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Triphenyl phosphite reacts readily with sulfuryl chloride, thionyl chloride, sulfur monochloride and sulfur dichloride. 
With equimolar amounts of sulfuryl or thionyl chloride oxygen abstraction occurs easily at less than 10° under an atmos
phere of nitrogen in diffuse light, and even in the dark, to give thionyl chloride or indications of sulfur dichloride, respec
tively, while triphenyl phosphite is converted to triphenyl phosphate. Sulfuryl chloride is more reactive than thionyl chlo
ride which, in turn, seems to be less reactive than sulfur dichloride. Both sulfur dichloride and sulfur monochloride react 
rapidly with triphenyl phosphite to give triphenyl phosphorothionate and "triphenoxyphosphorus dichloride." Intermedi
ate addition products could not be isolated or detected. These reactions are considered general for triaryl phosphites, phos-
phines and other trivalent phosphorus compounds which have no cleavable alkoxy groups. 

During studies on phosphorogenic pneumato-
gens, i.e., phosphorus compounds which decompose 
into one or more gaseous products, we investigated 
the reaction of sulfuryl and thionyl chloride with 
various phosphites. The failure to obtain addition 
products of sulfuryl chloride with trialkyl phos
phites1 led to an examination of its reaction with 
triaryl phosphites. Although adducts with inor
ganic acid chlorides have not yet been reported, it is 
well known that , in contrast to phosphites bearing 
an alkyl group, triaryl phosphites give moderately 
stable addition products with halogens'2'3 and alkyl 
halides.2 4 In the present investigation intermedi
ate addition products of triphenyl phosphite with 
sulfuryl chloride, thionyl chloride, sulfur mono
chloride or sulfur dichloride were not isolated nor 
observed. The reactions proceeded rapidly at 
<10° and apparently even in the absence of light to 
give products shown in the transformations 

(PhO)3P + SO2Cl2 J- (PhO)3PO + SOCl, (1) 
(PhO)3P + SOCl2 > (PhO)3PO + SCl2 (2) 

2(PhO)3P + SCl2 >• (PhO)3PS + (PhO)3PCl2 (:}) 
.'J(PhO)3P + S2Cl2 > 2(PhO)3PS + (PIiO)3PCl2 (4) 

Sulfur mono- and di-chloride yielded at least 
85%. of the expected products. We believe these 
reactions are stoichiometric and the modest recov
eries are at t r ibuted to difficulties in handling hygro
scopic hydrolyzable materials. The reaction with 
sulfur monochloride provides an interesting experi
mental confirmation for Morrison's conclusion5 re
garding the reaction of triethyl phosphite with 
sulfur monochloride. Furthermore, our results 
with sulfur dichloride cast considerable light on 
the type of compounds which the Arbuzovs and 
their co-workers6 must have obtained but were un

ci) A. C. Poshkus and J. E. Herweh, THIS JOURNAL, 79, 0127 
(1957). 

(2) G. M. Kosolapoff, "Organophosphorus Compounds," John 
Wiley and Sons. Inc., New York, N. Y., 1950, p. 32,">. 

(3) (a) G. S. Harris and D. S. Payne, J. Chem. Soc, 3038 (1956); 
(b) H. N. Rydon and B. L. Tonge, ibid., 30-13 (1956). 

(t) (a) P. Rumpf, Bull. soc. chim. {France), 128C (1951); (b) A. E. 
Arbuzov and L. V. Xesterov, Izvesi. Akad, A'auk S.S.S.R. OtJd. Kliim. 
Xauk, 427 (1954); C. A., 49, 9541c (1955). 

(5) D. C. Morrison, THIS JOURNAL, 77, 181 (1955). 
(0) (a) A. E. Arbuzov, B. A. Arbuzov, P. I. Alimov, K. V. Nikono-

rov. XT, I, Rizpolozhensk'i and O. X. Fedorova, Trudy Kazan Filiiila 
Akad. Nauk S.S.S.R., Ser. Khim. Vauk. 2, 7 (1956); C. A., 51, 10363g 
(1957); (b) W. T.orenz and G. Schrader, German Patent 820,001 
(1951). 

able to isolate or identify." The use of triaryl 
phosphites in gaining a bet ter understanding of the 
Michaelis-Arbuzov and related reactions of acid 
chlorides56-8 ~10 is clearly demonstrated by our studies. 

The ease with which these reactions proceed in 
non-polar solvents such as petroleum ether and the 
failure to find any evidence for quasi-phosphonium 
intermediates even at low temperatures suggests a 
radical mechanism.11 If one accepts an expanded 
valence shell for phosphorus12 the course of reac
tion involving sulfur dichloride is interpreted read
ily in terms of a free radical mechanism similar to 
tha t proposed by Walling and Rabinowitz1 3 for re
actions involving dialkyl disulfides and trialkyl 
phosphites. 

(ArO)3P + SCl2 > [(ArO)3P-SCl2] > 

(ArO)3P-Cl + Cl-S- (T)) 
CIS- + (ArO)3P Z^Jl (ArO)3P-S-Cl ((>) 

(ArO)3P-S-Cl + (ArO)3P > 
(ArO)3P=S + (ArO)3P-Cl (7) 

(ArOi3P---Cl + SCl2 > (ArO)3PCl2 + CIS- (S) 
I t is unlikely tha t active radical species such as 
chlorine atoms play an important role in these re
actions. In this respect our proposal differs some
what from tha t of Walling and Rabinowitz.13 

A somewhat similar situation exists with sulfur 
monochloride when the following additional pa ths 
are necessary in the over-all reaction scheme 

(ArO)3PCl + S2Cl2 -—> (ArO)3PCl2 + ClS2- (9) 

ClS2- + (ArO)3P —*• (ArO) 3 P-S-S-C l (Kl) 
(ArO) 3 P-S-S-C l >• (ArO)3P=S + CIS- (11) 

CIS- + S2Cl2 - ^ SCl2 - CUS2- (12) 
(7) We have isolated and identified triethyl phosphorothionate and 

diethyl pfrosphorochloridate as the major reaction products of sulfur 
dichloride and triethyl phosphite. 

(S) (a) E. E. Gilbert and C. J. McOough, U. S. Patent 2,090,450-1 
(1954); (b) D. C. Morrison, J. Org. Chem., 21, 705 (1950); (c) K. A. 
Petrov, C. A. Sokolski and B. M. Polees, Zhur. Obshch. Khim., 26, 
3381 (1950); C. A., 51, 9473/ (1957). 

(9) J, Michalski and J. Wieczorkowski, Bull. Acad. Polon. Set., 
Classe 3, 4279 (1950); C. A., 51, 42G6* (1957). 

(10) A C. Poshkus and J. E. Herweb, T H I S JOURNAL, 79, 4245 
(1957). 

