4268 
Alkylchloroborane reaction diazoacetate 

2574
Alkylcopper lithium alkylation reagent 2100 
Alkylcyclohexenone prepn 1775 
Alkyldihydrooxazine 2236 
Alkylene episulfide reaction amine 2405 
Alkylhydroquinone condensation terpene 

1264
Alkylim inosuccinonitrile deriv 3302 
Alkyllithium  alkylation ditosylhydrazone 

3815
Aikylnitrosocyanam ide prepn N M R 1325 
Alkyloxazolidone cleavage alkylallene 2435 
Alkylsilane redn arom ketone 2675 
Alkyne linear N M R 1026 
Alkyne N M R 2644 
Alkyne ozonolysis 985 
Alkynes hydroboration chloroborane 1617 
Alkynoate addn ammonium halide 2845 
Alkynol propynylalkali carbonyl eompd 

3588
Alkynylphosphine prepn dimerization 1611 
Allelochemie agent Petalostemon 4457 
Aliéné 1478
Aliéné condensation amine acid 1483 
Aliéné cyano butyl 156 
Aliéné dialkyl 2435 
Aliéné epoxidn 1149 
Aliéné N M R 2644 
Alio sugar nucleoside 193 
Allose aminodeoxy deriv 4311 
Allose anhydro cyanide imidazolidine 1836 
Alloyohimbine 2501 
AUoyohimbine total synthesis 2496 
A lly l ale ester sigm atropic rearrangem ent 

2106
A llyl azide dim er 168 
A lly l chloroformate protective acylation  

3223

Allyl cross coupling 326 
A llyl decyl ether cleavage 3224 
A llyl halide reaction silver nitrate 4445 
A llyl palladium complex 4452 
A llyl ylide Wittig reaction 3625 
A lly lic ale dimethyl acetal (correction) 4218 
Ally lie bromination dehydrostigmasterol 

2259
Allyloxycarbonyl protecting group amine 

3223
Allyloxyoxetane isomerization 2061 
Alpha amino ketone 3571 
Alpha effect nucleophile reactivity 3444 
Alum ina dehydration heptadienoi 2416 
Aluminate butyl lithium redn 4343 
Aluminum azide cyano ester reaction 2976 
Aluminum hydride redn ketol 627 
Aluminum hydride sultone desulfurization 

1428
Aluminum isobutyl redn cyclohexanone 

4232
Aluminum isopropoxide polymer interconver^  

sion 3334
Aluminum org asym redn 2370 
Aluminum organo catalyst acetaldehyde 

1130
Amide arom displacement 373 
Amide Beckm ann rearrangement oxime 

4071
Amide configaration fluorine N M R 2143 
Amide epoxide ring opening 3091 
Amide fatty acid degrdn 3733 
Amide hydrofluoroborate 395 
Amide isoquinoline quinoline complex 1947 
Amide N M R carbon 1719 
Amide redn diborane 912 
Amide rotational barrier NM R 1229 
Amide solvolysis mechanism 422 
Amidrazone arom alkylation site 1344 
Amination agent hydroxylamine arylsulfonyl 

1239
Amination azoesters 1652 
Amination hydrazidoyl chloride 3627 
Amination isoquinolines phthalazines pyri^  

dines 1949
Amination thioxanthenone 1743 
Amine 912
Amine aliph nitroso reaction 2412 
Amine aliphatic photolysis 1227 
Amine aliéné condensation 1483 
Amine arom atic hydrogen exchange 1204 
Amine chloromethylenecyelobutane reaction 

1470
Amine copper complex catalyst 1126 
Amine cyanoketene 156 
Amine dealdolization diacetone ale 2689 
Amine displacement arom amide 373 
Amine effect lactonization formylbenzoate 

754
Amine fluoroguanidine reaction 1075 
Amine hydroperoxide adduct hydroperoxida^ 

tion 2410
Amine ketene sulfur dioxide reaction 2652 
Amine oxide Cope M eisenheimer 4172 
Amine oxide Meisenheimer rearrangem ent 

1813
Amine photo deoxygenation 2566 
Amine protected carbam ate allyl ester 3223 
Amine reaction benzenesulfenyl chloride 

4339
Amine ring cleavage thiopyrylium 3990 
Amine secondary 165 
Amine sulfinyl m ass spectrum 1610 
Amine synthesis 414 
Amine trineopentyl 3614 
Amine triphenylstannylethyl 4373 
Amines arom methylated 1348 
Amines tribromonitrobutane 167 
Amino acid 822 
Amino acid acyl redn 2731 
Amino acid asym  synthesis 707 
Amino acid catalyst Knoevenagel condensa^ 

tion 1512
Amino acid ester raeemization rate 2518 
Amino acid isocyanide carboxylation 2094 
Amino acid protective group 3034 3771 
Amino acid resolution ary l sulfonate 4408 
Amino acid silylation 2521 
Amino acids nucleophilic alkylation 1538 
Amino acids papain resolution 1286 
Amino acids pyrroline prepn 3487 
Amino ale cleavage enamine 2089 
Amino aliph thiol 2405 
Amino beta oxo acid 3571 
Amino hexose reductone hydrolysis 2512 
Amino sugar anhydro formation 2509 
Aminoacridizinium salts 4167 
Am inoacrylonitrile deriv reaction phosgene 

2287
Aminoalc glucose sulfated N M R 1810 
Aminoalkenoyl chloride 2287 
Aminoamides cyclization 1645

Aminocamphorimide conformation N M R  
1004

Aminocyanoketenimine therm olysis 4357 
Aminocyanopyrazine conversion pteridine 

2817
Aminocyclitol 3691 
Aminocyclobutenone deriv 1451 
Aminodeoxyallose deriv 4311 
Aminodeoxythymidine phosphate 4299 
Aminoethanethiol prepn 2405 
Aminofurazanopyrimidine pteridine azapteri=  

dine 2238
Aminohistamine aminohistidine 1971 
Aminohistidine aminohistamine 1971 
Aminohydroxyanthraquinone Celliton prepn 

1247
Aminomaleonitrile deriv a ir oxidn 3302 
Aminomalononitrile therm olysis 4357 
Aminomethyl pyrroles lactam s 1824 
Aminomethylbicyclononanone diazotization 

3462
Aminonitronaphthalene prepn 3136 
Aminophenol P sch orr cyclization 405 
Aminopterin oxo deriv 2185 
Aminopyridine Kaufm ann thiocyanation  

4383
Aminothiadiazole alkyl 3947 
Amitriptyline metabolite 700 
Ammonia acetaldehyde reaction N M R  2931 
Ammonia aldehyde condensation 3288 
Ammonia metal reductive alkylation 3887 
Ammonia reductive hydrolysis phosphate 

2314
Ammonium boride solvent 3916 
Ammonium quaternary déméthylation 1961 
Ammonium vinyl prepn stereochem 2845 
Amphetamine conformation N M R 2554 
Androstane oxo carbon 13 N M R 3788 
Androstanol cyclopropenylidene 1478 
Androstanol nitrobenzenepropanoate remote 

oxidn 2376
Androstenediol oximino Beckm ann fragm en­

tation 3585
Androstenediol selective silylation 4209 
Androstenone remote oxidn androstanol 

2376
Angular dependency factor detection 381 
Anhydride cyclic protonation m agic acid 

3207
Anhydride m aleic disubstituted unsym 3386 
Anhydride nitrobenzoic percarbonic 1549 
Anhydroallosylcyanide imidazolidine 1836 
Anhydrobenzamidodeoxyglucopyranoside 

mechanism 2509 
Anhydroglucosamine 202 
Anhydronucleoside m ass spectrum 1118 
Anhydropyrimidine nucleoside 593 
Anil benzoquinone 183 
Aniline alkylation dimethylenebenzoquinone 

813
Aniline benzylidene 3445 
Aniline dinitro hydroxyethyl 500 
Aniline diphenacyl cyclization 3433 
Aniline nitro lithium redn 507 
Aniline photodeoxygenation 2566 
Aniline substitution thiophenesulfonyl 

chloride 2457
Aniline thenoyl chloride kinetics 32 
Aniline thenoyl chloride reaction 3774 
Aniline trisubstituted oxidn 183 
Anisochronism P M R  alkylacylisoquinaldoni-  

trile 2851
Anisole butyl lithiation 1675 
Anisole halo protonation superacid 2212 
Anisole lithiation 4192 
Annelating reagent sulfonium furylylide 

3140
Annulene tetrabenzo 808 
Anodic oxidn 1045
Anodic reaction acetamidodimethoxybenzylp=  

ropionitrile 3854 
Anthracene nitrile 481 
Anthracene polyphenylated electrochem  

reaction 1167
Anthranilate nitrotoluene rearrangem ent 

3411
Anthraquinone amino hydroxy 1247 
Antibiotic showdomycin synthesis 1841 
Antibiotic X  537A pyrolytic cleavage 3431 
Anticancer agent bruceantin 178 
Antifungal benzodiazepinedione 4204 
Antileukemic agent bruceantin 178 
Antimony pentafluoride fluorosulfonic acid  

349
Antirhine dihydro 4305 
Apobornene phenyl rearrangem ent acid 

2723
Aporphine alkaloid prepn 405 
Aporphine oxo 60

Aralkylation chloromethane phenylmethide 
anion 2534
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Arene chlorination hypochlorite chlorine 
2549

Arenesulfenanilide rearrangem ent 690 
Arenesulfenanilide rearrangem ent mechanism  

695
Argemone alkaloid structure 3701 
Arginine vasopressin 2865 
Arom ale prepn 1738 
Arom aldehyde alkylation redn 1735 
Arom aldehyde Claisen Schmidt reaction  

1747
Arom aldehyde Darzens condensation 4216 
Arom amidrazone alkylation site 1344 
Arom am ines methylated 1348 
Arom conjugated olefin brominaiion 493 
Arom coupling catalyst palladium 76 
Arom cyanation methoxydiphenylacetylene 

1045
Arom hydrocarbon alkylation 312 
Arom isocyanide acetylene deriv reaction  

1319
Arom  ketone cleavage benzyldihydrooxazine 

2129
Arom ketone redn trialkylsilane 2675 
Arom nitration nitronium trifluoromethane=  

sulfonate 4243
Arom nitrile dehydration oxime 2241 
Arom nitro lithium redn 507 
Arom nitrone phosgene reaction 3445 
Arom proton chem shift 3517 
Arom sulfoxide ylide alkylation 1798 
Aromatic amine hydrogen exchange 1204 
Aromatic nitrogen pyrolysis benzonitrile 

2447
Aromatization hexahydronaphthalene 399 
Aromatization tetralone oxime naphthylace=  

tamide 4073
Aroyl cyanide phosphorane reaction 479 
Aroyl nitrate nitration toluene 2271 
Arsenic org compd 64 
Arsine molybdenum carbonyl catalyst 64 
A ryl benzoate F r ie s  rearrangem ent 1924 
Aryl isocyanate 1316 
A ryl migration 757 
Aryl phosphate oxidn kinetics 2151 
A ryl sulfonate amino acid resolution 4408 
Arylacetate ester 2574 
Arylated carbinol 487 
Arylborane reaction diazoacetate 2574 
Arylchloroborane reaction diazoacetate 2574 
Aryloxazolidinone 3858 
Aryloxyamide cyclodehydration 1746 
Arylsulfilim ine nucleophilic reaction 4324 
Arylsulfonyl azide methylindole 11 
Arylsulfonylhydroxylamine amination agent 

1239
Aspartic acid ester coupling raeemization  

2518
Aspergillus ciadosporin 4204 
Assocn base elimination butyltrim ethylam -  

monium 846
Assym m etric induction ally lic ale (correction) 

4218
Asym addn vinylbenzenemethanol butyllithi=  

urn 2756
Asym  induction sigmatropic rearrangem ent 

3438
Asym  redn carbonyl compd 1870 
Asym  redn ketone organoaluminum 2370 
Asym  synthesis amino acid 707 
Asym m etric synthesis 2361 
Autocondensation oxaloacetic acid 3582 
Autoxidn alkane 4435 
Avenaciolide total synthesis 2489 
Aza cepham analog 3437 
Azaadamantanol 3091 
Azaarom nonpyridinoid 431 
Azaazoniabicyclohexene 651 
Azabicyclononatriene rearrangem ent me = 

chanism  1959
Azachromone amino crystal structure 3793 
Azachrysene acenaphthene naphthylpyridyla=  

crylate 4404
Azacyclononane alkyl 3281 
Azaindanones azaindoles 1824 
Azaindoles azaindanones 1824 
Azanorbornanol 3091 
Azaoxabieyclohexacosane 1773 
Azapteridine pteridine aminofurazanopyrimi^  

dine 2238
Azapyridocyanine 1098 
Azepine dimethyldiphenyl 2565 
Azepine methoxy photoreaction 1090 
Azetidinone acylam ino 940 
Azide addn isocyanate 2442 
Azide allyl dim er 168 
Azide arylsulfonyl methylindole 11 
Azide benzenesulfonyl addn methylenecy=  

cloalkane 3862
Azide cyclopropenyl isomerization 3149 
Azide irradn benzene substitution 2052

Azide isocyanate 675 
Azide nitroglucopyranoside triazole 2179 
Azide sulfonyl isothiocyanate cycloaddn  

2916
Azidoformate cyclization oxazinone 4205 
Azidoformate photolysis therm olysis 2442 
Azidoformylphthalic anhydride 2557 
Azidopyrazole therm olysis 2958 
Azidopyridine oxide decompn 173 
Azidopyridylcarbostyril pyrolysis 3995 
Aziridine diazabicyclohexene 651 
Aziridine polycyclic 654 
Aziridinyloctene enamine 4254 
Azirine 2565
Azirine dimerization cycloaddn irradn 1333 
Azirine therm olysis vinylazide 4341 
Azobisformamide free rad ical formamoylation 

2560
Azocyclohexene azocholestene tosyl 920 
Azodicarboxylates dealkylating agent 1652 
Azoethane diphenyl therm al decompn 2301 
Azomethine methylene rearrangement 

trapping 3114
Azoxybenzene nitro lithium redn 507 
Azulene cyclohexadienone rearrangement 

967
Azulene hydro 95
Azulenepropanol m ass spectrum 1114 
Azulylalkyl acetolylsis arenesulfonate kinetics 

1106
Azupyrene dicyclopentaheptalene 1439 

1445
Bactericide phenoxyacetylpenicillanic acid 

3227
Bahia Woodhousin germacronolide (correct  

tion) 4217
Barbaralane methylene Cope rearrangement 

1210
B a rrie r rotational amide NM R 1229 
Base assocn chlorocyclodecane elimination 

2911
Base assocn elimination butyltrim ethyl am ­

monium 846
Base catalysis rearrangement cyclopentadien= 

ol 2023
B asic ity  cycloalkanone boron trifluoride 

2309
Beckm ann fragmentation oximinoandrostene= 

diol 3585
Beckm ann fragmentation oximinofornanol 

3585
Beckm ann rearrangement methanesulfonic 

acid 4071
Beckm ann rearrangem ent methylenecyclobu=  

tane analog 1463
Beckm ann rearrangement oxime chlorofor- 

mate 2771
Benzal chloride carboxy hydrolysis 179 
Renzaldehyde deriv condensation acetone 

deriv 1747
Renzaldehyde deriv redn trialkylsilane 2675 
Benzaldehyde glycine condensation kinetics 

3031
Benzaldehyde hydroxide addn 3164 
Benzaldehyde nitro reaction acetone 3136 
Benzaldimine benzyl deriv 1952 
Benzamide benzoylbenzyl 62 
Benzamidine phenyl dehydrobromination 

agent 3800
Benzamidomethoxyindandione reaction  

2251
Benzamidophenylpropanol cyclization 1245 
Benzanilide lithium aluminum hydride 

reaction 1136
Benzazocine hydroxydimethyl 924 
Benzene alkyl 4156 
Benzene alkyl oxidn cobalt 909 
Benzene alkylenebis 1738 
Benzene azide substitution irradn 2052 
Benzene chloro methyl prepn 1243 
Benzene chloro phenyliminomethyl dechlori­

nation 3601
Benzene deriv lithium alkylam ine redn 2011 
Benzene deriv substituent N M R 3517 
Benzene dicarbonyl rad ical anion E S R  2693 
Benzene diisopropyl deriv autoxidn 2779 
Benzene ferrocenyl 3723 
Benzene halo acetonyl photosubstitution 

1407
Benzenesulfenyl chloride reaction amine 

4339
Benzenesulfonamide indonylidene 11 
Benzenesulfonimidocycloalkane prepn 3862 
Benzenesulfonyl azide addn methylenecy^  

cloalkane 3862
Benzenesulfonyl chloride hydroxy 1047 
Benzenesulfonyloxyquinazolinedione Lossen  

rearrangem ent 3498 
Benzenetricarbonyl chloride prepn 2557 
Benzhydrol trityloxyam ine lead acetate 

2408
Benzil aliph ketone condensation 1749

Benzil stilbene oxidn 100 
Benzimidate thio 2242 
Benzimidazole diamino 3084 
Benzimidazole diphenylketene cycloaddn  

oxazinone 2650
Benzimidazole imidazole condensation 3495 
Benzimidazole lithiation 4379 
Benzimidazole methylthio 155 
Benzimidazole thione m ass spectra 1356 
Benzimidazolol isoindolo 3872 
Benzimidoyl ferrocene isomerization 3330 
Benzisoxazole elimination mechanism 2294 
Benzoate acyl rad ical anion E S R  2693 
Benzoate aryl F r ie s  rearrangem ent 1924 
Benzoate nitro thioglycolate 4086 
Benzoate nitrophenyl methanolysis 4053 
Benzoate phenylene nematic transition 3160 
Benzoazulenone hexahydro 1439 
Benzobicyclohexenyl tosylate solvolysis 

3944
Benzobicyclooctadienone epoxide decarbony=  

lation irradn 3805 
Benzobiphenylene 3812 
Benzocycloalkene hydrogen abstraction  

strain 1957
Benzocyclobutene prepn 3055 
Benzocyclobutene redn bicyclooctadiene 

3412
Benzodiazabicyclooctane 1225 
Benzodiazecine 437 
Benzodiazepine pyrrolo 3502 
Benzodiazepinedione antifungal 4204 
Benzodiazepinone carboxylate 449 
Benzodiazepinone w ater ferrous sulfate 4206 
Benzodicycloheptenium fluoroborate 3051 
Benzpdithiophene phenyl 3975 
Benzofuran 1746 
Benzofuran epoxy 612 
Benzofuranone irradn 1993 
Benzofuroindole hydro 3012 
Benzofuropyrrole hydro 3012 
Benzofuropyrrolone hydro 3874 
Benzohydroxamate nitrophenyl Lossen  

rearrangem ent 3956 
Benzohydroxamoyl chloride benzonitrile 

4365
Benzoic acid hydroxy labeled 1059 
Benzoic percarbonic anhydride deriv 1549 
Benzonitrile benzohydroxamoyl chloride 

4365
Benzonitrile deriv 2241 
Benzonitrile pyrolysis nitrogen aromatic 

2447
Benzonorbornadiene deriv 4350 
Benzonorbornadiene oxide lanthanide shift 

381
Benzonorbornene acetyl photochem 639 
Benzophenone diazonium electrochem  

decompn 2386
Benzophenone photo redn 3520 
Benzophenone photoredn tetrafluorohydra=  

zine 2964
Benzophenone quenching photoredn sulfide 

2001
Benzophenone trityllithuim  acetaldehyde 

enol 322
Benzophenone trityloxyam ine oxidn 2408 
Benzopyran 1583
Benzopyran dihydro prepn rearrangem ent 

3049
Benzopyridinophane substituent configuration 

927
Benzopyridopyridazine 1769 
Benzoquinolizinium amino 4170 
Benzoquinone diazido rearrangem ent 3865 
Benzoquinone dimethoxy deuteration 3226 
Benzoquinone dimethylene 813 
Benzothiadiazepinone oxide 2652 
Benzothiazole cyanine dye 2425 
Benzothiazole diphenylketene cycloaddn 

oxazinone 2650
Benzothiazolethione m ass spectra 1356 
Benzothiazolinone ammonium ion pair 1353 
Benzothicnopyrimidine 2450 
Benzothienotriazine 2450 
Benzothiepin chloro dioxide 3978 
Benzothiepin oxide 3986 
Benzothiepinone dim ethylamine M annich  

reaction 2629
Benzothiepinone halogenation 2623 
Benzothiophene 146 1056 
Be nzo thiophene carboxy late hydroxy 4086 
Benzothiopyran 1567 
Benzoxazole diphenylketene cycloaddn  

oxazinone 2650
Benzoxazolethione m ass spectra 1356 
Benzoyl chloride homologation cinnamaldeh=  

yde 2254
Benzoyl dithiosulfite sym unsym 3654 
Benzoyl isocyanate reaction sem icarbazide 

2972
Benzoyl nitrate redn nitrite 2277
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Benzoyl peroxide selenide addn 3172 
Benzoyl phenyl acetylene IR  2544 
Benzoylalkanoic acid 4044 
Benzoylcyclopropane electrochem redn 1474 
Benzoylethylene electrochem redn 1474 
Benzoylformate ethoxyalkenyl ester pyrolysis 

3386
Benzoylmalonanilate cyclization 449 
Benzoylnickel carbonyl iodide 62 
Benzoylpyrazole 3069 
Benzyl ale deriv 1738 
Benzyl thiocyanate photolysis 3922 
Benzyl trip he hyl acetate decomp n 757 
Benzylam ine deriv oxidn 1952 
Benzyldihydrooxazine cleavage ketone arom  

2129
Benzylidenealkylam ine iodobenzene nickel 

carbonyl 62
Be nzylide ne aniline prepn 3445 
Benzylidenephthalide 4164 
Benzylisoquinoline hydroxy 2291 Benzylmethylaniline oxide Meisenheimer 

rearrangem ent 1813
Benzylpyrrolidinium  sigmatropic rearrange^  

ment 2915
Benzylsily l directing group epoxidn 3187 
Benzylsulfonic acid 3048 
Benzyltetralin deriv rearrangem ent 1903 
Benzyltetralol deriv cyclization dehydration 

1909
Benzylthioalkylhydroxylam ine prepn 3749 
Benzyne cyclic olefin cycloaddn 522 529 
Benzyne phenol addn 387 
Benzyne vinylcyclopropane adduct 1703 
Berlandin subaeaulin (correction) 4218 
Beta keto ester electrolytic 2731 
Beta oxo amino acid 3571 
Betaine phosphorus Wittig MO 2664 
Biacetyl olefin cycloaddn irradn 2860 
B icyclic  diamine polyoxa 1773 
B icyclic  lactam  3437
B icyclic  terpene olefin chlorosulfonyl isocya­

nate 679
Bicycloalkane enamine 304 
Bicycloalkanol bridged cyclopropanol 4354 
Bicyeloalkeneaeetic acid cyclodehydration  

3829
Bicycloalkenone bromoethyl intram ol a lk y la -  

tion 2125
Bicycloalkenone rearrangem ent mechanism  

3257
Bicycloarom atic carbonium eompd 1893 
Bicyclodecanepercarboxylate decompn 112 
Bicyclodecatetraene cycloaddn chlorosulfonyl 

isocyanate 1886
Bicycloheptane ring contraction 646 
Bicycloheptanone ring expansion 4059 
Bicycloheptenone diaza 2939 
Bicyclohexene pyrolysis rearrangem ent 2725 
Bicyclohexenecarboxaldehyde photoepimeri= 

zation therm olysis 4007 
Bicyclohexyl tosylate mechanism acetolysis 

860
Bicyclononadiene dibenzo 1388 
Bicyclononadiene dibenzo deriv 1909 
Bicyclononadienone rearrangem ent irradn  

4100
Bicyclononane substitution 543 
Bicyclononanemethanol expansion cyclode-  

cenol 1758
Bieyclononanone aminomethyl diazotization 

3462
Bieyclononanone nitronate 856 
Bieyclononanone steroid intermediate 3239 
Bicyclononatetraene cycloheptatrienylidene 

addn phenylacetylene 2573 
Bicyclononenone acetoxyethyl 1215 
Bicyelononenone irradn butene 1218 
Bicyclononyl tosylate solvolysis kinetics 847 

851
Bicyclooctadiene benzocyclobutene redn 

3412
Bicyclooctanol conformation N M R 2640 
Bicyclooctanone methyl 4064 
Bicyclooctatriene biphenyleno 3812 
Bieyelooetenol ester stereochem N M R 2640 
Bicyclooctenone photo rearrangem ent 3250 
Bicyclopentane rearrangem ent cyclopentene 

1063
Bicycloundecanone prepn 1061 3067 
Bicycloundecene 868 
Biogenesis triterpene 3677 
Biogenetic synthesis occidentaloi 728 
Biphenyl nitro lithium cyclization 507 
Biphenyl vinyl cyclization irradn 3801 
Biphenylcarbonyl chloride homologation 

phenyleinnamaldehydè 2254 
Biphenyldicarboxaldehyde phosphoniobiphe= 

nyl Wittig 808
Biphenylenediazonium carboxylate therm oly­

sis 3812
Biphenylenobicyelooetatriene 3812

Biphenylyl isocyanate cyclization photo 
1157

Bipyridine prepn 3993 
B irch  redn lithium benzene deriv 2011 
Bisbenzothienazepine 2814 
Bisbenzylisoquinoline alkaloid structure 

1846
Bism uth triacetate org eompd 764 
Bithianaphthenyl 2814 
Bithiazine synthesis 3949 
Bithiazoline synthesis 3949 
Blocking group peptide 782 
Bohlmann IR  indoloquinolizidine conforma­

tion 2831
Bond carbon sulfur electroredn 4236 
Borabicyelononone selective hydroboration 

4092
Borane alkylation ehloromethyi ether 3968 
Borane chloro cyclopentadienyl 2552 
Borane chloro hydroboration direction 182 
Borane reaction ehloromethyi ether 2422 
Borane redn carboxylic acid 2786 
Borane redn indolinone 3350 
Boric acid aldehyde Tishchenko reaction  

1433
Boric anhydride decarboxylation acylsueci=  

nate 3436
Boride ammonium solvent 3916 
Bornene phenyl rearrangem ent acid 2723 
Borohydride denitration nitrobenzene 2928 
Boron fluoride degrdn amide 3733 
Boron trifluoride cycloalkanone N M R 2309 
Boron trifluoride etherate epoxyacetoxystig^  

mastane 1688
Bridged cyclopropanol bicycloalkanol 4354 
Bromide cyclohexyl phenyl stereochem 4463 
Bromide stilhene redn hydrazine 3062 
Bromination allylie dehydrostigmasterol 

2259
Bromination arom conjugated olefin 493 
Bromination bromobutanone 3429 
Bromination butylethylene 1367 
Brom ination cycloalkadiene stereochemistry 

4109
Bromination dichloronorbornene mechanism  

2366
Bromination fluoronorbornene deriv 2027 
Bromination kinetics methoxyarom ketone 

300
Bromination Me diacetoxyoxocholanate 

2587
Bromination olefin kinetics mechanism  

2465
Bromination phenylcyclohexene 3472 
Bromination phenylcyclopropane kinetics 

4228
Bromination photolytic bromobutane 346 
Bromination styrene kinetic order 2460 
Bromination thiophane 2156 
Bromination vinyl m ercury stereochemistry  

3406
Bromo carbam ate ring closure 3858 
Bromoaeetylene ozonolysis redn 3653 
Bromoalkanoate Reform atskii ehloromethyi 

ether 2346
Bromoamide cyclization 3099 
Bromobutanedione Perkow reaction 3434 
Bromodeealone dehydrobromination phenyl= 

benzamidxne 3800
Bromoethylbicycloalkenone intramol alkyla=  

tion 2125
Bromofluoronorbornane deriv 2027 
Bromoheptane dehydrobromination benzami^ 

dine 3800
Bromoisophorone nucleophilic displacement 

3417
Bromomethyleneeyclopropane reaction  

butoxide 1431
Bromomethylethylene ketal carbonyl protect 

tion 834
Bromophenylethane raeemization lithium  

bromide 4022 
Bronobufalin 2202
Brucea antidysenteriea diterpene 178 
Bruceantarin  terpene 178 
Bruceantin terpene 178 
Bruceolide terpene 178 
Bufadienolide halo 2202 
Bufalin halo 2202 
Buffers tert butyl pyridines 1123 
Butadiene addn phenol 335 
Butadienediol phosphate 3434 
Butane dimethyl dipyridyl 417 
Butane oxidn cobalt ion 909 
Butanedione 901
Butanedione dibromo Perkow reaction 3434 Butanol hydrogen chloride reaction 4196 
Butanol sulfuric acid reaction persulfate 

