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Two new reaction paths not previously observed in the irradiation of 2,4-cyclohexadienone 4,5-epoxides are de-

scribed. Irradiation of 6,6-dimethyl-2,4-cyclohexadienone 4,5-epoxide (5) through Pyrex gave mainly the enol lac-
tone 6. The proposed mechanism, supported by isotopic labeling, involves as an intermediate the cyclopropanone
aldehyde G (also implicated as the precursor of fi in the singlet oxygen oxidation of dimethylfulvene). The photo-
isomerization of 5 to 6 involves a triplet excited state (Et a 50-60 kcal/mol). Irradiation of 2,3,4,6,6-pentamethyl-
2,4-cyclohexadienone 4,5-epoxide (19) through Pyrex gave, among other products, the Az-butenolide 22 (27%), a
product best accounted for if the first bond-breaking step is cleavage of the C(1)-C (6) bond in 19. This is the first
example of «-cleavage in the irradiation of epoxy enones of this type, Ageneral mechanism is proposed for the pho-
toisomerization of 2,4-cvclohexadienone 4,5-epoxides. The first step following excitation is either «-cleavage (rare)
or cleavage of the C(4)-0 bond of the epoxide ring (common) to give diradical D, which may isomerize in one or
more of four different ways depending on methyl substitution. Experimental examples of each path are given. A
general mechanistic scheme is proposed which summarizes to date the observed photoisomerizations of a,/3-unsatu-

rated 7 5-epoxy ketones.

We recently reported that the epoxy ketone 1isconverted
by irradiation to 2 and then 3.1 In this paper, we will describe

the photochemistry of analogues of 1 containing fewer methyl
substituents. These studies disclosed novel photoisomeriza-
tion paths not previously observed with such epoxy ketones,
for one of which we propose a cyclopropanone intermediate.2
Following a description of these new reactions and evidence
for their mechanisms, we will present a general mechanistic
scheme which summarizes the known photochemistry of
«,/f-unsaturated 7 ,5-epoxy ketones to date, and which places
the new reactions in perspective.

Results and Discussion

Photochemistry of 6,6-Dimethyl-2,4-cyclohexadienone
4,5-Epoxide (5). The epoxy ketone 5 was obtained in high

o o o 0

4 5 6(86%)  7(14%)

yield by oxidizing the corresponding dienone 43 with m-
chloroperbenzoic acid (m-CPBA).

Irradiation of 5 (0.01 M in ether, Pyrex) gave two pho-
toisomers in quantitative yield. The major product (86%) was
the enol lactone 6, a compound which has recently been ob-

6 8

tained4 as the major product from the reaction of singlet
oxygen with 6 ,6-dimethylfulvene (Scheme Il). Irradiation of
6 through Corex converted it to the isomeric lactone 8.5
The minor product (14%) was assigned the unsaturated
/3-diketone structure 7 on the basis of its spectra and further
transformations. In particular, irradiation of 7 through Corex
gave in succession the known /3-diketone 9fiband unsaturated
lactone 10.80 The first of these photoisomerizations is an

oxa-di-ir-methane rearrangement,7 and the second involves
the typical a-cleavage of a cyclic nonenolizable d-diketone.6
It is clear from the product structures that the methyl

3635
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substituents play an important part in determining the pho-
toisomerization paths of 1 and 5. Before discussing the
mechanism by which 6 and 7 are formed from 5, and before
trying to rationalize the different photoisomerization paths
of 1and 5, it will be helpful to summarize the results obtained
by irradiating dienone epoxides with an intermediate number
of methyl substituents.

Photochemistry of Other 2,4-Cyclohexadienone Ep-
oxides. The epoxy ketones 11,19, and 24 were prepared from
the corresponding dienones by oxidation with m-CPBA. Ir-

12 (22 %) 13(44%) 14(34%)

radiation of 11 (0.06 M in ether, Pyrex) gave the enol lactone
12 and the epimeric /3-diketones 13 and 14. The latter two
compounds are secondary products derived from the primary
photoproduct 15 (analogous to the formation of 9 from 7). The
methyl substituents must enhance this reaction, thus pre-
venting us from observing 15.8 The structures of 13 and 14
were confirmed by their conversion to the lactones 16-17 on
irradiation through a Corex filter.9

The structure of the enol lactone 12 was established as
follows. Its IR and UV spectra were similar to those of 6. The
NMR spectrum showed a sharp singlet for the gem-dimethyl
group, two vinyl protons (not coupled to each other) and two
vinyl methyl groups. The exact location of the methyl groups
was established by further irradiation of 12 through a Corex
filter. The resulting 18 had no vinyl protons, but two mutually

coupled aliphatic protons at 52.82 and 4.67 (J = 4 Hz), the
latter being the proton adjacent to the oxygen. This result
required that the vinyl protons in 12 be at the termini of the
diene moiety. The remainder of the NMR spectrum of 18 was
consistent with this assignment.

Except for quantitative aspects, the photochemistry of 5
and 11 appears to be identical, the primary products being an
enol lactone (6 and 12, respectively) and an a,/3-unsaturated

/3-diketone (7 and 15, respectively). Differences appeared
when one more methyl substituent was added.

Hart, Peng, and Shih

Irradiation of 19 (0.01 M in ether, Pyrex) gave the epimeric
/3-diketones 20 and 21 and the butenolide 22. The first two
compounds are again secondary products, derived from the
further photoisomerization of the unsaturated /3-diketone 23.

0

H
23

As with the formation of 15 (vide supra), it was not possible
to detect the primary product 23. However, we were able to
obtain 23 through the treatment of 19 with triiluoroacetic
acid.10 Irradiation of 23 under the same conditions used with
19 gave a quantitative yield of 20 and 21, in the same ratio as
they were formed by irradiating 19.

The structure of the butenolide 22 is based on its spectra.
Its IR and UV spectra were nearly identical with those of the
known analogue in which the vinyl hydrogen is replaced by
amethyl group.11The NMR spectrum of 22 showed one ali-
phatic methyl singlet (5 1.23), four vinyl methyls in the region
51.74-1.80 and one vinyl proton as a multiplet at 6 5.40. De-
coupling by irradiation in the vinyl methyl region sharpened
the vinyl proton signal to a singlet. Europium-shift data (see
Experimental Section) and deuterium labeling experiments
further support the structure. We consider 22 and 23 to be the
direct photoproducts of 19.12

The third epoxy ketone whose photochemistry we will de-
scribe in this section is 24.11lrradiation of 24 (0.01 M in ether,

24 25(30%) 26(45%) 27(25%)

Pyrex) gave the enol lactone 25, the acetyl cyclopentenone 26,
and the bicyclic ketone 27.

The gross structure of 25 was clear from the similarity of its
IR, UV, and NMR spectra to those of 6 and 12. Since the vinyl
proton in 24 occupies a position corresponding to a methyl
group in 11 (and therefore in 12) the proton in 25 must be lo-
cated on one of the two central carbons of the butadiene
moiety. Of the two alternative structures, only 25 was con-
sistent with the europium and chemical-shift data, and with
the results of labeling experiments (vide infra).14

Compound 26 was analogous to 2; their IR, UV, and NMR
spectra (except for the vinyl proton) were nearly identical.
Although 26 was an initial photoproduct of 24, prolonged ir-

radiation converted it quantitatively to an isomer, the bu-
tenolide 28. This conversion has a direct analogyl1I and un-
doubtedly proceeds via the bicyclic and ketene intermediates
shown.

The third photolysis product of 24 had a carbonyl band at
1740 cm-1 typical of a five-membered-ring ketone, and the
UV spectrum showed only end absorption. The NMR spec-
trum of 27 showed one vinyl proton (55.56), coupled with an
adjacent vinyl methyl (6 1.72, J = 2 Hz), and four aliphatic
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(C4-0)
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R4 Rs
F J

methyls, two gem (5 1.12, 1.14) and two bridgehead (5 1.30,
1.32), requiring a bicycle structure such as that shown. The
remainder of the structural assignment (i.e., relative positions
of the groups on the 2-carbon bridges) is based on mechanistic
grounds and labeling results (vide infra).

Mechanisms for the Photoisomerization of 2,4-Cyclo-
hexadienone 4,5-Epoxides. Scheme | summarizes the
mechanisms we considered to rationalize our results. Fol-
lowing excitation to A* there are two options, «-cleavage to
give B, or epoxide cleavage to give D. «-Cleavage has not been
observed in any previous photochemical studies on «,/3-un-
saturated 7 ,5-epoxv ketones, but we include the path A* —
B -* C to rationalize the formation of 22 from 19. This minor
reaction pathway has some precedent. Compound 29, a close
saturated analogue of 19, gave the lactone 30 as the sole pho-
toisomerization product.16

29 30

The predominant pathway following excitation to A* is
epoxide cleavage at the C (4)-0 bond to give the diradical D.
Four options for this diradical are shown in Scheme 1 1,2-
Migration of Rr, will give the unsaturated d-diketone E, a path
which is particularly important when R5= H (as in the for-
mation of 7 from 5, 15 from 11, and 23 from 19). Type E
products may not be observable, however, since they contain
nearly the same chromophore as the starting epoxy ketone A.
Consequently E may compete effectively with A for the light
and rearrange further. This was true of 15 and 23, which were
detectable only as their oxa-di-ir-methane rearrangement
products (13 and 14 from 15; 20 and 21 from 23).

If Rs is not hydrogen but methyl, then ring contraction is
favored over R5migration, to give the cyclopentenone F. For
example, this was the principal path in the photoisomerization
of 1 (to 2) and of 24 (to 26). Once again the chromophore in
this type of product (F) is similar to that of the starting epoxy
ketone A, and further photoisomerizations may occur. In the
examples studied, an oxa-di-7r-methane rearrangement occurs
(3 from 2, and 28 from 26); however, this reaction usually is
slow enough so that the initial photoproducts of type F can
be isolated.

A third option open to biradical D is formation of cyclo-
propanone G. This reaction can be regarded as analogous to
the ring contraction to F, except that a 1,4 instead of a 1,2 shift
occurs. The reaction could be stepwise or concerted. The cy-
clopropanone G must be formed with cis geometry at the
C(3)-C(4) double bond; consequently, a rapid subsequent
six-electron electrocyclic reaction to form the seven-mem-
bered ring enol lactone H is possible.

A cyclopropanone intermediate of this type was proposed4
to rationalize the formation of 6 from the reaction of singlet
oxygen with dimethylfulvene (Scheme I11). Cleavage of the
0 -0 bond in the initial adduct 31 and rebonding was postu-
lated to give the allene-oxide L, a precursor and valence tau-
tomer of the cyclopropanone aldehyde G (R2R 5= H).17

A plausible alternate route to the seven-membered ring enol
lactones is also shown in Scheme I. The first step involves
collapse of the diradical D to the bicyclic ether ketone I. In-

Scheme 11

6 G(R2-R&*H) )

deed, a product of this type (27) was formed in the irradiation
of 24. Subsequent irradiation of | could cause «-cleavage to
J, which on bond reorganization as shown in the scheme could
lead to the enol lactone K.

This route to the enol lactones can be safely discarded on
two grounds. First, irradiation of 27 (0.014 M in ether, Pyrex)
under the same conditions which led to the enol lactone 25
from 24 gave no enol lactone whatever, only recovered starting
material. Second, it will be noted that enol lactone derived
from the cyclopropanone route (H) has the substituents R2R 5
arranged in the reverse order from enol lactone (K) derived
from the two-photon route. The following deuterium-labeling
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Table I. Substitution Pattern and Mechanistic Paths

Registry Epoxy % R5
no. ketone r2 R,i R4 Rr, migration
63449-05-8 5 H H H H 14
52898-22-3 11 H CH;, CH;, H 78
63449-06-9 19 CH, CH;, CHn H 73
50506-42-8 1 ch3 CH;, CH;, CH; 0
63449-07-0 24 CH;, H CH;, CH, 0

experiment was carried out to distinguish between these al-
ternatives.

hi/, hi/.

g
Corex Corex Corex

Irradiation of 11* (A, R2= D, R;, = CD:,R4=CH:;, Rs= H)
gave 12*. The NMR spectrum of unlabeled 12 has vinyl proton
signals at 55.13 and 6.13 and a six-proton vinyl methyl signal
at 51.80. In 12* the signal at 55.13 was absent and the peak
at 51.80 was reduced in area to three protons. If the lower field
vinyl proton in 12 is adjacent to the oxygen, the label can be
assigned as shown in 12*. To confirm this assignment, 12* was
irradiated in Corex to give 18* The methine protons in un-
labeled 18 appear at 52.82 and 4.67, the lower field proton
clearly being the one adjacent to the oxygen. In 18%*, the
methine signal at 5 2.82 was absent, establishing the label
pattern as shown on the structures. This result shows that the
correct structural relationship between the epoxy ketone A
and the enol lactone is as shown in H, not K (Scheme 1), and
supports the mechanism which involves the cyclopropanone
intermediate G. Another labeling experiment, using deuter-
ated 24, verified this conclusion (see Experimental Section).
The labeling pattern in the other products (for example 13*
and 14*) was also consistent with the mechanisms proposed
in Scheme 1.

Table I summarizes the mechanistic paths in Scheme | that
are followed by the simple cyclohexadienone epoxides studied
thus far. Different products derived from the same path were
summed (for example, 13 + 14, 20 + 21) to get the values in
the table. Examination of the results in this way permits us
to draw a few conclusions regarding the way in which methyl
vis-a-vis hydrogen substituents influence the reaction course.
Only when Rs5is hydrogen do we see the R5-migration path;
only when R5 is methyl do we see ring contraction. The com-
parison between 19 and 1, where this is the only structural
change, is most striking. The sequence hydrogen migration
> ring contraction > methyl migration is characteristic for the
photorearrangement of a,/3-epoxy ketones and a,(3-epoxy-
alkenes.18 Cyclopropanone formation appears to be dimished
by substitution of methyl for hydrogen at R2 (compare 11 and
19) or at R3 (compare 24 and 1, or 5 and 11). a-Cleavage was
only observed when R2 = CH;,, R5 = H (19; see also 29).

Since the highest yield of enol lactone was obtained from
the unsubstituted epoxy ketone 5, we studied its photo-
chemistry in somewhat greater detail. The photoisomerization
of 5 could be sensitized with either acetophenone or benzo-
phenone. Although the reaction could not be quenched with
piperylene, it was efficiently quenched by trans-1,3,5-hexa-
triene (Et = 47 kcal/mol19). These results suggest that the

% ring % cyclopropanone % C(2)-0 % a-
contraction formation bonding cleavage

0 86 0 0

0 22 0 0

0 0 0 27

100 0 0 0

45 30 25 0

photoisomerization of 5 occurs via a triplet excited state with
an energy of about 50-60 kcal/mol.20

We tried to detect or trap the cyclopropanone intermediate
G [R2Rs = H], After a 4-h irradiation of 5 in acetone-de at
—78 °C, a fairly strong multiplet was observed at59.7 (alde-
hyde proton), which slowly disappeared on warming. This
peak may have been due to G [R2-Rr, = H],21 though we were
unable to definitely connect its disappearance with the ap-
pearance of peaks due to 6. Infrared studies were similarly
indicative but not conclusive. Irradiation of5in THF at —105
°C caused a weak band to appear at 1815 cm-1 which could
be attributed to the cyclopropanone intermediate.22 Its in-
tensity decreased when irradiation was stopped, but its decay
could not be associated directly with the appearance of bands
due to 6. Irradiation of 5in CD; 0D at —78 °C, with the hope
of trapping the cyclopropanone as a ketal, gave only 6 and 7
in the same ratio as in ether. Consequently, the aldehyde cy-
clopropanone intermediate G remains a plausible but not
proven intermediate in the photoisomerization of A to H
(Scheme 1).23

A General Mechanistic Scheme for the Photoisomer-
ization of a-Unsaturated 7 ,;,-Epoxy Ketones. The cyclo-
hexadienone epoxides whose photochemistry we have de-
scribed here and summarized in Scheme | belong to the more
general class of compounds, a,/3-unsaturated 7 ,5-epoxy ke-
tones, many of which have been irradiated in recent years by
Jeger, Schaffner, and co-workers.24 We think it useful to
summarize in one scheme the many types of reactions which
have been observed to date following excitation of this inter-
esting class of compounds (Schemes Il and 1V, no stereo-

Scheme 111
R«R4R, R«Ri R«R4 RaR?R‘.

1514082 hil. isidi3i2i
R—g C\-?—C-C-C -0 R«* O\—/C—C—C- Cc—0
5

L o J
R.R ROR, Ra”"KaRi
15141372y ond— a art
R-.C-C=C-C=C-0— * r RtC c=c-c-c-0'
81 8 w
o* 0
Cs-O cleavage Cs-Cs bond cleavage
(common) (rare)
$<<$4E.|R? . C2=C3 isomerization.
Ft7C-C-C=Cc-C=0 a%
s\l
a-Cleavage
(rare)

chemistry implied). The various alternatives are illustrated
below with specific examples.

Following initial excitation (the reactive state is usually a
triplet) one of three-bond-cleavage processes usually occurs.
Carbon-carbon cleavage of the epoxide ring (to give N) has
been observed24e hwhen the groups at C(5) can stabilize the
resulting radical (in 32, Rr, = vinylic, Rr, = methyl).2526 The
only example of a-cleavage (to give 0 ) reported thus far is the
formation of 22 from 19 reported in this paper (vide supra).
In acyclic systems, E ~ Z isomerism at the C(2)-C(3) double
bond of the enone moiety is also known.24df'h
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Scheme IV
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By far the most common reaction abserved in these systems
is cleavage of the epoxide ring at the C (4)-0 bond.124@"*-*1
Scheme IV summarizes the types of subsequent reactions

penht%ne
32

which have been observed for the resulting diradical M. Re-
arrangement of a group R5 from C(5) to C(4) occurs fre-
quently, and the group which migrates may be a hydrogen,24®1
methyl,241 or other carbon fragment.124a ¢ Although the
precursor to these rearrangements has been written in Scheme
1V as a diradical, the migration may in fact be stereospeci-
fic,24b,cas in Scheme V.

Scheme V
hy,-65°
OAc OAc OAc
N
/' hz G] T >
n7r*or" 1 H
37 38

Cyclization to form adihydrofuran by bond formation be-
tween the epoxide oxygen and C(2), as exemplified in this
paper by the formation of 27 from 24 (vide supra), has prec-
edent,24dfh the best example being eucarvone epoxide
39.24f

40

The diradicai M may fragment by cleavage of the C(4)-C(5)
bond to give a carbonyl compound and a carbene (or dipolar
ion), as illustrated by the formation of 42 and 43 on irradiation
of trans-/3-ionone epoxide 41.24d-h.27,28

The formation of the cyclopropanone G (Scheme 1), and
ultimately the enol lactone H reported in this paper (vide
supra) can be visualized as a radical fragmentation of the di-
radicai M (Scheme 1V). This is shown specifically for the

J. Org. Chem., Voi 42, No. 23,1977 3639
et
I?Pargbn%gﬁtation ﬂragglrcnaelntation drogen
R R R e Re o gp(stra%%on
C-CC-C0  ReCLLLC—
R4RLR0FI R
@¢=¢-¢=¢-00
+RSRS'C=0
-CHCCH,
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formation of 6 from 5. This type of diradicai fragmentation
has not been observed previously in the photoisomerization
of «,/3-unsaturated 7 ,0-epoxy ketones.1'24'29

Finally, the diradicai intermediates M and N (Scheme III)
may abstract hydrogen atoms, particularly from favorably
located intramolecular positions.24®41A good example is the
predominant formation of the bicyclic alcohol 46 on n#* ex-
citation of 44.

44

The reactions shown in Scheme | for cyclohexadienone
epoxides constitute a subgroup of the more general Schemes
111 and 1V. Certain reactions in Scheme 11l (C(4)-C(5) bond
cleavage and E-Z isomerization) have not been observed or
are precluded by the cyclic structure of this type of epoxy
enone. One path in Scheme 11l (a-cleavage) is thus far unique
to cyclohexadienone epoxides. Of the five alternatives open
to the diradicai M which results from C(4)-0 bond cleavage
(Scheme 1V), three (rearrangement, cyclization, radical
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fragmentation) are known with cyclohexadienone epoxides,
the last of these being so far unique to this class of epoxy en-
ones. Schemes 11l and 1V provide a framework for studying
structural effects on the photochemistry of epoxy enones; most
of the various possible reaction paths have probably now been
delineated, and further progress may rest on more quantita-
tive studies.

Experimental Section

General Procedures. Analytical gas chromatography (VPC) was
carried out on a Varian Aerograph Model 1400 (flame-ionization
detector) and preparative VPC was performed with a Varian Aero-
graph Auto Model 700 instrument (thermal-conductivity detec-
tor).

NMR spectra were measured in CDCL or CCIl4 solutions on a
Varian Associates T-60 or HA-100 spectrometer using Me4Si as an
internal standard. Low-temperature NMR spectra were obtained on
an A56-60 spectrometer. Spectra are reported in 6 units. Numbers
adjacent to protons in structures refer to chemical shifts of these
protons. Numbers in brackets beside the chemical shifts are “euro-
pium-shift numbers” obtained by adding small increments of
Eu(fod)n. Shift numbers are the ratios obtained by dividing the shift
of each signal in the spectrum by the shift of the least-shifted sig-
nal.

IR spectra were recorded on a Unicam SP-200 spectrometer except
for the low-temperature study, in which a Perkin-Elmer 237 grating
spectrophotometer was used. They were calibrated against a poly-
styrene film. UV spectra were recorded on a Unicam-800 spectrom-
eter. Mass spectra were obtained with a Hitachi Perkin-Elmer RMU-6
operated at 70 eV; we are indebted to Mrs. Ralph Guile for this service.
Melting points were determined with a Thomas-Hoover melting-point
apparatus and are uncorrected. Analyses were performed by Spang
Microanalytical Laboratories, Ann Arbor, Mich., and by Clark Mi-
croanalytical Laboratories, Urbana, 111

Analytical chromatographic columns used in this work are as fol-
lows: column A: 5 ft x 0.125 in., 20% SE-30 on chromosorb W, AW-
DMCS 80/100; column B: same, 10% Carbowax 20 M; column C: same,
10% FFAP; column D: same, 5% SE-30; column E: same, 20% FFAP.
Preparative chromatographic columns used in this work are as follows:
column F: 10 ft x 0.25 in., 20% SE-30 on chromosorb W, AW-DMCS
80/100; column G: 6 ft x 0.25 in., 10% FFAP on chromosorb W, AW-
DMCS 80/100; column H: same as G, but 5 ft x 0.25 in.; column I:
same as F but 20% FFAP; column J: same as |, but 5 ft x 0.25 in.

General Photolysis Procedures. Solutions of compounds to be
irradiated were placed in septum-capped Pyrex tubes or NMR tubes
and purged of oxygen by bubbling dry, oxygen-free nitrogen through
them for 30 min prior to photolysis. Irradiations were carried out with
a 450-W Hanovia Type L medium-pressure mercury vapor lamp with
the appropriate filter. The tubes were fastened to an immersion well
which was immersed in water at ambient temperature. Alternatively,
a Rayonet photochemical chamber reactor or Type RS preparative
photochemical reactor was used. Photolyses were monitored by
withdrawing small (<1 gL) aliquots and injecting them into the an-
alytical gas chromatograph.

6,6-Dimethyl-2,4-cyclohexadienone 4,5-Epoxide (5). To a so-
lution of 2.5 g (0.02 mol) of 6,6-dimethyl-2,4-cyclohexadienone 4 in
20 mL of methylene chloride was added at 0 °C a solution of 3.54 g
(0.02 mol) of m-chloroperbenzoic acid in 20 mL of methylene chloride.
The mixture was stirred at room temperature for 8 h, precipitated
m-chlorobenzoic acid was removed by filtration, and the solvent was
removed by rotary evaporation. Petroleum ether (bp 30-60 °C) was
added, the filtrate was washed with aqueous sodium bicarbonate and
saturated sodium chloride solution, dried (MgSCL), and evaporated
to give 2.37 g of a light yellow oil (86%). The crude product was chro-
matographed on Florisil (60-200 mesh) using ether-hexane (1:10) as
eluent, to give 5. Analytical VPC (column A, 130 °C, 30 mL of N2/min)
gave a retention time of 3 min; preparative VPC (column F, 100 °C,
60 mL of He/min, retention time 22 min) gave pure 5: IR (neat) 3000
(s), 1680 (s), 1480 (m), 1385 (m), 1380 (w), 1295 (m), 1250 (m), 1225
(w), 1180 (m), 1118 (s), 1065 (m), 940 (m), 860 (m), 830 (s) cm"1L UV
(MeOH) Amex 235 nm (r 35 370) 280 (4080); NMR (CCl4) see footnote
30; mass spectrum m/e (rel intensity) 138 (7), 123 (10), 122 (29), 109
(45), 95 (44), 82 (100), 79 (60), 77 (30), 70 (20), 67 (20), 55 (40), 54
(25).

Anal. Calcd for CgHioCL: C, 69.54; H, 7.30. Found: C, 69.54; H,
7.26.

Irradiation of 5. A degassed solution of VPC collected 5 (100 mg,
0.73 mmol) in 50 mL of anhydrous ether was irradiated through Pyrex
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with a 450-W Hanovia lamp at room temperature. The photolysis,
followed by VPC and NMR, was complete in 7 h. Analytical VPC
(column B, 109 °C, 30 mL of Nj/min) showed two components, 6 (86%,
retention time 17 min) and 7 (14%, 24 min). Preparative VPC (column
G, 105 °C, 60 mL of He/min) gave pure 6 and 7.

For 6 (3,3-dimethyl-2(3H)oxepinone): IR (neat) 1740cm' 1 (rc=o0),
1640 and 1603 cm-1 Gc-c); UV (EtOH) Arex243 nm (f 6460); NMR
(CCl4,60 MHz) 6 1.30 (s, 6 H) and multiplets (4 H) between 65.47 and
6.39. The NMR spectrum (CC14, 100 MHz) showed four sets of vinyl
protons at &5.47,5.63, 6.02and 6.39 U 12=f-7 Hz, J2i = 6.2 Hz, 3 34
= 10.2 Hz); mass spectrum m/e (rel intensity) 138 (12) 109 (2), 95
(100), 81 (5), 79 (6), 77 (4), 68 (2), 67 (19), 66 (1). 65 (5), 55 (3), 52 (1),
50 (2), 43 (2), 42 (2), 40 (45), 39 (30), 38 (3). All spectral data were
identical to the literature reports.4

For 7 (6,6-dimethyl-2-cyclohexene-I,5-dione): IR (neat) 2990 (m),
1720 (s), 1675 (s), 1640 (w), 1530 (m), 1385 (m), 1340 (w), 1300 (m),
1170 (2), 830 (m) cm 'L UV (MeOH) Arex 228 nm U 7000); NMR
(CCl4) 5 1.23 (s, 6 H, gem-dimethyl), 3.17 (br, 2 H, methylene),
5.80-6.20 [d, 1H, J = 9 Hz, C(2) vinyl], and 6.57-7.03 |m, 1 H, C(3)
vinyl]; mass spectrum m/e (rel intensity) 138 (42), 123 (1), 110 (12),
95(22), 77 (4), 70 (100), 68 (55).

Anal. Calcd for CgHmMCL: C, 69.54; H, 7.30. Found: C, 69.60; H,
7.39.

Identical results were obtained as when carbon tetrachloride,
benzene, methanol, tert-butyl alcohol, or acetone was used as the
solvent for irradiation of 5 through Pyrex. Irradiation of 5 through
a uranyl glass filter gave an almost quantitative yield of 6; no 7 was
isolated.

Irradiation of 6. A degassed solution containing 60 mg of 6 in 15
mL of anhydrous ether was irradiated through Corex with a 450-W
Hanovia lamp. The photolysis was followed by analytical VPC (col-
umn B, 100 °C, 30 mL of No/min). As the reaction proceeded, the peak
with aretention time of 12 min (corresponding to 6) decreased in in-
tensity and a peak with aretention time of 15 min due to 8 appeared.
After a 20-h irradiation, preparative VPC (column G, 105 °C, 60 mL
of He/min) allowed collection of the single photoproduct, 4,4-di-
methyl-2-oxabicyclo[3.2,0]hept-6-en-3-one (8)5 IR (neat) 2980 (M),
2940 (2), 1770 (s), 1540 (m), 1390 (w), 1360 (m), 1350 (w), 1300 (w),
1270 (m), 1170 (m), 1140 (s), 1095 (s), 1015 (s), 970 (m), 930 (w), 910
(w), 860 (m), 800 (s) cm-1; UV (MeOH) Amrex 220 nm (f 235); NMR
(CC14) 5 1.16 (s, 6 H; europium shift reagent showed that the two
methyl groups are not identical), 3.13 [m, 1 H, C(5) methine], 4.98 |m
1H, C(l) methine], 6.30 (m, 2 H, vinyl protons); mass spectrum m/e
(rel intensity) 138 (1.5), 123 (2), 110 (15), 109 (36), 95 (100), 93 (10),
91 (11), 83 (12), 81 (33), 79 (66), 77 (35), 67 (28), 53 (22), 51 (11).

Irradiation of 7. A degassed solution containing 40 mg of 7 in 10
mL of anhydrous ether was irradiated through Corex with a 450-W
Hanovia lamp. The photolysis was followed by analytical VPC (col-
umn B, 100 °C, 30 mL of N9/min). As the reaction proceeded, the peak
with a retention time of 29 min corresponding to 7 decreased in in-
tensity and the peak due to the product 9 appeared at 39 min. After
complete reaction (2 h), preparative VPC (column H, 125 °C, 60 mL
of He/min) allowed collection of the single photoproduct 96 in 95%
yield: IR (neat) 3001 (w), 1750 (w), 1710 (s), 1480 (m), 1400 (w), 1307
(w), 1290 (m), 1241 (w), 1190 (m), 1160 (w), 1010 (m), 900 (m) cm*“ 1,
UV (ethanol) Amex215 nm (r 550), 280 (190); NMR (CC14) see footnote
31; mass spectrum m/e (rel intensity) 138 (47), 123 (9), 110 (21), 109
(16), 97 (17), 95 (70), 93 (6), 91 (7), 83 (6), 82 (10), 81 (15), 79 (24), 77
(8), 70 (100), 69 (19), 68 (69), 67 (55).

Irradiation of 9. A degassed solution containing 35 mg of com-
pound 9 in 10 mL of anhydrous ether was irradiated through Corex,
or 30 mg of compound 9 in 10 mL benzene was irradiated through
Pyrex with a 450-W Hanovia lamp. The photolysis was followed by
NMR (benzene-dB and analytical VPC (column B, 153 °C, 30 mL of
N2/min). The reaction was complete within 30-45 min in Corex and
within 2 h with the Pyrex filter. As the reaction proceeded, the peak
with a retention time of 18 min corresponding to 9 decreased in in-
tensity and the peak due to the product 10 appeared with a retention
time 23 min. Preparative VPC (column G, 105 °C, 60 mL of He/min)
allowed collection of the single photoproduct 10fi in 90% yield: IR
(neat) 3100 (m), 1795 (s), 1720 (s), 1680 (w), 1480 (w), 1380 (w), 1238
(w), 1210 (m), 1150 (m), 1100 (m) cm "% UV (methanol) showed end
absorption; NMR (CCl4) see footnote 32; mass spectrum m/e (rel
intensity) 138 (50), 123 (18), 110 (15), 109 (20), 96 (18), 95 (80), 79 (35),
77 (25), 70 (100), 68 (80), 67 (62).

Irradiation of 5 with 254-nm Light. Irradiation of an 0.01 M ether
solution of 5 at 254 nm (Rayonet M GR-100) or with a Hanovia 450-W
lamp and Corex filter gave 6 and 7 in aratio 7:1 after 2 h. Further ir-
radiation for 7 h followed by VPC (column C, 125 °C, 30 mL of N2
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min) gave the following products (%, retention time in min): 6 (38,6),
7 (46, 9.5), 9 (12,17), and 10 (4, 30).

Irradiation of 5 at Low Temperatures. A degassed solution of
5 (25 mg) in 0.5 mL of acetone-de was irradiated in a Pyrex NMR tube
with a 450-W Hanovia lamp at -78 °C. The photolysis was followed
by NMR and by VPC. After a 4-h irradiation, besides the strong
product signals of 6 and 7, an aldehyde proton peak at b 9.7 was ob-
served. When the solution stood at the same temperature for 3 h, the
intensity of the aldehyde proton signal gradually decreased. Following
a similar separate irradiation, the solution was warmed slowly (8 h)
to room temperature, and the signal due to the aldehyde disappeared.
Replacement of the acetone by methanol-d4 gave identical results.

A solution of 20 mg of 5 in 0.1 mL of tetrahydrofuran was placed
in asodium chloride cavity cell (0.2-mm path length) held in a lead
block and cooled to —105 °C. A beam from a 1000-W Hanovia mercury
lamp was filtered through Pyrex and diverted into the cavity cell.
Examination of the IR spectrum after irradiation for 10 min indicated
a decrease in the intensity of the carbonyl absorption at 1680 cm-1
due to 5 and the appearance of a sharp intense absorption at 1740 and
1720 cm* 1 attributed to photoproducts. A weak peak also appeared
at 1815 cm "1 When the solution was warmed to room temperature,
the band at 1815 cm" 1 gradually disappeared.

Sensitization and Quenching Studies with 5. Analytical grade
benzene was purified by stirring with concentrated sulfuric acid for
several days, washing (10% sodium hydroxide, water, sodium chlo-
ride), drying (calcium hydride), and distilling (from potassium, middle
cut). Methanol and acetophenone was purified by distillation, and
benzophenone and hexamethylbenzene were purified by recrystalli-
zation from ethanol. frarcs-1,3,5-Hexatriene and pipervlene were used
as purchased from Aldrich Chemical Co.

In benzene: 110 mg of 5 and 64 mg of hexamethylbenzene (to serve
as a VPC reference) were dissolved in 40 mL of benzene to give an 0.02
M standard solution of 5. For sensitization, a 3 M solution of aceto-
phenone was prepared by dissolving 3.6 g of acetophenone in 10 mL
of the standard solution. For quenching, a 2.6 M solution of trans-
i t, 5-hexatriene was prepared by dissolving 1g of the triene in 5mL
of the standard solution.

Aliquots (2.8 mL) of each solution were sealed in Pyrex tubes after
five freeze-thaw cycles (<0.005 Torr). Samples were irradiated in a
merry-go-round apparatus with a 450-W Hanovia lamp and Pyrex
filter. After varying times (to 7 h), samples were removed and analyzed
by VPC (column B, 155 °C, 30 mL of N2/min). At 7 h, the blank
showed a single peak at 8.5 min due to 6; the acetophenone solution
gave the same result, but the triene solution showed only 10% 6 and
90% 5 (10.5).

In methanol: the standard solution of 5 was prepared as in benzene
(vide supra). The sensitization solution was 2 M in benzophenone (3.5
gin 10 mL of standard solution). The quenching solution was 5 M in
piperylene (3.4 g in 10 mL of standard solution). Irradiation as de-
scribed for the benzene solutions and VPC analysis (column D, 131
°C) showed after 7 h only one peak due to 6 (2 min) in all three solu-
tions.

3,4,6,6-Tetramethyl-2,4-cyclohexadienone-4,5-epoxide (11).
To a solution containing 5.0 g (0.033 mol) of 3,4,6,6-tetramethyl-
2,4-cyclohexadienonelt in 25 mL of methylene chloride was added
at 0 °C asolution of m-chloroperbenzoic acid (5.9 g, 0.034 mol) in 50
mL of the same solvent. The reaction, which was followed by NMR,
was complete in about 1 h, during which time m-chlorobenzoic acid
precipitated from solution. The precipitate was removed by filtration,
the solvent was removed by rotary evaporation, and the residue, which
consisted mainly of the desired epoxy ketone 11 contaminated with
a trace of m-chlorobenzoic acid (NMR), was chromatographed on a
short column of Florisil (80-100 mesh) using ethyl ether as eluent. The
yield of 11, which was identified by comparing its IR and NMR
spectralo with those of an authentic sample,4 was nearly quantita-
tive.

2-Deuterio-3-trideuteriomethyl-4,6,6-trimethyl-2,4-cyclo-
hexadienone 4,5-Epoxide (11*). To a solution of 11 (500 mg, 3.01
mmol) in dimethyl-d« sulfoxide (15 mL) was added with stirring and
under N2 370 mg (3.30 mmol) of potassium ieri-butoxide. The mix-
ture was stirred at room temperature for 3 h and then quenched with
ice-water and extracted with ether. The combined organic layers were
dried (Na2S04) and the solution was evaporated to give a nearly
quantitative yield of 11*. The NMR spectrum was identical to that
of 11,:10 except that the peaks at b2.08 (3 H) and 5.72 (1 H) were ab-
sent.

Irradiation of 11. A degassed solution containing 300 mg (1.81
mmol) of 11 in 30 mL of anhydrous ether was irradiated through Pyrex
with a 450-W Hanovia lamp. The photolysis was followed by analytical
VPC (column C, 140 °C, 30 mL of N2/min). The reaction was complete
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in about 8 h. VPC showed that there were three products, 13 (44%,
retention time 8.5 min), 14 (34%, 12.5 min), and 12 (22%, 16.5 min).
The products were isolated by preparative VPC (column H, 150 °C).
A similar irradiation in methanol gave the same result.

For 12 (4,5,7,7-tetramethyl-2-oxacyclohepta-3,5-dien-l-one): IR
(CC14) 1745 (s), 1145 (w), 1085 (W) cm "1 UV (MeOH) Arex 240 nm
(t 3225); NMR (CC14) b 1.25 (s, 6 H, gem-dimethyl), 1.80 (m, 6 H,
separates to two doublets, 3 = 1 Hz, with Eu shift reagent), 5.13 [br,
1H, C(6) vinyl], 6.13 [br, 1 H, C(3) vinyl]; mass spectrum m/e (rel
intensity) 167 (5), 166 (40), 138 (78), 124 (35), 123 (100), 109 (22), 96
(10), 95 (37), 91 (15), 77 (22), 67 (57), 55 (35), 53 (28), 51 (13).

Anal. Calcd for CioHi40 2 C, 72.26; H, 8.49. Found: C, 72.25; H,
8.37.

For 13 (erido-6-methyl-1,3,3-trimethylbicyclo[3.1.0]hexane-2,4-
dione): IR (CC14) 3000 (m), 1745 (w), 1710 (s), 1465 (w), 1385 (w), 1300
(w), 1140 (w) cm*“ 3, UV (MeOH) Avex 215 nm (« 2590); NMR (CCl4)
see footnote 31; mass spectrum m/e (rel intensity) 167 (9), 166 (77),
151 (29), 138 (14), 124 (15), 123 (55), 107 (20), 105 (10), 96 (100), 95
(27), 91 (17), 81 (19), 70 (23), 68 (64), 67 (65), 53 (38).

Anal. Calcd for C10H14CL: C, 72.26; H, 8.49. Found: C, 72.28; H,
8.49.

For 14 (exo-6-methyl-1,2,3-trimethylbicyclo[3.1.0]hexane-2,4-
dione): IR (CC14) 3000 (m), 1740 (m), 1705 (s), 1465 (w), 1390 (w), 1280
(m), 1130 (w), 1095 (m) cm*“ L UV (MeOH) Arex 225 nm (e 1240);
NMR (CC14) see footnote 31; mass spectrum (70 eV) m/e (rel inten-
sity) 167 (9), 166 (58), 151 (19), 149 (16), 138 (18), 124 (20), 123 (59),
107 (28), 105 (15), 97 (10), 96 (100), 95 (35), 91 (20), 81 (20), 78 (17),
76 (11), 70 (20), 68 (78), 67 (83), 55 (21), 53 (58), 51 (15).

Anal. Calcd for CJoH]40>: C, 72.26; H, 8.49. Found: C, 72.32; H,
8.55.

Irradiation of 11*. The conditions and workup procedure were
as described for 11 (ether). The NMR spectrum of the resulting 13*
was identical with that of 13,31 except that the signals at b 1.40 and
2.22 were absent. The NMR spectrum of the resulting 14* was iden-
tical with that of 14,31 except that the signals at b 1.33 and 1.70 were
absent. The NMR spectrum of the resulting 12* was identical with
that of 12, except that the signal at b5.13 was absent and the area of
the peak at b 1.80 was reduced to 3 H and simplified to a doublet.

Irradiation of 12. A degassed solution containing 100 mg (0.60
mmol) of 12 in 10 mL of anhydrous ether was irradiated through Corex
with a450-W Hanovia lamp. The photolysis was followed by analytical
VPC (column C, 135 °C, 30 mL of N2/min). As the reaction proceeded,
the peak with a retention time of 12.5 min (corresponding to 12) de-
creased in area and a product peak appeared at 6 min. After 2 h, the
reaction was complete and the product, 2,2,6,7-tetramethyl-4-oxa-
bicyclo[3.2.0]hept-6-en-3-one (18), was collected by preparative VPC
(column H, 180 °C): IR (CC14) 2960 (m), 2920 (w), 1780 (s), 1385 (w),
1330 (w), 1250 (w), 1160 (m), 1100 (s), 1060 (m), 1050 (m), 875 (s)
cm*“ L UV (MeOH) Amex 210 nm U 830); NMR (CC14) b 1.10 [s, 3 H,
C(2) methyl], 1.17 [s, 3 H, C(2) methyl], 1.68 [s, 6 H, C(6) and C(7)
methyls, separate with Eu shift reagent], 2.82 [m, 1 H, C(1) methine],
4.67 [d, 1H,J = 4 Hz, C(5) methine]; mass spectrum m/e (rel inten-
sity) 166 (4), 148 (40), 123 (100), 109 (18), 107 (32), 91 (28), 79 (22),
77 (13), 67 (22), 55 (19), 53 (16). Since the mass spectrum showed that
18 was an isomer of 12, it was not subjected to elemental analysis.

Irradiation of 12*. The conditions and workup procedure were
as described for 12. The resulting 18* had an NMR spectrum identical
with that of 18, except that the signal at b 2.82 was absent and the peak
at b 1.68 was reduced in area to 3 H.

Irradiation of 2,3,6,6-tetramethyl-2-cyclohexene-l,5-dione
(15a). A degassed solution containing 200 mg of 15a8in 15 mL of
anhydrous ether was irradiated through Pyrex with a450-W Hanovia
lamp. The photolysis was followed by analytical VPC (column C, 160
°C, 30 mL of N2/min). As the reaction proceeded, the peak with a
retention time of 7.0 min (corresponding to 15a) decreased in area and
aproduct peak appeared at 2.0 min. After 3 h, the reaction was com-
plete and the product, 1,3,3,5-tetramethylbicyclo[3.1.0]hexane-
2,4-dione (13a), was collected by preparative VPC (column H, 170 °C):
IR (CC14) 3000 (m), 1750 (m), 1710 (s), 1470 (w), 1390 (w), 1290 (m),
1070 (m) cm "1 UV (MeOH) Arex 225 nm (e 1190); NMR (CC14) see
footnote 31; mass spectrum m/e (rel intensity) 167 (4), 166 (38), 151
(10), 124 (20), 123 (53), 97 (7), 96 (100), 95 (14), 68 (38), 67 (35), 53
(15).

Anal. Calcd for CioH1402 C, 72.26; H, 8.49. Found: C, 72.23, H,
8.57.

Irradiation of 15a labeled with a CD:! group at C(3) under the same
conditions gave labeled 13a whose NMR spectrum had the peak at
b 1.33 reduced in area to 3 H.

Irradiation of 13a. A degassed solution containing 100 mg (0.60
mmol) of 13a iri 10 mL of anhydrous ether was irradiated through
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Corex with a 450-W Hanovia lamp. The photolysis was followed by
analytical VPC (column C, 160 °C, 30 mL of N2/min). As the reaction
proceeded, the peak with a retention time of 7.0 min (corresponding
to 13a) decreased in area and a product peak appeared at 16 min. After
1 h, the reaction was complete and the product, I,5-dimethyl-4-iso-
propylidene-3-oxabicyclo[3.1.0]hexan-2-one (10a), was collected by
preparative VPC (column H, 170 °C): IR (CC14) 3000 (m), 1780 (s),
1700 (m), 1350 (w), 1300 (w), 1150 (w), 1135 (w), 1070 (m), 1030 (m)
cm“ 1 UV (MeOH) Xmex 235 nm (< 3780); NMR (CC14) see footnote
32; mass spectrum m/e (rel intensity) 167 (4), 166 (34), 151 (10), 124
(21), 123 (58), 97 (7), 96 (100), 95 (16), 69 (10), 68 (35), 67 (33), 53
(15).

Anal. Calcd for CioHu02 C, 72.26; H, 8.49. Found; C, 72.04; H,
8.34.

Irradiation of 13a labeled at C(1) [C(5)] with a CD,tgroup under
the same conditions gave labeled 10a whose NMR spectrum differed
from that of 10a in that the areas of the peaks at X1.28 and 1.45 were
each reduced by 50%.

Irradiation of 13. A degassed solution containing 100 mg (0.60
mmol) of 13 in 10 mL of anhydrous ether was irradiated through Corex
with a 450-W Hanovia lamp. The photolysis was followed by analytical
VPC (column C, 140 °C, 30 mL of N2/min). As the reaction proceeded,
the peak with a retention time of 8.5 min (corresponding to 13) de-
creased in area and a product peak appeared at 10.5 min. After 1.5 h,
the reaction was complete and the product, endo-6-methyl-I-
methyl-4-isopropylidene-3-oxabicyclo[3.1.0]hexan-2-one (16), was
collected by preparative VPC (column H, 170 °C); IR (CC14) 3000 (m),
1780 (s), 1710 (m), 1450 (w), 1305 (w), 1140 (w), 1100 (m), 1050 (m),
970 (w), 870 (m) cm 'L UV (MeOH) Amex 230 nm (c 3320); NMR (CC14)
see footnote 32; mass spectrum m/e (rel intensity) 167 (5), 166 (46),
151 (29), 148 (31), 138 (19), 124 (22), 123 (76), 107 (20), 105 (15), 96
(100), 95 (29), 91 (21), 68 (41), 66 (50), 55 (22), 53 (21).  Anal. Calcd
for CioH140 2 C, 72.26; H, 8.49. Found: C, 72.27; H, 8.46.

Irradiation of 13*. The conditions and workup procedure were
as described for 13. The NMR spectrum of the resulting 16* was
identical with that of 16,3 except that the signals at X1.37 and 2.38
were absent.

Irradiation of 14. A degassed solution containing 100 mg (0.60
mmol) of 14 in 10 mL of anhydrous ether was irradiated through Corex
with a450-W Hanovia lamp. The photolysis was followed by analytical
VPC (column C, 140 °C, 30 mL of NVmin). As the reaction proceeded,
the peak with a retention time of 12.5 min (corresponding to 14) de-
creased in area, and two product peaks appeared with retention times
of 17.0 and 28.5 min in the ratio of 3:1. After 1.5 h the reaction was
complete. Preparative VPC (column H, 170 °C) gave a major com-
ponent, exo-6-methyl-I-methyl-4-isopropylidene-3-oxabicyclo-
[3.1.0]hexan-2-one (17): IR (CC14) 3000 (m), 1780 (s), 1715 (m), 1450
(w), 1290 (w), 1140 (w), 1060 (m) cm-1; UV (MeOH)Xnmax 235 nm (e
2400); NMR (CC14) see footnote 32; mass spectrum m/e (rel intensity)
167 (5), 166 (39), 151 (20), 138 (14), 124 (22), 123 (68), 107 (25), 96
(100), 95 (30), 91 (26), 79 (20), 68 (52), 67 (71), 55 (31), 53 (55).

Anal. Calcd for CioH1402 C, 72.26; H, 8.49. Found: C, 72.24; H,
8.57.

The minor component was exo-6-methyl-5-methyl-4-iscpropyli-
dene-3-oxabicyclo[3.1.0]hexan-2-one (17a): IR (CC14) 2980 (w), 2940
(w), 1785 (s), 1700 (m), 1460 (w), 1280 (m), 1250 (w), 1180 (m), 1140
(w), 1080 (w), 975 (w), 890 (w) cm-1; UV (MeOH) Xmex 235 nm («
6150); NMR (CC14) see footnote 32; mass spectrum m/e (rel intensity)
167 (12), 166 (100), 151 (40), 138 (13), 124 (15), 123 (49), 107 (27), 97
(14), 96 (52), 95 (27), 91 (27), 81 (16), 79 (19), 70 (30), 69 (20), 68 (48),
67 (45), 55 (16), 53 (27), 51 (8). Since the mass spectra showed that
17 and 17a were isomers, 17a was not subjected to elemental analy-
sis.

Irradiation of 14*. The conditions and workup procedure were
as for 14. The resulting 17* had an NMR spectrum identical with that
of 17,32 except that the peaks at X1.33 and 1.93 were absent. Insuffi-
cient 17a* was isolated for an NMR spectrum.

2,3,4,6,6-Pentamethyl-2,4-cyclohexadienone 4,5-Epoxide (19).
To a solution of 1.20 g (7.32 mmol) of 2,3,4,6,6-pentamethyl-2,4-
cyclohexadienoness in 20 mL of methylene chloride was added, at 0
°C, asolution of 1.42 g (8.61 mmol) of m-chloroperbenzoic acid in 20
mL of methylene chloride. The mixture was stirred at room temper-
ature for 3 h (NMR monitoring showed complete reaction at this
time). m-Chlorobenzoic acid was removed by filtration, and the sol-
vent was removed by rotary evaporation. Petroleum ether (bp 30-60
°C) was added, the filtrate was washed with aqueous sodium bicar-
bonate and saturated sodium chloride solution, dried (MgS04), and
evaporated to give 1.20 g (91%) of 19 as a light oil. The crude produce
was chromatographed on Florisil (60-200 mesh) using ether-hexane
(1:5) as eluent, to give pure epoxide 19: IR (neat) 3000 (s), 1674 (s),
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1616 (m), 1480 (m), 1390 (m), 1320 (m), 1260 (m), 1090 (m), 1050 (m),
918 (m); UV (MeOH) Xmax 210 nm (< 2970), 255 (8460), 325 (270);
NMR (CC14) see footnote 30; mass spectrum m/e (rel intensity) 180
(50), 165 (35), 164 (15), 151 (26), 137 (100), 135 (52), 123 (34), 121 (31),
119 (25), 112 (35), 110 (55), 95 (20), 91 (20), 83 (15), 81 (30), 69 (24),
67 (50), 55 (26), 53 (30).

Anal. Calcd for C,,H 160 2 C, 73.30; H. 8.95. Found: C, 73.24; H,
8.92.

3-Trideuteriomethyl-2,4,6,6-tctramethyl-2,4-cyclohexadi-
enone 4,5-Epoxide (19*). To a solution containing 500 mg (2.77
mmol) of 19 in 10 mL of dimethyl-di; sulfoxide was added with stirring
and under N2, 310 mg (2.77 mmol) of potassium tert-butoxide. The
mixture was stirred at room temperature for 1 h and then quenched
with ice-water and extracted with ether. Organic layers were dried
(MgS04) and the solution was evaporated to give a nearly quantitative
yield of 19*. The NMR spectrum was identical to that of the starting
material, except that the signal at X1.95 had disappeared.

Irradiaion of 19. A degassed solution of 100 mg (0.55 mmol) of 19
in 30 mL of anhydrous ether was irradiated through Pyrex with a
450-W Hanovia lamp at room temperature for 2 h. The photolysis was
followed by VPC. Analytical VPC (column C, 160 °C, 30 mL of N2
min) showed three components; 20 (62%, retention time 2.5 min), 21
(11%, 5 min), and 22 (27%, 25 min). Preparative VPC (column 1,140
°C, 60 mL of He/min) gave pure 20 (retention time 18 min), 21 (31
min), and 22 (over 1h). Further purification of 22 with VPC (5 ft X
0.25 in. column J, 180 °C, 60 mL of He/min) gave pure 22 (retention
time 12 min).

For 20 (endo-1,3,3,5,6-pentamethylbicyclo| 3.1.0lhexane-2,4-dione);
IR (KBr) 3000 (m), 1700 (s), 1462 (m), 1380 (m), 1360 (w), 1300 (m),
1205 (m), 1110 (w), 1090 (w), 1040 (m), 845 (m) cm 'L UV (MeOH)
Xmex 215 nm (< 2610); NMR (CC14) see footnote 31; decoupling at X
1.06-1.27 caused the doublet at X1.04 to sharpen to a singlet; mass
spectrum m/e (rel intensity) 180 (42), 165 (20), 163 (10), 137 (60), 120
(11), 110 (100), 109 (22), 105 (15), 95 (25), 82 (22), 79 (13), 67 (80).

Anal. Calcd for C,H 180 2 C, 73.30; H, 8.95. Found: C, 73.29; H,
8.97.

For 2) (exo-1,3,3,5,6-pentamethylbicyclo[3.1.0]hexane-2,4-dione):
IR (neat) 3000 (m), 1742 (w), 1701 (s), 1470 (m), 1398 (m), 1295 (m),
1101 (w), 1080 (m), 1040 (w), 845 (w) cm 'L UV (MeOH) Xmax 215 nm
(<1870); NMR (CC14) see footnote 31; decoupling at X1.46 caused the
methyl signal at X1.13 to sharpen to a singlet; mass spectrum m/e (rel
intensity) 180 (53), 165 (20), 162 (9), 138 (20), 137 (60), 121 (13), 120
(25), 110 (100), 109 (27), 105 (10), 95 (25), 82 (25), 81 (15), 67 (88), 55
(7), 54 (7).

Anal. Calcd for CnHIBCL: C, 73.30; H, 8.95. Found: C, 73.11; H,
8.98.

For 22: IR (neat) 2985 (m), 1741 (s), 1680 (m), 1448 (m), 1382 (m),
1325 (m), 1281 (m), 1180 (w), 1140 (w), 1100 (m), 1005 (m), 760 (m)
cm™'; UV (MeOH) Xmex 225 nm (f 7150); NMR (CL>C1.) X1.23 [s, 3
H, C(4) methyl], 1.74 (br s, 3 H), 1.76 (s, 3 H), 1.79 [s, 3 H, C(3)
methyl], 1.80 [s, 3 H, C(2) methyl], 5.40 (m, 1 H, vinyl); decoupling
at X1.74-1.80 caused the vinyl proton at X5.40 to sharpen to asinglet;
europium shift slopes, respectively, 3.00, 1.00, 1.30, 2.57, 5.80, 4.28;
mass spectrum m/e (rel intensity) 180 (60), 165 (92), 137 (30), 135 (80),
125 (20), 119 (25), 112 (21), 110 (35), 105 (20), 97 (100), 91 (19), 69 (65),
68 (25), 55 (40), 54 (40), 53 (30).

Anal. Calcd for CnH”~CU: C, 73.30; H, 8.95. Found: C, 73.11; H,
9.02.

Irradiation of 3-Trideuteriomethyl-2,4,6,6-tetramethyl-
2,4-cyclohexadienone 4,5-Epoxide (19*). The conditions and
workup procedure were as described for the unlabeled material. From
19* the resulting 20* had an NMR spectrum identical with that of 20,
except that the signal at X1.32 (s, 6 H) was reduced to half its area (s,
3 H). The spectrum of the resulting 21* was identical with that of 21,
except that the signal at X1.20 (s, 6 H) was reduced to half its area (s,
3 H). The spectrum of the resulting 22* was identical with that of 22,
except that the signal at X1.79 was absent.

Irradiation of 23. A degassed solution of 23 (50 mg, 0.27 mmol)
in 25 mL of anhydrous ether was irradiation through Pyrex with a
450-W Hanovia lamp. The photolysis, followed by VPC and NMR,
was complete in about 1 h. Analytical VPC (column C, 160 °C, 30 mL
of Na/min) showed two components: 20 (85%, retention time 2.5 min)
and 21 (15%, 5 min). Preparative VPC (column |, 140 °C, 60 mL of
He/min) gave pure 20 and 21 in the same ratio.

Irradiation of 23 labeled at C(3) with a CD:tgroup gave, under the
same conditions, 21* and 22* in the same ratio as obtained from
19*,

2,4,5,6,6-Pentamethyl-2,4-cyclohexadienone 4,5-Epoxide (24).
To a solution of 2.10 g (12.8 mmol) of 2,4,5,6,6-pentamethvi-2,4-
cyclohexadienone33 in 40 mL of methylene chloride was added, at 0
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°C, asolution of 2.20 g (12.8 mmol) of m-chloroperbenzoicacid in 60
mL of methylene chloride. The mixture was stirred at room temper-
ature for 2 h (NMR monitoring showed complete reaction). During
this time a white precipitate formed; it was removed by filtration. The
solvent was removed by rotary evaporation, petroleum ether (bp 30-60
°C) was added, the filtrate was washed three times with 15% aqueous
sodium sulfite, water, and saturated sodium chloride solution, dried
(MgS04), and evaporated to give 2.24 g (97.4%) of a light yellow oil.
The crude product was chromatographed on Florisil (60-200 mesh)
using ether-hexane (1:10) as eluent, to give colorless epoxide 24. When
epoxide 24 was subjected to preparative VPC (column F, 180 °C, 60
mL of He/min, retention time 18 min), only 60% was recovered and
40% was converted to an isomeric alcohol due to thermal oxirane ring
opening. For 24:1R (neat) 3000 (s), 1680 (s), 1550 (w), 1480 (s), 1400
(s), 1380 (m), 1278 (m), 1200 (w), 1130 (m), 1100 (s), 1080 (m), 1060
(m), 1003 (m), 978 (m), 900 (s), 848 (m), 780 (w), 740 (m) cm*“ 1, UV
(methanol) A,, X208 nm (<3200), 250 (9560), 320 (500); NMR (CCD
see footnote 30; mass spectrum m/e (rel intensity) 180 (9), 165 (18),
137 (100), 112 (40), 110 (20), 109 (18), 97 (10), 69 (35), 67 (36).

Anal. Calcd for C,H ,;02 C, 73.30; H, 8.95. Found: C, 73.33; H,
9.02.

5-Trideuteriomethyl-2,4,6,6-tetramethyl-2,4-cyclohexadi-
enone 4,5-Epoxidc (24*). 2,4,5,6,6-Pentamethylcyclohexa-2,4-di-
enonel, (1 g) was added to a solution of 0.30 g of potassium tert-
butoxide in dimethyl-d,; sulfoxide. The solution became deep red
immediately and remained so. The mixture was stirred at room
temperature for 5 h (NMR monitoring showed complete reaction).
The red-brown solution was poured into 300 mL of methylene chloride
and washed with ice-water (three 50-mL portions). After being dried,
the solution was evaporated to an oil, which was distilled, and then
further purified by VPC (column J, 148 °C, 60 mL of He/min, reten-
tion time 2 min). The NMR spectrum, which was consistent with
deuteration at the C(5) methyl group, consisted of three signals at &
1.12, 1.81, and 6.60 with relative 6:6:1, assigned respectively to the
gem-dimethyls, the allylic methyls at C(2), C(4), and C(3) vinyl pro-
ton.

To asolution containing 120 mg (0.73 mmol) of the labeled cyclo-
hexadienone in 2 mL of methylene chloride was added a solution of
148 mg (0.86 mmol) of m-chloroperbenzoic acid in 2 mL of methylene
chloride. The mixture was stirred at room temperature for 2 h, and
workup was as described for the preparation of 24. The product 24*
had an NMR spectrum identical with that of 24,i>except that the
signal at b 1.40 was absent.

Irradiation at 24. A degassed solution of 100 mg (0.55 mmol) of
24 in 50 mL of anhydrous ether was irradiated through Pyrex with
a 450-W Hanovia lamp. The photolysis was followed by VPC, and was
complete in about 1 h. Analytical VPC (column E, 178 °C, 30 mL of
N2/min) showed three components: 27 (retention time 1 min), 26 (7
min), and 25 (9 min). Preparative VPC (column F, 120 °C, 60 mL of
He/min) gave pure 27 (25%; retention time 8 min), 26 (45%; 25 min),
and 25 (30%; 40 min).

For 25 [3,3,4,6,7-pentamethyl-2(3H)-oxepinone]: IR (neat) 3000
(s), 1750 (s), 1660 (m), 1460 (m), 1400 (m), 1340 (w), 1280 (w), 1260
(w), 1200 (m), 1150 (m), 1120 (w), 1100 (w), 1040 (w), 950 (w), 880 (w)
cm“ 1 UV (MeOH) Amex 212 nm (r 2700), 250 (10 570); NMR (100
MHz, CC14) b 1.23 (s, 6 H, gem -dimethyl), 1.67 [br s, 3 H C(6) methyl],
183 [d,3H,J = 2Hz, C(4) methyl], 1.89 (br s, 3 H, C(7) methyl], 5.60
(m, 1 H, vinyl); decoupling at b 5.60 caused the doublet at b 1.83 to
become a singlet; europium shift slopes, respectively, are 3.76, 1.05,
2.03.1.00, 1.92; mass spectrum m/e (rel intensity) 180 (61), 165 (7),
138 (30), 137 (98), 109 (100), 108 (71), 93 (75), 91 (32), 97 (34), 67 (50),
65 (20), 55 (15), 53 (20).

Anal. Calcd for CnH160 2 C, 73.30; H, 8.95. Found: C, 73.21; H,
9.09.

For 26 (4-acetyl-2,4,5,5-tetramethyl-2-cyclopentenone): IR (CCD
3000 (s), 1710 (s), 1660 (w), 1480 (w), 1460 (w), 1400 (w), 1373 (m), 1305
(w), 1300 (w), 1192 (w), 1160 (m), 1050 (m), 990 (m), 890 (M) cm~1;
UV (cyclohexane) Amex 265 (t 7000); NMR (CC14), b0.90 [s, 3 H, C(5)
methyl], 1.03 [s, 3 H, C(5) methyl], 1.25 [s, 3 H, C(4) methyl], 1.75 [d,
3 H,J = 1.0 Hz, C(2) methyl], 1.95 (s, 3 H, acetyl methyl), 6.92 (q, 1
H, J = 1Hz, vinyl); europium shift slopes, respectively, are 4.80, 3.40,
1.00,
(5), 144 (5), 139 (26), 138 (100), 137 (35), 123 (62), 109 (43), 93 (7), 91
(7), 81 (8), 71 (10), 77 (9), 69 (8), 67 (60), 55 (15).

Anal. Calcd for CnH ,fi0 2 C, 73.30; H, 8.95. Found: C, 73.14; H,
8.91.

For 27 (1,3,3,4,5-pentamethyl-7-oxabicyclo[2.2.1]hept-5-en-2-one):
IR (neat) 3000 (s), 1740 (s), 1640 (w), 1470 (m), 1450 (m), 1392 (m),
1300 (w), 1220 (m), 1200 (m), 1180 (m), 1100 (s), 1020 (w), 1000 (s),
900 (w), 860 (w),810 (s) cm-1; UV (MeOH) An)ax 207 nm (e 950) with

3.00, 2.50, 2.80; mass spectrum m/e (rel intensity) 180 (6), 162
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ashoulder at 280 (e 100); NMR (CC14) b 1.12 [s, 3H, C(3) methyl], 1.14

[s, 3 H, C(3) methyl], 1.30 [s, 3 H, C(4) methyl], 1.32 [s, 3 H, C(l)

methyl], 1.72 [d, 3H, J = 2 Hz, C(5) methyl], 5.56 (g, 1H, J = 2 Hz,

vinyl]; europium shift slopes are, respectively, 3.50, 3.37, 2.77, 2.98,

1.00. 1.93; mass spectrum m/e (rel intensity) 180 (14), 165 (5), 152 (5),
140 (100), 139 (42), 138 (35), 137 (75), 124 (20), 122 (76), 121 (83), 111

(11), 110 (84), 108 (15), 95 (40), 94 (62), 92 (15), 82 (64), 77 (77), 69 (12),

67 (25), 59 (60), 55 (20), 54 (68), 53 (31), 52 (10), 51 (15).

Anal. Calcd for CnH160 2 C, 73.30; H, 8.95. Found: C, 73.34; H,
8.96.

Irradiation of 24*. The conditions and workup procedure were
as for the unlabeled material. From 24* the resulting 27* had an NMR
spectrum identical with that of 27, except the signal at b 1.30 was
absent. The spectrum of the resulting 26* was identical with that of
26, except that the singlet at b 1.95 was absent. The resulting 25* was
identical with that of 25, except that the signal at 5 1.89 was absent
and the peak at b 1.67 sharpened to a singlet.

Irradiation of 26. A degassed solution of 50 mg (0.28 mmol) of 26
in 25 mL of anhydrous ether was irradiated through Pyrex with a
450-W Hanovia lamp at room temperature. The photolysis was fol-
lowed by VPC and was complete in about 40 min. Analytical VPC
(column C, 150 °C, 30 mL of N2/min) showed two components with
retention times of 3.5 and 19 min, respectively, in a ratio of 1:6. Pre-
parative VPC (column 1.120 °C, 60 mL of He/min) allowed collection
of the major product 28 with a retention time of 52.5 min. For 28: IR
(neat) 3000 (m), 1760 (s), 1662 (m), 1460 (m), 1396 (m), 1360 (w), 1330
(m), 1200 (w), 1120 (m), 1080 (m), 1040 (w), 940 (w) cm-1; UV (MeOH)
Amex 222 U 7640), 263 (6250); NMR (CC14) b 1.35 [d, 3H, J = 6 Hz,
C(4) methyl], 1.66 (s, 3 H, vinyl methyl), 1.68 [s, 3 H, C(2) methyl],
1.86 (homoallylic coupling, 6 H, terminal vinyl methyls), 4.85 [qg, 1 H,
J = 6 Hz, C(4) proton]; europium shift slopes are respectively 2.30,
1.00. 5.47, (1.50,1.62), 4.37; mass spectrum m/e (rel intensity) 180 (60),
165 (4), 137 (100), 138 (30), 123 (10), 110 (17), 109 (85), 108 (50), 93
(50), 91 (20), 77 (20), 67 (40), 55 (10), 53 (14).

Anal. Calcd for CnH160 2 C, 73.30; H, 8.95. Found: C, 73.33; H,
8.86.

Irradiation of 27. A degassed solution of 27 (25 mg, 0.14 mmol)
in 10 mL of anhydrous ether was irradiated through Pyrex with a
450-W Hanovia Type L lamp. The reaction was followed by NMR.
After 1 h the NMR spectrum showed no change and 27 was recov-
ered.
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(d) B. R. von Wartburg, H. R. Wolf, and O. Jeg?r, ibid., J0, 1948 (1973); (e)
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There is evidencellthat C(4)-C(5) and C(4)-0 cleavage of the epoxide
ring may be associated with different excited states (inr' vs. n7r") of the
epoxy ketone.
There is ample precedent for carbon-carbon bond cleavage in epoxide
photochemistry. For examples and leading references, see G. W. Griffin,
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kowski and R. Huisgen, Tetrahedron Lett., 4643 (1976).
Since both the C(4)-0 and C(4)-C(5) bonds are broken in the overall re-
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Synthesis of 4aa-Phorbol 9-Myristate 9a-Acetate and Related Esters
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The stereoisomer of the most potent tumor-promoting agent phorbol 9-myristate 9a-acetate and its analogues
have been synthesized and fully characterized. Phorbol isolated from croton oil was epimerized with 0.1 N sodium
methoxide to 4a«-phorbol. Selective base-catalyzed esterification of 4a«-phorbol and selective acid-catalyzed hy-
drolysis of the resulting esters gave the desired compounds. They are: 4arv-phorbol 9-myristate 9a-acetate, 4a«-
phorbol 9,9a-didecanoate, 3-decanoyl-4a«-phorbol 9,9a-didecanoate, 3-acetyl-4a«-phorbol 9,9a-diacetate, 3-ace-
tyl-4a«-phorbol 9a-acetate, 4a«-phorbol 9a-acetate, 3-acetyl-4a«-phorbol 9-myristate 9a-acetate, 3-myristoyl-
4a«-phorbol 9-myristate 9a-acetate, and 3-myristoyl-4a«-phorbol 9a-acetate.

Croton oil is a complex lipid mixture obtained by extrac-
tion or expression of the seeds of Croton tiglium L. This oil
was first discovered to be a tumor promoter on mouse skin in
two-stage carcinogenesis by Berenblum.1 The subject of tumor
promoters and cocarcinogens was recently reviewed.2 The
active principles of croton oil were isolated and characterized
as the esters of the tetracyclic diterpene alcohol, phorbol3-4
(la). The structure and stereochemistry of la was established
from x-ray crystallographic studies.56 Partial syntheses of
phorbol esters have been reported.7 We now wish to report the
synthesis of 4a«-phorbol 9-myristate 9a-acetate (2b), which
is the most important counterpart of the potent tumor pro-
moter phorbol 9-myristate 9a-acetates (Ib), and the related

b. R'=CO(CH2)ICHS, RA-COCH,; r’=h
¢ r'=R2CO(CH2,CH, R3-H

esters: 4a«-phorbol 9,9a-didecanoate (2c), 3-decanoyl-4aa-
phorbol 9,9a-didecanoate (2d), 3-acetyl-4a«-phorbol 9,9a-
diacetate (2e), 3-acetyl-4aa-phorbol 9a-acetate (2f), 4aa-
phorbol 9a-acetate (2g), 3-acetyl-4a«-phorbol 9-myristate
9a-acetate (2h), 3-myristol-4acv-phorbol 9-myristate 93-ace-
tate (2i), and 3-myristol-4aa-phorbol 9a-acetate (2j). Com-
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Table I. Selective NMR Data for Phorbol, 4aa-Phorbol, and EstersQ

Registry no. la Ib 2 3-CH2 3-CH20R 4 7 9
la 17673-25-5 0.56 (1 292 (1 5.50 (1 380(2H) 470(0OH) 232((2H) 7.58(1H) 4.06(LH) 3.90 (OH)
H) d, H)m H) d, d,J = = s brs m; 4.30 s
J = J = 5 (OH) d,
5 6 J=5
2a 26241-63-4 0.35 (1 1.52- 5.12(1 355(2H) 466(0OH) 195(1H) 730(LH) 4.06(1H) 4.02 (OH)
H) d, 1.82 H) br d,J = brs d,J = brs d,J=71 s
J = (1H) S 5 14; 3.23 4.58
5 m (1H) (OH) br
d,J = s
14
2b 63597-44-4 0.80 (1 1.50- 525 (1 392(2H) 285(0H) 231(1H) 7.06(H) 0.85(@3H) 2.06 (3 H)
H) d, 2.00 H) br s s d,J = brs t,d =7, s
J = (1H) s 14; 3.74 1.28(22
5 m (1H) H) brs;
dJ = 1.50-2.00
14 (2 H) m;
5.50 (1
H) d, J
=10
2c 27536-56-7 0.81 (1 1.50- 525 (1 395(2H) 233(0OH) 230(1H) 7.05(1H) 0.85(@BH) 0.85 (3 H)
H) d, 2.00 H) br s s dJ= brs t,J =7, t,J =
J = (1H) S 14; 3.73 1.26(14 7; 1.26
5 m (1H) H) brs; (14 H)
dJ-= 1.50-2.00 brs;
14 (2H) m; 1.50-2.00
5.48(1 (2 H)
H) d,J m
=10
2e 22338-57-4 0.86 (1 1.60- 5.29 (1 432(2H) 212(3H) 230(1H) 7.05(1H) 204 3H) 2.08 (3 H)
H) d, 2.00 H) br S S d,J = brs s; 5.43 (1 S
J = (1H) S 14; 3.70 H) d, J
5 m (1H) =10
d,J =
14
2f 63640-08-4 0.85 (1 1.62- 5.30 (1 432(2H) 208(3H) 226(1LH) 7.03(1H) 3.48(0OH) 2.06 (3 H)
H) d, 2.00 H) br S S d,J = brs s; 4.03(1 s
J = (1H) S 14; 3.55 H) d, J
6 m (1H) =10
d,J =
14
29 63640-19-7 0.90 (1 1.62- 5.30 (1 393 (2H) 241 (OH) 238(1H) 7.13(1H) 3.55(0OH) 2.10 3 H)
H) d, 2.00 H) br s s d,J = brs s;4.10 (1 S
J = (1H) S 14; 3.65 H) d, J
6 m (1H) =10
d,J =
14
2h 63588-55-6 0.81 (1 1.50- 5.29 (1 433 (2H) 2.12(3H) 230(1H) 7.03(1H) 0.85(3H) 2.08 (3 H)
H) d, 2.00 H) br s s d,J = brs t,J =7 s
J = (1H) S 14; 3.72 1.26(22
6 m (1H) H) brs;
d,J = 1.50-2.00
14 (2 H) m;
5.38(1
H) d,J
=10
2i 63533-70-0 0.81 (1 1.50- 5291 435(2H) 085(BH) 230(1H) 7.05(1H) 0.85(@3H) 2.08 (3 H)
H) d, 2.00 H) br s t,J = d,J = brs t,J =7 s
J = (1H) S 7; 1.26 14; 3.70 1.26 (22
6 m (22 H) (1H) H) brs;
brs; d,J= 1.50-2.00
150-2.00 14 (2 H) m;
(2 H) 5.50 (1
m H) d,J
=10
63533-71-1 0.82 (1 1.50- 530(1 433(2H) 085(@3H) 231(1H) 7.04(1H) 240 (OH) 2.06 (3 H)
H) d, 2.00 H) br s tJ = d,J = brs s; 4.05 (1 s
= (1H) s 7, 1.27 14; 3.72 H) d,J
6 m (22 H) (1H) =10
brs; d,J =
1.50-2.00 14
(2H)m

0 Spectra were run in CDCI3 solutions (unless otherwise stated) at 60 MHz with Me4Si as internal standard. Coupling constants
are in hertz and chemical shifts values are in units of $(ppm). Multiplicity: d, doublet; m, multiplet; s, singlet; br s, broadened singlet;
t, triplet. h Spectra were taken in Me2SO-dfi.
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pounds 2c, 2d, and 2e have been reported in the literature,9-10
but no synthesis or characterization was given for 2c and 2d.
The availability of 4aa-phorbol esters described in this paper
provides additional important molecules for studying the
structure-activity relationships and the mechanisms of tumor
promotion.

The starting compound la was isolated and purified from
croton oil according to the procedures previously de-
scribed.11 14To achieve the epimerization at the 4a position,
la was treated with 0.1 N sodium methoxide in methanol at
room temperature for 2 days. Pure 2a was isolated in 72% yield
after column chromatography and recrystallization. This
compound is hygroscopic; therefore, crystallization was per-
formed in adrybox. Elemental analysis and chemical ioniza-
tion mass spectrometry, with isobutane as reagent gas, con-
firmed the molecular formula C20H2806. The IR spectrum and
mass spectrometric fragmentation pattern were essentially
identical with that of la. However, in the UV spectrum the
234-nm peak of phorbol was shifted to 240 nm. Dreiding mo-
lecular models show that la has a rigid structure. The cyclo-
pentenoyl ring is trans connected with the unsaturated
seven-membered ring. Because the latter is fixed in an enve-
lope conformation with the fold between C-4a and C-lb, it
imposes the strain on the former, and the cyclopentenoyl ring
is not planar. In 2a, where the 4a-hydroxyl group is in the a
configuration, the cyclopentenoyl ring is cis connected to the
seven-membered ring. The latter has more flexibility, with the
fold through C-4 and C-7b. This allows the cyclopentenoyl
ring to achieve the coplanarity. The NMR spectrum also
showed some proton absorption peaks characteristic of this
stereochemistry. The absorption peak of the methine proton
at the C-lb position in la was shifted downfield to S2.92 due
to its steric interaction with the 4a/t-hydroxyl group; however,
the same methine proton in 2a is free of hydrogen bonding and
showed the usual absorption peaks at S1.52-1.82 region. On
the other hand, one of the C-4 methylene protons in 2a is
hydrogen bonded to the C-7b hydroxyl group; these two pro-
tons are not equivalent and showed two doublets at S1.95 and
3.23 with the typical geminal proton coupling constantof 14
Hz. In la, these two protons are equivalent and free of hy-
drogen bonding, thus giving only asinglet peak at $2.32. The
TLC also distinguished la and 2a, the R/ values were 0.6 and
0.5, respectively, in the solvent system of methanol-chloro-
form (1:3). On spraying the TLC plates with vanillin-sulfuric
acid solution in ethanol and heating, la showed a lightgreen
color while 2a showed a dark green color. The stereoisomer
of la had been reported as 4a-phorbol by Hecker and his co-
workers;10-1* however, they could not obtain the crystalline
form and this compound was isolated as the corresponding
triacetate.10-15 When 2a was treated with acetic anhydride in
dry pyridine under a nitrogen atmosphere, at room temper-
ature, 2e was isolated. Its melting point and IR, UV, and NMR
spectra were identical with that of 40-phorbol triacetate re-
ported by Jacobi et al.10 The NMR data of relevant com-
pounds are given in Table I.

The difference in reactivity among five hydroxyl groups in
2a provides the opportunity for selective esterification. There
are three tertiary, one secondary, and one primary hydroxyl
groups in the molecule. The tertiary hydroxyl group at C-9a
is attached to acyclopropane ring. It may be considered as a
“homoenol” and should show the similar chemical reactivity
compared with the ordinary enol.16 In fact, when 2a was
treated with acetic anhydride in pyridine, 2f was also isolated
as the minor product. The difference in reactivity of the three
hydroxyl groups of 2a may be partially explained in terms of
steric and conformational factors. The C-9 is probably more
sterically hindered by the C-9 methyl group than is the C-9a
hydroxyl group by either methyl group attached at C-I.
Similarly, the primary hydroxyl group might be hydrogen
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bonded with the carbonyl at C-5. When milder conditions
were used, in which the reaction was conducted in acetic an-
hydride and dimethylformamide in the presence of calcium
carbonate, the diacetate 2f and monoacetate 2g were obtained,
but 2e was not isolated. This indicates that C-9a-OH of 2a was
acetylated even more rapidly than the hydroxyl group at the
3-methyl position. Similar results had been observed for la
by Szczepanski et al.17 Under these weak basic and oxygen-
free conditions, products due to the opening of the cyclopro-
pane ring in 2a were not isolated. Elemental analysis and
chemical ionization mass spectrometry indicate molecular
formulas C24H3208 and C22H3007 for 2f and 2g, respectively;
moreover, mass spectrometric fragmentation patterns and
NMR peak intensity for the methyl protons also confirmed
the number of acetyl groups in these molecules. IR spectra of
both acetates showed the characteristic ester carbonyl band
at 1740 cm-1.The UV spectra of both 2fand 2g were similar
to that of the parent 2a. In the NMR spectra, the downfield
chemical shift (54.32) of the C-3 methylene protons in 2fin-
dicated that one acetyl group was attached to the 3-hy-
droxymethyl position. By comparing the chemical shifts of
the C-9 proton in 2e (S 5.45), 2f (5 4.03), and 2g (5 4.10), it can
be concluded that C-9-OH was not acetylated and that the
other acetyl group must be attached to the C-9a position in
both 2f and 2g.

The next step in the synthesis of 2b was then conducted by
the esterification at the C-9 position. It was found that the
esterification proceeded very slowly when 2for 2g in pyridine
was stirred with myristoyl chloride at room temperature.
Much better results were obtained when the reactions were
conducted in pyridine-toluene solutions and the mixtures
heated to 90 °C. Under these conditions 2f gave 2h, and 2g
gave 2i and 2j. These three compounds were isolated by
chromatography, and their structures were confirmed by UV,
IR, NMR, and mass spectrometry. Finally, acid-catalyzed
hydrolysis of both 2h and 2i with 60% perchloric acidio se-
lectively removed the ester group at the C-3 hydroxymethyl
position to yield 2b. This selective hydrolysis is probably due
to the accessibility and reactivity of the primary allylic hy-
droxyl, which may also be relevant to the acetylation reactions
discussed above.

Our original attempts to obtain molecular weight infor-
mation for 2b and the other 4a«-phorbol esters by electron
impact mass spectrometry were not successful; only the low
mass fragmentation peaks were detected. By changing to the
chemical ionization mode with isobutane as reagent gas,
however, we were able to obtain not only molecular weights
but also fragmentation peaks indicating the number and the
kind of ester present in the molecules. In 2b, the molecular
weight (616) was clearly indicated by the protonated molec-
ular ion peak (m/e 617 (M + H)+). The fragmentation peaks
at m/e 557 (M + H - CH3COOH)+ and 389 [M + H -
CH3(CH?2)i2COOH]+ showed that 2b contained one acetate
group and one myristate group. Furthermore, the mass
spectrum also showed three peaks (m/e 329, 311, and 293)
characteristic of the phorbol molecule. Similar spectra were
obtained for all the other 4a«-phorbol esters. A more detailed
analysis of the chemical ionization mass spectra of 4an-
phorbol esters will be published elsewhere.18 Elemental
analysis confirmed that 2b has the molecular formula
CfjfiHsgOs. Its IR spectrum was essentially identical with that
of the pure Ib isolated from croton oil in this laboratory.19
However, the UV spectra of Ib and 2b (Figure 1) were sig-
nificantly different; the longer wavelength band in 2b was
more pronounced than that in Ib and this band was shifted
to a yet longer wavelength, thus indicating that 2b is a ste-
reoisomer of 1b with C-4a-OH oriented in the a configuration
as discussed above. The NMR spectrum also showed proton
absorption peaks characteristic of 2b, the methylene protons
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Figure 1. UV spectra of phorbol 9-myristate 9a-acetate (Ib) (a) and
4a«-phorbol 9-myristate 9a-acetate (2b) (b) in ethanol, both at 1 X
I0"4M.

at the C-4 position showed two doublets at &2.30 and 3.65 (J
= 14 Hz) due to one of the protons which was hydrogen
bonded to C-7b-OH. The C-7b hydroxyl apparently exerts
a deshielding effect on one C-4 proton because of close prox-
imity. The TLC Rf value of 2b (0.31) was lower than that of
Ib (0.44) using acetone-methylene chloride (1:6) as eluent.
Compound 2b was obtained as a viscous oil. The diester 2c was
prepared by the acid-catalyzed hydrolysis of 2d, which in turn
was synthesized from 2a and decanoyl chloride in pyridine.
For comparison, phorbol 9,9a-didecanoate (Ic) was also
synthesized from la in the same manner. The structures of
2c and lIc were fully characterized.

Long-term in vivo two-stage carcinogenesis experiments
with these 4a«-phorbol esters are currently underway in this
laboratory in order to evaluate the effects of stereochemical
configuration on tumor-promoting activity.