(IJi Investigations on the reactions of sulfonyl and sulfenyl chlo
rides with triaryl phosphites indicates that the reaction scheme pro
pose;! by Willing and Rabinowitz13 may have to be modified to inter
pret our results. Details will be given in a forthcoming paper. 

•;l_'l The authors appreciate the opportunity one of us (A.C.P.) 
had to discuss the free radical chemistry of phosphorus with Drs. K. 
Ramirez and Cheves Walling. 

(13) C. Walling and R. Rabinowitz, THIS JOURNAL, 79, 5320 (1957) 
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Sulfur-sulfur cleavage either heterolytically as 
proposed by Jacobsen, Harvey and Jensen14 for re
actions involving dialkyl disulfides and trialkyl 
phosphites or homolytically as interpreted by Wall
ing and Rabinowitz13 seems less attractive when sul
fur monochloride is the reactant than the homolytic 
chain sequence we suggest. Cleavage at the Cl-S 
bond should proceed with a facility equal to that at 
the S-S bond since the Cl-S and S-S bond energies 
do not differ significantly.13 Since the hindered 
phosphonyl radical is not expected to be highly re
active, steric considerations alone would point to an 
attack at the chlorine rather than the sulfur atom 
in the chain propagation step. Furthermore, the 
well-known fact that chlorine reacts only slowly 
with sulfur monochloride16 also supports the con
tention that the reaction chain we propose for sul
fur monochloride is a reasonable one. 

Un ike reactions involving sulfur mono- or di-
chloride, those with sulfuryl or thionyl chloride are 
somewhat more complicated apart from the various 
consecutive reactions which may and, under suit
able conditions, do occur. The most notable fea
ture of these reactions is the oxygen transfer from 
the sulfur to the trivalent phosphorus atom. Our 
results in conjunction with the known reactions of 
phosphorus trichloride and sulfuryl17 or thionyl 
chloride,18 both known to be slow below 100° in ab
sence of Lewis acids, and the more recent accounts 
on the reactions of sulfuryl chloride with diphenyl 
phosphorochloridite19 and ethylphosphonous di-
chloride20 lead to the generalization that com
pounds of type (ArO)nPCl3 - n and RnP Cl3 _ „ are 
readily oxidized by sulfuryl or thionyl chloride. In 
fact aryloxy groups seem to facilitate oxygen trans
fer and a halogen on the phosphorus atom is not 
necessary for the reaction to occur. 

The behavior of the alkyl analogs to give sulfur 
dioxide, an alkyl halide and a dialkyl phosphoro-
chloridate with sulfuryl chloride1 thus differs from 
the aryl esters. Mixed aryl alkyl phosphites will 
react like trialkyl phosphites whereby the alkyl 
group is cleaved and the aryl group remains with 
the phosphorus moiety. The sulfur analogs of tri
valent phosphorus acids behave somewhat simi
larly. We have found that trialkyl trithiophos-
phites react with sulfuryl chloride apparently along 
two simultaneous paths: one giving an oxidation 
product characteristic of triaryl phosphites and the 
other, like trialkyl phosphites, producing sulfur di
oxide. This reaction, however, has not been 

i > (EtS)3PO + SOCU 
(EtS)3P + SO,C)2—| 

i > (EtS)2PSCl + SO2 + EtCl 
(14) H. I. Jacobsen, R. G. Haivey and E. V. Jensen, T H I S JOURNAL, 

77, 6064 (1955). 
(15) T. L. Cottrell, "Strengths of Chemical Bonds," Butterworths, 

1954, p. 258. 
(16) N. V. Sidgwick, "Chemical Elements and Their Compounds," 

Vol. II, Oxford, 1950, p. 946. 
(17) (a) R. Kirk and D. Othmer, "Encyclopedia of Chemical Tech

nology," Vol. XII , lnterscience Publishers, New York, N. Y., 1957, 
p. 410. (b) German Patent 415,315 (1921) as cited in Mellor, "Treat
ise of Inorganic and Theoretical Chemistry," Vol. X, Longmans, 1940, 
p. 657. (c) M. Trautz, as cited in Mellor, "Treatise on Inorganic and 
Theoretical Chemistry," Vol. X, Longmans, p. 674. 

(18) H. B. North and J. C. Thomson, T H I S JOURNAL, 40, 774 (1918). 
(19) H. R. Atherton, V. M. Clark and A. R. Todd, Rec. trav. Mm., 

69, 295 (1950). 
(20) B. C. Saunders and T. S. Worthy, J. Chem. Sac, 2115 (1953). 

worked out in sufficient detail for an extended dis
cussion at this time. In contrast to our observa
tions, Divinski and his co-workers21 reported that 
thiophosphites do not undergo the Michaelis-Arbu-
zov reaction and mentioned the ease with which the 
phosphorus-sulfur bond is cleaved. Similarly, 
trialkyl8"'22 and triaryl10 phosphites as well as tri
aryl phosphines23 deoxygenate sulfonyl halides. We 
have found that sulfur dioxide also is reduced by 
phosphites and we believe that sulfur trioxide or its 
adducts with tertiary amines or with ethers will be 
active oxidants for compounds of trivalent phos
phorus. 

When triphenyl phosphite is added to sulfuryl 
chloride in petroleum ether at low temperatures an 
immediate precipitate (or an emulsion if the reac
tion temperature is more than about 15°) forms. 
In order to ascertain whether this product was "tri-
phenoxyphosphorus dichloride," triphenyl phos-
phite-sulfuryl chloride adduct or triphenyl phos
phate, it was filtered off under anhydrous condi
tions at low temperatures and shown to be exclu
sively triphenyl phosphate. In media which are 
good solvents for triphenyl phosphate precipitation 
will not occur under similar conditions. A 1:1 mole 
ratio of the reactants gives practically theoretical 
yields of triphenyl phosphate; thionyl chloride can 
be recovered in good yields. Failure to observe a 
yellow color in the reaction mixture indicates the 
absence of sulfur dichloride which might be ex
pected if the thionyl chloride formed deoxygenated 
easily. The argument that sulfur dichloride is not 
observed due to its rapid reaction with sulfuryl 
chloride is excluded because, although the equilib
rium to give thionyl chloride is favored,24 such a 
reaction in absence of catalysts is slow at tempera
tures prevailing under our conditions. A dilute 
solution of sulfur dichloride in sulfuryl chloride does 
not decolorize in the absence or presence of pyridine 
even after several hours at room temperatures. It is 
concluded that sulfuryl chloride is more reactive 
than thionyl chloride and if the reactions are con
ducted in an excess of sulfuryl chloride, side reac
tions due to participation of thionyl chloride can be 
reduced to negligible magnitudes. 

