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Reactions of alkyl fert-butylperoxy alkylphosphonates (1), dialkyl tert-butylperoxy phosphates (2), and
other phosphorus compounds of general structure 3 [R = alkyl; R’ = alkyl, alkoxy; X = OR, OH, H, Cl,
OP(O)R’(OR), OCMe;] with benzene in the presence of aluminum chloride proceed rapidly at 5° to produce
primarily the corresponding monoalkyl benzene derived from cleavage of the P---O-. R linkage of the phos-

phorus compound.
of the peroxide linkage.

In the cases of 1 and 2, teri-butylbenzene and phenol are also found, derived from cleavage
Reactions of dialkyl tert-butylperoxy phosphates (2) with phenylmagnesium bromide

produce high yields of tert-butyl phenyl ether and moderate to high yields of the corresponding dialkylphosphoric

acid 8.

The ability of organophosphorus esters to alkylate
alcohols and amines is well documented and has been
recognized for many years. These reactions usually
proceed at elevated temperatures and gencrally do
not require catalysts.? Nucleophilic reactions in-
volving organophosphorus compounds both #n wvive
and in vitro have been the subject of an cnormous
amount of research.? In contrast, electrophilic reac-
tions involving organophosphorus esters are relatively
unexplored.

We have been systematically investigating the chem-
istry of peroxy phosphates 1 and 2 (R, R’ = alkyl) as
model systems for hypothetical intcrmediates ¢n vivo.
In view of the apparent implication of alkylation re-

R’\
P(0)O0OCMe;s
RO

(RO).P(0)00CMe;

1 2

actions in carcinogenesis and cancer chemotherapy,*
and of dealkylation reactions in the aging of phospho-
rylated enzymes,® it was of interest to examine the
alkylation reactions of peresters 1 and 2 under both
electrophilic and nucleophilic conditions. We have
reported on our investigation of the reaction of peresters
2 with amines® and triphenylphosphine” Now we

(1) (8) This investigation was supported by grants from the Public

Health Service, U. 8. Department of Health, Education, and Welfare

(GM 16741) and from the Graduate School of the University of Wisconsin—
Milwaukee. (b) For the previous paper in this series see ref 7.

(2) A. D. F, Toy, J. Amer. Chem. Soc., 66, 499 (1944); G. Friedmann,
et al., Bull. Soc. Chim. Fr., 706 (1970); R. B. Crawford, U. S, Patent 3,253,036
(1966); C. E. Higgins and W, H, Baldwin, J. Org. Chem., 88, 1065 (1968);
G. Hilgetag and H. Teichmann, Angew. Chem., Int. Ed. Engl., 4, 914 (1965).

(3) T. C. Bruice and S. Benkovic, ‘‘Bioorganic Mechanisms,” Vol. 2,
W. A. Benjamin, New York, N. Y., 1966; J. R. Cox, Jr., and O. B. Ramsay,
Chem. Rev., 64, 317 (1964).
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Biology,” Interscience, New York, N. Y., 1968, Chapter 11; H. Druckrey,
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Forschung Stelle Ver, Cigarettenind: Hamburg, Germany; Chem. Abstr., 11,
1498w (1970); T. A. Connors in “'Scientific Basis of Cancer Chemotherapy,”
G. Mathe, Ed., Springer-Verlag New York, New York, N. Y., 1969, pp 10,
11; D. E. Wagner in ““Current Perspectives in Cancer Therapy,”’ W. 8.
Blakemore and I. 8. Ravden, Ed., Harper and Row, New York, N. Y., 1966,
pp 45~51.

(5) A. G. Karczmar in '‘International Encyclopedia of Pharmacology and
Therapy,” Vol. I, A. G. Karczmar, Ed., Pergamon Press, New York, 1970,
section 13, pp 254~260.

(8) G. Sosnovsky and E. H. Zaret, Chem. Ind. (London), 1297 (1967).

(7) G. Sosnovsky, E. H. Zaret, and K. D. Schmitt, J. Org, Chem., 858, 336
(1970).

wish to report on the reactions of 1 and 2 and other
phosphorus compounds (3) containing P.--0---R
linkages with benzenc in the presence of aluminum
chloride and on the reactions of 2 with phenylmag-
nesium bromide.

Although the I'riedel-Crafts type reactions of csters
of carboxylic acids have been widely studied, rela-
tively few investigations of the analogous rcactions of
esters of inorganic acids have been reported.® The
reactions of organophosphorus csters have, to our
knowledge, been discussed only in three short papers.
Thus, the reactions of trialkyl phosphates (3, R =
C.H;, +-C;H;, n-C;Hy; X, R’ = OR) with benzene
in the presence of cither aluminum chloride®* or boron
trifluoride!! give the corresponding aralkyls. None
of these studies dealt with the details and scope of
these reactions.

