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The observation that amines and alcohols are phosphorylated by dibenzyl
phosphonate, in the presence of polyhalomethanes such as carbon tetrachloride
or bromotrichloromethane (1), led to our investigation (1948-1950) of the re-
action of a-trichloromethyl carbony! compounds with trialkyl phosphites. This
paper deals with the reactions of chloral, w,w,w-trichloroacetophenone, and
ethyl trichloroacetate with triethyl phosphite. These reactions are described in
the doctoral thesis of one of us (I. 8. B.) (2); their publication is prompted by
Werner Perkow’s recent description of the chloral-triethyl phosphite reaction
(3).

The reaction of trialkyl phosphites with alkyl halides (Arbuzov reaction)
proceeds by the following reaction path to yield a dialkyl alkylphosphonate.

(RO);P: + R'X — [R'P(OR);[*X~ — R’P(0)(OR),; + RX (A)

The alkyl halide undergoes a nucleophilic displacement to yield the non-
isolable alkyl trialkoxyl phosphonium halide. The halide ion can then attack
an alkoxyl group to give the phosphonate ester and the alkyl halide (4).

Chloral. The first interpretation of the reaction of chloral with triethyl phos-
phite was that it proceeded by the above-described Arbuzov reaction to yield
the expected diethyl dichloroformylmethylphosphonate, (CH;CH,0),(0)-
PCCI,CHO (1), (2). This interpretation was also advanced by subsequent
investigators (5).

The identity of the chloral-triethyl phosphite reaction product as I was
based upon the following observations and assumptions.

(a) It is the product expected from the Arbuzov reaction.

(b) Phosphorus and chlorine analyses are in correct agreement.

(¢) The immediate production of a silver mirror is observed on treatment
with Tollens’ reagent.

(d) Prolonged treatment with a strongly acidic solution of 2,4-dinitro-
phenylhydrazine produced the bis-2,4-dinitrophenylhydrazone of glyoxal. This
derivative can arise from I, if the cleavage, of the normally hydrolytically
stable carbon-phosphorus bond, is facilitated by the presence of the chlorines
adjacent to the phosphorus atom. Kamal and Egorova had indeed reported
that a carbon-phosphorus bond cleavage occurs during the acidic hydrolysis of
diethyl trichloromethylphosphonate, CCl;P(O)(OCH,CH;). (6). This observa-
tion, however, has since been demonstrated to be incorrect; no carbon-phos-
phorus bond cleavage is observed (7).

Besides the above-mentioned evidence which substantiates the structure of
the triethyl phosphite-chloral reaction product as I, the following non-cor-
roborative observations were made.
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{e) The product behaves as if the carbonyl group is absent. Attempts to
obtain a color test for, or a derivative of, the aldehydic group failed. Besides
the positive Tollens’ test, the reaction with 2,4-dinitrophenylhydrazine was
extremely slow and the yield of derivative was small.

(f) Although an appreciable quantity of heat must be applied before the
usual Arbuzov reaction proceeds, the triethyl phosphite-chloral reaction, in
contrast, proceeds violently by simply mixing the reagents together. The reac-
tion must be moderated by cooling in an ice-water bath. The yields are quanti-
tative (95 % or better).

Observations (e) and (f) created some doubts as to the validity of structure
I. Recently, Werner Perkow (3) has demonstrated that triethyl phosphite
reacts with chloral to give the phosphate ester, diethyl 8,8-dichloroviny! phos-
phate, (CH;CH:0)(0)POCH=CCl, (II), and not the expected isomeric
phosphonate ester (I).

Thus, Perkow showed that the reaction product was unsaturated; it readily
absorbed one mole of chlorine or bromine. It gave no qualitative tests for the
aldehyde group, although Tollens’ reagent was not employed. Hydrolysis with
conc’d hydrochloric acid, in & sealed tube, yielded phosphoric acid; the organic
fragments were not identified. It did not react with 2,4-dinitrophenylhydrazine,
in contrast to our observation (e).

After this manuseript was completed, three independent papers dealing with
the synthesis of the dimethyl homolog of II have been published (8). The re-
action involves the dehydrochlorination of dimethyl 2,2,2-dichloro-1-hydroxy-
ethyl phosphonate.

(CH;0):(0)PCHOHCCI; + ~OH — (CH;0),(0)POCH=CCl; + H,0 + CI- (B)
II1

Mattson, Spillane, and Pearce (8a) corroborate our observation, in that III
does give glyoxal dinitrophenylosazone. Barthel, Alexander, Giang, and Hall
(8c), however, claim that neither II nor III reacts with 2,4-dinitrophenylhy-
drazine, but that III gives glyoxal p-nitrophenylosazone.