Although these experiments normally were con
ducted in diffuse daylight augmented by fluorescent 
lighting, the same reactions occur in the dark as 
manifest by a rapid rise in temperature when the 
diluted reactants are mixed in absence of light. We 
conjecture that labile peroxidic intermediates 
formed by the action of oxygen on trivalent phos
phorus compounds may be the source of initiating 
radicals. Despite the usual precautions to exclude 
air, traces of oxygen may have had access to the 
reaction mixture. 

When sulfuryl chloride is added rapidly (with 
cooling) to triphenyl phosphite the results, not un
expectedly, are essentially the same as those for the 
reversed addition. However, when the sulfuryl 
chloride is added slowly to triphenyl phosphite, the 

(21) A. F. Divinski, M. I. Kabachnik and V. V. Sidorenko, Doklady 
Akad. Nauk S.S.S.R., 60, 999 (1948); C. A., 43, 560« (1949). 

(22) F. Hoffman, T. Moore and B. Kagan, THIS JOURNAL, 78, 6413 
(1956). 

(23) L. Horner and H. Nickel, Ann , 597, 20 (1955). 
(24) A. G. Evans and G. W. Meadows, Trans. Faraday Soc, 43, 607 

(1947). 
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initial reduction of sulfuryl chloride is followed by 
further reduction of the resulting thionyl chloride 
according to equations 1, 2 and 3. Furthermore, an 
appreciable amount of sulfur dioxide is evolved and 
the solution assumes variable shades of yellow to 
red. The color indicates the presence of sulfur di
chloride or monochloride in the reaction mixture. 

Sulfur dioxide may arise from several sources: 
(a) by dissociation of the chlorosulfuryl radical be
lieved to be a transient species in the reaction, (b) 
by reaction of sulfuryl chloride with triphenyl phos
phorothionate and (c) during reactions involving 
thionyl chloride with triphenyl phosphite. The first 
possibility is excluded on the basis of experiments 
in which a mole equivalent of triphenyl phosphite 
reacted with one mole equivalent of sulfuryl chlo
ride. Triphenyl phosphate was produced quan
titatively and "triphenoxyphosphorus dichloride" 
was not formed as one would expect if sulfur dioxide 
were produced. This result also excludes any possi
bility of "triphenoxyphosphorus dichloride" as an 
intermediate which would react subsequently with 
sulfur dioxide. Although the reactions of sulfur di
oxide with various chlorides of pentavalent phos
phorus have been reported19-25 we have found that 
the reaction with "triphenoxyphosphorus dichlo
ride" is slow even at 25°. The second possibility is 
credible since we observed that triphenyl phosphoro
thionate reacts with sulfuryl chloride in ether at 
20° (cooling necessary); the solution turns deep 
orange, sulfur dioxide can be detected, and triphenyl 
phosphate was isolated. Sulfur dichloride or mono-
chloride, probably the main sulfur compounds 
formed, can account for the color. Thionyl chloride 
under similar conditions does not react with tri
phenyl phosphorothionate. The third possibility, 
which is probably the major source of sulfur dioxide 
as we have shown in our studies on thionyl chlo
ride, will be discussed later in this paper. 

In order to ascertain whether triphenyl phospho
rothionate is oxidized by oxygen during its isola
tion 

O2 
(PhO)3PS — > • (PhO)3PO + SO2 

an ethereal solution of the phosphorothionate was 
shaken in air with alkaline aqueous alcoholic solu
tion for 1-2 hours at room temperatures. Tri
phenyl phosphorothionate was recovered unchanged 
and neither sulfite nor sulfate were detected. Fur
thermore, it was found that although sulfur dioxide 
reduces trialkyl phosphites at an appreciable 
rate at 30° to give a mixture of the corresponding 
phosphate and phosphorothionate, at temperatures 
(<25°) used in these investigations triphenyl phos
phite is not reduced to any appreciable extent. 
After several hours contact with sulfur dioxide at 
about 35°, triphenyl phosphite is recovered almost 
quantitatively and neither triphenyl phosphate nor 
triphenyl phosphorothionate was detected. 

When triphenyl phosphite is added to sulfuryl 
chloride in proportions to satisfy the requirements 
of the reaction 
4(PhO)3P + SO2Cl2 — > • 

2(PhO)3PO + (PhO)3PS + (PhO)3PCl2 

(25) G. M. Kosolapoff, "Organophosphorous Compounds," John 
Wiley and Sons, Inc., New York, N. Y., 1950, p. 328. 

sulfur dioxide is produced in variable amounts de
pending upon the reaction conditions. About 50 to 
80% of the total sulfur is accounted for as triphenyl 
phosphorothionate and the remainder as sulfur di
oxide. Surprisingly enough 10-20% of the sulfur 
is associated with "triphenoxyphosphorus dichlo
ride."26 The presence of a sulfur compound in the 
ether insoluble crystalline mass was somewhat dis
turbing, but an examination showed this to be most 
likely a solution of sulfur dioxide in "triphenoxy
phosphorus dichloride." Analysis of this insoluble 
product after washing with dry ether showed that 
S:P:C1 = 1:5-6:6-7. Hydrolysis in cold dilute 
alkali converts up to 95% of the phosphorus com
pound into triphenyl phosphate. The acidified 
aqueous filtrate decolorizes an iodine solution,27 the 
vapor decolorizes iodine paper, and on oxidation 
sulfate is produced. These results do not support 
thionyl chloride-triphenyl phosphite adducts such 
as those speculated by Bell28 for alkyl analogs. 

The low Cl:P ratio (1.2:1) compared to a theo
retical value of 2:1 may be due to reactions in
volving triphenoxyphosphorus dichloride and tri
phenyl phosphite.8b 

(PhO)3PCl2 + (PhO)3P — > (PhO)4PCl + (PhO)2PCl 

Such a reaction would account for the appreciable 
presence of hydrolyzable chlorine compounds in the 
ether-soluble fraction. The extent of this reaction 
would depend upon the temperature to which the 
mixture is subjected and the promptness with which 
it is worked up. We have observed that the solid 
formed immediately after reaction becomes oily on 
standing in a dry atmosphere. 

The ether-soluble components consist of triphenyl 
phosphate, triphenyl phosphorothionate and very 
likely both triphenyl phosphite and diphenyl phos-
phorochloridite. Trivalent phosphorus compounds 
are detected by decolorization of aqueous iodine so
lutions in both organic and water layers after sulfur 
dioxide has been removed by washing with dilute 
base, in the first case, and boiling the acidified aque
ous washings in the second. Hydrolyzable halogen 
is present in considerable amounts (up to 50% of 
the available chlorine) most likely as the phosphoro-
chloridite. This is consistent with the loss in 
weight of the oil on washing with dilute alkali. The 
hydrolysis of triphenyl phosphite29 could not by it
self account for this loss. A control consisting of 
triphenyl phosphate and phosphorothionate showed 
that these compounds could be recovered in better 
than 90% yield thus precluding loss of these con
stituents. The presence of the phosphorochlori-
dite and the phosphite account for the high P: S ra
tio (1:4 to 1:6) which seems to be correlated 
roughly with the amount of sulfur dioxide formed 

(26) Triphenoxyphosphorus dichloride may be a mixture of products 
as Rydon has shown so nicely (Special Publ. Xo. S of Chemical So
ciety, London). The melting points probably have little diagnostic 
value. 