Our studies show that the reactions of phosphorus
compounds of general structure 3 (R = alkyl; R’ =
alkyl, alkoxy; X = H, OH, OR, Cl, OP(O)(OR)R’,
OCMe;) containing P---0O---R linkages readily pro-
cecd at 5-10° with benzene in the prescnce of alu-
minum chloride to give alkylated benzenes.  Theresults

o R
R\" AlCl,
She @ Q) -
RO
3
R

R + polyalkylated products

shown in Table I indicate that the variations in the
structure of the phosphorus ester have no decisive
effect on the nature and yicld of products.!? In all
cases, the O-C bond was cleaved to give the attacking

(8) F. A. Drahowzal in “Friedel-Crafts and Related Reactions,” Vol. II,
G. A. Olah, Ed., Interscience, New York, N. Y., 1963, Chapter XX,

(9) N. Berman and A. Lowy, J. Amer. Chem. Soc., 60, 2596 (1938).

(10) B. V. Tronov and A. M. Petrova, Zk, Obshch. Khim., 28, 1019
(1953); Chem. Abstr., 48, 8184d (1954).

(11) J. F. McKenna and F. J. Sowa, J. Amer. Chem. Soc., 89, 1204
(1937).

(12) It should be noted that the use of phosphorus esters as alkylating
agents for aromatic compounds on laboratory scale has a potential synthetic
value since they are industrially available, nontoxic liquids as opposed to
most low molecular weight alkylating agents, which are gases.
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Tasie I

Propucts of THE REACTIONS OF ORGANOPHOSPHORUS EsTERS, RO(R/)P(0)X, Wity BENZENE
IN THE PRESENCE oF ALUMINUM CHLORIDE

Registry CsH:R, CsHeRo, Registry CeHsR, CsHuRo,
no. R R’ X A % no. R R’ X % %
78-40-0 C.H; C.H;:0 C.H;0 17 33 34637-92-8 CH, C.H; OH 36 4
518-02-0 {-C;H, 1-C:H:0 1-C3H;,0 42 13 1832-53-7 C.H; CH; OH 92 1
126-73-8 n-CH, n-C;HgO n-CH,0 349 1832-54-8 ~CsHy CH; OH 95 <1
6163-75-3 CH; C.Hs CH;0 33 7 1832-55-9  n-CH, CH; OH 907 <1
683-08-9 C.H; CH, C.H;O 27 24 32288-17-8 C.H; CH;, OP(0) 69 1
C.H; CH;, C,H;0? 12 8 CH;(OEt)
C.H; CH; C,H;0¢ 1 34637-96-2 CH; C.H; OP(O) 64 <1
CgHs CHs CzH.sOb'd 32 18 (OMG)Et
1445-75-6  1-C;H; CH, 1-C;H,0 43 7 34637-97-3 C.H; CH, OCMe; 76% 1
1067-69-2  -C;H; C,Hs 3-C3H,0 2 12 34637-98-4¢  1-C;H; C.H; OCMe; 70
2404-73-1 n-CH, CH; n-CH,0  59¢ 8 813-77-4 CH;, CH;0 Cl 20 9
2404-58-2 n-CH, C.Hs n-C,H,O 36/ 4 814-49-3 C,H; C:H:O0 Cl 31 47
762-04-9 C,H; C.H;0 H 30 12 10419-79-1 1-CsHy -CH,0 Cl 43 2
1809-20-7 ¢-C;H; 1-C;H,0 H 16¢ 6 5284-09-3  C.H; CH; Cl 407
7-CsHy i—CSH7O H 300 3 C.H; CH; Cl 327 28
1809-19-4 n-C,Hy n—C4H90 H 7 1445-76-7 7;-C3H7 CHa Cl 64¢.0
17176-77-1 C¢H,CH, CH;CH,0 H 60
¢ n-Bu 8%, sec-Bu 269,. ? Reaction time 2 hr at 10°. ¢ Method 2. 4 Reaction time 4 hr at room temperature. ¢ n-Bu 8%, sec-Bu
519%. 7 Bu 49, sec-Bu 329,. ¢ Reaction time 1 hr at room temperature. * Reaction time 24 hr at room temperature. n-Bu 15%,

sec-Bu 529%,. 7 n-Bu 199, sec-Bu 719%,.
room temperature.

carbonium ion, R+, while no products derived from
P-C cleavage were detected. The reaction does not
proceed when R is aromatic. Thus, the reactions of
triphenyl phosphate (3, R = Cs¢H;; X, R’ = CsH;0)
form no products derived from P---0O.--CsH; cleav-
age.!?

The reactions of peresters of alkylphosphonic acids
(1, R = Me, Et, +-Pr, n-Bu; R’ = Me, Et) in the pres-
ence of aluminum chloride were investigated under a
variety of conditions. With high dilution, 7.e., large
benzene to peroxy alkylphosphonate ratio, e.g., 135:1,
lowered temperature (5°), and short stirring time (15-
30 min), the following products, resulting from cleav-
age of both the O-C and the O-O-C linkages, are
isolated.