1195
Butanone bromo bromination 3429 
Butene diamino bromo 167 
Butene episulfide disulfurization stereochem  

932

Butene hydroboration stereochem istry 1607 
Butenedione cycloaddn butyne 4281 
Butenedione cycloaddn ethene 4281 
Butenoic acid lactone hydrolysis 815 
Butenolide azidocyanoalkylidene 3865 
Butenolide synthesis stereochem 240 
Butoxide reaction bromomethylenecyclopro^  

pane 1431
Butoxy radical polyolefin reactivity 1403 
Butoxycyclobutene prepn 1431 
Butoxymethylenecyclopropane prepn 1431 
Butyl peroxide decompn hydrogenation 

2722
Butyl acetylene prepn 1367 
Butylbenzene dealkylation fluoroantimonate 

mechanism 3221
Butyldiaziridinone redn chem electrochem  

2620
Butylethylene bromination 1367 
Butyllithium aggregate reactiv ity  1510 
Butyllithium carbonyl addn 904 
Butyllithium metalation tertiary  toluamide 

1668Butyllithium vinylbenzyl ale addn 2756 
Butyloxaphospholene oxide structure 4177 
Butyltrimethylammonium elimination base 

assocn 846
Butyne cycloaddn butenedione 4281 
Butyrate methoxy reaction 1963 
Butyrolactone ehloromethylpropanol dime= 

thyl malonate 4148
Cadmium org phénylation halo eompd 3189 
Caffeine fluoro 4353
Cage effect Meisenheimer rearrangem ent 

1813
Calcium  halide alkyl 4268 
Calcium  methyl iodo chem 3403 
Camphorimide conformation N M R 1004 
Camphorimide sulfonylamino conformation 

N M R 3745
Camptothecin analog 3268 
Camptothecin prepn 1974 
Cannabinol nitrogen analog 440 
Caprolactam  methoxy 169 
Carbalkoxycyanoeyelopropane prepn 2319 
Carballyloxy protecting group alkanol 3223 
Carbam ate ally l ester protected amine 3223 
Carbam ate bromo ring closure 3858 
Carbam ate dichlorocarbamate ester dispro^ 

portionation 2555
Carbam ate ester nitrogen chloro 2555 
Carbam ate neighboring group participation  

2546
Carbam oyl oxime 4200 
Carbamoylepoxyhydrotetrazolopyridine 

structure 2717
Carbam oylhydrazine prepn 2560 
Carbanilide conformation stacking interaction 

2590
Carbanion chem 514 
Carbanion chem istry 3893 
Carbanion methylsulfinylm ethyl cyclopenta^  

none reaction 2121
Carbanion phénylation mechanism 3020 
Carbanion sigm a complex cyclization 3394 
Carbanion sulfone substituent effect 3513 
Carbazole tetracyclic deriv 2882 
Carbazole tetrahycîrooxo,2729 
Carbazole vinyl acetate reaction 2240 
Carbene addn olefin 1340 
Carbene aminomalononitrile decompn 2604 
Carbene halo addn norandrostenone 289 
Carbene unsatd 547 
Carbénium phenyldifluoro N M R 2686 
Carbenoid copper mechanism cyclopropane 

2319
Carbethoxy eyclopentanetrione prepn 1231 
Carbethoxypyrazole 3069 
Carbinamine dichloro rearrangem ent 3902 
Carbinol allyl 326 
Carbinol polyarylated 487 
Carbinol trialkylborane alkylation 3968 
Carbobenzyloxy group carbam ate participa^  

tion 2546
Carbocation stable 353 
Carbodiimide propargyl ale 1051 
Carbohydrate cryst transition 3710 
Carbohydrate cyc lic  carbonate 618 
Carbohydrate neighboring group participation  

716
Carboline tetrahydro 4342 
Carbon acid condensation aliéné 1483 
Carbon magnetic resonance melampodin 

3618
Carbon monoxide extrusion phenylmethoxy=  

eyclobutenedione 3642 
Carbon monoxide redn nitroalkane 3296 
Carbon NM R nitrogen heterocycles 1313 
Carbon phosphorus conjugation absence 

1306
Carbon sulfur bond electroredn 4236 
Carbon tetrachloride pentylnitrosamine 

3726
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Carbon 13 alkaloid N M R 1983 
Carbon 13 NM R hydrocarbon 2644 
Carbon 13 NM R oxoandrostane oxocholes= 

t&ne 3788
Carbonate ethyl picolyllithium reaction 

2234
Carbonate silver aie oxidn 2536 
Carbonate sily l silylation catalyst 2521 
Carbonium compd bicycloarom atic 1893 
Carbonium ion fluorine N M R 2682 
Carbonium ion heteronuclear stabilized 422 
Carbonyl addn m ethylcalcium  iodide 3403 
Carbonyl butyllithium addn 904 
Carbonyl chromium solvolysis complex 1518 
Carbonyl compd 165 
Carbonyl compd asym  redn 1870 
Carbonyl compd propynylalkali alkynol 

3588
Carbonyl compd silylsulfinylm ethyllithium  

addn 2670
Carbonyl cyanide reaction 481 
Carbonyl iron benzohydroxamoyl chloride 

4365
Carbonyl metal esterification cata lysis 64 
Carbonyl metal piperidine oxyl deoxygenation 

1417
Carbonyl molybdenum catalyst epoxidn 

octene 1145
Carbonyl nitro compd redn 4367 
Carbonyl protecting group 554 834 
Carbonyl protective group 4412 
Carbonyl unsatd compd organocopper 3893 
Carbonylation alkene copper catalyst 2016 
Carbonylation catalytic methylcyclohexane 

3633
Carbostyril azidopyridyl pyrolysis 3995 
Carbostyril epoxy 449 
Carboxamidoxanthene nitrosation 2828 
Carboxy inversion cyclopentanonecarboxylate 

3440
Carboxy lactam  contraction oxo lactam  

3439
Carboxyadamantane prepn 3447 
Carboxyalkylthioacrylic acid 3507 
Carboxyazetidinone ring contraction pyrroli=  

dinedione 3439
Carboxybenzal chloride hydrolysis kinetics 

179
Carboxyferrocene methyl 1677 
Carboxyl redn 3660 
Carboxylate urazole 2442 
Carboxylation isocyanide amino acid 2094 
Carboxylation reagent hindered phenoxide 

4086
Carboxylic acid aliph 2016 
Carboxylic acid hydratocarbonylation olefin 

3192
Carboxylic acid prepn 2828 
Carboxylic acid redn borane 2786 
Carboxylic acid tertiary m ethylcyclohexane 

3633
Carboxypropionimide trim ethylam ine tber= 

molysis 2058
Carolenalin Helenium 1722 
Carolenin Helenium 1722 
Catalyst aluminum organo acetaldehyde 

1130
Catalyst carbonylation copper carbonyl 

3633
Catalyst copper amine complex 1126 
Catalyst D M F acid chloride 2557 
Catalyst epoxidn octene molybdenum carbo=  

nyl 1145
Catalyst hydrogenation nickel alkene 2226 
Catalyst hydrogenation ruthenuim complex 

80
Catalyst iron oxaziridine ale 4206 
Catalyst redn cuprous acetate 3296 
Catalytic cyclic trim erization 2260 
Catalytic hydrogenation olefin 3343 
Catalytic mechanism hydrolysis phosphora= 

midate 1301
Catechol ether chlorométhylation 2096 
CD  fenchocamphorquinone labeled oxygen 

2989
CD hydroxyestradiol 3797 
CD  phenylcyclopropane 804 
CD thiobinupharidine thionuphlutine 3225 
Celliton aminohydroxyanthraquinone prepn 

1247
Cellobiosamine acetyl 202 
Cephalosporin alkyl 230 
Cephalosporin methoxy 2857 
Cephalosporin methylthiolation 943 
Cephalotaxinone alkaloid Cephalotaxus 

2110
Cephalotaxus alkaloid structure 2110 
Cepham aza analog 3437 
Cepham methylene 2994 
Cephem methyl 2994 
Cerium oxidn ale kinetic 1497 
Cerium oxidn or g 760

Chain degrdn decanoate ester 1732 
Chain ring side migration 3052 
Chalcone photodimer 710 
Cham inic acid synthesis 1726 
Charge distribution nitrate ester 2281 
Charge transfer earbanilide 2590 
Chelation metalation ary l 4192 
Chem induced dynam ic nuclear polarization 

106
Chem redn butyldiaziridinone 2620 
Chem shift arom proton 3517 
Chichibabin amination m echanism  1947 
Chloride hydroxamoyl nitrile 4365 
Chlorination arene hypochlorite chlorine 

2549
Chlorination cyclohexene methylaluminum  

2262
Chlorination fatty acid chloride 3919 
Chlorination tetrafluoronorbornene stereochem  

2039
Chlorination thiophane 2156 
Chlorine sulfide oxidn ale 1233 
Chloro benzene methyl prepn 1243 
Chloro cyclopentadienyl borane 2552 
Chloro diketone ring contraction 4348 
Chloro keto ester cleavage 4081 
Chloro ketones 185
Chloroacetone vinylog rearrangem ent 1709 
Chloroacetonitrile dehydration arom oxime 

2241
Chloroalkenone rearrangement 1709 
Chlorobenzylideneaniline reductive dechlori= 

nation 3601
Chloroborane hydroboration alkynes 1617 
Chlorobufalin 2202 
Chlorocarbamate ester 2555 
Chlorocyclobutane amine reaction 1470 
Chlorodiazoacetone Darzens condensation 

4216
Chloroethyl acetal protecting group 554 
Chlorofluoropropane prepn 2091 
Chloroformate allyl protective acylation  

3223
Chloroformate methadone condensation 

3958
Chloroformate vinyl silver acetate reaction 

2771
Chloroformylphthalic anhydride prepn 2557 
Chlorohydrin acetate 4203 
Chlorohydroxyalkanone rearrangem ent 1709 
Chlorohydroxyethanediphosphonic acid 

dehydrohalogenation kinetics 1867 
Chloroketene oxazoline addn 4465 
Chloromethyl ether reaction organoborane 

2422
Chloromethyl ether Reform atskii bromoalka= 

noate 2346
Chloromethyl ether alkylation borane 3968 
Chlorométhylation catechol ether 2096 
Chloromethylenecyclobutane amine reaction  

1470
Chloromethylketene cycloaddn methylene 

cycloalkane 4106
Chloromethylpropanol dimethyl malonate 

butyrolactone 4148
Chloropentylbenzene Friedel Crafts cycliza=  

tion 1388
Chloropropenal condensation piperidine 

3056
Chloroquinoxaline dioxide 2176 
Chlorosulfonyl isocyanate cycloaddn bicy= 

clodecatetraene 1886
Chlorosulfonyl isocyanate exocyclic methyl= 

ene addn 1893
Chlorosulfonyl isocyanate reaction ketone 

2114
Chlorosulfonyl isocyanate terpene 679 
Chlorosulfonylisocyanate cyclopropane 

isobutenylidene cycloaddn 1015 
Chlorothioformyl chloride 1575 1578 
Chlorotrimethylsilane reaction glycol orth= 

oacetate 4203 
Cholajervane 2579 
Cholajervene 2579 
Cholanate methyl degrdn 4308 
Cholane configuration N M R 1426 
Cholanetriol dim esylate 2713 
Cholanoic acid bromination 2587 
Cholanol 2713
Cholanone tosylhydrazone decompn 2579 
Cholanyl mesylate solvolysis 2579 
Cholestane configuration N M R 1426 
Cholestane oxo carbon 13 NM R 3788 
Cholestanediol 3545
Cholestanone malononitrile sulfur cyclization  

4211
Cholestanyl potassium sulfate solvolysis 

electrophile 3510 
Cholestene oxygenation 533 
Cholestene tosylazo 920 
Cholestenothiophene 4211

Cholesterol ally l ether cleavage 3224 
Cholesterol cryst irradn 1763 
Cholesterol hydroperoxide 119 
Cholesterol oxidn photochem 3639 
Chorismate phenazine formation 3415 
Christinin structure stereochem 1759 
Chromanol catalytic hydrogenation 3534 
Chromanone catalytic hydrogenation 3534 
Chromatog gas fraction collector 3066 
Chromatog sepn PG A 2 P G B 2  3661 
Chrom ic acid indoledicarboximide oxidn 

2617
Chrom ic acid oxidn isopropanol mixt 3812 
Chromium carbonyl complex solvolysis 1518 
Chromium carbonyl esterification catalyst 

64
Chrom yl chloride oxidn olefin 185 
Chrysanthenyl aldehyde hydrazone thermoly=  

sis 4095
Chrysene acetoxy deriv 3425 
Chym otrypsin hydrolysis dihydrocinnamate 

3575
C ID N P  Meisenheimer rearrangem ent 1813 
Cinnamaldéhyde homologation benzoyl 

chloride 2254
Cinnamate ester electrochem redn 3390 
Cinnam ic acid phenyl 3737 
Cinnam yl chloride phenyllithium reaction  

3656
Cinnam yl ether 1583
Cinnam yl tosylate condensation mechanism  

826
Citracononitrile D iels Alder 566 
C itric  acid 3582
Citroylform ic acid prepn reaction 3582 
Cladosporin Aspergillus 4204 
Claisen Schmidt reaction arom aldehyde 

1747
Claviceps biosynthesis ergotoxine 2249 
Cleavage amino ale enamine 2089 
Cleavage benzyldihydrooxazine ketone arom  

2129
Cleavage cyclopropanone MO sem iem pirical 

1922
Cleavage epoxide stereochem 4346 
Cleavage ester chloro keto 4081 
Cleavage formyl protective group 2594 
Cleavage polycyclic oxetane 642 
Cleavage pyrolytic antibiotic X  537A 3431 
Cleavage pyrolytic glycoside 1190 
Clemm ensen redn indanone deriv 2008 
Cliasen acetamidophenyl a lly l ether 831 
CNDO triazolylphosphorane 2708 
Cobalt cyclohexane oxidn m echanism  3729 
Cobalt ion oxidn hydrocarbon 909 
Codling moth tetrahomoterpene ale 2733 
Coenzyme model pyridine nucleotide 2873 
Collector fraction gas chromatog 3066 
Concertedness potential energy surface 1772 
Condensation acetaldehyde enolate ion 322 
Condensation acetoacetate retro 4081 
Condensation aldehyde ethylphosphonometh= 

ylphosphinate 1423
Condensation alkylhydroquinone terpene 

1264
Condensation aliéné amine acid 1483 
Condensation carbam ate participation  

cyclization 2546
Condensation glycine benzaldehyde kinetics 

3031
Condensation Knoevenagel malononitrile 

methylcyclohexanone 1512 
Condensation Stobbe homophthalate 607 
Conductometric detn kinetics 138 
Configuration chalcone photodimer 710 
Configuration febrifugine 1937 
Configuration fluorine NM R ester amide 2143 
Configuration hydroxyestradiol 3797 
Configuration NM R cholestane 1426 
Configuration substituent benzopyridino= 

phane 927
Configuration thioindigo radical anion 1608 
Conformation aminocamphorimide NMR  

1004
Conformation amphetamine NM R 2554 
Conformation benzylpiperidine N M R 1618 
Conformation bicyclooctanol NM R 2640 
Conformation earbanilide stacking interaction  

2590
Conformation chalcone photodimer 710 
Conformation cycloalkane 316 
Conformation cyclohexane 134 
Conformation decalol tosylate solvolysis 

2792
Conformation diazetidine N M R 1605 
Conformation dihydropregeijerene hedycaryol 

735
Conformation dioxacycloheptane NM R 3971 
Conformation dioxaphosphorinane 256 
Conformation diphenylsuccinate N M R 4048 
Conformation fluorocyclohexanone 880
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Conformation formylindole 4002 
Conformation indoloquinolizidim; Bohlmann 

IR  2831
Conformation phenethyl dinitrophenyl 

sulfide 2735
Conformation phenylsuccinic acid 3959 
Conformation proline peptides 2379 
Conformation substituted diphenyl ether 

170
Conformation sulfide IR  N M R 1553 
Conformation sulfonylaminocamphorimide 

N M R 3745
Conformation tribenzocyclononene NM R  

4278
Conformational analysis cyclohexanol N M R  

4214
Conjugated arom olefin bromination 493 
Conjugation extent pyridylphosphonate 

1306
Conjugation transm ission cyclopropane 804 
Contraceptive secopregnapentaenynediol 

4319
Cope elimination amine oxide 4172 
Cope elimination stereochem 1742 
Cope rearrangem ent barbaralane methylene 

1210
Cope rearrangem ent cyclodecadiene d iv in y l-  

cyclohexane 4117 
Cope rearrangement silane 3658 
Copper amine complex catalyst 1126 
Copper carbonyl carbonylation catalyst 

3633
Copper carbonylation catalyst alkene 2016 
Copper cycloaddn catalyst 2221 
Copper enolate regiospecific alkylation 4450 
Copper isonitrile complex cyclopropane 

2319
Copper isonitrile esterification halide 1753 
Copper org ethylenic sulfur addn 2747 
Copper organolithium reagent 3893 
Copper palladium  naphthalene acétoxylation 

4443
Coum aran nitro structure 831 
Coupling agent peptide prepn 1296 
Coupling imidazole deriv diazonium 1971 
Coupling peptide enol ester 4288 
Coupling rate amino acid ester 2518 
Cresyl chlorobenzoate F r ie s  rearrangem ent 

photo 2571
Crotonate cyclopentadiene addn 632 
Crowded mol 407 
Cryst carbohydrate transition 3710 
Crystal mol structure dispiro heptane earbox= 

ylic acid (correction) 4217 
Crystal structure amino azachromone 3793 
Crystal structure dibromojanusene 130 
Crystn amino acid ary l sulfonate 4408 
Cucurbitacin acetate D atisca 1420 
Cuprate lithium epoxide cleavage 4346 
Cuprate oxirane ring cleavage 4263 
Cupric acetate ketol oxidn 2020 
Cuprous acetate redn catalyst 3296 
Curtius rearrangem ent quinazolinone 2976 
Cyanam ide alkyl nitroso prepn N M R 1325 
Cyanation arom methoxydiphenylacetylene 

1045
Cyanide aroyl phosphorane reaction 479 
Cyanide carbonyl reaction 481 
Cyanide imidazolidine anhydroailose 1836 
Cyanine dye phenalene MO 2430 
Cyanine phenalene dye 2425 
Cyanine pyrido dye 1098 
Cyano ester aluminum azide reaction 2976 
Cyano steroid tetracyanoethylene 237 
Cyanoaminoalkenoyl chloride 2287 
Cyanodithioimidocarbonic acid 465 
Cyanoethylene cyclopropylethylene cycloaddn 

1878
Cyanogen azide ring enlargement aikyiidene=  

cycloalkane 2821 
Cyanoguanidine cyclic 155 
Cyanoketene amine 156 
Cyanomethylbenzylpyrrolidinium rearrange0 

ment 2915
Cyanopyrazine amino conversion pteridine 

2817
Cyclea alkaloid 1846 
Cycleacurine structure 1846 
Cycieadrine structure 1846 
Cyeleahomine structure 1846 
Cycleanovine structure 1846 
Cycleapeltine structure 1846 
Cyclialkylation F riedel Crafts phenylchloro- 

pentane 1388
Cyclic anhydride protonation magic acid 

3207
Cyclic carbonate dihydroxypregnenedione 

2328
Cyclic cyanoguanidine 155
Cyclic ketone redn 293
Cyclic malonyl peroxide therm olysis 3422
Cyclic olefin benzyne cycloaddn 522 529

Cyclic  trim erization cyclododecadiyne 2260 
Cyclic  unsatd hydrocarbon N M R 2644 
Cyclitol amino 3691
Cyclization acylam ino ketone oxazole 2407 
Cyclization amino phosphorincarbonitrile 

1657
Cyclization aminoamides 1645 
Cyclization ary l propargyl ether 3832 
Cyclization azidoformate oxazinone 4205 
Cyclization benzamidophenylpropanol 1245 
Cyclization benzoylmaionaniiate 449 
Cyclization bromoamide 3099 
Cyclization butenyleyelohexanol stereochem  

3478
Cyclization carbam ate participation conden­

sation 2546
Cyclization carbanion sigm a complex 3394 
Cyclization chlorobenzylpyridinium irradn  

2351
Cyclization cholestanone malononitrile 

sulfur 4211
Cyclization decompn tricyclooctanone tosyl- 

hydrazone 3823
Cyclization dehydration tetraloi deriv 1909 
Cyclization diaminopyridine orthoformate 

613
Cyclization diazoacetylpyrazoline 2949 

2954
Cyclization dibenzoylheterocycle hydrazine 

1769
Cyclization dihalopropane reducing agent 

2760
Cyclization diols epoxide 1691 
Cyclization diphenacylaniline 3433 
Cyclization F riedel Crafts chloropentylbenz= 

ene 1388
Cyclization hexatriene kinetics 2478 
Cyclization hydantoic acid 1527 
Cyclization hydrazine carboxyacryloyl 2166 
Cyclization hydroxyphenylbutyiamine 924 
Cyclization isopropenylphosphonium salt 

aldehyde 1583
Cyclization ketalization cyclohexanedione 

hydrazone 2729
Cyclization mercaptoacetate nitrile 3615 
Cyclization nitroarom methoxycarbomylace=  

tone 856
Cyclization nitrosation pyridinecarbam ate  

1095
Cyciization nonadienone 894 
Cyclization oxaheptynedicarboxylate 1767 
Cyclization photo biphenylyl isocyanate 

1157
Cyclization photochem sym bicyclooctadiene 

3635
Cyclization propargyloxyethanoi 1455 
Cyclization Pschorr aminophenol 405 
Cyclization trinitrocyelohexadienate 1330 
Cyclization vinylbiphenyl vinylphenanthrene 

irradn 3801
Cycloaddn acridizinium  styrene 2917 
Cycloaddn azide sulfonyl isothiocyanate 

2916
Cycloaddn benzyne cyclic olefin 522 529 
Cycloaddn biacetyl olefin irradn 2860 
Cycloaddn bicyclodecatetraene chiorosuifonyl 

isocyanate 1886
Cycloaddn bisurethane cyclic polyene 3094 
Cycloaddn butenedione ethene butyne 4281 
Cycloaddn chloromethylketene methylene 

cycloalkane 4106
Cycloaddn cyclopropane isobutenylidene 

chlorosulfonylisocyanate 1015 
Cycloaddn cyclopropylethylene cyanoethylene 

1878
Cycloaddn cycloreversion azide isocyanate 

675
Cycloaddn diazabicyclohexene maleate 

mechanism 284
Cycloaddn diphenylaeetylene cyclooctadiene 

tetracyclodecane 1762 
Cycloaddn diphenylketene heterocyele 

oxazinone 2650 
Cycloaddn epoxide nitrile 1787 
Cycloaddn ethylene acrylonitrile 2084 
Cycloaddn fulvene cycloalkadienone 3836 
Cycloaddn hexadiene diazoacetate 2221 
Cycloaddn intramol pentadienyiacryiam ide  

2169
Cycloaddn ketene deriv ethoxyacetylene 

1451
Cycloaddn mechanism cyclopentadiene 

fluoroethylene 1030
Cycloaddn nonadienyne diheptynylidenecy=  

clobutane 3843
Cycloaddn oxabenzonorbornadiene tropone 

4100
Cycloaddn phenylazirine irradn 1333 
Cycloaddn photo thianaphthene dioxide 

olefin 4184
Cycloaddn photochem dicoumarin 957 
Cycloaddn reaction methyleneeyclopentane 

2117

Cycloaddn thiophosgene cyclohexadiene  
2637

Cycloaddn ureidothiazole chlorothioformyl 
chloride 1578

Cycloaddn vinyl azide cyclopentadienone 
2565

Cycloalkadiene bromination stereochem istry  
4109

Cycloalkadienone cycloaddn fulvene 3836 
Cycloalkane conformation 316 
Cycloalkane methyl ring enlargement 3862 
Cycloalkanediearboxylate epimerization  

sterie 1375
Cycloalkanone boron trifluoride N M R  2309 
Cycloalkanone deriv 1418 
Cycloalkanone enlargement halohydrin 4431 
Cycloalkanone ring enlargement alkylidene=  

cycloalkane 2821
Cycloalkene nickel hydrogenation catalyst 

2226
Cycloalkene oxymereuration stereochem  

2306
Cycloalkylm ercurie chloride hydroxy de= 

compn 1251
Cyciobutane bisheptynylidene 3843 
Cyclobutane chloro chloromethylene reaction  

1470
Cyciobutane halomethylene ring enlargem ent 

1463
Cyciobutane ketose ring closure 2900 
Cyclobutanediearboxylate N M R shift reagent 

4285
Cyclobutanediol diphenyl ether 3803 
Cyclobutanol oxidn 89
Cyclobutapyrazole cyciobutane deriv hydra=  

zine 1470
Cyelobutene butoxy 1431 
Cyclobutene fluoromethyl coupling const 

4026
Cyclobuteneearbonitriie 475 
Cyclobutenedione phenylmethoxy 3642 
Cyciobutenone ethoxy deriv 1451 
Cyclobutyl cyelopropylcarbinyl methanesul=  

fonate solvolysis (correction) 4218 
Cyclobutyl methanesulfonate solvolysis 

1881
Cyclodecadiene addns stereochem 868 
Cyclodecadiene divinyicyelohexane Cope 

rearrangement 4117
Cyclodecane chloro elimination base 2911 
Cyclodecenol expansion bicyclononanemetha=  

nol 1758
Cyclodehydration aryloxyam ide 1746 
Cyclodehydration bicycloalkeneacetic acid  

3829
Cyclodimerization phenyl vinyl ether 3803 
Cyclodimerization styrene indan 4040 
Cyclodimerization vinylcarbazole elec current 

2562
Cyclododecadiyne trim erization cyc lic  2260 
Cyclododecatriene hydrogenation cyclododec— 

ene 80
Cyclododecene tetrabenzo 808 
Cycioheptane dimethyl stereochem 316 
Cycloheptanone alkylation 1061 
Cycloheptanone insertion diazobutane 3067 
Cycloheptathiophene 146 
Cycloheptatrienedicarboxylate ester 3073 
Cyeloheptatrienylidene addn phenylacetylene 

bicyclononatetraene 2573 
Cyclohexadienate trinitro cyclization 1330 
Cyclohexadiene acetyl reductive acylation  

3887
Cyclohexadiene deriv 2011 
Cyclohexadiene thiophosgene cycloaddn  

2637
Cyclohexadienealanine peptide synthesis 

621
Cyclohexadienone hydroxymethyl rearrange^  

ment acidity 2265
Cyclohexadienone methyl epoxidn 3418 
Cyclohexane chloro dehydrochlorination 

benzaroidine 3800 
Cyclohexane conformation 134 
Cyclohexane dimethyl stereochem 316 
Cyclohexane dimethylene diepoxide 1385 
Cyclohexane methyl catalytic carbonylation  

3633
Cyclohexane methylene substituted 2438 
Cyclohexane oxidn cobalt m echanism  3729 
Cyclohexane vinylidene 2435 
Cyclohexaneacetate ester prepn stereochem=  

istry  1694
Cyclohexanecarbonyl chloride homologation 

cyclohexylacrolein 2254 
Cyclohexanecarboxylic acid phenyl 4463 
Cyclohexanediol acetonide 3935 
Cyclohexanedione hydrazone ketalization  

cyclization 2729
Cyclohexanedione tosylhydrazone reaction  

base 3637
Cyclohexanol butenyl cyclization stereochem  

3478
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Cyclohexanol conformational analysis NM R  
4214

