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cooled. The precipitated crystals were separated by filtration,
washed with ether, and dried in vacuo. The ir and nmr spectra of
all the complexes obtained were identical with one another, similar
to the mixture of RhCl(PPhj); and [RhC1(PPhj)s]s, and showed no
peaks assignable to indoline. The elemental analysis of the com-
plex isolated in the reaction at 140° was also explainable by the
mixture.

Anal. Caled for the mixture of CsHysCIPsRh and
CraHgoCloP4Rh; (1:3): C, 66.44; H, 4.65; N, 0.0. Found: C, 66.46; H,
4,82; N, 0.0.

A similar mixture was obtained also when RhCI(PPhg)s (0.03
mmol) was heated in indoline (2.0 mmol) at 80° for 5 hr.

Anal. Found: C, 67.99; H, 4.84; N, 0.0.

When [RhCL(PPhg)s}s (0.03 mmol) was heated in indoline (2.0
mmol) at 80° for 5 hr, the dimer was recovered.

Isolation of RhCI(PPhg)x(pyrrolidine). RhCI(PPhs)s (27.8
mg, 0.03 mmol) and pyrrolidine (142 mg, 2.0 mmol) were sealed in
a Pyrex glass tube in vacuo and heated at 80° for 30 min. The yel-
low crystals isolated melted at 105-106°. The nmr spectrum of
them showed three multiplets centered at r 8.2, 6.8, and 2.7, with
1:1:8 area (in CDCly with TMS as the internal standard). The ir
spectrum showed bands at 2930, 2860, and 886 cm~! which are as-
signable to pyrrolidine.

Anal. Caled for CyH3CINPoRh: C, 65.45; H, 5.37; N, 1.91.
Found: C, 65.11; H, 5.48; N, 1.83.

The same complex which was identified by elemental analysis, ir
spectrum, and melting point was obtained in the similar reaction
between (RhCl(PPh;;)g)g and pyrrolidine.

Registry No.—RhCl(PPhj)s, 14694-95-2; [RhCU(PPhy)s)s,
25966-16-9; [RhCl(cyclooctene)g)s, 12279-09-3; RhClI(PPhg)2(pyr-
rolidine), 53166-29-3; indoline, 496-15-1; cycloheptene, 628-92-2;
pyrrolidine, 123-75-1.
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The platinum-catalyzed hydrogenolysis-reduction of aryl phosphate esters has been investigated with a view
toward the determination of the sequence of reaction steps. The aromatic hydrocarbons related to the ester func-
tions have been isolated and identified as intermediates; these arenes, when subjected to facilitated reaction con-
ditions, yield reduction products in the same proportions as observed in the hydrogenolysis reaction systems. The
course of intermediate formation and decay has been followed and the stereoregularity of the reduction process

has also been investigated.

The hydrogenolysis-reduction of aryl esters of phospho-
rus-containing acids over platinum catalysts (eq 1) is a

0
[ , o |
RR'P—O —=> RRP—OH + 6

reaction which has been of significant utility in the synthe-
sis of numerous organophosphorus compounds; the phenyl
ester linkage is cleaved yielding the free acid while the orig-
inal aromatic ring is reduced to cyclohexane. Its utility
arises as it allows the protection of a phosphorus acid func-
tion with an ester linkage at an early stage in a synthetic
sequence and at a later stage allows the generation of the
free acid without resorting to hydrolytic conditions.

One example of this utility is shown in the synthesis of
dihydroxyacetone phosphate.? At an early stage of the syn-
thetic route the critical phosphate linkage is introduced by
the reaction of diphenyl phosphorochloridate with an ali-
phatic alcohol. The alkyl position is then properly func-
tionalized and at a latter stage the phenyl groups are re-
moved by hydrogenolysis generating the free acid (eq 2).

[@-O}POCHZCKOEt)ZCHpH =
o 2
o

I
(HO),POCH,C(OEt),CH,OH + O )

The hydrolytic removal of either aryl or alkyl protecting
ester linkages is not feasible as the critical phosphate link-

-age in the desired product would also be cleaved.

