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Preferred Ring Sizes of Cyclic Transition States in Bifunctional Catalysis of
the Dedeuteration of Isobutyraldehyde-2-d by Polyethyleniminestlab

Jack Hine* and Robert L. Flachskam, Jr.lc
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210

Received September 18, 1973

Polyethylenimines (PEI's) act as bifunctional catalysts for the dedeuteration of isobutyraldehyde-2-d by
using primary amino groups to reversibly complex the aldehyde, partly as iminium ions, and then using other
amino groups to remove deuterium from the iminium ion groups in the same molecule. The exchange of 0.05 M
aldehyde at pH 8.5 in the presence of 1 N PEI's, where almost all the reaction is due to complexed aldehyde,
proceeds at relative rates of 1:1.19:1.24:1.38 for PEPs with average molecular weights of 600, 1200, 1800, and
50,000, respectively. The reaction under these conditions is catalyzed by |,4-diazabicyclo[2.2.2]octane (Dabco),
which attacks the complexed aldehyde. The relative rates of attack by Dabco are 1.46:1.32:1.15:1 on aldehyde
complexed to PEI-600, PEI-1200, PEI-1800, and PEI-50,000, respectively. These and previous observations show
that attack by internal amino groups on the complexed aldehyde is ineffective when the chain separating the
amino and complexed aldehyde groups is either too long or too short. A computer-simulated polymerization
process is used to estimate the detailed structure of the polymers. With data on various reference reactions this
is used in an argument that the complexed aldehyde is probably dedeuterated most efficiently by amino groups

April 51974

that are 3-6 monomer units from the complexed aldehyde.

Earlier papers in this series described evidence that po-
lyethylenimines (PEIl's) act as bifunctional catalysts in
the dedeuteration of isobutyTa\dehyde-2-d.2'3 A primary
amino group on the polymer transforms the aldehyde to
an imine, which is in equilibrium with the corresponding
iminium ion. Then, in the rate-controlling step of the
reaction, another amino group in the polymer removes the
activated «-deuterium atom via a transition state, such as
I, arising from the trans form of the iminium ion. Cyclic

+ CHZHZ
Me ~=N
H
Men D'
« N(CH,CHN)L
1

transition states are probably rather common in enzymat-
ic reactions. The dedeuteration of acetone-d6 by acetoace-
tate decarboxylase, for example, probably involves the
formation of an iminium ion by the e-amino group of a
lysine unit followed by removal of deuterium by another
basic group in the same molecule.4 For these reasons it
was of interest to learn what ring sizes are preferred in the
formation of transition states like 1 from PEI’s for which a
wide variety of ring sizes are possible. We have therefore

t This paper contains “miniprint.” See Editorial regarding miniprint on
p 8A of the Jan 11,1974, issue.
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measured the catalytic activities of PEI's under various
conditions and made experimental measurements and
computer calculations to estimate the relative numbers
and basicities of the primary, secondary, and tertiary
amino groups in these PEI’s.

Results

The kinetics of the deuterium exchange of isobutyral-
dehyde-2-d were studied as described previously.5 The
reactions were stopped by acidifying the reaction mixture
to neutralize the basic catalyst and liberate the aldehyde
from any complex formed with the catalyst. The aldehyde
was then extracted and its deuterium content was deter-
mined by proton magnetic resonance measurements.
First-order rate constants obtained in the presence of vari-
ous PEI's are listed in Table I. PEI-A is a polymer with a
number-average molecular weight of X. Normalities refer
to the number of equivalents of amino groups per liter.
The aldehyde forms complexes with the catalysts in equi-
libria that are much faster reactions than the deuterium
exchanges. In the presence of 1.0 N PEI's the aldehyde is
very largely complexed, so that the rate constants listed in
these cases are essentially those of the complexed alde-
hyde.

To help in estimating the catalytic efficiencies of the
secondary amino groups of the PEI'’s, diethylamine was
studied as a catalyst. Rate constants obtained in the pres-
ence of several diethylamine buffers are listed in Table II.
Ultraviolet measurements showed that 0.2 M diethyl-
amine transforms less than 1% of 0.07 M isobutyraldéhyde
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Table 1
Rate Constants for Exchange of Isobutyraldehyde-2-d
in the Presence of PEl's in Water at 35° “

KM,
PEI pH sec-1
1.00 N PEI-600 8..49 10 .2
1.00 N PEI-6001 8 .50 24 1
1.00 N PEI-1200 8.51 12 1
1.00 N PEI-12001 8 .48 24 .6
1.00 N PEI-1800 8,.54 12 .6
1.00 N PEI-ISO0O6 8.51 235
1.00 N PEI-50,000 8. 52 14 .1
1.00 N PEI-50,000b 8..50 23 .6
0.099 N (HNCHXH2NH 8 51 0.90
0.099 N PEI-146¢c4 8 .48 2.0
0..100 N PEI-190ce 8 .51 3.0
0.103 N PEI-600 8 .47 7.5
0.153 N PEI-600 8 .42 9.5
1.01 N PEI-600 7 .40 8.1
1.01 N PEI-600 7.78 9.6
1.01 N PEI-600 7.91 11.1
1.01 ATPEI-600 8.15 10 .8
X.01 JVPEI-600 8.37 9.9
1.01 N PEI-600 8 .40 9.8
0.100 N PEI-50,000 8 .60 6.5
0.30 IV PEI-50,000 8 .51 11.5
0.60 N PEI-50,000 8 .52 15 .0
1.00 N PEI-50,000 6.81 14 .9
1.00 N PEI-50,000 7 .55 22 .5
1.00 N PEI-50,000 7 .96 21.0
1.00 N PEI-50,000 8 .56 14 .9

« [MeZZDCHO]0 = 0.054 M. All concentrations listed
are total concentrations, regardless of states of protonation
or complexing. b0.100 M 1,4-diazabicyclo [2.2.2 Joctane also
present. ' Labeled as a PEIl because it is a mixture of
polyethylenepolyamines; the molecular weight given is that
of its principal component. d Eastman Technical triethylene-
tetramine. ' Eastman Technical tetraethylenepentamine.

Table 11
Diethylamine Catalysis of the Deuterium Exchange
of Isobutyraldehyde-2-d in Water at 35°

I(Mp, I(Mh[OH"], 10V;p;t2NH,

IEtiNH] [EtIN H 2+] sec-1 sec-1 Af“lsec~1
0.0241 0.0774 8.77 1.40 3.06
0.0247 0.164 8.42 0.76 3.10
0.0498 0.136 17.9 1.8 3.24
Av 3.13

to carbinolamine (or any other adduct). In view of this fact
and the earlier observation that secondary amines do not
give any detectable catalysis of the dedeuteration of iso-
butyraldehyde-2-d via iminium ion formation,6 these ex-
change reactions were assumed to follow eq 1, where kp is

K = V .NHEt,NH] + ¢, [JOH“] @

the pseudo-first-order rate constant obtained in a given
run. (The catalysis constant for water5 is so small that
such catalysis may be neglected in all the runs described
in the present paper.) As shown in Table II, the correc-
tions for hydroxide ion catalysis (calculated from the ca-
talysis constant for hydroxide ions5) do not exceed 16% of
the total reaction, and the values obtained for feE2NH are
reasonably constant.

One method of determining the fraction of the amino
groups in PEI's that are tertiary is to treat the material
with excess acetic anhydride to transform the primary and
secondary amino groups to amide groups and then to ti-
trate the remaining basic groups with p-toluenesulfonic
acid in acetic acid-acetic anhydride.7 It seems possible
that, if too many tertiary amino groups are located near
each other in the polymer, the protonation of some of
them will so decrease the basicity of the remaining ones

Hine and Flachskam

Table 111
Titrations with p-Toluenesulfonic Acid at 63 + 1%
Acetic Acid-37 * 1% Acetic Anhydride

Equiv of

Concn, [p-TsOH],° base/mol

Amine M M of amine
(MeNCHZXH2NMe 0.022 0.200 2.99
(MeNCHZHNMeCH22 0.0070 0.100 3.96
(MeNCHZXH2NT 0.0065 0.100 3.00
(ACNHCHZXH2N' 0.107 0.200 1.02

“In glacial acetic acid. 6The 3.7% (MeNCHZXHMN-
MeCH22 present as an impurity was assumed to take up
4 equiv of acid/mol of amine. eThe starting material was
(HNCHZH23 containing 13.2% of triethylenetetramine
as an impurity. The material was acetylated in the manner
used for PEI's, and the impurity was assumed to leave no
base that would be titrated under the conditions used.

Table IV
Tertiary Amine Content of PEIl's as Determined by
the Acetylation-Titration Method

%

PEI tertiary“
PEI-600 21.6
PEI-1200 25.2
PEI-1800 26.0
PEI-50,000 26.5

“The number of tertiary amino groupsi divided by the
total number of amino groups and multiplied by 100.

Table V
Thermodynamic pK aValues in Water at 25°
Amine P-Kr px i pk 3
(MeENCHZXH2NMe 9.32 8.24
(MeENCHZH2IN 9.42 8.34 6.66
(MeNCHZXHNMeCH22 9.16 8.17 4.62

that the number of amino groups determined will be
smaller than the number actually present. To test this
possibility, four model compounds were titrated, and the
averages of the results obtained are shown in Table Il
The potentiometric titration curves obtained were essen-
tially the same as those obtained in titrations of acetylat-
ed PEI's, except that the end points were slightly sharper
in the case of the model compounds. The number of terti-
ary amino groups determined is correct in every case ex-
cept that of tris(2-dimethylaminoethyl)amine, where only
three of the four amino groups present were protonated
during the titration. We therefore conclude that a tertiary
amino group in a PEI will not be protonated in the titra-
tion if the three nearest amino groups are protonated, but
that protonation of a tertiary amino group is not prevent-
ed by protonation of two of the three nearest amino
groups (cf. the first two compounds in Table IlI). The ter-
tiary amino contents of PEI's listed in Table IV were de-
termined by the standard acetylation-titration method
and have not been corrected for the possibility that some
of the tertiary amino groups escaped titration. Essentially
the same results were obtained in several cases where the
acetylation was varied from the standard 4 hr to as little
as 15 min and as much as 6 hr.

The pKa values of three of the model compounds were
determined by potentiometric titration in aqueous solu-
tion, with the results shown in Table V.

Discussion

The rate constants for the dedeuteration of 0.053 M iso-
butyraldehyde-2-d in the presence of ethylenediamine and
its five N-ethylated derivatives, all at concentrations of
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0.10 M, at pH 8.5 and 35° range from 0.20 x 10~5 sec-1
for the unsubstituted compound to 0.55 x 10"5 sec-1 for
the triethyl derivative.2'3 The relative reactivities are a
complicated function of the fraction of the aldehyde that
is complexed, the fraction of the amine that is protonated
at pH 8.5, the amount of reaction that involves two mole-
cules of catalyst, and other factors. The rate of dedeutera-
tion in the presence of ethylenediamine around pH 8.5 in-
creases to a maximum at diamine concentrations around
0.03 M, decreases to a minimum around diamine concen-
trations of 0.10 M, and then increases with increasing
concentrations of diamine.8 These and similar observa-
tions show that the relative catalytic activities of ethyl-
enediamine and its N-ethylated derivatives are functions
of the concentrations of aldehyde and diamine used. The
fact that diethylenetriamine is about 60% more efficient
than the best of the N-ethylated ethylenediamine cata-
lysts may suggest that bifunctional catalysis has become
important, but there are a number of possible alternative
explanations. In fact, in view of the evidence that the ex-
change of isobutyraldehyde via iminium-ion formation in-
volves only the trans iminium ions6'9-13 and that more
than six carbon (or other) atoms are needed between the
primary amino group and the basic catalyzing group for
bifunctional catalysis via a trans iminium ion,13 it seems
unlikely that diethylenetriamine is acting bifunctionally.
All the compounds listed as PEI's in Table | have pairs of
amino groups separated by a large enough number of
atoms that a molecular model of a transition state for bi-
functionally catalyzed dedeuteration via a trans iminium
ion may be constructed without obvious major strain. In
view of all the additional evidence described, particularly
for PEI-1800,2'3 it seems likely that bifunctional catalysis
is significant for all these PEI's. The reactions in all cases
will include a component from free aldehyde and a com-
ponent from complexed aldehyde, with all the bifunction-
ally catalyzed reaction being included in the latter com-
ponent. Therefore, in order to learn more about the bi-
functionally catalyzed reaction, we shall give particular
attention to the relative reactivities determined in the
presence of 1.0 N PEI’s, where the complexed aldehyde is
responsible for almost all the observed reaction.

In Figure 1 are plots of the rate constants for deuterium
exchange of 0.054 M isobutyraldehyde-2-d vs. pH in the
presence of 1.0 N PEI-600, PEI-1800, and PEI-50,000.
Whether one compares the rate constants at a given pH,
such as 8.5, where the largest amount of data exists, or at
the respective maxima for the various PEI’s, the catalytic
activities are seen to increase with increasing molecular
weight of the PEI's. This increasing reactivity of the com-
plexed aldehyde suggests either that as the molecular
weight of the PEI increases the complexed aldehyde be-
comes increasingly reactive toward attack by a base (e.g.,
because of a larger fraction of it being present as iminium
ions), or that there is an increase in the number and/or
basicity of internal amino groups that can attack com-
plexed aldehyde, or that both of the preceding factors are
important. In view of the results obtained when Dabco
was present in the reaction solution, the first alternative
seems unlikely. The effect of 0.200 N Dabco on the ex-
change rate in the presence of 1.00 N PEI’s increases in
the order PEI-50,000 < PEI-1800 < PEI-1200 < PEI-600.
This sequence is reasonably explained by assuming that
aldehyde complexed to PEI-600 is somewhat more reac-
tive than that complexed to PEI-50,000 because a some-
whar larger fraction of it is complexed as iminium ions,
but it is also possible that aldehyde complexed to the
larger PEI's is more sterically hindered. A larger fraction
of iminium ions would be expected in the aldehyde com-
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Figure 1. Plot of rate constants for dedeuteration of isobutyral-
dehyde-2-d in water at 35° in the presence of, A, 1.01 N PEI-600;
«,0.97 £0.03 N PEI-1800; O, 1.00 N PEI-50,000.

plexed to the lower molecular weight PEI's because these
have a larger fraction of primary amino groups, which can
yield imines and iminium ions, in contrast to the secon-
dary amino groups, which yield carbinolamines, imidazol-
idines, and perhaps larger ringed heterocycles. The great-
er rate of deuterium exchange of aldehyde complexed to
the higher molecular weight PEIl's is therefore most
plausibly explained in terms of the larger number of
amino groups in the same molecule that are capable of re-
moving deuterium from those isobutyraldehyde-2-d mole-
cules that are complexed as iminium ions. However, the
reactivity of complexed aldehyde is not simply proportion-
al to the number of other amino groups present in the
molecule (even if a correction is made for differences in
susceptibilities of complexed aldehyde to attack by bases
as judged from the effect of Dabco on exchange rates).
Aldehyde that is complexed to PEI-1800 must have about
three times as many amino groups in the same molecule
with it as does aldehyde that is complexed to PEI-600,
and yet the PEI-1800-complexed aldehyde is only about
24% more reactive. PEI-50,000-complexed aldehyde is
only 5-90% (depending on the pH at which the compari-
son is made) more reactive than PEI-1800-complexed al-
dehyde, in spite of having about 30 times as many amino
groups. If we make the plausible assumption that an
amino group (of a given basicity, etc.) separated from a
complexed aldehyde by a given number of atoms has
about the same rate constant for deprotonating it in one
PEI as in a PEI of much different molecular weight, it fol-
lows that most of the amino groups in PEI-50,000 are sep-
arated from the average complexed aldehyde by such a
long chain of atoms that they rarely collide with it and are
thus quite inefficient at deprotonating it.

In order to get an improved understanding of how the
ability of an amino group to deprotonate complexed alde-
hyde depends on the length of the intervening chain of
atoms, we used computer and other techniques to esti-
mate certain aspects of the detailed structures of the
PEI's, as described in more detail in the Appendix. We
carried out computer simulations of ethylenimine poly-
merization, using constraints to make some properties of
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Figure 2. Estimated total number of amino groups at each dis-
tance from the average primary amino group in polyethylenim-
ines with average molecular weights of 600, 1200, 1800, and
50,000.

the polymers resemble those observed experimentally but
otherwise assuming random reaction. We then estimated
the number of primary, secondary, and tertiary amino
groups at each possible distance from the average primary
amino groups. The estimated total number of amino
groups at each distance from the average primary amino
group in PEI-600, PEI-1200, PEI-1800, and PEI-50,000 is
plotted in Figure 2.

To discuss internal attack on complexed aldehyde sim-
ply in terms of the number of amino groups at various dis-
tances away that are available for attack neglects several
important factors. Other factors being equal, the most
basic amino groups will attack most rapidly. However, at
the pH’s where bifunctional catalysis is most clearly sig-
nificant, many of the amino groups of a PEI are proton-
ated, and the most basic amino groups will be protonated
to the greatest extent. Furthermore, in view of the fact
that trimethylamine dedeuterates isobutyraldehyde-2-d 20
times as rapidly as triethylamine does, in spite of being
only about one-seventh as basic,5 allowance should also be
made for differences in steric hindrance and any other
factors that influence the ease with which a base removes
a deuterium from an N-substituted isobutylideniminium
ion. In order to allow for such factors we subdivided the
amino groups in PEI's in aqueous solution at pH 8.5 into a
number of categories and estimated the rate constant for
the attack of each on IV-methylisobutylideniminium ions.
As described in detail in the Appendix, data on model
compounds were used to estimate the basicities of the
various types of amino groups in the unprotonated PEI’'s
and the effect of protonation of nearby amino groups on
these basicities. Then Brpnsted relationships were as-
sumed for the rate constants for dedeuteration of A'-meth-
ylisobutyliden-2-d-iminium ions by these various types of
amino groups. Rate constants for dedeuteration by the
different types of amino groups were then calculated from
their respective basicities and the Bronsted relationships.
From these results the estimated average rate constants
for dedeuteration by the primary, by the secondary, and
by the tertiary amino groups of each of the PEI's were cal-
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Figure 3. Estimated reactivities (relative to that of a tertiary
amino group), in dedeuteration of Me2CDCH=N+H- groups, of
the primary, secondary, and tertiary amino groups at various dis-
tances from the average primary amino group in PEI-1800.

culated. It was then assumed that the relative magnitudes

of these rate constants for attack on the iV-methyliso-

butyliden-2-d-iminium ion are the same as those for at-
tack on the isobutyliden-2-d-iminium ions formed from

any given PEI. This permits us to combine the estimated

rate constants and the estimated numbers of primary,

secondary, and tertiary amino groups at each of the possi-
ble number of units away from the average primary amino

group to obtain the relative rate constants that would be

expected, for a given PEI, for dedeuteration of complexed

aldehyde via transition states with each of the possible

rings if there were no ring-size effect. A plot of the esti-
mated relative rate constantsl4 for attack on complexed

aldehyde by the primary, secondary, and tertiary amino
groups at each of the possible distances from the average

primary amino group in PEI-1800 is shown in Figure 3.

The estimated amount of catalysis by tertiary amino
groups is seen to be quite small compared with that esti-
mated for primary and secondary amino groups, which are
less hindered and, on the average, more basic. The three
curves in Figure 3 may be summed to get the total rela-

tive rate constants that would be expected if there were

no ring-size effect. Before comparing such a summed

curve with that for another PEI, a correction was made for

differences in ease of removal of deuterium from com-
plexed aldehyde as evidenced by reactivities toward added

Dabco. That is, the estimated rate constants for PEI-600,

PEI-1200, and PEI-1800 were multiplied by 1.46, 1.32, and

1.15, respectively, since the effects of Dabco on the rate of
exchange of aldehyde complexed to PEI-600, PEI-1200,

and PEI-1800 are greater by 46, 32, and 15%, respectively,

than on the rate of exchange of aldehyde complexed to

PEI-50,000 (Table I). A plot of the relative rate constants

(relative to that for the average tertiary amino group in

PEI-50,000) is shown in Figure 4. (To put the entire plot

for PEI-50,000 on the same graph would make those for

the smaller polymers too small to see clearly.)

If there were no ring-size effect, the relative rate con-
stants for the exchange of complexed aldehyde would be
essentially equal to the relative areas under the curves
shown in Figure 4. Thus, aldehyde complexed to PEI-
1200, PEI-1800, and PEI-50,000 would exchange 2.0, 2.7,
and 70 times as fast as aldehyde complexed to PEI-600.
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Figure 4. Estimated reactivities (relative to that of the average
tertiary amino group in PEI-50,000), in dedeuteration of internal
Me2CDCH=N+H- groups, of amino groups at various distances
from the average primary amino group in four PEI's.

These figures are quite different from the observed ratios
of 1.19, 1.24, and 1.38, which may be calculated from the
data on runs using 1.0 N PEI's at pH 8.5 in Table I. We
assume that these differences would largely disappear if
each of the rate constants for reaction via a transition
state with a given ring size were multiplied by the proper
ring-size factor.

There are, of course, an infinite number of sets of ring-
size factors that will give the desired agreement, but they
are not all equally plausible. We have assumed that what-
ever value of n makes 1 the most favorable transition
state, the next most favorable one will be one with one
more or one less ethylenimine unit in the ring. More pre-
cisely, we have assumed that the ring-size factors will be a
Gaussian function of In n, as shown in eq 2. In this equa-
tion r, the ring-size factor, is the number by which the
relative rate constants, such as those plotted in Figure 4,
should be multiplied to correct them for the ring-size ef-
fect; nOp is the value of n in the optimum transition state;
and C is a constant that controls the sharpness of the
Gaussian function. A logarithmic function is used so that

Inr- ~f (InNT ~r) 2

r will be undefined for negative values of n but still posi-
tive for any large n. A function of n —1 is used to make r
zero for an n value of 1, since models of the appropriate
transition state 1 can be constructed only with obvious
enormous strain. With nop restricted to integers, a very
large value of C corresponds to essentially all the reaction
proceeding via the transition state in which n is equal to
nQp. An nop value of 5.5, for example, corresponds to the
transition states for which n is 5 and 6 being about equal-
ly favorable. A very small value of C corresponds to essen-
tially identical ring-size factors for all values of n, which,
as explained earlier, corresponds to much greater relative
catalytic activity for the larger PEI's than that found ex-
perimentally.

We determined how well the observed relative reactivi-
ties of aldehyde complexed to the four polymers could be
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Figure 5. Per cent standard deviations in the fit to the observed
catalytic activities of four PEI's obtained using eq 2 and various
values of nop and C.

fit (as measured by the standard per cent deviations) by
various pairs of values of nop and C. The results are shown
in Figure 5, in which two contour lines have been drawn,
one at a standard deviation of 17% and the other at a
standard deviation of 40%. It is seen that for any value of
C from one to infinity there are values of nop that permit
our data to be fit with standard deviations of 40% or less.
For this reason, we feel that all we can say about C is that
its value is probably not much less than 1.0. The plot is
much more restrictive as to the probable value of nOp,
however. If a 40% standard deviation from the experimen-
tal values is taken as satisfactory, nop must be in the
range 3-6. If it is demanded that the standard deviation
not exceed 17%, nop is probably either 4 or 5.

The preceding conclusions are relatively insensitive to
some of the details of the treatment used. In alternative
treatments we assumed that the number of amino groups
at a given distance from the average primary amino group
agreed with the number calculated for an infinitely large
polymer out to 20 ethylenimine units (instead of 13, as in
the treatment that gives Figure 5), neglected catalysis by
amino groups more than 20 units away, replaced the
terms nop - land n —1ineq 2 by nop —2 and n —2,
and took the reactivity of tertiary amino groups as the
same in all the polymers. Although these alternative
treatments were not carried out in as much detail, in no
case was there any evidence that C is significantly smaller
than 1.0 or that nop is outside the range 3-6. The range
3-6 of nOp corresponds to a ring size of 13-22 atoms for the
optimum cyclic transition state. Models of transition
states of the type of 1 can be constructed without obvious
strain in bond lengths or bond angles (but perhaps with
unfavorable nonbonded interactions and torsional strains
around single bonds) for any value of n equal to 3 or more.
Bifunctional catalysis by I-dimethylamino-8-amino-2-oc-
tyne, which should give a transition state with a 13-mem-
bered ring, has been observed.13 The compounds
H2N(CH2)mNH2, where m was 11 and 12 (corresponding
to cyclic transition states with 16- and 17-membered
rings), did not appear to be bifunctional catalysts,13 but
this may result from the greater energy required to
achieve the necessary gauche conformations in a poly-
methylene chain. The range 13-22 atoms obtained for the
optimum cyclic transition state in the present case may
depend significantly on the polyethylenimine nature of
most of the ring. It would take more data to learn how ex-
trapolatable the present results are to compounds with
other types of relatively flexible chains between the pri-
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mary amino group and the other basic group in bifunc-
tional catalysts for deuterium exchange via the trans form
of aldiminium ions.

Experimental Section

Reagents. Polyethylenimines with average molecular weights
of 600 (Montrek-6, lot no. 534-1-47), 1200 (Montrek-12, lot no.
534-2-2), and 1800 (Montrek-18, lot no. TA09028BON) were ob-
tained from the Dow Chemical Co. as viscous, colorless liquids
containing less than 3% water. PEI-50,000 (Montrek-600, lot no.
01047BOI, said to have a number-average molecular weight of
40,000-60,000) was obtained as a “~33% solution in water.” The
elemental analysis agreed best with a 34.6% solution of PEI con-
taining 0.88%%5 hydrochloric acid.

Anal. Calcd for 34.6% (C2H5N).-0.88% HCl-64.5% H.0: C,
19.30; H, 11.29; N, 11.25; Cl, 0.86. Found: C, 19.52; H, 11.28; N,
11.11; Cl, 0.86.

Volhard analysis showed 0.19, 0.24, and 0.51 wt % chloride in
the PEI-600, -1200, and -1800, respectively. These amounts were
taken as hydrochloric acid already in the samples, and they were
therefore added to the per cents of tertiary amino group deter-
mined by acetylation and titration? to give the results shown in
Table IV.

The N,N-bis(2-dimethylaminoethyl)methylamine (Ames Labo-
ratories) used was found by glpc to be at least 99.8% pure. After
purification by recrystallization of their hydrochlorides, N, N’-bis-
(2-dimethylaminoethyl)-N, N’-dimethylethylenediamine ~ (Ames)

and tris(2-dimethylaminoethyl)amine [prepared by methylation
of tris(2-aminoethyl)amine]'® were found by glpc to be >99.8 and
96.3% pure, respectively; the 3.7% impurity in the latter tetra-
mine was the former tetramine.

Joc-23-1
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Both Eastman Technical triethylenetetramine and tetraethy-
lenepentamine showed a large number of peaks on glpc.

pK Determinations. The pK values listed in Table V were de-
termined by potentiometric titration of aqueous amine solutions
in the concentration range 0.02-0.03 M with 1.00 M hydrochloric
acid using a Radiometer Model 26 pH meter and G202B glass and
K401 reference electrodes. Values of pKj, pK2, and pKs (when
determinable) were calculated, using a computer program, so as
to minimize the sum of the squares of the deviations of the calcu-
lated from the observed pH values for at least eight experimental
points. Equation 3 was used to calculate activity coefficients.1?
The reliability of the pK values obtained probably stands in the
order pK, > pKz > pKj3 because of the uncertainties in calculat-
ing the activity coefficients of multicharged ions at the higher
ionic strengths present when the diprotonated and triprotonated
amines were the principal amine species present.

_ —os0ezVF_ _
log v = —0509Z (1 ¥ ]/ﬁ 0.2;1) 3)

Acknowledgment. We thank Drs. Frank C. Schmal-
stieg, F. E. Rogers, and R. E. Notari for preliminary stud-
ies in the area of this investigation, the Dow Chemical Co.
for gifts of the polyethylenimines used, and the Instruc-
tion and Research Computer Center of The Ohio State
University for making its facilities available.

Registry No.—Isobutyraldehyde-2-d, 4303-51-9.

Miniprint Material Available. Full-sized photocopies of the
miniprinted material from this paper only or microfiche (105 X
148 mm, 24X reduction, negatives) containing all of the mini-

J0c-33-2
hanism used would

Joc-33-3
groups was corrected by subtracting those tertiary smino

oo 10,90 tton by the
(20) cf. J. G. Schoneider, C. R. Dick, and G, E. Ham,
--For the purposs of estimating ths envircnment of British Patent 1,195,338; Chem. Abat., 13, be222§ (1970).
the average primary, secondary, and tertiary amino groups PR,
in the various PEI's, the polymerization of ethylenimine pass through the latter in either case.
was taken as involving nucleophilic attack by primary or out a comp dated poly
secandary smino groups in the growing polymer on protonated diethylenetriamine and assuming that the reactivity of any
ethylenimine (eq L), Although it appears that nucleophilic amino group in the growing polymer depends only on whether
' the amino group is primery, secondary, or tertiary. Since
. thy H(NHCEoCHg )5KHs quaternary nitrogen is known to be virtually sbsent from
G cg:g;. . ) the po]iy-r. the tertiary amino groups wers assigned a
relativs reactivity of zero. This leaves only one 5
N(CHaCHaNHa )s ky/ky, the resotivity of any primry smino group relative
8,10 to that of any secondary amino group.

e
attack by ethylenimine is even more important,

(18) ©. D. Jones, D, C. MacWilliams, and N. A. Braxtor,

Each aimulated
polymerization was carried out with a given valus of x,/x..

groups that Would not be protonatable in acetic aeid
solution (because the amino group in question would have
three protonated tertiary amino groups adjacent to it) to
N6 theNeLere GiEELEd. get the fraction of analyzable tertiary amino groups.
starting with When the value 4.0 was used for k. /k, the calculated
fractions wers all smaller than the experimental values
and when 2.5 Was used they were larger. The valus 3.0 gave
calculated fractions of analyzable tertiary amino groups

of 22.4, 24.0, and 25.0% for PEI-600, PEI-1200, and
PEI-1800, which are probably within the experimental

y of the observed valuss of 21.6, 25.2, and
26.0%, respectively. The PEI-50,000 polymer is much too
large for the computer simulated polymerization method
used to be practical. However, a total tertiary amine

lation of the

L. Org. Chem., 30, 1994 (1965).
(19) €. R. Dick and G. E. Ham, J. Macromol. Sci., Chem.,
\BL' 1301 (1970).

allowance for such a patimay would have complicated our
treatment greatly, and it is not clear that it would have
changed the results significantly. Although both ethylene-
dlemine and dlethylenotriamine are used in the polymerization
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If P and S represent primary and secondary amino groups the

following relations are evident. As the molecular weight

4l /at = k,[5] (s)
3Bl/at = 5,0 - k,[] (6
[ Ry
af TEE 7 .

of the polymer approaches infinity the ratio 4[8|/d[p]
must approach [5]/[F]. The fraction of tertiary amino

. groups may than be caloulated from eq 7 and the fact that
there would be essentially equal numbers of primary and
tertiary amino groups in an infinitely large FEI moleculs.

Ist us estimate the number of amino groups of various

kinds that are at each of the various possible diatances
from the average primary amino group in an infinitely large
PBI. If f is the fraction-of amino groups that are primary
then the fraction tertlary is also £ and the fraction
secondary is 1 - 2f.
the ethylene wnits that joins the amino groups ths fraction

It then follows that if B is one of

of N-BE bonds that are of the type P-E is £/2, the fraction
of T-E bonds 1s 3£/2, and the fraction of S-E bonds is

1 -2f. If thes bonds are arranged randomly one might at
first think that the fraction of P-E that lemds on to give

which was used with & random number gensrator to decide
which amino group in the growing polymer with g ethylonimine
units attacksd ethyleniminium ions to give the polymer with
n +1units. To simulate PEI-600, PEI-1200, and PEI-1800,
polymers With 14, 28, and 42 amino groups (molecular
welights 576, 1178, and 1780, respectively) Were generated.
After 50 polymers of a given type had been generated using
a given value of kp/k.. the fractions of the amino groups
in these polymers that were primary, secondary, and tertlary
were caloulated, and then the fraction of tertiary aamino
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However, this

the partisl struoture P-E-S would be 1 - 2f.
ignores the fact that aince We are dealing With a very

large polymer the structure P-E-P, which would simply be
, 18 . When this 18

made, the fraction of the amino groups one unit away from
the average primary that are secondary, which we shall
denote 8, 1s (2-4£)/(2-£), and &, is 3£/(2-f). In
caloulating Ds, Sa, &nd tq, the fractions of the amino
groups two units away that are primary, sscondary, and
tertiary, respeotively, we allow for the impossibility of
the and (E-P)a.

The total number
2a = 2tag(2-0)/4t")

52 = 3"+ B (1-20)/(st")

fa = st + 1200/0er")

of amino groups two units from the average primary (s.),
that is, the Sum Dy + 8a + ba, 13 just 5, + 2h. In fect,
in general 3 ,) 1s equal to s + 2t . Detailed celculations
of randem distributions of amino groups gave values of ,,
84, 85, and a,. If it wers not for the disturbance in the
caloulations arising from the nonexistence of P-B-P,
P-E-S-B-P, oto., the ratio & ,,/a Would always have the
value 1+f. Because of these disturbances, whioh decrease
with incressing p, the ratios 81/as, 8a/8s, and 8,/a, are
1.509, 1.380, and 1.33h, respectively, when £ is 0.29. We

content of 29% was by ext:
contents of snalysable tertiary amino groups for the

smaller PEI's and the estimates of 0.4, 1.0, and 1.5%
unanalyzable tertiary amino groups in PEI-600, PEI-1200,

and PBI-1800, respsctively. This valus is near the 30%

total tertiary amine content that may be oaloulated from

the K /k, valus of 3.0 and the expression 2/[3 n/W]
for the fraction of total tertiary amine in an infinitely

large FRI, which may be derived on the following basis.

J0C=33-6
extrapolated to larger values of n by assuming that a,/a,

differed from the limiting value 1.29 by half as much as
om

85/a, did, and then that a,/a, differed A1-29 by half

this amount, etc. With the added asaumption that 8./t ,

which was relatively constant over the rangs p = 1 to 3,

does not change, values of p , and & may be calculated

8
for any p (although We did not use values for any n larger
than 20).

The number of amino groups at each distence from the
average primary amino group in PEI-50,000 was assumed to
be the same as for n infinitiely large polymer for distances
up to 13 monomer units away (where less than 10% of the
amino groups in PEI-50,000 have been accounted for). A plot
of these numbers, which were caloulated as desoribed in the
preceding paragraph, and the numbers obtained by counting
anino groups in the polymera generated by computer simulation
for PEI-600, FEI-1200, and PEI-1800 is shown in Figure 2.
The agreement between the four curves, up to the points
whore thoss for the smaller polymers begin to fall off,
supports both the treatments used, which were based an
considerably different assumptiona. It was then assumed
that the reat of the curve for PEI-50,000, beyond an p
valus of 13, was fit by an equation of the type shown in
eq 8, in which p is the number of units away and the c's
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@) =@+ ) /et ) - (8)
are disposable parameters. For sach of the thras required
funotions (for values of p , 8, sad §,) valuss of the four
parameters wers obtained by imposition of four restraints.
It was reguired tnat Iip) nave the same valus for p = 1 and
1 =13 a8 obtained from the treatment of tha infinite polymer

in the It was also required

that the total area under the plot of f{m) ys. B be equal
to the mumber of amino groups of the given type in the
polyner and that the area under the plot between R = 1 and
the maximum in the plot be plausible in light of the areas
of the similar curves for the smaller polymers.
example, in the cese of tertiary amino groups, 47% of the
total are found between g = 1 and the maximum in the case of
PRI-600, 45% in the o of PBI-1200, and 4% in the case
aof PRI-1800. Por PEI-50,000 the figure was assumed to be
43%, and corresponding figures of 61% and 53% were similarly
taken for the primary and sscondary awino groups. These

Thus, for

restraints gave o,, 2a, 85, 4nd g, values of 2.56, 1.08,
110, and 0.150 for the p ourve, 6.75, 1.75, 103, and 0.193
for the 8, curve, and 4.96, 1.84, 76.9, and 0.211 for the

&, curve.

secondary, and tertiary amino groups at various distances

The resulting estimated numbem of primary,

from the average primary amino group are plotted in
Pigure 6.

: 306-33-10

in Aqusous Solution," Butterworths, Londen, 1965;

Supplement, 1972.

that replacement of a B-hydarogen by a f-anino substitusnt
decreases the pE of a substituted ammonium ion by about 1.23

and that an € -amino substituent decre

s the pf by about
0.17. Similarly, protenation of an amino substituent
decreases the pf by about 2.55 in the B position and about
0.68 in the € position. Since the nearest meighboring amino
group 1s & B-substituent and the next-nearest neighboring
amino group an € -substituent in a PET, these generalizations
were applied to the PBI's and the effect of more distant
substituents ignored, Titrations of 1 N polymers ¥With
standard acid to pE 8.5 in the presence of 0,054 M
iscbutyraldehyde showed that 34.4, 32.1, 27.9, and 22.3%

of the amino groups Were protonated under these conditions
in PRI-600; 7EI-1200, PRI-1800, snd FEI-50,000, respectively.
The presence of protonated amino groups means that our
categories of bonds wust be expanded to include P't, Ta*,
s5*p, etc., but our generalizations comoerning basiolvy snow
that there should be no significant number of protonated
tertiary amino groups nor of pairs of sdjacent protonated
amino groups. This permits the easy estimation of the

basicity of the unpi
with a pss* bond, for example. This amino group has two

amino group

nearest peighbor amino groups, of which ane is protonated,

JOC~33-13
of & base on iscbutyraldshyde-2-d and ki 1s the rate .

constant for attack of the same base on N-methyliscbutylidense-
2-4-iminium ions. Prom the observed values of ky for

e thylamine,™® dimethylemine,’ trimethylamine,’ diethylamine,

(23) The last part of the nmext to the last sentence of
s gl
ref 10 should read "valus of 1.55 or 2.52 x 10 M see”

dopending an Which s valus 15 used." We used the average
of thess two values.

and triethylamine,” valuss of k' were calculated. The valus
for trimethylamine was 13 times that for triethylamine and
the value for dimethylamine was twice that for diethylamine,
prosumably because of steric effects. We therefore assumed
that xa' for sthylamine is about 80% of that for methylamine
and obtatned a k' valuo of O.49 1 sec™ . Since Brensted

§ values arownd 0.5 (0.49 for p¥ and 0.53 for

fons) bave been cbaerved for attack of bases on 1scbutyraldehyde-
2-d,° the valus for attack on the N-methyliminium lon wes
assumed to be 0.5 (0.84). We therefore assumed that the

rate constants for all our primary amines would rall on a
Brgnsted line through the point for ethylamine, those for

secondary amines on & line through the point for dlsthylamine,
and those for tertiary smines on a line through the point

for triethylamine, all these lines having slopes of 0.42.
For each of the possible types of amino groups one of the
Brfasted 1ines and the appropriate pf value, whoss eatimation
has alresdy been descrived, maY be used to obtain & valus

of 35' . FProm these results the average rate constant for

the primary, secondary, snd tertiary groups in each polywer

JOC-33-8
tomtion of, the Sastolty aud Redotivity of the Varicw

", Anino _Groups

-In esf ! the average

of tha various types of amino groups in the PEI's, it is
useful to subdivide the various p-E, 8-E, and T-E bonds
into subcategories, depending on the nature of meighboring
amino groups. When P-E bonds lead to a

condary amino
group they will be denoted Ps and when they lead to tertiary
amino groups, Pt. There will be no Pp, which could exist
onlyin ethylenediamine, Similarly, pSt represents an S-E
bond in which the K is attached to & tertiary and the 8 to
a primary amino group (through an éthylens unit). The T-E
bonds are merely subdivided into Tp, Ts, and Tt oategorie
2 mare complets subdivision (1ike that used for S-E bonds)

would be too complicated and also less worthwhile since it
happens that tertiary amino groups are so weakly basic and
80 hindered tbat they contribute relatively little to
internal basic catalysis, From the fraction of the amino
groups in a given FEI that are primary, secondary, and
tertiary the total number of P-E, S-E, and T-E bonds may

be calculated. Ths first of these Will be egual to the sum

Ps + Pt, the second to pSa + pSt + 88p + 38s + 33t + t3p +
This gives
three equaticns for the 13 unimowps. Pour more, such ss

tSs + tSt, and the third to Tp + Ts + Tt.

Tp = Pt and sSp = p3s, come from symmetry comsideraticns.

Two more, such 83 Ps = pSa + pSt, come fram material balance

Joc-33-11
and one next-pearest neighbor amino group, which must not

be protonated (beceuse {t ls adjecent to & protonated smino
group). Correction of the pg velus for diethylammoniuw ions
(10.64)"" for the effect of two B and one € amino substitusnt
and for protonation of onw of the P Bubatituents glves 5.46
as the pK that measures the basicity of the unprotonated
secondary amino group in pSs®. In other cases, such ss
that of the secondary amino group in pSt, we know how many
next-nearest peighbor amino groups there are but not hoW
many of them sre protonated, and with the cutside amino
group in 835, for sxample, We do not oven know how many
next-nearest neighbor amino groups there are. In such cases
the number of naxt-nearest neighbors was taken to be balf-way

betwesn the extreme possibilities (1 and 3 in the case of s3s),

and unrestricted amino groups Were Assumed to be protonated
to the same fractional extent as the polymer as a whole.

Thus the

for p of the two t
nelghbor amino groups of pSt in PEI-1800 1 2(0.68)(0.279).
Gombination of this correctlon with the PK valus for diethyl-
fammontus Lens and corrections for the mearest and next mearest
neighbor amino groups glves a pf of 746 as a measure of the
basieity of the secondary amino group in pSt. The fractions
of the bends to amino groups in the PEI's at pE 8.5 that are
of the various types (pSt, Tp®, etc.) were calculated by uss
of & set of similtansous oquations. A number of these were

based on demands of symmetry and material balance as in the.

J0c-33-14
were calculated, For oxample, we had Tive categories of

unprotenated primary amine groups, those assoclsted with
Pt, pss, pSt, pSs*, and Pa* bonds. For these aminoc groups
in PRI-600, 'k'ﬂ' wvalues of 0.160, 0.296, 0.296, 0.153, and
0.0252 i “see”™", respectively, had been estimated. Since
these five casegoriss constitute 8.9, 1.3, 1.0, 0.3, end
1.3%, respectively, of the total primary amino groups in
PEI-600, the averags valus of Ba‘ for all the primary amino
groups {including the 87.2% that are protumated snd
therefore inactive) is 0,0217 ¥ sec . The estimated
averago values of ki for the three kinds of smino groups
in each of the four polymers are listed in Tavle VI. Tbe
differsnces in the estimated average reactivities
of amino groups of & given typs in the different polymers
are seen to be much smaller than the differences in moleculer
weights. The valuss in Tsble VI refer to attsck on the
N-methyliminium lon, but We assumed that the relative
valuss of kg Will be the same for sttack oo amy iminiws ion
Table VI
Estimated Average Rate Constants for the Dedeuteration
of MegCDCH=NHMe® by Amino Groups in PEI's™

10, ¥ sec
Polye thylenimine

Primary Secondary  Tertiary
mi—eoo 21.7 24.5 3.83
PEI-1200 22.1 25.9 475
PEI-1800 28.7 23.8 .46
PEI-50,000 34.0 22.9 4.23

21n vater at 35°.
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J0C=33-9

« The ome from

of random distribution. For example, the relative number
of primary amino groups that have secondsry and tertiary
amino groups as their nearest neighbors was assumed to be
proportional to the relative number of bonds from secondary
wnd tertiary smino groups that aTe availsbls to form bonda
{through ethylene groups) to primary amino groups. The
resulting relationship (eq 9) reflects thw fact that a

Ps  8x - Pa

= e )
secondary anino group that alresdy has a primary as ome
neavest neighbor 1s not fres to take another as a nearest

ghbor, since the B (Atethy )
cannot ‘be & part of the PEI's we are studying. In eq 9
Sx 13 the total of all the S-E bonds and Tx the total of the
7-E bonds.

In order to subdivids the smino groupe into additionel
useful categories on the busis of whether they or thelr
nelghbors would be protonated at pH 8.5, where the kinetle
studles belng discussed were carried out, ¥e needed estimates
of baslcities. From the pE valuss for the conjugate acids
of the and of and dtethylens-
yelamine and their H-sliylated derivatives, ~ it was noted

(21) D. D. Perrin, “"Dissccistion Constante of Organic Bases

J0C=33-12
¢ase of the equations used to solve for the similar fractions

for the wnprotonated polymer. Additional equations oame from
the definitiona of the
simply eatimated | values is equal to [R*JPt/P*t. Prom

timated PE values; ome of the most

tba Tesults 1t was posaidle to caloulate the fraction of
protonation of the PBI. The method described gave too small
& caloulated fraction of protonstion for each PEI. Therefore
the pf values were arbltrarily incressed (by 0.62, 0.61, 0.29,
and 0.01 in the cases of PEI-600, PEI-1200, FEI-1800, and
PEI-50,000, respectively) until agreement was obtained.

To estimats the relative resctivitiss of the various
types of amino groups in the internal removal of deuterons
from Mo.COCESNE- groups their relative resctivities toward
the N-methylischutylidens-2-g-iminium ion “ere first estimetad.
e linearity of a plot (slops 0.84) of log k for attack of
varfous bases on this ion ys. log k for their dedeuteration
of 1scbutyraldskyde-2-4 shows that isobutyraldshyds is a good
model for 1ts N-methyliminium fon in this resction.'’ From
the line in this plot, the valus 93.4 § for fhe equilibrius
constant for the f of ¥-1sobut; S
the value 3.57 x 10~ N for the scldity constant of
sothylammonium fons,’® and the valus 1.32 x 10 ' ) for the

»
acidity constant of N-iscbutylidenemethylamscnium ions,

(22) J. Hins, J. C. Craig, Jr., J. G. Underwood, II, and
F. A. Via, J, Amer. Chem. Soc., 92, 5194 {1970).

ve obtain eq 10, in which k is the rate comstant for attack

log ky = O.B4log ky + 2.0k t10)

40C-33-15
derived from isobutyraldehyde-2-d. We then used the data

on the effect of Dabco on rates of exchange in the presence
of PEI's to correct for differences in the snsceptibilities
of complexsd aldshyde to attack by bases as & function of

the PEI to which the aldehyde is complexed.
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The tosylates of endo-5,6-trimethylene-2-norbornen-9-ol have been prepared and solvolyses carried out in ace-
tic acid. This has led to exo-tetracyclo[5.2.1.02'6.04i8]decan-9-ol. Solvolysis of the tosylate of this compound
leads to a degenerate rearrangement with migration of the Ci-Cg bond.

Participation of it electrons in the solvolysis of norborn-
yl derivatives has led to new norbornyl-type ring systems
in many cases.3 We were interested in the solvolysis of
ena0-5,6-trimethylene-2-norbornen-9-yl tosylates (2, 4) as
a source of new ring systems.4 Compound 3 was prepared
by treatment of 4-hydroxycyclopentene with cyclopenta-
diene, oxidation of the product with chromium trioxide in
pyridine, and reduction with lithium aluminum hydride.5
Treatment of 4 with tetraethylammonium acetate and sa-
ponification of the resulting acetate yielded 1. Hydrogena-
tion of 1 and 3 led to the known saturated alcohols,6
which served to prove the configuration at Cg was well as
confirm the structure of the ring skeleton. Rate data for
the acetolysis of 2 and 4 are given in Table I.

X X
X Y X Y
1 OH H 2a OTos H
2 OTos H 4a H OTos
3 H OH
4 H OTos
8 ClI H

The exo/endo rate ratio of 27 at 25° is probably indica-
tive of a small rate enhancement of the exo isomer due to
participation of the ir electrons. An alternate explanation
of steric hindrance to ionization6 of the endo isomer 4
seems unreasonable. The analogous saturated tosylates 2a
and 4a exhibit an exo/endo acetolysis rate ratio of 0.62 at
25°.6 It does not appear likely that introduction of the
double bond would drastically change the relative rates
for steric reasons. The rate for acetolysis of the saturated

endo tosylate6 4a is 7.19 x 10“7 sec-1, while that of the
unsaturated is 2.49 x 10-7 sec-1. The decrease in rate of
the unsaturated endo tosylate 4 compared to the saturat-
ed could be largely attributed to the electron-withdrawing
character of the double bond. The exo-unsaturated tosyl-
ate 2 exhibits a rate of 66.4 x 10-7 sec-1, while the satu-
rated analog 2a has a rate of 4.48 x 10-7 sec-1. The fact
that the unsaturated tosylate solvolyzes 15 times faster
than the saturated is most reasonably explained by par-
ticipation of the double bond.

Both exo and endo isomers gave excellent straight lines
for first-order Kkinetics to over 80% of reaction. Examina-
tion of the products from acetolysis at 75° shows a 2:1
ratio of acetate to olefinic products from both 2 and 4. Di-
cyclopentadiene was the only olefinic product. The ace-
tate from 4 after saponification showed 70% of 1 and 30%
of rearranged alcohol 5. The product resulting from sapon-

o]

OH H
OTos H

H OTos
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ification of the acetate derived from 2 was greater than
95% exo'tetracyclo[5.2.1.02'6.04-8]decan-9-ol (5). We did
not find any of 6 which would have resulted from Wagner-
Meerwein rearrangement of ion 7.

Structure 5 was proven by an alternate synthesis and by
its chemical and physical properties. The alternate syn-
thesis is outlined in Chart I.

Chart 1

Treatment of 3 with thionyl chloride led to a mixture of
chlorides, which consisted of about 50% of rearrangéd
chforwfo resulting from participation, of the double bond.
Reaction with triphenylphosphine and chlorine gave a
very clean product with no signs of rearrangement. Treat-
ment of epoxide 9 with lithium dispersion succeeded in
closing the ring.7

The nmr spectrum of 5 is very suggestive of the struc-
ture. The methine proton of 5 shows a broadened singlet
with a width at half-height of 4 Hz. The approximate di-
hedral angles that the methine proton makes with adja-
cent protons on Ci and Cg are 70 and 90°, respectively,
leading to calculated8 coupling constants of less than 1 Hz
in both cases. This is very similar to the spectrum re-
ported for exo-tricyclo[3.2.1.03'6]octan-2-o0l.7a The epimer-
ic alcohol Ift was prepared by chromic acid oxidation of 5
to ketone 12 and reduction with lithium aluminum hy-
dride. The nmr spectrum of 10 and 11 showed a broad-
ened doublet (J = 6.5 Hz) for the methine proton. The
methine hydrogen makes approximate dihedral angles
with the Ci and C& protons of 60 and 27°, which would
lead to calculated couplings of less than 2 and 6.5 Hz, re-
spectively. One interesting feature of the nmr spectrum of
5 and 10 is the chemical shift for the methine protons.
The endo methine proton of 5 is at 5 4.0 while the exo
methine, proton of 10 is at 6 3.67. This is the opposite of
what is usually found in norbornyl systems; the exo proton
is in the usual case downfield from the endo proton.9 This
same reversal of the relative positions of the exo and endo
methine protons is also found in the tosylates and p-nitro-
benzoates. This resembles the type of behavior found in
the highly hindered half-cage and related compounds.9

Relative rates of chromic acid oxidation of 5 and 10
were also highly indicative of the structure. In 40% aque-
ous acetic acid at 25° (1.79 x 10-3 M in chromic acid and
2.68 x 10-3 M in alcohol) the rates of oxidation were 3.50
x 10~3 1 mol-1 sec-1 for 5 and 0.27 1 mol-1 sec-1 for 10.
The endo alcohol is being oxidized to ketone faster than
the exo by a factor of 73, a AAF* difference of 2.5 kcal/
mol. The rate ratio is reasonably similar to that found for
the endo-5,6-trimethylene-2-norbornanols.10 This is to be
expected, since models show that the steric interactions of
the endo alcohols seem to be approximately similar.

The Kinetic results of acetolysis of tosylates 9 and 11
have previouslyl been reported, exhibiting an exo/endo
rate ratio of 0.33 at 25°. The nmr spectrum of tosylate 9
shows essentially an identical pattern for the methine pro-
ton as was present for the alcohol precursor 5, a broad-
ened singlet with a width at half-height of 5 Hz. Alcohol,
which showed no signs of skeletal rearrangement,11 could
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Table |
Titrimetric Acetolysis Rates of Tosylates (Solutions
0.013 M in Tosylate and 0.015 M in Sodium Acetate)

Temp, k X 107, AH *, AS*,
Tosylate °C sec-i kcal/mol eu (25°)
2 50.0 1640 + 19 24.0 -1.8
25.0 66.4 +£1.3
4 75.0 1700 + 32 26.3 -0.80
50.0 83.8+1.2
25 2.49
(calcd)
Cyclo- 25.0 17.9 +0.34
pentyl

be regenerated from 9 in 85% yield by treatment with so-
dium and naphthalene in tetrahydrofuran.12-13

The product of acetolyses from both 9 and 11 after sa-
ponification is largely 5. The yield of 5 by vpc using dode-
cyl alcohol as an internal standard was 83% from 9 and
85% from 11 with less than 5% of 10 present in both cases.
Samples collected by preparative vpc were identical with
authentic alcohol. There were 8-10% of unidentified alco-
hols from both tosylate solvolyses.

The possibility of degenerate rearrangements exists.
These could involve C4-C8 bond migration (path A), mi-
gration of endo 3-hydride to C9 (path B), and possibly
other more complex pathways.

These were investigated as follows. Ketone 12 was re-
duced with lithium aluminum deuteride to give 13. Nmr
spectroscopy showed a complete absence of methine pro-
ton and mass spectroscopy indicated a greater than 98.4%
incorporation of deuterium at Cg. Solvolysis of the tosyl-
ate in acetic acid with sodium acetate and saponification
led to exo alcohol whose nmr spectrum showed 0.25 + 0.03
methine protons. Mass spectroscopy showed that all of the
deuterium was still in the molecule. Preparation of tosyl-
ate from this sample of exo alcohol, acetolysis, and sapon-
ification led to exo alcohol which showed essentially no
loss of deuterium by mass spectroscopy, but the methine
proton by nmr was 0.48 + 0.04. Preparation of tosylate
from this alcohol, acetolysis, and saponification gave exo
alcohol in which there was no further change. Treatment
of the tosylate of 13 with tetraethylammonium acetate
gave essentially the same result as acetolysis.

The data indicate that in the solvolysis of endo tosylate
from 13 attack of nucleophile occuts before complete
equilibration takes place. However, the exo isomer 9 sol-
volyzes with complete equilibration of 7 or formation of a
delocalized ion from 7 before attack of nucleophile can
occur. Clearly, 9 is solvolyzing with a degenerate rear-
rangement taking place by path A, path B, or some other
pathway leading to the same results.

Oxidation of exo alcohol with 0.48 methine protons led
to ketone that had lost 49.6% of its deuterium content
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(mass spectroscopy). A combination of both path A and
path B can be excluded at this point because less than
49.6% of deuterium would have been lost if both pathways
were involved. Lithium aluminum hydride reduction of
this ketone led to endo alcohol whose nmr spectrum per-
mitted determination of the rearrangement path. If path
A were the reaction process there should be approximately
50% of deuterium at Cs. The nmr spectrum should show a
doublet for the methine hydrogen with a broadened sin-
glet superimposed in the middle of the doublet. The dou-
blet and singlet should be in a 1:1 ratio.

Path B should lead to product which should show a
doublet for the methine hydrogen, since there should be
no deuterium at Cg. Experimentally the nmr spectrum of
the endo alcohol shows quite clearly a broadened singlet
superimposed in the middle of a doublet estimated to be
in a 1:1 ratio. Path A is the predominant process by which
the degenerate rearrangement takes place.

Experimental Section

Melting points were determined in capillary tubes with a
Thomas-Hoover apparatus and are uncorrected. Glpc was carried
out on a Hewlett-Packard 5750 gas chromatograph with flame
ionization detectors. Analytical measurements were on 10 ft x
0. 125 in. columns and preparative work was on 10 ft X 0.25 in col-
umns. The columns used were 10% of stationary phase on 60-80
mesh Chromosorb W. The stationary phases were UCW-98, Car-
bowax 20M, FFAP, and UCON LB-550X. Nmr spectra were record-
ed on a Varian A-60 instrument using deuteriochloroform as sol-
vent and tetramethylsilane as internal standard. The spectra are
reported in b units as parts per million downfield from TMS. Ir
spectra were measured with a Beckman IR-10 instrument.

All tosylates were prepared by treatment of alcohol with a
100% excess of p-toluenesulfonyl chloride in pyridine at 0° for 2
days and worked up in the usual way. Recrystallization was from
ether-pentane.

Impure endo-5,6-Trimethylene-2-norbornen-exo-9-ol (1). The
procedure of Webb5 was followed. This involved heating of equi-
molar quantities of 4-hydroxycyclopentenel4 and freshly cracked
cyclopentadiene at 180° for 18 hr. This procedure in our hands
gave after distillation [82-94° (2 mm)] material with about 50% of
impurities resulting from higher molecular weight Diels-Alder
reaction products of cyclopentadiene, as well as exo-5,6-trimethy-
lene-2-norbornen-9-ol as an impurity. Glpc (FFAP) showed 45% of
1, 8% of exo-5,6-trimethylene-2-norbornen-9-ol, and 47% of cyclo-
pentadiene adducts. This material proved to be intractable in fur-
ther synthetic work and required purification. A crude distilled
mixture (15.0 g) was dissolved in 200 ml of ether and extracted with
50-ml portions of 10% silver nitrate solution until glpc showed es-
sentially no alcohol in the ether (eight extractions). To the aque-
ous silver nitrate at 0° was added 100 ml of ammonium hydrox-
ide. The ammonia solution was extracted with ether, and the
ether was dried (magnesium sulfate) and evaporated to give 7.0 g
of product, which by glpc consisted of 81% of 1, 17% of its isomer,
and 2% of cyclopentadiene adducts.

endo-5,6-Trimethylene-2-norbornen-endo-9-ol (3). Impure 1
(containing only 1 and its isomer) was oxidized to ketone with
chromium trioxide in pyridine and reduced with lithium alumi-
num hydride, according to the procedure of Webb,5 to give 3: mp
64-65° (lit.5 mp 65.5-66.5°); ir 3650, 3350 (broad), 3060 cm-1; nmr
b6.18 (2, t, J = 2 Hz), 402 (1, m), 2.7 (2, m), 2.3 (2, broad m),
2.0-0.97 (6, complex m).

Anal. Calcd for CiOH140: C, 79.96; H, 9.39. Found; C, 79.72; H,
9.30.

Hydrogenation
ethanol using 5% j.
mg (79%) of endo-

*").-Cy opound 3 (50 mg) was hydrogenated in
a on charcoal to give after work-up 40
aethylene-endo-9-norbornanol identical

after recrystallizati i.her-pentane) with authentic material

(ir, glpc, melting poi . , mixture melting point).

Tosylate 4 had mp 83-85°.
Anal. Calcd for C17H20SO3: C, 67.08; H, 6.62; S, 10.53. Found:

C, 67.38; H, 6.42; S, 10.33.

endo-5,6-Trimethylene-2-norbornen-exo-9-ol (1). Tosylate 4

(1.6 g, 5.3 mmol) and 3.0 g of tetraethylammonium acetatel5 were

dissolved in 30 ml of acetone and refluxed for 24 hr. The acetone

distilled off and the residue was added to 100 ml of water and ex-
tracted with ether. The ether was dried (magnesium sulfate) and
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evaporated, and the residue was refluxed for 1 hr with 1 g of po-
tassium hydroxide in methanol. The reaction mixture was worked
up in the usual way to give 450 mg (57%) of alcohol 1. Glpc
(FFAP) showed a purity of 98%. An analytical sample was ob-
tained by recrystallization from ether-pentane: mp 69.5-70.0°; ir
3650, 3350 (broad), 3075, 1660 cm "1, nmr b 6.10 (2, t, J = 2 Hz),
4.25 (1, broad m), 2.7 (4, broad m), 1.8-0.8 (6, complex m).

Anal. Calcd for CioRuO: C, 79.96; H, 9.39. Found: C, 79.80; H,
9.28.

Tosylate 2 had mp 59-61°.

Anal. Calcd for C17H20SO3: C, 67.08; H, 6.62; S, 10.53. Found:
C, 67.25; H, 6.61; S, 10.38.

Hydrogenation of 1. Compound 1 (40 mg) was hydrogenated in
81% yield in the same way as described for 3 to give endo-5,6-tri-
methylene-exo-9-norbornanol identical with authentic material.

exo-Tetracyclo[5.2.1.02-6.04'8]decan-9-0l (5) (Preparative
Scale). Tosylate (21.1 g) from impure 1 (containing 80% 1 and
20% of exo-5,6-trimethylene-2-norbornen-9-ol) was made 0.5 M in
acetic acid which was 1.0 M in sodium acetate. The reaction mix-
ture was heated at 50° for 24 hr, then poured into water and ex-
tracted with pentane. The pentane was washed with sodium car-
bonate solution, dried, and evaporated. The residue was dissolved
in 100 ml of methanol (3 g of potassium hydroxide added), re-
fluxed for 1 hour, and worked up in the usual way. An ether solu-
tion showed 80% of 5 and 20% of exo-5,6-trimethylene-2-norbor-
nen-9-ol. The ether solution was extracted with 10% aqueous sil-
ver nitrate until glpc showed greater than 95% of 5. The ether so-
lution was then dried and evaporated, and the residue was chro-
matographed on alumina using gradient elution (pentane-ether)
to give 4.0 g of product. An analytical sample was prepared by re-
ciystallization from ether-pentane: mp 179-180°; ir (CCU) 3650,
3400 (broad), 1080 cm-1; nmr b 4.00 (1, s, CH methine), 2.2 (6,
m, CH tertiary), 1.9-0.8 (6, m, CH2); mass spectrum mol wt
calcd 150, found 150.

Anal. Calcd for C10H140: C, 79.96; H, 9.39. Found: C, 79.90; H,
9.25.

p-Nitrobenzoate Derivative of 5had mp 102-103°.

Anal. Calcd for CI7HI7NO4: C, 68.20; H, 5.72; N, 4.68. Found:
C, 68.07; H, 5.80; N, 4.86.

exo-Tetracyclo[5.2.1.02'6.04-8]dec-9-yl Tosylate (9) had mp
80-81°; ir 1170, 1360 cm-1; nmr 6 7.6 (4, g, center of an AB pat-
tern, CH aromatic), 4.80 (1, s, CH methine), 2.46 (3, s, CH3), 2.3
(6, m, CH tertiary), 2.0-0.8 (6, m, CH2).

Anal. Calcd for C17H2003S: C, 67.08; H, 6.62; S, 10.53. Found:
C, 67.38; H, 6.88; S, 10.53.

Reaction of Tosylate 9 with Sodium. Sodium (46 mg, 2.0
mmol) was added, with stirring, to 270 mg (21 mmol) of naphtha-
lene in 7 ml of tetrahydrofuran which had been flushed with ni-
trogen and then kept under a static pressure of nitrogen. After
the solution had become dark green and all traces of sodium had
disappeared (1 hr), it was cooled to -78° and 100 mg of tosylate 9
in 5 ml of tetrahydrofuran was added. The solution immediately
became colorless and was stirred for an additional 10 min. Water
was added and the solution was poured into saturated sodium
chloride. The layers were separated and the aqueous portion was
extracted with ether. Examination by glpc (UCW-98) with an
external standard showed an 85% yield of tetracyclo-
[5.2.1.02'6.04'8]decan-9-ols. A sample collected by preparative glpc
showed by ir spectroscopy 85% of 5 and 15% of 10. Compound 10
had an absorption at 1110 cm-1 that was completely absent in 5.
With the use of standards, a quantitative evaluation of the rela-
tive amounts of 5 and 10 could be made. Glpc on five columns
would not separate the isomers.

Tetracyclo[5.2.1.02'6.04 §decan-9-one (12). Alcohol 5 was oxi-
dized essentially according to the procedure of Brown, Garg, and
Liul6 to give a 96% yield of ketone, 94% pure by glpc. Chromatog-
raphy on alumina, using gradient elution (pentane-ether), and
recrystallization (pentane) gave an analytical sample >99% pure,
mp 184-185°, ir 1753 cm-1.

Anal. Calcd for C10H120: C, 81.04; H, 8.16. Found: C, 80.82; H,
7.95.

endo-Tetracyclo[5.2.1.02'6.04-8]decan-9-0l (10). Ketone 12 was
reduced with lithium aluminum hydride in the usual way to give
a 98% vyield of alcohol, 97% pure. Recrystallization (ether-pen-
tane) gave an analytical sample: mp 209-210° ir (CC14) 3650,
3500 (broad), 1110, 1080 cm-1; nmr b 3.67 (1, d, J = 6.5 Hz, CH
methine), 2.55 (1, d, J = 11 Hz, CH endo C3), 2.17 (6, m, CH ter-
tiary), 1.6-0.85 (5, complex m, CH2).

Anal. Calcd for C10H140: C, 79.96; H, 9.39. Found: C, 80.19; H,
9.22.



Tetracyclo[5.2.1.02-6.04'8]decane Ring System

p-Nitrobenzoate Derivative of 10had mp 125-126°.

Anal. Calcd for C17TH17NO4: C, 68.20; H, 5.72; N, 4.68. Found:
C, 68.02; H, 5.87; N, 4.95.

Tosylate 11 had mp 59-61°; nmr 67.69 (4, center AB quartet, J
=8 Hz), 430 (1,d,J = 6 Hz, CH methine), 2.50 (3, s, CH3), 2.22
(7, complex m, CH tertiary and endo C3 H), 1.8-0.9 (5, complex
m,CH?2).

Anal. calcd for C17H2003S: C, 67.08; H, 6.62; S, 10.53. Found:
C,67.48;, H, 6.88;S, 10.33.

endo-5,6-Trimethylene-exo-9-chloro-2-norbornene (8). Tri-
phenylphosphine (3.74 g, 14.3 mmol) was dissolved in 10 ml of
carbon tetrachloride and chlorine was bubbled in with stirring. A
solid immediately precipitated. This became an oil as addition of
chlorine continued. The solvent was removed by rotary evapora-
tion and the residue was dissolved in 10 ml of acetonitrile (dis-
tilled from phosphorus pentoxide). The solvent was again evapo-
rated off to remove chlorine. The residue was triturated with an-
hydrous ether, the ether was poured off, and the residue was
dried at 2 mm for 30 min. The residue was dissolved in 10 ml of
acetonitrile and a solution of 1.0 g (6.65 mmol) of 3 and 0.55 ml
(6.65 mmol) of pyridine in 5 ml of acetonitrile was added at 0°.
After addition the reaction was stirred for 10 min, allowed to
warm to room temperature, and stirred for 1 hr. The solvent was
removed at reduced pressure and the residue was triturated well
with pentane. The pentane was washed with water, dried, and
evaporated, and the residue was distilled to give 0.45 g (2.7 mmol,
40%) of oily product: bp 50-53° (0.3 mm); N2/ 1.5174; ir 3060,
1650, 730 cm -1; nmr 56.18 (2, t,J = 1.5 Hz, CH vinyl), 4.47 (1, m,
CH methine), 3.0-2.82 (4, m, CH tertiary), 2.6-1.3 (6, m, CH2).

Anal. calcd for C10H13C1: C, 71.20; H, 7.77; Cl, 21.02. Found:
C, 71.04; H, 7.95; Cl, 21.30.

exo-4-Chloro-9-oxatetracyclo[5.3.1.02-6.08 10jundecane  (9).
Chloride 8 (0.330 g, 1.97 mmol) was dissolved in 7 ml of chloro-
form and cooled to -5°, and 1.60 ml of 40% peracetic acid buff-
ered with 0.30 g of sodium acetate was added over 2 min. The so-
lution was kept at 0°, stirred for 3 hr, and then worked up in the
usual way to give 0.30 g of white solid. Recrystallization (pen-
tanel gave 170 mg of analytical material: mp 76-77°; ir 3040,
1270. 910, 840 cm -1; nmr 6 4.56 (1, m, CH methine), 3.20 (2, s,
CH epoxide), 2.87-2.51 (4, m, CH tertiary), 2.05-0.85 (6, m,
CH2l

Anal. calcd for C10H130CI: C, 65.03; H, 7.09; Cl, 19.20. Found:
C, 65.35; H, 7.35; Cl, 19.34.

Reaction of Epoxide 9 with Lithium.7 A three-neck flask was
fitted with a gas inlet tube, a condenser, and an injection port
covered with a serum stopple and connected to a mercury bub-
bler. The apparatus was flame dried with a helium stream and to
the flask was added 0.40 g (0.036 mol) of lithium dispersion (50%
dispersion in hexane) and 5 ml of tetrahydrofuran. A solution of
80 mg (0.43 mmol) of chloro epoxide 9 in 5 ml of tetrahydrofuran
was added and the mixture was stirred and refluxed for 45 hr
under a static pressure of helium. The work-up was carried out,
essentially as described by Sauers,7 to give a 64% yield of product
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(glpc with an external standard). Preparative glpc (UCW-98)
yielded a sample that was identical with authentic material (ir,
melting point, mixture melting point, nmr, glpc).
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The reactions of I-(p-methoxyphenyl)-2,2-dimethyl-7-oxabicyclo[4.1.0]heptane (5) under acidic conditions
have been studied and compared with the analogous ones of the corresponding nonmethylated epoxide 12 and of
the parent epoxide without substituent on the aryl group 13. Relevant differences appear both in regio- and
stereoselectivity and in the amount of rearranged products. The results can be explained on the basis of the pri-
mary steric effect of the two methyl groups and of the balance between the electronic effect of the strongly elec-
tron-donating aryl group and the secondary steric effect of the methyl groups which prevents coplanarity of the
aryl group and the intermediate benzylic carbenium ion. The reactions of epoxide 5 with trichloroacetic acid in
low polarity aprotic solvents showed a marked dependence on solvent which can be ascribed to a nucleophilic
assistance in the development of the positive charge on the benzylic carbon.

The ring opening of aryl-substituted oxiranes under aci-
dic conditions proceeds through an intermediate or a tran-
sition state with a high degree of development of positive
charge on carbon. The regio- and stereoselectivity of these
ring openings and the amount of rearranged products are
strictly related not only to the reaction conditions, but
also to the capability of the ir system to stabilize the elec-
tron-deficient center.1 It has, in fact, been shownla'd'2
that the syn stereoselectivity in the acid-catalyzed hydrol-
ysis of l-aryl-1,2-epoxycyclohexanes almost parallels the
rate of solvolysis of the corresponding l-aryldimethylcar-
binyl chlorides3 (Snl reaction type), that is the stabilities
of the related carbocations. Furthermore, in the reactions
with acids an electron-donating substituent on the aryl
moiety of aryloxiranes increases the percentage of rear-
ranged products.ld The steric effects of the two methyl
groups in 6,6-dimethyl-lI-phenylcyclohexene oxide (13)
prevents coplanarity of the phenyl group with the carben-
ium ion arising from the protonated epoxide, thus reduc-
ing in a striking way the tendency of this epoxide towards
syn opening and causing a lower regioselectivity in the
ring opening with respect to the nonmethylated epoxide ,Ic

All these results imply that the syn addition products
involve a benzylic carbocation in a tight ion pair which
collapses to give the adduct.1'2 Therefore aryl-substituted
epoxides offer a useful tool for a study of the reactivities
of carbocations by examining the stereo- and regiochemis-
try of their reactions with different acids under different
conditions.

We have now extended our work on oxiranes to I-(p-
methoxyphenyl)-2,2-dimethyl-7-oxabicyclo[4.1.0]heptane
(5) in order to get more information on the transmission of
electronic effects of a strongly donating aryl group to a
carbocation through a single bond in a case where the ge-
ometry is such as to severely hinder coplanarity.

Results

Reaction of 2,2-dimethylcyclohexanone (1) with p-
methoxyphenyllithium gave good yield of alcohol 2, which
was dehydrated to olefin 4 (Scheme 1). Epoxidation of 4
yielded 5. The reaction of 5 with anhydrous HC1 in ben-
zene gave a mixture of the ketone 3 and of the cis chlor-
ohydrin 6. No evidence for the formation of trans halohy-
drins was found. Treatment with alkali transformed 6 into
the ketone 3. Chlorohydrin 6 on chromic oxidation in the
two-phase benzene-water system gave the chloro ketone 8.

However oxidation of 6, under the usual homogeneous
Jones conditions,4 gave, after short reaction times, a mix-
ture of 6 and of the ketol 7; longer reaction times pro-
duced practically pure 7. The ketol 7 was also formed by
oxidation of the diols 10 and 11 with Jones reagent in ace-
tone. Separate experiments indicated that the replace-
ment of chlorine by hydroxyl takes place at the chloro ke-
tone 8 rather than at the chlorohydrin 6 stage.

Scheme |

The reaction of 5 with trichloroacetic acid in benzene
afforded a mixture of 3 and of the cis trichloroacetate 9
which was hydrolyzed to the cis diol 11 (Scheme I1). The
secondary ester 9 is very probably not the primary prod-
uct of the reaction, the tertiary ester being initially
formed and rapidly transformed into the more stable sec-
ondary one 9 through an acyl shift.135 The reaction of 5
with aqueous sulfuric acid gave a mixture of the ketone 3
and of the diols 10 and 11. Table | reports the percent-
ages of products resulting from the acid hydrolysis of 5
and of the diols 10 and 11. Table | reports the percent-
tained from the reaction of 5 with trichloroacetic acid in
different solvents.



Ring Opening of 1-Aryl-Substituted Epoxides

Table 1
Products of Trichloroacetolysis and Hydrolysis of 5
Solvent Acid % 3 % U % 10
Cyclohexane CChCOOH 54.5 44 1.5
CCh CChCOOH 55 44 1
Benzene CChCOOH 63.5 35.5 <1
CHCh CChCOOH 76.5 23 <0.5
CH212 CChCOOH 93.9 6 <0.1
H2D hZo04 17.5 35 47.5
Table 11
Nmr Data and Wavenumber of OH Protons
--------------- Nmr 8 ppm -> Ir, cm-1:
Compd CHX (Win, Hz) CH3 OH free  OH- =-X
6 4.53 (16.5) 1.01 0.82 3581e
9 5.77 (17.0)6 0.88 0.85 35966
10 3.95 (17)ad 1.12 0.66 3625“ 35764
11 4.38 (16.0)" 0.80 3620e 3583/ 3558*
“X = OH. b X = OCOCCI3 cX = CI dApproximate

values due to the partial overlapping of the signal with that
one of the methoxy group. *Weak band. f X = aryl.

Scheme 11

While the structure and configuration of the chlorohy-
drin 6 can be defined by its reactions (conversion into 3
by treatment with alkali and oxidation to the chloro ke-
tone 8), those of compounds 9, 10, and 11 have been
demonstrated, and that of 6 confirmed by nmr spectrosco-
py and by ir studies in 3-p range (Table Il). The chemical
shifts and the half-bandwidths of the methinyl protons ;3
to the p-methoxyphenyl groupla-0-d5 7 of the cis com-
pounds 6, 9, and 11 are consistent, respectively, with their
natures and with their axial positions. Furthermore the ir
spectra of these compounds show the presence of strong
OH---X hydrogen bonds,lcd-8 in accordance with their
structures and configurations. These data indicate for the
cis compounds a configuration with the aryl group in
equatorial position. The presence in the ir spectrum of the
trans diol 10 of OH---0 interactionsl08 and the half-
bandwidth of the proton a to the hydroxyl groupl®05-7
suggests for this compound a twist conformation or one in
-which the aryl group occupies an axial position.10 More-
over, the ir and nmr spectra of these compounds are fully
consistent with the corresponding spectra of the analogous
derivatives without substituent on the phenyl group.10

Discussion

The results obtained in the ring opening of the epoxide
5 with acid appear quite interesting when compared with
the ones relative to the analogous reactions of the non-6-
methylated epoxide 12u and of the parent epoxide 13
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Table 111
Product Compositions for the Trichloroacetolysis
and Hydrolysis of Epoxides 5,12, and 13

Anti Rearrt
Epoxide Acid Solvent adduct  adduct  products
5 H2S04 h o 35 47.5 17.5
12« h2o4 h 20 93 3.8 3.2
13* hXo4 h 2 0.7 99 0.3
5 CChCOOH Benzene 35.5 <1 63.5
12« CChCOOH Benzene 68 0 32
13b CChCOOH Benzene 6 78 16

“ Reference Id. 6Reference Ic.

without substituent on the aryl groupl (Table Ill). Previ-
ous resultsl0 clearly indicated that in 13 the secondary
steric effect of the methyl groups, preventing overlap be-
tween the aryl n system with the developing p orbital on
the benzylic carbon atom, strongly reduced the carboca-
tionic character of the intermediate .stage, as shown by
the high percentages of anti adducts, and particularly by
the fact that the reaction of 13 with HC1 gave 50% of the
anti-Markovnikov anti adduct, which can arise only from
a reaction with a high degree of A-2 character. On the
other hand, in the case of epoxide 12ld the unhindered
nature of the aryl group and its strongly electron-donating
properties favor the development of the benzylic carboca-
tion and cause practically exclusive formation of the syn
adducts through an ion-pair intermediate.

The epoxide 5 presents an intermediate situation since
it possesses both features, having a hindered, but strongly
activating aryl group. These features are clearly evident in
the results of its ring-opening reactions. The addition of
HC1 (and presumably also of CCI3COOH and of H20) is
entirely regioselective in the Markovnikov sense. A high
syn stereoselectivity is observed in the reactions of 5 with
HCland CCI3COOH, but not in the hydrolytic opening.

These results can be explained by assuming that the
electronic effect of the p-methoxy substituent in 5 coun-
terbalances the reduced stabilization of the intermediate
benzylic carbocation and the primary steric effects of the
two methyl groupsIl0 making the attack of the nucleophile
on the benzylic carbon of 5 exclusive. Furthermore the
high syn stereoselectivity in the ring opening of 5 with
CCI3COOH shows that a discrete cationic charge has de-
veloped on the benzylic carbon atom in such a way as to
permit the ion-pair mechanism (15a,b) to operate in an
efficient manner.12-5-6 Evidently the mesomeric electron-
releasing effects of the methoxy substituent prevail, over
the opposite inductive effect and can be transmitted to
the benzylic carbon atom notwithstanding the undoubted-
ly serious inhibition of coplanarity of the benzylic carbo-
cation with the aryl group. The stabilization of the cation-
ic intermediate could result from a residual overlapping of
the orbitals, or from an inductomeric electron release,10 as
shown in 14.

14

The lack of stereoselectivity in the reaction of 5 with
water is probably due to the fact that the collapse of the
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intimate ion pair 15a is hindered by the primary steric ef-
fect of the axial OH and methyl, and in the presence of
large excess of water molecules attack by H20 rather than
by X- takes place; this attack occurs preferentially on the
trans side because the mentioned steric effect (Scheme
HI).

'I)'he fact that 5 gives higher amounts of rearranged
products than 12 and 13 can also be taken as a proof of
this mechanistic proposal. It is known that the conversion
of epoxides into carbonylic compounds involves transition
states with a high carbocation character.?*9-10 As a mat-
ter of fact 5 affords more rearranged products than epox-
ide 13 which gives the least stable benzylic carbocation,
but also more than 12 which should give the most stable cat-
ion, in apparent contrast with the premise. However, the
primary steric effect of the two methyl groups in 5 retards
the attack by an external nucleophile rendering the nu-
cleophilic rearrangement more competitive. It can also be
assumed that the syn interaction between OH and methyl
in the ion 15a facilitates conversion into the conformer
15b, which is ideally disposed for the 1,2-hydride shift giv-
ing the ketone 3 (see Scheme IllI). The much lower
amount of ketone 3 obtained in the hydrolytic reaction
can again be explained on the basis of the large availabili-
ty of nucleophilic molecules that can attack the ion 15a
before it passes to 15b or, in any case, before the rear-
rangement stage.

A further point of interest is given by the reactions of 5
with trichloroacetic acid in several aprotic solvents (Table
1). While the syn stereoselectivity of the ring opening of 5
is practically complete in all solvents, the amount of ke-
tone 3 varies considerably. This solvent effect can be ex-
plained by assumingl80 that the intermediate positive
charge can be stabilized through a nucleophilic assistance
by the nonprotic solvent. In fact the amount of ketone 3 is
low in a solvent like cyclohexane which has very little sol-
vating power. In chlorinated solvents the center of charge
can be solvated by the external electrons of the chlorine
atoms;180 the solvation effect will depend in a stringent
way on the electron density on the chlorine and therefore
on the order of polarization of the C-Cl bond in the sol-
vent which is CH2CI2 > CHCI3 > CCU, and this is in ac-
cordance with the results. Also benzene can provide such
an assistance by its 7r-electron system180-11-12 thus facili-
tating the formation of ketone 3.

Experimental Section
Melting points were determined on a Kofler apparatus and are
uncorrected. Ir spectra for comparison between compounds were
taken on paraffin oil mulls on a Perkin-Elmer Infracord Model
137 and those for the determination of OH stretching bands with
a Perkin-Elmer Model 257 double beam grating spectrophotome-
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ter in dried (P20 5) CCl4, using the indene band at 3110 cm- las a
calibration standard; a quartz cell of 2-cm optical length was em-
ployed, and the concentration of the solutions was 5 X 10“ 3 M or
lower to prevent intramolecular association. Nmr spectra were
determined in an ~10% CDCI3 solution with a JEOL C 60 HL
spectrometer using TMS as an internal standard. Glpc were run
on a Carlo Erba Fractovap GV apparatus with a flame ionization
detector, using a dual column system with glass columns (3 mm
x 2 m) packed with 1% neopentyl glycol succinate on 80-100
mesh silanized Chromosorb W; column temperature 165°, evapo-
rator temperature 200°, detector temperature 200° nitrogen flow
40 ml/min; retention time for 3, 5 min, 11, 10 min, 10, 17 min.
The ratio of chlorohydrin 6 and ketone 3 was roughly estimated
through the nmr signals of the two methyl groups adjacent the
phenyl group. Analytical (0.25-mm layer) and preparative (2-mm
layer) tic were performed on silica gel F 254 plates containing a
fluorescent indicator; spots were detected under uv light (245
nm). A 6:4 mixture of petroleum ether and ether was always used
as the eluent. All comparison between compounds were made on
the basis of ir and nmr spectra, tic, and glpc. Magnesium sulfate
was always used as drying agent. Evaporations were made in
vacuo (rotating evaporator). Petroleum ether refers to the fraction
boiling at 30-50°; cyclohexane, CCl4, CHCI3, and CH2CI2 were
refluxed over P205 and rectified; benzene was washed with con-
centrated sulfuric acid, refluxed over sodium, and rectified.

2.2- Dimethylcyclohexanone (1) was prepared as described be-

fore:13 bp 170-172° (760 mm), n20D 1.4485.

2.2- Dimethyl-I-(p-methoxyphenyl)cyclohexanol (2). A solu-

tion of p-methoxybromobenzene (16.5 g, 88 mmol) in anhydrous
n-pentane (100 ml) was treated under N2 with 2.3 M solution of
n-butyllithium in n-heptane (38 ml, 88 mmol) and stirred 6 hr at
room temperature. The reaction mixture was added to a solution
of 1(10.0 g, 79 mmol) in anhydrous n-pentane (40 ml) and anhy-
drous ether (20 ml), stirred at room temperature 14 hr, and re-
fluxed for 3 hr and then treated with saturated aqueous NHACI
and ice. The organic layer was washed with 10% aqueous Na2C03
and water, dried, and evaporated to yield a residue which on
crystallization from petroleum ether gave pure 2 (11.5 g): mp 72-
73.5°% ir XOh 2.82 m; nmr 8 7.35 and 6.77 ppm (2 H each, d,J =9
Hz, ; 6H4). Anal. Calcd for C15H2202: C, 76.88; H, 9.46. Found:
C, 76.70; H, 9.37.

6.6- Dimethyl-1-(p-methoxyphenyl)cyclohexene (4). 2 (3.0 g)

was added to 15 ml of a freshly prepared solution of sulfuric acid
and acetic acid (2:8 v/v). The mixture was shaken 10 min at
room temperature and then poured into a separatory funnel con-
taining ether (100 ml) and water (100 ml). The ether layer was
washed with water, 10% aqueous Na2C03, and water, dried, and
evaporated to yield crude 4 (2.7 g) which was chromatographed
through a 1.5 x 27 cm column of neutral Al1203 (activity I1). Elu-
tion with petroleum ether (250 ml) gave pure 4 (2.6 g): nmr 5 5.32
1 H m, HO=), 103 ppm (6 H, s, CH3. Anal. Calcd for
C15H200: C, 83.28; H, 9.32. Found: C, 83.45; H, 9.17.

2.2- Dimethyl- I-(p-methoxyphenyl)-7-oxabicyclo[4.1.0]hep-
tane (5). A solution of 4 (2.05 g, 9.50 mmol) in CHCI3 (20 ml) was
treated dropwise under stirring with a 0.245 M solution of peroxy-
benzoic acid14 in CHCI3 (43 ml, 10.5 mmol), while keeping the
temperature below - 6°, stirred 45 min at - 6°, and then left 3
days at 5°. The reaction mixture was washed with 10% aqueous
Na2C03 and water, dried, and evaporated to yield a crude resi-
due (2.1 g) which on crystallization from ethanol-water (8:2, v/v)
containing a trace of KOH gave pure 5 (1.92 g). An analytical
sample was obtained from petroleum ether:- mp 47-49°; nmr 8
3.12 ppm (1 H, m, CHO). Anal. Calcd for C15H2002: C, 77.55; H,
8.68. Found: C, 77.81; H, 8.70.

6.6- Dimethyl-lI-phenyl-c-2-triehloroacetoxy-r-1-cyclohexa-
nol (9). A solution of 5 (0.250 g, 1.08 mmol) in anhydrous benzene
was treated with a 1.0 Ai solution of trichloroacetic acid in anhy-
drous benzene (1.19 ml, 1.19 mmol), left 4 days at room tempera-
ture, washed with saturated aqueous NaHCO03 and water, and
evaporated to give a solid mixture (0.27 g) of 3 and 9 (ir). Extrac-
tion of the mixture_with petroleum ether at room temperature
yielded a residue (0.050 g) consisting of 3. Crystallization of the
extracts at —7° from petroleum ether afforded pure 9: mp 104-
105.5°%; ir \ 5.74 n- Anal. Calcd for C17H21CI304: C, 51.60; H,
5.35. Found: C, 51.90; H, 5.31.

Compound 9 was recovered unchanged after treatment of its
acetone solution with Jones reagent4for 15 min.

6.6- Dimethyl-I-(p-methoxyphenyl)-r-l,c-2-cyclohexanediol
(11). A solution of 9 (0.030 g) in THF (3 ml) was treated with a 1
M solution of KOH in ethanol (1 ml). After 5 hr at room temper-
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ature the solution was diluted with water and extracted with
ether. Evaporation of the washed and dried ether extracts yielded
9 (0.017 g), which after crystallization from petroleum ether (bp
40-70°) had mp 114-116°. Anoi. Calcd for Ci5H220 3: C, 71.97; H,
8.86. Found: C, 72.13; H, 8.72.

Reaction of 5 with Sulfuric Acid in Water. A suspension of 5
(0.590 g) in water (45 ml) and 2 N aqueous sulfuric acid (5 ml)
was stirred 2 days at room temperature and then extracted with
ether. Evaporation of the washed (water) and dried extracts
yielded a solid (0.490 g) consisting of ketone 3, diols 10 and 11
(Table 1), and starting epoxide 5. The crude reaction mixture was
subjected to preparative tic. Elution was repeated four times. Ex-
traction of the four bands (the relative Rr were 5> 3 > 11 > 10)
yielded 5 (0.050 g), 3,3-dimethyl-2-(p-methoxyphenyl)cyclohex-
anone (3) (0.060 g), 11 (0.100 g), and 6,6-dimethyl-I-(p-methox-
yphenyl)-r-1,t-2-cyclohexanediol (10) (0.180g).

3: mp 97-98° [from petroleum ether (bp 40-70°)]; ir XCo 5.88 p;
nmr 53.43 (1 H, s, CHAr), 0.83 and 0.87 ppm (3 H each, s, CH3).
Anai. Calcd for Ci5H2002: C, 77.55; H, 8.68. Found: C, 77.60; H,
8.46.

10 mp 90-92° [from petroleum ether (bp 60-80°)]. Anal.
Calcd for ChH220 3: C, 71.97; H, 8.86. Found: C, 72.18; H, 8.67.

Reaction of 5 with Trichloroacetic Acid in Several Solvents.
The reactions were carried out in anhydrous benzene, cyclohex-
ane, CO 4, CHC\3, and CH2C\2 in the following way. To a solu-
tion of 5 (0.100 g, 0.430 mmol) in the solvent was added trichloro-
acetic acid (0.480 mmol) using a ca. 1 M solution of the acid in
the same solvent. The reaction mixture was allowed to stand 4
days at room temperature, then washed with saturated aqueous
NaHCO03 and water, dried, and evaporated to dryness. The crude
residue was dissolved in THF (10 ml), treated with 1 M KOH in
ethanol (4 ml), and left 4 hr at room temperature. Dilution with
water, extraction with ether, and evaporation of the washed
(water) and dried ether extracts gave a residue consisting of a
mixture of 3, 10, and 11 which was analyzed by glpc (Table I).

Reaction of 5 with HC1 in Benzene. Dry gaseous HC1 was
bubbled through a solution of 5 (0.300 g) in anhydrous benzene
(30 ml) to saturation. After 1 hr at room temperature the solution
was washed with water, saturated aqueous NaHCO03, and water,
dried, and evaporated to give a residue (0.315 g) consisting of ke-
tone 3 and chlorohydrin 6 in a ratio of 36:64 (nmr). The crude
reaction mixture was subjected to preparative tic. Extraction of
the two bands (the faster moving band contains the ketone 3)
yielded 3 (0.040 g) and 3,3-dimethyl-c-2-chloro-2-(p-methoxy-
phenyl)-r-cyclohexanol (6) (0.180 g) which on crystallization
from petroleum ether gave pure 6 (0.140 g), mp 78-80°. Anal.
Calcd for C15H21C102: C, 67.03; H, 7.88. Found: C, 67.02; H, 7.81.

Treatment of Chlorohydrin 6 with Aqueous Potassium Hy-
droxvde. A solution of 6 (0.020 g) in 2-propanol (6 ml) was treat-
ed with KOH (0.120 g), then refluxed for 25 min, diluted with
water, and extracted with ether. Evaporation of the washed
(water) and dried extracts yielded a solid residue (0.015 g) which
on crystallization from petroleum ether gave pure 3 (0.010 g).

3.3- Dimethyl-2-chloro-2-(p-methoxyphenyl)cyclohexanone

(8). A solution of 6 (0.120 g, 0.45 mmol) in anhydrous benzene (10
ml) was treated with 8 N chromic acid in aqueous sulfuric acid4
(0.22 ml), stirred at room temperature for 4 hr, and then washed
(water) and evaporated to give a residue (0.110 g) which on crys-
tallization from petroleum ether at -5° yielded 8 (0.060 g): mp
58-60°; ir X» 5.82 p; nmr d 0.82 and 0.89 ppm (3 H each, s, CH3J).
Anal. Calcd for Ci5H19C102: C, 67.53; H, 7.18. Found: C, 67.34;
H, 7.23.

3.3-Dimethyl-2-hydroxy-2- (p-methoxyphenyl)cyclohexanone
(7). A solution of 11 (0.040 g, 0.16 mmol) in acetone (4 ml) was
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treated with 8 N chromic acid in aqueous sulfuric acid4 (0.1 ml),
left 1 min at room temperature, diluted with water, and extracted
with ether. Evaporation of the washed (10% aqueous Na2CO03
water) ether yielded a residue which on crystallization from pe-
troleum ether yielded pure 7 (0.030 g): mp 132-136°; ir xon 2.91,
Xco 5.89 p; nmr 54.15 (1 H, OH), 0.86 and 0.77 ppm (3 H each, s,
CH3). Anal. Calcd for Ci5H2003: C, 72.55; H, 8.12. Found: C,
72.73; H, 7.98.

Similar oxidation of 10 (0.040 g) yielded 7 (0.020 g).

Treatment of Chlorohydrin 6 with Jones Reagent. A solution
of 6 (0.130 g, 0.49 mmol) in acetone (13 ml) was treated with 8 N
chromic acid in aqueous sulfuric acid4 (0.13 ml), left 4 min at
room temperature, diluted with water, and extracted with ether.
Evaporation of the washed (saturated aqueous NaHCO03 and
water) and dried extracts yielded a residue (0.120 g) consisting of
an almost equimolar mixture of 7 and 8 (tic). When the reaction
time was longer (60 min), practically pure 7 was obtained.

Chlorohydrin 6 (0.015 g, 0.06 mmol) was recovered almost un-
changed by treatment of its solution in acetone (1.5 ml) with 8 N
aqueous sulfuric acid (0.06 ml) for 20 min; just traces of diols 10
and 11 were revealed (tic).

When a solution of chloro ketone 8 (0.010 g, 0.04 mmol) in ace-
tone (1 ml) was treated with 8 N chromic acid in-aqueous sulfuric
acid4 (0.1 ml) for 1 min, an almost equimolar mixture of 7 and 8
was recovered.
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The rates of bimolecular elimination from a series of I-fluoro-2-arylethanes, I,I-difluoro-2-arylethanes, and
I,1,I-trifluoro-2-arylethanes have been measured in tert-butyl alcohol using potassium tert-butoxide as the
base. The absolute rate of the reaction and the Hammett p value for the elimination both increase with the
number of fluorines. Values for the latter are +3.24 for the fluoride, +3.56 for the difluoride, and +4.04 for the
trifluoride, indicating that the transition state is highly carbanionic in character, as is also indicated by a rela-

tively low value of ku/kD.

Only a relatively few kinetic and mechanistic studies
have been performed on organofluorine compounds. Some
years ago we measured the rates of elimination of hydro-
gen fluoride from a series of substituted 2-arylethyl fluo-
rides in sodium ethoxide-ethanol solution.1 These com-
pounds react slowly as compared to analogs with other
halide leaving groups (the relative rates of elimination of
2-phenylethyl halides in sodium ethoxide-ethanol are
F:Cl:Br:l = 1:70:4100:26,600), and the elimination reac-
tion of the fluorides has a higher Hammett p value (+3.1)
as compared to the chlorides (+2.6), bromides (+2.1), or
iodides (+2.1). We were interested in investigating elimi-
nation reactions of fluorides further, and in this paper we
present the results of a study on the elimination of hydro-
gen fluoride from a series of 1-fluoro-, 1,1-difluoro-, and
1.1.1- trifluoro-2-arylethanes in tert-butyl alcohol with po-
tassium tert-butoxide as the reacting base.

The synthesis of the requisite fluorides proceeded along
straightforward lines. The I-fluoro-2-arylethanes were pre-
pared as reported previouslyl from the arylacetic acids by
reduction to the alcohols, tosylation, and displacement by
potassium fluoride in diethylene glycol solution.2 The

1.1- difluoro-2-arylethanes were prepared as shown
Scheme |, and the I,l,I-trifluoro-2-arylethanes were pre-
Scheme |

CHF2COOH NaBH
ArMgBr = -------meeeeee - ArCOCHF, ---------
TsClI H2/Pd/C
ArCHCHFj - —  ArCHCHF2  -ooeeeenee » ArCHXHF2
i ! c.h.oh
OH OTs

pared analogously using trifluoroacetic acid. The elimina-
tion reactions were carried out at 50° in tert-butyl alcohol
solution containing 0.1 N potassium tert-butoxide, and
the rate of disappearance of base was followed by titration
with standard hydrochloric acid solution. The 1-fluoro-
and 1,1-difluoroethanes each consumed 1 equiv of base
and produced styrenes and a mixture of cis- and trans-fd-
fluorostyrenes, respectively. In the case of the 1,1,1-tri-
fluoro-2-arylethanes the elimination reaction was found to
occur with the consumption of 2 mol of potassium tert-
butoxide. If the reaction was carried out in an nmr tube
with less than 1 equiv of base, we were able to detect
some /3,/3-difluorostyrene3 among the products. This ini-
tially formed olefin apparently undergoes an addition-
elimination reaction analogous to that of trifluorostyrene4
forming ultimately a cis,trans mixture of I-(tert-butoxy)-
I-fluoro-2-arylethylenes (eq 1). The second reaction in this
sequence appears to be faster than the first, because ini-
tial rate constants were identical with those calculated on

the basis of the consumption of 2 mol of tert-butoxide for
each trifluoroethyl molecule.

i-BuO- .
ArCHXF3  --------- » ArCH=CF2

ArCH=CF(0-f-Bu) (1)

In order to determine Kinetic isotope effects and to in-
vestigate the possibility of deuterium-hydrogen exchange,
I-fluoro-2-phenylethane-2,2-ci2 and 1,I-difluoro-2-phenyl-
ethane-2,2-d2 were prepared by the methods outlined in
Scheme Il. The rate constants for these compounds did not
increase with time, as they would be expected to do if ex-
tensive hydrogen-deuterium exchange were occurring be-
fore elimination. As a more sensitive check, one reaction
of each deuterium compound was quenched after approxi-
mately 1 half-life, and the mass spectrum of the recovered
starting material was compared with that of authentic
deuterated material. This indicated that no detectable
hydrogen deuterium exchange had occurred.

Scheme 11

QHsSCHtCOAHN

1 LiAIH4
2. TsCI
----------- V CEHECDZXCHZF

1 NaBD4
............ » cthb6cdchf2
2. TsClI |

OTs

cthScoch¥2 chxd2Zh¥f2

Pd/C

The rate constants that we have determined for the com-
pounds prepared in this study are given in Table I.

In determining Hammett p values for these elimination
reactions, we found that the o value for fluorine derived
from the acidity of p-fluorobenzoic acid would not corre-
late with that of other substitutents, but that the o~
value derived from the acidity of p-fluorophenol would do
so, although less well in the case of the 2-arylethyl fluo-
rides than with the di- and trifluorides. It has previously
been observed that the p-nitro group also requires the use
of a a- value for correlation in the elimination reaction of
other 2-arylethyl derivatives.5

The p values found were +3.24 + 0.05 for the fluoride,
+3.56 + 0.07 for the difluoride, and +4.04 + 0.30 for the
trifluoride.

The results of these measurements indicate that, as
might be expected, the eliminations are highly carbanion-
ic. Koch6 has postulated recently that eliminations of HF
from C6H5CHCICF3 occurs with reversible formation of
the hydrogen-bonded carbanion, a carbanion which has an
activation energy for exchange with solvent because of
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Table |
Rates of the Elimination Reaction of 2-Arylethyl
Fluorides by Potassium teri-Butoxide in
ferf-Butyl Alcohol at 50°

kez X 10,
Y Registry no. 1 mol-1 sec-* (h™Nd
YCHALHXHF
m.-CFs 50512-33-9 46.6 +0.36
H 458-87-7 1.88 + 0.01
m-CHj 50561-90-5 1.21 + 0.01
P-F 2343-30-8 1.10 + 0.01
P-CH3 50561-92-7 0.513 + 0.007
YCBHALDXH,F
H 50561-93-8 0.418 + 0.009
y0614:h2chf2
H 10541-59-0 11.8 + 0.09
P-F 50561-95-0 9.62 + 0.05
m-CHi 50561-96-1 6.47 + 0.03
p-CH3 50561-97-2 2.88 + 0.00
y Cc 61 4 q 2(: h¥2
H 50561-98-3 4.26 + 0.03
YCBHLHZXF3
H 21249-93-4 22.8 + 0.45
p-F 50561-99-4 16.8 + 0.30
71-cH 3 50562-00-0 12.7 + 0.50
P-CHS 50562-01-1 4.45 + 0.09

this hydrogen bonding. The p value found in that study is,
within experimental error, the same as we find for the tri-
fluoro compound. Koch has also suggested that fluoride is
a poorer leaving group when it comes from a trifluoro-
methyl group rather than from a less highly fluorinated
group. Our results are thus in agreement with the view
that the addition of each fluorine to the methyl group has
two effects. On the one hand, it acidifies the hydrogens on
the adjacent carbon but at the same time it reduces the
leaving ability of the fluorines. As a consequence a larger
negative charge is required in the transition state for the
elimination from the trifluoro compound than from the di-
and monofluoro compounds. We cannot say from our data
whether a carbanion is an actual intermediate or not; it
may be formed reversibly without exchange in the trifluo-
ro case at least. The low kH/kD values also are in agree-
ment with a transition state with a great deal of carbon-
hydrogen bond breaking so that the hydrogen is more
than half transferred to base.

Experimental Section

Melting points are uncorrected and were taken on a Fisher-
Johns melting point apparats. Ir absorption spectra were deter-
mined on a Beckman IR-10 spectrometer. All proton nmr spectra
were determined on a Varian A-60A spectrometer using TMS as
an internal standard. All fluorine nmr spectra were recorded on a
Varian HA-100 spectrometer using FCC13 as an internal stan-
dard. Chemical shifts are reported in ppm relative to this stan-
dard. Mass spectra were recorded on either a Varian MAT CH-5
or CH-7 spectrometer at 70 eV. Microanalyses were performed by
Dr. Alfred Bernhardt Mickroanalytisches Laboratorium, Miil-
heim, West Germany.

Preparation of 2-Arylethyl Fluorides. All of the 2-arylethan-
ols, with the exception of 2-phenylethanol which is commercially
available, were prepared by the reduction of the corresponding
arylacetic acid with diborane using the general procedure of
Brown and Rao.7 The arylacetic acids, with the exception of the
m-trifluoromethylphenylacetic acid, were commercially available.
The latter was prepared from m-trifluoromethylbenzyl chloride
by reaction with magnesium and CO2.8 The alcohols were con-
verted into their tosylates by the method of Tipson,9 and these in
turn converted into fluorides by the procedure of Bergman and
Shahak.1.2 2-p-Tolylethanol: bp 69-74° (0.8-0.6 mm) [lit.10 bp
117-118° (14 mm)], 85% vyield. 2-m-Tolylethanol: bp 69-74°
(0.8-0.6 mm) [lit.11 bp 112° (10 mm)], 86% yield. 2-(p-Fluoro-
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phenyl)ethanol: bp 59-61° (0.5 mm) [lit.12 bp 110° (20 mm)],
87% yield. 2-(m-Trifluoromethylphenyl)ethanol: bp 58-62° (0.5
mm) [lit.13 bp 85-90° (4 mm)], 72% yield. 2-Phenylethyl p-tol-
uenesulfonate: mp 38.5-39.5° (lit.14 mp 38.5-39°), 65% vyield. 2-
p-Tolylethyl p-toluenesulfonate: mp 67-68°, 89% yield. 2-m-Tol-
ylethyl p-toluenesulfonate: oil, 89% yield. 2-(p-Fluorophen-
yl)ethyl p-toluenesulfonate: mp 35.7-36.2°, 88% yield. 2-(m-Tri-
fluoromethylphenyl)ethyl p-toluenesulfonate: oil, 91% vyield. 2-
Phenylethyl fluoride: bp 50-51° (9 hm) [lit.1 bp 55-56° (12
mm)]; 53% yield; 7H nmr (CCl4) $2.80 (dt, 2 H, JHFvic = 22.7
Hz, c/HHvic = 6.6 Hz), 441 (dt, 2 H, JH gen = 47.4 Hz), 7.13 (s,
5 H); 19F nmr (FCCI3) 215.3 ppm (tt). 2-p-Tolylethyl fluoride:
bp 74-76° (18 mm), 61% yield. Anal. Calcd for COH1IF: C, 78.23;
H, 8.02; F, 13.75. Found: C, 78.12; H, 7.86; F, 13.90. 2-m-Tol-
ylethyl fluoride: bp 74-78° (18 mm), 63% yield. Anal. Calcd for
CHUF: C, 78.23; H, 8.02; F, 13.75. Found: C, 78.11; H, 7.90; F,
13.94. 2-(p-Fluorophenyl)ethyl fluoride: bp 53.5-54° (10 mm),
63% yield. Anal. Calcd for C848F2: C, 67.60; H, 5.67; F, 26.73.
Found: C, 67.79; H, 5.81; F, 26.68. 2-(m-Trifluoromethylphen-
ylhethyl fluoride: bp 56-58° (10 mm), 50% yield. Anal. Calcd for
C9H8F4: C, 56.26; H, 4.21; F, 39.55. Found: C, 56.32; H, 4.34; F,
39.76.

Preparation of «,0-Difluoroacetophenones. The ketones were
prepared by reaction of the appropriate aryl Grignard reagent
with difluoroacetic acid according to the procedure of Difehart and
Levinel5 using the modification described by Bergmann, Pel-
chowicz, and Shani.16 a,o-Difluoroacetophenone: bp 60-62° (10
mm) [lit.17 bp 83-85° (20 mm)]; 51% yield; nmr (CCl4) 5 6.18 (t,
1 H, tnF.gem = 53.8 Hz), 7.53 (m, 3 H), 8.03 (m, 2 H). p-Methyl-
a,«-difluoroacetophenone: bp 80-82° (13-14 mm), mp 47-49°,
51% yield. m-Methyl-a,a-difluoroacetophenone: bp 78-79° (11
mm), 44% yield. p-Fluoro-«,a-difluoroacetophenone: bp 62-64°
(13 mm), 55.5% yield. m-Trifluoromethyl-a,a-difluoroacetophe-
none: bp 61-64° (10 mm), 67% yield.

Preparation of I-Aryl-2,2-difluoroethanols and Their Tosyl-
ates. The alcohols were prepared by reduction of the acetophen-
ones with sodium borohydride in 90% aqueous dioxane. To a solu-
tion of 0.15 mol of the «.a-difluoroacetophenone in 80 ml of 90%
aqueous dioxane contained in a 250-ml erlenmeyer flask equipped
with a magnetic stirrer was added in small portions with stirring

1. 81 g (0.048 mol) of sodium borohydride. Gas evolution was ob-

served with each addition, being more vigorous with the initial
ones. Intermittent cooling of the reaction mixture was necessary.
After stirring overnight, the reaction mixture was cooled in an ice
bath and the excess borohydride was destroyed by the cautious
addition of cold, 3 N hydrochloric acid. The solution was extract-
ed with ether (4 x 50 ml); the combined extracts were washed
with water until the washings were neutral to indicator paper and
then dried over anhydrous magnesium sulfate. The solvent was
removed and the product distilled. The tosylate was prepared in
the usual way, but rather long reaction times (several days in
some cases) were required for reaction. I-Phenyl-2,2-difluo-
roethanol: bp 58-61° (1 mm) [lit.18 bp 107-108° (20 mm)]; 87%
yield; nmr (CCl4) 5 345 (s, 1 H), 457 (m, 1 H), 557 (td, 1 H,
~HF.gem = 55.5 Hz, Jhh.vic = 4.5 Hz), 7.28 (s, 5 H). Tosylate: mp
96.0-96.5°%; 77% yield; nmr (CDCI3) 52.35 (s, 3 H), 5.55 (td, 1 H,
<Infvie = 16*2 Hz, t7i4Hyvic = 4.0 Hz), 5.91 (td, 1 H, e/HFgem —55.0
Hz), 7.18 (d, 2 H), 7.30 (s, 5 H), 7.85 (d, 2 H). I-(p-Tolyl)-2,2-
difluoroethanol: bp 60-62° (0.5-0.6 mm), 87% yield. Tosylate:
mp 65.0-65.5°, 66% yield. I-(m-Tolyl)-2,2-difluoroethanol: bp
58-61° (0.5 mm), 78% yield. I-(p-Fluorophenyl)-2,2-difluo-
roethanol: bp 92-96° (11 mm), 78% yield. Tosylate: mp 54-57°,
73% yield. 1-(m-Trifluoromethylphenyl)-2,2-difluoroethanol: bp
50-52° (0.4-0.5 mm), 90% yield. Tosylate: mp 42-43°, 58% yieldl
Preparation of I,I-Difluoro-2-arylethanes. Hydrogenolysis of
the corresponding tosylates over 5% palladium-on-carbon catalyst
in 95% ethanol, at room temperature and atmospheric pressure,
gave rise to the desired |,I-difluoro-2-arylethanes. The hydroge-
nations were conducted in an apparatus essentially the same as
that described by Wiberg.19 The products were distilled through
a7 x 9sin. column packed with glass beads, and the distillation
was monitored by glpc. Fractions of the highest purity, usually
greater than 99% pure, were used in the kinetic runs. 1,1-Di-
fluoro-2-phenylethane: bp 68-69° (32 mm); 79% yield; nuc-
lear magnetic resonance (CC14) &2.85 (td, 2 H, Jhf.ic = 17.0 Hz,
Jnn vie = 4.5 Hz), 5.75' (tt, 1 H, JHRgem = 56.5 Hz), 7.20 (s, 5 H).
Anal. Calcd for C8HS-2: C, 67.60; H, 5.67; F, 26.73. Found: C,
67.76; H, 5.74; F, 26.75. I-Difluoro-2-(p-tolyl)ethane: bp 69° (13
mm), 81% yield. Anal. Calcd for COH10F2: C, 69.22; H, 6.45; F,
24.33. Found: C, 69.12; H, 6.56; F, 24.29. |,I-Difluoro-2-(m-tol-
ylethane: bp 61-62° (10 mm), 78% yield. Anal. Calcd for
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C9H10F2: C, 69.22; H, 6.45; F, 24.33. Found: C, 69.04; H, 6.27; F,
24.18. L,I-Difluoro-2-(p-fluorophenyl)ethane: bp 77° (37 mm),
82% yield. Anal. Calcd for C8H7F3: C, 60.00; H, 4.41; F, 35.59.
Found: C, 59.86; H, 4.34; F, 35,32. |,I-Difluoro-2-('m-triflUoro-
methylphenyl)ethane: bp 80-81° (30 mm), 81% yield. Anal. Calcd
for COH7F5: C, 51.44; H, 3.36; F, 45.20. Found: C, 51.24; H, 3.19;
F, 45.51.

Preparation of agaqa-Trifluoroacetophenones. All of a,a,a-
trifluoroacetophenones were prepared by reaction of the appropri-
ate aryl Grignard reagent with trifluoroacetic acid in a manner
analogous to that described above for the preparation of the a,a-
difluoroacetophenones. a,a,a-Trifluoroacetophenone: bp 143.5-
144° (lit.20 bp 152°), 71% yield. p-Methyl-agoqa-trifluoroaceto-
phenone: bp 66-68° (13 mm) [lit.2l bp 81-82.5° (22 mm)], 67%
yield, m-Methyl-tt,a,a-trifluoroacetophenone: bp 62-64° (14-20
mm) [lit.2 bp 79° (24 mm.)]; 61% yield; nmr (CCl4) 6 2.38 (s, 3
H), 7.42 (m, 2 H), 7.83 (m, 2 H). p-Fluoro-a,a,a-trifluoroaceto-
phenone: bp 58-60° (24 mm) [lit.23 bp 66-67° (34 mm)]; 69%
yield; nmr (CCl4) 57.23 (m, 2 H), 813 (m, 2 H). m-Trifluoro-
methyl-«,«,a-trifluoroacetophenone: bp 52-54° (14 mm) [lit.24
bp 65.0-67.5° (24 mm)], 75% yield.

Preparation of 1-Aryl-2,2,2-trifluoroethanols and Their Tos-
ylates. The l-aryl-2,2,2-trifluoroethanols were prepared by re-
duction of the corresponding a,a,o:-trifluoroacetophonones in a
manner analogous to that described above for the preparation of
the l-aryl-2,2-difluoroethanols. The tosylates were prepared in an
analogous manner to that described above for the preparation of
the l-aryl-2,2-difluoroethyl p-tolunenesulfonates. 1-Phenyl-
2.2.2- trifluoroethanol: bp 90-91° (18 mm) [lit.25 bp 64-65° (5
mm)]; 4H nmr (CCl4) 5 3.86 (s, 1 H), 4.73 (q, 1 H, JHFvic = 6.8
Hz), 7.27 (s, 5 H); 19 nmr (FCC13) 78.5 ppm (d, JHFvic = 6.9
Hz). Tosylate: mp 115-116°; 63% yield; 4H nmr (CDCI3) $2.37
(s, 3H), 568 (q, 1H), 7.27 (d, 2 H), 7.32 (s, 5 H), 7.63 (d, 2 H);
19 nmr (FCC13) 76.8 ppm (d, J hf.vic = 84 Hz). I-(p-Tolyl)-
2.2.2- trifluoroethanol: bp 50° (0.75 mm) [lit.24 bp 74.5-75° (2.5
mm)], 90% vyield. I-(m-Tolyl)-2,2,2-trifluoroethanol: bp 54°
(0.55 mm) [lit.22 bp 95-97° (24 mm)], 90% yield. Tosylate: mp
75-78°, 82% yield. I-(p-Fluorophenyl)-2,2,2-trifluoroethanol: bp
88-90° (17 mm), 92% yield. Tosylate: mp 78.0-78.5°, 80% yield.
I-(m-Trifluoromethylphenyl)-2,2,2-trifluoroethanol: bp 76-78°
(10 mm) [lit.24 bp 95-97° (24 mm)], 93% yield. Tosylate: mp
51.5-52.5°, 687cyield.

Preparation of I,1,I-Trifluoro-2-arylethanes. The 1,1,1-tri-
fluoro-2-arylethanes were prepared by the hydrogenolysis of the
corresponding l-aryl-2,2,2-trifluoroethyl p-toluenesulfonates in a
manner analogous to that described above for the preparation of
the |,l-difluoro-2-arylethanes. |,1,I-Trifluoro-2-phenylethane:
bp 124-126°; 81% yield; nmr (CC14) 6 3.17 (q[ 2 H, JHRvie = 11.0
Hz), 7.18 (s, 5 H). Anal. Calcd for C8H7F3: C, 60.00; H, 4.41; F,
35.59. Found: C, 60.20; H, 4.45; F, 35.83. 1,I,I-Trifluoro-2-(p-tol-
yl)ethane: mp 43.5-43.7° (sublimed), 84% yield. Anal. Calcd for
CHHOIF3: C, 62.07; H, 5.21; F, 32.72. Found: C, 61.99; H, 5.10; F,

32.88. I,I,I-Trifluoro-2-(m-tolyl)ethane: bp 45.0-45.7° (11 mm),
8870 yield. Anal. Calcd for C9HOF3: C, 62.07; H, 5.21; F, 32.72.
Found: C, 62.22; H, 5.24; F, 32.81. LII-Trifluoro-2-(p-fluoro-

phenyl)ethane: bp 58° (34 mm), 78% vyield. Anal. Calcd for
CsH6F4: C, 53.94; H, 3.40; F, 42.66. Found: C, 54.23; H, 3.16; F,
42.74.  1,1,I-Trifluoro-2-(m-trifluoromethylphenyl)ethane: bp
37-38° (8 mm), 82% yield. Anal. Calcd for C9H6F6: C, 47.38; H,
2.65; F, 49.97. Found: C, 47.48; H, 2.81; F, 49.83.

Preparation of Deuterio Compounds. 2-Phenylethyl-2,2-d2
fluoride was prepared by a scheme analogous to that used to pre-
pare 2-phenylethyl fluoride with the exception that 2-phenyletha-
nol-2,2-d2, which was prepared from ethyl phenylacetate-2,2-d2,
was the starting material in this sequence. Ethyl phenylacetate-
2.2- di’.
yield; nmr (CCl14) i 213 (t, 3 H), 408 (q, 2 H), 7.25 (s, 5 H). 2-
Phenylethanol-2,2-d2: bp 73-74° (2.0 mm) [lit.26 bp 110° (20
mm)], 829 yield. 2-Phenylethyl-2,2-d2 p-toluenesulfonate: oil
(lit.27 mp 37.5-38.2°), 90% yield. 2-Phenylethyi-2,2-d2 fluoride:
bp 51° (2 mm); 3% yield; nmr (CC14) d 4.45 (dd, 2 H, JHF.gem =
47.8 Hz), 7.15 (s, 2 H). (Comparison of m/e 92 and 91 in the deu-
terio compound with 90 and 89 in the undeuterated compound in-
dicated a minimum of 1.87 atoms of D/molecule in the former.)

Reduction of a,a-difluoroacetophenone with sodium borodeu-
teride in deuterium oxide-dioxane in a manner analogous to that
described above for the preparation of the 2,2-difluoro-l-aryletha-
nols gave rise to 2,2-difluoro-I-phenylethanol-7-di. Hydrogenol-
ysis of the tosylate, prepared from this rlcohol in the usual man-
ner, with deuterium following the procedure described above for
the preparation of 2,2-difluoro-l-arylethanes, with the exception

bp 45-46° (0.1 mm) [lit26 bp 73-74° (05 mm)]; 11%

DePuy and Schultz

that the catalyst was prereduced with deuterium before the tosyl-
ate was introduced, yielded 2,2-difluoro-lI-phenylethane-/,/-d2.
2.2- Difluoro-lI-phenylethanol-/-di' bp 63-64° (0.3 mm); 86%
yield; nmr (CCU) 53.42 (s, 1 H), 557 (t, 1 H, JHF.gem = 56.0 Hz),
7.27 (s, 5 H). Tosylate: mp 93-95°; 85% yield; nmr (CDCI3) 6 2.37
(s, 3 H), 592 (t, 1 H, JHFEem = 55.0 Hz), 7.20 (d, 2 H), 7.30 (s, 5
H), 7.85 (d, 2 H). 2,2-Difluoro-I-phenylethane-I,1-d2' bp 69.5-
70.0° (33 mm); 73> yield; nmr (CCU) 6 5.75 (t, 1 H, <HFgem =
57.0 Hz), 7.18 (s, 5 H). (Comparison of m/e 144 and 143 in the
deuterio compound with 142 and 141 in the undeuterated com-
pound indicated a minimum of 1.93 atoms of D/molecule in the
former.)