Experimental Section

Melting points were taken on a Thomas-Hoover capillary apparatus
and are uncorrected. IR spectra were recorded with a Perkin-Elmer
137 spectrophotometer; samples were run in potassium bromide
pellets or in carbon tetrachloride solutions. UV spectra were recorded
on a Beckman Model 25 spectrophotometer. NMR spectra were re-
corded on a Varian Associates Model T-60A spectrometer in deut-
eriochloroform and deuteriodimethyl sulfoxide using tetramethyl-
silane as an internal standard. For the convenience of the reader all
NMR data are summarized in Table I. Mass spectra were recorded
on a DuPont 21-492 computer-based double-focusing high-resolution
mass spectrometer in the chemical ionization mode using isobutane
as reagent gas.1s Analytical TLC was run on EM Reagents precoated
TLC plates silica gel 60F-254 with fluorescent indicator. Spots were
detected by UV light (254 nm) and by spraying the plates with a
vanillin (3 g)-sulfuric acid (0.5 mL) solution in ethanol (100 mL),
followed by heating. Column chromatography was carried with EM
Reagents silica gel 60 (70-230 mesh ASTM) and neutral Florisilis
(60-100 mesh; Fisher Scientific Co., New York, N.Y.). Croton oil was
purchased from Amend Drug Company, Hillside, N.J. Microanalysis
were performed by Galbraith Laboratories, Knoxville, Tenn.

Isolation and Purification of Phorbol (la). The procedures of
Flaschentragerii12 and Kauffmannis'1s were used to isolate la from
croton oil. Compound la crystallized with 1 mol of ethanol; 5.97 g of
this material was obtained from 450 g of croton oil after recrystalli-
zation from ethanol (yield, 1.3%): mp 248-250 °C dec (lit.20 249-250
°C dec); IR (KBr) 3400 (OH), 1710 («,/3-unsaturated C=0), 1640
cm“' (C=C); TLC, Rf 0.60 (CHs0H-CHC1s, 1:3).

Anal. Calcd for C20H2806-C2Hs0 H: C, 64.35; H, 8.35. Found: C,
64.18; H, 8.48.

Compound la-CLH-.OH was unstable; upon standing at 5 °C for
several days the TLC of this compound showed several other spots.
la-C2HsOH (5 g) was dissolved in 100 mL of water and allowed to
stand for 15 min at 60 °C. Water was removed in a rotatory evaporator
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(temperature bath, 60 °C) until crystals began to separate. This
preparation was kept in the cold room for : week, and the crystals
formed were collected by suction and dried under vacuum (4.40 g):
mp 230-231 °C dec.

Anal. Calcd for C20H2806-H20: C, 62.82; H, 7.85. Found: C, 62.78;
H, 7.80.

Pure la (4.35 g) was obtained by azeotropic distillation of the water
with benzene and drying under high vacuum for 24 h at 100 °C: mp
250-251 °C dec (lit.20 250-251 °C dec); TLC, Rf 0.6 (CHsOH-CHCls,
1:3); IR (KBr) 3501, 3350,1710,1640 cm*“ 1, UV (C2HsOH) Amex 210
(f 7343), 234 (5117), 332 nm (70); mass spectrum, m/e 365 (M +
H)+.

Anal. Calcd for C20H2806: C, 65.93; H, 7.75. Found: C, 66.08; H,
7.66.

4aa-Phorbol (2a). To asolution of la (1.0 g, 2.7 mmol) in 30 mL
of methanol under a nitrogen atmosphere was added 30 mL of 0.2 N
sodium methoxide in methanol. A pink color developed immediately,
which turned yellow after 30 min. The solution was stirred at room
temperature in the dark for = days and then evaporated to dryness
in vacuo. Column chromatography (silica gel) using methanol-chlo-
roform (1:9, 13, and 1:3) gave 2a (0.72 g, 72%). This compound is
hygroscopic; it was recrystallized from ethyl acetate in adrybox: mp
135-150 °C; TLC, Rf 0.5 (CH3OH-CHCI3,1:3), dark green color with
vanillin spray; IR (KBr) 3450, 1710 (a,d-unsaturated C=0), 1640
cm- 1 (C=C); UV (C2HBOH) Amex 204 U 4568), 240 (5327), 334 nm
(85); mass spectrum, m/e 365 (M + H)+.

Anal. Calcd for C20H2806: C, 65.93; H, 7.75. Found: C, 66.11; H,
7.65.

3-Acetyl-4a«-phorbol 9,9a-Diacetate (2e). Acetic anhydride (0.1
mL) was added to a solution of 2a (0.05 g, 0.14 mmol) in dry pyridine
(2 mL) at0 °C under a nitrogen atmosphere. The mixture was stirred
at room temperature for 24 h. To this mixture was added 10 mL of
water and 10 mL of methylene chloride. The water layer was further
extracted with methylene chloride (2 X 10 mL). The organic layer was
acidified with 1 N HC1, neutralized with 5% KHCOs, washed with
saturated NacCl, and then dried over MgSo 4 . Evaporation of the sol-
vent afforded 0.065 g of crude solid product. TLC (acetone-methylene
chloride, 1:3) showed two spots with Rf values 0.73 and 0.30. Column
chromatography (silica gel) with acetone-methylene chloride (1:9)
as eluent gave 0.050 g (73%) of 2e (TLC, Rf (0.73)). This product was
recrystallized from ether-petroleum ether: mp 171-173 °C (lit.1o
172-175 °C); IR (KBr) 3550,3400,2900,1740 (ester C=0), 1720,1710,
1630cm 'L UV (C2HsOH) Amex 205 (r 5050), 240 (6784), 334 nm (110);
mass spectrum, m/e 491 (M + H)+.

Anal. Calcd for C26H3409: C, 63.67; H, 6.93. Found: C, 63.75; H,
6.81.

Another 0.010 g of a white solid (TLC, Rf 0.30) was obtained from
column chromatography. This material was identified as 2f as de-
scribed below.

3-Acetyl-4aa-phorbol 9a-Acetate (2f) and 4aa-Phorbol 98-
Acetate (2g). Acetic anhydride (1.8 mL) and CaCO0s (1.8 g) were
added to a solution of 2a (0.88 g, 2.4 mmol) in dry dimethylformamide
(18 mL) with stirring at room temperature under a nitrogen atmo-
sphere. The resulting suspension was stirred at room temperature for
24 h, at which time another 3.6 mL of acetic anhydride and 3.6 g of
CaCO0s were added. After 24 h the mixture was poured into 80 mL of
water. The aqueous solution was then extracted with ethyl acetate
(3 X 80 mL). The extracts were washed with 50 mL of 5% KHCO3s and
then with 50 mL of saturated NaCl. The ethyl acetate layer was dried
over MgSO04. Evaporation of this solution gave 0.87 g of crude solid
product. TLC showed two major spots with Rf values of 0.30 and 0.10
using acetone-methylene chloride (1:3) as eluent. Column chroma-
tography (silica gel) of the crude products with ether and ether-ethyl
acetate (6:1) as eluents gave 0.45 g of 2f (42%) and 0.30 g of the mo-
noacetate 2g (30%). Compound 2f was recrystallized from ether: mp
182-184 °C; TLC, Rf 0.30 (acetone-methylene chloride, 1:3); IR (KBr)
3550, 3400, 2900, 1740 (ester C=0), 1720, 1710, 1630 cm*“1 UV
(C2HsOH) Amex 205 (e 4552), 240 (6552), 334 nm (100); mass spectrum,
m/e 449 (M + H)+.

Anal. Calcd for C24H320 8: C, 64.29; H, 7.74. Found: C, 64.13; H,
7.33.

Compound 29 was recrystallized from ethyl acetate: mp 223-225
°C; TLC, Rf0.10 (acetone-methylene chloride, 1:3); IR (KBr) 3550,
3400, 2950,1740 (ester C=0), 1720,1710,1630 cm” L, UV (C2HsOH)
Amax 204 (i 4036), 240 (6330), 334 nm (91); mass spectrum, m/e 407
(M + H)+.

Anal. Calcd for C22H3007: C, 65.02, H, 7.39. Found: C, 65.32; H,
7.56.

3-Acetyl-4aa-phorbol 9-Myristate 9a-Acetate (2h). To asolu-
tion of 2f (0.10 g, 0.2 mmol) in pyridine (5 mL) and toluene (10 mL)
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was added 0.1 g of myristoyl chloride. The mixture was stirred at 90
°C for 30 h. Evaporation of the toluene-pyridine solution in vacuo
yielded a semisolid. It was washed with 5% NaHCOs (20 mL) and
extracted with methylene chloride (3 X 20 mL), and then dried
(Na2S 04). Evaporation of solvent gave the crude product, which after
purification by column chromatography on Florisil (petroleum
ether-ether, 2:1) yielded 2h as a colorless oil (0.10 g, 77%): TLC, ft/
0.57 (acetone-methylene chloride, 1:6); IR (CC14) 3450, 2950, 2860,
1740, 1720, 1640 cm -'; UV (C2HsOH) Amex 207 (e 4750), 237 (6520),
334 nm (100); mass spectrum, m/e 659 (M + H)+.

3-Myristoyl-4aa-phorbol 9-Myristate 9a-Acetate (2i) and
3-Myristoyl 4aa-phorbol 9a-Acetate (2j). Myristoyl chloride (0.3
g) was added to asolution of 2g (0.15 g, 0.3 mmol) in dry pyridine (5
mL) and toluene (10 mL) at room temperature under a nitrogen at-
mosphere. The mixture was stirred at 90 °C for 20 h. Then the pyri-
dine-toluene solution was evaporated in vacuo to give a semisolid
residue. This residue was washed with 5% NaHCOs (20 mL), extracted
with methylene chloride (3 X 30 mL), and dried over Na:S04. Evap-
oration of solvent yielded the crude product. The TLC contained two
major spots. Column chromatography of this crude product on neutral
Florisil with petroleum ether-ether (1:1) as eluent gave 2i as a semi-
solid (0.16 g, 63%); TLC, ft/ 0.89 (acetone-CH:2CI2, 1:); IR (CC14)
3450, 2950, 2860, 1740, 1720, 1640 cm’ 1, UV (C2HsOH) Amex 207 (e
7600), 234 (9090), 332 nm (450); mass spectrum, m/e 827 (M +
HP.

Further column chromatography of the crude product with ace-
tone-methylene chloride mixture (1:9) as eluent gave 2j (0.05 g, 27%):
TLC, ft/ 0.39 (acetone-CFLCL, 1 ); IR (CC14) 3450, 2950, 2860,1740,
1720, 1640 cm*“*; UV (C2HsOH) Amex 207 (t 4390), 237 (6300), 334
(140); mass spectrum, m/e 617 (M + H)+.

laa-Phorbol 9-Myristate 9a-Acetate (2b). Two procedures were
used, (a) To asolution of 2h (0.10 g, 0.15 mmol) in methanol (10 mL)
under a nitrogen atmosphere was added 0.1 mL of 60% perchloric acid.
The mixture was stirred at room temperature for 20 h; 0.10 g of
NaOAc-3H2 was then added to the methanol solution with stirring.
After 10 min the solution was evaporated to dryness. Water (15 mL)
and methylene chloride (15 mL) were added to the residue. The water
layer was extracted with methylene chloride (2 X 20 mL). The com-
bined organic layers were washed with 5% NaHCOa (15 mL) and
saturated NaCl (15 mL), and then dried over Na.S04. Evaporation
of the solvent gave crude 2b as an oil (0.08 g, 87%). It was purified by
column chromatography on Florisil with acetone-methvlene chloride
(1:9) as eluent: TLC, ft/ 0.31 (acetone-CH:2Cl2 1:6); IR (CC14) 3450,
2950, 2860, 1740, 1720, 1640 cm*“*; UV (C2HftOH) Amex 207 (r 4409),
237 (6236), 334 (140); mass spectrum, m/e 617 (M + H)+.

Anal. Calcd for C:)sHse08: C, 70.13; H, 9.09. Found: C, 70.33; H,
9.00.

(b) To a solution of 2i (0.10 g, 0.12 mmol) in methanol (10 mL)
under a nitrogen atmosphere was added 0.1 mL of 60% perchloric acid.
The mixture was stirred at room temperature for 24 h. Upon workup
as described under (a) above, it gave the crude product, which, after
purification by column chromatography, afforded pure 2b (0.05 g,
68 %). All spectral data were identical with that described under (a)
above.

3-Decanoyl-4aor-phorbol 9,9a-Didecanoate (2d) and 4aa-
Phorbol 9,9a-Didecanoate (2c). To a solution of 2a (0.15 g, 0.41
mmol) in dry pyridine (6 mL) at 0 °C under a nitrogen atmosphere
was added 0.55 g of decanoyl chloride. The mixture was stirred at
room temperature for 3 days. To this mixture were added 30 mL of
water and 30 mL of methylene chloride. The water layer was further
extracted with methylene chloride (2 X 30 ml.). The combined organic
layers were acidified with : N HC1, neutralized with 5% KHCO:,
washed with saturated NacCl, and then dried over MgS04. Evapora-
tion of the solvent gave a light yellow oil. Column chromatography
(silica gel) with hexane-methylene chloride mixture (1:4) afforded
pure 2d as a colorless oil (0.23 g, 70%): TLC, ft/ 0.90 (acet.one-CH:CI2,
156 ); IR (CC14) 3550, 3400, 2950, 2860, 1740, 1720, 1710, 1640 cm*“ 1;
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UV (C2HsOH) Amex 207 (e 4960), 238 (6740), 334 nm (120); mass
spectrum, m/e 827 (M + H)+.To asolution of 2d (0.20 g, 0.24 mmol)
in methanol (15 mL) was then added 0.15 mL of 60% perchloric acid.
After the mixture was stirred at room temperature for 20 h, NaOAc-
3H20 (0.2 g) was added, and the solution evaporated to dryness. Water
(30 mL) and methylene chloride (30 mL) were added to the residue.
The water layer was further extracted with methylene chloride. The
organic layers were washed with 5% KHCO3s and saturated NacCl, and
dried over MgS04. Evaporation of the solvent gave ayellow oil. Col-
umn chromatography on Florisil with acetone-methylene chloride
(1:9) as eluent afforded pure 2C as a colorless oil (0.10 g, 63%): TLC,
ft/ 0.26 (acetone-CHoClz, 1:6); IR (CC14) 3450, 2950,2860,1740,1720,
1710,1640 cm*“ L, UV (C2HsOH) Amex 207 (c 4390), 238 (6440), 334 nm
(120); mass spectrum, m/e 673 (M + H)+.

Phorbol 9,9a-Didecanoate (Ic). This compound was prepared
from la by the procedures described above for 2c. Pure Ic had the
following physical properties: TLC, ft/ 0.36 (acetone-CH:Cl2, 1:6);
IR (CC14) 3400, 2950, 2860, 1740, 1720, 1710, 1635 cm-1; UV
(C2Hs0H) Amex 210 (c 8560), 234 (5230), 332 nm (75); mass spectrum,
m/e 673 (M + H)+.
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Condensation of ethyl phenylalaninate (s ) with anthranilic acid gave 7, which underwent cvclization tos. Con-
densation of anthranilamide (11) with phenylpyruvic acid, on the other hand, afforded quinazolinone 14. The latter
was converted to its methyl ester 15, which gave 16 upon heating. Treatment of 15 with piperidine furnished 17
which, after heating in the presence of acetic acid, afforded glycosminine (18). Condensation of o-nitrobenzamide
with phenylpyruvic acid yielded 20, together with 21 . Ester 23 was converted to its A-methyl derivative 25, bringing
this pathway into convergence with a previous route to cyclopeptine (4) and cyclopenin (1).

Biosynthetic studies by Luckner have established that
cyclopenin (1) and cyclopenol (2), metabolites of Pénicillium
cyclopium Westling, incorporate anthranilic acid and phe-
nylalanine efficiently.l Supporting evidence2 for a pathway
which proceeds via the cyclic dipeptide 3 (cyclopeptine)
and/or its 3,10-dehydro derivative 4 comes from (1) isolation
of 3 from cultures of P. cyclopium,3 and (2) the purification
of adehydrogenase which converts 3 reversibly to 4.4 Subse-

LR=H
2, R = OH

quent biological oxidation of 4 leads to 1, which has been
shown5 to undergo an enzymatic meta hydroxylation to 2.

In previous syntheses of 1 and 2,6 4 and its m-hydroxy-
phenyl analogue were prepared along nonbiogenetic lines and,
upon epoxidation, afforded cyclopenin and cyclopenol, re-
spectively. Intrigued by the possibility of simulating the bi-
ogenesis of I and related metabolites based on dehydro-
phenylalanine,7 we have studied the condensation of an-
thranilic acid derivatives with phenylalanine and phenylpy-
ruvic acid.

Attempts to bring about a reaction between anthranilic acid
and phenylalanine in the presence of DCC in acetonitrile were
unsuccessful. The sole product was the self-condensation
product (5) of anthranilic acid.8 However, when the ethyl ester

5

6 of phenylalanine was treated with anthranilic acid, a smooth
cross-condensation led to hippuric ester 7. Closure of 7 to the
benzodiazepin 8 was effected by a mixture of piperidine and
methanol at reflux. The formation of cyclic dipeptide 8 was
readily apparent from the carbonyl bands in its infrared
spectrum, which are typical of I,4-benzodiazepin-2,5-diones
of this type.6'9 A further characteristic of the transformation
of 7 to 8 is the upfield shift of the C-3 proton, apparently re-
flecting the preference of the hetero ring in 8 for a boat-like
conformation (enhanced amide resonance) which places this
proton on the periphery of the shielding zone of the benzo
ring.

The precursor incorporation results of Luckner2-5 imply

that the biosynthetic pathway to cyclopenin proceeds from
8 to the N(4)-methylated derivative (cyclopeptine) 9. How-
ever, the 3s enantiomer of 8, when treated with a purified
enzyme preparation (cyclopeptine dehydrogenase) from P.
cyclopium, was converted to nordehydrocyclopeptine (10) at
60% of the rate at which (3S)-3 is transformed to natural cy-
clopeptine (4),4 indicating only modest preference by the
enzyme for the N-methylated substrate. Efforts directed
toward N (4) methylation of 8 in the presence of base failed to
yield 9 selectively, affording both O- and N-alkylated prod-
ucts. Furthermore, neither anthranilic acid nor its ester gave
any condensation product with esters of N-methylphenyl-
alanine. Significantly, it has been found that (V-methyl-
phenylalanine is not incorporated into cyclopenin.2

An alternative view of cyclopenin biosynthesis, which is not
inconsistent with Luckner’s results and which can be extended
conceptually to other secondary metabolites derived formally
from n,/f-dehydroamino acids, involves transamination of an
o-keto acid.10 In the present case, phenylpyruvic acid could
undergo transamidation with anthranilamide (11) to enamide
12, which might then dehydrate to 10 (Scheme 1).11 Kirby and
Narayanaswamii2 have recently shown that [3-:!H]phenylal-
anine is incorporated into cyclopenin with a loss of tritium
label consistently in excess of 50%, and they suggested that
conversion of phenylalanine to phenylpyruvic acid (and hence
its enol) plays a significant role in the biosynthesis of 1.

When an equimolar mixture of phenylpyruvic acid and
anthranilamide (11) was heated in benzene, a crystalline
condensation product was formed in 93% yield. Spectral data
ruled out the expected structure 12 and, with the appearance
of an infrared band corresponding to asaturated carboxylic
acid, suggested the quinazolinone 14. The latter can be readily
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explained, either by assuming initial condensation to give
acylimine 13, which undergoes an internal, conjugate addition
by the aromatic amino group, or by the alternate pathway
involving a reaction between phenylpyruvic acid and the ar-
omatic amino function of 11, followed by addition of the amide
nitrogen to the resulting imine. Esterification of 14 with dia-
zomethane or with methanol containing sulfuric acid fur-
nished 15. This ester, upon exposure to refluxing xylene for
48 h, underwent a remarkably facile elimination of toluene to
furnish the aromatic quinazolinone derivative 16 in good yield.
A rationale for this elimination process is the retro-ene
pathway depicted below.13

In contrast, the reaction between ester 15 and piperidine
in methanol afforded the iV-acyl derivative 17 which, upon
treatment with refluxing acetic acid, yielded crystalline gly-
cosminine (18). The latter is a minor alkaloid of the Indian
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medicinal plant Glycosmis arborea (Roxb.)14 and, although
its biogenesis has not been investigated, a plausible origin is
the condensation of anthranilic acid or a derivative with
phenylalanine (or phenylpyruvic acid), followed by oxidative
decarboxylation.

Since the reaction of 11 with phenylpyruvic acid led to a
quinazolinone rather than the anticipated benzodiazepine 10,
it was reasoned that modification of the aromatic amino group
of 11 in away that would suppress cyclization of 13 to 14 might
permit a subsequent dehydration to the cyclic dipeptide 10.
N-Trifluoroacetylanthranilamide (19) was prepared,i5 but

19

underwent intramolecular condensation to 2-trifluoro-
methyl-3,4-dihydro-4-quinazolinone in preference to reaction
with phenylpyruvic acid. On the other hand, when a mixture
of o-nitrobenzamide and phenylpyruvic acid in toluene con-
taining p-toluenesulfonic acid was heated, a crystalline solid
was precipitated which was readily identified as the desired
benzylidenehippuric acid 20 by comparison with material
prepared by an alternate route6®(Scheme I1). Prolonged ex-

Scheme Il

posure of these reactants to heat in the presence of acid led
to increasing amounts of the oxazolone 2 1, derived from 20 by
dehydration.

Attempts to selectively reduce the nitro group of 20 by
catalytic hydrogenation were unsuccessful, and led uniformly
to the saturated derivative 22. A similar outcome prevailed
in the catalytic hydrogenation of ester 23, prepared from
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20 and diazomethane, which gave 24. Since it was known from
earlier studies63 that the /V-methyl derivative (25) of 23 un-
derwent selective hydrogenation of the nitro function, the
amide 23 was converted to its salt with sodium hydride in
DMF and then treated with methyl iodide. The resulting nitro
amide 25 was hydrogenated to the amine 26, which underwent
condensation in methanol-piperidine at reflux to dehydro-
cyclopeptine (4). The latter has been previously converted to
cyclopenin (1) by epoxidation.6 The diminished reactivity of
the double bond in 25 toward hydrogen, as compared with 23,
is attributed to increased steric bulk in the A'-methyl com-
pound, which forces the cisoid benzamide and phenyl sub-
stitutents to rotate out of coplanarity with resulting ob-
struction of the w system.

In conclusion, synthesis of the benzo-l,4-diazepin-2,5-dione
nucleus characteristic of cyclopenin (1) and related metabo-
lites via transamidation of phenylpyruvic acid with a benz-
amide derivative is possible when an ortho amino group in the
amide is masked. When this group is free, as in anthranilam-
ide, condensation to give the 2-benzyl-3,4-dihydro-4-quina-
zolinone system, common to the alkaloids arborineis and
glycosminine (18), takes place.

Experimental Section

Melting points were determined on a Buchi melting-point appa-
ratus and are uncorrected. Infrared (IR) spectra were recorded on a
Perkin-Elmer Model 727B spectrophotometer. Nuclear magnetic
resonance (NMR) spectra were obtained on Varian Associates EM-
360 and HA-100 spectrometers. Peak positions are given in parts per
million (5) downfield from the internal standard MesSi. The abbre-
viations s, d, t, g, and m refer to singlet, doublet, triplet, quartet, and
mult.iplet, respectively. The coupling constant (J) is given in hertz.
Mass spectra were determined by Dr. Susan Rottschaefer, Depart-
ment of Chemistry, University of Oregon, using a CEC-103B spec-
trometer. The abbreviation M+ refers to the molecular ion.

Ethyl 2-Benzyl-o-aminohippurate (7). A mixture of 1.00 g (6.06
mmol) of ethyl phenylalaninate, 0.83 g (6.06 mmol) of anthranilic acid,
and 1.44 g (7.0 mmol) of AflV'-dicyclohexylcarbodiimide in 15 mL of
acetonitrile was stirred for 4 h. A few drops of acetic acid was added
and the precipitated dicyclohexylurea was filtered off. The filtrate
was taken up in ethyl acetate and washed once with 1 N hydrochloric
acid, twice with saturated potassium bicarbonate, and once with
saturated brine. The organic phase was dried (Na2S04) and the sol-
vent was removed in vacuo. The residue was chromatographed on 30
g of Merck silica gel, eluting with benzene, to give 1.52 g (80%) of 7 as
an oil: IR (film) 3550, 3400,1745,1650,1620,1590,1510 cm*“ 1, NMR
(CDCla)b1.21 3H,t,J =7),320(2H,d,J =6),419(2H,q,J =7),
499 (1H,q,J = 6),5.43 (3H,br, disappears on addition of D20), 6.60
(3H, m), 7.02 (1 H, m), 7.36 (5 H, br s).

3-Benzyl-3,4-dihydro-lii-l,4-benzodiazepine-2,5-dione (8).
A mixture of 1.50 g (5.0 mmol) of 7 in 10 mL of methanol and 10 mL
of piperidine was heated under reflux for 24 h. The solvent was
evaporated in vacuo and the residue was crystallized from acetone
to give 0.51 g (38.5%) of 8: mp 270-272 °C; IR'(Nujol) 3200 (br), 1675,
1655 cm“ 1, NMR (CF;,C02D) 6293 (2H,d,J =6),400 (1 H,tJ =
6), 6.9-7.7 (11 H, br); m/e 266 (m+). An analytical sample was pre-
pared by sublimation at 200 °C (0.01 mm).

Anal. Calcd for C16H14N 20 2: C, 72.17; H, 5.30; N, 10.52. Found: C,
72.18; H, 5.42; N, 10.52.

2-Benzyl-1,2,3,4-tetrahydro-4-oxoquinazoline-2-carboxylic
Acid (14). A mixture of 2.00 g (12.2 mmol) of phenylpyruvic acid and
1.80 g (13.2 mmol) of anthranilamide in 100 mL of benzene was heated
under reflux for 3 h. Water was collected from the reaction mixture
in a Dean-Stark trap. During the reaction acolorless, crystalline de-
posit formed. After cooling the mixture, the crystalline mass was fil-
tered to give 3.20 g (93%) of virtually pure 14: mp 182-189 °C; IR
(Nujol) 3340, 3295, 1720, 1637, 1612 cm“ 1, NMR (CDsSOCD:) &3.2
(2 H,s), 6.4-7.7 (10 H, m), 8.25 (1 H, br s); m/e 282 (M+).

Methyl 2-Benzyl-l,2,3,4-tetrahydro-4-oxoquinazoline-2-
carboxylate (15). A solution of 0.19 g (0.68 mmol) of 14 in 25 mL of
methanol containing 2 drops of concentrated sulfuric acid was heated
under reflux for 4 h. The mixture was concentrated to a small volume
in vacuo and was taken up into ethyl acetate. This solution was washed
with saturated sodium bicarbonate and water, and dried (M gS04).
Removal of the solvent in vacuo left a solid residue which was crys-
tallized from acetone-petroleum ether to give 0.145 g (72%) of 15: mp
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182-183 °C; IR (Nujol) 3350, 3175, 1720, 1675, 1620 cm*“ 1 NMR
(CD:COCD:s) $3.28 (2 H, s), 3.64 (3 H, s), 6.60-7.78 (11 H, m); m/e 296
(M+).

Anal. Calcd for C17Hi6N 20 ;i: C, 68.91; H, 5.44; N, 9.45. Found: C,
68.78; H, 5.47; N, 9.39.

Methyl Quinazolin-4(3H)-one-2-carboxylate (16). A solution
0f 0.068 g (0.23 mmol) of 15in 5 mL of xylene was heated under reflux
for 48 h. After cooling, the mixture was diluted with ether and the
crystalline product was collected by filtration. Recrystallization from
acetone-petroleum ether yielded 0.025 g (54%) of 16: mp 209-210 °C
(lit.17 203-204 °C); IR (Nujol) 3135-3125, 1730, 1655, 1605 cm* 1,
NMR (CDCls) 54.12 (3 H, s), 7.56-8.46 (5 H, m); m/e 204 (M+).

2-Benzyl-2-piperidinoxo-1,2,3,4-tetrahydroquinazolin-4-one
(17). A solution of 0.40 g (1.35 mmol) of 15 and 5.16 g (60 mmol) of
piperidine in 12 mL of dry methanol was heated under reflux for 24
h. The solvent was removed in vacuo and the residue was crystallized
from acetone to give 0.39 g (83%) of 17: mp 186-189 °C; IR (Nujol)
3225,3160,1650,1615 cm“ ; NMR (CDs:SOCDs) b 1.58 (6 H, br s), 2.90
(2 H,s),2.97 (4 H, brs), 6.4-7.5 (10 H).

Anal. Calcd for C2IH2IN:i0 2. C, 72.18; H, 6.63; N, 12.03. Found: C,
72.04; H, 6.77; N, 11.81.

2-Benzylquinazolin-4(3H)-one (Glycosminine, 18). A solution
of 1.00 g (2.97 mmol) of 17 in 13 mL of glacial acetic acid was heated
under reflux for 4 h. After the mixture had cooled, the crystalline
precipitate was filtered and washed with water. Recrystallization from
ethanol afforded 0.30 g (43%) of 18: mp 250-253 °C (lit.14249 °C); IR
(Nujol) 1680, 1625 cm*“ 1 NMR (CD;SOCD;) 03.94 (2 H, s), 7.3-8.2
(10 H); m/e 236 (M +).

trans-2-Benzylidene-o-nitrohippuric Acid (20). A mixture of
6.43 g (39 mmol) of o-nitrobenzamide, 9.50 g (58 mmol) of phenyl
pyruvic acid, and 15.0 g (77 mmol) of p-toluenesulfonic acid in 300
mL of toluene was heated under reflux for 4 h. The solvent was con-
centrated to a small volume in vacuo, and the solid residue was trit-
urated with ether, filtered, and washed with chloroform until colorless.
Recrystallization of the collected solid from acetone-petroleum ether
gave 5.59 g (47%) of 20: mp 235-237 °C (lit.6" 235-237 °C). This ma-
terial was identical with 20 prepared by a previously described me-
thod.6

The filtrate, after removal of solvent in vacuo, deposited an or-
ange-colored solid which was taken up into hot ethanol. Crystalliza-
tion at 5 °C overnight gave 2.63 g (23%) of iran.s-2-(o-nitrophenyl)-
4-benzylidene-3-oxazol-5-one (21): mp 147-148 °C (lit.6" 151-152 °C).
This material possessed chromatographic and spectral (IR, NMR)
properties identical with those of authentic material.6*

Methyl trans-2-Benzylidene-o-nitrohippurate (23). To a so-
lution of 0.825 g (2.65 mmol) of 20 in 10 mL of anhydrous methanol
was added an excess of diazomethane in ether. After 1 h diazomethane
and the solvent were removed by a water aspirator to leave a yellow,
crystalline residue. This was taken up into a small volume of acetone,
decolorized with charcoal, and recrystallized by addition of petroleum
ether to give 0.75 g (87%) of 23: mp 135-137 °C (lit.6* 141.5-143
°C).

Methyl 2-Benzyl-o-aminohippurate (24). A mixture of 0.20 g
(0.62 mmol) of 23 and 45 mg of 10% palladium on charcoal in 10 mL
of ethyl acetate was hydrogenated at atmospheric pressure. The
catalyst was removed by filtration and the filtrate was concentrated
to acolorless oil. Thin-layer chromatography showed this to be pure
24: yield 0.18 g (100%); IR (film) 3450-3345,' 1730, 1640 cm*“ 1 NMR
(CDCla) b3.23 (2 H,d,J =6),3.78 (3 H,s),503( H,q,J = 6); mle
298 (M+).

An analogous procedure was followed for hydrogenation of 20 and
afforded 22 (100%) as a colorless oil: IR (Nujol) 3500 (br), 1715, 1670,
1630 cm“ 1, NMR (CDsSOCD,) $3.10 2 H,d, .J=6),455 (1 H,q,J
=6).
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Daunorubicin to a Nonasymmetric Tetracyclic Ketone

and Refunctionalization of the A Ring to Adriamycin
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A synthesis of adriamycin (2) via elaboration of the functionalities at the 7 and 9 positions of the nonsymmetric
tetracyclic ketone 5 is described. Daunorubicin (1) was degraded in high yield to 5 by a three-step procedure. Addi-
tion of HCN to 5 afforded the cyanohydrin 18. The 9-OH was protected by conversion to the THP ether 19, which
afforded (+)-7-deoxydaunomycinone (20) upon reaction with excess MeMgl followed by acid workup. Model stud-
ies employing (3-tetralones 6a and 6b as substrates showed this sequence to be superior to several other potential
methods of side-chain elaboration. Stepwise stereo- and regiospecific hydroxylation of the 7 and 14 positions of 7-
deoxydaunomycinone (3) afforded adriamycinone (29). By a minor modification of the 7-hydroxylation procedure,
7-epidaunomycinone (27) is obtained as the major product. The 14-OH was protected by conversion to the p-an-
isyldiphenylmethyl ether 30. This was condensed with the protected 1-chlorodaunosamine derivative 36 under
Koenigs -Knorr conditions to afford adriamycin (2) after deprotection.

The anthracycline antibiotics daunorubicin (1)2and adri-
amycin (2)3are clinically useful antineoplastic agents, with
adriamycin having an especially broad spectrum of activity.
However, chemotherapy employing these drugs is hampered
by a number of undesirable side effects, the most serious being
dose-related cardiotoxicity.334 As part of this laboratory’s
ongoing efforts to prepare anthracyclines having improved
therapeutic properties, the possibility of developing a practical
total synthesis of 2 was investigated. We now report the results
of those studies.

Due to the important biological activities of 1 and 2 con-
siderable interest has been shown in their synthesis and sev-
eral aspects have been explored.!’5 Since practical syntheses
of the daunosamine sugar moiety5cf and a circuitous synthesis
of the aglyconeSb had been reported, the formal total synthesis
of 1 was completed in 1974 with the report of stereospecific
coupling of the aglycone and sugar moiety.Ic In this paper, we
describe the elaboration of the tetracyclic nonasymmetric
ketone 5 to adriamycin (2). In our work, 5 was obtained by
degradation of daunorubicin, but a total synthesis of 5 which
was subsequently elaborated to (i)-daunomycinone was re-
cently described by Kende et al.5avia a Diels-Alder sequence,
an approach that has received much recent attention.6

Treatment of daunorubicin (1) with sodium dithionite
(Scheme |) resulted in reductive cleavage of the glycoside bond
to afford 7-deoxydaunomycinone (3) in quantitative yield.
Reduction of the 13-carbonyl was achieved with LiAl(f-
BuOl.-jH in THF to afford the 13-dihydro compound 4 as a

diastereomeric mixture in 80% yield. Periodate cleavage of the
glycol was unusually slow, requiring 2 equiv of NalO dat 23 °C
for 16 h to produce a 99% yield of 5 with 71% conversion of
4.

Scheme |
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Scheme |1
R
6a R=H 7
6b R = OMe R=R' = H; R=R =H:
R" = CO,Et R" = CO,Et
8b
R=R =H
R" = CN

R = OMe; R' = H;

12

Having the tetracyclic ketone 5 in hand, several problems
remained to be solved to allow its successful elaboration to 2.
Methods for the elaboration of the dihydroxyacetone side
chain from the 9-keto function and for the regio- and stereo-
specific hydroxylation of the 7 position needed to be devel-
oped. The dihydroxyacetone side chain had to be blocked in
such a way as to direct the sugar moiety to the 7 position
during coupling and to protect the side chain during the al-
kaline deprotection of the sugar. However, the protecting
group must be removable under conditions compatible with
the acid-sensitive glycoside bond.

A number of possible methods of side-chain elaboration
were evaluated using /Ltetralone (6a) and 5,8-dimethoxy-
2-tetralone (6b)7 as model compounds. In general, these
methods could be classified either as two-carbon homologa-
tions in which the potential 13- and 14-carbon atoms are in-
troduced in a single operation and the resultant intermediate
is subsequently transformed by conventional operations to
the desired target (Scheme Il), or two sequential one-carbon
homologations in which the side-chain carbon atoms are in-
troduced in discrete steps.

In the first of the two-carbon homologation sequences that
we explored the ketone was to be converted to an exocyclic
a,/i-unsaturated ester such as 7. The ester could then be re-
duced, the primary hydroxyl protected, and the olefin oxidized
with the 0Os04Ar-methylmorpholine-H202 reagent8to afford
13. The reaction of /l-tetralone (6a) with the sodio anion of
triethyl phosphonoacetate proceeded smoothly to afford a
single homogeneous (TLC, GLC) product with spectral
properties (NMR, IR, MS) in apparent agreement with those
expected of 7. Reduction of this material with LiAIH:(OEt9
afforded a single product in good yield. However, in the H
NMR spectrum of this material the new methylene protons
appeared as a triplet instead of the doublet expected for 10.
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Table I. *H NMR Analysis of the Products of the
Wadsworth-Emmons Condensation

Chemical shift, 6

Olefinic Methylene singlet
Compd proton Found Caled
& 6.29 3.18 3.10
7 5.80 352 3.34
1 6.29

This indicated that the reduction product was the alcohol 11
and cast doubt on the identity of the condensation product
of the Wadsworth-Emmons reaction. Reexamination of the
H NMR spectrum (Table I) of this material indicated its
correct structure to be 8a. This was assigned on the basis of
the identical chemical shifts of the olefinic protons of the ester
and 11 and the correlation of the chemical shift of the meth-
ylene singlet of the product with that calculated for a meth-
ylene flanked by a phenyl group and a carbon-carbon double
bondl0 (see Table ).

Isomerization of the olefinic double bond into conjugation
with an aromatic moiety during the Wadsworth-Emmons
reaction has previously been reported and successfully sup-
pressed by modifying the reaction conditions.1l In this case,
upon lowering the reaction temperature from 23 to 0 °C a new
product in approximately a 1:3 ratio with 8a was detected by
GLC. While separation on a preparative scale could not be
achieved, the '"H NMR spectrum of the mixture showed two
new signals at &3:52 and 5.80 corresponding to the methylene
and olefinic protons of 7. The ratio of 7 to 8a could be im-
proved by the use of less polar solvents, e.g., ether or benzene,
and further lowering of the reaction temperature, but the
overall yield of ester fell to unacceptable levels.

To evaluate the possibility of stabilizing the thermody-
namically less favored exocyclic isomer through variation of
R", the reaction of d-tetralone with the anion of diethyl cya-
nomethylphosphonate in THF at 0 °C was examined and
found to afford the endocyclic olefin 8b exclusively. While the
electron-releasing methoxy groups of 6b might be expected
to suppress the double-bond isomerization observed in the
reactions of 6a, the condensation of 6b with the sodio anion
of triethyl phosphonoacetate at 0 °C afforded only the endo-
cyclic olefin 8c.

Although the reaction of carbethoxymethylenetriphenyl-
phosphorane with ketones is generally considered to be infe-
rior to the Wadsworth-Emmons reaction as a method for the
synthesis of n,/Lunsaturated esters,12 it was hoped that the
absence of base would serve to suppress the isomerization of
the olefinic bond. The phosphorane and /S-tetralone were
reacted under nitrogen at 110 °C without solvent to afford
exclusively the endocyclic olefin 8a in 76% yield. Reaction of
/3-tetralone with the lithium enolates of ethyl and tert-butyl
trimethylsilylacetatesll afforded only starting material.

Both the Wadsworth-Emmons and Wittig condensations
appear to be excellent methods for effecting the required
two-carbon homologation. However, at least in the models
examined, the isomerization of the resultant olefin to the
thermodynamically more stable endocyclic isomer poses se-
rious problems in the subsequent synthetic steps leading to
side-chain formation.

In another two-carbon homologation sequence that we ex-
plored, the keto function is transformed to a tertiary vinyl
carbinol such as 9 via 1,2 addition. This intermediate could
then be rearranged to an exocyclic olefin acetate 10 (R' = Ac)14
suitable for subsequent elaboration to the side chain. Reaction
of vinylmagnesium chloride with 6a and 6b afforded the vinyl
carbinols 9a and 9b in 34 and 45% yield, respectively, along
with substantial amounts of unreacted ketone. The recovery
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Scheme 111

bo

OMe
16

17

of starting material was probably due to base-catalyzed eno-
lization of the starting ketone. Consistent with this explana-
tion was the observation that only starting material could be
recovered from the reaction of the more basic reagent, vinyl-
lithium, with the model ketones. This problem was again en-
countered in the use of acyl anion equivalents such as 2-
lithio-2-methyl-1,3-dithiane and a-methoxyvinyllithiuml5
which also afforded only starting material upon reaction with
6a.

Initial attempts to effect allylic rearrangement of 9b to 10
with HOAc afforded diene 12 as the major product. This re-
sult, together with the rather poor yield of the vinyl carbinols,
caused us to drop this approach.

The ultimately successful route involved two sequential
one-carbon homologations (Scheme Il1). 5,8-Dimethoxy-2-
tetralone (6b) was readily converted to the cyanohydrin 14
which afforded the hydroxyacid 16 in high yield upon acid
hydrolysis. However, reaction of 16 with methyllithium failed
to yield any significant amounts of 17. Conversion of 14 to its
tetrahydropyranyl ether 15 was accomplished in 77%yield and
subsequent reaction of 15 with excess méthylmagnésium io-
dide produced 17 in 64% yield.16The trimethylsilyl and tert-
butyldimethylsilyl protecting groups were less satisfactory;
in the former case loss of the protecting group was observed
during the Grignard reaction, while in the latter the silylation
reaction was so slow as to render this approach impractical.

This sequence was also successful when applied to the te-
tracyclic ketone 5. (+)-7-Deoxydaunomycinone (20) was ob-

tained via the intermediates 18 and 19 in a 36% overall yield
from 5. In their synthesis of (+)-daunomycinone, Kende et
al.5aelaborated the side chain via addition of ethynylmagne-
sium bromide to 5 followed by hydration of the triple bond.

Hydroxylation of the 7 and 14 positions of 20 would afford
(i)-adriamycinone which would lead to a mixture of diaste-
reomers upon coupling with daunosamine. To avoid this
complication, subsequent experiments were performed using
7-deoxydaunomycinone (3) obtained by reductive cleavage
of 1.

The 14-hydroxylation of 3 via ionic bromination with pyr-

J. Org. Chem., Voi. 42, No. 23,1977 3655

rolidone hydrotribromide in THF to afford 21, and subse-
quent reaction of 21 with 1 equiv of NaOH in aqueous acetone
to produce 7-deoxyadriamycinone (22) proceeded readily.
However, as 3 was more soluble than 22 in organic solvents,
we chose to introduce the 7-hydroxyl first.

23, X =H; R=~Br

24, X =H; R =~0Ac

25, X =H; R=~0COCF3

26, X =H; R=ea OH

27, X =H;R =-OH

28, X = Br; R = mm OH

29, X = OH; R »—--OH

30, X = OC(Ph)j-p-OMeC6H4;
R = -OH

A model for the hydroxylation of the 7 position of 3 (ben-
zylic bromination, AgOAc displacement, transesterification
with F3AcOH, methanolysis) was first provided Goodman et
al.I7 with a simplified daunomycinone analogue and by Wong
et al.5bwho used a closely related sequence in the first dau-
nomycinone synthesis. Bromination of 3 with several reagents
afforded, besides bromide 23, considerable amounts of un-
reacted 3 and bis(anhydro)daunomycinone (31), presumably
arising from aromatization of 23. Efforts to achieve complete
reaction resulted in increased yields of 31 at the expense of 23.
Although this problem was not fully overcome, the benzylic
bromination was achieved most satisfactorily by using Br2 (1.5
equiv) in refluxing CC14 with 2,2'-azobis(isobutyronitrile)
(ABN) as catalyst. Wong5b postulated that steric hindrance
about the 10 position allows benzylic bromination to proceed
regiospecifically at the 7 position. 14-Bromo-7-deoxydau-
nomycinone (21), arising from ionic bromination of the 14
position, was not observed in the reactions of 3 with Br2, N -
MedBr3, or NBS in CC14. However, 21 was formed exclusively
upon treatment of 3 with Br2or NMe4Br3in CHC13, regardless
of the presence of radical initiators.

The unstable bromide 23, without isolation, could be con-
verted to the acetate 24 with excess AgOAc in refluxing HOAc.
However, subsequent transesterification to 25 (F3AcOH, 48
h, 23 °C) was incomplete, as 24 was always detectable in the
reaction mixture after methanolysis (MeOH, 23 °C, 4 h).

This problem was avoided by converting 23 directly to tri-
fluoroacetate 25 with NaOCOCF3in Me2S5018(16 h, 23 °C).
Intermediates 23 and 25 were used without purification be-
cause of their instability. 7-Deoxydaunomycinone (3) was
brominated, treated with NaOCOCF3 and subjected to
methanolysis as a continuous operation. Chromatography of
the methanolysis product on silica gel afforded, in order of
elution, bis(anhydro)daunomycinone (31), starting material
(3,17%), daunomycinone (26,9%), and 1-epim'daunomycinone
(27, 35%).

Characterization of 27 was based on its [H NMR spectra.
The benzylic H-7 proton signal appeared as a multiplet at 5
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5.42 (fil-? = 17 Hz) characteristic of an axial proton.19 The
spectrum of daunomycinone is similar except that the H-7
signal appears as a narrower (ig/2= 7 Hz) multiplet due to the
equatorial orientation of H-7. The mass spectrum and ele-
mental analysis of 27 showed it to be isomeric with daunom-
ycinone.

Anthracyclinones having an axial proton at C-7 have been
epimerized with acid.18 To obtain aglycone possessing the
natural stereochemistry, the crude trifluoroacetate 25 was
dissolved in FiAcOH (23 °C, 1.5 h) before methanolysis. Silica
gel chromatography of this crude product afforded 31, starting
material (3,18%), daunomycinone (26,35%), and 7-epi-dau-
nomycinone (27, 6%). Reaction of 26 with bromine in CHCI13h
afforded 14-bromodaunomycinone (28) which was treated
directly with 1 equiv of NaOH in agueous acetone to afford
adriamycinone (29) in 87% yield.

The partial stereospecificity of the 7-hydroxylation can be
explained by an Snl mechanism for the NaOCOCFs dis-
placement. Approach of the trifluoroacetate anion to the
planar benzylic carbonium ion arising from ionization of the
bromide 23 should be more favorable from the side trans to
the axial hydroxyl at C-9. Methanolysis would then result in
the observed predominant formation of 27 over 26.

The problem of protecting the dihydroxyacetone side chain
was solved via conversion of 29 to the monomethoxytrityl
ether 30 in 84% yield. We elected to use 30 since it could be
prepared in high yield without the formation of diastereomers,
and probe experiments demonstrated that it could be removed
without affecting the glycosidic bond. The highly lipophilic
trityl moiety also facilitated the separation of the glycoside
from the water-soluble sugar by-products of the coupling re-
action by simple solvent extraction.

In alternative approaches to this problem, Arcamone et al.5e
bridged the 9,14-diol system with an orthoester to provide
side-chain protection during removal of an Ar-trifluoroacetyl
group. The same investigators also employed a double ketal
system in coupling work with 4-epf-daunosamine5 aswell as
daunosamine.%e

The sugar moiety was protected as previously described.10
Reaction of daunosamine (32) with S -ethyl trifluorothioace-
tate afforded N-trifluoroacetyldaunosamine (33) which upon
treatment with p-nitrobenzoyl chloride in pyridine afforded
the a anomer of 34 in 93% yield. Saturation of a suspension
of 34 in CHoCL with the appropriate hydrogen halide afforded
35 or 36 after filtration to remove the precipitated p-nitro-

benzoic acid and evaporation. The crude 1-halo sugars so
obtained were added to the reaction mixture without further
purification.

Previous work from this laboratory established that the
daunosaminyl bromide derivative 35 coupled stereospecifi-
cally with daunomycinone, giving only the a anomer.I0 Ar-
camone et al.5e found that the chloro derivative 37 provided
a 7:3 ratio of a to /3anomers in the same reaction.

Good precedent for steric control by a 4-O-p-nitrobenzoyl
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group in the coupling reactions of related sugars to give trans
C-4, C-I products is provided by the work of Dejter-Juszynski
and Flowers.20They have also shown that a 4-0-acetyl group,
while still exerting considerable steric control, is somewhat
less effective in directing the steric course of the glycosida-
tion.2l Presumably, the carbonyl oxygen provides anchimeric
assistance to the halide displacement, allowing the coupling
to proceed via a 7-membered p-nitrobenzoyloxonium inter-
mediate such as 38. The poorer stereospecificity observed%622
with the 4-O-trifluoroacetyl derivative 37 is consistent with
this argument, as the greater electron withdrawing power of
the trifluoromethyl group should inhibit participation of the
carbonyl oxygen.

For the present work we have preferred to use 36, retaining
the O-p-nitrobenzoate for stereospecificity and the 1-chloro
for greater stability toward elimination and adventitious hy-
drolysis during handling. The chloro sugar 36 is superior to
35 in the coupling with daunomycinone affording 39 in 77%
yield, as opposed to the 53% yield obtained from 35.

39, X = H; R =p-N02C6H4CO; R' = CF3CO
40, X = OC(Ph)2-p-OMeC6H4;

R =p-N02C6HACO; R' = CFCO
41, X = OC(Ph)2p-OMeC6H4

R=R =H

The protected aglycone 30 was condensed with 36 under
Koenigs-Knorr conditions to afford exclusively a-glycoside
40. The unpurified product was deacylated with 0.1 N NaOH
in aqueous THF at 0 °C to afford 41 which could be separated
from the water-soluble sugar by-products of the coupling re-
action by extraction with CHC13.

Treatment of 41 with 80% HOAc afforded adriamycin (2)
which was isolated as the hydrochloride in 40% yield from 30.
This material isidentical in all respects, including biological
activity as measured by inhibition of DNA and RNA synthesis
of cultured L-1210 cells, with the natural product. The syn-
thetic material provided EDSvalues of 1.5 and 0.44 pM for
DNA and RNA synthesis, respectively, as compared with 1.5
and 0.58 pM values from the natural product.

Experimental Section

Melting points are uncorrected. Ultraviolet-visible spectra, infrared
spectra, and 60-MHz *H NMR measurement were made by the
Pharmaceutical Analysis Department under the direction of Dr. Peter
Lim. Measurements of 100-MHz 'H NMR were performed by Mr. L.
Cary using a Varian X L-100 spectrometer. The NMR spectra were
measured in CDCL with tetramethylsilane as an internal standard
and the IR spectra were measured from Nujol mulls unless otherwise
noted. Elemental microanalyses were provided by Ms. E. M.
McCarthy (SRI) or the microanalytical laboratory of Stanford Uni-
versity. Mass spectra were recorded by Dr. D. W. Thomas on an LKB
Model 9000 mass spectrometer at 70 eV unless otherwise stated.

Thin-layer chromatograms (TLC) were obtained on 250-pm silica
gel G or H plates. Preparative layer chromatograms (PLC) were ob-
tained on 20 x 20 x 0.2 silica gel 60 F-254 plates (E. Merck). Column
chromatography was performed with Bio Sil A 200-305 mesh (Bio-
Rad) or E. Merck prepacked silica gel 60 columns. Tetrahydrofuran
(THF) was distilled from LiAlIH4 immediately prior to use. Solvent
extracts of aqueous solutions were dried over anhydrous Na;>S04.
Petroleum ether refers to the fraction boiling from 30 to 60 °C, unless
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otherwise stated. Solutions were concentrated under reduced pressure
using a rotary evaporator.

7-Deoxydaunomycinone (3). To daunorubicin hydrochloride (1,
5.0 g 8.87 mmol) in THF (100 mL)/MeOH (120 mL) under N2 was
added a solution of Na2520 4 (3.09 g, 17.8 mmol) and NaHCOs (5.96
g, 71.0 mmol) in H2D (120 mL) over 5 min. The mixture was stirred
for 15 min at 23 °C, poured into ice-water (250 mL), and extracted
with CHLCL (8 X 75 mL). The extracts were combined, dried, and
evaporated to afford 3.85 g (99%) of 43; mp 229-231 °C; IR 2.85 (OH),
5.85 (C=0), 6.19,6.29 gm (H-bonded quinone); NMR 6 1.95 (m, 2 H,
8-H*;), 2.42 (s, 3 H, Ac), 3.00 (m, 4 H, 7 and 10-H2), 3.84 (brs, 1H, 9-
OH), 4.10 (s, 3H, OMe), 7.36 (dd, 1 H,J = 8 and 1 Hz, 3-H), 7.73 (t,
1H,J =8Hz 2H),7.99(dd, 1H,J = 8and 1Hz, 1-H), 13.37 (s, 1 H,
phenolic OH), 13.79 (s, 1 H, phenolic OH); MS m/e (%), 383 (9), 382
M (33), 364 (6), 340 (21), 339 (100), 321 (13), 43 (13).

Anal. Calcd for C2iHigOv0.5H20: C, 64.45, H, 4.91. Found: C, 64.71;
H, 4.75.

7-Deoxy-13-dihydrodaunomycinone (4). 7-Deoxydaunomyci-
none (3,300 mg, 0.79 mmol) and LiAl(i-BuOLH (480 mg, 1.84 mmol)
were stirred in THF (30 mL) under N2 for 6 h. Additional LiAl(i-
BuOl.jH (120 mg) was added, and after 16 h a third portion of
LiAl(t-BuO):H (240 mg) was introduced. After the last addition,
stirring was continued for 24 h. The reaction mixture was poured into
2 N HC1 (50 mL) and heated on the steam bath for 1 h. The mixture
was allowed to cool and extracted with CH2CI2 (three 40-mL portions).
The extracts were combined, dried, and evaporated. The residue was
recrystallized from CH2CI2CHCI3 to afford 161.6 mg of 4. The mother
liquors were evaporated and the residue was chromatographed (PLC
silica gel, 93:7 CHCL/MeOH) to afford 35.4 mg of starting material
3 and an additional 79.5 mg of 4 Combined yield was 240.1 mg (80%)
of 4. mp 230-233 °C; IR 2.85 (OH), 6.20,6.30 mhi (chelated quinone);
MS m/e (%), 385 (18), 384 M (94), 340 (25), 339 (100); NMR b 1.87 (two
overlapping doublets, 3 H, 14-H,), 2.06 (m, 2 H, 8-H2), 2.63 (d, 1 H,
J = 19 Hz, 10d-H), 2.8-3.1 (m, 3 H, 10«-H and 7-H>), 3.79 (q, 1 H,
13-H), 4.11 (s, 3H, OMe), 7.37 (dd, 1H,J = 8 and 1Hz, 3-H), 7.75 (t,
1H,J =8 Hz, 2-H), 8.03 (dd, 1H,J = 8 and 1 Hz, 1-H), 13.48 (s, 1 H,
phenolic OH), 13.84 (s, 1 H, phenolic OH).

Anal. Calcd for C>,H2007: C, 65.61; H, 5.25. Found: C, 65.28; H,
5.39.

7,8-Dihydro-6,1 I-dihydroxy-4-methoxy-5,9(10H),12-nap-
thacenetrione (5). To 7-deoxy-13-dihydrodaunomycinone (4, 377.6
mg, 0.98 mmol) in THF (60 mL) was added Nal04 (462 mg, 2.16
mmol) in 50% aqueous MeOH (2 mL). The solution was stirred under
N2for 16 hat 23 °C. The reaction mixture was concentrated to ca. 10
mL and extracted with CH2CI2 (two 30-mL portions). The extracts
were combined, dried, and evaporated. The residue was chromato-
graphed (40 g of Bio Sil A, 98:2 CHCL/MeOH) to afford in order of
elution 237.2 mg (99% yield, 71% conversion) of 4 IR 5.82 (C=0), 6.15,
6.35 nm (H-bonded quinone); NMR 6 2.64 (t, 2 H, 8-H2), 3.25 (t, 2 H,
7-H-O, 3.61 (s, 2 H, 10-H2), 4.09 (s, 3H, OMe), 7.38 (dd, 1 H,J = 8 and
1Hz, 3-H), 7.77 (t, 1H,J = 8 Hz, 2-H), 8.04 (dd, 1H,J = 8 and 1 Hz,
1-H), 13.30 (s, 1 H, phenolic OH), 13.80 (s, 1 H, phenolic OH); MS 12
eV m/e (%) 338 M (100).

Anal. Calcd for Ci9Hi40e-0.5H20: C, 65.7; H, 4.35. Found: C, 66.1;
H, 4.49. Further elution afforded 110.6 mg of starting material 4.

Ethyl 3,4-Dihydro-2-naphthylacetate (8a). Sodium hydride
(0.865 g of 57% dispersion in mineral oil, 20.6 mmol) was placed in
THF (60 mL) and cooled to 0 °C. Triethyl phosphonoacetate (4.60
g, 20.6 mmol) in THF (5.0 mL) was added dropwise with stirring. After
the addition was complete, stirring was continued at 0 °C for 0.5 h
when a homogenous solution formed. /d-Tetralone (6a, 3.00 g, 20.6
mmol) in THF (5 mL) was added dropwise. After the addition was
complete, stirring was continued at 0 °C for 0.5 h, at 23 °C for 3 hand
at reflux for 0.5 h. The reaction mixture was allowed to cool and
quenched with H20 (200 mL), and the mixture was extracted with
CHCL (four 25-mL portions). The extracts were combined, dried, and
evaporated. The residue was chromatographed (300 g of Bio Sil A,
benzene) to yield 3.53 g (80%) of 8a: IR (neat) 5.75 (C=0), 6.03
(C=C), 7.98, 8.45,8.65 (COC), 9.65,13.18 Mn (Ar); NMR b1.23 (t, 3
H, CCLCHoCH;,), 2.31 (t, 2 H, 3-H->), 2.81 (t, 2 H, 4-H2), 3.18 (s, 2 H,
CH ,C02), 4.14 (q, 2 H, CO2CH2CH1), 6.29 (s, 1 H, 1-H), 7.03 (s, 4 H,
Ar H's); MS m/e (%) 216 M (27), 143 (83), 142 (90), 141 (78), 128 (100),
115(22).

Anal. Calcd for C14H,6CL: C, 77.7; H, 7.44. Found: C, 77.3; H,
7.18.

2-Cyanomethyl-3,4-dihydronaphthalene (8b). Sodium hydride
(0.433 g of 57% dispersion in mineral oil, 10.3 mmol) was placed in
THF (60 mL) and cooled to 0 °C. Diethyl cyanomethylphosphonate
(1.82 g, 10.3 mmol) in THF (5 mL) was added dropwise with stirring
which was continued for 15 min at 0 °C when a homogeneous solution
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formed. (LTetralone (6a, 1.50 g, 10.3 mmol) in THF (5 mL) was added
dropwise. The mixture was stirred at 0 °C for 1 h and at 25 °C for 2.5
h. The reaction mixture was poured into ice/H20 (200 mL) and ex-
tracted with CHCL (three 50-mL portions). The extracts were com-
bined, dried, and evaporated. The residue was chromatographed (100
gof Bio Sil A, 1:1 petroleum ether/benzene) to afford 1.55 g (89%) of
8b: IR (neat) 4.40 (CN), 6.72 (Ar), 13.16 pm; NMR b2.30 (t, 2H, 3-H,),
288 (t,2H,4-H2,321(d, 2H,J =1 Hz, CH,CH), 652 (t, 1 H,J =
1Hz, 1-H), 7.12 (s, 4 H, Ar H’s); MS Ve (%) 170 (4), 169 M (29), 141
(10), 130 (9), 129 (100), 128 (28), 127 (11).

Anal. Calcd for C12H,N.0.25H,0: C, 82.95; H, 6.68; N, 8.06. Found:
C, 83.29; H, 6.79; N, 8.09.

Ethyl 3,4-Dihydro-5,8-dimethoxy-2-naphthylacetate (8c). In
a procedure similar to that described above, 5,8-dimethoxy-2-te-
tralone (Bb, 2.0 g, 9.72 mmol) was reacted with an equivalent amount
of the sodio anion of triethyl phosphonacetate to afford 1.96 g (74%)
of 8¢: IR (neat), 5.72 (C=0), 6.00 (C=C), 6.71,7.95,8.48,8.62 (COC),
9.15, 9.25, 9.65, 12.60, 13.25, 13.95 Mn (Ar); NMR b 1.23 (t, 3 H,
C02CH2CH), 2.28 (m, 2 H, 3-H2), 2.82 (m, 2 H, 4-H >), 3.22 (s, 2 H,
CH2CO,Et), 3.79 (s, 6 H, OMe), 4.17 (q, 2 H, C02CH2CH;i), 6.68 (5,
3 H, 1-H and Ar H's); MS MYe (%) 277 (11), 276 M (67), 203 (63), 202
(26), 201 (15), 189 (16), 188 (53), 187 (21), 173 (25), 171 (19), 86 (65),
84 (100), 49 (17), 47 (20).

Anal. Calcd for CieH2004: C, 69.54; H, 7.31. Found: C, 69.19; H,
7.11.

3.4-  Dihydro-2-(2'-hydroxyethyl)naphthalene (11). To LiAIH4
(0.6 g, 15.8 mmol) in ether (50 mL) was added EtOH (0.92 mL, 15.8
mmol) in ether (10 mL). This reagent was added in 0.5-mL portions
at 0.5-h intervals to a stirred solution of ethyl 3,4-dihydro-2-
naphthylacetate (8a, 107.1 mg, 0.496 mmol) in ether (5 mL). After 2.5
h, the reaction was complete asjudged by TLC. Excess reagent was
destroyed by addition of EtOAc (5 mL) followed by H2 (5 mL). The
mixture was filtered and diluted with CHCL- The organic phase was
separated and the aqueous phase extracted with CHCL DO mL). The
organic solutions were combined, dried, and evaporated to afford 59.8
mg (69%) of 11: IR (neat) 2.95 (OH), 9.62, 13.22 Mm (Ar); NMR 6
2.1-29 (m, 6 H, 1-, 3-, and 4-H,’s), 3.76 (t, 2 H, 2'-HO0, 6.26 (s, 1 H,
1-H), 7.02 (s, 4 H, Ar H's).

This material was further characterized as the p-nitrobenzoate:
mp 93-94 °C; IR 5.78 (C=0), 6.17 (C=C), 7.25,7.40,7.85 (COC), 8.90,
9.05.13.00, 13.90, 14.00 Mm (Ar); NMR b2.1-3.0 (m, 6 H, 1'-, 3- and
4-H2’s), 4.52 (t, 2H, 2'-H2), 6.26 (s, 1 H, 1-H), 7.02 (s, 4 H, Ar H’s), 8.19
(s, 4H, PNB Ar H’s); MS m/e (%) 323 M (1), 157 (11), 156 (100), 141
(21), 128 (29), 115 (14).

Anal. Calcd for CigHi7No0 4 C, 70.58; H, 5.29; N, 4.33. Found: C,
70.44; H, 5.57; N, 4.46.

1.2.3.4-  Tetrahydro-2-hydroxy-2-vinylnaphthalene (9a). To
vinylmagnesium chloride (1.00 mL of 2.3 M solution in THF, 2.23
mmol) under N2 atO °C was added fi-tetralone (150.4 mg, 1.03 mmol)
dropwise and the mixture was stirred at 0 °C for 1 hand at 23 °C for
16 h. The reaction mixture was cooled to 0 °C and saturated NH4Cl
was added dropwise until vigorous reaction subsided. Additional
saturated NH4Cl (10 mL) was added and the mixture was extracted
with EtOAc (two 10-mL portions). The extracts were combined, dried,
and evaporated. The residue was chromatographed (PLC 91
CHCL/EtOAC) to afford 40.4 mg (39%) of 9a: IR (neat) 3.10 (OH).
10.00.
4H, 1-and 4-H2), 5.09 (dd, 1H, J = 10and 15 Hz, 2'-cis-H), 5.27 (dd,
1H,J = 17and 1.5 Hz, 2'-trans-H), 6.06 (dd, 1H,J = 17 and 10 Hz,
I'-H), 7.09 (s, 4 H, Ar H's); MS NMYE (%) 175 (3), 174 M (20), 159 (16),
156 (21), 145 (18), 141 (12), 129 (14), 128 (31), 119 (16), 117 (15), 115
(28L105 (20), 104 (100), 103 (20), 91 (22), 85 (23), 83 (35), 78 (22), 55
(20).

This material was further characterized as the p-nitrobenzoate:
mp 77 °C; IR 5.80 (C=0), 6.21 (Ar), 6.60 (NOD, 13.95 Mn (Ar).

Anal. Calcd for C19Hi7N 04 C, 70.6; H, 5.29; N, 4.33. Found: C, 70.2;
H, 5.51; N, 4.24.

1.2.3.4-  Tetrahydro-2-hydroxy-5,8-dimethoxy-2-vinylnaph-
thalene (9b). To vinylmagnesium chloride (10 mL of 2.3 M solution
in THF, 23.0 mmol) under No at 0 °C was added 5,8-dimethoxy-2-
tetralone (6b, 2.00 g, 9.72 mmol) in THF (5 mL) over 10 min. The
solution was stirred at 0 °C for 1 h.and at 23 °C for 3.5 h. The reaction
mixture was cooled at 0 °C and the excess Grignard reagent destroyed
by dropwise addition of saturated NH4C1 (5 mL). Saturated NaCl (40
mL) was added and the mixture was extracted with EtOAc (three
15-mL portions). The extracts were combined, dried, and evaporated,
and the residue was chromatographed (E. Merck silica gel 60 pre-
packed column (size C), 95:5 CHCL/EtOAc) to afford 0.39 g (20%) of
6b and 0.95 g (42%) of 9b: IR (neat) 3.10 (OH), 10.80 (CH=CHO,
12.67,13.15,13.60,13.95 Mn (Ar); NMR S1.82 (t, 2 H, 3-H .), 2.80 (m,

10.80.13.20.13.50 pm (Ar); NMR <5188 (t, 2 H, 3-H2), 2.89 (m,
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4 H, 1- and 4-H2's), 3.86 (s, 6 H, OMe), 5.08 (dd, 1H,J = 10.5and 15
Hz, cis-CH=CH?2), 530 (dd, 1 H, J = 165 and 15 Hz, trans-
CH=CHo), 6.08 (dd, 1H, J = 16.5and 10.5 Hz, CH=CH 2), 6.63 (s,
2 H, Ar H’s); MS m/e (%) 234 M (22), 216 (8), 164 (17), 149 (11), 75
(60), 73 (100).

This material was further characterized as the p-nitrobenzoate:
mp 149-150 °C; IR 5.81 (C=0), 6.59 (N02), 13.80,14.25 Mm (Ar); MS
12 eV m/e (%) 383 M (25), 216 (100).

Anal. Calcd for C2iH2IN06: C, 65.78; H, 5.53; N, 3.65. Found: C,
65.60; H, 5.83; N, 3.54.

2-Cyano-1,2,34-tetrahydro-2-hydroxy-5,8-dimethoxynaph-
thalene (14). 5,8-Dimethoxy-2-tetralone (6b, 1.00 g, 4.85 mmol) and
KCN (5 g) were placed in CHCI3 (125 mL)/EtOH (37.5 mL) and
cooled to 0 °C. HOAc (7.5 mL) was added over 10 min. The mixture
was diluted with EtOH (25 mL) and stirred at 23 °C for 2 h. The
mixture was diluted with H20 (150 mL) and extracted with CHCI3
(three 40-mL portions). The extracts were combined, dried, and
evaporated. The residue was crystallized from toluene to afford 0.90
g (80%) of 14: mp 117-119 °C; IR 2.92 (OH), 4.42 (CN), 13.95m (Ar);
NMR b2.13 (t, 2H, 3-H2), 2.7-3.3 (m, 5 H, OH, 1and 2-H2's), 3.79 (s,
6 H, OMe), 6.68 (s, 2H, Ar H's); MS m/e (%) 234 (7), 233 M (75), 218
(12), 206 (89), 164 (100), 163 (22), 149 (67), 91 (18).

Anal. Calcd for CisH15N03: C, 66.94; H, 6.48; N, 6.00. Found: C,
67.01; H, 6.49; N, 6.00.

1,2,3,4-Tetrahydro-2-hydroxy-5,8-dimethoxy-2-naphthoic
Acid (16). 2-Cyano-1,2,3,4-tetrahydro-2-hydroxy-5,8-dimethoxy-
naphthalene (14,1.00 g, 4.49 mmol) was placed in concentrated HC1
(30 mL) at 0 °C. The mixture was stirred at 0 °C for 3 h and kept at
0 °C for an additional 20 h. The mixture was heated on a steam bath
for 45 min and allowed to cool. The solution was extracted with
CH2C22 (four 30-mL portions). The extracts were combined, dried,
and evaporated. The residue was recrystallized from xylene to afford
0.77 g (71%) of 16: mp 169-170 °C; IR 3.10 (OH), 5.82 (C=0), 12.70,
14.05 Mm(Ar); NMR (CDCI3/Me2S0-d6) b2.02 (t, 2 H, 3-H2), 2.7-3.1
(m, 4 H, 1- and 3-H2’s), 3.77 and 3.81 (two singlets, 6 H, OMe), 6.68
(s, 2H, Ar H's); MS m/e (%) 234 M (22), 216 (8), 164 (17), 149 (11),
75 (60), 73 (100).

Anal. Caicd for Ci3H160 s: C, 61.90; H, 6.38. Found: C, 61.78; H,
6.38.

2-Cyano-1,2,3/4-tetrahydro-5,8-dimethoxy-2-(2'-tetrahydro-
pyranyloxy)naphthalene (15). 2-Cyano-1,2,3,4-tetrahydro-2-
hydroxy-5,8-dimethoxynaphthalene (14,109.4 mg, 0.464 mmol) was
placed in dihydropyran (1.5 mL) with concentrated HC1 (1 drop) and
refluxed for 1.5 h. The reaction mixture was allowed to cool, diluted
with ether (15 mL), washed with 10% NaOH (5 mL) and saturated
NaCl (5 mL), and dried. The solvent was removed and the residue was
chromatographed (PLC, 9:1 CHCL/EtOAc) to afford 113.8 mg (77%)
of 15! IR (neat) 4.41 (C==N), 6.21 (Ar), 7.95 (COC), 12.55,13.65,14.00
Mm(Ar); NMR 61.4-1.7 (m, 6 H, 3'-, 4'-, 5-Ho’s), 2.25 (m, 2 H, 3-H2),
2.95 (m, 2 H, 4-Ho), 3.23 (s, 2 H, 1-H2), 3.54 (m, 2 H, 6'-H?2), 3.86 (s,
6 H, OMe), 5.18 (m, 1 H, 2'-H), 6.62 (s, 2 H, Ar H’s).

2-Acetyl-l,2,3,4-tetrahydro-2-hydroxy-5,8-dimethoxynaph-
thalene (17). 2-Cyano-I,2,3,4-tetrahydro-5,8-dimethoxy-2-(2'-tet-
rahydropyranyloxy)naphthalene (15,106.1 mg, 0.335 mmol) in THF
(1.5mL) was added to MeMgl (0.4 mL of 2.5 M solution in ether, 1.00
mmol) under N2 and was stirred at 23 °C for 16 h. The reaction mix-
ture was added to 60% HOAc (10 mL) and heated on a steam bath for
0.75 h. The mixture was allowed to cool and extracted with CHCI3
(two 10-mL portions). The extracts were combined, dried, and
evaporated, and the residue was chromatographed (PLC, 85:15
CHCI3/EtOAC) to afford 53.4 mg (64%) of 17 which could be crystal-
lized from petroleum ether (60-110 °C): mp 97 °C; IR 2.95 (OH), 5.89
(C=0), 6.26 (Ar), 8.00 (COC), 12.60,13.00,14.00 nm (Ar); NMR 51.90
(m, 2 H, 3-H2), 2.33 (s, 3H, Ac), 2.90 (m, 5 H, 1- and 4-H2 and OH),
3.78 and 3.81 (two singlets, 6 H, OMe), 6.66 (s, 2H, Ar H’s); MS 12 eV
m/e (%) 250 M (100), 220 (58), 207 (51), 206 (36).

Anal. Calcd for C14H1804: C, 67.20; H, 7.23. Found: C, 67.27; H,
7.11.

9-Cyano-7,8,9,10-tetrahydro-6,9,ll-trihydroxy-4-methoxy-
5,12-napthacenedione (18). 7,8-Dihydro-6,llI-dihydroxy-4-me-
thoxy-5,9(10H), 12-napthacenetrione (5, 45.3 mg, 0.134 mmol) and
KCN (300 mg) were placed in 50% CHCI/EtOH (8 mL) and cooled
at 0 °C. HOAc (0.4 mL) was added and the mixture was stirred at 23
°C for 5 h. The reaction mixture was diluted with H2 (15 mL), the
organic phase separated, and the aqueous phase extracted with CHCI3
(10 mL). The organic solutions were combined, dried, and evaporated.
The residue was chromatographed (8 g of Bio Sil A, 98:2 CHCI3/
MeOH) to afford 38.0 mg (77%) of 18: mp 232-235 °C (dec); IR 2.93
(OH), 6.20, 6.31 Mn (H-bonded quinone); NMR b 2.1-2.4 (m, 2 H,
8-H2), 2.8-3.4 (m, 5H, 7and 10-H2sand 9-OH), 4.08 (s, 3H, OMe),
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7.36 (dd, 1H,J = 8 and 1Hz, 3-H), 7.74 (t,IH ,4 = 8 Hz, 2-H), 7.99
(dd, 1H,J =8 and 1Hz, 1-H), 13.28 (s, 1 H, phenolic OH), 13.68 (s,
1H, phenolic OH).

9-Cyano-7,8,9,10-tetrahydro-6,llI-dihydroxy-4-methoxy-9-
(2'-tetrahydropyranyloxy)-5,12-naphthacenedione (19). 9-
Cyano-7,8,9,10-tetrahydro-6,9,ll-trihydroxy-4-methoxy-5,12-nap-
thacenedione (18, 37.0 mg, 0.11 mmol) was placed in 50% dihydro-
pyran/THF (10 mL) with concentrated HC1 (1 drop) and the solution
was refluxed for 5 h. Pyridine (2 mL) was added and the solvents were
removed. The residue was dissolved in CHCL (10 mL), washed with
H2 (3 mL), dried, and evaporated. The residue was crystallized from
CHC'l.i/petroleum ether to afford 36.9 mg (90%) of 19: mp 204-206 °C;
IR 6.20, 6.30 Mm (H-bonded quinone); NMR b 1.64 (m, 6 H, 3'-, 4'-,
and 5'-H2's), 2.32 (m, 2 H, 8-H2), 3.05 (m, 2 H, benzylic CHo), 3.34, (t,
2 H, benzylic CH2), 3.58 (m, 2 H, 6'-H>), 4.10 (s, 3 H, OMe), 5.18 (m,
1H, 2'-H), 7.35 (dd, 111,4 = 8and 1 Hz, 3-H), 7.75 (t, 1H, J = 8 Hz,
2-H), 8.02 (dd, 1H, J = 8 and 1 Hz, 1-H), 13.40 (s, 1H, phenolic OH),
13.76 (s, 1 H, phenolic OH).

Anal. Calcd for CA"HANCL: C, 66.80; H, 5.16; N, 3.11. Found: C,
66.70; H, 5.25; N, 3.14.

(¥)-7-Deoxydaunomycinone (20). Methylmagnesium iodide (0.4
mL of 2.5 M solution in ether, 1.00 mmol) was added under N2 to a
stirred solution of 9-cyano-7,8,9,10-tetrahydro-6,ll-dihydroxy-4-
methoxy-9-(2'-tetrahydropyranyloxy)-5,12-naphthacenedione (19,
15 mg, 0.033 mmol) in THF (1.5 mL). The mixture was stirred at 23
°C for 4 h and at 55 °C for 10 h. The reaction was quenched with 60%
HOACc (10 mL) and the solution was heated on a steam bath for 0.75
h. The mixture was diluted with water (10 mL) and extracted with
CHCIi (two 10-mL portions). The extracts were combined, washed
with saturated NaHCo03 (5 mL), dried, and evaporated. The residue
was chromatographed (PLC, 85:15 CHCL/EtOAc) and crystallized
from CHCls/petroleum ether to afford 5.7 mg (45%) of 20: mp 230-232
°C; IR 2.85 (OH), 5.82 (C=0), 6.20, 6.30 Mm (H-bonded quinone);
NMR b 1.95 (m, 2 H, 8-H2), 2.42 (s, 3 H, Ac), 3.00 (m, 4 H, 7- and
10-HTs), 3.74 (br s, 1H, 9-OH), 4.10 (S= 3 H, OMe), 7.36 (dd, 1 H, J
=gand 1Hz, 3-H), 7.73 (t, 1H,J = 8 Hz, 2-H), 7.99 (dd, 1H,J = 8
and 1 Hz, 1-H), 13.37 (s, 1 H, phenolic OH), 13.79 (s, 1 H, phenolic
OH).

Anal. Calcd for CviHiHO®0O.SHA): C, 64.45; H, 4.91. Found: C, 64.14;
H, 4.56.

14-Bromo-7-deoxydaunomycinone (21). 7-Deoxydaunomyci-
none (3,96.7 mg 0.253 mmol) and pyrrolidone hydrotribromide (132
mg, 0.265 mmol) were placed in THF (11 mL) and stirred at 23 °C for
24 h. The reaction mixture was diluted with CH2C12 (50 mL), washed
with H20 (10 mL) and saturated NaCl (10 mL), dried, and evaporated.
The residue was precipitated from CH2C12 with petroleum ether to
afford 96.8 mg (83%) of 21: mp 250-254 °C; IR 2.85 (OH), 5.74 (C=0),
6.19,6.29 Mm (H-bonded quinone); NMR (Me2SO-d<;) b 1.90 (m, 2 H,
8-H2), 2.67 (m, 4 H, 7- and 10-H2's), 3.85 (s, 3 H, OMe), 4.75 (s, 2 H,
14-H2), 7.2-7.7 (m, 3 H, Ar H’s), 13.07 (s, 1 H, phenolic OH), 13.57 (s,
1 H, phenolic OH); MS 12 eV m/e (%) 462 (14), 460 M (14), 340 (18),
339 (100).

Anal. Calcd for C2iHi7Bro7-H20 : C, 52.63; H, 4.01. Found: C, 52.80;
H, 3.76.

7-Deoxyadriamycinone (22). 14-Bromo-7-deoxydaunomycinone
(21, 99.0 mg, 0.215 mmol) and NaOH (10.3 mg, 0.258 mmol) were
placed in 4:1 acetone/H20 (50 mL) and refluxed under N2 for 20 min.
The acetone was removed and the residue diluted with H2 (80 mL).
The red precipitate was filtered and dried to afford 83.0 mg (97%) of
22: IR 2.95 (OH), 5.79 (C=0), 6.20, and 6.30 Mm (H-bonded quinone);
NMR (Me2SO-d6) b 1.84 (m, 2 H, 8-H2), 2.6-2.9 (m, 4 H, 7- and 10-
H2's), 3.96 (s, 3H, OMe), 4.5-4.9 (m, 3H, 14-H2and OH), 5.60 (br s,
1H, OH), 7.54 (br s, 1H, 3-H), 7.76 (m, 2 H, 1- and 2-H), 13.48 (s, 1
H, phenolic OH), 14.02 (s, 1 H, phenolic OH); MS m/e (%) 398 M (20),
380(4), 335(100).

Anal. Calcd for C*HisOg-HA): C, 60.58; H, 4.85. Found: C, 60.74;
H, 4.51.

Daunomycinone (26). 7-Deoxydaunomycinone (3,100 mg, 0.262
mmol), Br2 (3.0 mL 0f0.125 M solution in C |4, 0.375 mmol) and ABN
(6.4 mg, 0.04 mmol) were placed in CC14 (20 mL) under N2 and re-
fluxed for 3 h. Additional Br2 (0.19 mmol) was introduced and re-
fluxing was continued for another hour. The solvent was removed and
the residue was placed in Me2SO (20 mL) with NaOCOCF;i (200 mg)
and stirred under N2 for 16 h. The reaction mixture was poured into
H20 (50 mL) and extracted with CHCL (three 15-mL portions). The
extracts were combined, washed with H20 (10 mL) and saturated
NaCl (10 mL), dried, and evaporated. The residue was dissolved in
F..AcOH (10 mL) and stirred at 23 °C for 1.5 h. The solvent was re-
moved and the residue dissolved in 4:1 MeOH/THF (20 mL) and
stirred at 23 °C for 4 h. The solution was poured into H2 (50 mL) and
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extracted with CHCL (three 15-mL portions). The extracts were
combined, dried, and evaporated. The residue was chromatographed
[E. Merck silica gel 60 prepacked column (size B), 99:1 to 97:3
CH-CL/MeOH] to afford in order of elution 17.7 mg (18%) of 3 and
37.0 mg (35%) of 26: mp 215-217 °C; IR 2.90 (OH), 5.85 (C=0), 6.20,
6.31 pm (H-bonded quinone); NMR b2.05-2.35 (m, 2 H, 8-H2), 2.48
(s, 3H, Ac), 2.93 (d, 1H,J = 19 Hz, 10/3-H), 3.25 (d, 1H,J = 19 Hz,
10 a-H), 3.68 (s, 1H, 9-OH), 4.14 (s, 3H, OMe), 4.53 (s, 1 H, 7-OH),
536 (m, 1H,n/2=7Hz 7-H), 7.40 (dd, 1H,J =8 and 1Hz, 3-H), 7.79
(t,IH,J =8 Hz 2-H), 8.06 (dd, 1H,J =8 and 1Hz, 1-H), 13.35 (s,
1H, phenolic OH), 14.07 (s, 1 H, phenolic OH).

Anal. Calcd for C2iHis0g-H?20: C, 60.58; H, 4.85. Found: C, 60.96;
H, 4.45.

Continued elution afforded 6.1 mg (6%) of 7-epidaunomycinone
(27): mp 218-220 °C; IR 2.85 (OH), 5.85 (C=0), 6.20, 6.30 pm (H-
bonded quinone); NMR b2.2-2.5 (m, 2H, 8-H2), 2.43 (s, 3 H, Ac), 2.90
(d, 1H, 3 = 17 Hz, 10/3-H), 3.16 (d, 1 H, J = 17 Hz, 10 a-H), 3.82 (s,
1H, 9-OH), 4.12 (s, 3H, OMe), 4.33 (d, 1H, 7-OH), 5.37 (m, 1H, nn
= 17 Hz, 7-H), 7.40 (dd, 1H,J =8 and 1Hz, 3-H), 7.79 (t, 1H,J =8
Hz, 2-H), 8.06 (dd, 1 H, J = 8 and 1 Hz, 1-H), 13.26 (s, 1 H, phenolic
OH), 14.33 (s, 1 H, phenolic OH); MS 12 eV m/e (%) 399 (22), 398 M
(87), 380 (56), 362 (45), 355 (17), 339 (15), 338 (64), 337 (100); [a]D
- 184° (c 0.02,CHCy.

