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In a molten equimolar lithium chloride-sodium chloride-potassium chloride mixture, anhydrous aluminum chloride has 
been found to react with several oxides or oxyanions of various nonmetals and high oxidation state transition metals t o  
produce the corresponding acid chlorides. The compounds VOCII, POC18, NOC1, riOaC1, CrOaC12, SeOC12, CHaCOCl, and 
CbHsCOCl were prepared. In several instances the yields or convenience of preparation exceed those realized in current 
synthetic methods. 

Introduction 
In 1939 Lux2 presented a concept of acid-base be- 

havior for fused salt media in which an acid was de- 
fined as an oxide ion acceptor and a base was defined 
as an oxide ion donor. The formal relationship be- 
tween an acid and a base was represented as 

base acid + 02- 

In a series of articles, Lux and Flood have developed 
and illustrated this concept of acid-base reactions 
which is generally known as the Lux-Flood theory.8-6 
In contrast to extensive studies involving physical 
measurements in fused relatively little has been 
reported involving syntheses in these solvents. Spec- 
troscopy in fused salts has indicated the existence of 
various complex species in these melts, 9 9  lo and the 
preparation of several coordination compounds has 
been reported. l 1  Several interesting metathesis re- 
actions have led to convenient syntheses.l2! l 3  Among 
the more interesting reactions in fused salts is the 
preparation of silane in 80% yield by treating a mix- 
ture of metallic aluminum and silicon dioxide, or any 
of a variety of silicates, in an aluminuni chloride- 
sodium chloride eutectic with hydrogen under a pres- 
sure of 400 atm.I4 

(1) Abstracted in part  from the Ph.D. Thesis of K. W. Whitten, Univer- 
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(13) W. Sundermeyer and  0. Glemser, Angew. Chem., 70,  625 (1958); 
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Duke15* has reported reaction kinetics in fused 
salts, and the results obtained in his work have pro- 
vided suggestions for synthetic work. The reactions of 
dichromate and of pyrosulfate in nitrate melts are of 
particular interest because evidence for the existence 
of nitryl ions has been obtained from these investiga- 
tions, e.g. 

S201’- + KO,- NO’+ + 2S04*- 

NO2 + + NO3 - --+D 2x02 + 1 / * 0 2  

In the first step, equilibrium is established rapidly and 
the second step is slow. The order of the second step 
in nitryl ion is unity, and the order in nitrate ion can- 
not be determined because it is a part of the solvent. 
The pyrosulfate ion acts as a Lux-Flood acid in the 
above reaction, l5 by abstracting oxide ion from NOa-. 

I t  was believed that cationic species such as the 
nitryl ion might be made to undergo reactions which 
could be utilized as preparative methods for compounds 
derived from this or similar cationic species. For ex- 
ample, the formation of nitryl ions in the presence of 
high concentrations of chloride ions should result in the 
formation of nitryl chloride. By analogy other oxy- 
chlorides could be prepared by forming oxygen-con- 
taining cations in the presence of chloride ions. In 
several instances, convenient, high-yield preparative 
methods have resulted. 

Experimental Section 
Reagent grade chemicals were used without further purifica- 

tion except as otherwise indicated. Nonhygroscopic solids were 
dried overnight a t  l l O o ,  and hygroscopic solids were dried in a 
vacuum desiccator over anhydrous phosphorus(V) oxide. A11 
transfers of chemicals were made inside a drybox. 

The lithium chloride-sodium chloride-potassium chloride 
mixture was prepared by mixing together equimolar quantities 
of the anhydrous salts after the sodium chloride and potassium 
chloride had been dried overnight a t  110’. Lithium chloride and 

(15) F. R. Duke and M. L. Iverson, J .  Am.  Chem. Soc., SO, 5061 (1958). 
(16) F. R. Duke and S. Yamamoto, zbid. ,  81, 6378 (1959). 
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TABLE I 
PREPARATIVE CONDITIONS FOR THE SYXTHESIS OF VARIOUS OXYHALIDES 

VOClS 
VpOj (45 g, 0 247 mole) 72 (VpOa) Calcd. for YOCla V, 29 40. Found: V, 29.37. Bp 127-128.5’ (127)d 
AICla (65 g, 0.487 mole) 
T\’a\-O3 (50 g, 0 410 mole, Fisher Scientific) 99 ( s ‘ ; a \ 7 0 3 )  Boilingpoint (see above). Calcdfor \’Oc13: V, 29.40. Found: T, 29.80 
A1Cl3 (74 g, 0.555 mole) 