R
R’\ CgH/AICY
P(0)0OCMe, ——t s +
Ve 30 min, 5°
RO
1
CMe;

R OH
R

This reaction is rather sensitive to experimental
conditions. With the ratio of 1:AlCl;:CeHs = 0.01:
0.034:1.35, low temperature (5°), and short duration
(15 min), the amount of tert-butylbenzene is 8-35%,
phenol is 12-669;, and alkylation is 40-859% with
monosubstitution predominating. If the ratio is
changed to 0.05:0.1:0.8, or the reaction time is in-
creased to 20 hr and the temperature to 23-26°, the
tert-butylbenzene and phenol are no longer detected,
while the amount of dialkylation increases (Table II).
It has been shown in our laboratory that the use of
methylene chloride-nitromethane solutions of alu-

(13) G. Sosnovsky, E. H, Zaret, and B. Béhnel, Synthesis, 203 (1971).

k And tert-butyl benzene 377,
» Reaction time 1 hr at 5° and then 24 hr at room temperature.

! And tert-butylbenzene 729%,. ™ Reaction time 20 hr at

° Reaction time 36 hr at room temperature.

minum chloride and benzene results in nonisomerizing
conditions for the reactions of phosphorus esters.'*
If the “milder” complex of AlCL,~CH;NO, is used for
the reaction of 1 with benzene, the amount of fert-
butylbenzene isolated is much greater (509) while the
amount of alkylated product derived from the RO
moiety is low especially when the incipient carbonium
ionis CH;t or C.H;t (Table 11).

The formation of teri-butylbenzene and phenol
might be explained by a mechanism in analogy to the
proposed mechanism for the reaction of feri-butyl
hydroperoxide with toluene.® Since the O-:-O link-
age is the weakest bond in the peroxide molecule, the
initial heterolytic cleavage probably occurs at this
bond, aided by the polarization enhanced by the
electrophilic Lewis acid. Coordination of the alu-
minum chloride probably involves all oxygens of the

1 + AICl; — [1:++AIC]; complex]
4

+
4 —= R + cMe;07 + R'P(O) (0)-

H. _R R
_H+
O +® — @ — @5
0OCMe,
@ + CMe,OF

AlC, CgHy

AlCk
CMe,

00

(14) M. W. Shende, M.S. Thesis, University of Wisconsin—Milwaukee,
1971,
(15) 8. Hashimoto and W. Koike, Bull. Chem. Soc. Jap., 48, 293 (1970).
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TaBre II
Propucts FrRoM THE REacTions oF (RO)R'P(0)YO0CMe; wiTH BENZENE IN THE PRESENCE OF ALUMINUM CHLORIDE

Registry Experimental
no. R R’ method®
6795-02-4 Me Et A
Me Et C
31238-29-6 Et Me A
Et Me (o}
Et Me B
31238-30-9 -Pr Me A
i~Pr Me C
1-Pr Me Cb
31238-31-0 i-Pr Et A
-Pr Et C
31238-32-1 n-Bu Me A
n-Bu Me C
31246-33-0 n-Bu Et A
n-Bu Et C

s Produ et yield, p———————es Alkyl group
- ~RCoHs accounted
R = MesCCsHs HOCsH:s  as aralkyls, %
Me 40 6 7 40

Me 0.5 35 13 0.5
Et 69 15 9 69
Et 0.5 44 15 0.5
Et 95 0 0 95
~Pr 62 11 8 62
1-Pr 53 33 17 53
2-Pr 67 40 10 67
7-Pr 62 12 9 62
2=Pr 66 25 20 66
n-Bu 46.5 2 2 83
sec-Bu 35
n-Bu 17 2 2 20
sec-Bu 3
n-Bu 50 3 2 85
sec-Bu 35
n-Bu 20 3 2 30
sec-Bu 10

a See Experimental Section for details. ® Reaction time 24 hr at room temperature.

Tasir III

PropUCTS OF THE REACTIONS OF BENZENE SOLUTIONS OF DIALKYL fert-BUTYLPEROXY PHOSPHATES,
(RO),P(0)OOCMes, wirH BENZENE IN THE PRESENCE OF ALUMINUM CHLORIDE®

Reaction
(RO):P(=0)- time after Reaction
Registry 0O0CMes AlCls, addition, of R
no. R = mol hr group, %
10160-45-9 Et 0.038 0.5 33
Et 0.034 20 90
18963-66-1 n-Pr 0.038 0.5 71.5
10160-46-0 ~Pr 0.03 20 74
7-Pr 0.034 0.5 64
10160-47-1 n-Bu 0.038 0.5 60

Yield, %
CiHsR CsH4Ra CsH:CMes C:H:0H

33 <1 16 6

90 <1 0 14
n-CsHy 15 16.5 20 12
1-CyHy 40

24 50 0 12

52 12 15 <1
n-C4H9 0 < 1 21 23
sec-CH 60

¢ Stirred at 5° for 15 min after addition; products analyzed by gle.

perester to some extent and aids in the formation of
the alkyl (R*) and alkoxy (CMe;O+) species which
subsequently react with the aromatic nucleus.