Cyclohexanol méthylation stereochem istry  
3715

Cyclohexanone alkylation M ichael stereochem  
1000

Cyclohexanone bromo lithium enolate 2576 
Cyclohexanone fluoro conformation 880 
Cyclohexanone ketal alkanediol 3935 
Cyclohexanone methyl malononitrile Knoe^ 

venagel condensation 1512 
Cyclohexanone oxime 3296 
Cyclohexanone redn isobutylaluminum  

stereochem 4232
Cyclohexanone stereochem redn 4343 
Cyclohexene chlorination methylaluminum  

2262
Cyclohexene deriv 2011 
Cyclohexene epoxide cleavage 4346 
Cyclohexene methylene 3961 
Cyclohexene phenyl bromination 3472 
Cyclohexene tosylazo 920 
Cyclohexenone alkoxy alkylation 1775 
Cyclohexenone bromo nucleophilic displace^  

ment 3417
Cyclohexenone dehydrobromination bromocy= 

clohexanone 2576 
Cyclohexenone deriv 3637 
Cyclohexenone halo zinc redn 3658 
Cyclohexenone methyl 4068 
Cyclohexenone propylthio regioselective 

méthylation 3814
Cyclohexenone reaction ethyl methylmalo^  

nate 3646
Cyclohexenyl ester exchange acetate 3338 
Cyclohexyl bromide phenyl stereochem 4463 
Cyclohexyl diaziridine 3758 
Cyclohexylacrolein homologation eyclohexa=  

necarbonyl chloride 2254 
Cyclohexylam ine photooxidn 1154 
Cyclohexylidene carbene 547 
Cyclohexylidene source enamine 399 
Cyelohexylideneethylene vinylidenecyclohex^  

ane 2435
Cyclohexylium intermediate stereochem istry  

reaction 873
Cyclohexylm ercuric chloride hydroxy de= 

compn 1251
Cyclononane ring enlargement cycloundeca^  

none 4067
Cyclooctadiene diphenylacetylene irradn  

tetracyclodecane 1762 
Cyclooctatetraene deriv 549 
Cyclooctatetraene dioxa trioxa 2421 
Cyclooctene oxide deoxygenation 1178 
Cyclooctylamine oxide Cope elimination  

1742
Cyclopentadiene fluorinated olefin acid 632 
Cyclopentadiene fluoroethylene cycloaddn  

mechanism 1030 
Cyclopentadiene hexabromo 153 
Cyclopentadiene tetrabromodiazo irradn  

1340
Cyclopentadienide chloroboryl anion 2552 
Cyclopentadienol pentaphenyl sodium 

amide isomerization 3998 
Cyclopentadienol phenyl deriv rearrangement 

2023
Cyclopentadienone vinyl azide cycloaddn  

2565
Cyclopentadienyl chloro borane 2552 
Cyclopentane epoxide tosyloxy acetolysis 

4122
Cyclopentanetetrol amino 3691 
Cyclopentanetrione carbethoxy prepn 1231 
Cyclopentanone diazo 2945 
Cyclopentanone methylsulfinylm ethyl car=  

banion reaction 2121
Cyclopentanonecarboxylate carboxy inversion  

3440
Cyclopentanonecarboxylate ester phenyl 

deriv 3390
Cyclopentaquinoline 431 
Cyclopentene halo 1463
Cyclopentene hydroformylation methoxyben= 

zonitrile 4004
Cyclopentenecarboxaldehyde methyl 1380 
Cyclopentenedione hydroxy hydroxyoxocyclo- 

pentenyl 2512
Cyclopentenepentanoic acid deriv 2121 
Cyclopentenone acetoxy cycloaddn reaction  

2117
Cyclopentenone alkyl 175 
Cyclopentenone hydroxy methyl 551 
Cyclopentenone hydroxy methyl phenyl 

1749
Cyclopentenone intramol acylation lactone 

4071
Cyclopentenone phenyl deriv 2023 
Cyclopentenylacrylic acid addn reaction 

2870
Cyclophane deriv cyclododecadiyne 2260

Cyclophane m ethylm etapara 3931 
Cyclophanediene meta difluoro 3928 
Cyclopolyolefin cycloaddn bisurethane 3094 
Cyclopropabenzothiophene dihalo 146 
Cyclopropabenzothiopyran 2629 
Cyclopropanaphthalene hydroxy silyloxy  

2097
Cyclopropane bromomethylene reaction 

butoxide 1431
Cyclopropane dichloro phenyl 1913 
Cyclopropane diphenyl 3656 
Cyclopropane electronic transm ission 804 
Cyclopropane halo 2319 
Cyclopropane halo reaction alkoxide 1361 
Cyclopropane inductive effect 4077 
Cyclopropane isobutenylidene chlorosulfonyl= 

isocyanate cycloaddn 1015 
Cyclopropane N M R 378 
Cyclopropane phenyl bromination kinetics 

4228
Cyclopropane redn dihalopropane 2760 
Cyclopropane spiro furanone 3140 
Cyclopropane vinyl benzyne 1703 
Cyclopropane vinyl deriv alkylation 2100 
Cyclopropanecarboxylate ester methyl 

propenyl 2221
Cyclopropanecarboxylic acid methyl 1790 
Cyclopropaneglycolamide phenyl rearrange^  

ment diphenylpentenamide 2913 
Cyclopropanes oxirahes ylide condensation 

1793
Cyclopropanol 2097
Cyclopropanol bridged bicycloalkanol 4354 
Cyclopropanone aliéné epoxidn 1149 
Cyclopropanone cleavage MO sem iem pirical 

1922
Cyclopropenium fluorinated 768 
Cyclopropenone deuterophenyl 3064 
Cyclopropenyl azide isomerization 3149 
Cyclopropenylandrostanol 1478 
Cyclopropyl pyridine 3942 
Cyclopropyl sily l ether 2097 
Cyclopropylam ine alkylation intermediate 

304
Cyclopropylcarbinyl cyclobutyl methanesul^ 

fonate solvolysis (correction) 4218 
Cyclopropylcarbinyl methanesulfonate 

solvolysis 1881
Cyclopropylcarbinyl rearrangement stereo= 

chem 112
Cyclopropylethylene cyanoethylene cycloaddn 

1878
Cyclopropylidenecyelohexane 547 
Cyelotetradecahexaenedione prepn 2715 
Cyclotrichosantol Trichosantes 3688 
Cyclotrim erization styrene indan 4040 
Cyclotrisiloxane nonafluorohexyl 1615 
Cycloundecanone ring enlargement cyelono= 

nane 4067
Cycloundecatrienedione 864 
Cymantrene organometal deriv 1918 
Cyprazine hydrolysis mechanism 4396 
Cysteine peptide 270
Daphm acrine Daphniphyllum alkaloid 2404 
Daphmacropodine Daphniphyllum alkaloid 

2404
Daphniphyllum alkaloid 2404 
Darzens condensation diazoacetone aldehyde 

4216
D atisca  cucurbitacin acetate 1420 
D atiscacin  structure 1420 
D atura daturadiol 3685 
Daturadiol D atura 3685 
Daturaolone 3685 
DD D  hydrolysis 835 
D D T hydrolysis 835 
D D T sensitized photolysis 340 
Deacetyleupaserrin structure 1260 
Dealdolization diacetone ale amine 2689 
Dealkylating agent azodicarboxylates 1652 
Dealkylation butylbenzene fluoroantimonate 

mechanism 3221 
Decadiyne octamethyl 816 
Decalin butenolide 240 
Decalin cyclodecadiene addn reaction 868 
Decalol tosylate solvolysis conformation 

2792
Decalone bromo dehydrobromination ben= 

zamidine 3800
D ecalyl solvolysis tosylate 2077 
Decanoate ester chain degrdn 1732 
Decarbonylation benzobicyclooctadienone 

epoxide irradn 3805 
Decarbonylation ring contraction 4348 
Decarbonylation tricyclodecyl formate nickel 

3954
Decarboxylation acylated succinate ester 

3436
Decarboxylation homophthalate 610 
Decarboxylation isopropyldioxanedicarboxylie 

acid stereochem 4084
Decarboxylation m ercuric dicarboxylate 319

Decarboxylation oxidn citroylform ic acid 
3582

Dechlorination reductive chlorobenzylide= 
neaniline 3601

Decompn benzyl triphenylacetate 757 
Decompn butyl peroxide hydrogenation 

2722
Decompn catalyst diazonium aryl fluorobo= 

rate 1126
Decompn mechanism dithiocarbamate 560 
Decompn mechanism tosylazoeyclohexene 

920
Decompn nitroso methyl urea 1821 
Decompn perester kinetics 3817 
Decompn tricyclooctanone tosylhydrazone 

cyclization 3823 
Decompn vinyl acetate 3596 
Deconjugation photochem 2558 
Décyanation phenylalkanenitrile 4156 
D ecyl ally l ether cleavage 3224 
Decyl bromide sensitized photolysis 340 
Degrdn chain decanoate ester 1732 
Degrdn methyl cholanate 4308 
Dehalogenation halomethyl compd irradn  

2255
Dehydration b icyclic acid tricycloalkanone 

3829
Dehydration cyclization tetralol deriv 1909 
Dehydration heptadienol metal oxide 2416 
Dehydroabietic acid rearrangement 2732 
Dehydroadamantanone Wolff K ishner redn 

2556
Dehydrobiphenylene 3812 
Dehydrobromination bromodecalone phenyl= 

benzamidine 3800
Dehydrochlorination ring contraction 4348 
Dehydrocyanation dinitrile 475 
Dehydrodihydroprostaglandin E l  2115 
Dehydrohalogenation agent phenylbenzami=  

dine 3800
Dehydrohalogenation kinetics chlorohydroxy- 

ethanediphosphonic acid 1867 
Dehydrohalogenation steroid chloro cyclic  

carbonate 2335 
Dehydroisoandrosterone 4209 
Dehydronorcamphor ring expansion 4059 
Dehydrostigmasterol ally lic bromination 

2259
Dehydroxylation phenol deriv 2314 
D elocalizability methylthiopurine hydrolysis 

2066
Déméthylation quaternary ammonium 1961 
Demethylcephalotaxine alkaloid Cephalotax= 

us 2110
Dem ethylilludinate methyl 4305 
Denitration nitrobenzene borohydride 2928 
Deoxycorticosterone phosgene 2328 
Deoxygenation cyclooctene oxide 1178 
Deoxygenation nitrile oxide 4365 
Deoxygenation photo amine 2566 
Deoxygenation photo aryl sulfoxide 2419 
Deoxygenation piperidine oxyl 1417 
Deoxymannofuranosyladenine 3704 
Deoxyprostaglandin 951 
Deoxyprostaglandin E  deriv 3413 
Desulfurization sultone aluminum hydride 

1428
Deuterated nortricyclyl ale stereochem 616 
Deuterated vinylcyclohexane Wittig reaction 

2910
Deuteration dimethoxybenzoquinone 3226 
Deuterium hydroxymethylandrostanedione 

1280
Deuterium isotope effect indanone 2008 
Diaborane amide redn 912 
Diacetone ale dealdolization amine 2689 
Dialkenylchloroborane protonolysis oxidn 

1617
Diamagnetic anisotropy N M R hydrocarbon 

2644
Diamide organolithium reaction 901 
Diam ine polyoxa b icyclic 1773 
Dianhydride silyl 4271
Diastereom er phenylehloropentane cyclization  

1388
Diazaadamantanone spectrum reactivity  

1648
Diazabicycloheptenone 2939 2954 
Diazabicyclohexene aziridine 651 
Diazabicyclohexene maleate cycloaddn  

mechanism 284
Diazabicycloundecene cleavage methyl ester 

1223
Diazahomoadamantanone spectrum reactivity  

1648
Diazanorbornenone dicarbonyl rearrangement 

2043
Diazetidine conformation N M R 1605 
Diazetidine rearrangement diazanorborne= 

none 2043
Diazidobenzoquinone rearrangem ent acid 

catalyzed 3865
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D iaziridine addn acetylene 2984 
D iaziridine cyclohexyl 3758 
Diaziridinone dibutyl electrochem redn 

2620
Diazo compd reaction phosphonium 3069 
Diazo ketone acetylenedicarboxylate 825 
Diazo ketone oxygen reaction 1602 
Diazo sulfinyl chloride 17 
Diazoacetate cycloaddn hexadiene ,2221 
Diazoacetate estradiol estrone 3525 
Diazoacetate reaction arylchloroborane 2574 
Diazoacetone Darzens condensation aldehyde 

4216
Diazoacetylpyrazoline cyclization 2949 

2954
Diazobutane insertion cycloheptanone 3067 
Diazocine hexaphenyl 176 
Diazoethane ring expansion norcamphor 

4064
Diazoketone rearrangem ent mechanism  

3798
Diazom ercurial photochem 3937 
Diazomethane ring expansion 4059 
Diazonium aryl fluoroborate decompn cata=  

lyst 1126
Diazonium benzophenone electrochem  

decompn 2386
Diazonium coupling imidazole deriv 1971 
Diazonium phosphonate reaction kinetics 

4402
Diazonium salts photochem 3647 
Diazopyrazolidine prepn reaction 2945 
Diazotetrabromocyclopentadiene irradn  

spiroheptadiene 1340
Diazotization aminomethylbicyclononanone 

3462
Dibenzoazepine oxo 809 
Dibenzochrysene tetralone Grig rard 2783 
Dibenzocycloheptenylidenepropylamine 700 
Dibenzodioxecin 1771 
Dibenzodioxepin 1771 
Dibenzodioxocin 1771 
Dibenzodioxonin 1771 
Dibenzopyran 1621
Dibenzoylheterocycle hydrazine cyclization  

1769
Diborane 1504
Diborane redn naphthalic anhydride 1944 
Dibromopentane electrochem redn 4016 
Dication bithiazoline bithiazine 3949 
Dicoum arin photochem cycloaddn 957 
Dictyopteris hydroquinone 2383 
Dicyclopentaheptalene azupyrene 1439 

1445
Dieckm an condensation norsteroid 1941 
Dieckm ann condensation 390 
Diels Alder bromoacrolein 3961 
Diels Alder fulvene diene 3836 
Diels Alder intram ol pentadienylacrylamide  

2169
Diels Alder reaction MO 4075 
Diels Alder retro thiabicyclooctadiene 3073 
D iels Alder stereochem 632 
D iels Alder structural directivity 566 
Diene ester addn ylide 2806 
Dienone phenol rearrangem ent acidity 2265 
Diepoxymenthene 2267 
Diethylene glycol ether fluorination 3617 
Diglym e glyme fluorination 3617 
Dihydroantirhine 4305 
Dihydrocinnamate protecting group ale 

3575
Dihydrodiazepinone acyl ketone acylenol 

ester 2939
Dihydrooxazine alkyl 2236 
Dihydropregeijerene conformation 735 
Dihydroxy steroid 1276 
Dihydroxyphenylalanine methyl ester 3057 
Dihydroxypregnenedione cyclic  carbonate 

chloro 2328 
Diketone 901
Diketone hydrogen sulfide cyloaddn 2548 
D im er furan 612
Dim erization alkynylphosphine 1611 
Dim erization electrochem cinnamate ester 

3390
Dim erization nonadienyne diheptynylidene=  

cyclobutane 3843
Dim erization phenylazirine irradn 1333 
Dim erization phospholium ion 1954 
Dim erization photo methoxyazepine 1090 
D im erization photo sultone 2257 
Dimethylamine benzothiepinone Mannich 

reaction 2629
Dimroth rearrangem ent 1095 
Dinaphthodioxeein 1771 
Dinaphthodioxepin 1771 
Dinaphthodioxocin 1771 
Dinaphthodioxonin 1771 
D initrile dehydrocyanation 475 
Dinitrophenyl sulfate hydrolysis 3371 
Dinitrostyrene redn 3004

Diol tetrahydrofuran ring closure 402 
Diols cyclization epoxide 1691 
Dioxa cyclooctatetraene 2421 
Dioxaazabicycloheptane therm olysis photoly= 

sis rearrangem ent 3466 
Dioxaborinane hydroboration olefin 158 
Dioxacycloheptane conformation N M R 3971 
Dioxacycloheptenes dioxanes dioxenes 1455 
Dioxamethylene quaterphenyl 4428 
Dioxane earboxyhydroxymethyl 1241 
Dioxane difluoro ring inversion 4079 
Dioxane phosphorus pentachloride reaction 

1173
Dioxanes dioxenes dioxacycloheptenes 1455 
Dioxaphosphorinane conformation 256 
Dioxaphosphorinane P M R  stereochem 160 
Dioxaspirononadiene tetram ethyl 3652 
Dioxaspiropentane aliéné epoxidn 1149 
Dioxazepine 3466 
Dioxecine dioxonin dioxocin 4428 
Dioxenes dioxanes dioxacycloheptenes 1455 
Dioxepane phosphorus pentachloride reaction 

1173
Dioxocin dioxonin dioxecine 4428 
Dioxolane glyoxal ale 556 
Dioxolane hydrogenolysis 384 
Dioxolane phosphorus pentachloride reaction 

1173
Dioxolane therm olysis kinetics 1434 
Dioxolanol halomethyl 110 
Dioxolanone nucleoside formycin tubercidin 

3179
Dioxolanyl cation S C F  MO 471 
Dioxolanylethylmagnesium bromide thiophe= 

necarboxylate 1056 
Dioxonin dioxecine dioxocin 4428 
Diphenamide dimethoxy racem ization 3610 
Diphenyl ether substituted conformation 

170
Diphenylacetylene cyclooctadiene irradn  

tetracyclodecane 1762 
Diphenylamine azide benzene irradn 2052 
Diphenylketene cycloaddn heterocycle 

oxazinone 2650
Diphenyloxazolinone protective group 3034 
Diphenylphosphorohomoserine prepn 1421 
Diphosphacyclopentenone carbethoxy 253 
Diphosphoniacyclohexadiene isomerization  

1611
Dipolar lanthanide induced shift 381 
Dipole moment diphenyl ether sulfide 170 
Dipole triazolinedione addn vinyl ester 3070 
Directive effect monochloroborane hydrobora= 

tion 182
Disaccharide synthesis aglycon 202 
Dispirodecane conformation 134 
Disproportionation dichlorocarbamate 

carbam ate ester 2555 
Disproportionation kinetics trityl alkyl ether 

625
Disproportionation tertiary butyl phenol 

1929
Disulfide aryl sulfenylation phenol 687 
Disulfide dinitrophenyl 4339 
Disulfide redn sulfide 916 
Disulfurization stereochem butene episulfide 

932
Diterpene Bru cea  antidysenterica 178 
Diterpene Leonotis 720 
Diterpene methyl ester cleavage 1223 
Dithiadiazacycloalkane 937 
Dithiametacyclophane elimination sulfur 

3931
Dithiane alkylidene organocopper addn 

2747
Dithiecin 461 
Dithienazepine 2814 
Dithioacetal ketene aldose 187 
Dithiocarbamate decompn m echanism  560 
Dithiocin 461 
Dithiolanone 3953 
Dithiolium iodide 2548 
Dithiosulfite benzoyl sym unsym 3654 
Divinylcyclohexane cyclodecadiene Cope 

rearrangem ent 4117 
D M F  catalyst acid chloride 2557 
Dodecanolide oxo 1234 
Dodecanone oxime 3296 
D O PA methyl ester 3057 
Double bond hydrogenation nickel catalyst 

2226
Duff reaction acylation indole 4002 
Dye phenalene cyanine 2425 
Dye phenalene cyanine MO 2430 
Dye pyrido cyanine 1098 
Dye xanthene photochem reaction 1057 
Echinocystis norlanosterol fabacein structure 

1055
Echitam ine model 2882
E le c  current vinylcarbazole cyclodimerization  

2562
E le c tr ic  discharge reaction fluoroethane 907

Electrochem  decompn benzophenone diazoni=  
um 2386

Electrochem  fluorene 788 
Electrochem  prepn methoxycarbonyloctadi=  

ene 4011
Electrochem  reaction methylnaphthalene 

prepn 1430
Electrochem  reaction phenylanthracene 

deriv prepn 1167
Electrochem  redn butyldiaziridinone 2620 
Electrochem  redn cinnam ate ester 3390 
Electrochem  redn dibenzoyl compd 1474 
Electrochem  redn dibromopentane 4016 
Electro cyclic  ring closure pentadienyl isocya=  

nate 2982
Electrocyclodim erization vinylcarbazole 

2562
Electro lytic redn amino ketone 2731 
Electron  donor electrophile reaction 1369 
Electron  lone pair hydrogen shift 615 
Electron  one vs two oxidn 89 
Electron  transfer quinone phosphite 3'423 
Electronic effect glycol cleavage 760 
Electronic transm ission cyclopropane 804 
Electrophile reaction electron donor 1369 
Electrophile solvolysis sulfate ester salt 

3510
Electrophilic bromination 493 
Electrophilic substitution im idazoles 1955 
Electroredn carbon sulfur bond 4236 
Elim ination benzisoxazole m echanism  2294 
Elim ination benzyluridine methanesulfonyl 

598
Elim ination  butyltrimethylammonium base 

assocn 846
Elim ination chlorocyclodecane base assocn  

2911
Elim ination methylbutyl halide 3363 
Elim ination reaction nucleoside 1283 
Elim ination reaction trimethoxyethane 3059 
Enam ine aliph 3074 
Enam ine aziridinyloctene 4254 
Enam ine bicycloalkane 304 
Enam ine cleavage amino ale 2089 
Enam ine cyclohexylidene source 399 
Enam ine cyclopentanone 551 
Enam ine phosphonate hydrolysis oxoalkyl=  

phosphonate 2908
Enam ine phosphonate stereochem 820 
Enam ine reaction hydroxynitrostyrene 

3049
Enam ines pyrroline deriv 3487 
Enantiom er prostaglandin E2  3632 
Energy potential surface concertedness 1772 
Enlargem ent ring alkylidenecyeloalkane 

cyanogen azide 2821
Enlargem ent ring phenylmethoxycycloprope=  

none 3642
Enol acetate hydration palladium  2766 
Enol ester peptide coupling 4288 
Enol silyl ether Simmons Smith 2097 
Enolate alkoxycyclohexenone regiospecific 

alkylation 1775
Enolate copper regiospecific alkylation 4450 
Enolate lithium bromocyclohexanone prepn 

2576
Enolate metal acylation 514 
Entgegen benzylidenephthalide 4164 
Enzym e removable acyl protecting group 

977
Epiallogibberic acid 1398 
Epiallogibberic acid precursor 741 
Epialloyohimbine total synthesis 2496 
Epim erization cycloalkanediearboxylate  

steric 1375
Epim erization photochem bicyclohexenecar=  

boxaldehyde 4007
Episulfide alkylene reaction amine 2405 
Episulfide butene disulfurization stereochem  

932
Epoxide benzobicyclooctadienone decarbony=  

lation irradn 3805 
Epoxide cleavage stereochem 4346 
Epoxide cyclohexadienone deriv 3418 
Epoxide cyclooctene deoxygenation 1178 
Epoxide dimethylenecyclohexane 1385 
Epoxide ring enlargement nitrile 1787 
Epoxide ring opening intramol 3091 
Epoxides stereosp prepn 1691 
Epoxidn acid sensitive olefin 2267 
Epoxidn aliéné 1149 
Epoxidn methylcyclohexadienone 3418 
Epoxidn octene molybdenum carbonyl 

catalyst 1145
Epoxidn prostaglandin A stereochem 3187 
Epoxy diazo ketone synthesis 11 
Epoxy hydrocarbon 2267 
Epoxyacetoxystigm astane boron trifluoride 

etherate 1688 
Epoxybenzofuran 612 
Epoxybutane ring cleavage 2210 
Epoxycyclohexanol deriv rearrangem ent 

1380
Epoxydihydronaphthalene deriv 3482
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Epoxyguaianolide Stevia 1759 
Epoxyhexene rearrangem ent irradn 3967 
Epoxyhydrotetrazolopyridine carbam oyl 

structure 2717 
Equilenin methyl ether 3229 
Ergosteryl acetate tetracyanoethylene 237 
Ergot alkaloid ergotoxine 2249 
Ergotoxine ergot alkaloid 2249 
Eritadenine 2887 
E S R  acylpyridinium  radical 2355 
E S R  dicarbonyl benzene rad ical anion 2693 
E S R  rad ical anion naphthobicycloheptadiene 

3592
Este r alkyl fluoromethanesulfonate 3673 
Este r chloro keto retro condensation 4081 
Este r  chloro ring contraction 4348 
Este r  configaration fluorine NM R 2143 
Este r  cyano aluminum azide reaction 2976 
Este r  cyclohexenyl exchange acetate 3338 
Este r  diene addn ylide 2806 
Este r  fluorinated stability 4028 
Este r  hydrolysis nitrophenyl polyelectrolyte 

3120
E ste r  isopropenyl stearate reaction 2540 
E ste r  methyl cleavage diazabicycloundecene 

1223
E ste r  oxo aliph 3436
E ste r  phenyl phosphate reductive hydrolysis 

2314
Este r  phthalate pyrolysis kinetic 1186 
Este r  protonation N M R carbon 1986 
Este r thio imino aliph 2242 
Este r thiol hydrolysis NM R 4239 
Este r thiol phenyl irradn 1559 
Esterification cata lysis metal carbonyl 64 
Esterification halide copper isonitrile 1753 
Esterification reagent stability 4196 
Esterification  thymine glycol osmium 1499 
Estrad io l diazoacetate 3525 
Estrad io l hydroxy configuration CD  3797 
Estrane ethano 3696 
Estratetraenone methoxy 3229 
Estratriene NM R 1542 
Estrogenic hormone secoestrapentaenoic 

acid 4319
Estrone diazoacetate 3525 
Ethane diazo enlargement norcamphor 4064 
Ethanediphosphonic acid rearrangement 

1867
Ethanoestrane 3696 
Ethanol nitrilotri 3630 
Ethanooctahydrophenanthrenecarboxylic 

acid 2093
Ethene cycloaddn butenedione 4281 
Ether acetamidophenyl allyl C laisen 831 
Eth er acid halide reaction 64 
Eth er aliph fluorinated 3025 
Ether allyl decyl cleavage 3224 
Eth er aryl propargyl cyclization 3832 
Eth er chloromethyl reaction organoborane 

2422
Ether chloromethyl Reform atskii bromoalka=  

noate 2346
Eth er diphenyl substituted conformation 

170
Eth er enol acetylene 4254 
Eth er ethylene glycol fluorination 3617 
Eth er isopropenyl methyl 2910 
Eth er methyl methoxyvinyl 3059 
Ether nitroethyl deriv 2999 
Ether nitrophenyl aminoethyl 2838 
Ether phenyl vinyl cyclodimerization 3803 
Eth er trityl alkyl disproportionation kinetics 

625
Eth er vinylbenzyl Wittig rearrangem ent 

2756
Ethoxyacetylene cycloaddn ketene deriv  

1451
Ethoxyalkenyl acylformate ester pyrolysis 

3386
Eth y l methylenediphosphonate anion 1423 
Eth y l orthoacetate a lly lic  ale induction 

(correction) 4218
Ethy l orthoformate acetylferrocene addn 

3723
Ethyldithiocarbonyl chloride 1575 
Ethylene acrylonitrile cycloaddn 2084 
Ethylene addn Hammett correlation 1631 
Ethylene bisphenylsulfonyl 2600 
Ethylene butyl bromination 1367 
Ethylene cyclopropyl cycloaddn 1878 
Ethylene diphenyl adduct ketene deriv 2147 
Ethylene ditertbutyl methoxymercuration  

3442
Ethylene glycol ether fluorination 3617 
Ethylene oxidn palladium acetate 1681 
Ethylene oxidn thallium  palladium  2415 
Ethylènediam ine dimetalation dimethylarene 

1491
Ethylenediam ine exchange isobutyraldéhyde 

1636
Ethylenedithiodiacylam ide 937

Ethylphosphonomethylphosphinate conden= 
sation aldehyde 1423 

Ethynyl ale Rupe rearrangem ent 2103 
Eucannabinolide stereochem 2485 
Eudesm ane sesquiterpene 4424 
Eu paserrin  structure 1260 
Eupatorium  sesquiterpene 1260 
Eupatorium  sesquiterpene lactone 2189 
Exchange cyclohexenyl ester acetate 3338 
Exchange hydrogen amine arom atic 1204 
Exchange hydrogen nitrobenzene 1201 
Exchange hydrogen sulfonium halide 3912 
Exchange isobutyraldéhyde ethylenediamine 