A most interesting aspect of this reaction is the overall
reduction of the phenyl ring to cyclohexane under the rela-
tively mild reaction conditions. Thereby it is rather sur-
prising that so little attention has been given to this point.
No efforts have been reported to elucidate the course of
this overall reaction, and it appears that, aside from phenyl
esters themselves, only p-nitrophenyl esters have been
used in this reaction;? in this latter work it was presumed
that hydrogenolysis-reduction yielded cyclohexylamine al-
though this was not shown definitively.

As it is known that aromatic hydrocarbons undergo com-
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TableI

H,

|

P10,

X

0
|
(CHCH0),P—OH +
Y

Rel % cis-HCE

Rel % trans -HC? Overall hydrocarbon yield,b %

Ar Compd Vatm Hp 4 atm Hp 1 atm Hy 4 atm H2 1 atm Hp 4 atm Hp
Me Me I 84.2 90.5 15.8 9.5 71.8 36.2
x®
Me I 83.2 90.0 16.8 10.0 75.2 27.8
<G
Me 318 73.0 78.4 27.0 21.6 90.1 31.9
<O
Me v 75.6 79.3 244 20.7 93.8 68.3
2®
Me
Me \4 75.9 81.0 241 19.0 57.8 24.3
5
Me
Me VI 69.2 72.1 30.8 27.3 76.3 67.4
©
Me
@@ VI 83.6 87.8 16.4 12.2 89.0 65.0
VIII 82.3 85.0 17.7 15.0 76.6 65.3

@ Dimethylcyclohexane for xylene reactions and decalin for naphthalene reactions. ® Average value for a reaction time of 24 hr under

reaction conditions described in the Experimental Section.

plete reduction over platinum catalysts at low hydrogen
pressure if an acidic solvent is used or there is present a
strong acid (provided the accompanying anion is not inhib-
itory),%5 a reasonable possibility for the sequence in aryl
phosphate hydrogenolysis appears to be (a) initial cleavage
of the aryl ester linkage yielding arene and the phosphorus-
containing acid, followed by (b) the acid-facilitated reduc-
tion of the arene. To investigate this hypothesis the com-
plete series of diethyl xylyl phosphate esters were prepared
and subjected to hydrogenolysis, the amounts of cis- and

trans- dimethylcyclohexanes formed being measured. Sim-
ilarly, the two naphthyl diethyl phosphate esters were pre-
pared and subjected to hydrogenolysis, and the amounts of
decalins formed were measured.

Two comparisons were to be made using the data thus
obtained. First, the cis:trans ratios for the dimethylcyclo-
hexanes (and the decalin) were to be compared with those
from the facilitated reduction of the corresponding xylene
(or naphthalene) which were the proposed intermediates.
Second, the product ratios for the two xylyl esters with
methyl groups in an ortho relationship were to be com-
pared with each other as were the product ratios for the
three xylyl esters with methyl groups in a meta relation-
ship. The latter comparison would provide information
concerning the possibility of a common intermediate in
each of the two sets of reactions as is necessitated by the
postulated route.

Finally, direct evidence (detection, isolation) for the
structure of any intermediate involved was to be obtained.

Results and Discussion

The diethyl xylyl phosphates (I-VI), which have not
been reported previously, and the diethyl naphthyl phos-

phates® (VII, VIII) were prepared using a modification of a
standard method.” These were subjected to hydrogenol-
ysis-reduction over Adams catalyst in absolute ethanol so-
lution at 1 and 4 atm pressure of hydrogen. The reaction
solutions contained an internal reference of cyclohexane for
gas-liquid chromatographic (glc) analysis. The overall yield
and hydrocarbon product distribution data for these reac-
tions are summarized in Table I.

Similarly, the xylenes and naphthalene were subjected to
catalytic hydrogenation over Adams catalyst in absolute
ethanol solution with diethyl phosphoric acid added for fa-
cilitation of reaction.* Again, cyclohexane was used as an
internal reference for glc analysis of the reduction prod-
ucts. The data for these reactions are summarized in Table
IL.

First should be noted the close correlation of product
distribution under both sets of reaction conditions for the
two compounds (I and II) containing methyl groups in an
ortho relationship, for the three compounds (III-V) con-
taining methyl groups in a meta relationship, and finally
for the two naphthyl compounds (VII, VIII). This serves as
as preliminary evidence of a common intermediae within
each set. Moreover, the close correspondence with product
distribution data for the xylene and naphthalene reduc-
tions is indicative of the intermediacy in each case of the
free arene. It should also be noted that these relative yields
are in good agreement with the work of Schuetz and
Caswell® on xylene reductions over Adams catalyst and the
distribution trends with changing pressure are in accord
with those observed by Siegel, et al.?