Starting materialsa Yield? 5% IdentificationC 

P4Ol0 ( 7 5  g, 0.264 mole) 
AlC13 (53 g, 0.397 mole) 

KKOz (30 g, 0.353 mole) 
XIc13 (35 g .  0.262 mole) 

KS03 (40 g, 0.396 mole) 
/!.IC13 (35 g, 0.263 mole) 

CrOa (90 g, 0.90 mole) 
AlC13 (85 g, 0.637 mole) 

Se02 (59 g, 0.532 mole) 
A1CI3 (43 g, 0.322 mole) 

52 (KKOa) 

56 (AlCla) 

57 (Crop)  

82 (AIC13) 
74 (SeOz) 

hTaOC(0)CsHs (90 g, 0.625 mole) 
AlCl3 (71 g, 0.532 mole) 
“Chloride mixture” (350 g) 

57 (AlC13) 

POC13 

P, 19.92; C1, 69.03 

NOCl 

Bp 105-106’ (105.3°).e Calcdfor Poc13: P, 20 20; C1, 69.36. Found: 

Calcd for SOCl: C1, 54 16. Found: C1, 54.20 

KOnC1 
Calcd for N02C1: C1, 43.52; K, 17 19 Found: C1, 42.87; N, 18 10 

CrO9C1? 
Calcdfor CrO2CI2: Cr, 33.55. Found: Cr, 33.26. Bp 114-115° (117)f 

SeOClz 

(177’)~ 
Calcd for SeOC12: Se, 47.60. Found: Se, 47.16. Bp 176-17i0 

CGHIC( 0)Cl  
Bp 196-197’ (197”)h 

a Unless indicated otherwise, 300 g of “chloride mixture” was used in each reaction. Parentheses contain the materials on which 
F. E. Brown and 

f H. H. Sisler, Inovg. Syn.,  2, 205 
R. L. Schritier, R. C. Fusori, and D.  Y .  Curtin, “The Systematic 

the yield is based. 
F. A. Grifiths, Inoig. Syn., 1, 106 (1939). 
(1946). 
Identification of Organic Compounds,” 4th ed, John Wiley and Sons, Inc., New York, N. T., 1956, p 27-1. 

Parentheses contain the reported boiling point and the superscript indicates the reference 
e K. Arii, Insl. Plzys. Chew Res. (Tokyo), 8, 545 (1929). 

9 G. B. L. Smith and J .  Jackson, ibid., 3, 130 (1950). 

anhydrous aluminum chloride were used without additional drg- 
ing and were never exposed to atmospheric moisture. We did not 
investigate other chloride mixtures but there is no a priori reason 
to suspect they will not work. 

The reaction vessels were 7.5 X 35 cm Pyrex or S’ycor cylin- 
ders fitted with standard taper 24/40 outer joints. X standard 
taper 24/40 connecting tube was used to connect the reaction 
vessel to a vacuum distillation assembly. The receiving vessels 
were 3.5 X 20 cm cylinders fitted with standard taper 24/40 
outer joints. Vacuum adapters nith long delivery tubes con- 
nected the water-cooled condenser to the receiving vessels. The 
dried apparatus was flushed with nitrogen after asscnibly and the 
exit tube connected to drying traps. In  collecting those com- 
pounds that were solids a t  the temperatur? of the baths in which 
the receiving vessels were immersed, a 1.2 X 8 cm piece of glass 
tubing was sealed to the short delivery tube of a vacuum adapter. 
This arrangement prevented obstructions in the adapter delivery 
tubes caused by the formation of solids. The receiving cylinders 
were immersed in dewars which were filled with water-ice-salt, 
Dry Ice-acetone, or liquid nitrogen depending on the melting 
point and boiling point of the compound being collected. In  
some preparations a series of two or three receivers immersed in 
different cooling baths was employed. 

The reaction mixtures were heated with a Hevi-Duty Electric 
Co. Type M-3012 furnace mountcd vertically. Temperatures 
wcrc mcasured with a chromel-alumel thermocouple and a 
Thermo Electric Manufacturing Co. Model PM-1K50 Temco 
portable pyrometer. 