Anal. Calcd for C2iHi80b-0.25H20: C, 62.61; H, 4.64. Found: C,
62.68; H, 4.51.

7-Epidaunomycinone (27). 7-Deoxydaunomycinone (3,100 mg,
0.262 mmol), Br2 (3.0 mL of 0.125 M solution in CCU, 0.375 mmol),
and ABN (6.4 mg, 0.040 mmol) were placed in CCl4 (20 mL) under N2
and refluxed for 2 h. Br2 (1.5 mL of 0.125 M solution in CCl4) was
added and refluxing was continued for 1 h. The solvent was removed
and the residue was placed in Me2SO (20 mL) with NaOCOCF3 (200
mg) and stirred under N2 for 16 h. The reaction mixture was poured
into HD (50 mL) and extracted with CHCL (three 15-mL portions).
The extracts were combined, washed with H2 (10 mL) and saturated
NaCl (10 mL), dried, and evaporated. The residue was dissolved in
4:1 MeOH/THF (20 mL) and stirred at 23 °C for 4 h. The solution was
poured into H2 (50 mL) and extracted with CHCL (three 15-mL
portions). The extracts were combined, dried, and evaporated. The
residue was chromatographed [E. Merck silica gel 60 prepacked col-
umn (size B), 99:1 to 97:3 CH-CL/MeOH] to afford in order of elution
17.2 mg (17%) of 3, 9.1 mg (9%) of 26, and 36.8 mg (35%) of 27.

Adriamycinone (29). Daunomycinone (26,10 mg, 0.025 mmol) was
placed in CHCL (1 mL). Br2 (13.5 mg) in CHCL (0.25 mL) was added
and the solution stirred at 23 °C for 16 h. The solvent was removed
and the residue was dissolved in 4:1 acetone/H20 (5 mL). NaOH (1.1
mg, 0.028 mmol) was added and the blue solution was refluxed for 5
min when the red color returned. The solution was concentrated to
ca. 2 mL, diluted with water (10 mL), and extracted with 1.1
CHCL/MeOH (three 10-mL portions). The extracts were combined,
dried, and evaporated. The residue was crystallized from CHCL/
MeOH/petroleum ether to afford 9.0 mg (87%) of 29: IR 2.85 (OH),
5.75 (C=0), 6.15, 6.28 pm (H-bonded quinone); NMR t2.0- 2.5 (m,
2H,8-H,), 2.8-3.2 (m, 2H, 10-H2), 3.34 (m, 1 H, 9-OH), 4.09 (s, 3 H,
OMe), 4.70 (d, 2H, J = 16 Hz, 14-H2), 5.34 (m, 1 H, vxn = 8 Hz, 7-H),
7.38 (dd, 1H,J =8 and 1Hz, 3-H), 7.76 (t,IH,</ = 8 Hz, 2-H), 8.00
(dd, 1H,J =8 and 1Hz, 1-H), 13.24 (s, 1 H, phenolic OH), 13.99 (s,
1H, phenolic OH).

Anal. Calcd for C-,H,g09-0.5H20: C, 59.57; H, 4.54. Found: C, 59.63;
H. 45.4.

14-O-p-Anisyldiphenylmethyladriamycinone (30). Adriamy-
cinone (29,369 mg, 0.90 mmol) was dissolved in pyridine (36 mL) and
cooled to 5 °C. p-Anisylchlorodiphenylmethane (2.77 g, 9.48 mmol)
was added in one portion with stirring, and the solution was kept at
5°C for 5days. The reaction mixture was poured into ice-water (200
mL) and extracted with CHCL (two 100-mL portions). The extracts
were combined, washed with 3N H2S 04 (two 100-mL portions), sat-
urated NaHCCL (100 mL), and water (100 mL), dried, and evaporated.
The residue was crystallized from CHCL/petroleum ether to afford
520 mg (84%) of 30: mp 198-203 °C; IR 2.90 (OH), 5.78 (C=0), 6.20,
6.30 pm (H-bonded quinone); NMR b2.08 (m, 2 H, 8-H2), 2.78 (m, 2
H, 10-H-), 3.83 (s, 3H, Tr-OMe), 4.00 (s, 3H, 4-OMe), 4.52 (s, 2 H,
14-H2), 5.10 (m, 1 H, *1/2 = 7 Hz, 7-H), 6.8-7.8 (m, 17 H, Ar H's), 13.00
(s, 1 H, phenolic OH), 13.58 (s, 1 H, phenolic OH).

Anal. Calcd for C4iH340 1(+1.5H20: C, 69.0; H, 5.23. Found: C, 69.1;
H, 5.37.

2,3,6-Trideoxy-3-trifluoracetamido-a,j8-L-lyxohexopyranose
(33). Sodium methoxide (7.0 g, 0.13 mol) was added to a solution of
daunosamine hydrochloride (32, 23.5 g, 0.13 mol) in MeOH (400 mL)
at 0 °C, and the mixture was stirred for 0.5 h. S-Ethyl trifluo-
rothioacetate (25.3 g, 0.16 mol) was added and stirring was continued
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at 23 °C for 16 h. The reaction mixture was filtered and evaporated.
The residue was triturated with hot acetone (250 mL) and filtered.
The filtrate was dried and evaporated to afford 25 g of asolid residue.
This was recrystallized from ethyl acetate to afford 18.9 g (68%) of 33:
mp 146-147 °C; IR 2.95-3.0 (OH, NH), 5.85 (C=0), 6.55 (amide II),
8.6 (CF3) pm; NMR bt.2 (two overlapping d, 3H, 6-H3), 1.5-2.4 (m,
2 H, 2-H2), 3.3-5.0 (m, 3H, 3-,4-, and 5-H’s), 5.3 (m, 0.5 H, 1-H), 5.6
(m, 0.5 H, 1-H), 8.2 (br, 1 H, NH).

Anal. Calcd for CsHi2F3No0 4: C, 39.51; H, 4.98; N, 5.76. Found: C,
39.51; H, 5.00; N, 5.99.

2,3,6-Trideoxy-l,4-di-0-p-nitrobenzoyl-3-trifluoroacetam-
ido-a-L-/yxohexopyranose (34). p-Nitrobenzoyl chloride (40.4 g,
217.6 mmol) was added to a solution of 2,3,6-trideoxy-3-trifluo-
roacetamido-rt,d-1.-/vx(jhexopyranose (33, 18.9 g, 77.7 mmol) in
pyridine (600 mL) atO °C and stirred atO °C for 16 h. Water (50 mL)
was added and the mixture was stirred for 0.5 h. The reaction mixture
was poured into water (1.5 L) and extracted with CHCL (four 1-L
portions). The extracts were combined and washed successively with
3 N H2SCx4 (two 2-L portions), H2 (2 L), saturated NaHCCL (five
2-L portions), and H2 (2 L), dried, and evaporated. The residue was
recrystallized from acetone/CHCL/hexanes to afford 39.3 g (93%) of
34: mp 202-203 °C; IR 2.98 (NH), 5.78 (C=0), 6.51 (aryl), 6.57 (N02),
8.67 pm (CF3; NMR (Me2S0O-d6) 1.13 (d, 3H, 6-H3), 2.08 (dm, 1 H,
2-Hax), 2.58 (m, overlapped with Me2SO-<L signal, 2-Heq), 4.60 (m,
2H, 3-and 5-H’s), 5.50 (br s, 1H, 4-H), 6.62 (br s, 1H, 1 -H), 8.42 (m,
8 H, Ar H’s), 9.63 (d, 1 H, NH); [a]2ID- 125° (c 0.03, 95% EtOH).

Anal. Calcd for C22Hi8F3N 3010 C, 48.81; H, 3.34; N, 7.76. Found:
C, 48.97; H, 3.76; N, 7.70.

4'-0-p-Nitrobenzoyl-3'-1V-trifluoroacetyldaunorubicin (39).
Daunomycinone (26,99.5 mg, 0.25 mmol), Hg(CN)- (520 mg), HgBr-
(236 Mg), and powdered molecular sieve 3A (1,2 g) were placed in
THF (25 mL) and stirred at 50-55 °C for 2 h. Three 1 M equivalent
portions of freshly prepared 36 in CH2C12 (2 mL) were added at 0,4,
and 22 h while the temperature was maintained at 50-55 °C. The
chloro sugar 36 was prepared by bubbling anhydrous HC1 into a sus-
pension of 2,3,6-trideoxy-1,4-di-0-p-nitrobenzoyl-3-trifluoroace-
tamido-a-L-Cyxohexopyranose (34, 135 mg, 0.25 mmol) in CH2C12 (4
mL) at 0 °C for 3 min. The mixture was allowed to stand at 23 °C for
10 min, filtered to remove the precipitated p-nitrobenzoic acid, and
evaporated. The residue was dissolved in CH-CL (2 mL) and added
to the reaction mixture. Additional Hg(CN)2 (520 mg), HgBr2 (236
mg), and powdered molecular sieve 3A (0.60 g) were added at 4 h. The
total reaction time after the first addition of 36 was 25 h. The reaction
mixture was filtered, the solids were washed with THF, and the
washings and filtrate were combined and evaporated. The residue was
triturated with CHCL (75 mL), and filtered. The filtrate was washed
with 30% KI (two 25-rnL portions) and H2 (50 mL), dried, and
evaporated. The residue was chromatographed (PLC, six plates, 2:1
benzene/ethyl acetate) to afford 150 mg (77%) of 39: IR 2.95 (NH,
OH), 5.78 (C=0), 6.15,6.30 (H-bonded quinone), 6.45 (amide I1), 6.55
(NO-), 8.55 (CF3) pm; NMR $1.24 (d, 3H, 6-H3), 2.0-2.32 (m, 4 H,
8- and 2'-H-'s), 245 (s, 3 H, Ac), 2.95 (d, 1H, J = 19 Hz, 10/1-H), 3.30
(d, 1H,J = 19 Hz, 10a-H), 4.10 (s, 3H, OMe), 4.3-4.6 (m, 2 H, 3'- and
5'-H’s), 5.33 (br s, 1 H, 7-H), 5.50 (m, 1H, 4'-H), 5.67 (brs, 1 H, T-H),
6.20 (d, 1H, NH), 7.39 (dd, 1 H, J = 8 and 1 Hz, 3-H). 7.79 (t. 1H, J
=8 Hz, 2-H),8.06 (dd, 1 H,J = 8 and 1Hz, 1-H), 8.33 (m, 4 H, Ar H’s),
13.09 (s, 1 H, phenolic OH), 14.07 (s, 1 H, phenolic OH).

Anal. Calcd for C36H3,F3N20 14 C, 55.96; H, 4.04, N, 3.62. Found:
C, 56.09, H, 4.42; N, 3.84.

Adriamycin Hydrochloride (2). 14-O-p-Anisyldiphenylmeth-
yladriamycinone (30,58.0 mg, 0.085 mmol), Hg(CN)- (250 mg), HgBr2
(130 mg), and powdered molecular sieve 3A (500 mg) were placed in
THF (9 mL) and refluxed for 2 h. Then 1 M equivalent portions of
freshly prepared 36 were added at 3,6,11, 24, 28,31,36,47, and 49 h
while the mixture was maintained at 60 °C. The chloro sugar 36 was
prepared as described in the previous experiment. Additional portions
of Hg(CN)- (250 mg), HgBr2 (130 mg), and molecular sieve 3A (500
mg) were added at 23 h. The total reaction time after the first addition
of 36 was 50 h. The reaction mixture was filtered and evaporated. The
residue was triturated with CHCL (10 mL), filtered, washed with 30%
KI, saturated NaHCCL, and water, dried, and evaporated.

The residue was dissolved in THF (8 mL) and cooled to 5 °C. NaOH
(17 mL of 0.2 N aqueous solution) was added and the solution was
stirred at 5 °C for 5.25 h. After neutralization to pH 8 with 0.2 N HCi,
the solution was extracted with 4:1 CHCI3/Me()H, and the organic
extract was washed with H20, dried, and evaporated.

The residue was dissolved in 80% HOAc (4 mL) and the solution
was stirred at 23 °C for 16 h. The solution was lypophilized with
temperature maintained below 0 °C, and the residue was dissolved
in2:1 MeOH/CHCL (5 mL) and filtered. HCI (1.5 mL of a0.1 N so-
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lution in MeOH) was added to the filtrate followed by ether (50 mL).
The precipitate was collected by centrifugation and decantation and
reprecipitated from MeOH with ether to afford 20 mg (40%) of 2: IR
3.00 (OH, NH), 5.83 (0=0), 6.20, 6.35 Mn (H-bonded quinone);
UV-vis (MeOH) Amex (€) 252 (25 391), 287 (9716), 478 (12 063), 492
(12 091), 531 (6913); NMR (Me2SO-d6) 51.18 (d, 3H, 6'-H3), 1.80 (m,
2H,2'-H2), 2.12 (m, 2 H, 8-H,), 2.78 (d, 1H, J = 19 Hz, 10(3-H), 3.04
(d, 1 H,J = 19Hz, 10 a-H), 3.61 (m, 2H, 3'-and 4'-H’s), 3.92 (s, 3 H,
OMe), 4.17 (m, 1 H, 5'-H), 4.61 (s, 2 H, 14-H2), 4.87 (br s, 1 H, 7-H),
5.28 (brs, 1H, I'-H), 5.47 (br s, 1H, 9-OH), 7.57 (m, 1H, 3-H), 7.80
(m, 2 H, 1- and 2-H’s), 13.11 (s, 1 H, phenolic OH), 13.93 (s, 1 H,
phenolic OH).

Anal. Calcd for C27TH2NOii-HC1-0.75H20: C, 54.64; H, 5.35; N, 2.36.
Found: C, 54.34; H, 5.03; N, 2.02.
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Four new spermidine alkaloids, celacinnine (1), celallocinnine (2), celafurine (3), and celabenzine (4), have been
isolated in studies of Maytenus serrata (Hochst., ex A. Rich.) R. Wilczek and Tripterygium wilfordii Hook. The
13-membered macrocyclic structures of the alkaloids were elucidated by chemical degradation and by a study of
the spectral properties of the alkaloids and their derivatives.

The twigs of Maytenus serrata (Hochst., ex A. Rich.) R.
Wilczek (Celastraceae) have yielded two novel spermidine
alkaloids, celacinnine (1) and celallocinnine (2), asthe prin-
cipal basic components.2 Celacinnine (1) has also been isolated
from the roots of Tripterygium wilfordii Hook (Celastraceae),
together with the related alkaloids celafurine (3) and cela-
benzine (4).2 We report herein our detailed studies on the
isolation and structural elucidation of these four alkaloids.

Studies of the fruit of M. serrata in these laboratories have
yielded the nicotinoyl sesquiterpene alkaloids maytoline,
maytine, and maytolidine,3 and the highly active tumor-
inhibitory ansa-macrolide maytansine,4but these compounds
could not be detected in the twigs and no spermidine alkaloids
were detected in the fruit. A series of complex nicotinoyl
sesquiterpene alkaloids has been previously reported from the
roots of T. wilfordii.5
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Table I. NMR Spectra of Spermidine Alkaloids and Derivatives from M. serrata and T. wilfordiia

Registry
Compd no. C-7(2H) C-8 (1H) CH2

1 53938-05-9 7.50d 6.00t 6.2-7.0 br m (9 H)
(7.0) (7.0) 7.2-8.6 br m (7 H)

2 53990-48-0 7.55d 6.10 t 5.9-7.0 br m (9 H)
(7.0) (7.0) 7.4-8.8 br m (7 H)

3 53938-09-3 7.58d 6.131 6.2-8.9 br m (16 H)
(7.0) (7.0)

4 53938-08-2 7.58d 6.12 t 6.2-8.9 br m (16 H)
(7.0) (7.0)

5 53938-06-0 7.55d 6.03 t br m
(7.0) (7.0)

7b 63301-66-6 7.60 m 6.00 br d 6.4-8.8 m

(12)
8C 53938-07-1 7.10 m 4.32 br d 6.0-8.5m

(12)
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Aryl-H Acyl groups
2.5-28m (10H) 223d(IH), 3.12d (1 H)
(15.5) (15.5)
2.5-28m (10H) 3.40d(IH), 3.96 d (1 H)
(13) (13)
2.75-2.95m (5 H) 240d (1 H),2.691(1H),354d(1H)
(1.5) (1.5) (1.5)

2.6-2.9 m (10 H)
2.7-2.8'm (10 H)

2.5-3.0m (10 H) 2.40d (1 H), 3.32d (1 H)

(15) (15)
2.5-3.0m (10 H) 2.26d (1 H), 3.16 d (1 H)
(15) (15)

° Spectra are of CDCR solutions. Chemical shifts are given in r units. Coupling constants in hertz are given in parenthesis; d, doublet;
t, triplet; s, singlet; br m, broad multiplet; br d, broad doublet. b Peak at r 7.98 s (3 H) N-methyl. ¢ Peak at r 7.53 s (3 H) CH3CON-.

In the present study the ground dried twigs of M. serratab
were extracted with aqueous ethanol and the extract was
partitioned between ethyl acetate and water. The ethyl acetate
soluble material was chromatographed on SilicAR CC-7 and
then on neutral aluminato give a crystalline alkaloid fraction.
Recrystallization gave the major alkaloid, celacinnine (1,
CZ2H3IN302). TLC of the mother liquors yielded additional
1land an isomeric alkaloid, celallocinnine (2). Both alkaloids
gave strong positive reactions with either Dragendorffsre-
agent or iodoplatinic acid.

The ground dried roots of T. wilfordiibwere extracted with
95% ethanol and the extract was partitioned between ethyl
acetate and water. The ethyl acetate soluble material was
extracted with aqueous citric acid solution, which was then
treated with base and extracted with ethyl acetate to yield a
basic fraction. Successive chromatography of the basic fraction
on neutral alumina and silicagel, TLC purification on alumina
and silica gel, and crystallization yielded 1, celafurine (3,
C2IH 2/N 303), and celabenzine (4, C23H 22N 302).

Similarity among the spectra of the four alkaloids suggested
that 1-4 differed only in the acyl side chain. In each case the
infrared spectrum contained two amide carbonyl bands at
6.02-6.06 and 6.19-6.25 pm and the.mass spectrum contained
prominent ions with m/e 274 (C16H24N30), 160 (C11H14N),
146 (COH8NO), and 131 (CH 70).7 The NMR spectra (see
Table 1) showed few distinctive signals, but all four alkaloids
appeared to contain 16 aliphatic protons (t 5.9-8.9), at least
five aryl protons, and a spin-coupled CH 2-CH system [r 7.5
(2H) and 6.1 (1 H), J = 7 Hz].

The NMR spectrum of 1 also contained an AB quartet (J
= 155 Hz) at r 2.23 and 3.12, and signals for a second mono-
substituted aromatic ring. These signals, together with the
ultraviolet absorption band at Xmgjl 277 nm (c 23 000), sug-
gested the presence of a trans-cinnamoyl group [cf., N,N-
dimethyl-frans-cinnamide: UV Anmex278 nm (e 22 400);8NMR
r 2.17 and 3.54 (J = 155 Hz)9]. The NMR spectrum of the
isomeric alkaloid 2 contained an AB quartet (J = 13 Hz) at
r 3.40 and 3.96, and the UV spectrum contained absorption
bands at Amex 255 and 264 (infl) nm (e 11 800,9500), suggesting
a cis-cinnamoy! group [cf., cis-cinnamide, UV Xnex 254 nm
(t 10 600);10and methyl cis-cinnamate, NMR r 3.1 and 4.1 (J
= 12.4 Hz)11]. Hydrogenation of both 1 and 2 yielded dihy-
drocelacinnine (5), which lacked the strong ultraviolet ab-
sorption and contained no olefinic proton signals in the NMR
spectrum. Although the mass spectra of 1 and 2 both con-
tained peaks at m/e 131 (CH 70) characteristic of a cinnamoyl
group, this peak was also present in the spectrum of the other
alkaloids, including 5 and its dideuterio isomer 6, and can

therefore result from a double fragmentation (vide infra).

The NMR spectrum of 3 contained intercoupled one-proton
signals at . 2.40 (d), 2.69 (t), and 3.54 (d), and the base peak
in the mass spectrum of 3 appeared at m/e 95 (C5H302),
consistent with the presence of a d-furoyl group.1213 /3-Furoic
acid and its derivatives occur rarely in nature; they have been
isolated primarily from the Celastraceael4and include two of
the nicotinoyl sesquiterpene alkaloids, wilforgine and wil-
fortrine, from T. wilfordii.5

The NMR spectrum of alkaloid 4 contained ten aromatic
but no olefinic proton signals, and the mass spectrum con-
tained an intense peak at m/e 105 (C7H 50). These data sug-
gested that a benzoyl group was present.

The unsaturated acyl groups appeared to be attached by
an amide linkage to a common Ci6H 24N 30 nucleus, which
contained both an aromatic ring and a saturated amide group.
The relationship of the nitrogen functions was established by
chemical degradation; vigorous acidic hydrolysis of 1 followed
by acetylation of the reaction mixture yielded triacetylsper-
midine (9). A similar cleavage of a benzylic secondary amine
has been reported in the acid hydrolysis of tetrahydro-seco-
chaenorhine.l5 Hydrogenation of 1 gave 5, so the single re-
maining unidentified unsaturation represented by the mo-
lecular formula could be attributed to the presence of a cyclic
structure. The residue left after subtracting the acyl and
spermidine units from the empirical formulas of the alkaloids
corresponded in each case to a phenylpropionyl group. The
NMR chemical shifts (Table I) ofthe CH2CH group protons
were nearly identical with analogous peaks in IV-methyl-/3-
phenyl-/3-alanine methyl ester [r 6.03 (CH), 7.50 (CH2)], in-
dicating that a /3-amino-|3-phenylpropionamido group was
present in the alkaloids.

Acetylation of the basic nitrogen in 1with acetic anhydride
in pyridine gave IV-acetylcelacinnine (8), whose NMR spec-
trum contained signals at r 4.38 and 7.08 [J = 7 Hz). Com-
parison with the spectra of N-acetyl-d-phenyl-d-alanine
methyl ester, r 452 and 7.14 (J = 7 Hz), and N-acetvl-d-
phenyl-a-alanine methyl ester, r 5.12 and 6.91 (J = 7 Hz),
confirmed that the basic amino group was in the /?position of
the phenylpropionamide and that in the original alkaloid it
was not the site of the unsaturated acyl group. A similar shift
of the CH signal upon acetylation, from r 6.16 to 4.47 (dd, J
= 10,6 Hz), has been reported for a model d-phenyl-(3-alanine
derivative studied during the elucidation of the structure of
the spermine alkaloid chaenorhine.15 From the optical rota-
tion of 1-4, no assignment of the stereochemistry at C-8 could
be made.

At this point, data for the structure of 1 were also consistent
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Scheme |. Mass Spectral Fragmentation of Celaccinnine
and Its Derivatives

0

CH--—-CH—-CH,— C-j-NH—j-CH,— CH,— CH2

1 b c d
-a
) 1, R = frans-PhCH=CHCO; R =H
N— CH— CH— CIL— CH2--j-  n.-4.R , R = cis-PhCH=CHCO; R’ = H
4~s f
R' 3, R=1 j cCo;R =H
)
, PhCO; R’ = H

Table Il. Mass Spectra of Spermidine Alkaloids and
Derivatives from M. serrata and T. wilfordiia

PhCHjCHjJCO; R' = H
PhCHDCHDCO; R’ = H
frans-PhCH=CHCO;R' = CHs

= frans-PhCH=CHCO; R' = CH3CO

RINH(CH2):N, (CH2)N "R 4

m/e

® gy o o M
00V
11

Compd M+ i ii iii iv \Y Vi vii

£bc 405 333 274 260 160 159 146 131d

(23) (1) (oo) (I7) (21) (16) (29) (90) 2 Rt
3e 369 297 274 224 160 159 146 131 9 Ri=Rs=R3=Ac RazH
@4n (8 (29 (G2 (0 (o) (8) (14 10, R1 = R3 = frans-cinnamoyl; R3 = R4 = Me
4/ 379 307 274 234 160 159 146 131 11, R* = Rs = frans-cinnamoyl; R3 = Ra = H
(24) @ 6 @ (2 25 (2) 12, R1 = R3 = frans-cinnamoyl; R3 = Ra=H

5C 407 335 274 262 160 159 146 131
(00) (o) (65) (23) (41) (51) (67) (16)

13, R1 = R4 = H; R3 = R3 = frans-cinnamoyl

6cg 409 337 274 264 160 159 146 131 0
(100) (9 (8) (22) (49 (7)) (82 (22) ,NH-frans-cinnamoyl
7 419 288 160 159 146 131
(28) 97 (98) (1) (8) (w00)
8 447 316 131
(38) (80) (t00)
a Relative abundances are given in parentheses. Fragmenta-
tions refer to Scheme I: i = M+ —CsHgNO; ii = M+ —e; iii = M+ NH-frares-cinnamoyl

- vijiv,v=Db+ g+ f;vi=a+ d;vii=a+ c e Spectrum of2 was
guantitatively identical with 1 with minor variations in relative
abundances. ¢ All assignments confirmed by HRMS. d Note that
for 1 the peak at m/e 131 is not characteristic of the acyl group.
e Base peak m/e 95 assigned to CsH3Os (furoyl). f Base peak m/e
105 assigned to C7Hs0O (benzoyl). g Registry no.: 63301-67-7.

with structures 14,15, and 16. Previous workers have reported
that mass spectral fragmentation of triacetylspermidine (9)
involves preferential fission of the three-carbon chain, with
little involvement of the four-carbon chain.16 Mild acid hy-
drolysis of 1, followed by esterification and acetylation, yielded
the triacyl spermidine 17, resulting from hydrolysis of the
saturated amido group. The mass spectrum of 17 contained
peaks at m/e 345, 333, and 319 corresponding to ions 18,19,
and 20, respectively, resulting from cleavage of the three-
carbon chain. The ester derived from 15 would be expected

to have the same fragments. However, fission of the three- o

carbon chain in esters derived from alternative structures 14 R\ +/ ch2

and 16 should give rise to a much different fragmentation 'N'6

pattern. H H Y
1V-Methylation of 1g?ve 7, whose methim_:iidewasconverted 18, R=R . 20 R = R’

by Hofmann degradation to 10. Alternatively, 10 was syn- 21 R = R" 22 R = R" 23 R = R"

thesized by partial cinnamoylation of spermidine,17 separation
of (V./\VV'-dicinnamide 11, and methylation. Both derived and

synthetic 10 gave identical spectra. Mass spectral peaks at m/e CH, CHXXXLH,

155,143, and 129 corresponded to preferential fragmentation

to give 21,22, and 23, respectively. Although conversion of 1 Y

to 10 confirmed the orientation of the spermidine unit, this Y - CH—
transformation did not exclude 15 as a possible structure for H

the starting material. R

Macrocyclic structure 1 was ultimately assigned to celac-
innine on the basis of high-resolution mass spectral data.
Principal fragmentations of the alkaloids and their derivatives ‘CH
are shown in Scheme | and Table Il. The peaks at m/e 131 (vii,

C9H70) and 146 (vi, CgHgNO) were present in all four alka-
loids as well as in the dihydro and dideuterio derivatives. The 24
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presence of the m/e 146 peak in compounds 3-6, which do not
contain acinnamide moiety, and the absence of a peak at m/e

148 (C9H10NO) for 5and m/e 150 (CgHgDzNO) for 6 suggest
that the m/e 146 peak arises from elimination of the /3-amino
amide to yield a dicinnamoyl spermidine, which then under-
goes cleavage at the C-4-N -5 bond. Although atriple cleavage
might generate a similar m/e 146 peak for 15, the M+ —
CgHgNO peak (iii) observed in 1, 5, and 6 would not be pos-
sible for 15 and its derivatives.

Peaks at M + - C.gHeNO (i), attributed to a double cleavage
in which the ring amide and either the C-7 or C-4 methylene
groups are lost, provide additional support for assignment of
structure 1to celacinnine. No reasonable rationalization for
loss of this fragment was possible for alternative structure 15,
and high-resolution mass spectroscopy clearly established that
the m/e 333 peak did not result from loss of C4H 10N, an al-
ternative fragment which might arise from either 1 or 15.

Loss of the acyl side chain (cleavage e) gave a peak (ii) at
m/e 274, which changed to m/e 288 and 316 in the corre-
sponding N-methyl (7) and N-acetyl (8) derivatives. Promi-
nent peaks in all the spectraat m/e 160 (iv, CnH14N) and 159
(v, C11H I13N) can be derived by cleavage b with loss of the
substituent on N (cleavage g), followed by fragmentation f to
give ion 24.

A number of closely related spermidine alkaloids have been
reported, including periphyllinel8 and maytenine (12),1920
from Celastraceae species, and the Lunaria alkaloids.20 A
second series of alkaloids based on spermine, including
homaline) and chaenorhine,15 has many similarities. Most
such alkaloids appear to originate from dicinnamic acid am-
ides of the tri- or tetraamine, but in a few cases other acyl
groups have been incorporated. Unlike many other alkaloids,
these compounds do not seem to be associated with a partic-
ular plant family.

Experimental Section

Melting points were determined on a Hoover Uni-Melt melting
point apparatus and are uncorrected. Values of [u]d were obtained
on a Perkin-Elmer 141 polarimeter. CD spectra were measured on a
modified JELCO instrument.21 UV spectra were determined on a
Beckman DK-2A ratio recording spectrophotometer or a Coleman
Hitachi EPS-3T spectrometer, IR spectra on a Perkin-Elmer 257
spectrophotometer, and NMR spectra on a Varian HA-100 spec-
trometer. MS were obtained on a Hitachi Perkin-ElImer RMU-6E
spectrometer and high-resolution massspectra (HRMS) on an AEI
MS-902 mass spectrometer. Microanalyses were carried out by Spang
Microanalytical Laboratory, Ann Arbor, Mich.

Celacinnine (1) and Celallocinnine (2) from M. serrata. The
ground dried twigs of Maytenus serrata (1.5 kg) were extracted with
cold aqueous EtOH (1:1) for 3 days. Evaporation yielded an extract
(178 g), which was partitioned between EtOAc and H20. The
EtOAc-soluble fraction (20 g) was chromatographed on SilicAR CC-7
(Mallinckrodt, 500 g); elution with CHC13 followed by 5% MeOH/
CHC1] yielded the alkaloid fraction (1.7 g). The alkaloid fraction was
chromatographed on neutral alumina (activity 1, Woelm, 20 g) and
eluted with C"H,; followed by CHCL/CeHs (1:1). The resulting crys-
talline fractions (310 mg) were rechromatographed on alumina and
repeatedly crystallized from hexane/CHCI3 to give fine needles of
celacinnine (1,31 mg): mp 203-204 °C; [<*]25d -19° (c 0.16, CHCI3);
CD max (MeOH) 230, 275 nm (At -2.0, 1.7); UV (MeOH) Amex 223
(infl), 277 nm (t 16 000,23 000); IR (CHCI3) 2.89, 3.00,6.06,6.25,6.45,

6.67 Mn; IR (KBr) 3.0 (br), 6.02,6.24,6.46,6.67,13.0,14.3 Mn; MS m/e

405.2423 (M+ calcd for C25H3iN 30 2 405.2416).

Anal. Calcd for C25H3IN302: C, 74.04; H, 7.71; N, 10.36. Found: C,
73.71; H, 7.66; N, 10.19.

The combined mother liquors (300 mg) from a number of isolations
were separated by TLC on silica gel (10% MeOH/EtOAc) to give two
basic fractions having rRf 0.60 and 0.55, respectively. The higher rf
fraction on crystallization from Et20 /CHCI3yielded 1 (117 mg). The
lower rf fraction (46 mg) was recrystallized from EtOAc/Et~O/hexane
to give needles of celallocinnine (2, 13 mg): mp 172-173 °C; [«]z5d
-24° (c 0.23, CHCI3); CD max (MeOH) 225,255,275 nm (At -1.0,0.3,
-0.16); UV (MeOH) Xmex 255, 264 (infl) nm (t 11 800, 9500); IR
(CHCI3) 2.76 2.90, 6.02, 6.20 nm; MS m/e 405 (M+).
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Anal. Calcd for C25H31N302: C, 74.04; H, 7.71. Found: C, 74.09; H,
7.76.

Celacinnine (1), Celafurine (3), and Celabenzine (4) from T.
wilfordii. The ground dried roots of Tripterygium wilfordii (21 kg)
were extracted with refluxing 95% EtOH for 2 days. Evaporation
yielded an extract (2 kg), which was partitioned between EtOAc and
H20. The EtOAc-soluble fraction (722 g) was extracted with 0.5 M
citric acid, which was then made basic by addition of NH40H. Ex-
traction of the basic solution with EtOAc and subsequent concen-
tration at reduced pressure yielded a crude mixture of alkaloids (14.8
g), a portion (12.4 g) of which was separated by TLC on alumina (10%
MeOH/EtOAc). The major component, Rf 0.5-0.7, was recovered to
yield an enriched alkaloid fraction (6.5 g), and a portion (4.7 g) of the
enriched fraction was chromatographed on a silica gel column (Merck,
70-325 mesh, 500 g). Slow elution with EtOAc yielded a mixture of
the alkaloids (1.27 g) from which TLC on alumina (EM, Type T, 10%
MeOH/EtOACc) gave two fractions, Rf 0.45 and 0.50. The lower band
(300 mg) was recovered and crystallized from EtOAc to yield celafu-
rine (3,250 mg): mp 154-155 °C; [a]2sD- 11° (c 0.11, CHCI3); UV (95%
EtOH) Xmex 222 (infl), 232 (infl), 285 nm (« 10 000, 6960, 1230); IR
(CHCI3) 2.91, 3.00, 6.04, 6.19, 6.65,6.99,8.35 nm; MS m/e 369.2063
(M+ calcd for C21H27N30 3, 369.2052).

Anal. Calcd for C21H27N303: C, 68.35; H, 7.32; N, 11.38. Found: C,
68.09; H, 7.40; N, 11.19.

TLC of the higher band on silica (ChromAR 7GF, Mallinckrodt)
with 10% MeOH/EtOAc gave two closely spaced bands having Rf 0.45
and 0.50, respectively. The higher R/ fraction (140 mg) was crystallized
from EtOAc to yield celacinnine (1,120 mg). The lower Rf fraction
crystallized from EtOAc to yield celabenzine (4,28 mg): mp 156-158
°C; [«]125¢4 0° (c 0.14, CHCI3); UV (95% EtOH) Xmex 258 (infl), 264
(infl), 268 (infl) nm (t 1390,935,685); IR (CHC13) 2.90,3.00,6.04,6.20,
6.48,6.99, 7.60, 8.95 nm; MS m/e 379.2202 (M+ calcd for C23H20N302,
379.2260).

Anal. Calcd for C23H29N302: C, 72.82; H, 7.65; N, 11.08. Found: C,
72.79; H, 7.64; N, 11.07.

Dihydrocelacinnine (5). A. From Celacinnine (1). A solution
of celacinnine (37 mg) in EtOAc (10 mL) was hydrogenated over 10%
Pd/C for 4 h. The product was crystallized from EtOAc/Et20/hexane
to give dihydrocelacinnine (5,12.5 mg): mp 172-173 °C; UV (MeOH)
Amex 253, 260,265,269 nm (520,600,520,380); IR (CHCI3) 2.78,6.03,
6.14 nm; MS m/e 407.2574 (M+ calcd for C25H33N 30 2, 407.2573).

Anal. Calcd for C25H33N30 2 C, 73.67; H, 8.16; N, 10.31. Found: C,
73.91; H, 7.92; N, 10.20.

B. From Celallocinnine (2). A solution of celallocinnine (12 mg)
in EtOAc (5 mL) was hydrogenated over 5% Pd/C for 4 h. The product
was crystallized twice from EtOAc/Et20/hexane to give dihydroce-
lacinnine (5, 3.3 mg), identical with material from A on comparison
by TLC, UV, IR, NMR, and MS.

Dideuteriocelacinnine (6). A solution of celacinnine (16 mg) in
EtOAc (5 mL) was hydrogenated using deuterium over 10% Pd/C for
5 h (uptake 0.95 mol). The product was crystallized from EtOAc/
Et20/hexane to give dideuteriocelacinnine (6, 9.6 mg): mp 174-175
°C; UV (MeOH) Arex254,260,265,269 nm (t 630,680,630, 580); IR
(CHC13) 2.90,6.02,6.13,10.9 jmn; isotopic purity by MS, 95% (M+:M+
- 2) MS m/e 409.2713 (100%; M+ calcd for C25H3]D2N30 2,
409.2698).

Vigorous Hydrolysis of Celacinnine. A solution of celacinnine
(1,58 mg) in 2 N HC1 (3 mL) in a sealed tube was heated to 150 °C.
After 17 h the solution was cooled and extracted with EtOAc (two
10-mL portions). The aqueous solution was neutralized (NaHCO03),
then washed with CHCI3 (three 10-mL portions) and evaporated to
dryness under vacuum. The residue was dissolved in dry MeOH and
saturated with HC1 gas. After evaporation the residue was dissolved
in pyridine (2 mL) and acetic anhydride (0.5 mL) and kept at room
temperature overnight. The solution was worked up to yield an oil,
which was separated by TLC on silica gel (25% MeOH/EtOAc). The
major component, R/ 0.2, was triacetylspermidine (9,2.0 mg), identical
with an authentic sample by TLC (silica gel, 25% MeOH/EtOAc and
5% HOAc/acetone) and by MS.

Mild Hydrolysis of Celacinnine. A solution of celacinnine (15 mg)
in 6 N HC1 (6 mL) was heated to 100 °C in a sealed tube for 2 h. The
cooled solution was neutralized (NaHCO03) and freeze-dried, and the
residue dissolved in dry EtOH saturated with HC1 gas and stirred.
After evaporation, the product was dissolved in pyridine (1 mL) and
acetic anhydride (0.2 mL) and allowed to stand at room temperature
for 12 h. Evaporation of the pyridine followed by TLC of the residue
on silica gel (EtOH/EtOAc) yielded degradation product 17, Rf 0.7,
as a pale yellow oil: IR 5.78,6.00,6.18,7.25,8.38 gm; NMR t2.25 (d,
1H,J = 155 Hz), 2.6-2.9 (m, 10 H), 3.15 (d, 1H, J = 15.5 Hz), 4.30
(dd, 1H, 3 = 3,12 Hz), 6.00 (q, 2H, J = 7 Hz), 6.0-8.5 (m, 17 H), 7.56
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(s,3H), 7.85 (s, 3H), 8.82 (t,3H, 3 = 7 Hz); MS m/e 535.3044 (M+
calcd for C31H41N30S, 535.3036).

N-Acetylcelacinnine (8). Celacinnine (20 mg) was dissolved in
pyridine (2 mL) and acetic anhydride (0.5 mL) was added. The mix-
ture was stirred at room temperature (24 h), CHCI3 (25 mL) was
added, and the solution was washed with H2 (three 10-mL portions).
The CHCI3 fraction was dried (Na2S04) and the solvent evaporated.
Chromatography of the residue on alumina (10% MeOH/EtOAc)
yielded iV-acetylcelacinnine (8,14 mg) as awhite amorphous powder:
IR 6.00, 6.10, 6.18, 6.33 jum; MS m/e 447.2476 (M+ calcd for
C27H33N 303, 447.2514).

I\VV-Methylcelacinnine (7). Celacinnine (1,18 mg) was dissolved
in EtOH (1 mL) and methyl iodide (0.5 mL) was added. The mixture
was heated at 65 °C for 20 h. After removal of solvent, chromatogra-
phy of the residue on silica gel (10% MeOH/EtOAc) yielded N-
methylcelacinnine (7,13 mg): UV (MeOH) Amex 224 (infl), 279 nm (t
14 200, 22 100).

Hofmann Degradation of (V-Methylcelacinnine. A solution of
7 (9 mg) and methyl iodide (1.5 mL) in acetone (1 mL) was heated at
65 °C for 24 h. After evaporation of the solvent, distilled water (1 mL)
and silver oxide (10 mg, freshly prepared) were added to the residue
and the mixture was stirred at room temperature for 20 h. The solu-
tion was filtered and the filtrate was concentrated to dryness. The
residue was heated at 140 °C for 20 h and then separated by TLC on
silica gel (10% MeOH/EtOAC) to yield the degradation product (10,
1mg): MS m/e (rel intensity) 433 (3), 334 (27), 302 (13), 257 (33), 243
(98), 188 (85), 187 (100), 155 (10), 143 (12), 131 (100), 129 (21).

Synthesis of Degradation Product 10. Spermidine (5 g) was
added to a suspension of barium hvdroxide (6 g) in EtOH (200 mL),
and cinnamoyl chloride (8.5 g) was added in small portions with
stirring and cooling over 1 h. The mixture was then stirred at room
temperature overnight. The solution was filtered and the filtrate was
concentrated to dryness. Chromatography on alumina (Woelm,
neutral, 200 g) using CH2C12 as eluent gave tricinnamoylspermidine
(4.7 g), and elution with CH2CIZMeOH (1:1) gave a mixture of three
products. Rechromatography of the mixture on alumina (15%
MeOH/CH2CI2) yielded .V.N'-dicinnamoylspermidine (11,248 mg):
mp 127 °C; UV (MeOH) \mex 223,276 nm U 29 600,41 000); IR (KBr)
2.90,3.03,6.06,6.22,6.45 pm; MS m/e (rel intensity) 405 (M+, 5), 336
(7), 335 (6), 314 (5), 274 (9), 245 (13), 205 (36), 188 (30), 131 (100), 127
(29), 115 (4), 103 (98), 101 (4). Additionally, bands were obtained for
maytenine (12, 2.3 g)17 and for N',IV"-dicinnamoylspermidme (13,
9 mg): mp 107 °C; UV (MeOH) Amex 223, 278 nm (t 27 300, 40 500);
IR (KBr) 2.90,3.08, 5.97, 6.15,6.45; MSm/e (rel intensity) 405 (M +,
4), 387 (4), 335 (8), 300 (8), 274 (10), 257 (10), 245 (14), 231 (10), 205
(36), 188 (34), 159 (56), 153 (16), 131 (100), 127 (26), 115 (6), 103 (98),
101 (5).

A solution of the dicinnamoylspermidine 11 (20 mg) and methyl
iodide (0.6 mL) in EtOH (1 mL) was kept at room temperature for 3
days and then heated at 100 °C for 3days. The product was chroma-
tographed on alumina (15% MeOH/CH2CI2) to yield 10 (6 mg),
identical by MS with material from the Hofmann degradation of
iV-methylcelacinnine.
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W-7783, C28H4206, an antifungal antibiotic with a unique structure, is produced by a myxobacteriale Polyan-
gium cellulosum var. fulvum. The structure was deduced from chemical and spectral evidence including single-

crystal x-ray analysis.

The structure of W-7783 (5,6-dihydroxypolyangioic
acid),2 an antifungal antibiotic produced by growth under
appropriate conditions from a soil inhabiting myxobacteriale
Polyangium cellulosum var. fulvum,3ahas been deduced from
chemical and spectral data including single-crystal x-ray
analysis. W-7783 shows in vitro3‘and in vivo activity3lagainst

avariety of pathogenic fungi including Histoplasma capsul-
atum and Coccidioides immitis. Histoplasmois and coccidi-
oidomycosis are treated at the present time with the highly
toxic agent amphotericin B requiring iv administration and
prolonged hospitalization. W-7783 (1, see Scheme 1) repre-
sents a completely novel type of antibiotic. It isan orally active
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antifungal agent, with a unique chemical structure, and is
produced by a type of organism previously unexplored in the
search for therapeutic agents.

The molecular ion in the mass spectrum indicated a mo-
lecular formula (474). The infrared spectrum
showed a carbonyl band at 1720 cm-1 and the ultraviolet
spectrum indicated the molecule contained no conjugated
functions. Acid 1 was converted to diacetate 2 and mono-
methyl ester 3 (Scheme Il). The ester was converted to di-
acetate 4, which showed no hydroxyl stretching in the infrared
spectrum, indicating | is a dihydroxymonocarboxylic acid.
Reduction of acid 1or ester 3 with lithium aluminum hydride
gave triol 5, which was acetylated to give triacetate 6. The ester
was catalytically hydrogenated to give octahydro ester 19 in-
dicating 1 contains four double bonds and thus three rings.

The 13C NMR spectrum of | showed a carbonyl C (5 175.1)
and confirmed the presence of four double bonds (vinyl C
resonances at 5 139.4, 136.0, 135.4, 129.9, 125.5, 124.1, and
121.3). The eighth vinyl C resonance was not clearly observed
above the background. In the coupled spectrum these reso-
nances were all doublets with the exception of the resonance
at b 135.4 (singlet). The presence of six carbons adjacent to
oxygen (b 80.7, 78.2, 78.1, 75.9, 72.3, and 71.7) was observed
and all were doublets in the coupled spectrum. Two of these
resonances represent the carbons attached to two secondary
hydroxyl groups. Thus, the other four resonances must
represent two ether linkages of the type >CHOCH<. The
spectrum also showed four methylene carbons (b 40.3, 38.3,
30.2, and 25.6), four methine carbons (5 35.0, 30.5, 29.0, and

, = CH20COCHS3, R2= R3=COCH3
, = CH20COH, R2=R3=COH

6.R
7.R
8.R, =CH2Br, R2=R3=COH
9.R

, =CH2Br, R2=R3=H

21.6), and five methyl carbons (5 21.2, 18.9, 13.0, 12.3, and
8.2).

The IH NMR spectrum of diacetate 2 showed six vinyl
protons (b 5.57, 5.45, 5.36, 5.32, 5.25, and 5.04) and two vinyl
methyl groups (b 1.64 and 1.57), confirming the presence of
four double bonds. Two protons (5 4.95 and 4.77) on carbons
next to acetoxy and the four protons {b 4.11, 3.95, 3.84, and
3.71) of the two ether systems were observed. Other important
features were a resonance at 5 3.04 characteristic of a proton
on a bisallylic carbon and two quartets (5 2.70 and 2.48) as-
signed to a methylene group next to the carboxylic acid
function. The five methyl groups indicated by the 13C NMR
spectrum were also observed and assigned the following en-
vironments: two CH3=C (5 1.64 and 1.57), two CH3CH (6
1.01), and one CH3CH?2 (50.87).

The important mass spectral fragmentations of ester 3 are
shown in Scheme V. Fragments at 171, 215, and 197 indicate
a highly oxygenated fragment connected to a double bond
(CgHi5CH=CH-). NMR decoupling experiments on
diacetate 2 together with chemical evidence indicate this
gragment has the structure (ring A) shown in Scheme I. Irra-
diation at b 3.71 (C7H) decouples $5.32 (d to s, CgH) and 54.77
(t to d, CEH). Irradiation at 6 3.95 (C3H) decouples at C22.48
(dd to d) and 2.70 (dd to d). Irradiation at S5.32 (CgH) de-
couples at 5 3.71 (dd to d, C7H). Irradiation at &4.95 (C5H)
collapses 5 2.34 (C4H) and 2.39 (C4H). The vicinal nature of
the hydroxyl groups was deduced in several ways. Triol 5 was
oxidized to aldehyde 27 with periodic acid (a reagent specific
for vicinal diols). This oxidation was not reproducible with 5
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Scheme 111

AgXQ,

HOCH2CH, o jc2h,0]

and only small yields of 27 Were occasionally isolated. The
reaction was reproducible with triol 24, which was oxidized
to isomeric acetals 26a and 26b under the same conditions. 'H
NMR and mass spectra indicate 26 has the structure shown
in Scheme Il1I.

Ester 3 formed cyclic carbonate 12, with phosgene in pyri-
dine showing«a carbonyl band at 1820 cm-1 (five membered
ring) in the IR. Ester 3 was oxidized with silver carbonate on
Celite to ketone 10, which was converted to acetate 11. The
*H NMR of 11 showed the following resonances not present
inthe NMR of2,at82.54 (d, 1,J = 16 Hz) and at $2.65 (d, 1,
J = 16 Hz) due to the C4hydrogens (now next to the newly
generated carbonyl group) and at 85.00 (d, 1,J = 5Hz) due
to the CgH which has moved downfield due to the presence
of the adjacent carbonyl group and is no longer split by the
hydrogen at C5.

The mass spectrum also shows prominent fragments con-
taining one oxygen at 125 (C&4130), 165 (-CH=C(CH?3)-
C&#130) and 193 (-CH(Me)C=C(CHJ3)C& 130). Irradiation
at 8 3.04 decouples at 8 5.45 (dd to d, C14H) and 5.25 (d to s,
ClH) establishing the system CH=CHCH(Me)CH=C(Me)-
in the molecule. The coupling constants and mass spectral
fragments rule out the Cg-Cg double bond from being part of
this system and thus it constitutes the Ci3to C17 portion as
shown in 1 This leaves a C4H 6moiety to link G9and C13. The
C8Hi30 fragment must contain a CH-O-CH, aCH=CCH3,
an ethyl group, and a-CH 2, for none of these groups could
be fitted into the C4H 6fragment and make sense in light of
the spectral evidence presented above. The CgHi30 fragment
must contain a ring as well as the double bond, and the ar-
rangement shown as ring C in 1is the only one which fits the
'H NMR evidence. Neither CigH nor C2ZH is coupled to CAH
and neither is a singlet. Irradiation at 8 1.91 decouples 8 3.84
(dd to d, CigH) and 5.57 (d to s, C20H). Irradiation at 8 4.11
(C22H) simplifies the pattern at 8 1.75. The only carbons not
now accounted for in the 13C NMR spectrum are one methyl
and three methines, and they must constitute the C4H 6frag-
ment.

In addition to the straightforward chemistry described
above, certain anomalous reactions were observed. Thus,
catalytic hydrogenation of ester 3 gave the expected octahydro
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Scheme 1V
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ester 19, but hydrogenation of acid 1or triol 5 under the same
conditions gave decahydro compounds 21 and 24. All the re-
duced compounds gave the expected acetates, indicating that
no C-O-C bonds had been reduced and thus the extra mole-
cule of hydrogen was introduced by C-C bond breaking in a
ring.

Reduction of ester 3 or triol 5 with lithium in liquid am-
monia gave dihydrotriols 14 and 154and tetraol 13. Initially,
a triple bond to double bond transformation was suspected
(acetylation indicates no extra hydroxyl groups are generated),
but the 'H NMR indicated six vinyl hydrogens (as in the un-
reduced compound). All the vinyl hydrogens had undergone
shifts (all crowded around 8 5.41 to 5.18) except CAH, further
indicating it to be off in aring by itself. The only type of C-C
bonds broken by lithium in liquid ammonia are those in which
the negative charges formed by bond breaking are stabilized
by adjacent conjugation, and the bond broken is under strain.5
Thus, the system -C=CCi0-Ci2C =C - must be present in 1,
and the C10-C 12 bond must be part of a ring and be under
strain. A possible arrangement for the C4H6fragment is cy-
clopropane ring B, and this conveniently provides the double
bond strained single bond-double bond system needed to
explain the lithium in liquid ammonia reductions and
anomalous catalytic hydrogenations. Attempts to obtain
further evidence by cleaving the system with ozone gave a
complex mixture from which no pure compounds were ob-
tained.

To distinguish the proposed structure 1from other alter-
natives that were considered, it was necessary to carry out an
X-ray structure determination. In order to do the x-ray crys-
tallography, a large number of derivatives were prepared, al-
most all of which were oils or gums. Triol 5 formed crystalline
compounds with aryl isocyanates and they could be recrys-
tallized to give analytically pure samples 28 and 29, but no
suitable crystals for x-ray analysis could be grown. The bro-
modiformate 8 was prepared from triol 5 with Ph3PBr2and
DMF.6This would have been the ideal compound for x-ray
work. It could be recrystallized from ethanol by cooling and
filtering the crystals, but attempts to obtain larger crystals
by slow evaporation of the solvent resulted in hydrolysis to
noncrystalline bromodiol 9. The main product from the re-
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Scheme V

215(C,,H,s0)

Scheme VI

action of triol 5 with PhgPBra and DMF was triformate 7.
Unequivocal proof of the structure and stereochemistry of
1 was provided by single-crystal x-ray analysis7 of poly-
angi-1,5,6-triol triformate (7) which crystallized from eth-
anol in the monoclinic system, space group P2j, a = 15.671 (4),
b = 5.309 (2), c = 19.995 (4) A, jf = 110.80° (2), 2 = 2. There

321 (C]8H250 5)

393 (C22H330J
375 (C22H330 6-H 20)

were 2439 independent reflections measured on a Syntex Pi
diffractometer using graphite monochromated Cu-K{ ra-
diation. The structure was solved by direct methods and re-
fined by full-matrix least-squares to an R value of 0.087.

The x-ray structure indicates that the double bonds at
Cg-Cg, C13-C 14, and CI6C17 are all trans with respect to the
chain. Ring A is in a chair conformation and the substituents
at 3,5, 6, and 7 are all equatorial. The substituents at 3, 5, and
7 are cis with respect to each other and trans to the 6 substit-
uent. On the cyclopropane ring the methyl group is cis to the
C12 substituent and trans to the Cm substituent. In ring C, the
ethyl group and the Cis substituent are both equatorial and
cis to each other. A computer drawing of the x-ray structure
of triformate 7 is shown in Scheme V1.8

Experimental Section9

Melting points were measured with a Thomas-Hoover capillary
melting-point apparatus without correction. 'H NMR spectra were
run in CDCls on a Perkin-Elmer R-12B 60 MHz or Varian HR-220:0
spectrometer with MerSi used as internal standard. The 13 NMR
spectrum was run in CDCls on a Varian XL-100 at 25.2 MHz in the
pulsed fourier transform mode. Mass spectra:.: were obtained with
an AEl MS-902 instrument. TLC was performed on silica gel plates
(Quantum) using iodine vapors for visualization.

Isolation of W-7783 (1). The crude acid was extracted from the
fermentation medium with ethyl acetate and purified by preparative
TLC with the solvent system ethyl acetate-2-propanoUwater (85:
10:5). The pure acid (homogeneous by TLCO was obtained as a gum,
which could be ground to give an off-white amorphous powder: IR
(film) 3600-3200 (br, OH), 2800-2400 (OH). 1720 cm- : (CO); 1T
NMR b175.1 (s,c=0), 139.4 (d, H-C=), 136.0 (d, H-C=), 1354 (s,
C=), 1299 (d, H-C=), 1255 (d, H-C=), 1241 (d. H-C=), 121.3(d,
H-C=), 80.7 (d, H-C-0), 78.2 (d, H-C-0), 781 (d, H-C-0O), 75.9(d,
H-C-0), 72.3 (d, H-C-0), 71.7, (d, H-C-0), 40.3 (t, CH2), 38.3 {(t,
CH2), 35.0 (d, CH), 30.5 (d, CH), 30.2 (t, CH2), 29.0 (d, CH), 25.6 (t,
CH2), 21.6 (d, CH), 21.2 (g, CH3), 189 (g, CH3), 13.0 (g, CH3), 12.3
(9, CHs), 8.2 (g, CHs); mass spectrum m/e (rel intensity) 474 (20), 456
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(13), 445 (30), 379 (18), 279 (20), 193 (100). Found M+ 474.3009;
C28H4209 requires 474.2981.

Anal. Calcd for C28H4206 H20: C, 68.26; H, 9.00. Found: C, 68.07,
H, 8.78.

Methyl 5,6-Dihydroxypolyangioate (3). Excess diazomethane
in ether was added to W-7783 (100 mg) in ethanol (10 mL). The so-
lution was allowed to stand at room temperature for 15 min. A few
drops of acetic acid were added and the solvents were removed at
reduced pressure to give a yellow oil. The product was purified by
preparative TLC with the solvent system ethyl acetate-cyclohexane
(4:1) to give acolorless oil (90 mg): IR (film 3600-3200 (br, OH), 1730
cm-1 (CO); mass spectrum m/e (rel intensity) 488 (6), 470 (2), 460 (11),
459 (47), 393 (14), 375 (10), 363 (7), 357 (6), 321 (10), 305 (3), 303 (6),
294 (7), 293 (12), 279 (7), 277 (9), 255 (17), 237 (27), 231 (8), 229 (9),
217 (8), 215 (10), 215 (3), 211 (48), 197 (16), 193 (69), 188 (10), 171 (52),
165 (64), 163 (44), 159 (100), 152 (79), 139 (45), 135 (48), 129 (90), 127
(74), 125 (83), 124 (26), 123 (81), 122 (32), 121 (30), 120 (19), 119 (8),
73 (17). Found: M+ 488.3240; C29H4406 requires 488.3238.

5,6-Dihydroxypolyangioic acid, Diacetate 2. Acetic anhydride
(1 mL) was added to asolution of W-7783 (100 mg) in pyridine (2 mL).
The reaction mixture was allowed to stand at room temperature
overnight. A few drops of water were added and the solvents were
removed at reduced pressure to give a brown oil. The product was
purified by preparative TLC with the solvent system ethyl acetate-
cyclohexane (4:1) to give a colorless oil (homogeneous by TLC) (84
mg, 71%): IR (film) 1745 (CO), 1720cm' 1 (CO); '"H NMR 65.57 (d br,
1, C20H), 5.45 (dd, 1,3 = 15.5and 6.2 Hz, C14H), 5.36 (d, 1, C9H), 5.32
(d, 1, CgH), 5.25 (d, 1,3 = 9.2 Hz, C]eH), 5.04 (dd, 1, = 15.5and 8.2
Hz, C13H), 4.95 (m, 1, C5H), 4.77 (t, 1,J = 9.5and 9.5 Hz, CgH), 4.11
(br, C22H), 3.95 (m, 1, C3H), 3.84 (dd, 1, J = 2.2 and 10.5 HZ, C18H),
3.71 (dd, 1,3 = 5.7and 9.5 Hz, C7H), 3.04 (m, 1, C15H), 2.70 (dd, 1,3
= 5.5and 16.0 HZ, C2H), 2.48 (dd, 1,J = 5.5and 16.0 Hz), 2.39 (m, 1,
C4H), 2.34 (m, 1, C4H), 2.00 (s, 3, CH3CO), 1.98 (s, 3, CH3CO), 1.64
(s, 3,CH3C=), 157 (s, 3, CH3C=), 1.01 (m, 6,27-CH3and 28-CH3),
0. 87 (t, 3, 24-CHQJ); mass spectrum m/e (rel intensity) 558 (10), 529
(32), 463 (14), 345 (7), 245 (32), 193 (100), 165 (57), 125 (70). Found:
M+ - 29, 529.2939; C30H4i08 requires 529.2801.

Methyl 5,6-Dihydroxypolyangioate, Diacetate 4. Prepared from
methyl 5,6-dihydroxypolyangioate (100 mg) by the general method
described for the preparation of acetate 2. The product was purified
by preparative TLC with the solvent system ethyl acetate-cyclo-
hexane (4:1) to give a colorless oil (80 mg): IR (film) 1740cm-1 (CO);
mass spectrum m/e (rel intensity) 572 (23), 543 (53), 477 (29), 259 (35),
193 (100).

Polyangi-1,5,6-triol 5. Lithium aluminum hydride (100 mg) was
added to a solution of W-7783 (100 mg) in THF (20 mL). The reaction
mixture was refluxed with stirring under nitrogen for 3 h. The mixture
was cooled in an ice bath, and a few drops of water were added, fol-
lowed by magnesium sulfate (50 mg). The inorganic solids were fil-
tered off and thoroughly washed with ethyl acetate. The filtrate and
washings were evaporated to give a colorless oil. The product was
purified by preparative TLC with the solvent system ethyl acetate-
2-propanol-water (85:10:5) to give a colorless oil (75 mg, 77%) (ho-
mogeneous by TLC): IR (film) 3400-3200 cm-1 (br, OH); mass
spectrum m/e (rel intensity) 460 (6), 442 (5), 431 (52), 365 (6), 347 (26),
329 (10), 195 (75), 193 (100), 167 (100), 165 (100), 152 (100), 125 (100),
123 (100). Found: 123 (100). Found: M+ 460.3223; C28H44)g requires
460.3189.

Polyangi-1,5,6-triol, Triacetate 6. Acetic anhydride (1 mL) was
added to a solution of 5 (30 mg) in pyridine (2 mL). The reaction
mixture was allowed to stand at room temperature overnight. A few
drops of methanol were added and the solvents were removed at re-
duced pressure to give a colorless oil. The product was purified by
preparative TLC with the solvent system ethyl acetate- cyclohexane
(4:1) to give acolorless oil (homogeneous by TLC) (30 mg, 79%): IR
(film) 1740 cm- 1 (CO); 'H NMR 55.58 (d br, 1, C20H), 5.46 (dd, 1,
C14H), 5.37 (d, 1, C9H), 5.35 (d, 1, CgH), 5.25 (d, 1, C16H), 5.06 (dd,
1, Ci3H), 4.97 (m,.l, CsH), 4.77 (t, 1, CgH), 4.13 (m, 3, C22H + Ci, 2 H),
3.86 (dd, 1, CigH), 3.68 (dd, 1, C7H), 3.62 (m, 1, C3H), 3.07 (m, 1,
Ci5H), 2.16 (m, 1, C4H), 2.10 (m, 1, C4H), 2.04 (s, 3, CH3CO), 2.03 (s,
3, CH3CO), 1.99 (s, 3, CH3CO), 1.64 (s, 3, CH3C =), 1.59 (s, 3, CH3C =),
1.05 (m, 6,27-CH3and 28-CH3), 0.89 (t, 3, 24-CH3); mass spectrum
m/e (rel intensity) 586 (10), 557 (50), 491 (20), 431 (6), 371 (20), 193
(100).

Methyl 5,6-Dihydroxypolyangioate, 5,6-Cyclic Carbonate (12).
A solution of 12% phosgene in benzene (2 mL) was added to methyl
5,6-dihydroxypolyangioate (40 mg) in pyridine (2 mL). The resulting
mixture was allowed to stand at room temperature overnight. The
reaction mixture was cooled, diluted with ice-cold water, and extracted
with ether. The extracts were dried (MgS04) and evaporated to give
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abrown oil. The oil was purified by preparative TLC with the solvent
system ethyl acetate-cyclohexane (1:2) to give a colorless oil (29 mg,
69%) (homogeneous by TLC): IR (film) 1820 (CO), 1735cm-1 (CO);
mass spectrum m/e (rel intensity) 514 (7), 485 (20), 419 (13), 193 (100),
165 (80), 125 (50). Found: M+ 514.2902; C30H4207 requires
514.2930.

Methyl 6-Hydroxy-5-oxopolyangioate (10). Silver carbonate
on celite (2.0 g) was added to a solution of methyl 5,6-dihydroxypo-
lyangioate (200 mg) in toluene (100 mL). The reaction mixture was
refluxed under nitrogen with vigorous stirring. Further portions of
silver carbonate on celite were added (total amount added 5.0 g) until
TLC indicated an absence of starting material in the reaction mixture.
The inorganic solids were filtered off and washed with ethyl acetate.
The filtrate and washings were evaporated under reduced pressure
to give a brown oil. The product was purified by preparative TLC with
the solvent system ethyl acetate-cyclohexane (4:1) to give a yellow
oil (95 mg, 48%) (homogeneous by TLC): IR (film) 3600-3300 (br,
OH), 1740 (CO), 1720cm-1 (CO); mass spectrum m/e (rel intensity)
486 (20), 468 (22), 457 (21), 391 (42), 373 (20), 275 (35), 193 (60), 165
(100).

Methyl 5-Oxo0-6-hydroxypolyangioate Acetate (11). Acetic
anhydride (1 mL) was added to a solution of methyl 6-hydroxy-5-
oxopolyangioate (40 mg) in pyridine (3 mL). The solution was allowed
to stand at room temperature overnight. The reaction mixture was
cooled, diluted with methanol, and evaporated at reduced pressure
to give ayellow oil. The product was purified by preparative TLC with
chloroform as the solvent system to give ayellow oil (31 mg) (homo-
geneous by TLC): IR (film) 1740 (CO), 1720 cm-1 (CO); 'H NMR b
5.57 (d br, 1, C20H), 5.48 (dd, 1, C14H), 5.42 (d, 1, C9H), 5.40 (d, 1,
CgH),5.26 (d, 1,CigH), 5.08 (dd, 1,CI3H),4.99(d, 1,3 = 10Hz,CeH),
411 (m, 2, C2H and C3H), 4.00 (dd, 1, C7H), 3.85 (dd, 1, CisH), 3.70
(s, 3, OMe), 3.05 (m, 1,CjsH), 2.77 (dd, 1,C2H), 2.65 (d, 1,3 = 15 Hz,
C4H), 2,57 (dd, 1, C2H), 2.54 (d, 1,3 = 15 Hz, C4H), 2.15 (s, 3, CH3CO),
1.64 (s, 3, CH3C=), 159 (s, 3, CH3C=), 1.06 (m, 6,27-CH3and 28-
CH3), 0.89 (t, 3, 24-CHg).

Reduction of Methyl 5,6-Dihydroxypolyangioate with Lith-
ium/Liquid Ammonia. Lithium (enough to maintain a blue color
for 30 min) was added to a solution of methyl 5,6-dihydroxypolyan-
gioate (160 mg) in anhydrous liquid ammonia (35 mL) and absolute
ethanol (3 mL). The solution was stirred for 30 min. The ammonia
was allowed to evaporate and the residue was diluted with water. The
resulting aqueous solution was extracted with chloroform. The ex-
tracts were dried (MgS04) and evaporated to give a yellow oil. The
oil was fractionated by preparative TLC (ethyl acetate) into three
compounds. Tetraol (13) (12 mg), a colorless oil (most polar): IR
(film) 3600-3200 cm-1 (br, OH). Dihydropolyangi-l,5,6-triol (14)
(20 mg), a colorless oil: IR (film) 3600-3200 cm-1 (br, OH); mass
spectrum m/e (rel intensity) 462 (25), 444 (9), 433 (28), 367 (37), 349
(36), 331 (22), 313 (14), 195 (20), 193 (100), 167 (60), 165 (86), 125 (60),
123 (85). Isodihydropolyangi-1,5,6-triol (15) (44 mg), a colorless
oil: IR (film) 3600-3200 cm-1 (br OH); mass spectrum m/e (rel in-
tensity) 462 (26), 444 (11), 433 (44), 367 (66), 349 (55), 331 (22), 313
(13), 195 (70), 193 (85), 167 (81), 165 (100), 125 (80), 123 (80).

Tetraol, Tetraacetate 16. Tetraol (13) was acetylated under the
conditions described above to give tetraacetate 16 (colorless oil): IR
(film) 1740 cm-1 (CO); mass spectrum m/e (rel intensity) 632 (7), 630
(15), 603 (27), 543 (7), 537 (40), 477 (88), 417 (16), 375 (20), 357 (20),
315 (20), 297 (40), 195 (65), 193 (80), 167 (74), 165 (100), 125 (65), 123
(65).

Dihydropolyangi-l,5,6-triol, Triacetate 17. Triol 14 was acet-
ylated under the conditions described above to give 17 (colorless ailO:
IR (fdm) 1740 cm-1 (CO); mass spectrum m/e (rel intensity) 588 (19),
559 (25), 493 (69), 479 (14), 433 (18), 419 (12), 391 (14), 373 (26), 359
(6), 313 (18), 259 (33), 195 (69), 193 (100), 167 (60), 165 (73), 125 (80),
123 (60).

Isodihydropolyangi-1,5,6-triol, Triacetate 18. Triol 15 was
acetylated under the conditions described above to give 18 (colorless
oil): IR (film) 1740 cm- 1 (CO); 'H NMR b 5.58 (d br, 1, C20H),
5.41-5.18 (m, 5, vinyl), 4.96 (m, 1, CgH), 4.79 (t, 1, CgH), 4.17 (t, 2,
CiH), 4.11 (br, C22H), 3.85 (m, 1, CigH), 3.55 (m, 1, C3H), 3.33 (m, 1,
C7H), 3.02 (m, 1, CIr,H), 2.05 (s, 3, CH,CO), 2.04 (s, 3, CH ,CO), 2.01
(s, 3, CH3CO), 1.65 (d, 3, 26-CH3), 1.58 (s, 3, 25-CH3), 27-CH3and
28-CH3signals are complex, indicating a mixture of isomers; mass
spectrum m/e (rel intensity) 588 (26), 559 (18), 493 (100), 433 (25),
419 (14), 391 (17), 373 (13), Found: M+ 588.3706; C34HS0 8 requires
588.3696.

Methyl Octahydro-5,6-dihydroxypolyangioate (19). A solution
of methyl 5,6-dihydroxypolyangioate (150 mg) in absolute ethanol
(20 mL) was hydrogenated over 10% palladium on carbon at atmo-
spheric pressure for 3 h. The catalyst was filtered off and washed with
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ethanol. The filtrate and washings were evaporated to give a colorless
oil. The oil was purified by preparative TLC with the solvent system
ethyl acetate-cyclohexane (4:1) to give a colorless oil (72 mg, 47%)
(homogeneous by TLC): IR (film) 3600-3300 (br, OH), 1740 cm*1
(CO); mass spectrum spectrum m/e (rel intensity) 498 (0.5), 496 (4.5),
494 (1.8), 167 (37), 154 (100), 127 (14), 109 (11). Found: M+ 496.3792;
C29H5206 requires 496.3764.

Methyl Octahydro-5,6-dih.vdroxypolyangioate, 5,6-Diacetate
20. Acetic anhydride (1 mL) was added to a solution of methyl octa-
hydro-5,6-dihydroxypolyangioate (15 mg) in pyridine (2 mL). The
reaction mixture was allowed to stand at room temperature overnight.
Methanol was added and the solvents were removed at reduced
pressure to give a colorless oil. The product was purified by prepar-
ative TLC to give a colorless oil (14mg, 80%) (homogeneous by TLC):
IR 1740 cm*1 (CO); mass spectrum m/e (rel intensity) 582 (5), 580
(20), 578 (7), 520 (15), 460 (15), 367 (12), 337 (17), 214 (45), 197 (35),
167 (100), 154 (100), 127 (50), 109 (45).

Decahydropolyangin (21). A solution of W-7783 (50 mg) in ab-
solute ethanol (20 mL) was hydrogenated over 10% palladium on
charcoal for 4 h. The catalyst was filtered off and washed with ethanol.
The filtrate and washings were evaporated to give a colorless oil. The
oil was purified by preparative TLC with the solvent system ethyl
acetate-2-porpanol-water (85:10:5) to give a colorless oil (20 mg, 39%)
(homogeneous by TLC): IR (film) 3600-3200, 2800-2400 (br OH),
1715 cm*1 (CO).

Methyl Decahydro-5,6-dihydroxypolyangioate (22). Acid 21
was methylated with diazomethane to give methyl ester 22: IR (film)
3600-3200 (br, OH), 1740 cm* 1 (CO); mass spectrum m/e (rel inten-
sity) 498 (4), 373(2), 339 (7), 167 (9), 154 (63), 127 (100), 109 (34).

Methyl Decahydro-5,6-dihydroxypolyangioate, Diacetate 23.
Ester 22 was acetylated by the method described above to give di-
acetate 23: IR (film) 1745 (CO), 1735 cm*1 (CO); mass spectrum m/e
(rel intensity) 582 (8), 522 (4), 506 (1), 367 (5), 223 (5), 201 (4), 167 (8),
154 (36), 127 (100), 109 (36). Found: M+ 582.4130; CgsHsgOg requires
582.4131.

Decahydropolyangi-l,5,6-triol (24). A solution of polyangi-
1,5,6-triol (47 mg) in absolute ethanol (20 mL) was hydrogenated over
10% palladium on charcoal for 3 h. The catalyst was filtered off and
washed with ethanol. The filtrate and washings were evaporated to
give a colorless oil. The product was purified by preparative TLC with
the solvent system ethyl acetate-2-propanol-water (85:10:5) to give
a colorless oil (40 mgj: IR (film) 3600-3200 cm“ 1 (br OH); mass
spectrum m/e (rel intensity) 470 (4), 339 (7), 315 (4), 297 (6), 154 (15),
127 (100), 109 (60).

Decahydropolyangi-l,5,6-triol, Triacetate 25. Triol 24 was
acetylated by the method described above to give triacetate 25: IR
(film) 1745 cm*1 (CO); mass spectrum m/e (rel intensity) 596 (6), 536
(5), 520 (2), 476 (3), 462 (4), 441 (4), 381 (4), 237 (4), 215 (4), 199 (18),
167 (7), 154 (25), 127 (100), 109 (42). Found: M+ 596.4355; C34H600 8
requires 596.4288.

Oxidation of Decahydropolyangi-l,5,6-triol with Periodic
Acid. A solution of periodic acid (60 mg) in water (1 mL) was added
to 24 (80 mg) in methanol (5 mL). The reaction mixture was allowed
to stand at room temperature for 20 h, concentrated at reduced
pressure, diluted with water, and extracted with chloroform. The
extracts were dried (MgSCL) and evaporated to give a yellow oil. The
oil was fractionated by preparative TLC (chloroform) into two pure
components. 26a (20 mg) (colorless oil): IR (film) 1735 cm”1 (CO);
mass spectrum m/e (rel intensity) 482 (5), 453 (20), 450 (12), 432 (5),
421 (30), 309 (20), 154 (100), 127 (100). 26b (14 mg) (colorless oil): IR
(film) 1735 cm*1 (CO); >HNMR b 9.5 (d, 1, CHO), 3.2 (s, 3, OMe);
mass spectrum m/e (rel intensity) 482 (5), 464 (5), 453 (14), 432 (24),
421 (32), 154 (100), 127 (100).

Oxidation of Polyangi-l,5,6-triol with Periodic Acid. A solution
of periodic acid (40 mg) in water (1 mL) was added to 5 (10 mg) in
methanol (2 mL). The reaction mixture was stirred for 1 h at room
temperature and worked up as described above to give 27 (2 mg) as
a colorless oil: IR (film) 3600-3200 (br, OH), 1730 cm” (CO); mass
spectrum m/e (rel intensity) 458 (16), 440 (40), 429 (16), 422 (86), 411
(18), 404 (26), 393 (18), 375 (8), 363 (12), 357 (14), 345 (26), 327 (24),
297 (20), 263 (20), 229 (66), 193 (100).

Polyangi-l,5,6-triol, Triphenylcarbamate 28. A solution of
polyang-1,5,6-triol (40 mg) and phenyl isocyanate (60 mg) in toluene
(5 mL) was refluxed under nitrogen for 2 h. The solvent was removed
under reduced pressure to give an oil. The product was purified by
preparative TLC with the solvent system ethyl acetate-cyclohexane
(1:2) to give a crystalline solid. Recrystallization from ethyl acetate
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gave white crystals (39 mg, 55%): mp 178-181 °C; IR (Nujol) 3300
(NH), 1705 cm*“ 1(CO).

Anal. Calcd for CigHjgNaOg: C, 71.95; H, 7.27; N, 5.14. Found: C,
71.71; H, 7.34; N, 5.36.

Polyangi-l,5,6-triol, Tri-4-bromophenylcarbamate (29). A
solution of polyangi-1,5,6-triol (200 mg) and 4-bromophenyl isocya-
nate (350 mg) in toluene (50 ML) was refluxed under nitrogen for 4
h. The reaction was worked up as described above to give a white
powder. Recrystallization from ethyl acetate gave white crystals (95
mg, 21%); mp 184-190 °C; IR (nujol) 3300 (NH), 1705 cm* 1(CO).

Anal. Calcd for CigHseBrsNsOg: C, 55.80; H, 5.35; N, 3.98; Br, 22.73.
Found: C, 55.67; H, 5.57; N, 3.69; Br, 22.54.

Polyangi-1,5,6-triol, Triformate 7, and 1-Bromopolyangi-
5,6-diol, Diformate 8. Bromine (0.16 g, 0.001 mol) was added to a
solution of triphenylphosphine (0.262 g, 0.001 mol) in DMF (2.5 mL)
at 0 °C under nitrogen. A solution of polyangi-1,5,6-triol (115 mg,
0.00025 mol) in DMF (1 mL) was added to the above triphenylphos-
phine dibromide solution at 0 °C. The reaction mixture was stirred
at 0 °C for 4 h and stored in a freezer for 4 days. The reaction mixture
was poured into a brine and extracted with ether. The extracts were
dried (MgSCL) and evaporated to give a white solid. The product
mixture was separated into four fractions by preparative TLC with
the solvent system ethyl acetate-cyclohexane (1:10). (1) Triphen-
ylphosphine oxide (most polar). (2) Polyangi-l,5,6-triol, trifor-
mate (7). A colorless oil (73 mg, 54%), which crystallized on standing.
Recrystallization from ethanol gave white crystals: mp 94-95 °C; IR
(Nujol) 1735 cm” 1 (CO); mass spectrum m/e (rel intensity) 544 (56),
515 (100), 449 (64), 419 (25), 357 (36), 259 (45), 193 (100), 165 (50), 152
(90), 125 (80). Found: M+ 544.3089; C31H4408 requires 544.3036. (3)
I-Bromopolyangi-5,6-diol, Diformate 8. A colorless oil (38 mg,
26%), which crystallized on standing. Recrystallization from methanol
gave white crystals: mp 80-83 °C; IR (Nujol) 1735 cm” 1(CO); mass
spectrum m/e (rel intensity) 580 (20), 578 (20), 541 (50), 539 (50), 485
(25), 483 (25), 193 (100), 165 (50), 152 (100), 125 (100), 123 (100). (4)
Triphenylphosphine (least polar). I-Bromopo)yangi-5,6-diol (9).
A solution of I-bromopolyangi-5,6-diol diformate (12 mg) in ethanol
(3 mL) was allowed to stand at room temperature overnight. The
ethanol was removed at reduced pressure to give a colorless oil. The
product was purified by preparative TLC with the solvent system
ethyl acetate-cyclohexane (1:1) to give diol 9 (a colorless oil homo-
geneous by TLC) (5 mg, 46%); IR (film) 3600-3200 cm” 1(br, OH);
mass spectrum m/e (rel intensity) 524 (100), 522 (100), 506 (50), 504
(50), 495 (50), 493 (50), 429 (25), 472 (25). Found: M+ 522.2450;
C28H43Br70 4requires 522.2351.

Registry No.—1, 58857-02-6; 2, 63511-83-1; 3, 62711-77-7; 4,
63511-84-2; 5,63511-77-3; 6,63511-79-5; 7,63511-85-3; 8,63511-86-4;
9,63511-87-5; 10,63511-88-6; 11,63511-89-7; 12,63511-90-0; 14-15,
63511-78-4; 17-18, 63511-80-8; 27, 63533-50-6; 28, 63511-91-1; 29,
63511-82-0; phenylisocyanate, 103-71-9; 4-bromophenyl isocyanate,
2493-02-0.
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The kinetics of bromination of 5-bromo-2(l/i)-pyrimidinone, 5-bromo-I-methyl-2-pyrimidinone, and 5-bromo-
1,2-dihydro-1,3-dimethyl-2-oxopyrimidinium bromide have been measured in 2-13 N aqueous sulfuric acid. In
these media all three substrates exist (>99%) as cations. The order of reaction, the acidity dependence of the rates,
and the reactivities of the substrates are all consistent with a mechanism in which the rate-determining step in-
volves attack by molecular bromine upon the covalent hydrate (or pseudobase) of the substrates.

We have previously presented evidence that the bromina-
tion of simple 2(lif)-pyrimidinones carried out in aqueous
acidic media proceeds in several discrete steps,1 as shown in
Scheme I. In the first step, the covalent hydrates (or pseudo-

Scheme |
HH

base) 3, in equilibrium with substrates 1 (or 2), reactrapidly
with bromine to give 4 and hence the observablel intermedi-
ates 5. These nonaromatic intermediates undergo slow acid-
catalyzedl dehydration via 4 to give the isolable 5-bromo de-
rivatives 8 (or 7). In the presence of a sufficiency of bromine
a further reaction takes place, presumably via the covalent
hydrates (or pseudobase) 6, to give 5,5-dibromo derivativesl
10.

We hoped that by using more concentrated acidic media we
would be able to study the first steps of the reaction 2 3 —»
4 fi 5), and thus obtain more direct evidence of the inter-
mediacy of the covalent hydrate 3. For the cation 2 (Ri = R2
= Me) the equilibrium constant2K ronh = [3][H+]/[2] = 10~7.
Thus, in strong acid the concentration of 3 should be very low,
and hence the rate of bromine consumption might be reduced
to a measurable quantity. However, the conversion 5 * 6
7 is acid catalyzed,l and in strong acid it seems that its rate is

sufficiently fast that 6 can compete with 3 for bromine. Con-
sequently, in strong acid the rate of disappearance of bromine
follows complex kinetics which we have not pursued. We were,
however, able to study the bromination 7 -*» 10 (Rj, R2=H,
or Me) for which the covalent hydrates (or pseudobase) 6 were
previously proposed! as the actual intermediates undergoing
electrophilic attack.

Results and Discussion

We have studied the kinetics of the reaction between bro-
mine and the substrates 5-bromo-2(l//)-pyrimidinone (8, Ri
= H), 5-bromo-I-methyl-2-pyrimidinone (8 R = Me), and
5-bromo-l,2-dihydro-1,3-dimethyl-2-oxopyrimidinium (7,
Ri = R2= Me) bromide in 2-13 N aqueous sulfuric acid, in
which all three substrates largely (>99%) exist as cations.31n
media of acidity greater than 15 N sulfuric acid, a quantitative
reaction between bromine and the substrates was not ob-
served. At these acidities, bromine could be detected even in
the presence of a tenfold excess of substrate. This we presume
to be due to the onset of the acid-catalyzed reverse reaction4
10 —»9 -*« 6 —m7 which we observed earlier.1 However, at aci-
dities less than 15 N sulfuric acid the reaction with bromine
proceeds to completion, and the decrease in UV absorbance
due to bromine (or substrate) follows First-order kinetics if the
substrate is present in excess (about tenfold).

Substrate Dependence. In the presence of an excess of
substrates, good pseudo-first-order rate constants (&iobsd)
were obtained for the bromination of all three substrates. By
varying the substrate concentration it was shown that the
reactions are in fact second order (see Table I).