Kinetic Procedures. Anhydrous tert-Butyl Alcohol. Reagent
grade tert-butyl alcohol was distilled from Na (5 g of sodium/1. of
alcohol) three times and then from potassium once. The purified
alcohol was stored under nitrogen.

0.2 N Potassium tert-Butoxide. A clean, dry 5-g ampoule of
pure potassium metal (99.95%), Alfa Inorganics.) was broken into
640 ml of anhydrous tert-butyl alcohol under a nitrogen atmo-
sphere. The flask was protected from moisture and carbon dioxide
by means of a drying tube containing anhydrous calcium sulfate
and Ascarite until the metal had all reacted. The flask was then
fitted with a siphon device which allowed removal of portions of
the solution under a slight positive pressure of nitrogen.

Kinetic Runs. All kinetic runs were preformed at 50.00 + 0.03°.
Reactions for which the second-order rate constant for elimination
was less than 10~3 1 mol-1 sec”™1 were run in sealed ampoules.
The fluoride sample, approximately 2.5 mmol, was accurately
weighed into a 50-ml volumetric flask and diluted with 25 ml of
anhydrous tert-butyl alcohol. The flask was then filled to the
mark with 0.2 N potassium terf-butoxide, and the reagents were
mixed thoroughly. Nine 5-ml aliquots were pipetted, from auto-
matic zeroing pipets that had been calibrated at 26° with tert-
butyl alcohol [density (at 26°) 0.779 g/ml], into 15 X 125 mm test
tubes which were then sealed and placed in the reaction bath.
When the ampoules had equilibrated at the reaction temperature,
one was withdrawn and the timer started. The ampoule was
opened and the reaction quenched in 50 ml of distilled water. The
ampoule was washed out with a 1:1 solution of tert-butyl alcohol-
distilled water. Two drops of 0.25%) phenolphthalein solution in
1:1 ethyl alcohol-water were added, and the sample was titrated
with standard hydrochloric acid. The ampoules were withdrawn
at appropriate intervals and the samples titrated.

Reactions for which the second-order rate constant for elimina-
tion was greater than 10~3 1 moR1sec 1were run directly in the
volumetric flask. The fluoride sample was accurately weighed
into a 50-ml volumetric flask and diluted with 25 ml of anhydrous
tert-butyl alcohol. The flask was stoppered and placed in the
reaction bath. When the solution had equilibrated at the reaction
temperature 0.2 N potassium tert-butoxide that had been equili-
brated at the reaction temperature was added to the mark, and
the reagents were thoroughly mixed. A 5-ml aliquot was pipetted
directly from the volumetric flask and the timer started as the
reaction mixture started to drain. The sample was quenched and
titrated. Aliquots were withdrawn and titrated at appropriate in-
tervals.

The second-order rate constant, k2, was calculated for each Kki-
netic point. An average rate constant was calculated for each run.
For reactions run in sealed ampoules a correction factor of a 3%
increase in measured rate constant was made to account for the
thermal expansion of the solvent.23

Measured infinity points were generally less than, but within
3% of, those calculated because some substrate reacted before the
zero point could be taken.

An unweighted least-squares statistical analysis computer pro-
gram was employed to calculate the rate constants. The computer
rate constants varied slightly from the numerical average due to
the emphasis on the zero and infinity points in calculating the
best least-squares slope.

Registry No.—Deuterium, 7782-39-0; 2-p-tolylethyl p-toluene-
sulfonate, 14503-40-3; 2-(p-fluorophenyl)ethyl p-toluenesulfonate,
50562-02-2; n,o:-difluoroacetophenone, 395-01-7; p-methyl-cr,a-di-
fluoroacetophenone, 704-36-9; m-methyl-a,a-difluoroacetophe-
none, 50562-05-5; p-fluoro-a,«-difluoroacetophenone, 50562-06-6;
m-trifluoromethyl-oga-difluoroacetophenone, 50562-07-7; 1-phe-
nyl-2,2-difluoroethanol, 345-64-2, 50562-09-9 (tosylate); I-(p-tolyl)-
2.2- difluoroethanol, 50562-10-2, 50562-11-3 (tosylate); I-(m-tolyl)-
2.2- difluoroethanol, 50562-12-4; I-(p-fluorophenyl)-2,2-difluo-
roethanol, 2546-44-3, 50562-14-6 (tosylate); I-(m-trifluoromethyl-
phenyl)-2,2-difluoroethanol, 50562-15-7, 50562-16-8 (tosylate);
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I,I-difluoro-2-(m-trifluoromethylphenyl)ethane, 50562-17-9; p-flu-
oro-a,a,a-trifluoroacetophenone, 655-32-3; I-phenyl-2,2,2-trifluo-
roethanol, 340-04-5; I-(m-tolyl)-2,2,2-trifluoroethanol tosylate,
655-32-3;  I-(p-fluorophenyl)-2,2,2-trifluoroethanol, 50562-19-1,
50562-20-4 (tosylate); I-(m-trifluoromethylphenyl)-2,2,2-trifluo-
roetnanol tosylate, 50562-21-5; I,l,I-trifluoro-2-(m-trifluorometh-
ylphenyl)ethane, 50562-22-6; 2,2-difluoro-l-phenylethanol-i-dn,
50562-23-7, 50562-24-8 (tosylate).
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Steric and Electronic Factors Which Effect the Thermal Cyclization of
Meta-Substituted Aryl Propargyl Ethers. Synthesis of 5- and
7-Substituted 3-Chromenesl
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The thermal cyclization of meta-substituted phenyl propargyl ethers (1 and 4) proceeded to yield a mixture
of 5- and 7-substituted 3-chromenes. The ratio of chromene isomers was somewhat dependent upon the nature
of the starting materials. Thus, terminal acetylenes (1) gave a mixture of 2 and 3 (resulting from para and
ortho cyclization, respectively) with the latter product usually in slight excess. Nonterminal acetylenes (4) also
gave a mixture of ortho- and para-cyclized products (6 and 5, respectively); however, para cyclization was
found to be favored. Regioselective cyclization was greatest foT 4d, which gave a mixture of 4,7- and 4,5-di-
methyl-3-chromene in a ratio of 2:1. The cyclization of 3-(3-methoxyphenyloxy)-3-methylbutyne (16) also pro-
ceeded with little regioselectivity to give a mixture of 17 and 18. The effects of electron-donating and electron-

withdrawing meta substituents were also studied.

In our initial studies2 on the thermal cyclization of aryl
propargyl ethers we found that the cyclization of la did
not proceed in the regioselective manner previously re-
ported.3 Instead, the cyclization of la led to the formation
of both 2a and 3a where, in fact, the previously unreport-
ed 5-methoxy isomer (3a) was the more abundant prod-

a, R = OCH3 d, R = CH3
b, R = COCH3 e, R = OCOCHj
¢, R = N(CH9?2

uct. Our interest in the use of certain substituted chro-
menes as intermediates in the synthesis of tumor-inhibito-
ry trichothecan mycotoxins4 prompted us to further exam-
ine those factors which influence regioselectivity in this

reaction and to study the effects of various substituents on
the aromatic ring.

The aryl propargyl ethers used in this study were syn-
thesized by a Williamson reaction using the appropriately
substituted phenols and propargyl bromides.2 The cycli-
zation of the aryl propargyl ethers was carried out in
N,N-diethylaniline at 210-215°;2 the isolated yield of the
cyclized products, boiling points, reaction times, and
product ratios are given in Table I.

The structures of the various chromene isomers were
determined by comparison of nmr spectra. Typical 1,2,3-
and 1,2,4-trisubstituted benzene patterns were generally
evident in the nmr spectra of the 5 and 7 isomers (JO st 8
andJIJm= 2 Hz).

In the nmr spectra of the various chromenes the C-2
protons always appeared at slightly higher field in the 5-
substituted isomer compared to the 7-substituted isomer.
Similarly, the C-3 proton appeared at slightly lower field
in the 5 isomer compared to the 7 isomer. The C-4 proton
(or the C-4' methyl protons) generally appeared at lower
field in the nmr spectra of the 5-substituted compound
compared to the 7 isomer. On”exception to this latter

NfoifajP) n?JJQy)¢nrt-]$ro
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Table |
Thermal Cyclization of Meta-Substituted Aryl Propargyl Ethers (1 or 4)
Reaction Ortho:para“

Compd R time, hr Yield, % Bp, °C (mm) ratio

la2 och3 18.5 51 54 (0.6) 54:46

4a OCHa 30 86 93.5 (0.4) 47:53

Ib» COCHs 15 <10

4b COCH3 48 75 113-114 (0.4) 55:45

Ic N(CH52 15 <20 109 (1.5) 100: <1

4c6 N(CHHs 30 <3

Id CH3 15 89c 66 (0.45) 47:53

4d CH3 48 92d 88-90 (2.1) 36:64

le OCOCHa 15 51 102 (0.45) 57:43

4e OCOCHS3 48 96d 129 (2.3) 47:54

0Ortho cyclization affords the 5-substituted chromene (3 or 6) and para cyclization affords the 7-substituted chromene
(2 or 5). Ortho:para ratios were determined by glc. bInsufficient quantities of the product(s) did not permit accurate deter-
mination of boiling point and isomer ratios. ‘ The cyclization of 3-(p-methylphenyloxy)propyne (19) afforded only a 67%
yield of 6-methyl-3-chromene [20, bp 73-74° (1.6 mm); 15 hr reaction time], dThese yields were calculated on the basis of

ca. 20% recovery of starting material.

Table 11
Europium-Induced Shifts in the Nmr Spectra (CCh,
TMS) of 5- and 7-Aceto-4-methyl-3-chromene

(6b and 5b)
-Downfield shift, Hz-
Compd C-2 C-3 Cc-4' CH3CO
5b 18 10 13 129
6b 35 35 101 163

generalization was noted in the case of 5b and 6b; in the
case of 6b the ketone carbonyl shielded the C-4' methyl
protons, causing them to appear at higher field than the
corresponding methyl protons in the 7 isomer (5b).

The nmr spectra of 5b and 6b were recorded with added
Euroshift-F and the shifts are reported in Table Il. The
magnitude of the shift for the methyl ketone signal, com-
pared to that for the C-2 and C-3 protons, clearly indi-
cates that the europium formed a complex with the ke-
tone moiety and not the ring oxygen. The magnitude of
the shift for the C-4' methyl protons in 6a compared to 5a
clearly establishes the structures of the two isomers. The
europium-induced shifts in the aromatic region of the
spectra of 5b and 6b also permitted unambiguous inter-
pretation of the aromatic substitution pattern which was
confirmed by spin-spin decoupling experiments.

Support for the nmr structural assignments was ob-
tained from a comparison of the ir spectra of the 5- and
7-substituted isomers in the out-of-plane bending region
below ca. 900 cm '1.

It is evident, from examination of the data presented in
Table I, that the incorporation of a 3'-methyl substituent
in the aryl propargyl ether usually resulted in an in-
creased tendancy for the cyclization to occur para to the 3
substituent on the aromatic ring (cf. para;ortho ratios in
the cyclization of 4 relative to 1).

In the thermal cyclization of aryl propargyl ethers (e.g.,
7) the obvious determinant of regioselectivity is the initial
Claisen rearrangement (reaction b, Scheme 1). It is diffi-
cult, however, to propose a specific rationalization for the
regioselectivity, since the product-determining step in the
mechanistic sequence5is not known.

The initial [3,3] sigmatropic rearrangement can occur
either ortho or para to the 3 substituent on the aromatic
ring. In the rearrangement of 7 to 8 (t.e., cyclization ortho
to the aryl substituent) the aryl propargyl ether must as-
sume a conformation like 7a; in this conformation there is
a steric interaction between the C-3 substituent and the
C-4' methyl group which could increase the energy re-
guirement in the conversion of 7a to 8. In the rearrange-
ment to 9 the conformation necessary for this reaction, 7b,
is not sterically encumbered.

Scheme |

The steric interaction between the C-4' methyl group
and the C-3 substituent may become more severe in the
transition state leading to 8. As C-2 and C-3' rehybridize
the substituents on these two carbon atoms move closer
together. While the exact geometry of the transition state
is uncertain, this latter interaction is evident from the
structure of the allene intermediate (8) wherein these two
substituents lie in somewhat closer proximity relative to
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7a. Once again a similar steric interaction does not exist
in the rearrangement of 7b to 9.

The observation (Table I) that the highest degree of re-
gioselectivity was attained in the cyclization of 4d would
support this hypothesis, since the tetravalent carbon
would be expected to offer the greatest degree of steric
hindrance in the series examined.

The next step in the mechanistic sequence is the enoli-
zation of the dienone (8 or 9). Normally the enolization
process is considered to be rapid; however, in the case of
the Claisen rearrangement of meta-substituted allyl phe-
nyl ethers steric hindrance has been suggested as a factor
which may retard this process.6 Thus if the rearrangement
of 7a to 8 is reversible then the steric hindrance of enoli-
zation of 8 would tend to drive the reaction through 9 to
yield the 7-substituted 3-chromene (15).

It would appear unlikely that the phenolic allene inter-
mediate (10 or 11) would revert back to the dienone; thus
any observed regioselectivity must be a consequence of
one or both of the first two steps.

Recently the cyclization of the meta-substituted aryl
a,a-dimethylpropargyl ether 16 was reported to proceed in
a regioselective fashion to yield 17.7 Based upon our expe-
rience with this reaction the regioselectivity appeared un-
likely. In our hands the cyclization of 16 afforded a mix-
ture of 17 and 18 in approximately equal amounts. The
nmr spectrum of the mixture of 17 and 18 very clearly
showed the presence of the two isomers and the structures
were confirmed by nmr and ir following glc separation.
The discrepancy between our results and those of Hlubu-
cek, et al.,1 is difficult to rationalize, particularly since
the latter workers did report the nmr spectrum of 17. Fur-
thermore, these workers did examine the crude reaction
product (glc and nmr) and concluded that if 18 was
formed it was present to the extent of less than 3%.7

18

More recently it has been reported that 2-hydroxy-4-
(T, T-dimethylprop-2-ynyloxy)acetophenone undergoes re-
gioselective ortho cyclization. 2-Acetoxy-4-(T,T-dimethyl-
prop-2-ynyloxy)acetophenone, on the other hand, cyclized
to give a T.2 ratio of para- and ortho-cyclized products.8

Iwai and Ide, on the basis of a few examples, concluded
that resonance electron-donating substituents in the meta
position (i.e., ortho or para to the aromatic terminus in
the Claisen rearrangement) facilitated the cyclization of
the aryl propargyl ethers to the corresponding 3-chro-
menes (i.e., higher product yield).3 In our study we chose
a range of electron-withdrawing (OCOCH3 and COCH3s)
and electron-donating (CH3, OCH3, and NEti) substitu-
ents to study the electronic effects (on the yield in this
reaction).

Based upon the data given in Table | and on previous
observations2-6c it is obvious that electronic effects do have
a significant influence upon the reaction.

In the cyclization of 1 both strongly electron-donating
and electron-withdrawing substituents appear to have an
adverse effect upon the reaction. In the cyclization of both
Ib and Ic the yield of chromenes was low and the reaction
was accompanied by extensive polymerization. In the cy-
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Table 111

Preparation of the Aryl Propargyl Ether Intermediates

Compel® R R* Bp. °c (mm) Yield, %
la H och3s 109.5 (4.5) 84
4a CHa OCH3 96 (0 5) 85
Ib H COCHa 99 (0 32) 86
4b CHS cochs 114 (0.9) 79
Ic H N(CHg2 118 (0.4) 31
4c chs N(Ca )2 159 (3.0) 56
Id H CHs 75 (1.5) 95
4ad CHa CHa 90 (2.1) 80
le H OCOCHa 114 (0.7) 69
4e chs3s ococh3s 113-114 (0.5) 55
19 H p-CHa 69 (1.4) 79

a Satisfactory microanalytical data (+0.3% for C, H, and
N) were reported for all compounds listed.

clization of 4 the reaction proceeded reasonably well with
a strong electron-withdrawing substituent (cf. 4b); how-
ever, it gave little or no cyclized product in the case of a
strong electron-donating substituent (cf. 4c).

A comparison of 4a, 4d, and 4e revealed that the yields
increased as the electron-donating properties of the meta
substituent decreased. Furthermore, based on reaction
times and recovery of starting material, the reactions ap-
peared to proceed faster with electron-donating meta sub-
stituents.

The data are most readily explained with the assump-
tion that the initial Claisen rearrangement is the rate-lim-
iting step53 in the reaction sequence. Electron-withdraw-
ing meta substituents will decrease the electron density at
the aromatic terminus of the Claisen rearrangement and
retard the reaction. Thus, in the case of a strong electron-
withdrawing substituent the rate of the Claisen rearrange-
ment is sufficiently slow so as to permit polymerization of
the terminal acetylene to become a major side reaction.
This would explain the marked increase in yield that was
observed in the cyclization of the nonterminal acetylene,
4b, compared to the terminal acetylene, Ib.

Electron-donating meta substituents would increase the
rate of the initial Claisen rearrangement and retard the
enolization of the allenic dienone intermediates, 8 and 9.
Strong electron-donating substituents could retard the
enolization to the extent that side reactions with 8 and 9
become dominant.9 This effect along with a possible steric
hindrance of enolization could explain why the cyclization
of 4c proceeded so poorly.

Further research will be directed toward a study of sol-
vent effects on the regioselectivity of this cyclization reac-
tion. It is possible that contaminants (e.g., mono-IV-ethyl-
aniline or trace metals) may exert an influence which
could explain the difference between our data and those
previously reported for the cyclization of 16.7

Experimental Section

Nmr spectra were determined in CCU solution (containing
ca. 1% TMS as an internal standard) on a Varian T-60 spectrom-
eter; peak positions of multiple signals were confirmed by spin-
spin decoupling. Infrared spectra were determined neat using a
Perkin-Elmer Model 237 spectrophotometer. The uv spectra were
determined in 95% ethanol solution on a Beckman DBG grating
spectrophotometer. The purity of analytical and spectral samples
was confirmed by glc and ortho:para ratios were determined by
photocopying the chromatogram, cutting out the chromatographic
peak, and weighing the paper (Varian Aerograph Model 90-P with
a thermal conductivity detector); nitrogen was used as the carrier
gas and gas flow rates were ca. 176 ml/min except for that of 5d
and 6d, which was ca. 52 ml/min. Elemental analyses were per-
formed by Galbraith Laboratories, Inc., Knoxville, Tenn.

The aryl propargyl ethers were prepared according to the meth-
od previously described.2 The yields and boiling points of the aryl
propargyl ethers are given in Table Il1.
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The 3-chromenes were prepared according to the method pre-
viously described2 and reaction times, per cent yields, boiling
points, and isomer ratios are given in Table I. Satisfactory mi-
croanalytical data (x0.4% for C, H, and N) were reported for all
new compounds prepared.

5-Methoxy- and 7-Methoxy-4-methyl-3-chromene (Ga and
5a). The isomeric mixture was separated by preparative glc (30%
Carbowax, 12 ft x 0.375 in. column at 240° with 50-pi injection)
to yield 6a and 5a with retention times of 21.4 and 27.5 min, re-
spectively. Ga had ir 938 (w), 909 (w), 780 (m), 763 (m), and 733
cm-1 (w); uv max 228 nm (e 9330) and 276 (4650); nmr 6 2.14 (q,
3,Jr 3s Jr 2= 16 Hz), 3.77 (s, 3), 4.53 (pair of q, 2,323 = 45
Hz), 5.44-5.64 (m, 1), 6.34-6.75 (m, 2), and 7.05 (t, 1, Jo = 8 Hz).
5al0 had ir 998 (w), 839 (w), 807 (m), and 745 cm-1 (w); uv max
228 nm (e 16,400), 272 (3890), and 312 (1600); nmr b 1.97 (q, 3,
Jr 3 s Jr 2 ~ 16 Hz), 3.72 (s, 3), 4.75 (pair of g, 2, 323 = 4.0
Hz), 5.32-5.52 (m, 1), 6.32-6.53 (m, 2), and 6.91-7.13 (pair of t,
1).
)5-Acet0- and 7-Aceto-4-methyl-3-chromene (6b and 5b). The
isomeric mixture was separated by preparative glc (30% Carbo-
wax, 12 ft x 0.375 in. column at 220° with 100-pl injections) to
yield 6b and 5b with retention times of 78 and 147.6 min, respec-
tively. Gb had ir 1686 (s), 922 (w), 876 (m), 790 (s), 770 (w),
747(m), and 710 cm_1 (w); uv max 223 nm (t 10,800), 262 (6310),
and 328 (2940); nmr 51.87 (q, 3, J1,3 as Jr .2 - 15 Hz), 2.50 (s,
3), 4.58 (pair of q, 2, 32,3 = 4.4 Hz), 5.65-5.89 (m, 1), and 6.85-
7.40 m, 3). 5b had ir 1678 (s), 958 (w), 918 (w), 884 (m), 835 (s),
and 749 cm-1 (w); uv max 237 nm (« 12,700), 291 (6480), and 340
(3650); nmr 6 2.02 (g, 3, Jr,3 s Jr.2 = 1.9 Hz), 2.46 (s, 3), 4.38
(pair of g, 2, J23 = 3.7, J2,r = 1.9 Hz), 557-5.83 (m, 1), and
7.07-7.60 (m, 3).

5-(iV,IV-Diethylamino)-3-chromene (3c) was purified by pre-
parative glc (20% SE-30, 5 ft x 0.375 in. column at 220° with
25-pl injections) with a retention time of 9.4 min: ir 1018 (m), 977
(w), 766 (s), and 750 cm-1 (s); uv max 218 nm (f 15,100), 225
(9490), and 292 (5730); nmr 5 1.0 (t, 6, = 7 Hz), 3.02 (q, 4), 4.70
(pair of d, J2,3 = 4, j24 = 19 Hz), 572 (pair of t, 1, 334 = 95
Hz), 6.48-6.68 (m, 4), and 7.09 (t, 1,J0 = 8 Hz).

7-Methyl- and 5-Methyl-3-chromene (2d and 3d). The iso-
meric mixture was separated by preparative glc (30% Carbowax,
12 ft x 0.375 in. column at 180° with 50-pl injection) to yield 2d
and 3d with retention times of 40.3 and 45.8 min, respectively. 2d
had ir 1035 (s), 1021 (w), 945 (w), 812 (s), 742 (w), and 679 cm”1
(w); uv max 226 nm (t 14,600), 271 (4230), and 310 (3160); nmr b
227 (s, 3), 483 (q, 2,323 = 35,324 = 19 Hz), 5.70 (pair of t, 1,
e/34 = 9.5 Hz), 6.43 (pair of t, 1), and 6.55-6.95 (m, 3). 3d had ir
1020 (m), 951 (w), 772 (s), 753 (s), 678 (w), and 653 cm -1 (w); uv
max 228 nm (e 10,700), 272 (4470), and 310 (2080); nmr 6 2.25 (s,
3), 476 (q, 2, J2,3 = 3.8, 324 = 1.9 Hz), 581 (pair of t, 1,J34 =
9.5 Hz), 6.66 (pair of t, 1), 6.49-6.80 (m, 2), and 7.00 (t, 1,jO =
7.7 Hz).

7-Methyl- and 5-Methyl-4-methyl-3-chromene (5d and 6d).
The isomeric mixture was separated by preparative glc (30% Carbo-
wax, 12 ft x 0.375 in. column at 220° with 10-pl injections) to yield
5d and 6d with retention times of 127.2 and 139.8 min, respective-
ly. 5d had ir 1020 (m), 936 (w), 814 (s), and 784 cm-1 (w); uv
max 221 nm (¢ 13,200), 260 (3820), and 307 (2530); nmr $1.96 (q,
3,Jr2 = Jrs —1-8 Hz), 2.26 (s, 3), 4.75 (pair of g, J23 = 4.0,
J2.r = 1.8 Hz), 5.46-5.66 (m, 1), and 6.54-7.13 (m, 3). 6d10 had ir
1015 (m), 937 (m), 911 (w), 784 (s), 771 (s), 741 (m), and 708 cm- 1
(w); uv max 223 nm (< 17,200), 263 (5910), and 305 (2650); nmr b
217 (q, 3,Jdr,2 = Jr.3 = 1-6 Hz), 2.44 (s, 3), 4.43 (pair of g, J2 3
= 4.5 Hz), 5.56-5.91 (m, 1), and 6.56-7.24 (m, 3).

5-Acetoxy- and 7-Acetoxy-3-chromene (3e and 2e). The iso-
meric mixture was separated by preparative glc (30% NPGA, 12
ft x 0.375 in. column at 180° with 50-pl injections) to yield 3e and
2e with retention times of 76.4 and 88.6 min, respectively. 3e had
ir 1770 (s), 982 (m), 921 (m), 793 (w), 772 (m), and 749 cm- 1 (s);
uv max 228 nm (t 16,400), 272 (3890), and 312 (1596); nmr h 2.23
(s, 3), 482 (q, 2, J2,3= 35,724 = 19 Hz), 5.77 (pair of t, 1,334
= 10 Hz), 6.44 (pair oft, 1), 6.50-6.75 (m, 2), and 7.09 (t, 1, J =8
Hz). 2e had ir 1767 (s), 1034 (m), 1007 (w), 783 (m), and 753
cm-1 (s); uv max 229 nm (« 10,500), 275 (3370), and 311 nm
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(3320); nmr b2.20 (s, 3), 4.90 (q, 2,323 = 3.5, J2,i = 1.6 Hz), 5.76
(pair of t, 1, 334 = 10 Hz), 6.46 (pair of t, 1), 6.46-6.64 (m, 2),
and 6.82-7.05 (m, 1).

5-Acetoxy- and 7-Acetoxy-4-methyl-3-chromene (6e and 5e).
The isomeric mixture was separated by preparative glc (30% SE-
30, 20 ft x 0.375 in. column at 230° with 50-pl injections) to yield
6e and 5e with retention times of 41.6 and 50.0 min, respectively.
6e had ir 1764 (s), 970 (m), 916 (w), 865 (w), 789 (m), 769 (m), 738
(w), and 698 cm' 1 (w); uv max 225 nm (r 10,400), 267 (3240), and
307 (2960); nmr b 2.07 (q, 3, Jr.2 ~ Jr.3a = 1.5 Hz), 2.20 (s, 3),
4.62 (pair of q, 2, 2,3 = 4 Hz), 5.48-5.68 (m, 1), 6.56 (pair of d, 1,
JO = 10, Im = 1.4 Hz), 6.72 (pair of d, 1), and 7.13 (t, 1). 5e had
ir 1767 (s), 1015 (m), 950 (w), 907 (m), 897 (m), 819 (m), 787 (w),
and 761 cm-1 (w); uv max 220 nm (« 8730), 267 (2540), and 306
(3140); nmr 5200 (g, 3, Jr.3 ~ r 2 = 1-6 Hz), 222 (s, 3), 4.83
(pair of q, 2, J23 = 3.5 Hz), 5.46-5.66 (m, 1), 6.50-6.89 (m, 2),
and 6.93-7.30 (m, 1).

7-Methoxy- and 5-Methoxy-2,2-dimethyl-3-chromene (17 and
18). 3-(3-Methoxyphenyloxy)-3-methylbutyne (16)7 was cyclized
in iV,IV-diethylaniline heated under reflux according to the meth-
od of Hlubucek, et alJ In two additonal experiments 16 was cy-
clized in a (V,N-diethylaniline solution heated on an oil bath at
210-215° for 8 hr under a nitrogen atmosphere. In all three experi-
ments the results were substantially the same [ca. 85% vyield, bp
104-105° (1.4 mm)].

The isomeric mixture was separated by preparative glc (30%
Carbowax, 12 ft x 0.375 in. column at 220° with 100-200 pi injec-
tions) to yield 17 and 18 with retention times of 28.9 and 23.6
min, respectively, in a ratio of 49:51. 17 had ir 1031 (m), 998 (m),
831 (w), 799 (w), and 702 cm-1 (w); uv max 222 nm (e 19,800),
281 (6970), and 304 (6270); nmr b 1.40 (s, 6), 3.75 (s, 3), 5.41 (d, 1,
da4 = 10 Hz), 6.23 (d, 1,33t = 10 Hz), 6.43 (m, 2), and 6.84 (d,
1, Jo = 9 Hz). 18 had ir 989 (w), 888 (m), 791 (w), and 750 cm- 1
(s); uv max 226 nm (c 18,100) and 278 (7260); nmr b 1.40 (s, 6),
3.80 (s, 3) 548 (d, 1,334 = 10 Hz), 6.32 (d of d, 2,J0 = 8,IJm =
25 Hz), 6.63(d, 1), and 6.99 (t, 1,J0 = 8 Hz).

G-Methyl-3-chromene (20)11 had ir 1038 (s), 1031 (m), 936 (w),
920 (w), 874 (w), 816 (s), 760 (m), 753 (m), 705 (w), and 680 cm- 1
(w); uv max 223 nm (e 19,600), 265 (4010), and 314 (3000); nmr S
221 (s, 3), 477 (q, 2,323 = 34,324 = 1.9 Hz), 572 (pair of t, 1
Js,4= 9.5Hz), 6.39 (pair of t, 1), and 6.52-7.06 (m, 3).
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Radical-initiated oxidations of isobutylene in benzene solution at 80 and 147° and several atmospheres of
total pressure are compared with gas-phase oxidations at 147 and 197° and 0.1-0.5-atm total pressure. The iso-
butylene reacts mostly by the addition mechanism and all oxidations give mostly acetone, isobutylene oxide,
and a high-boiling residue as primary products. Radical-initiated oxidations of cyclopentene have been investi-
gated at 100°, from 9 M in the neat hydrocarbon to 0.025 M in chlorobenzene and from 0.027 M to 0.056 M in
the gas phase. The rates and products of oxidation appear to be similar in the two phases. Gas-phase oxidations
have also been carried out at 155° and good material balances obtained. The main primary product from oxida-
tion of cyclopentene appears to be cyclopentenyl hydroperoxide, but this peroxide is less stable than the prod-
ucts from isobutylene or alkanes, and it causes autocatalysis and gives secondary products. The gas-phase de-
composition of cyclopentenyl hydroperoxide was studied at 100° and the effects of some additives were deter-
mined. The principal product is cyclopentenol, but, in the presence of cyclopentene and oxygen and in many
oxidations of cyclopentene, a high-boiling residue is obtained, apparently a secondary product.

Other work from this laboratory has shown that, except
for concentration effects, gas-phase and liquid-phase oxi-
dations of isobutane2 and «-butane3 are remarkably simi-
lar in rates and products. The present paper compares lig-
uid-phase oxidations of isobutylene at 80 and 147° with its
gas-phase oxidations at 147 and 197° and compares liquid-
phase oxidations of cyclopentene at 100° with its gas-
phase oxidations at 100 and 155°. Our findings are dis-
cussed in our Summary and Conclusions. The following
paper describes liquid-phase oxidations of a-methystyrene
above 110° and the nature of the residues obtained in that
oxidation.4

Gas-Phase Oxidations of Isobutylene at 147° 5a

Experimental. Most oxidations were initiated by di-ferf-butyl
peroxide and were carried out in a 526-ml Pyrex flask for 2 hr at
147°, using conventional vacuum techniques. An unheated trap of
volume 26 ml was connected to the reaction vessel, just above the
level of the oil bath, to facilitate collection and determination of
the highest boiling oxidation products. Experiments 42 and 43
were carried out in a new flask without the trap. This change in
comparison with expt 38 and 39 seems to have decreased oxygen
consumption without affecting the yield of acetone.

The following analytical procedure was ultimately adopted. At
the end of an oxidation, the residue trap was cooled and filled
with liquid nitrogen and the stopcocks from the reaction vessel
were opened slowly. The noncondensable gases, 02, CO, and N2
(from .-BU2N2), were then pumped off by a Toepler pump. Their
volume and pressure were measured and they were then deter-
mined by mass spectrometric analysis. The residue trap was then
allowed to warm to room temperature, and the most volatile ma-
terial distilled into the first cold trap in the vacuum train. The
residue not volatile at room temperature was weighed by cutting
the residue trap off from the reaction flask at about 0.01 mm. The
second trap in this train was cooled in liquid nitrogen and the
first one was warmed to -125° in a methylcyclohexane slush
bath. The pressure increase as the volatile material distilled was
followed on a McLeod gauge. When the pressure had decreased to
the original value, the condensate in the second trap was warmed
to room temperature, measured with the Toepler pump, and
subjected to mass spectrometric analysis. Formaldehyde has been
found in this fraction, as shown in Table I. The liquids that re-
main in the first trap were then analyzed by gc after the addition
of an exact quantity of benzene as internal standard. Although no
formaldehyde has been found in this fraction, some may have po-
lymerized here or elsewhere in the apparatus.

Experiment 37 in Table | is the best of our first oxidations,
where the blanks appeared to consume more oxygen, for reasons
that are still obscure. This experiment checked well with expt 35
and 36 (not shown), where the analyses are less complete, and is
consistent with the blanks 38 and 39 (without isobutylene), which
illustrate the reproducibility of our experiments. In expt 35-37,
the total pressures decreased by about 2 mm during reaction,
very close to the change calculated from the analyses.

Hydroperoxide was estimated in expt 35 by iodometric titration
of the condensable liquids,6 which were washed from the trap
with isopropyl alcohol, the solvent used for the titration. No at-
tempt was made to identify the hydroperoxide, which was ob-
tained in 8.4% yield on the oxygen consumed.

From the work of Batt and Benson,7 the first-order rate con-
stant for decomposition of t-Bi~*Cb at 147° is 1.35 x 10_4/sec, and
62.2% of it should decompose in 2.0 hr. The data in Table I show
that the experimental fractions decomposed fall in the satisfacto-
ry range of 62-66% in five out of seven listed experiments.

Results. The most useful of our many experiments
(many with less complete analyses) are summarized in
Table 1. The numbers indicate the order in which experi-
ments were carried out. These results show that, although
successive experiments would check fairly well, there were
some abrupt and significant shifts in results that we are
unable to account for. Thus, the blank experiments, 38,
39, 42, and 43, show similar rates of decomposition of t-
BU202 and similar yields of acetone but different absorp-
tions of oxygen and productions of carbon oxides. Experi-
ment 13 (not shown because of incomplete analyses)
should have been entirely comparable to these blanks, but
it gave a quantitative yield of acetone, as expected from
the work of Raley, et al.,8 for the same rate of disappear-
ance of peroxide.

If any ferf-butyl alcohol was formed it was not resolved
from the methanol by gc. Very little is expected because
so many of the tert-butoxy radicals cleave in the gas
phase at 150°.2 Further, the 73-88% yields of acetone in
the blanks limit the yields of tert-butyl alcohol to 27 to
12% and there is never enough methanol and other one-
carbon compounds to match the acetone.

Table 1l summarizes the products of oxidation of isobu-
tylene, calculated in the following way. The products of
oxidations 37, 45, and 40 at 147° are approximated by
subtracting from the total reaction products those that are
formed in the blanks with peroxide but without isobutyl-
ene, adjusting the blanks slightly and proportionately so
that the same amount of t-Bu202 is decomposed in the
blank as in the corresponding oxidation.9 All the results
are then expressed in terms of 1 mol of isobutylene react-
ing. The isobutylene accounted for is the sum of the ace-
tone, isobutylene oxide, methacrolein, and residue. On
this basis, essentially all the isobutylene is accounted for
in expt 37 and 40 but only 78% in 45, which is not very
consistent with the blank. However, it appears that about
one-half to three-fourths of a molecule of isobutylene is
oxidized per initiating tert-butoxy radical regardless of
the initial concentration of isobutylene. Of the isobutylene
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Table |
Gas-Phase Oxidations of Isobutylene for 2 Hr at 147°*“
Expt no. K] 0 3 45 P 3 4 46° 47
Reactants
i-CH8 0 0 65.2 65.2 0 0 16.8 0 15.2
02 16.8 16.8 16.28 16.8 15.6 15.6 16.8 14.3 15.2
f-Bud 2 2.68 2.68 2.68 2.68 2.47 2.47 2.68 2.29*¢ 2.43*
Initial pressure, Torr 89 89 397 391 90 89 165.5 90 165.5
Change -2 -2 + 11 + 13 +5.5 +8 + 3.5
Reactants consumed
0 0 2.51 1.5 0 0 1.2 0 1.63
02 1.84 2.14 5.55 4.53 1.21 1.6 3.42 1.45 3.62
f-Bud 2 1.77 1.68 1.69 1.56 1.57 1.74 1.76 1.35¢ 1.32¢
Products
Acetone 2.58 2.60 3.37 2.56 2.79 2.62 3.32 0.75 1.28
MeOH (+ i-BUOH) 1.04 1.26 1.48 0.98 1.24 1.29 1.48 0.99 0.99
chad Trace 0.35 0.02 0.01
CcO 0.48 0.58 0.64 0.28 0.32 0.31 0.46 0.15 0.32
co2 0.14 0.71 0.23 0.05 0.26d 0.06 0.17
U
/'\
MeZZ—CH2 0 0 0.68 0.49 0 0 0.33 0 0.30
Me
HZ=C—CHO 0 0 0.2 0,2 0 0 0,1 0 0
roz 0.46"
Residue6 0 0 0.80 0.46 0 0 0.35d 0 0.23

“ Quantities are in moles X 104 Experiments 46 and 47 used f-Bu2N 2instead of i-Bu2 2and were run for 30 min at 197°.
Isobutylene and N2were also formed (see text). *Estimated (C in residue)/4; see text. ' Result is not available; figure comes
from the very similar expt 35. dResult is not available; figure is from duplicate run, corrected to same amount of i-C-.Hs react-
ing.

Table 11
Net Reactions in Gas-Phase Oxidations of Isobutylene at 147 and 197° “

I; Quantities in moles/mole of i-cins

0
/ % Me i
Expt. no. iCiHs + 0. — AcMe -f CHsO + MeOH + H-C-—--CMe. HZ—C—CHO  residle® + CO + CO2
37 - 39’ 1 1.36 0.31 0.09 0.27 0.08 0.32 0.024 0.21
45 - (42 43)d 1 2.10 0.01 -0.14 0.33 0.13 0.31 0.01 0.14
40 - (42 43) 1 1.56 0.37 0.11 0.27 0.08 0.29 0.11 0.20
47 - 460 1 1.35 0.34 0.19 0.01 0.18 0 0.14 0.10 0.07

“ Results of oxidation of ;-CTR are corrected by subtracting results of indicated blank without i-CiH8 correcting propor-
tionately the products from the blank so that the same amount of initiator was decomposed in the oxidation and the blank.
In two instances, the blank is taken as the average of expt 42 and 43. 6 (Gram-atom C)/4. ' Early experiment with high [i-
CH S] at 147°. dLate experiment with high [i-C4H8] at 147°. « Intermediate experiment with low [i-C4H8] at 147°. <197°

experiment with low [;-C4H 8],

brought into reaction, about one-third appears as acetone
(and presumably formaldehyde and its oxidation product,
CO), a little less as isobutylene oxide and residue. Meth-
acrolein is a minor product.

Residues of Gas-Phase Oxidations of Isobutylene at
147°. Several large-scale runs were made to obtain ma-
terial for investigation. These products had essentially the
same infrared spectrum as the residues from experiments
in Table I. One residue contained 52.31% C, 9.05% H, and
38.64% 0 by difference, and had an average molecular
weight of 145, corresponding to the average empirical for-
mula (C4H8.2502.22)1.58- Another residue was distilled at
about 100° (1 Torr) to yield a distillate containing 50.6%
C, 8.7% H, and 40.7% O by difference and having an aver-
age molecular weight of 229, corresponding to the average
empirical formula (C4HS.2102.41)2.41- The higher molecu-
lar weight corresponds to better removal of volatile mate-
rials. Note that the indicated H:C ratios are slightly high-
er than in isobutylene starting material, suggesting the
presence of tert-butoxy or methyl groups from the initia-
tor.

Gas-phase chromatography indicated the presence of
many components but only two major high-boiling compo-
nents. There was no certainty either that all the sample
had eluted or that the residue had not decomposed in the
injection block (~160°). Thin layer chromatography on

alumina with benzene containing 10% methanol showed
considerable streaking but again showed two major com-
ponents.

The nmr spectrum in CCI4 solution was complicated.
Methyl protons in four different environments were pres-
ent and there was no splitting of the peaks, indicating the
absence of protons on adjacent carbons. The position of
the methylene protons in the spectrum showed that they
were probably close to oxygen functions. Hydroxyl and al-
dehyde protons were found and there was also the possi-
bility of vinyl protons. A rough estimate of the numbers of
different types of protons is shown in Table Ill. The com-
bined residues distilled at ~0.1 Torr, and attempts were
made to split them into fractions of different volatility.
All samples have similar ir spectra, but molecular weight
determinations have given values ranging from 150 to 725.

The possibility that this residue was a polymer of
methacrolein was investigated. Mixtures of methacrolein
vapor, isobutylene, and oxygen were kept in the reaction
vessel at 147° for 2 hr and a somewhat similar residue was
isolated (identified by infrared). In this case it seems that
the methacrolein initiates the oxidation, as no residue was
found with methacrolein alone or admixed with either iso-
butylene or oxygen separately. Methacrolein was polymer-
ized in the vapor phase with di-tert-butyl peroxide as ini-
tiator at 147°, and the infrared spectrum of the product
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Table 111
Nmr Investigation of High-Boiling Residue

——eeeeee Relative numbers--------

Type of proton H atoms Groups
M ethyl (four types) 18 6
Methylene ~6 3
Hydroxyl 4 4
Aldehyde 1 1
(Vinyl) 4 2

Table IV
Liquid-Phase Oxidations of Isobutylene in
Benzene Solution at 147 +3°

Expt no. L4 L5 L6
Time, min

Reactants, mmol

Isobutylene 30.9 31.2 36.0
f-Bu20 2 0.075 0 0
Benzene 81.0 84.2 82.9
Oxygen, psi® 22.5-36.5 28-47 179-211
(225.5) (222) (240)
Products, mmol
02consumed6 ~7.2 8.6 8.9
02 accounted for" 55 +3.1 55+ 7 6.6 + 3
(-C4H 8accounted for0 8.9 9.6 10.1
Acetone 4.2-0.08® 4.2 5.9
Isobutylene oxide 2.6 2.5 .3
Hydroperoxides"” 0.05 0.07 0.07
Residue 8.7" 12.7" 11.7*

“Estimated partial pressures of oxygen in excess of the
calculated vapor pressures of isobutylene and benzene (in
parentheses). For these calculations the vapor pressures
of pure isobutylene and benzene are taken as 82.5 and 600
psi, respectively, and their partial pressures in mixtures are
taken as proportional to their mole fractions. The gauge
pressures were 15 psiless than the indicated total pressures.
bBy pressure decrease in reservoir. OFirst figure for 02
includes O in acetone, the assumed formaldehyde, and
epoxide; second is oxygen in whole residue based on O con-
tent of less volatile fraction. Figure for (-CiHg is sum of
acetone, epoxide and (gram-atoms of C in residue)/4.
d0.08 mmol of .acetone is calculated to have arisen from
decomposition of 0.042 mmol of i-Bu202 6By iodometric
titration. / Distillation at 10 Torr pressure gave 48 mg, bp
85-90°, and 182 mg of less volatile material, 45.3% C,
10.4% H, 44.3% O by difference, mol wt 233, corresponding
to C8.78H 24.006.46. "Residue from distillation to 120° (1
atm) absorbed 0.24 mmol of H2 on a rhodium on alumina
catalyst. For calculations, it is assumed to have the same
analysis as the residue in expt L6. hDistillation at 15 mm
pressure gave 112 mg, bp 95-115°, and 174 mg ofless volatile
material, 48.9% C, 9.37% H, 41.73% O by difference, mol
wt229. corresponding to CO3H2L30597.

was similar to that of the residue formed in the oxidation.

However, the H:C ratios in our residues, 2:1, preclude
much contribution from polymer or oxidation products of

methacrolein, C 4H 60.

Gas-Phase Oxidations of Isobutylene at 197° 5

Because of the slight reaction of isobutylene with oxy-
gen at 147°, expt 46 and 47 were carried out at 197°. The
results, summarized in Tables | and Il, indicate that the
products and yields per initiating radical are about the
same at 197° as at 147°.

In these experiments, 2,2'-azoisobutane was used as ini-
tiator. It was prepared from fert-butylamine by the proce-
dure of Boozer and Moncrief.10 Its rate of gas-phase de-
composition agreed well with that reported by Levy and
Copeland.ll The
in oxygen (expt 46, Table I) gave acetone, CO, and CO 2,
and also 1.10 X 10-4 mol of nitrogen and 0.70 x 10 4 mol

thermal decomposition of azoisobutane
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of isobutylene, for which corrections were made in expt
47, Table II.

Oxidations of Isobutylene in Benzene Solution at 147° 5a

Experimental. Oxidations were carried out in a glass liner of
23-ml capacity in a heated stainless steel rocker bomb, with inte-
rior temperatures measured by an iron-constantan thermocouple.
Oxygen consumption was measured from the pressure drop in a
calibrated reservoir. Reaction mixtures contained the indicated
amounts of isobutylene (measured as the cold liquid) and di-ieri-
butyl peroxide in a total volume of 10 ml of benzene solution.
Each mixture was placed in the glass liner and the bomb was
quickly assembled. Oxygen pressure about 100 psi above the ex-
pected vapor pressure was applied and the bomb was rocked at
147 + 3° for 95 + 3 min. The bomb was then cooled to room tem-
perature and a sample of the remaining gas was taken for mass
spectrometric analysis. The liquid products were analyzed by gc
and distillation. The small volume of solution, the high oxygen
pressure, and the 95-min reaction time assure an adequate supply
of oxygen in solution.

A blank experiment with t-Bu202 and oxygen but without iso-
butylene showed no perceptible absorption of oxygen and only the
expected traces of acetone from decomposition of the peroxide.
Thus benzene appears to be a suitably inert solvent.

Results. Table IV shows that oxidations of isobutylene
in benzene solution are about as fast in the absence as in
the presence of [-BU202. Thus the reaction is self-initiat-
ing and we know nothing about kinetic chain lengths. At
the higher oxygen pressure, without [-BU202, the con-
sumptions of isobutylene and oxygen are higher in 50 min
than in 95 min at lower pressure. In expt L4 and L5 at
about 2 atm of oxygen, the products are about 45% ace-
tone, 28% isobutylene oxide, and 26% residue on the iso-
butylene consumed. These are all products of the addition
of oxidation.12® Products of the abstraction
methacrolein

mechanism

mechanism, and methallyl hydroperoxide,

were missing or almost negligible. The acetone/epoxide
ratio is higher at higher oxygen pressure, as expected.13
The H:C ratio in the residue L4 is implausibly high, 2.73
being considerably higher than in isobutylene. The H:C
ratio in residue L6 is 2.3, also high but comparable to those
in gas-phase residues. We conclude that the stated analysis
for L6, at least, is probably too low in carbon and too high

in oxygen.

Oxidations of Cyclopentenesb

The major primary product of oxidation of cyclopentene
is cyclopentenyl hydroperoxide, but the instability of this
compound under oxidation conditions has resulted in se-
vere analytical difficulties and in experimental data that
are below our usual standard. Our results on cyclopentene
are therefore presented as supplementary material (see
paragraph at end of paper). However, the qualitative re-
sults are clear and our conclusions and a comparison with
isobutylene appear below.

Summary and Conclusions

This work preceded most of our work on liquid-phase
and gas-phase oxidations of isobutane2 and n-butane3 and
presented more difficult problems before we had acquired
later experience. Difficulties with cyclopentene were more
serious; the major primary product is the allylic hydro-
peroxide. The instability of this peroxide is demonstrated
by the autocatalysis in the oxidation of cyclopentene at
50°, established
rates of initiated oxidations at higher temperatures are

since this work was completed.12b Our

therefore suspect. In our gas-phase decompositions of cy-
clopentenyl hydroperoxide at 100°, 30-40% was found to
decompose in 8 hr. The major product of the decomposi-
tion is cyclopentenol, but with added cyclopentene and

oxygen, considerable high-boiling residue was found.
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Table V
Summary of Oxidations of Isobutylene at 80-197°
Medium B ] Benzene solution » Gas phase-
Ejcpt no. Ref 14 L4 37 - 39 47 - 46
Temp., °C 80 147 147 197
[('CAH8l> M ~3.3 <3“ 0.012 0.0027
Conversion, mol % 4 29 4 11
Products, %
RO2H 7.71 0.6 (169
Methacrolein 10.3 -0 8 0
Acetone 18.6 46 31 34
Isobutylene oxide 24.2" 29 27 18
Residue 40.7 25 32 14
Residue composition8 CAH701.6 C™HNOs6 c.h ,s0,.2
Addition mechanism, % 81 ~99 76 70-100

“ Concentration of i-CiHg in cold solution was ~3 M. b2.7%, mostly methallyl hydroperoxide, in volatile fraction, 5.0%
in residue. 8In residue, included in yield of residue. dIncludes 1.6% isobutylene glycol and 0.3% of its monoformate. 8 Aver-
age composition as four-carbon units; analysis of L4 is probably low in C, high in O.

Isobutylene reacts mostly by the addition mechansim to
give saturated and more stable products; these data are
more easily interpreted even if some of the products have
a fairly high molecular weight. However, the expected
minor products of the abstraction mechanism were often
undetected at 147 and 197°.

Because of autocatalysis with the alkenes, we still do
not have a quantitative comparison of rates of liquid-
phase and gas-phase oxidations at the same concentration
and temperature. With cyclopentene at 100°, the apparent
kv/(2kl)1 2 in chlorobenzene solution was found to be
about four times that in the gas phase; we think that au-
tocatalysis was small but significant. With isobutylene at
80°, autocatalysis was insignificant;14 at 147°, autocatal-
ysis was overwhelming. We have some good-looking rate
and product data on gas-phase oxidations of cyclopentene
at 155°, but the probability of autocatalysis makes them
guantitatively suspect.

Isobutylene gives substantial proportions of high-boiling
residue under all conditions that we have investigated.14
This result appears to be associated with formation of
polyperoxides and the addition mechanism.4 The nature of
this residuel4 is indicated below. However, cyclopentene
reacts mostly by the abstraction mechanism and gives
only a little dimeric peroxide residue under conditions
where the products are stable.123 The higher proportions
of residues in some experiments in this paper appear to be
associated with secondary reactions of the hydroperoxide.

In our gas-phase oxidations of both alkenes below 1 atm
pressure, there is little chain reaction and much of the in-
volvement of alkene is due to the initiating radicals or
their reaction products. The products from isobutylene,
like those from a-methylstyrene in the liquid phase,4 are
unexpectedly high in hydrogen content, apparently owing
to incorporation of methyl radicals from the initiator in
the former instance and of formaldehyde from oxidation
in the latter.

We now use the new data above on oxidations of isobu-
tylene at 147 and 197° and previously published datal4 in
benzene solution at 80°, all summarized in Table V, to
consider the effects of phase change and temperature on
the oxidation of isobutylene. We start with previously
published resultsl4 in benzene solution at 80°. Here at
least 18% of the isobutylene consumed is supposed to
react by the hydrogen abstraction mechanism to give
methallyl hydroperoxide, its decomposition product,
methacrolein, and hydroperoxide groups in the residue. At
least 81% reacts by the addition mechanism, to give most-
ly residue, and less isobutylene oxide and acetone. The
residue consists mostly of C4 units, joined together by
peroxide or ether groups or by polymerization and conden-

sation reactions of saturated and unsaturated aldehydes,
but contains some alcohol and hydroperoxide groups asso-
ciated with the hydrogen-abstraction mechanism.14

In a similar experiment at 147°, the oxidation becomes
self-initiating and much faster. The yield of acetone in-
creases, mostly at the expense of residue, but 25% of the
latter is still found. This shift could be due to greater py-
rolysis of polyperoxide groups, either during chain propa-
gation or in secondary reactions. The obvious products of
the abstraction mechanism (methallyl hydroperoxide and
methacrolein) were not found, probably because they do
not survive at the higher temperature and conversions
used. Kinetic chain lengths must be fairly long at both
temperatures, with considerable propagation by addition
of peroxy radicals to double bonds, as shown in the yields
of both acetone and epoxide.

In the gas phase at 147° the concentrations of both al-
kene and oxygen are much lower and the oxidations are
much slower. Experiments 37 and 40 (Table 1) show that
less than one molecule of isobutylene is consumed per po-
tential initiating radical. By hydroperoxide titration,
which may measure both primary and secondary prod-
ucts, about half the residue comes from each of the addi-
tion and abstraction mechanisms. On this basis, the total
contribution of the abstraction mechanism is 24%, some-
what more than the 18% in benzene solution at 80°. Since
acetone, but little or no tert-butyl alcohol, is formed in
the blanks in Table I, 1-BuO- radicals from the t-BU202
initiator must cleave, and most of the gas-phase attack of
isobutylene must come from attack by methylperoxy and
methoxy radicals. From product analyses, most of these
radicals added to isobutylene, although alkoxy radicals
are supposed to have more preference for abstraction than
alkylperoxy radicals.15-16 The high H:C ratios in the resi-
dues also point to incorporation of methyl radicals. Our
experiments tell us little about any simple repeating
chain process in the gas-phase oxidation of isobutylene;
such processes require considerably higher concentrations
(pressures) of reactants, as shown in gas- and liquid-phase
oxidations of isobutane2 and n-butane.3

The gas-phase oxidation at 197° is faster than at 147°,
but the material balance is not adequate to tell us much
about the competition between addition and abstraction
mechanisms. Here the initiator produces terf-butyl radi-
cals, which are oxidized to more isobutylene, which is
probably brought into reaction by i-Bu02-, MeC”-, and
MeO- radicals. Comparison of expt 40 and 47 (at the
same concentrations, Table 1) shows that each initiating
radical brings only 0.62 molecule of isobutylene into the
reaction at 197°, and only 0.34 at 147°. This small increase
in reactivity for a 50° temperature change and the higher
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yield of abstraction products in the 147° gas-phase run
than in the 147° liquid-phase run are consistent with the
increasing tendency of radical-alkene addition products to
dissociate at high temperatures and low concentrations
and to be superseded by abstraction reactions.17

The initial products of the gas-phase oxidation of isobu-
tylene at 293° in clean Pyrex are 80% acetone (and form-
aldehyde + CO), 17% isobutylene oxide, and methacro-
kin.18 In an unpacked quartz Teactor at 400-550°, a 60%
yield of methacrolein has been reported.19 Together, these
results illustrate again the tendency of higher tempera-
tures to cause more reaction by the abstraction mecha-
nism. However, wall reactionsl8 have a still undetermined
effect on these high temperature oxidations. That the ad-
dition/abstraction ratios are not consistent with our own
below 200° may also be due to replacement of alkylperoxy
radicals by some other, undetermined, chain carrier at
high temperatures.
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This paper considers the transition between the previously reported oxidations of «-methylstyrenel at 50 and
170°, with special attention to the nature of the nonvolatile residue, which changes from an alternating copoly-
mer of «-methylstyrene and oxygen to a very complex mixture. Increasing reaction temperature and rate of oxi-
dation result in lower effective oxygen concentrations, formation of increasing ratios of «<-methylstyrene oxide to
acetophenone, rapidly decreasing formation of polyperoxide above 100° increasing involvement of primary
products in secondary reactions, and gradual replacements of peroxide groups by ether groups, including
-OCH20 - groups, in the residue. The residues average about two «-methylstyrene units, one ether link, and one
hydroxy group per molecule, but contain some vinylidene groups. However, vigorous reduction with HI and red
P and then with LiAIH4 gives alkylbenzenes with one to four aliphatic carbon atoms and various dimers of «-

methylstyrene.

Previous workl on the oxidation of «-methylstyrene
showed that the principal products at 50° are a polyperox-
ide, acetophenone, formaldehyde, and «-methylstyrene
oxide. The principal chain propagation steps are shown in
eq 1-7.

The competition among these reactions largely deter-
mines the products of reaction; Alternation of reactions 1
and 2 produces a polymeric peroxide radical that is stabi-
lized as a polyperoxide molecule by some chain transfer
step (not yet established but reaction 3 is suggested).
Competition between reactions 2 and 4 depends on oxygen

pressure and determines how much acetophenone and ep-
oxide are formed. Whenever reaction 4 occurs, the result-
ing alkoxy radical (which may contain several alternating
C9H10 and O2 units) “unzips” through all the adjacent
polyperoxide groups to give acetophenone, formaldehyde,
and a small terminal radical (reaction 5). The ratio of car-
bonyl compounds to epoxide depends on how many times
reaction 2 occurs before reaction 4 occurs. The ratio of poly-
peroxide to smaller molecules depends on the competi-
tion between reactions 3 and 4, the former apparently
being independent of oxygen and methylstyrene concen-
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Me Me
| |
RO/ + H,C=C — ROOCH,C- Q)
| "l
Ph Ph
Me
Me ROOCHXO/ (= ROJ/) (2)
l /
ROOCH.C- + Ph
Me
Ph
ROOCH=CPh + HO,- 3)
Me q
| I\
ROOCH,C- — » RO- + H,C— CMe 4)
Ph Ph
Me
RO(OCH,CO),- — » RO- + nPhAc + nCH,0 (5)
|
Ph
Me Me
RO- + H,C=C —* ROCE.C- (6)
| |
Ph Ph
Me Me Me Me
| |
ROOCHjC- + hzx= C — v ROOCH,CCHXC- (@)
Ph Ph Ph Ph

trations. At low oxygen pressure, the polymer contains
-OCH20- and other ether groups. Reactions 6 and 7 illus-
trate how ether links and new carbon-carbon bonds might
be formed.

Near 170°, probably with an Inadequate supply of oxy-
gen, the products are about one-third each of acetophe-
none (and formaldehyde), epoxide, and a residue with the
average C, H, O analysis of poly(«-methylstyrene oxide).
This residue may be formed by repeating sequences of
reactions like 6, 2, 1, and 4. This explanation requires
that RO2CH2C(MePh)0- radicals react at once by 5 but
that ROCH2C(MePh)O0- radicals add “as in 1or 7.” The ob-
jectives of the present work are to find out how the mech-
anism of oxidation changes in the intermediate tempera-
ture range, to determine what conditions favor formation
of residue, and then to investigate the nature of some of
these residues. Our conclusions are near the end of the
paper.

Oxidations of «-Methylstyrene23

Experimental. Most oxidations were carried out with
approximately 0.5 mol of a-methylstyrene in a wide-necked
flask with a 170-ml bulb, fitted with a Vibro-Mixer, thermometer,
oxygen inlet, and an oxygen outlet through a trap cooled to -78°
and through wet glass wool to absorb formaldehyde. Larger runs
without solvent in Table | are pairs of similar smaller runs. The
oxygen entering and the gas leaving the vessel at 1 atm were usu-
ally passed through flow meters, and an effort was made to sup-
ply oxygen fast enough so that some excess left the vessel. How-
ever, the exit gases contained considerable formaldehyde, which
was not readily removed and which partly polymerized on the
exit system and flow meter. The reaction mixture was quickly
brought to reaction temperature, usually by heating with a gas
flame. Thereafter only occasional gentle heating or cooling with
water was required to keep the liquid temperatures within about
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5° of the stated temperatures, which are weighted averages. The
Vibro-Mixer provided a constant fine dispersion of gas bubbles in
the liquid.

The products were distilled at reduced pressure, as indicated in
Table 1. The distillate was analyzed for acetophenone and a-
methylstyrene oxide by infrared or gc, using suitable standards.
The residues were analyzed for carbon and hydrogen, and some-
times their molecular weights were determined.

The oxidations with o-dichlorobenzene as solvent employed
similar stirring and arrangements. Experiments 53 and 57 used a
little over 0.5 1 of solution in a 1-1 flask. The flask contents were
maintained at the stated temperatures by keeping them in oil
baths at somewhat higher temperatures.

Results and Discussion. What does happen to the
mechanism of oxidation of a-methylstyrene between 50
and 170°? In some unrecorded experiments at 100° consid-
erable polyperoxide was still formed (although its half-life
is only a few hours), but very little survived our oxidations
at 120°. Somewhere between 100 and 120°, reaction 4 out-
runs reaction 2, partly because 4 has a higher activation
energy, but partly because the oxygen required for 2 is
unavoidably depleted by increasingly faster reaction.

Our results at 120° and above are summarized in Table
I. Runs without diluent at 120° are considered first. Ac-
cording to our mechanism, the ratio of acephenone to a-
methylstyrene oxide formed depends on oxygen pressure
and the competition between reactions 2 and 4. If enough
oxygen is present, more reactions like 1 and 2, and more
acetophenone, can eventually be formed when reaction 4
occurs, but the amount of excess acetophenone is variable
and dependent on poorly controlled oxygen concentration.

The next point is that two distillation procedures were
used for analyses, as indicated in notes ¢ and d to Table I.
Neither is entirely satisfactory, but we can deduce the
correct results fairly closely. With procedure c, the distil-
lation residue should not decompose but not all the aceto-
phenone and epoxide are recovered and accordingly the
yields of residue are 5-15% higher than with procedure d.
Results of distillation of residue 18 by procedure ¢ at 0.05
Torr are shown in Table I. By mass spectrometry, the first
fraction was mostly acetophenone not recovered in the
first distillation. The second fraction was partly acetophe-
none, probably partly resulting from pyrolysis of peroxide
in the original residue. These figures suggest that, if this
experiment had instead been analyzed according to d, the
yield of acetophenone might have been about 0.013 mol
(7%) higher, two-thirds from incomplete separation and
one-third from pyrolysis. Losses of epoxide by poor recov-
ery should be similar since it boils only about 4° lower
than acetophenone at 15 Torr. The 5.8% weight loss in the
redistillation also sets a low limit on the polyperoxide
content of the residue; 20% loss is expected for pyrolysis of
polyperoxide into acetophenone and uncondensed formal-
dehyde.

However, the analyses of the fractions show that they
contain about 5% (of the total C9H10) of unidentified vol-
atile material that contains more hydrogen and more oxy-
gen than acetophenone, «methylstyrene oxide, or the
residues isolated by procedure d; this material is neglect-
ed in most analyses. The next section suggests that this
material is, or contains, a-methylstyrene glycol. Thus pro-
cedure d may overstate the yield of acetophenone by up to
5% at the expense of residue and neglect up to 5% of uni-
dentified volatile products. Procedure c¢ includes 5-8%
each of epoxide, acetophenone, and unidentified high boil-
ers as residue.

The epoxide/acetophenone ratios and the yields of resi-
dues in expt 45, 48, and 39 are close to those obtained in
the oxidation at 50° (6 Torr) of oxygen,l although the
compositions of the residues may be different. In view of
the higher activation energy for epoxide formation,3 the
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Table |
Oxidation of «<-Methylstyrene at 120-170°

Products, mol (% of CeH 1w reacting)

(o}
--------- Reaction- Con- /' \ [--------------—-ResidUe------
Av temp, Time, version, PhC--—--- CHas Mol
Expt no. CgHio,” mol (g) °C min % Me PhAcb Residue Av composition wte
45 1.098 120 12 13.6 0.062 0.066 0.021 (CHWDDLE)LB 246
(128.8) (41) (44) (14)
4 0.501 120 37 25.7 0.054 0.049 0.027" (CH.120020) 3
(59.2) (41) (38) (21)
18 0.525 120 36 37.2 0.070 0.092 0.034' (CHILi2216.
(62.0) (36) (47) (17)
Distillation of 5.16 g of residue at 0.05 Torr gave
1.52 g to 95° (CHIDIBIR 146
1.70 g to 155° (c girl113020 143 217
1.33 g to 250° (CHN.D1LH*
0.31 g residue (CH10DO0OB2B 389
0.30 g loss
48 0.534 125 36 46.8 0.117 0.121 0.012* (CH 1040 15)*
(63.1) 47) (48) (5)
39 1.018 120 36 51.1 0.214 0.266 0.041* (CH 1050146)260 369
(120.2) (41) (51) (8)
57 1.01 120 5 3.30 0.0127 0.020 0.0006*." (CHWO1®H1 220
(119.2 + 512 g o-C6H 419 (38) (60) )
53 0.986 118 58 0.0780* (OHWIO1H16 236
(116.5 + 507 g o-CEH 4LC12
61 0.489 110 58 30.9 0.0284 0.113 0.0093* (CH 980i.2349 480
(57.8 + 263.5 g o-CEH4AC1) (19) (75) (6)
8 0.507 140 15 3.3 0.030 0.028 0.017' (CH 11301H*
(59.9) (41) (37) (22)
22 0.562 140 18 12.1 0.029 0.020 0.018' (CH 10sOl.6)*
(66.5) (43) (32) (26)
26 0.516 160 8 5.1 0.0097 0.0084 0.0081' (CH WD 1LD*
(60.9) (37) (32) (31)
Ref 1 0.764 167-168 30 26.5 0.077 0.066 0.059 A (CgHi00)*
(90.4) (38) (33) (29)

“ Molecular weight of «-methylstyrene is 118.18. 6Values obtained by ir analysis, except 39, 45, 48, and 57 by gc. r Material
not distilled at 70-100° (0.10 1 +ys». Residue contained some PhAc and epoxide. Moles based on C content, assuming C»
units. *Material not distilled from 180° bath at 0.10 Torr. Moles based on C content assuming C9units. ' After molecular
distillation at 180° had removed 33% of material from an ordinary residue.

effective oxygen pressure at 120° must be higher than 6
Torr, but we do not know how much higher.

The average compositions of the residues (and fractions
from expt 18) show that nearly all of them have both
higher H:C and higher 0:C ratios than «-methylstyrene
units, the polymer of its epoxide, or acetophenone. The
only obvious oxidation product with both higher H and O
ratios is formaldehyde.l In the absence of a better expla-
nation, we propose that the residues, and even the distil-
lates, in expt 18 contain more -CH2O- residues than ace-
tophenone residues, or some -CH20 - units in the «-meth-
ylstyrene or 1:1 peroxide residues, the -CH20- units being
left by “unzipping” of polyperoxide units (see below) or
incorporated by condensation, copolymerization, or as
paraformaldehyde.

The H:C in the first residue (expt 18) corresponds to al-
most two formaldehyde units per methylstyrene unit
(more if some hydrogen has been lost from the latter) and
would account for 60% of the formaldehyde expected from
the yield of acetophenone found. Although this high pro-
portion suggests some paraformaldehyde in this residue,
not much was found. Samples of this residue were heated
with concentrated aqueous hydrochloric acid for 3 hr at
90° or with 2 M acid for 2 hr at 70°; 0.83 and 0.68 wt %
formaldehyde (about 4 mol %) was found by the dimedon
and chromatrophic acid methods, respectively, but this
low result could be due to incomplete hydrolysis. Table 1
shows that the last residue (expt 18) contains lower pro-
portions of both hydrogen and oxygen than the first resi-
due. These observations suggest that the residues contain
some peroxide or formal groups that pyrolyze to formalde-

hyde or one of its condensation products and are lost dur-
ing distillation (although excess hydrogen persists in the
final residue). Such groups could arise by incomplete un-
zipping of structures containing ether groups, which may
also protect peroxide groups in R. The resulting alkoxy-

Me Me n

| | I\
ROCH,CO,CH,C- — ROCH.- + PhAc + H,C— CMe (8)
1 [1

I 1
Ph Ph Ph

methyl radical might react with oxygen (eventually releas-
ing formaldehyde) or with methylstyrene to give Cn units
(see next section), or possibly with some form of formal-
dehyde. The alternating polyperoxide of «-methylstyrene
has the same H:C ratio as the hydrocarbon and does not
account for the high H:C ratios in residues.

The experiments in o-dichlorobenzene in Table I were
carried out to slow the oxidation and thus to increase the
concentration of oxygen in solution. Experiment 57 shows
that this effort was successful, as measured either by the
higher acetophenone/epoxide ratio or by the small propor-
tion of residue, all after pyrolysis as in expt 48 and 37.
The less epoxide that is formed, the fewer should be the
ether links to stabilize the decomposing peroxy radicals.

Experiment 53 was carried to 58% conversion to supply
the residue for the investigation in a later section. Experi-
ment 61 was carried out to obtain full data on a duplicate
of expt 53, but, because of difficulties in temperature con-
trol, expt 61 shows mostly the effects of a higher oxygen
supply and a low temperature (110°): the highest yield of
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acetophenone after strong heating and the lowest propor-
tions of hydrogen and oxygen in the residues listed in
Table I, indicating low incorporation of formaldehyde. We
do not know how much polyperoxide was formed and py-
rolyzed during analysis.

Comparison of the incomplete data for expt 53 and 57
at 120° suggests that a tenfold increase in reaction time
increased the yield of residue about 100-fold and therefore
that part of the residue is a secondary product. This latter
suggestion has been supported by oxidizing a-methylsty-
rene in the presence of added p-chloroacetophenone. A
mixture of 0.426 mol of «-methylstyrene and 0.124 mol of
distilled Eastman p-chloroacetophenone was stirred in a
stream of oxygen for 73 min at 120°. A weight gain of 4.13
g corresponded to 0.30 mol of oxygen/mol of «-methylsty-
rene initially present. Distillation at reduced pressure gave
3.16 g of residue not distillable at 180° (0.4 Torr). This res-
idue contained no free chloroacetophenone (23.0% CI) by
gc but it contained 6.83% chlorine (29% p-chloroacetophe-
none units), 4.9% of all the chlorine added initially. By
ultraviolet absorption, at least 65% of the incorporated p-
chloroacetophenone appeared as p-chlorobenzoyl groups.
The nmr spectrum of this residue differed from typical
residues in that it contained about 1.0 (instead of 0.75)
aromatic per aliphatic proton and in that -OCHO- and
PhCHO- protons were missing.

Treatment of the distillate from expt 39 with small
amounts of formic acid in the absence of oxygen, with and
without paraformaldehyde to duplicate some of the condi-
tions during an oxidation, failed to produce significant
amounts of residue. These results seem to exclude the
possibility of an acid-catalyzed condensation of primary
products to residue.

In comparison with expt 4 and 18 in Table I, which em-
ployed the same analytical procedure, experiments at
140-168° show very similar results, although there may be
some tendency for acetophenone to decrease, for residue
to increase, and the hydrogen and oxygen content to de-
crease with increasing oxidation temperature. Since the
rates of oxidation (conversion/time) are lower at the high-
er temperatures, oxygen supply must have been more lim-
ited than at 120°. Since the residues of these high-temper-
ature runs cannot contain peroxides, similarity in prod-
ucts supports our conclusion that the 120° residues did not
contain much peroxide.

Investigations of Oxidation Residues

Results of investigating two kinds of residues in Table |
are summarized. (See paragraph at end of paper regarding
supplementary material.) The first kind of residue re-
sulted from high-conversion oxidations of neat «-methyl-
styrene at 120° where rapid oxidation reduced the avail-
ability of oxygen. Most of these data come from the resi-
due of expt 39; some come from expt 18. These residues
averaged about one benzoyl and one ester group per mole-
cule, and four aliphatic for three aromatic protons (1:1 in
methylstyrene). They also contained methyl, benzyl, and
benzyloxy groups. These results, along with the elementa-
ry analysis, suggest the incorporation of formaldehyde
units in the residues in some form. A similar oxidation to
lower conversion (expt 45) gave a similar product except
that the molecular weight was lower and the proportion of
methyl (end) groups and of ether groups was higher.

In the second kind of oxidation, the methylstyrene was
diluted with 3.0 volumes of o-dichlorobenzene, to slow the
oxidation and to permit maintaining higher concentra-
tions of oxygen. Residue 57, which was examined most
carefully, had an average molecular weight of 220 and an
average composition of C9H10.50a.66- This residue was sa-
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ponified to give 78% of a neutral, viscous oil, which was a
mixture of more than 50 components. The “average” com-
position of these components was C1sHi8.402.28- The “av-
erage” molecule contained 1.34 ether oxygen atoms and
0.94 hydroxyl oxygen atom. A small number of hydroxyl-
ated eight- to ten-carbon compounds accounts for the low
carbon content of the “average” empirical formula, a-
Methylstyrene glycol (6%), an expected pyrolysis product
of the polyperoxide, was isolated and identified. One out
of every four or five molecules contained a terminal
PhC=CH2group.

The only other component identified tentatively was
~0.2% of 2,5-diphenyl-lI-hexene, a dimer of a-methylsty-
rene. Fragmentary information was obtained on several
other fractions, both single compounds and mixtures. All
these materials contained H2C=C<, hydroxyl, and phe-
nyl groups; most of them contained ether groups, and the
grouping PhC(0-)Me was identified in one case.

Treatment of the neutral mixture with hydriodic acid
and phosphorus and subsequently with LiAIHé gave a
mixture of hydrocarbons that was separated into a mix-
ture of five alkylbenzenes and a mixture of a-methylsty-
rene dimers. The alkylated benzenes resulted from cleav-
age of the ether molecules. The principal alkylbenzene
(75% of the mixture) was cumene; present in much small-
er amounts were toluene, ethylbenzene, n-propylbenzene,
and see-butylbenzene. These results mean that the fol-
lowing groups could be present in the neutral fraction,

—¢c— C—c— Ph—C—C—C—

Ph

- e
PR e

o
=
o
=2

1 1 1 1
—Cc—cCc—cCc—Cc—

1

P

=2

where most of the free valences are attached to hydrogen
but at least one in each unit is attached to oxygen. The
first two formulas show loss of carbon from a-methylsty-
rene units; the last shows gain of carbon, and the fourth
shows either gain and loss together, or rearrangement.
Any -OCH20- groups would have been lost in the proce-
dure used.

The «-methylstyrene dimer mixture gave ir and nmr
spectra that resembled those obtained from a sample of
polymerized «-methylstyrene. Eight peaks were obtained
on gas chromatography of the «-methylstyrene dimer mix-
ture. One peak, which accounted for about 50% of the
mixture, was isolated and was subsequently shown by
capillary gas chromatography to consist of two compo-
nents. No further effort was made to separate these.

The acid fraction recovered from the saponification con-
sisted of a mixture of at least three acids. The major com-
ponent, and the only one identified, was benzoic acid.

Conclusions

In oxidations of «-methylstyrene with ample oxygen up
to 100° the principal product is the alternating polyperox-
ide, which is reasonably stable at reaction temperature
but pyrolyzes cleanly to acetophenone and formaldehyde on
heating at reduced pressures. Between 100 and 120°, at 1
atm total pressure, the principal product of oxidation of
a-methylstyrene changes from polyperoxide to «-methyl-
styrene oxide and acetophenone, with minor amounts of
residue and still less peroxide. In this range, a combina-
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tion of a higher activation energy for epoxide formation
(reaction 4) in competition with absorption of oxygen
(reaction 2) and the difficulty in maintaining saturation of
the solution with oxygen leads to the formation of increas-
ing proportions of both a-methylstyrene oxide and distil-
lation residue and less acetophenone. Slowing the oxida-
tion (and presumably increasing the oxygen concentra-
tion) by dilution with o-dichlorobenzene increases the
yield of acetophenone at the expense of epoxide and resi-
due. Residues are associated with epoxide formation and
the formation of ether links, reactions 4 and 6. Residues
made at low oxygen concentrations have H:C ratios that
seem also to require incorporation of -OCH20- groups,1
particularly in residues that have not been strongly heat-
ed. At higher conversions, residues also contain condensa-
tion products of acetophenone, formaldehyde, and a-
methylstyrene oxide, the major primary products of oxi-
dation.

Detailed investigations of some residues confirm the
presence of ether groups and -OCH20- units but they
bring out the great complexity of the residue and, with
the exception of 6% of a-methylstyrene glycol, the absence
of important proportions of any single component. This
work shows that the hydrocarbon units between the ether
links contain seven, eight, and ten carbon atoms as well
as two kinds of C9 units. Some of the cuts in this investi-
gation contained many more than 50 individual compo-
nents.

This work is consistent with, and extends, our findings
that oxidations of isobutylene4,5 and cyclopentene5,6 also
give high-boiling residues. Those residues also consist of
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monomer units, or fragments of them, joined together
with ether links (and some peroxide links in oxidations
below 100°), some with additional oxygen-containing
groups on the chains.
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The acetic anhydride promoted rearrangement of cyclic /3-amino acids to a-methylenelactams has been inves-
tigated. In particular, the effect of ring size, N substitution, and a substitution on the yield of the rearranged
product was determined. When applicable, the stereochemistry of the rearrangement was also examined. These
observations have led to elucidation of the mechanism of the a-methyleneiactam rearrangement which is ini-
tiated by a cyclic /3-amino acid reacting in its zwitterionic form with acetic anhydride to yield the protonated
amino mixed anhydride. /3 elimination then readily occurs, and recyclization takes place by nucleophilic attack

of the amino group on the mixed anhydride function.

The rearrangement of a cyclic /3-amino acid to an a-
methylenelactam was first observedl in an attempt to pu-
rify dihydrolysergic acid (1). Sublimation of acid 1 led to
a substantial portion of rearranged product, dihydrolyser-
gic lactam (2). Subsequently, this rearrangement was uti-
lized in the transformation of lysergic acid (3) to 6,8-di-
methylergoline (4).2

o

In addition to the above pyrolytic route, the rearrange-
ment of cyclic /3-amino acids to a-methylenelactams has
been effected through the use of acetic anhydride. In seek-
ing to racemize the C-8 asymmetric center of lysergic acid
(3), it was treated3 with acetic anhydride in the expecta-
tion of preparing lysergic acetic anhydride. The product
obtained was lactam 5. Similarly, the rearrangement of
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N-methylnipecotic acid (6) to
piperidone (7) has been reported.4

I-methyl-3-methylene-2-

Since then, this reaction appears to have gone unno-
ticed until the recent5 utilization of this rearrangement
for nicotinic acid degradation. Recognition of the reac-
tion’s synthetic potential was achieved when the rear-
rangement was employed as a key step in the synthesis of
camptothecin and camptothecin analogs.6’7 The multi-
tude of possible subsequent transformations of the prod-
uct lactams, for which the synthesis of camptothecin is a
good example, makes these lactams very versatile syn-
thons. With this in mind, we have explored the mecha-
nism and some aspects of the scope of this rearrangement.
In particular, the yield of rearranged product as a function
of ring size, N substitution, and a substitution was of
prime interest. The stereochemistry of the rearrangement
of «-substituted derivatives was also examined.

Syntheses. The five- and seven-membered ring (3-amino
acids 12a and 12b were prepared as outlined in Scheme 1.

Scheme |
,coX
(CH2,
N
|
ch3 CH3
8a, N=1 9a, N—1; R=CH5
b N=3 b, «=3; R=H
CH,OH codx
( { CcHI—(
1
ch3 ch3
10a, N=1 11a, N=1; R= CH3
b N=3 b, N=3; R= CH3

12a, N=I; R=H
bN=3 R=H

Treatment of the corresponding amides 8a and 8b with
lithium diisopropylamide followed by the addition of di-
ethyl carbonate or carbon dioxide yielded the carboxyl de-
rivatives 9a and 9b, respectively. Lithium aluminum hy-
dride reduction of the carboxyl and amide functions af-
forded the aminols 10a and 10b, and chromium trioxide-
sulfuric acid oxidation of the alcohols gave acids 12a and
12b, purified via their respective methyl esters, 1la and
lib.

Preparation of the N-substituted acid derivatives 16
and 17 was accomplished as outlined in Scheme Il. Meth-
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Scheme 11

14, R= CH(CH32
15 R= CHX8H5

16, R = CH(CH32
17, R=CHX&H5

Scheme 111
CO02CH3
a‘COIH3
H; — coxh3
N +-C 0 ZZH3 An” co.ch,
TsO"
ch3 ch3 ch3
22 23 24, R=H
25, R=CH3
Scheme 1V
13

yl nipecotate (13) was treated with either isopropyl iodide
or benzyl bromide to yield the N-alkyl derivatives 14 or
15. Acid hydrolysis of the esters then afforded the desired
acids 16 and 17 as the hydrochloride salts.

Three 1-methyl 2-substituted nipecotic acids were ex-
amined. The 2-methyl- and 2-phenyl-lI-methylnipecotic
acids (18 and 19, respectively) were made from the known
ethyl esters.8 Scheme 11l delineates the preparation of the
2-carboxynipecotic acid derivatives 24 and 25. 2,3-Pyridine-
dicarboxylic acid (20) was esterified with methanol-HCI
to yield pyridine diester 21. Subsequent treatment of 21
with methyl p-toluenesulfonate afforded the Al-methylpyr-
idinium carboxylic ester salt 22, which was hydrogenated
employing platinum as the catalyst to yield the piperidine
23. Hydrolysis of diester 23 was effected in 6 N HC1, se-
lectively to monoester 25 at room temperature overnight
and totally to diacid 24 on refluxing for 20 hr.

I-(2,2,2-Trifluoroethyl)nipecotic acid (29) was prepared
as shown in Scheme V. Methyl nipecotate 13 was treated
with excess trifluoroacetic anhydride to yield the amido
ester 26. Selective reduction of the amide function in 26
could not be accomplished with diborane,9 which convert-
ed 26 to the aminol 27. Oxidation of 27 with chromium
trioxide-sulfuric acid folloned by esterification with
methanol-HCI yielded the amino ester 28, which was hy-
drolyzed in 6 TVHCL1 to produce acid 29.

Mechanism. Experiments using a carbon-14 label es-
tablished5 that the carboxyl carbon of /V-metby Inipecotic
acid (6) becomes C-2 of lactam 7 after rearrangement in
refluxing acetic anhydride. This fact, coupled with the
fact that /3-amino acids are known to undergo elimination
to a/3-unsaturated acids, allows the following mechanism
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to be postulated initially. In the simplest view, a cyclic
/3-amino acid undergoes /3 elimination to yield an open-

chain intermediate. Subsequent Ting closure of the inter-
mediate then occurs through attack of the nitrogen atom
on the carboxyl carbonyl group. Conceivably, the amine in
the open-chain intermediate can exist either as its N-ace-
tyl derivative or as the free amine. Also, the carboxyl
function in the open-chain intermediate may exist either
as the acid or as the mixed anhydride. The fact that cy-
clic /3-amino acids do not rearrange at 140° in the absence
of acetic anhydride, i.e., in refluxing xylene or in refluxing
Xylene containing acetic acid, indicates that mixed anhy-
dride formation is a prerequisite for rearrangement. Thus,
mixed anhydride formation increases the acidity of the a
hydrogen, facilitating /3 elimination. Additional evidence
in support of this, postulate is the fact that the ester de-
rivatives also do not rearrange or undergo /3 elimination
under these conditions. Therefore, the mechanism is limit-
ed to one of the two possibilities, | or Il

According to mechanism I, mixed anhydride formation
followed by acetylation of the tertiary amine would yield
the intermediate 31. The quaternary nitrogen, now being

+ ch,co;

(CHT)D + a m
N~O

CH3
7

ci CcH
33

a better leaving group, promotes /3 elimination, possibly

by an El mechanism; however, owing to the increased

acidity of the hydrogen a to the mixed anhydride moiety,
elimination can also be of the E2 or ElcB nature. Ring
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opening would yield the A-acetyl derivative 32, followed
by ring closure to the ionic imidium intermediate 33. At-
tack of the imidium ion intermediate by acetate ion would
thenyield lactam 7, regenerating acetic anhydride.

The alternative mechanism Il again starts with mixed
anhydride formation but from the zwitterionic ion form of
s, s a. Acetate ion, formed concurrently, is the base which
promotes elimination readily in the protonated amine 34
to give the open-chain intermediate 35. Intramolecular
nucleophilic attack by the free secondary amine then
leads to ring closure, forming lactam 7.

To differentiate between these mechanisms, the open-
chain derivative 32 was prepared by acid hydrolysis of lac-
tam 7 to the open-chain amino acid 36 hydrochloride, fol-
lowed by treatment with acetyl chloride in the presence of
K2CO3 to form the W-acetyl derivative 37. Heating the
acid 37 in acetic anhydride at reflux for 3 hr gave only
mixed anhydride 32; no ring closure occurred.

ICOR
Ac,0
32
Sr— c— ch3
| 1
ch30
37
This observation eliminated mechanism | and focused
attention on mechanism Il. Evidence for this latter hy-

pothesis was obtained when the acid 36 was refluxed in
acetic anhydride and yielded, after an aqueous isolation,
the lactam 7 and the open-chain TV-acetyl derivative 37.
Since it had been established that N-acetyl derivatives 37
and 32 did not ring close to 7 in refluxing acetic anhydride
and that the acid 37 did not close to 7 simply by heating
at 140°, it could be inferred that production of 7 must be
derived from the amine mixed anhydride intermediate 35.

The formation of both lactam 7 and A'-acetyl mixed an-
hydride 32 (isolated after hydrolysis as 37) on heating the
amino acid 36 in acetic anhydride can be rationalized as
the result of competition between two reactions. One is
N-acetylation, which then prevents ring closure and re-
sults in formation of 32. The other is O-acetylation (mixed
anhydride formation) folloned by internal N-acylation
forming lactam 7. When one begins with the cyclic amino
acid 6, none of the A-acetvl derivatives 37 and 32 are
formed. Since the mixed anhydride 34 is the primary
product, the initial ring-opened product is amine mixed
anhydride 35. None of the open-chain amino acid 36 is
formed, and ring closure by internal N-acylation com-
pletely excludes bimolecular N-acetylation.
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Table 1
a-Methylenelactam Rearrangement of 3-Carboxy-I-rnethylpyrrolidine, -piperidine, and -hexahydroazepine

Reaction

Compd conditions0
12a AC20, K2CO3
12b AC20, K2€CO3
12b 150 mol % Ac2 in
xylene, K2C03
/—\.CO_Ac
s r 100 mol % AcOH in
xylene
ot
2
6 AcdD

“ All reactions were conducted for 3 hr at reflux.

Further evidence for the plausibility of amine mixed
anhydride intermediate 35 ring closing to lactam 7 was
sought by treating the benzyloxycarbonyl derivative 38
with anhydrous hydrogen fluoride at 0° in an attempt to
isolate 35 hydrofluoride under these mild reaction condi-
tions. However, only lactam 7 was produced. Since mixed
anhydrides can form acyl fluorides in the presence of hy-
drogen fluoride,10 the integrity of the mixed anhydride
function is in doubt in this experiment, and it cannot be
claimed as definitive evidence for the intermediacy of 35.

0 0

1
CHs

38

Similarly, lactam 7 was obtained when anhydride 38
was treated with p-toluenesulfonic acid in ether at room
temperature for 15 min. Mixed sulfonic-carboxylic anhy-
dride formation was not anticipated as a possible compli-
cation, since formation of such mixed anhydrides normal-
ly requires heating the anhydride with p-toluenesulfonic
acid at temperatures >120° for at least 30 min.11 How-
ever, a control experiment at room temperature for 15 min
using acetic anhydride and p-toluenesulfonic acid gave
mixed sulfonic carboxylic anhydride almost quantitative-
ly-

To circumvent the possible problem of mixed anhydride
exchange in the mechanism proof, sulfuric acid was em-
ployed as the acid for benzyloxycarbonyl removal. Thus,
when the anhydride 38 was treated with sulfuric acid in
ether at room temperature, the lactam 7 was obtained.
Since mixed sulfate-carboxylic anhydride formation does
not occur under these conditions, amine anhydride 35 as a
viable intermediate is strongly indicated.

Scope. Rearrangement of /i-Amino Acid Salts. Both
the hydrochloride and the sodium salts of the /Lamino
acids can be employed in the rearrangement. Though so-
lution of the sodium salt in acetic anhydride is slow, the
reaction time is comparable to that required for the free
amino acid. The rate of reaction of the hydrochloride is

Lactam

40

CH,

Yield, % Other Yield, %
95
O| sS "
43
[
0 40 43 40
42
42 40 43 10
7 93

considerably slower than that of the free amino acid; how-
ever, the reaction of the hydrochloride can be considerably
accelerated if 1 equiv of base (50 mol % potassium car-
bonate) is added. Since considerable difficulties in the
purification of the zwitterionic intermediates frequently
are encountered, the acids are normally used as the hy-
drochlorides, which are obtained directly from acid hy-
drolysis of the purified methyl esters.

Variations in Reaction Conditions. Normally the reac-
tion is conducted at the temperature of refluxing acetic
anhydride; however, it has been found that the lower tem-
perature limit to effect rearrangement is around 100°,
with increased reaction time to obtain comparable yields.
Although potassium carbonate was the base most com-
monly employed in the rearrangement of the hydrochlo-
ride salts of the acids, triethylamine can be substituted
and might be advantageous when a homogeneous solution
isdesired.

Effect of Ring Size. As can be seen from Table I, the
a-methylenelactam rearrangement is quite facile in the
five- and six-membered ring systems. However, when the
seven-membered ring acid 12b was treated under the
usual reaction conditions with excess acetic anhydride, no
lactam 42 was obtained, and the sole product was the N-
acetyl derivative, isolated as acid 43 after an aqueous
treatment. Apparently, intermolecular acylation (fe2) with
acetic anhydride was occurring faster than intramolecular
acylation (hi) in the open-chain intermediate.

Examination of the stoichiometry of the proposed reac-
tion mechanism shows that only 1 mol of acetic anhydride
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Table 11
Effect of the N Substituent on the a-Methylenelactam
Rearrangement of Nipecotic Acids

Reaction S Product—
Compd time,0 hr Lactam Yield, %
. .G

24
17 3 92
0
b—|AH,
45
29 y ~0 17
CHS
5H
29 24 46 93

“All reactions were conducted at reflux in acetic anhy-
dride containing potassium carbonate.

is required to effect the rearrangement. Therefore the acid
12b was refluxed in xylene in the presence of 1.5 mol of
acetic anhydride. Under these conditions a substantial
amount of the lactam 42 was formed as well as N-acetyl
derivative 43. In an attempt to minimize the amount of
free acetic anhydride present in the reaction mixture so as
to diminish the formation of IV-acetyl compound 43, two
further modifications of the normal experimental proce-
dure were tried. In the first, the acetic anhydride was
added to a mixture of the acid 12b in xylene at reflux over
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a period of 4 hr. No improvement in the yield of the lac-
tam 42 or attenuation of the amount of N-acetyl deriv-
ative 43 was noticed via this dilution technique. The sec-
ond modification consisted of preforming the mixed anhy-
dride of the acid 12b prior to heating it to effect rear-
rangement. One equivalent of acetic acid was added as a
source of base (acetate ion). No improvement in lactam
formation was noted, though the amount of the N-acetyl
derivative 43 was diminished. Evidently mixed anhydride
disproportionation12 was occurring.

Effect of N Substitution. Examination of the effect of
N substitution on the yield and rate of the rearrangement
was confined to the six-membered ring systems. The N
substituents employed were methyl, isopropyl, benzyl,
and 2,2,2-trifluoroethyl. The N-isopropyl group illustrates
the fact that steric hindrance about nitrogen does not af-
fect the rearrangement, and the N-benzyl group indicates
the further utility of the lactams as synthons since the
benzyl group is potentially easily removable. The N-triflu-
oroethyl derivative was chosen to determine the effects of
a strong electron-withdrawing substituent situated on ni-
trogen. As seen from Table Il, the N-2,22-trifluoroethyl
derivative 29 required a substantially longer reaction time
to give an acceptable yield. This observation is in agree-
ment with the proposal that /? elimination must occur
through the protonated amine. Owing to the decreased
basicity of amine 29 (pKa si 5),13 a smaller fraction of the
amine would be protonated in the reaction mixture, and
therefore, a slower rate of reaction would be expected.

Effect of a Substitution. In the rearrangement of the
2-substituted nipecotic acid derivatives, shown in Table
111, a mixture of lactam isomers was obtained with the
trans isomer (trans to the carbonyl group) generally pre-
dominating. Assignments of cis and trans are based on the
chemical shift of the olefinic proton, which is farther

Table 111
a-Methylenelactam Rearrangement of 2-Substituted 1-Methylnipecotic Acids
-Products—
—~Reaction conditions0-------- Trans:cis
Compd Reagents Time, hr Lactam ratio Yield, % Other Yield, %
CO.H CH,
C C AC20, K2CO3 50:50 93
CH, oh

B a

COH o,
q:c..H, Ac0, k203 70:30 90

CH
19 CH,
48
COH
24 Ac0, K2CO3 93
JHj
50
COH
24 Xylene6 24 y © 75 50 15
CH,
49
COCH;j
25 Ac0,kZxo3 '«N~O 77:23 94
CH,
5

“All reactions were conducted at reflux. 6Condensate was returned through Soxhlet thimble containing anhydrous MgSOi
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downfield (5 6.6-7.6) in the trans isomer (proton cis to
amide carbonyl) as compared to the cis (olefinic proton, s
5.6-6.3, trans to amide carbonyl). Since (1) the starting
acids were of one specific stereochemical configuration,
presumably cis based on the nmr coupling constants of
the C-2 protons (J2.3 = 4 Hz), and (2) the product lactams
did not isomerize under the reaction conditions, the fact
that both lactam isomers were obtained indicated a loss of
the stereospecificity of the starting acid prior to 0 elimi-
nation. Several possible explanations for this observation
can be envisaged. One possibility, path A, which is sche-
matically illustrated, assumes that 0 elimination is pri-
marily E2 in nature with elimination occurring antiperi-
planar. Moreover, equilibration at the C-3 center prior to
0 elimination is assumed.

Another possibility, path B shown below, assumes that
0 elimination is of the ElcB nature with cis elimina-

tion occurring. Of course, it is possible that elimination is
also antiperiplanar, but, in either case, demonstration of
the loss of stereospecificity from the starting acids is
clear, in either case, there appears to be no obvious expla-
nation for the predominant formation of the trans lac-
tams. Clearly more studies with various «-substituted de-
rivatives are required for a definitive elucidation of the
stereochemical course of the rearrangement.

In the rearrangement of the 2-carboxynipecotic acid de-
rivative 24, neither of the exocyclic olefinic lactams 49
was obtained; instead, the endocyclic olefinic lactam 50
was the exclusive product. The assignment of the double
bond as endo is based on the appearance of a two-proton
doublet downfield at 5 3.1 as compared to the higher field
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multiplets for the allylic methylene group when the dou-
ble bond is exo. The olefinic proton appears at $6.10 in
the endocyclic isomer whereas in the two exo isomers it is
at 65.66 in the cis and 56.66 in the trans.

Unlike most of the other lactam products, where the
C-4 hydrogens were only allylic, the C-4 hydrogens of the
anticipated exocyclic olefinic lactam 49 would also be y to
an «/3-unsaturated carboxyl system, and in the reaction
mixture they would be y to an a,/3-unsaturated mixed an-
hydride. Thus, one would expect a greater acidity for the
C-4 hydrogens, and, when the C-4 hydrogens are sufficient-
ly acidic, isomerization of the exocyclic olefin to the endo-
cyclic olefin occurs and is favored. The C-4 hydrogens of
the lactam 51 are also y to an a/3-unsaturated carbonyl
system, but no isomerization of the olefin to the endocy-
clic position was observed with this ester. As was pre-
viously discussed in relation to the mechanism, the mixed
anhydride function increases the acidity of its a hydrogens
sufficiently for anion formation and isomerization with
the base present under the reaction conditions; when the
conjugating group is an ester, anion formation and isom-
erization do not occur.

As was pointed out, mixed anhydride formation is a
prerequisite for arrangement, and this activation has been
accomplished conveniently with acetic anhydride. The 2-
carboxynipecotic acid derivative also lends itself to inter-
nal anhydride formation, and rearrangement of internal
anhydride 52 to lactam should proceed merely through the
addition of base (acetate or triethylamine) and heat.
Moreover, owing to the internal constraints of the system,
the only exocyclic olefinic lactam produced should be the
cis. In an attempt to obtain the internal anhydride 52, di-
acid 24 was refluxed in xylene in the presence of magne-
sium sulfate. The product obtained was not 52 but the
lactams 49 and 50. Again some exo to endo double bond
isomerization had occurred; however the lactam 49 pro-
duced in this reaction was all cis, as predicted.

Exo-Endo Double Bond Stability. Since rearrange-
ment of the diacid 24 in acetic anhydride-K™COs yielded
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only the endocyclic olefinic lactam 50, the question arose
whether the other exocyclic olefinic lactams could be isom-
erized to the endocyclic form through the use of stronger
base. Treatment of the lactam 7 with sodium ethoxide
yielded the Michael-like product 53. Lithium diisopropyl-
amide, potassium iert-butoxide, or lithium cyclohexyl-
isopropylamide also apparently resulted in 1,4-addition
products, as indicated by the loss of olefinic absorption in
the nmr, while use of lithium 2,2,6,6-tetramethylpiperi-
didel4 as a means of minimizing 1,4 addition to the lac-
tam 7 yielded only unidentified products lacking any ole-
finic absorptions.

Treatment of the cis methoxycarbonyl substituted lac-
tam 51a with sodium methoxide in refluxing methanol for
4 days resulted in a 90% conversion to the endocyclic lac-
tam 54. Aliquots of the reaction mixture were monitored
periodically, and at no time was any of the trans exocyclic
olefin 51b detected. This indicates, at least in the
methoxycarbonylmethylene-substituted lactams, that the
endocyclic olefin is more stable.

53 54

Treatment of the benzylidene lactam 48 with lithium
2,2,6,6-tetramethylpiperidide resulted only in the recovery
of starting material. To determine if anion formation was
occurring, the reaction was quenched with deuterated ace-
tic acid and the resulting lactam showed incorporation of
deuterium at C-4. Thus, the double bond is more stable
exocyclic in this case.

Summary

The rearrangement of cyclic /3-amino acids to a-methy-
lenelactams by heating with acetic anhydride appears to
be quite general with yields mostly exceeding 90%. The
rearrangement occurs with facility to a single product in
the five- and six-membered ring systems, while with the
seven-membered ring a competing side reaction gives the
open-chain A-acetyl compound as well as the a-methylene-
lactam. Substituents on nitrogen may vary with no ad-
verse effect on the yield of rearranged product, and the
rearrangement is compatible with a variety of substitu-
entsa and a' to the nitrogen.6’7

The rearrangement has been shown to proceed via the
zwitterion of the amino acid through the protonated
amine-mixed anhydride which then undergoes /3 elimina-
tion followed by recyclization. We are now directing our
efforts to further applications of this reaction to other het-
erocyclic systems and to the synthesis of more complex
molecules.

Experimental Section

Solvent evaporations were carried out in vacuo using a Berke-
ley rotary evaporator. All melting points are uncorrected. Infrared
(ir) spectra were measured in Nujol (unless otherwise noted) for
solids and as thin films for liquids on a Perkin-Elmer 137 spectro-
photometer. Nuclear magnetic resonance (nmr) spectra were ob-
tained in CCU (unless otherwise noted) with a Varian T-60 spec-
trometer; peak positions are given as &values downfield from tet-
ramethylsilane as internal standard, except that sodium trimeth-
ylsilylpropanesulfonate was used as internal standard in aqueous
solutions. Gas chromatography (gc) was performed on a 5% QF-1
on Chromosorb W column, 10 ft x 0.25 in., at 125-200°. All ele-
mental analyses were performed by the Analytical Laboratory,
Department of Chemistry, University of California, Berkeley.

Rearrangement of Acids to Lactams. General Procedure. A.
To 10 mmol of the cyclic (J-amino acid was added 100 ml of acetic
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anhydride. The solution was then heated at reflux for 3 hr under
nitrogen, cooled, poured into an aqueous solution of potassium
carbonate (100 g in 200 ml of H20), and stirred for 4 hr at 0°. At
the end of this time additional potassium carbonate was added, if
necessary, to adjust to pH 8. The aqueous solution was then ex-
tracted with chloroform (3 x 100 ml), and the chloroform extracts
were combined, dried over magnesium sulfate, filtered, and evap-
orated to yield the lactam. Analytical samples were obtained
through preparative gc. Isomer ratios were also determined by gc.

B. To 10 mmol of the cyclic /3-amino acid hydrochloride was
added 100 ml of acetic anhydride and 0.69 g (5 mmol) of potassi-
um carbonate. The mixture was then treated as above.

3-Carboxyl-I-methyl-2-oxohexahydroazepine (9b). To an ac-
etone-Dry Ice bath cooled solution of 11.3 g (0.11 mol) of diisopro-
pylamine and 150 ml of ether was added 64 ml of a 1.5 M solution
of butyllithium in hexane. Stirring for 15 min was followed by ad-
dition of 10.1 g (80 mmol) of N-methylcaprolactam (8b)15 in 50
ml of ether over a period of 5 min. After an additional 10 min, the
cooling bath was removed, carbon dioxide was bubbled in for 10
min, the reaction mixture was poured into 300 ml of ice-water,
and the layers were separated. The aqueous phase was adjusted
to pH 2 with 2 N HC1 and extracted with chcloroform (4 x 200
ml) and the combined chloroform extracts were evaporated to yield
12.0 g (87%) of the crude acid. Recrystallization from methylene
chloride-ethyl ether afforded analytically pure acid 9b: mp 118-
119°% ir (KBr) 1640, 1750, 3000-3400 cm "1; nmr (CDC13) 6 1.41-
257 (m, 6 H), 3.06 (s, 3H), 3.29, 3.99 (m, 3H), 14.3 (s, 1H).

Anal. Calcd for CBH13N03: C, 56.1; H, 7.7; N, 8.2. Found: C,
56.2; H, 7.7; N, 8.1.

3-Hydroxymethyl-lI-methylhexahydroazepine (10b). To a
mixture of 2.28 g (60 mmol) of lithium aluminum hydride and 100
ml of tetrahydrofuran (THF) was added 3.42 g (20 mmol) of the
acid 9b in 100 ml of THF over a period of 30 min. After being
stirred overnight at room temperature, the mixture was refluxed
for 5 hr and cooled, and the excess LiAIH™ was destroyed with
water and 15% NaOH. The mixture was filtered, and the dried
filtrate was evaporated to yield 2.8 g (98%) of the aminol 10b: ir
3400 cm-1; nmr 5 1.10-1.98 (m, 6 H), 2.35 (s, 3 H), 2.39-3.00 (m,
3 H), 3.34-3.71 (m, 2H), 4.78 (s, 1 H).

Anal. Calcd for C8Hi7NO: C, 67.1; H, 12.0; N, 9.8. Found: C,
67.2; H, 11.8; N, 9.6.

3-Methoxycarbonyl-lI-methylhexahydroazepine (lib). A solu-
tion of 2.1 g (15 mmol) of the aminol 10b, 0.35 ml of concentrated
sulfuric acid, and 17 ml of water was treated at 0° with a solution
of 1.25 g (12 mmol) of chromium trioxide, 0.85 ml of concentrated
sulfuric acid, and 20 ml of water. The reaction mixture was
stirred for an additional 5 min at 0°, heated at 100° for 2 min, and
cooled to 0°, after which another solution of 1.25 g of chromium
trioxide, 0.85 ml of concentrated acid, and 20 ml of water was
added. Heating at 100° for 30 min was followed by cooling and
adding sodium bisulfite to destroy excess oxidant. The pH was
adjusted to 10 with 6 N NaOH. the mixture was filtered, and the
filtrate was acidified (pH 2) with 6 N HC1 and evaporated to dry-
ness. Methanol (100 ml, previously saturated with HC1 gas) was
added to the dry residue and the mixture was stirred overnight at
room temperature. The methanol was evaporated, 100 ml of water
was added, and the pH was adjusted to 8 with potassium carbon-
ate. After extraction of the aqueous solution with chloroform, the
combined chloroform extracts were dried and evaporated to yield
11 g (41%) of the ester lib: ir 1750 cm "1, nmr S 1.50-1.97 (m, 6
H), 2.31 (s, 3H), 2.39-3.0 (m, 5H), 3.53 (s, 3 H).

Anal. Calcd for C9Hi7NO02: C, 63.1; H, 10.0; N, 8.2. Found: C.
63.0; H, 10.0; N, 8.1.

3-Hydroxymethy I-1-methylpyrrolidine  (10a). 3-Ethoxycar-
bonyl-I-methyl-2-pyrrolidinone (9a)16 was reduced as described
for the reduction of 9b to 10b, to yield the aminol 10a:17 nmr 5
1.1-2.2 (m, 3 H), 223 (s, 3 H), 245 (m, 4 H), 3.37 (d. 2 H), 4.75
(s, 1H).

3-Methoxycarbonyl-1-methylpyrrolidine (11a). The aminol
10a was oxidized as described for the oxidation of 10b to lib to
yield the acid followed by esterification to 11a: bp 45-46° (3 mm);
ir 1750 cm-1; nmr 5 1.74-2.11 (m, 2 H), 2.15 (s, 3 H), 2.35-3.16
(m, 5H), 3.59 (s, 3H),

Anal. Calcd for C7THi3NO02: C, 58.7; H, 9.2; N, 9.8. Found: C,
58.5; H, 9.0; N, 9.6.

3-Carboxyl-lI-methylpyrrolidine Hydrochloride (12a). The
ester 1la was stirred overnight at room temperature in 6 A HC1
and the solution was evaporated to yield quantitatively the acid
12a: nmr (D20) 52.40 (m, 2 H), 2.9-4.0 (m, 5 H), 2.95 (s, 3 H);
high-resolution mass spectrum, calcd for CeHuNO02 (M+ - HC1),
129.0790; found, 129.0805.
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Methy! 1V-Isopropylnipecotate (14). To a mixture of 7.5 g (53
mmol) of methyl nipecotate (13),18 7 g (50 mmol) of potassium
carbonate, and 100 ml of benzene was added 10.5 g (63 mmol) of
isopropyl idiode over a period of 45 min. The mixture was heated
at reflux for 20 hr, cooled, and poured into 50 ml of water. The
layers were separated, and the benzene was evaporated to a resi-
due which on distillation yielded 5.27 g (58.5%) of the N-isopro-
pyl derivative 14: bp 80-82° (5 mm); ir 1750 cm"1; nmr (CDCD
51.02 (d, J = 3Hz, 6 H), 1.35-3.10 (m, 10 H), 4.65 (s, 3 H).

Anal. Calcd for CI0H19NO2: C, 64.8; H, 10.3; N, 7.6. Found: C,
64.7; H, 10.4; N, 7.4.

Methyl 1V-Benzylnipecotate (15). The ester 15 was prepared
from methyl nipecotate (13)18 and benzyl bromide in a manner
analogous to the alkylation of 13 to 14. Distillation afforded an
analytically pure sample of the ester 15 bp 108-109° (1 mm); ir
1750 cm-1; nmr 6 1.3-3.1 (m, 9 H), 3.49 (s, 2 H), 3.61 (s, 3 H),
7.22 (s, 5H).

Anal. Calcd for C14H19NO2: C, 72.1; H, 8.2; N, 6.0. Found: C,
71.9; H, 8.0; N, 6.1.

iV-Isopropylnipecotic Acid Hydrochloride (16). The methyl
ester 14 was stirred overnight in 6 N HC1 at room temperature.
Evaporation quantitatively yielded the acid 16: nmr (D20) 61.27
(d, J = 3 Hz, 6 H). 1.6-2.0 (m, 4 H), 2.4-2.8 (m, 1 H), 2.9-3.65
(m, 5H).

1,2-Dimethylnipecotic Acid Hydrochloride (18). A solution of
1.0 g (5.4 mmol) of the ethyl 1,2-dimethy[nipecotate8 and 50 ml of
6 N HC1 was stirred overnight at room temperature. Evaporation
to dryness and recrystallization of the residue from isopropyl al-
cohol yielded the hydrochloride 18: mp 184-186°; nmr (D20) 6
123 (d,J = 6 Hz, 1.5 H), 1.44 (d, J = 6 Hz, 1.5 H), 1.6-2.2 (m, 4
H), 2.82, (s, 1.5 H), 2.86 (s, 1.5 H), 2.88-4.27 (m, 4 H). Based on
the nmr, this material appears to be a mixture of two compounds,
and a nmr-temperature study indicates that they are isomers;
however, repeated recrystallization does not affect the isomer
ratio or melting point.

I-Methyl-2-phenylnipecotic Acid Hydrochloride (19). A mix-
ture of 20 g (8.1 mmol) of ethyl I-methyl-2-phenylnipecotate8
and 50 ml of 6 IV HC1 was heated at reflux overnight, followed by
evaporation to yield the acid 19: nmr (D20) 6 2.05-2.35 (m, 4 H),
2.74 (s, 3 H). 2.95-3.90 (m, 3 H), 450 (d, 1 H, J25 = 4 Hz), 7.46
(s, 5 H).

Dimethyl I-Methylpiperidine-2,3-dicarboxylate (23). A mix-
ture of 5.48 g (28 mmol) of the diester 2119 and 5.25 g (28 mmol)
of methyl p-toluenesulfonate was heated under nitrogen at 100°
for 1 hr. The resultant 22 as a viscous oil was dissolved in 50 ml of
methanol, the solution was hydrogenated utilizing a platinum
catalyst for 20 hr at 38 psi, the solution was poured into 100 ml of
aqueous potassium carbonate, and the aqueous solution was ex-
tracted with chloroform (3 x 75 ml). The chloroform extracts
were dried, filtered, and evaporated to an oily residue, which was
distilled to yield 1.2 g (20%) of the piperidine 23: bp 72-75° (1
mm); nmr 6 1.5-1.85 (m, 4 H), 2.1-2.95 (m, 4 H), 2.29 (s, 3 H),
3.55 (s, 6 H).

Anal. Calcd for CI0Hi7N04: C, 55.8; H, 8.0; N, 6.5. Found: C,
55.6; H, 7.8; N, 6.6.

1-Methyl-2,3-piperidinedicarboxylic Acid Hydrochloride
(24). A mixture of 0.50 g (2.3 mmol) of the diester 23 and 25 ml of
6 N HC1 was heated at reflux overnight. Evaporation to dryness
quantitatively yielded the diacid hydrochloride 24: nmr (D20) 5
1.44-2.12 (m, 4 H), 2.83 (s, 3 H), 2.78-3.49 (m, 3 H), 3.90-4.14 (m,
1H).

2-Methoxycarbonyl-3-carboxy-I-methylpiperidine Hydro-
chloride (25). A mixture of 0.50 g (2.34 mmol) of the diester 23
and 25 ml of 6 N HC1 was stirred overnight at room temperature.
When the dimethyl ester 23 was added to 6 N HC1, the OCH3 ab-
sorption at 5 3.55 (6 H) was split into two, one at 6 3.71 (3 H) and
the other at 5 3.77. The course of this selective hydrolysis was fol-
lowed by the disappearance of the d 3.71 absorption, and the
reaction mixture was then poured into 100 ml of aqueous potassi-
um carbonate and extracted with chloroform. The aqueous solu-
tion was acidified with HC1 and applied to a cation exchange col-
umn (250 ml, AG-50W-X-1, H+ form, 20-50 mesh). The column
was washed with water until neutral, and then with 300 ml of N
ammonium hydroxide, collecting and evaporating the first 250 ml
of alkaline eluent to yield the free amino acid ester; nmr (D20) 5
1.5-2.0 (m, 4 H), 2.83 (s, 3 H), 2.7-3.37 (m, 3 H), 3.60 (s, 3 H),
391 (d, 1 H, J2.3 = 4 Hz). To the dry residue was added 10 ml of
1N HC1, and the resultant solution was again evaporated to dry-
ness to yield 0.45 g (82%) of the acid 25: nmr (D20) 6 1.60-2.17
(m, 4 H), 2.80-3.6 (m, 3 H), 3.08 [s, 3 H), 3.77 (s, 3 H), 4.22-4.45
(m, 1H).
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Methyl iV-Trifluoroacetylnipecotate (26). To a solution of 3.9
g (27 mmol) of methyl nipecotate (13) and 50 ml of ether at 0°
was added 20 g (0.1 mol) of trifluoroacetic anhydride. The reac-
tion mixture was stirred for 1 hr at room temperature and poured
into 100 ml of ice-water, the aqueous layer was separated and ex-
tracted with chloroform (3 X 75 ml), and the combined organic
extracts were dried, filtered, and evaporated, yielding 5.9 g (91%)
of the ester 26: ir 1680, 1730 cm-1; nmr 5 1.35-2.18 (m, 4 H),
2.20-2.78 (m, 1 H), 2.88-3.47 (m, 2 H), 3.64 (s, 3 H), 3.77-4.49 (m,
2H).

Anal. Calcd for coH12NO3F3: C, 45.2; H, 5.1. Found: C, 45.2;
H, 5.0.

1- (2,2,2-Trifluoroethyl)-3-hydroxymethylpiperidine (27). To
a solution of 3.0 g (12 mmol) of the ester 26 and 25 ml of tetrahy-
drofuran (THF) at 0° was added 35 ml of a 1 M THF solution of
borane oyer a period of 15 min. The reaction mixture was heated
at reflux for 2 hr and cooled to 0°, methanol (25 ml) was added,
and the mixture was again heated at reflux for 1 hr. After cooling,
the mixture was poured into 100 ml of saturated sodium bicar-
bonate solution which was then extracted with chloroform (3 x 75
ml). The organic extracts were combined, dried, and evaporated
to yield 2.28 g (93%) of the aminol 27: ir 3500 cm-1; nmr 50.72-
2.53 (m, 8 H), 2.54-3.15 (m, 4H), 3.38 (d, 2 H, J = 5Hz).

Anal. Calcd for C8Hi4NOF3: C, 48.7; H, 7.2; N, 7.1. Found: C,
48.8; H, 7.1; N, 7.0.

Methyl iV-(2,2,2-Trifluoroethyl)nipecotate (28). The alcohol
27 was oxidized to the acid followed by esterification to 28 in 41%
yield as previously described for the conversion of 10b to 11b. Gc
yielded an analytically pure sample of the ester 28: ir 1730 cm"1;
nmr 51.37-2.03 (m, 4H), 2.17-3.27 (m, 7 H), 3.57 (s, 3 H).

Anal. Calcd for COHi4NO 2F3; C, 48.0; H. 6.3; N, 6.2. Found: C,
47.9; H, 6.2; N, 6.3.

2- Methylene-5-(Armethylamino)pentanoic Acid Hydrochlo-
ride (35). A solution of 1.25 g (10 mmol) of the lactam 7 and 50
ml of 6 N HC1 was heated at reflux for 20 hr. The cooled solution
was extracted with chloroform to remove starting lactam, and the
aqueous phase was then evaporated to dryness to yield 1.5 g
(82%) of the acid hydrochloride 36: mp 94-98°; nmr (D20) 5
1. 69-2.16 (m, 2 H), 2.24-2.60 (m, 2 H), 2.67 (s, 3 H), 2.90-3.24 (m,
3H), 5.64 (brs, 1H), 6.14 (s, 1 H).

Anal. Calcd for C7THi4N 02C1: C, 46.8; H, 7.9; N, 7.8. Found: C,
46.7; H, 7.9; N, 7.8.

5-(iV-Acetyl-/V-methylamino)-2-methylenepentanoie Acid
(87). To a mixture of 0.950 g (5.3 mmol) of the acid hydrochloride
36, 1.46 g (10.6 mmol) of potassium carbonate, and 40 ml of
glyme at 0° was added 2.1 g (27 mmol) of acetyl chloride. The
reaction mixture was stirred overnight at room temperature and
then poured into 100 ml of ice-water. Extraction with chloroform
and evaporation of the combined, dried chloroform extracts yield-
ed 0.5 g (52%) of the acid 37: mp 79-80°; nmr (CDCI3) 5 1.50-2.10
(m, 3 H), 211 (s, 3 H), 2.12-253 (m, 2 H), 295 (d, 3 H, J = 2
Hz), 3.10-3.55 (m, 2 H), 5.57 (s, 1H), 6.19 (s, 1H).

Anal. Calcd for C9H15N 03; C, 58.4; H, 8.2; N, 7.6. Found; C,
58.2; H, 8.0; N, 7.6.

Reaction of 36 with Acetic Anhydride. A mixture of 1.8 g (10
mmol) of the acid 36 and 25 ml of acetic anhydride was stirred
overnight at room temperature. The reaction mixture was then
poured into 100 ml of saturated aqueous sodium carbonate and
stirred for 3 hr. Additional sodium carbonate was added to pH 8,
and the aqueous solution was extracted with chloroform. The
chloroform extracts were dried, filtered, and evaporated to yield
0.69 g (55%) of the lactam 7. Acidification of the aqueous layer
and extraction with chloroform yielded after evaporation of the
chloroform 0.83 g (45%) of the acid 37.

5-(A,-Benzyloxycarbonyl-A'-methylamino)-2-methylenepen-
tanoic Acid (39). To a solution of 0.81 g (5.7 mmol) of the amino
acid 36 and 3 ml of 2 N sodium hydroxide at 0° were simulta-
neously added 0.96 g (5.7 mmol) of benzyl chloroformate and 3 ml
of 2 N sodium hydroxide over a period of 10 min. After stirring for
20 min more, the aqueous solution was washed once with ether,
and the aqueous phase was acidified to pH 2 with 10% HC1. The
aqueous solution was extracted with chloroform, and the dried
chloroform extracts were evaporated to yield 1.01 g (64%) of the
acid 39: nmr (CDC13) 6 1.36-1.89 (m, 2 H), 2.01-2.35 (m, 2 H),
276 (s, 3H), 313 (t, 2H, J = 6 Hz), 495 (s, 2 H), 541 (s, 1 H),
6.08 (s, 1H), 7.07 (s, 5H), 11.2 (s, 1 H).