1636
Exchange reaction organoaluminum acetal=  

dehyde 1130
Exo cyclic  methylene addn chlorosulfonyl 

isocyanate 1893
Extent conjugation pyridylphosphonate 

1306
Extrusion rearrangem ent thiabicyclooctadi=  

ene dioxide 3073
Fabacein  structure partial synthesis 1055 
Fatty  acid amide degrdn 3733 
Fatty  acid chloride chlorination 3919 
Fatty  ester m ass spectra 3767 
Favo rsk ii rearrangement 571 575 579 
Favorsk ii rearrangem ent aliph ketone 1709 
Febrifugine abs stereochem 1937 
Febrifugine alkaloid stereochem 1933 
Fenchocamphoronç oxidn selenium 2989 
Fenchocamphorquinone labeled oxygen CD  

2989
Ferrate  hydridocarbonyl benzohydroxamoyl 

chloride 4365
Ferrocene benzimidoyl isomerization 3330 
Ferrocene trim ethylsilyl N M R 1620 
Ferrocenecarboxam ide metalation alkylation  

1677
Ferrocenylbutenone 3723 
Ferrocenylcyclo  propane m ass spectra 1913 
Ferrous sulfate w ater benzodiazepinone 

4206
F isch er glycosidation mechanism isomer 

3272
Flavobacterium  oxydans oxidn 1241 
F lav o r straw berry pineapple 123 
Fluoraminom ethane prepn 1088 
Fluoram inom ethyl isocyanate reaction 1083 
Fluorene electrochem 788 
Fluorene tetrahydro 741 
Fluoreneam ine ketone 165 
Fluorenylm ethoxycarbonyl amino protecting 

group (addition) 4218
Fluorescein  singlet photochem reaction 1057 
Fluoride stability fluorinated ester 4028 
Fluorim ine hydroxy compd addn 1065 
Fluorinated aliph ether 3025 
Fluorinated alkyl sulfone 3358 
Fluorinated cyclopropene cyclopropenium  

768
Fluorinated ester stability 4028 
Fluorination ethylene glycol ether 3617 
Fluorination fluoroguanidine isocyanic acid 

adduct 1088
Fluorination penicillin cephalosporin 943 
Fluorine carbonium ion NM R 2682 
Fluorine coupling const cyclobutene 4026 
Fluorine N M R configaration ester amide 

2143
Fluoro ester redn hydrogen fluoride 3025 
Fluoro triazole 4353 
Fluoroalkyl alkyl sulfone 3358 
Fluoroantimonate dealkylation butylbenzene 

mechanism 3221
Fluorobenzene protonation NM R 3212 
Fluorobenzenium rearrangement N M R 3212 
Fluorocyclohexanone conformation 880 
Fluoroethane electric discharge reaction 907 
Fluoroethylene cyclopentadiene cycloaddn  

mechanism 1030
Fluoroguanidine amine reaction 1075 
Fluoroguanidine isocyanic acid addn 1080 
Fluoroguanidine isocyanic acid adduct 

fluorination 1088 
Fluorohexylcyclotrisiloxane 1615 
Fluoroimidazole acetam idoalkyl 3647 
Fluorometacyclophane diene 3928 
Fluoromethanesulfonate a lkyl ester 3673 
Fluoromethanesulfonate hydroxyimide ester 

reaction 3908
Fluoromethanesulfonic acid arom nitration 

4243
Fluoronorbornene deriv bromination 2027 
Fluorosulfonic acid antimony pentafluoride 

349
Fluorovinyl isocyanate 3924 
Folic  acid analogs 2185 
Form alaldehydic acid 815 
Form am ide Grignard reaction 3074 
Form am ide Leuckart reaction propionyl= 

thiophene 2102

Form am oylation azobisformamide free 
radical 2560

Form ate azido photolysis therm olysis 2442 
Form ate tricyclodecyl decarbonylation 

nickel 3954
Form ic acid citroyl 3582 
Form olysis acetoxypregnanyl tosylate 1270 
Form olysis chromium carbonyl complex 

1518
Form olysis m echanism  tosyloxy steroid 748 
Form ycin  acetoxyisobutyryl halide reaction 

3179
Form yl protective group tryptophan 2594 
Form ylation methoxybutyrate 1963 
Form ylation thioxanthenone 1743 
Form ylation V ilsm eier H aack indole 4002 
Formylbenzoate lactonization kinetics 754 
Form ylbicyclohexene photoepimerization 

therm olysis 4007
Form ylpyridoxal phosphate nor 4295 
Fornanol oximino Beckm ann fragmentation 

3585
Fraction  collector gas chromatog 3066 
Fre e  radical formamoylation azobisformam=  

ide 2560
Friedel Crafts cyclialkylation phenylchloro= 

pentane 1388
Friedel Crafts rearrangem ent bicyelononadi= 

ene deriv 1909
Friedel Crafts rearrangem ent tetralin deriv 

1903
F rie s  rearrangem ent aryl benzoate 1924 
F rie s  rearrangement photo cresyl chloroben= 

zoate 2571
Fructose ring closure cyclobutane 2900 
Fulvalenehexacarbonyldim anganese 1918 
Fulvalene quinone deriv 3064 
Fulvene cycloaddn cycloalkadienone 3836 
Fulvene quinone deriv 3064 
Fum arate diazabicyclohexene cycloaddn 

mechanism 284 
Fum arate protonation 1415 
Functionalization carbon phenylsulfonyl=  

methane 2600 
Fu ran  1583 
Fu ran  butyl 2361 
F u ra n  dim er 612 
Fu ran  phenylthio 187 
Furan  tetrahydro diphenylethylidene 3958 
Furaneol flavor 123 
Furanone acetamido hydrolysis 815 
Furanone condensation pyrimidine 3878 
Furanophane 864 
Furazan  strained 1054 
Furazanopyrim idine pteridine azapteridine 

2238
Furfurylidene acetate 3428 
Furobenzofuranone hydro 3874 
Furopyridazine 1769 
Furopyrrolotetrazole 3865 
Furylpropenone IR  substituent effect 1807 
Furyly lide sulfonium annelating reagent 

3140
Galactose F isch e r glycosidation mechanism  

3272
G as chromatog antibiotic X  537A 3431 
G as chromatog fraction collector 3066 
Geissovelline alkaloid 215 
Gem inal dihalocyclopropane reaction alkox= 

ide 1361
Geometric isomerization photochem olefin 

1247
Germ acronolide Woodhousin Bahia (correc=  

tion) 4217
Gibberic acid epiallo precursor 741 
Glucofuranose benzamido 716 
Glucopyranose thio pentaacetyl 832 
Glucopyranoside anhydrodeoxy mechanism  

2509
Glucopyranoside nitro azide triazole 2179 
Glucosamine anhydro 202 
Glucose aminoalc sulfated NM R 1810 
Glucose F isch e r glycosidation mechanism  

3272
Glutam ic acid ester coupling racem ization  

2518
Glyceraldehyde acetonide 1534 
Glycine benzaldehyde condensation kinetics 

3031
Glycine deriv 2094 
Glycinonitrile rad ical 2604 
Glycol ethylene ether fluorination 3617 
Glycol haloacetate addn 110 
Glycol halohydrin ester conversion 3624 
Glycol orthoacetate chlorotrimethylsilane 

reaction 4203
Glycol oxidative cleavage 760 
Glycol thymine osmium esterification 1499 
Glycosidation F isch er m echanism  isomer 

3272
Glycoside pyrolytic cleavage 1190 
Glym e diglyme fluorination 3617
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Glyoxal ale reaction 556
Grignard addn organoaluminum acetaldehyde 

1130
Grignard phenylcyclohexyl bromide stereo^ 

chem 4463
Grignard reaction tertiary formamide 3074 
Grignard reagent nitromethane reaction 

2763
Grignard reagent reaction nitrosamine 2412 
G rigrard tetralone spiro hydrocarbon 2783 
Growth hormone human fragment 3561 
Growth hormone octapeptide 591 
Guanidine carboxylate 1591 
Guanidine cyc lic  cyano 155 
Guanidine fluoro amine reaction 1075 
Guanine hydroxy 3046 
Guanine oxide rearrangem ent 1291 
Guianolides Berbanderia subacaulis (co rre ct  

tion) 4218
Halide acid ether reaction 64 
Halide ion redn nitrate 2277 
Halide vinyl isomerization palladium 1140 
Halo benzene acetonyl photosubstitution 

1407
Halo compd phénylation organocadmium  

3189
Haloacetate glycol addn 110 
Haloacetate reaction propanolamine 2264 
H aloacrylonitrile chloro 479 
Haloadamantane prepn 3447 
Haloallene solvolysis steric factor 3054 
Halobenzocyclobutene redn organotin 3055 
Halocarbene addn norandrostenone 289 
Halocyelohexenone zinc redn 3658 
Halocyclopropane deriv 2319 
Halocyclopropane reaction alkoxide 1361 
Halogen interchange fluorocyclobutene 4026 
Halogénation benzothiepinone 2623 
Halogénation thiophane 2156 
Halogénation thiophane solvent effect 2160 
Halohydrin decompn ring enlargement 4431 
Halohydrin ester glycol conversion 3624 
Halomethyl compd dehalogenation irradn  

2255
Halomethylenecyclobutane ring enlargement 

1463
Halonium ion 367 
Halonium ion tetramethylene 1010 
Halophenol oxidative substitution 1741 
Halopyridines pyridone prepn 3740 
Halopyruvaldoxime 806 
Haloquinoxaline dioxide 3105 
Hammett correlation ethylene addn 1631 
Hammett IR  phenylbenzoylacetylene 2544 
Hancock steric const component 1623 
Hasubanan alkaloid 151 
Hedycaryol conformation 735 
Helenium sesquiterpene lactone 1722 
Hem iacetal equil polar attraction 4249 
Heptadienol dehydration metal oxide 2416 
Heptane bromo dehydrobromination benzam~ 

idine 3800
Heptapeptide solid phase prepn 1296 
Heptatriene therm olysis 2416 
Heptynylidenecyclobutane nonadienyne 

dimerization 3843 
Heterocycle selenium 338 
Heterocycle silicon 87
Heterocycle sulfur tosylhydrazone pyrolysis 

2967
Heterocycles nitrogen N M R 4391 
Heterocycles nitrogen N M R carbon 1313 
Heterocyclic thione m ass spectra 1356 
Heterohelicene 2814
Heteronuclear stabilized carbonium ion 422 
Hexachlorocyclotriphosphazatriene aldoxime 

nitrile 1060
Hexadiene cycloaddn diazoacetate 2221 
Hexadiene hydroxyphenyl irradn 1993 
Hexadiene tetram ethyl 816 
Hexane epoxy 2267 
Hexatriene cyclization kinetics 2478 
Hexenofuranose phenyloxazoline 716 
Hexenone rearrangem ent irradn 3967 
Hexestrol azido 3525 
Hexose amino reductone hydrolysis 2512 
Hexyl formate decarbonylation nickel 3954 
Hindered phenoxide carboxylation reagent 

4086
Histam ine amino deriv 1971 
Histidine amino deriv 1971 
Hoffmann rearrangem ent lead tetraacetate 

pyridine 414
Holothurinogenin deoxy dihydro 209 
Homoandrostanyl formate acetoxy methyl 

1270
Homoargemonine alkaloid 2099 
Homobrendane oxa 2230 
Homologation benzoyl chloride cinnamaldeh^  

yde 2254
Homopavine methyl alkaloid 2099 
Homophthalate decarboxylation 610

Homophthalate Stobbe condensation 607 
Homoserine phosphate derivs 1421 
Hops Japanese spiro ketal 3652 
Hormone growth octapeptide 591 
Hormone human growth fragment 3561 
Huang Minion redn dehydroadamantanone 

2556
Human growth hormone fragment 3561 
Hycanthone 1743 
Hydantoic acid cyclization 1527 
Hydrangea alkaloid febrifugine 1937 
Hydration enol acetate palladium 2766 
Hydration isobutyraldéhyde kinetics ther= 

modn 2801
Hydratocarbonylation olefin carboxylic acid 

3192
Hydrazide imide arom alkylation 1344 
Hydrazidoyl chloride amination 3627 
Hydrazine ca r boxy acryloyl 2166 
Hydrazine cyclobutane deriv eyclobutapyra=  

zole 1470
Hydrazine isothiocyanate malonate deriv 

624
Hydrazine redn stilbene dibromide 3062 
Hydrazine tetrafluoro photoredn benzophe= 

none 2964
Hydrazine tricarbam oyl 2560 
Hydrazone cyclohexanedione ketalization 

cyclization 2729 
Hydrazone ditosyl ketone 3815 
Hydrazone phenyl cleavage 822 
Hydrazone tricyclooctanone decompn eycliza=  

tion 3823
Hydride ion transfer 1280 
Hydride redn naphthalic anhydride 1944 
Hydridocarbonyltriferrate benzohydroxamoyl 

chloride 4365 
Hydro benzofuran 3874 
Hydroazulene 95 
Hydrobenzoazulenone deriv 1439 
Hydrobenzoazulenone reaction 1445 
Hydrobenzodicycloheptene prepn 3051 
Hydrobenzoin oxidative cleavage 760 
Hydroboration alkynes chloroborane 1617 
Hydroboration butene stereochem istry 1607 
Hydroboration kinetics olefin 158 
Hydroboration monochloroborane directive 

effect 182
Hydroboration regioselectivity olefin 4092 
Hydrocarbon N M R diamagnetic anisotropy 

2644
Hydrocarbon oxidn cobalt ion 909 
Hydrocarbon spiro tetralone G rig rard  2783 
Hydrochloric acid chlorination cyclohexene 

2262
Hydroethanophenanthrenecarboxylic acid 

deriv 2093
Hydrofluoric acid F r ie s  rearrangem ent 1924 
Hydrofluoroborate amide 395 
Hydroformylation cyclopentene methoxyben= 

zonitrile 4004
Hydroformylation unsatd aldehyde 2361 
Hydrogen abstraction benzocycloalkene 

strain 1957
Hydrogen atom org reaction 484 
Hydrogen chloride butanol reaction 4196 
Hydrogen cyanide perfluoroacetone adducts 

1751
Hydrogen exchange amine arom atic 1204 
Hydrogen exchange methylpyridinium 829 
Hydrogen exchange nitrobenzene 1201 
Hydrogen exchange olefin 349 
Hydrogen exchange sulfonium halide 3912 
Hydrogen fluoride addn chloropropene 2091 
Hydrogen fluoride degrdn amide 3733 
Hydrogen fluoride F r ie s  rearrangem ent 1924 
Hydrogen fluoride nitrotriazole 4353 
Hydrogen peroxide limonene oxidn 1684 
Hydrogen sulfide diketone cyloaddn 2548 
Hydrogenation butyl peroxide decompn 

2722
Hydrogenation catalyst nickel alkene 2226 
Hydrogenation catalyst ruthenuim complex 

80
Hydrogenation catalytic olefin 3343 
Hydrogenation chromanone chromanol 3534 
Hydrogenation selective prostaglandin 951 
Hydrogenolysis acetal ketal alane 384 
Hydrolysis acylmethylenephosphorane aliph 

ketone 4082
Hydrolysis alk purine thioether 3367 
H ydrolysis amino hexose reductone 2512 
Hydrolysis arylphosphinate perchloric acid 

2703
Hydrolysis butenoic acid lactone 815 
Hydrolysis Cyprazine mechanism 4396 
Hydrolysis D D T  DD D  835 
Hydrolysis dihydrocinnamate protecting 

group 3575
Hydrolysis dinitrophenyl sulfate 3371 
Hydrolysis kinetics carboxybenzal chloride 

179

Hydrolysis kinetics cysteine peptide 270 
H ydrolysis kinetics hydroxamie acid 396 
Hydrolysis methoxy phthalide 3375 
Hydrolysis methoxy phthalide m echanism  

3383
Hydrolysis methoxyphthalide m echanism  

3375
Hydrolysis methylthiopurine deloealizability  

2066
Hydrolysis nitrophenyl ester polyelectrolyte 

3120
Hydrolysis phosphonate enamine oxoalkyl=  

phosphonate 2908
Hydrolysis phosphoramidate catalytic me= 

chanism  1301
Hydrolysis reductive phenyl phosphate ester 

2314
Hydrolysis thiol ester 4239 
Hydronaphthyl phenylacetate 2147 
Hydrooxocarbazole 2729 
Hydroperoxidation amine hydroperoxide 

adduct 2410
Hydroperoxide autoxidn alkane 4435 
Hydroperoxide cholesterol 119 
Hydroperoxycholesterol 3639 
Hydroprostaglandin E l  dehydro 2115 
Hydroquinone Dictyopteris 2383 
Hydrosilation ring closure 87 
Hydrotetrazolopyridine carbamoylepoxy  

structure 2717 
Hydroxamie acid 396 
Hydroxamoyl chloride nitrile 4365 
Hydroxide addn benzaldehyde 3164 
Hydroxy compd fluorimine addn 1065 
Hydroxy cyclopentaneamine 3691 
Hydroxyalkylation purine photochem 3420 
Hydroxyaminoanthraquinone Celliton prepn 

1247
Hydroxyaniline acylation phthalic anhydride 

1247
Hydroxyanthracene deriv electrochem reac=  

tion 1167
Hydroxybenzene protonation 353 
Hydroxy benzoic acid labeled 1059 
Hydroxybenzylmalic acid Petalostemon 

4457
H ydroxyeycloalkylm ercuric chloride decompn 

1251
Hydroxycyclooctyl phosphorus betaine 1178 
Hydroxycyclopentenedione cyclopentenyl 

reductone 2512
Hydroxycyclopentenone deriv 1749 
Hydroxyethylammonium tetrakis 3630 
Hydroxyethylaniline Meisenheimer complex 

2838
Hydroxyguanine 3046
Hydroxyhexenyltoluene deriv nuciferol 2245 
Hydroxyimide fluoromethanesulfonate ester 

reaction 3908
Hydroxylamine arylsulfonyl amination agent 

1239
Hydroxylamine diaryl 165 
Hydroxylamine lead tetraacetate oxidn 3107 
Hydroxylamine nitromethane Grignard 2763 
Hydroxylamine oxygen phenylthioalkyl 

3749
Hydroxylation penicillin 1436 
Hydroxymercuration cycloalkene stereochem  

2306
Hydroxymethylandrostanedione deuterium  

rearrangement 1280 
Hydroxymethylglyceraldehyde acetonide 

1534
Hydroxynitrostyrene reaction anamine 3049 
Hydroxyphenyl methyl phosphate oxidn 

2151
Hydroxyphenylbutylamine photolysis cycliza=  

tion 924
Hydroxypyrroles (correction) 4218 
Hydroxysteroid substituent effect 1276 
Hydroxysuccinimide phosphate ester 250 
Hypochlorite chlorination arene 2549 
Hypochlorite ring expansion isopropenylcy=  

cloalkanol 3153
Hypoxanthine rearrangem ent redn irradn  

2397
Idofuranose phenyloxazoline 716 
Illudinate demethyl 4305 
Imenine alkaloid 60 
Im idate thio aliph 2242 
Im idate thio phenylacetic 3951 
Imidazoimidazoles MO N M R 1955 
Imidazoisoquinoline 437 
Imidazole condensation benzimidazole 3495 
Imidazole cyclic  guanidine 155 
Imidazole deriv coupling diazonium 1971 
Imidazole fluoro acetam idoalkyl 3647 
Imidazole hydroxy 173 
Imidazole ribofuranosyl 180 
Imidazole triazole carboxylate 1437 
Imidazolidine cyanide anhydroallose 1836 
Imidazolidine fluoro peptide 128
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Imidazolidinetrione phenyl 2617 
Imidazolinone amino 1591 
Im idazolinylim idazolines Jaffes base 1641 
Imidazolium fluoroborate 651 
Imidazolylethyl nitrobenzoate solvolysis 

kinetics 8762
Imidazopyrazine prepn N M R 2049 
Imidazopyridine 613 
Imidothiocarbonie acid 465 
Inline fluoro hydroxy compd addn 1065 
Imine nitrosonium cleavage 1663 
Imino thio ester aliph 2242 
Iminolactone rearrangem ent 3874 
Im inosuccinonitrile deriv 3302 
Iminourethane cycloaddn cyc lic  polyene 

3094
Indan benzyl 1388
Indan cyclodimerization styrene 4040 
Indan perhydro 741
Indandiol perhydro pinacol rearrangem ent 

2109
Indandione benzamido methoxy reaction  

2251
Indandione condensation cyclopropenone 

deriv 3064
Indanone bromobenzylidene isom er 1395 
Indanone deriv alkylation redn 1735 
Indanone deriv Clemm ensen redn 2008 
Indene lithiation aggregate compn 1510 
Indenoaziridine phenyl 654 
Indole alkaloid 4305 
Indole arylsulfonyl azide 11 
Indole dim ethylpiperidinecarbonyl 4074 
Indole lithio protected 3324 
Indole monosubstituted prepn 3004 
Indole oxide hexahydro 3049 
Indole tetrafluoro 811 
Indole V ilsm eier H aack formylation 4002 
Indoledicarboximide chromic acid oxidn 

2617
Indolenine nitro chloro 3077 
Indolinone borane redn 3350 
Indolinone phenyl alkyl 62 
Indolizidine ring cleavage 3281 
Indolocycloheptadienone 2882 
Indolonorcarenone 2882 
Indoloquinolizidine conformation Bohlmann  

IR  2831
Indolylglyoxamide redn 1504 
Inductive effect cyclopropane 4077 
Inductive effect dec alyl tosylate 2077 
Inductive effect dithiocarbamate decompn 

560
Inhibition tumor sesquiterpene 2189 
Inosine anhydro isopropylidene 180 
Inosine tosyl elimination didehydro 2896 
Inositol stereoselective synthesis 117 
Insertion diazobutane cycloheptanone 3067 
Insertion reaction haloacetate methylene 

4031
Interconversion aluminum isopropoxide 

polymer 3334
Intramol alkylation bromoethylbicycloalken=  

one 2125
Intram ol cycloaddn pentadienylacrylam ide 

2169
Intram ol epoxide ring opening 3091 
Inversion carboxy cyclopentanonecarboxylate 

3440
Iodinin formation chorismate 3415 
Iodobenzene nickel carbonyl 62 
Iodobufalin 2202
Iodolactonization kinetics unsatd acid 800 
Iodoperfluoroalkane alkadiene addn 3167 
Iodosophenylphosphoric acid 2719 
Ion cobalt oxidn hydrocarbon 909 
Ion halonium 367
Ion pair benzothiazolinone ammonium 1353 
Ion pair return thiocarbonate 1410 
Ionic addn mechanism 616 
Ionization phthalide methane reaction 3380 
Ips pheromone 326
IR  Bohlmann indoloquinolizidine conform a° 

tion 2831
IR  chlorosulfide conformation 1553 
IR  phenylbenzoylacetylene substituent effect 

2544
IR  propenone substituent effect 1807 
Ira  dealbata terpene 585 
Iron carbonyl benzohydroxamoyl chloride 

4365
Iron carbonyl piperidine oxyl deoxygenation 

1417
Iron carbonyl thiete 3963 
Iron catalyst oxaziridine ale 4206 
Iron org compn 1913 
Irradn azide benzene substitution 2052 
Irradn benzofuranone hydroxyphenyl alkene 

1993
Irradn bicyclononenone butene 1218 
Irradn chlorobenzylpyridinium cyclization  

2351

Irradn  cryst cholesterol 1763 
Irradn  cyclization vinylbiphenyl vinylphe0 

nanthrene 3801
Irradn cycloaddn biacetyl olefin 2860 
Irradn  decarbonylation benzobicyclooctadien= 

one epoxide 3805
Irradn de halogénation halomethyl compd 

2255
Irradn diazotetrabromocyclopentadiene 

spiroheptadiene 1340 
Irradn dimethyltricycloundecenone rear=  

rangement 1222
Irradn  diphenylacetylene cyclooctadiene 

tetracyclodecane 1762 
Irradn  hypoxanthine rearrangem ent redn 

2397
Irradn phenylazirine 1333 
Irradn phenylmaleoyl peroxide 1588 
Irradn  rearrangement bicyclononadienone 

4100
Irradn  rearrangem ent epoxyhexene 3967 
Irrad n  redn benzophenone excited 2001 
Irradn  thiol ester phenyl 1559 
Irradn  trifluoromethylmalonyl peroxide 

2269
Isatoic anhydride ylide phosphorane 1047 
Isobornyl acetate diphenylmethyl isomeriza=  

tion 2698
Isobornyl diphenylmethyl rearrangement 

2698
Isobornyl sultone rearrangement 3778 3782 
Isobutyraldéhyde exchange ethylenediamine 

1636
Isobutyraldéhyde hydration kinetics ther= 

modn 2801 
Isocyanate a ry l 1316 
Isocyanate azide 675
Isocyanate benzoyl reaction sem icarbazide 

2972
Isocyanate biphenylyl cyclization photo 

1157
Isocyanate chlorosulfonyl cycloaddn b icy °  

clodecatetraene 1886 
Isocyanate chlorosulfonyl reaction ketone 

2114
Isocyanate chlorosulfonyl terpene 679 
Isocyanate fluoraminomethyl reaction 1083 
Isocyanate nitrene azide addn 2442 
Isocyanate pentadienyl electrocyclic ring 

closure 2982
Isocyanate perfluorovinyl 3924 
Isocyanate phenyl methylpyrrolidinone 

reaction 2614
Isocyanate photolysis therm olysis 2442 
Isocyanatophthalic anhydride 2557 
Inosine tosyl elimination didehydro 2896 
Isocyanic acid fluoroguanidine adduct 

fluorination 1088
Isocyanide carboxylation amino acid 2094 
Isocyanide propiolate ester reaction 1319 
Isoindolinone deriv 2251 
Isoindolobenzimidazolol 3872 
Isomaleimide amino 2166 
Isom er D iels Alder 566 
Isomerization ally l ether rhodium 3224 
Isomerization allyloxyoxetane 2061 
Isom erization aminoalkylstyrene 924 
Isomerization azide cyclopropenyl 3149 
Isomerization benzimidoyl ferrocene 3330 
Isomerization cyclohexadienone monoepoxide 

deriv 3418
Isomerization diphenylmethyl isobornyl 

acetate 2698
Isomerization diphosphoniacyclohexadiene 

1611
Isomerization fatty acid amide 3733 
Isomerization geometric thionidigo 1608 
Isomerization mechanism sodium amide 

pentaphenylcyclopentadienol 3998 
Isomerization nitrone kinetics 4440 
Isomerization phenyldimethylcyclopropane 

ring enlargement 4091 
Isomerization phosphetanium 3199 
Isomerization photochem geometric olefin 

1247
Isomerization piperidine acetate 2558 
Isom erization piperidyl propanone 1933 
Isomerization tertiary butyl phenol 1929 
Isomerization vinyl halide palladium 1140 
Isonitrile copper complex cyclopropane 2319 
Isonitrile copper esterification halide 1753 
Isophorone bromo nucleophilic displacement 

3417
Isophorone hydro redn stereo 1765 
Isoprenoid reaction 679 
Isopropanol oxidn bifunctional additive 

3812
Isopropenyl methyl ether 2910 
Isopropenyl stearate ester reaction 2540 
Isopropenylcycloalkanol ring expansion 

hypochlorite 3153
Isopropenylphosphonium wittig reaction  

aldehyde 1583

Isopropylbenzene deriv autoxidn kinetics 
2779

Isopropyldioxanedicarboxylic acid decarboxy 
lation stereochem 4084 

Isopropyllithium aggregate reactivity 1510 
Isopropylmethylhydrindan stereochem 3677 
Isoquinaldonitrile alkylacyl stereochem 2851 
Isoquinoline amide complex NM R 1947 
Isoquinoline am inoalkyl cyclization 437 
Isoquinoline benzyl 2291 
Isoquinoline phenylmethyl 1245 
Isoquinoline structure NM R 400 
Isoquinolines amination 1949 
Isothiocyanate benzyl photolysis 3922 
Isothiocyanate malonate deriv hydrazine 