While the previously mentioned data are indicative of
the intermediacy of free arene, they by no means serve as
definitive proof; this is best attained by detection and iso-



246 J. Org. Chem. Vol. 40, No. 2, 1975

Jung and Engel

o) Ho , fafm
1t
(EtO), P ——————  (Et0),POH + Q () + ] Q]
P\‘02 ,EtOH
(0.0204 M) [ )
o ¢}
100
90
80
% of reactant
70
80
50 ]
40
30
20
10 —_—
&0
c 1 2 3 4 5 6 7 8 21 22 23 24
Time (hr)
Figure 1.
H2 , latm .
(Et0), PO o (Et0),POH  + + +[ ]
P?Oz,EtOH ’
(0.0208 M) ° o o
100
20
80
70 g % of reactant
60
50
40
30
20
e ——
10 F
0
o | 2 3 4 5 6 7 8 21 22 23 24
Time (hr)
Figure 2.

lation of the intermediates themselves. This situation was
realized for all aryl ester reactants with the exception of
compound V. (This reaction system will be discussed more
fully in a succeeding paragraph.) The arenes could be inter-
cepted during the reaction using glc and were identified by
comparison of their spectral and physical properties with
those of authentic samples.

For all reaction systems (with the exception of com-
pound V) the formation and disappearance of intermediate
arene, at atmospheric reaction conditions, was followed by
gle analysis. Two examples of the data obtained are shown
graphically in Figures 1 and 2. Similar plots are obtained

for the five other compounds from which intermediate
arene may be isolated. Maxima in arene concentration for
these systems (compounds I-IV, VI-VIII} were attained
within 1-2 hr after reaction initiation. For the xylyl esters
these maxima ranged between 8 and 30% of the concentra-
tion of the initial reactant whereas for the naphthyl esters
they were about 40% of the initial reactant concentration.
As mentioned above, the diethyl 2,6-dimethylphenyl
phosphate, compound V, appeared anomolous as no m- xy-
lene could be detected although its intermediacy was indi-
cated by the stereochemical data. This result may be ra-
tionalized in the following way. The hydrogenolysis of the
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Table I1

H, PtO,

X
—_— e >
@ (CH,CH,0),PO,H
Y

¢

Rel % cis~HC?

Rel % trans-HC® Overall yield, %

Compd Registry no. 1 atm Hy 4 atm Hy } atm Hy 4 atm Hy 1 atm Hp 4 atm Hp

Me 95-47-6 87.4 89.1 12.6 10.9 100.0 98.4
o

Me 108-38-3 75.2 79.8 24.8 20.2 97.4 89.3
O-»

Me_@_Me 106-42-3 67 .4 74.9 32.6 25.1 100.0 100.0

91-20-3 86.4 13.6 100.0

@ Dimethyleyclohexane for xylene reactions and decalin for naphthalene reactions. * Average value for a reaction time of 24 hr.

Table I1I
Elemental analyses,®? o Mass spectra,’ m/e
Compd Carbon Hydrogen Yield, % Parent Base Bp, °c (Pymm)
I 55.65 7.44 54 258 104 104 (0.12)
II 55.48 7.58 75 258 122 109 (0.17)
T 55.41 7.47 27 2568 132 101 (0.10)
v 55.89 7.50 38 258 122 97 (0.14)
\% 55.99 7.25 43 258 104 107 (0.45)
VI 56.12 7.66 81 258 201 99 (0.05)

@ All analyses were performed by Schwarzkopf Microanalytical Laboratories, Woodside, N.Y. ¢ Calcd for C12H1904P: C, 55.81; H, 7.36.
¢ All mass spectra were measured using a Varian MAT CH-7 instrument operating at 70 eV and 100-1A trap current.

ester linkage is presumed to be slow relative to the other
esters investigated due to steric interference by the two
methyl groups, both of which are adjacent to the position
where cleavage reaction occurs. The m- xylene once formed,
however, reacts at the same rate as if derived from any
other source. Whereas for all other reaction systems inves-
tigated the rate-limiting step in saturated hydrocarbon
production is arene reduction, for compound V the oppo-
site situation attains and cleavage is rate limiting. Thus a
detectable concentration of m- xylene is never present.