Anal. Calcd for C15HIONCL: C, 65.0; H, 6.9; N, 5.1. Found: C,
64.8; H, 6.8; N, 5.2.

5-(N-Benzyloxycarbonyl-N-methylamino)-2-methylenepen-
tanoic Acetic Anhydride (38). A mixture of 1.0 g (3.6 mmol) of
the acid 39 and 40 ml of acetic anhydride was stirred overnight at
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room temperature. Evaporation of the acetic acid and excess ace-
tic anhydride afforded a quantitative yield of the mixed anhy-
dride 38: ir 1725, 1750, 1848 cm"1; nmr b 1.62-2.14 (m, 2 H), 2.34
(s, 3 H), 2.35-2.60 (m, 2 H), 2.99 (s, 3 H), 3.30-3.50 (t, 2 H), 5.09
(s, 2H), 5.82 (s, 1H), 6.19 (s, 1H), 7.10 (s, 5 H).

Reaction of 38 with p-Toluenesulfonic and Sulfuric Acid. A
solution of 1.1 g (3.5 mmol) of the anhydride 38 in 20 ml of ether
at room temperature was treated with 3.5 mmol of p-toluenesul-
fonic acid or 2 mmol of concentrated sulfuric acid. Conversion to
lactam 7 was immediate and dramatic (by gc) in both instances.

I-Methyl-3-methylene-2-pyrrolidinone (40). The acid 12a was
rearranged as described in the general procedure to yield the lac-
tam 40: ir 1680 cm-1; nmr b 2.78 (m, 2 H), 2.83 (s, 3 H), 3.35 (t, 2
H), 5.10 (m, 1H), 5.66 (m, 1H).

Anal. Calcd for C6HINO: C, 64.8; H, 8.2; N, 12.6. Found: C,
64.8; H, 8.3; N, 12.5.

I-Methyl-3-methylene-2-oxohexahydroazepine (42) and 6-
(A2Methyl-A’-acetylamino)-2-methvlenehexanoic  Acid  (43).
The methyl ester lib was stirred overnight in 6 N HC1 at room
temperature. Evaporation of the solution gave a quantitative
yield of the acid hydrochloride 12b which was used for the fol-
lowing experiments without further purification: nmr (D20) b
1.42-1.98 (m, 6 H), 2.74 (s, 3H), 2.76-3.64 (m, 5H).

A. When the acid 12b was submitted to the general procedure
for rearrangement, none of the lactam 42 was obtained. Reacidifi-
cation of the aqueous solution, followed by extraction with chloro-
form and subsequent evaporation of the chloroform and acetic
acid, afforded the open-chain derivative 43 in 93% yield. Recrys-
tallization from ethyl acetate gave analytically pure acid 43: mp
94-95°; ir (CHCL3) 1650, 1725, 3000-3500 cm*“1; nmr (CDC13) b
1.38-1.80 (m, 4 H), 2.15 (s, 3 H), 2.20-2.57 (m, 2 H), 298 (d, J =
2 Hz, 3 H), 3.16-3.58 (m, 2 H), 5.60 (m, 1H), 525 (m, 1H), 11.3
(s, 1H).

Anal. Calcd for C10Hi7NO3: C, 60.3; H, 8.6; N, 7.0. Found: C,
60.5; H, 85N, 7.1.

B. A mixture of 0.43 g (2.7 mmol) of the acid 12b, 0.42 g (4.1
mmol) of acetic anhydride, 0.2 g (1.4 mmol) of potassium carbon-
ate, and 30 ml of xylene was heated at reflux for 5 hr. The prod-
uct was isolated as described in the general procedure to yield
0.22 g (40%) of the A-acetyl derivative 43 and 0.15 g (40%) of the
lactam 42: ir 1650 cm '1; nmr b 1.54-1.81 (m, 4 H), 2.14-2.42 (m,
2 H), 2.88 (s, 3 H), 3.12-3.36 (m, 2 H), 5.05 (m, 1H), 530 (m, 1
H).

Anal. Calcd for C8Hi3NO: C, 69.0; H, 9.4; N, 10.1. Found: C,
68.8; H, 9.4; N, 10.3.

C. A mixture of 2.5 g (11 mmol) of the mixed anhydride 41
(prepared by stirring the acid 12b overnight at room temperature
in acetic anhydride), 0.7 g (5 mmol) of potassium carbonate, 0.60
g (10 mmol) of acetic acid, and 70 ml of xylene was heated at re-
flux for 4 hr. Isolation as before yielded 0.63 g (42%) of the lactam
42 and 0.5 g of the Af-acetyl derivative 43.

I-1sopropyl-3-methylene-2-piperidone (44). The acid 16 was
rearranged as described in the general procedure to yield lactam
44: ir 1680 cm 1, nmr (CDCI3) b 1,10 (d, J = 3 Hz, 6 H), 1.6-2.5
(m, 2 H), 2.37-2.72 (m, 2 H), 3.15 (t, 2 H), 4.90 (heptet, 1 H),
5.19 (s, 1H), 6.12 (s, 1H).

Anal. Calcd for C9H15NO: C, 70.6; H, 9.9; N, 9.1. Found: C,
70.5; H, 10.0; N, 9.3.

I-Benzyl-3-methylene-2-piperidone (45). The methyl ester 15
was stirred overnight in 6 N HC1 at room temperature. Evapora-
tion of the solution afforded a quantitative yield of the acid hy-
drochloride 17 [nmr 6 1.5-2.4 (m, 4 H), 2.8-3.3 (m, 3 H), 3.35-3.85
(m, 2 H), 4.38 (s, 2 H), 7.50 (s, 5 H)] which was rearranged as de-
scribed in the general procedure to yield the lactam 45: ir 1680
cm-1: nmr 6 1.23-1.74 (m, 2 H), 2.12-2.40 (m, 2 H), 298 (t, J = 6
Hz, 2 H), 4.38 (s, 2 H), 5.00 (m, 1H), 6.00 (m, 1H), 7.04 (s, 5 H).

Anal. Calcd for Ci3H15NO: C, 77.6; H, 7.5; N, 7.0. Found: C,
77.4;H, 7.4; N, 6.9.

3-Methylene-2-oxo-1-(2,2,2-trifluoroethyl)piperidine (46). A
solution of the ester 28 and 6 N HC1 was stirred overnight at
room temperature. Evaporation of the solution afforded a quanti-
tative yield of the acid hydrochloride 29 [nmr (D20) b 1.68-2.15
(m, 4 H), 2.7-3.9 (m, 5 H), 420 (g, 2 H, J = 9 Hz)] which was
rearranged as described in the general procedure with the excep-
tion that the reaction time was increased from 3 hr to 24 hr. A
93% yield of the lactam 46 was obtained: ir 1630, 1680 cm "1; nmr
b 1.67-2.22 (m, 2 H), 2.41-2.80 (m, 2 H), 3.40-3.66 (t, 2 H, J = 6
Hz), 3.83-4.38 (q, 2 H, J = 10 Hz), 5.22-5.35 (m, 1 H), 6.05-6.18
(m, 1H).

Anal. Calcd for C8HiONOF3: C, 49.7; H, 5.2; N, 7.3. Found: C,
49.9; H, 5.1; N, 7.3.
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3-Ethylidene-lI-methyl-2-piperidone (47). The acid 18 was
rearranged as described in the general procedure to yield a 50:50
mixture of cis and trans lactams 47a and 47b, respectively. Chro-
matography using ethyl ether as the eluent separated the isomers
and gc yielded a pure sample of the cis lactam 47a: nmr b 1.68-
2.14 (m, 5 H), 2.19-2.55 (m, 2 H), 2.93 (s, 3 H), 3.15 (t, 2 H), 5.65
(goft, 1H,J= 7,1 Hz).

Anal. Calcd for C8Hi3NO: C, 69.0; H, 9.4; N, 10.1. Found: C,
68.8; H, 9.2; N, 10.0.

Similarly, gc afforded an analytically pure sample of the trans
lactam 47b: nmr 5 1.57-2.08 (m, 5 H), 2.22-2.60 (m, 2 H), 2.90 (s,
3H),3.30(t, 2H), 6.67 (qoft, 1H,J = 7,1 Hz).

Anal. Calcd for C8Hi3NO: C, 69.0; H, 9.4; N, 10.1. Found: C,
68.9; H, 9.2; N, 9.9.

3-Benzylidene-I-methyl-2-piperidone (48). The acid 19 was
rearranged as described in the general procedure to yield a 30:70
mixture of the cis and trans lactams 48a and 48b, respectively,
separated by chromatography employing ethyl ether as the el-
uent. Gc yielded a pure sample of the oily cis lactam 48a: nmr 6
1.70-2.18 (m, 2 H), 2.37-2.64 (m, 2 H), 2.84 (s, 3 H), 3.24 (t, 2 H,
J=6Hz),6.32 (brs, 1H), 6.95-7.45 (m, 5H).

Anal. Calcd for C13H15NO: C. 77.6; H, 7.5; N, 7.0. Found: C,
77.4; H,7.3;N, 7.0.

Recrystallization from petroleum ether (bp 30-60°)-ether af-
forded a pure sample of the trans lactam 48b: mp 70-72°; nmr b
1.57-2.04 (quintet, 2 H), 2.57-2.85 (m, 2 H), 2.94 (s, 3 H), 3.33 (t,
2H),J = 5Hz), 7.18 (s, 5H), 7.55 (br s, 1 H).

Anal. Calcd for CI13HiI5NO: C, 77.6; H, 7.5; N, 7.0. Found: C,
77.6; H, 7.3; N, 6.9.

Rearrangement of I-Methyl-2,3-piperidinedicarboxylic Acid
Hydrochloride (24). A. A mixture of 0.33 g (1.5 mmol) of the di-
acid 24, 20 ml of acetic anhydride, and 0.21 g (1.5 mmol) of po-
tassium carbonate was heated at reflux under nitrogen for 3 hr.
The reaction mixture was cooled, poured into 100 ml of ice-water,
stirred for 4 hr, and extracted with chloroform (3 x 75 ml). The
chloroform extracts were dried, filtered, and evaporated to yield
0.22 g (88%) of the endocyclic «/3-unsaturated lactam acid 50:
nmr (CDC13) b 2.32-2.63 (m, 2 H), 3.00 (s, 3 H), 3.24-3.75 (m, 4
H), 6.50 (t, 1H, J = 4 Hz).

The hictam acid 50 was then treated with diazomethane to
yield the ester 54, and gc afforded a pure sample of 54: ir 1626,
1681, 1739 cm-1; nmr b 2.20-2.55 (m, 2 H), 2.93 (s, 3 H), 3.10 (d,
2H,J = 1Hz), 333 (t, 2H, J = 5Hz), 3.60 (s, 3H), 6.10 (t, 1 H,
J = 3Hz).

Anal. Calcd for C9H13N03: C, 59,0; H, 7.2; N, 7.7. Found: C,
58.8; H, 7.3; N, 7.7.

B. A mixture of 0.40 g (1.8 mmol) of the diacid 24, 1.0 g of
magnesium sulfate, and 50 ml of xylene was heated at reflux
under nitrogen for 20 hr. The reaction mixture was cooled, fil-
tered, and evaporated to yield 0.28 g (91%) of a 17:83 mixture of
the lactams 50 and 49, respectively. The lactams were also fur-
ther characterized as their respective methyl ester derivatives 54
and 51a.

Lactam 51. The acid 25 was rearranged as described in the
general procedure to yield a 23:77 mixture of the cis and trans
lactams 5l1a and 51b, respectively. Gc afforded analytically pure
samples. Cis lactam 5la had nmr b 1.78-2.2 (m, 2 H), 2.42-2.76
(m, 2 H), 295 (s, 3H), 3.37 (t, 2 H, J = 5 Hz), 3.6 (s, 3 H), 5.66
(t, 1H, J= 1Hz).

Anal. Calcd for C9HiI3NO03: C, 59.0; H, 7.2; N, 7.7. Found: C,
58.8; H, 7.2; N, 7.8.

Trans lactam 51b had ir 1610, 1650, 1710 cm -1, nmr b 1.6-2.1
(m, 2 H), 2.8-3.18 (m, 2 H), 2.98 (s, 3 H), 3.2-3.55 (m, 2 H), 3.65
(s, 3H), 6.66 (t, 1H,J = 1Hz).

Anal. Calcd for C9HiI3NO03: C, 59.0; H, 7.2;. N, 7.7. Found: C,
58.9; H, 7.2; N, 7.6.

Isomerization of Lactam 5la to Lactam 54. A solution of
0.030 g (0.16 mmol) of the lactam 51a, 0.010 g (0.16 mmol) of so-
dium methoxide, and 10 ml of anhydrous methanol was heated at
reflux under nitrogen for 96 hr. The cooled reaction mixture was
poured into 50 ml of water, the aqueous phase was acidified (pH
2) and extracted with chloroform (3 X 50 ml), and the chloroform
extracts were dried, filtered, and evaporated to yield an oil whose
nmr spectrum was commensurate with a 90:10 ratio of the lactams
54 and 51a, respectively, as confirmed by gc analysis.

I-Methyl-3-ethoxymethyl-2-piperidone (53). To 25 ml of abso-
lute ethanol was added 0.46 g (20 mmol) of sodium. After the so-
dium had dissolved, 2.5 g (20 mmol) of I-methyl-3-methylene-2-
piperidone (7) was added and the reaction mixture was boiled for
7 days, cooled, poured into 100 ml of water, and extracted with
chloroform. The dried extracts were evaporated and the residue
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was analyzed by gc, indicating a 40% conversion of 7 to 53. A
pure sample of 53 was obtained as an oil by gc: ir 1650 cm-1; nmr
(CCU) 51.19 (t, 3 H,J = 6 Hz), 1.5-2.5 (m, 5 H), 2.95 (s, 3 H),
2.73-3.14 (m, 6 H).

Anal. Calcd. for COHi7N02: C, 63.1; H, 10.0; N, 8.2. Found: C,
63.0; H, 9.9; N, 8.3.

Reaction of I-Methyl-3-benzylidene-2-piperidone (48b) with
Lithium 2,2,6,6-Tetramethylpiperide. To 0.28 g (2 mmol) of
2,2,6,6-tetramethylpiperidine in 10 ml of ether was added 1.3 ml
of a 1.5 M solution of butyllithium in hexane. After stirring for 10
min, 0.4 g (2 mmol) of lactam 48b was added, and the reaction
mixture was refluxed for 20 hr, cooled, and quenched with 5 ml of
CH3COOD. The ethereal solution was washed with 2 N hydro-
chloric acid and saturated bicarbonate solution, dried, and evap-
orated to yield lactam 48b partially deuterated at C-4: nmr &
1.57-2.04 (g, 2 H), 2.57-2.85 (m, 1.2 H), 2.94 (s, 3 H), 3.33 (t, 2 H,
J = 5Hz), 7.18 (s, 5H), 7.55 (br s, 1 H).

Registry No.—7, 1690-73-9; 8b, 2556-73-2; 9a, 30932-85-5; 9b,
50585-84-7; 10a, 5021-33-0; 10b, 50585-85-8; 1la, 34616-29-0; lib,
50585-86-9; 12a, 50585-87-0; 12b, 50585-88-1; 13, 50585-89-2; 14,
50585-90-5; 15, 50585-91-6; 16, 50678-87-0; 17, 50585-92-7; cis-18,.
50585-51-8; trans-18, 50585-52-9; 19, 50585-93-8; 21, 605-38-9; 23,
50585-94-9; 24, 50585-95-0; 25,50585-96-1; 26, 50585-97-2; 27,
50585- 98-3;28, 50585-99-4; 29,50586-00-0; 36, 50586-01-1; 37,
50586- 02-2;38, 50586-03-3; 39, 50586-04-4; 40, 50586-05-5; 41,
50586-06-6; 42, 50586-07-7; 43,50586-08-8; 44, 50586-09-9; 45,
50586-10-2; 46, 50586-11-3; 47a, 50585-53-0; 47b, 50586-54-1; 4843,
50586-55-2; 48b, 50586-56-3; 50, 50586-12-4; 51a, 50585-57-4; 51b,
50585-58-5; 53, 50586-13-5; 54, 50586-14-6; diisopropylamine, 108-
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18-9; isopropyl iodide, 75-30-9; benzyl bromide, 100-39-0; ethyl
1,2-dimethylnipecotate, 14997-01-4; ethvl I-methyl-2-phenylnipe-
cotate, 50586-15-7; methyl p-toluenesulfonate, 80-48-8; benzyl
chloroformate, 501-53-1.
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A variety of carboxylate activitating groups convert aziridine carboxylates to 3-halo-2-azetidinones. Yields
are in the 20-80% range. The reaction is stereospecific and believed to proceed via a l-azabicyclo[1.1.0]butan-2-
one cation. Confirmation for this postulate is found by nmr spectral studies in liquid sulfur dioxide of aziridine-
carboxylic anhydrides. In this solvent, equilibrium appears to exist between the anhydride on one hand and the
cation and aziridine carboxylate on the other. This equilibrium is displaced toward the cation with arylsulfonyl
halides. Attempts to generate the same intermediate from the halolactams were not successful. Ring contrac-

tion of the 3-halo-2-azetidinones has also been observed.

In a previous communication, we reported the stereo-
specific conversion of certain aziridine carboxylates (1) to
7 -halo-d-lactams (2).la In this original communication we

sketched some evidence for product structures and sug-
gested that the ring expansion might proceed via the
novel and strained bicyclic intermediate 3. In this paper,
we present an elaboration on the previous publication

f-Bu

with experimental details and give additional evidence for
intermediate 3.

Preparation of Starting Materials and Structure
Proof of Products. The aziridine carboxylates were pre-
pared via hydrolysis of the appropriate aziridine ester.
The nmr spectrum of each salt in D20 was in agreement
with the assigned structure. The aziridine anhydrides (4)

0 0

¢-Bu f-Bu
4

were prepared by reaction of the aziridine carboxylates
with 1 equiv of arenesulfonyl chloride. Although the resul-
tant anhydrides were not crystalline and were too reactive
for further purification, their spectral and chemical prop-
erties were in full agreement with the assigned structure.
The infrared spectra of these substances showed charac-
teristic anhydride carbonyl peaks at 1820 and 1760 cm-1.
Their nmr spectra revealed typical monosubstituted aziri-
dine splitting patterns with chemical shifts which were al-
most identical with those of the ring protons of corre-
sponding aziridine esters.2 In addition, 4a reacted with
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Table 1
Aziridine Ring Expansions

Starting

material6é Product6 Conditions Yield, %
la 2a 0XhC1 ('if1A 26
la 2a CO XI2ZEtIN-C6H6 29
la 2a SOCI2THF-N aH 33
4a 2a EtANCI-CHXN*“ 14
Ib 2b chbXi2ch 6 79
4b 2b EtiNCI-CFECN* 75
lc 2c coZi2ch 6 63

In the absence of EtiNCI, /3-lactam products apparently
formed from the reaction of 2 with TsO and CH3N.
These products were unstable and difficult to purify, and
were not characterized further. 6a, Ri = R2= H; b, Ri =
CH3 R, = H (cis); ¢, Ri = H; R2= CH3(trans).

Scheme |

i-Bu

sodium methoxide in methanol to give la and methyl 1-
iert-butyl-2-aziridinecarboxylate.

Empirical formulae were assigned to the halolactams on
the basis of analytical and mass spectral data. The in-
frared spectra of these compounds showed carbonyl ab-
sorption at 1760 cm-1 as would be expected for the 2-aze-
tidinone structure. Hydrogenolysis of 2a yielded I-tert-
butyl-2-azetidinone, which was identical with an authen-
tic sample prepared by an alternative procedure. The nmr
spectra of the products was also in agreement with the
proposed structure. Extraction of the coupling constants
from these spectra allowed assignment of the cis-trans
stereochemistry based on the expectation that Jcls is
greater than Jtrans-3

Ring Expansion and Mechanism. The conditions for
ring expansion of 1 and 4 are described in Table 1. All
reactions were carried out at ambient temperature. Al-
though sensitive to structural change, it is significant that
changes in the carboxylate activating reagent and proton
scavenger had relatively little effect on the yield. We thus
conclude that the mechanism for ring expansion does not
involve acid-catalyzed nucleophilic ring opening of the az-
iridine ring and that the activating reagent plays no role
other than to foster acyl-oxygen cleavage. Within limits of
nmr spectral detection (approximately 1% in this case)
formations of 2b and 2c were totally stereospecific. It is
unlikely, therefore, that “free” carbonium ions (e.g., 5)

\ f-Bu
R2

5
intervene in the expansion process. In view of these con-
siderations; there appears to be only one mechanism
which fits the experimental data. This mechanism is
shown in Scheme I. Among other things, this mechanism
is in agreement with the observed stereochemistry of
products 2a and 2b by virtue of expected back-side attack
onthecs-n 1 bond.
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Table 11
Sulfur Dioxide Nmr Spectra of Cis
Aziridine Derivatives*

Compd
Methyl cis-1-iert-hutyl-
3-methyl-2-aziridine- Ag
Group carboxylate 4b 3b ppmM6
t-Bu 0.40 0.39 0.76,“, 0.7Sd 0.38
CHCH 1.72 1.78 2.76,c 2.S04 1.00
ch3 0.58 0.62 0.93, 0.95" 0.32

aChemical shifts (& relative to external tetramethyl-
silane in carbon tetrachloride. bDifference in chemical
shifts of 4b and average of ions 3 b .“Counterion was
tosylate. dCounterion was nosylate.

Scheme 11
0

7

Participation by nitrogen has considerable precedent
and recent work in several laboratories has provided con-
vincing evidence for the intermediacy of 6 and its deriva-

R
6

tives.4 The added strain imposed by the C=0 group in a
three-membered ring and the relationship of 3 to /J-lactam
chemistry caused us to seek more information concerning
the properties of 3 and additional support for its inter-
mediacy.

Spectral Studies. Strong evidence for the bicyclic cat-
ion 3 was obtained from the nmr spectra of the aziridine
anhydrides 4a and 4b in sulfur dioxide. A dilute sulfur
dioxide solution of 4b, after standing at room temperature
for a short time in an nmr tube, gave two sets of nmr
spectral signals with similar splitting patterns. One set
had chemical shifts comparable to those of the corre-
sponding aziridine ester and was attributed to the anhy-
dride itself. The second set was displaced downfield by
0.3-1.0 ppm (Table Il1). We assign this latter set to the
bicyclic ion 3b. Addition of nosyl chloride or tosyl chloride
to these solutions resulted in the disappearance of the up-
field sets of signals and enhancement of the downfield set
of signals. This result is readily explainable in terms of
the equilibria depicted in Scheme Il. Similar results were
obtained with the trans anhydride 4c. A sulfur dioxide so-
lution of this anhydride in the presence of excess nosyl
chloride showed both upfield and downfield sets of signals
(Table I11). If this solution was maintained at -20° for a
short period of time, a clean spectrum of bicyclic ion 3c
was obtained. On warming to room temperature, peaks
assigned to 3c disappeared and were replaced by peaks
identical with those of authentic /J-lactam 2c in sulfur
dioxide.

The downfield protons described in Tables Il and 111
are reminiscent of previously observed aziridinium
species. Olah has obtained the nmr spectra of I-tert-
butylaziridinium ion (8) in both antimony pentafluoride-
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Table 111
Sulfur Dioxide Nmr Spectra of Trans
Aziridine Derivatives"

Methyl transfer!-bn fcyl-3-
methy]-2-a7.irid ine-

Group carboxylate 3c& A8 ppmc
i-Bu 0.62 0.88 0.26
CHCH 2.04 2.80 0.76
CH3 0.83 1.15 0.32

» Chemical shifts (6) relative to external tetramethyl-
silane in carbon tetrachloride. 6Counterion was nosylate.
cDifference in chemical shifts between the trans methyl
ester and 4c.

sulfur dioxide and acidic sulfur dioxide.5 The values of AS
(1.20) for the ring hydrogens and for the ieri-butyl group
(1.26) are in reasonable agreement with corresponding A5
values found in this work. Discrepancies between the mo-
nocyclic aziridinium ion and our bicyclic aziridinium ion
are readily attributable to such factors as differences in
counterion, the anisotropic effect of the carbonyl group,
etc.

In view of the lack of precedent for structure 3, it is
necessary to consider other species which could give the
downfield nmr spectral signals which we attribute to 3.
One such structure is the acylium ion 9. Acylium ions

i-Bu
9

have been observed by Olah, who obtained them from the
reaction of acyl halides with Lewis acids.6 Once formed,
these acylium ions were effective acylating agents when
quenched by a variety of nucleophiles. In the absence of
Lewis acids, these acyl halides were apparently inert
toward ionization in SO2. In contrast to these normal acyl
halides, precursors of 3 apparently produced ionized
species rapidly in SO2 without Lewis acid catalysis. It is
difficult, therefore, to account for the reactivity of these
precursors without invoking participation by nitrogen.
When solutions of 3b were quenched with tetraethylam-
monium chloride in acetonitrile, 2b was the only isolated
product.

In this connection, it is interesting to contrast the be-
havior of the mixed anhydride 7 with that of 10.7 The lat-
ter compound undergoes rapid fragmentation to produce
iminium ion 11. The difference between the two systems
is readily explainable in terms of expected and previously
observed strain inhibition to ionization in small-ring het-
erocycles.3-6

O

I CcO
(CeHH2— C— C— OTs — (CHOX=N—Ca5 + TsCT
rt u
VNH
ceHs5
10

Other obvious sources of the observed spectra may be
readily discounted. Nmr spectra in liquid SO2 of both 2
and its coordinated derivatives have been obtained (vide

Deyrup and Clough

Table 1V
Sulfur Dioxide Spectra of (3-Lactams

Compd R S02  SO.-SbFe AQ ppm
. i-Bu  0.75 1.15 0.40
v 0 Hec 4.08 4.89 0.81
it f Hb 3.18 4.02 0.S4
"o t-Bu Ha 2.70 3.59 0.89
2a
i-Bu 0.76 1.08 0.32
Hb 422 495 0.73
aw N
~ T tBu Ha 3.56 4.37 0.81
ch3 0.80 125 0.45

2b

infra) and are distinctly different from the spectra of 3.
Our careful attempts to exclude proton sources and the
nature of the product of quenching would appear to con-
vincingly rule out any monocyclic aziridinium species 12.
0
R

R,

"/ \

X i-Bu

12 (X = H, RCO, etc.)

Chemistry of the 0-Lactams. The chlorolactams could
also potentially serve as precursors to bicyclic ion 3.
Based on the extensive precedents of Olah, antimony pen-
tafluoride was chosen to assist in removing the chloride
group. Thus the 3-chloro-2-azetidinones 2a and 2b were
dissolved in a saturated solution of antimony pentafluo-
ride in sulfur dioxide. The nmr spectrum of the resulting
solution was compared to that of the azetidinones in sul-
fur dioxide (relative to external TMS in CCl4). Consider-
able downfield shifts were observed (A5 Table 1V) for the
antimony pentafluoride solutions, but little change in the
splitting pattern was noted.

The spectra of the antimony pentafluoride solutions are
quite different from the sulfur dioxide spectra of the same
supposed ions generated from the anhydride precursors.

However, when attempts were made to quench these
supposed ions with methanol, only the original chloroaze-
tidinones could be recovered. These results are interpreted
as indicating donor-acceptor complex formation, probably
either with oxygen and/or nitrogen and antimony pen-
tafluoride, but not ionization.s

The reluctance of the 3-substituted 2-azetidinones to
ionize to the bicyclic cations can be rationalized on stere-
ochemical grounds. An examination of models shows that
the unshared pair of electrons on nitrogen is not oriented
favorably for overlap at the incipient cation center. Con-
siderable bond deformation, and hence strain, is required
for participation and thus ionization to occur. Further-
more, the planar amide linkage would presumably inhibit
such a deformation.

One other aspect of the chemistry of these halo-0-lac-
tams proved to be of particular interest. Attempts to se-
lectively convert /3-lactam 2a to amino acid 15 instead re-
formed the original aziridine carboxylate la in nearly
quantitative yield. Reaction with methoxide in methanol

Cl
2a — —r-V* (CH3,CNHCHZHCOH
H° ) 15
V la

produced the corresponding methyl ester. This ring con-
traction apparently is stereospecific, since both 2b and 2c
formed Ib and Ic, respectively, stereospecifically. This
stereospecific ring contraction has precedent in the carbo-
cyclic case, where the reaction is thought to involve con-
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certed (Favorskii type) rearrangement of tetrahedral in-
termediate 16.9 Although a similar Favorskii-type path is

CH

16

possible in the contraction of 2, an alternate route is pos-
sible. This route involves a nucleophilic attack on the
C =0, formation of Ib, and subsequent ring closure to 15.
Since both routes would be stereospecific, we have no
basis at the present time for selecting between these two
mechanisms. In either case, this and similar ring contrac-
tion may have general utility in interconversion of small-
ring heterocycles.

Experimental Section

The melting points were determined on a Thomas-Hoover cap-
illary melting point apparatus and are uncorrected. Boiling points
are recorded as the temperature at which the material distils, are
at atmospheric pressure unless otherwise noted, and are uncor-
rected. Evaporative distillations were performed on small samples
of material following the (Kugelrohr) procedure of Graeve and
Wahl.10 The infrared spectra were recorded on a Perkin-Elmer
Model 137 instrument. The routine nmr spectra were recorded on
a Varian Associates A-60A 60-MHz recording spectrometer. The
nmr data are presented as follows: chemical shift (splitting pat-
tern, number of hydrogens, coupling constant, assignment).
Chemical shifts are expressed in parts per million and, in carbon
tetrachloride and chloroform, are relative to internal tetramethyl-
silane. In deuterium oxide chemical shifts are relative to a posi-
tion 4.99 ppm upfield from the DOH signal. In sulfur dioxide
chemical shifts are relative to external tetramethylsilane in car-
bon tetrachloride. Molecular weights were determined by mass
spectrometry. The mass spectra were recorded on a RMU 6E
mass spectrometer at 70 eV. The fragments are reported as m/e
(rel intensity). Microanalyses were performed by Galbraith Labo-
ratories, Inc., Knoxville, Tenn., and by PCR, Inc., Gainesville,
Fla.

Methyl cis-I-tert-Butyl-3-methyl-2-aziridinecarboxylate.
Methyl 2,3-dibromobutyratell (100 g, 0.38 mol), triethylamine
(100 g, 0.96 mol), and methanol (400 ml) were stirred at room
temperature for 3 hr. terf-Butylamine (70 g, 0.96 mol) was added,
and the mixture was allowed to stand at room temperature for 2
days. Water was added, and the solution was extracted two times
with benzene, dried (MgSO04), and evaporated to an oil which on
distillation gave 51 g (78%) of a mixture of methyl cis-\-tert-
butyl-3-methyl-2-aziridinecarboxylate (85%) and methyl trans-1-
tert-butyl-3-methyl-2-aziridinecarboxylate (15%). The pure cis
isomer was obtained by spinning band distillation: bp 65° (3.0
mm); ir (liquid film) 2900 (CH) and 1750 cm-1 (C=0); nmr
(CC14) &0.95 (s, 9, tert-butyl), 1.17 (d, 3, J = 5.3 Hz, CH3), 2.05
(m, 2,J = 6.3 Hz, CHCH), and 3.65 (s, 3, OCH3); mol wt 171.

Anal. Calcd for CO9H17N 02: C, 63.13; H, 10.01; N, 8.18. Found:
C, 63.03; H, 9.99; N, 7.95.

Methyl trares-I-tert-Butyl-3-methyl-2-aziridinecarboxylate.
Methyl 2,3-dibromobutyrate (26 g, 0.10 mol) and triethylamine
(39 g, 0.015 mol) were dissolved in benzene (50 ml) and left at
room temperature overnight. The amine hydrobromides were re-
moved by filtration, and the filtrate was evaporated to an oil.
The oil was dissolved in iert-butylamine (18.2 g, 0.25 mol) and
left at room temperature for 4 days. The amine hydrobiomides
were removed by filtration, and the filtrate was evaporated to an
oil which on distillation gave 12.4 g (72%) of a mixture of cis-
(33%) and trans- (67%) methyl I-teri-butyl-3-methyl-2-aziridine-
carboxylate. The trans isomer, after washing with aqueous sodi-
um carbonate, was completely separated from the cis isomer by
spinning band distillation: bp 65° (0.2 mm); ir (liquid film) 2950
(CH) and 1730 cm' 1 (C=0); nmr (CC14) 5 1.10 (s, 9, tert-butyl),
126 (d, 3, J = 5.5 Hz, CH3), 213 (d, 1, J = 2.4 Hz, C2H), 2.46
(m, 1, C3H), 3.63 (s, 3, OCH?J); mol wt 171.

Anal. Calcd for COHIMN 02 C, 63.13; H, 10.01; N, 8.18. Found:
C, 63.44; H, 10.14; N, 8.31.

Sodium cis- I-tert-Butyl-3-methyl-2-aziridinecarboxylate
(Ib). Methyl a's-I-tert-butyl-3-methyl-2-aziridinecarboxylate
(.7.35 g, 0.043 mol) was stirred overnight at room temperature
with sodium hydroxide (1.68 g, 0.042 mol) in water (50 ml). The
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resulting solution was washed with chloroform and evaporated to

7.44 g (99%) of the sodium salt: ir (Nujol) 1600 cm' 1(C02-); nmr
(D20) i 1.30 (s, 9, tert-butyl), 1.44 (d, 3, CH3), 2.48 (m, 1, C3H),

and 2.74 (d, 1,3 = 6.3 Hz, C2H).

Sodium  trans-I-teri-Butyl-3-methyl-2-aziridinecarboxylate
(Ic). Methyl trans-I-tert-butyl-3-methyl-2-aziridinecarboxylate
(2.20 g, 7.0 mmol) and sodium hydroxide (0.28 g, 7.0 mmol) were
stirred together in water (15 ml) at room temperature overnight.
The resulting solution was evaporated to 1.19 g (96%) of the sodi-
um salt: ir (Nujol) 1615 and 1590 cm-1 (C02-); nmr (D20) &1.45
(s, 9, tert-butyl), 1.58 (d, 3, J = 6 Hz, CH3), and 2.61 (m, 2, ring
protons).

Reaction of Lithium I-tert-Butyl-2-aziridinecarboxylate
with Thionyl Chloride. A sodium hydride suspension (0.96 g,
20.0 mmol), washed three times with cyclohexane, was added
to tetrahydrofuran (25 ml) under nitrogen to form a slurry.
Lithium I-tert-butyl-2-aziridinecarboxylate2 (1.0 g, 6.7 mmol)
was added to the slurry followed by dropwise addition of thionyl
chloride (1.19 g, 0.01 mol). The resulting mixture was stirred at
room temperature for 1.25 hr. Solvent was removed by evapora-
tion and cyclohexane (35 ml) was added followed by careful addi-
tion of water to destroy the sodium hydride present. The organic
layer was separated and washed with water, dried (MgS04), and,
after evaporation of the solvent, distilled to give 0.25 g (23%) of
I-tert-butyl-3-chloro-2-azetidinone (2a): bp 70° (0.2 mm); ir (lig-
uid film) 1760 (C=0), 814, 745, and 695 cm' 1 (CC1); nmr (CC14)
6 131 (s, 9, tert-butyl), 3.18 (dd, 1, CH), 3.78 (dd, 1, CH), and
457 (dd, 1, CH); mol wt 161.

Anal. Calcd for C77Hi2NOC1: C, 52.01; H, 7.43; N, 8.67. Found:
C, 52.27; H, 7.65; N, 8.46.

Slightly improved yields could be obtained by removing excess
sodium hydride and salts by filtration followed by distillation of
the residual oil (33%).

Reaction of Sodium I-tert-Butyl-2-aziridinecarboxylate with
Oxalyl Chloride. Solid sodium I-tert-butyl-2-aziridinecarboxy-
late (1.05 g, 6.3 mmol) was added to a solution of oxalyl chloride
(0.95 g, 7.5 mmol) in benzene (10 ml) at room temperature. Both
heat and gas were evolved. The resulting slurry was refluxed for
15 min. Benzene (20 ml) was added, and the slurry was washed
with aqueous sodium carbonate and water and dried (MgSO04).
Distillation of the residual oil left after evaporation of the solvent
gave 0.266 g (26%) of I-tert-butyl-3-chloro-2-azetidinone (2a).
This was identified by spectral comparison to an authentic sam-
ple, bp 90° (0.7 mm).

Reaction of Sodium I-tert-Butyl-2-aziridinecarboxylate with
Oxalyl Chloride in the Presence of Triethylamine. The sodium
salt (1.05 g, 6.3 mmol) was slowly added to a mixture of oxalyl
chloride (0.95 g, 7.5 mmol) and triethylamine (0.76 g, 0.0075 mol)
in benzene (50 ml). The dark brown slurry was stirred at room
temperature for 45 min, washed with 5% HC1, sodium carbonate,
and water, dried (MgS04), and evaporated to 0.30 g (29%) of 1-
tert-butyl-3-chloro-2-azetidinone. This was identified by compari-
son to an authentic sample.

Reaction of Sodium cis-I-tert-Butyl-3-methyl-2-aziridinecar-
boxylate (Ib) with Oxalyl Chloride. The sodium salt (Ib, 3.4 g,
0.019 mol) was added slowly to a solution of oxalyl chloride (3.0 g,
0.0238 mol) in benzene (20 ml). The resulting slurry was stirred at
ambient temperature for 1 hour, and then a few chips of ice were
added. Benzene (20 ml) was added, and the reaction mixture was
washed with sodium carbonate and water, dried (MgS04), and
evaporated to 3.2 g (98%) of a clean oil which was distilled to give
26 g (79%) of cis-I-feri-butyl-3-chloro-4-methyl-2-azetidinone
(2b): bp 65° (0.1 mm); ir (liquid film) 2930 (CH), 1750 cm' 1
(C=0); nmr CC14) 6 1.35 (s, 9, ierf-butyl), 1.40 (d, 3, J = 6.4 Hz,
CHS3), 4.01 (m, 1, CHN), and 4.70 (d, 1, J = 5.1 Hz, CHCO); mol
wt 175.

The oil was redistilled for an analytical sample, but even when
stored under vacuum it was unstable at room temperature. Thus
it is not surprising that the analytical sample did not check.

Anal. Calcd for C8HI4NOCI: C, 54.66; H, 8.03; N, 7.98. Found:
C, 53.83; H, 7.93; N, 8.02.

Reaction of Sodium trims-1-ferf-Butyl-3-methyl-2-aziridine
carboxylate (Ic) with Oxalyl Chloride. A mixture composed of
sodium trans-I-tert-butyl-3-methyl-2-aziridinecarboxylate (Ic, 1.3
g, 3.0 mmol) and an inert salt was added slowly to a solution of
oxalyl chloride (1.09 g, 8.7 mmol) in benzene (25 ml). The result-
ing slurry was stirred at room temperature for 1 hr, washed with
5% HC1, aqueous sodium carbonate, and water, and dried
(MgS04). The solution was evaporated to 0.33 g (63%) of trans-
I-feri-butyl-3-chloro-4-methyl-2-azetidinone (2c). The oil was dis-
tilled for an analytical sample: bp 65° (0.1 mm); ir (liquid film)
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2900 (CH) and 1751 cm' 1 (C=0); nmr (CC14) 6 1.34 (s, 9, tert-
butyl), 1.45 (d, 3, J = 6.1 Hz, CHYS), 3.68 (m, 1, CHN), and 4.09
(d, 1,3 = 1.7 Hz, CHCO); mol wt 177.

Anal. Calcd for C8H14NOCI: C, 54.66; H, 8.03; N, 7.98. Found:
C, 54.79; H, 7.91; N, 7.87.

Ring Expansion of Sodium I-tert-Butyl-2-aziridinecarboxy-
late (la) with Nosyl Chloride in Acetonitrile. The sodium salt
(la, 1.29 g, 6.0 mmol) and nosyl chloride (1.34 g, 6.0 mmol) were
stirred together in benzene (50 ml) for 4 hr at room temperature.
The slurry was washed with water, dried (MgS04), and evapo-
rated to an oil which consisted of a mixture of nosyl chloride and
I-tert-butyl-2-aziridinecarboxylic acid anhydride (4a). The oil
was taken up in a solution of tetraethylammonium chloride (2.68
g, 16.0 mmol) in acetonitrile and left at room temperature over-
night. The resulting orange solution was evaporated to an oil,
taken up in petroleum ether (bp 37-46°), washed with water,
dried (MgS04), and evaporated to a pale yellow oil (0.202 g)
which was shown by nmr spectroscopy to consist of 0.13 g (14%)
of I-£eri-butyl-3-chloro-2-azetidinone (2a) together wtih some im-
purities.

Ring Expansion of Sodium cis-I-tert-Butyl-3-methyl-2-aziri-
dinecarboxylate (Ib) with Nosyl Chloride in Acetonitrile. The
sodium salt (Ib, 0.37 g, 2.0 mmol) and nosyl chloride (0.44 g, 2.0
mmol) were stirred together in benzene (50 ml) for 4 hr at room
temperature. The slurry was washed with water, dried (MgS04),
and evaporated to an oil. The oil was dissolved in a solution of
tetraethylammonium chloride (0.33 g, 2.0 mmol) and left at room
temperature overnight. Acetonitrile was removed by evaporatioh
and the residual oil was taken up in petroleum ether, washed
with water, dried (MgS04), and evaporated to 0.274 g (75%) of an
oil identified as cis-l-iert-butyl-3-chloro-4-methyl-2-azetidinone
(2b). Distillation (65°, 0.1 mm) gave 0.17 g.

cis-l-ierf-Butyl-3-methyl-2-aziridinecarboxylic Anhydride
(4b). Sodium cis-l-ert-butyl-3-methyl-2-aziridinecarboxylate (1.0
g, 5.8 mmol) and nosyl chloride (0.62 g, 2.8 mmol) were stirred
together in benzene at room temperature for 4.5 hr. The resulting
slurry was washed with water, aqueous sodium carbonate, and
again with water, dried (MgS04), and evaporated to 0.633 g
(76%) of an oil identified as cis-I-tert-butyl-3-methyl-2-aziridine-
carboxylic anhydride (4b). The oil was taken up in petroleum
ether and filtered to remove a fine, insoluble suspension. Evapo-
ration of the filtrate gave 0.574 g (69%) of the anhydride 4b as an
oily solid: ir (liquid film) 2920 (CH), 1820, 1800, and 1760 cm-1
(C=0); nmr (CC14) S 1.0 (s, 9, teri-butyl), 1.26 (broad d, 3
CH3), and 2.15 (m, 2, ring protons).

Reaction of cis-I-ferf-Butyl-3-methyl-2-aziridinecarboxylic
Anhydride with Sodium Methoxide in Methanol. Sodium cis-
|-fert-butyl-3-methyl-2-aziridinecarboxylate (Ib, 0.34 g, 2.0
mmol) and nosyl chloride (0.44 g, 2.0 mmol) were stirred at room
temperature in benzene, washed with water, dried (MgS04), and
evaporated in an oil composed of the anhydride 4c and nosyl
chloride. The oil was dissolved in a solution of sodium methoxide
(0.10 g, 1.8 mmol) in methanol and left at room temperature
overnight. The resulting solution was poured into benzene and
washed with water. The benzene layer was dried (MgS04) and
evaporated to an oily solid. The residue was taken up in chloro-
form and the solids were removed by filtration. The chloroform
solution was evaporated to 0.118 g (35%) of an oil identified as
methyl cis-I-Eerf£-butyl-3-methyl-2-aziridinecarboxylate by nmr
spectroscopy.

The water layer was evaporated to a solid which was identified
as a mixture of sodium nosylate and sodium cis-I-teri-butyl-3-
methyl-2-aziridinecarboxylate (Ib) by nmr spectroscopy.

Reaction of Sodium £rans-I-£er£-Butyl-3-methyl-2-aziridine-
carboxylate (Ic) with Nosyl Chloride. Sodium trans-I-tert-
butyl-3-methyl-2-aziridinecarboxylate (0.3 g, 1.7 mmol) and nosyl
chloride (0.388 g, 1.7 mmol) were stirred in benzene at room tem-
perature for 4 hr. The resulting slurry was washed with aqueous
sodium carbonate and water, dried (MgS04), and evaporated to
an oil (0.38 g) consisting of a mixture of trans-I-terf-butyl-3-
methyl-2-aziridinecarboxylic anhydride (4c) and unreacted nosyl
chloride: nmr (CC14) S 1.17 (s, 9, ieri-butyl), 1.42 (m, 3, CH3),
2.30 (d, 1, C2H), and 2.60 (m, 1, C3H).

Nmr Spectra of the Anhydrides in Sulfur Dioxide. The anhy-
drides were dissolved in liquid sulfur dioxide at - 10° and trans-
ferred in a laboratory atmosphere to nmr sample tubes, which
were sealed. Samples of the anhydrides with nosyl or tosyl chlo-
ride present were compared by treating the appropriate sodium
salts with equimolar amounts of the arylsulfonyl chlorides and
dissolving the residual oil left after the usual work-up in sulfur
dioxide as above. The same spectra could be obtained by adding
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the arylsulfonyl chlorides to solutions of the anhydride in sulfur
dioxide, but this was found to be less convenient.

The chemical shifts for the ionized and un-ionized anhydrides
are reported with reference to external tetramethylsilane in car-
bon tetrachloride and are tabulated in Tables 1l and I11.

The solution of the cis anhydride in the presence of nosyl chlo-
ride or tosyl chloride (after ionization had occurred) was
guenched by pouring the sulfur dioxide solution into a solution of
tetraethylammonium chloride in acetonitrile. After the usual
work-up cis-I-tert-butyl-3-chloro-4-methyl-2-azetidinone was re-
covered inyields of 13 and 14%, respectively.

Nmr Spectra of 3-Chloro-2-azetidinones in Antimony Pen-
tafluoride-Sulfur Dioxide. Sulfur dioxide (2 ml) at —10° was
saturated with antimony pentafluoride and cooled to -70°. Ap-
proximately 300 mg of 1-teri-butyl-3-chloro-2-azetidinone (2a)
was dissolved in the resultant solution, and an aliquot was sealed
in an nmr sample tube. The spectrum of the solution was com-
pared to a spectrum of the same azetidinone in sulfur dioxide and
both are reported in Table IV. The antimony pentafluoride-sulfur
dioxide solution was poured into a solution of sodium methoxide
in methanol (-70°). This solution was then warmed to room tem-
perature, poured into water, and extracted with benzene. The
benzene layer was dried (MgS04) and evaporated to a colorless
oil identified as extremely clean I-terf-butyl-3-chloro-2-azetidin-
one (2a).

In a similarly fashion ds-I-£er£-butyl-3-chloro-4-methyl-2-azeti-
dinone (2b) was treated with antimony pentafluoride-sulfur diox-
ide. The nmr spectra was recorded as above, and work-up of the
solution with sodium methoxide in methanol yielded only ex-
tremely clean cis-I-terf-butyl-3-chloro-4-methyl-2-azetidinone
(2b).

Reduction of I-£eri-Butyl-3-chloro-2-azetidinone (2a) with
Zinc. Zinc dust (2.5 g, 30 mmol), activated by stirring for 2 min
in concentrated hydrochloric acid, washing four times with dis-
tilled water and four times with acetone (reagent grade), and
drying in vacuo for 15 min, was added to a solution of 1-tert-
butyl-3-chloro-2-azetidinone (2a, 0.40 g, 2.49 mmol) in ethanol.
The heterogeneous mixture was then refluxed for 10 days, cooled,
filtered, and evaporated to an oil. The oil was distilled to give
0.13 g (41%) of I-tert-butyl-2-azetidinone, bp 90-100° (25 mm).

I-£Eer£-Butyl-2-azetidinone. Triethylamine (3.55 g, 35.0 mmol)
was added to a slurry of 3-£erf£-butylaminopropionic acid (11, 1.3
g, 9.0 mmol) in dry tetrahydrofuran (10 ml). A solution of thionyl
chloride (1.4 g, 12 mmol) in tetrahydrofuran (10 ml) was slowly
added to the stirred slurry. The resulting yellow mixture was stirred
at room temperature for 14 hr, then filtered through a filter cell,
and the filtrate was evaporated to a dark brown sludge. The
sludge was washed through 5% alumina with chloroform, and the
eluent was evaporated to 0.085 g (7%) of a yellow oil identical
with the I-tert-butyl-2-azetidinone prepared by reduction of 1-
£ert-butyl-3-chloro-2-azetidinone (2a): ir (liquid film) 2900 (CH)
and 1740 cm-1 (C=0); nmr (CC14) 5 1.28 (s, 9, £erf-butyl), 2.68
(m, 2, CH2), and 3.12 (m, 2, CH2); mol wt 127.

Anal. Calcd for C/ZHI3NO: C, 66.11; H, 10.30; N, 11.01. Found:
C, 66.02; H, 10.46; N, 10.92.

Reaction of I-£ert-Butyl-3-chloro-2-azetidinone (2a) with So-
dium Methoxide. In a drybox I-terf-butyl-3-chloro-2-azetidinone
1.2 mmol) was stirred with a solution of sodium hydroxide (0.06 g,
1.5 mmol) in water (5 ml) for 2 hr. The mixture was then refluxed
for 3 hr. The resulting solution was cooled, and solvent was re-
moved by evaporation to give 0.245 g (94%) of a pale yellow pow-
der in which the sole organic species present was identified as so-
dium I-ierE-butyl-2-aziridinecarboxylate (la) by comparison of
the ir and nmr spectra with spectra of an authentic sample.

Reaction of I-tert-Butyl-3-chloro-2-azetidinone (2a) with So-
dium Methoxide. In a dry box l-ier£-butyl-3-chloro-2-azetidinone
(2a, 0.31 g, 1.8 mmol) was added to a solution of sodium methox-
ide (0.16 g, 3.0 mmol) in methanol (2.5 ml) and left at room tem-
perature for 2 days. The reaction mixture was poured into ben-
zene (15 ml), washed with water, dried (M gS04), and evaporated
to 0.14 g (48%) of an oil identified as methyl I-£eri-butyl-2-aziri-
dinecarboxylate by comparison of ir and nmr spectra with the
spectra of an authentic sample.

Reaction of cis-l-iert-Butyl-3-chloro-4-methyl-2-azetidinone
(2b) with Sodium Hydroxide. The azetidinone (2b, 0.30 g, 1.7
mmol) was dissolved in dioxane (1 ml), and the resulting solution
was added to a solution of sodium hydroxide (0.16 g, 40.0 mmol)
in water (2 ml). More water was added until the mixture became
clear, and the solution was left at room temperature for 30 days.
It was then washed with ether and evaporated to 0.38 g (83%) of a
white powder identified as sodium cis-I-Eert-butyl-3-methyl-2-az-
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iridinecarboxylate (Ib) by comparison of the ir and nmr spectra
with the spectra of a known sample.

Reaction of inm.s-I-feri-Butyl-."i-chloro-4-methyl-2-azetidi-
none (2c) with Sodium Hydroxide. The azetidinone (2c, 0.30 g,
1.7 mmol) was dissolved in dioxane (1 ml), and the resulting solu-
tion was added to a solution of sodium hydroxide (0.18 g, 45.0
mmol) in water (2 ml). Water was added until the mixture be-
came clear, and the resulting solution was left at room tempera-
ture for 21 days. It was washed with chloroform and evaporated
to a white solid. Nmr observation showed that about 30% of the
solid consisted of sodium irans-l-iert-butyl-3-methyl-2-aziridine-
carboxylate (Ic). The other components of the mixture were not
characterized.

Registry No—Ila, 24719-64-0; Ib, 50562-57-7; Ic, 50562-58-8;
2a, 23120-47-0; 2b, 50562-60-2; 2c, 50562-61-3; 3b, 50562-62-4;
3c, 50562-63-5; 4b, 50562-64-6; 4c, 50562-65-7; 11, 574-45-8;
methyl Cis-I-fert-butyl-3-methyl-2-aziridinecarboxylate, 34863-
28-0; methyl trans-I-ferf-butvl-3-methvT2-aziridinecarboxylate,
34856-93-4.

Supplementary Material Available. Nmr spectra of represen-
tative key compounds described in this paper (e.g., 2a, 2b, 2c, 3b,
3c, and 4a) will appear following these pages in the microfilm edi-
tion of this volume of the journal. Photocopies of the supplemen-
tary material from this paper only or microfiche (105 X 148 mm,
24X reduction, negatives) containing all of the supplementary
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material for the papers in this issue may be obtained from the
Journals Department, American Chemical Society, 1155 16th St.,
N.W., Washington, D. C. 20036. Remit check or money order for
$3.00 for photocopy or $2.00 for microfiche, referring to code num-
ber JOC-74-902.
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The Reaction of 6-Amino- and 6-Hydrazinopyrimidines with Diethyl
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6-Amino- and 6-hydrazinopyrimidines are shown to react with diethyl azodicarboxylate to give 5-(1,2-dicarbeth-
oxyhydrazino) derivatives. The synthetic potential of this simple method for the direct introduction of nitro-
gen into the 5 position of the pyrimidine ring is illustrated by a synthesis of 1,3-dimethyluric acid from 1,3-di-
methyl-6-aminouracil by reaction with diethyl azodicarboxylate, reduction to I,3-dimethyl-5-carbethoxyamino-

6-aminouracil, and thermal ring closure.

6-Aminopyrimidines unsubstituted at position 5 react
with a wide variety of electrophiles (NO+, NC2+, X+,
RC=0+, etc.) to give 5-substituted derivatives which
number among the most versatile and useful of pyrimi-
dine intermediates.2 We have now examined the reaction
of a number of 6-amino- and 6-hydrazinopyrimidines with
diethyl azodicarboxylate and have found that the products
are 5-(l,2-dicarbethoxyhydrazino)pyrimidines.3 These
Michael adducts, which possess a reduced nitrogen sub-
stituent at position 5, have proved to be versatile synthet-
ic intermediates. The present paper describes this new
procedure for C-5 functionalization of pyrimidines;4 sub-
sequent papers will report the conversion of these adducts
to 6- and 7-azapteridines, including the antibiotics ferven-
ulindand 2-methylfervenulone (MSD-92).8

Our results are summarized in Tables | and Il. The
reaction proceeds with remarkable ease when run in sus-
pension in hot dichlorobenzene. Under these conditions
the reactants slowly dissolve, and the product then gener-
ally crystallizes directly from the hot reaction solution.
Electron-withdrawing substituents which reduce the nu-
cleophilicity of the pyrimidine ring towards electrophilic
reagents {e.g., 5), not surprisingly, retard the reaction.
Furthermore, the reaction is either retarded or inhibited
with 6-hydrazinopyrimidines if the proton adjacent to the

ring is substituted by an alkyl group (e.g., 13 and 15).
This observation suggests that the diethyl azodicarboxy-
late-6-amino- (or 6-hydrazino-) pyrimidine reaction may
involve a cyclic transition state similar to that proposed
for the reaction of diethyl azodicarboxylate with olefins,6
where a concerted mechanism with little or no charge de-
velopment is involved. Proton abstraction from the allylic
position of the olefin would thus have its counterpart in
the present case in N-H abstraction from the 6 substitu-
ent. When such a cyclic transition state is not feasible

CChGjHs CO,C.H5

'NHCOAH-,

J*
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Carbon-5 Functionalization of Pyrimidines

(e.g., 13, 15), competing tetrazene formation7 may inter-
vene, although no attempt was made to isolate and identi-
fy these sensitive materials. It is interesting to note that
elimination of this potentially competitive pathway by con-
version of the -N(CH3)Nfi2 substituent to a benzylidene
(12, 16), formyl (14), or Ni,N2-disubstituted derivative
(17) leads again to successful Michael addition at position
5 of the pyrimidine ring, although yields are decreased
and more drastic conditions appear to be necessary.

The structures of the 5-(1,2-dicarbethoxyhydrazino)pyr-
imidine Michael adducts were confirmed in every case by
nmr spectroscopy (disappearance of the characteristic py-
rimidine C-5 aromatic proton resonance), and, in the case
of 1,3-dimethyl-5-(1,2-dicarbethoxyhydrazino)-6-amino-
uracil (18), by chemical evidence as well. Thus, Raney
nickel or Leuckart (formic acid) reduction of 18 resulted
in cleavage of the N-N bond to give |,3-dimethyl-5-car-
bethoxyamino-6-aminouracil (19), identical with an au-
thentic sample prepared by the reaction of 1,3-dimethyl-
5,6-diaminouracil with ethyl chloroformate.8 Furthermore,
heating of 19 resulted in ring closure to 1,3-dimethyluric
acid (20), identical with an authentic sample. This latter
reaction comprises a new synthetic approach to purines
involving the direct introduction into position 5 of the py-
rimidine ring of a reduced nitrogen substituent capable of
eventual incorporation into the imidazole ring of the final
purine.

T—n'Av - nhco,c,hb

CH,
19

0 COXHS

CH—NX p NNHCOXH5
OA Ni —nhnh2

CH,
0 CO,CH,
X

CH,—N" |~ NNHCOXH5

J—mhn= chctb5

CH,
21

Most of the 6-aminopyrimidines examined were well-
known, commercially available intermediates. 1,3-Di-
methyl-6-hydrazino- (11) and I,3-dimethyl-6-(I-methylhy-
drazino)uracil (13) were prepared by treatment of 1,3-
dimethyl-6-chlorouracil9 with hydrazine and methylhy-
drazine, respectively, using chloroform as solvent rather
than excess hydrazine solution as previously described.9
The requisite 1,3-dimethyl-6-chlorouracil was prepared by
chlorination of 1,3-dimethylbarbituric acid, which we
found to be more conveniently prepared by acid hydrolysis
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of 1,3-dimethyl-6-aminouracil than by condensation of
malonic acid with 1,3-dimethylurea.10

The structures of the 6-(I-methylhydrazino)uracils 13
and 15 and of 1,3-dimethyl-6-hydrazinouracil (11) followed
from the observation that they formed benzylidene deriva-
tives with aromatic aldehydes. The product (12) of the
reaction of 11 with benzaldehyde reacted with diethyl azo-
dicarboxylate to give an adduct (21) identical with that
formed by reaction of benzaldehyde with the initial ad-
duct formed from diethyl azodicarboxylate with 11.

3-Methyl-6-(I-methylhydrazino)uracil (15)11 and 3-
methyl-6-(1,2-dimethylhydrazino)uracil (17) were similar-
ly prepared from 3-methyl-6-chlorouracil and methylhy-
drazine or 1,2-dimethylhydrazine, respectively.

Experimental Section

Formation of 5-(1,2-Dicarbethoxyhydrazino)-6-amino- (or
hydrazino-) pyrimidines. General Procedure. To a suspension
of the 6-amino- (or hydrazino-) pyrimidine in the appropriate sol-
vent was added 1 equiv of diethyl azodicarboxylate, and the mix-
ture was heated as specified in Tables | and Il. Depending on the
solubility of the product in the solvent employed, the 5-(I,2-di-
carbethoxyhydrazino) derivative was either isolated by filtration,
or the solvent was evaporated under reduced pressure and the
residue recrystallized (see Tables | and I1).

1.3- Dimethyl-5-(l,2-dicarbethoxyhydrazino)-6-aminouracil

(18). A stirred suspension of 108.5 g (0.7 mol) of I,3-dimethyl-6-
aminouracil (9) in a mixture of 122.0 g (0.7 mol) of diethyl azodi-
carboxylate and 300 ml of chlorobenzene was heated to reflux in
an oil bath maintained at 150-160°. A vigorous reaction accompa-
nied by considerable foaming occurred, and it became necessary
to remove the heat source. The reaction continued spontaneously
for several minutes and, after it had subsided, heating was re-
sumed for an additional 20 min. The reaction mixture was then
filtered, the filtrate cooled, and the copious crop of ivory-colored
crystals collected by filtration, washed with benzene followed by
ether, and dried; yield (product solvated with chlorobenzene) 290
g, mp 66-70°. Repeated recrystallization of a small sample from
benzene resulted in exchange of benzene for chlorobenzene of sol-
vation: mp 88-90°; nmr (CDCI3) 1.26 (t, 6, CH3CH20), 3.30 (s, 3,
CH3N), 3.39 (s, 3, CH3N), 421 (m, 4, CHCHX), 6.37 (s, 2
NH2), 7.35 (s, 6, CeHe), and 7.98 ppm (s, 1, NH). The remainder
of the product (solvated with chlorobenzene) was dissolved in
1500 ml of boiling water and the solution heated briefly until
steam distillation of the chlorobenzene was complete. The solu-
tion was then decolorized with charcoal, filtered, and cooled, and
the colorless crystals which separated were collected by filtration;
yield 165 g (70%) 6f the hemihydrate, mp 142-144° dec.

Anal. Calcd for C*"HmMNsOe-O.S"0O: C, 42.60; H, 5.96; N,
20.70. Found: C, 42.33; H, 5.85; N, 20.75.

The anhydrous material, mp 146-148° dec, was prepared by re-
crystallization from absolute ethanol followed by drying in vacuo
at 65° for 24 hr.

Anal. Calcd for Ci2H19N506: C, 43.77; H, 5.81; N, 21.26.
Found: C, 43.54; H, 5.87; N, 21.35.

1.3- Dimethyl-5-carbethoxyamino-6-aminouracil (19). Meth-

od A. To a suspension of 390 g of Raney nickel (Grace no. 28,
freed of excess water by draining with slight suction on a Buchner
funnel followed by repeated washing with absolute ethanol) in 750
ml of absolute ethanol was added 25.0 g of I,3-dimethyl-5-(l,2-
dicarbethoxyhydrazino)-6-aminouracil (18) hemihydrate. The
mixture was stirred and heated under reflux for 30 min, the nick-
el allowed to settle, and the solution decanted. The residual nick-
el was stirred four times with 500-ml portions of hot absolute eth-
anol, and the combined decantations were evaporated to 250 ml,
filtered, and cooled to give 13.4 g (75%) of 19, mp 212-213° (lit.8
mp 206-207°; mixture melting point with authentic material pre-
pared by the literature procedure8was 212-213°).

Anal. Calcd for COHIANAOA: C, 44.62; H, 5.83; N, 23.13. Found:
C, 44.32; H, 5.90; N, 22.93.

Method B. A solution of 5.4 g of I,3-dimethyl-5-(l,2-dicarbeth-
oxyhydrazino)-6-aminouracil in 17 ml of 97-100% formic acid was
heated under reflux for 1 hr and concentrated to dryness under
reduced pressure. The residue was dissolved in 25 ml of water and
again concentrated to dryness. This process was repeated, and
the residue was triturated with 1:1 ethanol-ether to give 1.62 g
(47%) of crude 19. Drying and recrystallization from ethanol gave
material identical with that prepared by method A.
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1.3-
6-aminouracii (19) (500 mg) was placed in a test tube, in which a
slight positive pressure of nitrogen was maintained, which was
immersed in an oil bath preheated to 175°. The temperature of
the heating bath was then raised to 235° over a period of 45 min.
The contents of the reaction vessel were cooled, powdered, recrys-
tallized from water, and dried: yield 0.38 g (93%) of colorless crys-
tals, mp 412-415° (lit.12 mp 408-410° dec; mixture melting point
with authentic material 412-415°).

Anal. Calcd for C7TH8N403: C, 42.63; H, 4.11; N, 28.56. Found:
C, 42.70; H, 4.35; N, 28.60.

1.3-
rouracil was prepared by the procedure of Pfleiderer and
Schiindehutte9 except that it was found more convenient to take
up the crude product in chloroform, and to use the resulting solu-
tion (dried and filtered) directly. Thus, to 500 ml of a stirred
chloroform solution containing 50.9 g (0.30 mol) of 1,3-dimethyl-
6-chlorouracil was added over a 20-min period a mixture of 250 ml
of ethanol and 93.0 g of a 40% aqueous solution (37.4 g, 1.2 mol)
of methylamine. After 24 hr the reaction mixture was concentrat-
ed in vacuo and the residue washed with cold ethanol, acetone,
and then ether to give 67.0 g (quantitative) of the hydrochloride
monohydrate, mp 204-205° dec. A 37.4-g (0.182 mol) portion of
this material was dissolved in 200 ml of boiling water, cooled
slightly, and treated in small portions with 15.1 g (0.182 mol) of
solid sodium bicarbonate. Cooling and filtering then gave 28.8 g
(quantitative) of the free base of 10, mp 240-241° dec.

Anal. Calcd for C7TH1IN302: C, 49.69; H, 6.55; N, 24.84. Found:
C, 49.69; H, 6.36; N, 24.75.

1.3- Dimethyl-6-hydrazinouracil (11). To a stirred solution of
131.0 g (0.75 mol) of 1,3-dimethyl-6-chlorouracil in 1 1 of chloro-
form was added dropwise over a period of 2 hr a solution of 120.0
g (2.03 mol) of 85% aqueous hydrazine hydrate in 200 ml of etha-
nol. The reaction mixture was maintained at room temperature
overnight and concentrated under reduced pressure, and the resi-
due was triturated with 250 ml of ethanol. Filtration then gave
108.1 g (84%) of 11, mp 239-240° dec. The analytical sample, re-
crystallized from ethanol, melted at 240-241° dec (lit.9 mp 216-
218°).

Anal. Calcd for C6HioN402: C, 42.34; H, 5.92; N, 32.92. Found:
C, 42.60; H, 6.08; N, 33.13.

1.3-
tion of 1.70 g (0.01 mol) of I,3-dimethyl-6-hydrazinouracil (11) in
75 ml of hot aqueous ethanol (2:1) was added a solution of 1.1 g
(0.01 mol) of benzaldehyde. The voluminous solid which formed
immediately was collected by filtration and recrystallized from
ethanol to give 2.35 g (91%) of colorless crystals, mp 270-271°
(lit.9mp 253°).

Anal. Calcd for C13H13N402: C, 60.68; H, 5.09; N, 21.78.
Found: C, 60.50; H, 5.24; N, 21.54.

1.3-
of 83.5 g (0.475 mol) of I,3-dimethyl-6-chlorouracil in 1.5 1 of
chloroform was added slowly, over a period of 30 min, a solution
of 65.8 g (1.425 mol) of methylhydrazine in 500 ml of chloroform.
After stirring for 48 hr at room temperature, the mixture was fil-
tered and the filtrate evaporated to dryness under reduced pres-
sure. Trituration of the residue with 100 ml of cold ethanol fol-
lowed by filtration gave 71.0 g (81%) of colorless crystals of 13,
mp 133-134°. The melting point was not changed upon recrystal-
lization from ethanol.

Anal. Calcd for C7TH12N402: C, 45.64; H, 6.56; N, 30.42. Found:
C, 45.54; H, 6.08; N, 30.21.

1.3-
drazino)uracil was prepared in 92% yield as described above for
the preparation of 12, mp 177-178°.

Anal. Calcd for CI17H22N405: C, 56.34; H, 6.12; N, 1547.
Found: C, 56.62; H, 5.96; N, 15.25.

1.3- Dimethyl-6-(2-formyl-I-methylhydrazino)uracil (14).
a mixture of 22.5 g (0.22 mol) of acetic anhydride and 150 ml of
formic acid, maintained at 0°, was added gradually 32.0 g (0.20
mol) of I,3-dimethyl-6-(I-methylhydrazino)uracil (13). The mix-
ture was stirred at 0° until solution was complete and then heat-
ed at 50-55° for 1 hr. Concentration of the resulting solution
under reduced pressure, trituration of the residual oil with cold
ethanol, and filtration then gave 23.6 g (55%) of colorless crystals
of 14, mp 169-170°.

Dimethyluric Acid (20). 1,3-Dimethyl-5-carbethoxyamino-

Dimethyl-6-(benzylidinehydrazino)uracil (12). To a solu-

Dimethyl-6-(I-methylhydrazino)uracil (13). To a solution

Dimethyl-6-(3,4,5-trimethoxybenzylidene-I-methylhy-

To

Taylor and Sowinski

Anal. Calcd for C8Hi2N403: C, 45.28; H, 5.71; N, 26.41. Found:
C, 45.10; H, 5.71; N, 26.25.

3-Methyl-6-(I-methylhydrazino)uracil (15). To a stirred solu-
tion of 23.0 g (0.5 mol) of methylhydrazine in 100 ml of ethanol
was gradually added a hot solution of 16.1 g (0.1 mol) of 3-
methyl-6-chlorouracill3 in 300 ml of dioxane. After 16 hr at room
temperature, 5.4 g (0.1 mol) of sodium methoxide in 100 ml of
methanol was added, the mixture filtered from precipitated sodi-
um chloride, and the filtrate concentrated to give 14.0 g (76%) of
colorless crystals of 15, mp 205-207° (lit.11 mp 207-209°).

3-Methyl-6-(p-anisylidene-I-methylhydrazino)uracil (16) was

Dimethyl-6-methylaminouracil (10). 1,3-Dimethyl-6-chlo-prepared in the usual manner from 3-methyl-6-(I-methylhydra-

zino)uracil and p-anisaldehyde in hot ethanol: yield 92%, mp 227-
228° dec.

Anal. Calcd for C14H15N403: C, 58.52; H, 5.26; N, 19.50.
Found: C, 58.32; H, 5.47; N, 19.27.

3-Methyl-6-(1,2-dimethylhydrazino)uracil (17). A stirred, ice-
cooled solution of 13.3 g (0.10 mol) of 1,2-dimethylhydrazine dihy-
drochloride in 25 ml of water was treated with 8.0 g (0.20 mol) of
solid sodium hydroxide, the mixture was filtered, and the filtrate
was added to a solution of 4.0 g (0.025 mol) of 3-methyl-6-chlo-
rouracill3 in 300 ml of hot ethanol. The reaction mixture was
heated under reflux for 4.5 hr and filtered, and the filtrate was
concentrated under reduced pressure. The residual solid was ex-
tracted with 100 ml of hot ethanol, and the extract was filtered
and again concentrated under reduced pressure. This time the re-
sidual solid was extracted with 10 ml of hot acetonitrile and the
extract (after filtration) concentrated and cooled to give 3.5 g
(76%) of colorless crystals of 17, mp 179-181°.

Anal. Calcd for C7H12N404: C, 45.64; H, 6.56; N, 30.42. Found:
C, 45.67; H, 6.72; N, 30.40.

Registry No.—1, 1193-22-2; 2, 1004-38-2; 3, 49753-53-9; 4,
49810-25-5; 5, 156-83-2; 6, 56-06-4; 7, 1005-39-6; 8, 873-83-6; 9,
6642-31-5; 10, 5770-42-3; 11, 40012-14-4; 12, 25774-97-4; 13, 4318-
53-0; 14, 49810-09-5; 16, 42748-18-5; 17, 49810-11-9; 19, 49810-21-1;
20, 944-73-0; diethyl azodicarboxylate, 1972-28-7; 1,3-dimethyl-6-
chlorouracil, 6972-27-6; 1,3-dimethyl-6-(3,4,5-trimethoxybenzyli-
dene-lI-methylhydrazino)uracil, 49810-23-3.
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The synthesis and reaction of a-(bromomethyl)benzalacetone (2) with terf-butylamine, morpholine, and pi-
peridine in hydrocarbon solvent is reported. Substitution-rearrangement products 3 were obtained for all
amines. The morpholine and piperidine reactions gave 3 as well as normal substitution products 4. The forma-
tion of compounds 3 and 4 is discussed in terms of a variant of an Sn2' mechanism. The synthesis and struc-
ture determination of frares-I-terf-butyl-2-phenyl-3-acetylazetidine is described.

Although primary allyl halides react with amines to
yield mainly normal substitution products,2 Cromwell and
Rebman observed rearrangement-substitution products
(11 upon treating fert-butylamine, cyclohexylamine, mor-
pholine, or piperidine with trans-a-(bromomethyl)chal-
cone (la) in hydrocarbon solvent.3 Kinetic studies showed
a retardation in the reaction rate of la with increasing
bulk at the a-carbon atom of the attacking amine.4 The
ratios of reactivities of the bromide la and the chloride Ib
with cyclohexylamine and triethylcarbinylamine were 3.6
and 5.7, respectively. This small leaving group effect sug-
gested that the reaction of amines with la or Ib involved a
rate-limiting transition state in which there is only a
small extension of the carbon-halogen bond.4

0 0
” hydrocarbon 1
PhCH=OCPh + 2R,R,NH-----m-rm- PhCH—CCPh (1)
solvent I I
chX RAN
la, X = Br 1
b, X = CI

The /7-benzoylallyl amines 11l are precursors to the high
yield synthesis of azetidinyl ketones.5 A variety of amino
derivatives of type Ill gave the cis azetidine IV, exclusive-
ly, in nearly quantitative yield. The cis compounds were
readily epimerized to the trans isomers V with sodium
methoxide in methanol.

0 0
1 HBr ] NaOCH
ArCH--CCAr - = Arn Jtke

CH.OH

~C

RNK  CcH2 RN-A
1] [\Y
Arn ,CAr (2)
Od

We were interested in studying the reaction of amines
with a-(bromomethyl)benzalacetone (2) in hydrocarbon
solvent and in utilizing the above procedure for the syn-
thesis of an acetylazetidine.

Results

trarcs-n-(Methyl)benzalacetone (1) was synthesized in
satisfactory yield by the hydrogen chloride catalyzed con-
densation of benzaldehyde with butanone. Bromination of
1 with A’-bromosuccinimide in refluxing carbon tetrachlo-
ride containing a catalytic amount of benzoyl peroxide
yielded trans-a-(bromomethyl)benzalacetone (2). Com-
pound 2 was sufficiently soluble in pentane to undergo
reaction with amines.

Careful treatment of 2 with a 2 mol equiv of terf-butyl-
amine in pentane at room temperature produced 2-[a-
(ferf-butylamino)benzyl]-I-buten-3-one (3a), exclusively.
Upon dissolving 3a in carbon tetrachloride, slow isomer-
ization to I-(terf-butylaminomethyl)benzalacetone (4a)
was observed by pmr. Both 3a and 4a were characterized
as their hydrohalide salts.

When 2 was treated with a 2 mol equiv of morpholine or
piperidine in hexane solvent at room temperature, both
rearrangement-substitution (3b and 3c) and substitution
(4b and 4c) products were observed. Upon dissolving the
reaction mixtures in chloroform-d, slow isomerization to
the thermodynamically more stable isomers was complete
(3b to 4b and 3c to 4c). The lower spectrum in Figure 16
is for the products from the reaction of 2 with piperidine
after filtering off a 95.3% yield of piperidine hydrobro-
mide. The 6.19- and 6.27-ppm resonances were assigned to
the vinylic protons and the 4.49-ppm resonance to the
benzyl proton in 3b. The top spectrum in Figure 1 re-
sulted from allowing the product mixture 3b and 4b to
stand at room temperature for several days in chloroform-
d. The 3.32-ppm resonance was assigned to the vinyl
methylene protons in 4b. All of the amino ketones (3 and
4) were heat-sensitive oils whose hydrohalide salts were
hygroscopic. They were analyzed as their picrates. At-
tempts to purify the product mixtures on a Florisil chro-
matography column resulted in decomposition of the com-
pounds.

2>NH
PhCH=OCOCH3
hydrocarbon
1 solvent
5 PhCH— COOCHj + PhCH=CCOCH5 (3)
| 1 |
>N CHz cha<
3a, >N = CHINH 4a, >N = GHINH
b >N = CHIN b. >N = CBHIN
¢ >N = OCHaN ¢ >N =OCHN
3a, CC14 or 4a
3b 4b 4)
CDCI3
3c

The amino ketone 3a reacted with morpholine in pen-
tane solvent to produce 4c. No evidence for a 1,3-diamino
ketone was obtained.

OC.H.NH

PhCH— CCOCH,---------- - PhCH=CCOCH1 + <GHNH2

. | | 1 ©)
i-C4Ag\H G2 CH2NO,H&D W

3a 4c

A 20-fold excess of morpholine was allowed to react neat
with 1 at room temperature for 13 days. Pmr analysis of
the reaction mixture showed unreacted 1 and an 8:1 ratio
of the diastereomers of the Michael adduct 5. The diaste-
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reomers of 5 were readily identified by the a methyl reso-
nances (CHCHS3) appearing as doublets centered at 0.80
and 1.28 ppm. The predominant diastereomer was frac-
tionally crystallized from ether-pentane, mp 90.5-91.5°.
When this reaction was carried out for 3.5 months, the
diastereomers were present in equal amounts with 30%
unreacted starting material remaining.

0 0

[ |
PhCH=0CCH3 + OCH&NH — »

1 |
ch3 oc4ht ch3

1 5

1
PhCH— CHCCH3  (6)

The amino ketone 3a was dissolved in chloroform satu-
rated with hydrogen bromide at 0° and allowed to reach
room temperature after standing several days. Careful
neutralization of the reaction mixture with excess trieth-
ylamine and subsequent work-up provided a 70% yield of
azetidinyl ketones 6a and 6b in a 6:1 ratio, respectively
(estimated by integration of pmr signals), and some start-
ing material (3a).

0
PhCH— CCCH,------ >
1 I 2 Et3N
i-CHNH - O 0 o
3a [l []
CCH, Ph~ ,-cch3
Phv
n + (@]
TCHIN— 1 tCIJUN—
6a 6b

The reaction mixture was eluted with ether-benzene on
a silica gel chromatography column. The first band eluted
was identified by pmr as 6b (Figure 2).6 No other azetid-
inyl product was collected. Unidentified material was
eluted after 6b and considered to be degradation products
of 3a and 4a. Compound 6b was a clear stable oil. Upon
treatment with sodium methoxide in methanol-di the ace-
tyl methyl protons and the 3-H ring proton were readily
exchanged. The 2-H ring proton signal collapsed from a
doublet to a singlet centered at S4.39.

Discussion

lonization of the /3-carbo allyl bromide 2 and subse-
quent nucleophilic attack by amine in a nonpolar solvent
is not likely.7 The reaction of 1 in neat morpholine was
very slow and incomplete even after 3 months. These data
argue against the formation of a 1,4-Michael adduct fol-
loned by rapid elimination of hydrogen bromide. If this
elimination step was sufficiently slow, then azetidine for-
mation (with ferf-butylamine) should have been observed
since the two reactions are competitive (Scheme I).

Scheme |

RNH
PhCH—CHCOCH,;
RN-

RNH CH,Br

u Jrnh,
CH+ PhCH-CCOCH,

/ | 1
R—NH CH2

R=/-C4b

Synthesis of an Acetylazetidine

The formation of rearrangement-substitution products
from the reaction of amines with 2 in hydrocarbon solvent
is best described by a variant of an Sn2' mechanism. The
amine attacks the electron deficient 7 -carbon atom of the
allyl system with the carbonyl group oxygen atom accept-
ing much of the developing negative charge. The carbon-
nitrogen bond formation proceeds ahead of the carbon-
bromine bond breakage. The approach of the amine could
be aided by hydrogen bonding with the carbonyl oxygen
atoms or with the bromine atom resulting in a cis orienta-
tion of the amine and bromine (eq 8). A cis geometry for
the attacking nucleophile to the leaving group was proved
for the reaction of piperidine with trans-6-alkyl-2-cyclo-
hexen-l-yl-2,6-dichlorobenzoates.9 We envisage structure
A for the transition state of the reaction of amines with 2.

S-

RNH, ~ *Ss,S+
2 % PhHC  "CHz — » PhCH— COCHs ®)
RN—H Br RN CH,
8+ 8-
A

The normal substitution products 4b and 4c were ob-
tained from reaction of piperidine with 3b and morpholine
with 3c, respectively, or by self-rearrangement of 3b and
3c. The possibility of the former process was demon-
strated when 3a reacted with morpholine to produce 4c
(eq 5).10 The self-rearrangement process is very slow in
pentane or hexane and requires solvents of higher polarity
to become important (eq 4).

The formation of 4b and 4c in hydrocarbon solvent was
not expected in view of the reaction of morpholine and
piperidine with la to produce only abnormal substitution
products under the conditions of eq 1 and 3. We rational-
ize that compounds 3b and 3c are able to compete with 2
for unreacted amine while n cannot compete with la. It is
known that the reactivity of amines toward la and Il is in-
fluenced by the bulkiness of the attacking amine and, for
la, interaction between substituents at the a-carbon atom
of the attacking amine and the 7 -phenyl ring of the allyl
system.3°10 It now appears necessary to consider the sub-
stituent on the /?-carbonyl group of the allyl system as a
product controlling factor.

The addition of hydrogen bromide to 3a probably
formed a 7 -bromo amine B which cyclized to the cis aze-
tidinyl ketone 6a.5a Approximately 30% of unchanged
starting material was observed by pmr (Figure 2)6 and
was considered to arise from elimination of hydrogen bro-
mide from B rather than incomplete addition of hydrogen
bromide to 3a.11 The reaction is further complicated by
the production of a small amount of the trans azetidinyl
ketone 6b.

(0]
HBr 1 EtN
3a-—- » PhCH— CHCCH3 —~ 6a + 6b 9)
t-CHsNH CHXRBr

HBr
B

The cis azetidine 6a results from a stereospecific intra-
molecular nucleophilic displacement of halogen by nitro-
gen from the erythro form of B® The trans azetidine 6b is
derived from the threo form of B or by epimerization of
6a in the presence of excess triethylamine.

Configuration assignments were based on pmr spectra
and were compared with known 3-carbo azetidines.® Ex-
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animation of the spectra in Figure 26 shows the C-2 ben-
zyl doublet of 6b (J = 6.6 Hz) centered at 4.39 ppm com-
pared to 4.69 ppm for 6a (J = 8.3 Hz).

The benzyl proton of trans 3-carbo azetidines (V) typi-
cally resonate at higher field than in the cis isomer (1V).5c
Also, the trans isomers of V show a smaller coupling con-
stant for the benzyl proton than the cis compounds IV.
Lastly, the relative chemical shifts of the acetyl methyl
protons in 6a and 6b suggest that the assignments were
correct. For 6a, the acetyl methyl protons are cis to the
phenyl ring and resonate at 1.37 ppm. In 6b, a trans con-
figuration exists and the singlet now resonates at lower
field at 1.91 ppm.

Experimental Section

Melting points were determined from a Mel-Temp or a Hoover
capillary tube device and are uncorrected. The infrared spectra
were recorded on Perkin-Elmer Models 237 and 621 spectropho-
tometers and a Beckman IR-18. The pmr spectra were obtained
from Varian Models A-60, A-60D, and HA-100 spectrometers util-
izing cetramethylsilane as an internal standard. Elemental analy-
ses were performed by Micro-Tech Laboratories, Skokie, 111

trans-«-(Methyl)bcnzalacetone (1).12 A 53-g (0.5 mol) sample
of benzaldehyde and 36 g (0.5 mol) of butanone were stirred mag-
netically at 0° while anhydrous hydrogen chloride was bubbled in
until saturated. The mixture was stirred overnight to leave a red
oil followed by evaporation of water and hydrogen chloride in
uocuo with heating. The resulting mass was taken up in 400 ml of
95% ethanol containing 70 g (0.5 mol) of K2CO3 and 49 g (0.5
mol) of KOAc and refluxed 4 hr. The solvent was evaporated and
the residue taken up in ether and filtered, and the ether evapo-
rated to leave a yellow oil. The oil was distilled through a 6-in.
Vigreux column collecting 48 g (60%)-. bp 80-93° (~1 mm); pmr
(CC14) 6 7.1-7.4 (m, 6, C6H5CH), 2.33 (s, 3, COCH3), and 1.96 (d,
3,J ~ 1.5Hz, vinyl CH3); vc-o (CCL) 1670 cm-1.

trans-«-(Bromomethyl)benzalacetone (2). A 48-g (0.30 mol)
sample of 1 dissolved in 500 ml of CCL containing 53.4 g (0.30
mol) of N-bromosuccinimide and a catalytic amount (ca. 0.05 g)
of benzoyl peroxide were refluxed 14 hr, cooled to room tempera-
ture, and filtered; the solvent evaporated in vacuo to leave an oil.
The oil was dissolved in 100 ml of ether-hexane (1:1, v/v) and
cooled for crystallization of 54.6 g (76%) of 2. Upon recrystalliza-
tion it showed mp 49-50°; pmr (CCL) 6 7.1-7.6 (m, 6, C6H5CH),
4.22 (3, 2, CH2Br), and 2.38 (s, 3, COCH3); ec=0 (CC14) 1686
cm-1.

Anal. Ccalcd for CnHNBrO: C, 55.23; H, 4.68; Br, 33.44. Found:
C, 55.18; H, 4.82; Br, 33.29.

2-[a-(tert-Butylamino)benzyll-l1-buten-3-one (3a). A 4.78-g
(0.02 mol) sample of 2 dissolved in 400 ml of pentane was treated
with 3.00 g (0.04 mol) of tert-butylamine in 20 ml of the same sol-
vent. The contents were stirred 43 hr while stoppered at room
temperature and filtered to remove 2.95 g (96.4%) of tert-butyla-
mine hydrobromide. The pentane was evaporated iNn vacuo at
room temperature to leave 3a as an oil: pmr (CCl4) $7.15-7.5 (m,
5, C6H5), 6.15 and 6.4 (m, 1 each, C=CH2), 5.06 (m, 1, C6H5CH),
2.2 (s, 3, CH3), and 1.05 (s, 10, NH and i-C4H9); rc=0 (CHC13)
1673 cm -1; hydrobromide (methanol-ether) mp 191.5-192.5°.

Anal. calcd for C\6H22BrNO: C, 57.68; H, 7.13; Br, 25.58; N,
4.48. Found: C, 57.86; H, 7.25; Br, 25.36; N, 4.40.

1-(tert-Butylaminomethyl)benzalacetone (4a). A
amount (ca. 0.1 ml) of 3a was dissolved in ca. 0.3 ml of CCl4 at
room temperature. After *2 days isomerization of 3a to 4a was
quantitative: pmr (CCU) $7.17-7.7 (m, 6, C6Hr,CH), 3.4 (s, 2,
CH2N), 2.5 (s, 3, COCH3), 1.28 (NH), and 1.13 (s, 9, iert-C4H9);
ec-o0 (CHCI3) 1657 cm-1; hydrochloride (methanol-ether) mp
157-158°.

Anal. Calcd for C15H22CINO: C, 70.45; H, 9.34; Cl, 10.95; N,
4.32. Found: C,70.35;H,9.37;Cl, 11.02; N, 4.32.

small

2- («-(Piperidino)benzyl j-I-buten-3-one (3b) and I-(Piperidi-

nomethyl)benzalacetone (4b). A 1.20-g (0.005 mol) sample of 2
dissolved in 100 ml of hexane was treated with 0.85 g (0.01 mol) of
piperidine in 50 ml of hexane. The contents were stirred 23 hr
while stoppered at room temperature and filtered to remove 0.79
g (95.3%) of piperidine hydrobromide. The hexane was evapo-
rated to ca 3 ml and the solution analyzed by pmr to show 3b
and 4b in a 1:1 ratio. Upon standing in CDCI3 glow isomerization
of 3b to 4b was quantitative: 3b pmr, S6.27 and 6.19 (s, 1 each,
C=CH?2), and 4.49 (s, 1, Ce6H5CH); 4b, 6 7.25-7.7 (m, &,
C6HsCH), 3.32 (s, 2, CH2N), 2.43 (s, 3, COCH3), 2.20-2.55 (m, 4,
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CH2NCH?2), and 1.3-1.7 [m, 6, (CH2)3]; «c-0 (CHCI3) 1668 cm -1;
picrate (ethanol) mp 146-147°.

Anal. calcd for C22H24N408: C, 55.93; H, 5.12; N, 11.86.
Found. C, 55.83; H, 5.05; N, 12.06.

2-[a-(Morpholino)benzyll-I-buten-3-one (3c) and I-(Morpho-
linomethyl)benzalacetone (4c). A 1.20-g (0.005 mol) sample of 2
dissolved iN 100 ml of hexane was treated with 0.87 g (0.01 mol) of
morpholine in 50 ml of hexane. The contents were stirred 23 hr
while stoppered at room temperature and filtered to remove 0.78 g
(92.9%) of morpholine hydrobromide. The hexane was evaporated
to ca. 3ml, and the solution was analyzed by pmr to show 3Cand 4cC
ina2:1 ratio, respectively. Upon standing in CDCI13 slow isomeriza-
tion of 3Cto 4C was quantitative: 3C pmr, b6.22 and 6.33 (s, 1each,
C=CH?2) and 4.47 (s, 1, C6H5CH); 4c, 57.0-7.6 (m, 6, C6BH5CH),
3.5-3.7 (m, 4, CH20CH?2), 3.38 (s, 2, CH2N), 2.47 (s, 3, COCH3),
and 2.2-2.5 (m, 4, CH2NCH?2); j<c-0 (CHCI3) 1670 c¢cm -1; picrate
(ethanol) mp 186-187°.

Anal. cCcalcd for C2iH22N409: C, 53.16; H, 4.67; N, 11.81.
Found: C, 53.16; H, 4.64; N, 11.98.

2-Acetyl-I-morpholino-I-phenylpropane (5). A 3.20-g (0.02
mol) sample of 1 was dissolved in 34.8 g (0.4 mol) of morpholine
at room temperature and stirred magnetically for 13 days. The
morpholine was evaporated under a stream of nitrogen (2 days) to
leave a yellow residue. Pmr analysis showed a 1:8 ratio of the dia-
stereomers of 5. The mixture was crystallized from 50 ml of ether-
pentane (1:1, v/v) to yield 2.22 g (45%) of the diastereomer in
greater yield: mp 90.5-91.5°; pmr (CDCI13) b6.9-7.4 (m, 5, C6H5),
3.1-3.8 (m, 6, CH20CH2 and C6H5CHCH), 2.1-2.5 (m, 4,
CH2NCH2), 1.9 (s, 3, COCH3), and 1.28 (d, 3, J = 6.2 Hz,
CCH3); i>c-0 (CHCI3) 1709 cm-1; picrate (ethanol) mp 171—
171.5°.

Anal. cCalcd for C2iH24N409: C, 52.94; H, 5.08; N, 11.76.
Found: C, 52.98; H, 4.95; N, 11.58.

In another experiment 3.20 g (0.02 mol) of 1 was dissolved in
1.74 g (0.02 mol) of morpholine at room temperature. The con-
tents stood for 3.5 months and were analyzed by pmr (CCU) to
show a 1:1 ratio of the diastereomers of 5: CCH3, 6 1.20 (d, J =6
Hz) and 0.80 (d, J = 6 Hz). Approximately 30% of 1 was unreact-
ed.

trans-I-tert-Butyl-2-phenyl-3-acetylazetidine (6b). A 4.78-g
(0.02 mol) sample of 2 was dissolved in 350 ml of pentane followed
by treatment with 2.92 g (0.04 mol) of tert-butylamine. The con-
tents were stirred magnetically at room temperature while tightly
stoppered for 31.5 hr, and filtered to remove tert-butylamine hy-
drobromide; the solvent evaporated in vacuo to leave an oil which
was dissolved in 125 ml of CHCI3 saturated with anhydrous HBr
at 0°. The reaction was tightly stoppered sind allowed to stand
while warming to room temperature over a period of 13 days. Ex-
cess HBr and solvent were removed in vacuo with warming to
leave a solid, which was taken up in 60 ml of CHCI3 followed by
slow addition (30 min) of 25 ml of EtsN, and then filtered. The
solvent and EtsN were removed to leave a residue which was
taken up in boiling pentane and filtered; the pentane was evapo-
rated to leave an oil analyzed by pmr to show 70% of 6a and 6b
(6:1 ratio, respectively) and 3a. A portion of the product mixture
was chromatographed on a silica gel column using ether-benzene
(1:1, v/v) as eluent. The first band eluted was 6b and the only
azetidinyl product collected: pmr (CDCI3) 7.1-7.7 (m, 5, CeH5),
439 (d, J = 6.6 Hz, 1, C6H5CH), 2.9-3.5 (m, 3, CHCH?2), 1.91 (s,
3, CH3), and 0.88 (s, 9, f-C4H9); rc*o 1712 cm ' 1 (CC14); picrate
(ethanol) mp 165.5-166.5°.

Anal. calcd for C2iH 24N40g: C, 54.78; H, 5.25; N, 12.17.
Found: C, 54.52; H, 5.31; N, 12.23.

The Reaction of 2-[a-(tert-Butylamino)benzyl]-I-buten-3-one
(3a) with Morpholine. Approximately 1.2 g (0.005 mol) of 3a in
25 ml of hexane was treated with 1.5 g (0.015 mol) of morpholine.
The contents stood at room temperature several days followed by
complete evaporation of solvent and excess amine. The resulting
oil was analyzed by pmr to show only 4c.
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The use of trimethylsilyl cyanide (TMSCN) as a reagent for the direct formation of trimethylsilyl cyanohy-
drin ethers 3 from ketones is reported. The advantages in using TMSCN as opposed to hydrogen cyanide are il-
lustrated by the formation of cyanohydrin ethers of ketones that do not form stable cyanohydrins. The reduc-
tion of derivatives 3 with lithium aluminum hydride is reported to afford /3-aminomethyl alcohols 4 in good
yield. The combined carbonyl derivatization-reduction sequence should afford a general synthesis of 4 useful in

executing ring expansion reactions.

A great deal of attention has been devoted to the con-
version of ketones to /3-aminomethyl alcohols 4. Interest in
these derivatives has largely centered around their use in
the Tiffeneau-Demjanov ring expansion of cycloalka-
nones.2 The major difficulty in this general homologation
process has been associated with the lack of reliable
routes to /3-aminomethyl alcohols.

R\ OX
— -V V. (H
RX \ :n RX X CHZNH2
l 2,X=H 4
3,X = SdVe3

The two classical methods for effecting this transforma-
tion have involved the formation and subsequent reduc-
tion of either ketone cyanohydrins3 2 or /3-nitromethyl al-
cohols.4 Both procedures have suffered from lack of gener-
ality and low overall yields for the desired transforma-
tion.5 For the more widely used homologation sequence
proceeding through ketone cyanohydrins, the yield of /3
amino alcohol 4 is directly dependent upon the stability of
the cyanohydrin 2, the formation of which is highly de-
pendent upon the steric and strain factors in the ketone.6
Recently Parham and coworkers have shown that cya-
nohydrin ethers can be prepared by the acid-catalyzed ad-
dition of HCN to both alkyl7a and trimethylsilyl enol eth-
ers, 7be and that the resultant cyanohydrin derivatives can

be reduced with LIAIH4 to the desired /3-amino ethers or
alcohols. Although this approach results in the synthesis
of derivatives of unstable cyanohydrins, the sequence re-
quires the synthesis of the appropriate enol derivative,
thus lengthening as well as restricting the homologation
sequence to those systems for which enol ethers are easily
prepared.

OTMS TMSO CN

HCN-HjSO,

49%

In conjunction with our interest8 in exploring the utility
of trimethyilsilyl cyanide (TMSCNj9 as a useful reagent in
organic synthesis, we would like to report on its advan-
tages in effecting carbonyl aminomethylation via the a-
silyloxy nitriles 3 (eq 1).

R’ R' OSiMe3 R' OH

X p—n ™ SON LiAlH, 1)

/ Znl2 I~ \

R R CN rS x'chznh2

Our previous studies have shown that, in contrast to the
substrate sensitivity of HCN-carbonyl addition reactions,
the addition of TMSCN to both ketones and aldehydes is
a general, high-yield process.8 Apparently this is a conse-
quence of the alteration in the AH for the carbonyl addi-
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_ Tablel
Synthesis of O-Aminomethyl Alcohols 4

Identi- e > Mp or bp,d
Registry no. Structure fication Registry no.  Yield, %® Bp, °C (mm) Registry no. Yield, %b  °C (mm) Ref
.10S-94-1 O a 24731-36-0 94 72 (1.0) 19968-85-5 86 206-208 3e
502-49-8 c r b 50361-50-7 94.5 47 (0.03) 50361-56-3 55 217 3a, 3f
830-13-7 c 50361-51-8 94.5 80 (0.03) 50361-57-4 59.4 199-200 3h

832-29-1 (124-126)'

76-22-2 dn 50361-52-9 >95' 50361-59-6 89.2 258-261
529-34-0 e 50361-53-0 >95' 50361-60-9 64' 100 (0.003)
565-62-8 f 40326-22-5 91.5 69 (2.0) 50529-56-1 57,2' 30 (0.03)
98-86-2 g 25438-38-4 >95' 50361-61-0 84.4 138-140 20

°Yields were of isolated product except where noted. bAmine isolated as the hydrochloride salt except where noted.
; Isolated as the free amine. dMelting points are those of amine hydrochloride; boiling points are for the amino alcohols.

" Yield determined by glc.

tion reaction when changing from proton to silicon (X =
H, SiR3;eq2).
n OX

C=0 + XCN V

7 CN

Although calculations of AHsi us. AHh for eq 2 are
quite inaccurate owing to the unknown value of the
Si-CN bond dissociation energy and the apparent dis-
crepancies in the reported H-C bond dissociation energy
in hydrogen cyanide (111 kcal/mol,10a 129 kcal/mol10b),
one may calculate a AHS - AHh value of -31 to -49
kcal/mol if a Si-CN bond energy value of 76 kcal.mol is
used.11 Although this calculation is optimistic,12'13 it is
suggestive that the addition of silyl cyanides to carbonyl
groups should be energetically more favorable than the
corresponding addition reactions of HCN. This prediction
has been clearly borne out by experiment.

As shown in Table I, the advantage of employing
TMSCN in the direct formation of cyanohydrin deriva-
tives 3 is evident. In spite of the reported inability to form
cyanohydrins of both camphorl4 and a-tetralone,6® we
have found that the corresponding trimethylsilyl cyanohy-
drins 4 may be formed in excellent yields. These results
are not surprising in light of our similar observations8®
with other systems such as benzophenone and 1-indanone,
which are also resistant to cyanohydrin formation.6® An-
other unusual property of TMSCN s its regiospecificity in
reactions with a,/3-unsaturated carbonyl derivatives.88b
For example, 3-methyl-3-penten-2-one (f) reacts with
TMSCN to give exclusively the 1,2 adduct. Direct carbon-
yl insertion has also been observed to be the exclusive
mode of reaction of TMSCN with p-quinones.8 These ob-
servations are in marked contrast to the base-catalyzed
addition of hydrogen cyanide with similar substrates.
With the exception of the TMSCN-camphor adduct 30,

Affx o)

which exhibited partial reversion to starting materials on
distillation, the trimethylsilyl cyanohydrins could be
readily distilled without decomposition.

As we have previously reported, the addition of
TMSCN to ketones and aldehydes is dramatically cata-
lyzed by both Lewis acids as well as nucleophiles such as
cyanide ion.8&c The choice of zinc iodide as a cyanosilyla-
tion catalyst in the present study was arbitrary, and, in
systems that are particularly acid labile, other modes of
catalysis should work equally well.

Reduction of the trimethylsilyl cyanohydrins 3 to the
desired /3-aminomethyl alcohols was carried out with lithi-
um aluminum hydride according to the procedure of Am-
undsen and Nelson.15 In most routine ketone aminometh-
ylations the ketone may be simply mixed with 1-1.2 equiv
of TMSCN in the presence of a small amount (ca. 1-3
mg) of anhydrous zinc iodide in the absence of solvent.
With the exception of highly hindered ketones such as
camphor where heating (100°, 2 hr) is required, the
reaction to form the trimethylsilyl cyanohydrin 3 is
exothermic. The cyanohydrin derivatives may be reduced
directly to the amino alcohols 4 without purification. For
the cases cited in Table | the ketones were cyanosilylated
and reduced without isolation of the trimethylsilyl cya-
nohydrin.

The use of TMSCN for the aminomethylation of a,fi-
unsaturated ketones should be particularly useful. The
desired transformation, illustrated by the conversion of
enone If to amino alcohol 4f, is not possible via either the
classical cyanohydrin3 or nitromethane4 procedures owing
to the problems associated with preferential 1,4 addition.

To ascertain the stereochemical course of TMSCN ad-
dition to a relatively unhindered but conformationally
locked ketone, 4-teri-butylcyclohexanone (5) was treated
with 1.05 equiv of TMSCN in the presence of zinc iodide.
The mixture of adducts 6 and 7 formed in a ratio of 1:9 in
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0 OTMS

4f

97% yield was reduced to the amino alcohols 8 and 9 in
96% yield.16 Proof that the major diastereocisomer was 9
was confirmed by independent synthesis from the epoxide
10 of known stereochemistry.17 It appears that the ob-

served isomer ratio of 90:10 for 7:6 is a consequence of ki-
netic rather than thermodynamic control. Although the
ratio of 7:6 remains unchanged after 24 hr at 25° in the
presence of the zinc iodide catalyst, equilibrium can be
established at this tempterature with a catalytic amount
of potassium cyanide 18-crown-6 complex.8& The observed
equilibrium ratio of 7:6 of 78:22 is in accord with the cal-
culated equilibrium ratio of approximately 72:28 based on

the conformational A values reported for -OSiMe313 and
-CN.19

Conclusions

Trimethylsilyl cyanide is an excellent reagent for the
direct formation of ketone cyanohydrin ethers. The trans-
formation proceeds in excellent yield in a variety of sys-
tems. Even hindered ketones which prove to be unreactive
toward hydrogen cyanide addition readily form adducts.
The reduction of cyanohydrin ethers can be carried out
efficiently with lithium aluminum hydride, affording good
yields of d-aminomethy! alcohols.

Experimental Section2l

Trimethylsilyl Cyanide (TMSCN). Procedure A is a modifica-
tion of that reported by MacDiarmid and coworkers.9 Procedure B
was developed by us as a more economical route for large-scale
preparations.

A. A dry, foil-wrapped, 1-1, round-bottom flask, equipped with

Evans, Carroll, and Truesdale

a mechanical stirrer, was charged with 269.8 g (2.01 mol) of silver
cyanide followed by 730 ml (6 mol) of chlorotrimethylsilane.22
The mixture was mechanically stirred for 3 days. The solution
was filtered, yielding a clear organic layer and solid, which was
subsequently washed with anhydrous ether and the filtrate and
ether washes were combined. Careful distillation using a 60-cm
vacuum-jacketed fractionating column produced 158.5 g (1.60
mol, 79.6%) of trimethylsilyl cyanide: bp 114-117° (760 mm); nmr
(CCl4, with CHCI3 as an internal standard) 6 0.4 [s, Si(CHJ3)3]; ir
(neat) 2210 cm-1 (-CN).

B. A dry, 1-1, three-necked reaction vessel equipped with a me-
chanical stirrer, a spiral reflux condenser, and a Dry Ice condens-
er protected with a NaOH trap was charged with 500 ml of anhy-
drous ether and 15.9 g (2.0 mol) of granular lithium hydride. Ap-
proximately 150 ml (3.8 mol) of hydrogen cyanide,23 distilled
slowly through a calcium chloride trap maintained at 50-60°, was
introduced into the stirred reaction vessel through the spiral con-
denser inlet over a 2-hr period. The reaction mixture was exter-
nally cooled with an ice bath sufficiently to maintain a slow
steady reflux at the Dry Ice condenser. Upon completion of the
hydrogen cyanide addition, the light brown reaction mixture was
stirred for 1 hr at 25°, the spiral reflux condenser was removed,
and 250 ml of technical (98%) chlorotrimethylsilane22 was added
over a 30-min period. Stirring was continued for 18 hr at 25°, the
Dry Ice condenser was removed, and the solution was heated at
reflux (1 hr) to remove excess hydrogen cyanide. The reaction
mixture was filtered, the solid residue was rinsed with anhydrous
ether, and the combined filtrate was distilled as in procedure A to
give 153 g of trimethylsilyl cyanide, bp 117-118°. In several differ-
ent runs yields of 71-84% based on lithium hydride were ob-
tained.

General Synthesis of Trimethylsilyl Cyanohydrins 3. To 1
equiv of ketone, contained in a dry, one-necked reaction vessel
fitted with a serum cap, a static nitrogen head for pressure equili-
bration, and a magnetic stirring bar, was added via syringe 1.1
equiv of trimethylsilyl cyanide containing a catalytic amount of
anhydrous zinc iodide with stirring. Approximately 1-10 mg of
catalyst is ample for reactions carried out on a 0.1-M scale. For
unhindered ketones the reaction is exothermic and external cool-
ing may be necessary, while for hindered ketones warming may
be required. Although solvents were not used in this study even
with solid ketones, the option of employing solvents such as chlo-
roform or benzene has been exercised with no change in yield.
The crude yields of adduct are nearly quantitative. In the present
study the cyanohydrin ether was either distilled directly from the
reaction flask through a 6-in. Vigreux column or used without fur-
ther purification.

Cyclohexanone cyanohydrin ether (3a)24 (94%) had bp 72-74°
(1 mm); ir (neat) 1246, 838, 750 cm" 1 (SiCH3); nmr (CCl4) 50.15
(s, 9, CH?3).

Anal. Calcd for CioHigNOSi: C, 60.86; H, 9.70. Found: C,
60.78; H, 9.61.

Cyclooctanone cyanohydrin ether (3b) (94.5%) had bp 47°
(0.03 mm, molecular distillation); nmr (CC14) 6 0.1 [s, 9,
Si(CH3)3], 1.5 (m, 14, CH2).

Anal. Calcd for Ci2H23NOSi: C, 63.94; H, 10.29. Found: C,
63.76; H, 10.44.

Cyclododecanone cyanohydrin ether (3c) (94.5%) had bp 80°
(0.03 mm, molecular distillation); nmr (CCH4) 5 01 [s, 9,
Si(CH3)3], 1.3 (s, 22, ring CH?2); ir (neat) no CN.

Anal. Calcd for Ci6H3INOSi: C, 68.29; H, 11.10. Found: C,
68.39; H, 10.95.

3-Methyl-3-penten-2-one cyanohydrin ether (3f) (91.5%) had
bp 68-70° (2 mm); ir (neat) 1665 cm" 1 (no CN); nmr (CCl4) 6 0.1
[s, 9, Si(CH?J3)3], 1.4, 1.48 (broad s, 9, 3CH3), 5.66 (m, 1, =CH).

Anal. Calcd for CiOHi9NOSi: C, 60.86; H, 9.70. Found: C,
61.01; H, 9.90.

(3-Aminomethyl Alcohols 4a-g. The general conditions for re-
duction are similar to that reported by Amundsen.15A dry, nitro-
gen-purged, 100-ml, three-necked flask equipped with a mechani-
cal stirrer, reflux condenser, and Hershberg addition funnel was
charged with a suspension of 1.53 g (40.4 mmol) of lithium alumi-
num hydride in 30 ml of anhydrous ether. To this suspension was
added a solution of 36 mmol of unpurified cyanohydrin ether 3 in
10 ml of ether dropwise at a rate which maintained gentle reflux
of the reaction mixture. Stirring was continued for 1 hr after the
addition had been completed. Destruction of the excess lithium
aluminum hydride was completed by cautious dropwise addition
of 1.5 ml of water followed by dropwise addition of 1.5 ml of 15%
NaOH and subsequent addition of 4.5 ml of water. Stirring was
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continued until a granular white precipitate was formed. Filtra-
tion yielded a clear ether solution which was dried over anhy-
drous sodium sulfate. The amino alcohol 4 may be isolated as the
free amine by removing the ether under reduced pressure or, as
the amine hydrochloride salt, by bubbling HC1 gas through the
ether solution to precipitate the amine hydrochloride salt.

1-Aminomethyl-l-cyclohexanol (4a) was isolated as the amine
hydrochloride (86%), mp 206-208° (reported30 mp 211°).

Anal. Calcd for C7TH16NOC1:*C, 50.75; H, 9.74. Found: C, 50.84;
H, 9.59.

1-Aminomethyl-I-cyclooctanol (4b) was isolated as the amine

hydrochloride (55.3%),

mp 217° (reported3® mp 230°), nmr

(DMSO-de) i 1.5 (s, 14, ring CH2), 2.7 (m, 2, NCH2), 3.4 (m, 1,
OH), 8.0 (m, 3, NHS).

1-

Aminomethyl-l-cyclododecanol (4c) was isolated as

amine hydrochloride (59.4%), mp 199-200° (reported3l mp 217°),
or as the amine, mp 124-125° (reported31 mp 126.6-127.7°), nmr
(DMSO-de) on amine salt 5 1.30 (s, 22, CH2), 2.64 (s, 2, CH2N),
8.04 (m, 3, NHYS).

(Aminomethyl)-2-hydroxy-1,7,7-trimethylbicyclo[2.2.1]hep- (11)
tane (4d) was isolated as the amine hydrochloride salt (89.2%),
mp 258-261°, nmr (DMSO-d6) S2.8 (s, 2, CH2N), 4.74 (s, 1, OH),
8.0 (m, 3, NH3).

2-

Anal. Calcd for CnH2NOCI: C, 60.12; H, 10.09. Found: C,
59.96; H, 9.80.
1- (Aminomethyl)-1,2,3,4-tetrahydro-l-naphthol (4e) was

lated as the amine (64%), bp 100° (0.003 mm, molecular distilla-
tion), nmr (CDCI3) 5 2.0, 2.2, 2.87, 2.97 (s, CH2N), 7.2 (m, 4, aro-
matic H).

Anal. Calcd for C11H15NO: C, 74.54; H, 8.53. Found: C, 74.53;
H, 8.56.

2-

as the amine hydrochloride salt (84.8%),

the

iso-

(Aminomethyl)-3-methyl-3-penten-2-ol (4f) was isolated as
the amine (57.2%), bp 30° (0.03 mm), nmr (CDC13) S1.2 (s, 3,
CH3), 1.6 (m, 6, CHY), 1.7 (m, 3, NH2, OH), 2.6 (q, J = 12 Hz, 2,
CH2N), 5.6 (m, 1, C=CH).

Anal. Calcd for C7TH15NO: C, 65.07; H, 11.70. Found: C, 65.22;
H, 11.59.

ff-(Aminomethyl)-«<-methyl benzyl alcohol (4g) was isolated

mp 138-140°, nmr

(DMSO0-d6) 515 (s, 3, CHS), 3.0 (s, 2, CH2N), 5.9 (m, 1, OH), 7.4
(m, 5, aromatic H), 8.05 (m, 3, NH3).

Anai. Calcd for CO9H14NOCI: C, 57.60; H, 7.52. Found: C, 57.50;
H, 7.40.
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Alkylidenebis(dialkylamines) (enediamines), 1, undergo C-alkylation with alkyl dihalides, X(CH2)rX, to give
linear diamidinium salts, 2, and cycloalkylamidinium salts, 3. The latter predominate when n = 2, 4, and 5.
1,3-Diiodopropane (n = 3) and 1 afforded the novel tetrahydropyridinium salt 6 by both C- and N-alkylation.
Evidence for N-alkylation with other dihalides is presented. Although alkylation of the simplest bis(enediamine)

16 with methylene

iodide gave the expected cyclopropanedicarboxamidinium salt 17, bis(enediamines)

18-21 gave complex product mixtures. Formation of N,N,N*,N',2-pentamethylacrylamidinium salt 14 from ene-
diamine 10b and N.N.IV'.N'-tetramethylcyclopentene-1"-dicarboxamidinium salt 22 from enediamine 21 indi-
cates incursion of the oxidation-reduction processes in these cases.

In a previous paperl we discussed the alkylation of al-
kylidenebis(dialkylamines) (enediamines) with alkyl ha-
lides. In this paper we report the extension of this work to
the alkylation of enediamines and bis(enediamines) with
alkyl dihalides.2

Our interest in this area was generated by the. observa-
tion that vinylidenebis(dimethylamine) (1) gave an excel-
lent yield of the glutaramidinium salt 2 {n = 1, X = 1)
with methylene iodide. With longer chain dihalides, how-
ever, cycloalkylation (route b, Scheme 1) became predom-
inant, giving the amidinium salts 3 and 4, the latter being
the conjugate acid of 1. The cyclization products 3, which
were observed by nmr spectroscopy, were not isolated,;
rather, the reaction mixtures were hydrolyzed to obtain
the cycloalkaneamides 5. The yields of products from the
two modes of reaction, a and b, are summarized in Table
1.3 In the case of 1,3-diiodopropane, none of the cyclobu-
tane derivative (3, n = 3, X = I) was observed. Instead,
the novel tetrahydropyridinium salt 6 was isolated in good
yield.

NMe2
6

Presumably, the monoadducts 7 are common intermedi-
ates in all of these reactions. Displacement of halide by a
second molecule of enediamine affords the linear product
2, whereas proton abstraction by the strongly basic start-
ing enediamine yields a new enediamine, 8. Normally, 8

NMe,
X(CH,),CHZ ™+ X~ + 1 —
~NMe2

.NMe2
X(CH2,CH= C (' + 4

X NMe,

8
undergoes intramolecular displacement by carbon to give
3. In the 1,3-diiodopropane case, however, 8 (n = 3) cycli-
zes at nitrogen rather than carbon, giving 6. Thus, the
characteristic tendency of the enediamines to alkylate at
carbon with formation of the charge-stabilizing amidin-
ium groupingl is overshadowed in this case by the more
favorable energetics of formation of a six-membered rather
than a four-membered ring.

It is likely that N-alkylation occurred to some extent
with the other halides as well, although we would not ex-
pect to observe the initial products because of their insta-
bility.1 In the case of 1,2-dibromoethane, however, we
were able to isolate tetramethylpiperazinium bromide (9),

Scheme |
Me,N .NMe,
S C~ -(CH,),, 2X~
Me,N NMe2
2
.NMe, a
< +  X(CH2,X b
NMe,
1
N INMe, ‘NMe,
(O-r CHC™M+ X~ + CH.,C’\+ NG
X NMe, X NMe2
3 4
|h,0, OH"
0
n 1
(CH,), CHCNMe, + HNMe,
5
n=1245

which could be formed by initial N-alkylation of the ene-
diamine, elimination to give the ketenimmonium saltl-4
and 2-dimethylaminoethyl bromide, and subsequent dim-
erization5 of the latter.

CH,CH,Br
+NMe2
CH~ACA™ Br”
X NMe2
1
BrCH,CH,NMe, + [CH,=C=NMe, Br“j

ay— y+

Me2N NMe2 2Br~ condensation products

9

Extension of the above reactions to enediamines substi-
tuted at the vinyl carbon met with only limited success.
Reaction of the propenylidenediamine 10a with 1,2-dibro-
moethane gave only 8% of N,N, 1-trimethylcyclopropane-
carboxamide after hydrolysis compared to 34% of the cy-
clopropanecarboxamide obtained from 1. The main prod-
uct was the conjugate acid, 11la, indicating that elimina-
tion of hydrogen bromide from dibromoethane had taken
place. With 10b and 1,2-dibromoethane, only elimination
to give lib was observed.

Enediamine 10b with methylene iodide gave a complex
mixture of products, two components of which were shown
to be the isobutyramidinium salt lib and the methac-
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.NMe2
RR'C=X
X NMe,
10 1
a, R=CH3R =H
b, R= R'=CH3

,NMe,
RR'CHCcA
NMe2

rylamidinium sait 14 by comparison of the nmr spectrum
of the mixture with authentic samples.1-6 Mild hydrolysis
of the mixture vyielded tétraméthylammonium iodide,
Af,A-dimethylisobutyramide, iV,iV-dimethylpivalamide,
ALAIL2-trimethylacrylamide, and the /?-lactam 12a. The
remainder of the product consisted of high-boiling residue.
The structure of the novel /8-lactam was elucidated by
nmr, infrared, and mass spectral analysis, and by basic
hydrolysis to methylamine and the expected diisopropyl
ketones.

CH3
CH;,
CH;,C,
aCH3  h.o”"
. (CH32C= C— C(CH32C02-
N_ O_{
LRV
HNCH:j
ch3
12, X =0
b, X = NMe2+

(CH3XCHCCH(CH32 + ch®hnh2 + CO2

The isolation of tétraméthylammonium iodide and the
pivalamide indicates that méthylation has taken place,
while the appearance of the methacrylamide suggests the
incursion of an oxidation-reduction process. Both pro-
cesses can be explained by oxidation of the electron-rich
enediamine 10b by methylene iodide to give radical cation
136 and iodomethyl radical.

Hx .NMe,
10b + CH,I2 >c-cr + r + -ch2a —»
HC NMe2
13
HX .NMe,
xc— (A 1+ CH3
HZ/ X NMVEe2
14

The latter abstracts hydrogen from 13 to give 14 and
methyl iodide, which in turn methylates 10b to afford the
pivalamidinium salt.1-7 Some disproportionation of radi-
cal cation 13 to 14 and isobutyramidinium salt probably
also occurs.6

The origin of /3-lactam 12a, or its most probable precur-
sor 12b, is not clear although we believe that N-alkylation
followed by elimination to give the ketenimmonium salt
1514 is involved. Thus, the reaction of methylene iodide

(CH32C= C=NMe,X_
15

with ketenimmonium salt 15 (X = CI), prepared indepen-
dently,40 gave a mixture of salts which afforded, after hy-
drolysis, a low yield of lactam 12a in addition to high-
boiling residues. The mechanistic course of this reaction
remains obscure.

In view of the marked steric hindrance to alkylation ob-
served in the substituted enediamines, we were surprised
to find that 1,1,4,4-tetrakis(dimethylamino)-1,3-butadiene
(16) reacted smoothly with methylene iodide to give 58%
of the cyclopropane derivative 17. Substitution of 1,2-di-
bromoethane for methylene iodide, however, gave a com-
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Table |
Product Yields from Reaction of
Vinylidenebis(dimethylamine) and Alkyl Dihalides

——-X(CH X, e Yield, %---—---
n X 2 5

i | 84

2 Br 34
4 1 20 55
5 | 20 39

plex mixture of products in which none of the expected
cyclobutane products could be detected.