The conditions of our experiments were not truly pseudo-
first-order in that the excess of substrate over bromine was
not very large (5- to 13-fold). However, one can still obtain
useful results under these circumstances. For a second-order
reaction In [(6 —x)/(a - X)] = In (b/a) —(a —b)k2t. Ifh < a
» x, this may be simplifiedtoIn {b - x) = Inb - (a- b)k2t
Thus, during the earlier stages of the reaction, whena » x is
most valid, the disappearance of the component b follows a
first-order law for which the apparent pseudo-first-order rate
constant )e]llnsd = (a —b)k2 In the present work, therefore,
second-order rate constants were calculated from fe2ohed =
Aided([7] —[Br2o). This approach has been used previously
by Bell,52 and by us.5be

Acidity Dependence. Table 11 shows the second-order rate
constants that were obtained for reactions carried out in
various concentrations of sulfuric acid. For all three substrates
the rate of bromination decreases markedly with increasing
acidity, and presumably this reflects the diminishing con-
centration of the covalent hydrates (or pseudobase) 6.

Since the equilibrium 7 <26 is a type of carbenium ion-
carbinol interconversion, we have chosen to use the acidity
function H r (derived from the ionization of carbinols)6as the
measure of acidity. Plots of log fexdedvs. H r give good straight
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Table 1. Substrate Dependence of the Rates of Bromination of 7 at 30 °C

7 [7] X 104, [Br2jo X 105,

Ri r M M
H Hd 2.0 4.9
4.1

4.0 5.6

5.4

Me Hd 2.0 4.0
2.0

3.0 3.0

3.0

3.0

4.0 3.0

3.0

Me Med 2.0 2.7
2.7

3.0 4.5

4.5

4.0 55

55

55

a£2<ted = feji>bsd/(j7j _ [Brdo). hin 7.4 N H2S04. 1 Maximum deviation from average. Aln 5.55 N H2S04.

Table 11. Acidity Dependence of the Rates of Bromination“ of 7 at 30 °C

7 [H2S0 4,

Ri r2 N -Hr
H H 5.90 1.99
7.01 2.58

7.40 2.75

8.64 3.44

10.0 4.14

Me H 5.55 1.79
6.50 2.30

8.05 3.10

9.95 4.14

Me Me 2.00 0.11
2.76 0.45

4.00 1.02

5.55 1.79

9.50 3.90

11.4 4.93

13.3 5.94

Kiobsd X 102, 6 20bsdl, Av &2obsd,
s+ M-'s“l M~s“l
5.19 344
5.00 314 332 + 18"
11.7 340
114 329
7.91 494
8.72 484
13.2 489
13.0 481 488 + 12“
13.4 496
17.6 476
18.4 497
291 168
2.86 165
4.08 160
4.14 162 162 + 6“
5.50 159
5.55 161
5.39 156
fe2obsd,
M 4s 1 log&2 jed No. of runs
1210 3.083 2
492 2.692 4
332 2.521 4
103 2.013 5
24.6 1.391 3
488 2.688 7
197 2.294 4
46.4 1.667 3
7.25 0.860 2
3830 3.583 4
1890 3.276 3
622 2.794 8
162 2.210 7
4.10 0.6128 6
0.610 0.2147 2
0.120 0.9208 2

OEach fcdxd is the average of the.number of runs indicated in the last column.

the other two substrates 7 (Ri = R2 = H) and 7 (Rj = Me, R2
= H) react via their covalent hydrates6 (Ri = R2= H) and 6

Table 111. Least-Squares Analysis of log ¢ 2obsd vs. Hr for
7— 10
Intercept Slope No.
7 = log knK =m Corr of
R, r2 (SD) (SD) coeff pts
H H 4.69 0.79 0.9984 5
(0.02) (0.03)
Me H 4.08 0.78 0.9999 4
(0.001) (0.001)
Me Me 3.62 0.77 0.9998 7
(0.01) (0.007)

(Ri =

we should have

and

Me, R2 = H),10 respectively.
For the proposed mechanism

H2U + 7

k2
H+ + 6 — @=—]O
r2

B

febsd = k2K/h%

log /e2dosd = log k2K + H x

@

lines with slopes about 0.78 (see Table 1ll). These observa-
tions, we believe, are completely compatible with the inter-
mediacy of the species 6.

Electrophilic attack upon the cations 7 is unlikely,7 and
would not result in the observed inverse dependence of rate
upon acidity. The cation 7 (Rj = R2= Me) almost certainly
reacts via the observablelb pseudobase 6 (Ri = R2= Me), this
being an enamine and thus highly susceptible to electrophilic
attack. In view of the similarity in their rates of bromination,
and in the acidity dependences, it is reasonable to propose that

where K = [6]/iX[7], and H x = -log /ixis the acidity function,
defined like H r 6governing the equilibrium. Equations 1and
2 are derived assuming [7] » [6] (or hx>> K) which isjustifi-
able, since for 7 (Ri = R2= Me) we have previously measur-
edl6K = 10~308.

The observed data in Table 11 can be expressed in the form
log &2ded = intercept + piH r (See Table 111) which is in accord
with eq 2 in view of the known linear relationship between
acidity functions.ll Accordingly, the data also support the
proposed mechanism.
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Relative Reactivities. Finally, we consider the reactivities
of the substrates 7 in terms of the mechanism proposed above.
Assuming that H x = mH r, we can equate the intercepts in
Table 111 with the term log koK from eq 2. Except for the di-
methyl cation 7 (Ri = R2= Me) the term k X is not separable,
and so we compare these terms for the three substrate cat-
ions.

cation 7 Ri = R2=H Rx = Me Ri —R2—Me
r2=nh

k2K, s“1 4.9 X 104 1.2 X 104 4.2 X 103

(30 °C)

rel 11.7 2.86 1.00

Methyl substitution should increase k-,, but decrease k for
steric and electronic reasons.2 It appears that the second effect
isdominant.12 This is not unreasonable, since it is known that
steric factors play a significant role in the equilibria 2 <23,2
and the presence of the 5-bromo substituent in 7 should en-
hance the hindrance to hydroxyl attachment resulting from
methyl substitution.2

A similar order of reactivity was observed earlier in the H-D
exchange of the cations 2 in aqueous acid.13 For this reaction
we proposed that the rate-determining step involved elec-
trophilic attack by D+ upon 3.13

cation 2 Ri=R2=D Ri = R2= Me
k2k , s 1(107 °C) 47 X 10-5 7.2 X 10~6
rel 6.5 1.0

For the dimethyl cation 7 (Ri = R2= Me) the equilibrium
constantlok ~ 10-3,and sok2” 4 X 106M _1s 1. This value
for the attack of bromine upon the pseudobase 6 (Rj = R2=
Me) seems to us quite reasonable. The enol of acetone reacts
with bromine with k2 =r 107 M _Is 1 at 25 °C.14 A simple
enamine should be more reactive than this,15 but in 6 the
enamine moiety would be deactivated by the presence of the
5-bromo substituent and by the carbonyl group in conjugation
with the Nj, lone pair.

It is, perhaps, noteworthy that similarly substituted 5-
bromouracils (11), which have a carbonyl group at position
4, are much less reactive.16

Ri= R2=H, &2=64 M _Is_1

R, = R2= Me, fe—1&

In summary, we feel that the relative and the absolute
reactivities of the substrates 7 are understandable in terms
of the proposed mechanism involving 6. It may be noted that
of the species 1-10 in Scheme | only 4 and 9 have not been
directly observed.1

Experimental Section

The origin of the compounds used in this study, their UV spectral
data, and their pK values can be found elsewhere.16 UV measure-
ments were made on a Cary 14 instrument and on an Aminco
DW-2.

Sulfuric acid solutions were either commercial standard volumetric
solutions, or were made by dilution of concentrated sulfuric acid (38
N) and were checked by titration against a standard sodium hydroxide
solution.

Banerjee, Tee, and Wood

Values of H r were obtained by interpolation from the data (at 30
°C) of Arnett and Bushické using “Wt % H2S04” calculated from
“normality” ana the known densities of sulfuric acid-water mix-
tures.17

Constant temperature was maintained by circulation of water at
30.00 + 0.05 °C through the cell holders of the spectrophotometer.
Reagent solutions were equilibrated at 30 °C prior to their use in ki-
netic experiments.

The rate of the reaction between the substrates 7 and bromine was
measured by monitoring the decrease in absorbance due to bromine
or the substratei8 at a convenient UV wavelength. A solution of the
final product mixture with an absorbance approximately equal to A,
was used as a reference to largely offset the absorbance due to the
unreacted excess of substrate.

Reactions were initiated by adding 50 or 100 gh of bromine solution
to a 1-cm cell and then adding 3 mL of substrate solution. Between
10 and 15 absorbance values were taken over 2 half-lives, and
pseudo-first-order rate constants (k iobsd) were obtained from least-
squares analysis of In (A —AJ) vs. time. Only those data which gave
correlation coefficients >0.9995 were accepted. The rate constants
reported in the text are the averages of two to eight individual
runs.

Second-order rate constants (A2obsd) were obtained froms AZ>x=d
= feiobsd/([7] - [Br2]o) as explained in the text. Since the loss of bro-
mine from aqueous solutions is appreciable over extended periods of
time, the actual bromine concentration for a given Kkinetic run was
estimated from the total change in absorbance due to the decrease
in the substrate concentration assuming [Br2Jo = [7]Jo —[7]«.

Up to 0.01 M KBr had a negligible effect upon the rates. Since [Br~]
did not exceed 10-3 M during any of the kinetic experiments, its effect
upon the rate constants (due to tribromide ion formation) was ig-
nored.
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The rates of addition of bromine to a series of alkenes were obtained in acetic acid and in tetrachloroethane at 25
°C. Solvent effects on alkene reactivity have been evaluated by examination of relative rates with respect to ethyl-
ene in these two and five other solvents, covering a range of dielectric constants from about 2 to 80. The structural
effects on reaction rates, for the bromination of alkenes, are approximately constant in all hydroxylic solvents, but
are drastically enhanced in nonpolar solvents. The importance of specific solvation of the cyclic bromonium ion like

transition state is examined.

The effect of solvent on the rate of bromine additions to
alkenes has recently received increased attention.

It is well established that a change from a less to a more
polar solvent results in an increase in the observed rate of
bromination of a particular compound.2 For example, the rate
of bromine addition to 1-pentene varies from 1.17 X 10-3 M-1
s-1 in Freon 112 (1,2-difluorotetrachloroethane) to 11.3 M _1
s-1 in acetic acid and 2.5 X 107 M _1 s_1 in water.3

Less well established experimentally is the effect of solvent
upon the structural effects on the observed rates. Two dif-
ferent effects have been reported. Solvent independence of
substituent effects on the rates of bromination of alkenes has
been reported by Dubois.3 On the other hand, reduced
structural effects on rates of bromination of unsaturated
compounds with a change of solvent from more polar to less
polar were also reported recently.4 The low selectivity of
bromine addition to alkenes and alkynes in Freon 113
(1,1,2-trichlorotrifluoroethane) at —35 °C compared to high
selectivity in methanol at 25 °C was interpreted by Olah in
terms of a change in the structure of the rate-determining
transition state of bromination from an alkene-bromine «
complex in nonpolar media to a bromonium ion like acomplex
in polar solvents.4

We would like to present experimental data that clearly
establish that the structural effects on rates of bromination
of alkenes are strongly reduced when going from nonhy-
droxylic to hydroxylic solvents and-remain almost constant
in the latter media.

Results and Discussion

The kinetic equation for polar additions of bromine to
alkenes is presented in general form by eq {,where [A] = [al-
kenel:s

—d[Br2)/df = &[Br2][A]
+ [j3[Br2]2[A] + ft3'[Br3-][A] (1)

In the absence of bromide ion and at low bromine concen-
trations ([Br2] <10-3 M) in acetic acid, eq 1 reduces to the
form:

—d[Br2]/df = &[Br2][A] )

In TCE, however, even under these conditions, only a third-
order rate dependence is found:

—d[Br2J/df = fc3[Br2]2[A] 3)

Even at the lowest bromine concentration at which we are able
to measure rates ([Br2] = 2 X 10~4 M), no second-order rate
dependence is found.

The reason for this change in kinetic order is believed to be
that protic solvents (such as methanol or acetic acid) can
solvate the leaving bromide ion, thus stabilizing the ionic

rate-determining transition state. In solvents which are not
capable of such stabilization (e.g., TCE), a second bromine
molecule may serve this function and the process then be-
comes third order (the AdE2-B r2 assisted mechanism).6 The
second bromine molecule may then catalytically aid the Br-Br
bond cleavage by formation of the more charge-dispersed
tribromide ion.

The rate constants obtained in both solvents are collected
in Tables I and II.

Separate experiments, carried out in the presence of oxygen
or isoamyl nitrite, correspond to an ionic addition mechanism,
and no contribution of a radical pathway was detected.

The logarithms of the rate constants correlate fairly well
with the sum of Taft's polar substituent constants, 2 a*, for
the alkyl groups substituted on the ethylene system. This
remains in agreement with the commonly accepted model of
a highly electron-deficient, bridged bromonium ion like
transition state for the reaction. Nevertheless, steric effects
upon the rate cannot be ignored, as demonstrated by the
values of the kcigk Irans ratio which are generally greater than
unity for pairs of geometrically isomeric alkenes (Table I1).
One of us has shown previouslys that the initial enthalpy
difference between the ground states of cis and trans isomers
of 1,2-dialkyl-substituted ethylenes was increased at the
transition state of bromination. This ruled out earlier as-
sumptions about the partial loss of the ground-state energy
difference between cis and trans isomers in the rate-deter-
mining transition state of addition. It may be possible to ac-
count for the somewhat faster rate of addition to the cis alkene
relative to the trans isomer on the basis of steric interactions
between the incoming electrophile and the alkyl groups on the
double bond.8,9

Table I. Specific Rate Constants” for the Addition of
Bromine to Terminal Alkenes in CH3COOH and in
CCI2H-CCi2H at 25.0 °C

i"M -'s-1 ks,M -2s~1
Alkene in CHUCOOH in TCE

H2C=CH2 0.221 + 0.002 14.3 + 0.69
H2C=CH(CH?J) 176 + 0.2 7820 + 137
H2C=CH (C2H5) 279+ 04 3090 + 26
H2C=CH(C3H?) 16.5 + 0.2 2930 + 22
H2C=CH(i-C.iH7) 193+ 0.2 4940 + 30
H2C=CH (i-C4H9) 10.2 £ 0.1 5680 + 53
H2C=CH(CH2-i-C4H9) 479.0 £ 5.9
H,C=C(CH9z 1510 + 33 345 000 + 3500
H2C=CCH3(C2H5) 3410 + 27
H2C =C (C2H5)2 3350 + 51
H20=C C2H5(i-C3H7) 1330 + 34

“ The rate constants are the average of two to nine independent
kinetic runs.
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Table Il. The Specific Rate Constants” for the Addition of Bromine to Geometrically Isomeric Alkenes in CH-sCOOH and
in CC12H-CC12H at 25.0 °C

ko, M- s_1 fes X 10-G M -25-1,
Alkene in CHsCOOH kjkt in TCE kokl

CH3CH=CHCH3 cis 1230 + 20 1.31 5.38 + 0.06 1.06
trans 940 + 9 5.05 £ 0.05

CHaCH=CH(C2HY5) cis 2530 + 30 1.42 14.8 £0.15 1.20
trans 1780 + 20 12.3 +0.11

CH3CH=CH(i-C3H?7) cis 1300 £ 20 171 15.9 = 0.10 1.36
trans 760 = 10 11.7 £0.10

CH3CH=CH (t-C4HY9) cis 1020 * 20 3.40 19.3 +0.12 2.11
trans 300 £4 9.16 £ 0.05

C2H5CH=CHC2H5 cis 2830 + 30 1.20 28.7 + 0.20 1.01
trans 2350 + 10 28.4 £ 0.20

C2H5CH=CH (i-C3H7) cis 1340 + 30 1.03 28.1 + 0.18 1.03
trans 1300 + 30 27.4 £ 0.18

C2HSCH=CH (t-C4H9) cis 1250 + 20 2.27 32.7 + 0.32 1.71
trans 550 + 10 19.1 + 0.15

(i-C3H7) CH=CH ((-C3H7) cis 270 + 15 0.61 12.3 +0.11 0.22
trans 440 + 5 55.1 + 0.84

(t-C4H9)CH=CH (i-C4H9) cis 517 +8 47.0
trans 11 £ 0.1 0.538 + 0.005

" The rate constants are the average of two to seven independent Kkinetic runs.

Table 111. The Solvent Dependence of Bromination Rates on Alkene Structure

ferel in ferel in ferel in
Registry Freon ferel ferd in ferfl MeOH/ ferel in Freon
Alkene no. 112¢ inTCEh CH3COOHb in MeOH! H20d (7/3) H20-' 113/
H>C=CH, 74-85-1 1.0 1.0 1.0 1.0 1.0 1.0 1.0
H,C=CH(CH:i) 115-07-1 5.5 X 102 8.0 X 10 6.1 X 10 2.5 X 10 2.6 X 10 1.4 X 10
H>C=CH(C2H5) 106-98-9 2.2 X 102 1.3 X 102 9.6 X 10 2.0 X 10
H2C=CH(C;jH7) 109-57-1 1.3 X 103 2.0 X 102 7.5X 10 6.9 X 10 2.3 X 10 6.4 X 10 1.2 X 10
H,C=CH (j-C3H7) 563-45-1 3.5 X 102 88X 10 5.6 X 10 2.2 X 10 2.2 X 10
H2C=CH (t-C4H9) 558-37-2 4.0 X 102 4.6 X 10 2.7 X 10
H,C=CH(CH2-t-C4H9) 762-02-9 3.3 X 10
H2C=C(CH3)2 115-11-7 2.4 X 104 6.9 X 103 5.4 X 103 5.4 X 103 2.0 X 102
H2C=CCH3(C2H5) 563-46-2 1.5 X 104
H.C=C(C,H5)0o 760-21-4 1.5 X 104
H,C=CC>H5(CC3H7) 7357-93-9 6.0 X 103
cts-CH,CH=CHCH3 590-18-1 3.8 X 104 5.6 X 103 2.6 X 103 1.8 X 103 3.2 X 102
trans-CH3CH=CHCHs 624-64-6 3.5 X 104 4.3 X 103 1.7 X 103 1.1 X 103 2.0 X 102
cis-CH3CH=CHCdH5 627-20-3 1.1 X 10s 1.0 X 10B 1.1 X 104 4.1 X 103 2.3 X 103 8.8 X 102
frans-CH iCH==CHC2H5 646-04-8 8.6 X 104 8.1 X 103 2.6 X 103
cis-C2H5CH=CHC2H5 7642-09-3 2.0 X 105 1.3 X 104 6.4 X 103 8.5 X 102
trans-C9H5CH=CHC9Hb 13269-52-8 2.0 X 105 1.1 X 104 3.7 X 103 6.8 X 102
cis-CH5CH=CH (i-C3H7) 691-38-3 1.1 X 10s 5.9 X 103 1.5 X 103 1.4 X 103
trans-CH3CH=CH (i-C3H7) 674-76-0 8.1 X 104 3.5 X 103 1.2 X 103 1.1 X 103
Cis-CH3CH=CH (t-C4H9) 762-63-0 1.3 X 105 4.6 X 103 1.3 X 103 9.3 X 102
trans-CH3CH=CH (t-C4H9) 690-08-4 6.4 X 104 1.4 X 103 1.6 X 102 1.3 X 102
cis-COHBCH=CH (i-C3H7) 15840-60-5 2.0 X 10s 6.1 X 103
trans-COHsCH=CH - 692-24-0 1.9 X 105 5.9 X 103
(i-C3H7)
Cis-C9H3CH=CH (t-C4H9 690-92-6 2.3 X 10ft 5.7 X 103 2.0 X 103 1.3 X 103
trans-C,HFCH=CH- 690-93-7 1.3 X 105 2.5 X 103 2.1 X 10 1.6 X 102
(t-C4aH9)
cis-(i-C3H7) CH=CH- 10557-44-5 8.6 X 104 1.2 X 103
(i-C3H7)
trans-(;-C3H7)CH=CH- 692-70-6 3.8 X 10> 2.0 X 103
(i-C3H7)
cis-(f-C4H9)CH=CH - 692-47-7 2.4 X 103
(t-C4H9)
trans-(f-C4H9)CH=CH- 692-48-8 3.8 X 103 5.2 X 10
(t-C4H9)
CH3CH=C(CH2J3), 513-35-9 2.1 X 10e 1.3 X 10* 2.7 X 103 2.3 X 103
(CH3)2C=C(CH3)2 563-79-1 5.2 X 107 9.2 X 10s 5.7 X 103

“ Data from ref 3, fe2 for CH2=C H 2 was calculated from the equation taken from ref 7 and k> for CH2=C H 2 in methanol.11 h This
paper. 1 Data from ref11. d Data taken from ref 12, fez for CH2=C H 2 being calculated on the basis of appropriate equationl- and fe2
(CH2=CH 2) in methanol.11 e Data taken from ref 13. f Data taken from ref 4.
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Table IV. Observed Proton Magnetic Resonance Parameters for Products from the Bromination of Olefin Pairs in
Acetic Acid

Dibromoalkanef

Stereo Chemical shifts,
Compound cis chem- Registry 5, ppm
R> R2 trans istry no. H1 H2
CH)) CH;, cis di 598-71-0 4.45 4.45
trans  meso 5780-13-2 4.23 4.23
c,h5 CH.t cis threo 22415-73-2 4.13 4.35
trans  erythro 22415-74-3 3.88- 3.88-
4.45 4.45
ch. CAT, cis dl 16230-28-7 3.98- 3.98-
4.28 4.28
trans  meso 16230-27-6  3.90- 3.90-
4.28 4.28
i-C:iH7 [-C;(H7 cis dl 40084-92-2 3.70- 3.70-
3.85 3.85
trans  meso 40084-93-3 4.16 4.16
CaH- C ff; cis lhre« 58608-83-6 3.77 4.25
trans  erythro 58608-84-7 4.15 4.26
i-c;lh7 CAR cis threo 63569-54-0 3.77 4.07
trans erythro 63569-55-1 4.03- 4.03-
4.23 4.23
t-C,H, CHh cis threo 7694-05-5 3.85 4.40
trans erythro 7694-04-4 4.40 4.61
f-C.tH;, C++, cis threo 40084-97-7 3.93 3.9-
AR
trans  erythro 40084-96-6 4.23 4.38
f-C.,H« z-C4H>i  cis dl 40085-00-5 4.17 4.17
trans d

Bromoacetoxyalkanef
Cou- Cou-
pling pling
con- con-
stants, Stereo Chemical shifts, stants,
Hz, chem- Registry 5 ppm Hz,
Jw Hi istry no. H1 H2 JHWP
3.2 threo 19773-39-8 4.10 4.95 4.0
7.6 erythro 37906-78-8 4.21 4.90 6.0
3.0 threo 63569-56-2 4.83- 4.83- a
5.20 5.20
a erythro 63569-57-3 4.73- 4.73- a
5.19 5.19
a threo 63569-58-4 3.95 4.87 3.4
a erythro 63569-59-5 3.81- 4.85 6.0
4.30
8.2d  threo 40084-95-5 3.91 4.87 5.0b
11.8d erythro 40084-94-4 3.91 5.08 10.2*
35 threo 63569-60-8 3.6- 5.03 6.5
20
10 erythro 63569-61-9 4.8- 4.8- a
5.1 5.1
3.0 threo 63569-62-0 5.0d 4.0 6.0
a erythro 63569-63-1 3.95 5.00 4.0
13 threo 63569-64-2 3.87 5.20 15
a erythro 63569-65-3 4.4 5.1- a
5.36
1.66  threo 63569-66-4 3.80 5.00 1.16
19b  erythro 63569-67-5 3.99 4.7- 3.1b
0.1
1.0t threo 40085-01-6 3.97 4.95 1.0

a The value of the coupling constants is nonmeasureable. h Data taken from ref 8. f The regiochemistry of the product: (1-C3H7)-
BrHC-CHIOCOCITjMC'iHs). d The reaction product is a complex mixture, but neither the dZ-dibromide nor threo-acetoxy bromide
could be detected 8. RWCfBrMBHCHdt2 f RiIH'CtOCOCHd-IBriICH'dt2

If the particularly sterically hindered trans-di-ferZ-butyl-
ethylene is excluded,10the values of p* for additions in acetic
acid and TCE are —2.8 + 0.3 and —4.1 + 0.3, respectively.

Relative rates (Are = AjilkenVARfalke"™') are a more sensitive
measure of selectivity than the reaction constants p*, which
involve logarithmic relationships. The relative rates of bro-
mine addition to alkenes compared to ethylene in seven sol-
vents are presented in Table Ill. For all alkenes studied, the
selectivity of bromination decreases in solvent order. Freon
112 > TCE > CH:3iCOOH > MeOH > 70% MeOH/30% H20
> H20 > Freon 113.

This surprising result is not only in disagreement with
Olah’s postulate about bromination selectivity of alkenes in
polar and nonpolar solvents, but is inconsistent with the
proposed change in the mechanism of bromination in polar
and nonpolar solvents (a- and rr-complex type transition
state). Further, the solvent order shown above does not follow
any known solvent polarity scale.14

Our rate data in acetic acid and in TCE, as well as the re-
ported data in all but the last column of Table Ill, were ob-
tained by direct kinetic measurements, while the relative rates
in Freon 11,3 represent values obtained by competition ex-
periments.4

It has been frequently pointed outll5 that relative rates
obtained by the competitive technique can be influenced by
several external factors (rate of mixing, concentrations, etc).
This tends to result in a smaller span of rate constants com -
pared to those obtained from direct kinetic measurements.
In addition, the decrease of p values with an increase of tem-
perature is a general feature of the addition of halogens to

alkenes;10 thus, kinetic data obtained at —35 °C in Freon 113
should show increased selectivity with respect to those at +25
°C.

It is also possible that the additions in Freon 113 at —35 °C
in the dark proceed at least partly via radical mechanisms.17
This would explain the high reaction rates and low selectivity
observed. It has been reported that the free-radical bromi-
nation is facilitated by a decrease in temperature.18Bromine
addition to the double bond of [4.3.1}propell-3-ene in CH2CI2
at —78 °C in the dark has been demonstrated to be of a radical
nature.19 It has been pointed out that the radical character
of the addition does not have to be externally induced, but “a
solely free-radical reaction initiated by interaction between
reactants” 20 may occur.

The rate data in Freon 113 at —35 °C simply do not make
any sense in terms of an ionic mechanism. However, if the data
in Freon 113 are neglected, the interpretation of the remaining
results concerning the role of solvent in determining the se-
lectivity of bromination of alkenes becomes much clearer, and
remains in agreement with the general organic reactivity-
selectivity principle; in the better solvents, an increased re-
activity and decreased selectivity is expected to occur.

In our opinion, there is no need to invoke different rate-
determining transition-state structures for additions in polar
and nonpolar media. The widely accepted cyclic bromonium
ion like transition state accounts very well for the observed
rates and exclusive antistereospecificity of the reaction in both
polar and nonpolar solvents.2l

The stereochemistry of the present additions was investi-
gated by means of spectroscopic (NMR) analysis of the vicinal
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dibromides formed as reaction products. For all 1,2-disub-
stituted ethylene derivatives, both in acetic acid and in TCE,
exclusive antiaddition (>99%) was found. In acetic acid some
bromoacetoxy products were also observed, in amounts not
exceeding 5%, which is significantly less than the amounts of
bromomethoxy compounds found for brominations in
methanol.22

Structural effects on bromination rates in different solvents
correlate linearly. Unfortunately, the limited number of data
in H20 as well as in Freon 112 do not allow the use of the most
or least polar solvent as a reference for all the correlations.
However, the rate data of each column in Table Il correlate
linearly with the appropriate rate data of the other columns.
The slopes are close to unity for the hydroxylic solvents, and
significantly higher for the nonpolar solvents, e.g.,

log /j2rel(CH3COOH) = 1.09 log fezrel(MeOH) + 0.15 (4)
where r = 0.971, s = 0.06
log fesrel(TCE) = 1.32 log £2rel(MeOH) + 0.51 (5)
where r = 0.895, s = 0.16
log k2rel (Freon 112) = 1.23 log k2le] (MeOH) + 0.37 (6)

where r = 0.992, s = 0.09

Thus, although increased reactivity and decreased selec-
tivity with a change from less to more polar solvent is observed
for all the solvents of Table Il (except for the data in Freon
113), the trend in slope does not show any uniform character.
The larger slope value in the correlations 5and 6 indicates a
much larger charge development in the transition state of
bromination in TCE and Freon 112 than in MeOH. This can
be interpreted in terms of the absence of specific solvation of
the transition state in nonhydroxylic solvents. This results in
relative localization of the positive charge and therefore higher
sensitivity to the electron-releasing effects of the substituents
on the double bond.

The relative rate data presented in Table Il indicate not
only a general medium effect on the transition state of the
reaction, but also a marked difference in the mode of solvation
in nonpolar solvents with respect to the hydroxylic sol-
vents.

The linear character of the correlations of structural effects
in different solvents provides an additional argument in favor
of acommon e-complex-like rate-determining transition-state
structure in all solvents investigated.

We conclude that structural effects on reaction rates of
bromination of alkenes are approximately constant in all
hydroxylic solvents but are drastically enhanced when the
reaction medium is changed to nonhydroxylic halogenated
hydrocarbon-type solvent. This strongly indicates the im-
portance of specific solvation of the transition states. Thus,
it appears that the solvent has two roles in the rate-deter-
mining transition state. It solvates the departing bromide ion
(electrophilic solvation) and specifically solvates the carbon
portion (nucleophilic solvation).

Unfortunately, the detailed nature of the solvent-transi-
tion-state interactions cannot be evaluated on the basis of the
present results. However, the importance of electrophilic
solvation in bromination is emphasized by the fact that a
termolecular process operates in nonprotic solvents like TCE,
which are not capable of such solvation, so that the second
bromine molecule has to serve the solvent function in re-
moving the bromide ion.

Experimental Section

Reagents. The alkenes were commercially available (Chemical
Samples) and their purity was verified by GLC and NMR. Acetic acid
was purified by refluxing for several hours with chromium trioxide

Modro, Schmid, and Yates

and acetic anhydride and then distilled through a column.23
1,1,2,2-Tetrachloroethane was purified as previously described.24

Kinetics. The rate constants were measured on a Durrum-Gibson
stopped-flow spectrophotometer, as previously described.6

In order to inhibit the possible radical reaction, oxygen was passed
through the TCE prior to preparing the solutions for a few control
kinetic runs. No change of the reaction rate was observed.

The rates of bromine addition to 1-pentene and a's-3-hexene in
TCE and in the presence of the radical inhibitor (isoamyl nitrite,
concentration 5 X 10-3 M) were measured. The observed rates were
not slower than in the regular TCE experiments.

Product Analysis. Identification of products from the addition
of bromine in acetic acid to some cis and trans pairs of alkenes was
carried out under conditions where the second-order process is
dominant.6 The products were isolated by pouring the reaction mix-
ture into water, extraction with pentane, and washing with saturated
NaHCO03 solution and then water. The extracts were dried over
MgSCb and the solvent was removed on a rotary evaporator at room
temperature. The quantitative yield of products indicated 1:1 al-
kene-bromine adduct formation. IR and NMR spectra of the reaction
mixture were in full agreement with the structure of the corresponding
vicinal dibromides obtained in previous studies.8

In TCE, analyses were performed both by NMR and infrared
spectroscopy on the reaction mixtures themselves. The magnitude
of the vicinal coupling constant between the bromomethine hydrogens
has been used as acriterion for distinguishing meso-dl and erythro-
threo diastereomeric pairs of dibromoalkanes.26 The stereochemistry
of acetoxybromides was assigned on the basis of dimethine coupling
constants and rotamer population by similar arguments as those for
dibromoalkanes. Percentage compositions were determined from
integrated areas of appropriate peaks or from peak-height ratios.

Erythro- and threo-acetoxy bromides used for identification as
model compounds were prepared by addition of acetyl hypobromite
to some alkenes.26 NMR data necessary for product determination
are collected in Table V.
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The hydroxide ion and imidazole catalyzed hydrolyses of a series of leaving-group-substitued aryl trimethylace-
tates have been studied at 25 °C in 10% (v/v) acetonitrile-water. The p value for hydroxide ion catalysis (vs. a) is
0.99, with a low correlation coefficient (r = 0.962). The Bryinsted plot for dependence of log /jho- on the pK aof the
conjugate acid (slope, (a1 g) indicates that 2,3-dimethylphenyl trimethylacetate is some 25-fold less reactive than
predicted; 2-chloro-4-nitro- and 2,4-dinitrophenyl esters are 3.5- and 5-fold inhibited, respectively. These devia-
tions are ascribed to steric hindrance. Imidazole catalysis is nucleophilic even for esters with ortho substituents and
the /1g value was —1.16, indicating a high dependence on leaving group pKe. The transition state for imidazole ca-
talysis is suggested to incorporate some degree of bond cleavage between the acyl and leaving groups. The unusually
high reactivity of trimethylacetylimidazole toward imidazole is suggested to be caused by steric destruction of reso-

nance in the ground state.

Yeast carboxypeptidase Y, a protease which sequentially
cleaves amino acid residues from the C terminus of proteins
and peptides, has recently been shown to possess esterase
activity toward aryl trimethylacetates.l"8During a study of
this reactivity, it became essential to obtain rate data for at-
tack on these esters by nucleophilic species to serve as stan-
dards of reference for the enzymatic reactions. To this end,
we have prepared a series of aryl-substituted trimethylace-
tates covering a wide range of reactivity, la-i in Table I, and
have studied their hydrolyses catalyzed by hydroxide ion,
imidazole, and some other species. The results have led to a
dissection of the steric effects which the bulky trimethylacetyl

w X

1

group can exert in the reactions of the title esters. A recent
communication4 has appeared discussing the effect of sub-
stituent variation in bridged and non-bridged trialkyl acetate
4-nitrophenyl esters.

Results

Solvolysis Catalyzed By Hydroxide lon. Reactions of all
esters studied were first order in hydroxide ion concentration
so that slopes of &0 (the observed pseudo-first-order rate
constant when [HO~]» [ester]) vs. stoichiometric hydroxide
ion concentration yielded values of the second-order rate
constant kho- (recorded in Table Il1). Values of ifkno- for
monosubstituted meta and para derivatives obeyed a Ham-
mett relationship with Hammett a values (eq 1, Figure 1). The
relatively low correlation coefficient for this equation is

characteristic of such reactions (cf. phenyl acetates,5phenyl
benzoates6'16).

logkm - = 0.99 (0.10) a - 0.92 (+0.05)  (r = 0.962)

(1)

When &HO- values were analyzed in terms of a BrOnsted-
type relationship for leaving-group dependence (by plotting
log kno- vs. the pK a of the conjugate acid of the leaving
group), esters with ortho substituents were found to be con-
siderably less reactive than meta and para derivatives (see eq
2). 2,3-Dimethylphenyl trimethylacetate is some 25-fold less
reactive than the Bryinsted plot (Figure 2) predicts, while the
(2-chloro, 4-nitro) and 2,4-dinitro esters are 3.5- and 5-fold

less labile. The slope of the Bryinsted (leaving group) plot for
meta and para derivatives is —0.36.

logkHO- = 2.64 - 0.36 pKLG  (r = 0.969) @

Solvolysis in Imidazole Buffers. Repetitive scanning of
the reaction during imidazole-catalyzed solvolysis of 4-ni-
trophenyl trimethylacetate [imidazole buffer containing 90%
free base (0.0763 M) and 10% (v/v) acetonitrile at an ionic
strength of 0.1] provided evidence of a two-stage reaction
course, as the isosbestic point for the initial part of reaction
was 249 nm, but was 241 nm by the end of the reaction. For
the 4-nitrophenyl esters, the variation of&0sdwith [Im]tot for
a series of buffer ratios at constant ionic strength indicates
(Figure 3) that the free base form of imidazole is catalytically
active and that the reaction isfirst order in imidazole. Plotting
these data as (hdosd  intercept)/[Ini]tot vs. the mole fraction
of buffer present as free base (Figure 4) indicates that there
is no contribution to the observed rate from terms in [ImH+]
or the kinetic equivalent because at 25 °C and ionic strength
1.0 and in the presence of 10% acetonitrile kim = 2.68 + 0.49
X 10~3M -1 s_1 and &inmH+ is calculated to be zero within ex-
perimental error.

The value ofthe intercept on the fedsdaxis for 4-nitrophenyl
trimethylacetate in 90% free base imidazole buffer [10% (v/v)
acetonitrile, ionic strength 0.1] when fe(bsdls plotted vs. [Im]free
is 6.43 + 1.32 X 10~4s 1. At this pH (8.00) and under these
conditions, this intercept must describe the spontaneous,
water-catalyzed rate, as kno- is only 0.92 M-1 s 1 for this
ester.

Values of kim were determined for the series of aryl tri-
methylacetates from the slopes of plots of k ,Jedvs. [Imfreg] at
90% base, ionic strength 0.1 (with NaCl as supporting elec-
trolyte) in the presence of 10% (v/v) acetonitrile at 25 °C.
Results are collected in Table Il and plotted as a BrOnsted
leaving-group plot in Figure 5. If all the points are fitted to a
Bryinsted relationship, eq 3 is obtained.

The order of magnitude difference in the value of k\m for
2,5-dinitro and (2-chloro, 4-nitro) esters probably indicates
that strong steric factors dominate these imidazole-catalyzed
reactions. The kinetic solvent deuterium isotope effects for
the imidazole reactions of these latter esters are (&imH2/
(&im)D = 1.17 and 0.93, respectively.

log &im= 9.95 - 1.16 pKLG (r = 0.982) (©)]

The second-order rate constant for the attack of 2,4,6-tri-
methylpyridine on 2,5-dinitrophenyl trimethylacetate at 25
°C [p = 0.4,10% (v/v) acetonitrile] is 3.38 X 10~4M 1s-1.
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Figure 1. Dependence on aof the rate constants for the alkaline hy-
drolysis or aryl-substituted trimethylacetates: values are from G. B.
Barlin and D. D. Perrin, Q Rev., Chem. Soc., 20,75 (1966), and rate

data are from Table II; line is theoretical (eq 1).
10 -
o' A
A
X A
0-10- A
o A
-20 -
-3.0-
-------- el e | i i i i i
4 6 8 10
pKi.g

Figure 2. Dependence on the pKaof the conjugate acid of the leaving
group (pKi.c,) of the rate constants for alkaline hydrolysis of aryl-
substituted trimethylacetates: (=) esters with ortho substituents in
the leaving group, (a ) esters with only meta or para substitution.

Discussion

Fife7 has suggested on the basis of a near-unity kinetic
solvent isotope effect (/2imH2 = 1.15 (&im)D2 that the im-
idazole-catalyzed hydrolysis of 4-nitrophenyl trimethylacetate
is nucleophilic by analogy with the well-known nucleophilic
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Table Il. Kinetic Parameters for Hydroxide lon and
Imidazole Catalyzed Hydrolyses of Aryl-Substituted
Trimethylacetates0O

Ester Registry io 2 feHo- 10bkimb
1 no. phenol (M-1s-13) (M_1s_1)
a 57025-45-3 3.96/ 359.6 + 6.0C 70005 + 389
b 63549-53-1 5.32 133.9+ 7.5C 27 330 + 510d
c 57025-46-4 5.45* 137.2+ 2.0 2820 + 49.9
d 4195-17-9 7.15 92.3 + l.e* 304.3 £ 17.9
e 63549-54-2 8,38 62.1 + 53 38.8 + 0.49
f 63549-55-3 9.34 17.7 + 0.4 2.45 + 0.08
g 4920-92-7 9.94 13.0+ 1.6
h 19820-47-4 10.20 7.8+ 0.24
i 63588-60-3 10.50 0.250 + 0.012

0 lonic strength 0.1 (NaCl support electrolyte), 10% acetonitrile
(v/v) at 25.0 °C. Except where noted, pK values are taken from
“Dissociation of Organic Acids”, by G. Kortum, W. Vogel, and K.
Andrussow, Butterworth, London, 1961. b In 90% free-base form
imidazole buffer. ¢ Checks on the stopped-flow results over pe-
riods of several weeks showed reproducibility of 6% or better for
la and Ib. d In imidazole-D20 buffer, K\mwas 0.2335 + 0.00272
M* 1s* land fecdllidrewas 3.375 + 0.485 X 10“4M*“ 1s" 1at 25 °C,
ionic strength 0.4 in 60% free-base collidine buffer (10% (v/v)
acetonitrile). e The value quoted in the table was measured by
conventional spectrophotometry, the value from stopped-flow
measurements was 1.20 + 0.02 M-1 s-1. 1The pK value for 2,4-
dinitrophenol was taken from: “Handbook of Chemistry and
Physics”, 51st ed, Chemical Rubber Co., Cleveland, Ohio, 1970.
* The pK value for 2-chloro-4-nitrophenol was taken from: V. E.
Bower and R. A. Robinson, J. Phys. Chem., 64,1078 (1960).

catalysis observed for 4-nitrophenyl acetate (EjmH2 =
(&im)D2°-8 However, the best evidence for nucleophilic as
opposed to general-base catalysis undoubtedly involves direct
detection of the acylimidazole. Thus, the present study in
which an intermediate, most likely trimethylacetylimidazole,9
has been detected by a shift in the apparent isosbestic point
during the course of reaction, along with the previous data of
Fife,7argues strongly for nucleophilic catalysis by imidazole
of 4-nitrophenyl trimethylacetate hydrolysis. Indeed, the
near-unity kinetic solvent isotope effects observed in imid-
azole buffers for the ortho-substituted esters 2-chloro-4-ni-
trophenyl and 2,5-dinitrophenyl trimethylacetates (Table I1)
imply nucleophilic catalysis even for these “crowded” deriv-
atives. The 1000-fold greater nuceophilic reactivity of imid-
azole than 2,4,6-trimethylpyridine toward the last-named
ester further supports this view.10 At this point a sharp con-
trast may be drawn between the steric control of mechanism
rife in phosphorus(V) chemistry and the relative insensitivity
of mechanistic route to steric influences shown by carboxyl
substrates. Diphenyl phosphinates are subject to general base
(imidazole) catalyzed attack of water. Steric hindrance by
bulky groups in the substrate of direct nucleophilic attack by
imidazole, offered as an explanation,5 seems likely, as imid-
azole catalyzes the cleavage of the less-hindered aryl di-
methylphosphinate analogues by a nucleophilic pathway.1l
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Figure 3. Dependence on imidazole concentration of observed rate
constants (k,,bsd) for imidazole-catalyzed hydrolysis of 4-nitrophenyl
trimethylacetates at 25 °C in the presence of 10% (v/v) acetonitrile.
Curve A (=) refers to an imidazole buffer series containing 90% free
base, pHapp 8.06, with an ionic strength of 0.1. Curves B (a ), C (m),
and D (O) refer to imidazole buffer series containing 80, 50, and 10%
of free base, with pHapp values of 7.40, 7.30, and 6.21, respectively. For
B, C, and D the ionic strength was 1.0.

Further indication of a mechanistic shift from a nucleophilic
to a general-base pathway because of steric effects comes from
work on the sterically crowded bis(p-nitrophenyl) methyl-
phosphonate.12 The role of steric effects in the nucleophile is
well documented for P(V) chemistry.11-13 However, at the
carboxyl level, even the highly hindered trimethylacetic esters
with 0- nitro- or o-chloro-substituted leaving groups react by
a nucleophilic mechanism. Presumably the difference lies in
the lower coordination number of trigonal carbon compared
to tetrahedral phosphorus(V).

The pvalue for hydroxide ion catalysis for trimethylacetates
(1.08) is comparable with that for phenyl acetates (0.8)5-14 and
substituted aryl benzoates (1.28).6-15 However, if we calculate
an apparent p value for imidazole catalysis of aryl trimeth-
ylacetate decomposition from the /31g value of —1.04 using
only data for monosubstituted esters (or —1.16 using all data),
we obtain avalue of P\m 2.4 for leaving-group change, avery
high value compared to that for imidazole-catalyzed hydrol-
ysis of phenyl acetates (pim = 0.8)5or aryl-substituted ben-
zoates (pim = 0.7),15 presumably indicating some degree of
bond cleavage in the transition state in order to relieve the
considerable steric demands of such a nucleophilic transition
state 2 (cf. 3).
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Figure 4. Separation of contributions to imidazole catalysis of 4-
nitrophenyl trimethylacetate (25 °C, 10% acetonitrile, v/v) by acidic
(imidazolium) and basic (imidazole) forms of the buffer. The values
used on the ordinate are the slopes of plots, at a given buffer ratio, of
“obsd vs. [Imidazolejtotai- Except for the point (a) at 0.90 fractional
free base, for which the ionic strength was 0.1, the data were obtained
at an ionic strength of 1.0.

Figure 5. Dependence on the pK aof the conjugate acid of the leaving
group (pK1g) of the rate constants for imidazole catalysis of the hy-
drolysis of substituted aryl trimethylacetates. Line is theoretical (log
&m=9.95- 1.16 pK1g; r = 0-982) for esters with meta or para sub-
stitution (=); esters with ortho substituents (A) are designated as
follows: (1) 2,4-dinitro; (2) 2,5-dinitro; and (3) 2-chloro-4-nitro.
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Table I11. Steric Effects on Hydroxide and Imidazole
Catalyzed Hydrolyses of Some Acyl Derivatives

103*im

Compound (M-1s-1) (M~*s_I) Reference
CH3CO-0CeH4 53.7a 590 17

pNCV
(CH33C-CO-OC6H4- 0.92 3.04 This work

pNO2b
CH3CO-Imc 317 233 18(HO-), 7 (Im)
(CH33C-COImd 534 650 18(HO-),7(Im)

° At 25 °C, ionic strength 1.0. b At 25 °C, ionic strength 0.1.c At
25 °C, ionic strength 0.2. d At 30 °C, ionic strength 1.0.

Further support for this conclusion lies in the considerably
greater rate constant for the imidazole catalysis of 4-nitro-
phenyl trimethylacetate decomposition than for that of the
3-nitro ester (~80-fold difference), probably implying a cor-
relation with Hammett <¢<rather than a values16 (Aer~ = 0.56,
Aa= 0.07). Such a rate difference indicates extra stabilization
of the leaving group, presumably mesomeric, in a phenolate-
ion-resembling transition state.

Some values of &o~and k\m for esters and acyl imidazoles
are collected in Table Ill. By comparing rate constants in
this table it is obvious that for RCOIm, substitution of R =
CH3 by R = (CH3)3C- causes slight increases in both kno-~
and k\m. The pK avalues for 4-nitrophenol and imidazole are
comparable and, other things being equal, one would expect
similar rates of hydroxide catalysis for acylimidazoles and the
corresponding 4-nitrophenyl esters. This is indeed so for 4-
nitrophenyl acetate and acetylimidazole, the difference being
only some sixfold. However, trimethylacetylimidazole hy-
drolyzes 580 times as fast in base as 4-nitrophenyl trimeth-
ylacetate. The most likely explanation will lie either in an
abnormally high rate of hydrolysis for trimethylacetylim-
idazole or an abnormally low rate for 4-nitrophenyl trimeth-
ylacetate.

Kristol et al.4 have recently reported that values of kno- for
a series of trialkylacetate 4-nitrophenyl esters can be corre-
lated well with Charton’s constants and a modified Taft
equation, showing no unusual behavior for 4-nitrophenyl
trimethylacetate.19 The rate of hydroxide-ion-catalyzed
cleavage of trimethylacetylimidazole is faster than the cor-
responding rates for acetyl- and n- butyrylimidazole and equal
to that for propionylimidazole.7 Thus, the answer appears to
lie in an unexpectedly high reactivity toward hydroxide ion
for trimethylacetylimidazole, which is probably caused by
steric destruction by the bulky tert-butyl group of contribu-
tions such as 4 to the ground-state stabilization of trimeth-

ylacetylimidazole; little such stabilization is likely for p-ni-
trophenyl esters.

A comparable explanation (resonance destruction) was
advanced by Staab2to account for the faster rates of “neu-
tral” hydrolysis of N - acylimidazoles as branching in the acyl
moiety increased, although he suggested an acylium ion
mechanism in that case.

We have demonstrated the abnormal steric effect on sub-
stitution of a trimethyl group in the acyl portion of 4-nitro-
phenyl carboxylic esters and a steric acceleration of the base
hydrolysis of trimethylacetylimidazole. Figure 2 shows that
ortho groups in the leaving group can also exert a considerable
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Table IV. Properties and Spectral Characteristics of

Substrates
Ester Xho- * Nmb mp or bp/
1 (nm) (nm) °C/Torr
a 410 410 66.5-67.5
b 400 400 117-119
c 410 400 79-80
d 400 400° 94.8-96*
e 340 340 82-83
f 295 275 58.5-60.5
g 295 240-245/760.2
h 305d 270-280/760.3
i 290e h

a Wavelength at which kinetics were studied in hydroxide ion
solution. 6Wavelength at which kinetics were studied in imidazole
buffers. ¢ Isosbestic wavelength changes from 249 to 241 nm as
reaction proceeds. d Isosbestic wavelengths are 282 and 260.5 nm
throughout the reaction. p Isosbestic wavelength is 309 nm
throughout the reaction, t Melting points are uncorrected; sat-
isfactory data (£0.3% for C, H,N) were reported for la-c and le-i.
g Lit. mp 94-95 °C. C. E. McDonald and A. K. Balls, J. Biol.
Chem., 227, 727 (1957). h Not recorded.

retarding effect, especially on hydroxide catalysis. 2,3-Di-
methylphenyl trimethylacetate reacts some 25-fold less
readily than predicted, while the effects of 2-nitro or 2-chloro
groups are to decrease the rates of hydroxide catalysis some
fourfold.

If one considers the effects of leaving-group substitution
on the rates of imidazole catalysis, the situation is much more
complex. Equation 3 shows that rate constants for imidazole
catalysis obey a BrOnsted (leaving-group) relationship with
a reasonable correlation coefficient, r = 0.982. However, this
relationship may well be fortuitous, especially in view of the
results for the 2,5-dinitro- and 2-chloro-4-nitro-substituted
esters which react with rate constants differing by an order
of magnitude, although their pK 1g values are closely similar.
It is not possible at this point to decide whether the observed
difference is caused by the difference in substitution patterns
(2,5- as opposed to 2,4-) or by the change from an o-nitro to
an o-chloro substituent.

In summary, then, this work presents the interesting sit-
uation wherein the reactivity patterns of a given group of
compounds may exhibit a steric acceleration caused by in-
creased steric bulk blocking resonance stabilization of the
molecular ground state or a steric retardation arising from
ortho substitution in the leaving group, noted especially for
hydroxide catalysis.

Experimental Section

Materials. Aryl trimethylacetates were prepared from trimeth-
ylacetyl chloride (Aldrich Chemical Co.) by the following, nonaqueous,
Schotten-Baumann procedure, described for the 2-chloro-4-nitro-
phenyl ester. To a solution of trimethylacetyl chloride (1.21 g, 0.01
mol) in dry dichloromethane (50 mL) was added a mixture of redis-
tilled triethylamine (1.01 g, 0.01 mol) and 2-chloro-4-nitrophenol (1.74
g, 0.01 mol) in dichloromethane (50 mL). The reaction mixture was
stirred at ambient temperature overnight, the solvent was removed
and the residue was suspended in dry ether, cooled, and filtered,;
solvent was removed from the filtrate to give brown crystals which
were recrystallized twice from ethanol, yielding white crystals, mp
79-80 °C. Liquid esters were purified by distillation immediately prior
to use. Analytical data for the esters are presented in Table IV.

Imidazole perchlorate and sodium perchlorate were each recrys-
tallized twice from methanol before use in buffer solutions. Deuter-
ioimidazole was prepared by dissolving imidazole in deuterium oxide
and removing the solvent under vacuum. Imidazole was recrystallized
from benzene before use in buffer solutions. Acetonitrile was redis-
tilled, “Gold label” spectroscopic grade from Aldrich, or if Reagent
Grade, was fractionally distilled off phosphorus pentoxide for puri-
fication. Collidine was freshly distilled before use. Water was distilled
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and deionized for these studies. Deuterium oxide was from Columbia
Organic Chemicals Co. Inc., and deuterium chloride was supplied by
Merck, Sharp and Dohme of Canada, Ltd. as a 38% solution in D20
and was standardized before use by titration against sodium hy-
droxide solution.

Methods. Rates of hydrolysis of the esters were determined spec-
trophotometrically at 25.0 + 0.1 °C in 10% (v/v) acetonitrile solution
containing buffer or sodium hydroxide as appropriate. lonic strengths
were maintained at 1.0 using sodium perchlorate or at 0.1 with sodium
chloride as supporting electrolyte.

Spectral scanning experiments on a Cary Model 15 spectropho-
tometer during the course of reaction indicated the best wavelength
for determining kinetic parameters and also provided evidence on the
nature of the reaction course. Spectral data are recorded in Table IV.
Rates were routinely determined on either a Cary Model 15 or Gilford
Model 222 recording spectrophotometer. A typical procedure involved
addition of 25 or 50 /L of ester solution in acetonitrile to 3.00 mL of
appropriate buffer in a cuvette by plunging in a Teflon rod with a
flattened tip. Commencement of recording could be accomplished
within 7 s of addition. When velocities were too high for such con-
ventional procedures, reactions were studied usiong a Durrum-Gibson
stopped-flow instrument equipped with a logarithmic converter and
differential amplifier enabling results to be obtained directly in ab-
sorbance units. In typical stopped-flow studies, one syringe was filled
with an aqueous acetonitrile solution of the substrate and the other
with an acetonitrile-hydroxide ion solution. These solutions were
allowed to equilibrate to 25.0 °C. Reaction was initiated by rapid
mixing of equal volumes of the contents of these syringes. Experi-
mental traces of phenolate ion production were recorded and retained
on the screen of a storage oscilloscope and then photographed, several
runs under any given experimental condition being superimpos-
able.

Rate constants were obtained under pseudo-first-order conditions
(buffer concentration was also at least 100 times that of the ester),
usually from plots of log (A» —A,) vs. t, where A,, and A; are the
changes in absorbance by the end of reaction and by time t, respec-
tively. Final absorbance values (A,) were measured directly for suf-
ficiently rapid reactions and calculated in other cases from the ex-
ponential time record of the reaction.2l Random checks showed that
measured and calculated final absorbance values were identical. Very
slow reactions were studied by the method of initial rates using A,
values obtained by allowing specimen runs to proceed to comple-
tion.

pH measurements were carried out before and after the reaction
using a Beckman Research Model pH meter standardized against
appropriate Fisher Sicentific Co. certified buffer solutions. Calcula-
tions and least-squares analyses were performed on a Hewlett-
Packard Model 9100-A programmable calculator.
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The oxidation of hexamethylbenzene, isodurene, mesitylene, and hemimellitene promoted by cerium ammonium
nitrate (CAN) in acetic acid, in the dark and in the absence of oxygen, has been investigated. The reaction requires
2 mol of CAN for 1 mol of hydrocarbon and leads in each case to the formation of benzylic nitrates and acetates.
With mesitylene significant ring acetoxylation was also observed. The nitrate/acetate molar ratio appears to de-
pend on the reaction conditions (homogeneous or heterogeneous reaction) but it is unaffected by the presence of
NH4NO;j as well as by the structure of the substrate. With isodurene and hemimellitene the isomeric distribution
of nitrates and acetates indicates that the side-chain substitution occurs predominantly at the 2-CH:tgroup. These
results can be accounted for by a mechanism involving the formation of a radical cation and its conversion to a ben-
zylic radical which, in turn, can give the final products through an alkyl-Celv species or by a ligand-transfer pro-

cess.

Oxidation reactions of methylbenzenes by cerium ammo-
nium nitrate (CAN) are long known.2 However, very scanty
information is available concerning the mechanism of these
reactions.

We have recently studied the Kinetic aspects and the
structural effects on the reaction rate of the oxidation of po-
lymethylbenzenes by CAN in acetic acid and shown that this
reaction occurs by arate-limiting electron-transfer process.1
In this paper we wish to report adetailed product study of the
oxidation by CAN of hexamethylbenzene, isodurene, mes-
itylene and hemimellitene.

Results

All oxidation reactions were carried out in the dark and
under nitrogen atmosphere. Moreover, owing to the low sol-
ubility of CAN in acetic acid, ca. 8 X 10~3M at room tem-
perature, heterogeneous conditions, the only ones suitable for
synthetic purposes, were generally used. Some experiments
under homogeneous conditions were also brought about for
comparison purposes.

The stoichiometry of the reaction was determined using
hexamethylbenzene (homogeneous conditions) and isodurene
(homogeneous and heterogeneous conditions) as the sub-
strates. In each case it was found that 2 mol of CAN oxidizes
1 mol of hydrocarbon. Interestingly, in the presence of oxygen
the stoichiometric ratio CAN/hydrocarbon is significantly less
than 2.

'H NMR analysis of the reaction product indicated that
side-chain oxidation is the only one reaction for hexameth-
ylbenzene, isodurene, and hemimellitene. With mesitylene,
also ring acetoxylation was observed. At the first stages of the
reaction, 2,4,6-trimethylphenyl acetate accounts for about 50%
of the reaction product. This figure, however, decreases to 25%
as the reaction is complete.3

The products of the side-chain oxidation were, in each case,
benzylic nitrates and acetates. However, since the former
solvolyze in the solvent acetic acid, the nitrate/acetate molar
ratio in the reaction product depends upon the reaction time
and the solvolysis rate of the nitrate, as nicely illustrated in
Figure 1 for the specific case of the oxidation of isodurene.
According to these results the side-chain oxidation of po-
lymethylbenzenes by CAN in acetic acid, in the dark and in
the absence of oxygen, can be described by eq 1

In order to establish the relative yields of benzylic nitrate
and acetate actually obtained in the oxidation, the reaction

mixtures were analyzed at different reaction times and the
molar ratio benzylic nitrate/benzylic acetate was extrapolated
to zero time. For isodurene and hemimellitene the ratios have
been determined for all isomeric derivatives (1-V) which can
be formed. The results are reported in Table I.

| 11 1 v \%
a (x- ono2)
b (X=0Ac)

When the reaction is carried out under heterogeneous
conditions, the nitrate/acetate ratio appears to depend upon
the amount of solid CAN dispersed in the liquid phase. As the
amount of undissolved CAN increases, a significant increase
in the nitrate/acetate ratio is observed. Although the error
affecting the determination of the nitrate/acetate ratio is
rather large because of the low precision of the 'H NMR
technique and of the uncertainty in the extrapolation to zero
time, there is no doubt that the observed trend is real. Under
homogeneous conditions, the nitrate/acetate ratio was de-
termined only for the reaction of mesitylene where the slow
solvolysis of the nitrate allows a quite reliable extrapolation
of the data in spite of the very small amounts of products
obtained. It seems possible to conclude that the nitrate/ace-
tate ratio determined under homogeneous conditions is lower
than that obtained under heterogeneous conditions.

Other interesting observations are: (a) the nitrate/acetate
ratio, in a given condition, does not significantly depend on
the structure of the substrate; for isodurene and hemimelli-
tene, it is the same for each isomer formed; (b) the nitrate/
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Table I. Benzylic Nitrate/Benzylic Acetate Molar Ratio, Extrapolated to Zero Time, in the Reaction of Some
Polymethylbenzenes with CAN in Acetic Acid at 50 °C

Registry
Substrate, M no.
Mesitylene, 0.0251b 108-67-8
0.220h
0.119
Isodurene, 0.0252 527-53-7
0.0255¢
0.2241
0.112
0.224
Hemimellitene, 0.224 526-73-8
Hexamethylbenzene, 0.0251 87-85-4

CAN, solid Benzylic nitrate/benzylic
phase (mmol)“ acetate, molar ratio

15+0.2
15+ 0.2

0.20 3.0+ 05

0.033 2.2+ 0.2 (la/lb)
2.1 + 0.2 (lla/llb)
2.1 + 0.4 (1lla/lllb)

0.033 2.2 + 0.2 (1a/lb)
2.2 £ 0.2 (lla/llb)
2.1 + 0.4 (1lla/lllb)

0.033 2.1 £0.2 (la/lb)

0.11 2.8+ 0.4 (1a/lb)
3.2+ 0.4 (1la/llb)
3.1+ 0.6 (1lla/l11b)

0.44 >4 (la/lb)

5.0 + 0.8 (1la/llb)
5.0 + 1.2 (1lla/111b)

0.44 4.8 +1.8 (IVa/lVb)
55+ 1.0 (Va/Vb)
0.042 >1.4

“ Millimoles of undissolved CAN dispersed in 1 mL of liquid phase. b [CAN] = 8.05 X 10 3M, homogeneous condition. c In the

presence of NH4ANO3, 2.07 X 10~2 M.

Table Il. Distribution of Isomeric Benzylic Acetates and Nitrates, Extrapolated to Zero Time, in the Side-Chain
Reaction of Isodurene and Hemimellitene with CAN in Acetic Acid at 50 °C

CAN, solid phase“

Substrate (mmol) la
Isodurene 0.44 74
0.033 72
0.033c 71

IVa
Hemimellitene 0.44 69

Benzylic nitrates, %*

Benzylic acetates, %6

lla Ila Ib lib mb
16 10 7 14 9
18 10 72 20 8
19 10 74 17 9
Va 1Vb Vb

31 69 31

" Millimoles of undissolved CAN dispersed in 1 mL of liquid phase. hThe average error is £5%. ' In the presence of NH4NO3, 2.07

X 10' 2 M.

acetate ratio is not influenced by the presence of ammonium
nitrate in the reaction medium.

The distribution of the isomeric nitrates la-Va and acetates
Ib-Vb in the oxidation of isodurene and hemimellitene, ex-
trapolated to zero time, appears to be the same for the two
side-chain derivatives, as expected by the previously observed
independence of the nitrate/acetate ratio on the position of
the methyl group (see Table I1). No appreciable effect of the
temperature was noted in the range 30-80 °C; moreover, the
positional selectivity is not significantly influenced by the
amounts of undissolved CAN dispersed in the solution.

Even though not high, the positional selectivity appears
sufficient to allow some synthetic application of the reaction.
Thus, 2,4,6-trimethylbenzyl alcohol can be isolated in 40%
yield from the oxidation of isodurene followed by reduction
with LiAIhU (see Experimental Section).

Discussion

Side-Chain Oxidation. As stated above, the side-chain
oxidation of polymethylbenzenes by CAN in acetic acid
probably involves an electron-transfer mechanism leading to
the formation of radical cations as reaction intermediates.1
The suggested mechanism, which is similar to that generally
accepted4 for this type of reaction, is reported in eq 2-4.

ArCH: + Ce(1V) ArCH;j+- + Ce(lll) (2)
ArCH;t+- — ArCH-2 + H+ 3)

ArCH2 + Ce(l1V) — products + Ce(lll) 4)

Figure 1 Millimoles of benzylic acetates (O0) and nitrates (A) as a
function of the reaction time obtained in the oxidation of isodurene
(11.2 mmol) by CAN (22.4 mmol) in acetic acid.

The results of our product study are in agreement with this
mechanism, which indeed predicts the 2:1 stoichiometric ratio
CAN/hydrocarbon observed in the oxidation of hexameth-
ylbenzene and isodurene. Moreover, it is also possible to ra-
tionalize the observation that the stoichiometric ratio de-
creases in the presence of oxygen. Accordingly, when oxygen
is present it competes with Ce(1V) for the free radical ArCLL-,
presumably forming carbonyl derivatives (see Experimental
Section), and less Ce(1V) is consumed for the oxidation of 1
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mol of hydrocarbon. Also, the isomeric distribution observed
for isodurene and hemimellitene is in agreement with this
mechanism.5 The fact that with both these hydrocarbons the
side-chain substitution mainly involves the 2-methyl group
can be explained by considering that in both cases the initially
formed radical cation preferentially loses the proton from the
2-methyl group, since in this way the more stable benzylic free
radical can be formed. However, also the amount of positive
charge at the substituted ring positions of the radical cation
can be of importance.6 Accordingly, the reactivity order of the
three nonequivalent methyl groups of isodurene qualitatively
parallels the order of positive charge density calculated6 for
the substituted ring positions of isodurene radical cation.
With regard to the mechanism by which the benzylic free
radicals are converted into the final products, the reaction
paths reported in eq 5-7, involving the formation of a free

ArCH/ + Ce(IV) —» ArCH2+ + Ce(lll) 5)
ArCfTOS + H+ (6)

ArCH2+
ArCH.Nu (7)

carbocation, appear unlikely, since they do not fit in with the
finding that the yield of nitrate is unaffected by the presence
of added nitrate ions. A reasonable suggestion could be that,
as it has been already proposed for the oxidation of free rad-
icals with Cu2+,7a the benzylic radical and Ce(1V) form an
alkyl-Ce(1V) intermediate75which subsequently undergoes
competitive oxidative solvolysis (leading to acetate) and ox-
idative displacement (leading to nitrate). The two processes
should have similar electronic requirements, thus accounting
for the finding that the nitrate/acetate ratio, in a given con-
dition, is substantially independent of the structure of the
radical being oxidized. Alternatively, a ligand-transfer
mechanism might take place.8 In this respect, it has been re-
ported that when CAN is dissolved in acetic acid it undergoes
the exchange of two labile nitrate ions with two solvent mol-
ecules.9 Thus, the ratio of benzyl nitrate to benzyl acetate
would be determined by the relative rates of the two ligand-
transfer reactions.

The observation that in the reaction carried out under
heterogeneous conditions the nitrate/acetate ratio depends
on the amount of solid CAN dispersed in the liquid phase
suggests that the oxidation of the benzylic radical can also take
place at the surface of the undissolved salt. Accordingly, the
rate of this oxidation should depend on the surface develop-
ment of the solid phase which, in turn, should be in some way
related to the number of moles of CAN dispersed in the so-
lution. If this interpretation is correct, the observed results
indicate also that the reaction occurring at the surface of the
undissolved CAN should predominantly lead to the formation
of the nitrate, which is quite reasonable since the undissolved
Ce(1V) would probably possess nitrate ligands, exclusively.

Finally, the comparison of the results of the oxidation of
polymethylbenzenes by CAN in AcOH with those of the oxi-
dation of the same substrates by Ce(OCOCF3)4 in
CF3COOHI10is of interest. In the latter reaction, biaryls and
diarylmethanes are by far the main reaction products, whereas
very small amounts of side-chain trifluoroacetates were ob-
served. Probably the difference between the two reactions lies
in the minor basicity and nucleophilicity of CF3COOH as
compared to CH3COOH. Thus, in CF3COOH, the reaction of
the radical cation with another molecule of aromatic com-
pound (formation of biaryl) can compete with the proton loss
to give the benzylic radical. Moreover, even when the radical
is formed and is oxidized to carbocation (eq 5), the carbocation
reacts with another molecule of aromatic substrate, giving

Baciocchi, Roi, and Mandolini

diarylmethanes, rather than with the solvent.

Nuclear Acetoxylation. The formation of 2,4,6-trimeth-
ylphenyl acetate in the oxidation of mesitylene is further ev-
idence of the intervention of a radical cation in the oxidation
reaction, since such an intermediate can undergo the attack
of a nucleophile (in this case the solvent) on the aromatic
nucleus, as shown in Scheme 1.

Scheme 1

H QAc H QAc OAc

With mesitylene radical cation the ring reaction with the
solvent competes significantly with the side-chain reaction
(eq 3), which is, in contrast, the only one reaction observed
with the other investigated hydrocarbons. In other oxidation
processes too mesitylene shows a much larger tendency to ring
oxidation with respect to other polymethylbenzenes. Thus,
in the anodic oxidation of mesitylene and durene ring ace-
toxylation is observed only with the first substrate;11 more-
over, the relative amounts of biaryls (ring substitution) to
diarylmethanes (side-chain substitution) are much higher
with mesitylene than with durene in the reactions promoted
by Ce(OCOCF))4,10 Fed,,12 CojOCOCFa)«,13 and Mn(0-
COCFsJa.13 Similar results have been also found in the anodic
oxidation in nonnucleophilic media,6 and ring acetoxylation
appears to be the major reaction observed in the oxidation of
mesitylene by Ag(ll).14

Thus, it clearly appears that in the competition between
side-chain and ring reaction the relative position of the methyl
groups plays a very important role, the side-chain reactions
being clearly favored in the reaction of substrates having
methyl groups ortho or para to each other. The phenomenon
has been rationalized6 by considering that when ortho or para
CH.) groups are present the radical cation carries a much larger
amount of positive charge in the methyl-substituted position,
thus favoring the loss of a proton in the benzylic position, than
when the methyl groups are meta. It is interesting to note in
this respect that also in the oxidation of methylnaphthalenes
and methoxytoluenes by Co(OCOCH?3)3 in the presence of
KOCOCHS3 or LiCl the extent of side-chain oxidation was
found to be directly related to the degree of positive charge
adjacent to the methyl group.15

Another factor which could favor ring acetoxylation in the
case of mesitylene is that the three methyl groups are in a
position very suitable to stabilize the resulting <« complex.
However, the role of this factor seems less important than that
previously discussed, since no nuclear acetoxylation is ob-
served in the oxidation of isodurene where a similar stabili-
zation of the a complex is possible.

Experimental Section

Proton magnetic resonance spectra were taken on a Jeol JNM-
C60HL spectrometer, using Me4Si as the internal standard. Infrared
spectra were obtained on a Perkin-Elmer 257 from 2% solutions in
CCl4. VPC analyses were performed on a Gl Fractovap (C. Erba).
Elemental analyses were performed by Alfred Bernhardt, Microan-
alytisches Laboratorium, Elbach tUber Engelskirken, West Germany.
All melting points are uncorrected.

Materials. Cerium ammonium nitrate [(NRdoCelNOdel (Schu-
chardt, 99.9% pure) was dried at 85 °C for 1 h. Acetic acid (ERBA
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Table I11. '"H NMR Chemical Shifts in CCU of Some Polymethylbenzyl Nitrates and AcetatesO
Registry Chemical shift, 6
no. Compound Arom -CH2 -ch3 -COCH3

51445-98-8 2,6-Dimethylbenzyl nitrate 7.03 5.49 2.38

63548-89-0 2,3-Dimethylbenzyl nitrate 7.06 5.36 2.25, 2.22

62346-87-6 2,6-Dimethylbenzyl acetate 6.97 5.11 2.38 2.00

13651-57-5 2,3-Dimethylbenzyl acetate 6.98 5.00 2.26, 2.19 1.98

63548-90-3 2,4,6-Trimethylbenzyl nitrate 6.77 5.43 2.31 (s, 6 H)
2.22 (s, 3H)

63548-91-4 2,3,5-Trimethylbenzyl nitrate 7.01 5.30 2.27 (m, 9 H)

60367-95-5 3,4,5-Trimethylbenzyl nitrate 7.03 5.20 2.29 (s, 6 H)
2.18 (s, 3 H)

63548-92-5 2,4,6-Trimethylbenzyl acetate 6.70 4.99 2.30 (s, 6 H) 1.97
2.22 (s, 3 H)

63548-93-6 2,3,5-Trimethylbenzyl acetate 6.75 4.87 2.15 (s, 6 H) 1.89
2.06 (s, 3H)

39126-12-0 3,4,5-Trimethylbenzyl acetate 6.90 4.82 2.26 (s, 6 H) 1.99
2.14 (s, 3H)

19405-90-4 Pentamethylbenzyl nitrate 5.50 2.26 (s, 6 H)
2.19 (s, 9 H)

19936-85-7 Pentamethylbenzyl acetate 5.13 2.24 (s, 6 H) 1.97
2.19 (s, 9 H)

a Chemical shifts may vary with concentration (5 +0.08), but in case of isomeric substrates the relative order remains un-

changed.

RPE) was thoroughly fluxed with pure nitrogen before use. The purity
of hexamethylbenzene (Fluka, 99% pure), isodurene (Schuchardt, 98%
pure), hemimellitene (Schuchardt, 98% pure), and mesitylene (ERBA,
99.5% pure) was checked by VPC. 2,6-Dimethylbenzoic acid (Fluka,
98% pure), 2,3-dimethylbenzoic acid (Fluka, 97% pure), and pseu-
documidine (Fluka) were commercial samples and were used as re-
ceived. Bromomesitylene (Aldrich) was distilled before use. 3,4,5-
Trimethylbenzoic acid was prepared according to a literature meth-
od,16mp 218-220 °C, lit.16mp 218-220 °C.

Pentamethylbenzyl alcohol was available from a previous in-
vestigation.17

2,4,6-Trimethylbenzyl alcohol was prepared by the reaction of
the Grignard reagent derived from bromomesitylenel8with gaseous
formaldehyde,19mp 88.5-89 °C from hexane, lit.20mp 88 °C.

2,3,5-Trimethylbenzyl alcohol was synthesized according to the
reaction sequence in Scheme Il. Any attempt to obtain 6-bromo-

Scheme I

pseudocumene from pseudocumidine according to Smith and Moyle2l
failed, as well as any modification derived therefrom, involving H3PO2
as the reducing agent for the diazo compound. In all cases, 2-bromo-
3,4,6-trimethylphenol was obtained as the sole product, mp 31-32 °C,
lit.22mp 32 °C. Better results were achieved following the method of
Carpenter and Easter.23 6-Bromopseudocumene was obtained as a
colorless liquid, n22D 1.5524, lit.2L n260 1.5516. Treatment of the latter
compound with n-BuLi in dry ether solution, followed by reaction
with excess carbon dioxide, afforded 2,3,5-trimethylbenzoic acid, mp
123-127 °C from aqueous ethanol, lit.24mp 124 °C. Reduction of the
acid with LiAIHfXS gave 2,3,5-trimethylbenzyl alcohol in virtually
quantitative yield, mp 50-51 °C from hexane.

Anal. Calcd for CiOHu O: C, 79.97; H, 9.40. Found: C, 79.86. H,
9.33.

The other benzyl alcohols were similarly obtained from the corre-
sponding acids.

3,4,5-Trimethylbenzyl alcohol, mp 72-73 °C from hexane, lit.26
mp 72-74 °C. Anal. Calcd for CiOH140: C, 79.97; H, 9.40. Found: C,
79.83; H, 9.51.

2,6-Dimethylbenzyl alcohol, mp 81-82 °C from ligroine, lit.27mp
82-83 °C.

2,3-Dimethylbenzyl alcohol, mp 66-68 °C from ligroine, lit.28mp
65-66 °C.

Benzylic Nitrates. These compounds were obtained in 70-90%
yield by treatment of the corresponding alcohols with SOCB, followed
by reaction with AGNCL in CH3CN. All the compounds showed strong
-ONO2absorption in the IR spectra at 1635 and 1280 cm-1.The 'H
NMR spectral data are reported in Table III.

Benzylic Acetates. These compounds were prepared in quanti-
tative yield by acetylation of the appropriate alcohol with acetic an-
hydride. The ‘H NMR spectral data are reported in Table III.

The Oxidation of Polymethylbenzenes with CAN. A mixture
of the hydrocarbon (5.0-45 mmol) and CAN (1.6-90 mmol) in 200 mL
of acetic acid was stirred at 50 °C in a nitrogen atmosphere in the dark.
Aliquots (20-50 mL) were taken at intervals, quenched in cold pe-
troleum ether 30-50 °C, washed with a solution of FeSCR, concen-
trated, and analyzed by '"H NMR. In all cases, the *H NMR signal of
the oxidation products was compared with those of authentic samples.
These were synthesized by independent routes in the cases of hexa-
methylbenzene, isodurene, and hemimellitene (see above), and ob-
tained by direct isolation in the case of mesitylene (vide infra). In each
case the relative amounts of nitrates and acetates present in the re-
action product and the isomeric distribution were determined by
integration of '"H NMR peaks due to the CH2X groups (Table I11).

Stoichiometry of the Reaction. The stoichiometry of the reaction
was determined under a variety of conditions using hexamethylben-
zene and isodurene as the substrates. A solution of hexamethylben-
zene (0.202 mmol) and CAN (0.202 mmol) in 80 mL of acetic acid was
heated at 40 °C, in the dark and under nitrogen. When all Ce(1V) was
consumed, 0.13 mmol of menthol and 0.14 mmol of 4-nitrobiphenyl
(internal standards) were added to the cooled reaction mixture. The
solution was diluted with pentane and washed with water. After re-
moving most of the solvent, the residue was analyzed by VPC using
a 3-mm i.d. glass column (1.8 m) containing 0.1% FFAP on carbon-
coated beads2with nitrogen as carrier gas. The column temperature
was 90 °C for the analysis of hexamethylbenzene and 150 °C for the
analysis of pentamethylbenzyl acetate. It was observed that 0.099
mmol of hexamethylbenzene had reacted and that 0.096 mmol of
pentamethylbenzyl acetate had been produced. When the same ex-
periment was carried out in the presence of air, it was found that,
starting from 0.260 mmol of hexamethylbenzene and 0.255 mmol of
CAN, 0.216 mmol of hexamethylbenzene had been oxidized. IR
analysis of the reaction product indicated the presence of significant
amounts of carbonyl derivatives.

Isodurene (11.2 mmol), CAN (22.4 mmol, most undissolved), and
1,4-dibromobenzene (standard, 1.13 mmol) in acetic acid (50 mL) were
heated with stirring at 50 °C, in the dark under nitrogen. At the end
of the reaction the mixture was cooled and worked up as described
before. 'H NMR analysis showed that'10.9 mmol of benzylic nitrates
and acetates had been formed. Performing the same experiment under
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homogeneous conditions it was found that 1.60 mmol of isodurene
reacts with 0.80 mmol of CAN to give 0.41 mmol of benzylic acetates
and nitrates.

Oxidation of Mesitylene. Isolation of the Reaction Products.
A mixture of mesitylene (16.6 mmol) and CAN (33.2 mmol) in acetic
acid (200 mL) was treated as above until the red-orange color of CAN
faded (45 h). The pale-yellow liquid (2.5 g) obtained after usual
workup was chromatographed on silica gel. Elution with CHCL.j-light
petroleum 1:9 gave 3,5-dimethylbenzyl nitrate (0.93 g, 31% yield) as
acolorless liquid: n22n 1.5172 (1it.301.5172); IR 2920 and 1640 cm-1;
'H NMR (CC14) i 6.90 (s, 3H), 5.22 (s, 2 H), 2.27 (s, 6 H). Recovery
was not quantitative, since several fractions containing the product
in a less pure form were discarded. Elution with pure C|'?C|'cl gave 0.81
g of a mixture of two products, which were later shown to be 3,5-
dimethylbenzyi acetate and 2,4,6-trimethylphenyl acetate. Pure
samples of the latter compounds were obtained by resolution of the
mixture by preparative VPC, on a 2-m column packed with CW X 20M
10% operating at 140 °C. structure assignments were based on the
following properties. 2,4,6-Trimethylphenyl acetate: IR 2920 and 1760
cm“1L'H NMR (CéD6) a6.73 (s, 2H), 2.10 (s, 3H), 2.05 (s, 6 H), 1.90
(s, 3H); mass spectrum (70 eV) m/e (rel intensity) 179, M+ (16), 137
(13), 136 (100), 135 (15), 121 (56), 91 (14), 43 (13). 3,5-Dimethylbenzyl
acetate: n20D 1.5032 (1it.31 n235D 1.5028); IR 2920 and 1740cm '1; '
NMR (CC14) a6.88 (s, 3H), 4.94 (s, 2 H), 2.27 (s, 6 H), 2.00 (s, 3 H).

Oxidation of Isodurene. Isolation of 2,4,6-Trimethylbenzyl
Alcohol. Isodurene (7.5 mmol) was made to react with CAN (15.0
mmol) in acetic acid at 80 °C for 10 min, and the crude reaction
product was reduced with LiAIH4. The mixture of alcohols was re-
crystallized from hexane, and 2,4,6-trimethylbenzyl alcohol, mp 83-85
°C, was obtained in 40% yield.
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Three hindered carboxylic carbonic anhydrides—pivalic tert-butylcarbonic anhydride, pivalic ieri-butylthiol-
carbonic anhydride, and 2,2-dimethylbutyric (ert-amylthiolcarbonic anhydride—have been prepared and studied
with respect to their mode of decomposition and reactivity with a primary amine. While the products from the de-
composition of pivalic tert- butylcarbonic anhydride are consistent with an ionic chain mechanism, the products
from the decomposition of the two pure thiolcarbonic anhydrides are more consistent with an intramolecular de
composition. In addition, results from the decomposition of a mixture of the two thiolcarbonic anhydrides argue
strongly against an ionic chain mechanism. Other considerations are discussed briefly.

There have been numerous reports2 dealing with the syn-
thesis, reactions, and mode of decomposition of carboxylic
carbonic anhydrides 1. In general, this type of compound is
thermally unstable, particularly in solution or in the liquid
state. Two sets of decomposition products are possible,34 as
shown by eq 1 and 2. Usually, mixed anhydrides from alcohols
(X = 0O) tend to give varying ratios of the possible products,56

while anhydrides from thiols (X = S) give primarily thiol ester
and carbon dioxide.7 Although both systems have exhibited
first-order or psuedo-first-order decomposition Kinetics, the
kinetic measurements for thiol-mixed anhydrides were con-
sistent and reproducible, while those for alcohol-mixed an-
hydrides were erratic and apparently quite succeptible to the
influences of trace impurities. It has been proposed that mixed
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[
RCOCXR'
R, R" = alkyl or aryl, X = O or S
2a, R=R' =-C(CH3)3 X =0
R=R' =-C(CH3)3 X =S
R=R' =-C(CH32C2H5 X =S

j—» RCXR' + CO02 )

— 0 0

L-m '/r(R'X)2£ + (R(!)ZD + cog @

anhydrides derived from alcohols decompose by an ionic chain
mechanism, while mixed anhydrides from thiols decompose
via an intramolecular route.