Under similar conditions the reaction of fert-butyl
hydroperoxide with benzene produces a mixture of
tert-butylbenzene and phenol in 15-209; yield, whereas
in the presence of aluminum chloride-nitromethane
this reaction results only in a 109, yield of a 1:1 mix-
ture of the same products even after 20 hr of reaction.

The analogous reaction of diisopropyl fert-butyl-
peroxy phosphate (2, R = ¢C;H;) with benzene and
aluminum chloride at 5° produces mainly cumene,
diisopropylbenzene, phenol, and, depending on the
reaction conditions, tert-butylbenzene. The tert-butyl-
benzene is found only if the reaction is worked up soon
after the addition of the perester is completed. If the
reaction mixture is kept at ambient temperature for
24 hr or if the perester is added neat at 5-15°, little
or no tert-butylbenzene is isolated. These results are
consistent with the rearrangements and dealkylation
reactions which have been reported for fert-butyl
phenyl ether and fert-butylbenzene under similar con-
ditions.’* The products of the reactions of peresters
2 with benzene and aluminum chloride are shown in

(16) 8. Natelson, J. Amer. Chem. Soc., 56, 1583 (1934), and references
cited therein.

Table III. Similarly, solutions of aluminum chloride
and benzene in nitromethane-methylene chloride react
with methylene chloride solutions of peresters 2 to
produce mainly the corresponding monoalkylbenzene
and tert-butylbenzene and low yields of phenol and
dialkylbenzene. The results of the gle analyses of
these .experiments are presented in Table IV. The

TaBLE IV
PropucTs FROM THE REACTIONS OF DIALKYL tert-BUTYLPEROXY
Proseuates, (RO)P(0)O0OCMe;, wiTH BENZENE AND
AruMiNUM CHLORIDE IN NITROMETHANE-METHYLENE
CHLORIDE SOLUTION

(RO):P- Reaction
(==0)00- time after Reaction
CMes  addition, of R Yield, %
R = hr group, % CsHsR CeHsCMes CeH;0H
Et 4 2 2 40 <1
n-Pr 4 20 n-CsH, 13 55 5
1-CsHy 7
-Pr 20 - 90 90 56 4
i~Pr 3 21 21 16 2
n-Bu 4 38 n-CiHo 38 40 2
sec-CqH 0

dialkylbenzenes were detected in such small amounts
that their yields are insignificant.
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TasLe V
REACTION OF DIALKYL tert-BUTYLPEROXY PHOSPHATES WITH PHENYLMAGNESIUM BROMIDE

0
MgBr . " OCMe,
(RO),P(Q)O0CMe; + ©/ — (RO),POH + @r

Amount of
Perester 2 perester 2, CsH;Br, Addition
R = mol mol Method time, hr
1-C3Hy 0.03 0.05 A 0.58
C.H; 0.03 0.05 A 1.33
n-CoHp 0.03 0.05 A 0.5
C.H; 0.03 0.063 B
n~CsHy 0.023 0.063 B
1-CsHy 0.03 0.063 B
n~-C.H 0.03 0.063 B

¢ Identified spectroscopically. ® Room temperature.

The reactions of tert-butyl perbenzoate with Gri-
gnard reagents produce high yields of the tert-butyl
ether derived from the Grignard reagent,'” whereas the

CiH;C(0)O0OCMe; + ArMgX —>» C;H;C(O)OH + ArOCMe;

reaction of phosphate esters with Grignard reagents
has been found to involve nucleophilic displacement
of alkoxy or aryloxy groups in a stepwise sequence to
yield the corresponding phosphonate (5), phosphinate
(6), and phosphine oxide (7).

R'MgX
(RO)%P(0) + R'MgX —> (RO)P(O)R' ———>
5

0 0
I R'MgX Il

ROPR/; ——— R/,P
6 7

R, R’ = alkyl, aryl

We have now found that the reaction of phosphorus
peresters 2 (R = alkyl) with the phenyl Grignard
reagent follow the pathway of the carbon peresters
and not that of phosphate esters to give high yields
of tert-butyl phenyl ether and moderate to high yields
of the corresponding dialkylphosphoric acid 8 (Table
V). In addition, low yields of biphenyl and phenol
are isolated. These products are formed as a result
of using regular grade magnesium without further
purification.

MgBr
(RO)-P(0)0OCMe, + ©/ —
2
OCMea
©/ + (RO)P(O)OH

8

Experimental Section

Trialkyl phosphates were commercial samples and were dis-
tilled before use. Dialkyl hydrogen phosphites and dialkyl

(17 8.-0. Lawesson and N. C. Yang, J. Amer. Chem. Soc., 81, 4230 (1959);
C. Frisell and 8.-0, Lawesson, Org, Syn., 41, 91 (1961),

(18) K. D, Berlin and M. E. Peterson, J. Org. Chem., 82, 125 (1967), and
references cited therein.