Me,N NMe,
XC=CHCH=<A -+

MedSr X NMe,

CHT,

16

MeN.
A c< Nz

MeN A"NMe,

17

In contrast to 16, the bis(enediamines) 18-20 yielded
with methylene iodide or methylene bromide complex
mixtures in which the major products were the conjugate
acids8 of the bis(enediamines). Tétraméthylammonium
ion also was detected in the reaction mixtures. Hydrolysis
afforded the diamides corresponding to the starting
bis(enediamines) as well as considerable high-boiling resi-
due; we could not detect any of the expected cycloalkylat-
ed products. It is possible that the expected products were
formed in small yield but did not survive under the reac-
tion conditions.

Reaction of compound 21 with methylene iodide like-
wise gave acomplex mixture of amidinium salts.

Me,N, .NMe,
XC=CH(CH,),CH=CX
MedN X NMe,
18, n—1
19, n=2
Me2N. a .NMe, MeN. “NMe,
C\ /| C
Me,N XNMe2 MeNN X NMe2
20 21
MeZ2N » X A INMe2
L---1 C> 2X_
Me2NX X NMe,
22

Hydrolysis afforded small yields of N,N,N',N’'-tetra-
methylcyclopentane-1,2-dicarboxamide and N,N,N',N'-
tetramethylcyclopentene-1,2-dicarboxamide, the latter
being predominant. This result indicates that 21 was oxi-
dized6-9 to 22 (X = 1) in the reaction. The oxidizing agent
is not known for certain, but may be either methylene io-
dide, as in the case of 10b, or the expected alkylation
product 23, as shown by an ancillary experiment. Thus,

when 23 (X = PF6)69 was treated with the bis(enedi-
Me,N. .NMe2
. O 2X_ + 16
Me,Nx NMe2
23
Me,N, .NMe.
+"CCH=CHCX 2X Me,N NMe,
Me,NX X NMe2 >
Me,N NMe,

24
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amine) 1610 in acetonitrile, nmr spectroscopy revealed the
disappearance of 23 within 5-10 min and the appearance
of new peaks identical with those of 24.®'9 This suggests
that 23 may have been formed in the reaction of 21 with
methylene iodide but undernent reductive ring openingll
by 21 to yield 22 and 24. The latter would be expected to
react further with methylene iodide and hence would not
be observed in this case.

Experimental Section12

N,N,N"N'-Tetramethy Icyclopropane-1,2-dicarboxamide.
Dimethyl cyclopropane-1,2-dicarboxylatel3 and dimethylamine,
heated at 60" for 5 days in a pressure bottle, yielded 60% of cis-
and trans-N,Af,N',IV'-tetramethylcyclopropane-I,2-dicarboxam-
ide, bp 123-143° (0.35 mm). Fractional crystallization afforded
the pure cis isomer: mp 103-104.5°; nmr (CDCI3) r 6.86 (s) and
7.11 (s) [total 12, (CH3)2NC=0], 7.87 (m, 2, CHC=0), 85 (m, 1,
ring methylene), and 8.9 (m, 1, ring methylene).

Anal. Calcd for CO9H16N20 2: C, 58.67; H, 8.75; N, 15.21; mol
wt, 184. Found: C, 58.41; H, 8.63; N, 14.77; mol wt, 184.

JV,N,N'N'-Tetramethylcyclopentane-l,2-dicarboxamide. Cy-
clopentane-1,2-dicarboxylic acidll was converted (94% yield) to
its dimethylamide via the acid chloride by standard procedures.
The product had bp 129-130° (11 mm), n25D 1.5020.

Anal. Caled for CiiH20N202: C, 62.23; H, 9.50; N, 13.20.
Found: C, 62.22; H, 9.32; N, 13.40.

1.2-Bis[bis(dimethylamino)methylene[cyclopropane (20).
Treatment of IV.IV.IVMV'-tetramethylcyclopropanedicarboxamide
with tetrakis(dimethylamino)titanium15 at 0° in tetrahydrofu-
ran gave 58% of 20: bp 98-100° (0.85 mm); n25D 1.5656; nmr
(C6D6) r 7.26 (s) and 7.32 (sj [total 24, (CH3)2N-[ and 8.25 (s, 2,
ring methylene). Extreme sensitivity to moisture and oxygen pre-
cluded elemental analysis.

1.2-Bis[bis(dimethylamino)methylene]cyclopentane (21).
Reaction of IV.AfiV'.IV'-tetramethylcyclopentane-l,2-dicarboxam-
ide with tetrakis(dimethylamino)titanium15 for 3 days at 90° gave
3.0 g (15%) of 21: mp 94.5-95.0° (CH3CN); mol wt, 266 (mass
spectroscopy); nmr (CeDe) . 7.36 (s, 12, CH3NC=C), 7.60 (s, 12,
CH3NC=C), and —8.0 (m, 6, ring protons). Extreme atmospher-
ic sensitivity precluded elemental analysis.

Vinylidenebis(dimethylamine) with Methylene lodide. A so-
lution of 2.28 g (0.02 mol) of vinylidenebis(dimethylamine) (1),15
2.68 g (0.01 mol) of methylene iodide, and 4 ml of dry acetonitrile
was allowed to stand at room temperature for 40 hr. The solid
product was collected by filtration and recrystallized from aceto-
nitrile to obtain 4.2 g (84%) of N,N,N' N ,N",N",N"",N""-oc-

tamethylglutaramidinium diiodide (2, n = 1, X = 1), mp 233-
234°.
Anal. Calcd for Ci3H30I2N4: C, 31.47; H, 6.09; I, 51.15; N,

11.29. Found: C, 31.14; H, 5.94:1,51.31; N, 11.01.

The bis(tetraphenylborate) salt had mp 250-252°; nmr
(CD3CN) r ~2.9 (m, 40, phenyl), 7.03 (s, 24, +NCH3), 7.4 (m, 6,
-CH2).

Vinylidenebis(dimethylamine) with 1,2-Dibromoethane. A
mixture of 11.4 g (0.1 mol) of 1, 9.4 g (0.05 mol) of 1,2-dibromo-
ethane, and 60 ml of dry acetonitrile was heated to 70° for 24 hr.
The mixture then was cooled and filtered to remove crystalline
precipitate. The crystalline product, 0.1 g (1.3%), was recrystal-
lized from aqueous ethanol to give N,N,N',N'-tetTamethy\-I,4-
piperazinium dibromide (9): mp 355° dec; nmr (CF3C02H) ¢ 5.78
(s, 8, CH2N+), 6.37 (s, 12, CH3N+). The nmr spectrum was iden-
tical with that of an authentic sample;16 the mixture melting
point was 356° dec.

The original filtrate was freed of solvent at the rotary evapora-
tor and the resulting solid was hydrolyzed in the cold with 100 mi
of 2 IV sodium hydroxide solution. Extraction with ether, followed
by distillation of the extract, afforded a mixture of AfAf-dimeth-
ylacetamide and N,A'-dimethylcyclopropanecarboxamide, mole
ratio 2.3:1. Redistillation afforded 1.9 g (34%) of Af Af-dimethylcy-
clopropanecarboxamide: bp 75-78° (10 mm); n25d 1.4673; nmr
(CCU) r 6.8 (s, broad, 6, OCNCH3), -8.15 (m, 1, CHCO), -9.25
(m, 4, ring protons). The product was identical (ir, nmr, and vpc)
with an authentic sample prepared from cyclopropanecarboxylic
acid chloride and dimethylamine.

Only 13% of the cyclopropanecarboxamide was obtained when
dimethylformamide was substituted for acetonitrile as solvent.

Vinylidenebis(dimethylamine) with 1,3-Diiodopropane. A
solution of 11.4 g (0.10 mol) of 1, 14.8 g (0.05 mol) of 1,3-diio-
dopropane, and 20 ml of dry acetonitrile was allowed to stand at

Hobbs and Weingarten

room temperature for 3 days. The solution was concentrated in an
inert atmosphere and then filtered to obtain 8.9 g (63%) of 6-di-
methylamino-1,1-dimethyl-1,2,3,4-tetrahydropyridinium  iodide
(6): mp 195-196° dec; nmr (CD3CN) r 4.04 (m, 1, HC=C), 6.13
(m, 2, CH2N+), 6.71 (s, 6, CH3N+), 7.36 (s, 6, CH3N), and 7.8
(m, 4, CCH2CHZ2C). Addition of trifluoroacetic acid caused the
disappearance of peaks at r 4.04 and 7.36 and the appearance of
two new singlets at r 5.92 and 6.04, ratio 1:1 [=N (CH 3)2+[.

Anal. Calcd for C9Hi9IN2: C, 38.31; H, 6.79; N, 9.93. Found: C,
38.45; H, 6.80; N, 9.98.

Compound 6 was dissolved in excess dilute hydrochloric acid
and allowed to stand for 5 days. The solution was basified with
50% sodium hydroxide in the cold and continuously extracted
with ether. Distillation of the ether extract afforded 4.7 g (55%) of
5-dimethylamino-AfN-dimethylpentanamide: bp 68° (0.25 mm)
[lit.11 bp 107-108° (2 mm)]; n25D 1.4601; nmr (C6D6) r 7.25 (s)
and 7.32 (s) [6 total, OCN(CH3)2], 7.91 [s + m, 10, (CH3)2N,
CHZ2N, and CH2CO], and 8.4 (m, 4, CCH2CH2C).

Anal. Calcd for C9H20N20: C, 62.75; H, 11.70; N, 16.26; mol
wt, 172. Found: C, 62.65; H, 11.76; N, 16.40; mol wt, 172.

Vinylidenebis(dimethylamine) with 1,4-Diiodobutane, A so-
lution of 9.12 g (0.08 mol) of 1, 12.4 g (0.04 mol) of 1,4-diiodobu-
tane, and 20 ml of dry acetonitrile was allowed to stand for 4
days. The mixture was filtered to remove 4.4 g (20%) of crystals,
a small sample of which was recrystallized from acetonitrile to
give N,N,N"N*"N",N" N N"-octamethyloctanediamidinium
diiodide (2, n = 4, X = 1): mp 265-267°; nmr (CF3CO02H) r 6.70
(s, 24, +NCH3), 7.2 (m, 4, +CCH2), and 7.70 (m, 8, CCH2CH2C).

Anal. Calcd for Ci6H3612N4: C, 35.70; H, 6.74; 1, 47.15; N,
10.41. Found: C, 35.77: H, 6.76; 1, 47.11; N, 10.34.

The filtrate and the remainder of the crystals were recombined
and treated with 60 ml of 2 N sodium hydroxide solution. The
aqueous solution was continuously extracted with ether and the
ether extract was distilled to obtain 3.1 g (55%) of jV.Af-dimethyl-
cyclopentanecarboxamide: bp 94-95° (7 mm); n25d 1.4765 [lit.18
bp 64° (0.5 mm); n23d 1.4759]; nmr (CC14) r 6.97 (s), 7.14 (s) and
—7.1 (m) (7 total, 0=CNCH3 and CHC=0), and —8.34 (m, 8,
ring protons).

Anal. Calcd for CgHisNO: C, 68.04; H, 10.71; N, 9.92; mol wt,
141. Found: C, 67.92; H, 10.76; N, 10.07; mol wt, 141.

The pot residue from the above distillation was recrystallized
from tetrahydrofuran to obtain 0.5 g (5%) of N,N,N',N'-tetra-
methylsuberamide: mp 86-87°; nmr (CCIl4) r 7.01 (s) and 7.11 (s)
[12 total, 0=CN(CH?3)2], 7.78 (t, 4, 0=CCH?2), and 8.48 (m, 8,
CCH2C).

Anal. Calcd for Ci2H24N20 2: C, 63.12; H, 10.59; N, 12.27; mol
wt, 228. Found: C, 62.88; H, 10.48; N, 12.02; mol wt, 228.

Vinylidenebis(dimethylamine) with 1,5-Diiodopentane. A so-
lution of 11.4'g (0.1 mol) of 1 and 16.2 g (0.05 mol) of 1,5-diio-
dopentane in 20 ml of acetonitrile was kept at room temperature
for 2 days. The reaction mixture was cooled in ice and then fil-
tered to obtain 5.6 g (20%) of crude N,N,N*,N*,N",N" /N"" N"'-
octamethylnonanediamidinium diiodide (2, n = 5, X = I): ana-
lytical sample mp 171.5-172°; nmr (CD3CN) r 6.78 (s, 24,
+NCH3), 7.26 (m, 4, +CCH2), and 8.54 [m, 10, C(CH2)5C].

Anal. Calcd for Ci7H38I2N4: C, 36.97; H, 6.93; I, 45.95; N,
10.14. Found: C, 37.38; H, 6.81; 1, 45.85; N, 10.06.

The filtrate and crystals, except for the analytical sample, were
recombined and hydrolyzed with 75 ml of 2 N sodium hydroxide
to obtain 3.0 g (39%) of TV.A'-dimethylcyclohexanecarboxamide
and 1.7 g (14%) of N,N,N*,N'-tetramethy\nonanedicarboxamide.

A'.N-Dimethylcyclohexanecarhoxamide exhibited the following
properties: bp 107-108° (7 mm) [lit.19 bp 158° (44 mm)]; nmr
(C6H6) t 7.30 (s, broad, 6, OCNCH), 7.7 (m, 1, HCCO), and 8.5
(m, 10, ring protons).

Anal. Calcd for C9HI7NO: C, 69.63; H, 11.04; N, 9.02; mol wt,
155. Found: C, 69.62; H, 11.42; N, 9.11; mol wt, 155.

v, N,N\ /V'-Tetramethylnonanedicarboxamide had bp 175-177°

(0.3 mm); mp 36-37° [lit.20 mp 40-41°]; nmr (C6H6) r 7.25 and
7.46 (singlets, 12 total, OCNCH3), 7.96 (m, 4, OCCH?2), and 8.5
[m, 10, C(CH2)5C].

Anal. Calcd for Ci3H26N202: C, 64.42; H, 10.81; N, 11.56; mol
wt, 242. Found: C, 64.54; H, 10.75; N, 11.56; mol wt, 242.

Propenylidenebis(dimethylamine) (10a) with 1,2-Dibromo-
ethane. A solution of 12.8 g (0.10 mol) of 10al5and 9.4 g (0.05 mol)
of 1,2-dibromoethane in 40 ml of dry acetonitrile was heated at
70° for 5 days. The acetonitrile was removed at the rotary evapo-
rator and the residue was treated with 75 ml of 2 N sodium hy-
droxide. The aqueous solution was continuously extracted
with ether and the ether extract was distilled to obtain, after
a large forerun of IV.IV-dimethylpropanamide, 0.5 g (8%) of
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crude N, N, 1-trimethylcyclopropanecarboxamide: bp 105° (13
mm); nmr (C6H6) r 7.19 (s, 6, 0=CN(CH 3)2), 8.84 (s, 3, CCH3),
9.15 (m, 2, ring protons), and 9.58 (m, 2, ring protons); mass
spectrum (70 eV) m/e 127, 112, 83, 72, 55, 44. A satisfactory ele-
ment analysis was not obtained.
2-Methylpropenylidenebis(dimethylamine) (10b) with Meth-
ylene lodide. A solution of 13.4 g (0.05 mol) of methylene iodide
and 14.2 g (0.10 mol) of 10b15 in 25 ml of dry acetonitrile was
heated at reflux for 7 days. JV,jV,A",Al',2-Pentamethylpropionam-
idinium iodide (lib) and A,ArAr,A",2-pentamethylacrylamidin-
ium iodide (14) were identified in the mixture by comparison of
the nmr spectra with those of authentic samples.1'6 The mix-
ture was filtered to obtain 9.7 g (0.048 mol) of crude tétraméthyl-
ammonium iodide. The tetraphenylborate had mp 370-375°; nmr
(acetone-d6) r 2.80 (m, 20, phenyl) and 6.67 (s, 12, CH3N+).

Anal. Calcd for C28N32BN: C, 85.47; H, 8.21; N, 3.56. Found:
C, 85.55; H, 8.23; N, 3.66.

The filtrate from above was stripped of solvent at reduced pres-
sure and the residue was treated with cold 2 N sodium hydroxide.
The hydrolysis mixture was extracted with ether and the extract
was distilled to obtain, besides 8 g of tar, 1.7 g of a 4:1:1 mixture
of Af,Af-dimethylisobutyramide, N, A'-dimethylpivalamide (identi-
fied by vpc and mass spectroscopy), and N,A,2-trimethylacryl-
amide, respectively. The latter was identified by comparison of vpc
retention times and nmr spectrum with those of an authentic
sample prepared by hydrolysis of the corresponding amidinium
salt:6 nmr (CC14) r 484 (m, 1, HC=C), 5.03 (m, 1, HC=C), 7.02
(s,6,0=CNMe2), and 8.09 (m, 3, CH3C=).

In addition, 0.8 g (10%) of the /?-lactam, 4-isopropylidene-
Af,3,3-trimethyl-2-azetidinone (12a), was obtained: bp 100-105°
(17-20 mm); nmr (CCU) r 6.96 (s, 3, CH3NC=0), 8.23 (s, 3,
CH3C=C), 8.39 (s, 3, CH3C=C), and 8.73 [s, 6, (CH3)2C]; mass
spectrum (70 eV) m/e (rel intensity) 153 (1), 152 (3), 96 (10), 83
(12), 82 (10), 81 (37), 69 (4), 68 (11), 67 (4), 56 (6), 55 (6), 54 (4),
53 (7), 42 (45), 41 (37), 28 (100); ir (CCU) 1704 and 1790 (C=0)
and 1645 cm-1 (>C=C<). A satisfactory element analysis could
not be obtained.

Hydrolysis of the lactam, carried out in alcoholic sodium hy-
droxide overnight at 80°, afforded methylamine, identified by its
nmr spectra, and diisopropyl ketone, identified by comparison of
vpc retention times and nmr spectrum with those of an authentic
sample.

1 -Chloro-A', N, 2-trimethylpropenylamine (15) with Methy-

lene lodide. A mixture of 20 g (0.15 mol) of I-chloro-AT,Ai,2-tri-
methylpropenylamine,4 20 g (0.075 mol) of methylene iodide, and
20 ml of dry acetonitrile was heated for 72 hr at 70° under a nitro-
gen atmosphere. The bulk of the acetonitrile was removed by dis-
tillation under reduced pressure, the dark red residue was taken
up in water, and the solution was extracted with ether. Distilla-
tion of the ether extract afforded 4.8 g of recovered methylene io-
dide. The water solution was made basic with 6 N sodium hy-
droxide and extracted with ether, and the extract was distilled to
obtain 0.8 g of (3-lactam 12a, shown by vpc and infrared and nmr
spectroscopy to be identical with that obtained from the reaction
of 10b and methylene iodide. The remainder of the product con-
sisted of high-boiling residue which could not be identified.

1,1,4,4-Tetrakis(dimethylammo)butadiene (16) with Methy-
lene lodide. A solution of 11.3 g (0.05 mol) of 1615 in 10 ml of dry
acetonitrile and a solution of 13.4 g (0.05 mol) of methylene iodide
in 10 ml of dry acetonitrile were added simultaneously in a drop-
wise manner at room temperature to 20 ml of acetonitrile over a
period of 18 hr. The mixture was allowed to stand for 2 days, then
was concentrated to one-half the original volume and filtered to
obtain 14.34 g (58%) of trans-N,N,N",N",N",N",N"" N"'-octa-
methyl-1,2-cyclopropanedicarboxamidinium diiodide (17): analyti-
cal sample mp 252-254° dec; nmr (CF3CO2H) r 6.60 [s, 24,
+N(CH3)2], 7.11 (m, 2, +CCH), and 7.84 (m, 2, cyclopropane
methylene).

Anal. Calcd for Ci3H28I12N4: C, 31.59; H, 5.71;
11.34. Found: C, 31.77; H, 5.83; I, 51.16; N, 11.35.

The crystals were recombined with the filtrate and the entire
reaction mixture was hydrolyzed with 60 ml of 2 AT sodium hy-
droxide. The aqueous solution was continuously extracted with
ether, and the ether extract was distilled to obtain 3.7 g (40%) of
trans-A,A7,AP,AP-tetramethyl-l,2-cyclopropanedicarboxamide: bp
110-111° (0.3 mm); mp 57-60° (lit.2L mp 56-58°); nmr (CCU) r
6.80 and 7.10 [singlets, 12 total, OCN(CH3)2], 7.78 (m, 2, OCCH),
and 8.83 (m, 2, cyclopropane methylene).

Anal. Calcd for C9Hi6N20 2: C, 58.67; H, 8.75; N, 15.21; mol
wt, 184. Found: C, 58.50; H, 8.69; N, 15.19; mol wt, 184.

I, 51.36; N,
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1,2-Bis[bis(dimethylammo)methylene]cyclopentane (21) with
Methylene lodide. A solution of 3.11 g (0.013 mol) of 2I® and 3.40
g (0.013 mol) of methylene iodide in 50 ml of acetonitrile was al-
lowed to stand at room temperature for 10 days. The acetonitrile
was evaporated under vacuum and the residue was treated with 2
N sodium hydroxide. The mixture was continuously extracted
with ether and the ether extract was distilled to obtain 0.6 g of
material, bp 110-115° (0.15 mm), consisting of 72% of
A7,A7,AT,A7'-tetramethylcyclopent-I-ene-1,2-dicarboxamide and
20% of A/A/AT'.Af'-tetramethylcyclopentane-l,2-dicarboxamide.
The two amides were separated by preparative vpc and the for-
mer was identified by comparison of its mass spectrum, vpc re-
tention time, and nmr spectrum with those of an authentic sam-
ple prepared by silver nitrate oxidation69 of 21 to
ALALA'A, A" Al", Al" Al"-octamethylcyclopent-l-ene-1,2-dicar-
boxamidinium iodide 22, X = 1) followed by basic hydrolysis:
nmr (C6D6) r 7.34 [s, 12, 0=CN(CH?3)2], 749 (2d, 4,3 = 7and ~1
Hz, CH2CH2C=C), and 832 (2 t, 2, J = 7 and ~1 Hz,
CH2CH2CH?2); mass spectrum (70 eV) m/e 210,182,167.

Acknowledgment. We thank Mrs. J. S. Wager and Mr.
D. E. McMackins for certain preparations.

Registry No—1, 815-62-3; 2 (n = 1, X = 1), 50483-83-5; 2 (re =
1, X = Ph4B), 50477-43-5; 2 (n = 4, X = 1), 50483-84-6; 2 (n = 5,
X = 1),_50483-85-7; 6, 50483-86-8; 9, 24996-75-6; 10a, 815-67-8;
10b, 10596-50-6; lib, 16487-61-9; 12a, 50483-91-5; 14, 50483-92-6;
15, 26189-60-6; 16, 10596-53-9; 17, 50486-74-3; 20, 50483-95-9; 21,
50483-96-0; cis-N,N,N’,N'-tetramethylcyclopropane-I,2-dicarbox-
amide, 50486-75-4; trares-A/Af.N'.AT'-tetramethylcyclopropane-
1,2-dic.arboxamide, 22299-29-2; dimethyl cyclopropane-1,2-dicar-
boxylate, 702-28-3; Ai,N,IV',N'-tetramethylcyclopentane-I,2-di-
carboxamide, 50483-98-2; cyclopentane-1,2-dicarboxylic acid,
50483-99-3; methylene iodide, 75-11-6; 1,2-dibromoethane, 106-93-
4; A/A'-dimethylcyclopropanecarboxamide, 17696-23-0; 1,3-diio-
dopropane, 627-31-6; 5-dimethylamino-AT,IV-dimethylpenfanam-
ide, 22041-47-0; 1,4-diiodobutane, 628-21-7; Af,IV-dimethylcyclo-
pentanecarboxamide, 50484-00-9; N,N,N’, A/'-tetramethylsuber-
amide, 3644-93-7; 1,5-diiodopentane, 628-77-3; A/Ai-dimethylcy-
clohexanecarboxamide, 17566-51-7; Ai,Ar,AF,jV'-tetramethylnon-
anedicarboxamide,  13424-87-8; N,N, 1-trimethylcyclopropane-
carboxamide, 50484-04-2; tétraméthylammonium tetraphenyl-
borate, 15525-13-0; N,N,2-trimethylacrylamide, 6976-91-6; N,N,-
N'jN'-tetramethylcyclopent-l-ene-l,2-dicarboxamide, 50484-06-5.

References and Notes

(1) C. F. Hobbs and H. Weingarten, J. Org. Chem.. 33, 2385 (1968).

(2) Reported in part by C. F. Hobbs and H. Weingarten, J. Amer.
Chem. Soc., 91, 780 (1969).

(3) The main course of reaction between 1 and 1,2-dibromoethane was
elimination by the strongly basic enediamine to yield vinyl bromide
and 4.

(4) H. Weingarten, J. Org. Chem, 35, 3970 (1970); (b) J. Marchand-
Brynaert and L Ghosez, J. Amer. Chem. Soc., 94, 2869, 2870
(1972).

(5) L Knorr, Ber., 37, 3507 (1904).

(6) H. Weingarten and J. S. Wager, J. Org. Chem., 35, 1750 (1970).

(7) A careful check of the methylene iodide showed no detectable

methyl iodide, eliminating it as a source of the méthylation ob-

served.

The conjugate acids were identified in the mixture by comparison of

the nmr spectra with those of authentic samples prepared by addi-

tion of trifluoroacetic acid to acetonitrile solutions of the bis (enedi-
amines).
(9) H. Weingarten and J. S. Wager, Tetrahedron Lett., 3267 (1969).

(10) Compound 16 rather than 21 was used in order to simplify the nmr

analysis; the results should be analogous.

(11) This is the reverse of oxidative coupling of 24 to give 23.69

(12) Melting points are corrected; boiling points are uncorrected. Molec-

ular weights were determined by mass spectroscopy. All reactions,
manipulations, and distillations involving enediamines were per-
formed in an atmosphere of dry nitrogen.

(13) L. L. McCoy, J. Amer. Chem. Soc., 80, 6558 (1958).

(14) E. J. Eisenbraun, P. G. Hanel, K S. Schorno, Sr. St. Francis Dil-

gen, and J. Osiecki, J. Org. Chem., 32, 3010 (1967).
(15) H. Weingarten and W. A. White, J. Org. Chem., 31, 2874 (1966).
(16) F. G. Mann and F. C. Baker, J. Chem. Soc., 1881 (1957).
(17) V. M. Solov'ev and A. P. Skoldinov, zh. Obshch. Khim., 33, 1821
(1963); Chem. Abstr., 59, 7360e (1963).

(18) A. C. Cope, C. L. Bumgardner, and E E. Schweizer, J. Amer.
Chem. Soc., 79, 4729 (1957).

(19) H. E Baumgarten, F. A. Bower, and T. T. Okamota, J. Amer.
Chem. Soc., 79, 3145 (1957).

(20) V. P. Kuceski, U. S. Patent 3,288,794 (Nov 29,1966).

(21) A. T. Blomquist and D. T. Longone, J. Amer. Chem. Soc.. 81, 2012
(1959).

8

-



922 J. Org. Chem., Vol. 39, No. 7, 1974

Abnormal Behavior in the Reaction of Trialkyl Phosphite Esters
with IV-Haloimides

Daniel J. Scharf
Hooker Chemical Corporation, Research Center, Grand Island, New York 14072

Received October 23, 1973

Characteristic of 1V-haloimides is the electropositive nature of halogen (X) induced by the strong electron-
withdrawing polarization of the N-X bonds. Prior investigators have reported that phosphite esters react with
N-haloimides via nucleophilic attack at halogen (X = CI, Br), followed by collapse of the resultant phosphoni-
um ion intermediate to normal Michaelis-Arbusov product, which bears an 1V-dialkylphosphonyl radical. For
those esters, P(OR)3, where R = n-alkyl but larger than methyl, the observation of normal Arbusov product
produced in near-quantitative yield has been confirmed. However, when R = methyl or alkyl branched at the a
carbon, the Arbusov product is observed as a minor component. N-Methylation and /3 elimination, respectively,
are observed as the major processes. Further, minor deoxygenation by the branched alkyl systems and en-
hanced alkylation where R = CH3 are processes influenced by the reaction’s mode of addition. Extended mech-
anistic interpretations to rationalize these results are presented in terms of internal rotations within the initial-
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ly formed intermediate followed by ancillary processes.

As part of a project to assess flame-retardant ability of
a wide variety of phosphorus-containing compounds, syn-
theses of several JV-(dialkylphosphonyl jsuccinimides (1)
were attempted. In accordance with existent proce-
dures,1-3 whereby a trialkyl phosphite ester reacts with an
iV-haloimide, the desired compounds were obtained in
good to excellent yields where R is n-alkyl (e.g., C2Hs5, n-
C4H9) or alkyl branched beyond the a carbon (¢-C4H?9).
However, when R is methyl (CH3) or alkyl branched at
the a carbon (i.e.,, oxygen-bearing carbon in phosphite
ester, e.g., ¢-C3H7, sec-C4H9, t~"Hg), Arbusov product
(14 5 is produced in low yield. The major products consist

1
of {V-methylsuccinimide and dimethyl phosphorohalidate,
and succinimide and dialkyl phosphorohalidate for R =
CH3 and R = «-branched alkyl, respectively. Results are

summarized in Table 1.
By virtue of the polarizability of the N-X bond

(Scheme 1) nucleophilic attack on /V-halosuccinimide by a
phosphite ester has been proposed to occur at halogen in
lieu of nitrogen.1 '6-7

Characterization of the product mix from conducting
the reaction in the presence of a proton source (ROH) of-
fers convincing support for the intermediacy of the ion
pair 2.1 In view of this mechanism, a consideration of the
data in Table | notes definitive 1:1 ratios existing for Ar-
busov product and alkyl halide and for succinimide (N-

Scheme |
0 0
-X-*-:P(OR)3 N~ X— P(OR)3
0
R'OH/ collapse
0
0 0 0
ROR' + X— PiOR), + 1 N— H N— P(OR)2 + RX
R'OH
0 0
R'O— P(OR)2

methyl for R = CH3) and dialkyl phosphorohalidate,
(RO)2P (=0 )X. The former product ratio is expected on
the basis of the established mechanism for the Arbusov
reaction, but the latter correlation can be drawn only if an
additional R group can be accounted for in those cases
where R A CHB3. More careful investigation employing
low-temperature trapping and an additional phosphite
ester bearing an alkyl radical of lower volatility revealed
the complemental component existing as an olefin. Rela-
tive ratios of pertinent products to the correlation being
discussed are listed in Table Il. Mechanistically, the fol-
lowing extension (Scheme Il) to the original scheme pro-
posed by McEwen, et al, is consistent with the observed
results.

Scheme 11

0
N/P
P(OR)2 N~

collapse

RX +

NH 4- R'"CH=CH2 + 0=P(0R>2

X
I oCHS3
CILO— P™
OCH3

X— P(OR)3

= a-branch
otation
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Table |
Product Distribution from the Reaction of Trialkyl Phosphites [P(OR)3] with
TV-Bromosuccinimide (NBS)°®

- Recterts moi&—> 0 "
R NES® RCR3 p N—RCR2
0
ch3 0.10 0.10 0.044
(0.10) (0.20)J (0.027)
0.10 0.20 0.043
ch6 0.10 0.10 0.092
(0.10) (0.10) (0.081)
71-C4Ho 0.10 0.10 0.095
(0.10) (0.10) (0.083)
¢-CaHo9 0.10 0.10 0.091
(0.10) (0.10) (0.078)
sec-CiH<, 0.10 0.10 0.033
~ (0.10) (0.10) (0.022)
I“C4jtio 0.10 0.10
ich7 0.10 0.10 0.056
(0.10) (0.10) (0.037)

mProducts, mol-

0
R FOfr
0 ¢ '
0.046 >0.04 0.049
(0.065) (>0.02) (0.061)
0.053 >0.04 0.045
<0.01 0.093 <0.01
(0.01) (0.075) (0.0)
0.00 0.089 0.00
(0.015) (0.080) (0.012)
0.00 0.086 0.00
(0.018) (>0.07) (0.015)
0.064 0.029 0.066
(0.060) (0.020) (0.063)
0.096 0.091
0.041 0.050 0.040
(0.048) (>0.03) (0.045)

“ All runs were conducted in CS2at 1 M concentrations under nitrogen at 0-5°. bNumbers in parentheses refer to inverse
addition, i.e., addition of IV-haloimide to phosphite ester. *The reaction with N-chlorosuccinimide gave close to identical

results. d Excess required to effect total conversion.

For the system where R is simple alkyl but not methyl,
ion-pair collapse is the favored process due to facile attack
of nitrogen on phosphorus. Where R is methyl, sterically
unencumbered attack on methyl by the nucleophilic suc-
cinimidyl anion apparently competes favorably with ion-
pair collapse. Note is made further that formation of a
stable pentavalent phosphorus component provides driv-
ing force for this process. In the case where R is a-
branched alkyl, the succinimidyl anion performs primarily
as a proton-abstracting base. Here again, driving force is
provided by the formation of a phosphorus double bond
oxygen producing stable pentacovalent phosphorous. This
latter ability is clearly dependent on the degree of steric
inhibition to attack on phosphorus. An examination of
Dreiding models for the system where R = cyclohexyl
demonstrates decided secondary interactions of the ap-
proaching succinimidyl moiety with ring protons that are
not present in the acyclic radicals. These added steric re-
quirements apparently contribute appreciably to almost
exclusive olefin formation in this system.8 Similar mecha-
nistic rationale has been proposed by Harpp and Orwig for
the desulfurization-alkylation reaction of sulfenimides
with tris(dimethylamino)phosphine .9

Alternative to the E2-elimination process is the possi-
bility of initial dissociation via an El mechanism, fol-
lowed by loss of a proton to succinimidyl anion. Precedent
for this pathway is found in the Arbusov reactions of cer-
tain phosphite esters with alkyl halides where halide at-

CHi
CcH3 .CH,
CH3 -O P—CH + CH3—C+ HI + cH,=cr
o8B e

CH,

Table 11
Ratio of Non-Arbusov Products

0

1
R (RO>PBV Olefin
r 0
sec-C4H9 1.0 1.0 Butenes“0.9
I-C4Ho 1.0 1.0 Isobutene 1.0
1.0 1.0 Cyclohexene 1.0

®

“ Isolated and characterized as dibromides from bubbling
into Br-CCU. bThis distribution comprised ca. 85-90% of
the product mix. A small (5-8%) quantity of Arbusov
product was observed.

tack on the intermediate phosphonium ion (3) alkoxy
group is hindered.1011 No facility for dissociative behav-
ior exists for primary alkyl groups such that the Sn2
mechanism depicted for R = CH3 seems likely.

As indicated in Table I, experiments conducted wherein
inverse addition of N-haloimide to the phosphite ester was
made gave somewhat higher yields of products from com-
peting processes at the expense of Arbusov product. An
influential effect by phosphite ester in excess is apparent.
This is borne out most dramatically for R = CH3. When
trimethyl phosphite (TMP) was employed as solvent (50-
fold excess), minimal Arbusov product was produced, an
80% vyield of N-methylsuccinimide was isolated, and copi-
ous dimethyl methylphosphonate (4) was observed. When
conditions of high dilution (0.1 M) in an inert solvent
(CHCI3) were employed where 1 equiv of TMP was added
to N-bromosuccinimide, the Arbusov product has been
observed in as high as 70% yield. The following mechanis-
tic refinement (Scheme HI) is consistent with these obser-
vations.

)

CHP(OCHY2
4

The depicted dealkylation-alkylation sequence has sup-
port from an independent study wherein alkyl dialkyl
phosphonate ester is observed as a side product in deoxy-
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Scheme 111

N— X + :P(OCH33

0

+ X— P(OCH32

CH,
-OCH,
N—CH, + 0=p;
OCR,

major products

genation reactions by phosphite esters.12 Further, a simi-
lar mechanism has been proposed for the rearrangement
of TMP to dimethyl methylphosphonate (4) when reaction
is carried out with acetic acid.13 Little, if any, alkylation-
dealkylation behavior is thought to be operative for the
higher alkyl phosphites owing to steric considerations and
the failure to detect the respective dialkyl alkylphospho-
nate esters.

o 0 och3
CHX— OH :P(OCH33 — » CHX— 0" H— P— OCH3
\ ch3
« +/ OCH3"
CHX—0O' H— p— OCH3 :P(OCH33 —*
\)CH.
0 OCH,
H— P(OCH32 + CR — P— OCH
0 N och,
CRC—O0_
+ luch3® %
ch3® — OCH3 '0 — c— ch3
ocr
0 0

1 1
CH®(OCH32 + ch®»— c— ch3

Small quantities of trialkyl phosphate (5-10%) were iso-
lated from all experiments in which the inverse mode of
addition was utilized. This component is attributed to
minor deoxygenation of the succinimidyl moiety. Note is
made that this process is dominant for cyclic anhy-
drides.12

Further investigation of this reaction in this laboratory
will proceed in the direction of isolating and further char-
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acterizing a stable intermediate (1). Reactivity with alkyl-
ating and acylating agents and other chemistry will be ex-
plored.

Experimental Section

Materials. iV-Bromosuccinimide (mp 181-183°) and IV-chlo-
rosuccinimide (mp 147-149°) were purchased from Matheson
Coleman and Bell. Methyl, ethyl, and isopropyl trialkyl phos-
phite esters were purchased from Aldrich Chemical Co., Inc., and
were fractionally distilled through a 12-in. glass helices column
several times before use. The preparation of tert-butyl,11 rc-butyl,
isobutyl, sec-butyl, and cyclohexyl14 trialkyl phosphites was ac-
cording to known procedures. All reaction solvents were dried
over sodium and distilled directly into the reaction flask.

Instruments. All nmr spectra were recorded on Varian Models
T-60 and HA-100 MHz spectrometers. Ir spectra were obtained on
a Perkin-Elmer Model 337 spectrophotometer. All melting points
were determined on a Thomas-Hoover capillary melting point ap-
paratus and are uncorrected. For quantification of product distri-
butions, gas-liquid chromatography on a Hewlett-Packard 402
high efficiency gas chromatograph employing 4 ft x 6 mm o.d. X
3 mm i.d. columns was used. Two column systems of 20% SE-
30/80-100 mesh Chromosorb W and Carbowax 20M were used for
the determination. (See Analyses section.)

General Procedure. All reactions were carried out in a 250-ml
three-neck flask, equipped with a stirring bar/Mag-Mix stirrer,
gas inlet tube, addition funnel, and gas evolution tube connected
to a trap immersed in Dry Ice-acetone. Carbon disulfide (100 ml)
was distilled from sodium into the preflamed reaction flask. N-
Bromosuccinimide (0.1 mol) was suspended in the CS2, the flask
was immersed in an ice-water hath,15 and agitiation was begun.
After temperature equilibration (5-10 min) a slow stream of ni-
trogen was passed through the CS2 suspension and the trialkyl
phosphite (0.1 mol) was added neat over 10-15 min. When addi-
tion was complete, the system was allowed to warm to room tem-
perature and stir for an additional 1 hr. During this period, Arbu-
sov product and/or succinimide separated from the reaction me-
dium. The flask contents were allowed to stand, the clear CSz so-
lution was decanted, and the oily to solid residue was extracted
with several portions of CS2. The combined CS2 solutions, trap
contents, and CS2-insoluble residue were analyzed according to
the method under Analyses. Note: The inverse addition reactions
were identical in every respect except that N-halosuccinimide
was added as a solid to phosphite ester in CS2solution.

Analyses. Except for methyl bromide (bp 3.5°) which was iso-
lated and determined from the tared Dry Ice-acetone trap, ethyl
chloride and bromide, and isopropyl chloride, determined exclu-
sively by nmr of CS2 reaction medium, all alkyl halide yields
were estimated by vpc comparison against benzene as an internal
standard (column temperature 90°) coupled with 1H nmr com-
parison of halide vs. remaining components. The dialkyl phospho-
robromidates and -chloridates were quantified by vpc against
naphthalene as an internal standard (column temperature 150-
190°); identification of these last components was made on the
basis of peak enhancement (vpc) with authentic materials pre-
pared according to known methods.16-17 Further identification
was made by conversion of the halo phosphates to the respective
dialkyl methyl phosphates. These latter materials were produced
by treating the product mix from the CS2 fraction with methanol.
Nmr (POCH3 doublet, 3.75 ppm, J = 12 Hz) and the vpc peak
enhancement technique with authentic materials was definitive
for these components.

All  Michaelis-Arbusov products, !V-(dialkylphosphonyl)suc-
cinimide, as well as succinimide, were isolated by exhaustive
stripping of the reaction mix followed by column chromatography
on silica gel; benzene-CHCI3 was used as elution solvent. ldenti-
fication was made on the basis of JH nmr and combustion analy-
ses. Quantification was based on a proton nmr determination of
the crude product, since some deterioration on the column was
noted. Data pertinent to these latter materials are given below for
each system.

iV-(Dimethylphosphonyl)succinimide was isolated from silica
gel chromatography (44% N.A., 27% 1.A.)18 as a light yellow to
amber viscous oil unstable to distillation: ir vmax (film) 1750
(C=0), 1290, 1180, 1125, 1045, 850, 820, 780, 660, 550 cm”~1; nmr
&ms (CDCI3) 2.82 (singlet, 4 H, succinimidyl ring), 3.93 (doublet,
J = 12 Hz, 6 H, phosphorous ester methyls).

Anal. Caled for C6HioNO5SP: C, 34.80; H, 4.84; P, 14.98; N,
6.77. Found: C, 34.68; H, 4.87; P, 14.76; N, 6.55.

IV-Methylsuccinimide (46% N.A., 65% |.A.) was obtained from
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this experiment as white, crystalline needles, mp 68-70° (lit.19
mp 68-70°).

IV-(Diethylphosphonyl)succinimide. This material separated
from solution (92% N.A., 81% I|.A.) during reaction as a white
solid which was purified by recrystallization from methanol: mp
57-60° (lit.2 mp 60-62°); ir %al (Nujol) 1730 (G=0), 1295, 1250,
1125, 1030, 815, 755, 665, 555 cm’ 1; nmr (TS (CDC13) 3.20 (tri-
plet, J = 8 Hz, 6 H, CH3's), 2.80 (singlet, 4 H, succinimidyl ring),
4.32 (quintet, J = 8 Hz, 4 H, ethyl CHi'’s).

N-(Dusopropylphosphonyl)succin.im.ide was obtained as a
dark red oil from silica gel (56% N.A., 37% I.A.): ir jimex (film)
1725 (0= 0), 1280-1290, 1100-1140, 1000, 750, 650, 560 cm -1; nmr
¢tms (CDCI3) 1.43 (doublet, <7=6 Hz, 12 H, isopropyl CH3s), 2.80
(singlet, 4 H, succinimidyl ring), 4.85 (septet, J = 6 Hz, 2 H, iso-
propyl methines).

Anal. Calcd for C10HIgNO5P: C, 45.65; H, 6.85; N, 5.33; P,
11.78. Found: C, 45.57; H, 6.68; N, 4.96; P, 11.83.

N-(Di-n-butylphosphonyl)succinimide. This material was iso-
lated from exhaustive stripping of product mix followed by re-
crystallization from chloroform. Melting point (45-47°) and spec-
tral data were identical with those reported previously.1

A'-(Diisobutylphosphonyl)succinimide. Solids (dark red) that
separated from CS2 solution during reaction at 5° were collected
by suction filtration. Nmr (see below) indicated the crude materi-
al to be 90% of the title compound. Purification by recrystalliza-
tion from ethyl ether (slow evaporation) yielded wheat-white nee-
dles: mp 94-97°; ir vimex (Nujol) 1735 (0= 0), 1275, 1130, 1030,
880, 820, 660, 545 cm" 1, nmr jtms (CDC13) 0.98 (doublet, J = 6
Hz, 12 H, ester CH3's), 2.0 (multiplet, broad, 2 H, butyl meth-
ine), 2.80 (singlet, 4 H, succinimidyl ring), 4.1 (doublet of dou-
blets, c/pcH2 = 6 Hz, e/cH2OH ~ 0 Hz, 4 H, POCH?2).

Anal. Calcd for CI2H22NOS5P: C, 49.50; H, 7.56; N, 4.81; P,
10.65. Found: C, 49.36; H, 7.42; N, 4.54; P, 10.59.

N-(Di-sec-butylphosphonyl)succinimide. This material was
obtained from silica gel chromatography as a light red oil not an-
alytically pure. Spectral evidence is offered as proof of structure:
ir emax (film) 1740 (C=0), 1280, 1180, 1120, 1040, 815, 770, 660,
550 cm-1; nmr 5Tms (CDC13) 0.95 (triplet, < = 8 Hz, 6 H, 7
methyls on butyl group), 1.30 (doublet, J = 6 Hz, 6 H, a methyls
on butyl group), 1.65 (multiplet, 4 H, butyl methylenes), 2.80
(singlet, 4 H, succinimidyl ring), 4.45 (sextet, J = 6 Hz, OCH
methines).

ACkﬂOWledgmem. Appreciation is afforded Hooker

Chemical Corp. for permission to conduct and publish
this work under its auspices.

Registry No—1 (R = CH3), 39843-52-2; 1 (R = C2HS), 2737-
05-5; 1 (R = i-C3H7), 50599-95-6; 1 (R = i-C4H9), 50599-96-7; 1 (R
= SM-C4H9), 50599-97-8; P(OR)3 (R = CH3), 121-45-9; P(OR)3 (R
= C2HY), 122-52-1; P(OR)s (R = n-C4H9), 102-85-2; P(OR)3 (R =
i-C4H9), 1606-96-8; P(OR)3 (R = sec-C4H9), 7504-61-2; P(OR)3 (R
= t-C4H9), 15205-62-6; P(OR)a (R = (-C3H7), 116-17-6; N-bromo-
succinimide, 128-08-5; A'-chlorosuccinimide, 128-09-6.
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Activation parameters have been determined for rotation about the amide bond in pure (V,IV-dimethylforma-

mide-dj.’

Ea, 24.3 £ 0.2 kcal/mol; log A, 14.6 £ 0.1; AS*, +6.3 + 0.4 eu; AF*2g, 21.8 kcal/mol. Kinetic data

were obtained by total line shape analysis of the nmr spectra. The activation parameters are contrasted with
previous values obtained using different techniques and a structure-reactivity correlation for amide rotation is
discussed. These results are also compared with data for unsubstituted and Af-methylformamide in an attempt
to assess the importance of alkyl substitution on nitrogen on the C-N rotational barrier.

Rotation about the partial double bond of N,N-di-
methylamides (1) has been extensively studied in part be-
cause these systems are the simplest models for the pep-

tide

bond in proteins.1-3'10 Early studies gave inaccurate

activation parameters for C-N rotation because approxi-

mat

e procedures were used to derive rate constants. Now
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Table |
Kinetic Data for Rotation about the C-N Bond in
AT,N-Dimethylformamide-di (3) in the Pure Liquid

Temp, °C r, K Hz5
107.3 + 0.2 0.115 9.05
1089+ 0 0.0950 9.02
1115 +0.2 0.0780 9.00
113.0+ 0 0.0660 8.98
115.6 £ 0.2 0.0540 8.98
1174 £ 0 0.0475 8.93
119.7 £ 0 0.0398 8.93
1211+ 0 0.0338 8.85
123.8 + 0.2 0.0286 8.85
124.8 +0.1 0.0261 8.85
1254 + 0 0.0245 8.95
127.6 +0.2 0.0212 8.81
129.0 £0.2 0.0191 8.79
130.0 £0.1 0.0181 8.78
132.1 £ 0.1 0.0155 8.75
1326 £ 0 0.0140 8.75
135.7 £ 0.2 0.0116 8.71
137.7 £0.2 0.0107 8.69
139.7 £0.1 0.00875 8.66
140.7 £ 0 0.00810 8.65
142.1 + 0.3 0.00720 8.63
1435 + 0.2 0.00670 8.62
145.1 +0 0.00625 8.60

0 The unimolecular rotational rate constant fe(sec) 1is
equal to I/(2r). b&a is the chemical shift between the two
N CH3groups which would exist in the absence of rotation
about the C-N bond.

it is generally recognized that total analysis of the NCH3
high-resolution pmr line shape is required to obtain the
most accurate rate constants.6-8'11 12

1
Spin coupling between R and the two NCH3 groups
must either be eliminated or taken into account in the
line shape equations.5'6-8 In our studies of amides and re-
lated derivatives of the general structure 2, we found that
X. CH3
> “<
cd3 ch3
2

the deuterium substitution shown minimized coupling to
the extent that the complete two-site exchange equations
of Gutowsky and Holm13 could be successfully used to ex-
tract accurate rate constants.1’3-6

This approach has now been applied to the simplest
member of the series, N.N-dimethylformamide-di (3),
and the data are presented here. At least 14 studies on
DMF have been reported,7'11°13-14 but their results have
been inconsistent. Only two used reliable procedures for
rate-constant determination and none of these included a
total line shape study where spin coupling was eliminated

Neuman and Jonas

by deuterium substitution.11-14J Several years ago we
demonstrated that amide barriers appeared to be correlat-
ed by a linear free energy equation of the form p*a* +
SE« (Figure 1).5-12 We hoped that new data might im-
prove the correlation for the R = H system and this was a
major motivation for the study of 3.

0% ICH3
> -<
GIF

Experimental Section

IVV.N-Dimethylformamide-di was synthesized by reaction of
DCO2H with dimethylamine in benzene.15 Dimethylamine was
bubbled into 95 ml of benzene for 45 min, during which time the
solution volume increased to 110 ml. To this solution cooled in an
ice bath were added dropwise 15 g of DCO2H (Stohler Isotope
Chemicals; 98% deuterium labeled). The resultant mixture was
stirred for an additional 0.5 hr, removed from the ice bath, and
refluxed. Water generated during the reflux was collected in a
Dean-Stark trap. When no more water was produced, the benzene
was evaporatively distilled and the crude DCONMe2 was purified
by vacuum distillation (74°, 65 mm). The second fraction, consti-
tuting the majority of the reaction product, shown to be pure and
co. 98% deuterated by nmr, was used for the variable-tempera-
ture experiments. Nmr of DMF-di (neat, TMS internal reference)
showed two equal-area singlets at 6 2.79 and 2.96 and a trace sin-
glet visible at high amplitude at ¢ 8.03; commercial DMF (neat,
TMS internal reference) showed two equal-area multiplets at 5
2.79 and 2.95 and a broad singlet ati 8.02; relative areas 3:3:1.

Variable-temperature spectra were recorded for the NCH3
doublet at a sweep width of 50 Hz using a Varian A-60D nmr
spectrometer. Several spectra were recorded at each temperature
to assure reproducibility. The sweep width was continuously cali-
brated and tuning of the spectrometer was checked before and
after each spectrum using the signal of the internal standard hex-
amethyldisilane present in low concentration. The two NCH3
peaks coalesced at 124.5° and the ambient temperature (41°)
value of bv, mas 9.85 Hz.16

Temperatures were determined before and after each spectrum
using the Varian ethylene glycol standard and the equation T(°C)
= 1935 - 1.693 foe where 5 is the chemical shift in hertz be-
tween the CH2and OH protons.16

Line shape analyses were carried out using the complete Gu-
towsky-Holm equations modified for different T2 values for the
two- NCH3 signals. 4 The T2 values were different for each peak
owing to the incomplete spin decoupling and were determined
from the line widths of the NCH3 signals. The best-fit analyses
were carried out as previously described and the final step in-
volved visual matching between the experimental and computer-
generated spectra of the NCHS3 protons. The kinetic data are pre-
sented in Table 1.16

_ Results and Discussion
Rotational Barrier for DMF. The ambient tempera-

ture NCH3 spectrum of 3 is compared with its undeuter-
ated analog in Figure 2. Most of the asymmetry arising
from spin coupling has been eliminated. An Arrhenius
plot of the rotational kinetic data (Table I) is shown in
Figure 3 and gives the activation parameters Ea, 24.3 *
0.2 kcal/mol; log A, 146 %= 0.1; AS*, +6.3 * 04 eu;
Ai'*298, 21.8 kcal/mol.

Table 11
Activation Parameters for C-N Rotation in Pure N,N-Dimethylformamide
®> AS*, AF %,

Entry Method kcal/mol Log A eu kcal/mol Ref
1 TLS 24.3 14.6 +6.3 21.8 This work
2 TLS 20.5 12.7 - 2.3 20.6 14
3 TLS 20.8 0.0 20.2 11
4 SE 21.6 + 1.0 20.7 11
5 COMB 22.0 13.0 - 1.0 21.7 14i
6 COMB 26.0 15.0 + 8.1 23.0 14k
7 COMB 26.0 16.0 +12.8 21.6 14d
8 COMB 27.4 16.0 +12.8 23.0 14i
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Figure 1. Linear free energy correlation for rotation about the
central C-N bond for neat amides of the general structure
RC(0)NMe2; p* = -1.25 and S = -2.76. The theoretical line has
a slope of one and a zero intercept. Solid point for R = H repre-
sents new data from this study.

Figure 2. NMe2 proton line shapes for neat IV,IV-dimethylforma-
mide (top) and neat A,iV-dimethylformamide-cia (bottom).

The most striking aspect of a comparison of these re-
sults with those from previous studies is that they are
more similar to some of the data from studies using a
combination of approximate methods (COMB) than to
those obtained using the supposedly more reliable total
line shape analysis (TLS) and spin-echo (SE) methods
(Table I1). Those listed as entries 2 and 3 were obtained
using undeuterated DMF and it was necessary to try to
correct for the spin coupling in the analysis equations.
The data in the fourth entry were obtained using deuter-
ated DMF (3), but there has been some indication that
spin-echo studies lead to low activation parameters.
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Figure 3. Arrhenius plot of the kinetic data for rotation about the
central C-N bond in DMF-di.

Among the data in entries 5-8, only the latter set were
obtained using deuterated DMF (3) to reduce asymmetry
in the NCH3 line shape. However, double irradiation of
the formyl proton, an alternative way to eliminate the in-
terfering coupling, was utilized to obtain the results listed
as entry 5.

It seems unlikely that substitution of deuterium for pro-
tium on the formyl carbon of DMF would lead to a mea-
surable change in the activation parameters. The linear
free energy correlation for rotation in iV.A'-dimethylam-
ides (Figure 1) shows that the barriers depend to similar
extents on electronic and steric effects associated with R
(1).5-12 The difference in polar effects between H and D
can be estimated from the relative ionization constants of
DCO2H and HCOzH.5'1?,1» This difference is very small
and is predicted to cause the rotational barrier for 3 to be
0.03 kcal/mol less than that for undeuterated DMF.19

The difference in steric effects could be calculated using
data for the isotope effect on base-catalyzed hydrolysis of
methyl or ethyl formate.5-18 However, we have been un-
able to locate such data in the literature. It seems unlike-
ly, however, that the “steric sizes” of H and D differ
enough to have any significant effect on the rotational
barrier. In particular it should be noted that the rotation-
al process in DMF does not lead to rehybridization at the
carbonyl carbon and that an isotope effect from rehybridi-
zation of the (D)H-CO bind is thus precluded.

From a parochial point of view we favor our data over
the others in Table Il. Care was taken to obtain many
high-quality and reproducible spectra, to minimize asym-
metry in the NCH3 line shape, to accurately determine
the temperatures at which spectra were recorded, and to
obtain many data points over a reasonably large tempera-
ture range. The small positive entropy of activation (AS*)
is reasonable for C-N rotation of an N,N-dimethylamide
in the pure liquid reflecting the expected increase in free-
dom owing to desolvation in the rotational transition
state. Values of AS* have often served as the primary
gauge of the “goodness” of rotational barrier data because
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of the notorious insensitivity of values of AF* to the ex-
perimental methods used to obtain the data.1’3-6 In the
case of DMF, however, the spread in values of AF* seems
unusually large and we do not have an explanation for
this.

Our value of AF* for DMF fits the linear free energy
correlations better than thati4! previously used (Figure 1).
However, a value above 23 kcal/mol would be required to
obtain a perfect fit. While one or more of the other data
points might be in error, it seems more likely that some
special problem exists in fitting the R = H (1) substituent
to the plot. We have noted that the chemical shift of the
HCO proton for DMF remains relatively constant from
below 0.1 M to almost 6 M DMF in carbon tetrachloride,
but then it appears to shift downfield at higher concentra-
tions.20 No such change is observed for the CH3CO pro-
tons in DM A.20 This probably indicates some sort of spe-
cial solvation interaction (perhaps hydrogen bonding)
which would of course reach an extreme in the pure lig-
uid. In this regard, it is perhaps fortuitous that any free-
energy correlation exists for C-N rotation in the pure lig-
uid 7V,N-dimethylamides. While the amide molecules are
probably self-associated as dimers in each case,20 the na-
ture of this self-solvation cannot be identical

:& {Eomparlson WI'[H 5tﬁer ormamides. The form-
amide system is unique because rotational activation pa-
rameters are now available for the series of N-substituted
compounds 3-6. The data for isomers 4 and 5 were recent-

AM
> - < > - <
\Y XH; D H
3 4
Fa 24.3 23.6
Log A 146 140
AF* 21.8 20
> - <
W xh3 H H
5 6
Fa 237 19.2
Log A 150 139
AF* 207 17.8

ly determined by us,® while those for 6 were reported by
another group.21 However, these must be compared with
care because major differences in intermolecular interac-
tions must exist between these systems.
Dimethylformamide molecules probably exist mainly as
dimers held together by dipolar attraction.20 1V-Methyl-
formamide molecules are probably connected in short
polymeric chains via hydrogen bonding as shown in 7,1

5+ H--0?V ,5+ CH3
1 AC— Ny ; =Ny

- ch3d h
5.

and the formamide molecules are hydrogen bonded to 2-
butanone, the solvent used in that study. It is possible
that the extent of hydrogen bonding of 4 may be different
from that of 5; however, it should be noted that the effec-

Neuman and Jonas

tive solvent for both 4 and 5 is the same (90% 4 and 10%
5).14

We suggest that the NH hydrogen bonding of form-
amide (6) to 2-butanone has relatively little effect on the
C-N rotational barrier because the carbonyl group of the
amide is not involved. Thus the reported AF* (ca. 18
kcal/mol) may be close to that of “monomeric” form-
amide. Studies carried out by us and others suggest that
rotational AF* values for self-associated amides (e.g., neat
DMF) are about 1 kcal/mol greater than those of the cor-
responding monomer,141-22 in which case the latter would
be a little less than 21 kcal/mol. Finally, the interaction
shown as 7 is similar to that proposed for A/N-dimethyl-
acetamide in the solvent formamide, where we have esti-
mated that the C-N rotational barrier is about 2 kcal/mol
greater than that for monomeric DMA. This would indi-
cate that monomeric 4 and 5 might have AF* values of 20
and 19 kcal/mol, respectively. In summary, the inherent
rotational barriers for 3-6 can be approximated as 21, 20,
19, and 18 kcal/mol, respectively.23

Registry No.—.M.V-Dimethylformamide, 68-12-2.
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Activation parameters have been determined for C-N rotation in compounds of the general structure
CD3C(X)NMez2 at low concentrations in nonpolar media. The resulting data follow [X, solvent, concentration
(mole per cent], Ea (kilocalories/mole), log A, AF* (25°, kilocalories/mole), AS* (eu)]: 0, CCL, 1.7, 183 + 0.2,
135, 17.4, +1.1; O, isooctane, 2.6, 18.0 + 0.3, 13.3, 17.3, +0.5; S, decalin, 1.6, 21.1 + 0.2, 134, 20.3, +0.6;
NH2+NO03-, 1,1,2,2-tetrachloroethane, 0.4, 24.0 + 0.3, 14.2, 22.1, +4.6; NH2+C1-, TCE, 0.4, 22.8 £+ 0.3, 13.6,
21.7, +1.9. These are compared with data obtained for the same systems in different solvents. Solute-medium
interactions are discussed and it is proposed that these new data represent the “inherent” C-N rotational bar-
riers for these systems. In contrast with earlier results, the values of AF* now correlate with values of J (13CH)

for the NCH3 protons.

Activation parameters for rotation about the partial
double C-N bond in amides and derivatives are in-
fluenced by solute-solute and solute-solvent interac-
tions.1-3-6 Amides and thioamides exist as self-association
dimers in the pure liquids or in high-concentration solu-
tions of noninteracting solvents. In dipolar solvents such
as dimethyl sulfoxide, a molecule of amide or thioamide is
presumed to associate strongly with a solvent molecule in
a similar pairwise dipolar association. However, in a sol-
vent such as formamide, hydrogen-bonding interactions
appear to replace the dipolar association complexes. In
any event, we and others have shown that the medium
has a marked influence on rotational barriers.

Recently, we reported a study of the three systems
shown below in the common solvent dimethyl sulfoxide-

+
IcH3 HN%

° % /ICH3 S% >CH3
.« > - < [ o~ <

CD, CH3 ¢D3 CHS cD, ch3
1 2 3

d$.3 The types of intermolecular interactions of 1 and 2
with the medium were the same as mentioned above, but
the experimental data, and common sense, indicated that
the amidinium ion 3 interacted with DMSO-c;6 via hydro-
gen bonding. Thus, the results were not directly compara-
ble, even though all three systems were studied in a com-
mon solvent. It was necessary to try to analyze the contri-
butions of the different interactions to attempt to com-
pare rotational barriers.

We have now been able to obtain rotational activation
parameters for the solutes 1-3 in nonpolar media at low
concentrations. The results give a different ordering of the
relative rotational barriers for these compounds than pre-
viously observed.3 This order O < S < NH2+ conforms to
the relative values of the 13CH coupling constants for the
NCH3 protons in 1-3, a correlation which we had pro-
posed early in our studies of the comparative barriers of
amides, thioamides, and amidinium salts. We suggest
that the data presented here are close approximations to
the “inherent” barriers to C-N rotation in these com-
pounds, and this report concludes the series “Studies of
Chemical Exchange by Nuclear Magnetic Resonance.”

Results and Discussion

The nonexchanging chemical shift (5v, ) between the two
NCH3 resonance signals reflects the extent of aggregation
of amide molecules in noninteracting media.7 The concen-
tration dependence of 'ov, for DMA-d3 in isooctane at 5° is

Cone, mole fraction

Figure 1. Concentration dependence of the chemical shift (5*,)
between the two NCH3 groups which would exist in the absence of
rotation about the C-N bond; solvent, isooctane.

shown in Figure 1 and from these data a dimerization
constant of 2.3 (mole fraction)-1 was calculated for the
equilibrium shown in eq 1.8 This compares favorably with

2DMA-dj «=* (DMA-d3)?2 1)

a previous value of 3.8 (mole fraction)-1 determined for
DMA-d3 in CCU (37°).7 From the data in isooctane, it is
possible to extract values of 5v,, for monomeric and dimeric
DMA. The values 2.6 and 17.0 Hz are different from those
obtained in CCU, which are 7.3 and 13.8 Hz, but this is
not unexpected owing to the possible medium effects on
the relative magnetic environments of the NCH3 groups.
Careful kinetic studies of C-N rotation in DMA-d3 in
isooctane (0.026 mole fraction) and carbon tetrachloride
(0.017 mole fraction) were carried out. Under these condi-
tions, DM A-d3 exists primarily, but not exclusively, in the
monomeric state (isooctane, 95% monomer; CCl4, 94%
monomer). Lower concentrations would have been desir-
able, but were not feasible owing to low amplitude of the
nmr signals. The activation parameters in these two sol-
vents are reported in Table | (see Figure 2) along with
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Activation Parameters forTCquRlotation in CDL(X)N(CHa2

Concn,

X Solvent mol % kcal/mol

0 cchb 1.7 18.3 +0.
Isooctane 2.6 18.0 £0.

Neat 100.0 19.6 +0.

DMSO-d6 9.5 20.3 £0.

Formamide 9.8 21.3 0.

DD 2.0 21.0 £0.

s Decalin 1.6 21.1 £0
o-DCB 33.3 (21.0 £0.

DMSO-de 8.1 25.9 0.

NHCNOTr TCE 0.4 24.0 £0
DMSO-de 3.1 21.3 0.

NH2+C1- TCE 0.4 22.8 £0.
DMSO-d6 7.4 22.8 £0.

WWWWOWNO®WWWN

AF* (25°),
Log A kcal/mol AS*, eu Ref
13.5 17.4 + 1.1 This work
13.3 17.3 +0.5 This work
13.8 18.2 +2.9 a
14.1 18.5 +4.1 b
14.2 19.4 + 4.4 a
13.9 19.5 +3.0 c
13.4 20.3 +0.6 This work
(12.6) 21.3 (-3.0) d
14.6 23.4 +6.3 b
14.2 22.1 + 4.6 This work
12.7 215 -2.6 b
13.6 21.7 +1.9 This work
13.5 21.8 + 1.4 b

0 See ref 4. 6See ref 3. cP. A. Temussi, T. Tancredi, and F. Quadrifoglio, J. Phys. Chem., 73, 4227 (1969). d Determined

using an approximate analysis method; see ref 10.

Figure 2. Arrhenius plots of the kinetic data for rotation about
the central C-N bond in 1, ®, solvent, isooctane; 1, O, solvent,
CCU); 2, solvent, decalin; 3 (nitrate salt), solvent, 1,1,22-tetra-
chloroethane.

other data for DMA-c/3 under conditions in which it exists
primarily as a self-association dimer (neat), associated
with an aprotic dipolar solvent (DMSO-dg), and hydrogen
bonded at the carbonyl group (formamide and D20). The
results clearly demonstrate that the association or hydro-
gen-bonding interactions substantially increase the rota-
tional barrier (1 and 2 kcal/mol, respectively, in AF*).
The major effect of solvent is apparently on Ea, but log A
(AS*) also shows the expected change reflecting transition
state desolvation.9

Rotational activation parameters were determined for
the thioamide 2 using the solvents decalin and n-decane
with thioamide concentrations of 0.016 mole fraction. The
concentration dependence of 5v,, was not determined in ei-
ther case. However, the low concentrations and large
values of bv,, observed strongly indicate, based on an ear-
lier study of DMTA-d3 in carbon tetrachloride,7 that
DMTA-d3 is primarily monomeric under these conditions.
Extensive kinetic data were accumulated using the sol-
vent decalin and the results of the study are reported in
Table | (see Figure 2) along with some other values for
comparison. The very limited Kkinetic data in n-decane
gave a value of AF* identical with that found using decal-
in, but were insufficient to provide accurate values for Ea

gA.

and lo . . .
gk i R

substantially increases the rotational barrier. Once again
the major part of the effect is in Ea but log A does show
an increase in the associating medium. A result from an-
other laboratoryl0 for 2 in o-dichlorobenzene gives a AF*
value intermediate between those in DMSO-d6 and decal-
in. The use of an approximate line shape analysis method
makes the values of Ea and log A from that study sus-
pect.11 If the data in decalin correspond to the inherent
C-N barrier, they indicate that the difference between an
amide and thioamide is only about 3 kcal/mol rather than
the 5 kcal/mol difference suggested by the data using the
solvent DMSO-d6. It appears that dipolar association with
DMSO-d6 has a much greater effect on the dipolar char-
acter of a thioamide than that of an amide.

It was possible to obtain rotational barrier data for the
nitrate and chloride salts of iV,iV-dimethylacetamidinium
ion (3) in 1,1,2,2-tetrachloroethane at very low concentra-
tions (Table | and Figure 2). The behavior of the line
widths of the individual NCH3 signals with temperature
indicated that ion pairing existed under these conditions
for both salts, but greater effects were observed for the
nitrate. Although there are differences between the two
salts, there is remarkably little change in AF* in going
from the solvent DM SO-d6 to tetrachloroethane (Table I).
We had proposed that DM SO-d6 was hydrogen bonded to
both the rotational ground and transition states ( d and

Bﬁ but that this bonding might be a bit tighter in the lat-
ter.3 The relatively low values for log A (AS*) in DMSO-
(6 were offered as evidence for this. The absence of a sol-
vent effect on AF* for 3 now seems to support the similar-
ity in solvent interactions with 4a and 4 . However, the

detailed interaction of the anion with the rotational
ground and transition states is not known.12
Me Me
U+ Me 1
Me— N + H— OSMe, N\ 4+ -H— OSMe2
C— N -C=N
R H w 'H
4a 4b

Several years ago, we proposed a correlation between J
(13CH) for the NCH3 groups on 1-3 and their C-N rota-
tional barriers.13 Haake had proposed that values of J
(213CH) for methyl groups bonded to nitrogen reflected the
amount of positive charge on nitrogen.14 Since the charge
on the NCH3 nitrogen of amides and related derivatives 5

5*

ni
\
Me

Me
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CD&BQ] RI EF@KW (%\‘ AF%‘P 0 JO |%tga 0onné ants

AF* (25°),  e/(1H),
Registry no. X kcal/mol Uzh
44364-33-2 NH «17) 135
20255-66-7 (0] 17.3 138
34302-08-4 S 20.3 140
50600-26-5 nh2+ 22 141

“ Values of AF* from Table | except for X = NH, which
comes from ref 3. 6 The 18CH coupling constants for NCH3
protons; see ref 3 and 13.

should depend on the extent of C-N double-bond charac-
ter and since in turn the rotational barrier should also de-
pend on this, we were disappointed that an inconsistency
appeared based on our kinetic data using DMSO-de-3 We
are now gratified to be able to report that the rotational
barriers determined in the nonpolar solvents at low con-
centration do correlate with the 13CH coupling constants
for the NCH3 protons (Table II).

Experimental Section

Compounds. Syntheses and properties of all of the compounds
have been previously described.3

Solvents. Isooctane (spectroguality, Matheson Coleman and
Bell), carbon tetrachloride (spectrophotometric grade, Mallinck-
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rodt), decalin (spectrophotometric grade, Aldrich), n-decane
(99%, gold label grade, Aldrich), and 1,1,2,2-tetrachloroethane
(Matheson Coleman and Bell) were used as received in sealed
bottles.

Variable-Temperature Spectra, Temperatures, and Line
Shape Analyses. The procedures followed were essentially those
which we have previously used and described.1’3 Kinetic data
were obtained in all cases by total line shape analysis.1”3
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The extraordinary toxicity and potential environmental significance of certain polyhalodibenzo-p-dioxins has
led us to carry out regiospecific syntheses of these compounds by condensation of catechol derivatives with
various polyhalobenzenes. Electrophilic halogenation of 2,3-dihalodibenzo-p-dioxins, available by the above
route, leads mainly to 2,3,7,8-tetrahalo derivatives, but these are more cleanly obtained by direct condensation
of 4,5-dichlorocatechol with 1,2,4,5-tetrahalobenzenes. Fourier transform 13C spectroscopy is shown to be a
useful structural probe in this series. Some structure-activity relations for enzyme induction by polyhalodibenzo-

p-dioxins are outlined.

The surprisingly high toxicity of certain halogenated di-
benzo-p-dioxins has been demonstrated in a number of re-
cent investigations. The most thoroughly studied mem-
ber of this group is 2,3,7,8-tetrachlorodibenzo-p-dioxin (1,
TCDD), which has been shown to be the cause of several
outbreaks of chloracne among workers in factories which
manufacture the herbicide 2,4,5-T (2,4,5-trichlorophenoxy-
acetic acid).2 It is now recognized that structure 1 repre-
sents perhaps the most lethal small molecule known.Id
Although present in only trace amounts during the manu-
facture of 2,4,5-T, the toxicity of this xenobiotic is so ex-
traordinarily high that even these minute quantities con-
stitute a potentially serious health hazard.

Cl a

The identification of a toxic contaminant in poultry
feed, 1,2,3,7,8,9-hexachlorodibenzo-p-dioxin (2), as a

probable cause of the “chick edema” which has caused
widespread loss of chickens in the United States since
19573 also demonstrates the environmental significance of
certain polyhalogenated dibenzo-p-dioxins, apparently
formed as by-products in the commercial synthesis of a
number of chlorinated phenols. Thus the tetrachloro de-
rivative 1 formed during the manufacture of 2,4,5-trichlo-
rophenol is responsible for the contamination of 2,4,5-T,
since the phenol is an intermediate in the manufacture of
the herbicide. Because of the widespread use of chlorinat-
ed phenols, the extreme potency and environmental per-
sistence of the chlorinated dibenzo-p-dioxins which may
be present as impurities, and the teratogenic4 and possi-
ble mutagenic effects of these contaminants at sublethal
concentrations, further chemical and toxicological charac-
terization of these compounds is urgently needed.

until recently little was known about the biochemical
mechanisms of toxicity for these compounds, and no sys-
tematic studies had attempted to relate molecular struc-
ture to toxicity or other biological propertiesmin the di-
benzo-p-dioxin series. In 1973, however, Poland and Glov-
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er established that 1 (and certain congeners) are powerful
inducers of the enzymes ;-aminolevulinic acid synthetase
and aryl hydrocarbon hydroxylase in the chick embryo.5
Enzymatic assays based on these properties now provide a
means of detecting highly toxic dioxins at the nanogram
level and, moreover, appear to demonstrate a parallel be-
tween enzyme-inducing activities and toxicities of various
dioxins toward test animals. With the availability of such
assays it became both feasible and imperative to try to
define the structural parameters responsible for the ex-
traordinary biological activities shown by some members
of this series.

The present investigation has four main objectives: (1)
to develop practical and regiospecific syntheses of certain
polyhalodibenzo-p-dioxins, (2) to discover spectroscopic
correlations among such compounds which may aid in
identifying new members of the series, (3) to prepare ra-
dioactively labeled compounds of high purity for localiza-
tion and metabolic studies and (4) to elucidate structural
requirements for toxicity within this series.

UhemlCa BaCkgroun . The classical preparations of
polyhalodibenzo-p-dioxins are limited to two types of pro-
cesses: (1) self-condensation of a polyhalophenol and (2)
direct halogenation of the parent dibenzo-p-dioxin or a
monohalo derivative. The former method, exemplified by
the reaction through which 1 arises as a commercial im-
purity, normally proceeds in moderate yield and is practi-
cal only when a single condensation product can be
formed. Yields of 10-20% have been reported for the Ull-
man-type self-condensation of 2,4-dichlorophenol to 2,7-
dichlorodibenzo-p-dioxin,6 while Aniline7 has obtained 1
in over 30% yield by a modified Ullman reaction from
2,4,5-trichlorophenol.

X = HorClI

The second method, involving direct halogenation, is of
limited scope and has been shown to give mixtures of
products. Direct bromination of dibenzo-p-dioxin gives
both 2,8- and 2,7-dibromodibenzo-p-dioxin, while under
forcing conditions the 2,3,7,8-tetrabromo derivative is
formed.8 Direct chlorination of dibenzo-p-dioxin proceeds
in poor yield to give first the 2-chloro and then the 2,7-
dichloro derivative.8 Further chlorination using catalysis
by iodine and ferric chloride does produce 1 in moderate
yield, but the product is mixed with tri- and pentachloro-
dibenzo-p-dioxins and isolation of pure 1 is extraordinarily
difficult.9 . . ..

Catechols in Dibenzo-p-dioxin Syntheses. most of the
drawbacks of the conventional syntheses outlined above
can be avoided by carrying out the condensation between
a catechol dianion and a polyhalobenzene in boiling di-
methyl sulfoxide. Using this method, Pohland and Yang63
found that the dipotassium salt of catechol in refluxing
DMSO reacts smoothly with certain tri- and tetrachloro-
benzenes to give good yields of the corresponding dibenzo-
p-dioxin, e.g.

3
Our own work has systematically extended the scope of

this condensation to more highly substituted catechols
and to a broad range of polyhalobenzene acceptors. For
example, the use of 1,2,4,5-tetrabromobenzene as acceptor
gave 2,3-dibromodibenzo-p-dioxin (4), and 1,2,45-tetra-
fluorobenzene yielded the 2,3-difluoro derivative (5).

Rende, Wade, Ridge, and Poland

3 X=cl
4, X = Br
5 X=F

The catechol dianion also reacts with other chlorinated
benzenes under the above conditions. Reaction with
1,2,3,5-tetrachlorobenzene gives 1,3-dichlorodibenzo-p-
dioxin (6), while hexachlorobenzene as acceptor produced
1,2,3,4-tetrachlorodibenzo-p-dioxin in good vyield. The
condensations of catechol with 1,2,3,4-tetrachlorobenzene
or with pentachlorobenzene likewise occur readily, but
each yields as expected two isomeric products which have
not been indiyjdually characterized to date., .

.Ei)ectrop ilic Substitution of 2,3-Dihalodibenzo-p-

I0XINS. The apparent generality of the reaction of cate-
chol dianions with various polyhalobenzenes led us to ex-
amine the further halogenation of the primary condensa-
tion products. Chlorination of 2,3-dichlorodibenzo-p-diox-
in (3) in the presence of iodine and ferric chloride gave a
crystalline material which was predominantly 1, but con-
tained varying amounts of tri- and pentachlorodibenzo-p-
dioxins. Although extensive purification produced 1 of
above 98% purity, the overall yield of pure 1 by this route
was unsatisfactory, owing in part to variable yields in the
initial condensation with catechol and also to the exten-
sive purification necessary to obtain 1 pure enough for bi-
ological study. Chlorination of the dibromo compound 4
gave 2,3-dibromo-7,8-dichlorodibenzo-p-dioxin (7), identi-
cal with the product prepared by bromination of the di-
chloro compound 9. The dibromo compound 4 was also
brominated to give 2,3,7,8-tetrabromodibenzo-p-dioxin
(8). Finally, the difluoro derivative 5 was converted in a

4 3
CI*\ \
cL - fk .Br
y y ifATA
a v Br
7

similar manner to the 2,3-dichloro-7,8-difluoro- and 2,3-
dibromo-7,8-difluorodibenzo-p-dioxins (9 and 10, respec-
tively).

3, X =cl 1X=Y=cl
4, X =Br 7, X=Br; Y=CI
5 X =F 8 X=Y=8Br

S>X=FY=cl
10, X=F Y =Br
The dichlorodibenzo-p-dioxin 3 could also be nitrated
using nitronium tetrafluoroborate. The product appeared
to consist of two isomeric dichlorodinitrodibenzo-p-diox-
ins, however, and was pot characterized further.
Substituted"Catechals as Nuc'IZeop ilic Components.
The catechol condensation reaction was slightly modified
in order to prepare an isostere of 1. This was conveniently
achieved by reaction of 4,5-dimethylcatecholl0 dianion
with 1,2,4,5-tetrachlorobenzene to yield 2,3-dichloro-7,8-
dimethyldibenzo-p-dioxin (11). The 2,3-dibromo counter-
part (12) is similarly available from 1,2,4,5-tetrabromo-
benzene.
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Fourier Transform 13C Nmr Data fg?ng%r%e Chlorinated Dibenzo-p-dioxins*

None 142.2 (33%)
2,3 141.1 (46%)
1,2,3,4 140.4 (39%)
138.9 (12%)
1,3» 143.3 (8%)

141.2 (8%)
141.1 (11%)

14 143.1 (16%)
141.6 (8%)

1,2,4» 140.7 (24%)
2,7»
Average 141.4 £2.5 ppm

123.6 (100%)

126.3 (28%)
124.2 (100%)

126.9 (11%)
125.0 (100%)

124.5 (100%)
124.3 (70%)

124.6 (87%)
124.3 (100%)
124.0 (89%)
123.2 (81%)

127.2 (10%)
124.9 (100%)

116.2 (90%)

117.5 (85%)
116.3 (84%)

119.9 (14%)
116.6 (91%)

116.7 (51%)
116.3 (52%)
115.2 (48%)

116.6 (50%)
116.2 (62%)
114.7 (62%)

119.6 (8%)
116.9 (97%)

124.8 (100%)
124.1 (57%)

123.9 (100%) 116.6 (81%)

117.0 (79%)

124 .8 +2.5 ppm 116 .8 £3.0 ppm

“ Chemical shifts are given in parts per million downfield from TMS. The relative peak heights are given in parentheses.

bWeak peaks missing or unresolved.

1, X=Cl
12, X = Br
Although Pohland and Yang63 report that tetrachloro-
catechol does not condense with 1,2,4,5-tetrachloroben-
zene, we have found that both 4-chlorocatecholll and 4,5-
dichlorocatecholll dianions are useful nucleophilic part-
ners toward tetrachlorobenzenes. The former reacts
smoothly with 1,2,4,5-tetrachlorobenzene to give 2,3,7-tri-
chlorodibenzo-p-dioxin. Reaction of 4,5-dichlorocatechol
dianion with 1,2,3,5- and 1,2,4,5-tetrachlorobenzene yields
the new 1,3,7,8-tetrachlorodibenzo-p-dioxin (13) and 1,
respectively.

The synthesis of 1 from 4,5-dichlorocatechol provides a
one-step route, giving material of very high purity. De-
spite the low yield, this is the preferred synthesis of pure,
uniformly labeled [14C]-TCDD, and we have prepared the
latter by this route to give material having a specific ac-
tivity of 147.5 mCi/mmo]. . ..

Cmr Spectroscopy of Halogenated Dibenzo-p-dioxins.
A major problem for any complete and systematic study
of the halogenated dibenzo-p-dioxins is the reliable identi-
fication of the structures of compounds in the series. The
evidence for the structures of compounds we have synthe-
sized is based primarily on the method of synthesis and,
where possible, upon comparison with a sample of known
structure (e.g., by X-ray crystallography for 1 itself).9 A
combination of gas chromatography and mass spectrosco-

py is of utmost importance in assessing the homogeneity
and degree of halogénation of the compounds, and both
techniques were used extensively in the present study.
These techniques, however, do not reliably define the po-
sitions of halogénation in this series. Pohland and Yang
have described the possible use of infrared and phospho-
rescence spectra in regard to this problem and have tabu-
lated spectroscopic data using these methods.63 These in-
vestigators have also examined the esr spectra of radical
cations derived from chlorinated dibenzo-p-dioxins.12

It is clear from the spectroscopic studies cited that a
need remains for rapid identification of the substitution
pattern of an unknown polyhalodibenzo-p-dioxin. Proton
magnetic resonance spectroscopy appears to be remark-
ably useless in this context because the aromatic reso-
nances for these compounds occur at virtually identical
chemical shifts, making assignment of peaks difficult and
integration unsatisfactory. For example, the 100-MHz
pmr spectrum of 1,2,3,4-tetrachlorodiberizo-p-dioxin in
tetrachloroethylene solvent appears as a sharp singlet at 5
7.10, that of the 2,3-dichloro compound as singlets at o
6.97 and 7.07, and the spectrum of 1as a singlet at 57.00.

It seemed possible that natural abundance 13C Fourier
transform magnetic resonance spectroscopy (cmr) might
be useful for structural assignments in this series. A brief
study of several dibenzo-p-dioxins suggests that this tech-
nique may be of special value for such structural studies.
As summarized in Table I, our data reveal chemical shift
parameters and relative peak heights which carry sub-
stantial information bearing on the substitution pattern of
the dibenzo-p-dioxin system.

Two main features of the cmr data should be noted.
First of all, the resonances due to the lateral carbons (2, 3,
7, and 8), the “peri” carbons (1, 4, 6, and 9), and the
junction carbons (11, 12, 13, and 14) each appear in one of
three separate and characteristic regions of the spectrum.
Although chlorine substitution anywhere may effect slight
changes in the chemical shifts of all the carbons, any
given shift is relatively small, and each carbon resonance
remains in its characteristic region. This observation re-
garding the minute effect of chlorine on 13C chemical
shifts is in accord with published data (Table I1).13
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1?CChem|c SH 3?%# G e¥1 %trical
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Figure 1. Fourier transform 13C nmr spectrum of 2,3-dichlorodi-
benzo-p-dioxin, 3.6% in CHCU, with CDCI3 internal reference.
Chemical shifts are in Table I.

The second important feature is that the peaks due to
carbon atoms bearing a hydrogen are significantly en-
hanced in intensity relative to those lacking a hydrogen
substituent. Such enhancement (heteronuclear Overhaus-
er effect) is anticipated and derives from the relatively
short spin lattice relaxation times of carbons comprising a
CH unit. Other things being equal, then, one can assume
that an intense singlet probably denotes CH, and a weak
singlet defines either CO or CC1, assuming no degeneracy
for the spectrum. Figure 1 illustrates these intensity dif-
ferences for the cmr spectrum of 2,3-dichlorodibenzo-p-
dioxin. In some samples the weak signals could not always
be distinguished from the noise level.

Considering these characteristics of the cmr spectrum it
should often be possible, in conjunction with mass spec-
tral data, to employ cmr in defining the substitution pat-
tern of an unknown dibenzo-p-dioxin. Although the as-
signment of each individual peak to a specific position is
not always unambiguous, especially for an unsymmetrical
system such as the 1,3-dichloro compound 6, the overall
pattern of the spectrum will generally be indicative of a
particular structure in view of the substantial chemical
shift differences distinguishing the three sets of carbon
atoms already defined.

Certain structures, however, are still ambiguous using
the cmr technique. Thus we probably could not distin-
guish a priori between the 1,3-dichloro compound and the
1,7- or 1,8-dichloro isomer, nor between the 1,2,3,7,8,9-
hexachloro compound and its 1,2,3,6,7,8-hexachloro iso-
mer. A further drawback is the very low solubility of some
of the highly chlorinated dioxins, necessitating prolonged
scanning of the spectrum. Nevertheless, Fourier transform
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cmr spectroscopy appears to be a useful adjunct to other
techniques for structure elucidation in this series.

Enzyme Induction by Halogenated Dibenzo-p-diox-
mS The dibenzo-p-dioxins prepared in this study were as-
sayed for their ability to induce aryl hydrocarbon hydrox-
ylase (AHH) in the chick embryo according to the pub-
lished procedure.5 A summary of relative activities (1 =
1.00) for all compounds available to us in this series is
shown in Table III.

Several trends can be noted from the collected data.
The halogen-free compounds are inert, as is the 1,2,3,4-
tetrachloro derivative. When three of the four lateral posi-
tions of the dibenzo-p-dioxin system are halogenated, the
compound becomes active, but is not as active as when all
four lateral positions are halogenated. Replacement of
halogen by nitro at all four lateral positions destroys ac-
tivity. The 2,3-dichloro-7,8-dimethyl compound, roughly
isosteric with TCDD, is inactive. The fluorinated com-
pounds are less active than their tetrachloro or tetrabromo
counterparts. Furthermore, the 2,3,7-tribromo compound
is significantly more active than the corresponding tri-
chloro compound.

Our data lead to the following rules, based on the AHH-
inducing activities of some two dozen compounds: (1) po-
sitions 2, 3, 7, and 8 must contain at least three halogen
substituents; (2) substituents at these lateral positions
have the order of activity Br > Cl > F > NO2; (3) at least
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one hydrogen atom must remain on the dibenzo-p-dioxin
nucleus.

Further Investigations. Further chemical and biologi-
cal studies on halogenated tricyclic aromatic systems are
clearly warranted because of the potential health hazard
which they represent and because of the extraordinary po-
tency of certain members of this class as inducers of se-
lected enzyme systems. Investigations continue in these
laboratories using 14C-labeled materials to study metabo-
lism, distribution, and storage of such xenobiotics in ani-
mals. Chemical studies to extend our synthetic methodol-
ogy to related aromatic systems are also in progress.

Experimental Section

General Comments. Melting points were determined on a Mel-
Temp apparatus and are uncorrected. Ultraviolet (uv) spectra
were obtained on a Cary 118 spectrophotometer. Proton magnetic
resonance (pmr) spectra were determined with a Jeolco C60HL or
JNM HL100 spectrometer and are given in parts per million (5)
downfield from tetramethylsilane as an internal standard. Mass
spectra were obtained using a direct (solid) inlet at 70 eV on a
Hitachi Perkin-Elmer RMU-6E instrument. The glpc data were
obtained on a PeTkin-Elmer 900 or a Hewlett-Packard 700 instru-
ment with a hydrogen flame ionization detector, using a 6 ft x
0.125 in. 10% SE-30 cloumn at a nitrogen flow rate of 30 ml/min.
Glc-mass spectra were obtained by Varian Associates on a MAT-
111 instrument and by the Du Pont Co. on a 490-B mass spec-
trometer. The Fourier-transform 13C nmr spectra were deter-
mined with a Jeolco INM-PS-100 spectrometer.

Preparative thin layer chromatography (tic) was carried out on
commercially prepared 20 X 20 cm silica gel plates (E. Merck)
having the thickness indicated. Dimethyl sulfoxide solvent was
dried by distillation at reduced pressure from calcium hydride.
Microanalyses were performed by Chemalytics, Inc., Tempe,
Ariz. The purity of all halogenated dibenzo-p-dioxins was shown
by glc as at least 98% unless otherwise indicated in the text.

Caution: Many of the compounds described here are highly
toxic. All of the halogenated dibenzo-p-dioxins should be handled
with extreme care, using precautions which parallel work with ra-
dioactive compounds. Arrangements should be made for prompt
and safe disposal of wastes, all glassware should be rigorously
cleaned with chromic-sulfuric acid mixture after use, and dispos-
able gloves, aprons, and absorbent bench-top and hood lining
should be used. Contact or absorption of toxic dioxins may lead
to acne, porphyria, and irreversible liver damage.

2.3- Dichlorodibenzo-p-dioxin (3). This compound was pre-

pared according to the procedure of Pohland and Yanges in 81%
yield after recrystallization from methanol. Three successive re-
crystallizations from isooctane yielded a colorless solid, mp 159-
160° (lit. mp 163-164°), glc retention time (220°) 5.2 min.

Anal. Calcd for C12H602CI12: C, 56.95; H, 2.39; CI, 28.02.
Found: C, 57.02; H, 2.41; Cl, 28.25.

2.3- Dibtomodibenzo-p-dioxin (4). The dipotassium salt of cat-

echol was prepared by dissolving 110 mg (1.00 mmol) of catechol
in 2.0 ml (2.00 mmol) of 1.00 N KOH solution. The solution was
evaporated to dryness in vacuo, 400 mg (1.01 mmol) of tetrabro-
mobenzene was added, and the mixture was refluxed in 2 ml of
dry dimethyl sulfoxide under nitrogen for 4 hr. The cooled reac-
tion mixture was poured into 40 ml of cold water and extracted
with three 30-ml portions of chloroform. The combined extracts
were washed successively with two 30-ml portions of 2% NaOH
solution, 30 ml of water, and 30 ml of brine, dried (MgS04), and
concentrated in vacuo. The residue was purified by tic (2 mm,
elution with hexane, f?r 0.5) to yield 87 mg (25%) of the dibromo
compound. Three recrystallizations from isooctane gave a color-
less solid: mp 157.5-158° nmr (CDCI3) d 6.88 (s, 4), 7.03 (s, 2); uv
max (CHCI3) 308 nm (c 3890); mass spectrum (70 eV) m/e (rel
intensity) 344 (48), 342 (100), 340 (53), 263 (4), 261 (4), 182 (36);
glc retention time (200°) 18.3 min.

Anal. Calcd for Ci2He602Br2: C, 42.14; H, 1.77, Br, 46.73.
Found: C, 42.44; H, 1.72; Br, 46.53.

2.3- Difluorodibenzo-p-dioxin (5). This dioxin, prepared from

1,2,4,5-tetrafluorobenzene by the above procedure, was obtained
in 41% yield as a colorless solid: mp 174-176°; nmr (CDCI3) $6.88
(s), 6.60 (d, J = 8 Hz); uv max (CHCI3) 296 nm (e 4140); mass
spectrum (70 eV) m/e (rel intensity) 220 (100), 191 (6), 173 (16),
164 (16); glc retention time (200°) 5.1 min.

Anal. Calcd for C12H60 2F2: C, 65.46; H, 2.74. Found: C, 65.50;
H, 2.54.

J. Org. Chem., Vol. 39, No. 7, 1974 935

1,3-Dichlorodibenzo-p-dioxin (6). The dipotassium salt of cat-
echol was prepared by dissolving 156 mg (1.42 mmol) of catechol
in 2.38 ml (2.88 mmol) of 1.21 N KOH solution. This solution was
evaporated to dryness at 50° in vacuo, 281 mg (1.30 mmol) of
1,2,3,5-tetrachlorobenzene was added, and the mixture was re-
fluxed under nitrogen in 3 ml of dry dimethyl sulfoxide for 19 hr.
The cooled reaction mixture was then poured into 15 ml of cold
water and extracted with four 10-ml portions of chloroform. The
combined extracts were washed successively with three 10-ml
portions of 2% NaOH solution, two 10-ml portions of water, and
10 ml of brine, dried (MgS04), and concentrated in vacuo. The
concentrate was purified by tic (0.5 mm, elution with hexane, R(
0.3) to yield 100 mg (31%) of colorless solid: mp 113.5-114.5°% uv
max (CHCI3) 296 nm (i 3100); mass spectrum (70 eV) m/e (rel
intensity) 254 (68), 252 (100), 217 (5), 189 (24), 181 (6), 126 (20);
glc retention time (220°) 4.1 min.

Anal. Calcd for C12H602C12 C, 56.95; H, 2.39; Cl, 28.02.
Found: C, 56.95; H, 2.36; ClI, 28.07.

1,2,3,4-Tetrachlorodibenzo-p-dioxin. This substance was
formed in 41% yield from hexachlorobenzene, employing the
above procedure, as a colorless, crystalline solid: mp 188-190°
(lit.58 mp 189°); uv max (CHCI3) 315 nm (t 2720); mass spectrum
(70 eV) m/e (rel intensity) 324 (52), 322 (100), 320 (81), 259 (13),
257 (13, 194 (10); glc retention time (220°) 8.8 min.

Anal. Calcd for Ci2H4C140 2: C, 44.76; H, 1.25. Found: C, 45.02;
H, 1.17.

Condensation of Catechol with 1,2,3,4-Tetrachlorobenzene.
The dipotassium salt of catechol was prepared by dissolving 115
mg (1.05 mmol) of catechol in 1.73 ml (2.09 mmol) of 1.2 N KOH
solution. This solution was evaporated to dryness in vacuo, 217
mg (1.01 mmol) of 1,2,3,4-tetrachlorobenzene was added, and the
mixture was refluxed in 0.75 ml of dimethyl sulfoxide under ni-
trogen for 18 hr. The cooled reaction mixture was poured into 10
ml of cold water and extracted with four 10-ml portions of chloro-
form. The combined extracts were washed successively with two
10-ml portions of 1% NaOH solution, 10 ml of water, and 10 ml of
brine, dried (MgS04), and concentrated in vacuo. The concen-
trate was purified by tic (0.5 mm, elution with CC14, fif 0.4) to
yield 102 mg (40%) of colorless solid, a mixture of two compounds
by glc analysis: mp 80-115°, uv max (CHCI3) 293 nm (e 2440);
glc-mass spectral data—retention time (200°) 63 min [64%, mass
spectrum (70 eV) m/e (rel intensity) 256 (10), 254 (64), 252 (100),
217 (8), 191 (9), 189 (27), 161 (10), 127 (12), 126 (28)], 7.7 min
[36%, mass spectrum (70 eV) m/e (rel intensity) 256 (10), 254
(62), 252 (100), 217 (10), 191 (13), 189 (33), 161 (12), 127 (15), 126
(30)1.

Condensation of Catechol with Pentachlorobenzene. This
reaction was carried out as described above for the 1,2,3,4-tetra-
chlorobenzene case, using 117 mg (1.06 mmol) of catechol, 1.76 ml
(2.12 mmol) of 1.21 N KOH solution, and 256 mg (1.02 mmol) of
pentachlorobenzene. Purification of the product by tic (0.5 mm,
elution in CC14, Rf 0.4) yielded 103 mg (35%) of a colorless solid,
a mixture of two compounds by glc analysis: mp 93-104°; uv max
(CHCI3) 296 nm (t 2200); glc-mass spectral data—retention time
(200°) 12.2 min [66%, mass spectral data (70 eV) m/e (rel intensi-
ty) 290 (30), 288 (100), 286 (100), 253 (8), 251 (11), 225 (20), 223
(29), 197 (7), 195 (11), 162 (7), 160 (171)], 13.6 min [34%, mass
spectrum (70 eV) m/e (rel intensity) 290 (35), 288 (99). 286 (100),
253 (8), 255 (12), 225 (27), 223 (38), 197 (8), 195 (9), 162 (9), 160
(23)].

2,3,7,8-Tetrachlorodibenzo-p-dioxin (1). To a solution of 16
mg (0.063 mmol) of 2,3-dichlorodibenzo-p-dioxin in 2 ml of chlo-
roform in a 12-ml conical test tube were added a small crystal of
ferric chloride and a small crystal of iodine. Chlorine gas was
slowly bubbled through the solution for 21 hr at room tempera-
ture. The mixture was then concentrated to 0.8 ml by evaporation
under a stream of nitrogen. The chloroform-soluble material was
separated by centrifugation; the precipitate was shaken with an-
other 0.75 ml of chloroform and separated by centrifugation. The
precipitate was then shaken with 1.5 ml of chloroform and 0.5 ml
of water, the mixture was centrifuged, the aqueous phase was
drawn off by pipet, and the chloroform was evaporated to dryness
under a stream of nitrogen. The residue was recrystallized from
anisole to yield 8.4 mg (41%) of colorless needles. Glc analysis
(230°) indicates that the material consists of 85% 2,3,7,8-tetra-
chlorodibenzo-p-dioxin [retention time 8.3 min; mass spectrum (70
eV) m/e 322] and that the remainder is 2,3,7-trichlorodibenzo’-p-
dioxin [retention time 5.1 min; mass spectrum (70 eV) m/e 286]
and, presumably, 1,2,3,7,8-pentachlorodibenzo-p-dioxin (retention
time 13.2 min). Three successive recrystallizations gave material
of >98% purity by glc analysis: mp 305-307° (lit.68 mp 305°); uv
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max (CHC13) 306 nm (e 6030); mass spectrum (70 eV) m/e (rel
intensity) 324 (48), 322 (100), 320 (74), 259 (23), 257 (50), 194 (23).

2.3- Dibromo-7,8-dichlorodibenzo-p-dioxin (7). To a solution of
25 mg (0.099 mmol) of 2,3-dichlorodibenzo-p-dioxin in 1 ml of
chloroform in a 12-ml conical test tube were added a small crystal
of iodine, a small crystal of ferric chloride, and 10 drops of bro-
mine. The mixture was allowed to stand for 3 days, during which
time several drops of bromine were occasionally added. The chlo-
roform-soluble material was then separated by centrifugation; the
precipitate was shaken with another 0.75 ml of chloroform and
separated by centrifugation. The precipitate was then shaken
with 1.5 ml of chloroform and 0.5 ml of 5% sodium thiosulfate so-
lution, the mixture was centrifuged, the aqueous phase was
drawn off by pipet, and the chloroform was evaporated to dryness
under a stream of nitrogen. The residue was recrystallized from
anisole to yield 31.2 mg (76%) of colorless needles. Glc analysis
(230°) indicates that the material is 92% dibromodichloro com-
pound [retention time 17.8 min; mass spectrum (70 eV) m/e 408]
and 8% bromodichloro compound [retention time 7.7 min; mass
spectrum (70 eV) m/e 330]. Three successive recrystallizations
from anisole gave material of >98% purity by glc analysis. This
material had the same retention time as a sample of material
prepared by chlorination of 2,3-dibromodibenzo-p-dioxin: mp
316-317.5°; uv max (CHCI3) 307 nm (e 4600); mass spectrum (70
eV) m/e (rel intensity) 414 (32), 412 (85), 410 (100), 408 (38), 349
(4), 347 (5), 345 (4), 305 (3), 303 (6), 301 (3).

2,3,7,8-Tetrabromodibenzo-p-dioxin (8). This compound was
prepared as described above for 2,3-dibromo-7,8-dichlorodibenzo-
p-dioxin (7), using 25.5 mg (0.0745 mmol) of 2,3-dibromodibenzo-
p-dioxin to yield 24.9 mg (67%) of white crystals. Glc analysis in-
dicates that the material consists of 95% tetrabromo compound
[retention time 31.8 min; mass spectrum (70 eV) m/e 496] and
presumably 5% tribromo compound (retention time 13.5 min).
Two successive recrystallizations from anisole gave material of
>98% purity by glc analysis: mp 334-336° (lit.8 mp 334°); uv max
(CHCI3) 308 nm; mass spectrum (70 eV) m/e (rel intensity) 504
(19), 502 (69), 500 (100), 498 (69), 496 (19), 423 (9), 421 (23), 417
(9), 342 (9), 340 (18), 338 (9).

2.3- Dichloro-7,8-difluorodibenzo-p-dioxin (9). To a solution of
26 mg (0.118 mmol) of 2,3-difluorodibenzo-p-dioxin (5) in 1 ml of
chloroform in a 12-ml conical test tube were added a small crystal
of iodine and a small crystal of ferric chloride. Chlorine gas was
bubbled slowly through the solution for 22 hr. The solution was
shaken with 0.5 ml of water and centrifuged, the aqueous layer
was drawn off using a pipet, and the chloroform was evaporated
to dryness under a stream of nitrogen. The residue was recrystal-
lized from a small amount of anisole to yield 8.2 mg (24%) of
fluffy white crystals: mp 223-225°; uv max (CHCI3) 300 nm (c
3900); mass spectrum (70 eV) m/e (rel intensity) 290 (66), 288
(100), 227 (6), 225 (18), 162 (100); glc retention time (200°) 6.5
min.

2.3- Dibromo-7,8-difluorodibenzo-p-dioxin (10).
of 2,3-difluorodibenzo-p-dioxin (5) by the procedure described
above for compound 7 gave the dibromo derivative 10: mp 210-
212°; uv max (CHCI3) 301 nm (e 4600); mass spectrum (70 eV)
m/e (rel intensity) 380 (50), 378 (100), 376 (52), 299 (3), 297 (3),
271 (7), 269 (7), 218 (32), 188 (5); glc retention time (200°) 11.4
min (97%).

4,5'Dimethylcatechol. This compound was prepared in 33%
yield bv the method of Teuber and Staiger,10 mp 83-85° (lit. mp
87-88°).

2,3'Dichloro-7,8-dimethyldibenzo-p-dioxin (11). The dipo-
tassium salt of 4,5-dimethylcatechol was prepared by dissolving
246 mg (0.178 mmol) of the catechol in 0.30 ml (0.363 mmol) of
121 N KOH solution. The solution was evaporated to dryness in
vacuo, 36 mg (0.167 mmol) of 1,2,45-tetrachlorobenzene was
added, and the mixture was refluxed in 2 ml of dry dimethyl sulf-
oxide under nitrogen for 18 hr. The cooled reaction mixture was
poured into 6 ml of cold water and extracted with four 10-ml por-
tions of chloroform. The combined extracts were washed succes-
sively with 10 ml of 1% NaOH solution, 10 ml of water, and 10 ml
of brine, dried (MgSOd, and concentrated in vacuo to 47 mg of
solid. Recrystallization from anisole yielded 22.9 mg (49%) of col-
orless solid: mp 231-231.5°; nmr (CDC13) 6 2.15 (s, 6), 6.60 (s, 2),
6.95 (s, 2); uv max (CHCI3) 301 nm (c 4200); mass spectrum (70
eV) m/e (rel intensity) 282 (65), 280 (100), 267 (13), 265 (22); glc
retention time (220°) 11.5 min.

Anal. Calcd for C14H1002ClI2: C, 59.81; H, 3.59; Cl, 25.22. Found:
C, 60.05: H, 3.50; Cl, 24.94.

2.3-
was formed by condensation of 4,5-dimethylcatechol and 1,2,4,5-

Bromination

Dibromo-7,8-dimethyldibenzo-p-dioxin (12). This dioxin
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tetrabromobenzene according to the procedure reported for the
dichloro analog 11: mp 229-230° uv max (CHCI3) 302 nm (e
4800); mass spectrum (70 eV) m/e (rel intensity) 372 (48), 370
(100), 368 (52), 357 (7), 355 (14), 353 (7)k210 (16); glc retention
time (230°) 11.6 min.

4-Chlorocatechol. This intermediate was prepared in 44% yield
by the method of Willstétter and Muller,11 mp 86-87.5° (lit. mp
90-91°).

4,5-Dichlorocatechol. This substance was prepared in 24%
yield by the method of Willstatter and Mdaller,11 mp 115.5-117.5°
(lit. mp 116-117°).

2,3,7-Trichlorodibenzo-p-dioxin. The dipotassium salt of 4-
chlorocatechol was prepared by dissolving 20.0 mg (0.138 mmol)
of the catechol in 0.24 ml (0.29 mmol) of 1.21 N KOH solution.
The solution was evaporated to dryness in vacuo, 26.5 mg (0.123
mmol) of 1,2,4,5-tetrachlorobenzene was added, and the mixture
was refluxed under nitrogen in 0.5 ml of dry dimethyl sulfoxide
for 22 hr. The cooled reaction.mixture was poured into 7 ml of
cold water and extracted with three 10-mi portions of chloroform.
The combined extracts were washed successively with two 10-ml
portions of 2%’ NaOH solution, 10 ml of water, and 10 ml of brine,
dried (MgSOi), and concentrated by evaporation of the chloro-
form under a stream of nitrogen to leave 26.8 mg of brown solid.
This material was sublimed (120°, 1 mm) to yield 16.0 mg (50%)
of a colorless solid. A second sublimation yielded 14.8 mg of solid.
Glc analysis (230°) indicated that the material consists of 86% of
the desired trichloro compound (retention time 3.9 min) and 14%
2,3-dichlorodibenzo-p-dioxin (retention time 2.3 min): mp 153-
158° uv max (CHCI3) 304 nm (t 3460); mass spectrum (70 eV)
m/e (rel intensity) 290 (34), 288 (100), 286 (100), 253 (10), 251
(10), 225 (28), 223 (46). Further crystallizations or sublimations
gave no improvement in homogeneity of this sample.

2.3.7.8-
of 4,5-dichlorocatechol was prepared by dissolving 29.0 mg (0.162)
mmol) of the catechol in 0.29 ml (0.29 mmol) of 1.00 IV KOH so-
lution. The solution was evaporated to dryness in vacuo, the last
traces of water were removed by azeotroping with mixtures of
benzene and ethanol, 27.1 mg (0.126 mmol) of 1,2,4,5-tetrachloro-
benzene was added, and the mixture was refluxed under nitrogen
in 1.5 ml of dry dimethyl sulfoxide for 17 hr. The cooled reaction
mixture was poured into 10 ml of cold water and extracted with
ten 10-ml portions of chloroform. The combined extracts were
washed successively with two 20-ml portions of 2% NaOH solu-
tion, 20 ml of water, and 20 ml of brine, dried (Na2S04), filtered,
and evaporated to dryness under a stream of nitrogen. The resi-
due was washed with two 0.5-ml portions of chloroform, using a
centrifuge to concentrate the solid and pipeting off the solvent.

The solid was sublimed (240-250°) to give 7.6 mg (19%) of color-'

less needles. Glc analysis (230°) indicated that this material is
99% pure: mp 306-307° (lit.68 mp 305°); uv max (CHCI3) 306 nm
(t 6000); mass spectrum (70 eV) m/e (rel intensity) 324 (48), 322
(100), 320 (74), 259 (23), 257 (50), 194 (23); glc retention time
(230°) 8.3 min.

1.3.7.8- Tetrachlorodibenzo-p-dioxin (13). Condensation
4,5-dichlorocatechol with 1,2,3,5-tetrachlorobenzene by the above
procedure gave 40% of colorless dioxin 13: mp 193.5-195° uv max
(CHCI3) 304 nm (e 4160); mass spectrum (70 eV) m/e (rel intensi-
ty) 324 (54), 322 (100), 320 (84), 287 (5), 285 (5), 259 (19), 257
(19), 194 (11); glc retention time (220°) 10.8 min.

Anal. Calcd for C12H40 2C14; C, 44.76; H, 1.25. Found: C, 45.13;
H, 1.51.
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The synthesis of three tricyclic nucleosides, 5//(7f/)-9-0x0-3-/3-D-ribofuranosyl-1,2,4-triazolo[2,3-a]Jpurine (3),
6,7-dimethyl-10-0x0-3-/3-D-ribofuranosyl-1,2,4-triazino[2,3-a]purine (4), and 10-0x0-3-/3-D-ribofuranosyl-1,2,4-tria-
zino[2,3-a]purine (5), is reported. These are structural analogs of the “Y ” base of tRNA. The use of the nuclear
Overhauser effect in proton assignment of 3 is described, as well as the fluorescence of 3 and 4. Covalent hydra-

tion of 5 is discussed.

Transfer ribonucleic acids specific for phenylalanine
(tRNAphe) from a variety of sources have recently been
shown to contain certain highly fluorescent heterocyclic
bases, the simplest of which is the tricyclic derivative 1.2
Other tricyclic fluorescent derivatives of naturally occur-
ring purines, exemplified by I,N6-ethenoadenosine (e-
adenosine), have recently been synthesized3 and shown to
enter into a number of biochemical pathways.4 The avail-
ability of 1-aminoguanosine (2) in our laboratoriess led us
to undertake the synthesis of certain tricyclic nucleosides
derived from guanosine and structurally related to the
“Y” base (1).

~Results and Discussion
Synthetlc AspeCtS. The cyclization procedures used to

obtain the tricyclic nucleosides are shown in Scheme |I.
Attempts to prepare the triazolopurine ribonucleoside 3
using diethoxymethyl acetate6 gave complex mixtures
from which 3 could be isolated only with great difficulty.
The procedure of Clark and Lister7 using DMF-POCI3 has
been widely used for cyclization of weakly basic 1,2-diami-
no compounds. Application of this procedure to 1-amino-
guanosine (2) gave the desired 3 in good yield. The struc-

ture of 3 was confirmed by elemental analysis and uv and
pmr spectra. The uv spectra (Table 1) reveal substantial
bathochromic shifts relative to starting material 2 and are
very similar to those reported for the imidazo[l,2-a]purine
ribonucleoside obtained by the reaction of guanosine with
glycidaldehyde.s

The condensation of 1,2-diaminopyrimidines with 1,2-
dicarbonyl compounds (the Isay synthesis) has found ex-
tensive use in the synthesis of pteridines.9 Application of
this reaction with 2 using biacetyl and glyoxal gave 6,7-
dimethyl-10-0x0-3-/3-D-ribofuranosyl-1,2,4-triazino[2,3-
ajpurine (4) and its unmethylated derivative 5, respec-
tively. Nucleoside 4 was found to have elemental analysis
and uv and pmr spectra consistent with the assigned
structure (Scheme 1). The uv spectra of 5, however, were
grossly different from those of its dimethyl counterpart 4
(Table 1), 4he pmr spectra were incompatible with struc-
ture 5 (Table I1), and elemental analysis revealed the
presence of 2.5 equiv of water/mol of 5. The data were
consistent with the existence in solution of 5 as a covalent
hydrate and 4 as the anhydrous molecule. The interpreta-
tion receives support from the observation by Clark10 that
ethyl pteridine-4-carboxylate readily forms a covalent hy-
drate in solution whereas its 6,7-dimethyl derivative is
only slightly hydrated at equilibrium, and is confirmed by
the pmr data discussed below.

Pmr Considerations. examination of the aromatic re-
gion of the pmr spectrum of the triazolo[2,3-a]Jpurine nu-
cleoside 3 revealed two one-proton singlets downfield 0.30
and 0.80 ppm from the H-8 signal of 1-aminoguanosine (2)
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Uv AbsorptTc?r? IIg/llaxima (nm)

Compd  Xmex Log @rex  Xmex Log «rex Xmex Log avex
2 257 4.064 255 4.167 257 4.155

3 276 4.068 285 4.163 285 4.153

4 248 4.290 254 4.291 254 4.279
292 3.634 297 3.606 297 3.629

358 3.480 362 3.521 362 3.510

5 257 4.029 247 4.145 257 4.093
295 3.687 255 4.093 306 3.587

303 3.598

Figure 1 Pmr spectrum in (CD3)2SO of 10-0x0-3-/3-D-ribofurano-
syl-1,2,4-triazino[2,3-a]purine (5) and its covalent hydrate (6). For
details of interpretation see text.

(Table 11). The H-8 proton of a purine nucleoside is
known to undergo facile exchange upon heating in D20.11
Attempts to assign the base protons of 3 using this meth-
od failed because the two carbon-bound protons showed
similar rates of exchange. Nuclear Overhauser enhance-
ment of pmr signals of specific protons arising from satu-
ration of the spin of a proton in close physical proximity
has been used in studies of conformation of purine and
pyrimidine nucleosides.12 Application of this technique
permitted a facile assignment of the H-2 and H-6 signals
of 3. Irradiation of the H-T signal led to a 14% enhance-
ment of the signal at 5 8.10, whereas the signal at 5 8.60
showed an enhancement of only 5%. Examination of mo-
lecular models reveals that, regardles™ of conformation,
H-T must be in closer proximity to H-2 than H-6. This
permits the assignment of the enhanced signal at S8.10 to
H-2 and that of the nearly unchanged signal at S 8.60 to
H-6.

The pmr data for 4 (Table Il) are also in complete ac-
cord with the proposed structure. The H-2 proton of 4 in
(CD3)2SO solution appears as a sharp singlet at 5 8.36.
The remarkable consistency of successive downfield shifts
of the imidazole proton and the sugar H-T in the series 4
s 5 > 3 > 2is worthy of note (Table Il). The marked
deshielding effect on protons distant from the actual site
of ring closure may be attributed to an increase in the
ring current of the molecule and suggests further that fu-
sion of a six-membered ring (compounds 4 and 5) to a pu-
rine enhances the imidazole ring current to a greater ex-
tent than fusion of a five-membered ring (compound 3).

The pmr spectrum of 5 in (CDs~SO was quite complex
and suggestive of the presence of two compounds in solu-
tion. In D20 solution, however, a greatly simplified spec-
trum satisfying the requirements for a single covalent mo-
nohydrate of 5 (compound 6) was obtained. The salient

Anderson, Rizkalla, and Broom

Scheme |
0

features of the pmr spectrum of 6 (Table Il) include a
sharp singlet for H-2 (6 7.91), a pair of doublets at 5 7.64
(H-7, “sp2” type proton) and 5.41 (H-6, methine proton),
and a doublet at 55.79 corresponding to H-T. The spec-
trum in (CD3)2SO (Figure 1), in addition to signals corre-
sponding to those described above, contains an additional
signal and coupling from the 6-OH proton and a broad
signal from the 5-NH. A new set of signals corresponding
to the anhydrous compound 5 is observed, including a sin-
glet at 5 8.46 (H-2), a doublet at 55.96 (H-T), and a pair
of doublets (t/6,7 = 1-4 Hz) at 6 8.67 and 8.85 correspond-
ing to the two triazine protons. Unequivocal assignment of
the proton signals to the respective molecules was made
possible by comparison of the integral values; typically,
the ratio of 6 to 5 in (CDsSHSO solution was 7:2. The posi-
tion of hydration was shown by the pmr data cited above
to occur across a C=N bond in the triazine ring; the as-
signment of the 5,6 double bond was made by analogy
with recent work in which the 1,2,4-triazine system was
shown to undergo covalent hydration at the analogous 4,5
double bond.13



Compd HD Hi

2 7.80 (s) 5.62 (d)
jV,2 = 5.7 Hz

3 8.10 (s) 5.77 (d)
c/i'?? =5.4 Hz

4 8.36 (s) 5.90 (d)
JI,2 = 5.3 Hz

4» 8.19 (s) 5.90 (d)
Ji-,2' = 5.1 Hz

5 8.46 (s) 5.96 (d)
t/i-2 = 5.6 Hz

6 7.94 (s) 5.69 (d)
Jy.v =5.6 Hz

6d 7.91 (s) 5.79 (d)
Ji>2- = 5.6 Hz

Pmr Frequenciérs"flkic!eir|1I (CD3Z0 (DSY)
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Hé H7 Others
6.79 (b) NH,
8.60 (s)
2.59 CH3(s)
2.65 CH3(s)
2.66 CHi(s)
2.71 CHa (s)
8.67 (d) 8.85 (d)
Je7 = 1.4 Hz
~5.4 (m)c 7.59 (d) 6.77 (d) 6-OH
J67 = 2.7 Hz JeHeOH = 8 Hz
9.22 (b) 5-NH
5.41 (d) 7.64 (d)
J6, = 3.0 Hz

'Hsof purine listed under H2for comparison. bSolvent D2. cObscured by sugar OH protons. dSolvent D2D-(CD 320

(4:1 viv).

Fluorescence Studies. A detaited examination of the
fluorescence properties of these molecules was not under-
taken. Examination of the emission maxima of aqueous
solutions of 2, 3, and 4, however, revealed that concentra-
tions of 3 x 10_5M gave measurable emissions at 450 nm
with an exciting wavelength of 285 nm for 3 and 540 nm
(exciting wavelength 360 nm) for 4 compared with an
emission at 370 nm (excitation 285 nm) for 2. The emis-
sion maxima observed for 3 and 4 are far from those ob-
served for purines in general,14 and are reminiscent of
those of the “Y” base.15

Experimental Section

Elemental analyses were performed by Heterocyclic Chemical
Corp., Harrisonville, Mo. Melting points were taken on a
Thomas-Hoover apparatus and are uncorrected. Uv spectra were
obtained using a Cary Model 15 spectrometer. Uncorrected fluo-
rescent spectra were obtained using an Aminco-Bowman spectro-
fluorometer. Pmr spectra were obtained with Jeolco C60H spec-
trometer at ambient temperature. NOE experiments were run in
frequency sweep mode. H-6 and H-2 peak areas were measured
using the integrator when Hi' was decoupled and undecoupled.
Each reported area was the average of ten measurements.