624
Isothiocyanate pyrrole 667 
Isotope effect cycloalkyl methanesulfonate 

1881
Isotope effect deuterium indanone 2008 
Isotope effect isomerization phenyldim ethyl° 

cyclopropane 4091 
Isotope effect oxidn ale 2536 
Isoxazolium acylation coupling agent 4288 
Isoxazolooxazines 1782 
Isozonarol D ictyopteris 2383 
Ivalbatin  xanthenolide 585 
Jaffes base imidazolinylim idazolines 1641 
Janusene dibromo crystal structure 130 
Japanese hops spiro ketal 3652 
Jasm onate methyl 175 
Kaufm ann thiocyanation aminopyridine 

4383
Kaurene deriv photooxygenation 3807 
Ketal cyc lic  phosphorus pentachloride 1173 
Ketal cyclohexanone alkanediol 3935 
Ketal ethylene pentynedione 2092 
Ketal hydrogenolysis 384 
Ketal spiro Japanese hops 3652 
Ketalization cyclization cyclohexanedione 

hydrazone 2729
Ketene chloro oxazoline addn 4465 
Ketene cyano amine 156 
Ketene deriv cycloaddn ethoxyacetylene 

1451
Ketene diphenyl adduct ethylene deriv 2147 
Ketene dithioacetal aldose 187 
Ketene sulfur dioxide amine reaction 2652 
Ketene thiocarbonyl ylide reaction 844 
Ketenim ine acylation mechanism 4288 
Ketenimine intermediate alkylation oxazine 

2136
Keto amino ester redn 2731 
Keto chloro ester cleavage 4081 
Keto ester aliph 3436 
Keto phosphonate dianion alkylation 2909 
Keto uridine 1283 
Ketoalkanoate ester vicinal 3653 
Ketol oxidn cupric acetate 2020 
Ketol redn stereoselectivity 627 
Ketone acyl acylenol ester dihydrodiazepi- 

none 2939
Ketone acylam ino cyclization oxazole 2407 
Ketone acyloxy aliéné epoxidn 1149 
Ketone aldehyde 2136 
Ketone aliph benzil condensation 1749 
Ketone aliph chloro rearrangem ent 1709 
Ketone aliph hydrolysis acylm ethylenephos° 

phorane 4082 
Ketone aliph prepn 1418 
Ketone alkylation 304 
Ketone alpha amino 3571 
Ketone amino deriv redn 2731 
Ketone arom alkylation redn 1735 
Ketone arom redn trialkylsilane 2675 
Ketone asym  redn organoaluminum 2370 
Ketone butyllithium addn 904 
Ketone carboxylation reagent 4086 
Ketone cyclic redn 293 
Ketone decompn acetonylphosphonate 2721 
Ketone diazo acetylenedicarboxylate 825 
Ketone diazo oxygen reaction 1602 
Ketone ditosyl hydrazone 3815 
Ketone methoxyarom bromination kinetics 

300
Ketone organoaluminum addn stereochem is° 

try 2526
Ketone phenylalkyl alkyl 2129 
Ketone protecting group 834 
Ketone pyrazolyl 3069 
Ketone pyridyl m ass spectrum 4152 
Ketone reaction chlorosulfonyl isocyanate 

2114
Ketone reaction tryptam ine 4342 
Ketone stryl 1747 
Ketones chloro 185 
Ketones chloro ring contraction 4348 
Ketoxim es hydroxy Beckm ann fragm enta0  

tion 3585
Kinetic enolate alkoxycyclohexenone alkyla=  

tion 1775
Kinetic oxidn ale cerium  1497
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Kinetic pyrolysis phthalate ester 1186 
Kinetics acetolylsis azulylalkyl arenesulfonate 

1106
Kinetics acetolysis benzonorbornadienylme^ 

thyl tosylate 4350
K inetics acetolysis tosyloxycyclopentane 

epoxide 4122 
Kinetics amide redn 912 
Kinetics aldehyde oxidn 3348 
Kinetics bromination methoxyarom ketone 

300
K inetics bromination phenylcyclopropane 

4228
Kinetics carboxybenzal chloride hydrolysis 

179
Kinetics condensation glycine benzaldehyde 

3031
K inetics conductometric detn 138 
Kinetics cyclization hexatriene 2478 
Kinetics dehydrohalogenation chlorohydroxy=  

ethanediphosphonic acid 1867 
Kinetics diazonium phosphonate reaction  

4402
Kinetics disproportionation trityl alkyl ether 

625
Kinetics hydrogen atom org reaction 484 
Kinetics hydrogen exchange methylpyridinium  

829
Kinetics hydrogen exchange nitrobenzene 

1201
Kinetics hydrogenation cyclododecatriene 

80
Kinetics hydrolysis cysteine peptide 270 
Kinetics hydrolysis hydroxamic acid 396 
Kinetics iodolactonization unsatd acid 800 
Kinetics lactonization formylbenzoate 754 
Kinetics m echanism  bromination olefin 

2465
Kinetics Meerwein Ponndorf Verley 293 
Kinetics nitrophenylarylsulfonoxylation 6 
Kinetics nitrophenylsulfonoxylation 1 
Kinetics nitrovalerate proton transfer 564 
Kinetics olefin hydroboration 158 
Kinetics oxidn aryl phosphate 2151 
Kinetics peracid oxidn phenylacetylene 

1044
Kinetics perester decompn 3817 
Kinetics quaternization thiazole 2164 
Kinetics solvolysis bicyclononyl tosylate 847 

851
Kinetics solvolysis chloropropylpyridine 

2660
Kinetics solvolysis im idazolylethyl nitroben= 

zoate 3762
Kinetics solvolysis phenylthiazolylethyl 

chloride 2433
Kinetics suprafacial sigmatropic rearrange = 

ment 487
Kinetics thenoyl chloride aniline 32 
Kinetics therm olysis dioxolane 1434 
Kinetics therm olysis methoxycarbonylsulfa^  

mate 26
Kinetics triangular scheme 2568 
Knoevenagel condensation malononitrile 

methylcyclohexanone 1512 
Lactam  aminohydroxyoxoandrostanecarboxy- 

lie acid 3670 
Lactam  b icyclic 3437 
Lactam  oxo contraction carboxy lactam  

3439
Lactam s aminomethyl pyrroles 1824 
Lactone acyl imino rearrangem ent 3874 
Lactone acylation phosphorus pentoxide 

4071
Lactone aliéné epoxidn 1149 
Lactone alpha formation 757 
Lactone hydroxymethylpentanoate 144 
Lactone sesquiterpene Eupatorium  2189 
Lactone sesquiterpene Helenium 1722 
Lactonization kinetics formylbenzoate 754 
Lanostenecarboxylic lactone 209 
Lanthanide induced shift dipolar 381 
L a se r  R am an  phenanthroxyl dim er 2112 
Lead acetate trityloxyam ine reaction 2408 
Lead oxidative cleavage glycol 760 
Lead tetraacetate oxidn alkylhydroxylam ine 

3107
Lead tetraacetate pyridine Hoffmann rear=  

rangement 414 
Leonotis terpene 720 
Leonotol structure 720 
Leuckart reaction formamide propionyl= 

thiophene 2102
Levoglucosenone structure 204 
L ia tr ic  sesquiterpene 1853 
L ia tr in  structure 1853 
L ia tr is  provincialin 2485 
Limonene oxidn selenium dioxide 1684 
Lip id  ester m ass spectra 3767 
L iq  crysta l transition term inal group 3160 
Lithiation anisole methoxyphenoxyethane 

4192

Lithiation benzimidazole 4379 
Lithiation butyianisole coordination 1675 
Lithiation indene aggregate compn 1510 
Lithiation thiophenesulfonamide 4189 
Lithioindole protected 3324 
Lithiomethanesulf onomorpholide re action 

unsatd bond 2243
Lithium  alkyl alkylation ditosylhydrazone 

3815
Lithium  alkylam ine redn benzene deriv  

2011
Lithium  alkylcopper alkylation reagent 

2100
Lithium  allyl 326 
Lithium  aluminum hydride 1504 
Lithium  aluminum hydride benzanilide 

reaction 1136
Lithium  amide deriv metalation toluamide 

1668
Lithium  bromide racem ization bromopheny= 

lethane 4022
Lithium  butylaluminate redn 4343 
Lithium  cuprate epoxide cleavage 4346 
Lithium  diorganocuprate oxirane cleavage 

4263
Lithium  enolate bromocyclohexanone prepn 

2576
Lith ium  organo nitrosoamine 4259 
Lithium  organocopper reagent 3893 
Lithium  propylmercaptide déméthylation 

agent 1961
Lithium  redn cyanobenzocyclobutene 3412 
Lithium  redn nitrobenzene 507 
Lithocholate methyl degrdn 4308 
Lithuim  org compd 322 
Lone pair electron hydrogen shift 615 
Lossen rearrangement benzenesulfonyloxyqu= 

inazolinedione 3498
Lossen rearrangement nitrophenyl benzohy= 

droxamate 3956 
M acrocycle sulfur 461 
Madelung reaction 3004 
Magic acid protonation cyclic anhydride 

3207
Magnesium alkyl redn 3718 
Magnetic nonequivalence benzylpiperidine 

1618
Magnetic resonance carbon melampodin 

3618
M alealdehydic acid lactone 815 
Maleate diazabicyclohexene cycloaddn  

m echanism  284 
Maleate protonation 1415 
M aleic anhydride disubstituted unsym 3386 
M aleimide amino 2166 
M aleonitrile diamino deriv oxidn 3302 
Maleoyl peroxide decompn 1588 
Malonanilate benzoyl amino 449 
Malonate dimethyl chloromethylpropanol 

butyrolactone 4148 
Malonate ester alkenylated 2572 
Malonate ester reaction cyclohexenone 3646 
Malonate isothiocyanate deriv hydrazine 

624
Malonic ester synthesis peptide 457 
Malononitrile amino decompn carbene 2604 
Malononitrile cholestanone sulfur cyclization  

4211
Malononitrile Knoevenagel condensation 

methylcyclohexanone 1512 
Malonyl peroxide cyclic therm olysis 3422 
Malonyl peroxide trifluoromethyl irradn  

2269
Manganese cyclopentadienyl carbonyl 1918 
Manganese oxidn cyclobutanol 89 
M annich reaction benzothiepinone dimethy= 

lamine 2629
M annich reaction cyclopentanone 551 
Mannich reaction oxazine prepn 3753 
Mannofuranosyladenine deoxy 3704 
M arasm ic acid skeleton 2870 
M arine natural product 3545 
M ass spectra adamantane 1042 
M ass spectra heterocyclic thione 1356 
M ass spectra lipid ester 3767 
M ass spectra naphthoic acid 3015 
M ass spectra peptide 782 
M ass spectra steroid olefin 3545 
M ass spectra trim ethylsiloxysteroid 3555 
M ass spectra trim ethylsilyl compd 4274 
M ass spectrum anhydronucleoside 1118 
M ass spectrum azule ne propanol pyridinepro- 

panol 1114
M ass spectrum benzyne vinylcyclopropane 

1703
M ass spectrum butanoylpyridine 4152 
M ass spectrum methane reaction phthalide 

3380
M ass spectrum prostaglandin silyl 2204 
M ass spectrum sulfinyl amine 1610 
M cLafferty rearrangem ent sulfinyl amine 

1610

M echanism  acetolysis bicyclohexyl tosylate 
860

Mechanism alkylation phenylmethide 2534 
Mechanism benzisoxazole elimination 2294 
Mechanism benzyloxazine cleavage 2129 
M echanism bicyclohexenecarboxaldehyde 

thermolysis 4007
Mechanism bromination dichloronorbornene 

2366
M echanism bromination stilbene 493 
Mechanism butene episulfide desulfurization  

932
M echanism carbanion phenylation 3020 
M echanism catalytic hydrolysis phosphora^ 

midate 1301
M echanism condensation cinnam yl tosylate 

826
Mechanism copper carbenoid cyclopropane 

2319
M echanism cuprate epoxide cleavage 4346 
Mechanism cycloaddn cyclopentadiene 

fluoroethylene 1030
Mechanism cyclohexane oxidn cobalt 3729 
Mechanism decompn dithiocarbamate 560 
Mechanism decompn tosylazocyclohexene 

920
M echanism decompn tricyclooctanone 

hyrazone 3823
Mechanism diazabicyclohexene maleate  

cycloaddn 284
Mechanism epoxide ring enlargement 1787 
M echanism F avo rsk ii rearrangem ent 571 

575 579
M echanism form olysis tosyloxy steroid 748 
Mechanism glycine benzaldehyde condensa= 

tion 3031
Mechanism hydrolysis Cyprazine 4396 
Mechanism hydrolysis methoxyphthalide 

3375
M echanism  ionic addn 616 
M echanism  isomerization sodium amide 

pentaphenylcyclopentadienol 3998 
M echanism  kinetics bromination olefin 

2465
Mechanism methoxymercuration ditertbutyl=  

ethylene 3442
Mechanism nitroalkane redn 3296 
M echanism  nucleophilic substitution 256 
Mechanism oxidn diphenylpropionic acid  

3737
Mechanism oxidn iodoacetoxystilbene 100 
Mechanism phthalide methoxy hydrolysis 

3383
Mechanism propargyl rearrangement 489 
Mechanism rad ical autoxidn alkane 4435 
Mechanism reaction concertedness theory 

1772
M echanism  rearrangem ent arenesulfenanilic e 

695
M echanism rearrangem ent azabicyclonona=  

triene 1959
Mechanism rearrangement bicycloalkenone 

3257
Mechanism rearrangem ent diazoketone 

3798
M echanism redn dibutyldiaziridinone 2620 
M echanism  redn methyl acetate 795 
M echanism reductive alkylation ketone 

3887
Mechanism reductive dechlorination chloro= 

benzene 3601
M echanism ring closure alkenylm ethylcyclo=  

hexanols 4345
Mechanism ring expansion norcamphor 

4064
Mechanism solvolysis amide 422 
M echanism  solvolysis phenethyl chloride 

3604
M echanism styrylpyridinium  therm olysis 

1570
Mechanism tetrahydrofuran diol ring closure 

402
Mechanism therm olysis tetralone 4226 
Mechanism trityloxyam ine oxidn 2408 
Meerwein Ponndorf Verley kinetics 293 
M eisenheimer complex hydroxyethylaniline 

2838
M eisenheimer complex spiro 500 
M eisenheimer reaction naphthyridine oxides 

(correction) 4218
M eisenheimer rearrangem ent amine oxide 

1813
Melampodin carbon magnetic resonance 

3618
Menthene epoxy 2267 
Menthyl ally l ether cleavage 3224 
Mercaptan alkyl oxidn peracid 4070 
M ercaptan benzophenone quenching photo^ 

redn 2001
Mercaptoacetate cyclization nitrile 3615 
Mercaptoalanine 126 
Mercaptoalkanoic acid addn propiolic acid  

3507
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Mercaptomethylamine intermediate 916 
Mercaptosuccinimide phosphate ester 250 
Mercuration haloacetate 4031 
M ercurial diazo ary l photochem 3937 
Mercuric acetate octyne reaction 4254 
M ercuric dicarhoxylate decarboxylation 319 
Mercury phenylcyclohexyl bromo 4463 
Mercury vinyl bromination stereochem istry  

3406
Merrifield peptide protective group 3561 
Mersenheimer rearrangem ent amine oxide 

4172
Mesacononitrile D iels A lder 566 
Mesidine oxidn 183 
Mesitoate aliy l redn 326 
Mesoionic purine analog 3868 
Mesomorphism nematic term inal group 

3160
Metabolism sterol 119 
Metabolite amitriptyline 700 
Metacyclophane rearrangem ent m echanism  

1207
Metacyclophanediene difluoro 3928 
M etal ammonia reductive alkylation 3887 
M etal carbonyl esterification cata lysis 64 
Metal carbonyl piperidine oxyl deoxygenation 

1417
Meta] enolate acylation 514 
Metalation benzimidazole 4379 
Metalation dim ethylarene tetramethylethyl=  

enediamine 1491
Metalation ferrocenecarboxamide 1677 
Metalation methylated pyridine 71 
Metalation tertiary  toluamide butyllithium  

1668
Metaparacyciophane methyl 3931 
Methadone chloroformate condensation 

3958
M ethallyl chloride addn siloxane 838 
Methane nitro Grignard reagent reaction  

2763
Methane perfluoroalkylsulfonyl 3358 
Methane reaction phthalide ionization 3380 
Methanesulfonate m ethyldecalyl rearran g es  

ment stereochem 3677 
Methanesulfonate nitronium trifluoro nitra=  

tion 4243
Methanesulfonic acid phosphorus pentoxide 

reagent 4071
Methanesulfonomorpholide lithio reaction  

unsat 2243
Methanodecalone photoredn 2842 
Methanolysis nitrophenyl benzoate 4053 
Methanolysis quadricyclene deriv 1755 
Methanomethenoazulenol decahydro 2797 
Methanomethenoazulenyl brosylate acetolysis 

rearrangem ent 2797 
Methanonaphthalene dihydro deriv 4350 
Methionine sulfonium decompn 2597 
Methoxyarom ketone bromination kinetics 

300
Methoxybenzonitrile hydroformylation  

cyclopentene 4004 
Methoxybutyrate reaction 1963 
Methoxycarbonylaminophthalic anhydride 

2557
Methoxycarbonyloctadiene electrochem  

prepn 4011
Methoxyethane elimination reaction 3059 
Méthoxylation photo methoxyazepine 1090 
Methoxymercuration cycloalkene stereochem  

2306
Methoxymercuration ditertbutylethylene 

mechanism 3442
Methoxyphenoxyethane lithiation 4192 
Methoxyphosphinylphenylacetaldehyde 

oxime 4208
Methoxyphthalide reaction methane ioniza= 

tion 3380
Methoxytricycloheptane prepn rearrangem ent 

2252
Methyl acetate redn m echanism  795 
Methyl ester cleavage diazabicycloundecene 

1223
Methyl group rearrangem ent 4090 
Methyl homopavine alkaloid 2099 
Methyl isopropenyl ether 2910 
Methyl phenylbutane deriv abs configuration 

(correction) 4217
Methyl reductic acid condensed 2512 
Methyl sulfoxide shift const 3517 
Methyladenosine base rearrangem ent me= 

chanism  2247
Methylaluminum méthylation methylcyclo=  

hexene 2262
Methylamine mercapto 916 
Méthylammonium quaternary salt demethy= 

lation 1961
Méthylation cyclohexanol stereochem istry  

3715
Méthylation methylcyelohexene methylalu=  

minum 2262

Méthylation phenylhexanetrione 896 
Méthylation propyithio cyclohexenone 

regioselective 3814
Methylbicyclooctanone noreamphor ring  

expansion 4064
Methylbutyl halide elimination 3363 
Methylcephem 2994 
Methylcyciohexadienone epoxidn 3418 
M ethylcyclohexane catalytic carbonylation  

3633
M ethylcyclohexaneacetate ester prepn 

stereochem istry 1694 
Methylcyelohexene méthylation methylalu=  

minum 2262
Methyleyclohexenone 4068 
Methylcyclopentenecarboxaldehyde prepn 

1380
M ethyleyclopropanecarboxylic acid 1790 
M ethyldecalyl methanesulfonate rearran g es  

ment stereochem 3677 
Methylenation bisphenylsulfonylmethane 

2600
Methylene azomethine rearrangem ent trap s  

ping 3114
Methylene chloride alkylation phenylmethide 

2534
Methylene cycloalkane cycloaddn chlorome= 

thylketene 4106
Methylene haloacetate insertion reaction 

4031
Methyleneadamantane thallium  oxidn 3455 
Methyleneeepham 2994 
M ethylenecyeloalkane ring enlargement 

sulfonyl azide 3862 
Methylenfecyclohexane deriv 2438 
Methylenecyclohexane epoxide 1385 
Methylenecyclohexene prepn 3961 
Methylenecyclopentane cycloaddn reaction  

2117
Methylenediphosphonate ethyl anion 1423 
Methylenepregnane 4308 
Methylide oxosulfonium alkylation 1798 
Methylnaphthalene prepn electrochem  

reaction 1430
Methylpropenylcyclopropanecarboxylate 

ester 2221
Methylprostaglandin deriv 1250 
Methylprostaglandins synthesis (correction) 

4218
Methylpyridone 2982 
Methylpyrrolidinone phenyl isocyanate 

reaction 2614
Methylsulfinylmethyl carbanion cyclopenta=  

none reaction 2121
Methylthioalkylhydroxylamine prepn 3749 
Methylthiolation penicillin cephalosporin 

943
Michael addn sulfilim ine alkene 4324 
M ichael cyclohexanone stereochem 1000 
M ichael reaction cyclohexenone 3646 
Microbiol redn resolution prostaglandin 397 
Migration aryl 757
Migration Clem m ensen redn indanone 2008 
Migration methyl adenosine mechanism  

2247
Migration methyl bromination 1367 
Migration oxidn trisubstituted aniline 183 
Migration ring side chain 3052 
M ikania scandens sesquiterpene lactones 

(correction) 4217 
MO D iels A lder reaction 4075 
MO nitrate ester 2281 
MO N M R imidazoimidazoles 1955 
MO phenalene cyanine dye 2430 
MO S C F  dioxolanyl cation 471 
MO sem iem pirical cyclopropanone cleavage 

1922
MO sulfene sulfine 3965 
MO Wittig Peterson m echanism  2664 
Molybdenum carbonyl catalyst epoxidn 

octene 1145
Molybdenum carbonyl esterification catalyst 

64
Molybdenum carbonyl piperidine oxyl 

deoxygenation 1417
Monochloroborane directive effect hydrobora= 

tion 182
Monopeptide alkylation nucleophilic 1538 
Morphanthridine 809 
Morpholide lithiomethanesulfono reaction  

unsat 2243
Morpholine alkylation dimethylenebenzoqui= 

none 813
Moth codling tetrahomoterpene ale 2733 
M urraya alkaloid 2728 
M urrayacine total synthesis 2728 
M yriocin structure 1253 
Naphthalene acetoxy ary l 3425 
Naphthalene acétoxylation palladium  copper 

4443
Naphthalene amino nitro 3136 
Naphthalene epoxy dihydro deriv 3482

Naphthalene hexahydro aromatization 399 
Naphthalene hexahydro photochem rear=  

rangement 967
Naphthalene oxide lanthanide shift 381 
Naphthalene tetram ethyl prepn electrochem  

reaction 1430
Naphthalic anhydride deriv redn 1944 
Naphthobicycloheptadiene radical anion 

E S R  3592 
Naphthofuran 1746 
Naphthoic acid m ass spectra 3015 
Naphthonitrile dehydration oxime 2241 
Naphthyl dihydro phenylacetate 2147 
Naphthylacetamide aromatization tetralone 

oxime 4073
Naphthylamine photodeoxygenation 2566 
Naphthylcarbinol m ass spectra 3015 
Naphthylmethylpyranopyridine 3268 
Naphthylpyridylacrylate oxidative photocy= 

clization 4404
Naphthyridine oxides M eisenheim er reaction  

(correction) 4218
Neighboring group participation carbam ate  

2546
Neighboring group participation carbohydrate 

716
Neighboring group reaction 422 
Nematic mesomorphism term inal group 

3160
Neopentylamine tertiary  3614 
Neopentylidenebenzylamine azomethine 

rearrangem ent 3114 
Nepetaefolin structure 720 
Nepetaefuran structure 720 
Nepetaefuranol structure 720 
Nickel carbonyl iodobenzene 62 
N ickel catalyzed addn 335 
N ickel decarbonylation tricyclodecyl formate 

3954
Nickel hydrogenation catalyst alkene 2226 
Nicotinamide bridged di 2873 
Nitrate benzoyl redn nitrite 2277 
Nitrate ester acylam ino acid 1183 
Nitrate ester stereochem U V  2281 
Nitrate pentylammonium silver reaction  

3726
Nitration arom nitronium trifluoromethane=  

sulfonate 4243
Nitration isopropylpyridine 417 
Nitration toluene aroyl nitrate 2271 
Nitrene addn isocyanate 2442 
Nitrene hydroxylamine oxidn decompn 3107 
Nitrenium hydroxylamine oxidn decompn 

3107
N itric acid arom nitration 4243 
Nitrile addn m ethylcalcium  iodide 3403 
Nitrile aliph phénylation 4156 
Nitrile anthracene 481 
Nitrile arom 1045
Nitrile arom dehydration oxime 2241 
Nitrile dehydrocyanation 475 
N itrile hexachlorocyclotriphosphazatriene 

aldoxime 1060
Nitrile hydroxamoyl chloride 4365 
Nitrile mercaptoacetate cyclization 3615 
Nitrile ring enlargement epoxide 1787 
N itrim ines chloro 56 
Nitrite benzoyl redn nitrate 2277 
Nitrite ester nitrosation agent 2088 
Nitro compd oxidative acylation (correction) 

4217
Nitro compd redn carbonyl 4367 
Nitro compds carbon monoxide reaction  

1316
Nitroalkane redn oxime 3296 
Nitroalkane secondary conversion ketone 

1418
Nitroaminonaphthalene prepn 3136 
Nitroarom methoxycarbomylacetone cycliza=  

tion 856
N itroaryl diazoridines (correction) 4218 
Nitrobenzene denitration borohydride 2928 
Nitrobenzene hydrogen exchange 1201 
Nitrobenzene lithium redn 507 
Nitrobenzenepropanoate androstanol remote 

oxidn 2376
Nitrobenzenesulfenyl chloride reaction  

amine 4339
Nitrobenzoic percarbonic anhydride 1549 
Nitrobenzyl ketone redn 3004 
Nitrobutane tribromo denitration 167 
Nitroethyl ether deriv 2999 
Nitrogen arom atic pyrolysis benzonitrile 

2447
Nitrogen heterocycles N M R 4391 
Nitrogen heterocycles N M R carbon 1313 
Nitrogen sulfur bond 690 695 
Nitroglueopyranoside azide triazole 2179 
Nitroindolenine chloroindolenine 3077 
Nitromethane Grignard reagent reaction  

2763
Nitronate nitropropene b icyclic 1330
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Nitrone arom phosgene reaction 3445 
Nitrone isomerization kinetics 4440 
Nitronium trifluoromethanesulfonate arom  

nitration 4243
Nitrophenyl aminoethyl ether 2838 
Nitrophenyl benzoate methanolysis 4053 
Nitrophenyl benzohydroxamate Lossen  

rearrangem ent 3956
Nitrophenyl ester hydrolysis polyelectrolyte 

3120
Nitrophenylarylsulfonoxylation kinetics 6 
Nitrophenylhydroxylamine deriv 1239 
Nitrophenylsulfonoxylation kinetics 1 
Nitropropene nitronate b icyclic 1330 
Nitropyrazoles rearrangem ent 1777 
Nitrosamine aliph reaction organometallic 

2412
Nitrosation carboxamidoxanthene 2828 
Nitrosation phenylthallium fluoroacetate 

deriv 2088
Nitrosation pyridinecarbam ate cyclization  

1095
Nitrosation secondary nitroalkane 1418 
Nitrosoamine organolithium 4259 
Nitrosobenzene deriv 2088 
Nitrosobenzene lithium redn 507 
Nitrosobenzene oxidizing agent 1952 
Nitrosocyanamide aliph prepn N M R 1325 
Nitrosonitroalkane conversion ketone 1418 
Nitrosonium cleavage imine 1663 
Nitrosooxazlidone cleavage aliene 2435 
Nitrostyrene hydroxy reaction enamine 3049 
Nitrosyl chloride dibromo oxime 56 
Nitrosyl chloride trinitrotoluene condensation 

4363
Nitrotoluene prepn 2271 
Nitrotoluene rearrangem ent anthranilate 

3411
Nitrotriazole hydrogen fluoride 4353 
Nitrovalerate proton transfer 564 
Nitroxide ary l 165
N itryl chloride chlorination agent 2277 
N M R acenaphthene 3122 
NM R acetaldehyde ammonia reaction 2931 
N M R acyclic alkenes (correction) 4217 
NM R alkene alkyne aliene 2644 
NM R alkylnitrosocyanam ide prepn 1325 
NM R aminocamphorimide conformation 