Perkow’s observations motivated the preparation of a new sample of the
triethyl phosphite-chloral product and its infrared spectrum was examined.
The spectrum (Fig. 1) confirms Perkow’s conclusion that the product is II,
and not I.

The pertinent absorptions oceur in the 3.26 and 6.06u regions. Both clearly
indicate olefinic unsaturation; in contrast, the strong absorption in the 5.80u
region due to an aldehydic carbony. group, to be expected of structure I, is
absent. The characteristic absorption frequencies due to the various phos-
phorus-oxygen linkages are in accord with previous investigations (9). Similar
interpretations of the infrared spectra of these compounds have recently been
advanced (8a, b, ¢). In addition, the reaction of triethyl phosphite with di-
chloroacetaldehyde proceeds in the same fashion to give diethyl 8-chlorovinyl
phosphate. The latter reveals similar 3.26 and 6.06u absorption bands with no
carbony! absorption (10).

The confirmation of I as the correct product structure requires the explana-
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Fic. 1. INFRARED SPECTRA OF DIETHYL 8,8-DicELOROVINYL PHOSPHATE. Lower curve,
pure liquid. Upper curve, ca. 1:10 CS; solution. (Instrument, Perkin-Elmer model 21; cell
thickness, 0.0541 mm.)

tion of (a) its reaction with Tollens’ reagent, (b) its reaction with 2,4-dinitro-
phenylhydrazine, and (c) the reaction path of its formation.

(a) Tollens’ reagent, being strongly basic, can hydrolyze the vinyl ester to
the corresponding aldehyde which can then reduce the complex cation to metal-
lic silver:

(CH;CH;0):(0)POCH=CCI, + “OH
- (CH,CH,0):(0)PO~ + [CCl==CHOH — HCCL,CHO] ©)

Freshly distilled vinyl acetate, for example, gives an immediately positive
Tollens’ test.

(b) Acidic hydrolysis of II again can produce dichloroacetaldehyde as in (a)
above. Prolonged treatment of dichloroacetaldehyde with 2,4-dinitrophenyl-
hydrazine is known to give the bis-glyoxal derivative. This reaction has been
corroborated by Mattson, Spillane, and Pearce (8a).

(¢) Any suggested reaction path must consider that triethyl phosphite does
not react with non-chlorinated aldehydes. The instant reaction, therefore, must
be intimately connected with the strong inductive effects of the chlorine atoms
in chloral. These effects, which produce an over-all formal charge distribution
as represented by IV, lead to a hydrolytic instability of the carbon-carbon
bond. Thus,

-3

(Cl 0
\"'5 / Py
-8 { Cl—0—C 4+ "0OH — CLC <« CH—0O~ —
/ +6\
cl H H 's)

CCLH + HC00~ (D)
v

Triethyl phosphite, a Lewis base, can attack the relatively unhindered
carbonyl carbon atom to give the intermediate, V. The neighboring negatively
charged oxygen atom can readily link with the positively charged phosphorus
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atom (3-membered ring formation) with the concomitant cleavage of the
carbon-phosphorus bond and the release of a chloride ion to give VI.

Cl 0~ OEt OFEt
]
| |
Cl—C—C—P+—0Et — CI- + ClL,C=CH—O—P+—O0Ft ()
Pl !
Ci H OEt OEt
v V1

The reaction of a-chloroaldehydes and other bases, for example, methoxide
ions, leads to a similar neighborly attack by the earbonyl oxygen atom. Thus,
Stevens, Farkas, and Gillis (11) have observed the following:

0 H
/ \ /'/
RCHCHO + ~OCH, — R—QH—C\ —
! AN
Cl Cl OCH;
O
R—CH——CH—OCH:; + CI" (®

The fact that the triethyl phosphite-chloral reaction proceeds exothermically
favors, but does not establish, the Lewis acid-base neutralization reaction as
the primary reaction step. Further indication that the above-proposed mecha-
nism is correct is that it can readily explain the dehydrochlorination rearrange-
ment reaction (as represented by Eqn. B) observed by the subsequent three
groups of investigators (8). The first step is the removal of a proton from the
hydroxyl group to give VII; the latter contains a negatively charged oxygen
atom in the same relationship to a formally positively charged phosphorus atom
as in V. The rearrangement can then occur as in the chloral-triethyl phosphite
case.