This rationalization is also in accord with the relatively
low overall yield of saturated hydrocarbon isolated from
reaction of compound V. After generation of - sufficient
diethylphosphoric acid for activation of the catalyst, the
rate of ester cleavage remains slow; however, reduction of
the aromatic ring of the ester may occur yielding a substi-
tuted cyclohexyl ester which does not cleave.? Evidence for
the presence of these reduced esters in the reaction mixture
has been found although detailed structural characteriza-
tions have not been made.

However, when the reaction is conducted in cyclohexane
solution, m-xylene is obtained in significant quantity from
compound V, as are the arenes from the other aromatic es-
ters investigated. This provides an interesting and possibly
useful reaction medium; in cyclohexane hydrogenolysis
proceeds smoothly but reduction of the arene is retarded.

Observation of the catalyst during the two processes pro-
vides a clue to understanding this behavior. Using alcohol
solvents the catalyst, upon initial reduction, begins to coag-
ulate slightly as arene is formed; upon complete reduction
of arene the finely dispersed catalyst is regenerated. In con-
trast, with cyclohexane as the reaction medium, upon reac-
tion initiation, the catalyst clumps and later congeals to an
oil which adheres to the glass walls of the reactor; the nor-
mal finely dispersed catalyst is not regenerated. This oil

retains activity for hydrogenolysis of the aryl phosphate
linkage but not for arene reduction. As such it bears poten-
tial utility for selective isolation of arenes.

Experimental Section

Reagents. All reagents used in the preparation of the phosphate
esters were purchased from Aldrich Chemical Co. and used with-
out further purification. Solvents in the preparative work were
dried over sodium metal prior to use. Absolute ethanol was pur-
chased from Commercial Solvents Corp. and used without further
purification. The platinum oxide catalyst (83 + 0.5%) was pur-
chased from Engelhard Minerals and Chemicals Corp.

General Synthesis of Diethyl Aryl Phosphates. To a solution
of 0.10 mol of the substituted phenol in 400 ml of sodium-dried
benzene was added 0.13 mol of sodium hydride with constant me-
chanical stirring. The reaction medium was stirred overnight as
hydrogen was evolved. To the stirred slurry of phenolic salt was
added dropwise 0.10 mol of diethyl phosphorochloridate. Upon
dissolution of the salt yielding a clear solution, the reaction mix-
ture was washed with 500 ml of water. The organic layer was sepa-
rated and dried over anhydrous magnesium sulfate, and the ben-
zene was removed by distillation at reduced pressure. The residue
was then vacuum distilled to yield the diethyl aryl phosphate.
Yield and analytical data are shown in Table III. Satisfactory ele-
mental analyses and ir, nmr, and mass spectra were obtained for
ali compounds.

General Procedure for Atmospheric Pressure Hydrogen
Reactions. The reactor used was of standard design!® operated
with manual adjustment to maintain atmospheric pressure of hy-
drogen in the reaction vessel. The reaction mixture was stirred
throughout the reaction period using a magnetic stirrer. A reaction
flask bearing a side arm fitted with a serum cap was used that sam-
ples could be removed for analysis during the course of the reac-
tion, For the analytical experiments the reaction flask was charged
with 25 ml of an absolute ethanol solution ca. 0.020 M in the com-
pound to be investigated and ca. 0.020 M in cyclohexane which
was used as the reference for glc analysis. To this was added 25 mg
of PtOs. For the xylene reactions the reaction solution was also
prepared ca. 0.010 M in diethyl phosphoric acid. For studies in-
volving the isolation of intermediates and products the concentra-
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tion of reactant was increased to ca. 1 M. Reactions of phosphates
in cyclohexane were performed at the same concentrations with
the same amount of catalyst. Control experiments were performed
to ensure that isomerization of initial products did not occur.