(27) It must be pointed out that triphenyl phosphite decolorizes 
aqueous iodine solutions quite readily, particularly on warming. 
The reaction is not as rapid as that with trialkyl phosphites or dialkyl 
phosphorous acid. 

(28) A. Bell, U. S. Patent 2,508,364 (1950). 
(29) (a) Noack, Ann., 218, 98 (1883), (b) A. E. Arbuzov and M. G. 

Imaev, Doklady Akad. Nauk S.S.S.R., 112, 850 (1957); C. A., 51, 
13741. 
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(45-65% of the sulfuryl chloride used) in the reac
tion. 

The reaction of sulfuryl chloride with triphenyl 
phosphite may proceed either through a cyclic 
transition intermediate proposed earlier for the re
action of sulfuryl chloride with trialkyl phosphite1 

or more likely, in this case, through relatively inac
tive radical intermediaries. 

(PhO)3P + ClSO2- ± ^ : (PhO)3POSOCl (13) 

(PhO)3POSOCl — > - (PhO)3PO + ClSO- (14) 

ClSO- + SO2Cl2 ^ SOCl2 + ClSO2 (15) 

This reaction sequence is analogous to that re
ported for the radical initiated addition of sulfuryl 
chloride to olefins in presence of sulfur monochlo-
ride to give chlorosulfites.80 Under our conditions 
the chlorosulfuryl radical neither dissociates into 
sulfur dioxide and chlorine nor does it transfer its 
halogen to other molecules. The attack of a phos
phite molecule at an oxygen atom has been dis
cussed by Ramirez and Dershowitz.31 The ionic 
intermediate postulated by them resembles the 
one proposed in another paper.1 

Thionyl chloride resembles sulfuryl chloride in 
its reaction toward triaryl phosphites or phos-
phines. A radical reaction path similar to that 
postulated for sulfuryl chloride interprets our re
sults reasonably well. 

(PhO)3P + ClSO- ±Z£ (PhO)3POSCl (16) 

(PhO)3POSCl — > • (PhO)3PO + CIS- (17) 

The chlorothiyl radical in competition with reac
tion 6 would abstract either a chlorine (equation 18) 
or an oxygen atom (equation 19) yielding in either 
case sulfur dichloride. 

CIS- + SOCl2 —>• SCl2 + ClSO- (18) 
CiS- + osci2 ± ^ : [CiSOSCi2] ±^: ciso- + sci2 (19) 

A yellow to orange discoloration of the reaction 
mixture sometimes observed indicates the presence 
of sulfur dichloride. Normally, the reaction solu
tions remain colorless or at most the oil which comes 
out is pale yellow with a greenish cast. The yellow
ish oil and the vapors above it oxidize iodide ions 
to iodine. When triphenyl phosphite reacts with a 
large excess of thionyl chloride, the reaction mix
ture turns a pale yellow and the major product is 
triphenyl phosphate. Only small amounts of tri
phenyl phosphorothionate and triphenoxyphos-
phorus dichloride roughly in a 1:1 mole ratio are 
formed. These results support the postulated re
action scheme.32 

When thionyl chloride and triphenyl phosphite 
are reacting in a 1:3 mole ratio, the results are 
analogous to the reaction of sulfuryl chloride and 
triphenyl phosphite in a 1:4 mole ratio as one would 
expect. Sulfur dioxide is produced in variable 

(30) (a) A. Y. Yakubovich and Y. M. Zinoviev, J. Gen. Chem. 
(USSR), 17,2028(1947); C. A., 43, 1248i (1949); (b) M. S. Kharasch, 
Inst. Intern. Chim. Solvay S' Conseil CMm., 177 (1950); C. A., 47, 
3253h. 

(31) (a) F. Ramirez and S. Dershowitz, J. Org. Chem., 22, 856 
(1957); (b) T H I S JOURNAL, 78, 5614 (1*856). 

(32) Evidence for sulfur monoxide as a reactive intermediate in re
actions of thionyl chloride with trialkyl phosphites will be discussed 
in a subsequent paper. 

amounts (20-40% of the thionyl chloride used). 
As in reactions involving sulfuryl chloride under 
analogous conditions, the sulfur dioxide appears to 
be dissolved in the "triphenoxyphosphorus di
chloride" fraction, but most of it is lost when this is 
dried at low pressures. The manner by which 
sulfur dioxide is formed is not clear although the 
disproportionation of chlorothionyl radicals into 
sulfur dioxide and sulfur dichloride or reactions in
volving sulfur monoxide are likely sources. 

The "triphenoxyphosphorus dichloride" frac
tion after being subjected to vacuum-drying showed 
only small amounts of sulfur. A phosphorus-
chlorine ratio of 1.0:1.2 and the presence of phos
phites as well as some chloride in the ether soluble 
portion indicates, as we have discussed above, that 
diphenyl phosphorochloridite and triphenyl phos
phite are present. 

A brief investigation on the reaction of thionyl 
chloride with triphenyl phosphine indicates a close 
similarity to the triphenyl phosphite reaction. 
Triphenyl phosphine oxide was identified and evi
dence for triphenyl phosphorus dichloride was 
found (hydrolyzable chlorine analysis). Triphenyl 
phosphine should be more suitable than triphenyl 
phosphite for studying oxygen transfer reactions 
since complex mixtures of phosphorus chlorides such 
as we experience in our work3b cannot form. 

Experimental3b 

Starting Materials.—Triphenyl phosphite (Eastman 
Organic Chemicals) was purified by washing its ethereal 
solution consecutively with 5% aqueous sodium hydroxide, 
distilled water and saturated aqueous sodium chloride. 
The ethereal solution dried over sodium sulfate was distilled, 
and the fraction boiling a t 181-189° (1.0 mm.) was used in 
these reactions. 

Both sulfuryl chloride and thionyl chloride (Eastman 
purified grade) were redistilled a t atmospheric pressure and 
the fractions boiling a t 69° and a t 78°, respectively, were 
used in subsequent reactions. 

Sulfur dichloride (Hooker Electrochemical Company) 
was redistilled under reduced pressures and the fraction 
boiling a t 37-39° at 180 mm. was used. 

All solvents used in these reactions were dried over so
dium. 