5/f(7i7)-9-Oxo-."i-d-i)-ribofuranosyl-l,2,4-triazolo[2,3-aJ purine
(3). 1-Aminoguanosine5 (2, 500 mg, 1.68 mmol), 10 ml of DMF,
and 0.5 ml of POCI3 were stirred at room temperature for 3 hr.
The white precipitate was filtered, then dissolved in 20 ml of hot
EtOH-H20 (9:1), filtered, and cooled at 5° overnight to give 345
mg (67%) of white crystals. Recrystallization twice from hot water
gave an analytical sample, mp 300°.

Anal. Calcd for CnH12N605-0.5H20: C, 41.6; H, 4.12; N, 26.5.
Found: C, 41.5 H, 3.91; N, 26.4.

6,7-Dimethyl-10-0x0-3-/3-D-ribofuranosyl-l,2,4-triazino[2,3-
aJpurine (4). To a suspension of 2 (750 mg, 2.5 mmol) in 300 ml of
70% aqueous ethanol was added 2,3-butanedione (1.5 ml, 15
mmol) and 3.75 ml of 0.1 N HC1. The suspension was stirred for
10 days at room temperature (a yellow solution resulted after 1
day). The solution was evaporated in vacuo and coevaporated
with three 100-ml portions of ethanol. The yellow crystals were
recrystallized from ethanol to give 537 mg (60%), mp 169-171°
dec.

Anal. Calcd for Ci4Hi6N605-0.5H20: C, 47.1; H, 4.79; N, 235.
Found: C, 47.1; H, 5.00; N, 23.5.

5,6-Dihydro-6-hydroxy-10-oxo0-3-d-D-ribofuranosyl-1,2,4-tri-
azino[2,3-a]purine (6). To a solution of glyoxal, prepared by re-
fluxing glyoxal trimer (500 mg, 2.9 mmol) in 100 ml of H20 for 30
min, was slowly added 2 (500 mg, 1.68 mmol) in 100 ml of hot
H20. The solution was stirred at 50° for 1 hr, then placed on a
column of Dowex IR-120 (H+ form, 100 ml). The column was
washed with 2 1 of water. The resin was placed in a beaker and
adjusted to pH 6 with NH4HCO3 solution, filtered, and washed
twice with H20 and the yellow filtrate was evaporated in vacuo
to dryness (bath at 30°). The yellow residue was dissolved in 200
ml of H20 and lyophilized to give 370 mg (60%), mp 180° dec,
softens at 110°.

Anal. Calcd for Ci2Hi4N606-1.5H20 : C, 39.5; H, 4.69; H, 23.0.
Found: C, 39.5; H, 4.75; N, 22.7.

Registry No.—2, 19039-33-9; 3, 50585-21-2; 4, 50585-22-3; 5,
50585-23-4; 6, 50585-24-5.
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A series of phenylpyrazole and -triazole diphenylcarbinols have been converted to the hydrochloride salts of
the carbinyl chlorides and thence to the corresponding azafulvenes by dehydrohalogenation with triethylamine
at -78°. Irradiation of the triazafulvenes at this temperature gave a mixture of isolatile products which impli-
cate azatriafulvene and azete as possible unstable precursors. The latter intermediate may also be involved in
the photochemical decomposition of triphenyltriazine, which was also examined. The diazafulvenes prepared

proved isolable but photochemically inert.

Continuation of our studies on the potential synthesis of
small-ring heterocycles by photochemical expulsion of a
stable fragment such as nitrogen from a suitable larger-
membered ring precursor has led us to examine the photo-
chemistry of some substituted di- and triazafulvenes.1
From initial mechanistic speculation one could envision
the fragmentation of heterofulvenes with a contiguous tri-
aza function as an entry into the class of theoretically in-
teresting azatrifulvenes, 1. Such systems would suffer a
destabilizing electrostatic effect from the heterosubstitu-
tion in the charge-separated resonance contributor, 2, but
be more stable toward thermal fragmentation if the re-
quired (orbital symmetry) intermediate, 3, is considered
relative to an azirinone-derived model (4).

In fact, a synthetic effort directed toward the synthesis
of 6 via the azidoketene 5 gave only benzonitrile and car-
bon monoxide.2 Presently, we wish to describe the details

PhCN + CO

of the synthesis and photochemical reactions of some 1,2-,
1,2,3-, and 1,2,4-azafulvenes.

Results and Discussion

Recent synthetic efforts in the area of heterofulvenes
have been successful in the construction of 1,4-diazaful-
venes via dehydrohalogenation3 of substituted 2-chlo-
romethylimidazolium chlorides or oxidation4 of p-4,5-di-
phenyl-2-imidazolylphenol and azafulvenes by analogous
reactions with suitable pyrrole precursors.5 The azaful-
venes prepared in this study were derived from the appro-
priate chlorodiphenylmethylazole hydrochloride salts by
deprotonation and dehydrohalogenation with triethyl-

amjne. : .

"Synthesis of 123- and 1,2,4-Triazafulvenes. The a-
dition of phenylljthjum to methyl 4-phenyl-1,2,3-triazole-
?—B rboxylate6 (7&3, ethyl 1,2,3-triazole-5-carboxylate?7

3, ethyl 4-(p-chlorophenyl)-1,2,3-triazole-5-carpox-
ylate zr]c;nfollowed by hydrolysis gave the carbinols a-C
and 9 . The precursor 7a was prepared by the addition of
sodium azide to methyl p-chlorophenylpropiolate8 in

DMF at 30°. The fluorenol derivative 16 resulted from the
action of o.o'-dilithiobiphenyl9 on the lithium salt ofm/a in

-N
1
N 2 Hz0. NHCL

1 PhLi

Me®,& N’

|
H

1

a, R = Ph
b, R=H
¢, R = p-CIPh

ether solution. In the 1,2,4-triazole system, the synthesis
of carbinol 11 via addition of phenyllithium to methyl
1,2,4-triazole-3-carboxylatel0 (12) was complicated by a

N-
| T E—
2. H,0, HC1
MeOXT N
H N-
12 Ph '\{N N + Ph.COH
Ph
01 ----------- 5} H
H

il

competing retro-aldol reaction which gave 13 and triphen-
ylcarbinol. The corresponding 3-phenyl derivative, 15, re-
sulted from the addition of the I-benzyl-3-phenyl-1,2,4-
triazolyl anion,11 14, to benzophenone followed by reduc-
tive debenzylation. The requisite chlorodiphenylmethyl-
azole hydrochloride salts were gptained in high yield from
treatment of carbinols 0d %Ib, %bC, ﬂ, and with thionyl
chloride in benzene at 30°. On the other hand, the reac-
tion of 10 with this reagent gave a dimer (C42H26N®6)
whose spectral display and observed facile acid-catalyzed
hydrolysis to 10 suggests a structural assignment of fﬁz It
is not known if such a transformation involves an antiaro-
matic azafulvalene intermediate, although a similar dehy-
dration-dimerization reaction product has been reported
in the case of a,a-diphenyltetrazole-5-methanol.12



Synthesis and Photochemistry of Azafulvenes

Ph Ph
N 1 NaOMe, MeOH ~ jin
2. PhCH2CI
H CH,Ph
iPhL,
Ph Ph
N-
- { PHC
'N' 2. H.,0 N
Ph
OH CH®Ph CHPh
Na, NH3 (1) 14

All of the above salts smoothly underwent dehydrohalo-
genation in the presence of triethylamine in THFE- benzen
(1:1) at -78° to afford solutions of th fulvenesél and
However, the color of solutions of 73. and 183 at thls
temperature began to fade rapidly and further exploration
of the chemistry of these fulvenes was thus abandoned.

17 18
a R=H
b, R = Ph
¢, R = p-CIPh

].7b, ].7C, and 18b were stable in this solvent combina-
tion for >8 hr at -78° and eXhllj_ e Amafgat 463, 454, and
442 nm, respectively. Fulvenes ?b bat -78° react-
ed slowly with methanol to give the subsequently charac-
terized (methoxydiphenylmethyl)phenylazoles while
rapidly provided the corresponding tertiary amine with
piperidine at this temperature. If allowed to warm to 30°
in solution, these fulvenes dimerized to give the photo-
chemlcall rt 4H,10H-ditriazolo[l,2-a:l',2'-d]pyrazines

and O/ %1 a decision between the latter two struc-

1%, R = Ph
b, R = p-CIPh

tures not being possible with the available spectral infor-
mation.13 A strong dependence of the rate of dimerization

J. Org. Chem., Vol. 39, No. 7, 1974 941

gl °X'matte—fé 'me Iy B A SR
or 1)

~tl/ 2
Fulvene min Solvent
H% <1 THF
20 THF-MeCN (2:1)
250 THF
>500 THF-PhH (1:1)
THF

1 s
>500 THF-PhH (1:1)

PhotoproJ&&leDlllstribution

-Conversion, %-

23 and
Fulvene 24 25 26 27 30 Total
B 50 7 11 26 94
48 11 17 12 8 96
67 14 7 5 93

on the solvent polarity was exhibited by both ].7 and ].8
and the 1,2,4-azafulvene system appeared to have a great-
er lifetime than its 1,2,3 congener in this respect (Table
1). Since thermal [6 + 6] concerted cycloadditions occur in
an unfavorable antarafacial manner, it may be assumed
that this solvent effect is a result of stabilization of a
transition state leading to a dipolar intermediate such as
22 in a nonconcerted dimerization. With regard to the ob-
served stability differential between ]. and with simi-
lar substitution, HMO theory reveals a greater ir-charge
density at position 1,4 relative to 2,3 in the highest occu-
pied molecular orbital of the reference nonalternant hy-
drocarbon, fulvene, and one would therefore expect het-
eroatom replacement at 1,4 to be more effective than at
in increasing resonance energ

Photoly5|s of 123 and 1,2.4-Triazafulvenes. irradia-
tion (Pyrex) of 0.025 M THF-benzene (1:1) solutions of
either 7b or 18b at -78° resulted in the slow (4-5 hr) ev-
olution of nitrogen and formation of a chromatographlcal-

ly separab ixture of benzonitrile %3 £15d|phenyl-
&4'11 31 and 2,3-

acetylene tri %en h@féylomtnle ,
dlphenqumnoI(ne & in addition to a yellow, crys-

talline dimer a of constltutlon (C2iHisN)2, mp 230-
i 2° (see Table Il). A hexaphenyl-1,5-diazocine structure

d has been assigned to this dimer based in part on the
observation that thermolysis at 300° results in the forma-
ion of benzonitrile (63%) and pentaphenylpyridinet4°17
t , 31%), process which may proceed via the valence
tautomer 2§ The mass spectrum (70 eV) displays major

b. R = p-CIPh

ions of m/e (rel intensity) 562 (100); M +, 485 (10); M + -

Ph, 459 (26); M+ - PhCN, 383 (27); M+ - PhCN - Ph,
281 (10); M +/2 with a prominent doubly charged ion at
281.5 corresponding to MH2+. This fragmentation paral-
lels that reported for azocinel8 and 1,2-diazocine,19 where
mass spectral loss of HCN is a highly probable event (93
and 100%, respectively). The Amax in EtOH occurred at
258 nm (« 42,150) and showed a bathochromic shift to 263
nm (e 37,000) in dilute ethanolic HC1 and the reversible
formation of a stable cation in 98% H2SO4 with Amax 618
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nm, the latter having possibly a diazabicyclo[5.1.0]octa-
dienyl structure.20

The photolysis of the p-chlorophenylfulvene 17c¢ under
identical conditions afforded a mixture of p-chlorobenzo-
nitrile (23ab), diphenylacetylene (24), I-(p-chlorophenyl)-
2,2-diphenylacrylonitrile1421 (25b), 2-(p-chlorophenyl)-3-
phenylquinolinel4'2 (26b), and an analogous diazocine
(27b), mp 243-244°. The latter compound had a mass
spectrum (70 eV) of major ions at m/e (rel intensity) 634
(21); M+ (37C12), 633 (38), 632 (82);'M+ (37C1,35C1), 631
(60), 630 (100); M+ (35C12), 527 (12); M+ - PhCN, 493
(16); M+ - CIPhCN, 452 (13); M+ - PhC2Ph, 417 (46),
M+ - CIPhC2Ph in which the small but competitive loss
of a nitrile us. acetylene fragment is in contrast with that
observed for 27a. A hypsochromic effect of the chloro sub-
stituents on the various ultraviolet absorption maxima
when compared to 27a is apparent from the observation
Xmax (EtOH) 247 nm (e 36,750), Xmax (HCI-EtOH) 263
nm (t 19,160), and Xmax (H2SC>4) 525 nm.

Finally, 1,3-diphenyl-5-diphenylmethyl-1,2,4-triazole
(30) was isolated from the photolysis of 18b and identified
by comparison with the product resulting from the addi-
tion of nitrile ylide23 31 to diphenylacetonitrile. A possible
excited-state [,6S + ,6J combination of 18b with benzene
to give 32 followed by an appropriate 1,3 shift and tau-
tomerization may offer a suitable mechanistic rationaliza-
tion for this product.

\ EtN r +
V=N — NHPh — » [Ph— C =N — NPh]
ar
jphpHCN

Mechanistic Considerations. The genesis of benzoni-
trile (or the p-chloro analog) and diphenylacetylene from
initial fragmentation of the diradicals 33 and 34, derived
by photochemical loss of nitrogen from the respective ful-
venes, and the rearrangement of 33 by a 1,2-phenyl shift24
to a triphenylacrylonitrile are easily visualized. However,

25a, R = Ph
b, R = p-CIPh

the conversion of 34 to 25 represents a substantial degree
of bond reorganization and the most direct mechanistic
pathway possible would seem to require the azatrifulvene
35 as an intermediate. The C-N bond cleavage necessary
for the transformation of 35 to 25 via 33 has precedence
derived from observations24 on azirine thermal decompo-
sition products.25 The appearance of 26 as a common pho-
toproduct seems to be the result of a 1,2-phenyl shift in 33
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to give 36 followed by an appropriate cyclization and aro-
matization. However, the transformation of 34 to 36 may

not involve 35 but rather proceed via 37 to an intermedi-
ate triphenylazete (38) which then rearranges to 26a, an
argument which demands that the azete once formed al-
ways undergoes 1,2-bond cleavage (as opposed to the 3,4
alternative) in such a rearrangement. Such a proposal has
the additional attractive feature that the origin of the di-
azocine 27a may be viewed as a result of thermal electrocy-
clic ring opening26 of a [X2S + r4s] dimerization product 39
derived from 38. Although the dimerization of 38 to give

ultimately a symmetrical diazocine could result from a
2,3-face combination, the proposed formation of a dimer
with angular heteroatom sites is consistent with that re-
cently observed for the dimerization of the benzoazete to
40.27 It is interesting to note that only one dimer results

from the photolysis of 17c¢, which may imply that the
isomerization 41 « 42 is not occurring.

Support for the hypothesis that an intermediate such as
38 can lead to both 26 and 27 was received from our reex-
amination28 of the photochemistry of triphenyl-a-triazine
(43). Irradiation (Pyrex) of this latter triazine in benzene-
THF (1:1) solution (0.025 M) at 30° for 5 hr gave, in addi-
tion to the previously reported benzonitrile and diphenyl-
acetylene, both 27a and 26a (see Table I1).

Synthesis of 1,2- and 2,3-Diazafulvenes. The addition
of phenyllithium to methyl 3,4-diphenylpyrazole-5-carbox-
ylate,29 methyl 3,5-diphenylpyrazole-4-carboxylate,30 and
methyl 3,4-diphenylenepyrazole-5-carboxylate3l followed
by hydrolysis provided the requisite carbinols 44, 45, and
46, whose conversions to the corresponding chlorodiphen-
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ylpyrazole hydrochlorides with thionyl chloride in benzene
at 30° was unexceptional. Dehydrohalogenation of these
salts with triethylamine in THF at -78° gave solutions of
the corresponding fulvenes 47, 48, and 49 from which 47
and 49 could be isolated as stable, red, crystalline solids

at room temperature. Diazafulvenes 47 and 49 displayed a
\max (THF) at 393 and 382 nm, respectively, and both
had similar mass spectral ions at m/e 385 (M+ + 1), 384
(M+), and 307 (M+ - C6Hs). While 49 appeared to be
stable at its melting temperature of 155-156°, 47 in the
solid state at 120-130° underwent dimerization to give 50,
mp 179-181°. Similarily, a 0.003 M solution of 47 in

THF-benzene (1:1) upon photolysis (quartz) at 5° for 20
min gave 50 in high yield, while 49 was inert under these

conditions. Irradiation (Pyrex) of a THF-benzene (1:1) so-
lution of 48 at -78° led to disappearance of the fulvene in
20 min with no gas evolution, but attempts to isolate the
dimer in this case failed and only 46 was obtained.

Experimental Section3

5(4),a,a-Triphenyl-1,2,3-triazole-4(5)-methanol (8a). A solu-
tion of phenyllithium (0.573 mol) was prepared by the addition of
90 g (0.573 mol) of bromobenzene in 100 ml of anhydrous ether to
7.9 g (1.40 mol) of lithium ribbon (containing 1% sodium metal)
in 400 ml of anhydrous ether. The solution, under a positive ni-
trogen atmosphere, was chilled to -78° and 37.5 g (0.185 mol) of
methyl 4-phenyl-l1,2,3-triazole-5-carboxylateé was added portion-
wise as a solid. The mixture was allowed to warm to room tem-
perature, then refluxed for 18 hr, cooled, and decomposed using
150 ml of 5% aqueous hydrochloric acid. A fluffy white precipitate
formed, which was collected by filtration and dried in vacuo to
yield 21 g (35%) of 8a, mp 218-221° dec. A sample recrystallized
from benzene-ethanol melted at 220-221° dec: ir (KBr) 3300 cm-1
(broad OH and NH); nmr (DMSO-de) 5 7.83-6.92 (m, 15 H);
mass spectrum (70eV) m/e (rel intensity) 327 (100), 281 (67).

Anal Calcd for C21H17N30O: C, 77.04; H, 5.23; N, 12.84. Found:
C, 77.19; H, 5.33; N, 12.84.

4(5),a,a-Triphenyl-1,2,3-triazole-5(4)-methanol (9a). The or-
ganic layer of the above filtrate was separated, washed with
water, and dried (MgS04), and the solvent was evaporated in
vacuo. Upon diluting with pentane a fluffy white solid separated
which was collected hy filtration and dried to give 32 g (53%) of
9a, mp 158-169° dec. Recrystallization from benzene twice afford-
ed an analytical sample of 9a: mp 159-160° dec; ir (KBr) 3320
(OH) and 3190 cm- 1 (NH); nmr (DMSO-d6) 6 7.70-6.82 (m, 15
H); mass spectrum (70 eV) m/e (rel intensity) 327 (100), 281 (23),
and 250 (100).

Anal Calcd for C21H17N30: C, 77.04; H, 5.23; N, 12.84. Found:
C, 77.16; H, 5.36; N, 12.85.
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Methyl 4-p-Chlorophenyl-1,2,3-triazole-5-carboxylate (7c).
To a suspension of 13 g (0.2 mol) of sodium azide in 175 ml of di-
methylformamide at room temperature was added dropwise a so-
lution of 39 g (0.2 mol) of methyl p-chlorphenylpropiolate33 in 50
ml of dimethylformamide. The addition was slightly exothermic
(38°) and after it was complete (1 hr) the mixture was stirred for
18 hr at 30°. The solvent was removed in vacuo, and the residue
was dissolved in 550 ml of water and washed with ether. The
water layer was acidified with concentrated hydrochloric acid, ex-
tracted with ether, dried (MgS04), and filtered and the solvent
was evaporated in vacuo to give 44 g (92%) of 7c, mp 167-168°.
Two recrystallizations from ethanol afforded an analytical sam-
ple: mp 170-171°; ir (CHCI3) 3120 (NH), 1730 (C=0), 1140, 1098,
1015, and 838 cm-1; nmr (DMSO-de) $8.08-7,42 (m, 4 H), 3.88
(s, 3 H); mass spectrum (70 eV) m/e (rel intensity) 239 (35), 237
(100), 208 (28), and 206 (79).

Anal Calcd for CioHgCIN3O2: C, 50.54; H, 3.39; N, 17.58.
Found: C, 50.71; H, 3.47; N, 17.57.

4(5)-p-Chlorophenyl-«,«-diphenyl-I1,2,3-triazole-5(4)-metha-
nol (8c). To a solution of phenyllithium (0.31 mol, prepared as
above) in 300 ml of ether was added 23.8 g (0.1 mol) of the solid
ester 7c portionwise. After the initial exothermic reaction ceased,
the mixture was refluxed for 18 hr and decomposed using 125 ml
of 5% aqueous hydrochloric acid. After the layers were separated,
the organic layer was washed with water, dried (MgS04), and fil-
tered and the solvent was evaporated in vacuo to give 33.6 g
(96%) of 8c, mp 172-175°. An analytical sample was obtained
upon recrystallization once from ethanol and once from benzene:
mp 174-175° ir (CHC13) 3420 (OH), 3170 (NH), 1492 (C=C),
1448 (C=C), 1095, 1010, 840, and 704 cm*“1; nmr (DMSO-d6) a
7.79-6.93 (m, 14 H); mass spectrum (70 eV) m/e (rel intensity)
363 (29), 361 (64), 317 (10), 315 (18), 286 (28), and 284 (100).

Anal Calcd for C21H16CIN30: C, 69.71; H, 4.46; N, 11.61.
Found: C, 69.59; H, 4.54; N, 11.63.

a,«-Diphenyl-1.2,3-triazole-4(5)-methanol (8b). A solution of
phenyllithium (0.35 mol, prepared as above) in 400 ml of anhy-
drous ether was cooled to 5° and 13 g (0.093 mol) of solid ethyl
1.2.3- triazole-4(5)-carboxylate7 was added portionwise. The mix-
ture was refluxed for 18 hr and decomposed using 125 ml of satu-
rated aqueous ammonium chloride solution. The ether layer was
washed with water, dried (MgS04), and filtered and the solvent
was evaporated in vacuo to give 20.5 g (88%) of 8b, mp 184-186°.
One recrystallization from benzene afforded an analytical sample:
mp 185-186°; ir (KBr) 3277 (OH), 3178 (NH), 1658 (C=N), 1450
(C=C), 1123, 856, and 701 cm -1, nmr (DMSO-de) « 7.61 (s, 1 H)
and 7.52-7.04 (m, 10 H); mass spectrum (70 eV) m/e (rel intensi-
ty) 251 (50), 174 (100), 105 (57), and 96 (68).

Anal Calcd for CisH13N30: C, 71.69; H, 5.21; N, 16.72. Found:
C, 71.59; H, 5.27; N, 16.53.

5(4)-(9-Hydroxy-9-fluorene)-4(5)-phenyl-1,2,3-triazole  (10).
To a stirred solution of 0.034 mol of o,0'-dilithiobiphenyl9 in 100
ml of anhydrous ether was added 0.034 mol of the lithium anion
of methyl 4-phenyl-1,2,3-triazole-5-carboxylateé as an ether sus-
pension. This was prepared by the addition of 20.4 ml (0.034 mol)
of phenyllithium (1.66 M) to a solution of 6.9 g (0.034 mol) of the
ester in 50 ml of anhydrous ether. After this suspension had been
added, the mixture was refluxed for 18 hr and then decomposed
using 5% aqueous hydrochloric acid (125 ml). The organic layer
was washed with water (2 X 50 ml), dried (MgSO04), and filtered
and the solvent was evaporated in vacuo, yielding 6.2 g (56%) of
10, mp 216-219°. Two recrystallizations from ether-pentane af-
forded an analytical sample: mp 219-220°; ir (KBr) 3210 cm-1
(NH and OH, broad); nmr (DMSO-de) € 7.87-6.48 (m, 13 H);
mass spectrum (70 eV) m/e (rel intensity) 325 (40), 181 (54), and
152(100).

Anal Calcd for C21H15N30: C, 77.52; H, 4.65; N, 12.92. Found:
C, 77.35; H, 4.75; N, 12.83.

«,«-Diphenyl-1,2,4-triazole-3(5)-methanol (11). A solution of
phenyllithium (1.0 mol, prepared as above) in 1 1. of ether was
chilled in an ice bath to 5° and 38.1 g (0.3 mol) of solid methyl
1.2.4- triazole-3-carboxy\ate (10) was added portionwise undeT a
positive nitrogen atmosphere. The mixture was allowed to come
to 30° and then refluxed for 18 hr. The reaction mixture was then
decomposed by the addition of 250 ml of saturated aqueous am-
monium chloride solution to yield a heavy precipitate, which was
removed by filtration and dried in vacuo to give 32 g (42%) of 11,
mp 215-218°. From the filtrate, the organic layer was washed with
water, dried (MgS04), and filtered and the solvent was evapo-
rated in vacuo to give 11 g of triphenylcarbinol, mp 154-156°.14
The water layers were combined and neutralized with aqueous
hydrochloric acid to pH 7, after which the crystals formed were
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removed by filtration to give an additional 18 g (24%) of 11, mp
218-220°. These two crops were combined and recrystallized from
benzene to give a total of 47 g (62%) of 11, mp 221-223°. An ana-
lytical sample was obtained by recrystallization from benzene:
mp 222-223° ir (KBr) 3380 (NH) and 3150 cm-1 (OH); nmr
(DMSO-de) 5828 (s, 1 H) and 7.82-7.03 (m, 10 H); mass spec-
trum (70 eV) m/e (rel intensity) 251 (100), 233 (44), 174 (80), 105
(51), and96 (38).

Anal. Calcd for C15H13N3O: C, 71.69; H. 5.21; N, 16.72. Found:
C, 71.79; H, 5.26; N, 16.63.

I-Benzyl-3-phenyl-1,2,4-triazole (14). To a magnetically
stirred solution of 26.5 g (0.39 mol) of sodium ethoxide in 100 mi
of ethanol was added portionwise 50.8 g (0.35 mol) of 3-phenyl-
1,2,4-triazole.11 The mixture was stirred for 5 min and 66.7 g
(0.525 mol) of freshly distilled benzyl chloride was added. The
reaction mixture was refluxed for 1 hr and then stirred at 30° for
an additional 18 hr. The sodium chloride formed was removed by
filtration and the filtrate was concentrated in vacuo, yielding an
oily suspension of crystals. The oil was decanted and the solid
was crystallized from toluene-pentane to give 41 g (50%) of 14,
mp 100-102°. A second crop crystallized from the oil and was re-
moved by filtration, affording an additional 13 g (16%) of 14, mp
98-100°. Recrystallization from toluene-pentane gave an analyti-
cal sample: mp 101-102°; ir (CHCI3) 2987 (CH), 1496 (C=C),
1440 (C=C), and 695 cm-1; nmr (CDCI3) 5 8.32-8.03 (m, 2 H),
794 (s, 1 H), 7.53-7.00 (m, 8 H), and 5.17 (s, 2 H); mass spec-
trum (70 eV) m/e (rel intensity) 235 (100) and 91 (66).

Anal. Calcd for C15H13N3: C, 76.57; H, 5.57; N, 17.86. Found:
C, 76.54; H, 5.60; N, 17.92.

1-Benzyl-3,a,a-triphenyl-1,2,4-triazole-5-methanol. A solu-
tion of phenyllithium (0.25 mol, prepared as above) in 200 ml of
anhydrous ether was cooled to - 20° and treated over 1 hr with a
solution of 52 g (0.22 mol) of 14 in 200 ml of tetrahydrofuran-an-
hydrous ether (1:1 v/v). The mixture was stirred for 2 hr without
external cooling and a solution of 41.9 g (0.23 mol) of benzophe-
none in 100 ml of tetrahydrofuran was added dropwise over 1 hr.
After stirring for 18 hr at 30°, water (300 ml) was added dropwise
and the resulting layers were separated. The organic layer was
washed with water (2 X 50 ml), dried (MgSOU, and filtered and
the solvent was evaporated in vacuo to give 49 g (53%) of the al-
cohol, mp 118-121°.

An analytical sample was obtained upon recrystallization from
benzene: mp 120-122° ir (CHC13) 3380 (OH), 3060, 3000, 1595,
1487, 1483, and 687 cm"1; nmr (DMSO-d6) 58.14-7.78 (m, 2 H),
7.67-6.88 (m, 18 H), and 5.47 (s, 2 H); mass spectrum (70 eV)
m/e (rel intensity) 417 (21), 326 (10), 235 (100), 182 (84), 105 (79),
91(90).

Anal. Calcd for C28H23N30: C, 80.55; H, 5.55; N, 10.07. Found:
C, 80.62; H, 5.64; N, 10.08.

3(5),a:,a-Triphenyl-1,2,4-triazole-5(3)-methanol (15). A
stirred solution of 47 g (0.11 mol) of the above alcohol in 300 ml of
liguid ammonia (-50°) was treated portionwise over 15 hr with
6.2 g (0.26 mol) of sodium metal. After the addition was com-
plete, the reaction mixture was stirred for 2.5 hr and quenched by
the addition of 15.5 g (0.29 mol) of solid ammonium chloride. The
ammonia was allowed to evaporate and the residue was parti-
tioned between ether and water. The ether layer was washed with
water (2 X 100 ml), dried (MgSO-t), filtered, and concentrated to
50 ml on a steam bath. Upon diluting with pentane, a precipitate
formed which was removed by filtration and dried in vacuo to
give 21 g (58%) of 15, mp 228-230° dec. The mother liguors were
then evaporated to dryness to give an additional 16 g (34%). The
carbinol 15 was recrystallized twice from toluene to afford an an-
alytical sample: mp 232-233° dec; ir (KBr) 3043 (NH), 3263
(OH), 1490, 1468, 746, and 691 cm -1, nmr (DMSO-d6) 58.12-7.82
(m, 2 H) and 7.58-6.82 (m, 13 H); mass spectrum (70 eV) m/e
(rel intensity) 327 (20), 310 (67), 209 (100), 281 (12), 250 (21), 182
(23), 178 (51), 105 (43) and 103 (44).

Anal. Calcd for C2iH17N30: C, 77.04; H, 5.23; N, 12.84. Found:
C, 77.22; H, 5.38; N, 12.89.

4(5)-Phenyl-5(4)-chlorodiphenylmethyl-1,2,3-triazole Hydro-
chloride. To a solution of 40 ml of thionyl chloride in 60 ml of
benzene was added 21 g (0.095 mol) of the alcohol 8c. The mix-
ture was stirred for 3 hr at 30°, heated to reflux for 1 hr, and then
stirred at 30° for 18 hr. Upon diluting with anhydrous ether a
solid separated which was collected by filtration to give 24 g
(66%) of the salt, mp 228-230° dec. An additional 9 g (24%), mp
222-226° dec, was recovered by evaporating the filtrate and dilut-
ing the residue with ether. A sample recrystallized from tetrahy-
drofuran-ether had mp 229-230° dec; ir (KBr) 3270, 2340, and
1852 (NH), 759 cm-1 (CC1); mass spectrum (70 eV) m/e (rel in-
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tensity 345 (7), 281 (100), 282 (100), 283 (89), and 204 (46).

Anal Calcd for C2iHi6CIN3«HC1: C, 65.97; H, 4.48; N, 10.99.
Found: C, 65.90; H, 4.40; N, 11.12.

5(4)-Chlorodiphenylmethyl-1,2,3-triazole Hydrochloride. To
a stirred solution of 40 ml of thionyl chloride in 60 ml of benzene
was added portionwise 24.5 g (0.097 mol) of the solid alcohol 8b.
The mixture was stirred for 1 hr at 30°, during which time com-
plete solution occurred, followed by formation of a heavy precipi-
tate. The reaction mixture was diluted with ether and the solid
was removed by filtration and dried in vacuo to give 25.8 g (84%)
of the salt, mp 136-140°. An analytically pure sample could not
be prepared, as this salt was very hydroscopic: ir (KBr) 3310,
2560, and 1845 (NH+), 1579 (C=N), 1483 (C=C), 1443 (C=C),
750 (CC1), and 698 cm* 1; mass spectrum (70 eV) m/e (rel inten-
sity) 233 (100), 205 (44), and 128 (24).

4(5)-pChlorophenyl-5(4)-ehlorodiphenyimethy1-1,2,3-triazole
Hydrochloride. To a solution of 15 ml of thionyl chloride in 30 ml
of benzene was added 9.05 g (0.025 mol) of the alcohol 8c. The
mixture was stirred at 30° for 18 hr and then refluxed for 4 hr.
Upon dilution with ether a precipitate formed which was removed
by filtration and dried in vacuo to give 9.1 g (87%) of the salt, mp
245-248° dec. Two recrystallizations from tetrahydrofuran-ether
afforded the analytical sample: mp 250-252°; ir (KBr) 3310, 2520,
and 1830 (NH <HC1), 1602 (C=N), 1490 and 1443 (C=C), 750
(CC1), and 698 cm-1; mass spectrum (70 eV) m/e (rel intensity)
345 (30), 343 (100), 268 (50), and 266 (20).

Anal. Calcd for C2IHi5CI2N3 «HC1: C, 60.52; H, 3.87; N, 10.08.
Found: C, 60.47; H, 3.92; N, 10.19.

3(5)-Chlorodiphenylmethyl-1,2,4-triazole Hydrochloride. To
a solution of 60 ml of thionyl chloride in 100 ml of benzene was
added 38 g (0.15 mol) of the solid alcohol 11 portionwise. After the
exothermic reaction ceased, the mixture was stirred for 18 hr at
30°. The solid which formed was removed by filtration and dried
in vacuo to give 33 g (73%) of the salt, mp 184-187°. Two recrys-
tallizations from tetrahydrofuran-ether afforded a sample which
had mp 186-188°. An analytically pure sample could not be pre-
pared, as this salt was very hydroscopic: ir (KBr) 3300, 2460, and
1890 (NH+) and 760 cm-1 (CCL1); mass spectrum (70 eV) m/e (rel
intensity) 233 (100), 205 (40), and 128 (35).

3(5)-Phenyl-5(3)-chlorodiphenylmethyl-1,2,4-triazole Hydro-
chloride. A stirred solution of 9.8 g (0.03 mol) of the alcohol 15 in
100 ml of anhydrous ether was saturated with dry hydrogen chlo-
ride. The solvent was evaporated in vacuo and the residue was
treated with a solution of 15 ml of thionyl chloride in 30 ml of
benzene. The resulting mixture was refluxed for 1 hr and then
stirred at 30° for 18 hr. Upon dilution with anhydrous ether, the
crystals which formed were collected by filtration and dried in
vacuo to give 10.8 g (93%) of the salt, mp 174-176° dec. Two re-
crystallizations from tetrahydrofuran-ether afforded an analytical
sample: mp 175-177°; ir (KBr) 3300, 2380, and 1840 (NH+) and
780 cm-1 (CCl); mass spectrum (70 eV) m/e (rel intensity) 309
(100).

Anal. Calcd for C2iH16CIN3«HCL: C, 65.97; H, 4.48; N, 10.99.
Found: C, 65.91; H, 4.54; N, 11.12.

1,6-Diphenyl-5,5,10,10-bisdiphenylene-5H,10H-ditriazolo[l,2-
a:l',2'-d]pyrazine (16). To a stirred solution of 10 ml of thionyl
chloride in 50 ml of dry benzene was added 3.25 g (0.01 mol) of
the alcohol 10. The solution was heated to reflux in order to com-
plete solution, and after 10 min a heavy precipitate formed.
Heating was continued for 0.5 hr and the suspension was then
stirred for 18 hr at 30°. The reaction was diluted with dry ether,
and the solid was removed by filtration, washed with ether, and
dried in vacuo to give 3 g (97%) of 16: mp >330°; ir (KBr) 1450
(C=C), 1280, 943, 900, 745, and 700 cm*“1; nmr (DMSO-d6) 6
7.81-6.98 (m, 26 H); mass spectrum (70 eV) m/e (rel intensity)
279(100).

Anal. Calcd for C42H26Ne: C, 82.06; H, 4.26; N, 13.67. Found:
C, 82.14; H, 4.22; N, 13.81.

Attempted Synthesis of 4(5)-Benzhydrylidene-4H(5H)-1,2,3-
triazole (17a). To a chilled solution (-78°) of 1.16 g (0.0037 mol)
of 5(4)-chlorodiphenylmethyl-1,2,3-triazole hydrochloride in 200
ml of benzene-tetrahydrofuran (1:1 v/v) was added 0.75 g (0.0074
mol) of triethylamine. A deep orange solution formed during the
addition of the second equivalent of triethylamine but began to
fade immediately at -78°. The resulting colorless solution
(after 5 min) was filtered through Celite to remove the triethyl-
amine hydrochloride (0.92 g, 91%), and from the filtrate only 0.85 g
(91%) of 8b, mp 184-186°,14 could be isolated.

Attempted Synthesis of 3(5)-Benzhydrylidene-3H(5H)-1,2,4-
triazole (18a). To a chilled suspension (-78°) of 3.06 g (0.01 mol)
of 3(5)-chlorodiphenylmethyl-I,2,4-triazole hydrochloride in 300
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ml of benzene -tetrahydrofuran (1:1 v/v) was added 2.02 g (0.02
mol) of triethylamine. The resulting intense yellow solution at
-78° faded over 4 hr and the resulting colorless solution was fil-
tered through Celite to remove the triethylamine hydrochloride
(2.35 g, 85%). The solvent from the filtrate was evaporated in
vacuo, yielding a gummy residue of which only 2.25 g (89%) of 11,
mp 218-220°,14could be isolated.

2.5.5.7.10.10- Hexaphenyl-5.ff,10ff-ditriazolo[l,2-a:I',2'-d]py-
razine (20). A chilled solution (-78°) of 1.91 g (0.005 mol) of
3(5)-phenyl-5(3) -chlorodiphenylmethyl-1,2,4-triazole  hydrochlo-
ride in 200 ml of anhydrous tetrahydrofuran was treated with 1.01
g (0.01 mol) of triethylamine. An intense red-orange color formed
during the addition of the second equivalent of triethylamine and
the solution was allowed to warm to room temperature, during
which time the color faded. The reaction mixture was diluted
with 200 ml of anhydrous ether and filtered through Celite to re-
move 1.25 g (91%) of triethylamine hydrochloride. The solvent
was evaporated in vacuo to give 1.26 g (84%) of pure 20: mp 291-
293°; ir 1501 and 1456 (C=C), 905, and 701 cm-1; mass spectrum
(70 eV) m/e (rel intensity) 590 (17), 562 (30), 281 (100), and 204
(48).

Anal. Calcd for C42H30N6: C, 81.53; H, 4.89; N. 13.58. Found:
C, 81.23; H, 4.99; N, 13.45.

Attempted Photolysis of 20. A solution of 1.55 g (0.0025 mol)
of the pyrazine 20 in 400 ml of benzene-tetrahydrofuran (1:1 v/v)
was photolyzed for 4 hr using a Hanovia 450-W high-pressure
mercury discharge lamp in a quartz probe. There was no nitrogen
evolution and, upon evaporating the solvent in vacuo, starting
material was recovered quantitatively.14

Hydrolysis of 20. To a suspension of 0.618 g (0.001 mol) of the
pyrazine 20 in 200 ml of ethanol was added 50 ml of 5% hydro-
chloric acid. The mixture was refluxed for 18 hr and evaporated
in vacuo. The residue was dissolved in ether, washed with water,
dried (MgSO.t), filtered, and concentrated in vacuo to give 0.56 g
(91%) of crystalline 15, mp 232-233°.14

3(5)-Phenyl-5(3)-methoxydiphenylmethyl-1,2,4-triazole. A
solution of 3.83 g (0.01 mol) of 3(5)-phenyl-5(3)-chlorodiphenyl-
methyl-1,2,4-triazole hydrochloride in 250 ml of anhydrous tet-
rahydrofuran was cooled to —78° and treated dropwise with 2.02
g (0.02 mol) of anhydrous triethylamine, during which time a
deep red-orange color developed. After stirring for 10 min at -78°,
the reaction mixture was diluted with hexane and filtered under a
dry nitrogen atmosphere to remove 2.58 g (94%) of triethylamine
hydrochloride. The resulting clear red-orange solution was treated
with 40 ml of anhydrous methanol at -78° and allowed to warm
gradually to room temperature. As the reaction mixture warmed,
there was a gradual discharge of color until a clear, colorless solu-
tion resulted from which the solvent was evaporated in vacuo.
The solid residue was recrystallized from toluene to give 2.9 g
(89%) of the ether: mp 134-135° ir (CHCI3) 3444 (NH), 1490,
1468, and 1443 (C=C), 1100 (broad, COC), and 698 cm*“1, nmr
(CDCI3) 88.28-7.92 (m, 2 H), 7.77-7.06 (m, 13 H), and 3.22 (s, 3
H); mass spectrum (70 eV) m/e (rel intensity) 341 (70) and 310
(100).

Anal. Calcd for C22H19N30: C, 77.39; H, 5.61; N, 12.31. Found:
C, 77.42; H, 5.80; N, 12.15.

1.5.5.6.10.10-
razine (19a). A solution of 2 g (0.0052 mol) of 4(5)-phenyl-5(4)-
chlorodiphenylmethyl-1,2,3-triazole hydrochloride in 200 ml of
anhydrous tetrahydrofuran was chilled to -78° and treated with
1.05 g (0.01 mol) of triethylamine. An intense blood-red color
formed during the addition of the second equivalent of triethyl-
amine. The solution was allowed to warm to room temperature
and the color faded gradually. The reaction was diluted with 200
ml of anhydrous ether and filtered through Celite to remove 1.22
g (89%) of triethylamine hydrochloride. The solvent was evapo-
rated in vacuo to give 1.6 g (87%) of 19a: mp 277-280°; Arex
(THF) 216 nm (e 30,282); ir (KBr) 1494 and 1449 (C=C) and 895
and 698 cm-1; mass spectrum (70 eV) m/e (rel intensity) 590
(15), 562 (23), 281 (100), and 204 (50).

Anal. Calcd for C42H30N6. C, 81.53; H, 4.89; N, 13.58. Found:
C, 81.29; H, 4.93; N, 13.57.

Attempted Photolysis of 19a. A solution of 1.55 g (0.0025 mol)
of pyrazine 19a in 400 ml of benzene-tetrahydrofuran (1:1) was
photolyzed for 3 hr using a Hanovia 450-W high-pressure mercury
discharge lamp in a quartz probe. There was no nitrogen evolu-
tion and upon evaporating the solvent in vacuo, starting material
was recovered quantitatively.14

Hydrolysis of 19a. To a suspension of 0.618 g (0.001 mol) of the
pyrazine 19a in 200 ml of ethanol was added 50 ml of 5% hydro-
chloric acid. The mixture was refluxed for 18 hr and the solvent
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was evaporated in vacuo. The residue was dissolved in ether,
washed with water, dried (MgSo04), filtered, and concentrated in
vacuo. Upon diluting with pentane 0.52 g (87%) of 8a precipitat-
ed.i4

4(5)-Phenyl-5(4)-diphenylpiperidinomethyl-l, 2,3-triazole. A
solution of 1 g (0.0025 mol) of 4(5)-phenyl-5(4)-chlorodiphenyl-
methyl-1,2,3-triazole hydrochloride in 200 ml of anhydrous tet-
rahydrofuran was chilled to -78° and treated with 0.5 g (0.005
mol) of triethylamine. There was an immediate red color and pre-
cipitate formation and the solution was filtered through Celite
under a dry nitrogen atmosphere to remove 0.65 g (94%) of trieth-
ylamine hydrochloride. When the resulting clear blood-red solu-
tion was treated with 8.5 g (0.1 mol) of piperidine there resulted
an immediate discharge of color. The solvent was evaporated in
vacuo and the solid residue was recrystallized from benzene-hex-
ane to give 0.85 g (95%) of colorless needles of the amine: mp
148-149°; ir (CHCI3) 3410 (NH), 2935 (CH), 1445, 1490, and 695
cm-1; nmr (CDCI3) 8 7.55-6.68 (m, 15 H), 3.01-2.49 (m, 4 H),
and 1.69-1.38 (m, 6 H); mass spectrum (70 eV) m/e (rel intensi-
ty) 281 (100), 85 (29), and 84 (41).

Anal. Calcd for C23H26N4: C, 77.06; H, 7.31; N, 15.63. Found:
C, 77.24; H, 7.28; N, 15.82.

4(5)-Phenyl-5(4)-methoxydiphenylmethyl-1,2,3-triazole. A
solution of 3.83 g (0.01 mol) of 4(5)-phenyl-5(4)-chlorodiphenyl-
methyl-1,2,3-triazole hydrochloride in 250 ml of anhydrous tet-
rahydrofuran was cooled to -78° and treated dropwise with 2.02
g (0.02 mol) of anhydrous triethylamine, during which time a
deep red color developed. After stirring for 10 min the reaction
mixture was diluted with hexane and filtered under a dry nitro-
gen atmosphere to remove 2.70 g (100%) of triethylamine hydro-
chloride. The resulting clear deep-red solution was treated with
20 ml of anhydrous methanol at -78° and allowed to warm grad-
ually to 30°. As the reaction mixture warmed, there was a gradual
discharge of color until a clear colorless solution resulted from
which the solvent was evaporated in vacuo. The solid residue was
crystallized from benzene-hexane to afford 3.2 g (94%) of the
ether: mp 101-102°; ir (CHC13) 3437 (NH) and 1075 cm*“1 (COC);
nmr (CDCI3) 6 7.66-6.98 (m. 15 H) and 3.07 (s, 3 H); mass spec-
trum (70 eV) m/e (rel intensity) 341 (60) and 310 (100).

Anal. Calcd for C22Hi9N30 : C, 77.39; H, 5.61; N, 12.31. Found:
C, 77.41; H, 5.68; N, 12.09.

Photolysis  of  5(4)-Phenyl-4(5)-benzhydrylidene-4H(5fi)-
1.2.3- triazole (17b). A chilled solution (-78°) of 3.83 g (0.01 mol)
of 4(5)-phenyl-5(4)-chlorodiphenylmethyl-1,2,3-triazole  hydro-
chloride in 400 ml of benzene-tetrahydrofuran (1:1) was treated
with 2.02 g (0.02 mol) of triethylamine. The resulting blood-red
solution, Amex (THF) 463 nm, of the fulvene 17b was filtered
through Celite to remove 1.35 g (98%) of triethylamine hydrochlo-
ride and then photolyzed at -78° for 5 hr using a 450-W Hanovia
high-pressure mercury discharge lamp in a Pyrex probe. The sol-
vent was evaporated in vacuo and the residue was triturated with
benzene to give 0.73 g (26%) of 27a, mp 225-230°. After recrystal-
lization from ethanol an analytical sample was obtained: mp
230-232°; Amex (EtOH) 258 nm (t 42,150); Arex (HCI-EtOH) 263
nm (t 36,998); Arex (concentrated H2SO4) 618 nm; ir (CHC13)
1618 (C=N), 1598 (C=C), 1577 (C=C), 1492, 1448, 1125 (broad),
and 698 cm"1; nmr (CDCI3) 8 8.08-6.57 (m, 30 H); mass spec-
trum (70 eV) m/e (rel intensity) 563 (50), 562 (100), 483 (6), 459
(18), 383 (21), 281 (100), 204 (48), and 178 (14).

Anal. Calcd for C«H30N2 C, 89.65; H, 5.37; N, 4.98. Found: C,
89.55; H, 5.39; N, 4.99.

The benzene triturate was concentrated in vacuo and the resi-
due was chromatographed on 50 g of Florisil. Upon elution with
hexane 0.87 g of diphenylacetylene was isolated.14 Elution with
hexane-benzene (1:1) afforded 0.53 g of benzonitrile.l4 Further
elution with pure benzene gave 0.20 g (7%) of triphenylacryloni-
trile 35, mp 166-167°.14'15 The last compound present, 0.31 g
(11%), was isolated by elution with benzene-chloroform (8:2-7:3
v/v) and was identified as 2,3-diphenylquinoline 26a, mp 90-
91°.14'16

Photolysis of 3(5)-Phervyl-5(3)-benzhydryHdene-5if(3H)-
1.2.4- triazole (18b). A chilled solution (—78°) of 3.83 g (0.01 mol)
of 3(5)-phenyl-5(3)-chlorodiphenylmethyl-1,2,4-triazole  hydro-
chloride in 400 ml of benzene-tetrahydrofuran (1:1) was treated
with 2.02 g (0.02 mol) of triethylamine. The resulting red-orange
solution, Amex (THF) 442 nm, of the fulvene 18b was filtered
through Celite to remove 2.62 g (92%) of triethylamine hydrochlo-
ride and then photolyzed at —78° for 4.5 hr using a 450-W Hano-
via high-pressure mercury discharge lamp in a Pyrex probe. The
resulting colorless solution was allowed to warm to room tempera-
ture and was concentrated in vacuo. The residue was triturated
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with benzene to give 0.338 g of 27a, mp 225-230°. The benzene
triturate was evaporated in vacuo and the residue was chromato-
graphed on 50 g of Florisil. Upon elution with hexane 0.85 g of di-
phenylacetylene was isolated.14 Elution with hexane-benzene
(1:1) afforded 0.45 g of benzonitrile.14 Further elution with ben-
zene gave 0.30 g of triphenylacrylonitrile 35, mp 166-167°.14'15
Continued elution with benzene-chloroform (1:1) led to the isola-
tion of 0.309 g of [,3-diphenyl-5-diphenylmethyl-l,2,4-triazole
(30), mp 188-190°.14 The last compound present, 0.48 g, was iso-
lated by eluting with benzene-chloroform (8:2-7:3 v/v) and was
identified as 2,3-diphenylquinoline 26a, mp 90-91°.14'16

Thermolysis of 27a. The dimer 27a (0.56 g, 0.001 mol) was
heated at 300° for 1 hr in a 100-ml flask. The residue was chroma-
tographed on 15 g of Florisil and elution with hexane-benzene
(1:1 v/v) gave 0.027 g (26%) of benzonitrile.14 elution with ben-
zene gave 0.059 g (13%) of pentaphenylpyridine, mp 244-
245°.14'17 Further elution with benzene afforded 0.326 g (58%) of
the starting dimer 27a.

Photolysis of  4(5)-p-Chlorophenyl-5(4)-benzhydrylidene-
577(4/0-1,2,4-triazole (17c). A chilled (-78°) solution of 4.17 g
(0.01 mol) of 4(5)-p-chlorophenyl-5(4)-chlorodiphenylmethyl-
1,2,3-triazole hydrochloride in 400 ml| of benzene-tetrahydrofuran
(1:1) was treated with 2.02 g (0.02 mol) of triethylamine. The re-
sulting red-orange solution, Amax (THF) 454 nm, of the fulvene
17c was filtered to remove the triethylamine hydrochloride (2.43
g, 88%) and then photolyzed at -78° for 3.5 hr using a 450-W Ha-
novia high-pressure mercury discharge lamp in a Pyrex probe.
The resulting colorless solution was concentrated in vacuo and
the residue was triturated with benzene and allowed to stand for
24 hr, during which time 0.160 g of 27b crystallized, mp 243-244°.
After two recrystallizations from ethanol 27b had Amax (EtOH)
247 nm (e 36,750); Amax (HCI-EtOH) 263 nm (e 19,163); Amax
(H2S04) 525 nm; ir (CHCI3) 1620 (C=N), 1592 and 1485 (C=C),
1445, 1140, 1125 (broad), 1090, and 695 cm-1; nmr (CDCI3) 5
8.05-6.84 (m, 30 H); mass spectrum (70 eV) m/e (rel intensity)
634 (21), 633 (38), 632 (82), 631 (60), 630 (100), 495 (7), 494 (10),
493 (16), 492 (14), 454 (s), 452 (13), 419 (21), 417 (46), 214 (15),
212 (40),,and 178(45).

Anal. Calcd for C42H28CI2N2: C, 79.87; H, 4.47; N, 4.44. Found:
C, 79.94; H, 4.52; N, 4.46.

The benzene triturate was evaporated in vacuo and the residue
was chromatographed on 50 g of Florisil. Upon elution with hex-
ane 1.17 g of diphenylacetylene was isolated.i4 Elution with hex-
ane-benzene (1:1 v/v) afforded 0.938 g of p-chlorobenzonitrile.i4
Further elution with benzene gave 0.447 g of l-p-chlorophenyl-
2,2-diphenylacrylonitrile (25b), mp 142-143°.14'21 Continued elu-
tion with benzene-chloroform (9:1-%:3) led to the isolation of
0.221 g of 2-p-chlorophenyl-3-phenylquinoline (26b), mp 93-95-.14

2-p-Chlorophenyl-3-phenylquinoline-4-carboxylic Acid. To a
solution of 7.35 g (0.05 mol) of isatin and 12.7 g (0.055 mol) of 4-
chloro-a-phenylacetophenoness in 60 ml of dry ethanol was added
12 g of sodium hydroxide in 25 ml of water. The mixture was re-
fluxed for 18 hr and cooled and the solvent was evaporated in
vacuo. The residue was dissolved in water, washed with ether,
decolorized with Norite, filtered, and acidified with concentrated
hydrochloric acid. The precipitate which formed was removed by
filtration and dried in vacuo to give 16.5 g (92%) of the carboxylic
acid, mp 305-308°. An analytical sample obtained by two recrys-
tallizations from ethanol had mp 307-308°; ir (KBr) 3400 (OH)
and 1715 cm-1 (C=0); nmr (DMSO-d6) 5 8.33-7.08 (m, 13 H);
mass spectrum (70 eV) m/e (rel intensity) 361 (27), 360 (48), 359
(73), 358 (92), 316 (14), 315 (23), 314 (38), 313 (35), 280 (22), 279
(84), 278 (100), and 277(52).

Anal. Calcd for C22H14CiNo 2: C, 73.44; H, 3.92; N, 3.89.
Found: C, 73.46; H, 4.04; N, 3.96.

2-p-Chlorophenyl-3-phenylquinoline (26b), In a 100-ml flask,

3.6 g (0.01 mol) of the above acid was heated at 320° until gas ev-

olution ceased. The residue was chromatographed over 20 g of
Florisil and elution with benzene gave 2.46 g (78%) of 26b, mp
93-95°. One recrystallization from pentane afforded an analytical
sample: mp 94-95°; ir (CHCla) 3060, 2975, 1597, 1488, 1095, 1018,
841, 701, and 597 ¢m -1; nmr (CDC13) s8.33-7.10 (m, 14 H); mass
spectrum (70 eV) m/e (rel intensity) 317 (21), 316 (47), 315 (61),
and 314 (100).

Anal. Calcd for C2iHi4CIN: C, 79.87; H, 4.47; N, 4.44. Found:
C, 79.76; H, 4.55; N, 4.44.

1,3-Diphenyl-5~diphenylmethyl-l,2,4-triazole (30). A 250-ml,
three-necked, round-bottomed flask fitted with a reflux condens-
er, nitrogen inlet, and pressure-equalizing dropping funnel was
charged with 9.24 g (0.04 mol) of benzoyl chloride phenylhydraz-
onez2s and 15.44 g (0.08 mol) of diphenylacetonitrile and then
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heated to 100°. The resulting solution was treated dropwise over 3
hr at 100° with a solution of 14.54 g (0.144 mol) of triethylamine
in 30 ml of toluene. After the addition was complete, the reaction
mixture was stirred at reflux for 18 hr, cooled, and diluted with
benzene to 250 ml and the precipitated triethylamine hydrochlo-
ride was removed by filtration. The organic layer was washed
with water (300 ml), dried (M gS04), decolorized with Norite, fil-
tered, and evaporated in vacuo. The residue was dissolved in hot
ethanol and diluted with water until turbid. After standing for 18
hr, needles formed and were removed by filtration and recrystal-
lized from ethanol to give 10.4 g (67%) of 30: mp 188-190°; ir
(CHCI3) 1600 (C=N), 1498 (C=C), 1448 (C=C), 1353, and 697
cm“l; nmr (CDCI3) 5 8.35-8.11 (m, 2 H), 7.87-6.98 (m, 18 H),
and 5.49 (s, 1 H); mass spectrum (70 eV) m/e (rel intensity) 387
(100).

Anal. Calcd for C27H21N3: C, 83,69; H, 5.46; N, 10.85. Found:
C, 83.72; H, 5.39; N, 10.72.

Photolysis of Triphenyl-otriazine (43). A solution of 3.09 g
(0.01 mol) of triphenyl-o-triazinez2s in 400 ml of benzene-tetrahy-
drofuran (1:1 v/v) was photolyzed at 30° for ¢ hr using a Hanovia
450-W high-pressure mercury discharge lamp in a Pyrex probe.
After removing the solvent in vacuo, the residue was triturated
with benzene-pentane to afford yellow crystals which were re-
moved by filtration and dried in vacuo to give 0.51 g (18%) of 27a,
mp 232-234°.14 The triturate was evaporated in vacuo and the
residue was chromatographed over 40 g of Florisil. Upon elution
with hexane 1.21 g of diphenylacetylene was isolated.:14 Elution
with hexane-benzene (1:1 v/v) provided o.68 g of benzonitrile.14
Continued elution with benzene-chloroform (9:10-7:3) gave 0.170
gof2,3-diphenylquinoline.i4'16

3,5,a,a-Tetraphenylpyrazole-4-methanol (45). To a solution
of phenyllithium (0.2 mol, prepared as above) and sodium in 250
ml of anhydrous ether was added portionwise 13 g (0.0468 mol) of
solid methyl 3,5-diphenylpyrazole-4-carboxylate.so The suspen-
sion was stirred for 18 hr at reflux and decomposed with 100 ml of
5% aqueous hydrochloric acid. A solid separated and was re-
moved by filtration to give 16.8 g of 45, mp 207-209°. The organic
layer of the filtrate was washed with water (2 x 75 ml), dried
(M gS04), decolorized with Norite (2 g), filtered through Celite,
and evaporated in vacuo to give an additional 1.4 g of 45 mp
208-209°. The combined yield was 18.4 g (97%) and an analytical
sample of 45 obtained by crystallization from toluene had mp
208-209°; ir (KBr) 3490 (broad OH) and 3230 cm-1 (broad NH);
nmr (DMSO-d6) 5 12.97 (broad s, 1 H), 7.52-6.61 (m, 20 H), and
6.19 (s, 1 H); mass spectrum (70 eV) m/e (rel intensity) 402 (40),
385(100), and 325 (40).

Anal. Calcd for C2sH22N20: C, 83.55; H, 5.51; N, 6.96. Found:
C, 83.29; H, 5.61; N, 7.04.

3.5-Diphenyl-4-chlorodiphenylmethylpyrazole Hydrochlo-
ride. A solution of 8.04 g (0.02 mol) of the alcohol 45in 100 ml of
tetrahydrofuran was saturated with dry hydrogen chloride. The
mixture was stirred for 15 min, the solvent was evaporated in
vacuo, and the residue was treated with a solution of 15 ml of
thionyl chloride in 30 ml of dry benzene. After heating at reflux
for 0.5 hr the mixture was stirred at 30° for 18 hr. The precipitate
that formed was removed by filtration, washed with ether, and
dried in vacuo to give 6 g (66%) of the salt, mp 168-171°. A sec-
ond crop crystallized, affording an additional 2 g (22%), mp 168-
170°. An analytical sample obtained by crystallization from tet-
rahydrofuran ether had mp 170-171° ir (KBr) 3060, 2400, and
1850 (NH-HC1), 1478 and 1442 (C=C), and 687 cm' 1 (CCl);
mass spectrum (70eV) m/e (rel intensity) 384 (100) and 307 (27).

Anal. Calcd for C28H2iCiN2 «HC1: C, 73.52; H, 4.85; N, 6.13.
Found: C, 73.50; H, 4.97; N, 6.20.

3.5- Diphenyl-4-benzhydrylidene-4//-pyrazole (49). A cooled
solution (-78°) of e g (0.013 mol) of 3,5-diphenyl-4-chlorodiphen-
ylmethylpyrazole hydrochloride in 200 ml of anhydrous tetrahy-
drofuran was treated with 2.6 g (0.026 mol) of triethylamine. The
mixture was stirred for 10 min and then diluted with isooctane
and the solid which formed was removed by filtration at -78° to
yield 3.6 g (100%) of triethylamine hydrochloride. The resulting
red solution was allowed to warm to 30° and concentrated in
vacuo until red, needle-like crystals began to separate. The crys-
tals were removed by filtration to give 4.7 g (94%) of 49: mp 155-
156°; Amax (THF) 382 nm; ir (CHC13) 1540 (C=C), 1468 (C=C),
1448 (C=C), 1120, and 700 cm -1; nmr (CDCI3) 6 7.55-6.81 (m, 20
H); mass spectrum (70 eV) m/e (rel intensity) 386 (34), 385 (100),
384(49), and 307 (26).

Anal. Calcd for C2s8H20N2: C, 87.47; H, 5.24; N, 7.29. Found: C,
87.26; H, 5.10; N, 7.13.

3.5- Dipheny]-4-methoxydiphenylmethy]pyrazole. To 10 ml of
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anhydrous methanol was added 0.1 g (0.00026 mol) of the fulvene
49, resulting in an immediate color discharge. Upon standing for 1
hr the solution began to deposit colorless plates which were re-
moved by filtration to give 0.11 g (100%) of the ether: mp 105°
(resolidifies and then melts at 170-172° dec); ir (CHCI3) 3442
(NH) and 1078 cm' 1 (COC); nmr (CDC13) 6 7.47-6.84 (m, 20 H)
and 3.20 (s, 3 H); mass spectrum (70 eV) m/e (rel intensity) 416
(25), 385 (100), and 339(15).

Anal. Calcd for C29H24N20: C, 83.62; H, 5.81; N, 6.73. Found:
C, 83.60, H, 5.76-, N, 6.59.

3,5-Diphenyl-4-aminodiphenylmethylpyrazole. A chilled solu-
tion (5°) of 0.1 g (0.00026 mol) of the azafulvene 49 in 10 ml of an-
hydrous tetrahydrofuran was saturated with ammonia. The re-
sulting colorless solution was evaporated in vacuo and the residue
obtained was recrystallized from ether-hexane to give 0.097 g
(93%) of the amine: mp 180-182°; ir (CHCI3) 3442 (NH2) and
3190 cm-1 (broad NH); nmr (CDC13) 57.32 (s, 2 H), 7.21 (s, 1!
H), and 7.18-6.84 (m, 20 H); mass spectrum (70 eV) m/e (rel in-
tensity) 401 (5), 387 (100), 386 (100), 220 (31), and 181 (25).

Anal. Calcd for C28H23N3: C, 83.76; H, 5.77; N, 10.47. Found:
C, 83.55; H, 5.53; N, 10.68.

3,4,a,a-Tetraphenylpyrazole-5-methanol (44). To a solution
of phenyllithium (0.35 mol, prepared as above) in 500 ml of ether
was added 27.8 g (0.1 mol) of solid methyl 3,4-diphenylpyrazole-
5-carboxylate.29 After the initial exothermic reaction was com-
plete, the mixture was refluxed for 3 hr, then stirred for 18 hr at
30°. The reaction mixture was decomposed by the addition of 100
ml of saturated aqueous ammonium chloride solution and the
ether layer after drying (MgSCU) was evaporated in vacuo to give
39 g (97%) of 44: mp 150-151°; ir (KBr) 3558 (OH), 3448 (NH),
1492 (C=C), 1450 (C=C), and 700 cm-1, nmr (CDCI3) 6 7.46-
7.01 (m, 20 H); mass spectrum (70 eV) m/e (rel intensity) 402
(31), 384 (100), 325 (23), and 380 (18).

Anal. Calcd for C28H22N20: C, 83.55; H, 5.51; N, 6.96. Found:
C, 83.47; H, 5.53; N, 6.93.

3.4-Diphenyl-5-chlorodiphenylmethylpyrazole Hydrochlo-
ride. A suspension of 12 g (0.03 mol) of the alcohol 44 in 300 ml of
anhydrous ether was saturated with dry hydrogen chloride. Dur-
ing the addition there was complete solution followed by the for-
mation of a heavy precipitate. The mixture was stirred for 30
min, the solvent was evaporated in vacuo, and the residue was
treated with a solution of 15 ml of thionyl chloride in 30 ml of dry
benzene. After heating at reflux for 0.5 hr the resulting solution
was stirred at 30° for 18 hr. Upon diluting with ether (200 ml), a
precipitate formed which was removed by filtration and dried in
vacuo to give 134 g (98%) of the salt, mp 131-133°. Two recrys-
tallizations from tetrahydrofuran-ether afforded the analytical
sample: mp 134-136° ir (KBr) 3058 and 2400 (NH+), 1573
(C=C), 1478 (C=C), 1442, and 683 cm-1 (CC1); mass spectrum
(70 eV) m/e (rel intensity) 384 (100).

Anal. Calcd for C28H2iCIN2 «HCI: C, 73.52; H, 4.85; N, 6.13.
Found: C, 73.64; H, 5.02; N, 5.97.

3.4- Diphenyl-5-benzhydrylidene-5H-pyrazole (47). To
chilled solution (5°) of 457 g (0.01 mol) of 3,4-diphenyl-5-chloro-
diphenylmethylpyrazole hydrochloride in 250 ml of anhydrous tet-
rahydrofuran was added 2.02 g (0.02 mol) of triethylamine. An
intense red solution formed during the addition of the second
equivalent of triethylamine. The reaction mixture was stirred for
5 min at 5°, then warmed to 30°, and the solvent was evaporated
in vacuo. The resulting residue was dissolved in benzene and fil-
tered through Celite under a dry nitrogen atmosphere to remove
the triethylamine hydrochloride. The filtrate was concentrated in
uacuo and diluted with n-hexane. Red, needle-like crystals
formed which were removed by filtration and dried in vacuo to
give 3.6 g (94%) of 47. Upon heating, the crystals turned to a
white solid at 120-130° which then melted at 179-181° (an ir of
the white solid showed it to be identical with 50). 47 had Xmex
(THF) 393 nm; ir (CHC13) 1543, 1463, and 1452 (C=C), 1134, and
698 cm -1; nmr (CDCI3) b 7.74-6.91 (m, 20 H); mass spectrum (70
eV) m/e (rel intensity) 385 (100), 384 (73), and 307 (34).

Anal. Calcd for C28H20N2: C, 87.47; H, 5.24; N, 7.29. Found: C,
87.42; H, 5.22; N, 7.44.

1,2,5,5,6,7,10,10-Octaphenyl-5H,10H-dipyrazolo[l,2-a:l',2'-
d]pyrazine (50). A solution of 1.12 g (0.00024 mol) of 3,4-di-
phenyl-5-chlorodiphenylmethylpyrazole hydrochloride in 100
ml of dry tetrahydrofuran was cooled to 5° and treated with
0.495 g (0.0048 mol) of triethylamine. The mixture was stirred at
room temperature for an additional 18 hr, during which time the
intense red color faded. The triethylamine hydrochloride was re-
moved by filtration (0.638 g, 96%). The filtrate was concentrated
in vacuo and the residue was chromatographed over 30 g of Florisil.
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Elution with benzene afforded 0.741 g (75%) of 50: mp 179-181°; ir
(CHCI3) 1623 (C=N), 1605 (C=C), 1475 (C=C), and 700 cm-1
nmr (CDCI3) b 7.64-6.68 (m, 40 H); mass spectrum (70 eV) m/e
(rel intensity) 768 (100) and 384 (27).

Anal. Calcd for C56H40N2: C, 87.47; H, 5.24; N, 7.29. Found: C,
87.24; H, 5.37; N, 7.14.

Attempted Photolysis of 49. To a chilled solution (5°) of 2.29 g
(0.0005 mol) of 3,5-diphenyl-4-chlorodiphenylmethylpyrazole hy-
drochloride in 150 ml of dry tetrahydrofuran was added 101 g
(0.01 mol) of triethylamine. The red solution was diluted with 150
ml of cold tetrahydrofuran and photolyzed for 6 hr at 5° using a
450-W Hanovia high-pressure mercury discharge lamp in a Pyrex
probe. Tic indicated no reaction and the red color still persisted.

Photolysis of 47. To a chilled solution (5°) of 4.57 g (0.01 mol)
of 3,4-diphenyl-5-chlorodiphenylmethylpyrazole hydrochloride in
300 ml of dry tetrahydrofuran-benzene (1:1 v/v) was added 2.02 g
(0.02 mol) of triethylamine. The reaction mixture was stirred for
5 min and filtered through Celite under a dry nitrogen atmo-
sphere to remove triethylamine hydrochloride (2.32 g, 85%). The
clear red solution was photolyzed at 5° using a quartz probe and a
450-W Hanovia high-pressure mercury discharge lamp. The color
of the solution was discharged without noticeable gas evolution
during 20 min, after which the solvent was evaporated in vacuo to
give 3.11 g (81%) of 50, mp 179-181°.14

a,a-Diphenyl-lif-phenanthro[9,10-c]pyrazole-3-methanol
(46). To a stirred solution of 52.5 ml of phenyllithium (2.3 M) in
70:30 benzene-ether in 100 ml of anhydrous ether was added 11 g
(0.04 mol) of solid methyl 3,4-diphenylenepyrazole-5-carboxyl-
ate.31 After the addition was complete, the mixture was refluxed
for 6 hr, stirred at 30° for 18 hr, and decomposed using 5% aque-
ous hydrochloric acid (125 ml). The organic layer was washed
with water, dried (MgS04), and filtered and the solvent was
evaporated in vacuo to give 14 g (87%) of 46, mp 168-171°. Two
recrystallizations from benzene afforded an analytical sample of
46: mp 172-173°; ir (KBr) 3410 (OH) and 3160 cm"1 (NH); nmr
(DMSO-de) 5 10.01-6.81 (m, 18 H); mass spectrum (70 eV) m/e
(rel intensity) 400 (27) and 382 (100).

Anal. Calcd for C28H20N20: C, 83.97; H, 5.03; N, 7.00. Found:
C, 83.78; H, 5.09; N, 6.90.

3-Chlorodiphenylmethyl-Ifi-phenanthro[9,10-c]pyrazole. To
a stirred solution of 20 ml of thionyl chloride in 40 ml of benzene
was added 12 g (0.03 mol) of the solid alcohol 46. The mixture
was stirred for 18 hr at 30° and then refluxed for 4 hr. The precip-
itate which formed was removed by filtration, washed with anhy-
drous ether, and dried in vacuo to give 12 g (88%) of the salt, mp
248-251°. Two recrystallizations from tetrahydrofuran-ether af-
forded a pure sample, mp 250-252°. An analytically pure sample
could not be prepared, as the salt was very hydroscopic: ir (KBr)
3250 and 2500 (NH+) and 790 cm-1 (CC1); mass spectrum (70
eV) m/e (rel intensity) 382 (100) and 305 (15).

Attempted Synthesis of 3-Benzhydrylidene-3H-phenan-

thro[9,10-c]pyrazole (48). To a solution of 2.28 g (0.005 mol) of 3-

a chlorodiphenylmethyl-IH-phenanthro[9,10-c]pyrazole in 400 ml of
dry tetrahydrofuran-benzene (1:1 v/v) at' -78° was added 1.01 g
(0.01 mol) of triethylamine. The light orange solution faded after
20 min. The resulting colorless solution was filtered through Celite
to remove 1.27 g (92%) of triethylamine hydrochloride and from the
filtrate only 1.8 g (95%) of 46, mp 172-173°,14 could be isolated.
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Reactions of oxaziridines 1 with a ketene, isocyanates, and a carbodiimide are studied, and the results are
quite different from those of oxiranes, aziridines, or thiiranes. With diphenylketene (2), 2-n-alkyl- or sec-alkyl-
oxaziridines give 3-alkyl-5,5-diphenyl-2-diphenylmethylidene-l,3-oxazolidin-4-ones (3), but 2-tert-butyloxazir-
idine If rearranges to N-tert-butylbenzamide. In the reactions with isocyanates, cycloadditions forming 1,2,4-
oxadiazolidin-5-ones 10 are exclusively observed. The reactions similar to that with the ketene 2 occur between
2-n-alkyloxaziridines and diphenylcarbodiimide, giving hexahydro-1,3,5-triazine derivatives 17 as a result of hy-
dride shift. The oxaziridine If undergoes 1:1 cycloaddition with the carbodiimide.

Many reactions of three-membered heterocycles con-
taining one heteroatom with heterocumulenes have been
reported. Oxiranes react with a ketene, an isocyanate, and
a carbodiimide to give dioxolansi or 7 -lactones,2 oxazoli-
dinones,3 and imidazolidinones,1 respectively; imidazoli-
dinones are also given by the cycloaddition of aziridines to
an isocyanate.4 Thiiranes react with a ketene to afford
thiolactones.5

On the other hand, the chemistry of three-membered
rings containing two heteroatoms has not been so widely
studied. In particular, there has been no report on the cy-
cloadditions of such heterocycles to heterocumulenes.

In this study, the reactions of oxaziridines with a ke-
tene, isocyanates, and a carbodiimide are presented. The
accompanying reporté describes the reactions of oxaziri-
dines with sulfur-containing heterocumulenes.
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Table |
Reaction of Oxaziridine with Diphenylketene

R1
A |/ B+pgt==0
1 2
Registy e iOxaziridine (1)-—-
no. R2 R3
3400-12-2 B cthb H CHS
7771-15-5 cths H CH5
21710-99-6 C cths H n-CaHo
7731-32-0 d c,h5 H ¢-CH7
21711-00-2 ? CeHj H c-CeHn
7731-34-2 | cth 6 H T-CHo
21711-01-3 IH cth s ch3 f-CH 9
21711-02-4 ch 6 ch3 71-C4H 9

A

N—R3 + R‘RXO

V b

/i
Ph' 9.

Ph

----- Conditions*------

Temp, Time, Registry -Yield, %-----
°C hr no. of 3 7
60 0.5 50484-08-7 24 27e
60 0.5 50484-09-8 38 59
60 0.5 50484-10-1 40 62
80 4.5 50484-11-2 64 43
80 1.0 50484-12-3 28 75
80 5.0 c
60 0.5 80 d
60 0.5 32 d

° Mole ratio of 1:2 was 0.8-1.0; benzene was employed as a solvent.1Allowed to react until ir absorption of C=C =0 dis-
appeared. c-BUNHCOPhA (8) was obtained in 97% yield. dNot determined exactly. ' Registry no., 100-52-7.

Reaction with Dllg enylketene. reaction of 2-ethyl-3-
phenyloxaziridine ( with  diphenylketene (2) gave an
oxazolidinone derivative b (yield 38%) azﬁ) small
amounts of IV-ethyltetraphenylsuccinimide E ) d
2-ethyl-4,4-diphenyl-1,3-(2ii,4i/)-isoquinolinedione (66)
with benzaldehyde (yield 59%). Such a type of reaction
has not been found for other three-membered heterocy-
cles.

Ph
=Y
C—N—Et + 2 > =
H Yo Ph
ib 2
Ph 10 Ph
c"Ss Ph-— s
A / =t 2
%c-Ph AN
| ab
Ph
3b
0

+ PhCHO

The ir spectrum of the major product 3b shows strong
absorption bands at 1726 and 1630 cm-1, which are as-
signed to C=0 and C=C stretching vibrations, respec-
tively. The minor product b has a very weak ir ab-
sorption band at 1765 cm-1 and a strong one at 1700
cm-1 whose pattern well coincides with thosg of oth
five-membered imides. The nmr spectra of and E
show the signals of the ethyl group of the oxazolidingpe 3
appearing at higher fields than those of the imide 4 (by
0.26 ppm for the triplet due to the methyl protons and by
0.76 ppm for the quartet due to the methylene protons).
This shift can be attributed to the phenyé ring located
near the ethyl group in the oxazolidinone b and to the
two carbonyl groups adjacent to the nitrogen B)m of the
imide 4 . That the signal of phenyl rings of is broad

and that of 4b is very sharp is also consistent with these
structures. Further evidence for the structure 3b was pro-
vided by ozonolysis and acidic hydrolysis of 3b. The for-
mer gave benzophenone (85%) and an oxazolidinedione 6b
(40%) and the latter gave N-ethyl-2-hydroxy-2,2-diphen-
ylethanamide (69%), !'V-ethyl-2-ethoxy-2,2-diphenylethan-
amide (23%), diphenylacetic acid (21%), and ethyl di-
phenylacetate (41%).

PhZ(OH)CONHEt + PhZ(OEt)CONHEt +

PhZZHCOOH + PhZHCOOEt

The ozonolysis product 6b shows two strong ir absorp-
tion bands at 1812 and 1728 cm-1. As for nmr spectra, the
chemical shifts of the ethyl protons of 86 are nearly equal
to those of the imide eb

In this reaction, another minor product 5b was isolated;
elemental analysis and the mass spectrum show that the
compound was formed with loss of two hydrogens from a
1:1 adduct of the oxaziridine TB and the ketene. Absorp-
tions characteristic of imido carbonyl groups are found in
the ir spectrum (1706 and 1658 cm-1). The nmr spectrum
indicates substitution on a phenyl ring and the pattern of
the signal of H-8, a complex multiplet at 6 8.2-8.3, is
completely consistent with the computed one for H-6 of
benzocyclobuten-1-0l.7

The thermal rearrangement of 3b to 4b was not ob-
served when the compound 3 was heated directly above
180° for 25 hr or in refluxing solvents (xylene or chloro-
form) for a long period.

Other 2-n-alkyl- or sec-alkyloxaziridines, la,c-e,g,h,
similarly reacted with the ketene 2 to give oxazolidinone
derivatives 3 and ketones (or aldehydes) 7. Substituents
on the oxaziridine carbon do not change the course of the
reaction but do influence the yield of oxazolidinones 3.25
The results are shown in Table I.
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Table 11
Reaction of Oxaziridine with Isocyanates

R1
R
RA
0

1

Oxaziridine (1)----- Isocyanate (9 Mole
1 R2 R3 R4 1
C Cdle H n-CiHc CsHP 1.
CeHo H (-C3H7 cthb5 1.
CeHs H i-CJU cth 6 0
cth 6 H i-CH7 CeH6 0
CeHs H i-CzHr n-CiHa" 1.
CeHs H t-CH,, cth5 1.
lie -(CHOr cocth 5 cth 5 1.

“ Allowed to react until ir absorption of -N =C =0 (ca. 2300 cm -1) disappeared. bln a sealed tube. cUnreacted
covered (88%) and most of the unreacted isocyanate was recovered in trimeric form. dRearranged to dioxazoline

cCoM~Mummwmi MO

+ R—N=c=0
9

ratio

RV (/
R1 0
>/( ( -Nv
R2 R>
10
Conditions-
Temp, Time® Registry Yield,
Solvent °C hr no. %
cth 6 85 256 50484-14-5 36
cJie 85 13 50484-15-6 95
CrHsOCH:, 81 25 53
CHXN 75 12 5°
CeHe 90 17 50506-96-2 24
cth 6 80 2 2289-83-0 94
cthxh3 115 7 d

!l% was re-
in 60%

yield. eRegistry no., 50484-16-7. 1Registry no., 103-71-9. » Registry no., 111-36-4.

PKCr'A\

XC—N—R3 + 2 N— R3 + R‘RXO
I\

R2 0
la-e,g,h
R~™-Bu

°'< ¢ 'Ph 7

Ph
3a-e

The tetraphenylsuccinimide, which was mistakenly re-
ported to be the major product in a preliminary report,8 is
not a well-known compound9 and the imide b, the by-
product, may be the only N-substituted tetraphenylsucci-
nimide except for its azomethine derivative.%

Oxazolidinone formation was not observed when 2-tert-
butyloxaziridine was treated with diphenylketene; in-

stead rearranged to iV-tert-butylbenzamide (8) quanti-
tatively.
Ph\
ANC-N-Bu-t + 2 i-BUNHCOPh + (PhZCCO),
H 0 8
If
ReaC'[Ion W|th |Socyanates. Reaction of oxaziridines
with isocyanates 9 did not yield triazolidinediones 11 or
R4 .0
RJ\ \ n'
R/C\/NN R + N=C=0 —v RIXI] )
9 / Crn'
R2 ""R3
10
Rav
Nn”™c\ RA A\
I N—R3 or | N— R3
o C ]
R# ~0 N N— R4
n ©
NH + Ph—N=C=0
(0] r
0
I
C— NHPh
o] r/ -
0
13

oxadiazolidiones 12 The reaction gave a 1:1 cycloadduct,
an oxadiazolidinone 16, and was independent of the N-
alkyl substituent. For the N-unsubstituted oxaziridine I,
it has been reported that the oxaziridine acts as an active
hydrogen compound and gives 2-aminoformyloxaziridine

.10 The results are listed.in Table II.

The ir spectrum of oxadiazolidinone 10 shows an 6f
sorption band at ca. 1740 cm 'l and the spectrum of?
was identical with that of an authentic sample prepared
from Q-phenyl-iV-iert-butylnitrone and phenyl isocyan-
ate.11 The fragmentation in the mass spectrum also well
explains the structure of 10 AIT line hydrolysis and py-
rolysis of the oxadiazolidinone éfigave N-tert-butyl-N"-
phenylbenzamidine z ()

Ph
HO' or A
Of ——emmmmmmmm » ph— N=C— NH— Bu-i
~C’ 14
Lability of t

oxaziridine may have lowered the yield
of the product in the case of 2-n-butyloxaziridine TC

The use of polar solvents did not change the product in
these reactions, but the yields of 1 C and tl decreased
with an increase in polarity of solvents. Polar solvents
seem to prohibit the addition of an oxaziridine to the iso-
cyanate and to promote, rather, the trimerization of the
isocyanate. In anisole, 2-ethyloxaziridine [b, less stable
than (V-isopropyloxaziridine d, gave no adduct.

The iV-acyloxaziridine li did not form any product with
the isocyanate 9 but instead isomerization to dioxazoline
1512 was observed.

Ph

The use in one instance of n-butyl isocyanate jn place of
phenyl isocyanzi |(f|s° gave, when treated with U, the ox-

adiazolidinone .o
Cal‘b%dllmlde. The reactions of N-n-

Reaction wit
alkyloxaziridines |a'C,g, with diphenylcarbodiimide (16)

gave hexahydro-1,3,5-triazine derivatives 1 a-C unexpect-
edly and ketones (Table I11).

The ir spectrum of the hexahydro-1,3,5-triazine 17b
shows characteristic absorption bands at 1660, 1622
(C—N), 3400, an% 1581 cm-1 (NH). The nmr spectrum of
the compound 17 has a doublet (5 1.84, 3 = 6.0 Hz, 3 H),
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Table 111
Reaction of Oxaziridine with Diphenylcarbodiimide
Ph .N— Ph Ph
[}
R1 \ I'C NH— Ph N R1
! \'""",N_R3+ Ph— N =C =N — Ph Ph—N=C" "N H + Ph—N=C~" + Ph— N =¢c" INR i
R Q' YN-CH X NH— Ph (K nA
1B /
1 Ph R4 19 Ri
20
17
R3= R4ACH2 + RR'Z0
7
-Conditions-
-Oxaziridine (1)------ Mole ratio Temp, Time, - Yield, %---------mn-mmn
R1 R! R3 1:16 °C hr 17 19 20 7
la c«h 6 H CH, 0.5 110 1.5 6R. 97
Ib cth5 H C2H5 0.5 110 1.0 88c'® e
lc cth5 H n-C4H9 1.0 100 1.5 58d'h 76
lc CH5 H 71-C4H 9 0.5 no 1.5 85d 92
Ig cth5 ch3 n-CH9 0.5 no 1.5 1003 794
Ih ch5 ch3 ra-C4H9 0.5 no 1.5 523 78'
Id cth5 H (-CH, 0.5 no 3.0 56* e
I f CdHs H t-CH 9 1.0 115 3.0 721

a Allowed to react until ir absorption of -N==C =N - disappeared. 6R4= H.cR4= CH3 3R4= n-C3H7 eNot determined
exactly. i Registry no., 50484-19-0. O Registry no., 50600-52-7. hRegistry no., 50600-53-8. *Registry no. 98-86-2. >Registry

no., 78-93-3. * Registry no., 101-01-9. 1Registry no., 35105-50-1.

a quartet (8 5.14, J = 6.0 Hz, 1 H), and a broad singlet at
5 4.8-5.3 that rapidly disappears upon addition of deuteri-
um oxide, and these signals are assigned to the methyl,
the methine, and the amino protons, respectively. In the
mass spectrum of 17b (R4 = CH3), the fragment ion peak
corresponding to the elimination of a methyl group from
the molecular ion appears at m/e 416 with the absence of
the fragment corresponding to the elimination of an ethyl

fragment. In addition, acidic hydrolysis of 17b gave
1,2,3,4-tetraphenylbiguanide (18).
R1
XC—N—R3 + 2Ph— N=C=N—Ph —n
R \y 16
1
Ph N— Ph
S
N-C
Ph—N=C NH + R'RZO
N-CH 7
/ \
Ph R4
17
R' = R4CH,
R4 = H, CH3 reC,H7
Ph
H+’ a =Br PhNH\ ‘ ~NPh
7/ S > C—N—C
PhN~ NH,
18

The effect of C substituents on the yields of 17 was sim-
ilar to that in the reaction with the ketene.

When the N substituent was an isopropyl group (l1d),
ViV, Ai'-triphenylguanidine (19) was obtained as the
product and not the expected hexahydrotriazine. 2-tert-
Butyloxaziridine If gave a 1:1 cycloadduct, oxadiazolidine
20, which is identical with the product of the reaction be-
tween a-phenyl-N-tert-butylnitrone and diphenylcarbodi-
imide.13 As the oxadiazolidine 20 readily rearranges to the
triazolidinone 21 upon heating,13 the formation of 21 was
observed at higher temperatures. With N,N'-dicyclohexyl-
carbodiimide (16'), however, the oxaziridine If gave no

adduct but rearranged to a-phenyl-1V-ferf-butylnitrone,
and the carbodiimide 16' was recovered quantitatively.

NH— Ph
Ph—N=C~
NH— Ph
19

'R*-I-Pr
Ph

C—N—R3 + Ph—N=C=N—Ph

HX v \

1 B>=t-Bu\

Phy Ph Phy Ph
/N Acp/
Ph—N=C ) A 0=c¢' VAH
\4 NXx BUi A Budi
20 u-1 Ph U-1
21
Discussion

These reactions are classified into two types, the one in-
itiated by the nucleophilic attack of a nitrogen atom of an
oxaziridine to a center carbon atom of a heterocumulene
and the other initiated by that of an oxygen atom. The
reaction with the ketene belongs to the former and the
reaction with isocyanates to the latter, and the both types
were observed in the reactions with the carbodiimide.

In the reaction with the ketene 2, the formation of the
cycloadduct 3 is assumed to proceed via an a-lactam in-
termediate 22 as shown in Scheme I. The reaction is ini-
tiated by a nucleophilic attack of a nitrogen atom of an
oxaziridine followed by the release of a carbonyl com-
pound to give a highly strained intermediate 23, which
immediately reacts with an additional ketene molecule to
afford an intermediate 24. Ring closure of the intermedi-
ate 24 gives an oxazolidinone 3 and a succinimide 4, but
the former is predominant because of steric hindrance of
phenyl groups against ring closure. The observed influence
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of C substituents on the yield of oxazolidinones 3 corre-
lates with carbonyl character of the leaving molecule.

The formation of a small amount of the isoquinoline-
dione 5b in the reaction of Ib is perhaps caused by the
recombination of the intermediate 23 and the released

Scheme |
Ph Ph
XC=C=0 c—C—0
Ph~ I Ph
-RWcCO
0—N—R3 0-rN—R3
\/
C
/ \ /I \
R R2 R> R2
22
Ph
o G- c-o\
F Ph
cC—-C ) 2 Ph
/ \/ Phjc=C=0 .
Ph R3— N*t-C
N ?1 " ph
| C
R3 1
23 0
24
3 (and 4)
Ph
*c—c
po w
23 (R=Et)J + PhCHO /Nx /°
Et Cx
H Ph
25
=N
Ph—c—cx
N— Et
/
O
n OH
26 5b

benzaldehyde. The dehydrogenation from 27 giving 5b
may be promoted by the oxaziridine, as it is an oxidizing
agent.

Though generation of a nitrene in photolysis of some ox-
aziridines is reported,14 the initial step of the reaction is
not the formation of nitrenes because the reactions with
isocyanates under similar conditions can never be under-
stood by the formation of nitrenes.

The oxaziridine If rearranges to the isomeric nitrone on
heating.15 Therefore rearrangement to the amide 8
suggests participation of the ketene in this isomerization.
To explain the whole reaction including this isomeriza-
tion, an alternative mechanism via an intermediate 28, a
1:1 cycloadduct of an oxaziridine and the ketene, can also
be assumed (Scheme Il). It seems that the bulky substitu-
ent inhibits the nucleophilic attack to an additional ke-
tene by the nitrogen atom of the intermediate 28, which
in turn decomposes thermally into the amide and the ke-
tene. Nevertheless, it is less likely that the intermediate
28 further reacts with the ketene to form betaine interme-
diate 29 with the release of a carbonyl compound 7.

As another possibility, the steric hindrance of the N-
fert-butyl group can be assumed in the initial cyclization.
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Scheme 11
Ph,C=C=0 PhT =C=0
Al RXi-Bu R3
Ot"N— R3 TN R
c PhZ:VX 0
/ \
R> R2 R2
28
K>=CBu
\
0 i-Bu
V
PhjCcAV~H 8 + (PhZCO),
Sr'c\
Ph
28
0 -~CPh2
c
\
+ N—R3 —» 3(and 4)
Phz2C /
C.
%
29

In this case, a nucleophilic attack by an oxygen atom re-
sults exclusively in an acetal-type intermediate 30, which
is expected to be formed from its isomeric nitrone and the
ketene. This mechanism, however, is excluded by the
reaction of a-phenyl-AT-tert-butylnitrone with the ketene
under the same conditions, giving no rearranged amide
but the /3-lactam 31.

Ph,=C=0
'OcyCHPh “F
i-Bu
0 X Ph
Ph,C=CNJ* 8 + (PhZCCO),
V*Xg
0 -
i-Bu
30
0 Ph. o)
t c-e
i-Bu— N=CHPh + PhZ=C=0 vo 1 1
HC—N
/ X
Ph i-Bu
3l

The rearrangement of the oxaziridine If, whose nucleo-
philic attack to the ketene is sterically restricted, is thus
considered to be promoted by trace amounts of diphenyl-
acetic acid derived from the ketene.

0
Hv
C—N — Bui Ph—c- -NH— Bui
PhX VA 8

On the other hand, oxaziridines undergo 1:1 cycloaddi-
tions with isocyanates which are similar in nature to reac-
tions of other three-membered heterocycles with heterocu-
mulenes. The adducts, oxadiazolidinone derivatives, have
been reported in the reaction of a nitrone with an isocyan-
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Scheme i
Ph—N=C=0
-0
c-c™o Ph—Np: |
=N N V-N
1 h A ,
R3 10
=N— Ph
H\
CyO
\/"
Ph N
I-Bu
Phuy Ph
Ph— N= C=N —
®C  I"H +
V N\ i-BUN=CHPh
t-Bu 1
20 0
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Experimental Section

All melting points were determined on a Yanagimoto micro
melting point apparatus and are uncorrected. Ir, nmr, and mass
spectra were obtained on a JASCO IR-E spectrophotometer,
JEOL LNM-3H-60 and JEOL JNM-PS-100 spectrometers, and a
Hitachi RMU-6E spectrometer, respectively. Carbonyl com-
pounds contained in the distillates of the reaction mixtures were
identified and determined by glpc using a 10% Apiezon L on Di-
asolid L (60-80 mesh, 4 mm x 2m) column.

All reactions were carried out under nitrogen stream in a 50-ml
four-necked flask equipped with a stirrer, a reflux condenser, a
dropping funnel, and a thermometer, and products were isolated
by column chromatography (basic aluminum oxide-benzene).

Materials. Diphenylketene (2) and diphenylcarbodiimide (16)
were prepared according to known methods.21,22 Phenyl isocyan-
ate and n-butyl isocyanate were purchased from a commercial
source.

Preparations of 2-alkyloxaziridines la-h were done with per-
benzoic acid according to Pews' method.23 2-Benzoyl-3,3-penta-
methyleneoxaziridine (li) was prepared by the benzoylation of 3,3-
pentamethyleneoxaziridine.1224 Boiling points or melting point
and yields are as follows: 2-methyl-3-phenyloxaziridine (la), 67°
(5 mm), 70%; 2-ethyl-3-phenyloxaziridine (Ib), 74-75° (0.2 mm),
66%; 2-n-butyl-3-phenyloxaziridine (Ic), 74-75° (0.5 mm), 75%;
2- isopropyl-3-phenyloxaziridine (Id), 73-74° (1.5 mm), 60%; 2-
cyclohexyl-3-phenyloxaziridine (le), 90° (0.2 mm), 50%; 2-tert-
butyl-3-phenyloxaziridine (If), 78-79° (1.5 mm), 75%; 2-n-butyl-
3- methyl-3-phenyloxaziridine (lg), 60° (0.35 mm), 61%; 2-n-
butyl-3-methyl-3-ethyloxaziridine (lh), 76° (13 mm), 46%; 2-ben-
zoyl-3,3-pentamethyleneoxaziridine (i), mp 68°,.28%.

The purities [active oxygen content (AQ)] were determined by
iodometry.

A. Reaction with Diphenylketene. All reactions were carried
out by the same procedure as the reaction of the oxaziridine Ib.

Reaction of the Oxaziridine Ib. To a solution of the ketene 2
(9.7 g, 50 mmol) in benzene (10 ml), a solution of the oxaziridine
Ib (4.2 g, 25 mmol, AO 90%) in benzene (5 ml) was added drop-
wise with stirring at such a rate as the temperature did not rise
above 60°. Half an hour later, the characteristic ir absorption of
the ketene disappeared. The reaction mixture was distilled and
158 g (59%) of benzaldehyde was obtained. The residue was chro-
matographed to give 4.12 g (38%) of 3-ethyl-5,5-diphenyl-2-di-
phenylmethylidene-1,3-oxazolidin-4-one (3b), 0.46 g (4%) of N-
ethyltetraphenylsuccinimide (4b), and 0.31 g (4%) of 2-ethyl-4,4-
diphenyl-1,3-(2H,4Hf-isoquinolinedione (5b). The major product
3b was recrystallized (benzene-hexane) to afford colorless gran-
ules: mp 144-144.5° ir (Nujol) 1726 (C=0) and 1630 cm-1
(C=C); nmr (CDC13) 50.83 (t, 3, J = 6.9 Hz, CHJ), 3.14 (q, 2,J
= 6.9 Hz, CH2), 7.0-7.7 (m, 20, 4 Ph): mass spectrum (70 eV)
m/e 431 (M+, caled 431), 332 (Ph2C=CPh2+), 221
(Ph2C=C=NEt+), 194 (Ph2CCO+).

Anal. Calcd for C30H25N02: C, 83.50; H, 5.84; N, 3.25. Found:
C, 83.39; H, 5.83; N, 3.13.

Recrystallization of one of the minor products 4b yielded color-
less plates: mp 216-218°; ir (Nujol) 1765 (C=0, weak) and 1700
cm*“1(C=0); nmr (CDCI3) 6 1.09 (t, 3, J = 7.0 Hz, CH3), 381
(q, 2, = 7.0 Hz, CH2), 6.9-7.2 (m, 20, 4 Ph); mass spectrum (70
eV) ml/e 431 (M+, caled 431), 332 (Ph2C=CPh2+), 221
(Ph2C=C=NEt+), 194 (Ph2CCO+).

Anal. Calcd for C30H25NO2: C, 83.50; H, 5.84; N, 3.25. Found: C,
83.50; H, 5.66; N, 3.40.

The last compound 5b was recrystallized from benzene-hexane
to give colorless granules: mp 230-231° ir (Nujol) 1706 and 1658
cm-1(C=0); nmr (CDC13, 100 MHz) & 111 (t, 3, J = 7.1 Hz
CHJ3), 4.03 (g, 2, J = 7.1 Hz, CH2), 6.7-7.6 (m, 13, aromatic pro-
tons), 8.2-8.3 (m, 1, H-8); the last signal of a complex multiplet
well agreed with the computed pattern for the proton of the 6 po-
sition of benzocyclobuten-l-0l7; mass spectrum (70 eV) m/e 341
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(M+, calcd 341), 312 (M+ - Et), 270 (M+ - EtNCO), 241 (270 -

COH), 239 (Ph2CHCONHEt+), 119 (M+ - Ph2CCO -
CH2>=CH2).
Anal. Calcd for C23Hi9NO2 C, 80.92; H, 5.61; N, 4.10. Found:

C, 80.98; H, 5.50; N, 4.19.

Reaction of the Oxaziridine la. The same treatment of the
ketene 2 (9.5 g, 50 mmol) and the oxaziridine la (9.5 g, 49 mmol,
AO 70%) as the above reaction gave 2.6 g (26%) of 3-methyl-5,5-
diphenyl-2-diphenylmethylidene-l,3-oxazolidin-4-one (3a) and
0.69 g (27%) of benzaldehyde. Recrystallization (benzene-hexane)
of the compound 3a gave colorless granules: mp 131-131.5°% ir
(Nujol) 1730 (C=0) and 1660cm -1(C=C).

Anal. Calcd for COH23N02 C, 83.43; H, 5.55; N, 3.36. Found:
C, 83.39; H, 5.31; N, 3.33.

Reaction of the Oxaziridine Ic. From 12.7 g (67 mmol, AO
94%) of the oxaziridine Ic and 11.8 g (61 mmol) of the ketene 2,
55 g (40%) of 3-n-butyl-5,5-diphenyl-2-diphenylmethylidene-1,3-
oxazolidin-4-one (3c) and 2.0 g (62%) of benzaldehyde were ob-
tained, and 3.3 g of the oxaziridine Ic was recovered. The product
3c was recrystallized from benzene-hexane to give colorless gran-
ules: mp 125-126°; ir (Nujol) 1732 (C=0) and 1660 cm-1 (C=C);
nmr (CC14) 6 0.68 (t, 3, CH3), 0.8-1.5 (m, 4, 2 CH2), 3.12 (t, 2,
NCH?2), 6.8-7.7 (m, 20, 4 Ph); the triplets are considerably de-
formed; mass spectrum (70 eV) m/e 459 (M+, calcd 459), 402
(M+ - Bu), 332 (Ph2CCPh2+).

Anal. Calcd for C2H2N02: C, 83.63; H, 6.36; N, 3.05. Found:
C, 83.63; H, 6.38; N, 3.04.

Reaction of the Oxaziridine Id. The reaction between the oxa-
ziridine 1d (4.6 g, 27 mmol, AO 95%) gave 3.8 g (64%) of 3-isopro-
pyl-5,5-diphenyl-2-diphenylmethylidene-1,3-oxazolidin-4-one (3d),
0.61 g (43%) of benzaldehyde, and 1.05 g (23%) of A-isopropyl-
benzamide. The oxazolidinone 3d was recrystallized from ben-
zene-hexane to afford colorless granules: mp 163-164.5°% ir
(Nujol) 1726 (C=0) and 1642 cm-1 (C—C); mass spectrum (70
eV) m/e 445 (M+, calcd 445), 403 (M+ - CH3CH=CH?2), 375
(403 - CO), 332 (Ph2CCPh2+).

Anal. Calcd for C3iIH2Z/INO2 C, 83.57; H, 6.14; N, 3.14. Found:
C, 83.71; H, 5.94; N, 3.31.

Reaction of the Oxaziridine le. After the treatment as above,
the oxaziridine le (10.2 g, 45 mmol, AO 90%) and the ketene 2
(10.0 g, 52 mmol) gave 2.0 g (75%) of benzaldehyde and 3.5 g
(28%) of 3-cyclohexyl-5,5-diphenyl-2-diphenylmethylidene-I,3-
oxazolidin-4-one (5e). Recrystallization of the latter from ben-
zene-hexane gave colorless granules: mp 208°% ir (Nujol) 1726
(C=0) and 1640 cm-1 (C=C); mass spectrum (70 eV) m/e 485
(M+, calcd 485), 402 (M+ - C6Hn), 374 (402 - CO), 332
(Ph2CCPh2+).

Anal. Calcd for CHAH3IN02: C, 84.09; H, 6.43; N, 2.88. Found:
C, 84.58; H, 6.29; N, 2.85.

Reaction of the Oxaziridine If. After the reaction of the oxa-
ziridine If (3.0 g, 17 mmol, AO 98%) with the ketene 2 (3.3 g, 17
mmol), 2.7 g (92%) of A-iert-butylbenzamide (8) was obtained.
The amide 8 was identical with the authentic sample from benzo-
yl chloride and terf-butylamine, mmp 140-141.5°.

Reactions of the Oxaziridines Ig and lh. From 101 g (43
mmol, AO 81%) of the oxaziridine Ig and 10.3 g (53 mmol) of the
ketene 2, 9.7 g (80%) of the oxazolidinone 3c was obtained. The
compound 3¢ was also yielded in the reaction of the oxaziridine
Ih (10.0 g, 52 mmol, AO 74%) with the ketene 2 (10.0 g, 52 mmol)
in 32%yield (3.8 g).

Ozonolysis of the Oxazolidinone 3b. A mixture of ozone-air
(generated by a Nippon Ozone Model 0-1-2 ozone generator oper-
ated at 60 V at a flow rate of 150 ml/min) was passed through a
solution of the compound 3b (440 mg, 1.0 mmol) in 15 ml of
methanol-carbon tetrachloride (2:1 mixture) cooled in an ice bath
for 30 min. Then the mixture was refluxed for 3 hr. The ir spec-
trum of the mixture showed the formation of benzophenone and
the yield was determined by glpc, 157 mg, 85%. The mixture was
chromatographed to afford 114 mg (40%) of 3-ethyl-5,5-diphenyl-
1,3-oxazolidine-2,4-dione (6b) as colorless granules (from benzene-
hexane): mp 93.5-94.5° ir (Nujol) 1818 and 1730 cm-1 (C=0);
nmr (CDC13) 5 1.26 (t, 3, J = 7.2 Hz, CHJ), 365 (q, 2, J = 7.2
Hz, CH2), 7.2-7.6 (m, 10, 2 Ph); mass spectrum (70 eV) m/e 281
(M+, calcd 281), 210 (M+ - EtNCO), 182 (Ph2CO+).

Anal. Calcd for Ci7Hi5N03: C, 72.58; H, 5.37; N, 4.98. Found:
C, 72.75; H, 5.28; N, 5.07.

Acidic Hydrolysis of the Oxazolidinone 3b. To a solution of
880 mg (2.0 mmol) of the compound 3b in 30 ml of ethanol, 3 ml
of concentrated hydrochloric acid and 1 ml of water were added.
The mixture was refluxed for 20 hr, extracted (benzene), dried
(Na2S04), concentrated in vacuo, and chromatographed to give
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355 mg (69%) of 2-hydroxy-2,2-diphenylethanamide, 133 mg
(23%) of 2-ethoxy-2,2-diphenylethanamide, 90 mg (21%) of di-
phenylacetic acid, and 200 mg (41%) of ethyl diphenylacetate.

2-Hydroxy-2,2-diphenylethanamide was obtained as colorless
needles (from benzene-hexane): mp 105-106° ir (Nujol) 3340,
3200 (OH and NH), 1650 (C=0), and 1055 cm-1 (CO); nmr
(CDC13) b 1.06 (t, 3, J = 7.5 Hz, CH3), 3.23 (double g, 2, </(CHJ3)
= 7.5 Hz, «(NH) = 6.0 Hz, CH2), 6.4 (broad, 1, OH), 7.0-7.6 (m,
11, Ph and NH); the signal assigned to the hydroxy proton ap-
peared very near that of 2-hydroxy-2-phenylacetic acid and was
not completely removed by addition of deuterium oxide, showing
the existence of strong hydrogen bonding; mass spectrum (70 eV)
m/e 255 (M+, calcd 255), 183 (Ph2COH+), 105 (PhCO+).

Anal. Calcd for Ci6Hi7NO02: C, 75.27; H, 6.71; N, 5.49. Found:
C, 75.46; H, 6.73; N, 5.57.

2-Ethoxy-2,2-diphenylethanamide was obtained as colorless
needles (from benzene-hexane): mp 86.5-87.5° ir (Nujol) 3300
(NH). 1648 (C=0), and 1068cm '1 (CO); nmr(CDCI3) 51.15 (t, 3,
J =71 Hz CH3), 1.19(t, 3,J = 6.8 Hz, CH3), 3.09 (q, 2,J = 7.1 Hz,
OCH2), 3.32 (double g, 2, J(CH3) = 6.8 Hz, «/(NH) = 7.8 Hz, NCH2),
7.0-7.7 (m, 11, Ph and NH); mass spectrum (70 eV) m/e 283 (M +,
calcd 283), 211 (Ph2COEt+), 183 (Ph2COH+), 105 (PhCO+).

Anal. Calcd for CibH2iNO 2. C, 76.29; H, 7.47; N, 4.94. Found:
C, 76.28; H, 7.52; N, 5.01.

Diphenylacetic acid and ethyl diphenylacetate were identified
with authentic samples.

Reaction of a-Phenyl-N-tert-butylnitrone. To a solution of
the ketene 2 (3.0 g, 15 mmol) in benzene (5 ml), a solution of the
nitrone (2.7 g, 15 mmol) in benzene (10 ml) was added dropwise
over 20 min at 80°. The mixture was maintained at 80° for Anoth-
er 5 hr, just as the conditions in the reaction of the oxaziridine If.
An ir spectrum of the mixture did not show the formation of N-
terf-butylbenzamide. Then the mixture was concentrated and
chromatographed to give 2.1 g (43%) of I-teri-butyl-3,3,4-triphen-
ylazetidin-2-one (31) as colorless plates (from benzene-ethanol):
mp 131-132° ir (Nujol) 1730 cm“1 (C=0); nmr (CDC13) b 1.33
(s, 9, t-Bu), 5.34 (s, 1, CH), 6.8-7.7 (m, 15, 3 Ph); mass spectrum
(70 eV) m/e 355 (M+, calcd 355), 298 (M+ - Bu), 256 (M+ -
BUuNCO), 194 (Ph2CCO+), 178 (PhCCPh +).

Anal. Calcd for CBH25NO: C, 84.47; H, 7.09; N, 3.94. Found:
C, 84.60; H, 7.09; N, 3.89.

The azetidinone was also given by the reaction of the ketene
with an excess amount of IV-ieri-butylbenzylidenamme under
similar conditions.

B. Reaction with Isocyanate. Reaction of the Oxaziridine Ic.
A mixture of the oxaziridine Ic (6.2 g, 38 mmol, AO 92%), phenyl
isocyanate (9, 4.5 g, 38 mmol), and 8 ml of benzene was sealed in
a 50-ml glass tube and allowed to stand for 25 hr at 85°. The reac-
tion mixture was concentrated in vacuo and chromatographed to
give 3.8 g (36%) of 2-n-butyl-3,4-diphenyl-1,2,4-oxadiazolidin-5-
one (10c). When the reaction was carried out according to the
same procedure as the following runs, the yield of 10c was slightly
low. The oxadiazolidinone 10c was recrystallized from benzene-
hexane to give colorless needles: mp 114-115°% ir (Nujol) 1738
cm-1 (C=0); mass spectrum (70 eV) m/e 296 (M+, calcd 296),
252 (M+ - C020or CH3CH=CH?2), 180 (PhN=CPh+).

Anal. Calcd for CigH20N202: C, 72.94; H, 6.80; N, 9.45. Found:
C, 72.65; H, 6.72; N, 9.47.

Reaction of the Oxaziridine Id. To a solution of the oxaziri-
dine Id (6.0 g, 30 mmol, AO 90%) in the same portion of benzene,
the isocyanate 9 (3.1 g, 26 mmol) was added dropwise with stir-
ring and the mixture was refluxed for 13 hr until the characteris-
tic ir absorption of the isocyanate at about 2300 cm-1 disap-
peared. The mixture was cooled and the precipitate was recrys-
tallized to give 7.05 g (95%) of 2-isopropyl-3,4-diphenyl-I,2,4-0x-
adiazolidin-5-one (10d) as colorless needles (from benzene-hex-
ane): mp 140-141.5°% ir (Nujol) 1738 cm-1 (C=0); mass spec-
trum (70 eV) m/e 282 (M +, calcd 282), 239 (M+ - Pr), 238 (M+
- C02 or CH3CH=CH2), 180 (PhN=CPh+), 163 (M+ -
PhNCO).

Anal. Calcd for C17H18N20 2: C, 72.32; H, 6.43; N, 9.92. Found:
C, 72.45; H, 6.39; N, 9.86.

The reaction between the oxaziridine Id (3.9 g, 22 mmol, AO
91%) and the isocyanate 9 (5.1 g, 43 mmol) in anisole for 25 hr
gave 3.05 g (53%) of the oxadiazolidinone 10d and considerable
amounts of phenyl isocyanate trimer, N,N'-diphenylurea, and
unreacted isocyanate 9.

In acetonitrile, the oxaziridine Id (5.2 g, 30 mmol, AO 91%)
and the isocyanate 9 (7.2 g, 30 mmol) gave 0.45 g (5%) of the ox-
adiazolidinone 10d. Unreacted oxaziridine Id (4.15 g, 22 mmol,
AO 88%) and the isocyanate 9 (1.20 g) were recovered by distilla-
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tion and 4.12 g of isocyanate trimer and 1.20 g of the mixture of
N, AT'-diphenylurea and the trimer.

Reaction of the Oxaziridine Id with rc-Butyl Isocyanate (9').
After a solution of the oxaziridine Id (6.0 g, 36 mmol, AO 98%)
and the isocyanate 9' (2.5 g, 25 mmol) in benzene was refluxed for
17 hr, the mixture was distilled under reduced pressure to give 1.7
g of excess oxaziridine Id and a small amount of benzaldehyde.
The residue was chromatographed to give 1.55 g (24%) of 2-iso-
propyl-4-n-butyl-3-phenyl-l,2,4-oxadiazolidin-5-one (10'd) as col-
orless needles (from benzene-hexane): mp 73-74°; ir (Nujol) 1742
cm-1 (C=0); mass spectrum (70 eV) m/e 262 (M+, calcd 262),
218(M+ - C020or CH3CH=CH2), 163 (M+ - PhNCO).

Anal. Calecd for CiSH2N202: C, 68.67; H, 8.45; N, 10.68.
Found: C, 68.45; H, 8.46; N, 10.53.

Reaction of the Oxaziridine If. The reaction of 5.0 g (285
mmol, AO 99%) of the oxaziridine If and 3.4 g (28.5 mmol) of the
isocyanate 9 was carried out by the same procedure as above.
Upon cooling, 7.95 g (94%) of 2-ferf-butyl-3,4-diphenyl-1,2,4-0x-
adiazolidin-5-one (1Of) was isolated. The oxadiazolidinone 10f was
identical with the adduct of a-phenyl-A'-ierf-butylnitrone and the
isocyanate 9.11 The compound IOf was recrystallized from ben-
zene-hexane to afford colorless needles: mp 201-202°; ir (Nujol)
1738 cm '1 (C=0); nmr (CDC13) b 1.28 (s, 9, i-Bu), 5.90 (s, 1,
CH), 7.0-7.8 (m, 10, 2 Ph); mass spectrum (70 eV) m/e 296 (M +,
caled 296), 252 (M+ - CO02), 240 (M+ - Me2C=CH?2), 180
(PhN=CPh+), 177 (M+ - PhNCO).

Anal. Calcd for C18H20N202: C, 72.94; H, 6.80; N, 9.45. Found:
C, 72.69; H, 6.72; N, 9.40.

Reaction of the Oxaziridine li. To a solution of the oxaziri-
dine li (7.0 g, 30 mmol, AO 93%) in toluene (20 ml), the isocyan-
ate 9 (3.57 g, 30 mmol) was added dropwise and the mixture was
refluxed for 7 hr. The isocyanate 9 was recovered gquantitatively.
The residue was chromatographed to give 4.2 g (60%) of 2,2-pen-
tamethylene-5-phenyl-1,3,4-dioxazoline (15): bp 95° (0.005 mm);
ir (neat) 1618 (C=N), 1112 and 1072 cm-1 (CO); mass spectrum
(70 eV) m/e 217 (M+, calcd 217), 188 (M+ - Et), 174 (M+ - Pr),
119 (M+ - CeHioO), 98 (C6H100+).

Hydrolysis and Pyrolysis of the Oxadiazolidinone IOf. To a
solution of the oxadiazolidinone 10f (1.0 g, 3.4 mmol) in ethanol
(40 ml), aqueous potassium hydroxide solution was added. The
mixture was refluxed for 5 hr, followed by extraction (benzene),
drying (Na2SO.t), and concentration, which gave 0.50 g (59%) of
(V-feri-butyl-TV'-phenylbenzamidine (14). Recrystallization (ben-
zene-hexane) gave colorless needles: mp 113.5-114° ir (Nujol)
3520 (NH) and 1614 cm-1 (C=N); mass spectrum (70 eV) m/e
252 (M+, caled 252), 196 [PhC(NH2=NPh+], 180
(PhN=CPh+); nmr (CDC13) 5 1.55 (s, 9, t-Bu), 4.0-4.6 (broad, 1,
NH), 6.4-7.2 (m, 10, 2Ph).

When the oxadiazolidinone 1Of was pyrolyzed under nitrogen
stream, CO02 evolved, which was detected with an aqueous solu-
tion of barium hydroxide, and the ir spectrum of the residue
showed the formation of the amidine 14 with some other materi-
als.

C. Reaction with Carbodiimide. All reactions were carried out
by the same procedure as the reaction of the oxaziridine la.

Reaction of the Oxaziridine la. To a solution of diphenylcar-
bodiimide (16, 15.5 g, 80 mmol) in a small portion of benzene, the
oxaziridine la (5.4 g, 36 mmol, AO 90%) was added dropwise at
110° until ir absorption of N=C=N disappeared. After 1.5 hr, the
reaction mixture was distilled to give 3.7 g (97%) of benzalde-
hyde. The residue was chromatographed to give 9.2 g (62%) of
1,3-diphenyl-2,4-bis(phenylimino)hexahydro-1,3,5-triazine  (17a).
The hexahydrotriazine 17a was recrystallized from methanol to
give colorless needles: mp 148°; ir (Nujol) 1640 and 1611 (C=N),
3340 and 1580 cm-1 (NH); nmr (CDC13) 6 4.93 (broad s, 2, CH2),
O 3-5.8 (broad, 1, NH), 6.2-7.6 (m, 20, 4 Ph); the second signal
disappeared upon addition of deuterium oxide: mass spectrum
(70 eV) m/e 417 (M+, calcd 417), 387 (M+ - NH2CH2), 325 (M+
- PhNH), 311 (M+ - PhNCH2NH), 297 [PhN(C=NPh)2+], 249
(M+ - Ph - PhN), 223 (M+ - PhNCNPh).

Elemental analysis of 17a did not give a satisfactory result, as
it was very hygroscopic.

Reaction of the Oxaziridine Ib. The reaction mixture of the
oxaziridine Ib (4.6 g, 29 mmol, AO 94%) and the carbodiimide 16
(7.5 g, 39 mmol) was poured into ether to separate 7.3 g (88%) of
6-methyl-1,3-diphenyl-2,4-bis(phenylimino)hexahydro-1,3,5-tria-
zine (17b), which was recrystallized from benzene-ethanol to give
colorless needles: mp 174-174.5°; ir (Nujol) 1660 and 1622 (C=N),
3440 and 1585 cm-1 (NH); nmr (CDC13) S1.84 (d, 3,J = 6.0 Hz,
CHB3), 514 (9, 1, J = 6.0 Hz, CH), 4.8-5.3 (broad, 1, NH), 6.1-7.8
(m, 20, 4 Ph); the third signal disappeared upon addition of deu-
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terium oxide; mass spectrum (70 eV) m/e 431 (M+, calcd 431),
416 (M+ - CHB3), 388 (M+ - NHCHCH3), 339 (M+ - PhNH),
313 (M+ - PhNCNH), 286 [PhNHC(NPh)=NPh+], 237 (M+ -
PhNCNPh).

Anal. Calcd for C28H25NS: C, 77.93; H, 5.84; N, 16.23. Found:
C 78.20; H, 5.89; N, 16.10.

Reaction of the Oxaziridine Ic. From the oxaziridine Ic (5.0 g,
24 mmol, AO 87%) and the carbodiimide 16 (4.8 g, 24 mmol), 1.0
g (76%) of benzaldehyde and 3.3 g (58%) of 6-n-propyl-1,3-diphe-
nyl-2,4-bis(phenylimino)hexahydro-1,3,5-triazine (17c) were ob-
tained. In the case of the mole ratio of the oxaziridine Ic to the
carbodiimide 16 of 0.5, the yield of the hexahydrotriazine 17c in-
creased. The reaction of Ic (4.4 g, 22 mmol, AO 84%) with the
carbodiimide 16 (9.7 g, 50 mmol) gave 8.1 g (85%) of the crude
product 17c. The filtrate was distilled to give 2.1 g (92%) of benz-
aldehyde. The compound 17c was recrystallized from methanol to
afford colorless needles: mp 154° ir (Nujol) 1660 and 1616
(C=N), 3480 and 1580 cm“ 1 (NH); nmr (CDC13) 51.34 (t, 3,J =
6.0 Hz, CH3), 1.5-2.4 (m, 4, 2 CH2), 4.6-5.2 (broad, 2, CH and
NH), 6.3-7.6 (m, 20, 4 Ph); mass spectrum (70 eV) m/e 459 (M+,
calcd 459), 416 (M+ - Pr), 312 (M+ - PhNHCHPr), 265 (M+ -
PhNCNPhH).