In order to further investigate these hypotheses, we have
studied a new group of anhydrides which are characterized
by a tertiary alkyl group adjacent to both the carboxylic and
carbonic carbonyls. First, we have compared pivalic tert-
butylcarbonic anhydride (2a) with pivalic tert-butylthiol-
carbonic anhydride (2b). Secondly, we have compared 2b with
2,2-dimethylbutyric tert-amylthiolcarbonic anhydride (2c).
Finally, we have decomposed a mixture of 2b and 2c and an-
alyzed the resulting product mixture to determine whether
the decomposition yielded products expected of an intramo-
lecular reaction or those to be expected from an ionic chain
mechanism, i.e., crossover products.8

Synthesis of Mixed Anhydrides. The present work with
mixed anhydrides indicates that method 3 is preferable for

0 0 0 0
1 ] 1
R'XH + CO0C1, R'XCCI + RCOH RN R'XCOCR (3)
3i
0 0
R'XK + CO R'XCOK + RCC1 4)
X =0orS

the preparation of anhydrides derived from tertiary thiols and

method 4 is preferable for oxygen analogues.5The reason for

this lies in the stability of the intermediate chlorocarbonate

3. While tertiary alkyl chlorocarbonates are quite unstable and
difficult to work with,9 the corresponding thiol derivatives are

reasonably stable, can be distilled if necessary, and can be

stored in the refrigerator for several weeks with no noticeable

decomposition. Compound 2b has been prepared previously10

in an entirely different fashion (eq 5).

00O 0 00
[ 1 1
RSCOCOCSR + RCOH —* RCOCSR (5)
2b

R = —C(CH3)3

Reactions of 2a-c. Because of the hindered nature of these
compounds, their utility as possible selective acylating or ni-
trogen blocking agents was investigated. Leister and Tarbell1l
had previously demonstrated that the reaction of pivalic
ethylcarbonic anhydride and Af-methylaniline led to the
formation of only the corresponding ethyl carbamate and none
of the possible pivalamide. We found that 2a reacted with
p-toluidine (eq 6) to give isolated yields of 66% of the piva-
lamide 4a and 32% of the carbamate 4b. Subsequently, 2b and
2c were found to yield mixtures which consisted of approxi-
mately the same ratio of amide vs. carbamate on the basis of
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0 0
[/
RCOCOR + HN-~ (Q ™ ch3
2a
0 0
|
RCN CH, + ROCN CH, (6)
|
H H
4a, 66% 4b, 32%

their IR spectrum and TLC.

Next, a product study of the thermal decomposition of these
anhydrides was undertaken. Two different approaches were
utilized to give the results shown in Table I. First, the amount
of carbon dioxide evolved was measured by absorption on
Ascarite; and secondly, the residues from these decomposi-
tions were subjected to analysis by VPC. Due to the difference
in the stoichiometry between reaction 1 and reaction 2, one
can predict the amount of carbon dioxide which should be
evolved by comparing the ratio of ester formed to symmetrical
anhydride or carbonate.

For the decomposition of 2a, products identified in order
of their relative abundance were carbon dioxide, pivalic an-
hydride, di-ieri-butyl carbonate, tert-butyl pivalate, tert-
butyl alcohol, and isobutene. The ratio of pivalic anhydride
to fert-butyl pivalate was 3.7 to 1.0. This ratio is consistent
with 88% of the decomposition occurring by reaction 2.

The decompositions of 2b and 2c as pure materials led to
quite similar product ratios. Both compounds decomposed
primarily by reaction 1 to yield 87% of thiol ester and 7% of the
symmetrical anhydride in the case of 2b, and 81% ester to 9%
anhydride for 2c. Products from the decomposition of 2b were
identified as carbon dioxide, tert-butyl thiolpivalate (5), pi-
valic anhydride (6), and di-ieri-butyl dithiolcarbonate (11).
For 2c the products were carbon dioxide, the ieri-amylthiol
ester from 2,2-dimethylbutyric acid (9), 2,2-dimethylbutyric
anhydride (10), and di-feri-amy!l thiol carbonate (12).

Decomposition of a mixture of 2b and 2c led to a mixture
which was analyzed by VPC originally to show four major and
two minor peaks in addition to carbon dioxide, as noted in
Table I. The peaks were identified in order of increasing re-
tention time as tert-butyl thiolpivalate (5), pivalic anhydride
(6), tert-amyl thiolpivalate (7), tert-butylthiol 2,2-dimeth-
ylbutyrate (8), tert-amylthiol 2,2-dimethylbutyrate (9), and
2,2-dimethylbutyric anhydride (10). Since the column tem-
perature was kept below 120 °C during the VPC analysis, it
was probable that the symmetrical thiolcarbonates were re-
tained on the column. Subsequent elevation of injection port
and column temperature did result indeed in two additional
peaks, 11 and 12, with longer retention times, which were the
expected symmetrical thiolcarbonates. The course of the
crossover experiment may be summarized by eq 7.

Kinetic Studies of 2a-c. Attempts to measure the rates
of decomposition of these compounds were undertaken util-
izing IR.742This method was not possible with 2a due to the
overlap of the carbonyl bands of the starting material and
pivalic anhydride, the major product of the decomposition.
Further, there was no other IR absorption in 2a which was
suitable to use. However, with the thiolcarbonic anhydrides
2b and 2c, carboxylic acid anhydride formation is minor, and
through 80% reaction, interference is minimal. A detailed
study of 2b was undertaken to verify kinetic and thermody-
namic similarity to previously studied thiolcarbonic anhy-
drides.7 The results of this study can be found in Tables Il and
1.

Although a detailed study of 2c was not undertaken, a rate
determination was carried out at 125 °C, the temperature at
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Table I. Measurement of C02Evolution

Compd Weight decomposed Weight of C02collected % of 1eq.
o O
(CH3)3CCOCOC(CH3)3 1.2464 0.1719 63
2a 0.5604 0.0741 61
Av 62 (60)«
o O
(CH3)3CCOCSC(CHJ3)3 0.1904 0.0319 83
2b 0.43346 0.0905 103
0.2313 0.0445 95
0.1155 0.0207 89
0.1823 0.0305 83
0.2049 0.0421 102
Av 92 (94)«
o O
C2H5CH3)2CCOCSC(CH3)2C2Hs 0.3723 0.0600 90 (89)«
2c
2b + 2c 0.3235, 0.4172 0.1066 76
0.9745, 0.2040* 0.2850 75
Av 76 (92)«

«These numbers represent the predicted amount of C02on the basis of VPC analysis of residue comparing ester to anhy-
dride ratio. * These reactions were carried out in chlorobenzene, while all others were carried out without solvent.

0 0
| 1
2b + 2c (CH)XCSC(CHT, + [(CIUCCIO
5, 80% 6, 10%
0 0
1 I
+ CHECH3ZSCC(CH33 + (CH3LSCC(CH3IXTHS
7, <1% 8, <1%
0 0
I I
+ CH5CHILCSC(CHILH5 + [CHSCHILCID
9, 82% 10, 9%
0 0

+ [(CH3XLSIT +
11,

[CHECHIXLS]C %)

% undetermined 12, % undetermined

which the crossover experiment was run. At this temperature
a 0.4515 M solution of 2c in chlorobenzene had a first-order
rate constant of 4.05 X 10~4s-1 and a0.3795 M solution had
a rate constant of 3.95 X 10-4 s_1. Interpolation of the Ar-
rhenius plot for pivalic ferf-butylthiolcarbonic anhydride (2b)
yielded a rate constant of 11.0 X 10-4 s_1 at this same tem-
perature.

Discussion

In this study we have examined carboxylic carbonic anhy-
drides, in which the carboxylic portions of the molecules are
derived from aliphatic acids with an adjacent tertiary group
and not from aromatic acids as in earlier studies.5-7 Further,
we have contrasted the reactivity of two of these mixed an-
hydrides, which differ only with respect to whether they
contain oxygen or sulfur in the carbonic moiety (X = O in 2a
and X = Sin2b), and we have decomposed two similar mixed
anhydrides, 2b and 2c, simultaneously in the same reaction
vessel to determine if products expected from an ionic chain
decomposition are formed.

The reaction of these dually hindered anhydrides with a
primary amine led to an interesting observation. Although
there is an increased yield of the corresponding carbamate,
the reaction was far from being selective, with the major

Table Il. Reaction Rates for Pivalic
tert-Butylthiolcarbonic Anhydride (2b)

First-order
Concn, M Solvent Temp, °C k X 104s
0.040 88 Decalin 1185 2.96
0.121 2 118.5 2.79
0.083 52 125.9 5.25
0.040 09 138.6 14.6
0.040 62 Chlorobenzene 108.2 2.06
0.040 62 118.5 5.33
0.040 62 133.6 17.8

Table I11. Activation Parameters for Decomposition of
Pivalic tert-Butylthiolcarbonic Anhydride

Temp, Concn, Ea, All, AS,

+0.1 °C Kk X 104s M kcal/mol kcal/mol eu
In Decalin

118.5 2.96 0.040 88 25.5 24.7 - 12.0

125.9 5.25 0.083 52

138.6 14.6 0.040 09

In Chlorobenzene

108.2 2.06 0.04062

118.5 5.33 0.040 62 26.2 25.4 -9.1

133.6 17.8 0.040 62

product still the amide for 2a, 2b, and 2c. Whether this change
in product ratios is due to steric or electronic effects has not
been answered.

Although the aliphatic carboxylic thiolcarbonic anhydrides
2b and 2c do decompose more readily than corresponding
aromatic carboxylic thiolcarbonic anhydrides, decomposition
kinetics are still first order and the product ratios are essen-
tially the same. The oxygen analogue 2a seems to differ very
little both in ease of decomposition and in the range and
variability of products formed from the corresponding aro-
matic system.5 It seems that 2a decomposes by one mecha-
nism, while 2b and 2c decompose by another. That this may
be the case is likely when one considers the much greater
propensity for carbon-oxygen cleavage as opposed to car-
bon-sulfur cleavage in tertiary systems1314 and the greater
nucleophilicity of sulfur as compared to oxygen.

Since earlier suggestions5'6 of an ionic chain mechanism for
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oxygen anhydrides similar to 2a seem to explain the results
quite well, we decided to carry out a crossover experiment to
determine if we could rule out an ionic chain mechanism for
the decomposition of the corresponding thiol anhydrides 2b
and 2c with some degree of certainty. Comparison of the in-
dividual decomposition rates of 2b and 2c at the temperature
at which the crossover study was run showed that 2b decom-
posed slightly less than three times as fast as 2c. On the basis
of earlier work,15 this new rate seems reasonable and one
would expect not too much difference in the reactivity of 2b
and 2c. If the compounds decompose via an ionic chain, rea-
sonably one could expect at least 10-15% of the crossover
products 7 and 8. The results given in eq 7 clearly show that
this is not the case. When coupled with the relatively small
change in rate constants with a change in polarity of solvents,
a result which has been noted previously with the aromatic
carboxylic thiolcarbonic anhydrides,7 this experiment virtu-
ally rules out the ionic chain. However, the formation of even
trace amounts of these compounds, as well as larger fractions
of symmetrical acid anhydrides and thiolcarbonates, is not
consistent with a completely intramolecular process. That
these compounds might arise from a relatively slow biomo-
lecular process is a possibility, but there is not evidence for
this.

Experimental Section

General. Elemental analyses were performed by Galbraith Lab-
oratories, Inc., Knoxville, Tenn. All melting and boiling points are
uncorrected. The IR spectra for qualitative work were recorded on
a Beckmann IR-10 or a Perkin-Elmer 727 spectrometer in solution
or neat as indicated for each compound. Quantitative IR spectra were
recorded in solution on a Perkin-Elmer 621 spectrometer. The NMR
spectra were recorded on a Jeol MH-100 instrument under the con-
ditions indicated. For Kinetic experiments the temperature was
controlled by an E. H. Sargent Co. mercury capillary thermoregulator,
which maintained temperatures at +0.1 °C of the stated values, which
have been corrected by calibration against a Dymec Model DY-2801A
quartz thermometer (Hewlett-Packard, Dymec Division, Palo Alto,
Calif.).

Preparation of Pivalic tert-Butylcarbonic Anhydride (2a).
A slight modification of the published method6was used to prepare
the title compound. Potassium tert-butoxide (6.0 g, 0.054 mol) was
first carbonated in 50 mL of THF, and then treated with freshly dis-
tilled pivaloyl chloride (6.2 g, 0.052 mol) in 20 mL of THF over a 3-h
period, giving 6.0 g (58%), which appeared to be the desired product
from its IR spectrum. Subsequent vacuum distillation at 80-82 °C
(12 mm) led to 4.6 g (44%) of a viscous material, which had a neat
proton NMR spectrumi6of equivalent singlets at 1.60 and 1.31 ppm
and an IR spectrum (CCD with carbonyl absorption at 1800 and 1745
cm-1. The pure material had mp 21-23 °C.

Anal. Caled for CiOH 1804: C, 59.39; H, 8.97. Found; C, 59.25; H,
8.96.

Preparation of tert-Butyl Pivalate. Equimolar quantities of
pivaloyl chloride and triethylamine with a twofold excess of tert-butyl
alcohol in THF were refluxed for 40 h. After a standard workup on
the reaction mixture, distillation gave the ester: bp 134.5-137 °C,
NMR spectrum in chlorobenzene of equivalent singlets at 1.39 and
1.12 ppm, and neat IR spectrum with asingle carbonyl absorption at
1720cm*“ 1

Preparation of Pivalic Anhydride (6). Reaction of equimolar
guantities of pivaloyl chloride, pivalic acid, and triethylamine in re-
fluxing THF led to the production of a material whose bp was 192-194
°C and whose IR spectrum (CC14) showed carbonyl absorption at 1810
and 1735 cm-1. The NMR spectrum consisted of a singlet at 1.14 ppm
in chlorobenzene, and VPC indicated only one compound was
present.

Preparation of tert-Butylthiol Chlorocarbonate (3b). The
following is a modification of the procedurel7of Tarbell and Parasaran
and is due primarily to the unpublished work of Dr. Yutaka Yama-
moto. An excess of phosgene (18 g, 0.18 mol) was collected in 50 mL
of benzene (an increase in volume of 1mL isequal to 1.2 g) and then
added to an ice-salt cooled 250-mL three-neck round-bottomed flask
equipped with nitrogen inlet, mechanical stirrer, and addition funnel.
Via the addition funnel a solution of tert-butyl mercaptan (14.4 g, 0.16
mol) and pyridine (12.0 g, 0.15 mol) in about 40 mL of benzene was
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introduced over a period of 30 min and stirred for another hour at ice
bath temperature under a nitrogen atmosphere. After the solution
was allowed to rise to room temperature over 3 h, insoluble material
was removed by suction filtration through a medium-fritted filter
while under a dry nitrogen atmosphere, and solvent was removed in
vacuo. This provided a crude yield of 17.6 g (75%) of the desired
chlorocarbonate as a cloudy solution which exhibited a very charac-
teristic neat IR spectrum with broad absorption centered at 1755 (s)
and 1625 cm-1 (w). In this case, the thiol chlorocarbonate was used
without further purification, although one can readily purify the crude
material by distillation at 43 °C (12 mm). The thiol chlorocarbonate
appears relatively stable and can be stored in the refrigerator for
several weeks without any apparent decomposition.

Preparation of tert-Amylthiol Chlorocarbonate (3c). The
reaction of tert-amyl mercaptan (10.4 g, 0.10 mol) and pyridine (8.0
g, 0.10 mol) with phosgene (6.0 g, 0.60 mol) in benzene, as described
previously for 3b, yielded 11.7 g (70%) of crude product. Subsequent
distillation at 30 °C (1 mm) led to 11.2 g (67%) of product with an IR
spectrum quite similar to that of 3b. This material is relatively stable,
as evidenced by its unchanged IR spectrum, after storage in the re-
frigerator for 1 month.

Preparation of 2,2-Dimethylbutyric Acid.18 The modified
procedurel920 of Puntambeker and Zollner was used to prepare the
title compound from carbon dioxide and tert-amyl chloride, which
was first prepared from tert-amyl alcohol by the procedure2l of Norris
and Olmstead. Distillation at 74 °C (0.5 mm) led to the desired
product.

Preparation of Pivalic tert- Butylthiolcarbonic Anhydride
(2b). The preparation of the title compound was effected by modifi-
cation of published procedures.417 First, 3b was prepared as described
earlier and was used as the crude product without further purification.
A solution of 3b (17.6 g, 0.12 mol) in 20 mL of benzene was added
dropwise to a magnetically stirred solution of pivalic acid (11.8 g, 0.12
mol) and pyridine (9.2 g, 0.12 mol) in 40 mL of benzene at ice bath
temperature over aperiod of 30 min. After the solution was allowed
to warm to room temperature over a 3-h period, it was filtered by
suction through a medium-fritted funnel under a nitrogen atmo-
sphere. The filtrate was then washed with three 40-mL portions of
a 10% sodium carbonate solution, followed by three 40-mL portions
of water and dried. Filtration and removal of solvent in vacuo led to
2b as a white wax which melted from 62.5 to 64.5 °C (lit.10mp 57-59
°C). The IR spectrum agreed with the previous report and the NMR
spectruml6showed equivalent singlets at 1.34 and 1.09 ppm in chlo-
robenzene.

Preparation of 2,2-Dimethylbutyric tert-Amylthiolcarbonic
Anhydride (2c). The preparation of the title compound was effected
in the same manner in which 2b was prepared. Reaction of 2,2-di-
methylbutyric acid (5.8 g, 0.05 mol) and 3c (8.3 g, 0.05 mol) in benzene
with 1equiv of pyridine led to 8.0 g (65%) of the title compound. The
IR spectrum (CCD showed carbonyl absorptions at 1795 and 1730
cm-1; the NMR (CC14) consisted of a multiplet at 1.71 ppm (4 H), a
singlet at 1.47 ppm (6 H), a singlet at 1.19 ppm (6 H), and a quartet
at 0.95 ppm (6 H); and the compound boiled at 75-76 °C (0.02
mm).

Anal. Calcd for C12H2203S: C, 58.50; H, 9.00. Found: C, 58.77; H,
9.13.

Preparation of tert-Butyl Thiolpivalate (5). Freshly distilled
pivaloyl chloride (6.0 g, 0.05 mol) was added dropwise over a 30-min
period to a solution of tert-butyl mercaptan (6.8 g, 0.075 mol) in 50
mL of dry pyridine and refluxed for 4 h. After the addition of 100 mL
of ether, the solution was washed successively with 100 mL in three
portions each of water, 5% aqueous hydrochloric acid, and 5% sodium
carbonate solution. The resulting ethereal solution was dried, filtered,
reduced in vacuo, and distilled in 174-175 °C to yield 4.8 g (55%) of
a constant boiling material. Analysis by VPC indicated only one
compound was present, and mass spectroscopy showed a parent ion
at 174. The IR spectrum (CC14) had a strong absorption at 1680 cm-1
and the NMR16showed two equivalent singlets at 1.19 and 1.47 ppm
in chlorobenzene.

Anal. Calcd for CiOH1804: C, 59.39; H, 8.97. Found: C, 59.25; H,
8.96.

Preparation of Di-tert-butyl Dithiolcarbonate (11). The
method7of Wei and Tarbell was used to prepare the title compound
inacrude yield of 61% from sodium tert-butyl mercaptide and tert-
butylthiol chlorocarbonate. Spectra and physical properties were in
agreement with the previous report.

Preparation of tert-Amyl Thiolpivalate (7). Attempted prep-
aration of tert-amyl thiolpivalate in the same manner in which tert-
butyl thiolpivalate was formed resulted in the formation of a mixture
of compounds. From IR and VPC results, the mixture appears to be
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primarily the desired compound and pivalic anhydride. Attempts to
separate the mixture by distillation and column chromatography on
silica gel were unsuccessful. The compound was then isolated by VPC
and its identify was confirmed by its mass spectrum, which exhibited
apeak at m/e 188 that corresponds to the molecular ion, a base peak
at m/e 85 that corresponds to the acyl ion (CH33CC+= 0, and a
prominent peak at m/e 119 that corresponds to the “McLafferty +1”
product2 (CH3)3CC (=SH+)OH. The IR spectrum (CC14) contained
a carbonyl absorption at 1670 cm* 1

Product Studies. Analysis for carbon dioxide, which was evolved
during the thermal decomposition of the various carbonates, was
carried out by collecting the carbon dioxide on Ascarite. The appa-
ratus consisted of a two-neck flask equipped with a nitrogen inlet and
an upright condenser, which was connected in series to a dry-ice trap
containing Drierite, a U-shaped tube filled with Ascarite, and finally
asulfuric acid trap which was placed directly after the condenser. The
nitrogen inlet consisted of an adapter, with a stopcock, connected in
series to two Ascarite filled tubes, a sulfuric acid trap, and a tank of
prepurified nitrogen. The stopcock was open only when the system
was under a positive pressure from the tank. The decompositions were
usually effected either neat or in solution by placing the two-neck flask
in astirred oil bath heated between 100 and 175 °C. With the adapter
stopcock closed, the flask was heated for 3 h, then removed from the
bath, and allowed to cool for 5 min. At this time the stopcock was
opened and the system was flushed for 15 min with nitrogen before
the U-shaped Ascarite tube was weighed. This procedure was repeated
at 1-h intervals until a constant weight was obtained for the U-shaped
Ascarite tube.

Analysis for other products was usually effected with VPC and IR.
The chromatography was carried out on 5 ft X l4in. column of 5% SE
30 on Chromosorb W or 5% Ucon on Chromosorb W at injection port
temperatures ranging from 170 to 220 °C and column temperatures
ranging from 100 to 150 °C. Usually compounds were identified on
the basis of their retention times, although in some cases compounds
were identified by either coinjection techniques or by collection and
analysis of IR and NMR spectra. Samples were usually analyzed at
two different column temperatures for comparative purposes. Re-
tention times for the compounds on the Ucon column at an injection
port temperature of 210 °C, column temperature of 145 °C, and flow
rate of 60 mL/min were 2.64 min for tert-butyl thiolpivalate (5), 3.06
min for pivalic anhydride (6), 3.74 min for ferf-amyl thiolpivalate (7),
4.33 min for what is assumed to be tert-butylthiol 2,2-dimethyl-
butyrate (8), 5.81 min for tert-amylthiol 2,2-dimethylbutyrate (9),
and 6.74 min for 2,2-dimethylbutyric anhydride (10). It should be
noted that the identity of tert- amylthiol 2,2-dimethylbutyrate (9)
was confirmed by collection followed by mass spectral analysis. Th
compound gave a peak at m/e 202 which corresponds to the molecular
ion, a base peak at 99 which corresponds to the acyl ion C-jHsiC-
H3)2CC+= 0, and a peak at 133 which corresponds to the “ McLafferty
+1” ion C2H5(CH;,)2C (=S H +)OH.

Reaction of Mixed Anhydrides 2a-c with p-Toluidine. A. Pi-
valic tert-Butylcarbonic Anhydride. To a solution of pivalic
ferf-butylcarbonic anhydride (4.1 g, 0.02 mol) in 25 mL ofdry THF
was added a solution of p-toluidine (2.5 g, 0.023 mol) in 25 mL of THF.
After refluxing for 40 m the THF was removed in vacuo to leave a solid
mixture with a wide melting range beginning at 65 °C. Addition of 15
mL of anhydrous ether, resulting in partial solution of the mixture,
and subsequent filtration yielded a white crystalline substance whose
IR (CHCI;j) showed a carbonyl absorption at 1670 cm-1; whose NMR
(CHC13) showed asinglet at 1.25 (9 H) and 2.23 ppm (3 H), and mul-
tiplet from 6.88 to 7.27 ppm (5 H); and whose melting range was
119-121 °C. All of this information is consistent with this compound
being the N-pivaloyl derivative of p-toluidine, which was reported
by Davis and Hickinbottom23to have a melting point of 120 °C.

The ethereal solution was then shown to contain two major com-
ponents. Removal of ether in vacuo was followed by the addition of
10 mL of hexane, which once again led to only partial solution. Fil-
tration gave more of the white crystals. Next the yellowish brown
hexane solution was chromatographed on 50 g of silica gel by elution
in succession with 550 mL of hexane, 200 mL of 5% ether-hexane, 200
mL of 10% ether-hexane, 200 mL of 20% ether-hexane, 200 mL of 50%
ether-hexane, and 200 mL of chloroform to yield two major fractions.
The second fraction which came off was more of the N-pivaloyl de-
rivative and when added to the previously collected fractions
amounted to 2.5 g (66%). The first fraction had an IR spectrum
(CHCL:i) which showed a carbonyl maximum at 1718 cm* 1, and an
NMR spectrum (CDC13) which displayed a singlet at 1.46 ppm (9 H),
asinglet at 2.24 ppm (3 H), and a multiplet from 6.28 to 7.00 ppm (5
H). This information coupled with the fact that its melting range was

Stanley and Tarbell

91-93 °C indicated that this compound was N-feri-butoxycar-
bonyl-p-toluidine, which was reported by Choppin and Rogers9 to
have a melting range of 92-92.8 °C. The yield of this compound was
13 g (32%).

B. Pivalic tert-Butylthiolcarbonic Anhydride (2b). Next, 2b
was reacted with p-toluidine in the same fashion as its oxygen
homologue. Its IR once again indicated the presence of two types of
carbonyl absorptions and TLC also indicated two different major
components. However, an attempt to purify this mixture by chro-
matography on silica gel proved unsuccessful. Comparison of the IR
spectrum of this mixture with authentically prepared N -thiol-BoC
derivative of p-toluidine and the pivalamide indicated that the thiol
derivative was the minor component.

Preparation of N-Thiol-Boc of p-Toluidine. To asolution of
p-toluidine (2.4 g) in 10 mL of chloroform was added 3b (1.75 g) in
15 mL of chloroform over a 20-min period. After stirring overnight
the solution was filtered to remove insoluble material and the solvent
was removed in vacuo to give 2.1 g (85%) of a crude solid which melted
from 99 to 105 °C. Recrystallization from CCL led to a white crys-
talline solid which melted from 104.5 to 106 °C. The IR spectrum
(CCl14) showed a strong absorption at 1690 cm" 1and the NMR spec-
trum (CCl4) asinglet at 1.48 ppm (9 H), asinglet at 2.22 ppm (3 H),
and a multiplet from 6.62 to 7.11 ppm (5 H).

Anal. Calcd for C12H17NOS: C, 64.53; H, 7.67. Found: C, 64.39; H,
7.80.

C. 2,2-Dimethylbutyric tert-Amylthiolcarbonic Anhydride.
Reaction once again led to the production of two major components
by TLC and two different carbonyl absorptions in the IR. No attempt
was made to purify these products.

Kinetic Studies. The kinetic studies were performed using the
procedurel2of Dean, Tarbell, and Friederang with one major excep-
tion. Rate constants were determined by computer utilizing a pro-
gram24 which yielded a least-squares fit for the data. Also, the acti-
vation parameters were determined by computer in order to obtain
a least-squares fit.
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Thermolysis of a-oxo-«,d-unsaturated azines (9) was found to be an efficient and general route to «-pyrazolyl es-
ters (12, Ri = OELt) or ketones (12, Ri = alkyl or aryl). The azines were readily synthesized by either the condensa-
tion of «-diketone monohydrazones (22, 25) with a,/3-unsaturated aldehydes and ketones (26) or the Wittig olefina-
tion of the stabilized phosphoranes (17, 18) with aryl adehydes.
We would like to report a simple, general synthesis of the Scheme |
pyrazole ring system based on the thermolysis of 0-oxo-a,/?-
unsaturated azines 9 (Scheme I). Although azines (e.g., 3) are
dienes, the 1,3 relationship of an eletrophillic C-N double
bond and a relatively electron-rich nitrogen greatly alters the
cycloaddition behavior of these compounds. Attempted
R, R, R, r4 Rs
9-12a, Ph H 4-CIC6H.CH=CH- H 4-CIC6H4
, Ph H ch3 H 4-CIC6H4
>X< ¢, EtO H PhCH=CH— H Ph
d, EtO H 4-CIC,LHACH=CH- H 4-CIC6H,,
4 e, EtO H BrPh3PCH2— H Ph
f, EtO H BrPhjPCHj— H 4-CIC6H4
g5 EtO H ch3 H 4-CIC6H4
h, Ph Ph  ch3 H 4-CIC6H4
iy ch3 CH. H H Ph
i, Ph Ph  H H Ph
H ~
k, Ph Ph H Ne)
i, Ph Ph H H ch3
m, Ph Ph H ch3 Ph
n, Ph Ph ch3 H Ph
°, Ph Ph  ch3 H
p, Ph Ph  Ph H Ph
g, Ph Ph Ph H -COPh
rr, Ph  Ph H Br Ph
s, Ph Ph H -CH2CH2CH2CH?2
t, Ph Ph H -ch2ch2ch2o-
u, Ph Ph H -ch20ch2ch?2-
v, Ph Ph H -ch2h2ch?2
w, Ph Ph -CH2CH2CH2CH Ph
x, Ph Ph -ch2h2h2 Ph
Ph N— N Diels-Alder reaction of azines with olefins, isocyanates, or
/ — CH;Ph acetylenes leads2-3to bicyclic 2:1 (dienophile/azine) adducts
R ' 1, 2, or 4 (or products of further thermal rearrangements2-3),
respectively, rather than the expected 1:1 adducts associated
8a, R = CH,

b, R - Ph3PCH-

with butadienes. This type of reactivity is unique to azine
chemistry and has been termed2“criss-cross” cycloaddition.
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Scheme Il

H2C=C=CHPPhHh3Br
l1l4a
. 110
HC=C— CH2PPh3Br

14

12e, Ar = Ph 12c, Ar = Ph
12f, Ar = 4-CIC6H4 12d, Ar = 4-C1C6H4

Azines (6) derived from a,d-unsaturated aldehydes and ke-
tones exhibited45 similar intramolecular cycloaddition reac-
tivity, yielding N-cis-propenylpyrazoles 7, rather than cyclic
azo compounds 5, on thermolysis.

Recently we reported6 that stabilized phosphoranes 8a and
8b yielded phenacyl pyrazoles, 12a and 12b (Scheme I), when
allowed to react with benzaldehyde. Presumably, the origin
of these products was a thermal rearrangement of azines 9a
and 9b (the expected Wittig olefination products) similar to
that observed for 6. Scheme | outlines a proposed mechanism
for this rearrangement based on the work of Stern and
Krause.45 Initial attack of the jmine nitrogen on the terminal
olefinic carbon of 9 would generate the azomethine jmine 10.
A prior isomerization of one or both of the C-N double bonds
in 9 may be necessary in order to attain the correct geometry
for the cyclization (9 —* 10). If the original azine 9 was mono-
or unsubstituted at C-5, aromatization by intramolecular
hydrogen transfer could occur, leading to the observed prod-
ucts. Any azine of the type 9, bearing at least one hydrogen
substituent on C-5, should serve as a precursor for pyrazoles
12 (and/or 11), making the overall sequence an attractive new
route to N-substituted pyrazoles. We now wish to report our
investigations into the synthetic utility of these transforma-
tions.

Results and Discussion

Syntheses of Azines and Pyrazoles Based on Phos-
phonium Ylide Intermediates. Ylide salt 17 may be readily

Albright, Evans, Kim, Labaw, Russiello, and Schweizer

synthesized by the reaction of carboethoxyphophazine (13)
with propargyltriphenylphosphonium bromide (14) (Scheme
I1). Brown7 has reported an analogous reaction, yielding
phosphoranes (21) from phosphinimines (19) and acetylenic

Ph,P COR’

Ph)P+NR + ROLC=CCOR'

19 20 RUC NR

21
esters (20). The formation of 17 probably involved the series
ofsteps outlined in Scheme Il. Initial reaction of 13 with the
allenyl isomer (14a) of 14s would yield zwitterion 15, pre-
sumably in equilibrium with azaphosphetidine 16. Decom-
position of 16 in the indicated manner would then generate
17.

After treatment with a strong base (NaH or NaOEt, forming
a bisylide) 17 could be converted in good yield to pyrazoles 12c
or 12d by reaction with benzaldehyde or 4-chlorobenzal-
dehyde, respectively. Simply heating 17 in the prescence of
the same aldehydes led to 12e or 12f, which retain the
methylenetriphenylphosphonium moiety. Mild alkaline hy-
drolysis (Na2CO;jj, H20) of 17 selectively cleaved one of the
triphenylphosphonium substituents, yielding ylide 18, which
could in turn be converted to pyrazole 12g by heating with
4-chlorobenzaldehyde. Elemental and spectral analysis of the
colorless crystalline products 12c-g supports the structural
assignments (see Tables Il and 1V). The configuration of the
3-styryl groups in 12a, 12c, and 12d could not be determined
since, in the '"H NMR, the vinyl protons were obscured by
aromatic resonances.

Azines 9a-g were presumably intermediates in these re-
actions, although they were not isolable under the reaction
conditions. The intermediacy of 9 in a related system was
confirmed. Azine phosphonium salt 23 could be readily pre-
pared by employing the reaction of benzil monohydrazone (22)

4-cicbh 4cho

with propargylphosphonium salt 14. When the corresponding
ylide (24) was allowed to react with 4-chlorobenzaldehyde, an
orange solid resulted which could be converted to colorless
pyrazole 12h by distillation at 260 °C (0.5 mm). This sequence,
coupled with an analysis of its spectral data, allows us to assign
the structure of the orange solid as azine 9h.

Syntheses of Azines and Pyrazoles From «-Diketone
Monohydrazones and a,/8-Unsaturated Carbonyl Com-
pounds. Intermediates based on phosphonium salt 14 were
useful synthons for a number of pyrazole systems (i.e., 12a-h),
but limited the substituents which could be introduced into
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Table |. Reactions of a-Diketone Monohydrazones with a,j3-Unsaturated Aldehydes and Ketones

25, R = CH3
Yield,“
R, r7 r3 Hydrazone Product % Method6
26a H H Ph 25 9i 68 B,4h

a H H Ph 22 9j 86 A, 24 h
b H H 2-Furyl 22 9k 52 A, 4 h, p-TSA*
c H H CH, 22 121 50 A, 12 h
d H ch3 Ph 22 12m 91 A, 25 h, HOAc
e ch3 H Ph 22 12n 75 A, 24 h,p-TSA
f ch3 H 2-Furyl 22 120 48 A, 5 h, p-TSA

Ph H Ph 22 12p 57 A, 8 h, p-TSA
Igl Ph H COPh 22 12q 54 A, 8h, p-TSA
i H Br Ph 22 9r 82 A, 3.5h
1 H -ch2ch2ch2ch 2- 22 9s 79 A, 5 h, HOAc
Jk H -ch2ch2ch?2o- 22 9t 38 B, 7h
1 H -ch20ch2ch?2- 22 9u 82 A, 5 h, HOAc
m H —CH,CH,CH,— 22 9v 83 A, 5 h, HOAc
n —£H,CH,CH,CH,— Ph 22 12w 62 A, 19 h,p-TSA
o] —CHjCHjCHj- Ph 22 9x 75 A, 36 h, p-TSA

“Isolated yield based on hydrazone. 6 See Experimental Section. “p-Toluenesulfonic acid.

Table Il. Thermolysis of Azines

Conditions %
Azine (T, °C/time, h) Product(s) yield

9i 180/1 12i 90
9j 175/2 12j 88
9k 130/2.5 12k 64
9r 175/2.5 12r 67
9s 150/4 12s 72
9t 175/3 lit 74
9u 150/5 12u 85
9v 150/4 12v 73
9x 160/4 11x 25
12x 50

the heterocyclic ring. Thus, we sought a more general route
to a-oxo0-a,/?-unsaturated azines 9 utilizing readily available
starting materials. We reasoned that the reactions of «-dike-
tone monohydrazones (22 or 25) with «/f-unsaturated al-
dehydes or ketones (26) would provide a flexible and
straightforward route to azines 9 and/or their rearrangement
products (11/12) (see Table I).

In fact, when cinnamaldéhyde (26a) was allowed to react
with either diacetyl (25) or benzil (22) monohydrazone, azines
9i and 9j could be isolated in good yield. We have extended
this sequence to include the reactions of 22 with a variety of
other a.d-unsaturated aldehydes and ketones (26b-p), sum-
marized in Table I. Azines (9) were isolable in approximately
half of the reactions, pyrazoles, 11, and/or 12, being formed
directly in the remainder. The «-oxo-«,d-unsaturated azines,
ranging in color from yellow to orange, could be converted to
the colorless pyrazoles 11/12 in good yield by thermolysis
(Table I1). Although no attempts at optimization were made,
the yields were generally good (38-91%), establishing this
reaction sequence (22/25 + 26 —9 —* 11/12) as a viable route
to a-pyrazolyl ketones.

In addition to monocyclic pyrazoles (12i-r), this sequence
permitted the synthesis of bicyclic systems when the carbonyl
or olefinic portion of 26 was incorporated into a carbo- or
heterocyclic ring. By proper choice of the a,/3-unsaturated
aldehyde or ketone (26) we were able to prepare examples of
the 1H- (A) and 2H-tetrahydroindazole (B) (12s and 12w),

pyrazolo[5,4-5]-(C) and pyrazolo[4,5-c]pyran (D) (lit and
12u), and 1H- (E) and 2-//-cyclopentapyrazole (F) (12y and
11 x /12x) systems.

Interestingly, in two cases, enol tautomers (lit and I1x) of
the a-pyrazolyl ketones were isolable. The infrared spectra
were particularly distinctive, showing bands for OH (~3450
cm-1) and C=C (~1570 cm-1), while lacking a carbonyl
stretching absorption. Additional support was provided by
the conversion of pure IIx to a mixture (as determined by
thin-layer chromatography) of 11x and 12x upon heating at
170 °C for 2 h. Presumably stabilization of the enol form in
these cases is provided by intramolecular hydrogen bonding
with N -2 of the pyrazole ring as in 27. Similar enol stabilization
is seen in a-triazinyl ketones (e.g., 28).9 We can offer no ex-

27 28
planation as to why these two systems were the only ones in
which the enol was isolable.

Spectral Characteristics. Table Ill lists the physical
properties and characteristic IR absorption frequencies of the
azines and pyrazoles described above. Azines 9 exhibit bands
at 1665-1685 (conjugated C—0) and 1570-1625 cm-1 (C=N,
C=C) in their infrared spectra. The a-pyrazolyl esters 12c-g
show strong bands at ~1750 (ester C=0) and ~1590 cm-1
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Table I11. Physical Properties and Characteristic
Infrared Bands of Azines (9) and Pyrazoles (11/12)
Compd Mpa (bp/mm), °C IR6cm-1

9h 117-118 1685,1595,1575
9i 67.5-69 1680, 1625,1545
9j 133.5-135 1675,1620,1580
9k 106-108 1665,1615,1580
9r 145-146 1660,1595,1565
9s 100-101 1675, 1630,1590
ot 89-91 1665,1620,1590
9u 134.5-136 1675,1640,1595
9v 81-82 1680,1620,1590
9x 157-158 1675, 1595,1575
lit 126-128 3450, 1560,1525
1x 165.5-167 3460,1560,1530
12c 87-89 1750,1580

12d 139-140 1750,1600

12e 208-209 1740, 1570

12f 175-176 1740,1580

129 64-65 1750,1600

12h 151-152 1700,1600

12i (100/1.1) 1730,1610

12§ 129-130 1705,1600

12k 145 1690, 1600

121 151.5-152.5 1690,1595

12m 137.5-138.5 1700,1600

12n 105-106.5 1690, 1595

120 138-139 1665,1615,1570
12p 110 1690,1600,1580
12q 119-121 1680,1630,1575
12r 140-141 1665,1590

12s 123-124 1695,1600

12u 139.5-140.5 1695,1600

12v 146-147 1680,1600

12w 120-122 1700,1600
12x 133-134.5 1690,1595

a Melting (boiling) points are uncorrected. b Standarized by
reference to polystyrene film.

(pyrazole C=N/C =C).10infrared spectra of a-pyrazolyl ke-
tones 12h-s and 12u-x are characterized by peaks at 1690-
1730 (C=0) and ~1600 cm' 1 (pyrazole C=N/C=C).

Proton NMR data for all compounds are collected in Table
1V and are completely consistent with the assigned structures.
A few general observations may be made. The aldimine
(HC=N-) protons in those azines derived from aldehydes
(9i,j,k and 9r-y) resonate at 7.8-8.2 ppm. In the pyrazole
derivatives, systems unsubstituted at carbon 3 and/or 4 ex-
hibit signals at 7.0-7.8 [C(3)-H] and/or 5.9-6.3 ppm [C(4)-H],
consistent with reportedll NMR data. In addition, the a-
pyrazolyl a-phenyl ketones derived from benzil monohydra-
zone (22) and 26 show a characteristic peak at 6.4-7.0 ppm for
the proton a to the carbonyl [C(2)-H].

Table V lists selected 13C NMR parameters for the azines
and pyrazoles synthesized by the a-diketone hydrazone-
unsaturated aldehyde/ketone route. Peaks at 197-199 (C=0)
and 160-170 ppm (C=N) as well as the lack of any saturated
carbon resonances other than expected for aliphatic substit-
uents characterize the spectra of the azines 9. Enols lit and
IIx, as expected, show no peaks attributable to a carbonyl
carbon, but the spectra do show a very deshielded (170-176
ppm) and a very shielded (~80 ppm) vinyl carbon, consistent
with other reports12of the 13C spectra of enols and enol ethers.
The a-phenyl a-pyrazolyl ketones 12j-s and 12u-x show
peaks at 104-117 [C(4)],13 192-194 [C(1)], and 67-69 ppm
[C(2)]. The remainder of the resonances are consistent with
the proposed structures and assignments are based on model
compounds when available (e.g., ref 13).

We have demonstrated that the thermal rearrangement of
a-oxo-a,d-unsaturated azines 9 is a facile and general route
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to N-substituted pyrazoles 11 and/or 12, and should prove to
be a valuable addition to current methods of pyrazole syn-
thesis.

Experimental Section

All chemicals, except as noted below, were purchased from the
Aldrich or Eastman Organic Chemical Companies and used as is.
Solvents used in the phosphonium ylide reactions were dried by
standard techniques and distilled prior to use. A dry nitrogen atmo-
sphere was employed in all reactions. Melting points were obtained
with a Thomas-Hoover apparatus and are uncorrected. Proton NMR
spectra were recorded with either a Varian A-60A or Perkin-Elmer
R12-b instrument on ~10% CDCI3solutions. A Bruker HFX-90 NMR
spectrometer equipped for Fourier transform pulsed NMR with a
Nicolet 1085 data system operating at 22.63 MHz was used to collect
the 13C NMR data. All NMR chemical shifts are reported as parts per
million $vs. Me4Si as internal standard. All new compounds gave el-
emental (C, H) analyses consistent with the proposed empirical for-
mulas.

Cyclcohexene-1-carboxyaldehyde (26j) was prepared by the
method of Heilbron et al.Zlwith the modification that triethylamine
at 110-120 °C (pressure bottle) was used to effect the dehydrobro-
mination. The following compounds were prepared by known meth-
ods: propargyltriphenylphosphonium bromide (14),4 ethyl
(triphenylphosphoranylidenehydrazono)acetate (13),15 2H-
3,4-dihydropyran-5-carboxyaldehyde (26k),16 cyclopentene-
1l-carboxyaldehyde (26m),17 2-benzylidenecyclohexanone
(26n),18 2-benzylidenecyclopentanone (260),18 and diacetyl
monhydrazone (25).19

Preparation of 3-(Triphenylphosphoranylidene)-2-(car-
boethoxymethylidenehydrazonopropyl)triphenylphosphonium
Bromide (17). A solution of 10.2 g (0.0266 mol) of propargyltri-
phenylphosphonium bromide (14) and 10.0 g (0.0266 mol) of phos-
phazine 13 in 200 mL of cold (0 °C), dry CH2CI2was stirred under
nitrogen for 3days at 0 °C and 2 days at room temperature. Addition
of the reaction mixture to 1200 mL of EtOAc yielded 17 as a yellow
powder. Recrystallization from CHACL/EtOAc afforded 13.5 g (67%)
of analytically pure material, mp 224.5-225.0 °C: IR (cm-1) 1680
(C=0), 1580'(C=N), 1440, 1105 (C-P); >H NMR $0.6-1.5 (m, 3 H,
CH3CH20-), 3.50-4.50 (m, 3 H, CH:ICH2 - + Ph3P=CH-), 5.12 (d.
s ph —15.0 Hz, Ph3+CH?2), 7.0-8.1 (m, 30 H, aromatic).

Anal. Calcd for C*"H.sgBr”~Oa: C, 68.16; H, 5.19. Found: C, 68.11;
H, 5.15.

Preparation of Ethyl I-(3-Styryl-5-phenylpyrazolyl)acetate
(12c). In 60 mL of dry CH3CN was dissolved 4.0 g (5.2 mmol) of ylide
salt 17 and 1.4 g (14.4 mmol) of benzaldehyde. To this solution was
added 0.24 g (0.05 mol) of sodium hydride (57% oil dispersion), and
the reaction mixture was heated at reflux for 18 h. After cooling to
room temperature, the reaction mixture was poured into water (500
mL) and extracted with two 150-mL portions of ether. The combined
organic extracts were dried (MgS04) and concentrated in vacuo to
an oily solid. Column chromatography (silica gel; 1:1 hexane-ether
as eluent) yielded 1.0 g (87%) of 12c as a pale yellow solid. An ana-
lytical sample was prepared by crystallization from hexane-ether.

Preparation of Ethyl-I-[3-(4-chlorostyryl)-5-(4-chlorophe-
nyl)pyrazolyl]acetate (12d). In 80 mL of freshly distilled ethanol
was dissolved 0.46 g (0.02 mol) of sodium metal. Then 5.6 g (0.04 mol)
of 4-chlorobenzaldehyde and 15.0 g (0.02 mol) of ylide salt 17 were
added, and the reaction mixture was stirred at ambient temperatures
for 5 h and at reflux for 72 h. The reaction was then poured into water
(500 mL) and extracted with two 250-mL portions of ether; the ether
extracts were dried (MgS04) and concentrated in vacuo to —100 mL,
at which point a solid precipitated. The solid (presumably Ph (PO)
was removed by filtration, the filtrate was concentrated in vacuo, and
the residue was chromatographed on silica gel (1:1 ether-pentane as
eluent), yielding 5.0 g (61%) of 12d as a colorless solid. Recrystalliza-
tion from ether-hexane afforded an analytical sample.

Preparation of Triphenyl-lI-carboethoxymethyl-5-phenyl-
pyrazol-3-ylmethylphosphonium Bromide (12e). A solution of 2.5
g (0.0033 mol) of ylide salt 17 and 0.70 g (0.0066 mol) of benzaldehyde
in 200 mL of acetonitrile was heated at reflux for 29 h. After concen-
tration in vacuo to 20 mL, the reaction mixture was precipitated into
700 mL of anhydrous ether, yielding 3.4 g (88%) of 12e as a cream
colored solid. An analytical sample was prepared by recrystallization
from CH2XCI2ZEtOAc.

Preparation of Triphenyl-lI-carboethoxymethyl-5-(4-chlo-
rophenyl)pyrazol-3-ylmethylphosphonium Bromide (12f). A
solution of 5.0 g (0.066 mol) of ylide salt 17 and 1.86 g (0.0132 mol) of
4-chlorobenzaldehyde in 200 mL of acetonitrile was heated at reflux
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Table IV. ]JH NMR Parameters for Azines (9) and Pyrazoles (11/12)°

9h 2.22 (s, 3 H, C(3)-CH?3J), 6.62 (“d”,</s 6 Hz, 2H, C(4)-H +
C(5)-H), 7.03 (s, 4 H, C6H4C1), 7.2 (m, 6 H, aromatic), 7.70 (m,
4 H, aromatic orthoto C=0/C=N)

9i 2.01 (s, 3H, C(2)~CH3), 2.39 (s, 3H, C(1)-CH?3), 6.90 (“d”,J
a 5Hz, 2H,C(4)-H + C(5)-H), 7.25 (m, 5 H, aromatic), 7.85
(“t”,J a 4Hz, 1H, C(3)-H)

9j 6.73 (d, J s 8.0Hz, 2H, C(4)-H + C(5)-H), 6.93-7.46 (m, 11
H, aromatic), 7.75 (m, 4 H, aromatic orthoto C=0/C=N), 8.20
(dd, J = 8.0,1.5 Hz, 1 H, C(3)-H)

9k 6.29-6.38 (m, 2 H, furan C(3)-H + C(4)-H), 6.63-6.75 (m, 2
H, C(4)-H + C(5)-H), 7.25-7.48 (m, 7 H, aromatic + furan
C(5)-H), 7.72-7.98 (m, 4 H, aromatic ortho to C=0/C=N),
8.36 (dd,J = 6.0, 3.3 Hz, 1 H, C(3)-H)

9r 7.35-7.60 (m, 12 H, aromatic + C(5)-H), 7.75-8.07 (m, 4 H,
aromatic ortho to C=0/C=N), 8.28 (s, 1 H, C(3)-H)

9s 1.44 (br m, 4 H, -CH2CH2CH2CH2-), 1.95 (br m, 4 H,
-CH2CH2CH2CH?2), 6.12 (m, 1 H, C(5)-H), 7.3 (m, 6 H, aro-
matic), 7.7 (m, 4 H, aromatic ortho to C=0/C=N), 7.96 (s, 1
H, C(3)-H)

9t 1.66 (m, 4 H, -CH2CH2CH?20-), 4.26 (brt, J &5 Hz, 2 H,
-CH2CH2CH20-), 6.79 (br s, 1 H, C(5)-H), 7.2 (m, 6 H, aro-
matic), 7.7 (m, 4 H, aromatic orthoto C=0/C=N), 7.92 (s, 1
H, C(3)-H)

9u 2.16 (m, 2 H, -CH2CH20-), 3.06 (br t, J s 6 Hz, 2 H,
-CH2CH20), 3.85 (br s, 2 H, C=CCH2-), 6.28 (m, 1 H,
C(5)-H), 7.2 (m, 6 H, aromatic), 7.7 (m, 4 H, aromatic ortho to
C=0/C=N), 7.85(s, 1H, C(3)-H)

9v 1.66 (br q,J$7 Hz, 2 H, -CHoCH2CH2), 2.12 (m, 4 H,
-CH2CH2CH.2), 6.12 (m, 1H, C(5)-H), 7.22 (m, 6 H, aromatic),
7.68 (m, 4 H, aromatic ortho to C=0/C=N), 8.22 (s, 1 H,
C(3)-H)

9x 1.73 (m, 2H,-CH2CH2CH?2), 2.67 (m,4H,-CH,CH2CH?2),

6.87 (t,J = 25 Hz, 1H, C(5)-H), 7.1 (m, 11 H, aromatic), 7.7

(m, 4 H, aromatic orthoto C=0/C=N)

lit 1.76 (m, 2 H, -CH2CH2CH20-), 2.44 (br t,J s 6 Hz, 2 H,
-CH2CH2CH2-), 4.06 (brt,J a 5Hz,2H,-CH2CH2CH2-),
596 (brs, 1 H, -OH), 7.2 (m, 10 H, aromatic), 8.01 (s, 1 H,
C(3)-H)

1Ix 1.96 (br,p,bJ s 7Hz,2H,-CH2CH2CH2), 2.95 (brq, J s,
7Hz, 4H,-CH2CH2CH2), 6.36 (s, 1H, -OH), 6.9-7.8 (m, 15
H, aromatic)

12¢ 1.20 (t,J = 6.0 Hz, 3H, CH3CH2-), 4.20(q, J = 6.0 Hz, 2 H,
CH3CH20-), 4.80 (s, 2 H, C(2)-H?2), 6.50 (s, 1 H, C(4)-H),
7.1- 7.5 (m, 12 H, aromatic + vinyl)

12d 1.20 (t, J = 6.0 Hz, 3H, CH3CH2-), 4.17 (9, J = 6.0 Hz, 2 H,
CH3CH20-), 4.80 (s, 2 H, C(2)-H?2), 6.46 (s, 1 H, C(4)-H),
7.02- 7.50 (m, 10 H, aromatic + vinyl)

12e 1.20 (t,J = 6.7 Hz,3H, CH3CH20-), 4.12 (q,J = 6.7 Hz, 2 H,
CH3CH20-). 4.68 (s, 2H, C(2)-H?2), 5.28 (d, JPH = 14.6 Hz, 2
H, -CH2P+Ph3Br-), 6.39 (d, JPH = 1.3 Hz, 1 H, C(4)-H),
7.08-8.10 (m, 20 H, aromatic)

12f1.20 (t,J = 7.3 Hz,3H,CH3HX-), 416 (q,J = 7.3 Hz, 2 H,
CH3CH20-), 4.70 (s, 2 H, C(2)-H2),5.34 (d, JPH = 14.0 Hz, 2

H, -CH2P+Ph3Br~), 6.39 (d, JPH = 1.3 Hz, 1 H, C(4)-H),
7.1-8.2 (m, 19 H, aromatic)

129 1.17 (t,J = 7.0Hz,3H, CH3CH2-), 2.20 (s, 3H, C(3)-CH?3),
4.10 (g,Jd = 70Hz, 2H, CH3CH2-), 4.63 (s, 2 H, C(2)-H2),
6.00 (s, 1H,C(4)-H), 7.3 (m, 4 H, aromatic)

12h 2.15 (s, 3 H, C(3)-CHJ), 6.02 (s, 1 H, C(4)-H), 6.50 (s, 1 H,
C(2)-H), 7.1-7.3 (m, 12 H, aromatic), 7.5 (m, 2 H aromatic ortho
toC=0)

12i 1.64 (d,J = 7.0 Hz, 3 H, C(2)-CHJ), 1.69 (s, 3H, C(1)-CH3),
477 (q,J = 7.0 Hz, 1 H, C(2)-H), 6.25 (d, J = 1.5 Hz, 1 H,
C(4)-H), 7.31 (s, 5 H, aromatic), 7.46 (d, J = 1.5 Hz, 1 H,
C(3)-H)

12j6.16 (d,J = 1.5 Hz, 1H, C(4)-H), 6.58 (s, 1 H, C(2)-H), 7.18
(brs, 13 H, aromatic), 7.4 (m. 3H, C(3)~H + aromatic ortho to
C=0)

12k 6.45-6.58 (m, 3 H, C(2)~H + furan C(3)-H, C(4)-H), 7.25 (s,
1H, C(4)-H), 7.35-7.56 (m, 9 H, aromatic + furan C(5)-H),
7.78-7.93 (m, 3 H, aromatic orthoto C=0 and C(3)-H)

121 2.06 (s,3H, C(5)-CH?J3),5.93(d,J = 1.5Hz, 1H, C(4)-H), 6.86
(s, 1H, C(2)-H), 7.2 (m, 8 H, aromatic), 7.76 (d,J = 1.5Hz, 1
H, C(3)-H), 7.6-8.0 (m, 2 H, aromatic orthoto C=0)

12m 1.89 (s, 3H, C(4)-CH3), 6.47 (s, 1H, C(2)-H), 7.13 (br s, 13
H, aromatic), 7.24 (s, 1H, C(3)-H), 7.5 (m, 2 H, aromatic ortho
toC=0)

12n 2.09 (s, 3 H, C(3)-CHJ), 5.99 (s, 1 H, C(4)-H), 6.50 (s, 1 H,
C(2)-H), 7.16 (br s, 13 H, aromatic), 7.45 (m, 2 H, aromatic
ortho to C=0)

1202.22 (s,3H, C(3)-CH?J), 6.35(s, 1H, C(2)-H), 6.43(d,J = 1.3
Hz, 2 H, furan C(3)-H, C(4)-H), 7.15 (s, 1H, C(4)-H), 7.25-7.70
(m, 9 H, aromatic and furan C(5)~H), 7.75-7.93 (m, 2 H, aro-
matic orthoto C=0)

12p 6.63 (s, 1 H, C(4)-Hc), 6.68 (s, 1H, C(2)-H), 7.2-7.75 (m, 20
H, aromatic)

129 6.94 (s, 1 H, C(4)-Hc), 7.05-7.95 (m, 21 H, aromatic + C(2)-
-H)

12r 6.67 (s, 1 H, C(2)-H), 7.31-7.46 (m, 13 H, aromatic), 7.56-7.81
(m, aromatic orthoto C=0) + 7.59 (s, C(3)-H) —total 3 H

12s 16 (m, 4 H, -CH2CH2CH,CH2), 23 (m, 4 H,
-CH2CH2CH2CH?2), 6.78 (s, 1H, C(2)-H), 7.15 (br s, 8 H, ar-
omatic), 7.30 (s, 1H, C(3)-H), 7.75 (m, 2 H, aromatic ortho to
C=0)

12u 2.34 (m, 2H,-CH2CH20CH?2), 3.64 (brt,J a 55 Hz, 2 H,
-CH2CH20CH2), 4.48 (br s, 2 H, -CH2CH20CH2), 6.95 (s,
1H, C(2)-H), 7.11 (s, 8 H, aromatic), 7.27 (s, 1 H, C(3)-H), 7.76
(m, 2 H, aromatic ortho to C=0)

12v 2.36 (m, 6 H, -CH2CH2CH2-), 7.02 (s, 1H, C(2)-H), 7.08 (s,
1H, C(3)-H), 7.16 (s, 8 H, aromatic), 7.8 (m, 2 H, aromatic ortho
to0 =0)

12w 167 (m, 4 H, -CH2CH2CH2CH?2), 25 (m, 4 H,
-CH2CH2CH2CH?2), 6.54 (s, 1H, C(2)-H), 7.2 (br s, 13 H, ar-
omatic), 7.5 (m, 2 H, aromatic ortho to 0=0)

12x 2.5 (m, 6 H, -CH2CH2CH2), 6.54 (s, L H, C(2)-H), 7.22 (br
s, 13 H, aromatic), 7.5 (m, 2 H, aromatic orthoto0=0)

° Chemical shifts reported as parts per million 8vs. Me4Si in CDC13solution. 6 Numbering as in Table V; pentet. ¢ Assignments for

C(2)-H and C(4)-H may be reversed.

for 29 h. After concentration in vacuo to ~20 mL, precipitation into
500 mL of anhydrous ether yielded 3.7 g (90%) of 12f as a colorless
solid. Recrystallization from CH2CI2EtOAc afforded an analytical
sample.

Hydrolysis of 17. Preparation of Triphenyl-2-carboethoxy-
methylidenehydrazonopropylidenephosphorane (18). A solution
of 7.6 g (0.01 mol) of ylide salt 17 in 50 mL of methylene chloride was
stirred for 8 h with 100 mL of 10% Na2C 03. After drying (MgS04) and
removal of most of the solvent in vacuo, the methylene chloride layer
was added dropwise to 300 mL of ethyl acetate. The orange solid
which precipitated was shown (TLC, NMR) to be a mixture of ylide
18 and triphenylphosphine oxide. We were unable to completely
separate 18 from Ph3PO, and the mixture was used as is in further
reactions: >H NMR 80.7-1.3 (br m, CH3CHZ20), 2.30 (s, CH3C=N),
3.0-4.3 (brm, CH3CH20 + CH=PPh3),7.05(s,-N=CH-), 7.15-7.0
(m, aromatic 18 + Ph3PO).

Preparation of Ethyl I-[3-methyl-5-(4-chlorophenyl)pyraz-
olyl]acetate (12g). To 40 mL of benzyl alcohol was added the mixture

of 18 and Ph3PO prepared as above from 3.8 g (0.005 mol) of ylide salt
17 and 0.8 g (0.0057 mol) of 4-chlorobenzaldehyde. The solution was
refluxed for 12 h, poured into water, and extracted with two 100-mL
portions of ether. After drying (MgS04) and concentration in vacuo,
the ether extracts afforded a thick oil, which was chromatographed
[silica gel, pentane-ether (2:1) as eluent] to yield 1.0 g (74%) of 129
as a pale yellow oil. Distillation at 220 °C (10 mm) yielded a colorless
analytical sample which solidified on standing.

Preparation of Triphenyi-2-(phenylphenacylidenehydra-
zono)propylphosphium Bromide (23). A slurry of 9.2 g (0.041 mol)
of benzil monohydrazone (22) and 15.2 g (0.04 mol) of porpargyltri-
phenylphosphonium bromide (14) in 40 mL of chloroform was heated
at reflux for 2 h. The clear solution was then added dropwise to 600
mL of boiling benzene, stirred at ambient temperatures for 1 h, and
filtered. The filter cake was recrystallized from methylene chloride-
ethyl acetate to yield 19.6 g (83%) of 23 as a pale yellow solid: mp
224-225 °C; iH NMR 82.50 (d, JPH= 1.3 Hz, 3H, CH3), 5.41 (d, JPH
= 13.3 Hz, 2 H, CH2), 7.02-8.00 (m, 25 H, aromatic).
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Table V. Selected 13 NMR Parameters for Azines (9) and Pyrazoles (11/12) Prepared from a-Diketone Monohydrazones
and a,/3-Unsaturated Aldehydes and Ketones

9
Compd c( C(2) C(3)
9i 199.0“ 161.7* 159.5
9j 197.3 166.4* 164.0
9k 197.4 166.3* 163.5
9r 197.2 167.4 160.9
9s 197.6 166.5* 164.6
9t 198.1 164.5* 162.5
9u 197.0 167.2 160.7
9v 197.5 166.6 158.9
9x 198.1 163.1 173.9
lit 170.2 80.4 156.6C
11x 176.4 80.7 169.7c
12i 204.0 62.6 139.9
12j 192.5 67.0 139.8
12k 192.5 68.4 139.6
121 193.0 67.9 135.6
12m 193.1 67.3 140.5
12n 192.7 66.9 149.0
12p 192.5 67.4 151.4
120 192.5 68.0 148.7
12q 193.0 69.1 d
12r 192.4 68.3 140.5
12s 193.2 68.1 135.6
12u 193.3 68.7 135.2
12v 194.0 69.6 135.1
12w 192.8 66.6 149.5
12x 192.9 67.3 161.8

n 12
C(4) C(5) Other
d 143.6 11.4; C(2)-CH3
24.9; C(1)-CH,
d 143.7
d 144.1 112.2, 112.7; |3furyl
152.0; a-furyi
119.2 140.9
d 141.8 21.7, 22.1, 23.2, 26.4; -(CH?2),-
113.8 155.5 18.5, 21.0, 67.5; -(CH,),0-
d 137.4 26.1, 63.5, 64.0;-CH 20(CH2)2
d 143.5 22.8, 30.3, 33.6; -(CH),),-
d 137.8 22.5, 29.6, 30.8;—(CH2h—
113.2 166.8 20.9, 21.5, 68.1; -(CH,,),0-

e 158.4 ' 22.8, 30.8, 34.3; -(CH2),-

106.6 144.6 16.2; C(2)—CH,
26.0; C(1)—CH,
106.9 144.2
106.2 144.4 109.4, 111.6; (3furyl
142.7; a-furyl
106.8 139.1 11.5; C(5)—CH,
115.4 141.3 9.0; C(4)—CH3
106.8 145.0 13.6; C(3)-CH3
104.1 145.6
106.0 144.4 13.5; C(3)—CH3
109.2, 111.5; /3-furyl
142.7; a-furyl
111.3 d 197.8; C(5)—COPHh
94.9 141.7
117.2 137.4 20.7, 22.0, 22.8(2);-(CH 24
115.8 136.4 23.5, 63.6, 68.6; -(CH2)20CH2
e 150.8 22.6, 25.0, 30.7; -(CH2),~
115.5 139.8 21.0, 23.2(2), 23.4;—CH2)4—
e 136.6 23.4, 25.0, 29.7;—«CH2)3—

aParts per million 5 vs. Me4Si as internal standard in CDC1,. * The assignments for C(2) and C(3) may be reversed. cThe
assignments for C(3) and C(5) may be reversed. d Unable to assign unambiguously. ” Obscured by phenyl resonances.

Anal. Calcd for CssHaoBrNsOP: C, 69.43; H, 4.99. Found C, 69.26;
H, 4.88.

Preparation of Triphenyl-2-(phenylphenacylidenehydra-
zono)propylidenephosphorane (24). In a 100-mL round-bottom
flask was dissolved 2 g (~0.0358 mol) of potassium hydroxide in 40
mL of absolute ethanol. This solution was cooled to —15 °C (ice-
methanol) and 9.7 g (0.0161 mol) of 23 was added with stirring. The
deep red solution was then stirred at ambient temperatures for 30 min,
during which an orange solid precipitates. Filtration and recrystalli-
zation from CH2CI2heptane afforded 8.0 g (93%) of 24 as yellow-
orange crystals: mp 181-182 °C; ‘HNMR 52.42 (d, Jph = 1.3 Hz, 3
H, CH3), 2.98 (d, JpH = 24.0 Hz, 1H, Ph3?=CH), 6.90-7.90 (m, 25
H, aromatic).

Anal. Calcd for C3BH2N20P: C, 80.14; H, 5.55. Found: C, 79.81; H,
5.77.

Preparation of 3-Phenylphenacylidenehydrazono-I-(4-
chlorophenyl)but-l-ene (9h). A solution of 2.0 g (3.8 mmol) of ylide
24 and 0.8 g (5.7 mmol) of 4-chlorobenzaldehyde in 20 mL of dry ac-
etonitrile was heated at reflux for 2 h. Removal of solvent in vacuo
afforded a yellow oil from which 0.7 g (52%) of 9h was isolated by
dry-column chromatography [Florisil (2 X 30 cm), 2.5:1 hexane-ether
as eluent]. An analytical sample was prepared by crystallization from
CH2CI2petroleum ether.

Preparation of I-Phenyl-lI-[3-methyl-5-(4-chlorophenyl)-
pyrazolyl]acetophenone (12h). In a microstill was placed 1.0 g (3.75
mmol) of azine 9h. Distillation at 260 °C (0.5 mm) yielded a pale
yellow oil, which crystallized from methylene chloride-hexane to
afford 0.5 g (50%) of pyrazole 12h as a colorless solid.

Reactions of a-Diketone Monohydrazones (22 or 25) with

a,d-Unsaturated Aldehydes and Ketones (26). General Method
A. A solution of the hydrazone and carbonyl compound (5% excess)
in absolute ethanol (50 mL/0.01 mol) was heated at reflux for the
amount of time indicated in Table I. Small (10-15 mg) amounts of
acetic or p-toluenesulfonic (p-TSA) acids were sometimes employed
as catalysts and this is also noted in Table i. Cooling the reaction
mixture or concentration/cooling initiated the crystallization of the
listed products. Recrystallization from ethanol afforded analytically
pure samples.

General Method B. A slurry of the hydrazone and carbonyl com-
pound (5% excess) in benzene (50 mL/0.01 mol scale) was heated at
reflux in a round-bottom flask fitted with a Dean-Stark water
separater for the time indicated in Table I. After removal of the
benzene in vacuo, crystallization of the residue from ethanol afforded
the products listed in Table 1.

Thermolysis of a-Oxo-a,/J-unsaturated Azines. General
Method. A sample (0.5-2.0 g) of the azine 9 was placed in a thick-
walled glass tube, capped, and heated in an oil bath under the con-
ditions listed in Table Il. After cooling to room temperature, the crude
product was dissolved in a minimal amount of CH2C12, diluted with
ethanol (15 mL/g of azine), and treated with Darco G-60 activated
carbon. The solution was filtered and the methylene chloride removed
by gentle boiling for several minutes. Cooling led to the crystallization
of the pyrazole products. The thermolysis of 9X yielded a mixture of
11x and 12x which could only be separated by column chromatogra-
phy (silica gel; CH2C12 as eluent).
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Registry No.—9h, 63569-86-8; 9i, 63569-87-9; 9j, 63569-88-0; 9k,
63569-89-1; 9r, 63569-90-4; 9s, 63569-91-5; 9t, 63569-92-6; 9u,
63569-93-7; 9v, 53569-94-8; 9x, 63569-95-9; lit, 63569-96-0; IlIx,
63569- 97-1; 12c, 63569-98-2; 12d, 63569-99-3; 12e, 63570-00-3; 12f,
63570- 01-4; 12g, 63570-02-5; 12h, 63570-03-6; 12i, 63570-04-7; 12j,
63570-05-8; 12k, 63570-06-9; 121, 63570-07-0; 12m, 63570-08-1; 12n,
63570-09-2; 120, 63570-10-5; 12p, 63570-11-6; 12q, 63570-12-7; 12r,
63570-13-8; 12s, 63570-14-9; 12u, 63570-15-0; 12v, 63570-16-1; 12w,
63570-17-2; 12x,63570-18-3; 13,22610-15-7; 14,2091-46-5; 17 charged
form, 63570-19-4; 17 uncharged form, 63570-20-7; 18 charged form,
63570-21-8; 18 charged form, 63570-22-9; 22, 5344-88-7; 23, 63570-
23-0; 24 charged form, 63570-24-1; 24 unchanged form, 63570-25-2;
25, 33487-48-8; 26a, 104-55-2; 26b, 623-30-3; 26¢c, 4170-30-3; 26d,
101-39-3; 26e, 122-57-6; 26f, 623-15-4; 269, 94-41-7; 26h, 4070-75-1;
26i, 5443-49-2; 26j, 1192-88-7; 26k, 25090-33-9; 261,13417-49-7; 26m,
6140-65-4; 26n, 5682-83-7; 260, 5679-13-0; benzaldehyde, 100-52-7;
4-chlorobenzaldehyde, 104-88-1.
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Estimation of Allene Optical Purities by Nuclear Magnetic Resonance
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Methoxymercuration of chiral aliénés affords chiral ethers, the enantiomeric purity and absolute configuration
of which are related to those of the allenic precursor. Enantiomeric purity and absolute configuration of these allene
derivatives can be determined by NMR using (R)-(—5-2,2,2-trifluoro-1-(9-anthryl)ethanol (la) as achiral solvating
agent. A solvation model is advanced to account for the origin and sense of the observed NMR nonequivalence of

the enantiomeric derivatives in the presence of la.

Despite considerable interest in the chemistry of chiral
allenes, there is no general experimental method for the de-
termination of enantiomeric purity of allenes lacking addi-
tional functionality. However, Brewster has calculated the
rotational values expected for several chiral allenes including
those without additional functional groups.1 Chemical
transformation of a chiral allene to a known chiral reference
compound can provide enantiomeric purity data, although
this approach is seldom used since most reactions that might
be employed to modify the allenic functionality do not proceed
stereospecifically. Thus far, the use of chiral solvating agents
(CSA) as a direct method for determining enantiomeric
purities of chiral allenes has been unsuccessful unless an ad-
ditional “handle” is present.2 An alternate indirect approach
in which the chiral allene is stereospecifically converted to a
chiral compound, the enantiomeric purity of which is then
determined by NMR using a CSA, is the subject of the present
paper.

Prior work with chiral type 1 fluoro alcohols has shown that
these CSA render nonequivalent the NMR spectra of enan-
tiomeric benzylic, allylic, or propargylic alcohols and their
ethers. The oxymercuration of allenes in HaO or methanol,
believed to be a highly stereospecific reaction, affords mer-
cury-containing allylic alcohols or methyl ethers. Owing to the
sharp singlets arising from methoxyl groups, methoxymer-
curation is well suited to the overall process for NMR deter-
mination of enantiomeric purity. We have methoxymercu-
rated several partially resolved simple allenes and used a type

OH
CE,-
Ar

1

1 CSA to determine enantiomeric composition of the product
ethers.

Methoxymercuration of allenes with mercuric acetate in
methanol usually affords both cis and trans adducts and is
considered to occur by the mechanistic pathway shown in
Scheme 1.3This scheme predicts that the two adducts will be
of opposite chirality.3

Reaction of (R)-(-)-2,3-pentadiene (2), [a]25D -14.5° (1,
Et20), with Hg(OACc)2 in dry methanol at 25 °C followed by
exchange of acetate for chloride affords a 6:1 ratio of transicis
3-chloromercuri-4-methoxy-2-pentenes, 3t and 3c, respec-
tively. In CCI4 solution with 3 equiv of (fl)-(—)-2,2,2-tri-
fluoro-I-(9-anthryl)athanol (la) the mixture of 3t and 3c
shows NMR nonequivalence of the enantiotopic methoxyl
resonances for each isomer. Although the sense of nonequiv-
alence and enantiomeric purity of 3c in the mixture could not
be reliably determined due to the proximity of other signals,
the enantiomeric purity of (S)-3t, the major isomer, was as-
certained to be 9.2%, with the methoxyl signal of the major
enantiomer occurring at a higher field than that of the minor
enantiomer (high field “sense” of nonequivalence). This value
represents the minimum enantiomeric enrichment for 2,
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which hence has a maximum specific rotation value of -158°.
After separation of 3c and 3t by preparative GLPC (4 ft X 0.25
in., 20% SE-30 on Chromosorb W, 115 °C), 3c showed a low-
field sense of methoxyl nonequivalence and 6% enantiomeric
excess.

Although too little of the cis isomer was obtained to estab-
lish its configurational stability during GLPC, the major trans
isomer 3t does undergo partial racemization during gas
chromatography. The observation of opposite senses of
methoxyl nonequivalence for 3c and 3t strongly suggests that
these isomers are formed with opposite absolute configura-
tions. This point will be elaborated further during the dis-
cussion of the mode of solvation of allyl ethers by CSA la.

Methoxymercuration of (S)-(+)-3,4-heptadiene (4),
[a]250 +33.8° (2 CHCI3), at —78 °C affords a 19:1 mixture of
the trans and cis chloromercurals 5t and 5c. Again using CSA
la, 5t was found to be 33% enantiomerically enriched. Re-
duction of the amount of 5¢ present through use of low-reac-
tion temperatures simplifies the NMR analysis of enan-
tiomeric purity. The results of similar experiments on other
allenes are reported in Table I. In each instance, enantiomeric
purity and absolute configuration of the chloromercurals could
be established by NMR, thus also establishing the absolute
configuration and minimum enantiomeric purity of the initial
allene.

The accuracy of these determinations of enantiomeric
purities of chiral allenes is dependent on the stereospecificity
of the methoxymerucration reaction. Different allenes might
well undergo methoxymercuration with different degrees of
stereospecificity. Presently, it is our view that simple acyclic
allenes, such as those in Table I, undergo methoxymercuration
at —78 °C with high and perhaps complete stereospecificity.
Cyclic allenes may show lessened stereospecificity. For ex-
ample, Bach4 has suggested that, for 1,2-cyclononadiene, the
stereospecificity of ethoxymercuration is a function of the
mercurating agent. In Bach’s hands, mercuric acetate, the
most commonly used reagent for oxymercuration, led, after
demercuration, to allyl ether 7 that had but 81% of the rotatory
power of the same adduct obtained directly from 6 using
ethylmercuric acetate and boron trifluoride (Scheme 11).5
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However, methoxymercuration of partially resolved (ft)-4,
[a]25D —26.4°, using ethylmercuric acetate/BF;iat0 °C leads
to trans-8 of an enantiomeric purity (25%) such that the
maximum absolute rotation calculated for allene 4 by this
method is not significantly different from that calculated by
the alternate methoxymercuration procedure (Table I). Thus,
the two methoxymercuration reactions proceed with the same
degree of stereospecificity. Note also (Table I) that methox-
ymercuration of 2 proceeds with the same stereospecificity
at 25 °C ab it does at —78 °C. These results are consistent with
(but do not require) essentially complete stereospecificity
during m%thoxymercuration of acyclic allenes.

Solvation Model. The NMR nonequivalence shown by the
enantiomers of a variety of solute types in the presence of
chiral fluoro alcohols such as la appears to fit a uniform
model.7Chart I shows the application of this type of solvation
model to the allyl ethers arising from methoxymercuration
of allenes. The carbinol hydrogen bonds to a primary basic
site, the methoxyl oxygen, and a weaker secondary interaction
between the carbinyl hydrogen and the second basic site, the
ir electrons in the double bond, serves to populate chelate-like
conformations of the two diastereomeric solvates. The dia-
stereomeric solvates show NMR nonequivalence due to the
stereochemically dependant shielding exerted by the aryl
substituent of the carbinol. For steric reasons, a significantly
populated rotomer in these solvates is one in which the
methoxyl group is approximately eclipsed with the carbinyl
hydrogen of the ether, the smaller of the three remaining
substituents upon the chiral center. In this rotomer, the an-
thryl substituent of la causes the methoxyl signal of (S)-3t
to occur at a higher field than does the methoxyl signal of
(ft)-3t. The model takes no cognizance of whether the ether
has cis or trans geometry about the double bond or whether
or not it contains mercury. Neither structural variation ap-
pears to perturb the correlation between sense of nonequiv-
alence and absolute configuration.

Summary. Reaction of chiral allenes with mercuric ace-
tate-methanol or with ethylmercuric acetate-BF.j-methanol
leads to chiral methyl allyl ethers, the enantiomeric purity and
absolute configuration of which can be determined by NMR
using a chiral solvating agent. This approach is most easily
applied to allenes having identical substituents on the termini
of the allenic group. Dissimilarly substituted allenes may af-
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able I. Methoxymercuration o tica nriche ira ienes
Table I. Methoxy i f Optically Enriched Chiral Ali
Max Sense of
eeb absolute nonequivalence
Aliene, [a]2%p Registry no. Product Registry no. yield0 rotationO in lae>/
HgCl CH:;
(R)-(9-2,3-Pentadiene (2), 20431-56-5 cH / \ 63597-50-2 9.2% (—158° us (1.6)'
o v c=c¢
-14.5° (1, Et20) H (86%)
H"™ x ocH,
<§')-3t
CH<V OCH,
CH
63597-51-3 L (1-5)
H" > = <
HgCl H (14%)
(R)-3c
(R)(—9-2, -29.6° (2.6, (S)-3t 19.0%  (—5)156° H (1.6)
Et20) (95%)d
HgCl CH,CH:i
(5)-(;;-2,4-gepcta%ie;)e (4), 20431-62-3 M/ C—C\ 63534-25-8  33.1%  (+)102° L (1.6)
+33.8° (2, CHCI
CHCH/ X OCHt (94%)rf
(R)-5t
(R)-(—)-fl, -22.7° (2.5, 34862-66-3 (S)-5t 63534-26-9 21.6% (—105° H (1-6)
CHCIj) (969%)1f
H CH.CH;,
(R)-(-)-4,-26.4° (1, fenvooxemex 63534-27-0  25.0% (—)106° HE (1.7)
CHCI3 A S (>90%)
(.S)-8
HgCl H
(R)-(+)-1,2-Cyclononadiene 26114-92-1 CHiIOV X C=C/ 63597-52-4 8.4% (+)223° LS (1.8)
(6), +18.8° (2.8, CHCIj) <X X oh. (100%)
H*" V-ICH . )~
)-9
H
CH y
(i?)-(+)-1,2-Cyclotri- 18526-51-7 63597-53-5  7.8% (+)195° H (1.8)
decadiene (10), +15.2°
86%
(3.4, CHCIj) (Rgcl cH, (86%)

A (CH)g.—="

(s) lit

aNumber in parenthesis is percent of product in product mixture. b Calculated from areas under methoxyl resonances in
the presence of la. cCalculated from enantiomeric excess of mercural as minimum enantiomeric excess of allene. d Methoxy-
mercurated at —78 °C. e A 3:1 la:substrate ratio in CC14./Nonequivalence of methoxyl resonances. #NMR data was obtained
using (S)-(+)-2,2,2-trifluoro-I1-(9-anthryl)ethanol. Senses of nonequivalence have been inverted here for uniformity and clar-
ity. hMagnitude of nonequivalence in Hz at 100 MHz. H and L refer to high- or low-field sense of nonequivalence.

ford regioisomers, and the additional resonances may com-
plicate spectral interpretation. Liquid chromatographic
separation of the regioisomers would obviate this difficulty.

Experimental Section

Mercuric acetate methoxymerucration products (except 5t) were
characterized from previously reported data. Carbinol la was pre-
pared as previously reported.7 Optically enriched allenes were pre-
pared by asymmetric hydroboration8or by a modification of Crabbe’s
method9 that will be reported elsewhere.

Methoxymercuration of Allenes with Hg(OAc)2in Methanol.
Methoxymercuration was carried out at 25 °C according to the
method of Caserio.8The following procedure is typical for methoxy-
mercurations at -78 °C. To a stirred solution of Hg(OAc)2 (66 mg,
0.21 mmol) in dry methanol (15 mL) cooled in adry ice/isopropyl al-
cohol bath was added 4 (20 mg, 0.21 mmol) in 1 mL of diethyl ether.
The reaction was stirred at -78 °C for 9 h after which NavCOa (28 mg,
0.26 mmol) was added. The reaction mixture was warmed to room
temperature, methanol was removed under reduced pressure, and an
aqueous solution of NaCl (12 mg, 0.21 mmol) was added to the re-
maining oil. Extraction of the chloromercural into CHCI3 (four 5-mL
portions), drying of the organic layer (MgS0,]), filtration, and evap-
oration of the CHCI3afforded acolorless oil, 5t and 5¢ (19:1 by NMR):

NMR (5t) (CC14)i 0.8 (t, 3,J = 7 Hz, CHOCH3CH2CH3), 1.05 (t, 3,
J =7Hz, C=CHCH2CH?J3) 1.2-1.7 (m, 2, CHOCH3CH2CH3), 2.2
(quintet, 2, C=CHCH2CH3J), 3.2 (s, 3, OCH3), 3.5 (t, 1, J = 6 Hz,
CHOCH3), 6.15 (t, 1,J = 8 Hz, C=CH).

Methoxymercuration of (rR)-(—)-3,4-Heptadiene with
EtHgOACc/BF3Et20 in Methanol. The procedure described by
Bach4 was followed using (R)-(—5-4, []25d—22.6° (1, cHCI3) and
methanol except that the reaction was conducted for 24 h at 0 °C.
Control experiments using 5,6-undecadiene and GLPC analysis
showed that this reaction proceeds at a negligable rate at —78 or —30
°C. Allylic ether 8 (>90% trans)10was isolated by preparative GLPC
(4.5ft x 0.25in., SE-30 on Chromosorb W, 60°C): NMR (CCl14) 50.85
(t, 3, 3 = 7 Hz, CHOCH3CH2CH3), 101 (t, 3, J = 7 Hz,
C=CHCH2CH3), 145 (m, 2, CHOCH3CH2CH3), 2.1 (quintet, 2,
C=CHCH2CH3),3.15(s,3,0CH3)3.3(Mm, ,CHOCH?3), 5.0-5.7 (m,
2,HC=CH). Ether 8 was stable to racemization under GLPC con-
ditions.
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Dynamic Stereochemistry of Imines and Derivatives. 12. Bis(iV-alkylimines)

Derived from Tetramethylcyclobutane-I*-dionel

Johannes BjOrgo,2aDerek R. Boyd,*2aW. Brian Jennings,* 2b Philip M. Muckett,2b
and Lionel C. Waring2®

Department of Chemistry, Queen’s University of Belfast, Belfast BT9 5AG, Northern Ireland,
and Department of Chemistry, University of Birmingham, Birmingham B15 2TT, England

Received April 12, 1977

A series of bisimines 1where R = CH3, CH2CH3 CH(CH3)2 C(CH3)3 and C6H U has been prepared in high yield
using TiCl4as catalyst. The tert-butyl compound exists exclusively in the E configuration, but the other less hin-
dered compounds showed 20-30% Z isomer at equilibrium in solution. It is proposed that the Z isomer is destabi-
lized by a buttressing interaction between the ring methyl groups and the flanking iV-alkyl substituents, though
dipolar interactions were also evaluated. The rates of E-Z isomerization were determined, where appropriate, by
direct equilibration at 35 °C and by dynamic NMR spectroscopy at higher temperatures. The AG* values lie in the
range 24.8-21.8 kcal mol-1 and decrease with increasing bulk of the iV-alkyl group. The mono(tert-butylimine) 4
shows a markedly lower AG* value of 19.2 kcal mol-1. Some AH* and AS* data were also determined, and the re-
sults are consistent with a lateral shift pathway for isomerization. 1H and Z[C chemical shift data for both isomers

are tablulated and discussed.