The Reaction of Triphenyl Phosphite with Sulfuryl Chlo
ride, (a) Preliminary.—A solution of 45.9 g. (0.34 mole) 
of sulfuryl chloride in 24 ml. of benzene was added drop wise 
to a stirred solution of 93 g. (0.3 mole) of triphenyl phosphite 
in 77 ml. of benzene a t 0° . After 15 hr. at ambient tem
peratures the orange colored 2-phase liquid reaction prod
uct was distilled at atmospheric pressure to remove low 
boiling components (pot temperatures 85°). The residual 
oil was distilled in vacuo to give 5 g. of an unidentifiable 
acidic forerun, b .p . 165-180° (1 mm.); 12 g. (0.045 mole) 
of diphenyl phosphorochloridate,34 b .p . 180-182° (1 mm.); 
and 41 g. (0.13 mole) of triphenyl phosphate, b .p . 203-
206° (1 mm.) , which solidified on cooling. The white 
solid, m.p . 46-47°, reported m.p. 50°,S6 did not depress the 
m.p. of an authentic sample. The undistillable tarry resi
due gave no identifiable product, although phosphorus was 
shown to be present. 

Some sulfur dioxide was evolved during the reaction. In 
subsequent experiments wherein sulfuryl chloride was added 
rapidly to triphenyl phosphite, diphenyl phosphorochlori-

(33) Boiling and melting points are uncorrected. Precautions wert 
taken to exclude moisture and the reactions were conducted in a nitro
gen atmosphere. 

(34) Identified as the diphenyl-N-phenyl phosphoroamidate, m. p. 
128-129°, and the N-benzyl phosphoroamidate, m.p. 100-102", ac
cording to the procedure of A. B. Foster, W. G. Overend and M. 
Stacey, J. Chem. Sac, 980 (1951). 

(35) S. Sugden, J. B. Reed and H. Wilkins, ibid., 127, 1539 (1925). 
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date36 was not obtained, the reaction mixture was not dis
colored, the yield of triphenyl phosphate was approximately 
90%, indications were found for triphenyl phosphorothion-
ate and the major portion of sulfuryl chloride was converted 
to thionyl chloride. 

(b) Mole Ratio 1:1.—Triphenyl phosphite (41.5 g., 
0.134 mole) in 30 ml. of petroleum ether (boiling range 30-
60°) was added dropwise over a period of 1 hr. to a stirred 
solution of sulfuryl chloride (18.1 g., 0.134 mole) in 70 ml. 
of petroleum ether maintained at 5°. The reaction was 
moderately vigorous and an immediate turbidity developed 
(due to the formation of a white solid). The mixture of 
colorless solution and white solid37 after 24 hr. under an 
atmosphere of nitrogen was stirred vigorously into 250 ml. 
of ice-cold 10% aqueous sodium hydroxide. The resultant 
white solid was filtered from the alkaline mixture, washed 
with cold water and dried in vacuo over P2O5. This prod
uct (40.6 g.; m.p . 47-50°) did not depress the melting point 
of authentic triphenyl phosphate. An additional quantity 
(1.8 g.; m.p. 42-48°) of triphenyl phosphate was recovered 
from the filtrate and washings. Thus, a total yield of 42.4 
g- (97%) of triphenyl phosphate was recovered. 

Only negligible amounts (about 0 . 1 % of the total sulfuryl 
chloride used) of free sulfur dioxide were evolved during the 
reaction and detected in the exit gases (chlorine absent). 
The aqueous filtrate and washings after evaporation of pe
troleum ether were analyzed quantitatively for chloride, 
sulfite and sulfate by conventional analytical methods. 
Small amounts of sulfate (probably arising by air oxidation 
of the sulfite) were found. A sulfite-chloride ratio of 1:2 
indicated that thionyl chloride had formed. In another 
run carried out in toluene, thionyl chloride, b .p . 75-80° at 
747 mm. (reported38 78.8°), was isolated in 50% yields. 

(c) Mole Ratio 4:1.—A solution of 31.3 g. (0.101 mole) 
of triphenyl phosphite in 30 ml. of petroleum ether was 
added dropwise over a period of 30 minutes to a stirred 
solution of 3.37 g. (0.025 mole) of sulfuryl chloride in 100 
ml. of petroleum ether maintained a t 5°. A white crystal
line solid which precipitated initially turned into an im
miscible pale yellow oil on continued addition of the reactant. 
The stirred reaction mixture was allowed to come to room 
temperature (45 minutes), and the clear colorless petroleum 
ether solution was decanted from the lower faintly yellow 
oily layer. The oil solidified on repeated washing with 
ethyl ether to leave behind 8.15 g. (86% yield) of hygro
scopic white crystalline solid believed to be triphenoxy-
phosphorus dichloride,39 m.p. 70-75°; reported40 m.p. 80-
81°. A mixture m.p. with an authentic sample showed no 
depression. 

The petroleum ether layer and ethyl ether washings were 
combined and washed consecutively using 25-ml. portions: 
three times with cold 5% aqueous sodium hydroxide, twice 
with cold water and finally with saturated aqueous sodium 
chloride. The ethereal solution was dried and the solvents 
removed under reduced pressures (20 mm.) . The resulting 
colorless oil (20.1 g.) was analyzed for sulfur (found 1.6% 
S). Triphenyl phosphorothionate, isolated from this mix
ture by chromatography over alumina, melted at 49-51°; 
reported41 m.p . 53°. I t did not depress the melting point 

(36) Diphenyl phosphorochloridate was formed by the thermolysis of 
triphenoxyphosphorus dichloride during distillation. It was demon
strated that after refluxing an equimolar mixture of triphenyl phos
phate and sulfuryl chloride in petroleum ether for 2.5 to 3 hr., the 
former was recovered unchanged. 

(37) The solid liquefied on warming to ambient temperatures to 
yield an immiscible oil. A small portion of this oil was removed, 
crystallized by cooling and washed with petroleum ether. These 
operations were carried out under anhydrous conditions to preclude 
any hydrolysis of the dichloride or adduct. These precautions proved 
unnecessary since the solid was found to be triphenyl phosphate 
(m.p. 46-49°, no depression in mixture m.p. with an authentic sample 
of triphenyl phosphate). In later experiments the low boiling com
ponents were removed at low pressure (pot temperature <60°) to 
leave behind almost a quantitative yield of triphenyl phosphate which 
melted at 48-50° without any purification. 

(38) N. A. Lange, "Handbook of Chemistry," Sth Ed., Handbook 
Publ., Sandusky, Ohio, 1952. 

(39) The isolation of triphenoxyphosphorus dichloride was carried 
out in a dry-box and all m.p.S were taken in sealed tubes. 

(40) D. G. Coe, S. R. Landauer and H. N. Rydon, / . Chan. SoC, 
2281 (1954). 

(41) Autenrieth and Hildebrand, her.. 31, 1094 (1898). 

of an authentic sample prepared according to the procedure 
given by Gottlieb,42 but liquefied on mixing with triphenyl 
phosphate. Surprisingly enough triphenyl phosphate could 
not be eluted from the column even with such polar solvents 
as acetic acid. 