Previously dried solid reactants and the lithium chloride- 
sodium chloride-potassium chloride mixture (hereafter referred 
to  as the “chloride mixture”) were placed in dry reaction vessels 
inside the controlled atmosphere box and shaken vigorously for 
a t  least 5 min. The quantities of materials employed in most of 
the experiments are indicated in Table I. The reaction vessel 

was thcn placed in the furnace under the vacuum distillation 
apparatus, and the temperature of the reaction mixture mas in- 
creased slowly. The heating period for each preparation is 
indicated under the individual reactions together with any special 
precautions or unusual observations. I n  some of the prepara- 
tions it was found that better results were obtained if the reac- 
tions were run under reduced pressures, and such conditions arc 
indicated appropriately. 

The compouuds prepared in this investigation were liquid or 
gaseous a t  room tempxature, and purifications w r e  effected by 
fractional distillation. Yields of purified products are reported 
in Table I.  Most analyses were conveniently performed by 
classical volumetric or gravimetric methods. 

Results 
The Preparation of Vanadium Oxytrichloride 

from Vanadium(V) Oxide and Sodium Metavanadate. 
-The vessel containing the reaction mixture of van- 
adium(V) oxide, anhydrous aluminum chloride, and 
“chloride mixture” was evacuated and heated t o  450’ 
over a period of 4 hr. Most of the reaction mixture was 
molten a t  this temperature, but a small amount of solid 
material remained undissolved. Evolution of VOC13 
began a t  approximately 100” and the reaction mas 
essentially complete when the temperature reached 
250°, even though the reaction mixture was only par- 
tially molten a t  this temperature. The product, 
VOC13, is a yellow liquid. The reaction of vanadium(V) 
oxide with aluminum chloride in the “chloride mixture” 
may be represented as 

(A) 

V2O5 + 2AIC13 + 2VOC13 f A1203 
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The Vycor reaction vessel containing the sodium 
metavanadate, anhydrous aluminum chloride, and 
“chloride mixture” was evacuated and heated to 600” 
over a period of 6 hr. At approximately 200’ vanadium 
oxytrichloride began to distil out and evolution con- 
tinued until the temperature reached 400”. At this 
temperature the reaction mixture was completely 
molten except for a small amount of green solid on the 
bottom of the vessel. 

The reaction of sodium metavandate with aluminum 
chloride in the chloride eutectic may be formulated as 

3NaV03 + 4AlC1, 3V0c13 + 3KaCl + 2A1203 

(B) The Preparation of Phosphorus Oxytrichloride 
from Phosphorus(V) Oxide.-A reaction mixture of 
phosphorus(V) oxide, anhydrous aluminum chloride, 
and “chloride mixture” was heated over a period of 6 hr 
to 600” (Vycor vessel). Evolution of POC13 began a t  
approximately 350” and continued until the tempera- 
ture of the reaction mixture reached approximately 
500’. The reaction of phosphorus(V) oxide with 
anhydrous aluminum chloride may be represented as 

P4010 + 4AIC13 --+ 4POC13 f 2A1203 

It is of interest to note that when phosphorus(V) 
oxide was heated with the “chloride mixture’’ with no 
anhydrous aluminum chloride present some phosphorus 
oxytrichloride was produced together with some free 
chlorine. This observation may be interpreted by as- 
suming that the lithium ion acts as a Lux-Flood acid 
and forms the corresponding oxide, resulting in the 
formation of phosphorus oxytrichloride. 

Phosphorus oxytrichloride was obtained in lower 
yield when sodium metaphosphate was employed in- 
stead of phosphorus(V) oxide. No volatile compounds 
were obtained when potassium orthophosphate or 
sodium pyrophosphate were employed. 

(C) The Preparation of Nitrosyl Chloride from 
Potassium Nitrite.-A reaction mixture of potassium 
nitrite, anhydrous aluminum chloride, and “chloride 
mixture” was heated slowly. 

Two receivers in series were cooled in an ice-salt 
bath and a Dry Ice-acetone bath. When the tem- 
perature reached 150” evolution of a yellow-brown gas 
began. Over a period of 15 hr the temperature of the 
reaction mixture was cautiously increased to 375”.  
The red liquid which collected in the ice-salt cooled 
receiver was discarded. The Dry Ice-acetone cooled 
receiver contained a bright red solid which was allowed 
to melt and evaporate and then pass through a series of 
three drying tubes which contained (1) sodium nitrate, 
( 2 )  potassium chloride plus 2.4’$& water, and (3) an- 
hydrous calcium chloride. This was followed by re- 
fluxing in a Dry Ice-acetone cooled condense~-.~~ The 
product, a blood-red solid, was then condensed in a 
flask cooled in a Dry Ice-acetone bath. Too rapid a 
heating rate resulted in a product which contained such 
large amounts of oxides of nitrogen impurities that  puri- 
fication was impractical. None of the reported prepa- 

(17) J. R. Morton and H. W. Wilcox, Inoug. Syn., 4, 48 (1953). 

rations and purifications of nitrosyl chloride is quite so 
simple as may be commonly believed. By careful 
work, reasonable quantities of nitrosyl chloride of a 
high degree of purity can be prepared conveniently by 
this molten salt reaction. 