Anal. Calcd for CoH29Ns: C, 78.40; H, 6.30; N, 15.24. Found:
C, 78.30; H, 6.55; N, 15.27.

Reaction of the Oxaziridine Id. By the same treatment of the
oxaziridine Id (3.1 g, 19 mmol, AO 98%) and the carbodiimide 16
(3.7 g, 19 mmol), 153 g (56%) of N,N',N"-triphenylguanidine
(19) was obtained. The guanidine was identical with an authentic
sample prepared from the carbodiimide 16 and aniline, mmp
147.5-149°.

Reaction of the Oxaziridine If. A mixture of the oxaziridine If
(8.9 g, 50 mmol, AO 99%) and the carbodiimide 16 (9.8 g, 51
mmol) was allowed to react for 3 hr at 110°. The ir spectrum of
the reaction mixture showed neither the absorption of N=C=N
nor that of benzaldehyde. The mixture was then chromato-
graphed to give 158 g (72%) of 2-tert-butyl-3,4-diphenyl-5-
phenylimino-1,2,4-oxadiazolidine (20) and 0.25 g (2%) of the ox-
adiazolidinone 10f. The former was identical with the adduct of
a-phenyl-N-tert-butylnitrone and diphenylcarbodiimide.13 The
latter probably arose as a result of hydrolysis of the azomethine
function during chromatography.

Reactions of the Oxaziridines Ig and Ih. The oxaziridine Ig
(7.4 g, 35 mmol, AO 90%) reacted with the carbodiimide 16 (15.0
g, 77 mmol) to give 17.4 g (100%) of the crude hexahydrotriazine
17c. The filtrate was distilled to give 3.3 g (79%) of benzaldehyde.
The same triazine was obtained in 52% yield (6.0 g) in the reac-
tion of the oxaziridine Ih (5.7 g, 25 mmol, AO 63%) with the car-
bodiimide 16 (9.7 g, 50 mmol). In this reaction, 1.4 g (78%) of
methyl ethyl ketone was obtained by distillation.

Acidic Hydrolysis of the Hexahydrotriazine 17b. To a solu-
tion of 2.0 g (4.6 mmol) of the compound 17b in 30 mi of ethanoi,
6 ml of 6 N hydrochloric acid was added and the mixture was re-
fluxed for 4.5 hr. The mixture was then allowed to stand over-
night to precipitate colorless crystals. The solid was filtered off
(0.78 g) and the filtrate was concentrated to give the same solid
(0.90 g). The combined solid was recrystallized (ethanol-benzene)
to give 1.19 g (58%) of 1,2,3,4-tetraphenylbiguanide hydrochloride
and 0.16 g (8%) of N,N'-diphenylurea. The hydrochloride was
treated with agqueous potassium hydroxide in refluxing ethanol to
afford 1,2,3,4-tetraphenylbiguanide (18) and a small amount of
N, N'-diphenylurea.

Biguanide 18 was obtained as colorless needles (from benzene):
mp 138.5-140°; ir (Nujol) 3380 (NH), 1605, 1575 (sh), and 1560
cm-1 (NH and C=N); mass spectrum (70 eV) m/e 405 (M+,
calcd 405), 313 (M+ - PhNH), 287 (M+ - PhNCNH), 211
[PANHC(NH2)NPh+j, 194 (PhNCNPh+).

Anal. Calcd for C26H23N5: C, 77.01; H, 5.72; N, 17.27. Found:
C, 76.91; H, 5.68; N, 16.92.

Biguanide hydrochloride was obtained as colorless granules
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(from ethanol-benzene): mp 204-208° ir (Nujol) 3600-3300
(broad), 3180,1634,1610,1565 (strong), and 1530cm -1.

Anal. Calcd for C26H24NsCl: C, 70.67; H, 547, N, 15.91.
Found: C, 70.34; H, 5.27; N, 15.81.
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The reactions of oxaziridines 1 with carbon disulfide (2) and phenyl isothiocyanate (8) have been studied.
With carbon disulfide, 2-n-alkyl- or sec-alkyloxaziridines give alkyl isothiocyanates (quantitatively), carbonyl
compounds, and sulfur. Similar reactions between 1 and 8 form carbodiimides 9, but under mild experimental
conditions 1 and 8 react to yield considerable amounts of either and/or the thiadiazolidinethione isomers 10 and
11. 2-terf-Butyloxaziridine If does not react with 2, but reacts with 8 to afford oxadiazolidinethione 12 and ox-

adiazolidinone 13.

In the preceding paper,1 we reported the reactions of
oxaziridines with a ketene, isocyanates, and d carbodi-
imide, showing that the results are quite different from
those of oxiranes and of aziridines. In the reactions, oxa-
ziridines gave 1:1 cycloadducts or unstable three-mem-
bered intermediates, which further reacted with the cu-
mulenes to give stable heterocycles, with the release of
carbonyl compounds.

In the present study, the reactions with sulfur-contain-
ing heterocumulenes such as carbon disulfide and an iso-
thiocyanate are described. From one heterocumulene, in
these reactions, another heterocumulene was obtained
along with a carbonyl compound and sulfur via unstable
intermediates. The further reactions of the intermediates
giving heterocycles were also observed.

Such a characteristic difference caused by a sulfur
atom, which is generally a good leaving group or easily ex-
changeable with an oxygen atom, can be expected from
the following reactions of the cumulenes. In the reactions
with ethylene oxide, for example, carbon disulfide gives
ethylene carbonate and ethylene trithiocarbonate2'3 and
phenyl isothiocyanate gives |,3-oxazolidin-2-one4’5 or iso-
cyanate trimer,4’6 though 1:1 cycloadditions are observed
in the reactions of propylene oxide,3 ethylene sulfide,3 or
aziridines7'8 with carbon disulfide, aziridines with phenyl
isothiocyanate,8 and ethylene oxide with N -acyl isothiocy-
anate.5

Results and Discussion

ReaCtlon W|th Carbon D|SU|f|de. In the.reaction of 2-
n-alkyl- or 2-cycloalkyloxaziridine |a,C,e,g,J with carbon
disulfide (2), an isothiocyanate 3 was quantitatively ob-
tained. The results are shown in Table I.

The products were characterized by the strong infrared
absorption band at 2120 cm-1 (N=C=S). They were
identified and determined by glpc or by converting them
into thiourea derivatives. No reaction was observed for 2-
ferf-butyloxaziridine If in refluxing carbon disulfide; and
the rearrangement of the oxaziridine to a-phenyl-N-
tert-butylnitrone (5) occurred under severe conditions, but
a small quantity of ferf-butyl isothiocyanate was detected
by ir and glpc.

The reaction is assumed to proceed via a thiaziridine-
thione intermediate 6 (Scheme 1), which readily decom-
poses into an isothiocyanate 3 and sulfur. A similar as-
sumption has been proposed for the reactions of the oxa-
ziridines with diphenylketene and with diphenylcarbodi-
imide. The decomposition of the intermediate 6 occurs
much faster than its further reaction with carbon disulfide
because of the poor stability of the intermediate 6 caused
by the sulfur atom in the ring and because of the low elec-
trophilicity of carbon disulfide. In this reaction, an unsta-
ble thioperoxy intermediate 7, a 1:1 cycloadduct of an ox-
aziridine and carbon disulfide, is also possible, taking into

Scheme |
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6
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5 3

account the strong affinity of sulfur and oxygen along with
a large ring strain of the intermediate 6. Such intermedi-
ates having a sulfur-oxygen bond are known in many
reactions, for example, synthesis of sulfinylimine from p-
toluenesulfonamide and a sulfoxide via a 1,3-dioxa-
2,4,6,5-trithiazine intermediate.9

s=c’ VIR 3 4 S
= + +
van'd ’
NYAN
R"" R'

The reason for no reaction of the oxaziridine |ffwith
carbon disulfide other than the rearrangement of | to an
isomeric nitrone is apparently due to a combination of
factors involving both the steric hindrance to addition by
the bulky N-tert-butyl moiety and the low electrophilicity
of carbon disulfide. .

Reaction with Phenyl Isothiocyanate. it is very inter-
esting to observe whether an isothiocyanate will behave
like carbon disulfide or an isocyanate in the reaction with
oxaziridines. A carbodiimide should be given in the for-
mer case and a 1:1 cycloadduct in the latter.

At 110°, the reaction of 2-cyclohexyl-3-phenyloxaziri:
dine (J[e$ gave N-cyclohexyl-N'-phenylcarbodiimide Z(brE)
with benzaldehyde and sulfur, showing that the reaction
surely proceeded by such a mechanism as assumed in the
reaction with carbon disulfide. Though carbonyl com-
pounds and sulfur were quantitatively obtained in the
reactions of other 2-n-alkyl- or sec-alkyloxaziridines a-
Cﬁﬁ, none of the corresponding carbodiimides were isolat-
ed. This was because of polymerization of the resulting
carbodiimides.

The reaction was remarkably changed with a decrease
in the reaction temperature. At 90°, the reaction of these
oxaziridines gave thiadiazolidinethione derivatives 10, 11,
and benzaldehyde. That not only a considerable amount
of sulfur was isolated but also benzaldehyde was obtained
in more than 100% yield (calculated based on the reaction
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ble |

with Carbon Disulfide
/ w + S=C=S —* R"— N =C = + RR'CO + S,
R o) 2 3 4
1
(@]
Reaction0 t
R R' R" time, hr 3 4 X RR'C=N—R™"
a cth 5 H CH, 6.0 97 100 92
C CHs H TI-CJU 7.0 55e 61" 84
e CeHs H ¢-CsHn 7.5 84 90 82
| c,h5 CH, n-CiH, 5.0 84 98 100
-(CH286 CH, 5.0 94 100 93
CeHs H -CHo 30.0 f
| CeHg H 1-CHo 33.01 38»
[ CeHg H I-CaH o 7.0' h h 95

aRefluxed with excessive amount of 2. bAt 70° in a seale
mined by glpc. ' Determined by distillation. <Unreacted

i

tube. ' At 100° in a sealed tube. dYields of 3
was recovered quantitatively. » Unreacted

d 4 were deter-
was recovered.

i

4i-BuNCS, PhCHO, and £-BuN=CHPh were detected by ir and glpc but not isolated.

between 1 mol of 1 and 2 mol of 8) indicates that the
reactions include the path leading to a carbodiimide 9.

R
ve—N-R

Ph. X Ph. X
1 X \ X\
+ 10 + 10
Ph— N=C=$§ Va'e 7
8 Ph >Ru Ph >Bu
1 13
Ph—N= C=N—R" + N—R" +
9 S~r/
S N—en
10
p\ (
N
. .N—Ph + RRCO + S
N
s™hr/

[

2-tert-Butyloxaziridine If, on the other hand, gave the
1:1 cycloadduct, oxadiazolidinethione 12, in a good yield
with asmall amount of oxadiazolidinone 13.

No reaction was obseryed between the isothiocyanate
and 2-benzoyloxaziridine |, which rearranged to 2,2-pen-
tamethylene-5-phenyl-1,3,4-dioxazoline.10

The results are given in Table II.

The carbodiimide 9e showed a strong infrared absorp-
tion band at ca. 2150 cm-1 and was confirmed as N-cyclo-
hexyl-N'-phenylurea by hydration.

The structures of the two thiadiazolidine isomers 10 and
11 were determined by the spectral and analytical data
and pyrolysis. The infrared absorption of the C=N
stretching vibration of 10 appears at 1610-1615 cm-1, ca.
20 cm-1 lower than that of 11. In nmr spectra, the signals
of the N-methylene or IV-methine proton of 10 were ob-
served in higher field than those of 11 by 0.7-2.0 ppm.
Such a thidiazolidine ring system seems to be relatively
stable and, for example, 2,4-diphenyl-3,5-bis(phenylim-
ino)-1,2,4-thiadiazolidine is readily formed by acidic oxi-
dation of NN'-diphenylthiourea.1l

Pyrolysis of 10d at 185° under a nitrogen stream gave

isopropyl isothiocyanate, phenyl isothiocyanate, iV-isopro-
pyl-N'-phenylcarbodiimide, and sulfur. These products
well supported the structure of Qj The compound

was unchanged when it was heated in reflyxing benzene or
toluene, but rearranged to the isomer T|d (61% vyield)
when a catalytic amount of triethyl phosphite was added
to the solution. A large amount of the phosphite caused
desulfurization to give phenyl isothiocyanate (17%), iso-
propyl isothiocyanate (I;L?%), diphenylcarbodiimide (7%),
the rearranged isomer |d (trace), and triethyl phosphite
(64%). RedLreﬂon with LiAIhU and acidic hydrolysis of the
compound gave A,A'-diphenylthiourea and N-isopro-

pyl-Al'-phenylurea, respectively., The former may be
formed via the rearranged isomer ]|d
PhNCS + -PrNCS + j-PrNCNPh + S*
25% 34% 26% 61%
61% 1% 17% 64%
The StI’UCLHe of the major product of the reaction of the
oxaziridine with phenyl isothiocyanate, namely 2-tert-

butyl-3,4-diphenyl-1,2,4-oxadiazolidine-5-thione (12), was
also determined by spectral and analytical data. The
minor product, 2-tert-butyl-3,4-diphenyl-1,2,4-oxadiazoli-
din-5-one (13), is identical with the cycloadduct of the ox-
aziridine and phenyl isocyanate.1

A possible reaction scheme to explain the products of
the reaction of oxaziridines with phenyl isothiocyanate in-
volves the formation of a thiaziridineimine intermediate
14 with the release of a carbonyl compound 4. At higher
temperatures the intermediate 14 thermally decomposes
into a carbodiimide 9 and sulfur (Scheme Il) as postulated
for the reaction of oxaziridines with carbon disulfide. At
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R\
A 7 N-R"™ + PhNCS
R0 8
1
Ph PhN . </
Pmy - C XN/EN n1éX :
PhNCNR" + I N—R" + N—Ph + I 0 + I 0 RRQC + s,
a sv. ! SV 0PV » 1] < 4
N\ N—Ph N—R Ph Bu-i Ph  SBel
10 n 2 13
o Condiitions0
———————————— Oxaziridire (1) Moleratio  Temp, Time,* —Yield, %--------—--
R' R" irsé °C hr 9d 10* lle 13d 13d 4* s xd
d CeH5 H ch3 1.0 110 3.0 191 90
e c6 6 H C-C6in 1.0 110 3.0 58 192 82
% cth 6 H ch3 1.0 100 1.2 6 188 69
CeHs H ch 6 0.6 85 2.6 22 4 119 19
C C6i5 H n-C4H9 1.0 90 3.0 8 28 122 30
|d CeHj H [-C3H7 0.7 90 5.5 36 1 98 1
€  CceH6 H C-CeHu 1.0 % 5.5 g 58 117 2
f cth 5 H f-CHs 1.0 105 2.0 68 19
'( -(CH«)r COCeHs 1.0 115' 7.0 h
CeHs H CHAEJis 1.0 100 1.4 7 143 67

° Relatively small amount of benzene was added. b8: phenyl isothiocyanate. OAllowed to react until ir absorption of 8

disappeared. dBased on equimolar reactions. 0Based on reaction between 1 mol of 1 and 2 mol of 8. Hence, the yield of
as employed as a solvent. «The product corresponding to
| rearranged to 2,2-pentamethylene-5-phenyl-1,3,4-dioxazoline

200% when the reaction is completely equimolar. ! Toluene

was detected by ir but could not be purified. * The oxaziridine

in 53% yield.
Scheme ”
Ph— N=C=S
T /iy -1R"  -RR'CO (4 @
AVA @ ph—n=c
"N
RA Nt \ g
14 i
9 + §j
lower temperatures, the intermediate 14 is somewhat

more stable and it reacts with an additional molecule of
the isothiocyanate, giving thiadiazolidinethiones. The for-
mation of two isomers can be explained in terms of the
two paths shown in Scheme Ill. The one is formed by the
nucleophilic attack of the ring nitrogen atom to an iso-
thiocyanate (path a) and the other is formed by the attack
of the imino nitrogen atom (path b). According to the fact
that the thiadiazolidine 10d rearranged to the isomer lid
in the presence of triethyl phosphite, possibility of the
rearrangement of 10 to 11 during the reactions may not be
excluded. The rearrangement is considered to be promot-
ed by stabilization of the intermediate 15.

EtO\ /° Et
EtO—pC
PIOEt)3 -KOEWSs
10 Ph rx
N—R"
sep -
N— Ph
15

In the reaction giving thiadiazolidinethiones, the equi-
molar reaction forming a carbodiimide occurs simulta-
neously. Therefore, it is reasonable that a carbonyl com-
pound was obtained in more than 100% yield when it is

il

o8

Scheme ”l

Ph— N=C=S
+ NLs
— N— R"
5\/ N— R" 10
s—c(
I:I +N —Ph
/
Ph
path a”
[14] + PhNCS
path b |
Ph— N=C=S ~ph\ - ,/s
XN—R" IN— Ph
| i S-C
’LE < Hl +'"N— R"

calculated on the basis of the reaction giving thiadiazoli-
dinethiones.

As an alternative mechanism, a 1:1 cycloadduct inter-
mediate instead of the three-membered intermediate can-
not be excluded for these reactions. This possibility is al-
ready mentioned in the reaction with carbon disulfide.
Thermal decomposition and the further reaction of this
intermediate will also lead to the reaction pr (‘Tiucts.

The reaction of 2-tert-butyloxaziridine l:'I with phenyl
isothiocyanate to yield the oxadiazolidinethione 12 can be
rationalized by invoking the steric arguments used to ex-
plain the reaction of with isocyanates and a carbodi-
imide.1 The formation of the minor product 13 is ascribed
to the replacement of a sulfur atom by an oxygen atom of
an oxaziridine during the reaction, as the ir spectrum of
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the reaction mixture showed the formation of 13, and
partly to the replacement during column chromatography.
The difference from the reaction with carbon disulfide
is due partly to the greater electrophilicity of the center
carbon of an isothiocyanate, which is less than that of an
isocyanate and comparable with that of a carbidiimide or
a ketene, and partly to slightly larger stability of the in-
termediate 14 compared with the intermediate 6.

Experimental Section

Melting points (uncorrected), ir, nmr, and mass spectra, and
glpc data were obtained on the same apparatus reported in the
preceding paper.l Mass spectrometry was performed at 70 eV. All
the reactions were carried out under a nitrogen stream in the ap-
paratus reported previously.!

Materials. Phenyl isothiocyanate was purchased from a com-
mercial source.

2-Alkyloxaziridine 1a-g,k and 2-benzoyloxaziridine 1i were pre-
pared by the procedures reported in the preceding paper! and the
oxaziridine 1j by Schmitz’s method.?? Boiling point and yields of
2-methyl-3,3-pentamethyleneoxaziridine (1j) and 2-benzyl-3-
phenyloxaziridine (1k), which was used without distillation, are
as follows: 1j, bp 63-64° (13 mm), 50%; 1k, 84%. The data on the
other oxaziridines are described in the preceding paper.! The
purities (active oxygen content: AQ) were determined by iodome-
try.

A. Reaction with Carbon Disulfide. Reactions of the Oxazir-
idines la, 1g, and 1j. A mixture of the oxaziridine 1a (8.1 g, 54
mmol, AO 90%) and carbon disulfide (2, 13.5 g, 178 mmol) was
refluxed for 6 hr. After removal of the excess of 2, 1.62 g (93%) of
sulfur precipitated and was filtered off. The filtrate was distilled,
but N-methyl isothiocyanate (3a) and benzaldehyde were not
separated satisfactorily; infrared spectra of the distillates indicat-
ed absorption bands at about 2120 (N=C=S) and 1700 cm~!
(CHO). Determination of the yields and identification were made
by glpc on the combined distillates.

The other two runs were carried out by the same procedure,
starting with the oxaziridine 1g (6.0 g, 28 mmol, AO 90%) and
carbon disulfide (2, 10.0 g, 132 mmol), the oxaziridine 1j (5.0 g, 34
mmol, AO 86%), and 2 (8.7 g, 114 mmol), respectively. The
amount of sulfur precipitated was 0.91 (100%) and 1.0 g (93%),
respectively.

Retention times of the products were identical with those of an
authentic sample.!3 Operating conditions of glpc were as follows:
column, 4 mm X 2 m Apiezon Grease L. 10% on Diazolid L 60-80
mesh; carrier gas Hz, 34 ml/min; column temperature, 103
(CH3NCS) and 145° (C4HgNCS); retention time, 1.6 min
(CH3NCS) and 3.7 min (C4HoNCS).

Reaction of Oxaziridine lc and le. A mixture of the oxaziri-
dine lc (10.2 g, 54 mmol, AO 94%) and carbon disulfide (2, 12.9 g,
170 mmol) was refluxed for 7 hr. After removal of the excess of 2
and of sulfur (1.45 g, 84%), the filtrate was treated with 40%
NaHSO; and extracted (ether). The aqueous layer was treated
with NaOH, extracted (ether), dried (Na;SO,), and distilled to
give benzaldehyde (3.8 g, 66%). The ethereal solution was dried
(Na2S0,) and distilled to afford n-butyl isothiocyanate (3¢, 3.4 g,
55%), bp 76° (26 mm), ir (neat) 2120 cm~! (-NCS). Furthermore,
the compound 3¢ was allowed to react with n-butylamine to give
N,N’-di-n-butylthiourea: mp 64.5-65.5°; ir (Nujol) 3290 (NH),
1418 and 1215 (C=S), 1520 cm -1 (NH, CN).

Anal. Caled for CgH2oN2S: C, 57.40; H, 10.70; N, 14.87. Found:
C,57.68; H, 10.79; N, 14.70. .

The reaction of the oxaziridine le (10.0 g, 44 mmol, AO 89%)
with 2 (10.0 g, 132 mmol) was carried out as described above, and
cyclohexyl isothiocyanate (3e, 5.2 g, 84%), benzaldehyde (4.2 g,
90%), and sulfur (1.15 g, 82%) were obtained. The isothiocyanate
3e was treated with cyclohexylamine to give N,N’-dicyclohexyl-
thiourea (3e), bp 85° (7.5 mm), ir (neat) 2120 cm~! (-NCS), and
thiourea, mp 185.5-187°, ir (Nujol) 3210 (NH), 1413 and 1226
(C=S), and 1505 cm -1 (NH, CN).

Anal. Caled for C,;3H24N2S: C, 64.95; H, 10.06; N, 11.65.
Found: C, 64.94; H, 10.36; N, 11.79.

Reaction of the Oxaziridine 1f. A thixture of the oxaziridine 1f
(8.2 g, 45 mmol, AO 98%) and carbon disulfide (2, 11.0 g, 144
mmol) was refluxed for 30 hr. The oxaziridine was recovered
quantitatively by distillation.

In a 25-ml glass tube, a mixture of the oxaziridine 1f (8.0 g, 44
mmol, AO 98%) and 2 (5.4 g, 71 mmol) was sealed and allowed to
stand at 70° for 33 hr. The excess of 2 was removed and the resul-
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tant solid was filtered and recrystallized (hexane) to give a-phe-
nyl-N-tert-butylnitrone (3.0 g, 38%): mp 74-75° (mixture melting
point of the mixture of the product and an authentic sample!*
was not depressed); ir (Nujol) 1562 (C=N), 1192, and 1120 cm~?
(NO); the spectrum was identical with that of the authentic sam-
ple.

Under severe conditions (100°, 7 hr), 6.8 g (95%) of the nitrone
was obtained from the oxaziridine 1f (8.1 g, 40 mmol, AO 88%)
and the sulfide 2 (6.1 g, 80 mmol).

B. Reaction with Isothiocyanate. Reaction of the Oxaziri-
dine la. To a solution of phenyl isothiocyanate (8, 10.0 g, 74
mmol) in benzene (10 ml), the oxaziridine 1a (10.0 g, 52 mmol,
AO 70%) was added dropwise with stirring and allowed to react
for 2 hr. The temperature of the mixture was maintained at 110°.
The mixture was distilled to give 7.5 g (191%) of benzaldehyde
and a small amount of unreacted 8. The residue was chromato-
graphed (basic aluminum oxide-benzene) to give 1.5 g (90%) of
sulfur.

At 100°, 3.6 g (188%) of benzaldehyde, 0.8 g (69%) of sulfur,
and 0.30 g (6%) of 4-methyl-2-phenyl-5-phenylimino-1,2,4-thiadi-
azolidine-3-thione (10a) were obtained from the reaction between
the oxaziridine la (6.1 g, 37 mmol, AO 81%) and the isothiocyan-
ate 8 (4.9 g, 36 mmol) for 1.2 hr.

Thiadiazolidinethione 10a was obtained as pale yellow needles
(from EtOH): mp 131-132.5°%; ir (Nujol) 1610 cm ! (C==N); mass
spectrum m/e 299 (M+, caled 299), 226 (M+ — CHaNCS), 194
(PhNCNPh+), 164 (M+ — PhNCS), 132 (PhNCNCH;3+), 135
(PhNCS+).

Anal. Caled for Ci5H13N3S2: C, 60.17; H, 4.37; N, 14.03.
Found: C, 59.85; H, 4.10; N, 13.73.

Reaction of the Oxaziridine le. The reaction of the oxaziridine
le (11.0 g, 49 mmol, AO 91%) with the isothiocyanate 8 (7.7 g, 57
mmol) in 7 ml of benzene was carried out by the same procedure
as above for 3 hr. The reaction mixture was distilled to give benz-
aldehyde (5.0 g, 96%) and N-cyclohexyl-N’-phenylcarbodiimide
(9e, 5.7 g, 58%), bp 80° (1 mm), ir (neat) 2140 cm~! (-N=
C—=N-). The residue was chromatographed (basic aluminum
oxide-benzene) to give 1.3 g (82%) of sulfur. The compound 9e
was treated with sodium methoxide in water-methanol to afford
N-cyclohexyl-N’-phenylurea as colorless needles (from EtOH):
mp 190-191°; ir (Nujol) 3330 (NH), 1628 (C=0), 1547, 1320, and

1308 cm -1 (NH, CN); mass spectrum m/e 218 (M+, caled 218),

135 (M+ — Cg¢Hi1), 119 (PhNCO+).

Anal. Caled for C13H18N20: C, 71.53; H, 8.31; N, 12.83. Found:
C,71.31; H, 8.25; N, 12.76.

Under milder conditions, 90° (5.5 hr), the oxaziridine le (11.1 g,
51 mmol, AO 93%) was allowed to react with the isothiocyanate 8
(6.75 g, 50 mmol). The mixture was distilled to give 3.1 g (117%)
of benzaldehyde, but none of the carbodiimide 9e. The residue
was chromatographed (basic aluminum oxide-benzene) to give
5.30 g (58%) of 2,4-diphenyl-5-cyclohexylimino-1,24-thiadiazoli-
dine-3-thione (11e) and 0.03 g (2%) of sulfur. The former was re-
crystallized from ethanol to give colorless needles: mp 208-209°; ir”
(Nujol) 1630 cm~! (C=N); mass spectrum m/e 367 (M*, calcd
367), 285 (M+ — CgHj0), 194 (PhANCNPh+), 141 (CeH;;NCS+).

Anal. Caled for CzoH21N3S2: C, 65.36; H, 5.76; N, 11.43.
Found: C, 65.13; H, 5.81; N, 11.31.

Reaction of the Oxaziridine 1b. The reaction of the oxaziri-
dine 1b (8.0 g, 48 mmol, AO 90%) and the isothiocyanate 8 (10.9
g, 81 mmol) was carried out by the same procedure as above at
85° for 2 hr. The solvent and benzaldehyde (5.1 g, 119%) were dis-
tilled off and addition of hexane to the residue precipitated crys-
talline solid. The solid was filtered and recrystallized (benzene-
ethanol) to afford 0.2 g of sulfur and 2.8 g (22%) of 4-ethyl-2-phe-
nyl-5-phenylimino-1,2,4-thiadiazolidine-3-thione (10b). The fil-
trate was chromatographed (basic aluminum oxide-benzene) to
give 0.3 g of sulfur and 0.5 g (4%) of 2,4-diphenyl-5-ethylimino-
1,2,4-thiadiazolidine-3-thione (11b). The combined yield of sulfur
was 19%.

10b was obtained as colorless needles (from ethanol-benzene):
mp 171-172°%; ir (Nujol) 1615 ¢cm -1 (C=N); nmr (CDCl3) 6 1.15
(t, 3, J = 6.75 Hz, CHjy), 3.31 (q, 2, J = 6.75 Hz, CHy), 6.7-7.5
(m, 10, 2 Ph); mass spectrum m/e 313 (m+*, calcd 313), 285 (M+
— CH;=CH;), 226 (M+ — EtNCS), 194 (PhNCNPh+), 178 (M+
— PhNCS), 167 (M+ — 146), 146 (PhNCNELt+), 135 (PhNCS+).

Anal. Caled for Ci¢H1s5N3S2: C, 61.31; H, 4.82; N, 13.41.
Found: C, 61.25; H, 4.78; N, 13.35.

11b was obtained as colorless flakes (from ethanol): mp 153-
154° ir (Nujol) 1635 cm~! (C=N); nmr (CDCl3) 6 1.29 (t, 3, J =
6.75 Hz, CHj), 4.03 (q, 2, J = 6.75 Hz, CH,), 6.7-7.5 (m, 10, 2
Ph); mass spectrum m/e 313 (M*, caled 313), 285, 225 (285 —
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NCS). 194, 178, 167, 145 (PhNCNEt+ -
fragments correspond to those from 10b.

Anal. Calcd for Cl6H15N3S2 C, 61.31; H, 4.82; N, 1341
Found; C, 61.29; H, 4.83; N, 13.41.

Reaction of the Oxaziridine Ic. From the oxaziridine Ic (7.3 g,
37 mmol, AO 90%) and the isothiocyanate 8 (5.0 g, 37 mmol), 2.4
g (122%) of benzaldehyde, 0.35 g (30%) of sulfur, 0.50 g (8%) of
4-n-butyl-2-phenyl-5-phenylimino-l,2,4-thiadiazolidine-3-thione
(10c), and 175 g (28%) of 2,4-diphenyl-5-ra-butylimino-I,2,4-
thiadiazolidine-3-thione (lie) were obtained. The latter three
compounds were separated by chromatography.

10c was obtained as pale yellow needles (from ethanol); mp
95-96°; ir (Nujol) 1610 cm-1 (C=N); mass spectrum m/e 341
(M+, calcd 341), 285 (M+ - EtCH=CH2), 226 (M+ - BUNCS),
206 (M+ - PhNCS), 194 (PhNCNPh+), 174 (PhNCNBu+), 167
(M+ - 174), 135 (PhNCS+).

Anal. Calcd for Ci8HION3S2: C, 63.31; H, 5.61; N, 12.30.
Found; C, 63.10; H, 5.53; N, 12.11.

11c was obtained as colorless needles (from ethanol): mp 115—
116°; ir (Nujol) 1635 cm'1 (C=N); mass spectrum m/e 341 (M+,
calcd 341), 285, 226, 206, 194, 174, 167, 135. The assignments for
these fragments correspond to those for 10c.

Anal. Calcd for Ci8HI9N3S2: C, 63.31; H, 5.61; N, 12.30.
Found: C, 63.54; H, 5.39; N, 12.16.

Reaction of the Oxaziridine Id. A mixture of the oxaziridine
Id (6.5 g, 38 mmol, AO 95%) and phenyl isothiocyanate (8, 7.27 g,
54 mmol) in benzene (10 ml) was allowed to react at 90° for 5.5
hr. Removal of the solvent precipitated 1.5 g of 4-isopropyl-2-phe-
nyl-5-phenylimino-1,2,4-thiadiazolidine-3-thione (10d). The fil-
trate was distilled to give 2.8 g (97%) of benzaldehyde and small
amounts of Id and 8. The residue was chromatographed (basic
aluminum oxide-benzene) to give 1.6 g of the compound 10d and
0.1 g (1%) of 2,4-diphenyl-5-isopropylimino-1,2,4-thiadiazolidine-
3-thione (lid). The total yield of the compound 10d was 3.1 g
(36%).

I0d was obtained as colorless needles (from ethanol): mp
166.5- 167°; ir (Nujol) 1612 cm 'l (C=N); nmr (CDC1S) 5 1.07 (d,
6,J = 6.5 Hz, 2CH3), 34 (m, 1,J = 6.5 Hz, CH), 6.7-7.5 (m, 10,
2 Ph); mass spectrum m/e 327 (M+, calcd 327), 285 (M+ -
MeCH=CH?2), 226 (M+ - PrNCS), 194 (PhNCNPh+), 192 (M+
- PhNCS), 167 (M+ - 160), 160 (PhNCNPr+), 150 (285 - 135),
135 (PhNCS+), 101 (PrNCS+).

Anal. Calcd for CiTHI7N3S2: C, 62.35; H, 523; N, 12.83.
Found: C. 62.20; H, 5.17; N, 12.89.

lid was obtained as colorless needles (from ethanol): mp
196.5- 197°; ir (Nujol) 1635 cm '1 (C=N); nmr (CDC13) 5 1.37 (d,
6,J = 6.6 Hz, 2 CH3), 54 (m, 1, J = 6.6 Hz, CH), 6.8-7.8 (m, 10,
2 Ph); mass spectrum m/e 327 (M+, calcd 327), 285, 226, 194, 192,
167, 160, 150, 135, 101. These fragments correspond to those from
10d.

Anal. Calcd for CI7HI7TN3S2: C, 62.35; H, 5.23; N, 12.83.
Found: C, 62.63; H, 5.15; N, 12.68.

Reaction of the Oxaziridine If. The oxaziridine If (8.13 g, 46
mmol, AO 98%) and the isothiocyanate 8 (6.2 g, 46 mmol) were
allowed to react at 105° for 2 hr. Then the mixture was cooled to
give a quantitative amount (14.5 g) of crystalline solid. A part
(3.0 g) of the filtered solid was chromatographed (basic aluminum
oxide-benzene) and 2.04 g (62%) of 2-tert-butyl-3,4-diphenyl-
1.2.4- oxadiazolidine-5-thione (12) and 0.57 g (19%) of 2-tert-
butyl-3,4-diphenyl-I1,2,4-oxadiazolidin-5-one (13) were obtained.
The filtrate was proved to contain small amounts of benzalde-
hyde and N,N'-di-fert-butylcarbodiimide by ir and glpc. The ox-
adiazolidinethione 12 was recrystallized from ethanol to afford
colorless needles: mp 129-130° ir (Nujol) 1295 and 1157 cm-1;
nmr (CC14) 51.32 (s, 9, t-Bu), 593 (s, 1, CH), 7.1-7.4 (m, 10, 2
Ph); mass spectrum m/e 312 (M+, calcd 312), 252 (M+ - COS),
180 (PhN=CPh+), 161 (PhCH=NBuU-t+).

Anal. Calcd for CigH20NOS: C, 69.19; H, 6.45; N, 8.97. Found:
C, 69.27; H, 6.39; N, 8.95.

The oxadiazolidinone 13 was identical with an authentic sam-
ple.l

Reaction of the Oxaziridine li. A solution of the oxaziridine li
(2.05 g, 6.5 mmol, AO 93%) and the isothiocyanate 8 (1.22 g, 9.0
mmol) in toluene (10 ml) was refluxed for 7 hr. The ir spectrum of
the mixture showed the strong absorption of unreacted 8 and no
absorption of the benzoyl group. The mixture was distilled to give
0.65 g of 8 and 1.08 g (53%) of 2,2-pentamethylene-5-phenyl-
1.3.4- dioxazoline, which is reported in the preceding paper.1

Reaction of the Oxaziridine Ik. The reaction between the oxa-
ziridine Ik (12.7 g, 50 mmol, AO 83%) and the isothiocyanate 8
(6.7 g, 50 mmol) at 100° for 1.4 hr gave 3.8 g (143%) of benzalde-

H), 135. Unassigned
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hyde, 1.05 g (67%) of sulfur, and 0.65 g (7%) of 2-phenyl-4-benzyl-
5-phenylimino-I,2,4-thiadiazolidine-3-thione (10k). The last com-
pound was recrystallized from benzene-ethanol to give pale yel-
low needles: mp 151.5-153.5°; ir (Nujol) 1612 cm-1 (C=N); mass
spectrum m/e 375 (M+, calcd 375), 343 (M+ - S), 240 (M+ -
PhNCS), 208 (PhNCNCH2Ph+), 167 (M+ - 208), 135 (PhNCS+).

Anal. Calcd for C2IHITN3S2 C, 67.17; H, 4.56; N, 11.19.
Found: C, 66.89; H, 4.56; N, 10.99.

Pyrolysis of the Thidiazolidinethione 10d. The compound 10d
(800 mg, 2.45 mmol) was heated at 180-190° (10 mm) in an appa-
ratus equipped with a trap cooled with Dry Ice. The trapped lig-
uid (600 mg) was identified and determined by glpc to contain
165 mg (25%) of phenyl isothiocyanate, 84 mg (34%) of isopropyl
isothiocyanate, and 99 mg (26%) of N-isopropyl-N'-phenylcarbo-
diimide. From the residue, 95 mg (61%) of sulfur was obtained.

Treatment of the Compound IO0d with Triethyl Phosphite.
The thiadiazolidinethione 10d (1.0 g, 3.1 mmol) and triethyl
phosphite (50 mg, 0.31 mmol) in benzene (7 ml) was refluxed for 1
hr. The solvent was removed in vacuo and the residue was solidi-
fied. Recrystallization (ethanol) gave 610 mg (61%) of the rear-
ranged product lid.

When the compound 10d (500 mg, 1.5 mmol) was treated with
the phosphite (300 mg, 1.8 mmol) in benzene under similar condi-
tions, an ir spectrum of the mixture indicated the formation of an
isothiocyanate (ca. 2120 cm-1). The mixture was distilled and
determined by glpc; phenyl isothiocyanate (42 mg, 17%), isopro-
pyl isothiocyanate (30 mg, 17%), and triethyl thiophosphite (226
mg, 64%) were obtained. The residue showed the ir absorptions of
a carbodimide (2150 cm-1) and the rearranged product lid. The
treatment of the residue with water gave 21 mg of /V.jV'-diphenyl-
urea, which showed the formation of N.N'-diphenylcarbodiimide
(7%) and 15 mg (3%) of lid.

Hydrolysis of the Compound 10d. To a solution of the com-
pound 10d (400 mg, 1.2 mmol) in ethanol (15 ml), 3 ml of 12 N
hydrochloric acid was added and the solution was refluxed for 5
hr, extracted (ether), dried (Na2S04), and concentrated. The re-
sultant solid was recrystallized (methanol) to give 190 mg (87%)
of AMsopropyl-A"-phenylurea, which was identical with an au-
thentic sample from phenyl isocyanate and isopropylamine.

Reduction of the Thiadiazolidinethione 10d. The compound
10d (500 mg, 1.5 mmol) was treated with LiAIH4 (1.0 g) in reflux-
ing ether for 5 hr, followed by hydrolysis, extraction (ether),
drying (Na2S04), and concentration. The resultant solid was re-
ciystallized (ethanol-benzene) to give 110 mg (32%) of N,N'-di-
phenylthiourea, which was identical with an authentic sample.
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Nitrile Sulfides. Synthesis of 1,2,4-Thiadiazoles
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Reaction of nitriles with nitrile sulfide intermediates, generated by thermolysis of 1,3,4-oxathiazol-2-ones, re-
sulted in 1,2,4-thiadiazoles. The scope of this new synthesis of thiadiazoles was explored; highest yields are ob-
tained with electrophilic nitriles and with aromatic nitrile sulfides.

1,3-Dipolar cycloaddition reactions of nitrile oxides have
been employed repeatedly in syntheses of heterocyclic
compounds.1 2 Until recently,s 4 nitrile sulfides have been
unavailable for syntheses of N-S heterocycles via cycload-
ditions. We have provided evidence that nitrile sulfides
may be generated as reactive intermediates by thermol-
ysis of 1,3,4-oxathiazol-2-ones and may be trapped in 1,3-
dipolar cycloaddition reactions with acetylenes such as
dimethyl acetylenedicarboxylate and ethyl propiolate.s's
We report here a new synthesis of 1,2,4-thiadiazoles via
cycloaddition of nitrile sulfides to nitriles.

Thermolysis of 5-substituted 1,3,4-oxathiazol-2-ones (1)
in excess nitrile led to thiadiazoles 3 and, in several cases,
to lesser amounts of by-products 4 (Scheme I, Table I).
Competitive decomposition of the intermediate nitrile sul-
fides produced sulfur and the nitrile derived from the ox-
athiazolone. Although the thiadiazole reaction proceeds
less readily than the analogous 1,3-dipolar cycloaddition
of nitrile oxides to nitriles to give 1,2,4-oxadiazoless’s
under certain conditions reasonable yields of thiadiazoles
may be obtained (Tables | and Il). Thus, decarboxylation
of 5-phenyl-Il,3,4-oxathiazol-2-one in 35 equiv of benzoni-
trile at 190° gave 3,5-diphenyl-l,2,4-thiadiazole in 50%
yield. The product and authentic material, prepared by
iodine oxidation of thiobenzamide, 7 gave identical ir spec-
tra and gave an undepressed mixture melting point. Prod-
ucts 3 and 4 were further characterized by mass spectrom-
etry; the major fragmentation routes result in loss of RCN
and R'CN (see Experimental Section), as found previous-
lys for 3,5-disubstituted 1,2,4-thiadiazoles.

Scheme |

4

The cycloadditions of aromatic nitrile sulfides to ethyl
cyanoformate proceeded especially well_to giye the ethyl
3-aryl-1,2,4-thiadiazole-5-carboxylates 5a, , and
(Scheme 1I; the indicated yields are for isolated pure
products). Hydrolysis of 94 and decarboxylation of the re-

sultant acid gave the knowns 3-phenyl-l1,2,4-thiadiazole
(6) IN99% yield.

Scheme |1
Ar 7 0 125°
Nvs>=0 + NCCOZEt
Ar—p—N
NSg,J— COZEt

5a, Ar=0"5 (87.57.
b, Ar=m-CFXeH1 (76%)
¢, Ar = 3,5-<MeO)XBH3 (94%)

INeOH  CBH5—F— N A C#H5 r—N
51 N.s>-c0H — N.SJ
6

By-product 4 (Scheme 1) probably occurs uia cycloaddi-
tion of R'CNS to R'CN. The R'CNS could form from
reaction of atomic sulfur with R'CNio (Scheme I) or from
direct sulfur atom transfer between RCNS and R'CN.
Yields of 3 were found to increase with greater excesses of
nitrile, as expected, and with higher temperatures (Tables
I and I1). Evidently, the rate of cycloaddition reaction to
form thiadiazole increases more rapidly with temperature
than the competing decomposition of nitrile sulfide to ni-
trile and sulfur. The data of Table | reveal that the yields
of thiadiazoles increase with more electrophilic nitriles
and decrease with less electrophilic nitriles.11 Substituent
effects in the oxathiazolones are similar. Because the yield
of cycloaddition product 3 depends on the relative rates of
cycloaddition and decomposition of the substituted nitrile
sulfide, the absolute effects of substituents in the oxathia-
zolones on the cycloaddition rate are not readily deter-
mined. Thermolysis of 5-phenyl-1,3,4-oxathiazol-2-one at
125° in chlorobenzene in the presence of 1 equiv of boron
trifluoride etherate showed an eightfold rate enhance-
ment, but the presence of boron trifluoride etherate re-
sulted in lower yields of thiadiazole (Table Il) in the cy-
cloaddition reaction.i2

Our new synthesis of 1,2,4-thiadiazoles allows ready
preparation of 3,5-unsymmetrically substituted deriva-
tives with no uncertainty about the position of the sub-
stituents. Thus, both 3-phenyl-5-p-tolyl-1,2,4-thiadiazole,
mp 115-116°, and 5-phenyl-3-p-tolyl-1,2,4-thiadiazole, mp
77.5-79°, were prepared unambiguously. A previous re-
portis of the preparation of 3- (or 5-) phenyl-5- (or 3-) p-
tolyl-1,2,4-thiadiazole, mp 56°, did not allow an exact
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Thiadiazole Preparatioﬁ%bvliea Nitrile Sulfides» at 190°

Mole Yield' Yield'
ratio,6 of 3, of 4,
R R 1:2 % %
CcH;, céns 0.0287 50 (41)
CsH, p-ch3,h4 0.0287 33 2.3
céh, p-ch36h4 0.0324 30 (10) 1.7
CeH, p-cicéh 4 0.0287 56 8.6
p-CH3CeH4 ce 3 0.0287 30 (8) 4.8
p-ch3cé4 p-ch3e6h4 0.0287 28 (12)
p-cicénh 4 ceh5 0.0287 57 (36) 7
p-cicéh4 P-C1CJU 0.0287 73
p-cicéh 4 P-C1CTU 0.0383 71 (62)
ch3 CoHr, 0.05004 6.9 (2.7) 3.7
p-cicéh 4 EtOoCCH, 0.0287 15.7 (6)
“ See Scheme 1. bUnless otherwise indicated, 1 was

added in three equal portions at 5-min intervals to 2
stirred at 190°. VYields determined by gc analysis. Yields
in parentheses are yields of isolated pure products. d The
liquid oxathiazolone was added dropwise during 35 min to
the nitrile.

structural assignment and very probably led to a mixture,
based on the reported melting point.

Experimental Section

Melting points were taken in open capillaries in a Mel-Temp
apparatus and are corrected. All nitriles were redistilled and
checked for purity by gc prior to use, as impurities present in the
commercial nitriles resulted in lower product yields. The 1,3,4-
oxathiazol-2-ones were prepared by reaction of acid amides with
chlorocarbonylsulfenyl chloride according to reported proce-
dures.14

General Procedure for 3,5-Diaryl-1,2,4-thiadiazoles. To 1.0
mol of aromatic nitrile stirred at 190° was added in three equal
portions at 5-min intervals a total of 0.0287 mol of 5-aryl-1,3,4-
oxathiazol-2-one. The solution was stirred for another 10 min at
190°, cooled, analyzed by gc on a 2-ft column of 10% SE-30 pro-
grammed from 70 to 250°, and concentrated under vacuum to re-
move excess nitrile. The residue was boiled with methanol or eth-
anol, undissolved sulfur was removed by filtration, and the fil-
trate was concentrated somewhat and cooled to give solid prod-
uct, which then was recrystallized from an appropriate solvent.

3.5-
mp 90°), was obtained from ethanol: uv max (CH3CN) 219 nm
(log « 4.20), 255 (4.59); mass spectrum m/e (rel intensity, frag-

ment) 238 (2, M+), 135 (100, M+ - Ce6H5CN), 103 (22,
C6H5CN+), 77(23, C6H5+).
5-p-Chlorophenyl-3-phenyl-I,2,4-thiadiazole. The product

mixture was crystallized from ethanol and from acetonitrile to
give a 90:10 mixture (gc assay), mp 145-147¢, of 5-p-chlorophenyl-
3-phenyl-1,2,4-thiadiazole  and  3,5-bis(p-chlorophenyl)-1,2,4-
thiadiazole (identified by gc retention time and gc-mass spectral
data). A pure sample of product, mp 152°, was obtained by gas
chromatographic purification, mass spectrum m/e (rel intensity,
fragment) 272 (17, M+), 169 (6, M+ - C6H5CN), 135 (100, M+ -
CICsH4CN), 111 (2, CeH4Ci+), 103 (18, CeH5CN+), 77 (18,
Ce6H5+). This isomer is distinguished from 3-p-chlorophenyl-5-
phenyl-1,2,4-thiadiazole by ir absorptions (CHCI3 solvent) at
11.96 (s) and 12.18 n (w, shoulder) whereas the 5-phenyl isomer
has absorption at 11.88 m(s), with no shoulder at 12.18\i.

Anal. Calcd for Ci4H9CIN2S: C, 61.65; H, 3.33. Found: C,
61.80; H, 3.44.

3-p-Chlorophenyl-5-phenyl-1,2,4-thiadiazole. The product
was recrystallized from acetonitrile to give 100% pure (gc assay)
product, mp 118-119°. This isomer has weak ir absorptions
(CHCI3 solvent) at 7.40, 10.00, and 10.88 mthat are not present in
the 3-phenyl isomer.

Anal. Calcd for Ci4H9CIN2S: C, 61.65; H, 3.33. Found: C,
61.45; H, 3.33.

3.5- Bis(p-chlorophenyl)-1,2,4-thiadiazole. Pure product,
163-164° (lit.15 mp 161-162°), was obtained from ethanol: mass
spectrum m/e (rel intensity, fragment) 306 (18, M+), 169 (100,
M+ - CI1C6H4CN), 137 (30, C1C6HACN +), 111 (10, C6H4C1+), 102
(15, C6HACN+).

3-Phenyl-5-p-tolyl-1,2,4-thiadiazole. Gc and gc-mass spectral
analyses of the reaction mixture revealed that 0.3% 3,5-diphenyl-

Diphenyl-1,2,4-thiadiazole. Pure product, mp 86-88° (lit.7

mp
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FE{or%nSO{‘[MPHomT 1%meemt%erztzo elpa og

pneny
Mole Yield
ratio,6 Equiv of Temp, of 3,¢c
1:2 BF: ®tjo °C %
0.100 0 190 74
0.0287 0 190 39
0.10 0 190 14
0.0287 0 160 35
0.0287 0 130 25
0.0287 2d 190 10
0.0287 1 130 0

“ See Scheme I. bAIl the 1 was added in one portion to

at the indicated temperature. ' Determined by gc anal-
ysis. dSome of the boron trifluoride etherate was lost
through the air-cooled condenser.

1,2,4-thiadiazole, 33.2% 3-phenyl-5-p-tolyl-I,2,4-thiadiazole, and
2.3% 3,5-di-p-tolyl-1,2 ,4-thiadiazole had formed. Crystallization
of the product mixture from methanol and then methylcyclohex-
ane gave pure 3-phenyl-5-p-tolyl-1,2,4-thiadiazole: mp 115-116°;
mass spectrum m/e (rel intensity, fragment) 252 (25, M+), 149
(34, M+ - CeH5CN), 135 (100, M+ - CH3CeH4CN), 117 (5,
CH3C6H4CN+), 103 (24, Ce6HsCN+), 91 (11, CTH7+), 77 (29,
C6H5+); nmr (CDC13) b 7.2-8.5 (m, 9, ArH), 240 (s, 3, CH3).
This isomer has a strong ir absorption (CHC13 solvent) at 12.20 m
that is absent in the isomeric 5-phenyl-3-p-tolyl-I,2,4-thiadiazole.

Anal. Calcd for CisH12N2S: C, 71.40; H, 4.79. Found: C, 71.63;
H, 4.84.

5-Phenyl-3-p-tolyl-I,2,4-thiadiazole. The product was recrys-
tallized from hexane to give 100% pure material, mp 77.5-79°,
which has a medium-intensity ir absorption (CHC13 solvent) at
6.65 mthat is absent in the 3-phenyl isomer.

Anal. Calcd for CisH12N2S: C, 71.40; H, 4.79. Found: C, 71.32;
H, 4.79.

3,5-Di-p-to\yl-1,2,4-thiadiazole. Pure product, mp 127-129°
(lit.13 mp 129°), was obtained from aqueous ethanol: mass spec-
trum m/e (rel intensity, fragment) 266 (22, M +), 149 (100, M+ -
CH3C6H4CN), 117 (23, CH3Ce6H4CN+), 91 (16, C7H7+); nmr
(CDCI3) b8.27 (d, 2, ArH), 7.93 (d, 2, ArH), 7.27 (d, 4, ArH), 2.40
(s, 6, CHa).

3-Methyl-5-phenyl-1,2,4-thiadiazole. To 86.8 g (0.842 mol) of
redistilled benzonitrile at reflux was added dropwise 4.92 g
(0.0421 mol) of 5-methyl-l,3,4-oxathiazol-2-onel4 during 35 min.
The solution was held at reflux for another 10 min, cooled, ana-
lyzed by gc (see Table 1), and concentrated under vacuum to re-
move excess benzonitrile. The residue was triturated with 30 ml
of methanol, and the mixture was filtered free of sulfur. The fil-
trate was cooled in Dry Ice to give 0.24 g of 97% pure (gc assay)
3,5-diphenyl-l,2,4-thiadiazole, mp 82-87°. Recrystallization of
this solid from methanol gave 0.12 g of solid, mp 87-89° (mmp
87-89° with authentic material), that gave the same ir spectrum
as authentic 3,5-diphenyl-1,2,4-thiadiazole.

The filtrate from the first crystallization was distilled under
vacuum; 86% pure product, 0.32 g of oil that solidified, was col-
lected at bp 100-125° (2 mm). This solid was recrystallized from
cold aqueous methanol to give 0.20 g of 100% pure 3-methyl-5-
phenyl-1,2,4-thiadiazole (2.7% yield): mp 54-55.5° (lit.16 mp 50°);
nmr (CDC13) b 8.00 (m, 2, ArH), 7.53 (m, 3, ArH), 2.73 (s, 3,
CH

SS(p -Chlorophenyl)-1,2,4-thiadiazole-5-acetic  Acid Ethyl
Ester. The general procedure was employed. The product was
crystallized from aqueous ethanol and from hexane to give pure
product: mp 127.5-129°% ir (CHC13) 5.78 /;; nmr (CDCI3) b 8.23
(m, 2, ArH), 7.43 (m, 2, ArH), 433 (q, 2, J = 7 Hz, OCH2CH3),
427 (s, 2, CH2CO), 1.35(t, 3.J = 7 Hz, OCH2CH3).

Anal. Calcd for C12Hu CIN202S: C, 50.98; H, 3.92. Found: C,
50.98; H, 3.87.

Ethyl 3-Phenyl-1,2,4-thiadiazole-5-carboxylate (5a). A solu-
tion of 14.0 g (0.0783 mol) of 5-phenyl-1,3,4-oxathiazol-2-one and
31.0 g (0.313 mol) of ethyl cyanoformate in 150 ml of dodecane
was held at.reflux under N2 (pot temperature was 138° at start)
for 12.75 hr, at which time gc analysis revealed that the reaction
was complete and that the product had formed in 89% yield. Re-
moval of the solvent and crystallization of the residue from etha-
nol gave 15.97 g (87.5%) of white needles: mp 70-71°; ir (CHC13)
572, 581 uv max (CH3CN) 242 nm (log « 4.24), 293 (3.44);
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mass spectrum m/e (rel intensity, fragment) 234 (46, M +), 189 (4,
(M+ - OEt), 161 (3, M+ - CO02Et), 135 (100, C6H5CNS+), 103
(32, C6H5CN+), 77 (16, C6H5+).

Anal. Calcd for CnHiON202S: C, 56.40; H, 4.30. Found: C,
56.21; H, 4.45.

Ethyl 3-(o,a,ff-Trifluoro-m-tolyl)-1,2,4-thiadiazole-5-carbox
ylate (5b). Use of a similar procedure to that above (92.5-hr reac-
tion time) gave product thiadiazole in 76% yield (isolated prod-
uct) as a white solid, mp 79-80.5° (from heptane), ir (CHCI3)
5.725.80 m.

Anal. Calcd for Ci2H9F3N202S: C, 47.68; H, 3.00. Found: C,
47.86; H, 2.84.

Ethyl 3-(3,5-Dimethoxyphenyl)-1,2,4-thiadiazole-5-carboxyl-
ate (5c). Use of a similar procedure to that above (92.5-hr reac-
tion time) gave product thiadiazole in 94% yield (isolated) as a
white solid, mp 125-126.5° (from dodecane), ir (CHCI3) 5.72, 5.80

A

Anal. Calcd for C13H14N204S: C, 53.05; H, 4.79. Found; C,
53.19; H, 4.90.

3-Phenyl-1,2,4-thiadiazole (6). A mixture of 8 g (0.034 mol) of
ethyl 3-phenyl-1,2,4-thiadiazole-5-carboxylate, 1.5 g (0.037 mol) of
sodium hydroxide, 10 ml of ethanol, and 60 ml of water was heat-
ed with stirring on a steam bath for 1 hr. The resultant solution
was allowed to cool and was acidified with 3.5 ml (0.042 mol) of
concentrated hydrochloric acid. The resultant mixture, contain-
ing granular solid carboxylic acid, was heated on a steam bath
until decarboxylation was complete. The mixture was cooled and
extracted with ether. The ether layer was dried (MgS04) and
concentrated under vacuum to give 5.5 g (99%) of colorless oil.
Distillation of this material gave a single fraction, bp 76.5° (0.5
mm) [lit.9 bp 78-80° (0.3 mm)], nmr (CDCI3) 59.90 (s, 1, 5-H),
8.37 (m, 2, ArH), 7.48 (m, 3, ArH).

Anal. Calcd for C8H6N2S: C, 59.23; H, 3.74; N, 17.27; S, 19.76.
Found: C, 59.03; H, 3.84; N, 17.23; S, 19.91.

Ackerman, et al.

Registry No.—1, R = Me, 17452-74-3; 1, R = Ph, 5852-49-3; 3,
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4115-17-7; 3, R = Ph, R' = p-MeC6H4; 50483-74-4; 3, R = p-
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p-Tolyl sulfoxide (1) reacted with excess p-tolyllithium (2) to give p-tolyl sulfide (3, 66%), p,p'-bitolyl (4,
31%), and m,p'-bitolyl (5, 26%). The reaction of tri-p-tolysulfonium salt with 2, which gave 3 (87%), 4, (72%),
and 5 (5%), is thought to proceed largely through a tetra-p-tolylsulfurane which collapses to product. A
mechanism for the reaction of 1with 2 is proposed which involves 4-toluyne formation from a tetracoodinate S(1V)
precursor, tri-p-tolyloxysulfurane (7). The 4-toluyne adds 2 to give 4 and 5. iV-p-toluenesulfonyl-S,S-di-p-tolyl-
sulfimide and 2 gave 3 (80%), 4 (66%), 5 (1-2%), and p-toluenesulfonamide (60%), while methoxydi-p-tolylsul-
fonium salt and 2 gave 3, 4, and 5 in the ratio of 135:96:1. These two reactions are proposed to proceed largely
through tetra-p-tolylsulfurane which collapses to 3 and 4; very little 4-toluyne is involved as an intermediate.
Methyl p-toluenesulfinate and 2 gave 3 (77%), 4 (37%), and 5 (32%). The reaction is thought to proceed via for-
mation of 1 which then reacts via 7. Mesityl sulfoxide and mesityllithium gave 2,4,4'6,6'pentamethyl-2'-

(2,4,6-trimethylphenylmethyl)diphenyl sulfide (16%) but no mesityl sulfide or bimesityl.

Hypervalent sulfur chemistry,2 the chemistry of nonoc-
tet sulfur compounds such as sulfonium ylides, sulfoxides,
and sulfuranes in which the sulfur participates in the
reaction, has been of great synthetic utility and theoreti-
cal interest and consequently much studied during the
past decade. In nucleophilic substitution at tricoordinate
sulfur(1V),3 e.g., sulfinyl sulfur, the presence or absence of
tetracoordinate S(IV) intermediates, conveniently named
sulfuranes, formed by bonding of the nucleophile to sul-
fur, has occupied the attention of many workers. In prin-
ciple, these intermediates can exist, since stable sulfu-
ranes, such as SF4, are known. In practice, their detection
has often proved difficult. Kinetic studies have not une-
quivocally demonstrated their presence even though ef-

forts have been made to detect them in various reactions
(eq 14and 25).

0

]
ArSOCtR + CD;OH —~ ArSOCD, + CH,OH @

(0]

ArSNHAr' + OH' —* ArSO,~+ ArNH, 2

Stable sulfuranes usually have four electronegative
atoms such as F, Cl, 0, or N around sulfur, but recently
examples having two carbon atoms as ligands have been
synthesized.6-8 The carbon atoms were shown in one case
to be equatorial by X-ray analysis.6 The two remaining
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ligands were still electronegative atoms, in these cases
oxygen and fluorine. No sulfurane having four carbon
atoms around sulfur has been isolated, but, based on nmr
evidence, tetrakis(pentafluoTophenyl)sulfurane9 is said to
be stable at temperatures below ca. 0°. Apparently, sulfu-
ranes without two electronegative substituents are ther-
mally unstable. Nevertheless, there is often good reason,
besides argument by analogy, to believe that they exist as
intermediates in various reactions. This paper reports on
one of these reactions.

When an ethereal solution of phenyl sulfoxide was
treated with phenyllithium, phenyl sulfide (87% yield)
and biphenyl (65% yield) were obtained.l0 The analogous
reaction of p-tolyl sulfoxide (1) with p-tolyllithium (2)
yielded p-tolyl sulfide (3, 66%), p,p'-bitolyl (4, 31%), and
m.p'-bitolyl (5, 26%).3

These reactions were originally assumed to proceed
through an initial formation of a triarylsulfonium ion fol-
lowed by ortho proton abstraction and elimination to give
a diaryl sulfide and an aryne. Addition of aryllithium to
the aryne followed by protonation of the o-lithiobiaryl
upon aqueous work-up of the reaction mixture then would
give the biaryls (eq 3-5).

0

K S

The first reaction is analogous to the formation of tri-
phenylsulfonium ion from phenyl sulfoxide and phenyl-
magnesium bromide in refluxing benzene.ll Franzen
showed, as Wittig had earlier, that aryl sulfides and biar-
yls are formed from triarylsulfonium salts upon their reac-
tion with aryllithiums.12 Thus eq 3-5 seemed like a rea-
sonable pathway to the products.

Franzen suggested, however, that two mechanisms were
operative in the reaction of triarylsulfonium salts with ar-
yllithiums. The major process, originally proposed by
Wittig,13 involved formation of a tetraaryl sulfur, a sulfu-
rane, which was thermally unstable and collapsed rapidly
to sulfide and a biaryl. The other process involved an
aryne (eq 4 and 5) and was believed to be minor based on
the low yield of acid formed upon carbonation of the o-
lithiobiaryl. Our original note presented evidence for ben-
zyne in the phenyl sulfoxide reaction through trapping by
lithium thiophenoxide—the yield of phenyl sulfide in-
creased to greater than 100% based on the triphenylsul-
fonium salt—and by isolation of o-phenylbenzoic acid
formed by the carbonation of o-lithiobiphenyl.10

Doubt that a triarylsulfonium cation could be an inter-
mediate arose when Trost and coworkersl4 showed that
the reaction of tri-p-tolylsulfonium tetrafluoroborate (6)
with p-tolyllithium in tetrahydrofuran at —78° gave only
p-tolyl sulfide and p,p'-bitolyl. No m,p'-bitolyl, which
would have been formed from 4-toluyne, was detected by
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ir analysis of the reaction mixture. This aryne is known to
form a 50:50 mixture of 4 and 5 upon reaction with p-to-
lyllithium in ether.15 At about the same time, Oae and
Khim 16 reported evidence for aryne formation in the reac-
tion of tri-p-tolysulfonium salt with phenyllithium in re-
fluxing ether. Thus, the situation was confused by the ap-
pearance of seemingly contradictory results, although dif-
fering solvent and temperature conditions may account for
this.

When we treated a slurry of tri-p-tolylsulfonium bro-
mide with p-tolyllithium in ether we obtained p-tolyl sul-
fide (87%), p,p'-bitolyl (72%), and m,p'-bitolyl (5%) in
close agreement with the results of Trost. One might
guestion the origin of the small amount of 5. In our case,
the p-tolyllithium was prepared from rc-butyllithium and
p-bromotoluene in benzene, a technique which leads to
the formation of benzene-insoluble p-tolyllithium. Some 4
and 5 were also formed, most of these were removed from
the organolithium reagent as it was used in the various
reactions, and our results have been corrected for these
small amounts. However, the essential point remains that
tri-p-tolysulfonium salt under our conditions gave very lit-
tle 4-toluyne; most of the reaction seems to follow another
pathway, presumably the one involving a tetratolyl sulfu-
rane for which Trost has presented a good argument.13
Recently, Jacobusl? has reinforced the case for a sulfu-
rane.

An explanation for the formation of m.p'-bitolyl in the
sulfoxide reaction which does not involve a sulfonium salt
intermediate must now be forthcoming and a possibility is
given by eq 6 and 7.

The initially formed adduct, 7, is postulated to react in
two ways. One (eq 6) is the reaction with p-tolyllithium to
give 4-toluyne, which reacts as in eq 5 and the rather
novel tricoordinate S(Il) species, 8, which loses lithium
oxide to give 3. The other pathway leads to tri-p-tolylsul-
fonium ion (9), which goes on principally to a tetraaryl
sulfurane, but which may also have a small 4-toluyne-
forming component (eq 7).

A test for this hypothesis was made by treating ;V-p-tol-
uenesulfonyl-S,S-di-p-tolylsulfimide (10) with p-tolyllith-
ium. The toluenesulfonamide anion would be expected
to be a better leaving group than the oxyanion, assumed
to be the leaving group in 7; so the rate of tritolylsulfon-
ium salt formation should be increased relative to the for-
mation of an intermediate resembling 8. Thus, the yield
of 5 should decrease as a consequence of the decrease in
4-toluyne production, while that of 4 should increase. This
was found to be so. The yield of 5 was 1-2% while that of
4 was 66%. p-Tolyl sulfide (72-82%) and p-toluenesulfona-
mide (58-65%) were also produced.
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Table 1
Pmr Parameters of Compounds 14a and 14b°
Compd Hel v H3 Hj* H& * Hs Hi’ Hi» Hi» HX H2 Hii»
146 I 2.24 1 1.99 2.13 $---3.98— 1 6.09 Fomm- 6.79--———- 1
14b 1.97 2.14 —2.31— 2.50 2.65 4.04 4.15 6.38 Foeeeeees 6.99------—-- 1
LIS (14b)c -1.13 -0.83 -0.55 -0.30 -3.9 -5.0 -3.9 -9.8 -1.57 -0.50 -1.36 -1.63

- All measurements were performed on a Jeolco HA-100 instrument in CDC13 solutions (~0.2 M) at ordinary probe tem-
perature. Chemical shifts are given in parts per million downfield from internal tetramethylsilane. hAssignments of HLH*
are based on comparison with the ArCH3 groups of mesitylene (8 2.22), of ditolylmethane (2.27), and of mesityl sulfide [2.17
(ortho) and 2.22 (para) ]. cLanthanide-induced chemical shifts were extrapolated to 100 mol % Eu(fod)3from observed shifts
at 0, 14.3, 28.5, 43, and 57 mol % by the method of least squares (correlation coefficients >0.993) and are presented as
A[Eu(fod)3] values in parts per million: P. V. Demarco, T. K. Elzey, R. B. Lewis, and E. Wenkert, J. Amer. Chem. Soc., 92,

5734 (1970).

A second variation in leaving group was made by treat-
ing methoxydi-p-tolylsulfonium fluorosulfonate (11) with
p-tolyllithium (eq 8). Here again,, an expected enhance-

(PMe OMe
— S—Tol -1+ Tol— S'
n 1>Tol
Tol

ment of leaving-group ability should lead to a lowered
yield of toluyne-derived product. While the yields of 3, 4,
and 5 were low, presumably due to reaction of 2 at the
methyl group, the ratio of 4 to 5 was 96:1, which again
supports the hypothesis of an initially formed sulfurane
intermediate reacting in two ways as in eq 6 and 7.

While the presence of 4-toluyne as an intermediate
seems well supported, oxyanions rather than 2 may be the
bases involved in the aryne-forming elimination reaction.
Intramolecular proton abstraction by oxygen in 7 or pro-
ton abstraction by lithium oxide (Li20 or LiCD) on 7 or
the tritolysulfonium salt are conceivable alternatives.
However, treatment of triphenylsulfonium bromide with a
28-fold excess of lithium oxide in an ether slurry for 9 days
at room temperature gave only a trace of diphenyl sulfide.
Apparently, lithium oxide was not a very effective base in
catalyzing benzene formation from the sulfonium salt, if
indeed that was how the diphenyl sulfide arose. Triaryl-
sulfonium halides have been treated with a variety of ni-
trogen, sulfur, and oxygen bases in different solvents with-
out any evidence of aryne formation.18 Although the pres-
ence of 8 cannot be demonstrated with certainty and must
remain speculative, the arguments supporting 7 and its
furtherreaction along two competingpathways seem
strong.

Other experiments are suggested by this hypothesis.
Onecould react a variety of tricoordinatesulfur(1V)
species with 2 to form an initial intermediate which might
undergo a variety of reactions. For example, the reaction
of methyl p-toluenesulfinate (12) with 2 was performed
(eg 9 and 10). Duplicate runs of this reaction gave 5, 4,

(0] OMe
1 2 | .
Tol— S— OMe— » Tol— S 1 + MeOLi 9)
12 IN OLi
Tol
OMe T.+
. L
Tol— S'- + + TolH (10)
OLi Me

and 3 in yields of 32 and 25, 37 and 44, and 77 and 69%,
respectively. These yields are essentially the same as ob-
tained from 1, so there seems to be no evidence for a
pathway such as shown by eq 10.

Repetition of the various reactions discussed above
never gave exactly the same yields on any two occasions.
This probably results from the variation in reagent con-
centrations from one run to the next which is consistent
with partitioning of an intermediate in which one step is
first order in p-tolyllithium and the other zero order.
These variations, of course, argue against intramolecular
hydride abstraction reactions, which should be indepen-
dent of the concentration of 2.

Reaction of mesityl sulfoxide (13) with 5 molar equiv of
mesityllithium was performed. Although the aryne path-
way is ruled out by the presence of ortho methyl substitu-
ents, the collapse of a tetracoordinate intermediate to bi-
mesityl and mesityl sulfide is not. However, these two
compounds were not detected in the reaction mixture.
Column chromatography on alumina of the crude reaction
mixture gave mesitylene, a white solid, some unidentified
oils, and an emorphous solid.

The white solid, C27H32S, was assigned the structure
14a based on the nmr spectrum (Table 1) and an osmome-
trically determined molecular weight of 390 (calcd, 388).
Further proof of this structural assignment was gained
from the oxidation with hydrogen peroxide, which gave a
white, crystalline derivative, C27H320S, assigned as the
corresponding sulfoxide (14b). The nmr spectrum 14a
showed three different ArCH3 groups and a singlet for the
two methylene protons, whereas that of 14b showed five
different ArCH3 groups and an AB quartet for the methy-
lene protons which indicates the presence of a chiral cen-
ter (sulfur) in 14b. A lanthanide-induced chemical shift
study using tris(7,7-dimethyl-1,1,1,2,2,3,3-heptafluoro-
4,6-octanedionato)europium(lll) in deuteriochloroform so-
lution (Table 1) further resolved the spectrum of 14b to
give six ArCH3 signals and four (ratio 1:2:2:1 H) ArH sig-
nals. This allowed an assignment of the protons as shown
and therefore confirmed the identification of the reaction
product and its derivative as 2,4,4',6,6,-pentamethyl-2'-
(2,4,6-trimethylphenylmethyl)diphenyl sulfide and the
corresponding sulfoxide, respectively.

1da, X=:

b, X=0
Several reaction pathways might lead to 14a. A Smiles
rearrangement of the vinylogous ylide 15, derived from an
initially formed sulfonium salt 16, would give 14a. Unfor-
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tunately, we were unsuccessful in synthesizing 16 from 13
and mesitylene using phosphorus pentoxide as a catalyst
or from the reaction of dimesitylethoxysulfonium tetraflu-
oborate with mesitylmagnesium bromide, and, thus, were
unable to test for the possibility of the 1,4-sigmatropic
rearrangement represented by eq 11.

CH3
16 MesS—y O ) CH3 14a 11

“CHv
15

This does not mean that a trimesitylsulfonium salt is
incapable of being synthesized nor that it cannot appear
as an intermediate during the course of the reaction.
Since lithium reagents differ somewhat from Grignard re-
agents in their reactions, it is possible that such a salt
could have been formed and rapidly disappeared to prod-
ucts, thus escaping detection.

Another possible mechanism for the formation of 14a
would involve 13 directly (eq 12). This mechanism implies
that the carbanion intermediate 17 is part of a n system
involving an orbital on sulfur. When the mesityllithium
adds to 17, a second electron pair is localized on sulfur,
resulting in the formation of a tricoordinate S(Il) species
18 analogous to 8. Loss of lithium oxide yields 14a.

Mesli
17
12

Mes

J

14a

A third mechanism is suggested by the rearrangement
of mesityl phenyl sulfone to lithium 2-benzyl-4,6-dimeth-
ylbenzenesulfinate when treated with n-butyllithium.19 In
our case, a sulfenate salt formed from 13 might lead to the
product (eq 13). In any event, no products which might
arise from a sulfenic acid, presumably too unstable to be
isolated, were obtained.

Although the exact mechanism involved is not known,
the essential point remains that no bimesityl nor mesityl
sulfide were formed from mesityl sulfoxide reacting with
mesityllithium.

In conclusion, it seems that tricoordinate S(IV) com-
pounds such as aryl sulfoxides, sulfimides, or alkoxysul-
fonium salts react with aryllithiums to give tetracoordi-
nate S(1V) species, e.g., 7, which, depending on the na-
ture of the leaving group, partition between two paths (eq
6 and 7). One pathway leads to a triarylsulfonium ion (eq
7) which then reacts further, while the other may (eq 6)
involve the formation of a novel tricoordinate S(ll)
species. Although such a structure may seem unusual, it
should be remembered that formally this would be an in-
termediate present in nucleophilic substitution at dicoor-
dinate S(I1) or upon the addition of two electrons in the
reduction of sulfoxides to a sulfide. Sekera, Rumpf, and
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coworkers20 have written structures similar to 8 as possi-
ble intermediates in the reaction of alkyl sulfoxides with
organomagnesium halides. While 8 and analogous species
may be formulated as transition states rather than as in-
termediates, our evidence suggests that 7 and similar sul-
furanes in which three ligands are carbon and one ligand
is oxygen or nitrogen may have sufficiently long lifetimes
so that they can react with other substances in the reac-

tion mixture. . .
Experimental Section

General. p-Tolyllithium (2) was prepared from n-butyllithium
and p-bromotoluene in hexane-benzene solutions at 60° in nitro-
gen-flushed, serum-capped centrifuge tubes and washed with
benzene seven times, after which it was dissolved in diethyl
ether.2l The ethereal solutions were standardized by titration
with benzoic acid according to the procedure of Eppley and
Dixon.2 Gas-liquid chromatographic analyses were carried out
using a 20 ft X 0.25 in. column packed with Apiezon L on Chro-
mosorb W (80/100) and a thermal conductivity detector. Biphen-
yl was the internal standard used to obtain quantitative results.23

Reaction of Tolyl Sulfoxide (1) with p-Tolyllithium (2).—An
ethereal solution of 2 (5.0 ml, 1.44 mmol) was added by syringe to
1 (0.0630 g, 0.274 mmol) dissolved in ether (ca. 20 ml) contained
in a nitrogen-flushed, serum-capped 200-ml flask. After being
stirred magnetically for 20 min, the mixture was hydrolyzed with
5% hydrochloric acid. The organic layer was dried over magne-
sium sulfate and the ether was removed by distillation through a
25-cm Vigreux column. The residue, analyzed by glc, contained
p-tolyl sulfide (3, 0.0388 g, 0.181 mmol, 66%), p,p'-bitolyl (4,
0.0157 g, 0.0861 mmol, 31%), and m,p'-bitolyl (5, 0.0128 g, 0.0702
mmol, 26%). Lower boiling products such as toluene were neglect-
ed. Compounds 3-5 were identified by retention-time comparisons
and by ir comparisons with authentic samples. Sulfide 3 was oxi-
dized to the sulfone, mp 159-160° (lit.24 mp 159°). Bitolyl (4),
after recrystallization from methanol, did not depress the melting
point of an authentic sample (lit.25 mp 119-120°). An authentic
sample of 4 was available commercially. Bitolyl 5 was synthesized
from 3-methylcyclohexanone and p-tolylmagnesium bromide ac-
cording to the method of Ito and Hey.26 Sulfide 3 was obtained by
the acid-catalyzed, iodide ion reduction of commercially available
1.27

Reaction of Tri-p-tolylsulfonium Bromide with 2. An ether-
eal solution of 2 (8.6 ml, 2.47 mmol) was added to a suspension of
tri-p-tolylsulfonium bromide (0.154 g, 0.400 mmol) in ca. 20 ml of
ether as described above. Analysis of the hydrolyzed reaction
mixture gave 3 (0.0744 g, 0.347 mmol, 87%), 4 (0.0521 g, 0.286
mmol, 72%), and 5 (0.0037 g, 0.0203 mmol, 5%).

Reaction of IV-p-Toluenesulfonyl-S,S-di-p-tolylsulfimide
(10) with 2. An ethereal solution of 2 (14.7 ml, 6.7 mmol) was
added to a suspension of 10 (0.382 g, 1.0 mmol) in ether as de-
scribed above except that the mixture was stirred overnight.
Analysis of the hydrolyzed reaction mixture gave 3 (0.153 g, 0.716
mmol, 72%), 4 (0.120 g, 0.656 mmol, 66%) and 5 (0.0022 g, 0.0121
mmol, 1.270). p-Toluenesulfonamide (0.111 g, 65%), mp 135-
136.5° (lit.28 mp 138.5-139.0°), was obtained from the ether layer
by extraction with aqueous sodium hydroxide. A second reaction
gave 3 (83%), 4 (67%), 5 (2.0%), andp-toluenesulfonamide (58%).

Reaction of Methoxydi-p-tolylsulfonium Fluorosulfonate
with 2. Methyl fluorosulfonate (0.258 g, 2.2 mmol) was added to 1
(0.460 g, 2.0 mmol) in 20 ml of methylene chloride. The solution
was stirred for 8 hr, after which 30 ml of ether was added. The
solvents were decanted from the resulting oil. Additional ether (10
ml) was used to wash the oil. Ether (30 ml) and 2 (12 ml, 6 mmol)
were added and the mixture was stirred for 16 hr. After the usual
work-up, the mixture was shown to contain 3 (0.94 g, 0.44 mmol,
22%), 4 (0.057 g, 0.31 mmol, 16%), and 5 (0.00059 g, 0.0032 mmol,
0.16%) aswell as a large amount of 1

Reaction of Methyl p-Toluenesulfinate (12) with 2. An ether-
eal solution of 2 (0.86 ml, 3.85 mmol) was added to 12 (0.103 g,
0.60 mmol) in ether (30 ml). After 2 hr, the reaction mixture was
worked up as above to give 3 (99.2 mg, 46 mmol, 77%), 4 (41.0 mg,
22.5 mmol, 37%), and 5 (34.6 mg, 19.0 mmol, 32%). Repetition of
the reaction gave 3 (69%), 4 (44%), and 5 (25%).

Reaction of Mesityl Sulfoxide (13) with Mesityllithium. Mes-
ityl sulfoxide (3.00 g, 0.0105 mol) suspended in ether (100 ml) was
added to mesityllithium prepared from mesityl bromide (10.45 g,
0.053 mol) and excess lithium dispersion in ca. 70 ml of ether.
The bright orange mixture was stirred for 2 hr, hydrolyzed, and
then extracted with chloroform, and the dried organic layers were
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concentrated to an oil (9 g) which was chromatographed on alu-
mina. The cobalt test for sulfonium salts was negative on both
this oil and the aqueous layer.29 Tic of the oil showed bimesityl
and mesityl sulfide to be absent. The column chromatography
gave an initial fraction (5.5 g), shown to be primarily mesitylene
by glc. A second fraction gave a white, crystalline, solid 14a, mp
160-161° (acetone) [0.064 g, 1.7 mmol, 16%; mol wt by osometry in
toluene, 390 (calcd, 388)].

Anal. Calcd for C27H32S: C, 83,51; H, 8.25; S, 8.25. Found: C,
83.50; H, 8.42; S, 7.98.

The remaining materials obtained from the chromatograph
were not identified.

Oxidation of 14a. Compound 14a (165 mg, 0.425 mmol) was
dissolved in 15 ml of acetic acid-chloroform (2:1) and 30% hydro-
gen peroxide (180 mg, 1.6 mmol) in acetic acid solution (2.8 ml)
added in 0.1-0.2-ml portions at room temperature. The reaction
mixture was diluted with water and extracted with chloroform.
The combined chloroform layers were washed with aqueous sodi-
um carbonate and sodium bicarbonate, dried (MgS04), and con-
centrated to give an oil, which crystallized upon standing. Re-
crystallization gave 112 mg (0.28 mmol, 65%), mp 149-150° (aque-
ous EtOH). This product (67 mg) was further purified by prepar-
ative tic (silica gel, methylene chloride) to give, after recrystalli-
zation, 27 mg of 14b, mp 167-168° (MeOH).

Anal. Calcd for C27H320S: C, 80.15; H, 7.97. Found: C, 80.21;
H, 7.98.

Reaction of Triphenylsulfonium Bromide with Lithium
Oxide. A slurry of triphenylsulfonium bromide (119 mg, 0.348
mmol) and lithium oxide (292 mg, 9.7 mmol) in ether was stirred
continuously. After 2 days at room temperature, tic (silica-chlo-
roform) indicated the possible presence of phenyl sulfide. After 9
days, the mixture was hydrolyzed with dilute sulfuric acid and
ether extracted. The dried' (MgS04) ether extracts were concen-
trated to give an oil (51 mg) which was almost totally aliphatic
(nmr), although a small aromatic peak (<2%) indicative of phe-
nyl sulfide was present. Glc (5% SP-100 on 80/100 ABS, 6 ft x 2
mm, fid) gave a peak with the same retention time as phenyl sul-
fide. Chloroform extraction of the water layer, which was shown
by the cobalt and bismuth spot tests27 to contain a sulfonium
salt, after the addition of sodium bromide (5 g) gave crude tri-
phenylsulfonium bromide (171 mg).

Registry No.—1, 1774-35-2; 2, 2417-95-0; 10, 50546-27-5; 12,
672-78-6; 13, 3972-22-3; 14a, 50273-63-7; 14b, 50458-30-5; tri-p-tol-
ylsulfonium bromide, 50273-64-8; methoxydi-p-tolylsulfonium flu-
orosulfonate, 50273-65-9; mesityllithium, 5806-59-7; triphenylsul-
fonium bromide, 50273-67-1; lithium oxide, 12057-24-8.
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Hydride reduction of I-alkyn-3-ols (3) is shown to proceed via site-specific hydride transfer to C-2. A mecha-
nism is proposed which rationalizes the observed reciprocal relationship between solvent basicity and the extent

of cis reduction for these systems.

In connection with another problem in this laboratory,
it was necessary to synthesize the isotopically labeled al-
lylic alcohols la and Ib. One convenient route to allylcar-

R R R—C=C—CH—R'
\:=¢c/ YT 1 _
R," V'CH(OH)-re-C4H9 OH
la R =R, =H;RED 3, R = H;R' = n-C4H9
bR, =R,=D;Rj=H b, R = D;R'= /1-C4Ho
c¢R =Rt=H,R,=D ¢, R=H;R'=ICH
d R, =R,=H;R-=D d R=D; R'=CH1

binolic substrates of this type which has been of consider
able synthetic use in the past is the lithium aluminum
hydride reduction of propargylic alcohols.2 Mechanistic

observations reported on this and related reductions how-
ever, suggest that the detailed course of this reaction
might be quite structure dependent, thus detracting from
its general utility for isotopic labeling.

Early work3-5 in this area indicated that the reduction
proceeded via specific hydride transfer from the alumi-
num bound to oxygen to the adjacent carbon of the ac-
etylenic linkage, leading after hydrolysis to the olefin re-
sulting from exclusive trans reduction (Scheme 1). Corey
and coworkers have since demonstrated that for certain
substrates (principally 2-alkyn-l-ols) the hydride transfer
was not site specific.6 More recently it was observed that
the LiAIH4 reduction of phenyl-substituted propargyl al-
cohols of type 2 proceeded via specific hydride attack7-8 as
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Scheme |
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had been proposed earlier,3-5 but this anomalous specifici-
ty was attributed to the powerful directive influence of
the phenyl group at C-3.7

cHL=C—CH—R
|
OH
2

In light of these indications that the detailed mecha-
nism of the reduction by lithium aluminum hydride of
acetylenic alcohols may be quite structure sensitive and
faced with the requirement for compounds Ta and |b, a
systematic investigation of the mechanism of LiAlIH4 re-
duction of propargylic alcohols of general structure 3 (R =
H) was undertaken.

Results and Discussion

Reduction of the acetylenic alcohol Sa with LiAID4 in
tetrahydrofuran (THF) at room temperature for 3 hr fol-
lowed by hydrolysis gave a monodeuterated product in
85% yield whose structure was established as |a by proton
nmr. Correspondingly, LiAIH* reduction of the deuterated
alkynol bfoll wed by D20 quench yielded the doubly la-
beled alcohol Tb (96% d2). This specificity of hydride af-
tack was observed to be general for alcohols of structure é,
since similar labeling patterns were observed for the re-
ductions of compounds 3C and 3d. In addition, the posi-
tion of hydride attack was not affected by the addition of
trivalent aluminum species (AICI3) to the reaction medi-
um, contrary to previous observations.6’9-10 (The rate of
reduction was observed to diminish in these cases.11)

Reduction of alcohol 3a with LiAlIH4 in THF at room
temperature for 3 hr followed by D20 quencr yielded ex-
clusively the product of trans reduction, C. However,
when the reduction was performed in ether, a second
product was obtained which was identified by proton nmr
as IU; the product resulting from cis reduction of the pro-
pargylic alcohol. This result had been obtained previously
for the LiAIH4 reduction of l-ierf-butyl-3-phenylpropargyl
alcohol (2, R = i-C4H9) in ether.7 Investigation of the ef-
fect of solvents on the stereochemistry of the reduction of

d with LiAIH4 followed by %nquench was undertaken
and Table | summarizes the data obtained.

These results indicate a strong inverse correlation be-
tween the Lewis basicity of the solvent and the extent of
cis reduction such that in the extreme case, isopropyl
ether, cis reduction can predominate by a ratio of 3:1.

On the basis of the results obtained in this investiga-
tion, the following conclusions can be drawn concerning
the mechanism of reduction of propargylic alcohols of gen-
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Table | .
o s R gpon o

% trans % cis
Solvent reduction” reduction”

Dioxane 100 0
Tetrahydrofuran 100 0
Tetrahydrofuran + A1CL 100 0
2,5-Dimethyltetrahydrofuran 55 45
2,2,5,5-Tetramethyltetrahydrofuran 33 67
Ethyl ether 60 40
Ethyl ether + AICh 60 40
n-Propyl ether 50 50
Isopropyl ether 25 75

aValues determined using 100-MHz nmr spectrometer.

eral structure 3 It has been established previously that
the function of the aluminum bound to the alcohol oxygen
in propargylic systems is to deliver the hydride intramole-
cularly to the triple bond.7 This is consjstent with the ob-
servation that the rate of reduction of 3a in THF at room
temperature is not dependent on the concentration of
L1AIH4 above a stoichiometric amount. It is apparent
from this study that for propargylic alcohols of general
structure 3 (R = H) this hydride transfer occurs exclu-
sively to C-2 in contrast to the results obtained for 2-
alkyn-l-ols6 and in the absence of the powerful directive
influence of a phenyl group as proposed by Borden.7 In
addition, the reciprocal relationship between solvent ba-
sicity and the extent of cis reduction has been demon-
strated. The cis reduction observed in these systems ne-
gates the possibility of intramolecular stabilization of the
resulting vinylic carbanion by the aluminum bound to
oxygen as outlined in Scheme I, since this would impose
unlikely geometrical constraints (trans double bond in a
five-membered ring) on the resulting oxoaluminum
species (assuming that hydrolysis of the C-Al bond occurs
with retention of configuration12). The stabilization of the
vinyl carbanion formed during the cis reduction may
therefore best be accomplished by other Lewis acids in the
reaction medium. Experiments by Borden7 on the phenyl-
substituted propargylic alcohol 2 (R = ferf-butyl) suggest-
ed that even for trans reduction intramolecular stabiliza-
tion of the carbanion does not occur initially. Since the
extent of cis reduction varies inversely with the ability of
the solvent to solvate Lewis acids in the reaction medium,
it appears reasonable to assume that these Lewis acids
play an important role in the determination of the stereo-
chemistry of the vinyl carbanion. In support of this view
recent experiments have indicated that vinyl carbanions
exhibit a high degree of stereochemical stability,13'14
which has been attributed to either sufficiently long life-
times of the anion in its trigonal configuration or the for-
mation of stereochemically distinct intimate ion pairs
with available counterions.14

With this information in hand the mechanism outlined
in Scheme Il is presented, which incorporates all of the
available data and provides a rational explanation of the
observed results. Logically the first step involves forma-
tion of the oxygen-aluminum bond followed by intramo-
lecular hydride transfer to C-2 with concomitant forma-
tion of gne of two stereochemically stable vinyl carbanions
(IGa or é)B) In the weaker Lewis base solvents (e.g., ether,
2,5-dimethyltetrahydrofuran) the available counterions
(depicted here as Li+) are less solvated and hence readily
available to stabilize existing anionic charges in the tran-
sition state (5a). This presumably would be best accom-
plished via pathway a. Conversely, in strong Lewis bases
{e.g., dioxane, tetrahydrofuran) the highly solvated coun-
terions would not be as available for stabilization of the
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Scheme 11
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developing anionic centers and the configuration yielding
greatest separation of these sites (5b) would be more ener-
getically favorable (pathway b). Hydrolysis of the result-
ing ion pair 6a or 6b with retention of configurationl2
would result in the product of cis (Id) or trans (Ic) reduc-
tion, respectively. On the basis of these results a cyclic or-
ganoaluminum species (4) cannot be ruled out completely
and may be involved prior to hydrolysis to the trans-re-
duction product (Ic). Finally, the assumption that proto-
nolysis of the carbon-metal bond in the final step pro-
ceeds with retention of configuration appears to be quite
common in the literature,3'4'7'12 but definitive experi-
ments on substrates of this particular structure are not
yet available. Final experimental proof for this assump-
tion is therefore still lacking.

Two interesting observations have been made which
further support the mechanism outlined above (Scheme
I1). When the reduction of alcohol 3a was performed in
isopropyl ether containing a small amount of the crown
ether, dicyclohexyl-18-crown-6, the extent of trans reduc-
tion was observed to increase dramatically (approximately
70% trans reduction us. 25% in the absence of the crown
ether, Table 1).15 Hence, as the proposed mechanism

Grant and Djerassi

would predict, the addition of the crown ether, which
complexes the lithium counterion16 rendering it unavail-
able for stabilization of the developing anionic centers in
the transition state, forces the reaction along pathway b.
Conversely, from Scheme Il it might be expected that
lowering the temperature of the reaction would favor
pathway a, and this was observed to be the case. Reduc-
tioYi of 3a at -25° for 6 days in ethyl ether increased the
extent of cis reduction by approximately 15%.

Experimental Section

General. The THF used was distilled frum Na and benzophe-
none under N2 atmosphere. All other solvents were dried by dis-
tillation from LLAIH4. Reductions were run under an atmosphere
of purified nitrogen. The alkynols employed were purchased from
Farchan Research Laboratories, Willoughby, Ohio. The LiAIH*
was obtained from Alfa Inorganics, Beverly, Mass., and the
LIiAID* from Carl Roth OHG, Karlsruhe, Germany. All products
were purified by preparative glpc on an Aerograph gas chromato-
graph using a 10 ft x 0.25 in. 15% Carbowax M on Chromosorb W
column operated at 120°. Isotopic purities were determined using
an AEI-MS 9 mass spectrometer. Nmr spectra were recorded on a
Varian HA-100 spectrometer.

I-Heptyn-3-ol-i-d (2b). Sodium metal (70 mg) was dissolved in
25 ml of D20 and I-heptyn-3-ol (360 mg) was added. The solu-
tion was stirred overnight at room temperature. This procedure
was repeated twice, after which the product was purified by mi-
crodistillation (97% di).

General Procedure for Lithium Aluminum Hydride (or Deu-
teride) Reduction of the I-Alkyn-3-ols 2a-d. One millimole of
the appropriate alcohol and 1.3 mmol of LIAIH* (or LiAID*) was
stirred in 3 ml of solvent for 3 hr. Hydrolysis was effected by
careful dropwise addition of H20 (or D20). The nmr spectrum
(CDCI3) of la had signals at 6 0.95 (m, 3), 1.2-2.4 (m, 6), 3.5 (s,
1), 413 (q, 1), 5.05 (m, 2); Ib at 60.95 (m, 3), 1.2-1.4 (m, 6), 3.7
(s, 1), 413 (q, 1), 6.0 (m, 1). The per cents of cis and trans reduc-
tion that appear in Table | were calculated using the C-I vinyl
signal at 56.0 (Jcis = 10.5 and Jtrans = 17.0 Hz).
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Electrochemical reduction of phthalic acid gave trans- and «'s-1,2-dihydrophthalic acid isomers, ~6:1. Diels-
Alder adducts formed from tetracyanoethylene with cis-1,2-dihydrophthalic acid, anhydride, and dimethyl
ester, 1,2-Dihydrophthalic anhydride dimerized to dicyclohexadiene dianhydride; an isomeric adduct was ob-
tained from 1,2- and 1,4-dihydrophthalic anhydride. A catalyst system of bis(triphenylphosphine)cobalt di-
bromide plus boron trifluoride etherate inhibited dimerization of 1,2-dihydrophthalic anhydride, isomerized
1,2-dihydrophthalic anhydride to the 1,4 isomer, and catalyzed cycloaddition of 1,2- to 1,4-dihydrophthalic an-
hydride. Palladium on carbon catalyzed the stereospecific disproportionation of dimethyl dihydro- and tetrahy-
drophthalates to phthalate and hexahydrophthalates and effected partial decarboxylation of dihydrophthalic
acids to benzoic acid. Hydrogen transfer reactions were first order in palladium and zero order in olefin and

proceeded mainly by 1,2 addition of hydrogen.

trans-1,2-Dihydrophthalic acid (1) was first prepared by
Baeyer in 1892 by Na(Hg) reduction of phthalic acid.l
Baeyer also prepared cis-1,2-dihydrophthalic anhydride
(6), cis-1,2-dihydrophthalic acid (2), 3,6-dihydrophthalic
acid (3), 2,3-dihydrophthalic acid (4), and 1,4-dihydro-
phthalic acid (5) from 1. 1,2-Dihydrophthalic acid can
now be made in high yields on a large scale by electro-
chemical reduction of phthalic acid, but the dihydro-
phthalic acid so produced is an unspecified mixture of iso-
mers.2-5

Dihydrophthalic acids are of interest as chemical inter-
mediates, being both dienes and dibasic acids. However,
the chemistry of these dienes has hitherto been relatively
unexplored. In this work, we have developed methods for
analysis and characterization of the electrochemically re-
duced phthalic acids, prepared several new Diels-Alder
adducts, and studied the transition metal catalyzed dis-
proportionation reactions of dihydrophthalic acids and de-
rivatives.

Results and Discussion

Cgaracte ﬁtlon.of the Electrochemical Reduction
Products of Phthalic Acid. gach of the dihydrophthalic
acid isomers has a characteristic nmr spectrum,6'7 but
mixtures of cis- and trans-l,2-dihydrophthalic acid cannot
be analyzed, as their nmr spectra are nearly superimposa-
ble, differing only in the shape of the multiplet due to the
olefinic protons. The dihydrophthalic acid isomers can be
separated and analyzed by esterification gas chromatogra-
phy (egc).

The major product from electrochemical reduction of
phthalic acid was the trans isomer 1 by comparison of the
nmr spectrum of its tetracyanoethylene (TCNE) adduct 7
with a reported spectrum of this Diels-Alder adduct.6

A minor electrochemical reduction product was identi-
fied as the cis isomer 2 by these results; esterification gave
a compound with the same egc retention time as the
product from esterification of 6; the TCNE adduct 8 iso-

Ne(HYHOAC
\ 1 MeEOHBF-Et-O
T
. chd®d%
1 electrolysis CNIj
2 MeOHBF, B CN)2
3 TONE CH,0oC

lated from a mixture enriched (80%) in the dimethyl ester
of this isomer was different from 7 and was identical with
the adduct obtained from reaction of TCNE with the di-
methyl ester prepared by esterification of 6; and 8 was
identical with the esterification product of the TCNE ad-
duct 9. The compositions of the TCNE Diels-Alder ad-
ducts 8 and 9 were shown by their elemental analyses and
molecular weights (mass spectra). Both were character-
ized as cis,endo stereoisomers on the basis of their sym-
metrical nmr spectra: 9 (acetone-de), 6 7.02 (multiplet, 2
H, olefinic), 4.80 (multiplet, 2 H, bridgehead), and 4.18
(singlet, 2 H, exo tertiary); 8 (acetone-de), 5 6.70 (multi-
plet, 2 H olefinic), 4.30 (multiplet, 2 H, bridgehead), 3.74
(singlet, 2 H, exo tertiary), and 3.66 (singlet, 6 H, endo
methyl groups). For comparison, the nmr spectra of the
trans adduct 7 in acetone-d6 showed the olefinic protons
as two multiplets at 6 6.94 (1 H) and 6.66 (1 H), the brid-
gehead protons at 4.43 (multiplet, 2 H), two multiplets for
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EIectrocheBmﬁI&Rebé\%cc:HO@ AF)>roducts of
----- Electrolysis conditions---->

Temp,  f-m---mmmmmmeee Products, %---------------- «
Solvent °C 1 2 4 5 PA

A 5% HXS04 90 70.2 2.7 1.i 16.2 10.0
B 50% THF/50%
5% H,S04 40 73.6

10.0 0.2 6.4 9.8
(o) 76.6 .3

40 0.3 9 9.8

<The product distribution in C was obtained by heating
the products B in 5% sulfuric acid at 90° for 2 hr.

the tertiary protons at 3.80 (exo, 1 H) and 3.38 (endo, 1
H), and two singlets due to the carbomethoxy groups at
3.83 (exo, 3 H) and 3.76 (endo, 3 H). The single peaks for
the methyl groups and the tertiary protons and the simi-
larity of the nmr spectra of 8 and 9 (derived from cis an-
hydride 6) is evidence that the carbomethoxy groups in 8
are cis. That the substituents are endo is shown by the
chemical shifts of the exo tertiary protons in 8 and 9,
which are at approximately the same chemical shift as the
proton assigned6 to the exo tertiary position in 7, and are
at lower field than the endo proton in 7, shielded by the
anisotropy of the adjacent double bond.8
1,4-Dihydrophthalic acid (5) was identified by compari-
son of its nmr and egc spectra with those of an authentic
sample prepared by thermal isomerization of 1in water.9
Electrochemical reduction of phthalic acid in an experi-
mental batch cell4'510 at 90° gave dihydrophthalic acids
containing 10-20% 5 and 1-5% 2; reduction at 40° gave
2-7% 5 and 10-18% 2. Typical analyses are shown in
Table 1. When the products from low-temperature elec-
trolysis (B) were heated in 5% sulfuric acid at 90° for 2 hr,
60% of 2 was isomerized to 1 and 5 (C). Therefore, trans-
and ci's-l1,2-dihydrophthalic acids (1 and 2) are formed in
a ratio of about 6:1 by electrochemical reduction of
phthalic acid; 4 and 5 are secondary products due to ther-
mal ispmerization of 1and 2 in the solyent system. .
Digls-Alder Reactions o 1,2-D|Vhy(§rophtrﬁallc Acid.
Prior to this work, the only known Diels-Alder adduct of
1,2-dihydrophthalic anhydride (6) was its maleic anhy-
dride adduct.9 frans-1,2-Dihydrophthalic acid (1) was re-
ported not to undergo Diels-Alder reactions, although sev-
eral adducts of the corresponding dimethyl ester have
been prepared.6 Anhydride 6, prepared in situ from 1 in
acetic anhydride, reacted with TCNE to give an 86% yield
of adduct 9, which sublimed and partially decomposed to
6 and TCNE at 300°. Hydrolysis of 9 gave diacid ]. , iso-
lated in 70% vyield as a tetrahydrate on recrystallization
from water. Anhydrous 1 was obtained by recrystalliza-
tion from acetone and benzene. When was heated at
60° under vacuum a new product was obtained, which was
identified as the dihydroxy lactone 11 on the basis of its
e}

Cerefice and Fields

Dimerization of [}x'@dra%%lrﬁwty&%eAmd in Refluxing

CoBrz2e
1, 5 PPhs, BF3<EtD, Time, —Yield, %—e
mmol mmol mmol mmol hr 12 13
1000.0 15 62
1000.0 66 70
11.0 0.27 0.82 15 28
6.0 6.0 15 17
6.0 6.5 0.27 0.82 15 36
7.0 8.4 0.27 0.82 15 22
6.0 6.5 0.33 0.33 15
6.0 6.0 0.82 15 7
6.0 6.0 0.27 15
6.0 16
6.0 0.27 0.82 15

characteristic infrared spectral bands at 3300, 1750, and
1150 cm -1 and elemental analysis. Both 10 and 11 gave 9
in acetic anhydride or at 200-220°. In water or acetone 11
was converted to 10.

1 refluxed in acetic anhydride for several minutes was

reported to give 84% of anhydride 6.1,9 We found that re-
fluxing 1 for several hours in acetic anhydride resulted in
formation of a Diels-Alder dimer 12 in 70 mol % yield. 12
was also obtained when 6 was heated in acetic anhydride
or acetic acid. A mixture of 1 and 5 in acetic anhydride
gave an isomeric adduct 13 in 17% vyield by [4 + 2] cy-
cloaddition of 6 to the isolated double bond of the anhy-
dride of 5. The proposed endo,endo stereochemistries are
assumed based on rules of Diels-Alder additions and the
most favorable geometries of the transition states.11

Transition metal compounds are known to catalyze
symmetry-forbidden [2 + 2] and [4 + 4] cycloaddition
reactions.12-15 An attempt to effect dimerization of 1or 6
using CoBr2-2PPh3 and BF3-Et20, a catalyst system
that dimerizes norbornadiene to Binor-S,14 gave no new
products. Instead, we obtained a 30% yield of 13. Dimer
12, obtained in 70% yield in the absence of catalyst, was
not observed. The possibility that 12 was the initial prod-
uct and was catalytically isomerized to 13 was ruled out,
as 12 was recovered unchanged when heated under these
conditions. 1 and 5 in acetic anhydride with
CoBr2-2PPh3 and BF3-Et20 gave the cross dimer 13 in
yields twice that of the uncatalyzed reaction. 5 alone gave
no dimers in acetic anhydride in the presence or absence
of catalyst. The catalyst system inhibited self-dimeriza-
tion of 1, partially isomerized 1 to 5 (or their anhydrides),
and catalyzed the [4 + 2] cycloaddition to 13.

Both CoBr2-2PPh3 and BF3-Et20 were necessary for
catalysis; the optimum mole ratio of cobalt to boron was
1:3. No dimers were formed when BF3-Et20 was omitted,
and yields of 13, compared to the uncatalyzed system,
were lower in the absence of CoBr2-2PPh3, as shown in
Table 1.
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Table 111
Palladium-Catalyzed Disproportionation Reactions”

Starting Pd/C,
material mol % Pd Solvent Time
}ﬂ 2.65 PhH 7 hr
4.06 HOAc 2 hr
}8 : 2.65 PhH 9 days
T 2.65 PhH 12 days
}'g 2.73 PhH 1hr
N 4.60 HOAc 2 hr
20 2.73 PhH 5 days
20 4.60 HOAc 16 hr

16 17 18 19+ 21 20
50.5 49.3 0.2
66.0 29.2 1.0 2.8
66.5 27.0 1.3 5.2
68.2 28.8 1.8 0.7 0.5
52.2 0.9- 3.5 43.4
64.7 0.7 3.3 30.2
76.0 3.7 17.7 2.6
84.4 4.2 11.4

“ All reactions were at the boding points of the solvents indicated. 6Products 19 and 21 were present in a ratio of 65:35.

F?glladlum-Catalyzed Reactions of Dihydrophthalie
AC| S. Palladium compounds are known to dimerize acy-
clic conjugated dienes such as butadiene,16 and to effect
isomerization and disproportionation of cyclic dienes such
as cyclohexadiene.17 We found that palladium supported
on carbon catalyzed the disproportionation of the cyclo-
hexadiene derivatives dimethyl trans-1,2-dihydrophthal-
ate (14) and 1,4-dihydrophthalate (15) to approximately a
2:1 mixture of dimethyl phthalate (16) and hexahydro-
phthalate. The reactions were stereospecific: hexahydro-
phthalate obtained from 14 was 94% irons-hexahydro-
phthalate (17) and 6% cis-hexahydrophthalate (18); hex-
ahydrophthalate from 15 was 83% 18, 17% 17. The reduc-
tion products from palladium-catalyzed disproportiona-
tion have the same stereochemistry as from palladium-
catalyzed hydrogenation: 14 was hydrogenated to give
100% 17; 15 was hydrogenated to give 97% 18 and 3% 17.
No dimers were obtained. Palladium-catalyzed dimeriza-
tions of cyclohexadienes evidently do not compete with
hydrogen-transfeT reactions leading to disproportionation.

co2h3 coxh3
coxh3 N T 0 XH3
14 1
co,ch3 coZxh3 co2xh3
coxh3 'CO,CH3 co2h3
16 17 18
Hydrogen-transfer reactions catalyzed by transition

metal compounds proceed via metal hydride intermedi-
ates.1820 The observed ratios of phthalate to hexahydro-
phthalate, which were higher than the theoretical 2:1
ratio, are attributed to dehydrogenation by formation and
loss of hydrogen, in competition with disproportionation
by hydrogen transfer from metal hydride intermediates.

AN X 0 ZTH3 cozh3 CO,CH,
+

NN coxh3 co,ch3 caca,
Refluxed in acetic acid 74 % 24%
benzene 67% 31%

-ACOO0CHSs COXH3 coXxh3

Pd/C

N X 0 ZXH3 co,ch3 co2h3
Refluxed in acetic acid 84% 16%
benzene 73% 22%

Disproportionations catalyzed by palladium on carbon
proceeded stepwise through tetrahydrophthalate interme-
diates. The rate of disproportionation of dihydrophthalate
was about 100 times faster than the disproportionation of
tetrahydrophthalate so that the reactions could be

stopped easily at the intermediate stage, and 1:1 mixtures
of phthalate and tetrahydrophthalates weregsolated.

N~ .C 0 XH3 n poZxh3

ANTC 0 LH3 k"™l  TOZH, N coxh3

19 20 21

Transition metal compounds are known to catalyze hy-
drogen transfer reactions of 1,3-cyclohexadienes predomi-
nantly by 1,4 addition of hydrogen and to disproportionate
1,4-cyclohexadienes by prior isomerization to the conju-
gated 1,3 isomers.1920 We found that trans-l,2-dihydro-
phthalate (14) disproportionated mainly by 1,2 addition of
hydrogen. The tetrahydrophthalates consisted of 65%
frans-1,2,3,4- (19, 1,2-addition product) and 35% trans-
1,2,3,6-tetrahydrophthalate (21, 1,4-addition product).
Tetrahydrophthalate isomers were identified by their nmr
spectra. Their stereochemistries are trans, as continued
reaction in the presence of palladium gave frans-hexahy-
drophthalate (17), which was 95% isomerically pure.

PdH

+ H— Pd— H

14 H

-coxh3

14 addition 1,2 addition

Disproportionation of 1,4-dihydrophthalate (15) gave a
1:1 mixture of phthalate and 2,3,4,5-tetrahydrophthalate
(20) as the only tetrahydro isomer. It formed exclusively
by 1,2 addition of hydrogen to the isolated double bond.
15 did not isomerize to a conjugated diene by addition-
elimination of palladium or a palladium hydride species,
as this would have given dienes and subsequently olefins
that were not observed. 15 was not isomerized to a conju-
gated diene because of its greater thermodynamic stabili-
ty compared to 14;9 the steric interactions in the' almost
planar 14 are relieved on going to 15 and one of the double
bonds becomes conjugated with a carboxy group.

Small amounts of 20 were observed in the disproportiona-
tion of 14 and 19, Table Ill. We attribute this to the for-
mation of dienes containing a A2 double bond in the con-
version of tetrahydrophthalate to phthalate and hexahy-
drophthalate. Subsequent disproportionation of the isom-
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C X + pd «
15
*
* o a * g
—
—
h - pj- 11
15
PdH H H
n 20
-00,CH, (3 X c ¢

erized olefins may be responsible for the lack of total
stereospecificity observed in the formation of hexahydro-
phthalates. 20 may also be formed by isomerization of 14
to 15, in competition with disproportionation.

PdC
"COXH3
14 (19)
/'\ z COXH3 co2h,
NN coZxh3 co2h3
co,ch3
+
coXxh3
20
The Kkinetics of these palladium-catalyzed reactions

were studied in an attempt to elucidate the mecha-
nism(s). Each reaction was found to be first order in cata-
lyst and zero order in olefin. Observation of pseudo-zero-
order Kkinetics in heterogeneous catalysis is not uncom-
mon.21 This indicates that the catalyst is saturated with
substrate and the concentration of substrate on the sur-
face of the catalyst is effectively constant over the course
of the reaction. Unfortunately, no insight into the molecu-
larity of the hydrogen transfer reactions can be deduced in
such cases.

Palladium was the most effective catalyst we found for
disproportionations of 14. The rhodium-catalyzed reaction
of 14 stopped at the tetrahydrophthalate stage. A compar-
ison of several transition metal catalyzed reactions of 14 is
shown in Table IV.

Cerefice and Fields

Reactlonls o& EPr as~| % Wld ophthalate
4 ransition
Mol % — — Product distribution, % —
Catalyst catalyst 14 16 17 9+21 2D
10% Pd/O 2.4 66.2 30.9 2.9
5% Rh/C» 2.4 51.9 435 4.6
5% Ru/O 2.5 72.6 7.8 20 6.2
5% P t/O 1.2 49.9 23.9 171 4.6
Pd(OAc)2* 5.7 65.0 35.0

“In acetic acid at reflux for 2.0 hr. 6In acetic acid at
room temperature for 4 days; Pd(OAc)2is rapidly reduced to
Pd metal.

In the palladium-catalyzed reactions of dihydrophthalic
acids, we found a considerable amount of decarboxylation
to benzoic acid in addition to the disproportionation prod-
ucts. When an acetic acid solution of diacid 1 was re-
fluxed in the presence of palladium on carbon for 20 hr,
benzoic acid (33%), hexahydrophthalic acid (30%), and
phthalic acid (37%) were obtained. Similarly, reaction of
diacid 5 gave 35% benzoic acid, 25% hexahydrophthalic
acid, and 38% phthalic acid. The palladium-catalyzed
reactions gave tetrahydrophthalic acids (19% from 1, 41%
from 5) together with phthalic acid (35%) and benzoic
acid (20%) after 1 hr in refluxing acetic acid. Benzoic acid
was formed by loss of carbon dioxide and hydrogen from
dihydro- and tetrahydrophthalic acids. Mass spectral
analysis of gas samples during the reactions showed car-
bon dioxide, but no hydrogen. From the relative amounts
of phthalic and hexahydrophthalic acids formed, we con-
clude that the hydrogen produced on formation of benzoic
acid was bound to the catalyst and subsequently trans-
ferred to olefin parallel to the formation of hexahydro-
phthalic and benzoic acids by decarboxylation in the pal-
ladium-catalyzed reaction of 1,2,3,6-tetrahydrophthalic
acid (22) .2

Experimental Section

Nmr spectra were recorded on a Jeol H-100 spectrometer using
tetramethylsilane as an internal standard. Infrared spectra were
recorded on a Perkin-Elmer 237B spectrophotometer. All new
compounds gave satisfactory elemental analyses (x0:3%). Melt-
ing points and boiling points are uncorrected.

Egc Analyses. A Hewlett-Packard Model 5750 gas chromato-
graph attached to a Varian Aerograph Model 477 digital integra-
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tor was used for gc analyses. Methyl ester samples were prepared
from the corresponding acids with diazomethane in ether or with
boron trifluoride etherate in methanol according to standard pro-
cedures. Dimethyl esters of phthalic acid and dihydrophthalic
acid isomers elute in the following order: on a 15 ft x 0.125 in.
column packed with 10% OV 210 (methyl silicone with 50% triflu-
oropropyl groups) on Chromsorb W (80/100), cis- and trans-1,2-
dihydrophthalate (same retention times), 2,3-dihydrophthalate,
1,4-dihydrophthalate, phthalate; on a 15 ft x 0.125 in. column
packed with 10% OV 17 (methyl silicone with 50% phenyl groups)
on Chromsorb W (80/100), irares-1,2-dihydrophthalate, ci's-1,2-
hydrophthalate, 2,3-dihydrophthalate, phthalate and 1,4-dihy-
drophthalate (same retention times).

Dimethyl trons-%,2-Bihydrophtimlat© (14). A mixture of 50.0
g of 1(95%) and phthalic acid (5%) with 500 ml of methanol and
40 ml of BF3-Et20 was refluxed for 24 hr. The reaction mixture
was diluted with water and the products were extracted with
benzene. The extract was dried, the solvent was removed on a ro-
tary evaporator, and the products were distilled through a Vi-
greux column to yield a center-cut fraction of 47.5 g (85%), bp
82-85° (1.0 mm), consisting of 95% 14, 2.5% dimethyl cis-1,2-
dihydrophthalate, 1.0% 15, and 1.5% 16.

Dimethyl 1,4-Dihydrophthalate (15). 1,4-Dihydrophthalic
acid (5) was prepared by isomerization of 1 in water,9 mp 226-
228°. Esterification of 5 (5.74 g) in 100 ml of methanol with 7 mi
of BF3-Et20 as above gave 6.24 g of distillate, bp 83-85°
(0.2mm), consisting of 96% 15, 1.5% 14, 0.1% 16, and 2.4% di-
methyl 2,3-dihydrophthalate.

Dimethyl 2,2,3,3-Tetracyanobicyclo[2.2.2]oct-5-ene-trarcs-
7.8- diearboxylate (7). Adduct 7 was prepared in 93% yield by
heating an equimolar mixture of 14 and TCNE on a steam bath
for 20 hr, mp 172-174° (lit.6 mp 172-173°), identical nmr spectra
asreported for 7.6

Dimethyl 2,2,3,3-Tetracyanobicyclo[2.2.2]oct-5-ene-as-endo-
7.8- dicarboxylate (8). cis-1,2-Dihydrophthalic anhydride (6), ob-
tained by refluxing 1 in acetic anhydride,4 was esterified with
BF3-Et20 in methanol. The ester was heated with a 50% excess
of TCNE under nitrogen on a steam bath for 16 hr to give an 82%
yield of 8 after recrystallization from benzene, mp 183-185°, ir
(Nujol) 1740cm-1.

2,2,3,3-Tetracyanobicyclo[2.2.2]oct-5-ene-erado-7,8-dicarbox-
ylic Anhydride (9). Ten grams of a mixture of 1 (93.2%, 55.5
mmol) and phthalic acid (6.8%) was refluxed in 25 ml of acetic
anhydride for 30 min. TCNE (6.55 g, 51.1 mmol) was added to
the cooled solution and the resulting mixture was heated at 50°
for 5 days. White crystals precipitated during the course of the
reaction. The solid was filtered and washed with benzene: yield
12.43 g (88% based on TCNE); mp 300° dec; ir (Nujol) 1880, 1775
cm-1. The mass spectrum shows no parent ion, but contains a
strong M + lpeak at 279, M - C02at 234.

Anal. Calcd for C14H6N40 3: C, 60.4; H, 2.2. Found: C, 60.5; H,
2.3.

Adduct 8 Prepared from Anhydride 9. A solution of 9 (2.00 g)
in 25 ml of methanol and 2 ml of BF3-Et20 refluxed for 16 hr
produced 2.37 g after recrystallization from benzene. Sublimation
at 150° (0.02 mm) and recrystallization from benzene gave 2.04 g
(88%) of 8, mp 181-183°, identical by ir and nmr with the sample
prepared above.

Hydrolysis of 9. 9 (3.00 g) was refluxed in 50 ml of water until
all solids were in solution (45 min). The solution was cooled to 0°
and filtered to give a 70% yield of 10 tetrahydrate, mp 295° dec, ir
(Nujol) 3625, 3540, 3360, 1725 cm. When 10 tetrahydrate is heated
at 60° in vacuo overnight, 11 dihydrate is formed, mp 295° dec, ir
(Nujol) 3320, 1750, 1725 (shoulder), 1150 cm-1. Recrystallization
of 10tetrahydrate from acetone-benzene (~ 1:1) gave an anhydrous
sample of 10, mp 295-300° dec, ir (Nujol) 1735, 1725 cm-1. Heating
anhydrous 10 at 60° in vacuo overnight gave anhydrous 11, mp
295° dec, ir (Nujol) 3325, 1750, 1740, 1725 (shoulder), 1150 cm-1.
Nmr spectrum of 10 (acetone-ds): 59.92 (singlet, 2 H, acidic pro-
tons), 6.80 (multiplet, 2 H, olefinic), 4.32 (multiplet, 2 H,
bridgehead), and 3.76 (singlet, 2H, exo tertiary).

Anai. Calcd for Ci4H8N404: C, 56.8; H, 2.7. Found (10): C,
56.5; H, 3.1. Found (11): C, 56.6; H, 2.7.