Our failure to obtain the expected amount of sulfur in the 
material miscible in ether prompted a repetition of the ex
periment using twice the amount of reagents. Effluent 
gases and low boiling distillate (pot temperatures <50°) 
were washed with dilute sodium hydroxide. Qualitative 
tests indicated only traces of sulfate and chloride. Quanti
tative analysis showed that 0.0121 mole of sulfur dioxide 
(equivalent to 24% of the sulfuryl chloride used) were re
moved. The still residue was separated into ether-soluble 
(52.1 g.) and ether insoluble (15.7 g.) portions. The ether 
insoluble product was analyzed. Found: P , 6.9; Cl, 10.2; 
S, 1.5. Hydrolysis of 11.9 g. of this solid with excess cold 
5 % aqueous sodium hydroxide and extraction of the hy-
drolyzate with ether gave 8.1 g. of triphenyl phosphate 
(m.p. 48-50° with no depression in melting point of au
thentic sample); thus 95% of the total phosphorus com
pounds was converted into and recovered as triphenyl phos
phate. The aqueous extracts showed the presence of 
phenol (0.024 mole) and sulfur dioxide; only traces of sul
fate detected. 

The ether-soluble portion of the reaction mixture was 
analyzed. Found: P , 9.9; Cl, 2.4; S, 1.6. An ethereal 
solution of the oil was washed with dilute base and the re
sultant product (46.6 g.) after removal of ether analyzed. 
Found: P , 9.4; Cl, 0.7; S, 1.5. Triphenyl phosphite (or 
at least a phosphite) was detected by decolorization of an 
iodine solution. The oil on standing developed hydrogen 
chloride presumably by slow hydrolysis of residual acid 
chlorides. The aqueous washings showed presence of small 
amounts of sulfite and phenol; phosphites were present. 

The Reaction of Triphenyl Phosphite with Thionyl Chlo
ride, (a) Mole Ratio 3:1.—Triphenyl phosphite (23.6 g., 
0.076 mole) in 35 ml. of petroleum ether was added drop-
wise in 20 minutes to a stirred solution of 2.97 g. (0.025 
mole) of thionyl chloride in 75 ml. of petroleum ether main
tained at 5°. When the reaction mixture reached ambient 
room temperatures (about 30 minutes), two layers were ob
served—a clear colorless solvent layer and an immiscible 
milky white oil. The procedure used in working up the 
reaction product was essentially that followed in the reaction 
of the phosphite with sulfuryl chloride. "Triphenoxy
phosphorus dichloride" (fraction 9.21 g., m.p. 75-80° 
with some softening at 55°) was isolated; it did not depress 
the m.p. of an authentic sample of the dichloride. The 
solvent layer gave 14.2 g. of a turbid colorless oil which 
analyzed 4 .5% sulfur. A sample of this oil (1.0 g.) was 
taken up in petroleum ether and chromatographed on an 
alumina column to give 0.4 g. of triphenyl phosphorothio
nate (m.p. 48-50°; no depression in m.p. with known 
sample). Triphenyl phosphate could not be removed from 
the column as mentioned previously and as we have found 
in control runs. 

In another run using the same procedure and quantities, 
9.2 g. of the resulting hygroscopic solid was dried several 
hours at about 1 mm. at ambient room temperatures and 
analyzed. Found: P , 7.01; Cl, 9.1; S, none. Variable 
amounts of sulfur are present if the sample is inadequately 
"dr ied ." The ether-soluble fraction after washing with 
cold dilute aqueous sodium hydroxide and drying gave 13.9 
g. of an oil which was analyzed. Found: P , 9.4; S, 3.14; 
Cl, 0.92. This oil decolorized an aqueous iodine solution. 
Sulfur dioxide was found in the aqueous washings. 

(b) Excess Thionyl Chloride.—A solution of 6.2 g. 
(0.02 mole) of triphenyl phosphite in 20 ml. of petroleum 
ether was added over a period of 1 hr. to a vigorously 
stirred solution of 37.9 g. (0.2 mole) of thionyl chloride in 
50 ml. of petroleum ether at 0° . An immediate turbidity 
appeared in the otherwise colorless solution. The amount 
of immiscible pale yellow oil increased during the course of 
the reaction. 

The volatile products (mainly petroleum ether and 
thionyl chloride) were distilled at 20 mm. with the pot tem
perature maintained at about 40°. Thionyl chloride was 
removed from the residual oil by adding 25 ml. of petroleum 
ether and distilling; this process was repeated. Ethyl 
ether (60 ml.) was then added to the residual oil. More 

(42! H. B. Gottlieb, THIS JOURNAL, 54, 7 IS (1932). 
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than half of the oil went into solution. The ethereal layer 
was decanted; further addition of ethyl ether to the im
miscible oil caused a white solid to come out. This was 
dried under vacuum and was shown to be triphenoxyphos-
phorus dichloride (yield 0.4 g., 0.001 mole) by its m.p . 
74-79° (incipient sintering a t 60°) and failure to depress 
the m.p . of an authentic sample of the dichloride. 

The ethereal extracts (about 150 ml.) were combined and 
washed consecutively with three 15-ml. portions of cold 10% 
aqueous sodium hydroxide and cold water and finally with 
a saturated aqueous salt solution. The washings were shown 
to be free from phenol by testing with bromine water. The 
ethereal solution (dried over sodium sulfate) was distilled 
under reduced pressures (water aspirator) to remove low 
boiling components. After several days the colorless oil 
(5.2 g.) partially solidified and no phenolic odor could be 
detected. The crystals were filtered and washed with small 
portions of cold petroleum ether to give 1.2 g. (0.0037 mole) 
of triphenyl phosphate melting at 46-50°. The oily filtrate 
was taken up in 200 ml. of petroleum ether and chromato-
graphed on an alumina column. Triphenyl phosphoro-
thionate (0.7 g., 0.002 mole) was recovered and identified 
by its melting point and mixture melting point. 

The Reaction of Triphenyl Phosphite with Sulfur Di
chloride.—A solution of triphenyl phosphite 15.8 g. (0.051 
mole) in 25 ml. of petroleum ether was added slowly to a 
stirred solution of sulfur dichloride 2.58 g. (0.025 mole) in 
50 ml. of petroleum ether maintained at 10°. The amount 
of a yellow solid initially formed on the walls of the reaction 
flask increased with further addition of the phosphite, while 
the initial red color of the solution was discharged gradually. 
The reaction mixture consisting of a white crystalline solid 
suspended in the turbid solution was now allowed to reach 
ambient temperatures. After 24 hours under an atmos
phere of dry nitrogen, ethyl ether was added and the clear 
solution was decanted from the highly hygroscopic white 
solid. The solid product was washed with several portions 
of ethyl ether and dried under vacuum; yield 7.34 g. (77%); 
m.p . 70-75°. A mixture m.p . with an authentic sample of 
triphenoxyphosphorus dichloride gave no depression. 