Yield of
Additional Yield of (RO):P-
Addition Additional stirring CoH;0CMes, (==0)0H,
temp, °C stirring, hr temp, °C % %
10-15 0.1 10 60 a
5-10 4 b 78 a
4-15 19 b 74 a
5-15 1 0-5 82 30
5-15 0.25 5
0.75 b 86 58
5-15 0.25 5
0.50 b 88 71
5-15 0.25 5
1.0 b 95 88

phosphorochloridates were prepared by the method of Fiszer and
Michalski.'* Dialkyl tert-butyl? and dialkyl tert-butylperoxy
phosphates® were prepared as described in our earlier papers.
The dialkyl alkylphosphonates were prepared via the Arbuzov
reaction.?? The phosphonochloridates in turn were readily
obtained by chlorination with PCl; of the Arbuzov products.??
The alkylphosphonic acid monoesters were prepared by alkaline
hydrolysis®® of the same Arbuzov products. The dialkyl dialkyl-
pyrophosphonates were prepared by reaction of the corresponding
chlorides in the presence of hase such as pyridine and water,
while the tert-butyl alkyl esters of alkylphosphonic acid were
synthesized from the corresponding chlorides and potassium ter(-
butoxide.® Alkyl (ert-butylperoxy alkylphosphonates were
prepared by way of the parent chlorides and were then purified
with lead tetraacetate to give analytically pure samples following
a distillation in small lots,?

The benzene used as substrate and solvent was distilled from
and stored over sodium.- All other materials were best com-
mercial grade available used without further purification. Gle
analyses were performed on a Varian Aerograph Model 1700
dual column instrument equipped with WX detectors and a
linear temperature programmer. The areas of the peaks ob-
tained were determined either by triangulation or with a planim-
eter. All boiling points and melting points are uncorrected.

Analytical Procedures.—An Aerograph 1700 dual-column gas
chromatograph was used. The following overall conditions
were maintained: block temperature, 225°; injector temper-
ature, 215°; bridge current, 150 mA; sample size, 2 ul with the
appropriate attenuations. Column 1 was 6 ft X 0.25 in., 20%
Carbowax 20M on Chromosorb W, 80-180°, 40-50 ml of He/min.
Column 2 was 5 ft X 0.25 in., 3% SE-30 on Varapack, 80-200°,
40-30 ml of He/min. All identification of products was by
comparison of retention times and ' ‘‘spiking’’ with authentic
samples. Infrared analysis for verification of the presence of
various functional groups was performed on a Perkin-Elmer
Infracord spectrophotometer, Model 137.

Reactions of Alkylphosphonates (3, X = OR, OH, OP(O)-
(OR)R’, Cl, OCMe;).. General Procedure 1 (Table I).—To a
suspension of 0.09 mol of aluminum chloride in 90 m!l (1.01 mol)
of benzene was-added dropwise a solution of 0.03 mol of phos-
phonate in 30 ml (0.34 mol) of benzene. After the addition,
the mixture was stirred for 20 hr at room temperature and was
then hydrolyzed by pouring it onto 50 ml of ice-cold 109, HCI.

(19) B. Fiszer and J. Michalski, Rocz. Chem., 26, 688 (1952).

- (20) G. Sosnovsky and E. H. Zaret, J. Org. Chem., 84, 968 (1969).

(21) (a) A. E. Arbuzov and N. P. Kushkova, J. Gen. Chem. USSR, 6,
283 (1036); (b) G. M. Kosolapoff, J. Amer. Chem. Soe., 66, 1511 (1944);
(¢)'A. H. Ford-Moore and J. H. Williams, J. Chem. Soc., 1465 (1947).

(22) A, 1. Razumov, E. A. Markovieh, and O. A. Mukhacheva, Khim,
Primen. Fosfororg, Soedin., Tr. Konf., 2nd, 194 (1955); Zh. Obshch, Khim,,
27, 2389 (1957).

(23) R. Rabinowitz, J. Anier.'Chem. Soc., 82, 4566 (1960).

(24) D. G, Coe, B. J. Perry, and R. K. Brown, J. Chem. Soc., 3604 (1957).

(25) Prepared in analogy with the method described in ref 7.

(28) G. Sosnovsky and M. Konieczny, Synthesis, 144 (1971).
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The organic layer was separated, and the aqueous layer was
extracted several times with ether.  The combined organic
layers were washed with 109, sodium bicarbonate solution and
then water, dried (MgS0y), and concentrated by distillation, of
the solvents at 1 atm pressure under nitrogen. The products
were analyzed by gas chromatography.

General Procedure 2.—To a cooled (10°) solution of 120 ml
(1.35 mol) of benzene and 80 ml (1.26 mol) of methylene chloride
was added a cooled (10°) solution of 0.034 mol of aluminum
chloride in 12 ml of nitromethane. To the well-stirred mixture
was then added at 5° a solution of 0.01 mol of phosphonate 3 in
12 m] (0.19 mol) of methylene chloride. After stirring at ambient
temperature for 20 hr, the reaction mixture was hydrolyzed by
the dropwise addition of ice water at 5-10°. The organic layer
was separated, and the aqueous layer was extracted with ether.
The combined organic layers were then washed with 109, sodium
bicarbonate solution and then water, dried (MgSO,), and con-
centrated by distillation of the solvents at 1-atm pressure under
nitrogen. The products were identified by gas chromatography.