1004
NM R benzene deriv substituent 3517 
NM R benzothiazolinone ammonium 1353 
N M R benzylpiperidine conformation 1618 
NM R bicyclooctenol ester stereochem 2640 
NM R bromobenzylideneindanone 1395 
NM R carbon amide 1719 
N M R carbon protonation ester 1986 
NM R carbon 13 alkaloid 1983 
N M R carbon 13 oxoandrostane oxocholestane 

3788
N M R chlorosulfide conformation 1553 
NMR configuration cholestane 1426 
N M R conformation amphetamine 2554 
NM R coupling const fluoromethylcyclobutene 

4026
NM R cycloalkanone boron trifluoride 2309 
N M R cyclopropane 378 
NM R deuterated nortricyclyl ale 616 
NM R dioxacycloheptane conformation 3971 
NM R diphenylsuccinate conformation 4048 
NM R estratriene 1542 
NM R fluorine carbonium ion 2682 
NM R fluorine configuration ester amide 

2143
NM R isoquinoline structure 400 
NM R lanthanide induced shift 381 
NM R linear alkyne 1026
NM R methylenebarbaralane Cope rearrange^  

ment 1210
N M R methylnorbornane 3651 
NM R MO imidazoimidazoles 1955 
N M R nitrogen heterocycles 4391 
NM R nitrogen heterocycles carbon 13 1313 
NM R oxodibenzocycloheptenylidenepropyla^ 

mine 700
NM R phenethyl dinitrophenyl sulfide 2735 
N M R phenyldifluorocarbenium ion 2686 
N M R prepn imidazopyrazine 2049 
NM R proline peptide 2379 
N M R protonation fluorobenzene 3212 
N M R pyrrolidine stereochem istry 1601 
N M R rotational b arrier amide 1229 
NM R shift reagent cyclobutanedicarboxylate 

4285
NM R steroid boron trifluoride 2904 
N M R sulfated am inoalc glucose 1810 
N M R sulfonylaminocamphorimide conforma^  

tion 3745
NM R sulfur m acrocycle 461 
N M R tetramethylenehalonium ion 1010 
NM R thiabicyclooctene 2637 
N M R thiol ester 4239 
N M R tribenzocyclononene conformation 

4278

N M R trimethoxytoluene trimethoxyxylene 
protonation 4056

N M R trim ethylsilylferrocene 1620 
N M R vinyl phosphorus compd 1713 
N M R vinylammonium halide stereochem  

2845
Nonadecanedioic acid prepn 1424 
Nonadienone cyclization 894 
Nonadienyne dim erization diheptynylidene=  

cyclobutane 3843
Nonannelation synthesis sesquiterpene 4459 
Nonsugar nucleoside analog 3878 
Noradamantane synthesis 539 
Norandrostenone addn halocarbene 289 
Norbonyl tosylate cyclohexyl acetolysis 4142 
Norbornadiene diphenyldiazomethane 277 
Norbornadiene oxidn bicyclohexenecarboxal=  

dehyde 4007
Norbornane methyl NM R 3651 
Norbornene chloro bromination mechanism  

2366
Norbornene fluoro 1030 
Norbornene fluoro deriv bromination 2027 
Norbornene fluoro polyhalomethane addn 

2035
Norbornene tetrafluoro chlorination stereo= 

chem 2039
Norbornene trimethylene rearrangement 

3459
Norbornyl tosylate phenyl acetolysis 4127 

4134
Norcamphor ring expansion 4059 
Norcamphor ring expansion diazoethane 

4064
Norcholestanone methyl 1941 
Norformylpyridoxal phosphate 4295 
Norlanosterol Echinocystis fabacein structure 

1055
Norpregnanedione methyl 1941 
Norpregnanyl acetate 748 
Norsteroid 3244
Norsteroid D ieckm an condensation 1941 
Nortestosterone 3244 
Nortricy^lene deriv 1755 
N ortrieyclyl ale deuterated stereochem 616 
Nuciferol stereospecific synthesis 2245 
Nucleophile reaction hydroxyimide ester 

3908
Nucleophile reactivity alpha effect 3444 
Nucleophilic alkylation amino acids 1538 
Nucleophilic arom substitution 500 
Nucleophilic displacement bromoisophorone 

3417
Nucleophilic displacement sulfonyl sulfinyl 

3105
Nucleophilic reaction arylsulfilim ine 4324 
Nucleophilic substitution phosphorus 256 

2921
Nucleoside analog nonsugar 3878 
Nucleoside anhydro m ass spectrum 1118 
Nucleoside anhydropyrimidine 593 
Nucleoside dioxolanone form ycin tubercidin  

3179
Nucleoside elimination reaction 1283 
Nucleoside reversed oxidn 2887 
Nucleoside sugar 193 198 
Nucleoside unsatd 990 
Nucleosides reversed oxidn 2891 
Nucleotide aminodeoxy 4299 
Nucleotide coenzyme pyridine model 2873 
Nucleotide deoxy oligo 245 
Nucleotide synthesis 977 
Obacunone boron trifluoride N M R P M R  

2904
Occidentalol total synthesis 728 
Octalinone 95
Octalol tosylate solvolysis conformation 

2792
Octane autoxidn 4435 
Octapeptide growth hormone 591 
Octene epoxidn molybdenum carbonyl 

catalyst 1145
Octyl potassium sulfate solvolysis electrophile 

3510
Octyne m ercuric acetate reaction 4254 
Olefin acid cyclopentadiene 632 
Olefin acid sensitive epoxidn 2267 
Olefin arom conjugated bromination 493 
Olefin biacetyl cycloaddn irradn 2860 
Olefin bromination kinetics mechanism  

2465
Olefin cyclic  benzyne cycloaddn 522 529 
Olefin hydratocarbonylation carboxylic acid 

3192
Olefin hydroboration direction 182 
Olefin hydroboration kinetics 158 
Olefin hydrogen exchange 349 
Olefin hydrogenation catalytic 3343 
Olefin isomerization photochem geometric 

1247
Olefin oxidn chrom yl chloride 185 
Olefin photocycloaddn thianaphthene dioxide 

4184

Olefin regioselectivity hydroboration 4092 . 
Olefin singlet oxygen 533 
Olefin stereoselective synthesis 2572 
Olefin steroid m ass spectra 3545 
Oligonucleotide deoxy 245 
Oligonucleotide synthesis 977 
Oligosaccharide acetamidodeoxyxylose 1831 
Onium ion 367
Oplopanone total synthesis 3663 
Orbital interaction diene fulvene 3836 
Organoaluminum ketone addn stereochemis=  

try 2526
Organocadmium phénylation halo compd 

3189
Organocopper lithium alkylation reagent 

2100
Organolithium cleavage oxazine deriv  2129 
Organolithium deriv reaction nitrosamine 

2412
Organolithium intermediate metalation  

toluamide 1668
Organomagnesium ketone addn stereochem=  

istry  2526
Organometallic addn alkenyloxazine 2136 
Organometallic reaction aliph nitrosamine  

2412
Organophosphine reaction alkyl peroxide 

3175
Organothallium salt nitrosation 2088 
Organotin redn halobenzocyclobutene 3055 
Orthoacetate glycol chlorotrim ethylsilane 

reaction 4203
Orthoformate cyclization diaminopyridine 

613
Orthoformate ethyl acetylferrocene addn 

3723
Osmium thymine glycol esterification 1499 
Overcrowded mol 407
Overhauser effect bromobenzylideneindanone 

1395
Oxa analog adamantane 2230 
Oxaadamantane methyl 543 
Oxaazoniabenzophenanthrofuran pyridyl 

407
Oxabenzonorbornadiene cycloaddn tropone 

4100
Oxabicyclododecatetraenone 864 
Oxabicyclononene 894 
Oxacycloheptanedione tetram ethyl U V  

spectrum 4087
Oxadiazine rearrangem ent diazanorbornenone 

2043
Oxadiazolinone 2442 
Oxaestrone 3040
Oxaheptynedicarboxylate cyclization 1767 
Oxaloacetic acid autocondensation 3582 
Oxaphospholene butyl oxide structure 4177 
Ox asteroid 3040
Oxathiadiazine degrdn sulfonylamines 1249 
Oxathianone phenyl oxide 2652 
Oxathiazine prepn 2114 
Oxathiazolidines imino 1645 
Oxathiolane cholesteno 4211 
Oxathiolane diphenylmethylene 844 
Oxathiole deriv cyclization sulfonium ylide 

1798
Oxatricyclododecanone 1215 
Oxatricyclotridecatriene 1264 
Oxazabicyclohexacosane 1773 
Oxazepinone 3466
Oxazine alkenyl organometallic addn 2136 
Oxazine benzyl cleavage ketone 2129 
Oxazine dihydro 175 
Oxazine dihydro aldehyde 36 
Oxazine dihydro alkyl 2236 
Oxazine prepn 2114 
Oxazine prepn Mannich reaction 3753 
Oxazine triphenyl 3433 
Oxazines isoxazolo 1782 
Oxazines pyrrolo 1974 
Oxazinone cyclization azidoformate 4205 
Oxazinone cycloaddn diphenylketene hetero= 

cycle 2650
Oxaziridine ale iron catalyst 4206 
Oxazole aryl 828
Oxazole Robinson G abriel m echanism  2407 
Oxazolidine fluoro peptide 128 
Oxazolidine imino methylene 1051 
Oxazolidinone 414 2264 
Oxazolidinone aryl 3858 
Oxazolidone alkyl nitroso cleavage 2435 
Oxazolidonespirocyclohexane deriv cleavage 

2438
Oxazoline chloroketene addn 4465 
Oxazoline phenyl furanose 716 
Oxazoline stereoselectivity anodic 3854 
Oxazolinium cations aroyl ary l 422 
Oxazolinium thiazolinium cations (co rrect  

tion) 4217 
Oxazolinone 2291
Oxazolinone diphenyl protective group 3034 
Oxazolooxazine 4465
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Oxepin carbethoxytetrahydro 1767 
Oxetane allyloxy isomerization 2061 
Oxetane polycyclic cleavage 642 
Oxetane T H F  acetylenedicarboxylate addn 

1369
Oxetanol transesterification 2061 
Oxidative acylation nitro compd (correction) 

4217
Oxidative photocyclization naphthylpyridyla^  

crylate 4404 
Oxide benzothiepin 3986 
Oxide chlorobenzothiepin 3978 
Oxide nitrile deoxygenation 4365 
Oxidn agent periodic acid 2151 
Oxidn air aminomaleonitrile deriv 3302 
Oxidn ale cerium  kinetic 1497 
Oxidn ale silver carbonate 2536 
Oxidn aldehyde kinetics 3348 
Oxidn alkylhydroxylam ine lead tetraacetate 

3107
Oxidn anodic 1045 
Oxidn benzylamine deriv 1952 
Oxidn chromic acid indoledicarboximide 

2617
Oxidn cyclohexane cobalt m echanism  3729 
Oxidn decarboxylation citroylform ic acid 

3582
Oxidn dialkenylchloroborane 1617 
Oxidn diisopropylbenzene deriv kinetics 

2779
Oxidn ethylene palladium  acetate 1681 
Oxidn ethylene thallium  palladium  2415 
Oxidn fenchocamphorone selenium 2989 
Oxidn Flavobacterium  oxydans 1241 
Oxidn halophenol acid phenol deriv 1741 
Oxidn hydrocarbon cobalt ion 909 
Oxidn iodophenyl phosphate 2719 
Oxidn isopropanol bifunctional additive 

3812
Oxidn ketol cupric acetate 2020 
Oxidn lead acetate trityloxyam ine 2408 
Oxidn limonene selenium dioxide 1684 
Oxidn mechanism iodoacetoxystilbene 100 
Oxidn olefin chrom yl chloride 185 
Oxidn one vs two electron 89 
Oxidn peracid a lkyl m ercaptan 4070 
Oxidn peracid kinetics phenylacetylene 

1044
Oxidn phenylpropionic acid 3737 
Oxidn photo cyclohexylam ine 1154 
Oxidn photochem cholesterol 3639 
Oxidn prostaglandin ale 1233 
Oxidn remote androstanol nitrobenzenepro^ 

panoate 2376
Oxidn reversed nucleoside 2887 
Oxidn thallium ring enlargement 3455 
Oxime alkanone 3296 
Oxime arom dehydration nitrile 2241 
Oxime Beckm ann rearrangem ent amide 

4071
Oxime Beckm ann rearrangem ent chloroform 

mate 2771
Oxime carbam oyl 4200 
Oxime dibromo nitrosyl chloride 56 
Oxime methoxyphosphinylphenylacetaldehym  

de 4208
Oxime tetralone aromatization naphthylace=  

tamide 4073 
Oxindole phenyl 449 
Oxirane diazoacetyl 4216 
Oxirane reaction phosphonoacetate 1790 
Oxiranes cyclopropanes ylide condensation 

1793
Oxo amino acid 3571 
Oxo ester aliph 3436 
Oxo lactam  contraction carboxy lactam  

3439
Oxoalkanoate ester vic inal 3653 
Oxoalkylphosphonate hydrolysis phosphonate 

enamine 2908 
Oxoaminopterin 2185 
Oxocarbazole tetrahydro 2729 
Oxocyclopentenyleyclopentenedione reduce  

tone 2512 
Oxofolic acid 2185 
Oxopentyne ketal deriv 2092 
Oxosulfonium methylide alkylation 1798 
Oxyethylation agent hydroxyethylammonium  

3630
Oxygen diazo ketone reaction 1602 
Oxygen singlet olefin 533 
Oxygenation kaurene photochem 3807 
Oxymercuration cycloalkene stereochem  

2306
Ozonolysis alkyne 985 
Ozonolysis indoledicarboximide 2617 
Ozonolysis redn bromoacetylene 3653 
Palladium  acetate ethylene oxidn 1681 
Palladium  allyl complex 4452 
Palladium  catalyst arom coupling 76 
Palladium  copper naphthalene acétoxylation 

4443

Palladium  enol acetate hydration 2766 
Palladium  isomerization vinyl halide 1140 
Palladium  oxidn ethylene 2415 
Papain resolution amino acids 1286 
Papaverine Pschorr reaction 2394 
Pavinane alkaloid structure 1761 
Pavinane hydroxydimethoxy 3701 
Penam  azido phenoxy 1238 
Penam  ring reconstruction. 3492 
Penicillanic acid phenoxyacetyl bactericide 

3227
Pen icillin  alkyl 230 
Penicillin  hydroxylation 1436 
Penicillin  methoxy 2857 
Penicillin  methylthiolation 943 
Penicillin  ring reconstruction 3492 
Penicillin  thiazolidine displacement 940 
Pénicillium  metabolite dihydroxypentylpyram  

none 3542
Pentadecanolide oxo 1234 
Pentadecylcatechol diether chlorométhylation 

2096
Pentadiene addn methyldichlorosilane 

stereochem 3353
Pentadienyl isocyanate electrocyclic ring 

closure 2982
Pentaerythritol acetone ketal oxidn 1241 
Pentane autoxidn alkane 4435 
Pentane dibromo electrochem redn 4016 
Pentanedione 901 
Pentanoic lactone 144
Pentenamide rearrangem ent phenylcyclopro^  

paneglycolamide 2913 
Pentenoate iodolactonization kinetics 800 
Pentenose diphenyl dithioacetal 187 
Pentopyranine C prepn 3622 
Pentylammonium silver nitrate reaction 

3726
Pentylnitrosam ine carbon tetrachloride 

3726
Pentynedione ethylene ketal 2092 
Peptide coupling enol ester 4288 
Peptide cysteine 270 
Peptide hexafluoroacetone 128 
Peptide in situ synthesis 3565 
Peptide malonic ester synthesis 457 
Peptide M errifield protective group 3561 
Peptide proline N M R 2379 
Peptide protected amino group 3034 
Peptide sequence 782 
Peptide solid phase prepn 1296 
Peptide solid phase synthesis 774 
Peptide synthesis cyclohexadienealanine 

621
Peptide tryptophan protective group 2594 
Peracetic acid oxidn mechanism 100 
Peracid  oxidn alkyl mercaptan 4070 
Peracid  oxidn kinetics phenylacetylene 1044 
Percarbonic nitrobenzoic anhydride 1549 
Percyclophane prepn 2260 
Perester decompn kinetics 3817 
Perfluoroacetone hydrogen cyanide adducts 

1751
Perfluoroalkane iodo alkadiene addn 3167 
Perfluorophenylmethylsilane phenyl naphth= 

yl 636
Perhydrindanone steroid intermediate 3239 
Perhydroindan deriv 1398 
Perim idine tautomerism 3742 
Perinaphthopyran prepn 1944 
Periodic acid oxidn agent 2151 
Perkow reaction bromobutanedione 3434 
Perkow reaction mechanism 1713 
Peroxide alkyl reaction phosphine deriv  

3175
Peroxide autoxidn alkane 4435 
Peroxide butyl decompn hydrogenation 

2722
Peroxide malonyl cyclic therm olysis 3422 
Peroxide nitration catalyst 2271 
Peroxide phenylmaleoyl decompn 1588 
Peroxide sily l alkyl 2410 
Peroxide therm olysis substituent effect 4219 
Peroxyester decompn substrate reactivity  

1403
Persulfate butanol sulfuric acid reaction 

1195
P esc i reaction 319
Petalostemon allelochemic agent 4457 
Peterson hydroxyethylsilane MO 2664 
PG A 2 chromatog sepn P G B 2  3661 
Phenacyl photosensitive protective group 

3771
Phenalene cyanine dye 2425 
Phenalene cyanine dye MO 2430 
Phenanthrene dipyridyl overcrowded 407 
Phenanthrene vinyl cyclization irradn 3801 
Phenanthrenecarboxylate ethano octahydro 

2093
Phenanthroxyl quinol ether decompn 2112 
Phenazine formation chorismate 3415 
Phenethyl chloride solvolysis mechanism  

3604

Phenethyl dinitrophenyl sulfide conformation 
2735

Phenethylamine pyrolysis 663 
Phenol addn butadiene 335 
Phenol deriv dehydroxylation ester 2314 
Phenol halo protonation superacid 2212 
Phenol hasubanan alkaloid 151 
Phenol hindered sulfenylation 687 
Phenol iodo iodosophenylphosphoric acid 

2719
Phenol pyrogenesis 387 
Phenol tertiary butyl isomerization 1929 
Phenoxide hindered carboxylation reagent 

4086
Phenoxyphenol halophenol oxidn phenol 

deriv 1741
Phenyl azide carbon monoxide reaction 

1316
Phenyl benzoyl acetylene IR  2544 
Phenyl isocyanate methylpyrrolidinone 

reaction 2614
Phenyl vinyl ether cyclodimerization 3803 
Phenylacetaldehyde dimethoxyphosphinyl 

oxime 4208
Phenylacetaldehyde prepn 2915 
Phenylacetic dihydronaphthyl ester 2147 
Phenylacetic thioimidate 3951 
Phenylacetone Claisen Schmidt reaction  

1747
Phenylacetylene addn cycloheptatrienylidene 

bicyclononatetraene 2573 
Phenylacetylene kinetics peracid oxidn 1044 
Phenylacetylurea alkylation 1236 
Phenylalanine dihydroxy methyl ester 3057 
Phenylalanine pyrolysis 663 
Phenylalkanenitrile décyanation 4156 
Phenylalkanoic acid benzoyl 4044 
Phenylalkyl alkyl ketone 2129 
Phenylanthracene deriv prepn electrochem  

reaction 1167
Phénylation aliph nitrile 4156 
Phénylation carbanion m echanism  3020 
Phénylation organocadmium halo compd 

3189
Phénylation unsatd arom ketone 1738 
Phenylbenzamidine dehydrobromination 

bromodecalone 3800
Phenylbutane methyl deriv abs configuration 

(correction) 4217
Phenylchloropentane Friedel Crafts cyclia lky  

lation 1388
Phenylcinnamaldehyde homologation biphe= 

nylcarbonyl chloride 2254 
Phenylcinnam ic acid 3737 
Phenylcyelohexyl bromide stereochem 4463 
Phenylcyclopentadienone deriv rearrange^  

ment 2023
Phenyleyclopentanoneearboxylate ester 

3390
Phenylcycloundecanone ring enlargement 

vinylcyclononane 4067 
Phenyldim ethylcyclopropane isomerization  

ring enlargement 4091 
Phenylene benzoate nematic transition 3160 
Phenylglycine deriv 2094 
Phenylhexanetrione methyl 896 
Phenylhydrazone cleavage 822 
Phenylindan styrene cyclodimerization 4040 
Phenylketenimine mercaptan reaction 3951 
Phenyllithium  cinnam yl chloride reaction  

3656
Phenylm aleoyl peroxide decompn 1588 
Phenylmethide alkylation methylene chloride 

2534
Phenylmethoxycyclobutenedione carbon 

monoxide extrusion 3642 
Phenylnorbornyl tosylate acetolysis 4127 
Phenylphenol acetone cyclization 1621 
Phenylpropene prepn 3656 
Phenylpropionic acid oxidn 3737 
Phenylpyrazole acyl 2939 
Phenylsulfonylmethane functionalization  

carbon 2600
Phenylthallium  fluoroacetate deriv nitrosa= 

tion 2088
Phenylthioalkylhydroxylam ine prepn 3749 
Phenylthiomethyloxyimino protective group 

4412
Phenyltriazolinone cyclization benzoylsemi= 

carbazide 2972 
Pheromone Ips 326 
Phosgene arom nitrone reaction 3445 
Phosgene reaction am inoacrylonitrile deriv  

2287
Phosgene reaction trim ellitic anhydride 

2557
Phosphafulvene reaction dienophile electro^ 

phile 3537
Phosphate hydroxyphenyl methyl oxidn 

2151
Phosphate iodophenyl oxidn 2719 
Phosphate phenyl ester reductive hydrolysis 

2314
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Phosphate triester activated 250 
Phosphetanium isomerization 3199 
Phosphinate hydrolysis perchloric acid 2703 
Phosphine deriv reaction alky] peroxide 

3175
Phosphine molybdenum carbonyl catalyst 

64
Phosphine ruthenium carbonyl catalyst 80 
Phosphinylphenylacetaldehyde oxime meth= 

oxy 4208
Phosphite electron transfer quinone 3423 
Phospholecarboxylate 1858 
Phospholium ion dim erization 1954 
Phosphonate acetonyl decompn 2721 
Phosphonate dianion keto alkylation 2909 
Phosphonate diazonium reaction kinetics 

4402
Phosphonate enamine hydrolysis oxoalkyl= 

phosphonate 2908
Phosphonate enamine stereochem 820 
Phosphonate phenyl methyl 1614 
Phosphonitrilic chloride 1060 
Phosphonium reaction diazo compd 3069 
Phosphonium triazole ylide 2708 
Phosphoramidate hydrolysis catalytic me= 

chanism 1301
Phosphorane acylmethylene aliph ketone 

4082
Phosphorane aroyl cyanide reaction 479 
Phosphorane nitrostyrene isatoic anhydride 

ylide 1047
Phosphoric acid iodophenyl 2719 
Phosphorincarbonitrile amino cyelization  

1657
Phosphorinopyrimidine 1657 
Phosphorus betaine hydroxycyclooctyl 1178 
Phosphorus betaine Wittig MO 2664 
Phosphorus carbon conjugation absence 

1306
Phosphorus nucleophilic substitution 256 

2921
Phosphorus org compd 64 80 160 253 335 

820 1614
Phosphorus pentachloride cyclic ketal 1173 
Phosphorus pentoxide methanesulfonic acid  

reagent 4071
Phosphorus vinyl stereochem N M R 1713 
Photo cyelization biphenylyl isocyanate 

1157
Photo deoxygenation amine 2566 
Photo deoxygenation ary l sulfoxide 2419 
Photo F r ie s  rearrangem ent cresyl chloroben= 

zoate 2571
Photo rearrangement bicyclooctenone 3250 
Photo redn benzophenone 3520 
Photoaddn mechanism diazabicyclohexene 

maleate 284
Photochem acetylbenzonorbornene 639 
Photochem chlorination acid chloride 3919 
Photochem cycloaddn dicoumarin 957 
Photochem diazom ercurial 3937 
Photochem diazonium salts 3647 
Photochem dim erization vinyl ether 3803 
Photochem hydroxyalkylation purine 3420 
Photochem isomerization geometric olefin 

1247
Photochem oxidn cholesterol 3639 
Photochem prepn tetracyclooctane 3635 
Photochem rearrangement hexahydrona=  

phthalene 967
Photocyclization oxidative naphthylpyridyla=  

crylate 4404
Photocycloaddn thianaphthene dioxide 

olefin 4184
Photodecompn triphenyltriazafulvene 176 
Photodimer chalcone 710 
Photoelectron spectra olefin planarity 1049 
Photoelectron x  ra y  spectra sulfimide 1350 
Photoepimerization therm olysis bicyclohexe=  

necarboxaldehyde 4007 
Photoisomerization piperidineacetate 2558 
Photolysis aliphatic amine 1227 
Photolysis azidoformate 2442 
Photolysis benzyl thiocyanate 3922 
Photolysis benzylidenepyran 2834 
Photolysis dioxaazabicycloheptane 3466 
Photolysis hydroxyphenylbutylamine 924 
Photolysis sensitized D D T  340 
Photolysis sulfonyliminopyridinium ylide 

3311
Photolysis sultone 2257 
Photolytic bromination bromobutane 346 
Photooxidn cyclohexylam ine 1154 
Photooxygenation kaurene deriv 3807 
Photoreaction azepine methoxy 1090 
Photoredn benzophenone tetrafluorohydra=  

zine 2964
Photoredn methanodecalone 2842 
Photosensitized cyclodimerization vinyl 

ether 3803
Photosubstitution benzene halo acetonyl 

1407

Phthalate ester pyrolysis kinetic 1186 
Phthalazines amination 1949 
Phthalic acid pyrolysis 387 
Phthalic anhydride acylation hydroxyaniline 

1247
Phthalide benzylidene 4164 
Phthalide deriv 2251
Phthalide ionization methane reaction 3380 
Phthalide methoxy hydrolysis 3375 
Phthalide methoxy hydrolysis mechanism  

3383
Phthalide radical anion E S R  2693 
Phthalim ide hydroxy triflate reaction 3908 
Phthalim ide sulfinyl transfer 4328 
Phthaloylsilane 4271 
Picolinic acid oxidn isopropanol 3812 
Pieolyllithium  ethyl carbonate reaction  

2234
Pinacol rearrangem ent perhydroindandiol 

2109
Pineapple flavor 123 
Piperazinedione dibenzyl pyrolysis 663 
Piperidine benzyl conformation NM R 1618 
Piperidine condensation chloropropenal 

3056
Piperidine F avo rsk ii rearrangem ent 571 
Piperidine indolecarbonyl dimethyl 4074 
Piperidine oxyl deoxygenation metal carbo= 

nyl 1417
Piperidineacetate photoisomerization 2558 
Piperidineacetate quaternization bromoace 

tate 2453
Piperidino thianaphthenes 1365 
Piperidinopropenal 3056 
Piperidyl propanone isomerization 1933 
Planarity  olefin photoelectron spectra 1049 
Platycerine synthesis 1761 
P M R  alkylnitrosocyanam ide 1325 
P M R  anisochronism alkylaeylisoquinaldoni=  

trile 2851
P M R  hydrogen shift methyl heteroatom 615 
P M R  pyridine pyrazine acidity 658 
P M R  stereochem dioxaphosphorinane 160 
P M R  steroid boron trifluoride 2904 
Podocarpic acid rearrangem ent 2732 
Polar attraction hem iacetal equil 4249 
P olar effect decarboxylation m ercuric dicarb=  

oxylate 319
Polyarylated carbinol 487 
Polycyclic aziridine 654 
Polyelectrolyte hydrolysis nitrophenyl ester 

3120
Polym er aluminum isopropoxide interconver=  

sion 3334
Polym er m atrix solvation 774 
Polymetaphosphate decompn acetonylphos= 

phonate 2721
Polym orphism  carbohydrate 3710 
Polyolefin reactivity butoxy radical 1403 
Polyoxa bicyclic diamine 1773 
Polypropylene reactivity butoxy radical 