Dehydration of 10 and 11 to 9. A sample of 11 was heated at
200-220° in vacuo for 30 min. The infrared spectrum of the resi-
due was identical with that of anhydride 9. When 10 was heated
at 200° for 30 min, it was converted to 9 plus small amounts of 11.

A solution of 11 (0.30 g) in 20 ml of acetic anhydride at room
temperature for 16 hr gave, after removal of solvent, a solid with
an infrared spectrum identical with that of 9. Similarly, 10 in
acetic anhydride gave a mixture of 9 and unreached 10.
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Dimerization of 1 to Tricyclo[6.2.2.02'7]dodeca-3,9-diene-
5,6,11,12-tetracarboxylic Dianhydride (12). Dihydrophthalic
acid (175 g), containing 96% 1 and 4% phthalic acid, was refluxed
in 200 ml of acetic anhydride for 66 hr. White crystals formed.
The mixture was cooled to room temperature; the solid was fil-
tered and washed thoroughly with benzene. Yield of 12 was 104 g
(70%): mp 238-240° dec; ir (Nujol) 1860, 1775 cm-1; mol wt (mass
spectrum) 300; nmr (DMSO-de) multiplets centered at 5 6.48 (2
H), 6.00 (2 H), 3.75 (4 H), 3.29 (2 H), and 2.86 (2 H).

Anal. Calcd for Ci6Hi206: C, 64.0; H, 4.0. Found: C, 64.3; H,
4.0.

Tricyclo[6.2.2.02 7]dodcca-4,9-diene-5,6-11,12-tetracarboxylic
Dianhydride (13) by Reaction of 1and 5. A mixture of 1 (1.01
9), 5(0.99 g), and 5 ml of acetic anhydride was refluxed for 15 hr.
The solid was filtered and washed with ethanol. The yield of 13
was 0.30 g (17%); mp 268-270° dec; ir (Nujol) 1840, 1780, 1665
cm-1; mol wt (mass spectrum) 300; nmr (DMSO-de) multiplets
centered at i 7.28 (1 H), 6.48 (2 H), 3.60 (2 H), 3.45 (2 H), 2.70 (1
H), and 2.20-1.60ppm (4 H).

Anal. Calcd for Ci6Hi206: C, 64.0; H, 4.0. Found: C, 63.8; H,
4.2.

13 by Catalyzed Reaction of 1. A mixture of 1 (1.87 g, 11.0
mmol), CoBr2-2PPh3 (0.20 g, 0.27 mmol), BF3-Et20 (10 drops,
0. 82 mmol), and 5 ml of acetic anhydride was refluxed for 15 hr;
the yield of 13 was 0.46 g (28%), mp 267-269° dec.

13 by Catalyzed Reaction of 1and 5. A mixture of 1.01 g (6.0
mmol) of 1, 1.09 g (6.5 mmol) of 5 0.20 g (0.27 mmol) of
CoBr2-2PPh3, 10 drops (0.82 mmol) of BF3-Et20, and 5 ml of
acetic anhydride was refluxed for 15 hr; the yield of 13 was 0.69 g
(36%), mp 268-270° dec.

Palladium-Catalyzed Disproportionation of Dimethyl Dihy-
dro- and Tetrahydrophthalates. A mixture of dimethyl dihydro-
phthalate, palladium on carbon, and solvent was stirred at reflux.
Products were analyzed by vpc, after filtration of the catalyst and
concentration of the filtrate on a rotary evaporator. For the kinet-
ic studies aliquots of the reaction mixture were analyzed at given
intervals. Reaction conditions and product analyses are in Table
I1l. Results of reactions of 14 catalyzed by other transition metal
compounds are shown in Table IV.

Tetrahydrophthalates 19, 20, and 21 were characterized by
their nmr spectra (CC14): for 19, multiplets at 6 5.63 (2 H), 3.40
(1 H), 280 (1 H), and 2.4-1.8 (4 H), singlet at 3.63 (6 H); for 20,
multiplets at 56.99 (1 H), 3.28 (1 H), 2.10 (2 H), 1.80 (2 H), and
152 (2 H), singlets at 3.65 (3 H) and 3.60 (3 H); for 21, multiplets
at65.58 (2 H), 2.70 (2 H), and 2.20 (4 H), singlet at 3.58 (6 H).

Dimethyl cis-I,2,3,6-tetrahydrophthalate and 3,4,5,6-tetrahy-
drophthalate were prepared by esterification of their correspond-
ing anhydrides. Absence of these isomers in the palladium-cata-
lyzed reactions of 14, 15, 19, 20, or 21 was demonstrated by com-
parisons of nmr spectra and gas chromatographic retention times.

Palladium-Catalyzed Disproportionation Reactions of 1 and
5. A mixture of 2.0 g (11.8 mmol) of dihydrophthalic acids (91.4%
1, 2.6% 2, 0.1% 4, 2.8% 5, and 3.1% phthalic acid), 0.50 g (0.38
mmol) of 5% Pd/C, and 15 ml of acetic acid was refluxed for 1 hr
under argon. The products were esterified with 20 ml of methanol
and 2 ml of BF3-Et20 at reflux for 6 hr. Analysis (mass spec-
trum) of the gases evolved showed carbon dioxide, in addition to
argon and air; analysis of the methyl esters by vpc showed meth-
yl benzoate (17%), 17 (28%), 20 (5%), 19 + 21 (14%), and 16
(36%). When the disproportionation reaction was allowed to pro-
ceed for 20 hr at reflux, the product distribution was 33% methyl
benzoate, 30% 17 and 18, and 37% 16.

A mixture of 1.04 g (6.2 mmol) of dihydrophthalic acids (1.5%
1, 1.4% 4, 96.5% 5, and 0.5% phthalic acid) and 0.25 g (0.19
mmol) of 5% Pd/C was refluxed in 8 ml of acetic acid and the
products were esterified. The mass spectrum of a gas sample
showed carbon dioxide, argon, and air. Vpc analysis of the methyl
esters from a 1-hr reaction showed 20.0% methyl benzoate, 2.7%
17, 6.0% 19 + 21, 2.0% 18, 35.3% 20, and 34.0% 16; analysis of
products after 20 hr at reflux in acetic acid showed 35% methyl
benzoate, 5.3% 17,19.7% 18, 2.0% 20, and 38% 16.

Palladium-Catalyzed Hydrogenation of 14 and 15. A mixture
of 1.31 g of 14 [93.5% pure, containing the methyl esters of 2
(2.4%), 4 (0.1%), 5 (2.1%), and phthalic acid (1.9%)], 0.26 g of 5%
Pd/C, and 100 ml of benzene was hydrogenated in a 300-ml ca-
pacity rocking autoclave bomb at 500 psi at room temperature for
15 hr. Vpc analysis of the products showed 95.1% 17, 2.5% 18,
0.7% 20, and 1.7% 16.

Hydrogenation of 15 [90% pure, containing the methyl esters of
1 (0.5%), 4 (7.0%), and phthalic acid (2.5%)] under the same con-
ditions as above gave 1.3% 17, 34.9% 18, 60.9% 20, and 2.9% 16.
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Investigation of the nmr spectra of a series of a,a'-disubstituted succinosuccinic esters, all except one existing
as cis and trans isomers, has shown that every pair of these isomers gave nmr spectra which differed from each
other in the spacings between the doublets for the four methylene protons in the cyclohexane ring. By associa-
tion of the nmr spectral data with conformational analysis of the isomeric esters under investigation, it is possi-
ble to make plausible assignment of configuration to these isomers. This has found support from nmr spectros-
copy of ff.a'-dimethylsuccinosuccinic esters at very low temperatures and preliminary results from X-ray analy-
sis of one of the isomers of di-p-bromobenzylsuccinosuccinic ester. The difference in the temperature effect on
the nmr spectra of the geometrical isomers is discussed. Of the substituted succinosuccinic esters investigated
in the present work, those which were previously unknown have been characterized.

While using nmr spectroscopy in the characterization of
a,« '-disubstituted succinosuccinic esters, each existing as
cis and trans isomers, it was found that, for each pair of
such isomers, the nmr spectrum of the one differed from
that of the other in the spacing between the doublets for
the four methylene protons in the cyclohexane ring. This
has led to the attempt at the feasibility of assigning the
configurations of these isomers according to their nmr
spectra.

The story began when the present authors were reinves-
tigating the reaction between disodiosuccinosuccinic ester
and a benzyl halide, which was first investigated by Nefl
more than 80 years ago. This latter author regarded the
key products that resulted from the reaction as two iso-
mers of diethyl 2,5-dibenzoxy-3,6-dihydroterephthalate,
on account of their sluggishness to the action of carbonyl
reagents, their resistance to ketonic cleavage by the action
of dilute sulfuric acid, and their crystallographic resem-
blance to the product obtained by reducing diethyl 2,5-
dibenzoxyterephthalate.1 Being curious about the occur-
rence of the isomerism of the dienolic ethers, Chan2 re-
peated Nef's experiment, and isolated exactly the same
products as those obtained by Nef. She found, however,
that they did react with hydroxylamine to give the corre-
sponding dioximes, showing the presence of two carbonyl
groups. Her investigation was not carried any further owing
to the failure of the products to undergo ketonic cleavage.
Nor did she seem to have obtained pure samples of the
dioximes.

Following the discovery of the cleavage of )3-keto esters
by the action of metal iodides,3 the present authors again
made a study of the reaction between disodiosuccinosucci-
nic ester and benzyl iodide and of the isomeric products,
with a view to elucidating their structure and, should they
exist as geometrical isomers, determining their configura-
tion. As those described by Nef, the two crystalline sub-
stances that resulted from the reaction melted at 140.5
(la) and 148.5° (Ib). Both of them reacted with hydroxyl-

R R'
\/

haZ"Cvco

| |
oc\ ”~ch2
c

[\

R R'

I, R = COOEt; R' = CHZPh

I, R =H; R" = CH2Ph
I, R = COOEt; R' = CH2COOEt
IV, R = COOEt; R' = CH3
V, R =H; R" = CHS

VI, R = COOEt; R' = CH2C6H4Br
VIl, R = COOEt; R' = CHPh2

amine, giving the corresponding dioximes, mp 221° dec and
252° dec, respectively. On refluxing for 48 hr with dilute
sulfuric acid, Ib was converted into a product of unknown
structure, melting at 272°, which had the same percentage
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Figure 1L Nmr spectrum of c«-2,5-dibenzyl-2,5-dicarbethoxycyclohexane-1,4-dione.

Figure 2. Nmr spectrum of trans-2,5-dibenzyl-2,5-dicarbethoxycyclohexane-1,4-dione.

composition as Ib, while la remained unchanged. When
heated with hydrated calcium iodide, both la and Ib were
readily decarboxylated, each giving the same pair of iso-
mers, mp 155 (lla) and 196° (lib), respectively. These lat-
ter products also formed the corresponding dioximes.

The reactions just outlined clearly indicate that the
products la and Ib were in all probability geometrical iso-
mers of 2,5-dibenzyl-2,5-dicarbethoxycyclohexane-I,4-
dione, and lla and lib geometrical isomers of 2,5-dibenzyl-
cyclohexane-l,4-dione. Further information in support of
the proposed structures was provided by ir and nmr spec-
troscopy. It was the nmr spectra of la and Ib (Figures 1
and 2) that first attracted our attention to the different
features existing in the part of the peaks for the methy-

lene protons in the cyclohexane ring. In both spectra, the
absorptions of four ring protons give rise to two doublets
with equal coupling constants of 16 Hz. However, the
spacings between the chemical shifts are different. In the
spectrum of la, these chemical shifts lie at 2.33 and 2.90
ppm, while, in the spectrum of Ib, the corresponding shifts
lie at 2.70 and 2.83 ppm. In the former case the doublets
are separated by a spacing of 0.57 ppm and in the latter
case the doublets are separated by a spacing of only 0.13
ppm.

Attempts have been made to correlate the difference in
the spacing between the chemical shifts for ring protons
with the configuration of the geometrical isomers on the
basis of conformational analysis. On the evidence which
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will be given in a later section, la and Ib and the other
disubstituted cyclohexane-1,4-diones should exist in the
chair form. Inspection of the cis and trans configurations
of I, both in the chair form, would make it clear that the

ring methylene protons are of three kinds in both cases. It
follows that the absorption of these protons should give
three doublets instead of two. To account for this discrep-
ancy we have to take a closer look at these isomers. Let us
consider first the cis isomer, la, and mark the four ring
methylene protons with subscripts. The axial protons Hi
and Ha4 lie in environments differing from each other,
while the equatorial protons H2 and H3 lie in very similar
environments. These latter protons may be treated as
equivalent. Flipover of la gives la', with a perfectly iden-

tical conformation. After the conversion, H3 in la' as-
sumes the same environment as Hi in la, and H4 in la’
assumes the same environment as H2 in la. The actual
form of the cis isomer may be regarded as consisting of
half of la and half of la', rapidly transforming one to the
other at ordinary temperatures, similar to the interconver-
sion of axial and equatorial hydrogen atoms in cyclohex-
ane. Thus, in the cis isomer, the four ring methylene pro-
tons may be regarded as consisting of two kinds, those of
the one kind lying in environments intermediate between
Hi and H3, and those of the other lying in environments
intermediate between H2 and H4. While proton Hi is
subject to the deshielding effects of the neighboring equa-
torial carbethoxyl group and the 3-axial carbethoxyl
group, proton H3 is subject to the deshielding effects of
the neighboring oxo group and the 3-axial carbethoxyl
group, and the shielding effect of the neighboring equato-
rial benzyl group. As to the protons H2 and H4, the for-
mer lies in a similar environment to that of H3, and the
latter is subject to the shielding effects of the neighboring
equatorial benzyl group and the 3-axial benzyl group. By
constructing models it can be shown that the distance
between an axial proton and a neighboring equatorial
group or a 3-axial group and that between an equatorial
proton and a neighboring axial group or equatorial group
are approximately equal. We may presume accordingly
that the anisotropic effect of an axial substituent group on
a neighboring equatorial proton or a 3-axial proton and
that of the same group in an equatorial position on a
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neighboring axial or equatorial proton are nearly the
same. On comparing the anisotropic effects of the substit-
uent groups on the ring methylene protons, we see that
the pairs of protons Hi-H3 and H2-H 4 differ from each
other by the shielding effect of one benzyl group and the
deshielding effect of one carbethoxyl group. For reasons
which will be given in a later section, these two kinds of
protons should give rise to two doublets considerably sep-
arated from each other.

As to the trans isomer, Ib, there are two conformations
possible, as shown by Ib and Ib'. The equatorial protons

COZEt Bz

in both forms lie in very similar environments and may be
treated as equivalent, while the axial protons lie in differ-
ent environments. However, for reasons given in the fore-
going paragraph, the axial protons in Ib and Ib' may be
treated as nearly equivalent. It follows that in the trans
isomer there are but two kinds of protons. However, as far
as stability is concerned, Ib should be more stable, be-
cause strong dipole-dipole repulsion between carbethoxyl
groups and oxo groups would cause the former to orient
themselves as remote from the latter as possible. We pre-
sume that the trans isomer consists entirely of Ib. In this
conformer, the ring methylene protons are also of two
kinds: the axial protons and the equatorial ones. The for-
mer are subject to the deshielding effect of the 3-axial
carbethoxyl group and the shielding effect of the neigh-
boring equatorial benzyl group, and the latter are subject
to the deshielding effects of the neighboring oxo group the
Zelectron of a C-C bond,4 and the neighboring axial car-
bethoxyl group and the shielding effect of the neighboring
equatorial benzyl group. These two kinds of protons differ
by the deshielding effects of one oxo group and the a elec-
tron of one C-C bond. As we shall see later, both of these
effects are relatively small, and the two pairs of ring pro-
tons should give two more closely spaced doublets.

Based on the foregoing discussion, it is plausible to as-
sign the cis configuration to the isomer of melting point
140.5° (la) and the trans configuration to the isomer of
melting point 148.5° (Ib). Such assignments are in accord
with the close constancy of the values of the spacings for
the trans isomers of most of the substituted succinosucci-
nic esters studied, and the wide range of the values for the
corresponding cis isomers. This point will be elaborated in
the next section.

The nmr studies have been extended to other a,a'-di-
substituted succinosuccinic esters including 2,5-dibenzyl-
cyclohexane-l,4-dione (Il1), dicarbethoxymethylsuccino-
suceinie ester (I11),5 dimethylsuccinosuccinic ester (1V),6
di-p-bromobenzylsuccinosuccinic ester (VI), and dibenz-
hydrylsuccinosuccinic ester (VII). Among these, Il, VI,
and VII were previously unknown. Each of these esters ex-
ists as cis and trans isomers with the exception of VII, of
which only one isomer has been found. The formation of Il
has been mentioned previously. Of the isomers of the di-
methylsuccinosuccinic ester, only the crystalline isomer
had been known in its pure state, while the liquid isomer
was purified in the authors’ laboratory by chromatogra-
phy.

Referring to Table I, it is seen that the pairs of isomers
of IIl, 1V, and VI gave nmr spectra with the spacings of
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Assignment of Configuration to th?o}s?wﬁrrs f IgTiRIIeIk/ e\r4<|e F@Poq VI According to the Chemical Shifts

In
J----— Chemical shifts, ppm-------- s Configu-
Isomer Mp, °C Upfield Downfield Spacing ration
la 140.5 2.33 2.90 0.57 Cis
llia 60 2.81 3.30 0.49 Cis
IVa Liquid 2.67 3.43 0.76 Cis
Via 151-152 2.27 2.87 0.60 Cis
Vila 216-217 1.97 3.43 1.46 Cis

the peaks for ring methylene protons differing from each
other in much the same way as those in the nmr spectra
of la and Ib. With the same reasoning as that given for the
assignment of configurations of la and Ib, we may assign
the cis and trans configuration to each of these isomers.

In isomers of I, and those of V, the presence of tertiary
protons on a-carbon atoms imposes highly complicated
coupling with the neighboring protons, rendering the anal-
ysis of the spectrum virtually impossible. The decarboxyl-
ation of la and Ib by the action of Cal2-4D20 gave the
deuterated counterparts of Ha and lib, with all the ring
methylene protons replaced by deuterons. This will be
discussed in the succeeding section. The only isomer of
VIl isolated is probably the cis isomer, because the peaks
for ring methylene protons are widely spaced.

Results of nmr spectroscopy of the dimethylsuccinosuc-
cinic esters (IVa and IVb) at temperatures ranging from
20 to -90° provide strong support to the foregoing ac-
counts for the special features of the nmr spectra of the
isomers of a,a'-disubstituted succinosuccinic esters. On
the other hand, X-ray analysis of the isomers of di-p-bro-
mosuccinosuccinic ester is being carried out, with a view
to further justifying the assignment of configuration by
nmr spectroscopic data as outlined above. Preliminary re-
sults unequivocally establish the configuration of one of
the isomers of VI. All these will be discussed in the suc-
ceeding section.

Results and Discussion

The nmr spectra of the geometrical isomers of a,a’-di-
substituted succinosuccinic esters need to be described in
greater detail. As we have seen, the portion of the spectra
that is relevant to the determination of configuration of
the isomers consists of the peaks for the ring methylene
protons. Table | gives the chemical shifts of the doublets
for the ring protons in the nmr spectra of the isomers of I,
El, IV, VI, and VII, together with the configuration as-
signed to each of them according to the considerations
given in the preceding section.

Let us first focus our attention to the spectral assign-
ments on which the assignment of configuration to the
pairs of isomers of I, Ill, IV, and VI depends. In the com-
pounds I, II, 1l, VI, and VII, there exists in each of the
substituents  [CH2CG6HS5, CH2C6HS5, CH2COOC2HS5,
CH2C6H 4Br, and CH(C6H5)2] a pair of diastereotopic
groups. The protons are potentially anisochronous. The
best-known examples are the nonequivalence of benzylic
protons in some, but not all, /V-benzyl heterocyclic bases.7

Examination of the nmr spectra of the substituted suc-
cinosuccinic esters and some of their decarboxylation
products investigated in the present study would show
that none of the substituent groups mentioned above gave
signals that seriously interfered with our spectral assign-
ments. The benzylic protons in la and Ib give a singlet. In
the deuterated lla and lib, in which all the ring protons
have been replaced by deuterons (see Experimental Sec-
tion), the benzylic protons give two doublets with J =
14.0 Hz, differing from the doublets for the ring protons
with 3 = 16.0 Hz. In the spectrum of llia, the absorption
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-------- Chemical shifts, ppm-------«

Isomer Mp, °C Upfield Downfield Spacing Configuration
Ib 148.5 2.70 2.83 0.13 Trans
I11b 106.5 2.97 3.07 0.27 Trans
Vb 73 2.87 3.13 0.26 Trans
Vib 216-217 3.60 2.91 0.31 Trans

of the methylene protons of the CH2COOC2H 5 group gives
rise to a singlet at 3.22 ppm, and that of the ring protons
to two doublets at 2.81 and 3.30 ppm, with J = 16.0 Hz.
As to its isomer, HIb, the methylene protons of the
CH2COOC2Hs group give two doublets at 3.13 and 3.32
ppm, with J = 14.4 Hz, differing from the doublets for the
ring protons at 2.97 and 3.07 ppm, with J = 16.0 Hz. In
the spectra of IVa and IVb, the protons of the methyl
groups on a-carbon atoms give their signals quite remote
from those of the ring protons. Among the isomers of VI,
the cis isomer, Via, gives a spectrum in which the absorp-
tion of the benzylic protons gives rise to two doublets
more downfield than those for the ring protons, with J =
14.0 us. 16.0 Hz. In the spectrum of the trans isomer, Vb,
the absorption of the benzylic protons gives rise to a sin-
glet. Finally, in the spectrum of Vila, the doublets for the
ring protons are easily characterized by proton counting
and finding out the coupling constant. We may conclude
that there is scarcely anything ambiguous in the assign-
ments of the doublets to the ring methylene protons in all
the pairs of isomers of I, I1I, 1V, VI, and VII.

The interpretation of the spectral data as well as the
reasoning on which to base the assignment of the configu-
ration of cis and trans isomers can be provided by consid-
ering more specifically the anisotropic effects of the sub-
stituent groups on the ring methylene protons. In the
spectra of la, llia, IVa, Via, and Vila, to which the cis
configurations are assigned, the downfield doublet of the
ring protons may be ascribed to the deshielding effect of
carbethoxyl group, while the upfield one may be ascribed
to the shielding effect of the substituent group CH2CeHs,
CH2COOC2H5, CH3, CH2C6H 4Br, or CH(C6H5)2. It fol-
lows that the magnitudes of the downfield shifts should be
close to one another, and those of the upfield shifts may
be widely different, and, consequently, the spacings that
separate each pair of doublets, or the chemical shift dif-
ferences, for the doublets in the spectra of these isomers
should differ widely. These turned out as expected. Refer-
ring to Table I, the downfield shifts lie within the range
2.87-3.43 ppm; the upfield shifts within the range 1.97-
2.81 ppm; and the chemical shift differences extend from
0.49 to 1.47 ppm.

It should be noted that for cis isomers the deshielding
effect of a electrons on equatorial protons4 does not influ-
ence the chemical shift differences, since the protons con-
cerned undergo constant axial-equatorial interconver-
sions. Additionally, the substituent groups that ultimately
give rise to chemical shifts are capable of taking favorable
orientations for exerting their anisotropic effects on neigh-
boring protons.

Far different are the trans isomers in these respects. In
the first place, the effect of the a electrons of C-C bonds
should be taken into consideration, although its magni-
tude may be very small (see below). Secondly, as men-
tioned earlier, the spacing that separates the chemical
shifts for the ring protons depends on the deshielding ef-
fects of one oxo group and one C-C bond, and is practical-
ly independent of the effects of other substituent groups
attached to the a-carbon atoms. Thirdly, the oxo group,
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Effect of Temperature g the Peas for Ring i E]s¥e

succinosuc

---------- Cis isomer, liquid, bp 130° (1 mm) (IVa)
Spacing between the
apparent shifts, ppm

Apparent chemical shifts of

Temp, °C ring protons, ppm
20 2.67-3.43 0.76
-11 2.75-3.37 0.62
-38 2.83-3.30 0.47
-48 2.87-3.28 0.41
-58 2.93-3.20 0.27

which is held in a rigid system, should exert a rather
small deshielding effect on the neighboring equatorial pro-
ton, which is barely embraced in its deshielding cone8 and
should give a small chemical shift. So is the deshielding
effect of the C-C bond. All these are reflected in the
chemical shifts for the ring protons and their differences
for the isomers Ib, Illb, IVb, and VIb, as listed in Table I.
The chemical shift differences for the last three isomers
lie within the range 0.26-0.31 ppm, and the lowest value,
that for Ib, is 0.13 ppm. The close constancy of the chemi-
cal shift differences and their relatively small magnitudes
are in good agreement with the deductions outlined above.
It may also be inferred that, in our present case, neither
the deshielding effect of the oxo group nor that of the C-C
bond may produce a shift as much as 0.31 ppm.

While the foregoing considerations justify the assign-
ment of configurations to the a,a'-disubstituted succi-
nosuccinic esters, they do not exclude the possibility that
these substances might exist in the boat form. It has been
known that for certain derivatives of cyclohexanone, the
twist-boat form is preferred.9

If we assume that the substituted succinosuccinic esters
existed in the boat form, the spacings of the doublets for
the ring protons could be correlated in a similar way with
the anisotropic effects of the substituent groups on these
protons, on the assumption that each isomer consisted of
two enantiomeric twist forms, which could be represented
by the regular boat form as the average state. However,
deductions from such correlation would be contradictory
to the experimental facts. For example, while the trans
configuration (boat form) should be assigned to la, llia,
IVa, and Via in the same way as the cis configuration
(chair form) had been assigned to them, the spacings of
the doublets predicted in the way as previously described
for the “trans isomers” (la, llia, IVa, and Via) would be
definitely smaller than the spacings for the corre-
sponding “cis isomers” (lb, Illlb, 1Vb, and VIb). Further-
more, if the cis configuration (boat form) should be as-
signed to Ib, Illb, IVb, and VIb, the high flexibility of the
molecules would obviate the need of taking some pre-
ferred conformation. As a result, all the ring protons
would be nonequivalent.

Low-temperature nmr spectroscopy of dimethylsuccino-
succinic esters was carried out, with our original aim fo-
cused at testing whether some conformational isomers of
the cis form of the ester could be “frozen” so that their
chemical shifts could be identified and interpreted. The
dimethyl derivatives were chosen as the model compounds
on account of their ready solubility in most organic sol-
vents. Solutions of the esters in deuteriochloroform at a
concentration of approximately 50 mg/0.5 ml were first
used. The effect of low temperatures on the absorptions of
the ring methylene protons in IVa and IVb is summarized
in Table Il. It is seen that in the case of the cis isomer,
lowering the temperature resulted in the decrease of the
spacing between the doublets for the ring methylene pro-
tons, with the two chemical shifts apparently drawing
nearer to each other from both directions, while, in the
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pectra of Isomeric

e

/ Trans isomer, crystalline, mp 73° (IVb)------------ n
Apparent chemical shifts of Spacing between the
ring protons, ppm apparent shift, ppm

2.87-3.13 0.26
2.90-3.15 0.25
2.87-3.13 0.26
2.88-3.13 0.25
2.88-3.13 0.25

case of the trans isomer, practically no change occurred
throughout the entire temperature range investigated.
The effect of temperature on the peaks for the ring pro-
tons is also shown in Figure 3, which indicates that, while
the temperature became lower, the peaks for the ring pro-
tons grew broader. At -58°, crystallization of the solute
took place. In order that the experiment could be carried
out at still lower temperatures, deuteriochloroform was re-
placed by deuteriomethanol as solvent. The concentration
of the solution was also approximately 50 mg/0.5 ml.
With these solutions, the nmr spectra showed that the
chemical shifts of the doublets for the ring protons were
generally more closely spaced as compared with those in
the spectra using deuteriochloroform as solvent. At tem-
peratures lower than -65°, the broadened peaks for the
ring protons in the spectrum of IVa, instead of separating
into more peaks as first expected, fused into a single band
which grew flatter with decreasing temperature as shown
in Figure 4a. For the isomer IVb, its solution in deuterat-
ed methanol at the concentration of approximately 50
mg/0.5 ml was used at first. When the temperature was
decreased below -40°, crystallization took place, and the
experiment could not be carried any further. A more di-
lute solution (approximately 10 mg/0.5 ml) was then
used. At a temperature as low as - 66°, when the solution
had set to a jelly-like mass, there was still no change in
the spacing between the shifts for the ring protons. In
order that the spectra of IVa and IVb may be compared
on equal bases, the data that resulted from the use of
more concentrated solutions only are shown in Figures 4a
and 4b.

The temperature effect on the peaks for the ring methy-
lene protons can be satisfactorily interpreted by presum-
ing the flipover of the cyclohexane ring of the cis isomers
of the substituted succinosuccinic esters. The assignment
of cis and trans configurations to the pairs of these iso-
meric esters can be made accordingly, as discussed ear-
lier. Let us consider first the cis isomer of an a,a'-disub-
stituted succinosuccinic ester. Molecules of this isomer
can flip over from one conformer to the other, requiring
only a small amount of activation energy. At room tem-
perature, the frequency of interconversion is high, and the
two chair conformers, being more stable than the interme-
diate forms, constitute almost the entire population of the
molecules. The chemical shifts of the two pairs of ring
protons H1-H 3 and H2-H 4 (see foregoing part) are virtual-
ly the weighted averages of the chemical shifts of Hi and
H3, and of those of H2 and H4, in the two conformers. As
the temperature is reduced, the rate of interconversion
between the two conformers is slowed down, chiefly owing
to decreased thermal agitation and increased viscosity,
and the spectrum becomes broader and changes gradually
its overall character, until finally the broadened peaks
fuse to a flattened band (Figures 3 and 4). On the other
hand, since the spectrum of the trans isomer does not
show similar temperature effect, we may presume that the
trans isomer exists in the form of a single, more stable
conformer. A precise interpretation of the temperature ef-
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Figure 3. Parts of the nmr spectra of the isomers of dimethyl-
succinosuccinic esters (IVa and 1Vb) embracing only the two
doublets for the ring methylene protons, showing the effect of vary-
ing temperatures on the spacing that separates the doublets from
each other, (a) The doublets for the ring methylene protons in the
cis isomer (IVa) approach each other as temperature decreases,
(b) Those for the ring methylene protons in the trans isomer (1Vb)
do not undergo any change in their spacing by decreasing tempera-
ture. Solvent used was CDCI3.

feet on the peaks for the ring protons as described above
would call for a total line shape analysis. For our present
purpose, it is sufficient to demonstrate that the intercon-
version of the two conformer of the cis isomer of the di-
methylsuccinosuccinic ester by flipping back and forth
does take place, while the same thing does not occur in
the trans isomer.

The decarboxylation of the substituted succinosuccinic
esters to give substituted cyclohexanediones deserves
mentioning. As we have seen, the products that resulted
from the decarboxylation of la or Ib and IVa or IVb gave
highly complex nmr signals. Attempts were made to de-
carboxylate la or Ib with Cal2-4D20, with a view to ob-
taining Ha and lib, with their a hydrogen replaced by
deuterium. However, these resulted in a failure. The nmr
spectra of the deuterated products of Ha and lib show
that all the ring hydrogen atoms have been replaced by
deuterium. Unexpectedly, the absorptions for benzylic
methylene protons, which give a singlet in the spectra of
both la and Ib, give two doublets in the spectra of the
deuterated counterparts lla and lib. The same situation of
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Figure 4. Similar to Figure 3, CD30D being used instead of CDC13
as solvent so as to permit the nmr spectra to be taken at still lower
temperatures.

benzylic methylene protons is also observed in the spec-
trum of Via. All these have been mentioned in the earlier
part of this section. The question may arise, however, as
to whether the ring methylene protons or the benzylic
protons are replaced by deuterium when la or Ib is decar-
boxylated with Cal2-4D20, since it had been found that
toluene can undergo deuterium exchange in a strongly al-
kaline medium, resulting in the replacement of side-chain
hydrogen by deuterium.10 This question is easily settled
by referring to the mass spectra of deuterated lla and lib
(see Experimental Section). In both of them the M+ peak
at m/e 298 reveals that 6 out of 14 hydrogen atoms have
been replaced by deuterium, and an intense peak of
C7H7+ at m/e 91 reveals that ring hydrogen atoms, not
the benzylic ones, have been replaced by deuterium. For,
if the latter hydrogen atoms were replaced, an intense
peak of C7Hs5D2+ should appear at m/e 93, but this was
not the case. In the nmr spectra of deuterated Va and Vb,
only the methyl protons appear as a singlet, and the dou-
blet characteristic of C6 ring protons is absent.

Incidentally, the present investigation firmly establishes
the fact that the reaction between disodiosuccinosuccinic
ester and benzyl iodide or chloride furnishes the a,a'-di-
benzyl derivatives but not the enolic ethers as was regard-
ed by Nef. It also affords examples illustrating the readi-
ness with which d-keto esters, even those known to be re-
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sistant to hydrolysis, can be cleaved by the action of hy-
drated calcium iodide. The formulation of Ha and lib
from either la or Ib gives further support to the mecha-
nism suggested by one of the present authors.3 Equilibra-
tion experiments were carried out by the action of ethano-
lic sodium hydroxide as well as sodium ethoxide on Ha
and lib with a view to further strengthening the establish-
ment of the geometrical isomerism of Ila and lib. Unex-
pectedly, the attempt was unsuccessful. Both Ila and lib
were slowly oxidized to deeply colored material when
heated in an alkaline medium. Later experiments were
conducted in an atmosphere of nitrogen, but the reaction
mixture, though only weakly discolored, did not give any
crystalline material.

Among the substituted succinosuccinic esters studied in
the present work, Via, VIb, and VII, being previously un-
known, were obtained from the reactions of p-bromoben-
zyl bromide and benzhydryl bromide, respectively, on di-
sodiosuccinosuccinic ester. As mentioned earlier, only one
isomer of VII, presumably the cis isomer, was isolated.
The reason for the failure to obtain the trans isomer is not
understood. It is also interesting to note that, while Ib gives
a product of much higher melting point but with the same
percentage composition on refluxing for a long time with
dilute sulfuric acid, the p-bromobenzyl analog (VIb) re-
mains unchanged when treated in the same way.

Finally, X-ray analysis of the isomeric di-p-bromoben-
zylsuccinocuccinic esters (Via and VIb) is being carried
out, with the dual purpose of verifying that the substitut-
ed succinosuccinic esters exist in the chair, but not in the
boat form, and providing justification of the configura-
tions assigned to these esters on the basis of their nmr
spectra. Preliminary results from the X-ray analysis of
VIb show that the molecule possesses a center of symme-
try, indicating that VIb should exist in the chair form,
and that it should be the trans isomer. Packing consider-
ations strongly suggest that in this isomer the two bulky
p-bromobenzyl groups should be in equatorial positions,
in agreement with our postulate that in Ib (and lib, IVb,
and VIb) the carbethoxyl groups should take the axial po-
sitions for the avoidence of strong dipole-dipole repulsion.

Experimental Section

Reaction between disodiosuccinic Ester and Benzyl lodide.
The disodiosuccinosuccinic ester used was prepared by adding a
slight excess of ethanolic sodium hydroxide to a hot ethanolic so-
lution of diethyl succinosuccinate, with vigorous shaking. The
magenta-colored disodium enolate was filtered, washed with eth-
anol, and dried in a vacuum drying oven at 60° until the weight
became constant.

Fifteen grams (0.05 mol) of the disodium enolate and 23 g (0.11
mol) of benzyl iodide were placed in a round bottom flask fitted
with a reflux condenser, and heated in an oil bath at 140° until
the color of the disodium enolate disappeared; 0.5 hr was re-
quired. The reaction mixture was extracted with hot benzene and
filtered. The filtrate, after removal of benzene, gave pale yellow
crystals which on recrystallization from ethanol gave 14.5 g (66%)
of colorless needles melting at 128°. This product consisted of a
mixture of two components. It was repeatedly recrystallized from
ethanol until the less soluble component (Ib) that separated
melted at 148.5° (6 g). The combined mother liquor from the re-
crystallization was evaporated to a small volume. The crystals of
the more soluble component (la) that separated were recrystal-
lized several times from ethanol. The purified product (5.5 g)
melted at 140.5°. On the evidence presented in the foregoing sec-
tions, and the the analytical data that follow, the substances la
and Ib were characterized as cis- and irans-2,5-dibenzyl-2,5-di-
carbethoxycyclohexane-1,4-dione, respectively.

cis-2,5-Dibenzyl-2,5-dicarbethoxycyclohexane-l,4-dione (la)
was obtained as colorless crystals; mp 140.5°% ir (KBr) 1715 cm- 1
(ketonic 0 =0) and absorption maximum characteristic of phenyl
group; nmr CDC1B) 7.20 (m, 10, CeH5), 4.15 (q, 4, J = 7.0 Hz,
CH2CH3), 3.20 (s, 4, CH2C6H5), 2.90 (d, 2, J = 16.0 Hz, C8 ring
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methylene H), 2.33 (d, 2, J = 16.0 Hz, Cé6 ring methylene H), and
1.25ppm (t, 6,J = 7.0 Hz, CH2CHa).

Anal. Calcd for C26H2806: C, 71.48; H, 6.47. Found; C, 71.28,
71.22; H, 6.22, 6.72.

trim.s 2 ,5-Dibenzyl-2,5-dicarbethoxvcyclohexane-l,4-dione
(Ib) was obtained as colorless crystals: mp 148.5° ir (KBr) 1715
(ketonic 0=0), 1745 cm-1 (ester C=0), and absorption maxi-
mum characteristic of phenyl group; nmr (CDCI3) 7.31 (m, 10,
CeH5), 4.05 (g, 4, J = 7.0 Hz, CH2CH3), 3.23 (s, 4, CH2C6HD),
283 (d, 1,J = 16.0 Hz, C6 ring methylene H), 2.70 (d, 2, J = 16.0
Hz, Cé6 ring methvlene H), and 1.25 ppm (t, 6, J = 7.0 Hz,
CH2CH3).

Anal Calcd for C26H2806: C, 71.48; H, 6.47. Found: C, 71.41,
71.29; H, 6.71, 6.58.

Attempt to Hydrolyze la and Ib. A 0.5-g portion of the sample
(la or Ib) was finely pulverized, dissolved in 2 ml of concentrated
sulfuric acid, and then diluted with 20 ml of water. The mixture
was refluxed for 48 hr. During the heating, a stream of nitrogen
was led through the reaction flask and allowed to pass through a
solution of barium hydroxide. No precipitation of barium carbon-
ate was observed. When la was used, there was no apparent reac-
tion, and almost all of the starting material was recovered. When
Ib was used, a substance of unknown structure was obtained. The
latter was purified by recrystallizing from ethanol. Oxidation of
this substance with potassium permenganate did not give benzoic
acid. The nature of the substance as well as its oxidation product
remains to be investigated.

Product of unknown structure was obtained as crystals: mp
272°; ir (KBr) 1690 (ketonic C=0), 1740 cm-1 (ester 0=0), ab-
sorption maximum characteristic of phenyl group absent, broad
band at 3390-5590 cm" ! probably due to the presence of OH
group.

Anal. Calcd for (C™HisOeL: C, 71.48; H, 6.47. Found: C,
71.26, 71.27; H, 6.81, 6.57.

Preparation of cis- and irans-2,3-Dioximino-I ,4-diearbeth-
oxy-l,4-dibenzylcyclohexane. The substances la and Ib were
converted into the corresponding dioximes by the pyridine meth-
od. The crude products were purified by recrystallizing from eth-
anol.

Dioxime of la was obtained as colorless crystals, mp 221° dec.

Anal. Calcd for C2gH3006N2: C, 67.00; H, 6.44; N, 6.00. Found:
C, 66.82, 67.04; H, 6.52, 6.81; N, 6.27. 6.29.

Dioxime of Ib was obtained as colorless crystals, mp 252° dec.

Anal. Calcd for C26H3006N2: C, 67.00; H, 6.44; N, 6.00. Found:
C, 67.08, 67.08; H, 6.56, 6.58; N, 6.00, 6.02.

Cleavage of la and Ib by the Action of Hydrated Calcium
lodide. A mixture of 2.2 g (0.005 mol) of la and 8.1 g (0.024 mol)
of calcium iodide tetrahydrate was placed in a flat-bottomed
flask provided with an outlet tube leading to a downward con-
denser. The flask was immersed in an oil bath over the hot plate
of a magnetic stirrer, and heated with stirring at 170° for 2 hr.
The ethyl iodide that distilled over was collected in a strongly
cooled receiver, and the carbon dioxide evolved was absorbed in
an absorption bottle filled with 40% potassium hydroxide and
previously weighed. After the reaction was complete, the reaction
mixture was allowed to cool and treated with dilute hydrochloric
acid to dissolve unreacted calcium iodide and calcium carbonate
formed during the reaction, the carbon dioxide formed being ab-
sorbed in a previously weighed absorption bottle. From the
weights of carbon dioxide and ethyl iodide produced, it was esti-
mated that at least 78% of the ester was decarboxylated.

The acidified mixture was extracted with chloroform. The chlo-
roform extract on evaporation gave a crystalline material melting
at 165°. The latter consisted of two isomers, lla (mp 155°) and Ilb
(mp 196°), which were separated by taking advantage of the fact
that lib is less soluble in ether than Illa. The mixture of lla and
lib was repeatedly crystallized from ether until the less soluble
component (lib) that crystallized melted at 196°. Its homogeneity
was confirmed by thin layer chromatography.

The combined mother liquor was evaporated on a hot plate to
remove most of the ether. On cooling, lla crystallized. It was re-
crystallized several times from ethanol. The melting point of the
purified product was 155°. Its homogeneity was also confirmed by
thin layer chromatography.

cis(?)-2,5-Dibenzylcyclohexane-l,4-dione (Ha) was obtained
as needles, mp 155°, ir (KBr) 1710 cm" 1 (ketonic 0=0) and ab-
sorption maximum characteristic of phenyl group.

Anal Calcd for C20H2002. C, 82.16; H, 6.89. Found: C, 81.90,
81.96; H, 7.01, 7.02.

irans(?)-2,5-Dibenzylcyclohexane-l,4-dione (lib) was ob-
tained as long needles, mp 196°, ir (KBr) 1701, 1712 cm"1 (C=0),
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and absorption maximum characteristic of phenyl group.

Anal. Calcd for C20H2002: C, 82.16; H, 6.89. Found: C, 81.95,
82.08; H, 7.02, 6.96.

The cleavage of Ib was carried out in exactly the same way as
described above for the cleavage of la. The same pairs of geomet-
rical isomers Ha and lib were obtained. The identity of Ha and
lib from the cleavage of Ib with those from the cleavage of la was
confirmed by thin layer chromatography and ir spectroscopy.

Preparation of cis- and irans-2,5-Dioximino-14-dibenzylcy-
clohexane. Both Ha and lib were converted into the correspond-
ing dioximes by the pyridine method. These dioximes were puri-
fied by recrystallizing from ethanol.

e(s(?)-2,5-Dioximino- 1,4-dibenzylcyclohexane was obtained
as colorless crystals, mp 220°.

Anal. Calcd for C20H2202N2: C, 74.51; H, 6.88; N, 8.69. Found:
C, 74.68, 74.12; H, 6.90, 6.92; N, 8.57, 8.64.

iran,s(?)-2,5-Dioximino-1,4-dibenzylcyelohexane was obtained
as colorless crystals, mp 252°.

Anal. Calcd for C20H2202N2: C, 74.51; H, 6.88; N, 8.69. Found:
C, 74.50, 74.28; H, 6.94, 6.94; N, 8.84, 8.67.

Cleavage of | and Il by the Action of Calcium lodide-4D20.
In a 150-ml flat-bottomed flask was placed 8.1 g (0.024 mol) of
calcium iodide tetrahydrate. The flask was fitted with a cork
bearing an inlet tube connected to a hydrogen cylinder, and an
outlet tube connected to a downward condenser for distillation. A
steady stream of hydrogen was allowed to pass over the surface of
the salt, and the flask was strongly heated in a sand bath until no
more water passed over. The heat source was removed, the flask
was allowed to cool to room temperature, and then the stream of
hydrogen was cut off. The cork was replaced by another one
carrying a dropping funnel, from which 1.92 g (0.096 mol) of deu-
terium oxide was added into the flask, with vigorous shaking. To
the calcium iodide-4D20 thus formed was added 2.2 g (0.005
mol) of la or Ib. The flask was fitted with a cork carrying an up-
right condenser with a drying tube on its top, placed in an oil
bath, and heated at 170° with stirring on a magnetic stirrer for 2
hr. The reaction mixture was allowed to cool, and then treated
with a solution of deuterated acetic acid (CH3COOD) in deuteri-
um oxide, to dissolve unreacted calcium iodide and calcium car-
bonate formed during the reaction. The acidified mixture was ex-
tracted with chloroform. The chloroform extract on evaporation
gave a mixture of lla' and lib', deuterated counterparts of Ha and
Kb, respectively. They were separated by extraction with ether,
in which only lla' was soluble. The ether extract on evaporation
gave crystals of lla', which were purified by crystallization from
carbon tetrachloride. The residue insoluble in ether was also puri-
fied by recrystallization from carbon tetrachloride to give lib'.

Deuterated cis(?)-2,5-Dibenzylcyclohexane-l,4-dione (lla’)
was obtained as colorless crystals: mp 155°; nmr (CDCI3) 7.22 (m,
10, CeH5), 3.19 (d, 2, J = 14.0 Hz, CéH5CH2), 2.58 ppm (d, 2, J
= 14 Hz, CeH5CH2); mass spectrum M+ at m/e 298
(C20H14D602), intense peak at m/e 91 (CtH7+).

Deuterated trans(?)-2,5-Dibenzylcyclohexane-l,4-dione (lib")
was obtained as colorless crystals: mp 196°, nmr (CDC13) 7.26 (m,
10, C5H5), 3.17 (d, 2,J = 14.0 Hz, CeH5CH2), 2.68 ppm (d, 2,J =
14.0 Hz, ; 6H5CH2); mass spectrum M+ at m/e 298 (C20Hi4D €0 2),
intense peak at m/e 91 (C7H7+).

Reaction between Disodiosuccinosuccinic Ester and Methyl
lodide. A mixture of 15 g (0.05 mol) of dried disodiosuccinosucci-
nic ester and 25.5 g (0.2 mol) of methyl iodide was placed in a
round-bottom flask and heated on an oil bath under a reflux con-
denser until the magenta-colored suspended solid changed to
dirty gray. During heating, additional amounts of methyl iodide
were introduced into the flask to compensate for its loss by evap-
oration. When the reaction was complete, the contents of the
flask was extracted with hot benzene and filtered. The filtrate
was cooled when a crystalline product separated, which on recrys-
tallization from ethanol gave crystals melting at 73°. This was the
trans isomer of a,a'-dimethylsuccinosuccinic ester (IVb) which
was first isolated by von Baeyer. Further cooling of the benzene
mother liquor gave a second crop of IVb. The overall yield of the
purified product amounted to 2 g. The mother liquor was evapo-
rated to remove most of the benzene, and the residue was dis-
tilled under vacuum. Under 1 mm, a light yellow oil boiling at
130° was collected (10 g). Thin layer chromatography of the oil in-
dicated that it consisted of two major components and one minor
component. The former included IVb. To separate the compo-
nents, about 2 g of the oil was dissolved in a small amount of
benzene, and the benzene solution was cautiously introduced to a
column packed with silica gel consisting of 15% of Camag DFO
and 58% of Merck’s Kieselguhr (0.2-0.5 mm). The chromatogram
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was developed by benzene containing 1% of ethanol and was
clearly visible when irradiated with a uv lamp, the more strongly
adsorbed material being intensely violet while the less strongly
adsorbed one was bluish violet. The components in each zone was
eluted out by the same solvent. The eluents of the less strongly
adsorbed material still consisted of a mixture of unknown compo-
sition. The latter part of the eluents of the more strongly ad-
sorbed material was concentrated by evaporation, and the residue
was distilled under vacuum, the fraction boiling at 130° (1 mm)
being collected. The product thus obtained consisted of a homo-
geneous substance, as verified by thin layer chromatography. Its
nmr data indicated that it should be IVa.

cts-2,5-Dimethyl-2,5- iicarbethoxycyclohexane-l,4-dione
(IVa) was obtained as an oily liquid: bp 130° (1 mm); d25 1.1530;
n2d 1.4659; ir (CC14) 1735 (ketonic 0=0), 1720 cm' 1 (ester
0=0); nmr (CDCI3) 4.21 (q, 4, J = 7.0 Hz, CH2CH3), 341 (d, 2,
J = 16.0 Hz, Cé ring methylene H), 2.67 (d, 2, J = 16.0 Hz, Ce6
ring methylene H), 1.38 (s, 6, CHs), 1.22 ppm (t, 6, J = 7.0 Hz,
CH2CH3).

Anal. Calcd for Ci4H200e: C, 59.15; H, 7.04. Found: C, 59.02,
58.86; H, 7.28, 7.34.

irons-2,5-Dimethyl-2,5-dicarbethoxycyclohexane-I,4-dione
(IVb) was obtained as colorless crystals: mp 73° ir (KBr) 1728
(ketonic 0=0) and 1700 cm-1 (ester 0=0); nmr (CDC13) 4.18
(q, 4,3 - 7.0 Hz, CH2CH3), 3.08 (d, 2,J = 16 Hz, 06 ring methy-
lene H), 2.85 (d, 2, J = 16.0 Hz, Ce ring methylene H), 1.40 (s, 6,
CH?3), 1.20 ppm (t, 6,J = 7.0 Hz, CH2CH3).

Decarboxylation of IV by the Action of 0al2-4D20. A 1.4-g
portion of IVa or IVb was heated with Cal2-4D20 prepared from
8.1 g (0.024 mol) of Cal2-4H20. The reaction was carried out in
exactly the same way as that described for the decarboxylation of
la or Ib by the action of Cal2-4D20. After completion of the reac-
tion, the reaction mixture was acidified with OH3COOD in D20.
The solution was saturated with NaCl and extracted with chloro-
form. The crystalline residue that resulted from the evaporation
of the dried chloroform extract was fractionally crystallized from
ethanol to get two crystalline substances. The one more soluble in
ethanol and melting at 87-88° was probably the cis isomer of the
deuterated 2,5-dimethylcyclohexane-1,4-dione (IVa) and the
other, less soluble in ethanol and melting at 120-121°, was proba-
bly the trans isomer (IVb). In the nmr spectra of these substances
the only absorption of the a-methyl protons appears as a singlet
around 1.40 ppm.

Decarboxylation of IV with D2S04in D20. A 1.4-g portion of
IVa or 1Vb was refluxed with 20 ml of 6 N D2S04 in D20 until
complete solution occurred. The reaction mixture was cooled and
then extracted with chloroform. The chloroform extract after
drying was evaporated to dryness. The crystalline mass that re-
sulted was fractionally crystallized from ethanol to give deuterat-
ed IVa and IVb as described in the foregoing paragraph. The nmr
spectra of these substances also showed that all the ring methy-
lene protons had been replaced by deuterons.

Reaction between Disodiosuccinosuccinic Ester and p-Bro-
mobenzyl Bromide. Fifty grams (0.2 mol) of p-bromobenzyl bro-
mide and a magnetic stirring bar were placed in a flat-bottomed,
250-ml flask fitted with a reflux condenser, and heated in an oil
bath over a magnetic stirrer to 130-140°. Thirty grams (0.1 mol)
of carefully dried disodiosuccinosuccinic ester was added, while
the stirrer was on, in about ten portions. The addition took about
30 min. The reaction was vigorous. At the end of the reaction, the
contents of the flask consisted of a brown, crystalline paste con-
taining small granules of unreacted sodium enolate. Thirty milli-
liters of dry toluene was added, and the mixture was heated for 30
min longer with stirring and then filtered by suction. The filtrate
crystallized readily into a crystalline paste. The solid residue on
the filter was extracted first with hot chloroform, then with boil-
ing toluene, and finally the residue, consisting mainly of sodium
bromide, was treated with water to isolate small amounts of or-
ganic crystalline product. The crystalline paste that constituted
the main portion of the product was filtered. The crystals collect-
ed amounted to 40 g, which on recrystallization twice from tolu-
ene melted at 151-152° (32 g). This product was characterized as
cis-2,5-di-p-bromobenzyl-2,5-dicarbethoxycyclohexane-1,4-dione
(Via). The crystals from the chloroform extract, those from the
toluene extract, and those obtained by treating the residue with
water consisted of one and the same substance. They were com-
bined and the total amount weighed 10 g. The crude product was
recrystallized first from toluene, then from chloroform. The pure
product (7 g), melting at 216-217°, was characterized as trans-di-
p-bromobenzylcyclohexane-1,4-dione (VIb). The overall yield of
the pure isomeric esters was 67%.
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cl's-2,5-Di-p- bromobenzyl-2,5-dicarbethoxycyclohexane-1,4-
dione (Via) was obtained as colorless crystals, very soluble in hot
toluene and sparingly soluble in the cold. Single crystals for
X-ray diffraction were obtainable by crystallization from chloro-
form: mp 151-152°; ir (KBr) 1710 cm-1 (ketonic and ester 0=0);
nmr (CDC13) 7.42 (d, 4, J = 9.0 Hz, C6H4Br), 6.93 (d, 4, J = 9.0
Hz, C6H4Br), 417 (9, 4,J = 7.0 Hz, CH2CH3), 323 (d, 2,J =
140 Hz, CH2Ce6H4), 311 (d, 2, J = 14.0 Hz, CH2C6H4Br), 2.90
(d, 2, J = 16 Hz, Cé ring methylene H), 2.26 (d, 2, J = 16.0 Hz,
Cé6ring methylene H), 1.28 ppm (t, 6,J = 7.0 Hz, CH2CHa) ppm.

Anal. Calcd for C26H260eBr2: C, 52.53; H, 4.37; Br, 26.90.
Found: C, 52.78, 52.78; H, 5.63, 4.60; Br, 26.92.

irans-2,5-Di-p-bromobenzyl-2,5-dicarbethoxycyclohexane-
1,4-dione (VIb) was obtained as colorless crystals slightly soluble
in chloroform and acetone and very sparingly soluble in cold ben-
zene and toluene. Single crystals were obtainable by crystalliza-
tion from 1:1 acetone-benzene: mp 216-217°; ir (KBr) 1710 cm' 1
(ketonic and ester 0=0); nmr (CDCI3) 7.45 (d, 4, J = 9.0 Hz,
C6H4Br), 7.03 (d, 4, J = 9.0 Hz, C6H4Br), 4.07 (q, 4, J = 7.0 Hz,
CH2CHs3), 3.20 (s, 4, CH2CeH4Br), 2.83 (d, 2, J = 16.0 Hz, Cé
ring methylene H), 2.66 (d, 2, J = 16.0 Hz, Ce ring methylene H),
1.13 ppm (t, 6, —7.0 Hz, CH2CH3).

Anal. Calcd for CBH2006Br2: C, 52.53; H, 4.37; B, 26.92.
Found: C, 52.66, 52.55; H, 4.62, 4.64; Br, 26.74.

Reaction between Disodiosuccinosuccinic Ester and Benzhy-
dryl Bromide. A mixture of 30 g (0.1 mol) of carefully dried diso-
diosuccinosuccinic ester and 54.3 g (0.22 mol) of freshly distilled
benzhydryl bromide free from HBr was placed in a round-bottom
flask fitted with a reflux condenser. Dry toluene was added into
the flask in an amount just sufficient to wet the solid mixture.
The flask was heated in an oil bath under reflux for 3 hr. The
color of the mixture changed from magenta to dirty green. More
dry toluene was added into the flask, and the mixture was boiled
for a few minutes and then filtered by suction. The filtrate par-
tially crystallized on standing. On filtration, it gave the first crop
of crystals, amounting to 23 g. By cooling the mother liquor, a
second crop of crystals (10 g) was obtained which was slightly yel-
low owing to contamination of succinosuccinic ester. This latter
can be removed from the main constituent by recrystallization
from ligroin (bp 80-100°). The combined crude product free from
succinosuccinic ester was crystallized from benzene. The crystals
that separated were ‘recrystallized several times from benzene.
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The purified product melted at 213-215° and was characterized as
2,5-dibenzhydryl-2,5-dicarbethoxycyclohexane-1,4-dione,  proba-
bly having the cis configuration (Vila). The trans isomer, which
should have a higher melting point, did not seem to have been
formed.

cis -2,5-Dibenzhydryl-2,5-dicarbethoxycyclohexane-1,4-dione
(Vila) was obtained as crystals: mp 213-215°; soluble in benzene,
sparingly soluble in cold ethanol; ir (KBr) 1730 (ketonic 0=0)
and 1750 cm 1 (ester 0=0), and absorption maximum charac-
teristic of phenyl group; nmr (CDCI3) 7.20 (m, 20, CeHs), 5.55 (s,
2, CH), 3.85 (g, r,J = 7.0 Hz, CH2CH3), 3.43 (d, 2, J = 16.0 Hz,
Cé ring methylene H), 1.97 (d, 2, J = 16.0 Hz, Cé6 ring methylene
H), 0.83 ppm (t, 6,J = 7.0 Hz, CH2CH3).

Anal. Calcd for CjsHseOe: C, 77.72; H, 6.11. Found: C, 77.53,
77.81; H, 6.31, 6.15.

Registry No.—la, 50378-3T9; la dioxime, 50378-32-0; Ib,
50378-33-1; Ib dioxime, 50378-34-2; Ha, 50378-35-3; lia dioxime,
50378-36-4; lia', 50378-37-5; lib, 50378-38-6;. lib dioxime, 50378-
39-7; lib', 50378-40-0; llia, 50378-41-1; M 50378-42-2; IVa,
50378-43-3; Vb, 50378-44-4; Via, 50378-45-5; VIb, 50378-46-6;
Vila, 50378-47-7.
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Nucleophilic Substitution at Phosphorus. Phosphorothioates!
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Cis and trans isomers of 2-substituted 5-chloromethyl-5-methyl-2-thio-1,3,2-dioxaphosphorinans were used as
substrates to determine the stereochemical course of substitution at a thiophosphoryl center. Retention was
found to increase with the basicity of the nucleophile while inversion increased with added salts. A mechanism

is suggested.

The preparation of an optically active triester of phos-
phoric acid has not until very recently2 been accom-
plished. Thus a definitive study of the stereochemical
consequences of nucleophilic substitution at phosphorus
in trialkylphosphates has been hindered by the lack of a
suitable substrate. This deficiency has, at least to some
extent, been overcome by the discovery3'4 that 2-substi-
tuted 5-chloromethyl-5-methyl-2-oxo0-1,3,2-dioxaphospho-
rinans can be prepared in separable cis and trans forms.
Fortunately, the geometrical isomers, owing to constraints
put on the system by the large preference of groups at
phosphorus to be either axial or equatorial, are for all
practical purposes conformationally immobile. We have
now extended the system to the 2-thio analogs and have
studied, as was done previously with their 2-oxo counter-
parts, the influence of nucleophiles, leaving groups, and

salts upon the stereochemistry of nucleophilic substitution
at phosphorus.

The stereochemistry of nucleophilic substitutions at
thiophosphoryl centers has been the subject of systematic
investigations. Most studies which have employed optical-
ly active pyrophosphonothioates, phosphonothioic acids,
and phosphonochloridothioates have concluded that sub-
stitution at thiophosphoryl centers occurs almost exclu-
sively by inversion.5 Optically active thiophosphates,
owing to difficulties in their preparation, have not been
investigated.

We have been successful in preparing, and in some
cases purifying, a number of 2-substituted 5-chloro-
methyl-5-methyl-2-thio-1,3,2-dioxaphosphorinans. In all
cases only a single conformer of each isomer was detected,
which is in accordance with that reported for similar sys-
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OCH3 50.0 50.0
ch3 40.0 60.0
Br 23.7 76.3
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terns based on ir studies.6 The lack of conformational mo-
bility persists upon heating samples to over 190°. If indeed
mobility does exist to some degree in solution, it has not
proved to be a hindrance in the determination of isomer
ratios. As with the 2-oxo system, isomer ratios based upon
the nmr spectra of isomer mixtures for groups at the 5 po-
sition have different chemical shifts dependent upon their
being equatorial or axial (Table 1). We have previously
shown by X-ray analysis that in analogous 2-oxo esters
phosphoryl oxygen occupies an equatorial position. We
have assumed a similar configuration for the 2-thio esters,
phosphoryl sulfur equatorial. Our assumption was validity
based on the change in isomer ratios owing to effects dis-
cussed in this paper. If effects are to parallel those found
in the oxo case, which they do, sulfur must be equatorial.
The large preference for sulfur to be equatorial may be a
major factor in limiting conformation mobility.

A mixture of the cis and trans isomers, 1 and 2 (R -
Cl), of 2-chloro-5-chloromethyl-5-methyl-2-thio-I,3,2-diox-

0rinans vy})t‘h gﬂ 8& enoxide
In ACetonitriie
CHC1
OR
CH2CL
0G,H4CH;

R % cis (retention) % trans (inversion)
Cr,H5 98.5 1.5
CeHaBr 97.4 2.6
CrHiNO- 95.2 4.8
C 6:i3(NY02)2

aphosphorinan was prepared from thiophosphoryl chloride
and l-chloromethyl-I,I-dihydroxymethylethane. The pure
trans isomer (Figure 1)7 could be isolated by simple re-
crystallization and proved to be much more hydrolytically
stable than the 2-oxo chloridates. It was added under
standard conditions to various sodium para-substituted
phenoxides, the products were isolated, and isomer ratios
were determined by integration of peak heights (Figure
2).7 In the case of the newly formed esters the pure cis
isomers could be purified by fractional crystallization and
these were used in further experiments. No attempt was
made to isolate pure trans isomers.

The stereochemical outcome of substitution depended
upon the structure of the attacking nucleophile (Table II).
Retention increased with the basicity of the nucleophile,
whereas inversion was highly favored by nucleophiles of
low basicity.8 The isomer ratios reflect the mode of sub-
stitution and are not the result of prior isomerization of
the reactant or isomerization of products following their
formation. Thus frarcs-2-chloro-5-chloromethyl-5-methyl-
2-thio-1,3,2-dioxaphosphorinan gave no indication of
isomerization after an acetonitrile solution had stood at
room temperature for over 10 days. Also the pure cis iso-
mers, separated from the initially formed products, did
not undergo any detectable isomerization when dissolved
in acetonitrile and the solutions allowed to stand for a pe-
riod of weeks. Finally, no change in the product isomer
ratios was detected under the reaction conditions and the
ratios did not vary during work-up. Yields from the sub-
stitutions were consistently above 90%. Thus evidence is
provided that substitutions are kinetically controlled.

We have found that the mode of substitution is also de-
pendent upon the stability of the leaving group. Cis 2-
substituted 5-chloromethyl-5-methyl-2-thio-1,3,2-dioxa-
phosphorinans were added to sodium p-methylphenoxide
dissolved in acetonitrile and products were isolated. Anal-
ysis of nmr spectra indicated that inversion was aided by
an increase in stability of leaving groups (Table I1l). Com-
parison of Table Il with Table Ill indicates that the trans
thio chloridate, 2 (R = CI), substitutes with a much high-
er percentage of inversion than do any of the cis esters
listed in Table Ill. Although chloride ion is a better leav-
ing group than the phenoxide ions, which may partially
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Table IV
Percentage of Cis and Trans Isomers Obtained by
Treating irares-2-Chloro-5-chloromethyl-5-methyl-2-
thio-l1,3,2-dioxaphosphorinan with Sodium
p-Methylphenoxide in Various Solvents

a
CHXN + 1equiv
LiCIOi 87.5" 12.5
CHXN 40.0 60.0
CHXN + 1 equiv
(CH34N +C1¢ 6.2 93.8
o
I
HCN(CH3J32 5.7 94.3
o
HCN(CH32+ 1 equiv
(CH34N+C1™ 5.1 94.9

“ Isomer ratios (per cent) were obtained by integration of
nmr spectra obtained in CDC13 by means of a Varian
A-60A spectrometer using TMS as an external standard.

explain the results, the different ratios are also influenced
by the fact that different isomers were used. Dipole inter-
actions differ within the two ring conformations and have
an effect upon the final isomer ratios. Regardless, the in-
fluence of the leaving group upon the final isomer ratio is
established.

When the cis 2,4-dinitrophenyl ester 1 [R =
O0C6H3(N 02)2] was the substrate, substitution at phos-
phorus did not take place. The water-insoluble product,
which was not a phosphate, appeared from its spectra to
be an ether which would result from C-0 bond cleavage, a
situation similar to that found with phosphates.3

We have also, as with the 2-oxo system,4 noted an effect
of solvent upon the ratio of isomers obtained upon substi-
tution at a thiophosphoryl center. Thus in the case of the
trans 2-thiochloridate, 2 (R = CI), the amount of inver-
sion increased dramatically upon changing the solvent
from acetonitrile to dimethylformamide (Table 1V). The
result is not due to a simple solvent effect, but is due to
the much greater solubility of the by-product, sodium
chloride, in dimethylformamide. Indeed, in a single sol-
vent an added cation has a marked effect upon the prod-
uct ratio by shifting the substitution pathway toward in-
version. Sodium chloride, when added to acetonitrile solu-
tions of the nucleophile prior tothe addition of the reac-
tant, caused a shift in the ratio, although, owing to its
greater solubility, tetramethylammonium chloride had an
even more dramatic effect. Owing to its lack of ionic char-
acter in organic solvents and ability to reduce the solubili-
ty of sodium chloride, lithium perchlorate had an opposite
effect.

A similar solvent and salt effect was noted when cis-2-
p-nitrophenyl ester was used as the substrate (Table V).

Wadsworth and Tsay

Table V
Treatmentofcis-2-(p-Nitrophenoxy)-5-chloromethyl-
5-methyl-2-thio-1,3,2-dioxaphosphorinan
with Sodium p-Methylphenoxide
in Various Solvents

CHoCl

CH;;-- NaOC.JjCH.

octh4do?2

Solvent % cis (retention) % trans (inversion)

chXxn 95.2 4.8
CHXN + 1equiv

(CH3AN +C1- 80.0 20.0

(0]
HCN(CH32 87.1 12.9

0
HCN(CH32+ 1 equiv

(CH3AN +C1- 76.2 23.8

Owing to a difference in ring conformation the results
were not as dramatic as in the case of the chloridate.
Likewise, when cis-2-p-bromophenyl ester was added to
acetonitrile containing sodium p-methylphenoxide, the
percentage of inversion rose from 2.6 without added
tetramethylammonium chloride to 22.2 in the case where
salt was added to the solution prior to addition of the sub-
strate. Thus added cations have a distinct effect.

Discussion

We believe that our results, which correlate with those
obtained previously with the 2-oxo system,4 strengthen
our assumption that nucleophilic substitution at phospho-
ryl centers occurs by two separate mechanisms, one for in-
version and one for retention. We assume an equilibrium
to be established between thiophosphate and complexed
thiophosphate. A charged nucleophile would attack the
uncomplexed phosphate from a side opposite the
thiophosphoryl center, a position of minimum electron
density. The more basic the nucleophile the greater would
be its desire to attack from a position as far removed from
the electron-rich phosphoryl sulfur as possible. This stere-
ochemical pathway would lead to a pentacovalent inter-
mediate. Since nucleophiles are assumed to enter and
leaving groups depart from apical positions,9 the interme-
diate would be expected to pseudorotate which would lead
to overall retention. On the other hand, complex forma-
tion by increasing the positive charge on phosphorus via a
reduction in backbonding and by reducing charge repul-
sion by the phosphoryl sulfur leads to a lowering of the
energy of activation for direct attack, a situation which
would lead to inversion. We believe that inversion does
not involve an intermediate but is a direct Sn2 type dis-
placement. Our evidence, although not conclusive, is
based primarily upon our experiments with different leav-
ing groups in which we find the percentage of inversion to
increase with leaving group stability.

The suggested mechanism is admittedly tentative but
does explain our observations, particularly the ability of
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Effect of King Coﬁ%)rl?ngtlion on Isomer Ratios

Retention Inversion
CHC1
»
NaOC,;H|CH..
XaOC,H,CH, 156 84.0
equiv {CH,)jN+Cr
CHC1 CHC1
40.0
56.0

added salts to shift substitutions to the inversion path-
way. Complex formation by cations via phosphoryl oxygen
is well known10 and it is not unlikely that a similar situa-
tion might arise with sulfur.

Although some conclusions can be drawn, with our sys-
tem it is difficult to make quantitative comparisons be-
tween the phosphoryl and thiophosphoryl moieties. It is
known from rates of hydrolysisll that due to the greater
electronegativity of oxygen over sulfur, phosphorus has
greater positive character in phosphates than in thiophos-
phates. In accordance with this conclusion we have ob-
served a variation in the rate of isomerization of compara-
tive compounds. Thus cis phosphorochloridate, 3 (X =
0), isomerizes in dimethylformamide to give a final equi-
librium ratio (2.5:1) of isomers within 15 min.3 In contrast
trans thiophosphorochloridate, 4 (X = S), under identical

CH2ZC1
a
cis, 3
C1CH2 .CHAT X
c X /P x
H3T CHX) x OCH=N(CH:)2

trans, 4

conditions required 14 days to reach equilibrium (Figure
3).7 The isomerization in the latter case was complicated
by the concurrent formation of what appears from the
nmr spectra to be an isomeric mixture of phosphorochlor-
idates,3 3 + 4 (X = 0O). Thus, there is evidence for a
transfer between oxygen and sulfur in the Vilsmeier-type
intermediate. This phenomenon is being investigated fur-
ther.

In the case of p-nitrophenyl esters added to deuterated
acetonitrile saturated with sodium p-nitrophenoxide, ap-

proximately 5 days was required for the cis thiophosphate

ester, 5 (X = S), to reach equilibrium whereas the cis
phosphate ester, 5 (X = 0O), reached equilibrium under
mCAONa
OC8H4NO,
trans, 6

identical conditions after 30 hr. From the nmr spectra no
side reactions in the case of the thio ester were apparent.
Substitution is clearly more facile in the case of the phos-
phates, where the positive charge on phosphorus is great-
er. In the absence of added common ion isomerization
does not take place with either p-nitrophenyl ester regard-
less of the solvent employed. The p-methyl, p-methoxy,
p-bromophenyl, and phenyl esters do not isomerize even
in the presence of acommon ion.

At equilibrium the ratio of isomers varied. In the case of
the p-nitrophenyl phosphate the cis/trans isomer ratio at
equilibrium was 2.5:1 whereas in the case of the sulfur an-
alog it was 6.0:1. a dipole interaction between axial chloro-
methyl groups and ring oxygens has been held responsible
for the excess of cis over trans at equilibrium.12 To ac-
count for the difference in ratios, the interaction must be
greater in the case of the thiophosphate. This is not un-
reasonable, since the positive charge on phosphorus and
thus inductive effect on the ring oxygens would be less
than in the phosphate case. Thus a dipole interaction
would be greater in the thiophosphate ring system, which
would account for the relatively greater amount of cis iso-
mer at equilibrium. The change in dipole interactions in
going from the phosphate to thiophosphate system makes
a quantitative comparison between the two as regards to
salt effects, etc., difficult.

Indeed, by carrying out substitutions on separate iso-
mers of a single phosphate, the effect of a change in ring
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dipole interactions upon isomer ratios can be seen. Pure
trans-p-nitrophenyl phosphate when added to an acetoni-
trile solution of sodium p-methylphenoxide underwent
substitution with 50.0% retention. The pure cis isomer
with the chloromethyl group axial under the same condi-
tions underwent substitution with 60% retention. Thus
the position of the chloromethyl group in the starting ma-
terial and substitution product does influence the reten-
tion/inversion ratio. Dipole interactions probably influ-
ence the energy of activation for each substitution mecha-
nism. Also, the effect of added cation is more pronounced

(Table VI) in the case of the trans p-nitrophenyl ester
than with the cis. In the case of the trans isomer, the
mechanism leading to inversion might be expected to

have a lower energy of activation, for the ring undergoes a
conformational change during substitution such that di-
pole interactions would be an asset. Dipole interactions,
on the other hand, would be expected to hinder inversion
with a cis substrate.

Experimental Section

Analysis were performed by Galbraith Laboratories,
Knoxville, Tenn. 37921.

2-Chloro-5-chloromethyl-5-methyl-2-thio-1,3,2-dioxaphos-
phorinan. Thiophosphoryl chloride, 37 g (0.22 mol), was added
dropwise with stirring and cooling to I-chloromethyl-1,1-dihy-
droxymethylethane,13 30.14 g (0.22 mol), ether (150 ml), and pyr-
idine (34.7 g, 0.44 mol). The solution was stirred for 1 hr and fil-
tered. The filtrate was washed with 5% HC1 and H20 and dried
over anhydrous magnesium sulfate. The solvent was removed to
give a white solid (36 g, 70% yield) which consisted of cis and
trans isomers in a 1:2 ratio. The product was recrystallized four
times from a 10:1 hexane-chloroform mixture to give pure trans
isomer 2 (R = ClI), mp 64-65°.

Anal. Calcd. for C5H9C102PS: C, 25.53; H, 3.83; Cl, 30.21; S,
13.62. Found: C, 25.77; H, 3.94; Cl, 30.43; S, 13.77.

cis-2-(p-Nitrophenoxy)-5-chloromethyl-5-methyl-2-thio-
1.3.2- dioxaphosphorinan. To a solution of sodium p-nitrophen-
oxide (8 g, 0.05 mol) and acetonitrile (100 ml) was added the
isomeric mixture of 2-chloro-5-chloromethyl-5-methyl-2-thio-
1.3.2- dioxaphosphorinan, 12.0 g (0.05 mol). The solution was
stirred for 2 days, 500 ml of water was added, the solution was fil-
tered, and the precipitate was washed well with water before
drying. A pale yellow solid (16.2 g, 95% yield) was obtained. The
pure cis isomer was extracted from the isomer mixture by reflux-
ing the product in ether, filtering, and removal of solvent from
the filtrate. The residue was recrystallized from carbon tetrachlo-
ride to give the pure cis isomer, mp 122-123°.

Anal. Calcd for CnHjsCINOsPS: C, 39.17; H, 3.86; Cl, 10.39;
S, 9.50. Found: C, 38.96; H, 3.71; Cl, 10.62; S, 9.62.

The other pure cis esters were obtained in a similar manner.
eis-2-(2,4-D initrophenoxy)-5-chloromethyl-5-methyl-2-thio-
1.3.2- dioxaphosphorinan. The isomer mixture (96.5% yield) was
recrystallized twice from carbon tetrachloride-acetonitrile (10:1)

to give pure cis isomer, mp 134-135°.

Anal. Calcd for Ch H12C1IN20 7PS: C, 34.56; H, 3.14; CI, 9.16; S,
8.38. Found: C, 34.71: H, 3.20; Cl, 9.36; S, 8.44.

cis-2-(p-Bromophenoxy)-5-chloromethyl-5-methyl-2-thio-
1.3.2- dioxaphosphorinan. The final isomer mixture (97% yield)
was recrystallized three times from carbon tetrachloride to give
pure cis isomer, mp 145-146°.

Anal. Calcd for CnH13CIBro3PS: C, 35.58; H, 3.50; Cl, 9.43; S,
8.62. Found: C, 35.34; H, 3.56; Cl, 9.65; S, 8.74.

cis-2-(p-Methylphenoxy)-5-chloromethyl-5-methyl-2-thio-
1.3.2- dioxaphosphorinan. The final isomer mixture (98% yield)
was recrystallized twice from hexane-carbon tetrachloride (10:1)
to give pure cis isomer, mp 135-136°.

Anal. Calcd for Ci2H16C103PS: C, 47.06; H, 5.32; Cl, 11.44; S,
10.46. Found: C, 47.20; H, 5.34; Cl, 11.60; S, 10.43.

eis-2-Phenoxy-5-chloromethyl-5-methyl-2-thio-1,3,2-dioxa-
phosphorinan. The final isomer mixutre (93% yield) was recrys-
tallized twice from hexane-carbon tetrachloride (10:1) to give
pure cis isomer, mp 110-111°.

Anal. Calcd for CuH14C103PS: C, 45.20; H, 4.80; Cl, 11.98; S,
10.96. Found: C, 45.16; H, 4.91; Cl, 12.01; S, 10.97.

To determine the effect of the basicity of the nucleophile

Inc.,

Wadsworth and Tsay

(Table I1), the above were repeated using the pure trans chlori-
date, 2 (R = ClI).

cis- and irans-2-(p-Methoxyphenoxy)-5-chloromethyl-5-
methyl-2-thio-1,3,2-dioxaphosphorinan. To a solution of sodium
p-methoxyphenoxide (0.29 g, 0.0015 mol) and acetonitrile (15 ml)
was added trans-2-chloro-5-chloromethyl-5-methyl-2-thio-1,3-
dioxaphosphorinan (0.3 g, 0.0013 mol). The mixture was stirreiiWt
room temperature for 1 hr. Substitution was actually instanta-
neous as indicated by a mild exotherm upon addition of the chlo-
ridate. Water (50 ml) was added, and the precipitate was washed
thoroughly with water and dried, 0.39 g (96% yield). The product
by nmr consisted of both cis and trans isomers in a 1:1 ratio. The
above was repeated under identical conditions with sodium salts
of other substituted phenoxides.

To determine the effect of leaving groups (Table I11), the fol-
lowing standard procedure was followed. To a solution of sodium
p-methylphenoxide (0.16 g, 0.0012 mol) and acetonitrile (15 ml)
was added cis-2-(p-bromophenoxy)-5-chloromethyl-5-methyl-2-
thio-l,3,2-dioxaphosphorinan (0.4 g, 0.0011 mol). The mixture
was stirred for 2 days and water (50 ml) was added to precipitate
the product. The white solid was washed with water and dried
(0.3 g, 92% vyield). Integration of the nmr spectrum of the product
was used to determine isomer ratios.

The following is a typical procedure which was used to deter-
mine the effect of salts on isomer ratios (Tables IV-VI). Sodium
p-methylphenoxide (0.29 g, 0.0015 mol) and tétraméthylammon-
ium chloride (0.16 g, 0.0015 mol) were dissolved in acetonitrile (15
ml). To the solution was added ¢rarcs-2-chloro-5-chloromethyl-5-
methyl-2-thio-1,3,2-dioxaphosphorinan (0.35 g, 0.0015 mol). The
mixture was stirred for 1 hr and water (50 ml) was added to pre-
cipitate the product. The precipitate was washed with water and
dried (0.429 g, 91% yield). Integration of its nmr spectrum provid-
ed the isomer ratio (Table 1V). The ratios reported in Table V
were obtained in a similar manner. cis-2-p-Nitrophenyl ester 1,
(R = OC6H4NO2) was added in place of the trans chloridate.
Data for Table VI were obtained similarly using the appropriate
substrate.

cis-2-(p-Nitrophenoxy-5-chloromethyl-5-methyl-2-oxo-I,3,2-
dioxaphosphorinan. The pure trans isomer, mp 106-107°, was
prepared and equilibrated to a mixture of cis and trans isomers
as previously described.3 To separate the cis isomer from the 2.5:1
cis-trans mixture, the product obtained upon equilibration was
extracted with boiling chloroform and filtered. The filtrate upon
standing slowly deposited crystals of pure cis isomer which could
be recrystallized from a small quantity of chloroform, mp 160-
161°.

Anal. Calcd for C22H23CINO 6P: C, 41.12; H, 4.05; P, 9.65.
Found: C, 41.27; H, 4.14; P, 9.51. Nmr spectra3 of both isomers
confirmed their structures.

Registry No.—1 (R = CI), 50378-48-8; 1 (R = OC6H40OMe),
50378-49-9; 1 (R = OCé6H4Me), 50378-50-2; 1 (R = OC6H5),
50378-51-3; 1 (R = OC6H4Br), 50378-52-4; 1 (R = 0C6H4N02),

50378-53-5; 1 [R = OC6H3(N02)2], 50378-54-6; 2 (R = CI), 50600-
54-9; 2 (R = OC6H4OMe), 50378-56-8; 2 (R = OC6H4Me), 50378-
57-9; 2 (R = OCeH5), 50378-58-0; 2 (R = OC6H4Br), 50378-59-1; 2
(R = 0C6H4N02), 50378-60-4; 2 [R = 0C6H3(N02)2], 50378-61-5;
I-chloromethyl-l,I-dihydroxymethylethane, 21139-44-6; cis-2-(p-
nitrophenoxy)-5-chloromethyl-5-methyl-2-oxo-1,3,2-diooxaphos-
phorinan, 36912-38-6; trans-2-(p-nitrophenoxy)-5-chloromethyl-
5-methyl-2-oxo-1,3,2-dioxaphosphorinan, 36912-37-5.

Supplementary Material Available. Nmr spectra of a mixture
of cis and trans isomers, and 2 (R = CI), the pure cis isomer, 1 (R
= CI), para-substituted phenyl esters, 1 and 2 (R = OC6H7CHS3),
and equilibration of 4 (X = S) will appear following these pages
in the microfilm edition of this volume of the journal. Photocopies
of the supplementary material from this paper only or microfiche
(105 X 148 mm, 24X reduction, negatives) containing all of the
supplementary material for the papers in this issue may be ob-
tained from the Journals Department, American Chemical Soci-
ety, 1155 16th St., N.W., Washington, D. C. 20036. Remit check
or money order for $3.00 for photocopy or $2.00 for microfiche, re-
ferring to code number JOC-74-984.
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Oxygen-, sulfur-, and nitrogen-containing heterofulvenes, derivatives of 2,6-dimethyl-y-pyrone (1) and -y-thia-
pyrone (2) and _/V-butyl-2,6-dimethyl-y-pyridone (3), have been prepared, and their properties are reported. The
O and S heterocycles were prepared by condensation of 1 and 2, respectively, with active methylene compounds
in acetic anhydride. The N heterocycles were obtained from the O heterocycles by reaction with butylamine.
Side reactions were observed when butylamine reacted with methyl 2,6-dimethyl-4//-pyran-4-ylidenenitroace-
tate (6) and 2,6-dimethyl-4H-pyran-4-ylidenenitroacetone (5). A new convenient route to heterofulvenes which
bear a single substituent at the exocyclic double bond was developed. Thus, heterofulvenes substituted by an
acetyl group at the exocyclic double bond were found to undergo acetyl cleavage, under very mild acidic condi-
tions, resulting in the formation of monosubstituted heterofulvenes. Deuterium exchange reactions in the sys-
tems under consideration were studied. The nmr, uv, and ir data of the disubstituted and monosubstituted het-
erofulvenes are discussed in terms of the heteroatom and the substituents at the exocyclic double bond.

Compounds derived from the formal condensation of 7-
pyrones (1), 7-thiapyrones (2), and y-pyridones (3) with
active methylene compounds, having the general structure
4, may be considered as heteroanalogs of heptafulvenes.
The literature contains a number of reports on the synthe-
sis and properties of some heterofulvenes and heteroful-
valenes derived from 7-pyrones and y-pyridones.1l Very
little, however, has been published about heterofulvenes
derived from y-thiapyrones (4, Z = S). In this paper we
report the synthesis and chemistry of heterofulvenes of
type 4; dynamic nmr studies on these compounds will be
presented in a later paper.

o) o
1, Z-0
2,2=S
3,Z = N-Bu

4, X, Y = electron-withdrawing groups

Synthesis

The compounds of interest which have been prepared
are listed below.

The oxygen (Z = O) and the sulfur (Z = S) heterocycles
were prepared by the condensation of 2,6-dimethyl-y-py-
rone and 2,6-dimethyl-y-thiapyrone,3 respectively, with
the appropriate active methylene compounds in acetic an-
hydride (Scheme 1). It has previously been reported that
the acetic anhydride method is applicable only to those
active methylene compounds bearing a nitrile group, but

z=0
5 X = NO02 Y = COCH3
6, X = N02 Y = COOCHj
7, X = NO,; Y = CN
8, X = COCH,; Y = COOCH3
9, X = COCHj, Y = CN
10, X = COOCH3; Y = CN
11, X = CN; Y = CONH?2
12, X = Y = COCH,

Z=S
13, X = N0O2 Y = COCH3
14, X = N02 Y = COOCH3
15, X = N02 Y = CN
16, X - COCH3; Y = COOCH3
17, X = COCH3, Y = CN
18, X = COOCH3, Y = CN
Z = N-Bu

19, X = N02 Y = COCHa
20, X = NO,; Y = COOCH,
21, X = NO,; Y = CN
22, X = COCH3; Y = CN
23, X = COOCH3; Y = CN
24, X = CN; Y = CONH2

fails with compounds such as acetylacetone and methyl
acetoacetate.4 We have found, however, that this method
can be considered to be a general one, inasmuch as, ex-
cept for 11, all the oxygen and the sulfur analogs could be
obtained in this way, although the yields with acetylace-
tone and methyl acetoacetate were, indeed, very poor.
Compound 11 was prepared, as previously reported,5 by
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partial acidic hydrolysis of 2,6-dimethyl-4H-pyran-4-yli-
denemalononitrile.® In the preparation of 7 and 15, the
active methylene compound nitroacetonitrile was generat-
ed in situ, by dehydration of methazoic acid7 by the ace-
tic anhydride.

Scheme |

CHZX, Y)

Ac20

Z=0,S X, Y = electron-withdrawing groups

The nitrogen compounds 19-24 were conveniently pre-
pared from the oxygen analogs by N,0 exchange accom-
plished by heating the latter, either in excess, or with
equimolar amounts of butylamine in appropriate sol-
vents.8 The structures of all the new compounds were
confirmed by elemental analysis and spectral methods.

While in most of the cases the reaction with butylamine
proceeded satisfactorily, we have encountered two cases in
which side reactions took place. When 6 was heated in ex-
cess of butylamine at 78° only one product, mp 127°, was
obtained in 34% vyield, the physical properties of which
were not in accord with structure 20. This product is con-
sidered to be iV-butyl-3-nitro-4-acetonyl-6-methyl-2-pyri-
done (25), on the basis of spectral data: ir (CHCI3) 1710
(C=0) and 1666 cm 'l (CON-Bu); uv Amax (EtOH) 310
nm (£ 3300), 370 (3300); nmr (CDC13) 8 1.03 (3 H, t), 1.60
(4 H, m), 2.26 (3 H, s), 244 (3 H, s), 3.66 (2 H, t), 4.02 (2
H, s), 594 (1 H, s). The significant features of the nmr
spectrum are the two-proton singlet at 4.02 ppm, assigned
to -CH2COCH3, and the presence of only one vinylic sig-
nal. When the same reaction was carried out in chloro-
form employing 1 equiv of butylamine, a mixture of 25
and 20, which could be conveniently separated by crystal-
lization, was obtained. A reaction route that may account
for the formation of the two products is presented in
Scheme II.

Scheme I

Bu Bu
20 25

The reaction of 5 in excess butylamine at 78° yielded
two structural isomers which were separated by chroma-
tography. One product, obtained in 34% yield, was identi-
fied as the corresponding 1,4-dihydropyridine derivative
(19) on the basis of its elemental analysis and its physical
properties. As can be seen (Table 1), the chemically non-
equivalent protons at positions 3 and 5 of compound 19
exhibit one broad singlet in the nmr spectrum (relative
area 2). This observation supports, rather than disproves,
structure 19. The above-mentioned chemical shift equiv-
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alency is a consequence of a fast rotation about the exocy-
clic double bond. This phenomenon was observed in sev-
eral compounds of type 4 and will be analyzed in a sepa-
rate publication. The broadening of the vinylic signals was
found to be due to allylic type spin coupling with the
methyl protons at positions 2 and 6, which was detected
in all the compounds of type 4. The second product, mp
161°, obtained in 30% yield was identified as (V-butyl-2,6-
dimethyl-l,4-dihydropyridine-4-ylideneacetone (26). The
structural assignment of 26 was based on the following ev-
idence. Elemental analysis was in agreement with the
proposed structure; the mass spectrum exhibited a parent
peak at m/e 264 [mol wt (calcd) 264.33]. The ir spectrum
(CHCI3) showed, among others, a conjugated carbonyl
band at 1660 cm '1; uv Amax (EtOH) 248 nm (f 6000), 388
(32,700); nmr spectrum (CDCI3) exhibited signals at 8
100 (3 H, t), 1.5 (4 H, m), 206 (3 H, s), 2.25 (3 H, s),
232 (3H,s), 3.75 (2 H, t), 495 (1 H, s, sharp), 8.40 (1 H,
s, broad). Although two vinylic-type proton signals are
present in the nmr spectrum, this does not support struc-
ture 19, as the signal at 8 4.95, in contrast to the signal at
8 8.40, is very sharp and cannot therefore arise from an
allylic coupled proton. The spectrum does, however, sup-
port structure 26, as it is expected that the vinylic proton
at the exocyclic double bond would resonate at relatively
high field9 and would not be coupled to the methyl pro-
tons. Further information about 26 can be obtained by
comparing its nmr data with those of compound 27
(Table 1), which was obtained by a different reaction
(vide infra). Compound 26 is, in fact, a nitro derivative of
27. This comparison enables us to determine the geometry
of 26. Though 26 can exist in two geometrical isomers, we
have isolated only one. On the basis of the similarity in
the chemical shifts of the ring proton syn to the acetyl
group in 27 (8 8.27, Table 1) and of the ring proton of 26 (8
8.40), we can safely conclude that structure 26 (Scheme
Il) correctly describes the geometrical isomer which was
isolated. Predomination of this isomer is expected, as this
is the thermodynamically more stable one. The reaction
pathway which may account for the formation of 19 and
26 from 5 in excess of butylamine is depicted in Scheme
Il. Initial addition of butylamine and subsequent ring
opening lead to the formation of intermediate (5x) which
possesses two reactive carbonyl groups. Cyclization can
therefore take place at either of these carbonyls and thus
amixture of 26 and 19 will result.

Scheme 111

The ease with which compounds 5 and 6 tend to partic-
ipate in competitive modes of cyclization which lead to 26
and 25, respectively, is attributed to the presence of the
strong electron-withdrawing nitro group in the a position
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Table 1
Nmr Data of Compounds 5-29“

Yield,

Compd 9% Mp, °C z X Y 2,6-Me
5 30 140 0 no?2 COCH3 2.28
5a 84 105 0 no? H 2.30, 2.
6 34 109 0 no?2 COOCHs 2.26
7 8.5 190 0 no?2 CN 2.48
8 4.5 84 0 COOCHSs COCHs 2.27
8a 99 87 0 COOCHSs H 2.10
9 0 CN COCH3 2.32
9a 72 94 0 CN H 2.04, 2.
9a' 81 94 0 CN D

10 50 178 0 CN COOCH, 2.29
11 0 CN CONH, 2.29
12 1.5 74 0 coch3 COCH3 2.28
12a 60 8 0 COCK;, H 2.10
13 10 143 s NO02 COCH3 2.38
13a 80 83 s no2 H 2.32
14 12 116 s no2 COOCHs 2.34
15 4 216 s no?2 CN 2.56
16 0.5 Oil s COOCH3 COCH3 2.28
17 7 147 s CN COCH3 2.44
18 19 185 s CN COOCH3 2.42
19 34 150 N-Bu NO; COCH3 2.55
19a 98 195 N-Bu NO; H 2.48
20 32 183 iV-Bu NO. COOCH3 2.50
21 78 263 N-Bu NO; CN 2.64
22 98 178 N-Bu CN COCHs 2.48
22a 94 95 N-Bu CN H 2.30
23 79 135 N-Bu CN COOCH3 2.43
24 62 236 N-Bu CN CONH; 2.45
27 70 73 N-Bu COCH3 H 2.32
28 (0] CN CN 2.34
29 N-Bu CN CN 2.50

—— Chemical Silifts in 8®DCI3) (at ambient temperature)-—---------------- ;

Hx Hy N-CH2 Other groups
7.10 7.10 COCH32.28
32 7.82 595 Y = H 6.80
7.08 6.60 COOCH33.80
8.11 6.64
6.92 7.32 COOCH., 3.80, COCHs 2.20
7.40 5.78 Y = H 4.98, COOCH33.82
6.58 8.25 COCH32.40
08 6.19 5.77 Y - H4.19
6.19 5.77
6.57 7.88 COOCHs 3.75
6.62 8.17 CONH, 5.67
6.95 6.95 COCHs 2.12
7.74 5.76 Y = H 5.35, COCHs 2.10
7.71 7.71 COCHs 2.28
8.62 6.54 Y = H6.94
7.50 7.50 COOCHs 3.79
9.04 7.49
7.52 7.82 COCHs 2.28, COOCHs 3.80
7.32 9.04 COCHs 2.44
7.30 8.66 COOCH,, 3.75
7.94 7.94 4.04 COCHs 2.49
830 630 399 Y = H6.68
7.48 7.48 4.00 COOCH., 3.83
7.50 750 4.03
6.80 8.70 3.94 COCHs 2.34
6.30 595 368 Y = H 3.75
6.72 8.12 3.90 COOCHs 3.69
6.80 8.47 3.90 CONH, 5.47
8.27 6.10 3.75 COCHs 2.07, Y = H 5.20
6.54 6 54
6.70 6.70 3.75

* Satisfactory analytical values (£0.4% for C, H, N, S) for all compounds were reported: Ed.

to the acetyl and carbomethoxy groups in these com-
pounds. Thus, the reactivity of these carbonyls toward
nucleophilic attack is enhanced, rendering these cycliza-
tion routes competitive to the routes leading to 19 and 20.
Reaction in Acidic Media. The observation that meth-
yl acetoacetate condenses with 2,6-dimethyl-7-pyrone in
poor yield led us to investigate alternative synthetic
routes for compound 8. Specifically, we were interested
in finding conditions under which a nitrile group, in this
class of compounds, could be transformed into a carbome-
thoxy group. Thus, heating 2,6-dimethyl-4//-pyran-4-yli-
denemalononitrile (28)6 in methanol in the presence of 1
equiv of water and a catalytic amount of concentrated
sulfuric acid led to the formation of methyl 2,6-dimethyl-
4//-pyran-4-ylideneeyanoacetate (10), identical with the
product prepared from methyl cyanoacetate by the acetic
anhydride method, as the sole product. When 10 was
treated with methanol under the same conditions, no di-
methyl 2,6-dimethyl-4//-pyran-4-ylidenemalonate was ob-
tained even on prolonged heating, and only starting mate-
rial was recovered. When 2,6-dimethyl-4H-pyran-4-yli-
denecyanoacetone (9) was subjected to the above reaction
conditions, a tic analysis indicated that the starting mate-
rial had disappeared completely, and a new spot corre-
sponding to a new product appeared. The isolated product
was, however, not the expected 8, but a new substance to
which we have assigned structure 9a on the basis of the
following evidence: the mass spectrum exhibited a parent
peak at m/e 147 [mol wt (calcd) 147.18]; ir spectrum

(CHCI3) showed a conjugated nitrile and double bond
stretching bands at 2175 and 1670 cm "1, respectively; the
nmr spectrum (CDCI3) showed two methyl signals at 8
2.04 (3 H, s) and 2.08 (3 H, s) and three vinylic signals at
419 (1 H, s, sharp), 577 (1 H, s, broad), and 6.19 (1 H, s,
broad). On repeating the reaction using CH30D-D20-
D2S0O4, the heptadeuterio derivative (9a') was obtained
(Scheme 1V), the mass spectrum of which exhibited a
parent peak at m/e 154, and the ir spectrum (CHCI3)
showed additional absorption at 2300 cm"1 (C-D). In the
nmr spectrum (CDCI3), the methyl signals and the signal
at 8 4.19, present in the spectrum of 9a, were absent. We
conclude from these results that under the above reaction
conditions the acetyl group at the exocyclic double bond
in 9 is cleaved, resulting in the formation of the monosub-
stituted derivative (9a). The sharp high-field vinylic pro-
ton signal at 8 4.19 is assigned to the proton at the exocy-
clic double bond, as was previously argued. The absence
of this signal in the deuterio derivative 9a' supports this
assignment.10 We have found that this “acetyl cleavage”
type reaction is common to all acetyl-bearing compounds
of type 4 and, in fact, can be carried out under much mil-
der conditions and in the absence of water. Thus, treating
a methanolic solution of 5 with catalytic amounts of sulfu-
ric acid at room temperature, resulted in the formation of
5a (Table 1), mp 105° in 84% yield: mass spectrum m/e
167 [mol wt (calcd) 167.17]; ir (KBr) 1670 cm"1; uv Xmax
(EtOH) 260 nm (e 5000), 399 (22,200); nmr (CDCRB) 8 2.30
(3H, s), 232 (3H, s), 595 (1 H, s, broad), 6.80 (1 H, s,
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Scheme IV

CD3 u CD3

5a, X = N02
9a', X = CN
5 X = N02 5a, X = N02
9, X =CN 9a, X = CN
| BuNH2 I BuNH2
19, X = NO,

sharp), 7.82 (1 H, s, broad). In CH30D-D2S04 the hepta-
deuterio compound 5a' was obtained; the mass spectrum
exhibited a parent peak at m/e 174 and the ir spectrum
(KBr) showed additional absorption at 2330 cm-1 (C-D).
In the nmr spectrum (CDCI3) of 5a' the signals at 5 2.30,
2.32, and 6.80 were again missing. Further corroborative
evidence for the structures of these deacylated derivatives
was obtained from the chemical transformations depicted
in Scheme 1V. The reaction of 5a with butylamine afford-
ed 19a, which was identical with the product obtained by
the acetyl cleavage of 19 (which is obtained from the reac-
tion of 5 with butylamine). The monosubstituted hetero-
fulvenes which have been prepared are listed in Table |
(see Experimental Section).

By following the progress of the acetyl cleavage using
tic, it was found that the rates were dependent on the na-
ture of the other substituent attached to the exocyclic
double bond, as well as on the nature of the heteroatom Z.
Thus, in compounds 5, 8, 9, and 12 the rates were en-
hanced by the presence of the other double bond substitu-
ent in the order NO2 > COCH3 > COOCH3 > CN, which
corresponds to the order of the capacity of these groups to
stabilize a negative charge. In compounds possessing the
same double bond substituents, the dihydropyridines (Z
= N-Bu) react faster than the 4f/-pyrans (Z = 0). A ten-
tative mechanism for the deacetylation reaction which ac-
counts for these experimental facts is described in Scheme
V.

Assuming that the C-C cleavage step is the rate-deter-
mining one, the above qualitative rate orders can now be
interpreted in terms of the capacity of X and Z to stabi-
lize the corresponding charges in the transition state lead-
ing to 4h, regardless of whether 4t describes an intermedi-
ate or a transition state.

In view of the mild conditions under which it can be
carried out and the excellent yields encountered in most
cases, this acetyl cleavage reaction presents an important
and facile route to monosubstituted heterofulvenes of type
4 which are not easily accessible by direct routes.11

Deuteration. In connection with detailed kinetic nmr
studies which are to be carried out on some of the oxygen
derivatives, it is necessary to eliminate the allylic cou-
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Scheme V

4h

pling between the ring methyl protons and the vinylic
protons in positions 3 and 5. To this end, attempts were
made to prepare the 2,6-dimethyl-d6 derivatives of these
compounds. Our first approach was to prepare 2,6-di-
methyl-d6-7-pyrone and condense it with the appropriate
active methylene compounds. It has previously been re-
ported that neither the methyl nor the vinylic protons of
2,6-dimethyl-7-pyrone exchange with deuterium in slight-
ly acidic D20 solution.12 In strongly acidic D20 solutions,
exchange occurred mainly at positions 3 and 5 (vinylic
protons) and to a lesser extent at the methyls in positions
2 and 6.13 These results were rationalized in terms of ring
opening of the pyrone under strongly acidic conditions, re-
sulting in the formation of a 1,3,5-triketone. Consequent-
ly, the more acidic methylene hydrogens exchange faster
than the methyl hydrogens. Recyclization, therefore, pro-
duces 2,6-dimethyl-7-pyrone labeled predominantly in the
3 and 5 positions.

In order to minimize the ring opening and thus avoid
the exchange of the vinylic protons, we have tried to pro-
mote exchange under anhydrous conditions. This was
done by treating an anhydrous CH30D solution of 1 with
D2S0O4 at room temperature. Under these conditions,
however, neither the methyl protons nor the vinylic pro-
tons were exchanged with deuterium. Our next approach
was to effect the exchange on the heterofulvenes them-
selves. We have found that the D2S04-CH30D method,
which failed with 2,6-dimethyl-7-pyrone, could be suc-
cessfully applied to some of these compounds. Thus addi-
tion of a catalytic amount of D2SO4 to a CH30OD solution
of 6, and maintaining this solution for a few hours at room
temperature, resulted in the formation of the correspond-
ing hexadeuterio derivative in a high degree of purity
(nmr). Similarly, such exchange could also be performed
on the nitrogen analog (20). Compound 23, however, did
not exchange deuterium under these conditions. Obvious-
ly, such exchange conditions could not be applied to the
acetyl-bearing heterofulvenes as they undergo the pre-
viously mentioned deacetylation reaction.

Physical Properties

Nmr Spectra. The nmr data of compounds 5-24 are
summarized in Table I. Protons Hx and Hy are diastereo-
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Table 11
Electronic and Infrared Spectral Data of Compounds 5-28
------------ Uv (95% EtOH)— ceereeeeeIr (CHCI3, 7, cm  -oeeeeeeeeeeeeeeN
Compd C=cC CN COCHa cooch!
5 260 354 406 5,100 8,600 9,600 1627 1666
5a 260 399 5,000 22,200 1670»
6 249 330 396 7,000 13,200 11,300 1655 1689
7 260 390 14,350 37,200 1655 2205
8 247 358 8,300 20,000 1660 1666 1700
8a 231 327 5,000 13,200 1655 1691
9 255 367 381 5,900 24,400 22,600 1622 2177 1666
9a 227 310 4,900 12,700 1670 2175
10 248 349 363 sh 6,350 20,200 17,000 1650 2183 1689
12 251 357 7,100 19,300 1630 1655
12a 244 354 5,900 24,500 1620 1680
13 270 390 sh 422 6,300 14,300 15,400 1600 1644
13a 1620
14 260 363 440 3,600 11,400 9,500 1611 1688
15 274 416 sh 433 13,700 25,800 38,300 1600 2200
16 1605 1650 1700
17 269 404 423 4,900 28,800 29,600 1600 2180 1649
18 265 386 405 5,200 37,600 34,400 1605 2177 1683
19 258 330 403 9,900 10,100 16,500 1633 1633
19a 261 410 2,600 15,200 1635
20 258 404 10,700 37,400 1627 1711
21 255 277 392 14,400 9,000 43,000 1605 2180
22 249 374 14,200 39,300 1590 2171 1638
22a 238 350 1,600 5,400 1640 2160
23 250 sh 364 4,650 47,000 1611 2161 1656
24 368 40,200 1625 2166 CONH21644
27 250 387 5,000 34,400 1650 1660
28 255 350 7,200 25,700

0In KBr pellets.

topic and usually give rise to two chemically shifted sig-
nals at room temperature which in some compounds are
separated by ca. 1.5 ppm.14 The room temperature spec-
ra of 5, 13, 14, 13, 20, and 21 exhibit a singlet for Hx +
hy This phenomenon arises from fast thermal isomeriza-
tion about the exocyclic double bond; at low tempera-
tures. Hx and Hy exhibited chemically shifted singlets. As
was previously pointed out, an unambiguous differentia-
tion between the signals of the ring protons (HX Hy) and
that of the proton at the exocyclic double bond in the mo-
nofunctional compounds (5a, 8a, 9a, 12a, 13a, 19a, 22a,
and 27; Table 1) could be made on the basis of the rela-
tive widths of these signals. While the width at half-
height of the two signals assigned to the ring protons is in
the range of 4-5 Hz, that of the third olefinic signal does
not exceed 2 Hz.

A distinction between Hx and Hv could be made on the
basis of the following argument. Inspection of the chemi-
cal shift data for the N and O series of the monosubstitut-
ed derivatives reveals that the spectral position of one sig-
nal is practically insensitive to the nature of X. This sig-
nal was therefore assigned to Hy (Y = H). On the other
hand, Hx, being geometrically disposed to the anisotropy
effect of X, is shifted by 1.59 (Z = 0) and 2.0 ppm (Z =
N-Bu) upon changing X from NO2 to CN. Although Hx
and Hy in the bifunctional compounds do not resonate at
magnetic field values identical with those of Hx in the
monofunctional compounds, it is assumed that they retain
the relative order of the chemical shifts found in the latter
group, namely

G (N02) ><5 (COCH3) > 51 (CO2CH 3) ><5 (CN)

Such an assumption implies that all factors in a single
compound, aside from group anisotropies, affect the
chemical shift of Hx and Hy to the same extent. No am-
biguities were encountered in our assignments since the
differential shifts in all compounds are substantial. Thus,

all the assignments in Table | were made on the above
basis.

Electronic Spectra. The w uw* transition maxima of
compounds 5-27 in ethanol are listed in Table Il. A low-
wavelength band is present at ca. 245-270 nm in the spec-
tra of all the compounds in this series (this band is, how-
ever, at lower wavelengths in the monosubstituted deriva-
tives). The third band at ca. 400 nm in the oxygen and ni-
trogen heterocycles indicates the presence of a nitro
group. Clearly, when comparing compounds with the
same X and Y groups the spectra of the S heterocycles are
shifted to the red with respect to the O and N analogs.
Comparison of the spectra of the latter two groups of com-
pounds indicates that in general the N heterocycles ab-
sorb at higher wavelength than the O heterocycles, al-
though some exceptions are noted.

More detailed analysis of the spectra indicated that ste-
ric effects play a role in determining the energies and the
probabilities of the electronic transitions in some of the
compounds. Model examination reveals significant non-
bonded interaction between the H atoms at C-3 and C-5
and the X and Y substituents in a planar geometry. Such
interaction can be minimized in the monofunctional com-
pounds by adopting the most favorable geometry of the
functional group and still keeping this group in the plane
of the ring. However, the introduction of a second substit-
uent at the exocyclic double bond restricts the geometri-
cal freedom of the already existing group, since new non-
bonded interaction between the two double bond substitu-
ents are now generated. This should bring about a larger
out-of-plane twist of the two functional groups and should
affect the uv spectra. In fact, the above conclusions were
reached upon analysis of the relevant spectral data. The
longest wavelength high-intensity band should correspond
to an electronic transition from the highest occupied MO
and is therefore expected to be sensitive to molecular de-
formation arising from steric interactions. Thus, compar-
ing 12a with 12 (Table Il) reveals a small red shift (3 nm)
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of the highest wavelength band, but a 22% decrease in the
intensity of this band is noted upon the introduction of
the second acetyl group. When, however, the highest
wavelength bands of 9a and 2,6-dimethyl-477-pyran-4-yli-
denemalononitrile (28) (Table Il) are compared, it is evi-
dent that the introduction of the second cyano group not
only produces a pronounced red shift (40 nm) but is also
accompanied by an increase of over 100% in the intensity
of this band. Since the CN group is linear, no steric inter-
actions are generated upon the introduction of the second
cyano group and electron delocalization is maximal.

Even more significant is the comparison of the band at
the region of 400 nm of compounds 5, 6, and 7 with that of
5a. Thus, upon substituting the exocyclic H of 5a with
acetyl (5) and ester group (6), the intensity of the above
band diminishes by 56 and 49%, respectively. However,
when a CN group is introduced (7), t increases by 68%.
These results must indicate that while the introduction of
the relatively large acetyl and ester groups bring about
the said molecular twist, the linear nitrile group does not
affect the geometry of the nitro group and allows maxi-
mum conjugative interaction of both groups.

Infrared Spectra. The most characteristic ir absorption
bands of compounds 5-27 are listed in Table Il. It can be
seen that, with few exceptions, the stretching frequencies
of the exocyclic double bond in the oxygen derivatives
5-12a fall in the region of 1650-1660 cm-1, those of the
nitrogen derivatives 19-27 in the region of 1625-1640
cm"1, and those of the sulfur derivatives in the region of
1600-1610 cm "1. This decrease in the frequency as a func-
tion of the heteroatom, which indicates a decrease in the
bond strength, or bond order, indicates, in our opinion,
that the magnitude of the contribution of a limiting dipo-
lar structure in these series increases in the order of O <
N-Bu < S.

Experimental Section

Melting points were determined on a Thomas-Hoover Unimelt
apparatus and are uncorrected. Ir spectra were recorded on a Per-
kin-Elmer grating spectrometer, Model 337. Uv spectra were re-
corded on a Perkin-Elmer 137UV spectrometer. Nmr spectra were
taken on a Varian HA-100 spectrometer and on a Jeol JNM-C-
60HL spectrometer. Mass spectra were taken with a Hitachi Per-
kin-Elmer RMU-6 instrument, electron energy 70 eV. Commer-
cial, redistilled malononitrile, methyl acetoacetate, and methyl
cyanoacetate were used. Literature procedures were used in the
preparation of nitroacetone,15 methyl nitroacetate,16 cyanoace-
tone,4and compounds 94and 11®

General Procedure for the Preparation of 5, 6, 8, 10, and 12
A solution of 1equiv (0.01-0.07 mol) of 2,6-dimethyl-y-pyrone and
1 equiv of the appropriate active methylene compound in AC20
(30-100 ml) was refluxed for 2-5 hr. Removal of the AC20 at low
pressure left a dark tarry residue which was extracted several
times with hot ligroin (5) or ether (6, 8, 12). The combined organ-
ic extracts were washed with water and dried over MgSCL. Re-
moval of the solvent left a residue which was subjected to column
chromatography on Kieselgel (0.05-0.20 mm) employing EtOAc-
petroleum ether as eluent. Pure products were obtained in the
10:90 or 20:80 v/v EtOAc-petroleum ether fractions. Compound

10 was obtained by cooling (Dry Ice-acetone) the Ac20 solution,
filtering, and recrystallizing from MeOH.

2,6-Dimethyl-47i-pyran-4-ylidenenitroacetonitrile (7). To a
solution of 7.69 g (0.062 mol) of 2,6-dimethyl-y-pyrone in 70 ml of
AC20, 6.65 g (0.064 mol) of methazoic acid was added, and the so-
lution was refluxed for 2 hr. Removal of the Ac20 left a tarry resi-
due which was extracted several times with 60-ml portions of
ether. The combined ether solutions were washed with water and
dried over MgS04. Removal of the ether left the product, which
was recrystallized from EtOAc.

General Procedure for the Preparation of 13, 14, 15, 16, and
18. A solution of 1 equiv (3-10 mol) of 2,6-dimethyl-y-thiapyrone
and 2 equiv of the appropriate active methylene compound
(methazoic acid in the preparation of 15) in Ac20 (15-45 ml) was
kept at 80-90° for 2-7 hr. Removal of the AC20 at low pressure
left a residue which was extracted several times with 50-ml por-
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tions of ether. The ethereal solution was washed with 15%
NaHCC=8 solution, then with water, and dried over MgS04. Re-
moval of the ether left a solid or an oil which was subjected to
column chromatography on Kieselgel (0.05-0.20 mm) employing
EtOAc-petroleum ether as eluent. Pure products were obtained
from the 5:95 or 10:90 v/v EtOAc-petroleum ether fractions.

2.6- Dimethyl-477-thiapyran-4-ylidenecyanoacetone (17). A
lution of 1.0 g (0.01 mol) of cyanoacetone (generated by adding
0.01 mol of glacial AcOH to a suspension of 0.01 mol of sodium
cyanoacetone enolate in absolute ether and filtering) in 10 ml of
absolute ether was added dropwise to a solution of 0.7 g (5.0 mol)
of 2,6-dimethyl-y-thiapyrone in 20 ml of AC20 maintained at 90°.
After 3 hr at 90°, the reaction mixture was worked up according
to the general procedure given above.

General Procedure for the Reaction of BUNH2 with the O
Heterocycles. Preparation of 21, 22, 23, and 24. A solution of
the respective oxygen derivatives (3-10 mmol) in BuNH2 (6-25
ml) was refluxed for 1-2 hr. Removal of the excess of BUNH2 at
low pressure left a solid which was recrystallized from MeOH (22,
23, 24) or CH3CN-EtOAc (21), affording pure products.

Reaction of Butylamine with 5. A solution of 0.55 g (2.6 mmol)
of 5 in 6 ml of BUNH2 was refluxed for 0.5 hr. On keeping the
reaction mixture at 0° overnight, a solid separated, which upon
filtering afforded I-n-butyl-2,6-dimethyl-1,4-dihydropyridin-4-
ylidenenitroacetonitrile (19), mp 150° after recrystallization from
EtOAc-ligroin. The above filtrate upon evaporation at low pres-
sure afforded a mixture of 19 and Af-n-butyl-2,6-dimethyl-3-nitro-
l,4-dihydropyridin-4-ylideneacetone (26), which was chromat-
graphed on Kieselgel (0.05-0.20 mm), employing EtOAc-petrole-
um ether as eluent. The 1:3 v/v EtOAc-petroleum ether fraction
afforded 176 mg (30%) of 26: mp 162° after recrystallization from
petroleum ether-EtOAc; mass spectrum (%) 264 (100, M +). Anal.
Calcd for C14H20N203: C, 63.62; H, 7.63; N, 10.60. Found: C,
63.46; H, 7.47; N, 10.47.

I-rc-Butyl-3-nitro-4-acetonyl-6-methyl-2-pyridone (25). A so-
lution of 0.55 g (4 mmol) of 6 in 5 ml of BUNH2 was refluxed for 5
hr. Upon cooling and maintaining the solution for a few hours in
an ice bath, a solid separated and was filtered, affording 0.22 g
(34%) of 25: mp 127° after recrystallization from EtOH; mass
spectrum (%) 266 (100, M+). Anal. Calcd for C13H18N204: C,
58.63; H, 6.81; N, 10.52. Found: C, 58.82; H, 6.79; N, 10.50.

Methyl 1-n-Buty1-2,6-dimethyl-l,4-dihydropyridin-4-ylidene-
nitroacetate (20). A solution of 1.1 g (8 mmol) of 6 and 1 ml
(0.01 mol) of BuNH2 in 60 ml of CHC13 was refluxed for 50 hr.
Upon cooling, crystals separated; they were filtered and recrystal-
lized from CHCL-EtOAc, affording 20.

Formation of 10 from 2,6-Dimethyl-477-pyran-4-ylidene-
malonitrile. To a solution of 0.51 g (3 mmol) of 2,6-dimethyl-4.fi-
pyran-4-ylidenemalononitrile in 10 ml of MeOH, 1 ml of water
and 1 ml of concentrated H2SO4 were added, and the solution
was refluxed for 72 hr. On cooling and addition of 100 ml of water,
a solid separated and was filtered, affording 0.24 g (39%) of 10,
mp 178° after recrystallization from EtOH. There was no depres-
sion of the mixture melting point of 10 prepared from 2,6-di-
methyl-y-pyrone and methyl cyanoacetate and the compound ob-
tained by the present method.

2.6-
tion of 0.38 g (2 mmol) of 9 in 10 ml of MeOH, 1 ml of water and
1 ml of concentrated H2SO 1were added, and the solution was re-
fluxed for 24 hr. Upon cooling and addition of ice-cold water, a
solid separated and was collected, affording 0.11 g (42%) of 9a,
mp 85-89°. Chromatography on Kieselgel (0.05-0.20 mm),
employing EtOAc-hexane as eluent, afforded a pure sample.

A General Procedure for the Cleavage of the Acetyl Group
in Acetyl-Bearing Compounds of General Formula 4. A solu-
tion of 5 mmol of the appropriate compound in 5 ml of MeOH
was treated with 2 drops of concentrated H2SO4 at room temper-
ature. The reaction mixture was kept at room temperature until
all starting material disappeared (tic analysis). This usually took
1 hr for the N-Bu derivatives, and up to 96 hr for the oxygen de-
rivatives. The product was isolated by one of the following meth-
ods.

Method A. The reaction mixture was cooled in a Dry Ice-ace-
tone bath, whereupon solid separated and was collected by filtra-
tion.

Method B. The MeOH was removed at low pressure and the
residue dissolved in CHCIs. The CHCIs solution was washed with
10% NaHCOs solution, then with water, and dried over Na2S04.
Removal of the CHCI: left a solid that was recrystallized from
ligroin.

Dimethyl-4ff-pyran-4-ylideneacetonitrile (9a). To a solu-



4-Cycloocten-I-yl Acetyl Chloride

I-n-Butyl-2,6-dimethyl-l,4-dihydropyridin-4-ylideneacetone
(27). A solution of 164 mg (1 mmol) of 12a in 5 ml of BUNH2 was
refluxed for 8 hr. The excess of BUNH2 was removed at low pres-
sure and the residue was dissolved in petroleum ether-EtOAc. On
cooling (Dry Ice-acetone), 153 mg (70%) of 27 precipitated and as
collected by filtration.

Methyl 2,6-Hexadeuteriodimethyl-4//-pyran-4-ylidenenitro-
acetate. To a solution of 215 mg (1 mmol) of 6 in 8 ml MeOD,
4 drops of D2S0O4 was added, and the solution was kept at 50° for
72 hr. On cooling (Dry Ice-acetone), 200 mg (90%) of product sep-
arated and was collected by filtration. The nmr spectrum of the
product indicated exchange of about 50% of the methyls’ hydrogens
by deuterium. The product was redissolved in 8 ml of MeOD con-
taining 4 drops of D2S0O4, and the reaction mixture was main-
tained at 50° for an additional 100 hr. Upon cooling, 180 mg (70%)
of product was obtained, mp 109°, which was more than 95% hex-
adeuterated (nmr).