Reactions of Alkyl teri-Butylperoxy Alkylphosphonates (1).
General Procedures (Table II). A. In Benzene.—To a well-
stirred suspension of 0.034 mol of aluminum chloride in 90 ml
(1.01 mol) of benzene was added at 5° a solution of 0.01 mol of
alkyl teri-butylperoxy alkylphosphonate in 30 ml (0.34 mol) of
benzene. The reaction mixture was then stirred at 5° for 15
min, and was then hydrolyzed by pouring it onto 25 m] of ice-
cold 109 HCL. The organic layer was separated, and the
aqueous layer was extracted with ether. The combined organic
extracts were washed with 109, sodium bicarbonate solution and
then water, dried (MgSO,), and concentrated by distillation of
the solvents at 1 atm pressure under nitrogen. The products
were then identified by gas chromatography.

B. In Benzene.—To a well-stirred suspension of 0.10 mol of
aluminum chloride in 70 ml (0.79 mol) of benzene was added, as
rapidly as possible at 5-10°, 0.05 mol of alkyl tert-butylperoxy
alkylphosphonate. The reaction mixture was then stirred at 5°
for 1 hr and at ambient temperature for 36 hr, and was then
hydrolyzed by the dropwise addition of 75 ml of water at 5-10°.
The organic layer was separated, and the aqueous layer was
extracted with ether. The combined organic extracts were
washed with 109, sodium bicarbonate solution and then water,
dried (Mg80,), and concentrated by distillation of the solvents
at 1 atm pressure under nitrogen. The products were then
identified by gas chromatography.

C. In Methylene Chloride.—To a cooled (10°) solution of
120 ml (1.35 mol) of benzene and 80 ml (1.26 mol) of methylene
chloride was added a cooled (10°) solution of 0.034 mol of
aluminum chloride in 12 ml of nitromethane.
then was added at 5° a solution of 0.01 mol of alkyl tert-butyl-
peroxy alkylphosphonate in 12 m] (0.19 mol) of dichloromethane.
The reaction was then stirred at ambient temperature for 4 hr,
and was hydrolyzed by the dropwise addition of 50 ml of ice
water. The organic layer was separated, and the aqueous layer
was extracted with ether. The combined organic extracts were
washed with 109, sodium bicarbonate solution and then water,
dried (MgSO,), and concentrated by distillation of the solvents
at 1 atm pressure under nitrogen. The products were then
identified by gas chromatography.

Reactions of Dialkyl Phosphate Esters (3, R’ = OR; X = OR,
Cl, H). General Procedure 3 (Table I).—The ester (0.2 mol)
was added at 8-10° over 1 hr to a well-stirred suspension of 93.6 g
(0.7 mol) of aluminum chloride in 355 ml (4.0 mol) of benzene.
The mixture was stirred for 1 hr and was then poured onto crushed
ice. The organic layer was separated, washed with 59, sodium
bicarbonate solution (2 X 50 ml) and then 50 ml of water, dried
(CaCly), and fractionally distilled, yielding the alkyl benzenes,
whose identity and purity were confirmed by gle. -

Reactions of tert-Butyl Hydroperoxide. A. In Benzene.—A
solution of 0.15 mol of tert-butyl hydroperoxide (dried over
MgS0,) in 90 ml (1.01 mol) of benzene was added at 5-8° to a
suspension of 0.30 mol of aluminum chloride in 270 ml (3.04 mol)
of benzene. The reaction was stirred at 5° for 2 hr, and worked
up according to General Procedure 1. The organic extract
was then concentrated to give 7.04 g (35%) of tert-butylbenzene
which was identified by ir and gas chromatography. Acidi-
fication of the base extract followed by extraction with ether
afforded, after washing with water and drying (MgSO.), 4.70
g (33%) of phenol, as identified by ir and gas chromatography.

B. In Methylene Chloride.—To a cooled (15°) solution of
120 ml (1.35 mol) of benzene and 80 ml (1.26 mol) of methylene

To this mixture
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chloride was added a cooled (10°) solution of 0.35 mol of alu-
minum chloride in 15 ml of nitromethane. To this well-stirred
mixture at 5° was then added a solution of 0.015 mol of fert-
butyl hydroperoxide (dried over MgSQ,) in 12 ml of methylene
chloride. The reaction was then stirred at ambient temper-
ature for 20 hr, since there was no visible reaction after 4 hr,
and was worked up according to General Procedure 2.