1403
Polystyrene reactivity butoxy radical 1403 
Porphine sulfophenyl sodium 2103 
Potential energy surface concertedness 1772 
Pregeijerene dihydro conformation 735 
Pregnadienone dihydroxy carbonate 2335 
Pregnane methylene 4308 
Pregnanyl tosylate formolysis 748 
Pregnenedione chlorodihydroxy cyclic carbo= 

nate 2328
Pregnenetriol silylation 3555 
Pregnenone chlorodehydroxy carbonate 

dihydrohalogenation 2335 
Prepn purifn sodium sulfophenylporphine 

2103
Proline peptide N M R 2379 
Propane chloro fluoro 2091 
Propane dihalo redn cyelization 2760 
Propane redn dihalopropane 2760 
Propane tetraphenyl 2534 
Propanol benzamidophenyl cyelization 1245 
Propanolamine reaction haloacetate 2264 
Propanone piperidyl isomerization 1933 
Propargyl ale carbodiimide 1051 
Propargyl halide organometal 816 
Propargyl rearrangement vicinal diamine 

489
Propargyloxyethanol cyelization 1455 
Propenal chloro condensation piperidine 

3056
Propene diphenyl 3656 
Propenone furyl thienyl IR  1807 
Propenylmethylcyclopropanecarboxylate 

ester 2221
Propiolate ester isocyanide reaction 1319 
Propiolic acid addn mercaptoalkanoic acid 

3507
Propionaldehyde 1534 
Propionic acid diphenyl oxidn 3737 
Propionitrile acetamidodimethoxybenzyl 

anodic reaction 3854

Propionylthiophene Leuckart reaction for - 
mamide 2102

Propylenedithiodiacylamide 937 
Propylmercaptide lithium déméthylation 

agent 1961
Propylthio cyclohexenone regioselective 

méthylation 3814
Propynylalkali carbonyl compd alkynol 

3588
Prostaglandin A epoxidn stereochem 3187 
Prostaglandin ale oxidn 1233 
Prostaglandin chromatog 3661 
Prostaglandin D2 2115 
Prostaglandin E  deriv deoxy 3413 
Prostaglandin E l  total synthesis 4412 
Prostaglandin E2  enantiomer 3632 
Prostaglandin intermediate cyclopentanone= 

carboxylate 3440 
Prostaglandin methyl 1250 
Prostaglandin microbiol redn resolution 397 
Prostaglandin redn 951 
Prostaglandin trim ethylsilyl alkyloxim e  

fragmentation 2204 
Prostephabyssine alkaloid 151 
Protected lithioindole 3324 
Protecting group acyl 977 
Protecting group ale dihydrocinnamate 3575 
Protecting group carbonyl 554 
Protecting group ketone 834 
Protective group amino acid 3034 
Protective group peptide M errifield 3561 
Protective group phenacyl photosensitive 

3771
Protective group phenylthiomethyloxyimino 

4412
Protective group tryptophan formyl 2594 
Protective group tyrosine 591 
Protoadamantane oxa 2230 
Proton transfer nitrovalerate 564 
Protonation cyclic anhydride m agic acid  

3207
Protonation ester N M R carbon 1986 
Protonation fluorobenzene N M R 3212 
Protonation halophenol haloanisole superacid  

2212
Protonation hydroxybenzene 353 
Protonation maleate fum arate 1415 
Protonation Schiff base 3648 
Protonation trimethoxytoluene trimethoxyx=  

ylene NM R 4056
Protonolysis dialkenylchloroborane 1617 
Provincialin  L ia tr is  2485 
Pschorr cyelization aminophenol 405 
Pschorr cyelization mechanism 2386 
Pschorr reaction papaverine 2394 
Pseudomonas phenazine formation 3415 
Pteridine 2073
Pteridine azapteridine a minofurazanopyrimi - 

dine 2238
Pteridine carboxamide derivs 2185 
Pteridine conversion aminocyanopyrazine 

2817
Pteridine hydroxy 703 
Pum m erer reaction mechanism 2160 
Purifn  prepn sodium sulfophenylporphine 

2103
Purine analog hydroxypteridine 703 
Purine analog mesoionic 3868 
Purine methylthio hydrolysis delocalizability 

2066
Purine oxide 1291
Purine photochem hydroxyalkylation 3420 
Purine thioether alk hydrolysis 3367 
Purinylfuranone 3878 
Purom ycin sugar nucleoside homolog 198 
P yran  benzylidene photolysis 2834 
P yran  carbethoxyhydromethyl 1767 
Pyran  phenylthio 187 
Pyranone dihydroxypentyl Pénicillium  

metabolite 3542 
Pyranone hexadecyl 2540 
Pyranopyridine naphthylmethyl 3268 
Pyrazine acidity P M R  658 
Pyrazine aminocyano conversion pteridine 

2817
Pyrazine oxide azido decompn 173 
Pyrazine thiadiazolo 3087 
Pyrazole acylphenyl 2939 
Pyrazole azide therm olysis 2958 
Pyrazole methoxycarbonyl 825 
Pyrazoles nitro rearrangem ent 1777 
Pyrazolidine diazo prepn reaction 2945 
Pyrazoline 1583
Pyrazoline diazoacetyl cyelization 2949 

2954
Pyrazoline norborna 277 
Pyrazolopyridazine 1769 
Pyrazolopyridine 825 
Pyrazolotriazinone 2949 
Pyrazolyl ketone 3069 
Pyridazine 1575
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Pyridazine condensed heterocycle 1769 
Pyridazine dihydro trim er 1102 
Pyridazine thiadiazolo 3087 
Pyridazine thioether oxidn 3307 
Pyridazinone 2166 
Pyridine acidity P M R  658 
Pyridine alkaloid 4305
Pyridine alkyl arylsulfenyl chloride reaction 

4334
Pyridine chloropropyl solvolysis kinetics 

2660
Pyridine copper complex catalyst 1126 
Pyridine cyclopropyl 3942 
Pyridine diamino cyclization orthoformate 

613
Pyridine ethynylbis 4461 
Pyridine isopropyl nitration 417 
Pyridine Kaufm ann thiocyanation 4383 
Pyridine lead tetraacetate Hoffmann rear=  

rangement 414
Pyrid ine methylated metalation 71 
Pyrid ine nucleotide coenzyme model 2873 
Pyrid ine osmium glycol esterification 1499 
Pyrid ine oxide azido decompn 173 
Pyridine oxide oxidn agent 3737 
Pyridine quinoline oxide alkylation (co rrect  

tion) 4218
Pyridinecarbam ate nitrosation cyclization  

1095
Pyridinepropanol m ass spectrum 1114 
Pyridines amination 1949 
Pyridines tert butyl buffers 1123 
Pyridinethione pyrim idine condensation 

4386
Pyridinium  acyl radical E S R  2355 
Pyridinium  chlorobenzyl cyclization ir r  ad n 

2351
Pyridinium  hydrogen exchange 829 
Pyridinium  salt styryl 1570 
Pyridinophane oxide substitution stereochem  

927
Pyridocyanine 1098 
Pyridone methyl 2982 
Pyridone prepn halopyridines 3740 
Pyridopyrazoloquinolone 3995 
Pyridopyrroloquinolone 3995 
Pyridoxal cyanide reaction 3793 
Pyridoxal phosphate norformyl 4295 
P yridyl propyl ketone m ass spectrum 4152 
Pyridylcarbostyril azido pyrolysis 3995 
Pyridylchloropropane solvolysis substituent 

const 2657
Pyridylnaphthylacrylate oxidative photocycli° 

zation 4404
Pyridyloxaazoniabenzophenanthrofuran 407 
Pyridylphosphonate conjugation extent 1306 
Pyridylpyrid inium  dimerization 3993 
Pyrim ide thienyl 2102 
Pyrim idine benzothieno 2450 
Pyrim idine condensation furanone 3878 
Pyrim idine furazano pteridine azapteridine 

2238
Pyrim idine nucleoside anhydro 593 
Pyrim idine pyridinethione condensation 

4386
Pyrim idine thiadiazolo 3087 
Pyrim idine tosylimino 1591 
Pyrim idinium  hydroxides pyrimido 3485 
Pyrimidinophosphorin 1657 
Pyrim idinylfuranone 3878 
Pyrimidoisoquinoline 437 
Pyrim idopyrim idinium  hydroxides 3485 
Pyrim idothiazine 4386 
Pyrogenesis phenol 387 
Pyrolysis acylformate ethoxyalkenyl ester 

3386
Pyro lysis azidopyridylcarbostyril 3995 
Pyro lysis nitrogen arom atic benzonitrile 

2447
Pyro lysis pentyl ammonium nitrate 3726 
P yro lysis phenylalanine 663 
Pyrolysis phthalate ester kinetic 1186 
Pyro lysis sulfur heterocycle tosylhydrazone 

2967
Pyrolytic cleavage antibiotic X  537A 3431 
Pyrolytic cleavage glycoside 1190 
Pyrone reaction thiete dioxide 3048 
Pyronin singlet photochem reaction 1057 
Pyrrole butyl 2361 
Pyrrole hydroxy 173 
Pyrrole isothiocyanate 667 
Pyrro les aminomethyl lactam s 1824 
Pyrrolidine 3848
Pyrrolidine NM R stereochem istry 1601 
Pyrrolidine phenylimino 2614 
Pyrrolidinedione ring contraction carb oxyaz-  

etidinone 3439
Pyrrolidinium  allyl cyanomethyl rearrange= 

ment 2915
Pyrroline deriv enamines 3487 
Pyrroline oxide 3049 
Pyrrolinone 3466 
Pyrrolobenzodiazepine 3502

Pyrrolone benzofuro hydro 3874 
Pyrrolooxazines 1974 
Pyrrolopyrim idine 2614 
Pyrroloquinoline 2614 
Pyruvaldoxim e halo 806 
Pyruvate ethoxyalkenyl ester pyrolysis 3386 
Pyruvate lactam  ring contraction 3439 
P yruv ic acid arylidene 4453 
Quadricyclene deriv methanolysis 1755 
Quaternary ammonium déméthylation 1961 
Quaternary phosphorinopyrimidine résolu0 

tion 1657
Quaternization piperidineacetate thiomor= 

pholineacetate bromoacetate 2453 
Quaternization thiazole kinetics 2164 
Quaterphenyl dioxamethylene 4428 
Quenching benzophenone photoredn sulfide 

2001
Quinazoline hydroxy reactions 3102 
Quinazolinedione benzenesulfonyloxy Lossen  

rearrangem ent 3498 
Quinazolinone phenyl 2617 
Quinol ether phenanthroxyl decompn 2112 
Quinoline amide complex N M R 1947 
Quinoline methyl metalation 71 
Quinoline tetrahydro carboxylate 449 
Quinolinone 3740 
Quinolizinium benzo amino 4170 
Quinolizinone pyridyl 2234 
Quinolylmethylpyridinium irradn 2351 
Quinone electron transfer phosphite 3423 
Quinoxaline dioxide halo 3105 
Quinoxaline dioxide reaction 2176 
Quinoxalone ethoxycarbonylmethyl benzodia^ 

zabicyclooctane 1225 
Racem ization bromophenylethane lithium  

bromide 4022
Racem ization dimethoxydiphenamide 3610 
Racem ization divinylcyelohexane 4117 
Racem ization rate amino acid ester 2518 
R adical anion benzene dicarbonyl E S R  2693 
R adical anion naphthobicycloheptadiene 

E S R  3592
R adical anion thioindigo configuration 1608 
R adical autoxidn alkane 4435 
R adical trichloromethyl tetramethylethylene 

106
R am an laser phenanthroxyl dim er 2112 
Rauwolfia alkaloid N M R 1983 
Reaction acylation Duff reaction 4002 
Reaction fluoraminomethyl isocyanate 1083 
Reaction stereochem istry cyclohexylium  

intermediate 873
R eactiv ity nucleophile alpha effect 3444 
Rearrangem ent acetolysis methanomethe^ 

noazulenyl brosylate 2797 
Rearrangem ent acetoxymethylxanthine 

1291
Rearrangem ent acid catalyzed diazidobenzo° 

quinone 3865
Rearrangem ent acyl imino lactone 3874 
Rearrangem ent a lly lic  sulfonium ylide 2572 
Rearrangem ent amine oxide 1813 
Rearrangem ent arenesulfenanilide 690 
Rearrangem ent arom atic side chain 3052 
Rearrangem ent bicyclohexene pyrolysis 

2725
Rearrangem ent bicyclononadienone irradn  

4100
Rearrangem ent bicyclononanemethanol 

1758
Rearrangem ent bicyclopentane cyelopentene 

1063
Rearrangem ent bromination ethylene deriv 

1367
Rearrangem ent Cope barbaralane methylene 

1210
Rearrangem ent Cope silane 3658 
Rearrangem ent cycloalkyl methanesulfonate 

1881
Rearrangem ent dehydroabietic acid 2732 
Rearrangem ent diazanorbornenone dicarbo= 

nyl 2043
Rearrangem ent diazoketone mechanism  

3798
Rearrangem ent dichlorocarbinamine alumi== 

num chloride 3902
Rearrangem ent dimethyltricycloundecenone 

irradn 1222
Rearrangem ent Dimroth 1095 
Rearrangem ent dioxaazabicycloheptane 

3466
Rearrangem ent epoxycyclohexanol deriv 

1380
Rearrangem ent epoxyhexene irradn 3967 
Rearrangem ent ethanediphosphonic acid 

1867
Rearrangem ent extrusion thiabicyclooctadi=  

ene dioxide 3073
Rearrangem ent Favo rsk ii 571 575 579 
Rearrangem ent fluorobenzenium N M R 3212 
Rearrangem ent F r ie s  photo cresyl chloroben= 

zoate 2571

Rearrangem ent hydroxyhypoxanthine irradn  
2397

Rearrangem ent hydroxymethylandrostane=  
dione deuterium 1280

Rearrangem ent hydroxymethylcyclohexadien=  
one acidity 2265

Rearrangem ent isobornyl diphenylmethyl 
2698

Rearrangem ent isobornyl sultone 3778 3782 
Rearrangem ent isomaleimide 2166 
Rearrangem ent mechanism arenesulfenani° 

lide 695
Rearrangem ent mechanism azabicyclonona- 

triene 1959
Rearrangem ent mechanism bieyeloalkenone 

3257
Rearrangem ent metacyclophane mechanism  

1207
Rearrangem ent methoxytricycloheptane 

prepn 2252
Rearrangem ent methyl group 4090 
Rearrangem ent methyldecalyl methanesulfo= 

nate stereochem 3677 
Rearrangem ent methylene azomethine 

trapping 3114
Rearrangem ent nitropyrazoles 1777 
Rearrangem ent nitrotoluene anthranilate

3411
Rearrangem ent phenylbornene phenylapo= 

bornene acid 2723
Rearrangem ent phenylcyclopentadienone 

deriv 2023
Rearrangem ent phenyleyclopropaneglycolam— 

ide diphenylpentenamide 2913 
Rearrangem ent photo bicyclooctenone 3250 
Rearrangem ent photochem hexahydrona° 

phthalene 967
Rearrangem ent pinacol perhydroindandiol 

2109
Rearrangem ent propargyl v icinal diamine 

489
Rearrangem ent quadricyclene deriv 1755 
Rearrangem ent sigmatropic ally lic sulfoxide 

2245
Rearrangem ent sigmatropic asym  induction 

3438
Rearrangem ent sigmatropic benzylpyrrolidi=  

nium 2915
Rearrangem ent sigmatropic kinetics 487 
Rearrangem ent Sm iles 373 
Rearrangem ent Sm iles hydroxyethylaniline 

2838
Rearrangem ent stereochem cyelopropylcarbi=  

nyl 112
Rearrangem ent tetralin deriv F riedel Crafts 

1903
Rearrangem ent therm al trimethylenenorborn=  

ene 3459
Rearrangem ent thiocarbamate ally l ester 

2106
Rearrangem ent tricycloundecanone 1218 
Redn alkylation indanone deriv 1735 
Redn amide diborane 912 
Redn arom ketone trialkylsilane 2675 
Redn asym  carbonyl compd 1870 
Redn asym ketone organoaluminum 2370 
Redn benzene deriv lithium alkylam ine  

2011
Redn benzocyclobutene bicyclooctadiene

3412
Redn borane carboxylic acid 2786 
Redn borane indolinone 3350 
Redn chem electrochem butyldiaziridinone 

2620
Redn Clemmensen indanone deriv 2008 
Redn cyclic ketone 293 
Redn cyclohexanone isobutylaluminum  

stereochem 4232
Redn dechlorination chlorobenzene sodium 

3601
Redn dihalopropane propane 2760 
Redn electrochem cinnam ate ester 3390 
Redn electrochem dibenzoyl compd 1474 
Redn electrochem dibromopentane 4016 
Redn electrolytic amino ketone 2731 
Redn halobenzocyclobutene organotin 3055 
Redn halocyclohexenone zinc 3658 
Redn hydride naphthalic anhydride 1944 
Redn hydro isophorone stereo 1765 
Redn irradn benzophenone excited 2001 
Redn mechanism methyl acetate 795 
Redn methoxyhypoxanthine irradn 2397 
Redn nitrate halide ion 2277 
Redn nitro compd carbonyl 4367 
Redn nitroalkane oxime 3296 
Redn nitrobenzene lithium 507 
Redn organoaluminum acetaldehyde 1130 
Redn ozonolysis bromoacetylene 3653 
Redn photo benzophenone 3520 
Redn photo methanodecalone 2842 
Redn prostaglandin 951 
Redn selective carboxyl 3660
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Redn stereochem cyclohexanone 4343 
Redn stereoselectivity ketol 627 
Redn stilbene dibromide hydrazine 3062 
Redn tigogenin 2197 
Redn tricyclododecatrienone 3145 
Redn Wolff K ishner dehydroadamantanone 

2556
Reducing agent polymethylhydrosiloxane 

162
Reductic acid methyl condensed 2512 
Reduction Schiff base 2776 
Reductive alkylation acetophenone 3887 
Reductive dechlorination chlorobenzylide^ 

ne aniline 3601
Reductive hydrolysis phenyl phosphate ester 

2314
Reductone oxocyclopentenylcyclopentenedio= 

ne 2512
Reform atskii bromoalkanoate chloromethyl 

ether 2346
Regioselective méthylation propylthio cyelo= 

hexenone 3814
Regioselectivity hydroboration olefin 4092 
Regiospecific alkylation copper enolate 4450 
Regiospecific carbon monoxide extrusion  

3642
Remote oxidn androstanol nitrobenzenepro= 

panoate 2376
Resolution amino acid aryl sulfonate 4408 
Resolution amino acids papain 1286 
Resolution quaternary phosphorinopyrinidine 

1657
Retro acetoacetate condensation 4081 
Retrodiene reaction methoxyearbonyloctadi=  

ene 4011
Reversed nucleosides oxidn 2891 
Rhodamine singlet photochem reaction 1057 
Rhodium hydrogenation catalyst 2722 
Rhodium isomerization allyl ether 3224 
Ribofuranose nucleoside 198 
Ribofuranosylimidazole 180 
Ribofuranosyltriazine oxide 3277 
Ribonucleoside uronate elimination 990 
Ring cleavage epoxybutane 2210 
Ring cleavage indolizidine 3281 
Ring cleavage oxirane cuprate 4263 
Ring cleavage phosphetanium therm olysis 

3199
Ring cleavage thiopyrylium amine 3990 
Ring closure acetone phenylphenol 1621 
Ring closure alkenylmethylcyelohexanols 

4345
Ring closure bromo carbam ate 3858 
Ring closure electrocyclic pentadienyl isocya=  

nate 2982
Ring closure fructose sorbose 2900 
Ring closure hydrosilation 87 
Ring closure tetrahydrofuran diol 402 
Ring contraction bicycloheptane 646 
Ring contraction diketone chloro 4348 
Ring contraction methyldecalyl methanesul=  

fonate 3677
Ring contraction pyrrolidinedione carboxyaz=  

etidinone 3439
Ring enlargement alkylideneeycloalkane 

cyanogen azide 2821
Ring enlargement cyclononane cycloundeca=  

none 4067
Ring enlargement epoxide nitrile 1787 
Ring enlargement haiohydrin decompn 4431 
Ring enlargement halomethyleneeyclobutane 

1463
Ring enlargement methylenecyeloalkane 

sulfonyl azide 3862
Ring enlargement phenyldimethylcyclopro^  

pane isomerization 4091 
Ring enlargem ent phenylmethoxycyeloprope= 

none 3642
Ring enlargement thallium oxidn 3455 
Ring expansion isopropenylcycloalkanol 

hypochlorite 3153 
Ring expansion norcamphor 4059 
Ring expansion norcamphor diazoethane 

4064
Ring expansion phosphetanium therm olysis 

3199
Ring inversion difluorodioxane NM R 4079 
Ring side chain migration 3052 
Ritter reaction stereochem istry 3099 
Robinson Gabriel oxazole mechanism 2407 
Rosenonolactone 4090 
Rotational barrier amide N M R 1229 
Rupe rearrangem ent ethynyl ale 2103 
Ruthenocene benzimidoyl isomerization  

3330
Ruthenuim complex hydrogenation catalyst 

80
Saccharide oligo aeetamidodeoxyxylose 1831 
Sakatole formylation 4002 
Sapogenin steroid redn 2197 
Sapogenin triterpene 209 
Satd amide degrdn 3733

S C F  MO dioxolanyl cation 471 
Schiff base hydrogen cyanide addn 707 
Schiff base protonation 3648 
Schiff base reduction 2776 
Schottenol 2259 
Sea cucumber sapogenin 209 
Sebacam ic acid deriv 1424 
Secoestrapentaenoic acid estrogenic hormone 

4319
Secopregnapentaenynediol contraceptive 

4319
Secretin fragment peptide 3565 
Selenadiazole 338 
Selenafulvene di 338 
Selenide benzoyl peroxide addn 3172 
Selenium dioxide oxidn limonene 1684 
Selenium fenchocamphorone oxidn fencho= 

eampkorquinone 2989 
Selenium heterocycle 338 
Selenonium telluronium oxonium sulfonium  

ions comparison 4447 
Selenurane benzoyl alkyl phenyl 3172 
Semicarbazide reaction benzoyl isocyanate 

2972
Serine acyl deriv nitrate 1183 
Sesquiterpene dihydropregeijerene hedycar~  

yol 735
Sesquiterpene eudesmane 4424 
Sesquiterpene Eupatorium  1260 
Sesquiterpene inhibition tumor 2189 
Sesquiterpene ivalbatin 585 
Sesquiterpene lactone Helenium 1722 
Sesquiterpene lactones structure (correction) 

4217
Sesquiterpene L ia trie  1853 
Sesquiterpene nonannelation synthesis 4459 
Sesquiterpene occidentalol 728 
Shift reagent N M R cyclobutanedicarboxylate 

4285
Showdomyein antibiotic synthesis 1841 
Sigm a complex carbanion cyclization 3394 
Sigmatropic rearrangem ent ally l ale ester 

2106
Sigmatropic rearrangem ent a lly lic  sulfoxide 

2245
Sigmatropic rearrangem ent asym  induction 

3438
Sigmatropic rearrangem ent benzylpyrrolid i- 

nium 2915
Sigmatropic rearrangem ent kinetics 487 
Sigmatropic rearrangem ent trimethylenenor^  

bornene 3459 
Silacyclopentane 87
Silane addn pentadiene stereochem 3353 
Silane condensation allene 1483 
Silane ester contg 3660 
Silane hydroxyethyl Peterson MO 2664 
Silane optically active 636 
Silane phthaloyl 4271 
Silane rearrangem ent Cope 3658 
Silane trialkyl redn arom ketone 2675 
Silicon org compd 87 838 1615 
Siloxane addn methallyl chloride 838 
Siloxane polymethylhydro 162 
Siloxypropene acetonide prepn 3935 
Silver acetate vinyl chloroformate reaction 

2771
Silver carbonate ale oxidn 2536 
Silver cata lysis benzyne cycloaddn 529 
Silver nitrate reaction halopropene 4445 
Silver pentylammonium nitrate reaction 

3726
Silver promoter zinc redn 3658 
Silyl alkyl peroxide 2410 
Silyl carbonate silylation catalyst 2521 
Silyl directing group epoxidn 3187 
Silyl enol ether Simmons Smith 2097 
Silyl trim ethyl compd m ass spectra 4274 
Silylacetylene deriv homologation agent 

2254
Silylation amino acid 2521 
Silylation androstenediol selective 4209 
Silylation pregnenetriol 3555 
Silylsulfinylm ethyllithium  carbonyl compd 

addn 2670
Simmons Smith cycloalkenyl ether 4354 
Simmons Smith silyl enol ether 2097 
Singlet oxygen olefin 533 
Slafram ine 3848 
Sm iles rearrangement 373 
Smiles rearrangement hydroxyethylaniline 

2838
Sodium amide pentaphenylcyclopentadienol 

isomerization mechanism 3998 
Sodium naphthalenide dechlorination agent 

3601
Sodium sulfophenylporphine prepn purifn 

2103
Solid phase prepn peptide 1296 
Solvent ammonium boride 3916 
Solvent effect cycloaddn ethylene deriv 

1878
Solvent effect cyclohexanol conformation 

4214

Solvent effect deealyl tosylate 2077 
Solvent effect halogénation thiophane 2160 
Solvolysis aryl m ass spectrum 1114 
Solvolysis benzobicyclohexenyl tosylate 

3944
Solvolysis chloropropylpyridine kinetics 

2660
Solvolysis cholanyl mesylate 2579 
Solvolysis chromium carbonyl com plex 1518 
Solvolysis cycloalkyl methane sulfonate 1881 
Solvolysis cyclobutyl cyclopropylcarbinyl 

methanesulfonate (correction) 4218 
Solvolysis decalol octalol tosylate 2792 
Solvolysis deealyl tosylate 2077 
Solvolysis haloallene steric factor 3054 
Solvolysis im idazolylethyl nitrobenzoate 

kinetics 3762
Solvolysis kinetics bicyclononyl tosylate 847 

851
Solvolysis kinetics conductometric detn 138 
Solvolysis mechanism amide 422 
Solvolysis phenethyl chloride mechanism  

3604
Solvolysis phenethyl dinitrophenyl sulfide 

2735
Solvolysis phenylthiazolylethyl chloride 

kinetics 2433
Solvolysis pyridylchloropropane substituent 

const 2657
Solvolysis sulfate ester salt electrophile 

3510
Solvolysis thiazolylethyl chloride 3316 3318 

3321
Sorbose ring closure cyclobutane 2900 
Spectra photoelectron olefin p lanarity 1049 
Spinasterol 2259
Spiradecane cyclohexadienone rearrangem ent 

967
Spiro compd 4106 
Spiro cyclopropane furanone 3140 
Spiro hydrocarbon tetralone G rig rard  2783 
Spiro ketal Japanese hops 3652 
Spiro Meisenheimer complex 500 
Spirocycloalkanecarboline 4342 
Spiroeyclohexanechroman 1264 
Spirodecanonecarboxylic acid deriv 2117 
Spiroheptadiene irradn diazotetrabromocycl=  

opentadiene 1340
Spirononadiene tetram ethyldioxa 3652 
Spirononanone pinacol rearrangem ent perhy=  

droindandiol 2109
Spirononatetraene cycloheptatrienylidene 

addn phenylacetylene 2573 
Stability fluorinated ester 4028 
Stacking interaction carbanilide conformation 

2590
Stannane aminoethyl 4373 
Stearate isopropenyl ester reaction 2540 
Stearoyl methanesulfonate 174 
Stephaboline alkaloid 151 
Stephabyssine alkaloid 151 
Stephania abyssinica alkaloid 151 
Stereo hydro isophorone redn 1765 
Stereochem abs febrifugine 1937 
Stereochem addn 844 
Stereochem addn methyldichlorosilane 

pentadiene 3353
Stereochem alkylaeylisoquinaldonitrile 2851 
Stereochem alkylation copper enolate 4450 
Stereochem bicyclooctenol ester N M R 2640 
Stereochem butene episuifide disulfurization  