CCL,CHP(O)(OR): + ~OH — CCLCHP(O)(OR), + H0 (e3)
OH -0
VII

w,w,w-Trichloroacetophenone. Triethyl phosphite reacts vigorously with w,w,w-
trichloroacetophenone to give an almost quantitative yield of product. In the
light of Perkow’s work and the present spectral findings, the product is diethyl
a-phenyl-g,8-dichlorovinyl  phosphate, (CH;CH,0);(0O)POC(CsH;)=CCl.
(VIID).

Hydrolysis of the reaction product with hydrochloric acid yields an oil. The
elementary analysis of the latter material is in agreement with that of w,w-
dichloroacetophenone.

Ethyl trichloroacetate. In contrast to the two strongly exothermic and near-
quantitative reactions above, a mixture of ethyl trichloroacetate and triethyl
phosphite must be heated to 140° before evolution of ethyl chloride begins; the
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yields are only fair. This suggests that the product is either the material expected
from the normal Arbuzov reaction, diethyl dichlorocarbethoxymethylphosphon-
ate, (CH;CH,0),(0)PCCl,COOCH,CH, (IX) (12) or is a mixture of IX and
diethyl a-ethoxy-g3,3-dichlorovinyl phosphate, (CH3CH20)2(O)PO(‘3=0012 x).

OCH.CH;,
An indication that X is the major reaction product is provided by its acidic
hydrolytic behavior, The compound yields both phosphoric and dichloroacetic
auidds.

) H*
tﬁt’_‘-H3CHgO)g(O)PO(]]=CCIg + 4H,0 —— 3CH;CH,OH +

OCH.CH,
(HO),P(0) + [HO—(C=CCl, — HCCLCOOH! ®H)

OH

Carbon tetrachloride. Prior to the performance of the above-described re-
actions, the reaction of carbon tetrachloride with triethyl phosphite was investi-
gated to determine whether there was any free-radical contribution to the
reaction path. Suitable vacuum line techniques disclosed that the yield of
diethyl trichloromethylphosphonate (CCl,P(O)(OCH,CHj),, (13) was not
greatly affected by the presence of inhibitory amounts of oxygen.

EXPERIMENTAL

The preparation of triethyl phosphite. The original method of the preparation of triethyl
phosphite by the interaction of phosphorus trichloride, absolute ethanol, and pyridine in
ether solution (14) was modified by the use of quinoline instead of pyridine. Dimethyl-
aniline (15) and diethylaniline (16a, b) have also been used. Triethyl phosphite is a clear,
mobile liquid with a sickening odor (b.p. 51-53°/13 mm., n® 1.4138, 72% yield). It is now
available commercially.

Apparatus. The reactions were conducted in a 125-ml. two-necked round-bottomed flask
equipped with & gas inlet tube and a ¥ 24/40 joint. The latter was attached to an all-glass
Claisen distillation assembly. The distillation assembly was fitted with a § 19/38 joint to
accommodate a dropping-funnel. A stream of nitrogen removed the ethyl halide, formed
during the reaction, from the reaction mixture.

Triethyl phosphite was reacted with the following halides: Carbon tetrachloride in the
absence of air. Commercial carbon tetrachloride was distilled through a vacuum-jacketed
tantalum wire column (b.p. 75°).

Triethyl phosphite (10 g., 0.06 mole) and carbon tetrachloride (9.27 g., 0.06 mole) were
placed in a tube and the latter was evacuated. Three degassing operations removed the
dissolved air. The tube was sealed, heated for four hours at 100°, opened, and the reaction
mixture was distilled at reduced pressure. The fraction boiling at 118°/10 mm. was diethyl
trichloromethylphosphonate, n3’ 1.4618, 31% yield.

Anal. Cale’d for CsH;oC]sO:P: P, 121, Mol. wt., 255.

Found: P, 12.1; Mol. wt., 258 (cryoscopic; benzene).

Carbon tetrachloride in the presence of oxygen. The reaction was performed as above, ex-
cept that 15 mm. of oxygen was introduced into the reaction tube before it was sealed. Dis-
tillation of the reaction mixture at 100°/3 mm. gave diethyl trichloromethylphosphonate
(239% yield; n¥ 1.4600).
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Chloral. Chloral (b.p. 96-97°) was obtained by its distillation from a mixture of chloral
hydrate and sulfurie acid.

Triethyl phosphite (14.4 g., 0.0865 mole) was added dropwise to chloral (12.7 g., 0.0865
mole). The reaction is extremely vigorous and was moderated by cooling in an ice-water
bath. Both Perkow (3) and Barthel, et ai. (8¢) moderate the reaction by using ether or
benzene as a solvent. The diethyl 8,8-dichlorovinyl phosphate formed in the reaction was
recovered by distillation (b.p. 69-71°/0.5 mm., n2 1.4498, 98% yield).