Tetramethylcyclobutane-l,3-dione should, in principle,
condense with primary amines, RNH?2, to form bisimines of
structure 1. These compounds are capable of exhibiting an
interesting type of E-Z isomerism, and are examples of the
more general representation depicted in 2. Other bisimines

= CH2CH3
= CH(CH?3)2
= C(CH?J3)3
cyclohexyl

Mg
Py
1l

within the scope of this general structure are 1,4-diazabuta-
triene3 (2, X = -) and the 1,4-benzoquinone bisimines (2, X
= CH=CH).4

The ring methyl groups in 1 provide a useful handle for
assigning the stereochemistry by NMR spectroscopy. Te-
tramethylcyclobutane-l,3-dione has been reported to form
bisimines with aromatic amines in the presence of an acid
catalyst, but alkylamines were found to give 2,2,4-trimethyl-
3-oxopentanamides by ring cleavage.5 Only in the case where
R = cyclohexyl was the bis(iV-alkylimine) 1 isolated in low
yield (ca. 15%). Worman and Schmidté have shown by *H

NMR spectroscopy that these bisimines were formed as an
E-Z isomeric mixture. The ring methyl signals from both
isomers were reported to coalesce on raising the sample tem-
perature above 100 °C, but no kinetic data were reported.

We now report the preparation of a series of /V-alkyl com-
pounds with structure 1 in good yield, including the very
hindered compound where R = tert-butyl. The isomer dis-
tribution has been investigated and the rates of isomerization
have been determined by direct thermal stereomutation and
dynamic NMR spectroscopy.

Results and Discussion

Synthesis and Stereochemistry. Titanium (1V) chloride
has proven to be a remarkably effective catalyst for the con-
densation of amines with a wide range of aldehydes and ke-
tones, including relatively unreactive diaryl ketones.7-9 This
method also enabled the new bisimines la-d to be prepared
from tetramethylcyclobutane-l,3-dione in high yield. Pro-
longed reaction in boiling toluene was required, presumably
due to steric hindrance around the carbonyl groups. The
biscyclohexyl compound le, which had been prepared pre-
viously in low yield,5was obtained in 65% yield by the above
method.

'H and 13C NMR spectra showed that the bisimines la-c
(R = CH3,CH2CH3, and CH(CH 3)2) were present as an E/Z
isomer mixture in solution. Stereochemical assignment was
straightforward as the ring carbons C-2 and C-4 and their
gem-dimethyl groups are nonequivalent in the Z form but
isochronous in the E isomer (as noted previously for other
compounds of this type6).

The position of equilibrium markedly favors the E config-
uration (Table 1), hence the configuration at one nitrogen
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Table I. ‘"H NMR Data and Equilibrium Isomer Distribution for Bisimines 1°
5 (ring CH?J) 5 (N-alkyl)
Compd R E Registry no. z Registry no. E z %Zb
la ch3 141 63196-47-4 1.27,1.60 63297-69-6 3.29¢ 3.30“ 26
Ib ch2ch, 1.40 63268-40-6 1.29, 1.55 63196-48-5 1.23c 1.24c 24
3.50d 3.51
lc CH(CH;i)2 1.40 63196-49-6 1.30, 1.56 63267-70-9 117 1.17¢ 21
3.79¢ 3.79¢
Id C(CH3)3 1.30 63196-50-9 / 1.25¢ f <0.5
le CgH,,* 1.39 24627-18-7 1.29, 1.52 24627-17-6 3.41* 3.41" ~25/

° Measured in CDCD solution (0.5 M) at 35 °C. hPrecision £1%. r CH3group. d CH2group. e CH group, f No signals due to the
Z isomer were detected. g Saturated solution <0.5 M. h Overlap of the ring methyl and cyclohexyl methylene signals precluded an

accurate determination of the isomer ratio.

atom is sensitive to the configuration of the other nitrogen,
even though they are fairly remote. A buttress effect between
the gem-dimethyl moiety and the flanking N-alkyl groups
may account for the reduced stability of 1 (Z) compared with
1 (E). Molecular models indicate that these interactions are
particulary severe in the N-tert-butyl compound Id which
showed no detectable concentration of the E isomer. The in-
ability to detect signals from the Z isomer of Id at 35 °C
cannot result from unusually fast E~Z isomerization (i.e., fast
on the NMR time scale), since no additional signals were de-
tected in the NMR spectra even at —50 °C.10 The IV-ethyl,
N-isopropyl, and N-cyclohexyl compounds Ib, Ic, and le can
minimize the interactions with the ring methyl groups by
adopting preferred conformations as shown in 3. Thus, the

equilibrium concentration of the Z isomer in these compounds
is much closer to that in the N-methyl analogue la than in the
N -tert-butyl compound Id.

Further evidence for steric congestion in Id comes from the
observation that tetramethylcyclobutane-1,3-dione gave only
the monoimine 4 with tert-butylamine under conditions
where less bulky amines gave bisimines (see Experimental
Section).

Polar effects should also be considered. Thus, the E isomer
has no net resultant dipole moment, whereas the Z isomer will
have a dipole moment in the plane of the ring. However, the
dipole-dipole repulsive interaction between the two N-R
bonds in 1 (Z) was estimated1l to be only ca. 17 cal mol-1 using
the accepted valuel2 of 0.45 D for the N-C bond moment in
imines. This interaction is therefore too small to cause any
significant perturbation of the E:Z ratio, and would in any
case be mediated by the dielectric of the solvent and the in-
tervening molecular structure.

The isomer ratio in the representative bisimine Ib was in-
vestigated in a number of solvents and the results are given
in Table Il. It can be seen that the relative proportion of the
Z isomer, which possesses a dipole moment, increases with
increasing solvent dielectric constant. Hydrogen bonding ef-
fects may also play a role in methanol solution, as the pro-
portion of the Z isomer is larger than would be indicated by
the dielectric constant. Previous investigations of other imine
systems have shown that alcohols can hydrogen bond to the
nitrogen lone-pair electrons.1314 Although the bisimines have
been depicted with planar rings, the molecule could be oscil-
lating between puckered conformations. X-ray studies15 on
tetramethylcyclobutane-l,3-dione indicate that the ring is

Table Il. Equilibrium Isomer Composition of Ib as a
Function of Solvent*

Solvent th % Zc
Carbon tetrachloride 2.24 22
Benzene-dfi 2.27 23
Chloroform-d 4.80 26
Dichloromethane 9.08 27
Acetone-d6 20.7 25
Methanol-d4 32.63 29
Acetonitrile-da 38.82 27
Dimethyl-d6sulfoxide 48.9 27
Formamide 109 31

0 Determined at 35 °C on 0.5 M solutions. b Solvent dielectric
constant as given in “Handbook of Chemistry and Physics”, 53rd
ed, The Chemical Rubber Co., Cleveland, Ohio, 1972. ¢ Consid-
ered to be + 1%.

coplanar in the solid state, but other data favor rapid oscil-
lation between puckered forms.16

Interestingly, the quinone bisimine 5 (R = 2,6-diethyl-
phenyl), where steric buttressing effects between the N-R
groups should be minimal, shows a 50:50 E:Z ratio.4

5
NMR Spectra. 'H and 13C chemical shifts are given in
Tables I and I11. Assignment of signals to the E and Z isomers

was straightforward due to the large difference in abundance.
The 13C spectra were recorded using long pulse intervals, and
the nuclear Overhauser effect was suppressed using gated
decoupling. The two sets of ring methyl signals in the Z isomer
were well separated in both the !'H and 13C spectra (by
0.33-0.26 and 1.69-0.33 ppm, respectively). However, as-
signment to the groups cis or trans to the N-alkyl substituents
is uncertain, though the former may be at higher field in the
13C spectrum due to a steric compression effect.17 Assuming
that the anisotropic effects of the N-R groups and the imino
lone pairs are additive and that the bond lengths and angles
are equal in both isomers, the ring methyl groups in the E
isomer should resonate approximately midway between the
two signals for the Z form. This was indeed the case in the 4H
spectra as the ring methyl signal of the E isomer was only
0.02-0.03 ppm from the mean position of the signals from the
Z isomer (Table I). However, this prediction breaks down for
the 13C spectra (Table I11).

Carbons C-2 and C-4 are markedly anisochronous in the Z
isomer (5 = 3.71-5.20 ppm, see Table I11). A similar effect has
been observed previously in 13C spectra of other imino com-
pounds, and the upfield signal generally arises from the more
hindered a carbon which is cis to the substituent on nitro-
gen.18-19 Interestingly, in this case, the signal from the E iso-
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Table I11. I3C NMR Data for Bisimines 1"
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0 (ring CH3)
R E z E
la CH, 22.55 21.44,23.13 57.70
Ib CH,CH3 23.15 22.55,23.13 57.63
Ic CH(CHs), 123.39 23.06,23.39 57.44
Id C(CH3)3 25.34 54.84

0 (C-2, C-4) 5(C=N) O(N-alkyl)

A E A E Z
56.07,59.78 180.82 180.30  39.506  38.59%
55.62,60.10 179.33 178.74 16446  16.44

46.91' 45.87'm
55.03,60.23 177.25 176.66  24.046  24.04b
52.43d  51.26d

174.00 31.256

60.82"

“ Measured in CDCI3solution (0.5 M) at 25 °C (digital resolution 0.065 ppm). b CH3group. 0 CH2group. d CH group. e Quaternary

Table IV. Kinetic Data and Free Energies of Activation for Imine Isomerization"

carbon.
Temp, kE-Z,
Compd °C Method s_1

la 35.0 Equilibration 1.62 X 10~5
176.5 DNMR 11.7

Ib 160.5 DNMR 11.2

Ic 35.0 Equilibration 0.781 X 10- 4
144.8 DNMR 9.44

4 84.5 DNMR 14.3C

hz-E, AG*E-z,h ACV N

s-1 kcal mol-1 kcal mol-1
5.35 X 10-5 24.8 24.1
28.9 24.5 23.7
32.0 23.6 22.7
3.17 X 10-4 23.9 23.0
33.0 22.9 21.8
14.3C 19.2e 19.2C

0 In 1,2,4-trichlorobenzene solution. b Calculated from the Eyring equation: AG* = 1.987 T (in (T/Kk) + 23.75994); error limits
+0.1 kcal mol-1. ¢ No E-Z isomerism is possible for this monoimine; data refer to topomerization.

1 1
o 10 20 30 40 Hz

Figure 1. Experimental (=) and “best fit" computed (solid line)
dynamic 1H NMR spectra of the ring methyl groups of la at 176.5 °C
in 1,2,4-trichlorobenzene. The preexchange signal positions are also
indicated; signals 1and 3 = Z isomer; signal 2 = E isomer.

mer is indeed reasonably close to the midpoint of the two
signals from the Z form.

The imino carbon shifts for both isomers are only slightly
different, but the signals move significantly upfield on in-
creasing the bulk of the N-alkyl group. Similar effects have
been observed in acyclic imines of the type C6H5C H =
CHCH=NR.19 The effect of changing the N-R substituent
along the series methyl, isopropyl, tert-butyl is to shift the
imino carbon signal upfield by 4.3 and 7.0 ppm in the latter
compounds, compared with shifts of 3.6 and 6.8 ppm in the
bisimines 1. The various N-alkyl group hydrogens and carbons
exhibit very similar shifts in both isomers, though the N-C
signals were detectably anisochronous in the E and Z
forms.

Isomerization Studies. Careful sublimation or recrystal-
lization of la and Ic afforded crystals of the pure E isomer (as
shown by 4H NMR analysis immediately after dissolution of
the sample). The stereomutation was monitored at 35 °C in
1,2,4-trichlorobenzene solution by following the appearance
of the gem-dimethyl signals of the Z isomer as a function of
time. Imine Ib was a liquid and not amenable to thermal
stereomutation studies.

The degenerate isomerization of la, Ib, and Ic was also
investigated at high temperature in 1,2,4-trichlorobenzene
solution by dynamic 4 NMR spectroscopy. On raising the
probe temperature to between 140 and 180 °c (depending on
the compound), both gem-dimethyl signals of the Z isomer
broadened and coalesced with the larger single c (C H 3)2 res-
onance of the E isomer. The site exchange process therefore
involves three signals of unequal intensity and two interde-
pendent rate constants (kF z and kz-E)=The band shape near
the “coalescence temperature” was analyzed using methods
described elsewhere.20 On numbering the ring methyl signals
in order of increasing field (i.e., signals 1 and 3 = Z isomer;
signal 2 = E isomer) the elements of the exchange matrix R,;
(see ref 20) were as follows; Ri2= R32 = kz-E, R2l = R23 =
kz-s/ZK, all other Ry*. = 0 (where K = kz-E"E-z)- A repre-
sentative band shape at coalescence in depicted in Figure 1.
Rate constants and free energies of activation for la-c de-
termined by dynamic NMR and by direct equilibration are
given in Table IV. Kinetic data could not be obtained for the
bis(N-iert-butyl) compound (1d), as this imine existed ex-
clusively in the E configuration. However, the topomerization
of the monoimine 4 was investigated by observing the co-
alescence of the two sets of ring methyl signals at 84.5 °c. In
this case, the exchange is a simple two-site process, though the
overlapping tert-butyl signal was included in the band shape
analysis as an additional nonexchanging site. The results are
given in Table IV.

The free-energy barriers to isomerization of la-c decrease
with increasing branching of the N-alkyl group. The markedly
lower barrier in the monoimine 4 is almost certainly due to the
large bulk of the N -tert-butyl group rather than any trans-
annular effect from the carbonyl group. The difference in
AG*e-z for la and 4 (ca. 5.5 kcal mol-1) closely parallels the
situation in jmines derived from 4-nitrobenzophenone where
the interconversion barrier is lowered by ca. 5.7 kcal mol-1 on
replacing N-methyl with N -tert-butyl.9

In the case of imines la and Ic, combination of the equili-
bration and dynamic NMR data for the same solution allowed
the activation enthalpy and entropy to be determined. Acti-
vation entropies for intramolecular stereodynamic processes
are usually very small, since solvation effects are commonly
minimal and there are often only small differences in rota-
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tional and vibrational contributions between the ground and
transition states.921 The AS* value for la is indeed small
(Table V). The transition state 6 for E-Z isomerization, as-

msuming a lateral-shift mechanism (see below), lacks the two-
fold rotational axis present in the ground states 1 (E) and 1
(Z). Accordingly, there should be a statistical contribution to
AS*e-zand AS*ze of R In2 = 1.4 cal mol-1 K~I. Therefore,
the intrinsic contribution to AS* is indeed close to zero for
imine la. The larger (positive) entropy term for Ic might be
due to severe steric hindrance to libration of the isopropyl
groups in the ground state. These restrictions are removed for
one isopropyl group in the transition state 6,R = CH(CH3)2,
which should therefore have higher entropy.

The mechanism of imine isomerization is of considerable
interest, since at least four possibilities have been considered
in the literature, viz: (1) simple rotation around the C=N
bond,21-22 (2) planar nitrogen inversion (lateral shift),2122 (3)
reversible tautomerization coupled with rapid rotation around
the CN single bond in the enamine, 22 and (4) reversible ad-
dition of traces of acidic impurity across the double bond,
coupled with fast rotation around the CN single bond in the
adduct.24 Isomerization pathways intermediate between pure
rotation (1) and planar nitrogen inversion (2) are also possi-
ble.25 Pathway (3) can be excluded for the imines in this in-
vestigation, since they have no «-hydrogen atoms. Further-
more, the relatively small positive AS* values (Table V) are
inconsistent with the addition route (4), since this involves a
large negative activation entropy.24 In any case, the samples
were carefully purified in order to minimize the possibility of
catalysis by trace impurity. Experimental data for other im-
ines generally support the lateral-shift mechanism rather than
C =N rotation.922 The close similarity between the barriers
in the bisimines la-c and those reported for acyclic AT-alk-
ylimines, e.g., (CH3CH22C=NCH2C6H5 (AG* = 24.5 kcal
mol- )22 and 4-N 02C6H4(C6H5C=NCH3 (AG*E-z = 26.1
kcal mol-1)9, supports a common pathway (nitrogen inver-
sion). The slightly lower AG* values for la-c may be ascribed
to greater steric hindrance in the ground state. Were bond
rotation operative, one might have expected that the incor-
poration of the imino carbon into a four-membered ring would
have had a more marked effect on the C =N torsional poten-
tial, as this carbon atom is directly involved in the dynamic
process. The observed lowering of AG* with increasing steric
bulk of the N-alkyl substituents also supports an inversion
mechanism. Thus, an inspection of molecular models indi-
cated that the transition state 6 for nitrogen inversion is much
less hindered than the ground states, whereas the transition
state 7 for C=N rotation still suffers from considerable in-
teractions between the N-alkyl substituent and the ring
methyl groups. However, it should be emphasized that the
present results do not rigorously exclude a rotational or an
intermediate pathway for isomerization.

Worman and Schmidt previously invoked a steric effect to
account for the higher coalescence temperature (165 °C) of
the biscyclohexyl compound 1, R = C”H] h compared with the
bisphenyl analogue 1, R = CsHs (T, ca. 100 °C). This postulate
is at variance with our observations that the barrier (and co-
alescence temperature) decreases with increasing bulk of the
nitrogen substitutents. The low barrier in the phenyl com-
pound is almost certainly a consequence of conjugation be-
tween the aryl group and the nitrogen lone-pair electrons. It
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Table V. Enthalpies and Entropies of Activation for
Isomerization of Bisimines la and Ic

Atfvz,a AH*z-t\a AS*-..b AS*Z-E,b
kcal kcal cal cal
Compd mol-1 mol" 1 mol" 1K" 1 mol- 1K-1
la 25.5 25.0 +2.3 + 28
lc 26.6 26.2 +8.8 +10.5

“ AH* values are +0.5 kcal mol-1. b AS* values are +1.5 cal
mol-1 K_1.

is well established in other systems that an N -phenyl group
stabilizes the transition state for nitrogen inversion.21-2

Experimental Section

2H NMR spectra were recorded on a Varian XL-100 or Perkin-
Elmer R-14 or R-12B spectrometers in CW mode; 13C spectra were
obtained on a Jeol FX-60 Fourier instrument.

Bisimines (1) from Tetramethylcyclobutane-l,3-dione. The
titanium(1V) chloride procedure described previously78 proved to
be satisfactory, though more vigorous conditions were necessary
(particularly for the highly hindered tert-butyl compound Id).
Typically, titanium(1V) chloride (0.05 M) in dry toluene (50 cm3) was
added slowly to tetramethylcyclobutane-I,3-dione (0.05 M) and excess
amine (0.50 M) in dry toluene (100 cm3) at ca. -10 °C under nitrogen.
The mixture was then allowed to assume ambient temperature and
refluxed for ca. 20 h. The cooled solution was then filtered and the
residual solid washed thoroughly with dry benzene. Concentration
of the filtrate and sublimation in vacuo (or distillation in the case of
Ib) gave the bisimine in ca. 50% vyield. Further purification was
achieved by recrystallization from hexane. In the case of tert-butyl-
amine, the above procedure afforded the mono (tert-butylimine) 4.
However, the bisimine Id was obtained by employing an excess of
titanium(1V) chloride (0.10 M) and continuing reflux for 4 days until
infrared spectra indicated that the monoimine has been completely
converted to the bisimine. Physical properties and microanalytical
data for the bisimines are given below:

Bis(methylimine) (la): mp 72 °C. Anal. Calcd for CioHigN2 C,
72.2; H, 10.9; N, 16.85. Found: C, 72.1; H, 10.9; N, 16.85.

Bis(ethylimine) (Ib): bp 54-56 “C/2.0 mm. Anal. Calcd for
CIH2Z2N2 C, 74.2; H, 11.4; N, 14.4. Found C, 74.0; H, 11.1; N, 14.4.

Bis(isopropylimine) (Ic): mp 113-115 °C. Anal. Calcd for
CidH26N2 C, 75.6; H, 11.8; N, 12.6. Found: C, 75.6; H, 11.7; N, 12.4.

Bis(terf-butylimine) (Id): mp 83-84 °C. Anal Calcd for C16H30N2
C, 76.7; H, 12.1; N, 11.15. Found: C, 76.7; H, 12.1; N, 11.2.

Bis(cyclohexylimine) (le): mp 149-151 °C (lit.6mp 152 °C).

Mono(tert-butylimine) (4): mp 60-62 °C. Anal. Calcd for
CI12H2INO: C, 73.8; H, 10.8; N, 7.2. Found: C, 73.6; H, 10.6; N, 7.0.

Kinetic Studies. Thermal equilibrations were performed in the
probe of the Perkin-Elmer (permanent magnet) spectrometer which
is constantly maintained at 35.0 °C. The 1,2,4-trichlorobenzene used
as solvent was washed with base and stored over anhydrous potassium
carbonate to remove traces of acidic material. The solvent was pre-
heated to 35 °C and the isomerization was followed on a freshly dis-
solved sample of the pure E isomer by integration and peak-height
measurements. Rate constants were determined from the usual plot
of In (xe/xe - x) vs. time for a reversible first-order approach to
equilibrium.

Dynamic NMR studies were performed on the XL-100 using the
same sample that had been previously studied by direct equilibration.
Probe temperature was measured using a digital readout temperature
indicator attached to a copper-constantan thermocouple which was
inserted into the sample at the level of the receiver coil. Exchange
rates for the three-site collapse were determined by computer analysis
of the digitized experimental band shape.20 Signal positions and the
isomer distribution were measured at a series of temperatures in the
slow-exchange region and extrapolated to the coalescence tempera-
ture.

Registry No., 63196-51-0; tetramethylcyclobutane-I,3-dione,
933-52-8.
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1-Substituted 4-methoxy-5,5-dimethyl-2-imidazolidinethiones have been prepared by reaction of ;V-I-(2-ehloro-
2-methylpropylidene)amines with potassium thiocyanate in methanol under reflux. The 1-substituted 4-methoxy-
5,5-dimethyl-2-imidazolidinethiones were conveniently converted into the corresponding 1-substituted 5,5-di-
methyl-2-imidazolidinethiones by lithium aluminum hydride treatment in ethereal medium. The structure eluci-
dation was based on NMR, IR, and mass spectrometry next to x-ray crystallographic analysis. The formation of the
heterocyclic five-membered rings was explained by a mechanism involving an aziridine intermediate, which under-

went competitive opening.

AT-I-(2-Chloro-2-methylpropylidene)amines (1), easily
obtained from isobutyraldimines and N -chlorosuccinimide,
are a new class of simple bifunctional compounds which have
been used recently as synthetic blocks in organic synthesis.34
An entry into the heterocyclic chemistry is presented here.

Results and Discussion

In continuation of work on the reactivity of a-halogenated
imino compounds, the reaction of a-chloroaldimines 1 with
KSCN in methanol has been found to provide a convenient
preparation of 1-substituted 4-methoxy-5,5-dimethyl-2-
imidazolidinethiones (2) (Table I).

Treatment of compounds 2 with methyl iodide in dry ace-
tone afforded imidazoline hydriodides 4, which were converted
into the 2-methylthioimidazolines 6 by alkali treatment
(Scheme 1). The structure of these products, which involved
rearrangement of the imino nitrogen, was established by x-ray
crystallographic analysis of I-cyclohexyl-4-methoxy-5,5-
dimethyl-2-methylthioimidazoline hydriodide (4b).

The molecular structure of compound 4b as determined by
the x-ray analysis is shown in Figure 1 together with the atom
labeling system used. The final coordinates, standard devia-
tions, and bond distances are listed in Tables Il and Ill, in-
cluded in the microfilm edition of this journal. The experi-
mental conditions for the x-ray crystallographic analysis are
further given in the Experimental Section.

A further support of the presence of a CH30CHN moiety
in the heterocycles described here was provided by the con-
version of 2 into the nonmethoxylated compounds 3, i.e., 1-
substituted 5,5-dimethyl-2-imidazolidinethiones, by reaction

Scheme |
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Table I. Synthesis and Spectrometric Properties of 1-Substituted 4-Methoxy-5,5-dimethyl-2-imidazolidinethiones 2,1-
Substituted 5,5-Dimethyl-2-imidazolidinethiones 3, and 1-Substituted 4-Alkoxy-5,5-dimethyl-2-imidazolidinethiones 24

Mass spec-
Yield, Mp, NMR, 5 (CDClg) IR (KBr),c  trum,a- m/e
Compd" R % °C ((CH;), Sncho ONCH2 <OCH3 (NHE & cm-1 (rel intensity)
2a f-Bu 50 176 1.44 4.25 3.40 (s) 750 1.76 (s,9, t-Bu) 3220 (inh) 216 (M+, 24); 184
(s,3) (d,J- 10 (M+ - MeOH,
151 Hz) 48); 60 (100)
(s, 3)
2b Cyclo- 78 184 1.30 4.38 3.38(s) 7.65 1-2 [m, 10, 3220 (inh) 242 (M+, 27); 210
hexyl (s,3 (d,J=10 (CH2H8;2.5 (M+ - MeOH,
1.36 Hz) (m, 1, NCH) 60); 86 (100)
(s, 3
2c n-Bu 22 110 1.22 4.41 3.36 (s) 7.78 0.94 (t, 3, CHJ3) 3220 (cnh) 216 (M+, 27); 184
(s,3) (d,J=10 1.1-2 [m, 4, (M+ - MeOH,
1.30 Hz) (CH22;3.4 53); 86 (100)
(s, 3) (m, 2, NCHo)
2d i-Pr 73 126 1.30 4.36 336 () 7.69 152[d,J=7Hz, 3220 (inh) 202 (M+,19); 170
(.3 (d,J=10 6, (CHa)2;4.13 (M+ - MeOH,
1.35 Hz) (septet, J = 7 15); 86 (100)
(s, 3) Hz, 1, CHMe2)
2e ch?2- 64 126 1.08 4.46 335(s) 7.97 4.77 and 4.87 3220 (inh) 250 (M+, 26); 218
C6H's (3 (dJ=o08 (AB,J = 156 (M+ - MeOH,
1.17 Hz) Hz, NCH?2); 20); 86 (100)
(s, 3) 7.1-7.6 (m,
5, C6H5)
3a i-Bu 75 180 1.50 3.23 6.65 1.76 (s, 9, f-Bu) 3180 (inh) 186 (M+, 3); 41
(s, 6) (d, 1.0 (100)
Hz)
3b Cyclo- 89 164 1.37 3.35 7.08 1-2 [m, 10, 3100- 212 (M+, 78); 55
hexyl (8.6) (d, 0.8 (CH2)5]; 2.6 3220 (100)
Hz) (m, 1, NCH) (cnh)
3c rc-Bu 85 70 1.30 3.35 7.23 0.95 (t, 3, 3260 (inh) 186 (M+, 100)
(s, 6) (d, 1.0 CH?3); 1.2-1.9
Hz) [m, 4, (CH2)2j
3.4 (covered,
NCH?2)
3d i-Pr 91 181 137 333 6.85 156 [d,J = 7Hz, 3180 (vnh) 172 (M+, 100)
(8,6) (d, 1.0 6, (CH3)2;
Hz) 4.04 (1, H,
septet,
1, CHMe2)
3e ch?2- 86 128 1.16 3.33 see or 4.77 (s br, 3100- 220 (M+, 96); 91
c6bh 6 (s, 6) (d, 1.0 2, NCH2); 3200 (100)
Hz) 6.9 (m, 6, (inh)
C6H5+ NH)
24b (R'= Cyclo- 85 124 1.30 4.46 (0Et 7.86 1-2 [m, 10, 3200 (cnh)
Et) hexyl (s,3y (dJ=1 (see ar (CH2)5];~2.5
1.34 Hz) entry) (m, 1, NCH);
(8:3) 119 (£, 3 =7
Hz, 3 CH3CO);
3.2-4 (m, 2,
OCH?2)
24a (R f-Bu 34 1.40 4.26 <OEt 750 1.75 (s, 9, t-Bu); 3200 (i'nh) No M+; 184
= Et) (3 (@dJ=1 (see 5r 119 (t,J - 7 (M+ - EtOH,
1.47 Hz) entry) Hz, 3, CH3CO); 70); 57 (100)
(s 3) 3.5 (M, 2, OCH2)
24a (R' t-Bu 50 1.40 4.33 50--pr 7.80 171 (s, 9, t-Bu); 3200 (cnh) 244 (M+, 33); 184
= t-Pr) (s,6) (d,J=1 (see & 1.15 and 1.22 (M+ - i-PrOH,
Hz) entry) (2d,J =6Hz 20); 91 (100)
6 H, Me2CO);
3.80 (m,
1, CHO)

a Elemental analyses of compounds 2 and 3 are tabulated in the microfilm edition (Tables IV and V). 6 Broad signal. * Full IR data
will appear in the microfilm edition of this journal (Table VI1). d Mass spectra of compounds 2 were recorded with aA.E.l. MS 30 mass
spectrometer, while mass spectra of compounds 3 were measured with a A.E.l. MS 20 mass spectrometer coupled with a gas chroma-
tograph (GC-MS). e Full mass spectral data will appear in the microfilm edition of this journal (Table V1).

with mixed metal hydrides, such as lithium aluminum hydride
in diethyl ether (for R = f-Bu, cyclohexyl, n-Bu, i-Pr, benzyl),
and sodium bis(2-methoxyethoxy)aluminum hydride in
benzene (for R = cyclohexyl). Sodium borohydride in meth-

anol did not react. Physical and spectrometrical data of
compounds 3 are given in Table I.

This nucleophilic substitution by hydride is analogous to
the reactions of mixed metal hydrides with A'-la-alkoxy-
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Figure 1. Structure of compound 4b, showing the crystallographic
numbering system.

benzyl)acetanilide, 2,3-diphenyl-2-ethoxyaziridine, and 2-
methoxy-3,4,5,6-tetrahydropyridine, which gave respectively
iV-ethyl-N-phenylbenzylamine,5 2,3-diphenylaziridine,fi and
piperidine.7

Treatment of 2-imidazolidinethiones 3 with methyl iodide
in dry acetone gave rise to hydriodides 5, from which the free
bases 7 were liberated on alkali treatment (Scheme ). A sur-
vey of the synthesis and spectrometric data of imidazoline
hydriodides 5 and imidazolines 7 is given in Tables VII and
V111, included in the microfilm edition of this journal.

Our attempts to synthesize 1-alkyl-5,5-dimethyl-2-imida-
zolidinethiones 3 were unsuccessful because no appropriate
1,2-diamine, i.e., l-amino-2-alkylamino-2-methylpropane (9),
could be prepared. The preparation of these diamines was
necessary in order to be condensed with carbon disul-
fide.89'10

RNHCMe2CN -)(-»- RNHCMe2CH2NH 2 @)
8 9

The reduction of 2-(N-alkylamino)-2-methylpropionitrile
(8) with various reducing agents such as LiAIH4 in diethyl
ether, NaBH4 in ethanol and catalytic hydrogenation on a
palladium-carbon catalyst in methanol or acetic acid (both
at 60 psi) did not give rise to diamines 9 (eq 1). Only decom-
position products, e.g., primary alkylamines RNH 2, were de-
tected in the reaction mixture. These results are in accordance
with earlier reports concerning the preparation of 1,2-di-
amines with general structure RNHCMe2CH2NH 2- These
diamines were not accessible by the reductive methods
schedules above.1112

However, the isomeric 1,2-diamines 11, with the geminal
dimethyl function in the a position of the unsubstituted ni-
trogen atom, were readily available by condensation of 2-
nitropropane with formaldehyde and an appropriate primary
amine (here described for isopropylamine), the resulting
N-isopropyl-2-methyl-2-nitropropylamine (10) being reduced
by catalytic hydrogenation to 2-amino-l-isopropylamino-
2-methylpropane (11).13 The 1,2-diamine 11 was then
subjected to condensation with carbon disulfide, after which
the intermediate dithiocarbamate was cyclized by pyrolysis
to l-isopropyl-4,4-dimethyl-2-imidazolidinethione (12) (eq
2). Compound 12 was found to be unidentical with the product
(3d) obtained from a-chloroaldimine Id (R = i-Pr), a con-
clusion which was drawn on the basis of spectrometric data
(NMR, IR, MS) and the melting point. Analogously, com-
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pound 12 (R = i-Pr) was derivatized to l-isopropyl-4,4-di-
methyl-2-methylthioimidazoline (13) according to the reaction
sequence outlined in Scheme I. A comparison between the
NMR spectra (CDCI3) of the 5,5-dimethylimidazoline 7d (R
= i-Pr) and the 4,4-dimethylimidazoline 13 indicated again

7d 13

the correct structural assignments. As expected, the chemical
shifts of the methylene function and the geminal dimethyl
protons, both in the a position of the sp2-hybridized nitrogen
atom, were higher than those for similar protons in the (1po-
sition.

Discussion of the Mechanism. From the mechanistic
point of view the formation of 1l-substituted 4-methoxy-
5,5-dimethyl-2-imidazolidinethiones 2 from «-chloroald-
imines 1and KSCN in methanol can be interpreted in terms
of the initial attack of methanol at the carbon-nitrogen double
bond, followed by intramolecular nucleophilic attack of the
chlorinated carbon atom, producing an intermediate 1-
alkyl-2-methoxy-3,3-dimethylaziridine 14. The extreme form
of the polarization of this functionalized aziridine is repre-
sented as the zwitterionic species 15 <% 16 (Scheme I1). The
energy barrier for opening the three-membered ring at the
N-C2 bond is lowered by the methoxy substitutent, which
enables delocalization (see 15). The dipolarophilic thiocyanate
anion approaches now the dipole and forms the five-mem-
bered heterocycle.

That indeed a-haloimines are apt to undergo nucleophilic
addition at the C=N bond and subsequent ring closure to
aziridines has been shown recently.131415'16 For instance,
IV -1-(2-chloro-2-methylpropylidene)amines 1 reacted with
methanol to produce a-amino acetal (under hydrochloride
form) 18, which was explained via the methoxyaziridine
14.3

The methoxyaziridine 14, when attacked by methanol,
produced rearranged compound 18, while with the dipolaro-
philic thiocyanate anion the 2-imidazolidinethiones 2 were
formed. It is noteworthy that compounds 2 are practically
always accompanied by small amounts of rearranged products
18, which can be easily separated from heterocycles 2 .(see
Experimental Section).

The proposed mechanism described above is comparable
to the reaction of 2-isopropoxy-2-phenyl-3,3-dimethylaziri-
dine (19) with acetonitrile in the presence of anhydrous per-
chloric acid.17 In this case, the opening of the alkoxyaziridine
is facilitated by protonation and concordant SNI-type opening
of the ring, but the dipolarophilic cyanide moiety behaves

Scheme Il
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analogously, as was proposed for the thiocyanate anion. As
shown in eq 3 aziridine 19 and CH3CN/HC104 gave rise to

 h2a U ~c6h5
‘e y 5 HCO

19

imidazolinium perchlorate 21. Less activated aziridines such
as 1,1,2,2-tetramethylaziridinium perchlorate reacted in
similar manner to imidazolinium salts,18 while the corre-
sponding oxygen analogues, i.e., epoxides, showed comparable
ring expansions to oxazolinium salts with nitriles.1920

Therefore we carried out the reaction of la with KSCN/
CH.jOH in the presence of acetonitrile in order to trap the
intermediate methoxyaziridine 14. The exclusive product,
however, was I-feri-butyl-4-methoxy-5,5-dimethyl-2-im-
idazolidinethione (2a).

The scope of the reaction of a-chloroaldimines with KSCN
is limited to the a-chloroisobutyraldimines 1 (or 22; Ri = R2
= CH3), since higher substituted derivatives 22 (RIt R2 ~
CH3) yielded no heterocyclic compounds. In this manner,
AM-(2-chloro-2-ethylbutylidene)-ierf-butylamine (22, Rj
= R2 = Et) reacted with KSCN in methanol for 48 h under
reflux to afford a reaction mixture from which only 19% N-
ierf-butyl-2-ethyl-2-thiocyanobutanamide (23; Ri = R2= Et)
was isolated by crystallization (mp 126-127 °C) (eq 4). Ac-

N

R, 1L KSCN/MeOH Ri o 3/
VOUNCH A 14)
2¢l 2.H0 R2 SCN

cordingly, no 2-imidazolidinethione was formed by reaction
of A/-(T-chlorocyclohexylmethylidene)-ierf-butylamine [22;
Ri, R2 = (CH2)s] with KSCN in methanol. Even carefully
dried and purified reagents did not afford any five-membered
ring. These limitations are in accordance with the observation
that the reaction of higher substituted compounds 22 (Rj, R2
~ CH3) with methanol produced only a minor amount of the
rearranged /1-amino acetals besides the corresponding N-
alkyl-«-chloroamides. However, an extension of the reaction
outlined in Scheme | was the use of other alcohols than
methanol. It was possible to obtain l-alkyl-4-alkoxy-5,5-
dimethyl-2-imidazolidinethiones 24 by carrying out the re-
action of 1 with KSCN in ethanol or 2-propanol (eq 5).
S

’H KSCN

ROH
a , 24 RI=Et, iPr

®

The reaction with ethanol proceeded readily, while several
days of reflux were required for the reactions with 2-propanol.
The reaction in 2-methyl-2-propanol did not give heterocycles
at all. In conclusion, the reaction of a-chloroisobutyraldimines
1 with KSCN in alcoholic medium presents a versatile one-
step synthesis of functionalized and otherwise not accessible
2-imidazolidinethiones 2. The final products were formed by
a rearrangement of the o-chloroaldimines 1 involving an az-
iridine intermediate.

Experimental Section

Nuclear magnetic resonance spectra were recorded with a Varian
T-60 NMR spectrometer. Infrared spectra were measured with a
Perkin-Elmer Model 257 spectrophotometer. Mass spectra were ob-
tained from A.E.l. MS 20 or A.E.l. MS 30 mass spectrometers (70 eV).
Melting points were measured with a Kofler hot stage and are un-
corrected.

7V-1-(2-chloro-2-methylpropylidene)amines 1 were prepared by
condensing isobutyraldéhyde with a primary amine, followed by
chlorination of the resulting aldimine with N-chlorosuccinimide ac-
cording to a method described previously.3
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Preparation of I1-Substituted 4-Methoxy-5,5-dimethyl-2-
imidazolidinethiones (2). In a typical experiment, 15.0 g (0.080 mol)
of N-l1-(2-chloro-2-methylpropylidene)cyclohexylamine (Ib) was
dissolved in 150 mL of dry methanol and treated with 23.3 g (0.24 mol)
of KSCN. The mixture was refluxed overnight, halfevaporated, and
poured into 500 mL of vigorously stirred distilled water. The resulting
precipitate was collected by filtration and washed with cold metha-
nol/water, 25/75. I-Cyclohexyl-4-methoxy-5,5-dimethyl-2-imidazo-
lidinethione (2b) was dried in the desiccator, yield 15.1 g (78%), mp
184 °C. The product could be recrystallized from diethyl ether.
Physical and spectral data of compounds 2 are given in Table 1.

When other alcohols than methanol and ethanol were used, the
following isolation procedure was applied as illustrated for I-tert-
butyl-4-isopropoxy-5,5-dimethyl-2-imidazolidinethione (24a; R' =
/-Pr). The reaction mixture, obtained as above, was poured into dis-
tilled water. The liquid which separated was taken up in ether, and
the water layer was extracted twice with ether. After drying (MgS04),
evaporation of the solvent left an oil which was purified by passing
it through asilica gel column (elution with ether). Compound 24a (R
= j-Pr) was sufficiently pure (>95% as revealed by NMR), but the
purity could not be checked by gas chromatography due to decom-
position, probably in the injector (see data in Table I).

Synthesis of 1-Substituted 5,5-Dimethyl-2-imidazoli-
dinethiones 3. (A) Reaction of 2 with LiAIH4in Diethyl Ether.
In a typical experiment, a suspension of 380 mg (0.01 mol) of lithium
aluminum hydride and 10 mL of dry diethyl ether (distilled over
lithium aluminum hydride) was cooled in an ice bath. A solution of
121 g (0.005 mol) of I-cyclohexyl-4-methoxy-5,5-dimethyl-2-im-
idazolidinethione (2b) in 30 mL of dry diethyl ether was added
dropwise over aperiod of 15 min. The suspension was further stirred
for 1 h and then poured into a vigorously stirred mixture of ether and
water. The ether layer was separated and the water layer was ex-
tracted twice with ether. The combined extracts were dried (MgS04),
and evaporation of the solvent in vacuo yielded 890 mg of pure 1-
cyclohexyl-4,4-dimethyl-2-imidazolidinethione (3b) as white crystals,
yield 80%. Recrystallization was performed with ether/pentane.

(B) Reaction of Na(CH30CH2CH20)2AIH2 in Benzene. To a
solution of 1.0 g (0.0041 mol) of I-cyclohexyl-4-methoxy-5,5-di-
methyl-2-imidazolidinethione (2b) in 20 cm3 of dry benzene was
added dropwise with stirring 2.37 mL of a 70% solution of sodium
bis(2-methoxyethoxy)aluminium hydride in benzene (= Red-Al,
purchased from the Aldrich Chemical Co.). After stirring for 2 h at
ambient temperature, the homogenous yellow benzene solution was
treated with moistened ether and poured into a mixture of ether and
water. The ether layer was separated and the water layer twice ex-
tracted with ether. After drying the combined extracts (MgS04),
evaporation of the solvent yielded 780 mg of pure I-cyclohexyl-5,5-
dimethyl-2-imidazolidinethione (3b), yield 89%. Physical and spectral
data of compounds 3 are given in Table 1.

The structural assignment of compounds 3 was also supported by
the 13C NMR spectrum (Varian XL-100). The b values (ppm) of 1-
isopropyl-5,5-dimethyl-2-imidazolidinethione (3d) in CDCI3solution
are given below (noise decoupled): 21.1 (q), 26.3 (q), 47.1 (d), 56.5 (t),
65.5 (s). The signal corresponding with the thione function was not
visible. The multiplicities are derived from the partially decoupled
spectrum.

Synthesis of 2-Amino-l-isopropylamino-2-methylpropane
(11) . Condensation of isopropylamine, formaldehyde, and 2-nitro-
propane afforded V-isopropyl-2-methyl-2-nitropropylainine (10),
which was reduced by catalytic hydrogenation to 2-amino-I-isopro-
pylamino-2-methylpropane (11) as previously described.13

Preparation of 1-Isopropyl-4,4-dimethyl-2-imidazoli-
dinethione (12). A solution of 13.0 g (0.1 mol) of 2-amino-1-isopro-
pylamino-2-methylpropane (11) in 20 mL of H2 and 20 mL of 95%
ethanol was thoroughly stirred and treated dropwise with 8.4 g (0.11
mol) of carbon disulfide over a period of 15 min. The reaction mixture
was then heated under reflux in an oil bath (110 °C). After cooling in
the refrigerator for 1 h, the solid material was collected by filtration,
washed with a little cold acetone and dried, yielding 11.2 g of 1-iso-
propyl-4,4-dimethyl-2-imidazolidinethione (I12): mp 192 °C; yield,
73%; NMR (CDC13) b 1.17 [d, J = 7 Hz, 6, (CH3)2CH1, 1.33 (s, 6,
(CHJ3)2Z, 3.31 (s, 2, CH2N), 4.83 (septet, J = 7 Hz, 1, NCHMe2), 6.80
(s br, 1, NH); IR (KBr) 3200 (cNH), 1510-1450 (br, strong), 1370,1320,
1286, 1235, 1195, 1165, 1129, 1063 cm* 1, mass spectrum m/e (rel
abundance) 172 (M, 78), 171 (12), 157 (12), 139 (4), 130 (4), 129 (4),
115 (18), 112 (7), 100 (8), 98 (12), 83 (41), 72 (30), 58 (100), 57 (26), 56
(12) ,55 (17), 43 (15), 42 (25), 41 (21).

Reaction of 2-Imidazolidinethiones 2 and 3 with Methyl lo-
dide.2I'223 In a typical experiment, 1.21 g (0.005 mol) of 1-cyclo-
hexyl-4-methoxy-5,5-dimethyl-2-imidazolidinethione (2b), dissolved
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in a minimum of dry acetone, was treated with 750 mg (1.05 equiv)
of methyl iodide. After standing overnight at ambient temperature
1.8 gofcolorless well-formed crystals of 4b were separated by filtra-
tion, yield 93%. If little or no crystals were formed, the acetone was
treated with dry diethyl ether, after which evaporation yielded hy-
driodides 4 or 5in pure form. The crystals were isolated by filtration
and washed with ether (see data in the microfilm edition).

Conversion of Hydriodides 4 and 5 into Imidazolines 6 and 7.
To amixture of 60 mL of 1 N NaOH and 50 mL of ether was added
1.0 g of hydriodide 4b. After shaking for 2 min the ether layer was
separated and the water layer twice extracted with ether. Drying of
the ether (MgSOx<i) and evaporation in vacuo left 550 mg of a colorless
oil. The purity of I-cyclohexyl-4-methoxy-5,5-dimethyl-2-methyl-
thioimidazoline (6b) was higher than 98% as revealed by NMR and
VPC (see data in the microfilm edition).

Reaction of AM-(2-Chloro-2-ethylbutylidene)-tert-butyl-
amine (22; Ri = R2 = Et) and KSCN/CH30H. Compound 22 (Ri
= R2= Et) was treated with KSCN in methanol, as described for a-
chloroisobutyraldimines 1. After pouring the reaction mixture in
water, extraction with ether, drying (MgSCq), and evaporation yielded
a residue from which N-ferf-butyl-2-ethyl-2-thiocyanobutanamide
(23; Ri = R2 = Et) was isolated as a solid compound by trituration
with ether/hexane: mp 126-127 °C; yield 19%; NMR (CDClu) 80.87
(t, J = 6.2 Hz, 6,2CH?3), 1.34 (s, 9, t-Bu), 1.56 (m, 4, 2CH2), 5.49 (s
br, 1, NH); IR (KBr) 3305 ("™nh), 2065 (SCN), 1650 cm-1 (i<c=0); mass
spectrum m/e (rel abundance) no M+, 170 (29), 156 (6), 143 (53), 142
(10), 128 (9), 116 (55), 100 (8), 99 (15), 87 (10), 86 (13), 72 (12), 71 (26),
58 (100), 57 (86), 56 (17), 55 (9), 43 (21), 41 (15).

Anal. Calcd: C, 57.86; H, 8.83; N, 12.27. Found; C, 57.99; H, 8.95;
N, 12.16.

X-Ray Crystallographic Analysis. Well-formed colorless crystals
of 4b, obtained by recrystallization from acetone, were used for the
x-ray work. Crystal data: C13H26N 20SI, monoclinic, P2\/n, a = 20.462
(10), b - 8.659 (4),c = 9.847 (3) A, B=99.20 (3)°, Z = 4. Experimental
conditions: source CuKa; X1.5418 A; w-20 scan; Omex = 55°; confidence
level 2.5; total number of independent reflections, 2167; total ob-
served, 1892.

The data were collected on a Syntex P2i diffractometer. The ex-
perimental conditions during the measurement of the intensities were
given above. The structure was determined by direct methods using
the mutan 74 program24and refined by block-diagonal least-squares
calculations with the programs written by Ahmed et al.2t A struc-
ture-factor calculation resulted in R = S| |E,| — |EC]|/S]E,] = 0.078
for all observed reflections. The scattering factors used are those given
in the international Tables for X-Ray Crystallography.2%6
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It is shown that disubstituted chloroformirainium chlorides 2 (R3 = H) react with tetrabutylammonium azide (as
well as other azide ion sources) to give the corresponding disubstituted cyanamides 5 presumably via the “ Curtius
like” rearrangement of an intermediate azidoformiminium salt 3. Certain trisubstituted chloroiminium chlorides
9 undergo a related reaction with azide ion to give 1-substituted 5-disubstituted aminotetrazoles (13) via a trapable
carbodiimidinium species 11. Whereas the disubstituted cyanamide synthesis is a general one, the tetrazole synthe-
sis is limited to those trisubstituted chloroiminium salts (e.g., 9) where one of the nitrogen atom substituents and

the migrating group are both aryl moieties.

The chemistry of organic molecules containing the azido
moeity is rich in rearrangement reactions which stem from the
propensity of these substances to lose molecular nitrogen.2
The rearrangement of acyl azides to isocyanates (Curtius re-
action3) and the reaction of hydrazoic acid with carbonyl
compounds (Schmidt reaction4) are well known representa-
tives of this general class of transpositions, while the formation
of tetrazoles5 or cyanamides6 by the pyrolysis of geminal di-
azides are less frequently encountered members of this group
of rearrangements. One rarely observed reaction is the rear-
rangement of imidoyl azides to carbodiimides.7 This is because
those reactions which are expected to yield the former sub-
stances provide tetrazoles instead. In fact, the reaction of
imidoyl chlorides with azide ion constitutes one of the most
general routes to 1,5-disubstituted tetrazoles and is known as
the von Braun-Rudolf synthesis.8 It occurred to us that one
possible method of blocking tetrazole formation, and hence
promoting rearrangement in the above instance, would be to
utilize a substrate in which the nitrogen atom was disubsti-
tuted as is found in the azidoiminium salts 3,6, and 10, derived
from the corresponding dichlorides (Vilsmeier-Haack re-
agents9). This publication describes the results of such an
investigation.

By analogy to the reactions cited above, it was expected that
azidoformiminium salts 3 (Scheme I) would rearrange by the

Scheme |
a) r,=cbhb, r2=ch3. r3=h R R A*A 2
b) r'=r2=c6h6.r3=h N ” I
¢) r=R2=iC3H7,R3=H r3 o r3' xi
d RI=R=CG5H.R3=H 1
€) r=r2=(CH)5i r3=h
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concurrent loss of molecular nitrogen and migration of hydride
from carbon to nitrogen to produce, after the loss of a proton
from 4, an N,N-disubstituted cyanamide. As a first attempt
to effect such a transposition, a solution of N-methyi-
formanilide (la) in dimethoxyethane (DME) was converted
into the chloroiminium salt 2a with oxalyl chloride, and then
solid sodium azide was added below 30 °C. A vigorous reac-
tion, accompanied by considerable gas evolution, ensued. The
product mixture, the composition of which depended on the
number of moles of sodium azide utilized (Table I), consisted
of the starting material la, N-methylaniline, iV-methyl-AT-
phenylcyanamide (5a), and the tetrazole 7. The cyanamide
yield was maximal when 2 mol of sodium azide per mole of the
iminium salt 2a was used. Extended reaction periods or higher
reaction temperatures favored the formation of the tetrazole
at the expense of the cyanamide, a predictable observation in
view of the known10 genesis of tetrazoles from cyanamides and
hydrazoic acid.

The above reactions were not always reproducible, pre-
sumbaly because of the meager solubility of sodium azide in
DME, and consequently trimethylsilyl azide,11 triethylam-
monium azide,12 and tetrabutylammonium azidel3 were ex-
amined as more soluble azide ion sources. The cyanamide 5a
was produced in each case, but the yield thereof was the
highest (Table 1) and by-product formation was the lowest
with tetrabutylammonium azide.14

The dichlorides 2b-e were then reacted with tetrabutyl-
ammonium azide (2 mol) and the cyanamides 5b-e were
formed in every instance in preparatively useful yields (Table
I1). The reaction clearly is a general one.

The successful conversion of disubstituted chloroiminium
chlorides into the corresponding disbustituted cyanamides
was an added impetus to examine the reaction of azide ion
with trisubstituted chloroiminium chlorides such as 9 (Scheme
I1). It was anticipated that the rearrangement of the az-
idoiminium salts 10 obtained thereby would generate 1-
aryl-5-(7V-alkylanilino) tetrazoles (13) via the highly electro-
philic alkylcarbodimidinium species15 11. Indeed, the reaction
of tetrabutylammonium azide (2.5 equiv) with A'-methyl-
jV-phenylchlorobenziminium chlorode (9a) (1 equiv), inDME
solution at 50-60 °C, gave l-phenyl-5-(N-methylanilino)-
tetrazole (13a) as the principle (57%) product together with
minor amounts of 1,5-diphenyltetrazole (14a) (8%), N-
methylaniline (10-13%), and benzaldehyde (10-13%). The
structure of 13a was confirmed by an unambiguous synthesis
from the lithium salt of N -methylaniline and I-phenyl-5-
chlorotetrazole. Other trisubstituted iminium salts 9b-e were
also converted into the tetrazoles 13 and 14 and other prod-
ucts, the relative amounts of which (Table I11) depended on
the nature of R2.

Several aspects of the data recorded in Table 11 are worthv
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Table I. Reaction of iV-Methyl-N-phenylchloroformiminium Chloride (2a) with Various Azide lon Sources

Azide ion Registry Moles azide
source no. per mole 2a Cyanamide 5a
NaN3 26628-22-8 1 4
NaN3 2 39
NaN3 3 22
(CHa)aSiNa 4648-54-8 2 27
(C2H5)3ANHN3  30074-14-7 2 47
(C4H9)4N N3 993-22-6 2 75

° Not detected. b Not determined.

Table Il. Conversion of Disubstituted Chloroiminium
Chlorides into Disubstituted Cyanamides

R1 R- RL R-
\ +/ \
N .. N
cr + 2(CjHj)d Ni —>» |
. A ci CN
No. R1 R2 Registry no. % yield
a C6HS5 CH3 63640-93-7 75
b c6h 5 c6hs 63640-94-8 62
c ¢(-c3h7 ¢-c3h7 54485-04-0 45 (59)¢
d cé6h,, cb6h , 63640-95-9 44
e -(CH25 59611-74-4 21 41)¢

aYield by GLC.

of comment. For example, what is the origin of the 1,5-diar-
yltetrazoles 14a-d, N-methylaniline, the aromatic aldehydes,
and the unsymmetrical urea 18?

The formation of the 1,5-diphenyltetrazoles 14a-d can be
rationalized in terms of a von Braun type of degradationi6 of
9 and/or 10 (Scheme Il1). The intermediate imidoyl azide 16
derived directly from 10, or indirectly via the imidoyl chloride
15, would then cyclize to 14 in the expected8 manner. It is
probable, however, that the major portion of the 1,5-diaryl-
tetrazole by-product was derived from 15, which had formed
prior to the addition of azide ion. This contention is based on
the observation that 15a and 15d were formed in 80 and 85%
yields (as determined by hydrolysis to the corresponding
benzamides) when dimethoxyethane solutions of 9a and 9d

Scheme I
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were heated at reflux temperature (77 °C in Mexico City!) for
24 and 48 h. (The transformation of 8 into 9 required 4-15 h
at 60 °C.) Based on the above mechanism, it is not surprising
that no 1,5-diphenyltetrazole was formed in the reaction of
9e with azide ion, since the loss of chlorobenzene from 9e or
phenyl azide from 10e would be unlikely.

Appreciable amounts of aldehydes and /V-methylaniline
were formed in the reaction of 9a, 9b, and 9d with azide ion.
In the case of 9a, at least,17 equimolar amounts of benzalde-
hyde and N-methylaniline were produced, and this was sug-
gestive of acommon intermediate for these substances. Hy-
drolysis of the iminium salt 17 (Scheme 1V) which, in princi-
ple, could be derived by hydride transfer from the solvent to
10, isone plausibleis source of the above products. Reduction
at the chloroiminium salt stage 9 by the solvent is ruled out,
because heating 9a and 9d in DME gave the corresponding
imidoyl chlorides 15a and 15d in high yield (see above), and
little if any (<3%) of the expected reduction products.

When R2 was a methoxyl group a considerable amount
(42%) of the urea 18 (Scheme V) was isolated. This substance
doubtless arose by hydrolysis (during the workup of the re-
action) of the carbodimidinium salt 11c, the reaction of which
with azide ion must be slow presumably because of the highly
resonance stabilized nature (as shown in 19) of this species.
This latter contention was supported by the isolation of the
expected tetrazole 13c in greater yield (54%), at the expense
of the urea (27%), when the reaction was extended from 2 to
24 h. Furthermore, if the reaction was conducted in the
presence of excess azide ion (4 mol, see Experimental Section)
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Table 111. Reaction of Trisubstituted Chloroiminium Chlorides 9 with Tetrabutylammonium Azide
Registry Tetrazole Tetrazole
No. R1 R2 no. 13 14 CeHgNHR1 p-R2C6H4CHO Other
a ch3 H 63640-97-1 57 8 10-13 10-13
b CH.J ch3 63640-98-2 30 4 Present” Present Start, mat.,6 21
c CH;J ch 3o 63640-99-3 38 Present7 Not detd Not det. Urea 18,42
Start, mat., 2
d ch3 Cl 63641-00-9 10 28 Present 16 Start, mat., 8
e cbh 5 H 63641-01-0 76 0 Not det Not det Start, mat., 10

“ Present by TLC, but percentage not measured. 6 Starting material, i.e., amide 8.c Formed in 9% yield together with 13c when
4 equiv of azide ion was used (see Experimental Section). d Not determined.

Scheme VI
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for an extended period of time (46 h), the only products iso-
lated were the tetrazoles 13c (50%) and 14c (9%).

It is significant that, of the trisubstituted azidoiminium
salts 10, the yield of rearrangement derived products was the
greatest when the migrating group was 4-methoxyphenyl (i.e.,
10c). This is a forseeable result if the reactions described
herein are mechanistically analogous to the Curtius, Schmidt,
Beckmann, etc., rearrangements.19

The successful rearrangement reactions described to this
point were those in which the migrating group was either hy-
drogen or an aryl moiety. It was of interest to determine if the
reaction would also occur when the group to be transposed
possessed a lesser migratory aptitude. Therefore, the chlo-
roiminium chloride 2f, derived from N-methyl-N-phenylcy-
clohexanecarboxamide, was reacted with tetrabutylammo-
nium azide in the usual manner. A mixture of products re-
sulted, from which 7V-methylaniline (61%) and Af-methyl-
A'-phenylcyanamide (5a, 32%) were isolated. No N-cyclo-
hexyl-."V-methylanilinotetrazole was, however, present in this
mixture. The iminium salt 2g, obtained from diphenylaceta-
mide (lg), reacted in an analogous fashion to give diphenyl-
cyanamide (5b, 33%), but no I-methyl-5-diphenylamino-
tetrazole. No cyclohexene was detectable (as 1,2-dibromocy-
clohexane) in the reaction of 2f with azide ion, and therefore
the formation of the cyanamides probably takes place via a
fragmentation mechanism where the alkyl moiety is lost by
a nucleophilic displacement reaction.

A further limitation of the above tetrazole synthesis was
encountered for those substrates in which the nitrogen atom
did not bear at least one aryl group. For example, the chlo-
roiminium chlorides 21 (Scheme V1) gave orange red salts
which could not be obtained analytically pure. Structure 22
has tentatively been assigned to these substances on the basis
of the colored nature thereof, as well as literature precedent20
and a less than satisfactory elemental analysis of the cyclo-
hexyl compound 22b.

Finally, it is worthy of note that heterocyclic quaternary
azidoiminium tetrafluoroborates derived from pyridine,
quinoline, isoquinoline, and benzothiazole have been re-
ported2021 to be isoable, crystalline substances with thermal
stabilities considerably in excess of those observed for the
azidoiminium salts described herein.

Experimental Section

The melting points were determined in a Mel-Temp melting point
apparatus and are not corrected. The infrared spectra were measured

with a Perkin-Elmer Model 237 grating infrared spectrophotometer.
The NMR spectra were obtained with a Varian T 60 spectrometer.
The ultraviolet spectra were recorded on a Perkin-Elmer Model 402
ultraviolet-visible spectrophotometer. The gas-liquid partition
chromatographic analyses were effected using a Hewlett-Packard
Model 5750 Research chromatograph using a 6 ft X \sin. SE-30 col-
umn and a flame ionization detector. The mass spectra were measured
with an Atlas CH-4 spectrometer.

The reactions with the chloroiminium chlorides were carried out
in anhydrous 1,2-dimethoxyethane in a nitrogen atmosphere. The
apparatus used was flame dried in an atmosphere of nitrogen.

The starting amides were synthesised by known procedures, and
the physical constants thereof were identical with those recorded in
the literature.

The disubstituted cyanamides were prepared22 from the appro-
priate secondary amine and cyanogen chloride or cyanogen bro-
mide.

Tetrabutylammonium Azide. To a 40% tetrabutylammonium
hydroxide solution (130 g, 0.2 mol) was added sodium hydroxide (4
g, 0.1 mol), sodium sulfate (28.4 g, 0.2 mol), and sufficient distilled
water to give a total volume of 200 mL. A solution of sodium azide (26
g, 0.4 mol) in water (50 mL) was added, and the product was extracted
with dichloromethane and worked up in the manner described by
Brandstrom et al.13 The solid tetrabutylammonium azide was stored
in atightly stoppered brown bottle in adesiccator containing calcium
chloride. The azide is very hygroscopic and weighings were performed
as rapidly as possible. The weighed samples were redried in high
vacuum prior to addition to the reaction mixtures.

Preparation of the Chloroiminium Chlorides. (A) From the
Tertiary Amides and Oxalyl Chloride. All of the chloroiminium
chlorides except that derived from JV.IV-diphenylacetamide were
prepared by the following method.

To a solution of the amide (0.11 mol) in anhydrous dimethoxy-
ethane (10-20 mL), maintained in an atmosphere of dry nitrogen, was
added (at room temperature) oxalyl chloride (1.0 mL, 0.016 mol) via
a hypodermic syringe. The formation of the chloroformiminium
chlorides was usually complete after 4 h at room temperature. The
trialkylchloroiminium chlorides formed much more slowly, and
heating at 60 °C for 4-15 h was required before consumption of the
amide was complete. The progress of the reactions could be followed
by the rate of gas evolution, or by TLC examination of an aliquot
which had been quenched with excess n-butylamine. Most of the
chloroiminium chlorides were only partially soluble in dimethoxy-
ethane, and the precipitation of a white solid during the course of the
reaction was another indicator of the formation of the desired salt.

(B)
tion of A, A-diphenylacet.amide with oxalyl chloride in the manner
described above gave a new substance which was not converted into
the starting amide with water. A second equivalent of oxalyl chloride
had to be added to complete the consumption of the starting material.
The reaction was poured into water and extracted with dichloro-
methane, and the extract was dried over sodium sulfate. The extract
was passed through a short column of silica gel, then removal of the
solvent in vacuo left a solid, which on crystallization from hexane-
dichloromethane gave a solid which decomposed with gas evolution
at 113-137 °C. This substance was identified as 5-diphenylamino-
2,2-dichloro-3(2if)-furanone on the basis of the elemental analysis,
spectroscopic properties, and literature precedent:23 IR (CHCI3) 1718,
1610,1670 cm“ 1, NMR (CDC13) &4.57 (s, 1 H), 7.00-7.50 (m, 10 H);
MS m/e (rel intensity) 323 (5), 322 (5), 321 (21), 320 (7), 319 (29), 258
(10), 256 (30), 193 (20), 164 (18), 161 (62), 159 (100), 77 (46), 46
(65).

Anal. Calcd. for CieHuClaNO* C, 60.03; H, 3.44; Cl, 22.15; N, 4.38.
Found: C, 60.18; H, 3.53; Cl, 22.05; N, 4.29.

Preparation of the Chloroiminium Chloride 2g. The reac-
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To prepare the iminium salt 29, a 12.5% solution of phosgene in
benzene (50 mL) was added to A',/V-diphenylacetamide (1.16 g, 0.0055
mol), and the solution was left at room temperature for 3 days. The
solvent was removed in vacuo with careful maintainance of anhydrous
conditions. Anhydrous dimethoxyethane (20 mL) was added to the
residue, and this solution was then reacted with tetrabutylammonium
azide (see below).

Reaction of /V-Methyl-N-phenylchloroformiminium Chloride
2a with Sodium Azide. To the chloroiminium chloride 2a, prepared
from 1.5 g (0.011 mol) of /V-methylformanilide, was added finely
pulverized sodium azide (1.45 g, 0.022 mol) in one portion. A vigorous
gas evolution commenced in a short while, and the reaction temper-
ature began to rise. The reaction temperature was not permitted to
exceed 30 °C by occasional cooling with a water bath. After 5 h, the
mixture was partitioned between water and ether, the aqueous phase
was extracted with ether, and the combined extracts were washed
successively with dilute hydrochloric acid, sodium bicarbonate so-
lution, and saturated sodium chloride solution. The extract was dried
over magnesium sulfate and then concentrated in vacuo. The residue
was subjected to column chromatography on silica gel (30 g) using
benzene and then benzene-ethyl acetate (8:1) as the eluting solvents.
The cyanamide-containing fractions were evaporated to give N-
methyl-.V-phenylcyanamide (0.57 g, 39%, pure by TLC), which after
distillation, bp 85-87 °C (0.2 mm), yielded the pure substance, mp
29-30 °C (lit.24 28 °C), identical with an authentic specimen.

Later chromatographic fractions afforded the starting material
(0.16 g, 11%) and 5-(N-methylanilino)tetrazole (7, 0.09 g, 5%), mp
133-135 °C (lit.10a 139 °C).

Basification of the aqueous acidic phase described above, followed
by ether extraction, gave crude (0.43 g, 37%) Al-methylaniline.

General Procedure for the Reaction of the N,N-Disubstituted
Chloroformiminium Chlorides 2 with Tetrabutylammonium
Azide. To the chloroiminium chloride (0.011 mol) was added asolu-
tion of tetrabutylammonium azide (6.39 g, 0.0224 mol) in anhydrous
dimethoxyethane (15 mL) in a dropwise manner, the temperature
being maintained at <30 °C as described above. Gas evolution com-
menced immediately after the addition of the azide solution was
started, and the precipitation of a white solid usually began shortly
thereafter. This solid redissolved when the addition was completed
or after warming of the mixture to 40 °C. The reactions were stirred
at room temperature for 4-13 h, or in the case of 2¢ and 2e, the tem-
perature was maintained at 40 °C for 1-2 h. The reactions were
worked up as described for the sodium azide reaction, and the crude
product was separated from contaminants by column chromatography
on silica gel. Final purification of the cyanamide was achieved by
distillation in vacuo and/or by crystallization from a suitable solvent.
The cyanamides were identical with authentic specimens prepared
in the manner previously referred to.

In the case of 5C and 5e, the reaction mixtures were subjected to
guantitative analysis by GLC at 81 °C (before workup) using N-
cyanopiperidine (5e) and diisopropylcyanamide (5c), respectively,
as internal standards.

I-Phenyl-5-(iV-methylanilino)tetrazole (13a) by the Anima-
tion of I-Phenyl-5-chlorotetrazole. A solution of freshly distilled
Af-methylaniline (1.20 g, 0.0122 mol) in anhydrous tetrahydrofuran
(25 mL), maintained in a nitrogen atmosphere, was cooled in a dry
ice-acetone bath and ethereal methyllithium (6.5 mL of a 1.8 M so-
lution) was added. The mixture was left to come to room temperature,
and then solid I-phenyl-5-chlorotetrazole (1.80 g, 0.01 mol) was added.
After 2 h, ethanol (2 mL) and then water (2 mL) were added and the
solution was concentrated in vacuo. The residue was partitioned be-
tween dichloromethane and water. The organic extracts were washed
in turn with hydrochloric acid (3 N), water, and saturated salt solution.
The extract was dried over sodium sulfate, and after removal of the
solvent in vacuo the residue was crystallized from ether-hexane to
give the tetrazole (1.85 g, 74%): mp 73.5-74.5 °C; UV (CH30H) 230,
265 nm U 10 000, 5010); IR (KBr) 1597,1563 cm -1, NMR (CDC13) 6
3.50 (s, 3H), 6.57-7.00 (m, 5 H), 7.08 (s, 5 H); MS m/e (rel intensity)
251 (28), 223 (31), 222 (62), 118 (16), 106 (69), 105 (16), 104 (17), 91
(54), 79 (22), 78 (86), 77 (100), 65 (18), 46 (30).

Anal. Calcd. for C14H13N®6: C, 66.91; H, 5.21; N, 27.87. Found: C.
66.86; H, 5.26; N, 28.08.

Reaction of the Trisubstituted Chloroiminium Chlorides 9
with Tetrabutylammonium Azide. Formation of the Tetrazoles
13. I-Phenyl-5-(JV-methylanilino)tetrazole (13a). A solution of
tetrabutylammonium azide (7.81 g, 0.0275 mol), in dry dimethoxy-
ethane (20 mL), was added to a suspension of the trisubstituted
chloroiminium salt 9a (0.011 mol) in dimethoxyethane (20 mL) at
50-60 °C over a 2-min period. Vigorous gas evolution accompanied
by a change in the color of the solution to dark red-orange was ob-
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served. The color faded as the reaction progressed and after 0.5 h at
the above temperature the solution was poured into water. The
products were extracted into ether, and the extract was washed suc-
cessively with dilute hydrochloric acid, water, and saturated salt so-
lution. The ether solution was dried over magnesium sulfate and
evaporated in vacuo. Crystallization of the residue from hexane-ethyl
acetate (4:1) gave the tetrazole 13a (1.58 g, 57%), mp 74-75 “C, iden-
tical with the material prepared as described above.

The mother liquor from the above crysatllization was subjected to
preparative TLC on silica gel using hexane-ethyl acetate (3:1) as the
developing solvent. There was thus obtained an oil (0.12 g, 10%),
identified as benzaldehyde by direct comparison of its spectral
properties to those of a pure specimen, and a solid which after crys-
tallization from methanol had mp 141-143 °C (lit.26 144-145 °C). This
latter substance, obtained in 8% yield, was shown to be 1,5-diphen-
yltetrazole by direct comparison with an authentic sample.

The aqueous acidic phase from above was basified and extracted
with ether. The extract was passed through a short column of silica
gel to give, after evaporation of the solvent, pure N-methylaniline
(0.15 g, 13%).

I-(4-Methylphenyl-5-(IV-methylanilino)tetrazole (13b). The
reaction of 9b with tetrabutylammonium azide was carried out as
described for 9a, and following an identical workup there was obtained
the tetrazole 13b, mp 155-157 °C (ether-hexane), in about 30% yield:
UV (CH30H) 233,255 (sh) nm (t 12 000,6800); IR (CHC13) 1595,1553,
1516 cm-1, NMR (CDCI3) £2.20 (s, 3 H), 3.47 (s, 3H), 6.58-7.13 (m,
9 H); MS m/e (rel intensity) 265 (27), 237 (21), 236 (34), 132 (28), 107
(38), 106 (100), 105 (61), 104 (26), 91 (25), 79 (26), 78 (23), 77 (70), 65
(17), 46 (27).

Anal. Calcd. for C,5H,SN5: C, 67.90; H, 5.70; N, 26.40. Found: C,
67.85; H, 5.64; N, 26.37.

In addition, there was isolated 21% of the starting amide and 4%
of I-phenyl-5-(4-methylphenyl)tetrazole (14b), which had mp
131-133 °C (lit.8 136 °C) after crystallization from hexane-ethyl ac-
etate.

I-(4-Methoxyphenyl)-5-(N-methylanilino)tetrazole (13c). The
reaction with 9c was effected in the usual way, and after workup the
crude product was triturated with ether to give the tetrazole 13c (38%)
which, after crystallization from methanol, had mp 154-156 °C: UV
(CH30H) 238, 260 (sh) nm (t 11 500, 6890); IR (CHCI3) 1595, 1555,
1515cm -1, NMR (CDC1() 53.47 (s, 3 H), 3.67 (s, 3 H), 6.48-7.05 (m,
9 H).

Anal. Calcd. for C15H15N50: C, 64.04; H, 5.37; N, 24.90. Found: C.
63.87; H, 5.38; N, 24.76.

The mother liquors from above were chromatographed on acolumn
of silica gel (hexane-ethyl acetate). In addition to the starting material
(2%), Ati-methyl-N-phenyl-N'-(4-methoxyphenyl)urea (18) was iso-
lated in 42% yield. 1t had mp 99-100.5 °C after crystallization from
water, and was identical with an authentic sample prepared from
A-methylaniline and 4-methoxyphenyl isocyanate in hot benzene:
UV (CH30H) 233 nm (< 16 600L IR (CHC13) 3440,1666,1619,1600,
1510cm*“ 1, NMR (CDCI3) d 3.27 (s, 3 H), 3.67 (s, 3H), 6.62 (d, 2H,J
=9.2Hz),7.05(d, 2H,J = 9.2 Hz), 7.25 (m, 5 H).

Anal. Calcd. for CisHi6N20 2 C, 70.29; H, 6.29; N, 10.93. Found: C,
70.57; H, 6.51; N, 10.62.

If the reaction was allowed to proceed for 24 h, the yield of the te-
trazole 13c was 54% and that of the urea was 27%. If at the end of 22
h, 2 mol of sodium azide was added and the reaction was continued
for a further 24 h (60 °C), the tetrazole 13c (50%) and I-phenyl-5-
(4-methoxyphenyl)tetrazole (14c, 9%) were the only products formed.
The latter compound was isolated from the mother liquors obtained
from the crystallization of 13c. After crystallization from hexane-ethyl
acetate it had mp 107-109 °C (lit.26 110 °C).

I-(4-Chlorophenyl)-5-(1V-methylanilino)tetrazole (13d). The
product mixture, obtained in the standard manner, was separated into
its components by preparative TLC on silica gel (hexane-ethyl ace-
tate, 70:30). In this way there was isolated 4-chlorobenzaldehyde
(16%), starting material (8%), I-phenyl-5-(4-chlorophenyl)tetrazole
(28%), mp 155-156 °C (lit.27 155.5 °C, after crystallization from
methanol), and the desired tetrazole 13d (10%). This substance had
mp 165-167 °C after crystallization from methanol: UV (CH.(OH) 232,
260 (sh) nm (t 15 900,6220); IR (CHC13) 1603,1592,1554 cm“ 1, NMR
(CDCI3) a3.50 (s, 3H), 6.57-7.11 (m, 9 H).

Anal. Calcd. for C14H12C1INS C, 58.85; H, 4.23; Cl, 12.41; N, 24.51.
Found: C, 58.80; H, 4.09; Cl, 12.24; N, 24.42.

I-Phenyl-5-(diphenylamino)tetrazole (13e€). In addition to the
starting material (10%) the only other substance formed in this re-
action was the tetrazole 13e (76%). After crystallization from ethyl
acetate, it had mp 161-163 °C: UV (CH30H) 265 nm (« 12 900); IR
(CHCI3) 1595,1525 cm-1; MS m/e (rel intensity) 313 (29), 285 (19),
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284 (45), 169 (25), 168 (100), 167 (52), 77 (40), 46 (26).

Anal. Calcd. for C19H,9\S C, 72.82; H, 4.83; N, 22.33. Found: C.
72.72; H, 4.87; N, 22.09.

Reaction of the Trisubstituted Chloroiminium Chloride 2f
with Tetrabutylammonium Azide. The salt 2f was prepared on a
0.022-mol scale. After the addition of the azide solution (0.055 mol)
at 50-60 °C, stirring was continued at this temperature for 15 h. The
solvent was distilled at atmospheric pressure, and the distillate was
collected in a receiver cooled with adry ice-acetone bath. The final
pot temperature was 160 °C. The distillate was reacted with excess
bromine at 0 °C, the solvent and excess bromine were removed in
vacuo at room temperature (20 mm), and the residue was examined
by GLC. There was no detectable 1,2-dibromocyclohexane present
in this mixture.

The pot residue from above was diluted with water and extracted
with dichloromethane. The extract was washed successively with
dilute hydrochloric acid, sodium bicarbonate solution, and saturated
salt solution. The organic phase was dried over magnesium sulfate
and evaporated in vacuo. The residue was chromatographed on silica
gel. The cyanamide was eluted with hexane-benzene-ethyl acetate
(5:4:1) and several more polar products were removed from the column
with ethyl acetate. The crude A-methyl-N-phenylcyanamide (1.15
g) was distilled in vacuo as before to give a pure specimen (0.94 g, 32%)
identical with the material prepared from 2a.

Basification of the acidic fraction from above gave, after ether ex-
traction and the usual manipulation, nearly pure A-methylaniline
(1.43 g, 61%).

Reaction of the Chloroiminium Chloride 2g with Azide lon.
To asolution of the iminium salt 2g (0.0055 mol), prepared from Ig
and phosgene as described above, was added a dimethoxyethane so-
lution of tetrabutylammonium azide (0.014 mol) and the resultant
was heated at reflux temperature for 18 h. The solution was poured
into water and extracted with dichloromethane. The dried (sodium
sulfate) extract was evaporated in vacuo, and the residue was chro-
matographed on a column of silica gel using hexane-benzene (4:1) as
the eluting solvent. The first fractions contained diphenylamine, the
cyanamide 5b (0.350 g, 35%), identical with the material prepared
from 2b, was eluted next, and this substance was followed by the
starting material (0.50 g, 43%).

Reaction of 21b with Azide lon. Synthesis of 22b. To a suspen-
sion of the iminium salt 21b (0.0055 M) in dimethoxyethane (10 mL)
was added a dimethoxyethane solution of tetrabutylammonium azide
(0.015 mol) at 50-60 °C in the usual manner. A red-orange solid pre-
cipitated immediately. This substance was collected by filtration and
dried in vacuo. It could not be recrystallized, and therefore a sample
was dried in vacuo for analysis. The substance thus obtained had mp
210 °C dec, gave positive Beilstein and silver nitrate tests, and de-
composed, with gas evolution and the formation of N,./V-dicyclohex-
ylhenzamide, on treatment with aqueous ethanolic potassium hy-
droxide. A mass spectrum of the red salt could not be obtained: UV
(CH:0OH) 382 nm (t 40 800); IR (CHCL1:!) 1560 cm-'; NMR (CDC13)
60.83-2.17 (m, 36 H), 2.40-3.10 (m, 4 H), 3.24-3.96 (m, 4 H), 6.53-6.77
(m, 4 H), 6.87-7.33 (m, 6 H).
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Anal. Calcd. for C38H30CIN5: C, 74.05, H, 8.83; N, 11.37. Found: C,
73.00; H, 8.80; N, 11.40.
The above data are not inconsistent with structure 22b.
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Reaction of Di- and Tribromotetrahydro-4if-pyran-4-ones with Bases
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The reaction of 3,5-dibromotetrahydro-4//-pyran-4-ones (la,b) with morpholine in HMPA gave enamino ke-
tones 2a,b and 3a,b as the major products. The reaction of 3,3,5-tribromotetrahydro-4fi-pyran-4-ones (5a,b) with
silver acetate in acetic acid gave a mixture of bromo «-diketones 8a,b and their enol acetates 9a,b exclusively. Fur-
thermore, dehydrobromination of 8a,b with DBU or Dabco gave corresponding 3-hydroxy-4if-pyran-4-ones 10a,b.
However the reaction of diethyl 3,3,5-tribromotetrahydro-4/i-pyran-4-one-2,6-dicarboxylate (5c) with silver ace-
tate in acetic acid afforded bromo n-diketones 8c, diethyl 3-hydroxy-4/7-pyran-4-one-2,6-dicarboxylate (10c), and
diethyl 3,5-dibromo-4i/-pyran-4-one-2,6-dicarboxylate (11).

Of the simple tetrahydro-4/i-pyran-4-ones, only a few

have received attention in the literature with respect to their

oxidation product.

In this paper, we wish to report the formation of tetrahy-
dro-4//-pyran-3,4-diones and their derivatives from 3,5-
dibromo- or 3,3,5-tribromotetrahydro-4//-pyran-4-ones.
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Table I. The Reaction of 1with Morpholine in Several

Solvents”
Product ratio“

Dibromide Solvent vyield, %b 2 3 4 6

la HMPA 46 25 75 Tr

Ib HMPA 80 26 50 6 18

Ibd HMPA 80 76 6 18

la DMF 34 45 33 11 11

Ib DMF 72 20 20 40 20

Ib“ DMF 55 24 24 48 4

la Ether 32 15 8 7

Ib Ether 7 8 9 55 28

Ib“ Ether 50 10 15 71 4

“ The reaction was carried out at room temperature (15-18 °C).
b Isolated yield.c The ratio was determined by GLC. d Large (10
equiv) excess of morpholine was used. “ Cis isomer was used.

3.5- Dibromotetrahydro-4H-pyran-4-ones (la,b) and 3,3,5-
tribromotetrahydro-4//-pyran-4-ones (5a-c) were prepared
from corresponding tetrahydro-4//-pyran-4-onesla ¢ with
dioxane-dibromide in ether in good yield. The reaction of
cis-3,5-dibromotetrahydro-4/f-pyraft-4-one (la) with 5equiv
of morpholine in HMPA gave 5-morpholino-2,3-dihydro-
4//-pyran-4-one (2a) and 4-morpholino-3,6-dihydro-2//-
pyran-3-one (3a) without any formation of Favorskii rear-
rangement product.

However a similar treatment of ir<ms-3,5-dibromo-cis-
2.6- dimethyltetrahydro-4//-pyran-4-one (Ib) with morpho-
line afforded enamino ketones 2b and 3b as the major prod-
ucts together with a minor amount of 2,5-dihydro-2,5-di-
methylfuran-3-carboxymorpholide (4b) and 4-bromo-2,5-
dihydro-2,5-dimethylfuran-3-carboxymorpholide (6b). The

a,R=H
b, R = CH3

structures of these products were assigned on the basis of their
IR, NMR, and mass spectra, and by elemental analysis.
The reaction of dibromide la,b with morpholine in several
solvents was examined and the experimental data, summa-
rized in Table 1, suggest that enamino ketones are the main
products in polar aprotic solvents such as HMPA, whereas in
ether, Favorskii rearrangement products predominate.
Isomerization of 2 and 3 was not observed under the reaction
conditions, and a large excess of morpholine increased the
formation of 3 rather than that of 2. These solvent effects are
parallel to those observed in the reaction of 2,6-dibromocy-
clohexanone with secondary amines.2 In the 2,6-dimethyl case,
trans form b was more reactive than cis form Ib. This is due
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to the trans isomer and axial bromine undergoing a more facile
back-side nucleophilic attack at C-5 by morpholine.