932
Stereochem butenolide synthesis 240 
Stereochem carbon monoxide extrusion  

3642
Stereochem chlorination tetrafluoronorborn= 

ene 2039
Stereochem ehristinin 1759 
Stereochem Cope elimination 1742 
Stereochem cyclization butenylcyclohexanol 

3478
Stereochem cycloalkane 316 
Stereochem cycloalkene oxym ercuration  

2306
Stereochem cyclohexanone alkylation Micha=  

el 1000
Stereochem cyclohexyl bromide phenyl 4463 
Stereochem cyclopropylcarbinyl rearrange^  

ment 112
Stereochem decarboxylation isopropyldiox- 

anedicarboxylic. acid 4084 
Stereochem deuterated nortricyclyl ale 616 
Stereochem diazotization bicyclononane 

3462
Stereochem D iels Alder 632 
Stereochem enamine phosphonate 820 
Stereochem epoxide cleavage 4346 
Stereochem epoxidn prostaglandin A 3187 
Stereochem esterification alkyl halide 1753 
Stereochem eucannabinolide 2485 
Stereochem Favo rsk ii rearrangem ent 579 
Stereochem febrifugine alkaloid 1933
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Stereochem hydrogenation indenone 3239 
Stereochem isomerization phenyldimethylcy^  

clopropane 4091
Stereochem m ethyldecalyl methane suit on ate 

rearrangement 3677 
Stereochem nitrate ester 2281 
Stereochem nucleophilic substitution 256 
Stereochem P M R  dioxaphosphorinane 160 
Stereochem redn cyclohexanone 4343 
Stereochem redn cyclohexanone isobutylalu=  

minum 4232
Stereochem ring closure alkenylm ethylcyclo^  

hexanols 4345
Stereochem ring enlargem ent halohydrin  

4431
Stereochem sulfinyl a'mine 1610 
Stereochem tetrahydrofuran diol ring closure 

402
Stereochem thiazine oxide 20 
Stereochem vinyl phosphorus compd 1713 
Stereochem vinylammonium halide N M R  

2845
Stereochemistry addn tetrafluoronorbornene 

polyhalomethane 2035 
Stereochemistry bromination cycloalkadiene  

4109
Stereochemistry bromination vinyl m ercury  

3406
Stereochemistry cyelopropanecarboxylic acid  

1790
Stereochemistry hydroboration butene 1607 
Stereochemistry méthylation cyelohexanol 

3715
Stereochemistry methylcyclohexaneacetate  

ester prepn 1694
Stereochemistry organoaluminum ketone 

addn 2526
Stereochemistry pyrrolidine N M R 1601 
Stereochemistry reaction cyclohexylium  

intermediate 873
Stereochemistry R itter reaction 3099 
Stereoelectronic control olefin oxygenation 

533
Stereoselective expansion bicyclononanem=  

ethanol 1758
Stereoselective formation diselenafulvene 

338
Stereoselective olefin synthesis 2572 
Stereoselective synthesis inositol 117 
Stereoselectivity oxazoline anodic 3854 
Stereoselectivity redn ketol 627 
Stereosp prepn epoxides 1691 
Stereospecific synthesis nuciferol 2245 
Steric const Taft component 1623 
Steric effect bromination methoxyarom  

ketone 300
Steric effect cycloalkanedicarboxylate 1375 
Steric effect decarboxylation m ercuric  

dicarboxylate 319
Steric effect enlargement norcamphor 4064 
Steric effect glycol cleavage 760 
Steric factor solvolysis haloallene 3054 
Sterically controlled synthesis 707 
Steroid alkylation 304 
Steroid boron trifluoride N M R P M R  2904 
Steroid chloro cyc lic  carbonate dehydrohalo= 

genation 2335
Steroid diene tetracyanoethylene 237 
Steroid dihydroxy 1276 
Steroid norandrostenone 289 
Steroid olefin m ass spectra 3545 
Steroid sapogenin redn 2197 
Steroid tosyloxy form olysis m echanism  748 
Sterol allyl 1478 
Sterol metabolism 119 
Stevia ehristinin 1759 
Stigmastanol epoxy acetate 1688 
Stigmastenol 2259 
Stigmasterol dehydro 2259 
Stilbene bromination m echanism  493 
Stilbene dibromide redn hydrazine 3062 
Stilbene iodo acetoxy oxidn 100 
Stobbe condensation homophthalate 607 
Strain benzocycloalkene hydrogen abstraction  

1957
Straw berry flavor 123 
Structure bisbenzylisoquinoline alkaloid  

1846
Structure butyloxaphospholene oxide 4177 
Structure carbamoylepoxyhydrotetrazolopyri=  

dine 2717
Structure ehristinin 1759 
Structure provincialin 2485 
Stryl ketone 1747
Styrene acridizinium  cycloaddn 2917 
Styrene am inoalkyl isomerization 924 
Styrene bromination kinetic 2460 
Styrene cyclodimerization indan 4040 
Styrene hydroxy irradn 1993 
Styrene hydroxynitro reaction enamine 3049 
Styrene nitro phosphorane ylide 1047 
Styryl methyl ether 2910

Subacaulin berlandin (correction) 4218 
Substituent const pyridylchloropropane 

solvolysis 2657
Substituent const solvolysis chloropropylpyri- 

dine 2660
Substituent effect bromination methoxyarom  

ketone 300
Substituent effect hydantoic cyclization  

1527
Substituent effect hydroxysteroid 1276 
Substituent effect IR  phenylbenzoylaeetylene 

2544
Substituent effect IR  propenone 1807 
Substituent effect MO dioxolanyl cation 

471
Substituent effect N M R thioester 4239 
Substituent effect organoaluminum acetal= 

dehyde reaction 1130 
Substituent effect peroxide therm olysis 

4219
Substituent effect stilbene bromination 493 
Substituent effect sulfone carbanion 3513 
Substituent shift const N M R 3517 
Substituted effect ring expansion 3153 
Substitution benzene azide irradn 2052 
Substitution electrophilic im idazoles 1955 
Substitution nucleophilic phosphorus 256 

2921
Substitution oxidative halophenol 1741 
Substitution sulfilim ine fluorodinitrobenzene 

4324
Substitution thiophenesulfonyl chloride 

aniline 2457
Succinate diphenyl conformation NM R  

¿048
Subcinate ester acylated decarboxylation 

3436
Succinic acid phenyl conformation 3959 
Succinimide hydroxy mercapto phosphate 

ester 250
Succinonitrile alkylim ino deriv 3302 
Sugar amino anhydro formation 2509 
Sugar nucleoside 193 198 
Sulfamate methoxycarbonyl therm al reaction 

26
Sulfated aminoalc glucose N M R 1810 
Sulfenanilide arene rearrangem ent 690 
Sulfenanilide arene rearrangem ent mechanism  

695
Sulfene MO 3965
Sulfenimine prepn disulfide carbonyl 2809 
Sulfenyl chloride alkylpyridine reaction  

4334
Sulfenylation hindered phenol 687 
Sulfide alkenyl organocopper addn 2747 
Sulfide aminodiphenyl 690 695 
Sulfide benzophenone quenching photoredn 

2001
Sulfide chlorine oxidn ale 1233 
Sulfide chloro conformation 1553 
Sulfide diphenyl conformation 170 
Sulfide phenethyl dinitrophenyl conformation 

2735
Sulfide pyridylm ethyl 4334 
Sulfide redn disulfide 916 
Sulfilimine ary l nucleophilic reaction 4324 
Sulfimide photoelectron x ra y  spectra 1350 
Sulfinate salt nucleophile bromoisophorone 

3417
Sulfine MO 3965 
Sulfinic acid alkane 4070 
Sulfinyl amine m ass spectrum 1610 
Sulfinyl chloride diazo 17 
Sulfinyl nucleophilic displacement 3105 
Sulfinyl pyridazine 3307 
Sulfinyl transfer phthalimide 4328 
Sulfinylsilylm ethyllithium  carbonyl addn 

2670
Sulfocarbonium ion Pum m erer reaction 

2160
Sulfonate alkyl ester trifluoromethane 3673 
Sulfonate ary l amino acid resolution 4408 
Sulfonation terpene 1428 
Sulfone alkenyl organocopper addn 2747 
Sulfone alkyl fluorinated 3358 
Sulfone carbanion substituent effect 3513 
Sulfone carboxylation reagent 4086 
Sulfone methyl phenyl functionalization 

2600
Sulfonic acid benzyl 3048 
Sulfonium furylylide annelating reagent 

3140
Sulfonium halide hydrogen exchange 3912 
Sulfonium methionine decompn 2597 
Sulfonium salt 2156 
Sulfonium ylide addn diene 2806 
Sulfonium ylide cyclization oxathiole deriv 

1798
Sulfonomorpholide lithiomethane reaction 

unsat 2243
Sulfonyl azide a ry l methylindole 11 
Sulfonyl azide benzene addn reaction 3862

Sulfonyl isothiocyanate azide cycloaddn  
2916

Sulfonyl nucleophilic displacement 3105 
Sulfonyl pyridazine 3307 
Sulfonyl tetrazine 3627 
Sulfonylamines oxathiadiazine degrdn 1249 
Sulfonylhydroxylamine decompn 3107 
Sulfonyliminopyridinivjm ylide photolysis 

3311
Sulfophenylporphine sodium prepn purifn 

2103
Sulfoxide ary l photodeoxygenation 2419 
Sulfoxide chloro 17
Sulfoxide keto pteridine precursor 2073 
Sulfoxide methyl shift const 3517 
Sulfoxide rearrangem ent nuciferol synthesis 

2245
Sulfoxide ylide aliph alkylation 1798 
Sulfur carbon bond electroredn 4236 
Sulfur cholestanone malononitrile cyclization  

4211
Sulfur dioxide extrusion thiabicyclooctadiene 

3073
Sulfur dioxide ketene amine reaction 2652 
Sulfur heterocycle tosylhydrazone pyrolysis 

2967
Sulfur m acrocycle 461 
Sulfur nitrogen bond 690 695 
Sulfur tetrafluoride carboxytestosterone 

3670
Sulfuric acid butanol reaction persulfate 

1195
Sultone desulfurization aluminum hydride 

1428
Sultone isobornyl rearrangem ent 3778 3782 
Sultone photolysis photodimerization 2257 
Superacid protonation hydroxybenzene 353 
Sym dibutylurea 2620 
Synthesis platycerine 1761 
Synthesis total alkaloid yohimbine 2496 
Synthesis total yohimbine alkaloid 2501 
Taft equation 396 
Taft steric const component 1623 
Tautom erism  amidrazone hydrazide imide 

1344
Tautom erism  perimidine 3742 
Tem p effect organoaluminum acetaldehyde 

reaction 1130
Terpene alkylhydroquinone condensation 

1264
Terpene allyl cross coupling 326 
Terpene brueeantin 178 
Terpene chlorosulfonyl isocyanate 679 
Terpene dihydropregeijerene hedycaryol 735 
Terpene epiallogibberic acid precursor 741 
Terpene Ira  dealbata 585 
Terpene Leonotis 720 
Terpene occidentalol 728 
Terpene sapogenin 209 
Terpene steroid tetracyanoethylene 237 
Terpene sulfonation 1428 
Testosterone trifluoromethyl 3670 
Tetrabenzannulene 808 
Tetracyclic  hemiacetal equil 4249 
Tetracyclodecane irradn diphenylacetylene 

cyclooctadiene 1762
Tetracycloheptane deriv methanolysis 1755 
Tetracyclooctane cyclization tricyclooctanone 

hydrazone 3823
Tetracyclooctane photochem prepn 3635 
Tetracyclotridecanetrione hexacarboxymeth=  

oxy structure 2919
Tetrahomoterpene ale codling moth 2733 
Tetrahydiooxocarbazole 2729 
Tetrahydrodimethylcarboline 4342 
Tetrahydrofuran decompn 322 
Tetrahydrofuran diol ring closure 402 
Tetra lin  deriv rearrangem ent Friedel Crafts 

1903
Tetralin  methyl phenyl 1388 
Tetralol deriv cyclization dehydration 1909 
Tetralone oxime aromatization naphthylace^  

tamide 4073
Tetralone reductive alkylation 3887 
Tetralone sesquiterpene synthesis 4459 
Tetralone therm olysis m echanism  4226 
Tetramethyldioxaspirononadiene 3652 
Tetramethylenehalonium ion NM R 1010 
Tetrazine phenyl hexahydro 4259 
Tetrazine sulfonyl 3627 
Tetrazole furopyrrolo 3865 
Tetrazolinone 675
Tetrazolopyridine carbamoylepoxyhydro  

structure 2717 
Tetrazolopyrimidinone 2976 
Tetrazoloquinazolinone 2976 
Thalicarpine precursor prepn 405 
Thallium  ethoxide 2240 
Thallium  oxidn ethylene 2415 
Thallium  oxidn ring enlargement 3455 
Thenoyl chloride aniline kinetics 32 
Thenoyl chloride aniline reaction 3774
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Theophylline fluoro 4353 
Therm al rearrangem ent 3459 
Therm olysis aminomalononitrile aminocya=  

noketenimine 4357 
Therm olysis azidoformate 2442 
Therm olysis azidopyrazole 2958 
Therm olysis chrysanthenyl aldehyde hyd ra-  

zone 4095
Therm olysis cyclic  malonyl peroxide 3422 
Therm olysis dioxaazabicycloheptane 3466 
Therm olysis dioxolane kinetics 1434 
Therm olysis kinetics methoxycarbonylsulfa=  

mate 26
Therm olysis photoepimerization bicyclohexe=  

necarboxaldehyde 4007 
Therm olysis styrylpyridinium  mechanism  

1570
Therm olysis tetralone mechanism 4226 
Therm olysis thiabicyclooctadiene dioxide 

3073
Therm olysis vinylazide azirine 4341 
T H F  oxetane acetylenedicarboxylate addn 

1369
Thiaazabicycloheptanone azido phenoxy 

1238
Thiabicyclooctadiene dioxide thermolysis 

3073
Thiabicyclooctene N M R 2637 
Thiadiazole alkylam ino 3947 
Thiadiazole halo 465 
Thiadiazolidinedione 1578 
Thiadiazolidinedispiroadamantane interm e­

diate 3061
Thiadiazoline pyrolysis 844 
Thiadiazolopyridazinone 1575 
Thiadiazolopyrimidine 3087 
Thiadiazolotriazinone 3868 
Thianaphthene dioxide photocycloaddn 

olefin 4184
Thianaphthenes piperidino 1365 
Thiatriazoline prepn 2916 
Thiatricyclodecane 1803 
Thiatricyclononane 1803 
Thiatricyclooctane dihalo 649 
Thiazetidinone oxide 2652 
Thiazine cyano carbam oyl 802 
Thiazine oxide stereochem 20 
Thiazole kinetics quaternization 2164 
Thiazolidine displacement penicillin 940 
Thiazolidinedione dioxide 2652 
Thiazolidinone alkoxycarbonylmethylene 

3615
Thiazolinium oxazolinium cations (co rrect  

tion) 4217
Thiazoloperimidine 3742 
Thiazolopyridine 4383 
Thiazolothiadiazolone 1578 
Thiazolotriazinone 3868 
Thiazolylethyl chloride phenyl solvolysis 

2433
Thiazolylethyl chloride solvolysis 3316 3318 

3321
Thienopyrimidine benzo 2450 
Thienotriazine benzo 2450 
Thienylidene acetate 3428 
Thienylpropenone IR  substituent effect 

1807
Thienylpyrim idine anomalous Leuckart 

product 2102 
Thiepin 1803
Thiete dioxide reaction pyrone 3048 
Thiete iron carbonyl 3963 
Thiirane desulfurization stereochem 932 
Thio ester imino aliph 2242 
Thiobinupharidine CD  3225 
Thiocarbam ate ally! ester rearrangement 

2106
Thiocarbonate ara lkyl methyl decompn 

1410
Thiocarbonyl ylide ketene reaction 844 
Thiocyanate benzyl photolysis 3922 
Thiocyanation Kaufm ann aminopyridine 

4383
Thioether purine alk hydrolysis 3367 
Thioether pyridazine oxidn 3307 
Thioglycolate nitrobenzoate 4086 
Thioimidate phenylacetic 3951 
Thioimidocarbonic acid cyano 465 
Thioindigo radical anion configuration 1608 
Thiol aliph amino 2405 
Thiol ally lic 2106 
Thiol ester hydrolysis NM R 4239 
Thiol ester phenyl irradn 1559 
Thiol nucleophile bromoisophorone 3417 
Thiomorpholineacetate quaternization 

bromoacetate 2453
Thione heterocyclic m ass spectra 1356 
Thionuphlutine CD  3225 
Thionyl chloride nitrone reaction 3445 
Thionyl chloride trim ellitic anhydride 2557 
Thiophane halogénation 2156 
Thiophane halogénation solvent effect 2160

Thiophene benzo 146 
Thiophene benzodi phenyl 3975 
Thiophene butyl 2361 
Thiophene cholesteno 4211 
Thiophenecarboxylate dioxolanylethylmagne=  

sium bromide 1056 
Thiophenesulfonamide lithiation 4189 
Thiophenesulfonyl chloride substitution 

aniline 2457
Thiophosgene cyclohexadiene cycloaddn  

2637
Thiopyran 1562
Thiopyranobenzothiopyran 1567 
Thiopyranothiopyran 1562 
Thiopyrrcle dicarboximide 667 
Thiopyrylium  ring cleavage amine 3990 
Thiosulfite dibenzoyl sym unsym 3654 
Thioxanthenone prepn amination formylation 

1743
Thorpe Ziegler condensaton zlaralenone 390 
Threonine acyl deriv nitrate 1183 
Through bond interaction diazaadamanta=  

none 1648
Thym idine amlnodeoxy phosphate 4299 
Thymine glycol osmium esterification 1499 
Tigogenin redn 2197 
Tishchenko reaction aldehyde boric acid  

1433
Tolualdehyde prepn 2915 
Toluamide tertiary metalation butyllithium  

1668
Toluene chloro prepn 1243 
Toluene nitration aroyl nitrate 2271 
Toluene nitro rearrangement anthranilate 

3411
Toluene trimethoxy protonation N M R 4056 
Toluidides hetero 3004 
Tolylhexenol deriv nuciferol 2245 
Tosylazocyclohexene tosylazocholestene 

decompn 920
Tosylhydrazone ketone 3815 
Tosylhydrazone sulfur heterocycle pyrolysis 

2967
Tosyloxy steroid formolysis m echanism  748 
Total synthesis m urrayacine 2728 
Total synthesis occidentalol 728 
Total synthesis oplopanone 3663 
Total synthesis prostaglandin E l  4412 
Total synthesis zearalanone 610 
Total synthesis zearalenone 607 
Transam ination trapping 3114 
Transesterification oxetanol 2061 
Transfer sulfinyl phthalimide 4328 
Transglycosidation therm al 1190 
Transition cryst carbohydrate 3710 
Transition liq crystal term inal group 3160 
Transition state geometry 533 
Triazabicyclohexane triazine oxidn 3288 
Triazafulvene triphenyl 176 
Triazaphenothiazine 4386 
Triazine benzothieno 2450 
Triazine oxidn triazabicyclohexane 3288 
Triazine ribofuranosyl oxide 3277 
Triazinobenzimidazole 3084 
Triazole azide nitroglucopyranoside 2179 
Triazole azide therm olysis 2958 
Triazole fluoro 4353 
Triazole imidazole carboxylate 1437 
Triazole phosphonium ylide 2708 
Triazolinedione addn vinyl ester dipole 3070 
Triazolinone phenyl 2972 
Triazolobenzimidazole 3084 
Triazolopyrazine 168 
Triazolopyridine derivs 4167 
Triazolopyridine diamino 1095 
Tribenzocyclononene conformation N M R  

4278
Trichloroethyl acetal protecting group 554 
Trichlorom ethyl radical tetramethylethylene 

106
Trichlorosilane redn methyl acetate 795 
Trichosantes eyclotrichosantol 3688 
Tricycloalkanone dehydration bicyclic acid 

3829
Tricyclodecenecarboxylic acid 3459 
Tricyclodecyl formate decarbonylation 

nickel 3954
Tricyclododecanone prepn 1218 
Tricyclododecenone prepn 3145 
Tricycloheptane methoxy prepn rearranges  

ment 2252
Tricyclohexanedicarboxylic acid prepn 

reaction 1697
Tricyclooctane diphenyl 277 
Trieyclooctanone tosylhydrazone decompn 

cyclization 3823
Tricycloundeeanone rearrangement 1218 
Tricycloundecenone dimethyl rearrangement 

irradn 1222 
Tridecanolide oxo 1234 
Triflate alkyl ester 3673 
Triflate hydroxyimide ester reaction 3908

Trim er pyridazine dihydro 1102 
Trim erization cyclic cyclododecadiyne 2260 
Trim ethylam ine carboxypropionimide ther=  

molysis 2058
Trinitrotoluene nitrosyl chloride condensation 

4363
Trioxa cyclooctatetraene 2421 
Tripyridazinotriazine hexahydro 1102 
Triterpene biogenesis 3677 
Triterpene cucurbitaceae 3688 
Triterpene sapogenin 209 
Trity l alkyl ether disproportionation kinetics 

625
Trityllithuim  benzophenone acetaldehyde 

enol 322
Trityloxyam ine lead acetate reaction 2408 
Tropone cycloaddn oxabenzonorbornadiene 

4100
Tryptam ine reaction ketone 4342 
Tryptophan formyl protective group 2594 
Tubercidin acetoxyisobutyryl halide reaction  

3179
Tum or inhibition sesquiterpene 2189 
Tungsten carbonyl esterification catalyst 64 
Tungsten carbonyl piperidine oxyl deoxygen= 

ation 1417
Tungsten oxide dehydration heptadienol 

2416
Turmerone ar synthesis 2909 
Tyrosine protective group 591 
Unsatd acid iodolactonization kinetics 800 
Unsatd aldehyde hydroformylation 2361 
Unsatd bond reaction lithiomethanesulfono= 

morpholide 2243
Unsatd carbonyl compd organocopper 3893 
Unsatd nucleoside 990 
U racil hydroxyethyl 264 
U racil prepn 1963 2114 
Urazole carboxylate 2442 
U rea condensation methoxytbutyrate 1963 
U rea dibutyl sym 2620 
U rea nitroso methyl decompn 1821 
U rea  phenylacetyl alkylation 1236 
Ureidothiazole chlorothioformyl chloride 

cycloaddn 1578 
Urethan silyl 2521
Urethane cycloaddn cyclic polyene 3094 
Uridine benzyl methanesulfonyl elimination  

598
Uridine keto 1283
Uronate ribonucleoside elimination 990 
U V  cyclodimerization vinylcarbazole 2562 
U V  nitrate ester 2281
U V  spectrum tetramethyloxacycloheptanedi=  

one 4087
Vanadium oxidn cyclobutanol 89 
Vasopressin arginine 2865 
Vilsm eier H aack formylation indole 4002 
Vinyl acetate carbazole reaction 2240 
Vinyl acetate decompn 3596 
Vinyl azide cyclopentadienone cycloaddn  

2565
Vinyl chloroformate silver acetate reaction  

2771
Vinyl ester addn triazolinedione dipole 3070 
Vinyl halide isomerization palladium  1140 
Vinyl isocyanate perfluoro 3924 
Vinyl m ercury bromination stereochem istry  

3406
Vinyl phenyl ether cyclodimerization 3803 
Vinyl sulfoxide 2670 
Vinylam ine tertiary 3074 
Vinylazide therm olysis azirine 4341 
Vinylbenzyl ale butyllithium addn 2756 
Vinylcarbazole electrocyclodimerization  

2562
Vinylcyclohexane deuterated Wittig reaction  

2910
Vinylcyclohexatriene iron carbonyl complexes 

(correction) 4218
Vinyleyclononane ring enlargem ent phenylcy=  

cloundecanone 4067
Vinylcyclopropane benzyne adduct 1703 
Vinylcyclopropane deriv alkylation 2100 
Vinylog chloroacetone rearrangem ent 1709 
Vinylphosphonate 1423 
Vinylpyridine ylide condensation 3942 
Vinyluracil 264 
Viologen cation pyridyl 3993 
Wagner Meerwin rearrangem ent 2698 
Water benzodiazepinone ferrous sulfate 

4206
Water esterification reagent temp 4196 
West synthesis hexabromocyclopentadiene 

153
Wittig biphenyldicarboxaldehyde phosphoni= 

obiphenyl 808
Wittig phosphorus betaine MO 2664 
Wittig reaction ally l ylide 3625 
Wittig reaction deuterated vinylcyclohexane 

2910
Wittig reaction isopropenylphosphonium  

aldehyde 1583
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Wittig rearrangement vinylbenzyl ether 
2756

Wolff K ishner redn dehydroadamantanone 
2556

Woodhousin germacronolide Bah ia (correc=  
tion) 4217

X  ray hexahydrotripyridazinotriazine 1102 
X  ray photoelectron spectra sulfimide 1350 
X  ray structure hexacarboxymethoxytetracy=  

clotridecanetrione 2919 
Xanthene carboxamido nitrosation 2828 
Xanthene difluoro chloromethylene 841 
Xanthene dye photochem reaction 1057 
Xanthene hexahydro prepn rearrangem ent 

3049
Xanthenolide ivalbatin 585 
Xanthine acetoxymethyl rearrangem ent 

1291
Xylene nitration aroyl nitrate 2271 
Xylene trimethoxy protonation N M R 4056 
Xylofuranose halodeoxy 3624 
Xylose acetamidodeoxy oligosaccharide 

1831
Xylose diphenyl dithioacetal acétonation 

187
Ylide allyl Wittig reaction 3625 
Ylide condensation oxiranes cyclopropanes 

1793
Ylide ketene reaction 844 
Ylide phosphorane nitrostyrene isatoic 

anhydride 1047
Ylide sulfonium addn diene 2806 
Ylide sulfonium furyl 3140 
Ylide sulfonyliminopyridinium photolysis 

3311
Ylide sulfoxide aliph alkylation 1798 
Ylide triazole phosphonium 2708 
Ylide vinylpyridine condensation 3942 
Yohimbine 2501
Yohimbine alkaloid total synthesis 2496 

2501
Yohimbine total synthesis 2496 
Zearalanone total synthesis 610 
Zearalenone total synthesis 607 
Zinc redn halocyclohexenone 3658 
Zirconium oxide dehydration heptadienol 

2416
Zonarol Dictyopteris 2383
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(No reduction with NaBH4)
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The above reactions were taken from the chemical li­
terature and are examples of the regioselective and 
stereoselective reductions possible with our reducing 
reagents. Please write for a data sheet giving a de­
tailed comparison of and references for all of our re­
ducing reagents.Aldrich
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18,023-8 Borane-dimethylamine complex.....................................................................................  25g $8.00; 100g $25.00
17,982-5 Borane• methyl sulfide complex (Neat liquid, d = 0.80, 80g = ca 1mole)........................  80g $32.00
17.619- 2 Borane-tetrahydrofuran complex (1M in THF, 900g = ca -1 I).....................................  900g $37.50
L290-4 Lithium aluminum tri-terf-butoxyhydride..................................................................  25g $14.30
17,849-7 L-Selectride'“ [LiBH(sec-Bu)3] (1M in THF, 900g = ca 1 I)..........................................  900g $35.00
17.620- 6 Polymethylhydrogensiloxane.......................................................................................... 50g $4.75; 250g $15.00
15,109-2 Red-AI® [NaAIH2(OCH2CH2OCH3)2], 70% in benzene.......................................................  250g $9.75; 1kg $32.00
15,615-9 Sodium cyanoborohydrlde..................................................................................... 6.3gf $4.25; 10g $5.50

5Qg $22.50; 62.8gf $27.50
17,972-8 Super-Hydride™ [LiBH(Et)3] (1M in THF, 900g = ca 1 I).............................................  900g $34.00
13,200-4 p-Toluenesulfonhydrazide.....................................................................................  100g $11.25; 186.2gt $18.00
"Registered trademark o f  Aldrich Chemical Company,  Inc. '"Trademark of Aldrich Chemical Company.  Inc. tDesignates molar unit.
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