General Procedure for 4-Atm Hydrogen Reactions. All reac-
tions were performed using a standard Parr apparatus with shaker.
The pressure was adjusted manually to maintain 4 atm pressure in
the reaction portion. The reaction solutions used were as described
above for atmospheric pressure investigations. All systems were re-
moved from the reactor and filtered through Celite to remove the
catalyst prior to glc analysis.

Analysis, Gas-liquid chromatographic analyses (and prepara-
tive-scale glc) were performed using a 5 ft X Y, in. column of 20%
Apiezon L on Chromsorb W at column temperatures of 70-120°,
varying with the compounds to be observed. For analytical data all
products and intermediates were compared for relative response
factors; chart areas were measured using a compensating planime-
ter. Control experiments were made to ensure that product inter-
conversion was not occurring during analysis.

All ir spectra were measured using a Perkin-Elmer Model 237 B
spectrophotometer, nmr spectra were measured using a Varian
EM 360 spectrometer, and mass spectra were measured using a
Varian MAT CH-7 instrument.

Summary

The hydrogenolysis-reduction of aryl phosphate esters
has been found to proceed by initial hydrogenolysis yield-

Zanger and Rabinowitz

ing the free phosphorus-containing acid and the free arene
followed by reduction of the arene. The reaction may be in-
tercepted at the arene stage by conducting it in cyclohex-
ane solvent; here the catalyst activity for reduction is re-
tarded by the strong acid which is formed in the initial
step.

Registry No.—I, 53336-80-4; II, 14143-06-7; III, 563336-81-5; IV,
53336-82-6; V, 39604-15-4; VI, 53336-83-7; VII, 33650-14-5; VIII,
16519-26-9,
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Iodine was allowed to react with olefins, in the dark, for periods of up to 10 days and their nmr spectra were pe-
riodically recorded. All of the olefins showed extensive conversion to their respective diiodides. The reaction was
monitored by the disappearance of the olefin peak and the appearance of an iodinated methine proton peak. In
the case of cis olefins, between the second and third days, a second halogenated methine band was observed at
higher field. Its chemical shift corresponded to that of the iodinated trans olefin. Based on this evidence and sup-
ported by glc experiments, a trans addition-cis elimination mechanism is postulated for the “dark” reaction.

In spite of a gradually increasing number of papers deal-
ing with the iodination of olefins,-29 most texts either ig-
nore the reaction or state that it does not occur. In actuali-
ty certain olefins have been shown to add iodine easily,
though more slowly than either bromine or chlorine. The
iodinated products however are relatively unstable and can
eliminate iodine on heating.

Various investigators have demonstrated that the reac-
tion is extremely complex. Robertson? and others studied
what they believed was the ionic reaction and found that
the reaction was homogeneous in polar solvents and hetero-
geneous in nonpolar solvents. They were also able to show
that the reaction was catalyzed by light.! This finding led
to additional work on the free-radical iodination of olefins.
Most of the recent work has concentrated on the light-cata-
Iyzed process and its kinetics and stereochemistry.57 Sum-
rell® showed that the reaction of lower olefins was exother-
mic in the absence of solvent and was able to utilize the
products to make iodohydrins in good yield.

As a result of other investigations in this laboratory it
became of interest to look at the “dark” reaction, especially
of unsaturated fatty acids. The reversibility of the iodina-
tion of olefins suggests itself as a possible mechanism for

the biotransport of iodine in living systems. A study was
therefore undertaken to follow this reaction using nuclear
magnetic resonance as a probe to determine the course and
stereochemistry of the reaction.

Results

A variety of unsaturated compounds with emphasis on
fatty acids, their esters, and phospholipids were mixed with
an equimolar quantity of iodine in an inert solvent in the
absence of light and the reaction followed in an nmr instru-
ment. Comparable saturated fatty acids and their deriva-
tives were similarly treated as controls. In addition several
related dibromo adducts were also prepared as model com-
pounds whose stereochemistry is well known. Since the origi-
nal olefinic protons and the newly halogenated ones com-
prised but a small proportion of the total proton content of
the compounds studied, the double-resonance technique
was employed to enhance the sensitivity of the nmr mea-
surements and to give accurate chemical shifts. None of the
decoupled spectra were corrected for the Bloch-Siegert
shift,!! but it is estimated that the error in the observed
chemical shift is less than 0.05 ppm. The results are sum-
marized in Table L.