Registry No.—1, 1004-36-0; 2, 1073-80-9; 5, 49810-66-4; 5a,
49810-67-5; 6, 49810-68-6; 7, 49810-69-7; 8, 49810-70-0; 8a, 39588-
78-8; 9, 3280-35-1; 9a, 49775-27-1; 9a', 49810-73-3; 10, 49810-74-4;
11, 49810-75-5; 12, 49810-76-6; 12a, 39588-76-6; 13, 49810-78-8;
13a, 49775-28-2; 14, 49810-79-9; 15, 49810-80-2; 16, 49810-81-3; 17,
49810-82-4; 18, 49810-83-5; 19, 49810-84-6; 19a, 49810-85-7; 20,
49775-29-3; 21, 49810-86-8; 22, 49810-87-9; 22a, 49810-88-0; 23,
49810-89-1; 24, 49810-90-4; 25, 49810-91-5; 26, 49810-92-6; 27,
49810-93-7; 28, 28286-88-6; 29, 49810-95-9; I-nitro-2-propanone,
10230-68-9; nitromethane, 75-52-5; methyl nitroacetate, 2483-57-0;
nitroacetonitrile, 13218-13-8; methyl-3-oxobutyric acid, 105-45-3;
methyl acetate, 79-20-9; 3-oxobutyronitrile, 2469-99-0; acetoni-
trile, 75-05-8; acetonitrile-d, 26456-53-1; methylcyanoacetic acid,
105-34-0; 2-cyanoacetamide, 107-91-5; 2,4-pentanedione, 123-54-6;
acetone, 67-64-1; malononitrile, 109-77-3; butylamine, 109-73-9;
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methyl 2,6-hexadeuteriodimethyl-4i/-pyran-4-ylidenenitroacetate,
49810-96-0.
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The stannic chloride catalyzed intramolecular reaction of 4-cycloocten-1-yl acetyl chloride (2) yields the ex-
pected Friedel-Crafts type product, ercdo-2-chlorobicyclo[4.2.2]decan-8-one (5). The uncatalyzed reaction yields
tricyclo[5.3.0.03,10]decan-2-one (3) and tricyclo[4.4.0.03;10]decan-2-one (4) through a [r2s + ,,2a] process.

The fact that a double bond can participate in an intra-
molecular reaction with a suitably placed cationic center
has been known for a long time.1 The first example of a
solvolytic intramolecular cyclization of a simple substitut-
ed cycloalkene was reported by LeNy in 1960.2 Since this
report, many papers dealing with intramolecular partici-
pation of double bonds in cyclic systems have been pub-
lished. These papers reported studies on the factors which
influence ring closures, 1,3-5 aspects of the ;r route6 to clas-
sical-nonclassical systems,7,8 and synthetic routes to oth-
erwise difficultly accessible bicyclic compounds.

The work of Erman and Kretschmar9 extended the
study of ring closures to cases where the cationic center
mes derived from an acyl chloride group. A number of
similar papers have appeared recently10811,12 in which
the Friedel-Crafts intramolecular cyclization has led to
formation of bicyclic products. The Friedel-Crafts clo-
sures to give bicyclic products are of interest for two rea-
sons. First, ring closure affords bifunctional bicyclic prod-
ucts having a ketone and either a halo or olefinic group,
while solvolytic ring closures of sulfonate esters, etc.,
yield monofunctional derivatives. Second, solvolysis of es-
ters derived from alcohols related to the acyl halide may

have different selectivities. Thus, 3-(3-cyclohexen-l-yl)-
propionyl chloride undergoes an intramolecular ring clo-
sure,108 but buffered acetolysis of the tosylate of 3-(3-cy-
clohexen-I-yl)propyl alcohol fails to give cyclization pro-
ducts. 10b

As part of a study on cationic ring closures of cyclooc-
tenyl derivatives, we investigated the Friedel-Crafts in-
tramolecular acylation reactions of 4-cycloocten-I-yl ace-
tyl chloride (2). The stannic chloride catalyzed reaction of
2 gave products expected of a Friedel-Crafts reaction. The
uncatalyzed reaction of 2 gave products which arise
through the intermediacy of a ketene rather than a cat-
ionic intermediate.

Results

4-cycloocten-l-yl acetic acid (1) was prepared from 5-
bromocyclooctenel3 by malonic ester synthesis. The acid 1
in carbon tetrachloride was converted to the acyl halide 2
with thionyl chloride. Glpc analysis of the product mix-
ture obtained when 2 was heated at reflux in CC14 for 7
days showed two compounds (Scheme 1) in addition to
unchanged starting material. The infrared spectrum of the
first unknown compound eluted, 3 (1%), showed no ab-
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sorptions due to unsaturation. The carbonyl stretching
frequency was unexpectedly high at 1770 cm-1, indicative
of a cyclobutanone ring.14 The second unknown com-
pound, 4 (10%), like the first, had no absorptions in the
infrared spectrum which could be ascribed to an olefinic
group, and also had a high carbonyl stretching frequency
at 1774 cm-1. The fingerprint region of both 3 and 4
showed many very sharp, moderately intense absorptions.
These fingerprint absorptions suggested that the two com-
pounds were strained.15 The nmr spectra of both com-
pounds confirmed the lack of an olefinic group. Finally,
elemental analysis and mass spectra showed the chemical
composition of 3 and 4 to be C10Hi40.

Scheme |

Heating, at reflux, a solution of 2 in 1,1,2,2-tetrachlo-
roethane for 7 days gave a higher yield of compounds 3
and 4 in the ratio of 1:10, respectively.

Structures for the C10H140 compounds were tentatively
assigned as tricyclo[5.3.0.03-10]decan-2-one (3) and tricy-
clo[4.4,0.03'10Jdecan-2-one (4). The actual assignment of
structure to major and minor product depended on the
chemical evidence outlined below. The two tricyclic com-
pounds could arise by means of an intramolecular ketene
cycloaddition.

Treatment of the acyl chloride 2 with triethylamine, a
standard method for the generation of ketenes,16 produced
the two tricyclodecanones in the same ratio as formed
from the uncatalyzed reaction in refluxing 1,1,2,2-tetra-
chloroethane. The formation of the two tricyclodecanones
was accompanied by the formation of dimeric products.
The fact that tertiary amines catalyze the processes by
which dimers and higher oligomers are formed is well
known.16

The stannic chloride catalyzed reaction of 2 in dichloro-
methane at -50 to 0° gave a major product (—95%), in
addition to unchanged 2 and several other unidentified
products. The major component was identified as a chloro
ketone 5 on the basis of its ir and nmr spectra and ele-
mental analysis (C10H15CIO). Further, the following evi-
dence supported the structure of the chloro ketone as
endo-2-chlorobicyclo[4.2.2]decan-8-one  (5). Hydrogenol-
ysis17 of the chloro ketone 5 gave bicyclo[4.2.2]decan-7-one
(6)18 as principal product (58%). In addition, the tricyclo-
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decanone 4 (23%) and the methyl ether 7 (18%) were pro-
duced. The formation of the latter two products under the
basic condition of the reaction, sodium hydroxide in
methanol, is consistent with the observation below.

Since the most probable conformation of the bicy-
clo[4.2.2] system is not known, nmr data could not be
used to assign the configuration of the chloro group. Deg-
radation of the chloro ketone 5 with base was carried out
to determine the configuration of the chlorine atom.9*12

Treatment of 5 with methanolic sodium hydroxide at
reflux for 24 hr gave two products. The first product was
identical with 4 and the second product was a methyl
ether 7. The nmr spectrum of 7 is similar to that of the
starting chloro ketone in the methylene envelope region,
indicating that no rearrangement of the bicyclic skeleton
had taken place.19 Examination of molecular models of
the bicyclo[4.2.2]decane system shows that conformations
with a trans diaxial array involving the endo C-2 chlorine
atom which would lead to elimination or cleavage would
not be highly populated because severe transannular and
1-3 interactions were present.

It has been noted that the bicyclo[4.2.1]non-2-yl system
or the carbonium ion does not readily eliminate, as com-
pared to the isomeric bicyclo[3.3.1]non-2-yl system or its
carbonium ion.20 No explanation has been offered for this
difference, but examination of models of the bicyclo-
[4.2.1]Jnonane system indicates that nonbonded interac-
tions are important. This is shown in the dissociation con-
stants of the cyanohydrins of the various bicyclo[4.2.1]no-
nanones.2l The cyanohydrins are destabilized relative to
the ketones because of severe nonbonded interactions.

The structure of the chloro ketone 5 was assigned as
endo-2-chlorobicyclo[4.2.2]decan-8-one on the basis of the
fact that the tricyclodecanone 4 must arise by an Sn2 dis-
placement of the chloro group by the enolate of the ke-
tone, generated under the basic conditions of the reaction.
There are similar examples of such transannular displace-
ments in the literature.2 Treatment of 1-acetyl-4-chloro-
cyclooctane with a variety of bases in different solvent
systems affords good vyields of I-acetylbicyclo[4.2.0]oc-
tane.22a

To determine if the Friedel-Crafts pathway might be
competitive with the ketene intramolecular cycloaddition
pathway in the uncatalyzed reaction, a study was per-
formed to determine the stability of 5 to the uncatalyzed
conditions. The chloro ketone 5 was heated in 1,1,2,2-
tetrachloroethane at reflux. Periodically samples were
withdrawn and subjected to glpc analysis. After 48 hr,
89% of 5 remained and the tricyclodecanone 4 had been
formed. Formation of 4 probably arises through the reac-
tion of the enol or enolate of 5. Because the half-life of 5
under the reaction conditions is approximately 11.5 days
and no 5 is detected in the uncatalyzed reaction, one can
conclude that the Friedel-Crafts pathway is not competi-
tive to the ketene intramolecular cycloaddition.
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Discussion

For ring closure or double-bond participation to be im-
portant in cationic reactions of the type studied here, two
criteria must be met. First, the energy required to effect
ring closure or double-bond participation must not be
much greater than the energy required for any other pro-
cesses by which starting material can be transformed into
product(si. Second, the energy required to effect ring clo-
sure or double-bond participation must be such that the
energy level is reasonably populated under the reaction
conditions.

Inspection of molecular models of 2 shows that, in the
conformation of closest approach, the distance between
the potential cationic center and the midpoint of the dou-
ble bond is 1.1 A. The chloro group is thrust down toward
the double bond, causing a serious nonbonded interaction.
In uncatalyzed Friedel-Crafts reactions the reacting
species is considered to be a tight ion pair;9 so the molec-
ular model should give a close approximation to the react-
ing species. In addition, a 1,5-nonbonded interaction in-
volving the cis C-2 and C-6 hydrogen atoms is present in
this conformation. Estimates of the energy involved can
be obtained by reference to nonbonded interaction
curves.23 The normally expected Friedel-Crafts reaction is
thus sterically disfavored.

On the other hand, studies of molecular models of 2 and
the ketene 8 derived from it show that a slightly distorted
orthogonal array involving the carbon-carbon double bond
and ketene moieties is readily achieved. According to the
Woodward and Hoffmann conservation of orbital symmetry
rules, thermal [2 + 2] cycloaddition reactions are symme-
try allowed if the mode of addition is [,2S + f2a].2i To
achieve this mode of addition an othogonal array of the
reacting species is necessary. The regioselectivity observed
in the formation of 3 and 4 is due to the fact that rotation
of the ketene moiety to form 4 is less hindered than that
required to form 3. As the ketene moiety moves toward
carbon 1, which would yield 3, a severe interaction of the
hydrogen atoms at C-3 and C-7 trans to the ketene moiety
occurs. On the other hand, movement toward carbon 2,
which would yield 4, results in a conformation which is
staggered for the most part.

8

While one would not expect reaction through a ketene
or ketene-like intermediate to compete favorably with the
normally expected Friedel-Crafts mode of reaction, the
formation of ketenes when acyl halides are heated is well
documented.25 Although Erman and Kretschmar did not
observe the formation of products arising through the in-
termediacy of a ketene, they suggested the possible forma-
tion of a ketene to account for rearrangements which
occur in the uncatalyzed reaction of 4-cycloocten-l-yl car-
bonyl chloride.9 The chemistry of ketenes, protonated ke-
tenes, and “ketene-like” species has been the subject of re-
cent experimental and theoretical studies.26

In contrast to the uncatalyzed reaction of 2, the stannic
chloride catalyzed reaction proceeded through the expect-
ed Friedel-Crafts reaction. Inspection of molecular models
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shows that closure to bicyclo[4.2.2]decane products is fa-
vored over closure to bicyclo[3.3.2]decane products be-
cause of steric hindrance. The reason(s) for the stereospe-
cificity observed in the formation of the endo isomer of 5
is difficult to define. It is known that the products ob-
tained are dependent on the structure of the reactant(s),
polarity of the solvent, catalyst, and temperature.9 Thus,
when freshly sublimed aluminum chloride is used as cata-
lyst in the reaction of cfs-cyclooctene and acetyl chloride
the predominant product is 4-acetyl-l-ethylcyclohexene.
However, if the sublimed catalyst is deactivated by expo-
sure to the atmosphere, l-acetyl-4-chlorocyclooctane is the
main product.223 The catalyst exerts its effect in two
ways. First, the size of the catalyst-substrate complex will
affect the cis-trans product ratio. Second, a more active
catalyst will increase the lifetime of the carbonium ions
formed and promote rearrangements.9 Molecular models
of bicyclo[4.2.2]decan-7-one indicate that both the exo
and endo sides of the system at the 2 carbon are amenable
to nucleophilic attack. The presence of a fairly large com-
plex as would be formed with stannic chloride and the
carbonyl function may present enough hindrance to cis at-
tack giving the exo product and thus the trans endo prod-
uct 5 is formed. Fickes and Kemp also observed the intra-
molecular stereospecific trans addition of cyclohept-4-ene-
1-carbonyl chloride in the presence of aluminum chloride
and suggested the possible intervention of a nonclassical
intermediate.12

Experimental Section

Nmr spectra were determined on a Varian A-60 spectrophotom-
eter, using tetramethylsilane as an internal standard. Ir spectra
were determined on a Perkin-Elmer 257 grating infrared spectro-
photometer using polystyrene film as the calibration standard.
Solution ir spectra were recorded at concentrations of 5-10%.
Boiling points and melting points are uncorrected. Melting points
were determined on a Thomas-Hoover 6406-H apparatus. Glpc
separations were performed on an F & M Scientific 720 dual col-
umn programmed temperature gas chromatograph. A 2 ft x 0.25
in. column packed with 20% neopentyl glycol succinate on 60/80
mesh Chromosorb W acid washed and treated with hexamethyl-
disilane was used.

4-Cycloocten-l-ylacetic Acid (1). A 1-1 flask equipped with a
dropping funnel and a water condenser protected with a calcium
chloride drying tube was charged with 12.5 g (0.500 g-atom) of so-
dium in small pieces. Anhydrous ethanol (200 ml) was added,
and the mixture was stirred by means of a magnetic stirrer.
When the initial reaction had subsided, an additional 300 ml of
anhydrous ethanol was added over 0.5 hr.The mixture was heated
on the steam bath at reflux until all the sodium had reacted. The
solution was allowed to cool to approximately 40° and 80.0 g
(0.500 mol) of diethyl malonate was added over 15 min. To the
stirred solution was added 94.6 g (0.500 mol) of 4-cycloocten-I-yl
bromide. The mixture was heated at reflux for 72 hr. The con-
denser was replaced with a simple distilling head and the mixture
was heated on the steam bath until no more alcohol distilled. To
the concentrate was added 40 g (1.0 mol) of sodium hydroxide
dissolved in 150 ml of water. The mixture was heated at reflux for
18 hr. The solution was allowed to cool to room temperature and
acidified with HC1. The solution was filtered and the crude 4-cy-
cloocten-I-ylmalonic acid was air dried. The crude malonic acid
(65 g, 61%) was placed in a 250-ml round-bottomed flask and dis-
tilled with decarboxylation. The acid 1 was collected as a viscous
oil (46 g, 55% overall). Portions of the oil were crystallized from a
hexane solution at Dry Ice-acetone temperature. The fiist crop of
crystals was recrystallized twice to give the analytical sample,
mp 34.2-35.5°. The acid had the following properties: ir (CC14)
3400-3050 (COOH), 3010 (C=CH), 1700 cm-1 (C=0); nmr
(CC14) r -0.10 (s, 1, COOH), 4.44 (m, 2, C=CH), 7.2-9.2 (com-
plex with major absorptions at 7.82 and 8.49, 13, other hydro-
gens).

Anal. Calcd for C10H1602: C, 71.39; H, 9.59. Found: C, 71.28;
H, 9.77.

Uncatalyzed Reaction of Acyl Chloride 2. A. In Carbon Tet-
rachloride. To a solution of 12.2 g (73.0 mmol) of 1 in 30 ml of
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carbon tetrachloride was added 8.7 g (73 mmol) of thionyl chlo-
ride. The solution was heated at reflux for 1 hr and concentrated
and an ir spectrum (film) was taken, C=0 1800 cm-1. A solution
of 5.0 g of the acyl chloride 2 in 50 ml of carbon tetrachloride was
heated at reflux for 7 days. To the refluxing solution was added
20 ml of water and the mixture was heated at reflux for 1 hr. The
organic layer was separated and the aqueous layer was extracted
with carbon tetrachloride. The combined extracts were dried and
glpc analysis was performed at 160°. The product composition by
area was 3, 1%; 4, 10%; and 2, 89%. The products had the fol-
lowing properties.

3 had mp 40-42°, as collected from glpc; ir (CS2) 2920, 2870,
2840, 1770, 1355, 1308, 1298, 1242, 1216, 1156, 1132, 1028, 992, 936,
and 896 cm-1, the bands in the fingerprint region, were moderate-
ly intense and sharp, characteristic of small strained rings; nmr
(CCl4) r 6.54, (m, 1, bridgehead a to carbonyl), 6,74 (m, 1, brid-
gehead a to carbonyl), 7.0-9.0 (complex with major absorptions
at 7.10, 7:24, 7.34, 7.50, 7.90, 8.34, 8.44, 8.54, and 8.60, 12 H);
mass spectrum (75 eV) m/e 150, 122 (—CO).

Anal. Calcd for CiOH140: C, 79.96; H, 9.39. Found: C, 79.81; H,
9.14.

4 had mp 152-156° (sealed tube), after collection from glpc and
sublimation at 135° (15 mm); ir (CS2) 2932, 2874, 2850, 1774,
1375, 1340, 1308, 1282, 1274, 1250, 1232, 1188, 1158, 1131, 1108,
1054, 1028, 986, 958, 932, 901, and 862 cm-1, the bands in the fin-
gerprint region were moderate to weak in intensity and sharp,
characteristic of small strained rings; nmr (CCl4) t 6.42 (m, 1,
bridgehead a to carbonyl), 7.0-9.0 (complex with major absorp-
tions at 7.08, 7.17, 7.28, 7.35, 7.50, 7.56, 8.03, and 8.28, 13 H);
mass spectrum (75 eV) m/e 150, 122 (-CO).

Anal. Calcd for CiOH140: C 79.96; H 9.39. Found: C, 79.85; H,
9.20.

B. In 1,1,2,2-Tetrachloroethane. The acyl chloride 2 prepared
from 1.68 g of 1, as above, was dissolved in 10 ml of tetrachloro-
ethane and the solution was heated at reflux for 7 days. A crystal-
line product had formed on the condenser. The solution was con-
centrated on a rotary evaporator and the residue was sublimed at
130° and water aspirator pressure. An off-white solid, 750 mg, was
collected. The solid consisted of 3 and 4 in a ratio of 1:10, respec-
tively (glpc analysis). The residue consisted of unchanged 2 and
some 3 and 4.

Stannic Chloride Catalyzed Reaction of 2. The acyl chloride 2
prepared from 1.68 g of 1 as above was dissolved in 30 ml of di-
chloromethane. The solution was cooled to -50° in a Dry Ice-ace-
tone bath and 2.60 g (10.0 mmol) of stannic chloride (1:1 reac-
tant/catalyst mole ratio) was added over 5 min. The solution was
kept at -50° for 0.5 hr and then removed from the bath. When
the temperature of the solution reached 0°, a mixture of ice and
water was added to quench the reaction. The dichloromethane
layer was drawn off and the aqueous layer was extracted with one
10-ml portion of dichloromethane. The combined dichlorometh-
ane solutions were dried (MgS04) and concentrated. Analysis by
glpc (area integration) at 160° showed 2, 3%; 5, 95%; and two uni-
dentified peaks, 2%. The chloro ketone 5 had the following prop-
erties: mp 48-52°, as collected from glpc; ir (CS2) 2920, 2880,
1705, 1335, 1325, 1290, 1235, 1160, 1115, 1035, 964, 935, 830, and
785 cm-1; nmr (CC14) t 5.5-5.9 (m, 1, C1CH), 7.2-9.3 (complex
with major absorptions at 7.35, 7.58, 7.65, 7.86, 8.03, 8.05, and
8.27, 14, other hydrogens).

Anal. Calcd for C1I0H15CIO: C, 64.34; H, 8.10. Found: C, 64.60;
H, 8.17.

Hydrogenolysis of 5. To 10 ml of methanol was added 107 mg
of 5, 90 mg of 5% palladium on carbon, and 120 mg of potassium
hydroxide. The mixture was hydrogenated at 30 psi for 4.5 hr in a
Parr low-pressure hydrogenation apparatus. The solution was fil-
tered and allowed to concentrate overnight by evaporation. The
solution was further concentrated on a rotary evaporator to give a
mixture of inorganic and organic products. The mixture was ex-
tracted with petroleum ether (bp 30-60°) and glpc analysis and
separations were performed. The following temperature program
was used: isothermal at 135° until 6 eluted and then at 5°/min to
160°. The ir spectrum of the major product 6 was identical with
that of an ir spectrum of an authentic samplel7 of bicyclo-
[4.2.2]decan-7-one (6). The two other products identified were 4
(23%) and 7 (18%). A fourth compound (1%) was unidentified.

Treatment of 5 with 10% Methanolic Sodium Hydroxide So-
lution. To 30 ml of a 10% methanolic sodium hydroxide solution
was added 252 mg of 5. The solution was heated at reflux for 24
hr and cooled. The solution was diluted with 50 ml of water and
extracted with three 25-ml portions of ether. The combined ex-
tract was washed with three 10-ml portions of water and dried
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(MgS04), and glpc analysis was performed at 160°. Two com-
pounds eluted. The minor component (16%, area integration) was
identical with 4 (ir and nmr spectra). The major product (84%)
was the methyl ether 7: ir (CS2) 2975, 2930, 2910, 2872, 2820,
*1700, 1407, 1337, 1285, 1238, 1185, 1146, 1095, 1038, 929 cm*“ 1; nmr
(CC14) £ 6.70 (s, 3, CH30), this peak is superimposed over an ab-
sorption at 6.5-6.7 (m, OCH), other absorptions at 7.28, 7.40,
7.65, 7.98, 8.15, 8.22, 8.40, and 8.60 (14, other hydrogens).

Anal. Calcd for CnH180: C, 72.51; H, 9.95. Found: C, 72.47; H,
9.84.

Stability of 5 under Uncatalyzed Conditions. A solution of 20
mg of 5 in 10 ml of 1,1,2,2-tetrachloroethane was heated at reflux.
After 24 hr at reflux a sample was withdrawn and analyzed by
glpc. The relative areas found were 95% 5 and 5% 4. After 48 hr
at reflux the ratios were 89% 5 and 11% 4.

Treatment of Acyl Halide 2 with Triethylamine. To a solu-
tion of 1.86 g of 2 in 25 ml of ether cooled in an ice-water bath
was added dropwise 1.01 g (10 mmol) of triethylamine. The solu-
tion was swirled after each addition; a white precipitate formed
immediately. The mixture was allowed to warm to room tempera-
ture, extracted with dilute HC1, dried (MgS04), and analyzed by
glpc. The chromatogram showed the tricyclodecanones 3 and 4 in
the ratio of 1:10, respectively, identified by ir. In addition a num-
ber of dimeric products at longer retention times were observed.
From total area integration the yield of monomeric products was
calculated as 45%.

Registry No.—1, 50585-13-2; 2, 50585-14-3; 3, 50585-15-4; 4,
50585-16-5; 5, 50585-25-6; 7, 50585-26-7; diethyl malonate, 105-53-
3; 4-cycloocten-I-yl bromide, 4103-12-2; SnCl4, 7646-78-8.
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Acid-Catalyzed Rearrangement of Two Cyclohexadienone Monoepoxides
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Rearrangement of 2,3-epoxy-2,3,4,4,5,6-hexamethyl-5-cyclohexenone (1) in trifluoroacetic acid (TFA) at room
temperature gave 5-acetyl-2,3,4,4,5-pentamethyl-2-cyclopentenone (3, 50%), 2-acetyl-2,3,4,5,5-pentamethyl-3-
cyclopentenone (4, 35%), and 6-hydroxy-4-methylene-2,3,5,5,6-pentamethyl-2-cyclohexenone (5, 10%). Indepen-
dent treatment of 5 with TFA gave 4, but at a much slower rate than the formation of 4 from 1. Deuterium-la-
beling experiments support the mechanisms in Schemes | and Il for the rearrangement of 1, all products arising
from opening the epoxy ketone to a cation (B) in which the positive charge is not adjacent to the carbonyl
group. 4,5-Epoxy-2,3,4,5,6,6-hexamethyl-2-cyclohexenone (2), prepared from the corresponding dienone and m-
chloroperbenzoic acid, rearranged quantitatively in aqueous acid to 5-hydroxy-4-methvlene-2,3,5,6,6-penta-
methyl-2-cyclohexenone (12). In neat TFA, 12 rearranged to 5-isopropenyl-4-methylene-2,3,5-trimethyl-2-cyclo-
pentenone (15) which, on longer treatment with TFA, was dealkylated to 4-methylene-2,3,5-trimethyl-2-cyclo-
pentenone (16) and acetone. When 2 was treated directly with neat TFA, there was formed, in addition to 15
and 16, a small yield of 4 and a larger amount of 4-acetyl-2,3,4,5,5-pentamethyl-2-cyclopentenone (14). Deute-
rium-labeling experiments support the mechanism in Scheme IV for the formation of 12 from 2, and the mecha-
nisms in Schemes VI and VII for the rearrangement of 2 in neat TFA. The formation of 4 from 1 and from 2 is
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unexpected, and that mechanism, in each case, is of more than usual interest.

The acid-catalyzed rearrangement of epoxy ketones can
take several paths which may be synthetically useful, pro-
vided that one can predict in any particular case what the
major products will be.l Little is known regarding the
acid-catalyzed rearrangement of cyclohexadienone mono-
epoxides. As examples of cross- and fully conjugated cyclo-
hexadienone epoxides, we prepared the hexamethyl deriv-
atives 1 and 2, and describe here their rearrangement in
trifluoracetic acid (TFA). Each epoxide was prepared in
good yield by oxidizing the corresponding dienone with
m-chloroperbenzoic acid (m-CPBA).

Results

Rearrangement of 1. Treatment of 1with TFA at room
temperature for 3 hr afforded a high yield of three iso-
mers, two diketones and a hydroxy ketone, to which we
assign the structures 3-5.

TFA

(room temp)

4(35%)

3 (50%) 5 (10%)

Compound 3 was identical with the sole photoisomer of
1; evidence for its structure has already been presented.2

The structure of 4 is based on its spectra and cleavage
with base. The compound showed two carbonyl absorp-

O ©
<136)105 |
(1.61)1.08 - Y ) < 7 NT.98 (422)
1.27(3.58)
(1.00)1.72 1.60(2,09)

tions,3 at 1740 and 1710 cm*“1, and only weak uv absorp-
tion, indicating that neither carbonyl group was conjugat-

ed with the double bond. The nmr spectrum with euro-
pium shift data4is consistent with the structure.5

Cleavage of 3 and 4 with sodium methoxide in methanol
afforded two different conjugated cyclopentenones (i>c=o
1700 cm-1, vc-c 1650 cm-1), assigned structures 6 and 7,
respectively.

H 1.98(4.30) m<,
N

NaOMe (2-00) .62~ JI J- 8Hz
a j— 1.02(2.74) *4
MeOH ., .
(1.38) 1.9$ X 0.97(1.312)
120(1.00)
6
(2.00) 0.90 11~ 169 (2 y6)
NaOMe
(1.95)0.99
MeOH
(100) LO1 N 1-95(123)

Structure 6 is the only plausible one which can be ob-
tained from 3, and the nmr data support the assignment.
The two allylic methyls were distinguished on the basis of
chemical and europium shifts, and the gem-dimethyl was
located as remote from the carbonyl group by comparing
the europium shifts of 6 and 7.

Cleavage of 4 should give the allylic anion A, which is
protonated in the y position to give 7. Structure 8, which
could be formed by a protonation, is eliminated by the ir
and uv data. Consistent with these structural assignments
is the observation that 4, which gives an allylic enolate
anion, was cleaved by base much more rapidly than was
3.

A 8

The structure of the minor product 5 is based on its
spectra. The w>0 at 1660 cm-1 was consistent with a
conjugated carbonyl in a six-membered ring; the presence
of a hydroxyl group was clear from the foh at 3600 cm-1
and from the presence of a broad one-proton peak in the
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nmr at 5 3.62 which was removed on D20 exchange. The
nmr spectrum showed two vinyl protons (6 6.28, 6.40).
The ir spectrum indicated that these were on a terminal
methylene group (935 cm-1) and the uv maximum at 281
nm (e 7500) suggested that both double bonds were conju-
gated with the carbonyl group. The remainder of the nmr
spectrum was consistent with the structure, with two mu-
tually coupled vinyl methyl groups and three sharp ali-
phatic methyl singlets. Alternate structures for the hy-
droxy ketone, such as 9 or 10, which can be envisioned as
arising from 1, do not fit the spectral data as well as 5,
and were eliminated conclusively by deuterium-labeling
experiments to be described below.

Mechanisms. The mechanisms leading from 1 to 3 and
5 are quite obvious, as shown in Scheme |. The epoxide
ring opens to give B, in which the positive charge is re-
mote from the carbonyl group. An acyl shift or a methyl
shift, followed by proton loss, leads to 3 and 5, respective-

ly.

Scheme |

A less likely route to 3 might involve opening the epox-
ide ring in the opposite sense, to give D, followed by an
alkyl shift and proton loss. To distinguish between these
alternatives, 1 labeled with cDs groups in the positions
marked * and t (called 1*'t) was rearranged. The nmr
spectrum of the resulting 3 lacked the methyl singlet at 8
1.17 and the allylic signal at 8 1.98, but contained the
sharp acetyl methyl singlet at b 2.01. When 1 labeled with
a CcDs group only at the position marked * (called 1*) was
rearranged, the resulting 3 lacked only the signal at b 1.98.
These results show that 3 is formed by the acyl shift
mechanism shown in Scheme | (and not via D).
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The minor product 5, which was isolated from these la-
beling experiments when 1* was the reactant, lacked the
signal at 8 2.06 (and that at 5 1.93 became a sharp sin-
glet). Starting with I*-t, the resulting 5 lacked the 5 2.06
signal and the singlets at 8 1.27 and 0.91 integrated for
only 1.5 instead of 3 protons each. This result shows that
the methyl shift (B -* C) is not stereospecific.6

The mechanistic route from 1 to 4 is less obvious.
Treatment of 3 with TFA at room temperature for several
hours showed that it is stable and does not rearrange to 4.
Treatment of 5 with TFA under similar conditions did
give 4, but much more slowly than the rate at which it is
formed from 1, requiring the existence of a more direct
route from 1to 4.7 The labeling results which must be ac-
commodated by such a mechanism are as follows. Start-
ing with 1* the resulting 4 lacked the allylic methyl sig-
nal at 8 1.60 (and the other allylic signal at 8 1.72 shar-
pened to a singlet). Starting with I*-t, the product 4
lacked no signals except that at 5 1.60, but the combined
areas of the methyl singlets at 8 1.05 and 1.08 was reduced
to only three protons.

In order to ascribe meaning to these results it was nec-
essary to establish unequivocally the nmr assignments of
4. Although the europium shift data support the assign-
ment shown in the structure, they are open to some un-
certainty because the molecule contains two functional
groups with which coordination of the europium can
occur. Consequently, an absolute, though somewhat indi-
rect, route was used. Compound 4 labeled with a CD3
group at b 1.27 was obtained from CD3-labeled 2 (vide
infra). When this material was cleaved with base, the re-
sulting 7 lacked the allylic methyl signal at b 1.63 (whose
location is unambiguous from both chemical and euro-
pium-shift data). Consequently, the methyl in 4 corre-
sponding to the signal at b 1.27 must be the methyl be-
tween the two carbonyl groups. The signals at b 1.05 and
1.08 in 4 must therefore correspond to the gem-dimethyl
group.

7

The assignment of the allylic methyl signals was made
from yet a differently labeled 4. Treatment of a particular
2-de with acid (vide infra) gave a sample of 4 lacking the
methyl signals at 8 1.27 and 1.72. Cleavage of this labeled
4 with base gave 7 lacking the allylic methyl signal at 8
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1.63 and the doublet (J = 8 Hz) at 5 1.01. This result es-
tablishes unequivocally that the allylic methyl furthest
from the acetyl group is at 1.72, and that all the other as-
signments for 4 are correct as shown in the first structure.
The label result which must be accommodated, in the
conversion of 1 “m 4, is therefore as shown. One possible

o} 0 0

mechanism is shown in Scheme 11.8 Intermediate C (from
Scheme 1) may either lose a proton to give 5 or may suffer
carbon-carbon bond cleavage and proton loss to give the
intermediate diketone E. This cleavage of a bond between
a tertiary alcohol function and a quaternary carbon might
be expected to be facile. Reprotonation of E at the unsat-
urated carbonyl group should be favored, and recycliza-
tion can afford the allylic cation F. Acetyl migration and
proton loss completes the reaction.

Scheme 11

To rationalize the much slower formation of 4 from 5,
we suggest (Scheme I111) that 5 is protonated preferentially
on oxygen to give G, which may rearrange to 4 by either of
two routes, the first of which (via H) seems the more
probable.

Scheme Il

OH 1. methylene shift

j 2 -H+

In summary, all three products from the acid-catalyzed
isomerization of 1 arise from epoxide ring opening in the
direction which places the positive charge remote from
the carbonyl group (intermediate ion B). B may rearrange
uio either an acyl shift to give 3 or a methyl shift to give
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ion C, which in turn may either lose a proton to give 5 or
suffer carbon-carbon bond cleavage leading to 4.
Rearrangement of 2. The epoxy enone 2 has not been
previously described. It was obtained as colorless crystals,
mp 48-49.5°, in high yield from the corresponding dienone
Il. Its infrared and ultraviolet spectra showed that the
carbonyl group was still conjugated with a double bond
[ve =0 1680 cm-1, Xmex (cyclohexane) 253 nm (e 7230), 324
(240)), and the nmr spectrum was also consistent with ep-
oxidation having occurred solely at the y,S double bond.

1.33(2.96)
ri-clcgHhogH  (@00) 1.82 1.01(233)
"1.48(1.12
(1.30)2.10 o (1.12)
157 (L00)

2

The epoxy enone 2 could be purified by chromatography
over Florisil or neutral alumina, but it was sensitive to
small amounts of acid. Chromatography on silica gel, or
treatment with a little aqueous acid, resulted in nearly
quantitative rearrangement to a hydroxy ketone assigned
structure 12, based on its spectral properties and further

rearrangements in stronger acid (vide infra). The ir (vc=o0
1670 cm '1) and uv [Xmex 282 nm (« 11,700), 273 (15,200),
266 (14,500)] spectra support conjugation of the carbonyl
group with both double bonds. The ir spectrum also
showed a terminal methylene group (960, 930 cm-1) and a
hydroxyl group [3620 (sharp, free OH), 3590 (sharp, intra-
molecular & H bond), 3500 cm -1 (broad, intermolecular H
bond)]. The nmx spectrum was consistent with the struc-
ture.

110 (2.82)
-0.96 (2.37)
-OH L85
122 (L.75)
5.43(1.00)
554 (122)
12

(329) 185

(135) 208

12 is undoubtedly formed from 2 by proton loss from the

intermediate cation K (Scheme 1V). The alternative ring-

Scheme IV
0 0

L 13

opening mode to give L would lead to structure 13, which
is also reasonably consistent with the observed nmr spec-
trum, but which is less consistent with the uv and ir data
and is conclusively eliminated by labeling results. Prepa-
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ration of 2 from 11 containing CD3 groups at C-3 and C-59
gave 2-d$ lacking methyl signals at 0 1.48 and 2.10. This
in turn, with acid, gave 12-¢% lacking methyl signals at 5
1.22 and 2.08. Had the hydroxy ketone been 13, the prod-
uct would have contained only five deuteriums and would
have lacked the vinyl proton signals.

Treatment of 2 with neat trifluoroacetic acid gave four
products, only two of which were isomers (mass spectrum)
of the starting epoxy enone. One of these was 4, already
identified as a rearrangement product of 1 (vide supra).
The other products are assigned structures 14-16. The
product ratios depend on time, and those shown are for 20
hr at room temperature. Monitoring the products showed
that 16 was formed at the expense of 15, and independent
treatment of 15 with TFA showed that it was converted
cleanly to 16 and acetone.

TFA
2 >

14 (27%)

The product structures were established primarily by
their spectral properties. The diketone 14 had ir and uv
spectra similar to those of 3 but was isomeric with it. The
nmr data fit the assigned structure; shift.reagent appears
to coordinate primarily at the cyclopentenone carbonyl
group. The base peak in the mass spectrum was M - 42
(loss of CH2=C=0) and the next most intense peak (rel
intensity 60) was at M — 57 (loss of CH2=C=0) and
CH3).

(2.52)1.75 I 0900-25)

1-03 (2.08)

1.95(126)
(1.00)1.95 129 T

(1.48) °
14
The product assigned structure 15 corresponded in anal-
ysis to loss of water from the epoxy enone 2. The nmr
spectrum showed four vinyl protons and three allylic
methyl groups, as well as one sharp aliphatic methyl sin-
glet. The ir spectrum was consistent with a cyclopenten-
one carbonyl (1710 cm-1), showing strong carbon-carbon
double bond absorptions (1645, 1620 cm-1) and a strong
terminal methylene band (915 cm-1). The uv maxima
[340 nm (e 63), 270 (13,700)] were consistent with a conju-
gated dienone.
, 1:46(1.90)

(3.43) 1.83 4.95(1.07 and 1.28)
\ ¢ "121 (2.28)
(139) 213~ " 4.95(1.03)
530(1.00)
15

The product assigned structure 16 corresponded in anal-
ysis not only to loss of water from the epoxy enone, but a
C3H4 fragment as well. The uv spectrum was very similar

H 270, q (4.37) -]
(3.04)180 - 75H

1.17,d (250)

(130)210 5.10(100)

527 (100)
16
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to that of 15 [267 nm (e 15,200)], as was the ir spectrum
(vc =0 1710, v=ch2 905 cm-1). The nmr spectrum showed
two vinyl protons, two allylic methyls, and a >CHCH3
moiety. The proton at 5 2.70 was readily exchanged at
room temperature in NaOCHs-CHaOD, causing collapse
of the doublet at 5 1.17 to a singlet.

Mechanisms. Scheme V gives a plausible mechanism
for the formation of 16 from 15. When the reaction was
carried out in an nmr tube, the appearance of the sharp
singlet due to the acetone was observed.

Scheme V
n TFA
16
(¢}
|
CH.CCH;, + (CFX0)0 + H+

Independent treatment of the hydroxy ketone 12 with
TFA at room temperature gave only 15 and 16, in ratios
which depended on the reaction time. After 2 hr the prod-
uct was 94% 15 and 6% 16, whereas after 46 hr it was 3%
15 and 97% 16. These products can be rationalized as in
Scheme VI, either with 12 as a discrete intermediate on
the route 2 —m 12 *e 15 —% 16 or by-passing 12 via interme-
diate L. If the reaction proceeds via L, dehydration may
precede the 1,2-acyl shift as shown in Scheme VI, or the
order of these steps may be reversed. Unfortunately, no
simple experiment can distinguish between these alterna-
tives. It is clear, however, that the remaining two rear-
rangement products 4 and 14 are not produced from 12.

Scheme VI

Possible routes to 4 and 14 are shown in Scheme VII.
The first-formed intermediate is once again K; ring con-
traction and proton loss lead to 14, whereas attack of a
nucleophile at the carbon a to the carbonyl group followed
by an acyl shift (again, a ring contraction) and loss of hy-
droxyl lead to 4.10

Several labeling experiments were done to test the
plausibility of the mechanisms in Schemes VI and VII.
The results are shown in Scheme VIII. Experiments were
done with trideuterio- (2*) and hexadeuterio- (2*'t) epoxy
ketone.11 The mechanisms leading from 2 to 14-16 are
fairly obvious, and the labeling results fully support the
proposals in Schemes VI and VII. The route from 2 to 4 is
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Scheme VII

less obvious, but the label results support the mechanism
shown in Scheme VII11.12

Scheme VIII

In summary, the dienone epoxide 2 rearranges quantita-
tively in dilute acid to the hydroxy ketone 12 via the allyl-
ic cation K (Scheme 1V). In less basic solvents (such as
neat TFA) the same intermediate may rearrange by a
1,2-alkyl shift to give 14 or may, following nucleophilic at-
tack a to the carbonyl group, undergo a ring contraction
similar to a benzilic acid rearrangement, leading to 4
(Scheme VII). Product 15 may arise from protonation of
12 or may be formed by the alternate method of epoxide
ring opening (via L, Scheme VI); product 16 is formed by
dealkylation of 15 (Scheme V).

The manner in which the various methyl groups in 1
and 2, or other substituents, may determine the mode of
the acid-catalyzed rearrangements of cyclohexadienone
epoxides remains to be further explored, but it is clear
from these studies that such reactions can be useful for
the synthesis, for example, of cyclopentenones.

Experimental Sectionl3

Acid-Catalyzed Rearrangement of 2,3-Epoxy-2,3,4,4,5,6-hex-
amethyl-5-cyclohexenone (1). A solution containing 200 mg of 12
and 2 ml of trifluoroacetic acid, prepared at 0°, was allowed to
stir for 3 hr. The mixture was then poured into cold Na2C03 solu-
tion and extracted several times with ether. The combined ether
extracts were washed successively with Na2C03 solution and sat-
urated NaCl solution, and dried (MgS04). After solvent removal,
the residue was subjected to analytical gas chromatography (vpc,
5 ft X 0.125 in. 20% FFAP on Chromosorb W, 150°) and showed
three main products: 32 (50%, retention time 7.1 min), 4 (35%, 2.5
min) and 5 (10%, 4.8 min). The products were separated by pre-
parative vpc on a similar column. The mixture of 4 and 5 could
also be separated from 3 by column chromatography on silica gel
using hexane-ether (10:1), the last fractions being pure 3. The
mass spectrum of each product had a parent peak at m/e 194, es-
tablishing that they were all isomers of 1.

2-Acetyl-2,3,4,5,5-pentamethyl-3-cyclopentenone (4) had ir
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(neat) 1740 (s), 1710 (s), 1455 (w, br), 1370 (w), 1270 (w), 1210
(w), 1140 (w), 1100 (w), 1035 cm-1 (w); uv (95% ethanol) 282 nm
(« 81), 203 (3560); nmr (CC14) see structure; the peaks at 8 1.60
and 1.72 were mutually coupled quartets, J = 1.5 Hz; mass spec-
trum (70 eV) m/e (rel intensity) 194 (<1), 152 (94), 137 (100), 123
(22), 109 (12), 91 (12), 81 (27), 67 (14), 43 (55).

Anal. Calcd for Ci2H180 2: C, 74.19; H, 9.34. Found: C, 73.94;
H, 9.41.

6-Hydroxy-4-methylene-2,3,5,5,6-pentamethyl-2-cyclohexenone
(5) had ir (neat) 3500 (m, br), 1660 (s), 1470 (w), 1440 (m), 1380
(m), 1340 (m), 1215 (w), 1160 (w), 1125 (w), 1105 (w), 1085 (w),
1040 (m), 935 cm”1 (m); uv (95% ethanol) 281 nm (c 7500); nmr
(CC14) see structure; the peaks at 8 1.93 and 2.06 were mutually
coupled quartets, J = 1.0 Hz.

Anal. Calcd for Ci2H180 2: C, 74.19; H, 9.34. Found: C, 73.75;
H, 9.37.

Preparation and Rearrangement of 2,3-Epoxy-5-trideuter-
iomethyl-2,3,4,4,6-pentamethyl-5-cyclohexenone (1*). To a so-
lution of 1.0 g of unlabeled 12in 5 ml of dimethyl sulfoxide-d6, N2
atmosphere, was added slowly with stirring 0.8 g of potassium
tert-butoxide. The mixture was stirred at room temperature for 1
hr, quenched in ice-water, and extracted with ether. The organic
layer was dried (MgS04) and solvent was evaporated to give a
nearly quantitative yield of 1* Its nmr spectrum was identical
with that of 12 except for the absence of the peak at $1.81 (C-5
methyl) and a sharpening to a singlet of the peak at 8 1.74 (C-6
methyl).

Treatment of 1* with TFA as described for unlabeled 1 afforded
3* (lacked the C-3 signal at 8 1.98, and the C-2 signal at 8 1.70
sharpened to a singlet), 4* (lacked the C-3 signal at 8 1.60, and
the C-4 signal at 8 1.72 sharpened to a singlet), and 5* (lacked
the C-3 signal at 8 2.06, and the C-2 signal at 8 1.93 sharpened to
asinglet).

Rearrangement of 2,3-Epoxy-3,5-trideuteriomethyl-2,4,4,6-
tetramethyl-5-cyclohexenone (1*,t). Labeled epoxy Kketone,
treated with TFA as described for unlabeled 1, gave 3*d (sharp
singlets, equal in area, at 8 1.02, 1.10, 1.70, and 2.01), 4*T [sharp
singlets at 8 1.05 and 1.08 (total area 3 H), and at 8 1.27, 1.72,
and 1.98 (3 H each)], and 5*'t [singlets at 8 0.91 (1.5 H), 1.00 (3
H), 1.27 (1.5 H), 1.93 (3 H), 3.62 (1 H, br), 6.28 (1 H), and 6.40 (1
H)l.

Cleavage of 3 with Base. A solution of 3 (100 mg) and sodium
methoxide (20 mg) in 3 ml of methanol was stirred at room tem-
perature for 8 hr. The mixture was poured into ice-water and ex-
tracted with ether. The combined ether layers were washed with
water and saturated sodium chloride solution and dried (MgS04).
After evaporation of the solvent, the residue was analyzed by vpc
(5 ft x 0.125 in., 207c FFAP, 120°) and consisted of 8Q7o recovered
recovered 3 (retention time 21 min) and 207c of 2,3,4,4,5-penta-
methyl-2-cyclopentenone (6), retention time 1.7 min. This product
was collected by preparative vpc: ir (neat) 1700 (s), 1650 (s), 1460
(m, br), 1400 (m), 1335 (m), 1235 (w), 1100 cm-1 (w, br); nmr
(CC14) see structure; the peaks at 8 1.02 (3 H) and 1.98 (1 H)
were a mutually coupled doublet and quartet, respectively, J =
8.0 Hz, and the peaks at 8 1.62 and 1.92 were mutually coupled
quartets, J = 1.0 Hz.

Anal. Calcd for CioH180: C, 78.89; H, 10.59. Found: C, 78.75;
H, 10.73.

Cleavage of 4 with Base. The reaction conditions were identi-
cal with the conditions given for the cleavage of 3. Vpc analysis
(5 ft x 0.125 in., 2070 FFAP, 120°) showed that all of 4 was con-
sumed, the sole product being 2,3,4,5,5-pentamethyl-2-cyclopen-
tenone (7), retention time 1.4 min. Pure 7 was collected by pre-
parative vpc: ir (neat) 1700 (s), 1650 (s), 1460 (m, br), 1400 (m),
1335 (m), 1040 cm-1 (m, br); uv (9570 ethanol) 235 nm (f 6000);
nmr (CC14) see structure; the peaks at 8 1.01 (3 H) and 2.33 (1 H)
were a mutually coupled doublet and quartet, respectively, J -
8.0 Hz, and the peaks at 8 1.63 and 1.95 were mutually coupled
quartets, J = 1.0 Hz. Treatment of 7 with sodium methoxide in
excess methanol-d for several hours at room temperature, fol-
lowed by work-up, gave 7-d4 whose nmr spectrum lacked the
quartets at 8 1.95 (3 H), and 2.33 (1 H), the three-proton peaks at
81.01 and 1.63 now becoming sharp singlets.

Anal. Calcd for CiOH160: C, 78.89; H, 10.59. Found; C, 78.75;
H, 10.71.

Cleavage of 4-d3 lacking the singlet at 8 1.27 (vide infra) gave
7-d3 lacking the signal at 8 1.63 and with the peak at 6 1.95 a
sharp singlet. Cleavage of 4-"6 lacking the methyl signals at 8
1. 27 and 1.72 {vide infra) gave I-d6 lacking the quartet at 5 1.63
and the doublet at 8 1.01, and having the signal at 8 1.95 a sharp
singlet and that at 8 2.33 a broadened one-proton singlet.
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Treatment of 3 with TFA. To 8 mg of vpc-collected 3 cooled in
an ice bath was added dropwise 1 ml of TFA. The solution was
stirred at 0° for 4 hr, then quenched with ice-cold NaHCC>3 solu-
tion and extracted with ether. The ether layer was washed suc-
cessively with cold NaHCOs solution and saturated NaCl solu-
tion, then dried and analyzed by vpc as in the rearrangement of
1. The only product was recovered 3.

Treatment of 5 with TFA. To 10 mg of vpc-collected 5 cooled
in an ice bath was added dropwise 1 ml of TFA. The solution was
stirred at 0°. After 0.5 hr an aliquot was withdrawn, quenched,
worked up, and analyzed as above. It consisted of 7% 4 and 93%
recovered 5. After 4 hr, the product consisted of 10% 4 and 90%
recovered 5.

4,5-Epoxy-2,3,4,5,6,6-hexamethyl-2-cyclohexenone (2). To a
solution of 0.600 g (3.37 mmol) of 2,3,4,5,6,6-hexamethyl-2,4-cy-
clohexadienone (11)9 in 10 ml of methylene chloride was added,
at 0°, a solution of 0.620 g (3.60 mmol) of m-chloroperbenzoic acid
in 10 ml of methylene chloride. The mixture was stirred for 2 hr
at 0°, during which time m-chlorobenzoic acid precipitated from
solution. The solvent was evaporated, petroleum ether (bp 30-
60°) was added to the residue, and the m-chlorobenzoic acid was
removed by filtration. Evaporation of the solvent from the filtrate
left 0.648 g of a light yellow oil; an nmr spectrum of the crude
material showed it to be >90% 2. The crude product was chroma-
tographed on Florisil using ether-hexane (1:10) as eluent, to give
0.523 g (2.70 mmol, 80%) of epoxide 2: mp 48-49.5°; ir (KBr) 2970
(m), 2920 (m), 2860 (w), 1680 (s), 1465 (m), 1380 (m), 1310 (m),
1070 (m), 840 cm' 1 (s); uv (cyclohexane) Amex 253 nm (t 7230);
nmr (CDC13) see structure; all peaks had equal areas; all were
sharp singlets except those at 6 1.82 and 2.10, which were mutual-
ly coupled quartets, J = 1.0 Hz; mass spectrum (70 eV) m/e (rel
intensity) 194 (14), 179 (14), 178 (19), 163 (18), 152 (46), 151 (70),
147 (21), 137 (29), 135 (25), 126 (29), 124 (29), 123 (27), 109 (31),
91 (16), 81 (30), 43 (100).

Anal. Calcd for C12H1802: C, 74.19; H, 9.34. Found: C, 74.06,
H, 9.32.

Similar oxidation of 11 with a CD3 group at C-39 gave 2* whose
nmr spectrum lacked the quartet at 5 2.10, and with the quartet
at 6 1.82 sharpened to a singlet. Oxidation of Il with CD3 groups
at C-3 and C-59 gave 2*-t whose nmr spectrum, in addition to the
changes just cited, lacked the singlet at 6 1.48.

4-Methylene-5-hydroxy-2,3,5,6,6-pentamethyl-2-cyclohexe-
none (12). To a solution of 2 (0.250 g, 1.29 mmol) in ether (15 ml)
at 0° was added a solution of trifluoroacetic acid (0.5 ml) in water
(5 ml). After the mixture was stirred for 0.5 hr, the layers were
separated, and the ether layer was washed successively with satu-
rated NaHCO03 solution, water, and saturated NaCl solution, and
dried (M gS04). Evaporation of the ether left 0.238 g (95%) of the
hydroxy ketone 12 as a colorless liquid which was not further pu-
rified: ir (CCl4) 3620 (w, sharp), 3590 (w, sharp), 3500 (m, br),
2980 (s), 2930 (m), 2870 (w), 1670 (s), 1590 (w), 1460 (w), 1380 (s),
several w bands from 1350-1170, 1150 (m), 1130 (w), 1070 (m),
1040 (m), 1010 (w), 960 (m), 930 cm-1 (m). The hands at 3620
and 3590 cm-1 did not change in relative intensity as a function
of the concentration of 12 in CC14, whereas the intensity of the
band at 3500 cm-1 decreased drastically with a decrease in con-
centration of 12: uv (cyclohexane) 282 nm (e 11,700, sh), 273
(15,200), 266 (14,500, sh); nmr (CCl4) see structure; the peaks at S

I. 85 and 2.08 were broadened, all other peaks being sharp sin-

glets; mass spectrum (70 eV) m/e (rel intensity) 194 (29), 179
(31), 176 (8), 161 (16), 151 (100), 137 (30), 133 (44), 123 (15), 121
(15), 109 (26), 105 (15), 91 (23), 83 (16), 79 (23), 78 (25), 67 (13),
65 (15), 56 (18), 54 (26), 51 (15), 43 (80), 39 (42).

Anal. Calcd for C2Hia02: C, 74.19; H, 9.34. Found: C, 74.05;
H, 9.36.

Treatment of 2*T with aqueous TFA as above gave 12-d6 with
the following nmr spectrum: 6 0.96 (s, 3 H), 1.10 (s, 3 H), 1.85 (s,
3H), 543 (s, 1H), 5.64 (s, 1H).

Rearrangement of 2 in Neat Trifluoroacetic Acid. A solution
of 0.100 g (0.515 mmol) of 2 in 2 ml of ice-cold trifluoroacetic acid
was stirred at 0° for 1 hr, then at room temperature for 20 hr. The
reaction was monitored by nmr after the spectrum of each prod-
uct had been determined. The reaction was quenched by pouring
the mixture into ice and saturated NaHCO03 solution. The prod-
ucts were extracted with ether, and the combined ether layers
were washed successively with saturated NaHCO03 solution,
water, and saturated NaCl solution and dried (MgSCL). Evapo-
ration of the solvent left 0.092 g of a light yellow liquid which was
analyzed by vpc (5 ft x 0.125 in., 10% FFAP on Chromosorb W,
AW-DMCS 80/100, 160°, 30 ml/min). Four products (retention
time in minutes, %) were observed: 4 (1.5, 6), 14 (4.4, 27), 15 (1.8,
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33), 16 (1.2, 34). At 150° the retention times were respectively 3.5,

10.9, 4.0, and 2.5 min. After only 30 min reaction time, the yields
follow: 4 (7%), 14 (32%), 15 (53%), 16 (8%). After 20 hr, the re-
spective yields were 6, 27, 33, and 34%. The ratio of 4:14:(15 +

16) was time independent, but the yield of 16 increased with reac-
tion time at the expense of 15.

The products from this and larger scale experiments were sepa-
rated by preparative vpc (10 ft x 0.25 in., 20% FFAP on Chromo-
sorb W P/G 30/60, 160°). The spectral data for 2-acetyl-2,3,4,5,5-
pentamethyl-3-cyclopentenone (4) have been presented (vide
supray).

4-  Acetyl-2,3,4,5,5-pentamethyl-2-cyclopentenone (14) had
(CCU) 2970 (s), 2940 (m), 2920 (m), 2860 (w), 1710 (s), 1660 (s),
several medium-intensity bands at 1475-1400, 1380 (m), 1350 (m),
1320 (m), 1215 (m), 1150 (m), 1075 (m), 1025 (m), 960 cm -' (w);
uv (cyclohexane) 237 nm (i 7720), 209 (6000); nmr (CCH) see
structure; the bands at 6 1.75 and 1.95 were mutually coupled, J
= 1.0 Hz; mass spectrum (70 eV) m/e (rel intensity) 194 (1.5),
179 (1.0), 166 (1.0), 152 (100), 137 (60), 123 (53), 109 (9), 95 (8), 93
(9), 91 (12), 81 (35), 67 (12), 55 (12), 53 (12).

Anal. Calcd for Ci2Hig02: C, 74.19; H, 9.34. Found: C, 74.25;
H, 9.29.

5- Isopropenyl-4-methylene-2,3,5-trimethyl-2-cyclopentenone
(15) had ir (CCl4) 3080 (w), 2965 (s), 2910 (s), 2865 (m), 1710 (s),
1645 (s), 1620 (s), 1455 (s), 1400 (s), 1370 (m), 1340 (w), 1290 (m),
1175 (w), 1160 (w), 1120 (w), 1030 (m), 1010 (w), 915 cm-1 (s); uv
(cyclohexane) 278 nm {e 10,030, sh), 270 (13,700) 262 (11,070, sh);
nmr (CC14) see structure; the band at 5 1.46 was a doublet, J =

I. 7 Hz, those at 5 1.83 and 2.13 were broadened by mutual cou-

pling, that at 6 4.95 was a multiplet (three vinyl protons), and
that at 6 5.30 was a broadened singlet. The peak at $1.21 was a
sharp singlet: mass spectrum (70 eV) m/e (rel intensity) 176 (13),
161 (34), 148 (24), 133 (100), 105 (31), 91 (35), 79 (19), 77 (26), 65
(16) ,53(14), 51 (19), 41 (37), 39 (41).

Anal. Calcd for Ci2H160: C, 81.77; H, 9.15. Found: C, 81.72; H,
9.11.

4-Methylene-2,3,5-trimethyl-2-cyclopentenone  (16) had ir
(CC14) 3080 (w), 2960 (m), 2925 (m), 2860 (w), 1710 (s), 1640 (s),
1620 (s), several medium-intensity bands at 1460-1375, 1340 (w),
1310 (m), 1265 (m), 1145 (w), 1120 (m), 1050 (m), 990 (m), 905
cm' 1 (s); uv (cyclohexane) 275 nm (e 10,020, sh), 267 (15,200),
258 (13,450, sh); nmr (CC14) see structure; the peaks at 6 1.80 and
2.10 were broadened by mutual coupling, and the singlets at 6
5.10 and 5.27 were also broad; mass spectrum (70 eV) m/e (rel in-
tensity) 136 (35), 121 (13), 93 (100), 91 (37), 79 (19), 77 (36), 67
(16), 65 (13), 55 (11), 54 (23), 53 (25), 52 (12), 51 (23), 50 (10), 41
(18), 39(44).

Anal. Calcd for CO9Hi20: C, 79.37; H, 8.88. Found C, 79.15; H,
9.04.

A solution of 16 (50 mg, 0.368 mmol) in 4 ml of CH30D con-
taining 54 mg (1.0 mmol) of sodium methoxide was stirred for 1
hr at room temperature, then quenched with 15 ml of D20 and
extracted three times with pentane (10 ml). Combined organic
layers were washed with water (twice) and saturated NaCl solu-
tion and dried (MgS04). Evaporation of the solvent left 45 mg of
16-dj with the following nmr (CC14): 6 1.17 (s, 3 H), 1.80 (br s, 3
H), 2.10 (br s, 3H), 5.10 (br s, 1H), 5.27 (br s, 1H).

Treatment of 5-l1sopropenyl-4-methylene-2,3,5-trimethyl-2-
cyclopentenone (15) with TFA. A solution of 15 (0.060 g, 0.34
mmol) in 1 ml of trifluoroacetic acid was allowed to stand at
room temperature for 20 hr, the reaction being monitored by nmr.
During the reaction, a sharp singlet appeared at 5 2.33, shown to
correspond to acetone in TFA. The reaction was quenched by
pouring it into ice and saturated NaHCO03 solution. The mixture
was extracted with ether, and the ether extract was worked up
and analyzed as in the rearrangement of 2. The sole components
(determined by vpc) after 20 hr were 15 (55%) and 16 (45%).
When the reaction was carried out at higher temperatures, con-
version to 16 was quantitative.

Rearrangement of 5-Hydroxy-4-methylene-2,3,5,6,6-penta-
methyl-2-cyclohexenone (12) in TFA. A solution of 12 (0.100 g,
0.515 mmol) in 1.5 ml of trifluoroacetic acid was stirred at room
temperature. Aliquots were withdrawn at various time intervals,
quenched and worked up as usual, and analyzed by vpc (5 ft x
0.125 in., 10% FFAP on Chromosorb W, AW-DMCS 80/100, 150°,
N2 flow rate 30 ml/min). Only two components were present, 15
(4.0 min) and 16 (2.5 min), identified by nmr and ir. The relative
amounts at various time intervals follow: 2 hr, 94% 15, 6% 16; 26
hr, 32% 15, 68% 16; 46 hr. 3% 15, 97% 16.

Rearrangement of Labeled 2 in TFA. A solution of 2* (lacking
the signal at 5 2.10; 500 mg, 2.58 mmol) in 5 ml of TFA was
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stirred at room temperature for 21 hr, then quenched and worked
up as described for unlabeled 2. The products had the following
nmr spectra (CC14): 4, 6 1.05 (s, 3 H), 1.08 (s, 3 H), 1.60 (m, 3 H),
172 (m, 3 H), 198 (s, 3 H); 14, 50.90, 1.03, 1.25, 1.75, and 1.95,
all s, 3H; 15, 5121 (s, 3 H), 1.46 (d, 3H, J = 1.7 Hz), 1.83 (s, 3
H), 4.95 (m, 3 H), 5.30 (br s, 1 H); 16, S1.17 (d, 3H, J = 7.5 Hz),
180 (s, 3H), 2.70(q, 1H,J = 7.5 Hz), 5.10 (brs, 1H), 5.27 (brs, 1
H).

A solution of 2*-t (lacking the signals at 6 2.10 and 1.48) in
TFA was allowed to rearrange in the amounts and manner de-
scribed for 2*. The products had the following nmr spectra
(CC14): 4, 51.05, 1.08, 1.60, and 1.98 (all s, 3 H); 14, 50.90, 1.03,
125, and 1.75 (all s, 3 H); 15, 5146 (d, 3H, J = 1.7 Hz), 1.83 (s 3
H), 4.95 (m, 3 H), 5.30 (br s, 1 H); 16, 6 1.80 (s, 3 H), 2.70 (br s, 1
H), 5.10 (br s, 1H), 5.27 (brs, 1 H).
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In general, the acid-catalyzed rearrangement of epoxy
ketones is initiated by protonation of the epoxide oxygen
atom.1l We describe here the rearrangement of an epoxy
ketone to two principal products, one of which appears to
aiise from piotonation of the carbonyl oxygen.

3,4-Epoxy-1,3,4,5,6,6-hexamethylbicyclo[3.1.0]hexan-2-
one (2) was prepared in good yield from the corresponding
unsaturated ketone 12 and m-chloroperbenzoic acid. The
structure is based on the method of synthesis and spectral
properties. The vc-o0 in 2 was at 1715 cm-1 (1690 cm"1in
1). The nmr spectrum3 showed that all methyl signals
were aliphatic (i <1.39), and europium shift reagent re-
moved the accidental degeneracy of three methyls at 5
1.03 and gave a spectrum with six sharp, equal singlets.
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1.60 and 1.72, which were homoallylically coupled (J = 1.5 Hz).
The acetyl methyl (5 1.98), allylic methyls (d 1.60, 1.72), and ali-
phatic methyls are readily assigned using chemical shifts. Specific
assignments within the last two categories are based on labeling
experiments to be described below.

(6) This result also argues against structures 9 and 10 for the hydroxy
ketone. The most plausible route to 9 would involve proton loss
from B; in this event, product from 1*-f should lack the vinyl pro-
tons. The most plausible route to 10 would involve proton loss from
D; In this event, product from 1*,f should lack two methyl signals.
The label results fit neither of these predictions.

(7) The kinetic experiments require that, when starting from 1, less
than 3% of 4 is produced from 5; over 97% must be obtained di-
rectly from 1.

(8) One can envision several other plausible mechanisms for the con-
version of 1 to 4. The most attractive of these involved cyclopropyl-
carbinyl cations derived from participation of the double bond in B.
However, none of these fit the observed labeling results.

(9) H. Hart, P. M. Collins, and A. J. Waring, J. Amer. Chem. Soc., 88,
1005 (1966). (See particularly footnote 16.)

(10) The nucleophile shown is TFA, but may also be water or may even
be the hydroxyl group, via an intermediate such as

(11) It was from these experiments that 4, lacking only the singlet at 6
1.27, or lacking both signals at s 1.27 and 1.72 referred to earlier,
was obtained.

(12) Plausible alternative routes, from 2 to 4 can be envisioned but can
be eliminated as a consequence of the labeling experiments. One
example, involving cyclopropylcarbinyl rearrangements, is

O O o O

OH 4

(13) Melting points are uncorrected. Analyses were performed by Spang
Microanalytical Laboratory, Ann Arbor, Mich. Ir spectra were cali-
brated against a polystyrene film; nmr spectra are referenced
against tetramethylsilane.

Vpc and nmr analysis showed that only a single stereoiso-
mer of 2 was produced; the equal chemical shifts of the
two methyl groups at C-6 suggest that the epoxide ring is
trans to the cyclopropane ring. Epoxide prepared from 1
with a CDs group at C-4 lacked the singlet at 5 1.39 (2*);
epoxide prepared from 1 with CD3 groups at C-1 and C-4
lacked the singlet at S 1.39, and that at S1.03 was reduced
in area to six protons (2*fr). The labeling and Eu-shift
data support the nmr assignments shown in the structure.

0
(239) 1.03.-JIS 126 (256)
MCPEA T (wsI) 1.032x X
(room temp, 90%)
(LO0) LO3 128 p39 (i.22)
(120)
2

Treatment of 2 with trifluoroacetic acid (TFA) at 0° for
10 min resulted in complete rearrangement to 3 and 4.
Also formed was a small amount of 5 which is known to
arise from the dealkylation of 3.4 The properties and
structure proof of 3-5 are described elsewhere.4
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O O

TFA

3 (71%) 4 (19%) 5 (10%)

A plausible mechanistic route to 3 is shown in Scheme
I. Protonation of the epoxide oxygen by ring opening in a
direction which places the positive charge remote from
the carbonyl group gives the intermediate cyclopropylcar-
binyl cation A. Ring opening gives the homoallyl cation B,
or alternatively B may be formed directly from protonated
2 in a concerted process. Proton loss and dehydration
gives 3. Deuterium-labeling results5 are consistent with
this mechanism; 2* gave 3* and 2*>t gave 3*'t.

Scheme |

OH

B

A mechanism for obtaining 4 from 2, consistent with
the labeling results, is shown in Scheme Il. Protonation at
the carbonyl oxygen gives C, which undergoes a cyclopro-
pylcarbinyl rearrangement to D. Such rearrangements are
well established and exceedingly facile in the case of pro-
tonated 1.6 Ring opening and proton loss would lead to
the a,/3-epoxide of hexamethyl-2,4-cyclohexadienone (6).
Further rearrangement in a normal manner4 should lead
to 4. No evidence for the presence of 6 in these solutions
was obtained, and we must assume that, if formed, it rear-
ranges to 4 under the reaction conditions.7

Scheme 11

-H+
0 0
1. acyl
shift
2 -H+ >=n

Experimental Section8

3,4-Epoxy-1,3,4,5,6,6-hexamethylbicyclo [3.1.0]hexan-2-one
(2). To a solution of 1.2 g (6.75 mmol) of 1,3,4,5,6,6-hexamethyl-
bicyclo[3.1.0]hexen-2-one (1)2 in 20 ml of methylene chloride was
added a solution of 1.25 g (7.2 mmol) of m-chloroperbenzoic acid
in 20 ml of methylene chloride. The mixture was stirred at room
temperature for 4 hr (nmr monitoring showed complete reaction
at this time), the solvent was removed by rotary evaporation, pe-
troleum ether (bp 30-60°) was added, and the m-chlorobenzoic
acid was removed by filtration. The filtrate was washed with
aqueous NaHCO03 and saturated NaCl solution, dried (MgS04),
and evaporated to give 1.17 g (90%) of 2. Vpc (5 ft X 0.125 in.,

Notes

10% FFAP on Chromosorb W, 150° 30 ml/min N2) showed only a
single peak, retention time 12.5 min: ir (neat) 1715 (s), 1460 (m),
1395 (m), 1080 (w), 1025 (w), 940 (w), 860 cm' 1 (w); nmr (CC14)
see structure; mass spectrum (70 eV) mfe 194 (M +).

Anal. Calcd for Ci2Hi80 2: C, 74.19; H, 9.34. Found: C, 74.20;
H, 9.43.

Starting with 1* (lacking the methyl signal at b 1.88),6a the re-
sulting 2* had the following nmr spectrum (CC14): b 1,03 (s, 9 H),
I. 23 (s, 3H), 1.26 (s, 3 H). Starting with I*-t (lacking the methyl
signal at b 1.88 and having the singlet at b 1.10 correspond to only
3 H)2 the resulting 2**t had the following nmr spectrum (CC14): b
1.03 (s, 6H), 1.23 (s, 3H), 1.26 (s, 3H).

Rearrangement of 2 in TFA. A solution of 2 (100 mg, 0.517
mmol) in 2 ml of TFA was stirred at 0° for 10 min, then poured
into a slurry of aqueous NaHCO03 and ether. The ether layer was
separated, washed successively with aqueous NaHCO03 and NaCl
solutions, dried (MgS04), and. evaporated to leave 90 mg of a
light yellow oil which was analyzed by vpc (5 ft x 0.125 in., 10%
FFAP on Chromosorb W, 155° 30 ml/min N2). There were three
components (retention time, %): 5-isopropenyl-4-methylene-
2.3.5- trimethyl-2-cyclopentenone (3, 1.9 min, 71), 2-acetyl-
2.3.4.5.5- pentamethyl-3-cyclopentenone (4, 1.6 min, 19) and 4-
metbylene-2,3,5-trimethyl-2-cyclopentenone (5, 1.3 min, 10). The
products were separated by preparative vpc (10 ft x 0.25 in., 20%
FFAP on Chromosorb W, 160°, 25 ml/min He) and identified by
comparison of their ir and nmr spectra with those of authentic
samples.4

Rearrangement of Labeled 2. The same experimental proce-
dure as described for unlabeled 2 was used. Starting with 2* the
products had the following nmr spectra: 3, 51.21 (s, 3 H), 1.46 (d,
3H,J= 1.7 Hz), 1.83 (s, 3 H), 4.95 (m, 3H), 5.30 (brs, 1H); 4, S
1.05, 1.08, 1.98 (s, 3 H each), 1.60, 1.72 (q, 3 H each, J = 1.5 Hz).9
Starting with 2*-f the products had the following nmr spectra: 3,
b 1.46 (d, 3H, J = 1.7 Hz), 1.83 (s, 3 H), 4.95 (m, 3 H), 5.30 (br s,
1H); 4, b 1.05, 1.08, 1.60,1.98 (s, 3 H each).

Acknowledgment. We are indebted to the National In-
stitutes of Health for their support of this research.
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We recently described the thermal reaction of the 9-
acyldiazabicyclic ketone 1 to give pyrrolopyridazine 2 and
formaldehyde;1 the same reaction occurs also on treat-

Ph

E = -COZH3

ment of 1 with acid or base. The reactions of the 9-methyl
ketone 32 present a marked contrast. Different product
mixtures are obtained with base, with acid, and with
heat. Two rearrangement products have been isolated and
characterized from thermolysis of 3. This note describes
the structure determination of one of these products, the
tetrahydroindazolone 4.

Compound 4 and an isomer were produced in approxi-
mately equal amounts (ca. 10-15% yields of crystalline
compounds) on heating 3 for 90 min in a melt at 170°.
(The same products were obtained very slowly on heating
3 in a sealed tube in benzene solution at 150°.) The prod-
ucts were separated by chromatography; 4 was the more
polar substance. Compound 4 crystallized in pale yellow
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prisms; the nmr spectrum contained the expected methyl
and phenyl peaks, an AB pattern at 6 3.34 (1 H) and 4.06
(A H, J = 12 Hz) and a doublet (1 H, J = 0.8 Hz) at 4.32
ppm.

Structure 4 was established by single-crystal X-ray
analysis. Table 14 gives the fractional atomic coordinates
and thermal parameters (with their respective estimated
standard deviations) for the atoms comprising 4; Figure 1
is a stereodrawing of the molecule. All bond lengths and
bond angles for the structure are within the expected
ranges tabulated in the literature.34

Structure 4 represents the original diazepine framework
with the two carbon bridge shifted to a new location. One
of several possible rationalizations of the reaction is the
formation and cyclization of a diazonine intermediate.
Discussion of the mechanism will be deferred until infor-
mation is available on other products.

Experimental Section

Thermolysis of 3. A 0.3-g sample of the jV-methylbicyclic ke-
tone 3 (mp 103°) in a small test tube was heated in an oil bath at
170° for 90 min. Tic (ether-pentane) showed the appearance of
two products: A, colorless (visualized with h), slightly slower
moving than unreacted 3, and B, yellow, moving about one-fifth
asfast as 3.

The dark oil was chromatographed in CHCI3 on 10 g of SIC2.
Two fractions were obtained; the first contained product A and
unreacted 3. Crystallization of this fraction gave 30 mg of com-
pound A: mp 160-163°; v (KBr) 1730, 1700, 1610 (s), 1550 cm-1;5
(CDClg) 1.88 (d, 3, 3 = 1 Hz), 2.67 (s, 3), 3.88 (s, 3), 3.92 (s, 3),
4.49 (brs, 1), 474 (d, 1, J = 1.8 Hz), 4.94 (d, 1, J = 1.8 Hz) (the
4.74 and 4.94 signals are not a symmetrical AB pattern), 7.39 (m,
5). Recrystallization from ether gave colorless crystals, mp 165—
167°.

Anal. Calcd for Ci9H20N20 5: C, 64.03; H, 5.66; N, 7.86. Found:
C, 63.26, H, 5.51; N, 7.60.

The second fraction from the column contained product B,
identified as indazolone 4. Preparative tic gave a bright yellow
band from which 40 mg of yellow crystals of 4 were obtained: mp
117-119°; v (KBr) 1720,1650,1620 (w), 1550; nmr, see text.

Anal. Calcd for C1I9H20N20 5: C, 64.03; H, 5.66; N, 7.86. Found:
C, 64.00; H, 5.60; N, 7.86.

Slow crystallization from ether gave well-formed crystals, mp
120°, used for X-ray analysis.

Figure 1. ORTEP stereodrawing of 2,3,4,7-tetrahydro-3a,4-bis(methoxycarbonyl)-2,6-dimethyl-5-phenylindazol-7-one showing 50% proba-

bility ellipsoids. For clarity, ring and methyl hydrogens are excluded.
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X-Ray Crystallography. Crystals were received as prismatic
needles; a sample showing good crystal quality under microscopic
examination, with and without polarized light, was chosen from
the batch. The sample was approximately 0.3 x 0.2 x 0.5 mm
and was mounted with the largest dimension as the goniometer
rotation axis.

Preliminary precession camera investigation showed the unit
cell to be monoclinic with a choice of either P2\fc or P21/n as the
space group; because of the near-cubic geometry of the resulting
unit cell, P2\/n was chosen for indexing [general positions
+(X,Y,Z; X + %,y - %, z+ %)].

Precision lattice constants were obtained by least-squares re-
finement5 of 20 diffractometer angular settings on 18 independent
reflections within the range 23 < 20 < 43° (X 0.7107 A, Mo Ka ra-
diation). This calculation gave a = 14.148 (4), b = 11432 (1), ¢ =
11.318 (4) A, 3= 97.50 (4)°. Assuming four formula units per cell,
the calculated density, pGicd. was found to be 1.304 (6) g/cm3,
which agrees favorably with the experimental density (deter-
mined by immersion in a mixed solvent of equal density) of 1.32
g/cm3at room temperature.

The linear absorption coefficient, p, for the compound is 1.04
cm-1 for Mo Ka radiation. An absorption correction for data col-
lected using Mo Ka radiation was, therefore, deemed unneces-
sary.

Approximately 2400 independent reflections in the range 0.05 <
sin 0/\ < 0.75 were measured by the 0-20 scanning technique
using a card-controlled Picker diffractometer. With 235 parame-
ters to be set in the final anisotropic model (excluding hydro-
gens), this gives approximately ten reflections per parameter to
be set.

Diffracted intensities were measured at a take-off angle of
about 2°; the range of each scan, at a rate of 2°/min, consisted of
a reflection base width of 2° and an increment, A(20) = (0.285 tan
0)°, to allow for spectral dispersion. Background counts, for 30-sec
duration, were taken at the limits of the scan. The intensities of
three standard reflections were monitored at intervals of 50 data
points as alignment checks while these three plus three others
were used at roughly 12-hr intervals as decomposition checks.
Through the data collection period, these monitored reflections
showed no noticeable trend. The criteria for distinguishing ob-
served from unobserved reflections was set such that, to be “ob-
served,” Fobsd > 3.0ct>where aF is the standard deviation on Frel
as computed from scan and background counts corrected for in-
strumental instability (estimated as 0.5%).

The structure was resolved using direct method techniques:
Karle-Hauptmann statisticsé and symbolic addition.7 This led to
determination of 288 phases with high probability of being cor-
rectly determined (approximately 11 reflections per nonhydrogen
atom; 26 nonhydrogen atoms in the molecule). An E map using
these phased reflections was then searched for the 26 largest
peaks; 25 were easily chosen, the 26th had several possibilities
and so was ignored in this first screening. The program OR-TEP-
118 was used to “search” for a “molecule” amoung these 25 peak
positions, working out from the highest one and using criteria of
reasonable ranges for bond lengths;3 each peak position was test-
ed in each of the four possible positions allowed by the general
positions of the space group. The resulting “molecule” was then
drawn in stereo on a graphics display terminal9 and studied for
chemical sense.

This trial molecule was found to be entirely satisfactory in all
chemical respects; the position of the 26th atom previously ig-
nored was determined visually and found to agree with the posi-
tion of a peak on the E map. Chemical considerations also readily
led to the definition of atom types (C, N, or O) in all positions
but the two positions occupied by C3 and N1 (refer to Figure 1)
where the question of which position should be carbon and which
nitrogen depended entirely on nmr data. The initial model de-
fined the atoms in these two positions as they are shown in Figure
1.

A test of the model was made by performing two cycles of full-
matrix least-squares on the nonhydrogen atoms of this model;
unit weights and individual isotropic thermal parameters were
used. The two cycles caused “fl” to fall from an initial value of
0.24 for the raw model to 0.13; at the end of the two cycles, the
model appeared quite reasonable with respect to individual atom-
ic thermal parameters, bond lengths, and angles, and the appear-
ance of a difference Fourier synthesis.

At this time, weights and anisotropic thermal parameters were
introduced for all nonhydrogen atoms; hydrogen positions were
introduced by calculation;10 and cycles of full-matrix least-squares
were continued. Hydrogen positions were recalculated at the close

Notes

of each cycle according to shifts in the nonhydrogen atoms. The
weighting function used was w = 1/|aF|2, where |AF] =A +
BlFobsdl, and A and B are obtained from a plot of JAF] ... Fabsd
for 20 groups of reflections, each group containing about the same
number of reflections. The plot was linear and gave values of 2.80
and 0.0492 for A and B, respectively. The final cycle gave a con-
ventional R value of 0.064 and weighted R of 0.072.

A final structure factor calculation was made using a values
from counting statistics as weights. The weighted R value for this
calculation did not differ significantly from the above weighted R
value.

As a test of the possibility that C3 and N1 should be inter-
changed, two additional cycles of full-matrix least squares were
made for the entire molecule with these two atoms interchanged
as to atomic type. The resultant R value, changes in atomic pa-
rameters, and the appearance of a subsequent difference Fourier
map were used as criteria of the correctness of this alternative
structure. It was found that the R value increased to 0.076, ther-
mal parameters for C3 (now defined as a nitrogen) became small-
er while those for N1 (now defined as a carbon) became larger
(atomic coordinate values for all nonhydrogen atoms did not
change appreciably; thermal parameters for all nonhydrogen
atoms but C3 and N1 did not change appreciably), and, on the
difference Fourier, a hole was noted at the position of C3 while a
peak was noted at the position N1 (all other atom positions
showed neither appreciable peaks nor holes). This evidence led to
the conclusion that C3 and N1 were correctly defined from the
start.

A Final difference Fourier synthesis, on the correct model, hav-
ing a maximum electron density of 1 e/A3was judged to be free of
significant features. Because the goal of this structure determina-
tion was to find the molecular architecture of this compound
rather than details of accurate bond lengths and thermal parame-
ters, additional refinement cycles were deemed unnecessary. As a
final observation, only five of the original 288 reflections phased
by direct method techniques were found to be incorrect.

Supplementary Material Available. Tables of bond distances
and bond angles (with their estimated standard deviations), and
atomic coordinates, will appear following these pages in the micro-
film edition of this volume of the journal. Photocopies of the sup-
plementary material from this paper only or microfiche (105 x
148 mm, 24x reduction, negatives) containing all of the supple-
mentary material for the papers in this issue may be obtained
from the Journals Department, American Chemical Society, 1155
Sixteenth Street, N.W., Washington, D. C. 20036. Remit $3.00 for
photocopy or $2.00 for microfiche, referring to code number JOC-
74-1007.
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The formation of amides of 4-hydroxycoumarin-3-car-
boxylic acid has been well documented.1-5 These methods
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Scheme |

b, X =
c, X =

O; R = p-Cl
S; R =p-F

employ thermal activation in one form or another. The
amides are formed by the thermal reaction of 4-hydroxy-
coumarin with isocyanates at 160°,1-4 or by the reaction of
3- carbethoxy-4-hydroxycoumarin5in refluxing anilines.2' 4

The room-temperature reaction of 4-hydroxycoumarin
with aryl isocyanates or aryl isothiocyanates in DMSO
containing triethylamine yields cleanly in one step the
desired materials,6 amides of 4-hydroxycoumarin-3-car-
boxylic acid. For example, 4-hydroxycoumarin and p-chlo-
rophenyl isocyanate in DMSO (1 equiv of triethylamine)
gave in 71% yield7 3-(p-chlorophenylcarbamoyl)-4-hydrox-
ycoumarin (lib, Scheme 1), mp 218-220° (lit.1"3 mp 219-
221°). Similarly the reaction of 4-hydroxycoumarin with
p-fluorophenyl isothiocyanate gave 3-(p-fluorophenylthio-
carbamoyl)-4-hydroxycoumarin  (lie) in 82% yield7
(Scheme 1), mp 220-223°.®

This reaction is complete in 0.5-2 hr and is successful
only with aryl isocyanates and isothiocyanates. Alkyl iso-
cyanates and isothiocyanates yield some starting couma-
rin and polymeric materials. Those aryl isocyanates and
isothiocyanates which have a limited solubility in DMSO
(at room temperature) gave very poor yields.

The use of pyridine as a solvent yields urethanes. Thus
4- hydroxycoumarin and phenyl isocyanate in pyridine at
room temperature gave 4-hydroxycoumarin, carbanilate
(Ilia, Scheme 1l) in 60% yield, mp 210-213° (lit.3 mp
206-209°).

Scheme 11

OH OCNHR

b, R = n-Bu

This reaction was successful with both aryl and alkyl
isocyanates and isothiocyanates. 4-Hydroxycoumarin and
n-butyl isocyanate in pyridine gave 4-hydroxycoumarin
n-butylcarbamate (l1lb), mp 168-171°. The aryl urethanes
rearrange in DMSO (at room temperature) to the 3-car-
boxamides. Thus 4-hydroxycoumarin carbanilate is clean-
ly and quantitatively rearranged by overnight stirring in
DMSO (containing several drops of triethylamine) to 3-
phenylcarbamoyl-4-hydroxycoumarin (Scheme 111, 1la),

Scheme 111
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yield 100%, mp 215-216° (lit.1'4 mp 219-221°). Likewise
4-hydroxycoumarin m-chlorocarbanilate yields 3-m-chlo-
rophenylcarbamoyl-4-hydroxycoumarin (lid), yield 95%,
mp 191-193° (lit.1 mp 190-192°). Alkyl urethanes fail to
give amides, instead yielding polymer-like materials.

Experimental Section

All commercial reagents were used as received and all solvents
were dried over molecular sieves. Melting points are uncorrected.

3-Phenylcarbamoyl-4-hydroxycoumarin (Ha). 4-Hydroxy-
coumarin (5 g, 0.031 mol), triethylamine (3.1 g, 0.031 mol), and
phenyl isocyanate (1 equiv), added in the listed sequence to 50 ml
of dry DMSO, were stirred at room temperature for 2 hr. The so-
lution was poured into 100 ml of 3 A HC1, and the solid was fil-
tered, air dried, and recrystallized from acetone, giving 6.1 ¢
(70%) of a white powder, mp 215-216° (lit.1,3 mp 219-221°).

3-  (p-Fluorophenylthiocarbamoyl)-4-hydroxyeoumarin (lie).

The procedure described for Ha gave lie in 82% yield, mp 220-
223°.

Anal. Calcd for C16H1I0FNO3S (283.32): C, 60.94; H, 3.20; N,
4.44; S, 10.17; F, 6.03. Found: C, 60.69; H, 3.22; N, 4.50; S, 9.99;
F, 5,80.

4- Hydroxycoumarin Carbanilate (llia). A solution of 5 g

(0.031 mol) of 4-hydroxycoumarin in 50 ml of pyridine was treat-
ed in a dropwise fashion with 4 g (1 equiv) of phenyl isocyanate.
After stirring for 3 hr at room temperature, the solution was
poured into water, and the solid was collected, air dried, and re-
crystallized from chloroform-hexane, mp 210-212° (yield 5.6 g,
60%).

Rearrangement of Urethanes to Amides. A suspension of 250
mg of 4-hydroxycoumarin carbanilate in 5 ml of DMSO contain-
ing several drops of triethylamine was stirred overnight at room
temperature. The solution was poured into 25 ml of 1 A HC1 and
the solid lla was collected, mp 212-215° (250 mg, 100%). The
spectral properties of the samples are identical with those of
samples previously prepared.
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Two mechanisms have been suggested to explain the

acid-catalyzed cleavage of a-aryl-/3-amino alcohols to /43
carbonyl compounds.24 These mechanisms involve a gly-
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Table |
Reaction of Compounds la, Ib, and 2a (=
Various Acids

2b) with

Reflux period,

Compd Acid hr Products (yields, %)

la 12 M HC1 7 4a (54)“

ib 12 M HC1 80 No reaction6

Ib 48% HBr 25 4b (34)«

2a 12 M HC1 6 p-CHX8H4C6HHCHCH=0
(75), 4a (~12), 4b (<3)cd

la 6 M H,S04 7 4a (68)«

ib 6 M HS04 27 4b (38)«

2a 6M HX04 3 P-CHX BH4C6HYCHCH =0
(70),'4a —11), 4b (<2.5)

la 85% HPO04 2 da (24)"

lb 85% HP04 4.5 4b ill)6

2a  85% HPO04 4 p-G H EHACEH 56 H,CiH =0

(47), 4a (-33), 4b (<6)'

“Yield after recrystallization; glc analysis of crude prod-
uct showed no evidence of p-tolylphenylacetaldehyde or of
the other, a priori, possible ketone product. 6 As shown by
recovery of unreacted starting material in high yield.
cYields determined by glc analysis of crude product mixture
and comparison with known mixtures of authentic samples.
dTreatment of the glycol with 20% sulfuric acid has pre-
viously been reported to afford p-tolylphenylacetaldehyde.
See ref 8.

col intermediate2-3 and an enamine intermediate,24 re-
spectively. The reader is referred to a recent paper5 for
details of the mechanisms. Recent work6 provides strong
kinetic evidence for an enamine mechanism in the reac-
tion of 2-(N,iV-diethylamino)-l-phenylethanol derivatives
with hydrochloric acid. However it is claimed,2 although
experimental details are vague, that glycols have been iso-
lated from the reaction of similar amino alcohols with
concentrated phosphoric acid.

a, R = Et; Ar = p-tolyl; R’
b. R = Et; Ar = phenyl,

= phenyl

R' = p-tolyl

One difficulty in resolving the problem is that all pre-
viously synthesized a-aryl-d-amino alcohols (1) have had
alkyl or hydrogen R' groups7 and these would be expected
to yield the same ketonic products in the event of either a
glycol or an enamine mechanism. We have examined the
reactions of two amino alcohols (la and Ib) with various
types and concentrations of acid. The amino alcohols were
chosen so that they would afford different enamine inter-
mediates but a common glycol intermediate (2a = 2b) if,
indeed, the reactions involved such intermediates. An au-
thentic sample of the glycol was prepared independently
and was subjected to reaction conditions similar to those
of the amino alcohols. Authentic samples of the two possi-
ble ketone products (4a and 4b) were also prepared inde-
pendently for comparison purposes. The results of the
acid-catalyzed reactions are summarized in Table I.

The glycol 2a yielded, as the major product, p-tolyl-
phenylacetaldehyde8 via rearrangement along with ke-
tones 4a and 4b. Ketone 4a was always predominant, an
expected result since the rate-determining step in the de-
hydration of the glycol involves formation of a more favor-
able p-methyl benzylic carbonium ion.

Notes

The amino alcohols la and Ib afforded ketones 4a and
4b, respectively, as the only products (see Table I, foot-
note a). These results are consistent with an enamine in-
termediate but not with a glycol intermediate, since both
amino alcohols must furnish the same glycol, hence the
same products.17 An enamine mechanism likely involves,
as the rate-determining step, development of a benzylic
carbonium ion by removal of the protonated hydroxyl
group of the amino alcohol.5’6 A feature of such a mecha-
nism is the observed result that la was consistently more
reactive than Ib, in agreement with previous Kinetic
data.6 The unknown stereochemistry of la, Ib, and 2a
does not alter the validity of these results, since benzylic
alcohols racemize rapidly in acidic solution.9

The results fail to show any variation in mechanism
with the type of acid used; even with concentrated phos-
phoric acid the outcome is inconsistent with a glycol in-
termediate, in opposition to the earlier conclusion.2 We
believe that the present data, along with previous kinetic
results,6 no longer justify the possibility of a glycol mech-
anism of amino alcohol cleavage.

Experimental Sectionl0

2-(p-Tolyl)-lI-phenyl-2-(/V,A-diethylamino)ethanol  (Ib), &
Bromo-a-ip-tolyljacetophenonell (17.9 g, 0.062 mol) was added in
small portions, under nitrogen, to diethylamine (62 ml) at 0° with
stirring. After addition was complete the mixture was stirred for 3
hr at 0° and then refrigerated overnight. The diethylamine hydro-
bromide was filtered off and excess diethylamine was removed
from the filtrate by evaporation under reduced pressure. The
crude product was dissolved in cold, dilute HC1 and washed with
ether. The aqueous layer was neutralized with dilute NaOH and
extracted with ether and the ether extract was dried (MgSO04).
Evaporation of ether followed by vacuum distillation of the prod-
uct afforded 13.3 g (77%) of the amino ketone as a viscous yellow
liquid, bp 145-146° (0.4 mm).

A solution of the amino ketone (13.2 g, 0.047 mol) in dry ether
(50 ml) was added dropwise to a stirred solution of LiAIH4 (1.33
g, 0.035 mol) in dry ether (50 ml) at a rate such that gentle re-
fluxing was maintained. The mixture was then refluxed over a
steam bath for 30 min. Excess LiAlH4 was destroyed by cautious,
dropwise addition of water with stirring followed by removal of
solid material by filtration. The ether layer was washed with
water, dried, and evaporated under reduced pressure, leaving a
yellow-white solid residue. Recrystallization from pentane afford-
ed white crystals: 9.1 g (70%); mp 71-73°; ir (CC14) 3400 cm-1
(broad, OH), no C=0; nmr b7.1 (m, 10, aryl H), 52 (d,J = 5
Hz, 1, >CHOH), 3.7 (d, J = 5 Hz, 1 >CHNEt2), 3.3 (s, 1, OH),
2.65 (dg, J = 7 Hz, 8, -CH2CH3), 2.3 (s, 3, -C6H4CH3), 0.9 (t, J
= 7Hz, 6,-CH2CH3).

Anal Calcd for Ci9H25NO: C, 80.52; H, 8.89; N, 4,94. Found:
C, 80.72; H, 8.93; N, 4.64.

I-(p-Tolyl)-2-phenyl-2-(iV,/V-diethylamino)ethanol (la) was
prepared from a-bromobenzyl p-tolyl ketonel2 by the same proce-
dure as above. The intermediate amino ketone had bp 155-160°
(0.9 mm). The crude amino alcohol was vacuum distilled, bp
150-153° (0.75 mm). The distillate solidified on standing and was
recrystallized from petroleum ether (bp 30-60°): mp 61-63°; ir
(CC14) 3400 cm-1 (broad, OH), no C=0; the nmr spectrum was
nearly indistinguishable from the spectrum of Ib, all b values and
multiplicities being identical.

Anal Calcd for Ci9H25NO: C, 80.52; H, 8.89; N, 4.94. Found:
C, 80.43; H, 9.08; N, 4.82.

I-(p-Tolyl)-2-phenyl-1,2-ethanediol (2a = 2b). The method of
Jenkinsl3 was adapted to the synthesis of a-hydroxybenzyl p-
tolyl ketone. A suspension of a-bromobenzyl p-tolyl ketonel2 (20
g, 0.069 mol) in absolute ethanol (400 ml) was added dropwise to
a stirred solution of sodium ethoxide (0.21 mol) in absolute etha-
nol (200 ml). The reaction mixture was stirred overnight at room
temperature and then added to a cold solution of 3 M HC1 (400
ml). After cooling to induce crystallization the solid was collected
and recrystallized from ethanol-water to yield 9.2 g (59%) of a-
hydroxybenzyl p-tolyl ketone, mp 106-108° (lit.14 mp 108-109°).

Sodium borohydride (0.80 g, 0.021 mol) was added in small
portions to a suspension of the hydroxy ketone (9.2 g, 0.041 mol)
in ethanol (200 ml). After addition was complete the mixture was
stirred at room temperature for 15 min, then refluxed on a steam
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bath for 15 min. The volume of the mixture was reduced by % by
distillation. Water was added to the boiling solution to the point
of saturation; on cooling the diol precipitated as a mixture of ste-
reoisomers; 7.5 g (80%); mp 104-168° (lit. mp8 94°, 129° for each
racemic pair of enantiomers, respectively); ir (CHCI3) 3590 cm 1
(OH), noC=0.

Reaction of I-(p-Tolyl)-2-phenyl-l,2-ethanediol with Acid.
General Procedure. A stirred mixture of the diol (1.0 g) and acid
(50 ml) was refluxed (see Table I for acids and reaction times).
After cooling to room temperature and pouring into water, the
reaction mixture was extracted with ether four times. The com-
bined ether extracts were washed with water, dried (MgS04),
evaporated under reduced pressure, and weighed. The crude
product mixture was then subjected to glc analysis using authen-
tic samples of p-tolylphenylacetaldehyde,8 and ketones la and
Ib15 for comparison. The results of the reactions are shown in
Table I.

Reaction of Amino Alcohols la and Ib with Acid. General
Procedure. A stirred mixture of the amino alcohol (0.2-1.3 g) and
acid (15-50 ml) was refluxed for the periods indicated in Table 1.
After cooling and dilution with water the reaction mixture was
extracted with ether. The combined ether extracts were washed
with water, dried (MgS04), and evaporated under reduced pres-
sure. The crude products were subjected to glc analysis. In every
reaction of la only ketone 4a could be detected; likewise Ib fur-
nished only 4b. The crude solid products were purified16 by re-
crystallization and their identities were further confirmed by
melting point and mixture melting point and by their infrared
spectra, which were identical with those of authentic samples of
the ketones. In the reactions with 85% H3PO4 the crude products
were reddish pastes from which the pure products were extracted
by trituration with hot petroleum ether, followed by filtration and
cooling.

In the reaction of Ib with 12 M HC1, the reaction mixture con-
tained solid material which was filtered off prior to extraction
with ether. This material was then remixed with the aqueous
layer and the mixture was neutralized with excess 3 M NaOH.
Extraction of the alkaline mixture with CHCI3 followed by work-
up gave unreacted amino alcohol (80%).

Registry No.—la, 50600-27-6; Ib, 50600-28-7; 2a, 50600-29-8;
4a, 2430-99-1; 4b, 2001-28-7; p-CH3C6H4(C6H5CHCH=0,
50600-30-1; amino ketone, 50600-31-2.
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Considerable effort has been recently directed toward
the elucidation of conformational preferences of spirocy-
clohexane derivatives. Cyclohexanespirooxirane (1) has
been studied via kinetic,1 low-temperature 1H nmr,2 and
electric dipole moment3 methods. The preference of ca.
0.27 kcal/mol for the conformation in which the oxygen is
quasi-axial (Ib) is evident.

Ib

By contrast, attempts to study the analogous spiroaziri-
dine Il by electric dipole moments have not permitted de-
finitive conformational conclusions.3

CH,

lib

The low-temperature 1H nmr peak area procedure can-
not be applied to the problem owing to the accidental
overlap of the aziridine methylene resonance (b 1.45) with
the cyclohexane ring methylene protons (5 1.25-1.75). It is
expected, however, that 13C nmr should afford a solution,
since it is now well established that carbon shieldings are
an order of magnitude more sensitive to steric factors than
proton shifts in favorable cases.45 Furthermore, the like-
lihood of peak overlap in carbon spectra is considerably
reduced. Accordingly, a sample of Il 61% 13C enriched at
the aziridine methylene carbon was prepared and exam-
ined.

At room temperature under conditions of complete pro-
ton noise decoupling the aziridine methylene carbon of Il
appears as a sharp singlet at 5 31.84 downfield from inter-
nal TMS. When a 0.5 M solution of Il in CD2CI2 is cooled
the absorption for this carbon gradually broadens and at
-80 = 2° the coalescence temperature is reached. Further
cooling leads to the separation of the signal into complete-
ly resolved components separated by 6.4 Hz.

The resonance of higher integrated intensity appearing
at lower field is assigned to conformer lib. This is consis-
tent with the observations for methylcyclohexane at low
temperature,6 where the equatorial methyl group is at
considerably lower field than its axial counterpart. The
peak areas were determined by a cutting and weighing
procedure and the conformational energy of the spiroaziri-
dine function was calculated from the equation —AG°® =
RT In K. Results are shown in Table I, which indicate
that conformer lib is the more stable by 0.16 kcal/mol.

It is apparent that the preference for conformer lib is
much less than that predicted on the basis of the differ-
ence between the conformational free energy of the Me
(1.7 kcal/mol) and the NHMe (1.0 kcal/mol) groups.7 No
doubt the small angle of the aziridine ring causes appre-
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ciable reduction in the nonbonded interactions between
the quasi-axial CH2 group and the syn-axial ring hydro-
gens. Notably the preference of the spiroaziridine group is
appreciably smaller (by 0.1 kcal/mol) than that of the
spirooxirane. This is consistent with the fact that —AG®
for the NHMe function is 0.2-0.4 kcal/mol higher than for
the OMe moiety in the monosubstituted cyclohexanes.7

Under conditions of complete proton noise decoupling,
nuclear Overhauser effects (NOE's) are operative and thus
may affect the observed integrated intensity ratios. In
order to verify that no differential NOE has occurred in
these experiments the coupled spectrum was recorded.
J(13CH) is 166 Hz and no detectable change in the rela-
tive intensities of the resonances at low temperature was
found compared to the decoupled spectra. This is consis-
tent with expectation, since the directly bonded methy-
lene protons will be essentially the only contributors to di-
pole-dipole relaxation and we have found that these pro-
tons have nearly identical chemical shifts below -80°.

Attempts to evaluate the effect of medium on the equi-
librium lia = lib were unsuccessful. In toluene-dg below
-80° no resolvable chemical shift difference between the
two conformers was found. Choice of solvents in this study
was severely limited owing to the necessity for a deuteri-
um lock signal when an XL-100 nmr spectrometer is used
for 13C investigations.

Experimental Section

Spectra. Carbon-13 spectra were recorded at 25.2 MHz on a
Varian XL-100-12 spectrometer using 5-mm sample tubes. Tem-
peratures were calibrated using a copper-constantan thermocou-
ple (in a dummy nmr tube) and are judged accurate to +2°. Con-
ditions of complete proton noise decoupling were used.

To ensure that nonsaturating radiofrequency (rf) conditions
were employed, spectra were initially recorded at widely different
rf powers, and the relative peak areas were measured. Final con-
ditions were then chosen where the slope of the relative peak area
us. rf power graph was zero. Integration of the areas under the

Notes

Table |
—aG° Values for the Equilibrium lia lib
(£0.01 kcal/mol)

Temp, £2°C —AG°, kcal/mol
-88 0.16
.92 0.17
-96 0.16

peaks was done by the cutting and weighing procedure. Each
value represents an average of five determinations at a given
temperature. Error limits quoted (+0.01 kcal/mol) represent the
standard deviation.

Materials. 13C enriched (61%) methyltriphenylphosphonium
bromide was prepared from triphenylphosphine and methyl bro-
mide-~"C (61%, obtained from Stohler Isotope Chemicals, Mon-
treal) according to the procedure of Trippett.8 A Wittig reaction9
between cyclohexanone and the 13C-enriched phosphonium salt
yielded labeled methylenecyclohexane in 65% yield. This material
was converted to the spiroaziridine Il in 68% yield according to
the procedure of Fowler, Hassner, and Levy.10
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The Reaction of Lithium Naphthalenide with
Quaternary Ammonium Salts

Summary: The reaction of aliphatic and aromatic tri-
methylammonium iodide salts with lithium naphthalen-
ide occurs selectively with elimination of trimethylamine.

Sir: The reaction of aromatic radical anions with halogen
containing organic compounds has been shown to produce
radicals plus halide ions via dissociative electron trans-
fer.1-2 Although tosylates,3 sulfonamides,4 and polyphen-
ylethanes5 have been cleaved with sodium naphthalenide
to form alcohols, amines, and polyphenylmethanes, reac-
tions with other functional groups such as quaternary am-
monium salts do not appear to have been studied.6

We are pleased to report that several alkyl- and aryltri-
methylammonium iodide salts listed in Table | undergo
reductive cleavage with lithium naphthalenide in tetrahy-
drofuran (THF). The carbon-nitrogen bond to the larger
R group is cleaved preferentially to form radicals and tri-
methylamine.

The formation of radicals is inferred from the reaction
of 5-hexenyltrimethylammonium iodide, 5, where 4% of
methylcyclopentane is formed together with 35% of 1-hex-
ene. The reasons why formation of methylcyclopentane
serves as evidence for the presence of 5-hexenyl radical
have been given by Garst and his coworkers for reactions
of 5-hexenyl halides with sodium naphthalenide.7

Analysis of the results on benzhydryltrimethylammon-
ium iodide, 1, to form sym-tetraphenylethane, 6, also
suggests that some of the 6 is formed by a coupling of two
benzhydryl radicals (path A). Radicals formed in the
presence of an aromatic radical anion are expected to be
reduced to carbanions faster than they can couple to
dimer.1 Path B, summarized in eq 1, involves two sequen-
tial one-electron reductions during which benzhydryl radi-
cal is reduced by a second equivalent of naphthalenide ion
to form a diphenylmethyl carbanion which then displaces
trimethylamine from lyielding 6.

(Ct5Zhn <CH3T
1

(cthb,ch-

(CHHYTHr -1* 6 (1)

In experiments which use equimolar amounts of na-
phthalenide and 1, if the mole percentage of unreacted
salt (Table 1) is a measure of the maximum amount of
carbanion formed by path B, it can be concluded that
22% of 6 is formed by path B and 35% by path A. Addi-
tional support for path A was reported recently for benzyl-

ic a tio n s

ic halides analogous to 1 reacting with naphthalenide
under conditions which militate against path B, namely,
the slow dropwise addition of naphthalenide to halide.8

This reductive cleavage of a carbon-nitrogen bond by
naphthalenide ion is analogous to the sodium in liquid
ammonia fission of quaternary ammonium salts which
have been studied systematically by Grovenstein.9'10 The
most surprising difference between our results with lithi-
um naphthalenide and those reported earlier is that
tétraméthylammonium iodide did not react with lithium
naphthalenide after 3 days at 25°. Sodium in liquid am-
monia on the other hand readily cleaved tétraméthylam-
monium bromide completely within 1.0-2.0 hr.%

Whereas reductions with sodium in liquid ammonia can
be complicated by the presence of strongly basic amide
ions, aromatic radical anions are weakly basic and com-
plications due to Sommelet-Hauser and Stevens rear-
rangements are not encountered.12

Normally in reductions with naphthalenide ion 1 equiv
of naphthalene must be separated from the products. Al-
though it is possible to use a-dimethylaminonaphthalene’s
radical anion as the reducing agent,6 we have cleaved 1
(13.76 g, 0.039 mol) to give 6 (88-100% vyields) using a cat-
alytic amount of naphthalene (1 g) by the portionwise ad-
dition of 1 equiv of lithium to a suspension of 1in THF
(100 ml).

The reductive cleavage of a carbon-nitrogen bond by
naphthalenide ion may form the same type of intermedi-
ate (e.g., T or 30 as is generated in the synthesis step of
the radical anion chain mechanism13 for substitution at
tertiary carbon in p-nitrocumyl chloride and a.p-dinitro-
cumene by tertiary amines.14 An alternate possibility is

CA
NCHN(CH33

that naphthalenide ion transfers the electron directly into
the valence shell of the nitrogen atom to form an unstable
intermediate which eliminates the more stable radical and
a tertiary amine.

In summary, a new method for the chemical cleavage of
the more complex organic grouping from a quaternary
ammonium iodide salt has been discovered.
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Electrosynthesis of Medium- and Large-Sized
Rings by Oxidative Cyclization of
Bis(3,4-dimethoxyphenyl)alkanes

Summary: On anodic oxidation in trifluoroacetic acid
(TFA)-dichloromethane, diarylalkanes, Ar(CH2)ftAr where
Ar = 3,4-dimethoxyphenyl and n > 6, undergo a novel
dimerization-cyclization reaction with formation of a (2n
+ 8)-membered ring compound (3-n).

Sir: We report the anodic synthesis of cyclic compounds
containing rings with as many as 40 members starting
from the bis(3,4-dimethoxyphenyl)alkanes (1-n). These
reactions involve two-electron oxidations to give the inter-
mediate dication diradicals (2-n) which undergo coupling

simultaneously at both ends with a neighboring ion. Dicat-
ion diradicals have recently been implicated as interme-

Communications

Scheme |

diates in the intramolecular cyclization of methoxybiben-
zyls.1 While the synthesis of medium- and large-sized
rings has its own inherent interest, the results presented
here are particularly novel since all previous attempts to
prepare such compounds by anodic coupling reactions
have been entirely unsuccessful.2

The synthesis were carried out by anodic oxidation of the
substrates (5.0 mmol) in TFA-dichloromethane (1:3) con-
taining n-BudNBF4 (1 g in 200 ml of solvent) in a closed
two-compartment cell. Constant current (current density
0.16 mA/cm?2) oxidation was carried out at a platinum
anode (150 cm?2) at -20° under nitrogen until 3.0 Fara-
days/mol had been passed. Zinc dust (3 g) was added and
stirring was continued for an additional hour at —20°.
After work-up, the oily residue was chromatographed on
silica gel (200 g, toluene-ethyl acetate gradient, 25-ml
fractions). The fractions were analyzed by tic and nmr
and mass spectroscopy. The results, along with those ob-
tained by oxidation with manganic tris(acetylaceton-
ate)34 (MTA) are summarized in Table I.

Large-ring compounds (3-n) are only formed on the oxi-
dation of compounds containing a saturated chain of six
or more carbons. As indicated in Table I, both the yield
and the nature of the oxidation products of 1-n depend
dramatically upon the carbon chain length. In spite of
this, we feel that the initial oxidation product is 2-n in all
cases.5 The reactions which the various dication diradicals
(2-n) undergo are summarized in Scheme I. When n is 4
or smaller intramolecular cyclization giving the bridged
biphenyls (4-n) is the exclusive reaction pathway. In the
specific case of n = 2, the phenanthrene 5 is the product
isolated.1 The case where n = 5 (1-5) is unique. Cycliza-
tion here occurs between one ring and the position a to
the other ring to give 6. It is of interest that the yield of
3-n is low for n = 6 or 7, reaches a maximum at n = 8 or
9, and diminishes sharply at n = 16. Also at n = 16 the
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Table 1
Oxidation of Bis(3,4-dimethoxyphenyl) alkanes (1-n) in TFA-Dichloromethane

Compd Oomergon}(%) N I;}roducts (vield %) p'\rgjcgd (cyklag:g%%
1-1 98 4-1 (95) 4-1 (45)

1-2 95' 5 (95)' 4-2 (45), 8 (19)
1-3/ 98 4-3 (94) 4-3 (60)

1-4 97 4-4 (93) 4-4 (90)

1-50 95 6 (38) 6 (25)

1-6 96 3-6 (4 Only polymers
1-7 94 3-7 (12) Only polymers
1-8 100 3-8 (43) 3-8 (8

1-9 100 3-9 (42) 39 (7

1-10 100 3-10 (38) 3-10 (5)

1-16 100 4-16 (16), 3-16 (8) 4-16 (4)
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Mp,6 °C N, 8 (ppmic m/ed

183-184 4.03 (s, 3 H), 4.18 (s, 286 (M +)
3 H), 4.20 (s, 2 H), 6.77
(s, 2H), 7.20 (s, 2H)

211-213 2.80 (m, 2 H), 3.92 (s, 12 H), 598 (M $

(for 8) 4.00 (s, 12 H), 4.08 (m, 2 H),
6.75 (s, 4 H), 7.15 (s, 4 H)
(for 8)

158-159 2.40 (m, 6 H), 3.91 (s, 12 H), 314 (M4
6.80 (s, 2 H), 6.96 (s, 2 H)

115-116 1.10-2.90 (m, 8 H), 3.81 (s, 328 (M +)
6 H), 3.82 (s, 6 H), 6.73 (s,
2 H), 6.76 (s, 2 H)

Oil 1.93 (m, 6 H), 2.80 (m, 2 H), 342 (M+)
3.63 (s, 3H), 3.86 (t, 9 H),
6.33 (s, 1 H), 6.78 (m, 4 H),
4.16 (m, 1 H)

120-122 1.16 (m, 16 H), 2.40 (m, 8 H), 712 (M ¥
3.83 (s, 12 H), 3.95 (s, 12 H), 356 (M2+)
6.63 (s, 4 H), 6.80 (s, 4 H)

129-130 1.16 (m, 20 H), 2.32 (m, 8 H), 740 (M+)
3.83 (s, 12 H), 3.95 (s, 12 H), 370 (M2+)
6.64 (s, 4 H), 6.80 (s, 4 H)

153-154 1.16 (m, 24 H), 2.30 (m, 8 H), 768 (M+)
3.83 (s, 12 H), 3.95 (s, 12 H), 384 (M2+)
6.65 (s, 4 H), 6.80 (s, 4 H)

93-94 1.31 (m, 28 H), 2.33 (m, 8H), 796 (M 4+
3.83 (s, 12 H), 3.95 (s, 12 H), 398 (M2+)
6.66 (s, 4 H), 6.83 (s, 4 H)

133-134 1.16 (m, 32 H), 2.36 (m, 8H), 824 (M +)
3.83 (s, 12 H), 3.95 (s, 12 H), 412 (M2
6.66 (s, 4 H), 6.83 (s, 4 H)

95-97 1.21 (m, 56 Hi, 2.28 (m, 8 H), 992 (M+, 3-1)

(for4-16)  3.78 (s, 12 H), 3.87 (s, 12 H), 496 (M 2+, 3-1)
60-62 6.55 (s, 4 H), 6.71 (s, 4 H) 496 (M+, 4-16)
(for 3-16)  (for 3-16)4

“Three mole of MTA per mole of substrate in TFA-dichloromethane was added during 1 hr to a cooled (—20°) 25 mM
solution of the diarylalkane in TFA-dichloromethane under N2with stirring. When all of the substrate had been consumed
(tic) the reaction mixture was worked up as the electrolysis mixtures. 6 Compounds 4-1, 4-3, and 4-4 were recrystallized from
ethanol and compounds 3-6 to 3-10, 3-16, and 4-16 from ether-pentane (4:1). All new compounds gave satisfactory elemental
analysis. cRecorded in CDC13with TMS internal standard. In the starting compounds (1-n) the CH2 protons appear at
143 [m, (2n —4) H] and 2.50 (m, 4 H), the methoxy protons at 3.85 (br s, 12 H), and the aromatic protons at 6.70 ppm
(narrow m, 6 H). dFor all compounds M +was the base peak. For all compounds 3-n a strong peak appeared at M/2 identified
as M 2+ by the presence of a C-13 satellite at M/2 + 0.5. «From ref 1. <With this particular compound the same result was
obtained in acetonitrile buffered with solid sodium carbonate. « Only 2 Faradays of current/mol of substrate was passed
through the cell in this experiment. hThe 60-MHz nmr for 4-16 is identical with that of 3-16.

intramolecular cyclized product, 4-16, is obtained in mod-
erate yield.6

That the dication diradicals (2-n) are the initial oxida-
tion products of 1-n does not in itself explain why good
yields of the cyclic dimers (3-n, n = 8-10) are obtained. A
random orientation of the molecules would bring about
intermolecular coupling and the formation of polymeric
products. This appears to be the case for n = 6 or 7 where
polymeric materials account for most of the substrate con-
sumed. In the cases where high yields aie obtained (n =
8-10), it appears that the saturated carbon chains orient
in a parallel fashion in the relatively polar medium.

In general, the yields of cyclized products are lower

when MTA is the oxidant. This reflects the difference be-
tween a concerted reaction involving 2-n. and a reaction
involving stepwise oxidation of the two aryl groups in 1-n7
and stepwise formation of the bonds in 3-n. Another dif-
ference in the anodic and MTA oxidations is seen for n =
2. Anodically, 4-2 is oxidized cleanly to 5 while MTA
brings about formation of the intermolecular dimer 8.

Application of this novel reaction to synthesis of other
large rings, in particular crown ethers, is presently under
investigation.
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N-methyl-N-nitro-N-nitrosoguanidinelMNNG)

he very first product offered by Aldrich was

A-methyl-A'-nitro-ZV-nitrosoguanidine (MNNG), sold solely

as a precursor for diazomethane. Beyond a doubt, it is the

most convenient precursor : stable, beautifully crystalline,
generating diazomethane with aqueous alkali.1 However, it has
serious drawbacks. It is the most powerful mutagenic agent2 known
and some people exposed to it develop a skin sensitivity. Also, the
crude MNNG as obtained from the aqueous nitrosation is pyro-
phoric. The recrystallized product is not, and furthermore, it is so
nicely crystalline that it can be weighed easily without contact with
the skin.

For larger scale produc-
tion of diazomethane, our Rsuegae;n
Diazald® has advantages
over MNNG. It is not a
skin irritant and it costs
much less. However,
Diazald® has two disad-
vantages: (i) a shelf-life of
only one to two years,
and (ii) the generation of
diazomethane requires al-
coholic alkali, aqueous al-
kali  being ineffective.
Thus, many scientists,
particularly biochemists,
who require only small
quantities of diazometh-
ane have continued to use
our MNNG.

" Rm¢

The standard preparation

of diazomethane involves

adding MNNG to a cold

'50% aqueous potassium F»“ ™1 Apparatus tor preparing diazomethane«
hydroxide solution cover- Zi0,i00-i and zis,102-8

ed with ether, and then *Reprinted with permission 1>om Anal. Chem..
codistilling the diazo- 45, 2202 (1973). Copyright by the American
methane with the ether. Chemical Society.

Diazomethane has been reported to be explosive, particularly on
contact with ground glass joints, and so generations of chemists
have watched this codistillation with trepidation. We now offer two
sets of apparatus which allow safe, more convenient generation of
diazomethane either with or without distillation.

The first of these enables the preparation of diazomethane from

MNNG without distillation.2 Thus, MNNG is placed in the
inner chamber and cold ether is introduced into the outer
chamber of the apparatus (fig. 1. millimole or micromole size), 5N
sodium hydroxide is then injected through the silicon septum onto
the MNNG and diazomethane collects in the ether, ready for use.
Higher diazoalkanes can be prepared from our other
(V-alkyl-A'-nitro-iV-nitrosoguanidines (ethyl, propyl, butyl, are
available), as can their deuterated and tritiated analogs.'15 Our
Diazald® Kit for the generation of diazomethane from Diazald®
features smooth Clear-Seal® joints which avoid the hazards associa-
ted with ground glass joints. Deuterated diazomethane is easily
prepared using our Deutero Diazald® Prep Set which contains in-
structions and chemicals necessary for generating 50 mmoles of deu-
terated diazomethane.
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