The reaction of potassium nitrite with anhydrous 
aluminum chloride to produce nitrosyl chloride may be 
formulated as 

3KN02 + 2AlCl3 --+ 3NOCl + 3KC1 + A1203 

(D) The Preparation of Nitryl Chloride from Potas- 
sium Nitrate.-The reaction mixture of potassium 
nitrate, anhydrous aluminum chloride, and “chloride 
mixture” was heated to 400’ over a period of 16 hr. 
A series of two receivers, the first cooled in an ice-salt 
bath and the second in a Dry Ice-acetone bath, was 
used to collect the product. The apparatus was 
tightly wrapped in aluminum foil to exclude light. At 
approximately 150 O the evolution of brown vapors 
began. As the temperature of the reaction mixture 
was increased to 400” large amounts of brown gas were 
evolved. Several milliliters of red liquid collected 
in the receiver cooled in the ice-salt bath, and this 
material was discarded. The bright red liquid in the 
receiver which was cooled in the Dry Ice-acetone bath 
was slowly distilled twice through a series of three re- 
ceivers immersed in an ice-salt bath and then col- 
lected in a Dry Ice-acetone bath as a yellow liquid. 
Again, the entire apparatus was tightly wrapped with 
aluminum foil to  exclude light. 

Pure nitryl chloride is a colorless liquid a t  -78“. 
The analysis of the yellow material prepared by the 
above procedure indicated that the nitryl chloride was 
relatively pure, and no attempt was made to remove the 
remaining impurities. The low chloride content, high 
nitrogen content, and yellow color of the nitryl chloride 
indicated that the impurities were probably oxides of 
nitrogen. 

Extreme caution must be exercised in slowly raising 
the temperature of the reaction mixture to obtain 
significant yields of nitryl chloride. A large excess of 
aluminum chloride must also be avoided to prevent the 
formation of unduly large amounts of nitrogen(1V) 
oxide. 

The equation for the reaction of potassium nitrate 
with anhydrous aluminum chloride may be represented 
as 

3KN03 + 2A1C13 --+ 3NOzC1 + 3KC1 f A1203 

(E) The Preparation of Chromyl Chloride from 
Chromium(V1) Oxide.-The reaction mixture of chro- 
mium (VI) oxide, anhydrous aluminum chloride, and 
“chloride mixture” was prepared. Evolution of 
chromyl chloride began as soon as the reactants were 
shaken together, hence the reaction flask had to be 
placed under the vacuum distillation apparatus immedi- 
ately. The receiving vessel was cooled in a Dry Ice- 
acetone bath, and the reaction system was evacuated 
throughout the course of the reaction. The entire re- 
action system was tightly wrapped with several layers 
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of aluminum foil to protect the chromyl chloride from 
light. 

The temperature of the reaction mixture was in- 
creased to 400" over a period of G hr. The mixture was 
only partially molten with a large amount of green 
solid, probably Cr203, remaining in the reaction vessel. 
The product was a deep red liquid which contained 
some free chlorine. The free chlorine was allowed to 
evaporate as the product m-armed to room temperature 
prior to distillation through a 12-in. Vigreux column. 
The distillation apparatus was tightly wrapped with 
several layers of aluminum foil to exclude light. 

The reaction of chromium(V1) oxide with aluminum 
chloride may be represented as 

3Cr03 + 2AIC13 --+ 3Cr02C12 + A1203 

In this preparation of chromyl chloride the tempera- 
ture of the reaction mixture must be increased slowly 
to prevent the formation of large quantities of chlorine 
and Crz03 with correspondingly reduced yields of 
chromyl chloride. Failure to evacuate the reaction 
system resulted in reduced yields of the desired product. 