The ether washings and mother liquor were combined 
and washed consecutively using 15-ml. portions: four times 
with cold 5% aqueous sodium hydroxide solution, three 
times with cold water and once with a saturated sodium 
chloride solution. The resulting solution was dried over 
anhydrous sodium sulfate; and the ether, removed under re
duced pressure (water aspirator), left a turbid oily residue 
which crystallized to an oily solid (8.7 g.).43 Recrystalliza-
tion from aqueous alcohol (75%) gave 7.5 g. (88% yield) of 
a white solid, m.p. 49-50°; reported m.p . for triphenyl 
phosphorothioate 50°. The melting point of authentic 
triphenyl phosphorothionate was not depressed although 
the solid gave an oil at room temperatures with triphenyl 
phosphate. 

The Reaction of Triphenyl Phosphite with Sulfur Mono-
chloride.—Sulfur monochloride was prepared by passing 
dry chlorine into sulfur heated above its melting point. 
The sulfur monochloride formed was condensed and col
lected in a receiver. The crude reaction product was dis
tilled a t atmospheric pressures and the fraction boiling at 
132°44 was used in the following reaction. 

Triphenyl phosphite (23.6 g., 0.076 mole) in 25 ml. of 
petroleum ether was added dropwise in 20 minutes to a 
stirred solution of 3.37 g. (0.025 mole) of sulfur monochlo
ride in 50 ml. of petroleum ether maintained at 10°. An 
immediate reaction occurred to give a turbid reaction mix
ture. When the reaction mixture reached room tempera
tures, it separated into a slightly turbid colorless solvent 
layer and a pale yellow solid. The reaction mixture was 
transferred to a dry-box and the solution carefully decanted 
from the solid which was washed with several portions of 
ethyl ether. After drving under a vacuum, the white 
crystalline solid (8.2 g., 86% yield) melted a t 69-74° (re
ported m .p. 80 °) and did not depress the melting point of au
thentic triphenoxyphosphorus dichloride. 

The combined supernatant petroleum ether and ether 
washings were washed consecutively with 10-ml. portions of 
5% aqueous sodium hydroxide (three times), water (two 

(43) This material undoubtedly contains a small amount of tri
phenyl phosphate resulting from decomposition of the dichloride. 

(44) J. W. Mellor, "A Comprehensive Treatise on Inorganic and 
Theoretical Chemistry," Vol. X. Longmans, 1940, p. 633. 

times) and finally with a saturated sodium chloride solu
tion. The organic layer was dried over anhydrous sodium 
sulfate and the solvents removed under reduced pressure 
(water aspirator) to leave an oil which crystallized on 
cooling. This crude white product 14.2 g. (82.5% yield) 
was recrystallized from 75% alcohol to give 12 g. of tri
phenyl phosphorothionate (m.p. 49-51°; reported m.p . 
50°). 

The Reaction of Triphenyl Phosphine with Thionyl 
Chloride (Mole Ratio 1:2).—A solution of 13.1 g. (0.05 
mole) of triphenyl phosphine,46 [the fraction, b .p . 162-166° 
(0.5 mm.) , m.p . 74-80° (reported b .p . 188° (1 mm.) , 
m.p . 79°) was used in this work] in 75 ml. of benzene was 
added over a period of 30 minutes to 12.0 g. (0.10 mole) of 
thionyl chloride in 25 ml. of benzene. The reaction was 
not vigorous and gave a mixture that separated into two yel
low layers. The upper benzene layer was distilled under re
duced pressure (water aspirator) to leave an amber colored 
semi-solid mass which reacted violently with aqueous sodium 
hydroxide. The semi-solid product was treated with an 
excess of 5% sodium hydroxide solution. The resulting 
water-insoluble straw-colored solid was extracted with 
ether, the combined ether extracts were washed with water 
and dried over anhydrous sodium sulfate. Distillation of 
the ether under reduced pressure (water aspirator) left 
7.7 g. of a white solid which, when recrystallized from 
heptane, melted at 153-156°; reported for triphenyl phos
phine oxide, m.p . 153°.46 A mixture m.p . with an au
thentic sample47 of the phosphine oxide showed no depres
sion. 

A portion of the benzene insoluble layer (14.2 g.) after 
washing with several portions of benzene was added to 
water (violent reaction), and the water-immiscible oil formed 
was extracted with ether to remove triphenyl phosphine 
oxide. The immiscible oil was analyzed for hydrolyzable 
chlorine. Anal. Calcd. for (C6He)3PCl2: Cl, 21.3. Found: 
Cl, 24.0. The product obviously was impure for triphenyl 
phosphorus dichloride has a reported m.p . 176°.4S 

The Reaction of Triphenyl Phosphorothionate with SuI-
furyl Chloride.—When a solution of 17.1 g. (0.05 mole) of 
triphenyl phosphorothionate33 in 50 ml. of ethyl ether was 
added to a solution of 13.5 g. (0.1 mole) of sulfuryl chloride 
in 10 ml. of eth3d ether, cooling was necessary to maintain 
the temperature at 20-25°. The orange-red reaction mix
ture was allowed to stand overnight; any gases formed were 
swept out by a slow stream of nitrogen and scrubbed 
through a 5% sodium hydroxide solution. The reaction 
mixture became lighter in color (orange) and a small amount 
of elemental sulfur had collected at the base of the sintered 
glass bubbler leading into the alkaline solution. These 
observations together with the odor of the reaction mixture 
strongly suggest the presence of sulfur dichloride. The 
solvent and other low boiling components were distilled 
under reduced pressure (water aspirator) in an atmosphere 
of nitrogen. The low boiling distillate was collected in a 
Dry Ice trap followed by a trap containing 5 % sodium hy
droxide solution. The residual yellow oil solidified after 
some time. The volatile acidic products were removed by 
adding ether and distilling. The resulting white solid was 
filtered, washed with several portions of cold petroleum 
ether and shown to be triphenyl phosphate (yield 12.4 g., 
m.p . 49-50°). Upon concentrating the petroleum ether 
washings, a second crop of triphenyl phosphate (2.7 g., 
m.p . 49-50°) was obtained. Evaporation of petroleum 
ether from the filtrate yielded a yellow semi-solid product 
(1.3 g.) having a pungent odor and believed to be a mixture 
of the phosphate and phosphorothionate. 

A qualitative colorimetric examination of the orange 
colored condensate (approximately 100 ml.) obtained in the 
Dry Ice trap indicated the presence of about 3 g. of sulfur 
dichloride. 

(45) (a) H. Oilman and C. C. Vernon, T H I S JOURNAL, 48, 1063 
(1926); (b) P. Walden and R. Swinne, Z. fhysik Chem., 79, 714 
(1912). 