A possible route3 for the formation of 6 is outlined in
Scheme 1. Dibromide 1 undergoes disproportionation of
bromine to produce tribromide 5, which then suffers a Fa-
vorskii rearrangement to give 6. Although 7 has not been iso-
lated, its presence in the reaction mixture from la was sug-
gested by GLC-mass spectroscopy.

The reaction of 5a,b with 6 equiv of morpholine in HMPA
at room temperature gave the corresponding Favorskii rear-
rangement products 6a,b in quantitative yield. These results

a,R=H
b. R= CH)

suggest that the proton at C-5 was easily abstracted by mor-
pholine, followed by ejection of the C-3 bromine atom to
produce a cyclopropanone intermediate, which is then
cleavaged to compound 6a,b.

We next examined the reaction of 5a,b with silver acetate
in acetic acid, which gave hydroxypyrones 8a,b and their enol

OH OAc
AcOAg, AcOH
5
a, R=H (90%)
b, R=CH (93%)

acetates 9a,b in good yield. The proportion of these products
(8a,b) and (9a,b) was determined by NMR and GLC analysis.
In this case, no Favorskii rearrangement product was observed
in any solvents. The reaction of 5 with silver acetate in ace-
tonitrile afforded 9 (a, 90%; b, 88%) as a single product. Ace-
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tate 9 was also obtained from 8 by treatment with acetic an-
hydride in the presence of sodium acetate.

Similar treatment of 5¢ (R = CC/Et) with silver acetate
gave hydroxypyrone 8c (20%), diethyl meconate (10c, 20%),
and diethyl 3,5-dibromochelidonate (11, 40%). It is suggested
that in the case of R = CC/Et, the proton at C-2 in the com-
pound of 8c initially produced is easily abstracted by weak
base, permitting dehydrobromination to diethyl meconate
(10c).

Finally, we investigated the dehydrobromination of 8a,b
with such strong bases as DBU and Dabco. The reaction of 8a
with 1,8-diazabicyclo[5.4.0Jundecene (DBU) in benzene at
room temperature afforded pyromeconic acid (10a). Similarly,
6-methyl maltol (10b) was obtained by the treatment of 8b

OH 0

aR=H
b, R = CH3

with diazabicyclo[2.2.2]octane (Dabco) in pyridine. The
structures of 3-hydroxy-4/i-pyran-4-ones lIOa-c were con-
firmed by agreement with IR, NMR, and mass spectra and
mixed melting point determination with that of those au-
thentic samples.

Experimental Section

General. All the points are uncorrected. Infrared spectra were run
on a Hitachi Model 215 spectrophotometer. Proton nuclear magnetic
resonance spectra were recorded on a JEOL C-60 spectrometer with
tetramethylsilane as an internal reference. The mass spectra were
determined on a Hitachi RMU-6E spectrometer. For column chro-
matography Wakogel C-200 (Wako Pure Chemical Industries) was
used. cis-2,6-Dimethyltetrahydro-4//-pyran-4-onelb [bp 61 °C (14
mm Hg)[ and ci's-2,6-diethoxycarbonyltetrahydro-4//-pyran-4-onelc
(mp 82-83 °C) were prepared by the reported method.

cis-3,5-Dibromotetrahydro-4H-pyran-4-one (la). Bromine
(16.2 g, 0.1 mol) was added into dioxane (64 g) with stirring over a
period of 30 min. Tetrahydro-4//-pyran-4-onela (5.0 g, 0.05 mol) in
20 mL of ether was added to the mixture at 0 °C, and the mixture was
then stirred for 2 h. The resulting slightly yellow tinged solution was
poured into 20 mL of water. The organic layer was separated and the
aqueous layer was extracted with ether. The combined ethereal so-
lution was well washed with water and the solution was dried
(MgSCh). After evaporation of the ether, the residue was recrystallized
from dichloromethane to give 10.5 g (82%) of la: mp 156-157 °C (lit.4
mp 156-157 °C); IR (KBr) 1745cm-".

trans- and cis-3,5-Dibromo-c/s-2,6-dimethyltetrahydro-
4H-pyran-4-one (Ib and Ib")- Bromination of cis-2,6-dimethylte-
trahydro-4W-pyran-4-onelb at -15 °C by a method similar to that
described for la afforded only trans dibromide b (87%): mp 42-43
°C; IR (KBr) 1735 cm "1 NMR (CDC13) b 1.38 (d, 3 H, J = 6.0 Hz),
157 (d,3H,J = 6.0Hz),3.79 (m, 2 H, 2- and 6-axial protons), 4.33 (d,
1H,J = 2.0 Hz, 3-equatorial proton), 5.02 (d, 1H, J = 11 Hz, 5-axial
proton).

Anal. Calcd for CyHioB~C”: C, 29.40; H, 3.52; Br, 55.88. Found: C,
29.40; H, 3.51; Br, 55.69.

When this reaction was carried out at 0 °C, a mixture of Ib and
cis-dibromide Ib' was obtained and the mixture was then chroma-
tographed on a silica gel column using benzene-hexane (1:2) as eluent
to give Ib (66.5%) and Ib' (13.5%): mp 149-150 °C; IR (KBr) 1745
cm"L NMR (CDCl.d b155(d, 6 H,J = 6.0Hz),3.75(dq, 2H,J = 12
and 6.0 Hz, 2- and 6-axial protons), 4.40 (d, 2 H, J = 12 Hz, 3- and
5-axial protons).

Anal. Calcd for CyHioB~C”: C, 29.40; H, 3.52; Br, 55.88. Found: C,
29.47; H, 3.60; Br, 55.88.

The Reaction of la with Morpholine. Morpholine (13.3 g, 0.15
mol) was added to a solution of la (7.89 g, 0.03 mol) in 50 mL of
HMPA with stirring at 0 °C. After the mixture was stirred for 24 h at
room temperature, dry ether was added, and the precipitated mor-
pholine hydrobromide was filtered off. Ether, excess morpholine, and
HMPA were removed from the filtrate under vacuum and the residue
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[small amounts of 6a and 7a could be detected by GLC: 7a, m/e 185
(M+)[ was chromatographed on a silica gel column using benzene-
ethyl acetate (9:1). The earlier fraction gave 1.9 g (34.5%) of 3a (mp
77.5- 79 °C) and the latter fraction gave 0.63 g (11.5%) of 2a (mp
83.5- 85.0 °C). 2a IR (KBr) 1670,1600 cm“ 1, NMR (CDC13) b2.55 (t,
2H,J = 7.5Hz), 2.85 (M, 4 H), 3.81 (M, 4 H), 442 (t, 2H,J = 7.5 Hz),
7.13 (s, 1H); mass (m/e) 183 (M+), 98 (base).

Anal. Calcd for CO9H13N 03: C, 59.00; H, 7.15; N, 7.65. Found: C,
58.59; H, 7.09; N, 7.20.

3a: IR (KBr) 1675,1615 cm-1; NMR (CDC13) b 2.93 (m, 4 H), 3.84
(m, 4H), 421 (s, 2H), 4.52 (d, 1H,J = 3.0Hz), 6.05 (t, 1H,J =3.0
Hz); mass (m/e) 183 (M+), 67 (base).

Anal. Calcd for COH13N 03 C, 59.00; H, 7.15; N, 7.65. Found: C,
58.79; H, 7.17; N, 7.39.

This reaction was carried out in ether; from la (7.89 g, 0.03 mole)
and 13.3 g (0.15 mole) of morpholine, 2a (0.14 g, 2.5%), 3a (0.27 g,
5.0%), and 4a (1.35 g, 24.5%) were obtained. 4a: n20D 1.5123; IR (neat)
1650,1613 cm“ 1, NMR (CC14) b3.57 (s, 8 H), 4.65 (s, 4 H), 5.87 (s, 1
H); mass (m/e) 183 (M+).

The Reaction of Ib with Morpholine. Similar reaction was car-
ried out according to the procedure for la described above. In place
of la, Ib (8.7 g, 0.03 mole) in HMPA was used, and the resulting oil
was chromatographed on asilica gel column using benzene as eluent
to afford 2b (1.26 g, 25%), 3b (2.52 g, 40%), 4b (0.42 g, 5.0%), and 6b
(0.87 g, 10%). 2b: mp 85-86 °C; IR (KBr) 1690, 1615 cm-1, NMR
(CC14 b 1.33(d, 3H,J = 6.0Hz),2.08 (s, 3H), 2.28(d, 1 H,J = 7.0 Hz),
2.30(d, 1H,J = 9.0 Hz), 2.90 (m, 4 H), 3.60 (M, 5 H); mass (m/e) 211
(M+), 43 (base).

Anal. Calcd for CnH17N03: C, 62.54; H, 8.11; N, 6.63. Found: C,
63.08; H, 8.54; N, 6.58.

3b: n20D 1.5068; IR (neat) 1690,1615cm*1 NMR (CC14) b 1.30 (d,
6 H,J = 7.0 Hz), 2.79 (m, 4 H), 3.77 (m, 5H), 4.46 (g, 1H, J = 7.0 Hz),
557 (d, 1H, J = 2.0 Hz); mass (m/e) 211 (M+), 43 (base). 4b: ra2op
1.5023; IR (neat) 1655,1615 cm*“ 1, NMR (CC14) $1.24 (d, 3H,J = 3.0
Hz), 1.31 (d, 3H, J = 3.0 Hz), 3.55 (s, 8 H), 4.90 (br s, 2H), 5.70 (s, 1
H); mass (m/e) 211 (M+), 43 (base).

Anal. Calcd for CnHi7N03: C, 62.54; H, 8.11; N, 6.63. Found: C,
62.23; H, 8.32; N, 6.58.

6b: mp 71-73 °C; IR (KBr) 1655,1610 cm -1, NMR (CCl4) b 1.26 (d,
3H,J =50Hz), 1.36 (d, 3H,J = 5.0 Hz), 3.60 (s, 8 H), 4.55 (m, 2 H);
mass (m/e) 276/274 (M+ —CH?3), 43 (base).

Anal. Calcd for CnH16BrNO03: C, 45.53; H, 5.56; Br, 27.54; N, 4.83.
Found: C, 45.61; H, 5.52; Br, 27.79; N, 4.69.

3,3,5-Tribromotetrahydro-4H-pyran-4-one (5a). Tetrahy-
dro-4H-pyran-4-one (3.5 g, 0.035 mol) in 20 mL of ether was added
to a stirred mixture of 30 mL of dioxane and 16.8 g (0.105 mol) of
bromine at room temperature. After the mixture was stirred for 6 h
at 28-30 °C, the resulting reaction mixture was then poured into
water. The organic layer was separated and the aqueous layer was
extracted with ether. The combined ethereal solution was washed with
water, dried, and evaporated under reduced pressure. Recrystalliza-
tion of the residue (13.7 g) from benzene gave 10.3 g of 5a, mp
131.5- 1325 °C, in 86.5% yield: IR (KBr) 1740 cm"1 NMR (CDC13)
b3.60 (d, 1H,J = 12 Hz), 4.04 (d, 1H,J = 12 Hz), 4.40 (m, 1H), 4.53
(d, 1H,J3 = 12 Hz), 563 (dd, 1H,J = 7.0 and 12 Hz, 5-axial pro-
ton).

Anal. Calcd for CsHsBr302: C, 17.83; H, 1.49; Br, 71.17. Found: C,
17.83; H, 1.50; Br, 71.44.

The following compounds were also prepared from cis-2,6-disub-
stituted tetrahydro-4H-pyran-4-ones:lb'c 3,3,5-Tribromo-cis-
2,6-dimethyl tetrahydro-4fi-pyran-4-one (5b), mp 87-88 °C, in
89% yield: IR (KBr) 1745 cm*“ 1, NMR (CDC13) b 1.54 (d, 3H,J = 6.0
Hz), 1.60 (d, 3H,J = 6.0 Hz), 3.65 (9, 1H,J = 6.0Hz), 3.80 (d g, 1 H,
J = 6.0 and 11 Hz), 5.15 (d, 1 H, J = 11 Hz, 5-axial proton).

Anal. Calcd for CTH9Br302: C, 23.04; H, 2.49; Br, 65.70. Found: C,
23.14; H, 2.53; Br, 65.68.

Diethyl 3,3,5-tribromotetrahydro-4H-pyran-4-one-cis-2,6-
dicarboxylate (5c), mp 56-58 °C, in 85%yield: IR (KBr) 1750 cm-1;
NMR (CC14) b 1.38 (t,6 H,J = 7.0 Hz), 4.35 (m, 6 H), 5.18 (d, 1H, J
= 11 Hz, 5-axial proton).

Anal. Calcd for CuHi3Br30 6: C, 27.47; H, 2.73; Br, 49.84. Found:
C, 27.63; H, 2.65; Br, 49.84.

The Reaction of 5a with Morpholine. Morpholine (5.2 g, 0.06
mol) was added gradually to astirred solution of 3.37 g (0.01 mol) of
5ain 5 mL of HMPA at 0 °C, and the mixture was then stirred for 24
h at room temperature. Dry ether was added to the reaction mixture
and the precipitated morpholine hydrobromide was filtered off. Ether,
morpholine, and HMPA were removed in vacuo from the filtrate and
the residue was chromatographed on asilica gel column. Elution with
benzene gave 2.6 g of 6a as crystals, mp 71-73 °C, in quantitative yield:
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IR (KBr) 1660 (C=0), 1620 (C=C) cm-1;, NMR (CDC13) b3.70 (br
s, 8 H), 4.77 (br s, 4 H).

Anal. Calcd for COH12BrNO03: C, 41.24; H, 5.72; Br, 30.49; N, 5.34.
Found: C, 41.63; H, 4.66; Br, 30.42; N, 5.21.

Similarly, 4-bromo-2,5-dihydro-2,5-dimethylfuran-3-car-
boxymorpholide (6b) was obtained as crystals, mp 71-72 °C, in
quantitative yield: IR (KBr) 1655 (C=0), 1610 (C=C) cm-1; NMR
(CC14)b1.26 (d,3H,J = 5.0 Hz), 1.36 (d, 3H, J = 5.0 Hz), 3.60 (br s,
8 H), 4.55 (m, 2 H).

Anal. Calcd for CiiH16BrNO03: C, 45.53; H, 5.56; Br, 27.54; N, 4.83.
Found: C, 45.61; H, 5.52; Br, 27.79; N, 4.69.

The Reaction of 5awith Silver Acetate. A mixture of 3.79 g (11.2
mmol) of 5a and 6.0 g (40 mmol) of silver acetate in 30 mL of acetic
acid was warmed at 28-30 °C with stirring. After the mixture was
stirred for 3 h, the precipitated silver bromide was filtered off, and
acetic acid was removed in vacuo. The residue was chromatographed
on asilica gel column using benzene as eluent to give a mixture of 2.1
gof 8aand 9ain 90% yield (8a/9a = 2:1; by GLC and NMR spectro-
scopic assay). 8a: mp 77-78 °C; IR (KBr) 3350 (OH), 1675 (C=0),
1650 (C=C) cm 'L, NMR (CDC13) b4.30 (m, 2 H), 4.57 (m, 2 H), 5.96
(br's, 1 H).

Anal. Calcd for CsH5Br03: C, 31.12; H, 2.61; Br, 41.40. Found: C,
31.17; H, 2.23; Br, 41.82.

9a: bp 91-93 °C (0.15 mm Hg); mp 50-51 °C; IR (KBr) 1780,1710
(C=0), 1640 (C=C) cm“ 1, NMR (CDC13) b2.38 (s, 3 H), 4.30 (s, 2 H),
4.65 (s, 2 H); mass (m/e) 236/234 (M+), 43 (base).

The Reaction of 5b with Silver Acetate. By the method similar
to that described above, reaction temperature was 40-45 °C for 3 h;
7.33 gof5bafforded a mixture of 4.75 g of 8b (mp 62-63 °C) and 9b
[bp 108-110 °C (0.25 mm Hg), mp 125.5-126.5 °C] in 93% yield.
(8b/9b = 1:1). Pure 8b and 9b were obtained by preparative GLC
(20% Silicon DC-200 column 120 °C). 8b: IR (KBr) 3340 (OH), 1680
(C=0), 1640 (C=C) cm“1; NMR (CDC13) b 1.43 (d, 3H, J = 6.0 Hz),
155 (d,3H,J =6.0Hz),4.20(dq, 1H,J = 2.0and 6.0 Hz), 4.65 (d q,
1H,J = 2.0and 6.0 Hz), 6.33 (s, 1 H).

Anal. Calcd for CTH9Br03: C, 38.04; H, 4.10; Br, 36.15. Found: C,
38.10; H, 4.19; Br, 36.54.

9b: IR (KBr) 1780,1710 (C=0), 1630 (C=C) cm"1,NMR (CDC13
$1.40 (d, 3H,J = 6.0 Hz), 1.62 (d, 3H,J = 6.0 Hz), 2.27 (5, 3 H), 4.25
(dg, 1H,J = 20and 6.0 Hz), 477 (d g, 1H, J = 2.0 and 6.0 Hz).

Anal. Calcd for CgHuUBrO,: C, 41.09; H, 4.21; Br, 30.37. Found: C,
41.02; H, 4.22; Br, 30.03.

The Reaction of 5¢ with Silver Acetate. A mixture of 3.30 g of
5c and 4.0 g of silver acetate in 14 mL of acetic acid was warmed at
50-55 °C for 6 h. After workup similar to that of 5a described above,
the residue was chromatographed on silica gel and eluted with ben-
zene-isopropyl ether (4:1) to give 1.2 g of 11 and a mixture of 8¢ and
10c. The latter fraction was rechromatographed on silica gel using
benzene-isopropyl ether (6:1) to afford pure 0.6 g of 8¢ and 0.4 g of
10c. 11: mp 121-122 °C (lit5 mp 126 °C); IR (KBr) 1745 and 1660
(C=0) cm* 1 NMR (CDC13) 6 1.42 (t, 6 H, J = 7.0 Hz), 4.40 (q, 4 H,
J = 7.0 Hz). 8c: mp 85-87 °C; IR (KBr) 3420 (OH), 1740,1725,1690
(C=0), 1645 (C=C) cm“ 1, NMR (CDC13)b1.30 (t, 6 H,J = 7.0 Hz),
427 (q,4H,3 =7.0Hz),527(d, 1H,J =2.0Hz),543(d, 1H,J = 2.0
Hz), 9.57 (br s, 1 H).

Sato, Ohashi, Aoki, and Murai

Anal. Calcd for CnH13Br07: C, 39.19; H, 3.89; Br, 23.70. Found: C,
39.53; H, 4.13; Br, 23.21.

10c: mp 111-112 °C (lit6 111.5 °C); IR (KBr) 3300 (OH), 1745,1660
(C=0), 1610,1595 (C=C) cm"L NMR (CDC13) b 1.36 (t, 3H,=/ = 7.0
Hz), 1.40 (t, 3H, J = 7.0 Hz), 443 (q, 2 H,J = 7.0 Hz), 450 (g, 2 H,
J = 7.0 Hz), 7.20 (s, 1 H), 7.80 (br s, 1 H).

3-Hydroxy-4H-pyran-4-one (10a). To a mixture of 181 mg of 8a
in 3 mL of benzene was added 220 mg of 1,8-diazabicyclo[5.4.0]un-
decene at 0 °C. After the mixture was stirred for 48 h at 16-18 °C, 0.2
mL of concentrated hydrochloric acid was added, and the precipitated
mass was fdtered off and extracted with chloroform. The organic layer
was washed with water and evaporated to leave an oil of 39 mg. The
oil was distilled under 50 mm Hg reduced pressure and then subli-
mation gave 19 mg of pure 10a: mp 115-117 °C (lit.7 mp 117 °C). A
mixed melting point determination.with an authentic sample from
comenic acid7 indicated no depression.

3-Hydroxy-2,6-dimethyl-4 Ji-pyran-4-one (10b). To a mixture
of 2.0gof 8band 9b (8b/9b = 1:1) in 6 mL of pyridine was added 0.80
g of diazabicyclo[2.2.2)octane at room temperature. After the mixture
was stirred for 2 h at 70-75 °C, the precipitate was filtered off and
pyridine was removed under reduced pressure. The residue was then
chromatographed on silica gel using benzene as eluent to give crude
10b (0.9 g). Sublimation of the crude crystals afforded a pure sample
of 10b (0.6 g), mp 162-163 °C (lit.8 mp 162.5 °C), in 53% yield. The
infrared spectrum and the other chemical properties were identical
with those of authentic sample.9

Registry No.—la, 63641-11-2; b, 63599-80-4; Ib', 63599-81-5;
2a, 63599-82-6; 2b, 63599-83-7; 3a, 63599-84-8; 3b, 63599-85-9; 4a,
63599-86-0; 4b, 63599-87-1; 5a, 63599-88-2; 5h, 63599-89-3; 5c,
63599-90-6; 6a, 63599-91-7; 6b, 63599-92-8; 8a, 63599-93-9; 8b,
63599-94-0; 8c, 63599-95-1; 9a, 63599-96-2; 9b, 63599-97-3; 10c,
729-63-5; 11,843-08-3; tetrahydro-4H-pyran-4-one, 29943-42-8; cis-
2,6-dimethvitetrahydro-4H-pyran-4-one, 14505-80-7; morpholine,
110-91-8.
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The reaction of thiophene-2,3-dicarbonyl chloride (1) with A1C13 and benzene has been shown to yield 4,9-dihy-
dronaphtho[2,3-6]thiophene-4,9-dione (2), I,I-diphenyl-l/i-thieno[2,3-c]furan-3-one (3), 2,3-dibenzoylthiophene
(4), 3-benzoylthiophene-2-carbonyl chloride (5), and 3-benzoylthiophene-2-carboxylic acid (6) depending upon
the reaction conditions. Ultraviolet spectroscopy was used to analyze the neutral product mixtures composed of
2, 3, and 4. A discussion of possible reaction pathways in which 5 apparently leads to the remaining products is in-

cluded.

The objectives of the present work were to extend the pre-
vious investigations of the thiophene series to thiophene-
2.3- dicarbonyl chloride in order to determine what products
are produced and to attempt to gain an understanding of the
mechanism of their formation.

The reaction of benzene with phthaloyl chloride12 and
various furan2 4and pyrrole5derivatives has been extensively
investigated. The reaction with thiophene-3,4-dicarbonyl
chloride has previously been reported6 by this laboratory. The
present work reports the extension of the thiophene series to
thiophene-2,3-dicarbonyl chloride (1). Ultimately, as many
as five products were isolated and characterized. Evidence
indicates that 3-benzoylthiophene-2-carbonyl chloride (5),
the only isolated keto acid chloride, leads to all the remaining
products.

Scheme | depicts the reaction sequence used for this acyl-
ation study.

Thiophene-2,3-dicarboxylic acid (9) was prepared from the
readily available 2,3-dibromothiophene (7) using a modified
procedure previously used for the synthesis of thiophene-
3.4- dicarboxylic acid.7 Hydrolysis of 2,3-dicyanothiophene
(8) using aqueous NaOH instead of the previously used eth-
ylene glycol-KOH allowed for a more facile isolation of 9.
Substitution of phosphorus pentachloride for the previously
used thionyl chloride in the synthesis of 1 eliminated the
formation of thiophene-2,3-dicarboxylic acid anhydride which
was shown to be present in significant amounts when thionyl
chloride was used to produce 1from 9.

Initial investigations of product mixtures formed by the
acylation of benzene with 1 readily yielded the previously
described 4,9-dihydronaphtho[2,3-6]thiophene-4,9-dione (2).7
A second neutral product, later shown to be 1,1-diphenyl-

Scheme |

6,R = OH

I//-thieno(2,3-c]furan-3-one (3), was also isolated. Residual
oils of the neutral fraction indicated (TLC) a third product,
later shown to be 2,3-dibenzoylthiophene (4). Washing the
initial acylation mixtures with NaHCCt;j yielded a keto acid,
shown to be 3-benzoylthiophene-2-carboxylic acid (6). Under
mild reaction conditions 5 could readily be isolated as the
major product.

Identification of 3-6 required independent synthesis. Since
3,5, and 6 each have one positional isomer that theoretically
could be a product, these isomers also required synthesis.

The keto acid 6,8 and its isomer 2-benzoylthiophene-3-
carboxylic acid (10)9 have been reported. The lengthy syn-
thetic sequences described precluded their use in this work.
Schemes Il and 111 describe the routes used for the synthesis

Scheme 11

Ce6H5

Br C=NLi
1. n-C4HO9Li, -70°C

r%
'S 2. CLH.CN

qhb

C=NLi

n-C.H.Li 1. c6h5n

Li
14
1.co2

2. H+
1. soct,
2. (C,H52Cd
Scheme 111
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Table I. Reaction Conditions and Product Yield Data for the Acylation of Benzene with 1

Moles of Temp,
Run*“-* CgHe Solvent °C
1 0.5 c6h6 10
2 0.5 c6h 6 25
3 0.5 c6h 6 50
4 0.5 c6h6 80
5 0.02 (CH2C1)2 0
6 0.02 (CH2C1)2 25
7 0.04 (CH2C1)2 0
8 0.04 (CH2C1)2 25

% yieldsc

2 3 4 5 6

2.2 67 14 17

4.0 64 13 0.97
10 62 10 1.1
17 50 10 1.1

15 34 0.9 29 9.0
61 7.8 2.3

1.4 48 4.8 6.5 16
14 62 5.8 4.7

a 0.02 mol of diacid chloride used. b 0.044 mol of A1C13. ¢ An average of duplicate runs.

of 3-6, 10, and the isomer of 3, 3,3-diphenyl-3/i-thieno[2,3-
c]furan-l-one (11).

Use of 3-bromothiophene (12) in the one-pot reaction
technique developed by Gronowitz and Michaeli0 allowed for
the consecutive introduction of two functional groups into the
thiophene nucleus. Treatment of the intermediate 13 with a
second mole of n-butyllithium and benzonitrile, followed by
hydrolysis, gave 4 in 52% yield. Reaction of intermediate 14
with dry ice produced 6 in 70% yield. Lactone 3 was obtained
in 62% yield by the reaction of the acid chloride of 6 with di-
phenylcadmium.il An attempted synthesis of 3 by means of
the reaction of 3-thienyllithium with benzophenone followed
by carboxylation at C-2 and lactonization of the expected
hydroxy acid failed when the initial 3-thienyllithium-ben-
zophenone adduct precipitated from the reaction mixture,
thus preventing the desired hydrogen abstraction at C-2.

The success of Scheme 111 depends on the known12 selective
halogen-metal interchange of the 2-bromine of 7. The 3-
bromine permits carboxylation at C-3 to produce 10 without
isolation of any intermediates formed from 7.

With authentic samples of 2-6, 10, and 11 available, the
acylation products of Scheme | were shown to be exclusively
2-6.

In order to acquire some insight into the acylation pathway,
a number of studies were carried out. A study in which the
temperature and the amount of benzene were altered, re-
sulting in product ratio changes, was first conducted. During
such preliminary studies, it became apparent that an accurate
method of analysis of the initial neutral acylation mixtures
was needed. Isolation of each component by column chro-
matography was unsuccessful. Recrystallization methods,
especially of the highly soluble, difficulty crystallizable 4
would result in yield data that would surely be in error. A UV
method, described in the Experimental Section, readily al-
lowed for the analysis of the initial neutral acylation mixtures
containing 2-4.

Table 1 lists the yields of each component formed in the
acylation of benzene with 1 under various conditions. Isolated
6 from the initial NaHCO;(wash is listed as a separate column.
In two cases (runs 5and 7), 5 remained in the neutral fraction
after the initial NaHCCL workup and a second NaHCOs hy-
drolysis was used to convert the remaining 5 to 6. The % yield
of 5was determined from 6 isolated from this second hydrol-
ysis procedure. The remaining mixture of 2-4 was analyzed
by UV.

The 1:1 ratio of 1 to benzene (runs 5 and 6) favored the
formation of 2 at 25 °C (run 6). Similar results have been re-
ported! for the formation of anthraquinone from phthaloyl
chloride and benzene. As the temperature was decreased (run
5), the amounts of 2-4 decreased, with 5 being isolated as the
major product. The formation 5 instead of its isomer reflects
the tendency of 1 to form electrophilic character at the car-
bonyl group C-3 in its reaction with AicI3. It is interesting to
note that thiophene-2,3-dicarboxylic acid anhydride was

found to react with benzene and aluminum chloride in a
similar manner, forming 6 exclusively.

A 1:2 ratio of 1 benzene (runs 7 and 8) indicated 3 to be the
major product. These two runs are unlike results obtained
with the previously reportedé thiophene-3,4-dicarbonyl
chloride which forms the corresponding quinone as the major
product under these conditions. The reduction of the amounts
of 5and 6 in run 7 vs. run 8 reflects the increased probability
for the reaction to go to completion.

A number of trends were noticed when benzene was used
as the solvent (runs 1-4). In each case, 3 is the major product,
but the amount of 3 decreases somewhat as the temperature
increases, whereas the amount of 4 does not vary much. The
amounts of 6 were low, indicating nearly complete reaction
of 1.

In order to acquire further mechanistic data for this reac-
tion, experiments leading to the determination of the existence
of cyclic forms of 1 were conducted. Such an intermediate
could be involved in the formation of 3, the major product in
runs 1-4 and 7-8, Table I

In the benzene series, unsymmetrical phthaloyl chloride
(16) , the pseudolactone of symmetrical phthaloyl chloride
(17) ,is readily formed13 and has been proposed! as the pre-
cursor to 3,3-diphenylphthalide formed in the acylation of
benzene with 16. IR analysis indicated that a carbonyl group
(1790 for 17 and 1808 cm-1 for 16) of any cyclic form of 1
should absorb at a higher frequency then either carbonyl of
acyclic 1 (1780 and 1790 cm-1). Treatment of 1 with AICI3
under conditions where 17 cyclizes to 16 resulted in recovery
of acyclic 1 along with small amounts of the anhydride. In-
vestigations of the isomeric thiophene-3,4-carbonyl chloride
led to similar results. Although 3 may be formed via a low
concentration of a highly reactive cyclic form of 1, failure to
isolate such species suggests its absence.

Isolation of 5 as a product in a number of acylation runs
(runs 5and 7, Table I) required investigation of its tendency
to cyclize in the presence of AICI3. As in the above case of 1,
no evidence for the existence of a cyclic form of 5 could be
found. Only recovery of the starting 5 contaminated with 6 was
achieved. These results again contrast with the benzene series
where it is known that the cyclic form of 2-benzoylbenzoyl
chloride, 3-chloro-3-phenylphthalide, can be isolated and
reacts with benzene in the presence of AICI3 to produce 3,3-
diphenylphthalide.14

Although no evidence for the cyclization of 5 could be ob-
tained, its isolation suggests its importance as an intermediate
in the acylation reaction of benzene with 1. Reaction of 5 with
benzene and AICI3 at 50 °C (run 3 conditions, Table 1) formed
a product mixture whose composition analyzed (UV) as 2.5%
2, 77.2% 3, and 14.9% 4. The acylation mixture formed with
lat50 °C analyzed as 8.5% 2,73.3% 3, and 11.8% 4. Since the
percent composition of 2-4 usually varied by 2-3% in duplicate
runs (e.g., runs 2-4, Table 1) at the same conditions, the above
analysis data for the acylation of benzene with 5or 1 may be
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Scheme IV
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considered to be in fair agreement.

Additional evidence for the attack of the C-3 acid chloride
group of 1 on benzene was achieved by the acylation of ben-
zene with 2-benzoylthiophene-3-carbonyl chloride (18), the
isomer of 5. As in the reaction of 1and 5with benzene, 2 and
4 are produced, but also significant amounts of 11, the isomer
of 3. Reaction of 18 at 50 °C formed a product mixture which
analyzed (UV) as 28.6% 11,31.7% 2, and 26.3% 4. Since 11 was
not isolated in any case when 1 was reacted with benzene, this
evidence indicates the lack of importance of any intermediate
formed from 1 in which the initial attack of benzene involves
the C-2 acid chloride function.

In order to determine that 2-4 are final products in the
acylation reaction and not precursors of one or both of the
products, separate analytical samples of 2-4 were subjected
to the acylation conditions at 50 °C. Each was shown to be a
final product by its inertness to A1C13 in benzene.

A reaction pathway analogous to that proposed by Elder-
fieldis for the acylation of benzene with phthaloyl chloride is
postulated. Since no evidence could be acquired for the exis-
tence of a cyclic form of 1, the open form is used in the pro-
posed pathway, shown in Scheme IV. Evidence indicating that
neither 2 nor 4 are formed from each other suggests a mul-
tistep pathway. Isolation of 5 and 6 as well as evidence that
2-4 and 6 can readily be formed from 5suggests the common
intermediate to be the AICI3-5 complex shown as 19. The four
pathways ultimately leading to the isolated products are
designated A, B, C, and D.

Intramolecular acylation, path A, is favored with a 1:1 ratio
of 1 to benzene, provided the temperature is high enough (25
°C, run 6, Table 1). The path of C-2 before reaction with a
second molecule of benzene becomes important when a 1:2
ratio of 1 benzene is used (runs 7 and 8). This pathway also
predominates in runs 1-4, in which benzene is used in large
excess. Intermolecular acylation, path C, leading to 4 is not
the major pathway in any of the acylation runs. This is per-
haps due to steric hindrance by the C-3 benzoyl group of 19
to attack of the C-2 function on asecond molecule of benzene.
Hydrolysis of 19 (path D) leads to 6.
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Experimental Section

General. Melting points are uncorrected. All elemental analyses
were performed by Galbraith Laboratories, Knoxville, Tenn. IR
spectra were recorded on a Beckman IR-8 spectrophotometer. NMR
spectra were recorded on a Varian T-60 spectrometer using ap-
proximately 10% (w/v) solutions in solvents as specified using tetra-
methylsilane as an internal standard and the chemical shifts are ex-
pressed in 5values. The UV spectra were determined in 95% ethanol
on aJasco ORD/UV-5 spectrophotometer. UV analysis of the neutral
acylation mixtures composed of 2-4 was facilitated, since only 2and
4 absorbed above 290 nm. Using the molar absorbtivities of 2and 4
at 297 and 327 nm (2660 or 11 300 and 5920 or 1800) readily allowed
for the determination of the concentrations of 2and 4. The concen-
trations of 3were determined using the molar absorbtivity of 3at 260
nm (12 500). The mixture resulting from the acylation of benzene with
18 was performed in an analogous manner.

2,3-Dicyanothiophene (8). A stirred mixture of 2,3-dibromothi-
ophenet6 (242 g, 1.00 mol), dry CuCN (260 g, 2.90 mol), and dry DMF
(350 mL) was refluxed for 4 h. The resulting mixture was cooled to
100 °C and added to a solution of FeCI3-6H20 (1000 g), water (1300
mL), and 12 M HC1 (250 mL). The mixture was heated at 60-65 °C
for 20 min, while being flushed with N2 to rid the system of HCN. The
mixture was extracted with CH2CI2 (eight 500-mL portions). The
organic extract was divided into two equal parts and each was washed
with 6 M HC1 (two 500-mL portions), water (two 750-mL portions),
and saturated NaHC03 (250 mL), and then dried (MgSOi). After
evaporation of the CH2Cl2, the resulting solid was sublimed at 90 °C
(0.05 mm) to give 77.7 g (58%) of 8: mp 115-122 °C; IR (KBr) 2207
cm-1; NMR (acetone-rig) 57.70 (d, 45 = 5 Hz, C-4 H), 8.26 (d, C-
5-H).

Anal. Calcd for C6H2N2S: C, 53.17; H, 1.50; N, 20.89; S, 23.90.
Found: C, 53.48; H, 144% N, 20.54; S, 23.67.

Thiophene-2,3-dicarboxylic Acid (9). A stirred, N2-flushed so-
lution of 2,3-dicyanothiophene (33.5 g, 0.25 mol), NaOH (40.0 g, 1.00
mol), and water (200 mL) was maintained at reflux until NH3 evolu-
tion ceased (11 h). The reaction mixture was cooled to room temper-
ature and extracted with ether. The aqueous mixture was added
dropwise to cooled, rapidly stirred 12 M HC1 (130 mL). The mixture
was cooled for 12 h at 0 °C. The precipitated acid was collected and
recrystallized in water (1000 mL) to give 28.7-35.9 g (67-83%) of 9:
mp 287-288 °C [lit.17 mp 270 °C[; IR (KBr) 1710 cm"L NMR
(Me2SO) 6 7.43 (d, J4s = 5 Hz, C-4 H), 7.86 (d, C-5 H), 13.60 (s,
-COOH).

Thiophene-2,3-dicarbonyl Chloride (1). To thiophene-2,3-di-
carboxylic acid (3.44 g, 0.02 mol) was added purified PCI5 (8.75 g, 0.042
mol) and the mixture was heated at 125-130 °C for 12 h. The resulting
mixture was cooled to 20 °C and the POCI3 was removed by distilla-
tion (0.1 mm). The resulting 1was used immediately.

Reaction of Thiophene-2,3-dicarbonyl Chloride with AICI3
and Benzene. (A) Initial Investigative Run. Dry benzene (50 mL,
0.5 mol) was added to 1and the system was heated to 50 °C. Freshly
sublimed AICI3 (5.87 g, 0.044 mol) was added in small portions. After
12 h the mixture was cooled to room temperature and poured into a
mixture of ice (100 g) and 6 M HC1 (100 mL). Additional benzene (300
mL) was added, the layers were separated, and the benzene extract
was washed with water (two 50-mL portions) and saturated NaHCO03
(100 mL), and dried (MgS04). TLC (silica gel), using benzene -hexane
(1:1) as eluent, indicated three major components, having Rf values
0f0.07,0.17, and 0.22. Subsequent TLC analyses of authentic 4,3, and
2 were shown to have identical Rf values, respectively.

Successive recrystallizations of the mixture readily yielded 2 and
3, identical in all respects to authentic samples. The remaining mix-
ture was purified of 3 by refluxing (1.75 h) the mixture in 1.1 etha-
nol-water (15 mL) containing 1.5 g of NaOH. The resulting mixture
was extracted with benzene. The benzene layer was washed with water
and dried (MgSO.f). Evaporation of the benzene yielded an oil, which
yielded 4 when crystallized from benzene-hexane (1:1). Acidification
of the initial NaHC03 wash yielded the keto acid 6, which was iden-
tical in all respects to authentic 6 prepared by Scheme I.

(B) Benzene as Solvent (runs 1-4, Table ). After a 12-h reaction
time the mixture was worked up as above to yield a neutral and an
acidic residue. UV analysis of the neutral residue was used to calculate
the yield data of 2,3, and 4.

(C) 1,2-Dichloroethane as Solvent (runs 5-8, Table I). Dry
1,2-dichloroethane (48.2 or 46.5 mL) was added to 1 along with the
appropriate volume of dry benzene (1.8 mL, 0.02 mol or 3.5 mL, 0.04
mol). After a reaction time and workup as above, the neutral fractions
of runs 6 and 8 were analyzed by UV. The initial neutral fractions of
runs 5 and 7 contained substantial amounts of 5 and were rehydrol-
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yzed in benzene (50 mL) and saturated NaHCO.i. After the mixture
had been refluxed (4 h) it was cooled, the layers were separated, and
the benzene layer was dried and evaporated. The resulting residue
was then analyzed by UV. The yield of 6 formed by the second hy-
drolysis procedure is listed as percent yield of 5 in Table I.

3-Benzoylthiophene-2-carboxylic Acid (G). To astirred solution
of standardized ethereal 0.812 M n-butyllithium (123 mL, 0.10 mol)
cooled to —70 °C was added (6 min) a solution of 3-bromothiophenei8
(16.3 g, 0.10 mol) dissolved in dry ether (50 mL). After the mixture
was stirred for an additional 15 min at —0 °C, a solution of benzo-
nitrile (10.3 g, 0.10 mol) in dry ether (50 mL) was rapidly added (1
min). After the mixture was stirred for an additional 1hat -70 °C,
the mixture was allowed to warm to room temperature over a 1-h
period. The mixture was heated at reflux (10 min) and cooled to 10
°C, and a second aliquot 0f 0.812 M n-butyllithium (135 mL, 0.11 mol)
was added in one portion. The mixture was heated at reflux for 2 h,
cooled to -70 °C, and slowly poured under N2 into a 1-L flask half
filled with crushed dry ice. The mixture was warmed to room tem-
perature overnight and then poured into 12 M HC1 and ice. The
aqueous layer was extracted with ether (two 300-mL portions). The
ether extract was extracted with 1 M Na2Co3 (400 mL), additional
water was added, and the aqueous layer was acidified with 12 M HC1
(150 mL). The mixture was extracted with ether (two 250-mL por-
tions), and the ether extract was washed with water and saturated
NacCl, and dried (MgS04). Evaporation of the ether and recrystalli-
zation of the residue from benzene-benzene (2:1) afforded 16.3 g (70%)
of 6: mp 154-155 °C [lit.8mp 148 °C]; IR (KBr) 1675 and 1715cm* 1,
UVnex (95%C2H50H) 250 nm (e 16 800); NMR (CDCI3) 57.22 (d, J 45
= 5Hz, C-4 H), 7.36-7.93 (m, C-5 H and Ph), 12.58 (s, -COOH).

2,3-Dibenzoylthiophene (4). To a stirred solution of standardized
etheral 0.812 n-butyllithium (123 mL, 0.10 mol) cooled to —70 °C was
added (8 min) a solution of 3-bromothiophene18 (16.3 g, 0.10 mol)
dissolved in dry ether (50 mL). After the mixture was stirred for an
additional 15 min at —70 °C, a solution of benzonitrile (10.3 g, 0.10
mol) in dry ether (50 mL) was added (5 min). Stirring was continued
for 1 h at —0 °C and the mixture was allowed to warm at room tem-
perature over a 1-h period. The mixture was heated at reflux (15 min),
cooled to 5 °C and 0.812 M n-butyllithium (123 mL, 0.10 mol) was
rapidly added. The mixture was heated at reflux (2 h) and cooled to
7 °C, and a solution of benzonitrile (10.3 g, 0.10 mol) in ether (50 mL)
was added (6 min). The mixture was allowed to warm (1 h) to room
temperature and then poured into 1 M HC1 (400 mL) and ice (200 g).
The ether was removed by evaporation, then ethanol (100 mL) and
2 M HC1 (50 mL) were added, and the mixture was heated at reflux
(1 h). After evaporating most of the ethanol, the mixture was extracted
with ether. The extract was washed with water, NaHCOa solution,
and saturated NaCl solution, and dried (MgS04). Evaporation of the
ether left an oil. After chromatography on neutral alumina (4.5 X 28
cm) with benzene and evaporation of most of the benzene with ad-
dition of hexane, the yield was 13.7 g (47%) of 4 mp 80-81 °C; IR
(KBr) 1640 and 1655 cm "1, UVmex (95% C2H50H) 260 nm (r 16 900);
NMR (acetone-de) 57.13-7.83 (m, C-4 H and Ph), 7.98 (d, J45 = 5 Hz,
C-5 H). Anal. Calcd for C18Hi20 2S: C, 73.95; H, 4.14; S, 10.97. Found:
C, 74.10; H, 4.20; S, 10.71.

2-Benzoylthiophene-3-carboxylic Acid (10). To astirred solu-
tion of 0.749 M n-butyllithium (134 mL, 0.10 mol) cooled to —0 °C
was added (5 min) asolution of 2,3-dibromothiopheneié (24.19 g, 0.10
mol) dissolved in dry ether (50 mL). After the mixture was stirred (15
min) at -70 °C, asolution of benzonitrile (10.3 g, 0.10 mol) in ether
(50 mL) was added (3 min). After stirring the mixture (15 min) at —70
°C, it was allowed to warm to room temperature (1.5 h). The mixture
was then cooled to —70 °C and a second aliquot of 0.749 M n-butyl-
lithium (150 mL, 0.11 mol) was added (5 min). The mixture was stirred
(0.5 h) at -70 °C and then slowly poured onto crushed dry ice (500
g). The mixture was allowed to warm to 10 °C overnight and then
poured into a mixture of 12 M HC1 and ice. The mixture was heated
at reflux (0.5 h), cooled, and then extracted with ether. The ether
extract was then extracted with 1 M Na2Co03 (400 mL). The aqueous
extract was acidified with 12 M HC1 and extracted with ether (four
200-mL portions). The ether extract was washed with water and
saturated NacCl solution, and then dried (MgS04). Evaporation of the

MacDowell and Balias

ether and recrystallization of the remaining residue in 1:1 benzene-
hexane (450 mL) afforded 13.36 g (58%) of 10: mp 121-122 °C [lit.9
mp 104 °C[; IR (KBr) 1655 cm-1; UVnax (95% C2H50H) 225 nm (<
11 600), 280 (i 7800); NMR (CDCI3) 6 7.25-7.97 (m, C-4, C-5 H and
Ph),12.74 (s, -COOH).

3-Benzoylthiophene-2-carbonyl Chloride (5). To 3-benzoyl-
thiophene-2-carboxylic acid (4.65 g, 0.02 mol) was added purified
S0C12 (20 mL). The mixture was heated at reflux (1 h), cooled to 50
°C, and most of the excess SOC12 was evaporated. The remaining 5
dried (25 °C) in vacuo (1 h): IR 1670, 1740cm-1; NMR 6 7.06 (d, J45
= 5 Hz, C-4 H), 7.17-7.67 (m, Ph), 7.73 (d, C-5-H).

I,I-Diphenyl-IH-thieno[2,3-c]furan-3-one (3). To an etheral
solution of diphenylcadmiumil prepared from bromobenzene (4.379
g, 0.028 mol), magnesium (0.681 g, 0.028 mol), and CdClI2 (2.786 g,
0.0152 mol) was added dry benzene (150 mL). The mixture was dis-
tilled to remove most of the ether. The mixture was cooled to 5 °C and
a solution of 5 in dry benzene (50 mL) was added (7 min). The mixture
was heated (2 h) at reflux, cooled to room temperature, and poured
onto ice and 6 M HC1 (100 mL). The mixture was warmed to 25 °C,
the resulting liquid layers were separated, and the aqueous layer was
extracted with benzene. The organic layers were combined, washed
with water and NaHCCH, and dried (MgS04). The benzene was
evaporated, and the crude 3 was recrystallized from 1:2 benzene-
hexane (100 mL) to yield 3.63 g (62%) of 3: mp 144-46 °C; IR (KBr)
1755 cm-1; NMR (acetone-tig) 57.40 (s, Ph), 7.53 (d, Jgg = 5 Hz, C-5
H), 8.30 (d, C-5 H).

3,3-Diphenyl-3H-thieno{2,3-c]furan-l-one (11). A solution of
diphenylcadmium prepared from magnesium (1.02 g, 0.042 mol),
bromobenzene (6.60 g, 0.042 mol), and CdCl2 (4.18 g, 0.0228 mol) was
cooled to 5 °C and 2-benzoylthiophene-3-carbonyl chloride, prepared
as 5, was added (15 min). After a reaction time of 2.25 h, the mixture
was worked up as in the preparation of 3 to yield 5.48 g (62%) of 11:
mp 118-119 °C; IR (KBr) 1755 cm "1 UVnax (95% C2H50H) 233 (<
8300), 251 nm (t 3800); NMR (acetone-rig) d7.27 (d, Jse = 5 Hz, C-6
H), 7.43 (s, Ph), 7.82 (d, C-5 H). Anal. Calcd for C*H ~S: C, 73.95;
H, 4.14; S, 10.97. Found: C, 74.12; H, 4.33; S, 11.18.

Reaction of 2-Benzoylthiophene-3-carbonyl Chloride with
AICI3 and Benzene. Reaction of 2-benzoylthiophene-3-carbonyl
chloride with benzene and AICI3 at 50 °C afforded a neutral reaction
fraction which UV analysis indicated had a composition of 26.3% 4,
28.6% 11, and 31.7% 2.

Registry No.—1, 63599-98-4; 3, 63609-69-8; 4, 63599-99-5; 5,
63600-00-0; 6, 30006-03-2; 7, 3140-93-0; 8, 18853-42-4; 9,1451-95-2;
10, 30011-75-7; 11, 63600-01-1; 12, 872-31-1; 18, 63600-02-2; A1C13,
7446-70-0; benzene, 71-43-2; benzonitrile, 100-47-0; diphenylcad-
mium, 2674-04-6.
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Chlorination of 1-hydroxypyrazoles and 1-hydroxypyrazole 2-oxides with terf-butyl hypochlorite produced 4-
chloro-4W-pyrazole 1-oxides (3) and 1,2-dioxides (4), respectively, in good yields. Silver-assisted acetolysis and hy-
drolysis of 4 yielded the corresponding acetates and carbinols, but similar reactions with 3 led in acetic acid to 3-
acetoxy-3/i-pyrazole 1-oxides (8) and in water to decomposition of the heterocycle to acetylenes and carboxylic
acids. Silver-assisted hydrolysis of a 4-chloro-4H-pyrazole (15) led to rearrangement to a 4,4-disubstituted 5-pyra-
zolone 16.

Most of the reported chemistry of the nonaromatic iso-
mers of the pyrazoles, the 3H- and 4//-pyrazoles (1 and 2,

+ Ag+
respectively), involves their rearrangement to the aromatic

1 2
form (the van Alphen-Hiittel rearrangement2). We have now
synthesized 4//-pyrazole 1l-oxides and 1,2-dioxides containing
functional groups which allow a study of substitution reactions
in the pyrazole ring under conditions in which aromatization
rearrangements are precluded.

Synthesis

Halogénation of I-hydroxy-3,4,5-trisubstituted pyrazoles3
and of their 2-oxides3 produced the 4-halo derivatives corre-
sponding to structures 3 and 4, X = Cl (Table 1). tert-Butyl

3 4

hypochlorite or gaseous chlorine worked equally well with
the 1-hydroxy 2-oxides, but the 3,5-alkyl-substituted 1-hy-
droxypyrazoles suffered some side-chain halogénation when
chlorine was used. No halogénation at any other ring position
was observed. It had been reported previously that bromi-
nation of 3,4,5-trisubstituted pyrazoles gave unstable 4-
bromo-4/i-pyrazoles.45 We have been able to obtain a pure
crystalline 4-chloro-4//-pyrazole (2, X = Cl) but only from the
3,5-diphenyl derivatives. 3,5-Alkyl groups were chlorinated
preferentially by both chlorine and tert-butyl hypochlorite.
The N -oxygen substituent thus makes electrophilic substi-
tution in the ring easier as might have been anticipated.

Lead tetraacetate oxidation of the 1-hydroxypyrazole 2-
oxides yielded 4-acetoxy-4/i-pyrazole dioxides (4, X =
0O2CCH3) but the yields from 4his reaction were uniformly
low.

Some additionalé 4-nitro-4//-pyrazole dioxides (4, X =
NO2) were prepared but they were too unstable to obtain pure
samples.

Reactions

The 4-chioro-4H-pyrazole dioxides (4, X = ClI) reacted in
a straightforward manner with both silver acetate in acetic
acid and with silver nitrate in aqueous dioxane to produce the
4-acetoxy (4, X = CH3CO2) and 4-hydroxy (4, X = OH) de-
rivatives. The mechanism of these reactions is not known
but it is tempting to suggest that a cationic intermediate 5 is
involved. Eschenmoser and co-workers7 have shown that
acyclic a-chloronitrones rapidly yield dienoid cations upon
treatment with silver ion. While ion 5 might be considered

5
antiaromatic (4welectron monocycle), the effect of the two-
electron-releasing oxygen atoms probably is dominant.

It was hoped that hydrolysis of the 4-acetoxy-4//-pyrazoles
would provide a convenient source of the 4-carbinols, but the
hydrolysis proved to be more complex than anticipated and
synthetically useless. In large part the failure of this method
was due to the instability of the carbinols in base. When car-
binol 6a was heated with aqueous methanolic potassium hy-
droxide, it was converted to 1-phenyl-1-oximinoacetone (7a)
and diphenylfuroxan. Similarly, 2,3-butanedione monoxime
(7b) was obtained from 4-hydroxy-3,4,5-trimethyl-4//-py-

yUH
N
"\ n
E*Y r R -0, —C¢—C—CH, + [RC=N —»0]
1
0 0 0

6a, R = R1=C6H5
b, R =R' =CH3
¢, R=CH3 R'=C,HS

7a, R* = CeH5
b, R1=CH3

razole 1,2-dioxide (6b), while the unsymmetrical carbinol 6c
gave a mixture of the two possible monoximes. The decom-
position mode is pictured below; presumably the furoxan re-
sulted from dimerization of benzonitrile oxide.

These monoximes were also obtained along with the car-
binols from the acetate hydrolyses but in poor yield. The best
route to the carbinols involves hydrolysis of the chlorides
described above.

The 4-chloro-4//-pyrazole monoxides (3, X = Cl) reacted
completely differently. Treatment of these compounds with
silver acetate in acetic acid produced principally the 3-ace-
toxy-3/i-pyrazoles (8, X = CH3CO2) accompanied in some
instances by the expected derivative 3, X = CH3COg9. Al-

8
though it has been determineds that the 3-acetates (8, X =
CH3CO2) can be thermally isomerized to the 4-acetates (3, X
= CH3CO2), itis likely that the 4-acetates were direct products
of the substitution reaction since the temperatures employed
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(—10 °C) were much lower than those required for isomer-
ization (100 °C).

The 3-acetoxy compounds again may arise from a cation 9,
which now is unsymmetrical and in which the electrophilic
character is shared by positions 3 and 4. Analogous 3-methoxy
derivatives (8, X = OCH:)9 were obtained when the reactions

9
were carried out with silver nitrate in methanol, aresult also
suggestive of an ionic intermediate. However, it is also possible
that the 3-derivatives are formed by an electrophilically as-
sisted S~'-like reaction in which no cation is involved.
Reaction of the 4-chloro monoxides 3a and 3b with aqueous
silver nitrate was more complex since it was accompanied by

CH] q
CHN X /C 6H, a +

C,H,COH + C,Hr,C=CCH, + N,
N— N h 20

/
0

Ag+
CHICOH + CH3C=CCH3 + N

h 20

complete destruction of the heterocycle. The products were
acetylenes, carboxylic acids, and nitrogen. If water attacks the
3 position as do methanol and acetate ion, the intermediate
carbinol 10 must unravel to the products observed:

GHCCLH + N2

This decomposition reaction isreminiscent of that of 3-acyl-
oxy-A'-pyrazoline 1-oxides (11) which produced alkenes,
acids, and nitrogen upon hydrolysis.10

yCH,
PH  b—fC
#n  OCOR (CH32C=CH2 + CHXXLH
CH;, |
0 + n2 + rcoh

11

The hydrolysis of the 3-acetoxy-3H-pyrazole 1-oxides
produced acetylenes and acids also. These hydrolyses were
not completely straightforward, however, since some (20%)
4-hydroxy-4-methyl-3,5-diphenyl-4/i-pyrazole 1l-oxide (3f)
was obtained from the hydrolysis of acetate 12. Also hydrolysis
of acetate 143 produced 1-phenylpropyne rather than the
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+ CeHsC=CCH3 + CeHsCOH

ch3
ao ~ QA
N=N M
0
14

expected 2-butyne. It is not too surprising that nucleophilic
attack occurs in the ring as well as at the acetate carbonyl
group.

For comparison purposes hydrolysis of the parent 4-
chloro-4//-pyrazoles was examined. Silver ion induced hy-
drolysis of the 4-chloro-4/7-pyrazole (15) produced pyrazolone
16 in 78% yield. This same pyrazolone had been obtaineds by
hydrolysis of tosylate 17. Since Closs and Heyn4 had observed

17
that reaction of a 4-bromo-4H-pyrazole with methanol yielded
a 3-methoxy-3//-pyrazole, and in analogy to the silver ion
assisted hydrolysis of the mono-A(-oxides described above,
it is reasonable to assume that carbinol 18 is an intermediate
in these reactions.1l The rearrangement of 18 to pyrazolone

CH;

18

16 is analogous to that of4-hydroxy-4//-pyrazoles to 2-pyra-
zolin-4-ones reported13 recently although the present one
occurs at much milder temperatures.i4

It is interesting to contrast the rearrangement of these 3-
hydroxy-3//-pyrazoles (assumed structure) to the fragmen-
tations observed with 3-hydroxy-l-pyrazolines which lose
nitrogen when treated with either acid (with the formation
of unsaturated ketones) or base (with the formation of satu-
rated but often rearranged ketones.)15 It is not obvious why
the presence of the conjugated olefinic bond so drastically
changes the chemistry of the «-hydroxy azo functionality.

Experimental Section

Preparation of 4-Chloro-3,4,5-trisubstituted 4H-Pyrazole
1,2-Dioxides (4) (Table I). Procedure A. feri-Butyl hypochlorite
(10% mol excess) was added to a stirred suspension of 1-5 mmol of the
1-hydroxy-3,4,5-trisubstituted pyrazole 2-oxide3 in 20-50 mL of
CH2Cl2at 0 °C. The mixture was held at 0 °C for 30 min, allowed to
warm to room temperature, and evaporated to dryness under reduced
pressure. The oily solid residue was dissolved in 10 mL of CH2C12 and
hexane was added to turbidity. Upon cooling asolid separated. It was
collected and dried in a desiccator.

Procedure B. Chlorine gas was bubbled gently through a sus-
pension of 1-5 mmol of the I-hydroxy-3,4,5-trisubstituted pyrazole
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2-oxide3 in 50 mL of CH2Cl2 at 0 °C. Dissolved gases were removed
with solvent by evaporation and the residue was crystallized as in
procedure A.

4-Acetoxy-3,4,5-trisubstituted Pyrazole 1,2-Dioxides (Table
1). Procedure C. A solution of 1-5 mmol of the 4-chloro-4/f-pyrazole
1,2-dioxide in 10-25 mL of glacial acetic acid was treated with an
equivalent of silver acetate at 25 °C. After stirring for 30 min the
mixture was filtered and diluted with 150 mL of ice water. The solid
which separated was collected by filtration and recrystallized from
methanol or ether.

Procedure D. An equivalent of lead tetraacetate was added to a
suspension of 10 mmol of I-hydroxy-3,4,5-trisubstituted pyrazole
2-oxide3 in 20-40 mL of CH2ClI2 at 0 °C. The mixture was stirred at
0°C for 1handat 25 °C for 12 h. After it was filtered, the solution was
washed with 10% Na2Co03 and saturated NaCl and dried. The solvent
was evaporated and the oily residue was induced to crystallize by
stirring in cold ether.

4-Hydroxy-3,4,5-trisubstituted Pyrazole 2-Oxides (Table I).
Procedure E. A solution containing 3 mmol of AgN03 in 10 mL of
H20 was added to 3 mmol of the 4-chloro-4if pyrazole 1,2-dioxide
in 15 mL of dioxane; the resulting mixture was stirred at 25 °C for 15
min and filtered. The filtrate was diluted with H2 and extracted with
CH2Cl2. The organic extracts were dried and concentrated and the
residue was chromatographed on silica. The desired carbinols were
eluted with ethyl acetate. The aryl-substituted pyrazole dioxides
produced small amounts of 2,5-disubstituted 3,4-diazacyclopenta-
dienone 3,4-dioxides6 also.

Alkaline Decompositon of 3,5-Diphenyl-4-hydroxy-4-meth-
yl-4H-pyrazole 1,2-Dioxide (40) (Table I). To a solution of 0.564
g (2 mmol) of 40 in 20 mL of CH30H was added 5 mL of 0.4 M KOH
solution and the mixture was heated under reflux for 2 h. The cooled
mixture was concentrated, extracted with ether, and worked up in the
usual way. The concentrate was crystallized from CCl4 to yield 0.25
g (75%) of I-phenyl-l1,2-propanedione 1-oxime (7a), mp 162-163 °C
(lit.16 mp 164-165 °C). The mother liquor from this crystallization
was concentrated and chromatographed on silica. Elution with CHCI3
gave 0.12 g (23%) of diphenylfuroxan, mp 113-115 °C (lit.177 mp 114
°C).

The same procedure with carbinol 4n produced 60% of 2,3-bu-
tanedione monoxime, mp 74-75 °C (lit.18 mp 74.5 °C).

Chlorination of I-Hydroxy-3,4,5-trisubstituted Pyrazoles. A
slurry of the hydroxypyrazole3 (3-10 mmol) in 50-100 mL of CH2CI2
was treated with slightly less than an equivalent of tert-butyl hypo-
chlorite at 0 °C. After stirring for 15 min, the mixture was concen-
trated and the residue was crystallized from hexane. (See Table 1).

Silver-Assisted Acetolysis of 4-Chloro-IH-pyrazole 1-Oxides.
These reactions were conducted in the same way as that described for
the dioxides (procedure C) except that the mother liquor from the
methanol recrystallization was concentrated and subjected to column
chromatography with elution with benzene-ether mixtures.

Silver-Assisted Hydrolysis of I-Chloro-4 H-pyrazole 1-Oxides.
Procedure E was followed except that the crude residue from the
washing was chromatographed on silica. From 2.57 g of 3a (Table 1)
there was obtained 0.54 g (52%) of 1-phenylpropyne by elution with
hexane, bp 180-184 °C (lit.19 bp 182-183 °C), and benzoic acid (0.72
g, 65%), eluted with ether.

A crude sample of 3,4,5-trimethyl-4-chloro-4H-pyrazole 1-oxide,
prepared by procedure A, in 20 mL of dioxane was treated at -15 °C
with aqueous AgNo03. The reaction flask was connected to a trap held
at —78 °C and the mixture was stirred for 2 h at room temperature.
The contents of the cold trap were analyzed by infrared and NMR
spectroscopy and identified as 2-butyne.

Alkaline Hydrolysis of 3,5-Diphenyl-4-methyl-3-acetoxy-
3H-pyrazole 1-Oxide (12). A mixture of 0.62 g (2 mmol) of 123in 25
mL of dioxane and 0.3 g of KOH in 10 mL of water was heated under
reflux for an hour, cooled, neutralized, and extracted with ether. The

Freeman, Janiga, and Lorenc

organic residue was chromatographed on silica and eluted with
chloroform. There was obtained 47.2 mg (25%) of 1-phenylpropyne,
0.1 g (19%) of 3f (Table 1), and 35 mg (27%) of benzoic acid.

3,5-Diphenyl-4-chloro-4-methyl-4ff-pyrazole (15). A solution
of 2.44 g (0.01 mol) of 3,5-diphenyl-4-methylpyrazole20 in 50 mL of
CH2Cl2 was treated with 1.2 g (0.011 mol) of tert-butyl hypochlorite
at 5 °C. After a few minutes the mixture turned bright yellow. After
15 min the mixture was concentrated to ~ 20 mL, diluted with 40 mL
of hexane, and chilled. The bright yellow solid was collected and dried:
mp 112-114 °C dec; IR (KBr) 1515 cm"1% NMR (cc14) 5 1.99 (s,
CH3).

Anal. Calcd for CieHi3C1IN2 C, 71.51; H, 4.88; Cl, 13.19; N, 10.42.
Found: C, 71.38; H, 4.91; Cl, 13.11; N, 10.60.

Hydrolysis of 3,5-Diphenyl-4-chloro-4-methyl-4H-pyrazole.
A solution of 0.1 g (0.4 mmol) of 15in 20 mL of dioxane was treated
at room temperature with an equivalent of AgN03 in 7 mL of H20.
After stirring for 15 min, the mixture was filtered, diluted with water,
and extracted with CH2Cl2. The dried extracts were concentrated and
chromatographed on silica gel. Elution with benzene yielded 72 mg
of 3,4-diphenyl-4-methyl-5-pyrazolone (16), mp 183-184 °C, identical
in all respects with authentic material.8

Registry No.—12, 17953-47-8; 15, 61355-01-9; I-hydxoxy-3,5-
diphenyl-4-methylpyrazole 2-oxide, 17953-33-2; 1-hydroxy-3,4,5-
trimethylpyrazole 2-oxide, 17953-31-0; I-hydroxy-4,5-dimethyl-3-
phenylpyrazole 2-oxide, 15674-34-7; 1-hydroxy-4,5-dimethyl-5-iso-
propylpyrazol 2-oxide, 63690-00-6; I-hydroxy-3,4-diphenyl-5-
methylpyrazole 2-oxide, 63690-01-7; I-hydroxy-5-methyl-4-benzyl-
3-phenylpyrazole 2-oxide, 63690-02-8; I-hydroxy-3,5-trichloro-
methyl-4-methylpyrazole 2-oxide, 63690-03-9; 3,5-diphenyl-4
methylpyrazole, 17953-46-7.
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A number of 1,3,4-thiadiazole and selenadiazole thiols and selenols (2,3,5,6,7, and 9) have been synthesized. 13C
NMR is shown to offer a reliable method for distinguishing thiones and selones from the corresponding thiol and
selenol derivatives. All the thiols and selenols studied are shown to exist as their thione and selone tautomers, re-
spectively. Substitution of selenium for exocyclic sulfur (at C-2) leads to a shielding effect at the carbon of attach-
ment and (for selones) a deshielding effect at C-5 (see Table 1), suggestive of transmission of inductive effects across
the ring chalcogen. Substitution of selenium for ring sulfur results in deshielding at both C-2 and C-5; comparison
with models shows this effect to be essentially independent of the number of ring nitrogens. The possible origin of
this deshielding effect is discussed. These correlations have been extended to the tetrazole series, where they have
been used to establish the structure of the tetrazolium salt (27) (obtained by alkylation of 24a) and its mesoionic
solvolysis products (28 and 29). Some 13C -77Se coupling data are presented.

13C NMR is a powerful tool for structure determination
in organic chemistry. Among other advantages, it makes
possible the direct observation of functional groups such as
carbonyl and thiocarbonyl. 13C chemical shifts have been
determined for a number of thiocarbonyl functions,2 and a
guantitative relationship between thiocarbonyl and carbonyl
chemical shifts has been put forward.2b Our interest has lain
in the application of 13C NMR to functional groups containing
carbon-selenium bonds, and their comparison with the cor-
responding carbon-sulfur functions. A further objective of our
work has been to establish methods of distinguishing between
substitution on nitrogen and on sulfur or selenium in deriva-
tives of heterocyclic thiols and selenols (see eq 1). Since

X, Y =S, Se

structural assignments for such materials are often difficult
using existing methods, the development of 13C NMR corre-
lations in this field has considerable value.

Results and Discussion

1,3,4-Thiadiazole and 1,3,4-Selenadiazole Derivatives.
The compounds examined in this phase of our study are
shown in Chart I. Literature methods were used for the
preparation of 13and 4,4while 8 was obtained by treatment
of potassium 3-(2-thenoyl)dithiocarbazate5with concentrated
sulfuric acid at 10 °C. Treatment of 4-(p-tolyl)-3-seleno-
semicarbazide6 with thiophosgene afforded 6. Heterocyclic
selenols 2, 3, 5, 7, and 9 were prepared by the action of carbon
diselenide7 on the corresponding thio or seleno hydrazides.
Oxidation of 1with hydrogen peroxide gave the disulfide 10;
the corresponding diselenide 11 was obtained by air oxidation
of a methanolic solution of 2.

13C NMR data for some 1,3,4-thiadiazole derivatives are
presented in Table I. Substitution of selenium for sulfur leads,
in general, to adecrease in line intensity for the carbon of at-
tachment.8 The data for 1and 2 show that these materials
exist predominantly as the thione and selone tautomers (b)
(Chart 1), respectively. This is shown by using disulfide 10 and
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diselenide 11 as model compounds; their 13C NMR spectra
should approximate those of the thiol (1a) and selenol (2a)
tautomers. However, conversion of 1into 10, and of 2 into 11,
results in large changes in chemical shift, upfield for C-2 and
downfield for C-5, such that the positions of the C-2 and C-5
resonances are reversed. This is consistent only with the
conversion of the thione (D) and selone (2b) tautomers into
10 and 11, respectively. The assignments of the C-2 and C-5
signals are confirmed by the undecoupled spectra, in which
the C-5 carbons appear as multiplets owing to long-range
coupling with the methyl and NH protons, while the C-2
carbons still give rise to singlets.

The C-2 line shows a marked upfield shift on going from
sulfur to selenium, both for the change thione *mselone (1,2;
ASse-s = —12.1 ppm) and for disulfide —*diselenide (10,11;
Adse-s = ~8.6 ppm). The C-5 line shows a corresponding
downfield shift on going from thione to selone (A5se-S = 3.6
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Table I. 13C NMR Chemical Shifts of 1,3,4-Thiadiazole

Derivatives*
N— NH N— N
S" XH
N— N N— N
chainh—4 JL--X— X— 1 J— nhch3
8b A5Se.g¢
Compd C-2 C-5 Other C-2 C-5
1 180.6 161.6 CH3:29.9
10 148.6 173.0 CH3:31.2 (-32.0) (11.4)
2d 168.5 165.2 CH3:30.35 —12.1 3.6
11 140.0 173.1 CH3:31.2 -8.6 0.1
4 181.1 156.6 C-T:137.4 (-28.5) (7.9)
C-2" 117.6
C-3" 129.4
C-4' 131.2
CH3:20.3
5 170.5 160.2 C-T:137.2 -10.6 3.6
C-2':117.6
C-3':129.4
C-4':131.4
CH3: 20.3
8 187.2 154.2
9 177.8 158.2 -9.4 4.0

aln Me2S0O-d6. b Parts per million downfield from internal
tetramethylsilane. ¢ A5 values for the changes thione “m
disulfide and selone -* diselenide are shown in parentheses.
d Spectrum run at 18 °C.

Table Il. 13 NMR Chemical Shifts for Simple
Chalcogenides

Compd C-I C-2 Cc-3 C-4

12“ 28.9 39.6

13¢ 20.5 40.7

ASse-S (<13 _ #12) -8.4 +1.1

146 136.0 1272 1293 1274
156 130.1 130.8 129.3 127.7
AsSe-S (Gis - Q4) -5.9 +3.6 0 +0.3
a Solvent: D20 (MeiSi external reference). b Solvent:

MeNSO-de (Me4Si internal reference).

ppm), but in the disulfide-diselenide pair this line remains
essentially unchanged. Other thione-selone pairs (4,5 and 8,
9) show similar trends.

Comparison with some simple chalcogenides (12,13,14, and
15; see Table 11) suggests that these shifts are due mainly to

2 1

X(CHZHANH.+)3-2C104” — X— X N 3 <

12, X
13 X

S 14, X

S
Se 15, X Se

inductive effects, resulting primarily from the lower electro-
negativity of selenium as compared to sulfur. What is re-
markable, however, is the strong deshielding effect of selenium
on C-5 in the thiadiazole-2-selones. It is of the same order as
the deshielding of the ortho carbon in phenyl diselenide, and
implies transmission of a strong inductive effect via the ring
sulfur. Similar effects have been observed in comparative
studies of 13C NMR spectra of 2-substituted furans, thio-
phenes, selenophenes, and tellurophenes.9

In contrast, substitution of ring sulfur by selenium results
in a marked deshielding effect (3-5 ppm) at C-2 and a much
smaller deshielding effect at C-5. Similar effects are observed
(see Scheme 1) when one compares benzoselenazoles and
selenophene with the sulfur analogues. The data on thiophene

Bartels-Keith, Burgess, and Stevenson
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and selenophene are taken from the work of Gronowitz and
his co-workers;9 their findings are consistent with earlier
studies.1011 Introduction of a thione function at C-2 of ben-
zoselenazole decreases the deshielding effect of selenium at
C-7a, in conformity with the trends already noted for 1,3,4-
selenadiazoles. This deshielding effect may be accounted for
by a decrease in total charge density on the a carbons, re-
sulting from a greater tendency for the d orbitals of the het-
eroatom to accept electrons from the ring for selenium than
for sulfur. The latter effect apparently outweighs the opposite
trend anticipated on the basis of differences in electronega-
tivity between the two heteroatoms. Recent correlations of
the 13C NMR shifts of thiophene and selenophene with
CNDO/2 calculations of total charge densities are consistent
with this view.9 The smaller deshielding effect observed for
C-3a in the benzazole pairs 16 and 17, and 18 and 19, is in-
sensitive to substitution at C-2 and is similar to that observed9
for C-3 in thiophene (20) and selenophene (21).

The effect of selenium on the 13C chemical shifts of azoles
may thus be summarized as follows. Substitution of exocyclic
sulfur by selenium results in an upfield shift at the carbon of
attachment, whereas substitution of ring sulfur by selenium
results in a downfield shift at the adjacent carbon, and these
effects are essentially independent of the number of ring ni-
trogens.

Tetrazole Derivatives. Table 111 shows the 13C chemical
shifts of some tetrazole derivatives. I-Phenyl-1,2,3,4-tetra-
zole-5-thiol (22) exists predominantly as the thione tautomer
(22b), in agreement with the findings of Lieber et al.122 The
chemical shift of the tetrazole carbon (C-5; see Chart Il) comes
close to those observed for I-phenyl-4-(T-piperidinometh-
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Table I11. I3C NMR Chemical Shifts of Tetrazole Derivatives*
5 ppm
Structure C-5 c-r c-2 c-3 c-4' Other
22 163.8 134.0 124.3 129.2 129.5
165.0 1354 124.1 129.6 129.66
23a 164.7 135.0 123.8 129.1 1294 NCH2N: 70.4; C-2": 51.6; C-3": 25.9; C-4": 23.6"
165.4 136.0 124.3 129.5 129.6 NCH2N: 70.6; C-2": 52.0; C-3": 26.4; C-4": 24.2t
23b 163.2 134.2 124.3 1295 129.7 CH2 704
24a 155.1 133.1 124.3 130.0 130.5 CH3 15.2
24b 148.0 1337 1244 130.0 130.6 CH3: 86
25 1523 132.8 124.9 129.7 130.8
24c 146.1 1323 1253 129.9 1311
“ In Me2S0 ¢6- b In dioxane-ds- ¢ In chloroform-d.
y1)-A2-1,2,3,4-tetrazoline-5-thione (23a) and the 4-(hy- Table IV. UV Spectral Data*
droxymethyl) analogue 23b, the struc't_ures ofwhich have been Compd Xrex, nm t
established by the work of Postovskii and Nirenburg.13The
A. COHION4S 228 12400
Chart 11 255 9600
340 2600
B. C9HiON4Se 234 11600
270 7800
362 1840
23a 285 4800
26 240 8600
284 8400
302 11400

20 X =504
a

24, X =

thio ether 24a, prepared by methylation of 22 with methyl
iodide,14 shows a signal at 155.1 ppm for C-5. The corre-
sponding seleno ether 24b, obtained somewhat surprisingly
by the action of methanolic bis(methoxymagnesium) disele-
nidel5on 5-chloro-lI-phenyl-1,2,3,4-tetrazole (24c), shows its
C-5 resonance at 148.0 ppm, giving A6se-S = -7.1 ppm, similar
to the value (A5se~s = -8.7 ppm) observed for the 1,3,4-
thiadiazole disulfide/diselenide pair (10,11) considered ear-
lier. The methyl resonances show an upfield shift of the same
order (ASge-S = —6.6 ppm). The tetrazolyl disulfide 25, as
expected, behaves like the thio ether 24a, while the chloro-
tetrazole 24c shows aromatic 13C shifts like those of 24b. The
tetrazole series thus shows trends similar to those observed
for the 1,3,4-thiadiazole and 1,3,4-selenadiazole series. Fur-
thermore, recent work by L’abbé and his co-workersi6includes
13 NMR spectral data for 1-benzyl- and 1-phenyl-A2-
1,2,3,4-tetrazoline-5-thione and their N- and S-substituted
derivatives, and their values for C-5 chemical shifts are very
similar to ours.

The following example illustrates the diagnostic value of
the 13C chemical shift correlations just described. Alkylation
of 24a with triethyloxonium fluoroborate gives a stable,
crystalline tetrazolium salt, which on treatment with sodium
hydrogen sulfide yields a yellowish white solid A, CgHiON4S,
presumably formed by nucleophilic attack by SH~ with loss
of methanethiolate anion. Treatment with sodium hydrogen
selenide gives the yellow selenium analogue B, CgHioN4Se.
The C-5 chemical shifts of these materials are 173.5 and 165.8
ppm, respectively. These values are inconsistent with a 1,4-

“ Solvent, 95% ethanol; concn, 5 X 10 5M.

disubstituted thione (selone) structure, for which our corre-
lations would predict C-5 chemical shifts in the vicinity of 164
(thione) and 155 (selone) ppm. UV spectral data (Table 1V)
support this conclusion, as well as indicating that these com-
pounds are structural analogues, differing only in the chal-
cogen. The UV spectrum of 5-anilino-1,2,3,4-thiatriazole (26)

26

is quite different, suggesting that we are not dealing with a
1,2,3,4-selenatriazole/thiatriazole pair either.

We propose structure 27 for the tetrazolium salt and
structures 28 and 29 for compounds A and B, respectively
(Scheme 11), on the basis of the 13 NMR and UV evidence.
First, the 13C benzenoid shifts in these materials are similar
to those of other 1-phenyltetrazoles, but very different from
those of 5-anilino-1,2,3,4-thiatriazole (26), despite the close-

Scheme 11
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ness of the thiatriazole C-5 signal (173.8 ppm) to the observed
shift (173.5 ppm) in A. Second, if the latter were a thiatriazole
derivative, one would expect the selenium analogue B to show
the deshielding effect of ring selenium. The C-5 signal should
appear around 178 ppm. Instead, changing from sulfur to se-
lenium gives rise to a strong shielding effect. Third, this
shielding effect is almost exactly what one would expect for
exocyclic selenium in the tetrazole series (Scheme IIl). In

Scheme 111

addition, comparison with the I-phenyltetrazole-5-thiolate
anion (30) shows that the C-5 (tetrazole) resonance is shifted
downfield on going from the latter to the mesoionic N-ethyl
derivative 28 by an amount comparable with the deshielding
effect observed on going from 5-methylthio-lI-phenyl-
1,2,3,4-tetrazole (24a) to the 3-ethyl-5-methylthio-I-phe-
nyl-1,2,3,4-tetrazolium cation (27). This effect must be due
largely to lowering of the electron density of the tetrazole ring.
The mesoionic structures 28 and 29 are thus aryl-alkyl an-
alogues of the known 1,3-diaryl-1,2,3,4-tetrazolium 5-thiolates
31,17whose structures have recently been confirmed by x-ray
crystallographic studies.18

Structures substituted in the 2 position, such as 32, may be

Ar
XN— N
N'N"~s-
1 s
Ar
31
34 35 36

excluded on the basis of the 13C chemical shift of the ortho
benzenoid carbons in 27, 28, and 29. Begtrup's studies19on
phenyl-substituted azoles show wide variations in the chem-
ical shifts of the ortho benzenoid carbon, which are ascribed
to the effect of steric hindrance on the extent of interannular
conjugation, the direction of shift being downfield with in-
creasing steric hindrance. Pertinent examples from Begtrup’s
work19are 33,34,35, and 36.27,28, and 29 show signals for the
ortho benzenoid carbon near 125 ppm, like the model com-
pounds 34 and 35, and so must have only one substituent ad-
jacent to the phenyl group, whereas 32 should show an ortho
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carbon signal near 128 ppm, as does 36. Further support for
this conclusion comes from recent work20 by Lippmann and
his co-workers on the acylation of tetrazole-5-thiols, which
suggests that the 1-phenyl group exerts a considerable steric
effect at the 2 position. This effect may be expected to operate
in the alkylation of 5-methylthio-lI-phenyltetrazole, since
guaternization reactions are frequently sensitive to steric
factors. It is possible, too, that alkylation at the 3 position is
facilitated by electron release from the 1-nitrogen. Finally, the
mass spectra of 28 and 29 both show a prominent peak at m/e
105, consistent with the ion C6H5N =N +. The latter would be
an expected fragmentation product of 28 and 29, but not of
32.

i3C-77Se Coupling. 13C-77Se coupling data reported in the
literature2'2 encouraged us to look for such coupling in the
present work. The natural abundance (7.58%) of 77Se permits
observation of 77Se satellites in 13C NMR spectra, provided
the primary is sufficiently intense. Our results, together with
representative literature data, are summarized in Scheme IV.

Scheme IV. I13C—17Se Coupling Constants
for C—Se Bonds, Hz

@9 (@8 eI~ GPBe2  CHSH
62°"° -50% 75 48"
Se(CH2GHEN-B+) 2-2Cl04
-65.9
13 5

a Values taken from ref 21. * Values taken from ref 22.

The signs of the coupling constants are assumed to be nega-
tive, in consonance with the earlier findings.21'2 Bis(2-ami-
noethyl) selenide perchlorate (13) and the tetrazole derivative
24b both give values for sp:-hybridized carbons similar to
those reported2'22in the literature, whereas a value of —136.7
Hz is observed for C-2 of benzoselenazole (17; sp2), suggesting
that direct 13C-77Se coupling constants for sp2carbons should
be roughly twice as large as those for sp3 carbons. We had
hoped to investigate the question of whether 13C-77Se cou-
pling might be sensitive to the state of hybridization of sele-
nium as well as of carbon, but the low intensity of signals due
to nonprotonated carbons attached to selenium8have so far
prevented us from doing so.

Experimental Section

13C NMR spectra were recorded on a Varian CFT-20 spectrometer
at ambient temperature and for 0.25-1.0 M solutions in Me2SO-dg
containing tetramethylsilane as internal reference, unless otherwise
stated. For decoupled spectra flip angles were normally 18-27°, and
sensitivity enhancement and apodization parameters were -0.4 and
0.187, respectively. Coupled spectra were observed by the gated de-
coupling technique, using a 2-s pulse delay. Spectra of organoselenium
compounds were run in the dark. IR spectra were determined on
Perkin-Elmer 421 or 621 spectrophotometers, and UV spectra on a
Cary 14 spectrophotometer. '"H NMR spectra were recorded on a
Varian T-60 spectrometer. Microanalyses were performed by Gal-
braith Laboratories, Inc., Knoxville, Tenn. Carbon diselenide was
obtained from Strem Chemicals, Inc., Danvers, Mass., and used as
received; all experiments with this reagent were performed in a good
hood and in subdued light, with exclusion of oxygen and moisture.
Residues were destroyed using ethanolic potassium hydroxide or
ethanol-piperidine mixtures. Benzene was dried over Linde Molecular
Sieve, pore size 4 A.