Reactions of Benzene Solutions of Dialkyl tert-Butylpéroxy
Phosphates 2 with Benzene in the Presence of Aluminum
Chiloride. General Procedure 4 (Table III).—A solution of
dialkyl tert-butylperoxy phosphate (0.01 mol) in 30 ml (0.34 mol)
of benzene was added at 5° over 45 min to a well-stirred sus-
pension of 5.00 g (0.038 mol) of aluminum chloride in 90 m] (1.0
mol) of benzene. After the addition was completed, the cooling
bath was removed and the mixture was stirred at ambient tem-
perature for the specified time. The reaction mixture was
hydrolyzed by pouring it into 120 ml of 109% ice cold hydro-
chloric acid solution. The organic layer was separated and the
aqueous solution was extracted with ether. The combined
organic layers were then washed with 109, sodium bicarbonate
solution and then water, dried (MgSO,), and concentrated by
removal of the solvents by distillation at 1 atm pressure under
nitrogen. The residual oils were analyzed by gle.

Reactions of Methylene Chloride Solutions of Dialkyl tert-
Butylperoxy Phosphates 2 with Benzene and Aluminum Chloride
in Nitromethane—-Methylene Chloride Solution. General Pro-
cedure 5 (Table IV).—A precooled solution of 4.58 g (0.034 mol)
of aluminum chloride in 12 ml (0.22 mol) of nitromethane was
added to a cold (15°) solution of 120 ml (1.35 mol) of
benzene and 80 ml (1.26 mol) of methylene chloride. To the
resulting solution was added at 2-5° a solution of 0.01 mol of
dialkyl tert-butylperoxy phosphate in 12 ml (0.19 mol) of meth-
vlene chloride. After the addition was completed, the ice water
cooling bath was removed and the reaction mixture was stirred
at ambient temperature for the specified time. Ice water was
added dropwise over approximately 15 min and the organic layer
was separated. The aqueous solution was extracted with ether
and the combined organic layers were washed with 109 sodium
bicarbonate solution and then water, dried (MgSO,), and con-
centrated by removing the solvents by distillation at 1 atm pres-
sure under nitrogen. The residualo ils were analyzed by
gle.

Reactions of Dialkyl teri-Butylperoxy Phosphates 2 with
Phenylmagnesium Bromide. General Procedure 6. A. Pre-
parative Method.—Bromobenzene (7.9 g, 0.05 mol) was added
dropwise into a well-stirred mixture of 1.3 g (0.053 g-atom) of
magnesium and 20 ml of absolute ether at such a rate as to
maintain gentle reflux. After the addition was completed, the
mixture was refluxed for 1 hr and was then cooled to 5°. Di-
alkyl tert-butylperoxy phosphate (0.03 mol) was added as
specified in Table V. The mixture was then stirred for the
prescribed period and hydrolyzed by the addition, with cooling,
of 9 ml of saturated ammonium chloride solution. The liquid
phase was decanted from the inorganic salt and was concen-
trated by distillation of the ether. The residual oil was then
distilled to yield tert-butyl phenyl ether, bp 68-70° (10 mm) [lit.V
bp 57-59° (7T mm)}.

Anal. Caled for C,pHuO: C, 79.95; H, 9.39.
79.60; H, 9.33.

B. Analytical Method. Determination of the Volatile Prod-
ucts by Glc and Isolation of Dialkyl Phosphates.—A solu-
tion of 9.88 g (0.063 mol) of bromobenzene in 40 ml of absolute
ether was added with stirring to 1.63 g (0.066 g-atom) of mag-
nesium at such a rate as to maintain gentle reflux. The mixture
was refluxed for 1 hr after the addition was completed and was
cooled to 5°.  Anhydrous ether (40 m]) was added in one portion
and then a solution of 0.03 mol of dialkyl tert-butylperoxy phos-
phate in 40 ml of anhydrous ether was added dropwise at 5-15°.
After the addition was completed, the mixture was stirred with
ice water cooling for 15 min and was then stirred at room tem-
perature as specified in Table V. The mixture was hydrolyzed
by adding 50 ml of water dropwise at 20°. The organic layer
was separated. The aqueous layer was acidified with 109,
hydrochloric acid solution and was extracted with ether. The
combined ether solutions were washed several times with 109
sodium hydroxide solution and then distilled water, dried (Mg-
804), and concentrated on a rotary evaporator to yield an oil
which was analyzed by gle on column 2.

The sodium hydroxide extracts were acidified with 109,
hydrochloric acid solution and were then evaporated to dryness

Found: C,
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in vacuo. The residual solids were extracted with ether several
times and the combined ether extracts were dried (MgSQO,) and
concentrated, yielding dialkyl phosphates (8) which were iden-
tified as their dicyclohexyl amine salts (Table VI).

TasLe VI

(RO)2-
Registry P(0O)OH Dicyclohexyl Amine Salt

no. R = Mp, °C (solvent) Mmp,® °C
34608-90-7 Et 132-134 (ligroin) 133.5-134.5
14530-43-9 n-Pr 131-133 (acetone) 133-134
13941-64-5 i-Pr 171-173 (acetone) 172-173
34638-10-3 n-Bu 104~105 (acetone) 106-107

« Preparation of the authentic samples was reported in A. F.
Gasiecki, M. S. Thesis, University of Wisconsin—Milwaukee,
1970.