(46) Michaelis and Soden, Ann., 229, 295 (1885). 
(47) Triphenyl phosphine oxide was prepared by oxidizing a glacial 

acetic acid solution of the corresponding phosphine with 30% hydrogen 
peroxide; after standing several days at ambient temperatures, the re
action product was worked up to yield a white solid, m.p. 154-
156°. 

(48) V. Grignard and J. Savard, Compt. rend., 192, 592 (1931). 
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Introduction 
Long has reported4 a good correlation between 

the rate of exchange of nickel between two nickel 
complexes and the respective charges of the com
plexes involved, more rapid exchanges taking place 
between species of opposite charge than between 
species of like charge. In the work reported here 
the manner in which nickel tied up in the tetra-
cyanonickelate ion exchanges with that associated 
with four amino acid complexes of the metal was 
studied. Since simple amino acid complexes of 
nickel can be obtained as cationic, anionic or neu
tral species, depending upon the particular amino 
acid used, these complexes are useful in studying 
the effect of the charge borne by the weaker com
plex upon the rate of exchange of its nickel with 
that of the tetracyanonickelate ion. 

Experimental 
Radionickel.—In each of the exchange reactions one of 

the nickel complexes, usually the amino acid complex, was 
made up using nickel containing a little radioactive nickel-
63. One of the complexes was isolated at the end of the 
exchange period and its nickel electroplated on a copper 
planchette. Determination of the change in specific ac
tivity of the nickel associated with this complex provided 
a convenient measure of the extent of exchange. Radio-
nickel used in these experiments was obtained from the 
United States Atomic Energy Commission, Oak Ridge, 
Tennessee. Cobalt activity present in the original metal 
was removed by repeated dimethylglyoxime precipitation 
of the nickel using "cold" cobalt carrier. 

Counting Infinitely Thick Radionickel Plates.—The elec
troplated nickel wras "infinitely th ick" in respect to the 
weak Ni63 (3-radiation. The unavoidable presence of long-
lived Ni69, whose decay is accompanied by the emission of 
X-rays, causes the counting rate for nickel of a given specific 
activity to increase with thickness even beyond infinite 
thickness. To determine accurately the specific activity 
of the plated nickel it was necessary to keep the weight of 
these plates nearly constant. 

(1) Presented in part before the Division of Physical and Inorganic 
Chemistry at the Sept., 1957, Meeting of the American Chemical So
ciety at New York, N. Y. 

(2) From a thesis of R. C. Calkins presented in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy at the Uni
versity of Wisconsin (Sept., 1953). 

(3) This work was assisted in part by the Research Committee of 
the Graduate School from funds supplied by the Wisconsin Alumni 
Research Foundation. 

(4) F. A. Long, THIS JOURNAL, 73, 537 (19Sl). 

was carried out at our Center by Mrs. Charlotte 
Gottschalk of the Physics Division. 
LANCASTER, PENNSYLVANIA 

Preparation of Nickel Complexes. Potassium Tetracyano
nickelate.—This compound was prepared from nickel of 
natural isotopic composition using the procedure described 
in "Inorganic Syntheses."5 Analysis of crystals of this salt 
for nickel gave 23.8% by both the dimethylglyoxime pre
cipitation method6 and by titration with Versene.7 The 
theoretical amount of nickel in KsNi(CNVHsO is 22.7%. 
In the analysis for cyanide, weighed, acidified samples were 
steam distilled and the hydrocyanic acid caught in 0.1 N 
sodium hydroxide solution. The cyanide was titrated with 
standard silver nitrate solution according to the method 
described by Kolthoff and Sand ell.8 The average value 
obtained was 41.7%. The molar ratio of nickel to cyanide 
is therefore 1.00/3.96 which is within the experimental 
error of the theoretical value of 1.00/4.00. A standard 
solution of potassium tetracyanonickelate was prepared. 

Amino Acid Complexes.—The amino acid complex solu
tions were prepared by adding to the required amount of a 
standard solution of hot nickel sulfate an amount of amino 
acid calculated to form a 2:1 complex of all of the nickel 
present. The pVL of the solution was raised to 9 by the 
addition of sodium hydroxide solution. The absence of 
nickel hydroxide precipitate in these solutions, even on long 
standing, precludes the presence of uncomplexed nickel. 
In the kinetic study, nickel did tend to precipitate from the 
more dilute solutions. To prevent this, twice the theoreti
cal amount of glycine was employed in the tetracyanonickel-
ate-nickel glycinate series and three times the theoretical 
amount of glutamic acid was used in the tetracyanonickel-
ate-nickel glutamate series. Thus the amino acid was 
present in known and constant excess. 

Nickel Versenate.—A standard nickel Versenate solution 
was prepared by adding to a known amount of cold nickel 
sulfate in solution a calculated amount of recrystallized 
disodium Versenate. 

Tris-ethylenediamine-Nickel.—A solution of this com
plex was prepared using a measured quantity of standard 
hot nickel sulfate solution and a slight excess of redistilled 
ethylenediamine. The pll of the solution was raised to 9 
by the addition of sodium hydroxide solution. 

Nickel Tetramine.—This complex was prepared using a 
measured quantity of standard hot nickel sulfate solution 
and excess ammonium hydroxide. 

Procedure Used in Exchange Experiments.—The exchange 
reactions were carried out in reaction vessels having the 
shape of an inverted " V " with a ground glass stoppered 
opening at the apex. Each of the two complex solutions, 
at twice the desired final concentration, was placed in one 

(o) W. C. Fernelius, "Inorganic Syntheses," Vol. II, McGraw-Hill 
Book Co., Inc., New York, N. Y., 1940, p. 227-228. 

(6) F. P. Treadwell and W. T. Hall, "Analytical Chemistry," Vol. II, 
9th Ed1, John Wiley and Sons, Inc., New York, N. Y., 1942, p. 193. 

(7) G. Schwarzenbach, "Titration Methods Using Complexons." 
(8) I. M. Kolthoff and E. B. Sandell, "Textbook of Quantitative 

Inorganic Analysis, The Macmillan Co., New York, N1 Y., 1948, p. 
478. 
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The manner in which nickel in the tetracyanonickelate ion, Ni(CN) 4
- 2 , exchanges with nickel in each of four amino acid 

complexes of the metal has been studied employing radioactive nickel tracer. Poor correlation is exhibited between ex
change rate and charge of the amino acid complex. In exchanges between strong and weaker complexes, the specific nature 
of the weaker complexing agent affects the exchange rate more than does the charge of the resulting complex. Reactions 
are first order in respect to each of the exchanging species, suggesting as the most probable reaction mechanism a direct 
transfer of nickel atoms resulting from bimolecular collision. Exchange rate, activation energy and entropy of activation 
were calculated for each exchange. 