1,3,4-Thiadiazole, 1,3,4-Selenadiazole, and Tetrazole Derivatives

Reactions with Carbon Diselenide: 1,."i,4-3//-Thiadiazoline-
2-selone (2). A solution of 4-methyl-3-thiosemicarbazide (1.05 g, 10.0
mmol) in refluxing benzene (250 mL) was dried azeotropically
(Dean-Stark trap), after which the trap was replaced by an Allihn
condenser connected to an absorption trap containing ethanolic po-
tassium hydroxide. The apparatus was then purged with dry nitrogen,
after which carbon diselenide (0.80 mL, 2.14 g, 12.6 mmol) in dry
benzene (50 mL) was added dropwise to the stirred, refluxing mixture
during 0.5 h. Stirring and reflux were continued for a further 2 h, by
which time evolution of hydrogen selenide had virtually ceased. The
mixture, still under nitrogen, was allowed to cool, and the precipitated
product collected, washed with benzene, and immediately dried in
vacuo over phosphoric oxide, potassium hydroxide, and paraffin wax
shavings. The selone (2) (1.80 g; 93%) was a fluffy pink solid: mp
123.5-124 °C dec; UV \mex (95% ethanol) 338 nm (< 12 800); 'H NMR
BVesi (Me2S0O-d6) 2.86 (d, J = 5Hz, 3),7.69 (g, J = 5Hz, 1), 13.99 (br
s, 1).

Anal. Calcd for C3H6N3SSe: C, 18.56; H, 2.60; N, 21.65; S, 16.52; Se,
40.68. Found: C, 18.45; H, 2.50; N, 21.69; S, 16.74; Se, 40.54.

The following compounds were prepared similarly.

5-Methylamino-1,3,4-3/i-selenadiazoline-2-selone (3) (93%
from 4-methyl-3-selenosemicarbazide23): pale orange solid; mp
143-144 °C dec; UV Anex (95% ethanol) 267 (* 2400), 343 nm (13 600);
[H NMR @Ve.,S (Me2SO-d6) 2.81 (d, J = 4 Hz, 3), 7.57 (br g, 1), 13.75
(brs, 1).

Anal. Calcd for C3HsN3Se2: C, 14.95; H, 2.09; N, 17.43; Se, 65.52.
Found: C, 14.67; H, 2.30; N, 16.88; Se, 66.15.

5-(p-Toluidino)-1,3,4-3ff-thiadiazoline-2-selone (5) [95% from
4-(p-tolyl)-3-thiosemicarbazide4]: pale pink felted needles; mp
156-157 °C dec; UV Amex (95% ethanol) 239 (e 13 600), 296 (5500), 343
nm (16 800); ‘H NMR &vesSi (Me2S0O-d6) 2.28 (s, 3), 7.17 (m, 2), 7.32
(m, 2), 10.18 (s, 1), 14.25 (br s, 1).

Anal. Calcd for C9H9N3SSe: C, 40.01; H, 3.36; N, 15.55; S, 11 .86; Se,
29.22. Found: C, 40.08; H, 3.34; N, 15.65; S, 11.79; Se, 29.05.

5-(p-Toluidino)-1,3,4-3if-selenadiazoline-2-selone (7) [95%
from 4-(p-tolyl)-3-selenosemicarbazide6]: pale yellowish fluffy nee-
dles; mp 168.5-170 °C dec; UV Arex (95% ethanol) 236 (< 16 400), 286
(sh) (6600), 354 nm (19 200); ‘H NMR AVesSi (Me2S0-d6) 2.25 (s, 3),
7.19 (m, 2), 7.33 (m, 2), 10.10 (br s, 1), 13.67 (br s, 1).

Anal. Calcd for COH9N3Se2: C, 34.09; H, 2.86; N, 13.25; Se, 49.80.
Found: C, 34.19; H, 2.93; N, 13.12; Se, 49.98.

5-(2-Thienyl)-1,3,4-3f/-thiadiazoline-2-selone (9) (72% from
thiophene-2-thiocarbohydrazide24): greenish-yellow plates; mp
137-139 °C dec; UV Amex (95% ethanol) 240 (t 7000), 287 (7500), 372
nm (14 000); '"H NMR oMz, (Me2S0-d6) 7.25 (d X d, J = 3.6,5.0 Hz,
1),771(d Xd,J =3.612Hz 1), 791 (dXxd,) =5.01.2 Hz, 1).

Anal. Calcd for C6H4N2S2Se: C, 29.15; H, 1.63; N, 11.33; S, 25.94;
Se, 31.94. Found: C, 28.92; H, 1.59; N, 11.30; S, 25.75; Se, 31.76.

5-(p-Toluidino)-1,3,4-3H-selenadiazoline-2-thione (6). 4-
(p-Tolyl)-3-selenosemicarbazides (0.9 g, 3.9 mmol) was dissolved in
dimethylformamide (25 mL) by warming on the steam bath. The
solution was cooled to 25 °C and a solution of thiophosgene (0.3 mL,
4.6 mmol) in ether (25 mL) added dropwise with stirring. The re-
sulting mixture was stirred for a further 2.5 h at room temperature
and then poured into water (200 mL). The oil which appeared solid-
ified slowly on standing. The crude product was stirred with 1N hy-
drochloric acid for 15 min, then collected and digested with 1 N so-
dium hydroxide. Reacidification of the alkaline digest with concen-
trated hydrochloric acid furnished the thione as a pale yellow floc-
culent solid, mp 199-201 °C dec (0.5 g, 47%). Recrystallization from
ethanol gave yellow-brown prisms: mp 198-200 °C dec; IR vmax 3110,
2900 (NH), 1600, 1560, 810 cm“ 1 >H NMR 94Si (Me2S0O-d6) 2.25
(s, 3), 7.13 (m, 2), 7.28 (m, 2), 9.88 (s, 1), 13.30 (br s, 1).

Anal. Calcd for COH9N3SSe: C, 40.01; H, 3.36; N, 15.55; S, 11.86; Se,
29.22. Found: C, 40.16; H, 3.40; N, 15.54; S, 11.71; Se, 29.16.

5-(2-Thienyl)-1,3,4-3H-thiadiazoline-2-thione (8). Thio-
phene-2-carboxylic acid hydrazide (25 g, 0.18 mol) was added to a
solution of potassium hydroxide (11.8 g, 0.18 mol) in anhydrous eth-
anol (200 mL). To the resulting yellow solution was added carbon
disulfide (25 mL, 0.42 mol) and the mixture was stirred at room
temperature. After 5 min, a thick yellow precipitate formed. The
mixture was stirred for a further 10 min, after which the product was
collected, washed with ethanol and then with ether, and dried in
vacuo, giving potassium 3-(2-thenoyl)dithiocarbazate, mp 273-276
°C dec (42 g, 93%) (lit.5 mp 284-285 °C). Without further purification,
the foregoing dithiocarbazate salt (41.5 g, 0.16 mol) was added slowly,
with stirring, to concentrated sulfuric acid (200 mL), the temperature
being maintained at 10-15 °C. After addition was complete, the
mixture was stirred for afurther 1 h, during which time the temper-
ature was allowed to rise to 25 °C. The resulting slightly turbid solu-
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tion was poured into ice-water (1500 mL) and the yellow precipitate
that formed was collected, washed with water, and dissolved in 1%
aqueous potassium hydroxide (1500 mL). After filtration to remove
traces of insoluble material, the yellow solution was reacidified with
concentrated hydrochloric acid, and the resulting yellow precipitate
was collected and washed with water. The product was partially dried
and then recrystallized from an ethanol-water mixture (260 mL, 2:1).
The thione was obtained as pale yellow needles: mp 199-200 °C (10.1
g, 32%; lit.6 mp 193-194 °C); IR <w 3067, 2860 (NH), 1550, 1500,
1416, 1288, 736, 729 cm -1, UV Arex (95% ethanol) 232 (c 6700), 265
(8100),350nm (e 16600); *HNMR5Me4i (Me2SO-dg) 7.31 (d X d,J
=45Hz1),751(dXxd,J=4,15Hz1),780(d X d,J =5,15 Hz,
1), 1451 (brs, 1).

Anal. Calcd for C6H4N2S3: C, 35.98; H, 2.01; N, 13.99; S, 48.02.
Found: C, 35.80; H, 1.92; N, 13.83; S, 47.82.

Bis(5-methylamino-l,3,4-thiadiazol-2-yl) Disulfide (10).
Aqueous hydrogen peroxide (30%; 1.7 mL, 15 mmol) was added
dropwise to a solution of 5-methylamino-I,3,4-thiadiazole-2-thiol
(1.47 g, 10 mmol) in methanol (50 mL) during 5 min. The resulting
bright yellow solution was stirred until precipitation of the product
was complete (2 h). Collection furnished the disulfide as a yellow solid,
mp 205-206 °C dec (1.35 g, 92%); IR jw (KBr) 3320 (sh), 3220 (NH);
UV Amex (2-methoxyethanol) 282 (sh) (« 8200), 324 nm (10 300); 4H
NMR 5Mesi (Me2S0O-d6) 2.96 (d, J = 5 Hz, 3), 8.19 (br g, J = 5 Hz,
1).

)Anal. Calcd for C6H8N6S4: C, 24.65; H, 2.76; N, 28.74; S, 43.86.
Found: C, 24.66; H, 2.76; N, 28.88; S, 43.96.

Bis(5-methylamino-I1,3,4-thiadiazol-2-yl) Diselenide (11). A
solution of the selone (2; 100.4 mg) in methanol (5 mL) was freed from
traces of elemental selenium (Celite), and the clear filtrate was stored
in an open vessel in the dark. After 3 days the product was collected,
washed with methanol, benzene (to remove any colloidal selenium),
and finally again with methanol, and air dried. The diselenide formed
orange needles or prisms: mp 200-202 °C dec (78.5 mg, 79%); IR rmex
3400 (sh), 3200 (NH); UV rmex (2-methoxyethanol) 264 (e 9300), 280
(9600), 325 nm (7600); 4H NMR 5Mve4Si (Me2S0O-d6) 2.93 (d, J = 4.5
Hz, 3), 7.99 (br g, J = 4.5 Hz, 1).

Anal. Calcd for C6H8N6S2Se2 C, 18.66; H, 2.09; N, 21.76; S, 16.60;
Se, 40.89. Found: C, 18.72; H, 2.09; N, 21.73; S, 16.70; Se, 40.61.

Bis(2-aminoethyl) Sulfide Perchlorate (12). Perchloric acid
(70%; 2.87 g, 0.02 mol) was added dropwise to a stirred solution of
bis(2-aminoethyl) sulfide (1.20 g, 0.01 mol) in anhydrous ethanol (25
mL), which was maintained at 0 °C. The mixture was stirred for a
further 15 min after addition was complete, and the solid was then
collected and washed sparingly with anhydrous ethanol, followed by
ether. The product (2.74 g) had mp 187.5-188.5 °C. Recrystallization
by dissolution in methanol, followed by gradual addition of absolute
ethanol to the boiling solution until all the methanol had been dis-
placed, gave the pure perchlorate salt as cream-colored needles, mp
189.5-190.5 °C (2.45 g).

Anal. Calcd for C4Hi4CI2N20gS: C, 14.96; H, 4.39; Cl, 22.08; N, 8.72;
0, 39.86; S, 9.98. Found: C, 15.07; H, 4.39; Cl, 21.86; N, 8.72; 0, 39.98;
S, 10.05.

Bis(2-aminoethyl) Selenide Perchlorate (13). 2,2'-Bis(2-ami-
noethyl) selenide was prepared from aziridine and hydrogen selenide
by the method of Kroll and Bolton.25 A solution of the diamine (26.35
g) in absolute ethanol (400 mL) was saturated with hydrogen chloride
and the crystalline precipitate (31.17 g; mp 147-148.5 °C) was re-
crystallized twice by dissolution in methanol, followed by addition
of ethanol to the boiling solution until all methanol had been dis-
placed, giving needles, mp 149.5-150 °C (21.75 g). A further recrys-
tallization gave an analytical sample of the hydrochloride: mp 150-151
°C; >HNMR Vs, (Me2S0O-d6) 2.94,3.04 (aa' bb' multiplet, 8), 8.40
(brs, 6).

Anal. Calcd for C4Hi4CI2N2Se: C, 20.02; H, 5.88; Cl, 29.54; N, 11.67;
Se, 32.90. Found: C, 20.09; H, 5.83; Cl, 29.74; N, 11.69; Se, 32.87.

A solution of the foregoing hydrochloride (2.4 g) in water (5 mL)
was treated with aqueous sodium hydroxide (4 mL; 50%) at 0 °C and
the liberated diamine was isolated by extraction of the mixture with
ether, followed by evaporation of the dried ethereal extracts. The oil
so obtained was taken up in absolute ethanol and treated with per-
chloric acid (2.87 g; 70%) at 0 °C, and the resulting precipitate was
collected and recrystallized from methanol-ethanol by the method
described above. The perchlorate formed needles, mp 162-163 °C
(2.32 g).

Anal. Calcd for C4Hi4CI2N20 8Se: C, 13.05; H, 3.83; Cl, 19.27; N, 7.61;
Se, 21.45. Found: C, 13.28; H, 4.06; Cl, 18.81; N, 7.65; Se, 21.70.

5-Methylthio-lI-phenyl-1,2,3,4-tetrazole (24a). 1-Phenyl-
1,2,3,4-tetrazole-5-thiol (35.6 g, 0.20 mol) was added to a solution of
potassium hydroxide (14.02 g, 0.25 mol) in methanol (178 mL), and
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the resulting solution was stirred while methyl iodide (126.5 g, 0.89
mol) was added dropwise. The mixture was stirred under reflux for
4.5 h, then cooled and poured into water (300 mL). Extraction of the
mixture with ether (2 X 300 mL), followed by evaporation of the dried
(sodium sulfate) ether phase, gave a residue which was recrystallized
(Norit) from ethanol. The methylthio derivative was obtained as
plates: mp 78.5-80 °C (27.0 g; 70%; lit.144 mp 84 °C); UV Xmex (95%
ethanol) 228 (t 7700), 242 (sh) nm (7000); *H NMR ,M4Si (Me2SO-d6)
2.84 (s, 3), 7.80 (s, 5).

Anal. Caled for C8H8N4S: C, 49.98; H, 4.19; N, 29.14; S, 16.68.
Found: C, 49.96; H, 4.26; N, 29.20; S, 16.73.

5-Methylseleno-I-phenyl-1,2,3,4-tetrazole (24b). This prepa-
ration was carried out in subdued light under an atmosphere of ni-
trogen. A methanolic solution of bis(methoxymagnesium) diselenide
was prepared, according to the procedure of Gunther,16 from mag-
nesium (0.75 g, 31 mg-atom), red selenium (1.97 g, 25 mg-atom), and
methanol (40 mL), in the presence of a trace of iodine. The reagent
was allowed to cool somewhat and a warm solution of 5-chloro-I-
phenyl-l,2,3,4-tetrazole (4.52 g, 25 mmol) in methanol (100 mL) was
added dropwise with stirring during 15 min. Stirring was continued
for 1 h at room temperature (color change from red-brown to gray)
and then for 2 h under reflux. The mixture was then filtered (Celite),
and the filtrate was evaporated under reduced pressure (bath tem-
perature <40 °C). The semisolid residue (8.23 g) was triturated with
ether and the insoluble material removed. Evaporation of the ether
filtrate under reduced pressure and trituration of the residue with
hexane gave a grayish solid, mp 60-70 °C (2.22 g), which on dissolution
in ethyl acetate, followed by gradual addition of hexane to the cloud
point, gave 5-methylseleno-I-phenyl-1,2,3,4-tetrazole as pale orange
masses: mp 88-89 °C (0.82 g, 14%); IR emex (Csl) 1596, 1571, 1499,
1410,1371,1269,1231,1012, 768, 692, 540, 398 cm*“ 1, UV Xmex (95%
ethanol) 230 nm (e 6800); '"H NMR ameassi (CDCI3) 2.77 (s, 3), 7.58 (s,
5).

Anal. Caled for C8H8N4Se: C, 40.20; H, 3.37; N, 23.42; Se, 33.01.
Found: C, 40.31; H, 3.33; N, 23.57; Se, 32.79.

3-Ethyl-5-methylthio-lI-phenyl-1,2,3,4-tetrazolium Fluo-
roborate (27). A solution of triethyloxonium fluoroborate (14.2 g,
75 mmol) in dry dichloromethane (100 mL) was added dropwise to
a stirred solution of 5-methylthio-1-phenyl-1,2,3,4-tetrazole (14.4 g,
75 mmol) in dichloromethane (100 mL), and stirring was continued
for 8 days. The solid which had separated was collected, dissolved in
dichloromethane, and reprecipitated with ether. The pure tetrazolium
salt had: mp 156.5-157.5 °C (9.9 g); IR Krex 1598, 1500, 1450, 1424,
1055 (vs, BF4), 776, 695 cm "1 UV Xmex (CH2C12) 271 (sh) nm (<
4000); 'H NMR XvedSi (Me2S0O-d6) 1.69 (t, J = 7.5 Hz, 3), 2.88 (s, 3),
5.05 (q,J = 7.5 Hz, 2), 6.80 (s, 5).

Anal. Caled for CioH13BF4N4S: C, 38.98; H, 4.25; B, 3.51; F, 24.65;
N, 18.18; S, 10.41. Found: C, 39.05; H, 4.28; B, 3.52; F, 24.37; N, 18.36;
S, 10.33.

Evaporation of the remaining dichloromethane filtrate gave further
product, which, after dissolution in dichloromethane and reprecipi-
tation with ether, gave material with mp 145-149 °C (14.4 g). Despite
the lower melting point, this fraction was identical (4H NMR) with
the analytical sample. Prolonged drying in vacuo reduced the total
weight of product from 24.3 to 23.1 g (100%).

3-Ethyl-lI-phenyl-1,2,3,4-tetrazolium 5-thiolate (28). Sodium
(313.6 mg, 13.64 mmol) was dissolved in methanol, and the resulting
solution was cooled to 5 °C and saturated (stirring) with hydrogen
sulfide during 2.5 h. A slurry of 3-ethyl-5-methylthio-I-phenyl-
1.2.3.4- tetrazolium fluoroborate (1.85 g, 6.00 mmol) in methanol (75
mL) was then added slowly during 0.5 h, with continued passage of
hydrogen sulfide. After all the tetrazolium salt had been added, pas-
sage of gas and stirring were continued for a further 0.5 h, during
which time the mixture was allowed to reach room temperature. The
hydrogen sulfide supply was then disconnected and the mixture
stirred gently in aclosed system overnight. The resulting yellow so-
lution was freed from hydrogen sulfide by passage of a stream of ni-
trogen for 2.5 h, after which the mixture was taken to dryness under
reduced pressure. Addition of water to the residue removed most of
the color, leaving a crystalline product which was collected, mp
104-109 °C (1.13 g). Recrystallization from an ethyl acetate-hexane
mixture (2:1 v/v) gave 3-ethyl-1-phenyl-1,2,3,4-tetrazolium 5-thiolate
as faintly yellowish-white prisms: mp 114.5-115 °C (0.90 g, 73%); IR
rmex 1594, 1589, 1496, 1359, 1178, 774, 769, 733, 693, 689 cm“ 1, >H
NMR aVessj (Me2SO-d6) 1-60 (t, J = 7 Hz, 3), 4.70 (9, J = 7 Hz, 2),
7.4- 8.1 (m, 5).

Anal. Caled for CO9HIiON4S: C, 52.41; H, 4.89; N, 27.16; S, 15.54.
Found: C, 52.35; H, 4.93; N, 27.20; S, 15.37.

3-Ethyl-lI-phenyl-1,2,3,4-tetrazolium 5-Selenolate (29). This
reaction was carried out in subdued light under an atmosphere of
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nitrogen. A deaerated mixture of sodium hydrogen carbonate (0.84
g, 10 mmol), water (67 mL), and ethanol (22 mL) was stirred at0 °C
while hydrogen selenide [generated by addition of 1.5 N sulfuric acid
(13.2 mL, 20 mequiv) to aluminum selenide (0.97 g, 3.3 mmol)| was
introduced. To the resulting solution of sodium hydrogen selenide
was quickly added a solution of 3-ethyl-5-methylthio-I-phenyl-
1,2,3,4-tetrazolium fluoroborate (1.54 g, 5 mmol) and sodium hy-
drogen carbonate (0.42 g, 5 mmol) in water (77 mL) and ethanol (35
mL). The resulting amber solution was allowed to reach room tem-
perature during 2 h, after which stirring was continued for a further
22 h. The mixture was then freed from hydrogen selenide in a stream
of nitrogen. All effluent gases were passed through sodium hydroxide
and lead acetate traps. The reddish-tan solid which had separated
was collected, washed with water, dried, and recrystallized from an
ethyl acetate-hexane mixture to give 3-ethyl-1-phenyl-1,2,3,4-te-
trazolium 5-selenolate as yellow needles: mp 128.5-129 °C (0.90 g,
71%); IR iw 1600, 1501, 1345, 1335, 1170, 780, 724, 700 cm*“ 1, ‘H
NMR 5Mesksi (Me2SO-d6) 1-58 (t, 3 = 7.5 Hz, 3), 4.72 (9, J = 7.5 Hz,
2), 7.4-8.0 (m, 5).

Anal. Calcd for C9H,,,N4Se: C, 42.70; H, 3.98; N, 22.13; Se, 31.19.
Found: C, 42.91; H, 3.89; N, 22.24; Se, 30.94.
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fluoroborate, 368-39-8.
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A crude extract of papain exclusively attacked the carbonyl of an «-amino acid residue of Z-J-Ala-DL-Ala and Z-
)I.-Ala-/j-Ala during catalyzed reactions with aniline or phenylhydrazine as the nucleophiles. The optical purities
of the resultant, insoluble products, Z-J-Ala-L-Ala-NHPh, Z-d-Ala-L-Ala-NHNHPh, Z-L-Ala-NHPh, and Z-1.-Ala-

NHNHPh, were all substantially above 90%.

In papain-catalyzed reactions with nucleophiles, attack
on a reactive Z dipeptidelcan occur either at the carboxyl
terminal2or at the carbonyl group23of the amide structure
that joins the two amino acid residues. It was the purpose of
the current study to examine the reactions of aniline and
phenylhydrazine with the two racemic Z dipeptides that
combine /J-alanine with I)L-alanine, when acrude papain ex-
tract was used as the catalyst. Although jJ-alanine is a well-
known residue of the natural dipeptides, carnosine or anserine,
it is not a component residue of proteins. Crude papain4
contains a mixture of sulfhydryl proteases,56 Enz SH. It has
frequently been utilized as a chiral, catalytic agent for reso-
lutions of N-blocked DL-amino acids,78 using a variety of
nucleophiles.8 1

The reaction of Z-/J-Ala-1)L-Ala with RN H2in the presence
of papain gave the Z-d-Ala-l,-Ala-NHR derivatives with the
peptide bond intact. Optical purities of the resultant anilide
or phenylhydrazide were both approximately 99%.

Z-/f-Ala-CO-NH-i)i,-Ala-COOH

"'y 7-d-Ala-CO-NH-L-Ala-CO-NHR
papain (insoluble)
+ Z-d-Ala-CO-NH-D-Ala-COOH
(soluble)
On the other hand, with the /f-Ala residue as the carboxyl
terminal residue, the attack occurred at the peptide structure
to give Z-1.-Ala-NHR plus /J-Ala. Respective optical purities
of the anilide and phenylhydrazide were about 94 and 99%.
Z-DL-Ala-CO-NH-/3-Ala-COOH
rnh

* Z-n-Ala-CO-NH-/3-Ala-COOH

papain

(soluble)
+ Z-i.-Ala-CO-NHR + NH2-0-Ala-COOH
(insoluble) (soluble)

Similar reactions were encountered when the L enantiomers,
Z-If-Ala-1,-Ala and Z-l.-Ala-/t-Ala, replaced the corresponding
racemic modifications. Important details are summarized in
Tables land Il. As might have been anticipated, on the basis
of the absence of a/f-Ala residue in proteins, crude papain did
not catalyze such reactions with Z-0-Ala or Z-/3-Ala-/TAla.
Furthermore, Z-/f-Ala-D-Ala and Z-D-Ala-/3-Ala were equally
unproductive when appropriately tested.

An investigation of the pH dependence of yield was made
for reactions of Z-/3-Ala-Gly and Z-Gly-/3-Ala with NH2Ph and
NH2NHPh. Again, the nucleophilic attack was made exclu-
sively on the carbonyl of the «-amino acid residue. pH optima
are shown for the sole, insoluble products: Z-jJ-Ala-Gly-NHPh
(pH 4.75); Z-]3-Ala-Gly-NHNHPh (pH 4.25); Z-Gly-NHPh
(pH 4.50); Z-Gly-NHNHPh (pH 4.25).

Thin-layer chromatography2on plastic plates coated with
silica gel established that each successful catalysis yielded an
insoluble product with a single structure. Rf values of refer-
ence compounds are recorded in Table IlI.

Experimental Section

Preparation of Active Crude Papain. The crude, active papain
necessary for these experiments was prepared by a slight modification
of the procedure outlined by Bennett and Niemann.4

Reactions of Z-J-Ala-1.-Ala and Z-0-Ala-DL-Ala with Aniline
and Phenylhydrazine. A mixture of 0.5000 g of Z-/3-Ala-L-Ala, 0.26
mL of aniline or phenylhydrazine, 0.1000 g of papain, 0.1000 g of -
cysteine-HCI-H20, 25 mL of 0.50 buffer at pH 4.5, and 2 mL of hex-
amethylphosphoramide was filtered and then incubated at 40 °C. At
appropriate time intervals, the solid reaction product was removed
by suction filtration, washed with distilled water, dried in the incu-
bator for several days, and weighed. When necessary, the solid was
treated with carbon in methanol and filtered four times by suction
filtration, with the terminal filtration through a fritted glass funnel.
Sufficient methanol was used each time to remove all product from
the funnel. Purified product was isolated either by rotary evaporation
under reduced pressure or else evaporation in a Petri dish under the
hood: % N Calcd for Z-d-Ala-Ala-NHPh 11.38, found 11.10; % N
Calcd for Z-J-Ala-L-Ala-NHNHPh 14.68, found 14.32. Reactions of
Z-/3-Ala-DL-Ala were done on four times the scale of Z-/3-Ala-L-Ala.
Mixture melting points with corresponding products from Z-/3-Ala-
L-Ala showed no change.

The Behavior of Z-L-Ala-/S-Ala and Z-DL-Ala- |8-Ala toward
Analine and Phenylhydrazine. For Z-L-Ala-d-Ala the solution
contained 0.5000 g of Z-L-Ala-d-Ala, 0.52 mL of aniline or phen-
ylhydrazine, 0.1000 g of papain, 0.1000 g of L-cysteine-HCI-H20, 25
mL of 0.50 M buffer at pH 4.5, and 2.0 mL of hexamethylphospho-
ramide. Following filtration, the solution was incubated at 40 °C. After
appropriate time intervals, insoluble product was removed by suction
filtration, dried for several days in the incubator, and then weighed.
A mixture melting point for the anilide product with known Z-L-
Ala-NHPh27 exhibited no change. Similarly, the Z-L-Ala-NHNHPh
from this study when mixed with known compoundi2 showed no
change in melting point. After purification: % N Calcd for Z-L-Ala-
NHPh 9.39, found 9.62; % N Calcd for Z-L-Ala-NHNHPh 13.41, found
13.52. Reactions of Z-DL-Ala-d-Ala were performed in exactly twice
the quantities used for Z-Ala/TAla. After purification: % N Calcd
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Table I. Insoluble Products from Z-0-Ala-L-Ala and Z-0-

Ala-DL-Ala
Incuba- % L
Product tion M 25“cd enantio-
(mp, °C) period, h Wt,g inpyridine mer
Z-0-Ala-i.-Ala-NHPh 0-48 0.215 -48.0° 100
(187-188) 48-168 0.382
Z-0-Ala-Ala-NHPha 0-48 0.321 -47.1° 929
(187-188) 48-168 0.448
Z-0-Ala-l.-Ala-NHN- 0-48 0.375 -46.6° 100
HPh (181-182) 48-168 0.357
Z-0-Ala-Ala-NHNH- 0-48 0.447 -45.2° 99
Ph* (181-182) 48-168 0.617

° The product from Z-0-Ala-DL-Ala may contain some D en-
antiomer. Hence, Ala is used rather than L-Ala in designating the
compound.

Table I1. Insoluble Products from Z-L-Ala-0-Ala and Z-
DL-Ala-0-Ala

%L

Incubation  Wt, [or]25°cD  enantio-

Product (mp, °C)  period, h g in pyridine mer

Z-L-Ala-NHPh 0-24 0.2305 -36.3° 100
(160-161) 24-48 0.0754
48-72 0.0118

Z-Ala-NHh* 0-24 0.2811 -31.7° 94
(161-162) 24-48 0.0688

Z-L-Ala-NHNHPh 0-24 0.1373 -31.8° 100
(153-155) 24-48 0.0506

Z-Ala-NHNHPh® 0-24 0.0979 -31.1° 99
(153-155) 24-48 0.1033
48-168 0.1188

" The reactant was Z-DL-Ala-0-Ala. Therefore, Ala, rather than
1,-Ala, is used to designate the product.

Table 11l. Rf Values of Standard Reference Compounds
for Solvent Systems'7 of Methanol-Chloroform-Hexane

Rf value

Compound at 25 °C
Z-Gly-NHPh 0.28
Z-L-Ala-NHPh 0.36
Z-0-Ala-Gly-NHPh 0.04
Z-0-Ala-L-Ala-NHPh 0.16
Z-Gly-NHNHPh 0.17
Z-L-Ala-NHNHPh 0.28
Z-0-Ala-Gly-NHNHPh 0.06
Z-0-Ala-L-Ala-NHNHPh 0.10

0 Volume proportions: for all anilides, 3:19:19; for all phen-
ylhydrazides, 2.5:20:15.

for Z-Ala-NHPh 9.39, found 9.51; % N Calcd for Z-Ala-NHNHPh
13.41, found 13.37. Mixture melting points with known Z-L-Ala-
NHPh2'7 or Z-L-Ala-NHNHPh12 displayed no change.

The Failure of Z-0-Ala, Z-/S-Ala-0-Ala, Z-(8-Ala-D-Ala, and
Z-D-Ala-0-Ala as Suitable Substrates. Similar experiments were
devised for attempted catalysis of reactions of these four potential
substrates with aniline and phenylhydrazine as those used for the
successful reactions. Reaction products were not obtained.

The pH Dependence of Yield for Reactions of Z-0-Ala-Gly or

Abernethy, Cleary, and Kerns

Z-Gly-0-Ala with Aniline and Phenylhydrazine. The general
procedures have been outlined previously for similar experiments for
other substrate combinations.9-12 Hexamethylphosphoramide was
added as a solubilizing agent for these Z-dipeptides. After incubation
at 40 °C, single, insoluble reaction products were formed in each case.
For each product, the pH optimum is given first, followed by the pH
range that permitted at least one-half of the maximum yield to be
obtained, then the incubation period, and finally the nitrogen analysis
for new compounds. Z-0-Ala-Gly-NHPh: pH optimum 4.75; pH range
S.6-5.5; 6 days; % N Calcd 11.83, found 11.62. Z-0-Ala-Gly-NHNHPh:
pH optimum 4.25; pH range 3.6-5.9; 6 days; % N Calcd 15.13, found
15.07. Z-Gly-NHPh: pH optimum 4.50; pH range 4.0-4.8; 4 days;
mixture melting point with known Z-Gly-NHPh9 no change. Z-Gly-
NHNHPh: pH optimum 4.25; pH range 3.4-4.8; 4 days; mixture
melting point with known Z-Gly-NHNHPh712 no change. The
melting points for Z-0-Ala-Gly-NHPh 182-183 °C; for Z-0-Ala-Gly-
NHNHPh 164-165 °C.

Thin-Layer Chromatography of Solid Reaction Products
Formed as a Result of Papain Catalysis. In order to confirm that
each product obtained as an insoluble solid was solely the result of
maintenance of the peptide structure or singularly the result of its
cleavage, thin-layer chromatography was employed in a manner
similar to procedures recently described.2 The thin-layer plates plastic
coated with silica gel were Baker-flex, silica gel 1B2. A short wave-
length UV light source was used to locate positions of migrated
spots.

Determination of Optical Rotations of Optically Active
Products from Reactions Catalyzed by Crude Papain. All optical
rotations were determined by means of a Rudolph Model 80 high-
precision polarimeter. Water-jacketed tubes were used, either 1 or
2dm in length, depending on the substance being studied. The tem-
perature was controlled at 25 °C by means of a constant-temperature
bath. The concentration was about 1g per 100 mL of solution. East-
man Spectrograde pyridine was used as the solvent.

Source of Potential Substrates. z-0-Alanine and z-0-alanyl-
0-alanine were purchased from Sigma Chemical Co., St. Louis, Mo.
All other Z dipeptides were made available through Dr. P. Grogg of
Biosynthetika, Liestal, Switzerland.
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As a quantitative approach to the evaluation of the rigid group effect on large ring formation, the kinetics of the
base-induced cyclization of a series of substrates HOZO(CH2)i2Br, in which Z denotes varying phenylene and na-
phthylene moieties, have been studied. When allowance is made for the slightly different nucleophilicity of the an-
ionic end in the various bifunctional compounds, the ease of ring closure turns out to be practically unaffected by
the very different geometry and size of the rigid moieties. This remarkable result, which is at variance with widely
accepted ideas, is discussed and compared with our previous findings in the field of many-membered ring forma-

tion.

In 1951 Baker et al.3 suggested that the ease of ring clo-
sure of a long-chain bifunctional compound should be greatly
enhanced by the presence of a number of atoms composing
the chain itself held in the form of a rigid group suitable for
ring closure. The o-phenylene unit was considered as a
clean-cut example of a structural moiety fitting these re-
guirements, since in ortho-disubstituted benzene derivatives
at least four carbon atoms lie in the same plane with angles
of approximately 120°.3 Following Baker’'s arguments, Ziegler4
explicitly referred to the “rigid group principle” as a general
rule for many-membered ring formation.

While there is no doubt that such an effect can operate in
the medium-ring region,5-6 as to the large rings experimental
evidence so far available is either scanty or even questionable.
For example, the fact that compound 1has been synthesized
in far higher yield than compound 2 (80 and 1.8%, respec-

1 2

tively)7 was takens as a clean-cut example of the rigid group
effect. Such an interpretation is not very safe because the re-
action conditions (base-solvent systems) as adopted for the
preparation of the two compounds were not comparable with
each other. Furthermore, the formation of macrocyclic mo-
nomeric (3) and dimeric (4) o-phthalate esters has been

claimed to be facile because of the presence of the rigid
group(s) OOCC=COO, 8 but the evidence for such an ease is
by no means convincing.

It has been suggested4 that the rigid group should act by
restriction of the rotational freedom in the open-chained
precursor and, possibly, by reduction of the strain energy due
to nonbonded interactions in the ring-shaped transition
states.

In recent studiesi-9 we have reported that both entropies
and ethalpies of activation are only slightly dependent of chain
length when large rings are formed, the latter being very close

to the values of the strainless intermolecular counterparts.
Hence, in the large-ring region little or no gain in the entropy
term is expected upon reduction of the number of rotors by
one unit nor any significant decrease of the strain energy upon
introduction of a rigid group in an already strainless (or nearly
s0) transition state. In accordance with the above observations,
evidence has been presented! that in the large-ring region ease
of ring closure, as quantitatively expressed by the effective
molarity, EM, is fairly insensitive to structural effects. EM
values relative to five different reaction series lie well within
a factor of 10, in spite of the fact that in two out of the five
series a rigid group, viz., an o-phenylene unit, is present. It
appears from these findings that the rigid group effect has a
limited scope and should be either small or negligible for large
rings.

A systematic investigation aimed at the elucidation of this
problem calls for a kinetic study of the cyclization reactions
of several a,a>-bifunctional compounds in which rigid groups
of varying geometry and size have been incorporated. Reaction
1, in which Z denotes phenylene and naphthylene moieties,
appeared to be suitable to the end under several respects. It
had been extensively studied by Ziegler and Luttringhaus10
from the preparative point of view. Furthermore, macrocyclic
aromatic ether formation via intramolecular Williamson
synthesis is suitable for accurate kinetic work, as was shown
by us in a series of recent papers.1-6-11

Br(CH2)m0ZO-~ (CH2)mOZO + Br~ (1)

MeOZO- + BuBr MeOZOBu + Br~ 2)

In this work we wish to report on the kinetics of the base-
induced formation of macrocyclic diethers 5-9 from the
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Table 1. Yields, Physical Constants, and Analytical Data for the Preparation of Mono-12-bromododecyl Ethers lla-14a

Registry
Compd no. Yield, % Mp, °C
1lla 63163-44-0 33 55-57
12a 63163-45-1 35 80-82
13a 63163-46-2 37 93.5-95
1l4a 63163-47-3 26 76-77

Table Il. Yields and Physical Constants of Monomethyl Ethers 10b-14b

Registry Mp, °C,
Compd no. Yield,% or n 20D
10b 90-05-1 b 1.5434
lib 150-19-6 47 1.5506
12b 150-76-5 b 54.5-56.0
13b 5060-82-2 41 113-115
14b 3588-80-5 33 132-133 dec

Anal.
Calcd, % Found, %

C H Br C H Br
60.50 8.18 22.36 60.36 8.22 22.20
60.50 8.18 22.36 60.63 8.20 22.34
64.86 7.67 19.61 65.01 7.64 19.72

19.61 19.24
Lit. mp, °C,
or ra20D ~rrfax0 10- 3imaxa
1.5429c¢ 280 (314) 3.0 (5.3)
1.5520c 278 (309) 2.3 (4.1)
57.0C 297 (337) 3.3 (3.9)
117d 330 (374) 3.3 (5.2)
140c 332(364) 7.6 (12.9)

a UV data in Me2S0 solution. Values in parentheses refer to the corresponding anions obtained in the presence of excess KOH.
6 Commercial product. ¢ “Handbook of Chemistry and Physics”, Chemical Rubber Publishing Co., 50th ed, Cleveland, Ohio, 1969-1970.
d O. Fischer and F. Hammerschmidt, J. Prakt. Chem., [2] 94, 24 (1916). e O. Fischer and C. Bauer, J. Prakt. Chem., [2] 94, 13

(1916).

mono-12-bromododecyl ethers of catechol, resorcinol, hy-
droquinone, and 2,7- and 1,5-dihydroxynaphthalene (com-
pounds 10a-14a, respectively). The dodecamethylene bridge

10 11

13

3) R=(CH2)2Br
b) r=ch3

spanning the arylenedioxy groupings isacommon structural
unit, which ensures the above macrocycles to be essentially
strainless, i.e., large rings, as shown by inspection of space-
filling molecular models. In order to account for any possible
difference in the nucleophilicity of the various oxide ions, the
strictly analogous intermolecular reactions (eq 2) were also
considered, namely the alkylation reactions with butyl bro-
mide of the anions derived from the monomethyl ethers
10b-14b.

Experimental Section

Infrared spectra were obtained on a Perkin-Elmer 257 spectro-
photometer, from 2% solutions in CCl4. Proton magnetic resonance
spectra were recorded on a Jeol INM-C60HL spectrometer, using
MeiSi as the internal reference. Ultraviolet spectra were recorded on
a Beckman DB-GT instrument, fitted with a Kontron W+W 1100
recorder. Mass spectra were obtained on a AEI MS12 spectrometer.
All melting and boiling points are uncorrected.

1,12-Dibromododecane (Fluka), resorcinol (Erba RP), hydroqui-
none (Erba RP), 2,7-dihydroxynaphthalene (Aldrich), and 1,5
dihydroxynaphthalene (Aldrich) were all reagent-grade commercial
samples and used without further purification. Tétraméthylammo-
nium hydroxide (10% aqueous solution) was from Merck.

Mono-12-bromododecyl Ethers (10a-14a). o-Hydroxyphenyl
12 -bromododecyl ether (10a) was available from a previous investi-

gation.12 All the other compounds were prepared according to the
following general procedure. To a boiling solution of 1,12-dibromo-
dodecane (0.03 mol) and the appropriate dihydroxy compound (0.15
mol) in ethanol (70 mL) a solution of KOH (0.03 mol) in a small
amount of ethanol was added inca. 1 h. The reaction was carried out
in a nitrogen atmosphere in order to prevent the oxidation of the ar-
omatic compound in the alkaline reaction medium. The solution was
refluxed until neutral (3-5 h), then most of the solvent was distilled
off. Benzene was added to the residue and the last traces of solvent
were removed by azeotropic distillation. The dry, solid residue ob-
tained was finely ground in a mortar and extracted for several hours
in a Soxhlet apparatus. Pentane was used as the extracting solvent
in the case of compounds 1la and 12a, and hexane for compounds 13a
and 14a. The desired products were obtained in a practically pure
form by simply cooling the paraffinic extracts. For kinetic and ana-
lytical purposes, the compounds were further purified by elution with
benzene on silica gel. Structure assignments were based on spectral
data and elemental analyses. All the compounds showed strong hy-
droxyl absorption in the IR spectra at 3580-3600 cm-1. The *H NMR
spectra (in CCl4 at 55 °C for 12a and CD3COCD3 for 11a, 13a, and
14a) were consistent with the expected structures and no extra peak
was present. For all compounds common signals are present, namely
those due to the 0 (CH2>i2Br grouping: 54.0 (br t, OCH2), 3.5 (br t,
CH2Br), 1.3-2.0 (br m, with a prominent peak standing at 5 1.4,
“central” methylene protons). The signal due to the OH group was
in all cases detected as a sharp singlet, extremely variable in position.
Complex multiplets were present in the aromatic proton region of the
spectra of 11a, 13a, and 14a, while 12a exhibited a singlet at 6 6.7.
Yields, physical constants, and analytical data of the synthesized
compounds are listed in Table 1.

Monomethyl Ethers (10b—24b). Guayacol (10b) (Merck) was
purified by distillation. Hydroquinone monomethyl ether (12b)
(Fluka) was crystallized twice from benzene. The other compounds
were prepared as follows. To astirred mixture of the appropriate di-
hydroxy compound (0.121 mol) and CRJ (0.056 mol) in Me2SO (140
mL) kept under CCVfree nitrogen was added KOH (0.056 mol) dis-
solved in asmall amount of EtOH. The mixture was then left at room
temperature under nitrogen until neutral (2—4 h). Compound lib was
isolated by fractional distillation of the residue obtained after aqueous
workup and ether extraction. In the two other cases, isolation of the
pure products was carried out as indicated above for the mono-12-
bromododecyl ethers. All the compounds were further purified by
elution with benzene on silica gel. IR and '"H NMR spectra were
consistent with the expected structure. Yield and physical constants
are reported in Table 1.

Hydroquinone Dodecamethylene Ether (7) and 2,7-Dihy-
droxynaphthalene Dodecamethylene Ether (8). The present cy-
clization procedure is an improvement over that previously de-
scribed,12,13 in which a suspension of excess NaOH was employed. The
experimental conditions were changed by the device of adding the
base, Me4aNOH, in a 1:1 mole ratio with respect to the mono-12 -bro-
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mododecyl ethers of hydroquinone and 2,7-dihydroxynaphthalene,
12a and 13a, respectively. In the general procedure, the reaction was
carried out in a 250-mL, three-neck flask equipped with a magnetic
stirrer. The central neck was fitted with a gas inlet and outlet and the
two side necks were capped with silicon rubber. The flask was charged
with Me2SO (100 mL), thoroughly fluxed with pure nitrogen, and
immersed in an oil bath heated at 80 °C. A nitrogen overpressure was
kept throughout. The reagents were added to the well-stirred solvent
by means of two glass hypodermic syringes whose needles were in-
serted through the septum-capped side necks. One syringe contained
10 mL of a0.20 M solution of MeiNOH in 80% Me2SO and the other
2 mmol of the bifunctional compound dissolved in the minimum
amount of Me2SO. The addition was prolonged for ca. 2 h, care being
taken to add the two reagents at the same rate. To this end a trace of
fluorene as a visual indicator in the reaction medium was of a great
aid, since the intense red color due to the anionic form appears in the
presence of a slight excess of base. After the addition was over the
mixture was cooled and worked up with a standard procedure. The
pure ring compounds were obtained by column chromatography on
silica gel with benzene as eluent. Compound 7, 82% yield, mp 46-47
°C, M+ 276.

Anal. Calcd for CigHasCL: C, 78.21; H, 10.21. Found: C, 78.46; H,
10.29.

Compound 8, 95% yield, mp 111.5-113 °C, M+ 326.

Anal. Calcd for C22H3002: C, 80.94; H, 9.26. Found: C, 81.55; H,
9.38.

The "H NMR spectra were found to be in accordance with the ex-
pected structures. Apart from the ethereal methylene protons, which
appeared as a partially resolved triplet centered at b 4.1, the other
methylenes of 7 are shown (in CC14) as a broad multiplet at 50.8-1.9,
with a prominent peak at b0.9. Clearly the paracyclophane structure
of 7 is responsible for the significant upfield shift due to transannular
interaction of the central protons of the dodecamethylene bridge with
the mr-electron cloud of the aromatic nucleus.14 In compound 8, which
has a (2,7)naphthalenophane structure, the bridge lies apart from the
aromatic nucleus. In the '"H NMR spectrum (in CDCI3) of this com-
pound the central methylene protons are shown at a“normal” posi-
tion, namely, as a multiplet at b 1.3-2.2, with a prominent peak at b
1.45.

Kinetic Measurements. The mixed solvent (99% aqueous Me2SO,
v/v) and the KOH stock solution (1.61 X 10-2 N in 93% Me2SO) were
prepared and handled as previously reported.9 Purification of Me250
according to the method of Bordwell et al.15 did not lower any further
the concentration of the acidic impurities (see general part). The ki-
netics were followed spectrophotometrically at wavelenghts corre-
sponding to the absorption maxima of the conjugate bases of the
substrates, and the optical density of the solutions was monitored for
several half-lives. The concentration of the aromatic hydroxy com-
pounds was in the range 1.5 to 2.5 X 10“4 M in both cyclization and
intermolecular reactions, the latter being run in the presence of excess
butyl bromide, viz., 5 X 10-3 to 3 X 10r2 M. The experimental data
were treated according to the method of Guggenheim,16 with A values
not less than 2 or 3 half-lives. First-order plots were linear up to
80-85% reaction for both cyclizations and intermolecular alkyla-
tions.

Results and Discussion

We have recently reportedi2-13 that use of the NaOH-
Me2SO system in macrocyclic ether formation via intramo-
lecular Williamson synthesis is very convenient as compared
to the classical Ziegler and Luttringhaus’ conditions,10 namely,
K2CO3in AmOH under highdilution. Our cyclization proce-
dure, which afforded fair to good yields of cyclic products
without excessively high dilution, was further improved in the
present work (see Experimental Section) when applied to the
cyclization of compounds 12a and 13a. The ring compounds
7 and 8 were obtained in very good yields, namely, 82 and 95%,
respectively, which can be compared with a 79% yield pre-
viously reported12 for the formation of 5 from 10a. These re-
sults indicate that in Me2SO solution these cyclization reac-
tions are virtually free from side reactions. Therefore, the
kinetics were carried out under conditions close to those of the
preparative runs, namely, in 99% aqueous Me2S0 at 25 °C.
The anions derived from compounds 10-14 were generated
in situ by the addition of a calculated amount of a KOH stock
solution, as previously reported in our kinetic work on the
lactonization of co-bromoalkanoic acids.9 Because the phenolic
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Figure 1. (A) Spectrophotometric titration at 374 nm of 13b (2.51 mL,
2.09 X 10-4 M) in 99% Me2SO with KOH 1.61 X ICT2 M in 93%
Me2SO. (B) Blank titration.

hydroxyl is significantly less acidic than carboxyl, the effec-
tiveness of the KOH-99% Me2S0O system in promoting com-
plete dissociation of the former was checked by spectropho-
tometric titration in some cases. A typical titration curve is
reported in Figure 1. The consumption of base before the
appearance of any absorption due to the anionic form of the
substrate was attributed to the presence of acidic impurities
in the solvent. The amount of base used up was found to be
reproducible, and to correspond to an acidity of 1.80 X 10~-4
N. As reported in the Experimental Section, it was not pos-
sible to reduce it any further by additional purifications of the
solvent. The linearity of the titration curve indicates that in
each point up to the equivalence point the amount of anionic
form produced equals the total amount of added base, less that
required by the blank titre. This means that the equilibri-
um

ROZOH + OH-~ ROZO- + HD ©)

is quantitatively shifted to the right even at the low concen-
trations (ca. 2 X 10-4 M) used in the spectrophotometric ti-
trations, which were similar to those in the kinetic runs. The
kinetic runs were started by the fast addition of a very small
volume (ca. 50-60 iih) of the KOH stock solution to a solution
(2.5 mL) of the hydroxy compound. Since accuracy was poor
in this operation, and any excess of base was undesirable, the
latter was added in defect. Judging from the absorption of the
solutions immediately after the addition of base, 50-90% of
the starting hydroxy compound was neutralized. Under the
given conditions, clean first-order behavior was obtained for
the cyclization reactions with no effect of higher order con-
tributions due to the polymerization reaction.17

The kinetic results are collected in Table 111 for both intra-
and intermolecular reactions. The kintTa values span a factor
of <6, indicating that the ease of ring closure is only slightly
affected by the marked changes in geometry of the bifunc-
tional substrates. In fact, most of the observed rate differences
may be explained in terms of the varying nucleophilicity of
the anionic end of the bifunctional substrate, as shown by the
fact that k inter values turn out to be sensitive to structural
effects in much the same way as k-mtTa values. Thus, the dif-
ferences in femrtravalues largely disappear in the corresponding
EM values, which are found to lie within a factor of 2. These
results clearly indicate that the ease of ring closure to the ex-
amined large-ring diethers, as quantitatively expressed by the
related EM values, is largely independent of the geometry and



3736 J. Org. Chem., Vol. 42, No. 23,1977

Table I11. Kinetic Data for the Cyclization Reaction (1)
and for the Corresponding Intermolecular Model
Reaction (2) in 99% Aqueous MezSO at 25.0 + 0.2 °C

'103leintra, 10fe;nter, 102EM, Log

Compd s"la M ~s-14 Mc EM
10 9.04 + 0.11 2.95 + 0.03 3.06 -1.51
1 3.56 + 0.04 153 + 0.04 2.33 -1.63
12 7.22 + 0.13 4.68 + 0.20 1.54 -1.81
13 1.59 + 0.04 1.07 + 0.06 1.49 -1.83
14 1.59 + 0.01 0.84 + 0.01 1.90 -1.72

a Average from three independent runs. b Average from four
to six independent runs. ¢ Calculated as k intrJ k inter-

size of the rigid moiety of the reacting molecule. Furthermore,
they provide additional, independent evidence on the in-
sensitiveness to structural effects of the ease of large-ring
formation in general. We have shown! that available EM
values related to the formation of rings with more than 12
members and belonging to five different reaction series exhibit
remarkable insensitiveness to structural effects. Log EM data
cluster around an average value of —1.54, with a standard
deviation 0.23. Table 111 now shows that the present values
fit well into the same picture. Inclusion of these data into the
existing set provides a new average value of —1.57 + 0.22.

In conclusion, on the basis of the experimental evidence
collected in this and in previous work, we believe that the
operation of the rigid group effect on large-ring formation can
be definitely ruled out, and that, in particular, no “magic”
properties must be attributed to the o-phenylene unit.
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Structural Elucidation with Nuclear Magnetic Resonance Spectroscopy.
Diels-Alder Adducts of 1-Aminoanthracene and Maleic Anhydride:
Restricted Rotation about the Aryl C(1)-N Bond and Intrinsic Asymmetry
about the Imide (Nga2-Cspd) System

Shiva Mohan Verma* and M. Dhaneshwar Singh
Department of Chemistry, Banaras Hindu University, Varanasi-221005, India
Received March 2, 1977
Diels-Alder reaction of 1-acetamidoanthracene and maleic anhydride yields a mixture of two isomeric adducts:
syn (~35%) and anti (—65%). The configurations of both the adducts have been assigned with the help of NMR

spectra of their imide derivatives. Restricted rotation and nonplanar conformation about the aryl C(I)-N bond
have been demonstrated in the C(1)-N(COCH3)2 derivatives of the isomeric adducts. The steric effect of the C(l)

substituent on the intrinsic asymmetry of the imide (Nsp2-C g8) system has been observed.

The characteristic feature of anthracene behaving as a
diene and its ability to undergo Diels-Alder reaction with
various dienophiles is awell-documented phenomenon. The
Diels-Alder reaction, where there is possibility of the forma-
tion of more than one product, has been extensively investi-
gated. The formation of two isomeric adducts synla and antila
and their dependence on the nature of the 2 substituent in the
Diels-Alder reaction of C(2) substituted anthracene and
maleic anhydride have been demonstrated.lb Isolation of the
two corresponding isomeric adducts in the case of C(2)-sub-
stituted anthracene and maleic anhydride and their charac-
terization with the help of spectroscopic methods have been
reported.2 Substitution of anthracene in the 1 position, rather

than the 2 position, may have a larger steric effect on the re-
acting centers, and the present investigations have been un-

NHCOCH3
N(COCH3)2

A 0
1
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dertaken to probe the nature of the Diels-Alder reaction of
1-aminoanthracene and maleic anhydride

In this paper, we report the isolation of two isomeric ad-
ducts, syn-1and anti-2, from the Diels-Alder reaction of
1l-acetamidoanthracene and maleic anhydride. The proposed
structures of the two isomeric adducts have been demon-
strated by converting them into their diacetyl derivatives 3
and 4 and into the imide derivatives 5a-d and 6a-d. Conver-

5a, 6a, R' = N(COCH3)2, R = N(COCH,)2
5b, 6b, R' = CH2C6H5; R = N(COCH3)2
5¢, 6¢, R’ = CH(CH3)2; R = N(COCH3)2
5d, 6d, R' = CH2CH3; R = N(COCH )2

7, R’ = CH(CH3)2; R = NHCOCH3

sion to imides increases the solubility in CDCI3 in which the
NMR spectra were recorded. The mutual magnetic interaction
of R and R' has been carefully taken into account for the
configurational assignment. As expected, no remarkable in-
teraction of R and R' has been observed in the spectra of the
anti adduct, while the syn adduct exhibits a significant in-
teraction between them. Further spectral studies of these
compounds have revealed a phenomenon of restricted rotation
about the aryl C(1)-N(COCHa)2 bond and the steric effect of
the C(l) substituent (R) on the conformation of the imide

group (R").
Experimental Section

All the melting points (°C) are uncorrected. NMR spectra were
recorded in CDCf) with Me4Si as an internal reference on a Varian
A-60D spectrometer at 45 °C. 6 (ppm) values were recorded from
MedSi in the NMR data (s, singlet; br s, broad singlet; d, doublet; dd,
double doublet; t, triplet; m, multiplet). IR spectra were recorded
using Nujol mull techniques on a Perkin-Elmer 257 spectrophotom-
eter, and the characteristic absorptions rmex (cm-1) were noted: m,
medium; s, strong; w, weak. The elemental analyses (C and H) of the
compounds (1-4, 5a-d, (ia-d, and 7-9) were within acceptable ex-
perimental limits and were submitted for review.

Preparation of Compounds. 1-Aminoanthracene was prepared
by the reduction of 1 -aminoanthraquinone by zinc dust and alkali as
in the case of 2-aminoanthracene from 2-aminoanthraquinone.lb
1-Aminoanthraquinone (10 g) was stirred with 10% sodium hydroxide
(100 mL) and zinc dust (8 g) at room temperature for about 30 min.
It was slowly heated and the temperature of the reaction mixture was
maintained at 85-90 °C. Zinc dust (10 g) was then introduced into the
reaction mixture in two equal instalments at an interval of 30 min
each, and heating was continued with constant stirring for 24 h at 90
°C.20The solid material from the reaction mixture was collected and
washed several times with water. Soxhelet extraction with acetone
and then recrystallization from ethanol gave 1-aminoanthracene (6
g, 70%) as greenish-yellow plates, mp 126-127 °C (lit.3 mp 127
°C).

1-Acetamidoanthracene. 1-Aminoanthracene (3 g) was stirred
with an excess of acetic anhydride (20 mL) at room temperature for
3 h. A solid material appeared and was collected, washed with water,
and recrystallized from ethanol. 1-Acetamidoanthracene appeared
as greenish-yellow needles (3.2 g, 91%), mp 210 °C (lit.3 mp 212
°C).

Reaction of 1-Acetamidoanthracene and Maleic Anhydride.
A mixture of 1-acetamidoanthracene (2 g) and maleic anhydride (2
g) was heated under reflux in dry benzene (15 mL) for 8 h, with con-
stant stirring. The adduct appeared as a white insoluble substance
in benzene, while the excess maleic anhydride went into solution. The
solid material was collected (~2.5 g) and traces of maleic anhydride
were removed by sublimation at 110 °C. When subjected to fractional
crystallization from acetone (25 mL), the first product syn- 1appeared
almost completely in about 24 h. The second product anti- 2 was re-
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covered from the filtrate by evaporation and recrystallized from a
benzene-petroleum ether mixture. From isolation and spectral
analysis, the mixture was found to comprise about 35% of the syn
adduct and ~65% of the anti adduct (total yield ~90%).
syn-1-Acetamido-9,10-dihydroanthracene-9,10-endo-a,/3-
succinic Anhydride (1): mp 282-284 °C; IR 3250 (m, NH), 1865 (m),
1780 (s), 1665 (m), 1600 (w), 1540 (w).
anti-I-Acetamido-9,10-dihydroanthracene-9,10-en<fo-a,/S-
succinic Anhydride (2): mp 268-270 °C; IR 3380 (m, NH), 1865 (m),
1780 (s), 1685 (m), 1600 (w), 1540 (w).
syn-I-Diacetamido-9,10-dihydroanthracene-9,10-endo-
a,/3-succinie anhydride (3) was obtained by heating under reflux
450 mg of the adduct 1with an excess of acetic anhydride (15 mL) for
3 h, and was recrystallized from a benzene-n-hexane mixture. The
anti-l-diacetamido adduct 4 was also obtained similarly.

Compound 3: mp 215-217 °C; IR 1860 (w), 1840 (w), 1780 (s), 1720
(s), 1700 (m), 1615 (w), 1590 (w); NMR 2.20 (s, 3 H), 2.40 (s, 3H), 3.40
(t, 2 H), 4.92 (m, 2 H), 6.90-7.40 (m, 7 H).

Compound 4: mp 242-243 °C; IR 1860 (w), 1830 (w), 1770 (s), 1700
(s), 1580 (w); NMR 1.78 (s, 3 H), 2.78 (s, 3 H), 3.56 (t, 2 H), 4.71 (m,
1H), 4.96 (m, 1H), 6.95-7.60 (m, 7 H).

Preparation of 5a and 6a. The isomeric adducts 1and 2 were
treated with hydrazine hydrate (equimolar) in ethanol with constant
stirring at room temperature, and the respective JV-aminoimides
obtained were acetylated with acetic anhydride in the presence of a
few drops of pyridine to give 5a and 6a. Both the compounds were
recrystallized from ethanol.

5a: mp 260-262 °C; IR 1780 (w), 1700 (s), 1590 (w), 1500 (w); NMR
1.33 (s,3H) 1.63 (s, 3H), 2.50 (s, 3H), 2.70 (s, 3H), 3.43 (t, 2H), 4.95
(m, 2 H), 6.95-7.51 (m, 7 H).

6a: mp 220-221 °C; IR 1770 (w), 1690 (s), 1600 (w), 1510 (w); NMR
0.95 (s, 3H), 1.81 (s, 3H), 2.50 (s, 3H), 2.71 (s, 3H), 3.48 (t, 2H), 4.75
(m, 1H), 5.10 (m, 1 H), 7.00-7.60 (m, 7 H).

Preparation of 5b-d, 6b-d, and 7. The compounds 5b-d and 6b-d
were obtained by condensing the anhydride adducts 1 and 2 with the
corresponding primary amines, at 110-120 °C for 2 h. The adduct (500
mg) was mixed thoroughly with its equivalent of the primary amine
and heated at 120 °C for 2 h. The product obtained was cooled, washed
with water, and recrystallized from benzene. At first, 1-acetamido-
9,10-dihydroanthracene-9,l 0-endo-a,/i-succinimide of the corre-
sponding adduct was obtained, which on acetylation gave the 1-di-
acetamido derivatives in quantitative (70-80%) yields. Compound
7 was obtained by condensing the adduct 1with isopropylamine and
recrystallized from a benzene-petroleum ether mixture. The 1-dia-
cetamidoimides 5a-d and 6a-d were recrystallized from ethanol.
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Figure 1.60-MHz NMR spectrum of Gain CDC13 at 45 °C.

Figure 2.60-MHz NMR spectrum of 5a in CDCI3 at 45 °C.

5b: mp 256-258 °C; IR 1780 (w), 1710 (s), 1610 (w), 1590 (w); NMR
197 (s, 3H), 2.15 (s, 3 H), 3.16 (t, 2 H), 4.30 (m, 2 H), 4.66 (m, 1 H),
4.83 (m, 1H), 6.70-7.40 (m, 12 H).

6b: mp 213-214 °C; IR 1780 (w), 1720 (a), 1660 (m), 1610 (w), 1600
(w); NMR 1.70 (s, 3 H), 2.66 (s, 3 H), 3.18 (t, 2 H), 4.23 (s, 2 H), 4.63
(m, 1 H), 4.80 (m, 1H), 6.60-7.45 (m, 12 H).

5c: mp 222-223 °C; IR 1770 (w), 1710 (s), 1690 (s), 1600 (w), 1460
(s); NMR 0.83 (d, 3H,J = 7Hz), 1.10(d, 3H,J = 7Hz), 1.91 (s, 3H),
2.55 (s, 3 H), 3.09 (m, 2 H), 3.70-4.40 (m, 1 H), 4.80 (m, 2 H), 7.00-7.46
(m, 7 H).

Gc: mp 219-220 °C; IR 1780 (w), 1700 (s), 1680 (s), 1620 (w), 1590
(w); NMR 0.84 (d, 6 H,J = 7Hz), 1.76 (a, 3H), 2.70 (s, 3 H), 3.13 (m,
2 H), 3.60-4.30 (m, 1H), 4.63 (m, 1H), 4.86 (m, 1H), 6.90-7.55 (m, 7
H).
5d: mp 216-218 °C; IR 1780 (w), 1710 (s), 1620 (w), 1590 (w); NMR
0.71 (t,3H,J = 7Hz), 1.93 (s, 3H), 2.58 (s, 3 H), 3.20 (m, 4 H), 4.86
(m, 2 H), 7.00-7.60 (m, 7 H).

6d: mp 230-231 °C; IR 1770 (w), 1700 (s), 1680 (s), 1590 (w); NMR
0.40 (t, 3H, «7= 7Hz), 1.78 (s, 3H), 2.73 (s, 3H), 2.95-3.33 (m, 4 H),
4.70 (m, 1H), 4.90 (m, 1 H), 6.90-7.10 (m, 7 H).

7: mp 243-244 °C; IR 3250 (m, NH), 1780 (w), 1720 (s), 1680 (s),
1620 (w), 1600 (w), 1540 (m); NMR 0.87 (dd, 6 H,J = 7Hz, Ar = 2Hz),
2.25 (brs, 3H), 3.15 (t, 2 H), 3.70-4.30 (m, 1H), 4.80 (m, 1 H), 5.10 (m,
1H), 7.10-7.60 (m, 8 H).

Preparation of 8 and 9.1-Diacetamidoanthracene (8) and 1-di-
acetamidoanthraquinone (9) were obtained by refluxing 1-acetami-
doanthracene and 1-aminoanthraquinone, respectively, with acetic
anhydride. The compound 8 was recrystallized from ethanol and 9
from a ethanol-acetone mixture.

8: mp 164 °C; IR 1710 (s), 1685 (s), 1620 (w), 1460 (m); NMR 2.33
(s, 6 H), 7.25-8.43 (m, 9 H).
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9: mp 216-217 °C; IR 1710 (s), 1670 (m), 1590 (m), 1465 (m); NMR
2.32 (s, 6 H), 7.50-8.51 (m, 7 H).

Results and Discussion

The two isomeric Diels-Alder adducts have different (N-H)
stretching vibrations in their IR spectra: one of the adducts
shows an absorption at 3380 (cm-1) characteristic of normal
secondary amide vibrations and the other has a characteristic
(N-H) absorption at 3250 (cm-1). The absorption at 3250
(cm-1) could result from the possible hydrogen bonding be-
tween the (N-H) and the anhydride ring. Since an intramo-
lecular hydrogen bonding between the (N-H) and the anhy-
dride ring is possible in the syn adduct, the absorption at the
lower frequency (3250 cm-1) can be attributed to the syn
adduct 1and that at the higher frequency (3380 cm-1) to the
anti adduct 2.

Restricted rotation about the N-N bond in tetraacylhy-
drazine systems has been successfully exploited in assigning
the configuration of various Diels-Alder adducts,24 and when
applied to the present adducts this system also discloses
considerable information. In the NMR spectrum (Figure 1)
of 6a, each of the diacetyls has a pair of singlets, one at $0.96
(3 H) and 2.50 (3 H) for the N'-diacetyls (Av = 92.4 Hz) and
another at h 1.81 (3 H) and 2.71 (3 H) for the C( 1) -/V-diacetyls
(Av = 54 Hz). The chemical shifts of the (V'-diacetyls are al-
most exactly the same as were observed in the case of the
unsubstituted anthracene adduct.5 The magnetic environ-
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Figure 3. 60-MHz NMR spectrum of 5c in CDCl.s at 45 °C.

Figure 4. 60-MHz NMR spectrum of 6c in CDCI;j at 45 °C.

ments of the N' substituents are more or less the same in the
anti adduct and unsubstituted anthracene adduct. The C(l)
substituent, being far away, fails to interact with the N' sub-
stituent. In the case of 5a, the NMR spectrum (Figure 2) ex-
hibits a similar pattern, showing two resonance signals at 8
1.33 (s, 3 H) and 2.50 (s, 3 H) for the TV'-diacetyls and a pair
of singlets at 8 1.63 (3 H) and 2.70 (3H) for the C (I)-Af-di-
acetyls. One of the JV'-diacetyls that is syn to the cage moiety
in the nonplanar conformation in 5a has been deshielded by
the C(I) substituent and appears at 8 1.33 instead of appearing
at the usual position at 8 0.96. Such a deshielding effect on the
IV'-diacetyls was also observed in the case of the syn (cis) ad-
duct of 2-diacetamidoanthracene.2 While the C(l)-./V-diacetyl
resonances remain almost the same in the spectra of 4 and 6a,
a large difference in the resonances of the C(l)-N-diacetyl in
3 and 5a indicates the possible influence of the imide group
on the C(1) substituent. From the spectra of 5a and 6a a
possible configurational assignment can be made. The two
adducts 1 and 2 are virtually similar except for the orientation
of the C(I) substituent with respect to the anhydride ring, and
one could expect different substituent effects in the deriva-
tives of the two isomers. The isomer 5a, where the N' sub-
stituent has been influenced by the C(l) substituent, can be
assigned the syn configuration, while the other, where the C(l)
substituent has little effect on the N' substituent, the anti
configuration. To substantiate this argument further, we have
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introduced a few centers at the imide plane (5b-d, 6b—€) that
could be influenced by the C(l) substituent. The C(1)-N -
diacetyl has caused a large dissymmetry about the imide plane
in the syn adduct and its effects are readily observed in the
spectra of 5b-d.

In the spectrum of 5b, the methylene protons of the benzyl
group resonate as a multiplet at 8 4.30 (approximately an
overlapping AB quartet) and the CUHV-diacetyl signals are
separated by 10 Hz (Ac). In the case of 6b the benzyl meth-
ylene protons appear as a singlet at $4.23 (2 H) and the two
C(l)-./V-diacetyl signals are separated by 58 Hz (Ac). The
appearance of a multiplet for the methylene group could be
due to the nonequivalence of the hydrogens arising out of the
influence of the C(l) substituent which helps in developing
a prochiral centeré at the methylene carbon. Such chemical-
shift nonequivalence of the methylene group is comparable
to that observed in the case of 10,67 dl-2,2"-bis(acetoxy-
methyl)diphenyl,8 and in 9-benzyltriptycenes,9 where the
diastereotopicity of the methylene protons has been explained
on steric grounds. For the same reason, the isopropylmethyl
groups in 5c are diastereotopic and appear as a pair of doublets
(Figure 3) at50.83 (3 H) and 1.10 (3 H) (J = 7Hz, Ac = 16 HZz).-
In the case of 6¢, there is only a doublet (Figure 4) for the
isopropylmethyls at &0.84 (6 H, 3 = 7 Hz). The C(l)-N-di-
acetyls appear as two singlets at 8 1.91 and 2.55 (Ac = 38.4 Hz)
in the case of 5c, while they appear at 8 1.76 and 2.70 (Ac =
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56.4 Hz) in the case of 6¢c. In the case of 5d and 6d, each of the
diacetyls appears as a pair of singlets with an internal chemical
shift (A™) of 39 and 57 Hz, respectively. The methyl group of
ethylimide has been appreciably deshielded (5 0.71) by the
C (1) substituent in the syn adduct 5d as compared to that in
the anti adduct 6d (8 0.40).

We have observed the effect of the C(l) substituent R on
the resonance of the imide substituent R' in 5a-d. Another
interesting feature observed in all these derivatives is the ef-
fect of R' on R. In all four derivatives 6a-d the C(1)-A7-di-
acetyl resonances R remain almost unaffected with different
substituents R' in the anhydride ring, whereas in the case of
the syn adduct 5a-d a continuous change in the resonance of
the C(1) substituent is observed, indicating the possible in-
fluence of R' on R. These observations demonstrate further
the syn- 1 and anti-2 configurations of the two isomeric ad-
ducts.

In the case of the Diels-Alder reaction of 2-acetamidoan-
thracene and maleic anhydride, a 52:48 ratio of the isomeric
adducts syn/anti was reported.1Though the electronic factors
contributed by the acetamido group at the C(l) and C(2) po-
sitions of anthracene toward reacting centers appear to be
almost the same, in the present case the anti isomer has been
found to be the major product (65%). Sterically, the acetamido
group at the C(I) position will have a larger effect on the re-
acting center as compared to that at the C(2) position of an-
thracene and, possibly, steric factors might have caused such
a variation in the isomer ratio (35:65) of the syn/anti.

Restricted Rotation about the Aryl C (1)-N Bond. The
appearance of two singlets for the C(l)-/V-diacetyls in the
NMR spectra of both the configurational isomers could pos-
sibly be due to the restricted rotation about the aryl C (1)-N
bond, comparable to that observed in the case of ortho sub-
stituted arylimides.10High-energy barriersl0-11 (AG* = 17-24
kcal/mol) to rotation about the aryl C-N bond in various
ortho-substituted arylimides have been attributed to the steric
interaction between the ortho substituent and the carbonyl
groups in the planar transition state. Steric hindrance about
the C(I)-N bond in N-benzenesulfonyl-8-nitro-l-naphthyl-
glycine enabled Mills and Elliotl2 to resolve it. Such steric
interactions between the C(l)-/V-diacetyls and the C(9)
substituent are expected in the present adducts and in com-
pounds 8 and 9. Molecular models further support that even
the C(9)-H will hinder the rotation of the acyl system about
the C (1)-N bond. However, the C(l)-iV-diacetyls appear as
a sharp singlet in the spectra of both 8 (8 2.33, 6 H) and 9 (8
2.32, 6 H), indicating the magnetic equivalence of the acetyl
groups in both cases. The introduction of the C(9)-C(10)
bridge in the anthracene nucleus (as in the present adducts)
could be responsible for the nonequivalence of the C(I1)-N -
diacetyls.

From the spectral patterns observed for the derivatives of
both isomers and for 8 and 9, a nonplanar conformation 11
about the C (1)-N bond, where the acyl system lies in a plane
perpendicular to the plane of the cage benzo ring, could be
proposed. In such a nonplanar conformation, the C(9)-C(10)
bridge would provide different magnetic environments for the
two acetyl groups, while the latter would assume a symmet-
rical pattern in the case of 8 and 9. The acetyl group oriented
syn to the bridge appears upfield and the other anti to the
bridge resonates at a lower field. The possibility of a partial
double-bond formation about the C (1)-N bond, that may also
account for the restricted rotation, is very unlikely, not only
because the N atom is attached to two carbonyl groups, but
any planar arrangement about the C (1)-N bond will suffer
from a severe steric crowding. Free rotation about the C-N
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bond, and, hence, a singlet for the diacetyls, was observed in
the corresponding syn and anti adducts with the diacetamido
substituent at the C(2) position,2demonstrating further that
it is the C(9) substituent (or C(9) hydrogen) and not the ortho
hydrogens that influence the rotation of the C (1)-N bond in
the present case.

Intrinsic Asymmetry of the Imide (N 92 C sp3) Group.
The spectral pattern shows that the methylene protons in 5b
and the isopropyl methyl groups in 5c are diastereotopic.
Accordingly, similar behavior of these groups is expected in
the derivatives of the anti adducts 6b and 6c¢, but the benzylic
methylene protons in 6b appear as a singlet and the isopropyl
methyl groups in 6c as a normal doublet (Figure 4). The ob-
served multiplicity in the resonance signals of these protons,
only in the case of the syn isomer, can be explained on the
basis of the chirality9 of these compounds where the meth-
ylene protons in 5b and the isopropyl methyl groups in 5c are
magnetically nonequivalent. In the case of the anti isomer,
since the site of chirality [the C(l) substituent] lies away from
the diastereotopic groups, the degree of nonequivalence di-
minishes and, hence, no signal multiplicity of the diastereo-
topic groups has been observed. The C(l) substituent R exerts
a strong steric influence to induce intrinsic asymmetry613 on
these imide groups R' and this is vividly seen on a comparative
examination of the spectral patterns of the derivatives of the
two isomeric adducts. With the monoacetyl substituent at the
C (I) position, the isopropyl methyl groups in 7 resonate as an
interlacing double doublet at 80.87 (6 H, J = 7 Hz, Av = 2 Hz),
indicating thereby a small interaction with the C(1) substit-
uent, while the two isopropyl methyl groups in 5¢c resonate at
80.83 and 1.10 (Figure 3) with an internal chemical shift of 16
Hz. On steric considerations, preferred conformations of the
type 12 and 13 could be proposed for 5b and 5c, where the
steric interactions between the C(I) substituent R and the
imide substituent R' would be reduced to a minimum.

Acknowledgment. The authors thank CSIR, India, for the
award of a research fellowship to M. Dhaneshwar Singh.

Registry No.—1, 63512-03-8; 2, 63568-21-8; 3, 63512-04-9; 4,
63568-22-9; 5a, 63512-05-0; 5b, 63512-06-1; 5c, 63512-07-2; 5d,
63512-08-3; 6a, 63568-23-0; 6b, 63568-24-1; 6C, 63568-25-2; 6d,
63597-42-2; 7, 63512-09-4; 8, 63512-10-7; 9, 63512-11-8; 1-aminoan-
thracene, 610-49-1; 1l-aminoanthraquinone, 82-45-1; 1-acetami-
doanthracene, 63512-12-9; maleic anhydride, 108-31-6; hydra-
zine hydrate, 7803-57-8; benzylamine, 100-46-9; ethylamine, 75-04-7;
isopropylamine, 75-31-0.

References and Notes

1

=

(a) The prefixes syn and anti were used in the sense that the adduct with
the anhydride ring toward the substituent is syn and that with the anhydride
ring away from the substiﬂent is anti.1lb These terms are retained in the
present text. Cis and trans&terms for such isomeric adducts have also been
used, (b) F. Kaplan and H. Conroy, J. Org. Chem., 28, 1593 (1963).
(a) S. M. Verma and R. M. Singh, Aust. J. Chem.. 29, 1215 (1976). (b) Re-
fluxing the reaction mixture at higher temperature led to undesired re-
sults.
Dictionary of Organic Compounds, Vol. 1, 4th ed, Eyre & Spottiswoode,
Publishers Ltd., London, 1965, p 82.
(4) S. M. Verma, O. S. Rao, and C. K. Rao, Tetrahedron Lett., 1639 (1973); S.
M. Verma and O. S. Rao, Tetrahedron, 30, 2371 (1974).
(3) B. H. Korsch and N. V. Riggs, Tetrahedron Lett., 5897 (1966).
(Q W. B. Jennings, Chem. Rev., 75, 307 (1975).
(7) C. G. Shin and J. Yoshimura, Tetrahedron Lett., 2615 (1973); J. S. Waugh
and F. A. Cotton, J. Phys. Chem., 65, 562 (1961).
(8 W. L. Meyer and R. B. Meyer, J. Am. Chem. Soc., 85, 2170 (1963).
(9) F. Suzuki and M. Oki, Tetrahedron Lett., 2845 (1974).
(10) S. M. Verma and N. B. Singh, Aust. J. Chem., 29, 295 (1976).
(11) H. B. Peter, L. D. Colebrook, R. A. Fraser, and H. G. Giles, J. Chem. Soc.,
Chem. Commun., 225 (1974); L. D. Colebrook, H. G. Giles, A. Granata, and
S. Icii, Can. J. Chem., 51, 3635 (1973).
(12) W. H. Mills and K. Ac. Elliot, J. Chem. Soc., 1291 (1928).
(13) J. E. Anderson, Tetrahedron, 32, 2789 (1976).

@

-

3



Synthesis of Adamantane Derivatives

J. Org. Chem., Vol. 42, No. 23,1977 3741

Synthesis of Adamantane Derivatives. 37.1A Convenient and Efficient

Synthesis of 1-Azidoadamantane and Related Bridgehead Azides,

and Some of Their Reactions

Tadashi Sasaki,* Shoji Eguchi, Tomonori Katada, and Osamu Hiroaki

Institute of Applied Organic Chemistry, Faculty of Engineering, Nagoya University,
Furo-cho, Chikusa-ku, Nagoya, 464, Japan

Received March 24, 1977

Several bridgehead azides such as 1-adamantyl (2), 3,5-dimethyl-l-adamantyl (5), 3,5,7-trimethyl-lI-adamantyl
(10), I-bicyclo[3.3.1]nonyl (14), and 3-homoadamantyl azide (18) were prepared in high yields from the correspond-
ing bridgehead alcohols on treatment with sodium azide in 57% H2SO4-CHCI3. Azides 2, 5, and 10 were decomposed
in 95% H2S04to afford the rearranged products, 4-azahomoadamantan-3-ol derivatives 3, 7, 8, and 12, which were
also obtained from the corresponding bridgehead alcohols on treatment with sodium azide in 95% H2SO4. Azides
5, 10, 14, and 18 were converted to the corresponding bridgehead amines 6, 11, 15, and 19.

Organic azides are well known as an excellent synthetic
starting material, however, synthetic studies by using
bridgehead azides seem to be quite limited:2 this might be due
to the lack of a facile and efficient method for introduction of
the azide group at bridgehead positions. For example, 1-az-
idoadamantane (2) has been prepared previously via a direct
substitution method of l-bromoadamantane with sodium
azide in dimethyl sulfoxide by us2 or via a diazo-transfer
method to 1-aminoadamantane by Quast and Eckert,4 but the
former method gives only a moderate yield of 2 and the latter
method requires vigorous anhydrous conditions and longer
reaction times. The direct substitution method was consid-
erably improved recently by Miller5 by using zinc chloride as
the catalyst, but the reaction is quite slow. This paper deals
with a convenient and efficient synthesis of 2 and related
bridgehead azides as well as some of their reactions.

Results and Discussion

In view of the fact that secondary and tertiary aryl carbinols
can be converted to the corresponding azides with hydrazoic
acid in trichloroacetic acid6 8 and the relatively facile for-
mation of l-adamantylcarbenium ion under acidic condi-
tions,9 we examined the reaction of 1-adamantanol (1) with
in situ generated hydrazoic acid in various acid-chloroform
mixtures. As shown in Table |, azidfc 2 was obtained in an ex-
cellent yield by using 57% H2S04 as the acid and 3 h as the
reaction time. However, azide 2 was not stable under the re-
action conditions and was converted slowly to a rearranged
product 3, as demonstrated by the data of a 15-h reaction
(Table 1). 2 was also converted to 3 exclusively on treatment
with 95% H2SO4-CHCI13 (Scheme I). The rearranged product
3 was identified as 3-hydroxy-4-azatricyclo[4.3.1.138lundecane
(4-azahomoadamantan-3-ol) by comparison with an authentic
sample.4-10 3 was also obtained directly from 1in 94% yield by
using 95% H2SO4-CHCI3and sodium azide (1.25-fold excess
to 1) (The Schmidt reaction). This provides a facile and effi-
cient synthesis of 3. The reaction of 1 with sodium azide in
other acid -CHCI3 mixtures did not give satisfactory results,
as summarized in Table I.

Application of this simple azide synthetic method to 1-
hydroxy-3,5-dimethyladamantane (4) afforded azide 5 in 72%
yield which was converted to known amine 611 on lithium
aluminum hydride reduction. Azide 5 on treatment with 95%
H2S04-CHCI3 afforded a 2:1 mixture of rearranged products
7 and 8, which was also obtained directly from 4 on treatment
with sodium azide in 95% H2SO4-CHCI3 in high yields
(Scheme 1). The major product 7 was isolated after repeated
recrystallizations from aqueous methanol and was charac-
terized as 6,8-dimethyl-4-azahomoadamantan-3-ol on the
basis of analytical and spectral data. The IR spectrum (KBr)

Scheme |
NeNB/9S*.11,S04

exhibited strong bands at 3300 and 3170 cm-1 (OH and NH)

but no carbonyl absorption bands, and the NMR spectrum

(CDCI3) revealed characteristic signals at $3.47 (s, 1 H) and

3.25 (brs, 1 H) (both signals disappeared on shaking with D20
and are assignable to OH and NH), 2.63 (s, 2 H, -CH2N-),

2.3-0.9 (m, 11 H), 0.90 (s, 3 H, CH3), and 0.80 (s, 3 H, CH3),

supporting the assigned structure 7. The IR spectrum of the

mixture of 7 and 8 was quite similar to 7, and the NMR spec-

trum exhibited a characteristic doublet at 52.90 (J = 4.0 Hz,

0.75 H a