Anal. Cale’d for CeHy,Cl,O0.P: P, 12.5; Cl, 28.5; Ag equiv., 124.5.

Found: P, 12.5; Cl, 28.3; Ag equiv., 123.9.

This reaction has also been conducted by cautiously adding triethyl phosphite to an
equimolar amount of chloral which is stabilized with hydroquinone. The product was ob-
tained in 95% yield (b.p. 146°/20 mm.; n3’ 1.4491).

The ester gives a positive test with Tollens’ reagent, but does not react with thiosemi-
carbazide. With 2,4-dinitrophenylhydrazine hydrochloride, the 2,4-dinitrophenylosazone
of glyoxal (m.p. 326°) is obtained.

w,w,w-Trichloroacetophenone. Trichloroacetophenone (b.p. 113-115°/8 mm.) was pre-
pared by the Friedel-Crafts method (17) by the use of aluminum chloride, benzene, and
trichloroacetyl chloride (18). A 2,4-dinitrophenylhydrazone derivative of the w,w,w,-
trichloroacetophenone melted at 113-115° with decomposition.

Triethyl phosphite (15 g., 0.09 mole) was slowly added to w,w,w-trichloroacetophenone
(20 g., 0.09 mole) in order to moderate the violence of the reaction. The produet, diethyl
a-phenyl-8,8-dichloroviny! phosphate, was recovered by distillation (b.p. 105-110°/10~3
mm., n3 1.5195, 91% yield).

Anal. Cale’d for CoH,15CL:0.P: P, 9.6; Cl, 21.8; Ag equiv., 162.

Found: P, 9.5; Cl, 21.8; Ag equiv., 160.

The ester was heated with 18% aqueous hydrochloric acid in a sealed tube for six hours
at 160° to give a material which correctly analyzed for w,w-dichloroacetophenone.

Anal. Cale’d for CsHyCl,0: Cl, 37.5; Ag equiv., 94.5.

Found: Cl, 38.0; Ag equiv., 95.4.

Ethyl trichloroacetate. Ethyl trichloroacetate (b.p. 61-63°/12 mm. n® 1.4505) was pre-
pared in 819, yield by passing anhydrous hydrogen chloride into a solution of trichloroacetic
acid in anhydrous ethanol (19).

A mixture of triethyl phosphite (33.2 g., 0.2 mole) and ethyl trichloroacetate (38.3 g.,
0.2 mole) was heated for four hours at 140~150°. A smooth evolution of ethyl chloride took
place.

The reaction mixture was distilled to give the following fractions.

Fraction 1: Ethyl trichloroacetate (b.p. 62-70°/12 mm., nY 1.4460, 33.3% of the starting
ester).

Fraction 2: The reaction product is diethyl a-ethoxy-g,8-dichlorovinyl phosphate (b.p.
103°/0.5 mm., n3’ 1.4284, 40% yield).

Anal. Cale’d for CsH,;CL.O:P: P, 10.6. Found: P, 10.6.

Fraction 3: An impure liquid (schlieren). This material is presumably the product ob-
tained by the replacement of two of the chlorine atoms of ethyl trichloroacetate by two
diethyl phosphono groups (b.p. 114-120°/0.5 mm., 8% yield).

Anal. Cale’d for C;H,ClOsP; P, 15.7. Found: P, 16.3.

Fraction 4: A small amount of a residue (2.6 g.) which did not distill.

Hydrolysis of the reaction product with 18% aqueous hydrochloric acid yielded phos-
phoric acid (identified as the aniline salt, m.p. and mixture m.p. 178.5-179°), and dichloro-
acetic acid (identified as the S-benzylthiuronium salt, m.p. and mixture m.p. 174-175°).

Acknowledgment. We wish to thank Mr. Carl A. Hirt, of the Analytical
Section of the General Electric Research Laboratory, for his aid in the interpre-
tation of the infrared spectra.
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SUMMARY

The reactions of triethyl phosphite with chloral, «,w,w-trichloroacetophenone,
and ethyl trichloroacetate are described. The infrared spectrum of the triethyl
phosphite-chloral reaction product corroborates Werner Perkow’s conclusion
that it is not the Arbuzov reaction expected phosphonate ester, (C.H;0):(0)-
PCCl,CHO (I), but is the isomeric phosphate ester, (C.H;0).(O)PCH=CCl,
(II). The mechanism proposed to explain this rearrangement can also apply to
the recently reported rearrangement of (RO).(O)PCHOHCCI; to II when the
former compound is dehydrochlorinated with base.

Cuicago 37, ILLiNoIS
ScHENECTADY 5, NEW YORK
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