DEBRUIN AND PETERSEN

Registry No.—Benzene, 71-43-2; AlCl;, 7446-70-0;
phenylmagnesium bromide, 100-58-3.
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The stereochemistry of the alkaline hydrolysis of three acyeclic dialkoxyphosphonium salts, (R)- and (S)-
menthoxymethoxymethylphenylphosphonium hexachloroantimonate (2) and ethoxymethoxymethylphenylphos-
phonium hexachloroantimonate (3), was investigated and compared to the previous results obtained for the
alkaline hydrolysis of (R)- and (8)-ethoxymenthoxymethylphenylphosphonium hexachloroantimonate (1).
The extent to which the intermediate phosphorane containing one apical alkoxy group and one equatorial alkoxy
group can undergo pseudorotation prior to direct loss of the apical alkoxide increases by a factor of 10 and 70 as
the apical alkoxy group is varied from methoxy to ethoxy or menthoxy, respectively, but decreases by a factor of
0.6 and 0.3, respectively, as the same variation is made in the equatorial alkoxy group. Thus, depending only
on the nature of the alkoxy ligands, a reaction can proceed either with predominant (>909%,) direct loss of an

alkoxide or predominantly by a pathway involving pseudorotation.

In contrast to previous explanations, the

“bulky’’ menthoxy group exerts no observable steric driving force to oceupy the less hindered equatorial position

of a phosphorane.

In light of the demonstrated stability!—* of penta-~
coordinated phosphorus compounds containing alkoxy
or aryloxy and carbon ligands (oxyphosphoranes?),
analogous species containing a hydroxy ligand* must
be considered as probable intermediates in displace-
ment reactions at phosphorus in phosphorus esters.
However, these hydroxyphosphoranes differ from the
isolated aryl- or alkyloxyphosphoranes in that they

have a facile route for decomposition (eq 1). Thus, at
best, they would be unstable intermediates.
R OR
R\‘P/O X \‘1l>—o- — R\"P/O + TOR ()
r” Dor R” 111 g7 Oy

Several workers have obtainéd indirect evidence that
such intermediates are formed in reactions of ecyclic
phosphorus- esters and that they have sufficient sta-
bility to undergo pseudorotation?® prior to or competitive

(1) (a) F. Ramirez, Accounts Chem. Res., 1, 168 (1968); (b) F. Ramirez,
Bull, Soc. Chim. Fr., 3491 (1970).

(2) (a) F. H, Westheimer, Accounts Chem. Res., 1, 70 (1968), and ref-
erences therein; (b) E. A. Dennis and F. H. Westheimer, J. Amer. Chem.
Soc., 88, 3432 (1966).

(3) (8) D. B. Denney, D. Z. Denney, B. C. Chang, and K. L. Marsi,
ibid., 91, 5243 (1969); (b) D. B. Denney and D. H. Jones, <bid., 91, 5821
(1969); (¢) B. C. Chang, W. E. Conrad, D. B. Denney, D. Z. Denney, R.
Edelman, R. L. Powell, and D. W. White, {bid., 98, 4004 (1971).

(4) Oxyphosphoranes containing one or more hydroxy ligands (OH or
0-) will be referred to as hydroxyphosphoranes.

The extension of these results to the relative stability of intermediates in nucleophilic dis-
placement reactions of phosphorus esters is discussed.

with product formation. In the hydrolysis of five-
membered ring phosphorus esters,?7 the product ratios
obtained have been explained by formation of a phos-
phorane intermediate which may undergo pseudorota-
tion or directly decompose to products, depending on
the system. The retention of configuration®? observed
in the transesterification of four-membered ring csters
(phosphetanes) has been credited to the formation of
the cyeclic phosphorane, pseudorotation, and decom-
position to products. Pseudorotation has also been
invoked in the hydrolysis? of these phosphetane esters.

In contrast to cyclic esters, there seems to be little
information that reactions of acyclic esters involve
intermediates of any detectable degree of stability.
It has been argued!*2t that acyclic oxyphosphoranes
are less stable than cyclic oxyphosphoranes contain-
ing a five-membered ring; while the reverse order of
stability is observed in the tetracoordinated phosphorus
esters. These stability differences may imply that the

(5) For the purpose of this paper, the term *pseudorotation” will refer
to an intramolecular ligand exchange in phosphoranes where the two apical
ligands are exchanged with two equatorial ligands; the stereochemistry
being that predicted by the Berry mechanism.t

(6) R. 8. Berry, J. Chem. Phys., 32, 933 (1960).

(7) (&) R. Kluger, F. Covitz, E. Dennis, L. D. Williams, and F. H.
Westheimer, J. Amer. Chem. Soc., 91, 6066 (1969); (b) R. Kluger and
F. H. Westheimer, 1bid., 91, 4143 (1969).

(8) 8. E. Cremer and B. C. Trivedi, ibid., 91, 7200 (1969).

(9) K. E. DeBruin and J. J. Jacobs, Chem. Commun., 59 (1971).

(10) B. W. Hawes and S. Trippett, ibid., 378 (1968).