The Preparation of Selenium(1V) Oxychloride 
from Selenium (IV) Oxide.-An intimate mixture of 
selenium( IV) oxide and anhydrous aluminum chloride 
was placed in a Vycor reaction vessel, and 300 g of the 
"chloride mixture" m-as placed on top of the selenium- 
(IV) oxide-aluminum chloride mixture. The reaction 
flask ma5 placed under the vacuum distillation appara- 
tus and the receiver was immersed in an ice-salt bath. 
The reaction mixture was heated sloaly a t  atmospheric 
pressure until vapors of selenium (IV) oxychloride re re  
observed condensing in the top of the reaction vessel 
(approximately 200 ") , This procedure was necessary 
to prevent the sublimation of selenium(1V) oxide be- 
fore the reaction began. The reaction mixture was in- 
creased to 500' over a period of 3 hr. 

The product was a yellon- liquid which contained 
some suspended solid material. The solid material Tvas 
removed by filtration through glass wool inside the 
drybox and purified by three successive distillations 
through an %in. Vigreux column. 

The preparation of selenium(1V) oxychloride by the 
reaction of selenium( IV) oxide with aluminum chloride 
may be formulated as 

(F) 

3SeO2 + 2h1C13 + 3SeOCle + - 4 1 2 0 3  

Throughout the preparation and purification of 
selenium(1V) oxychloride necessary precautions must 
be taken to exclude moisture because the compound is 
quite sensitive to even traces of mater. Smith and 
Jackson18 have included specific instructions for han- 
dling this compound and all of these precautions were 
observed. 

(G) The Preparation of Phosphorus (V) Sulfochloride 
from Phosphorus(V) Sulfide.-A reaction vessel con- 
taining a mixture of 113 g of anhydrous iron(II1) 
chloride (0.698 mole), 100 g of phosphorus(V) sulfide 
(0.227 mole), and 300 g of "chloride mixture" was 

evacuated, heated to 400" over a period of 4 hr, and 
then maintained a t  this temperature for an additional 
2 hr. Two receiving vessels, the first cooled in an ice- 
salt bath and the second in a Dry Ice-acetone bath, 
were used to collect the product. The reaction prod- 
uct was 35 ml of pale yellow liquid. The solid material 
which was suspended in the product was removed by 
filtration, and two distillations of the product through 
an 8-in. Vigreux column gave 21.3 g of a colorless liquid 
which distilled a t  123-124' v s .  a reported boiling point 
of 125'19 for phosphorus(V) sulfochloride. This repre- 
sents an 18% yield of phosphorus(V) sulfochloride 
based on the amount of anhydrous iron(II1) chloride 
taken as a starting material or a 14y0 yield based on 
phosphorus(V) sulfide. Anal. Calcd for PSC13: S, 
18.29; P, 18.93. Found: S, 1'7.88; P, 18.64. 

During the course of the reaction large amounts of 
sulfur and iron(II1) chloride sublimed out of the reac- 
tion vessel, and a great deal of hydrogen sulfide was 
evolved. The reaction of phosphorus(V) sulfide with 
anhydrous iron(II1) chloride may be formulated as 

P&o + 4FeCI3 + 4PSC13 + 4FeS + 25 

Attempts to prepare phosphorus(V) sulfochloride from 
phosphorus(V) sulfide and anhydrous aluminum chlo- 
ride were unsuccessful. Large amounts of sulfur sub- 
limed out of the reaction mixture, and only very small 
amounts of liquid were collected in the receivers. 

(H) The Preparation of Benzoyl Chloride from 
Sodium Benzoate.-A reaction mixture of sodium 
benzoate, anhydrous aluminum chloride, and "chlo- 
ride mixture" was slowly heated to 200" a t  atmospheric 
pressure and colorless vapors were observed condensing 
in the top of the reaction vessel. The reaction system 
was then evacuated, and the temperature of the reaction 
mixture mas increased to 4'75" over a period of 3 hr. 
The reaction was essentially complete a t  400'. As the 
temperature of the reaction mixture was increased 
above 400', a small amount of solid material with an 
aromatic odor sublimed out of the reaction mixture and 
solidified in the water-cooled condenser. 

In successive preparations of benzoyl chloride, the 
crude product mas either a deep green or purple liquid. 
Two successive vacuum distillations of the crude prod- 
uct through a 12-in. Vigreux column gave pure material. 
The infrared spectrum of the benzoyl chloride prepared 
by this method was identical with the infrared spectrum 
of a reagent grade sample of benzoyl chloride. 

The reaction does not appear to be especially- sensi- 
tive to the presence of excess aluminum chloride, since 
the yields did not vary appreciably when larger than 
stoichiometric amounts of aluminum chloride were 
used. The reaction of sodium benzoate with aluminum 
chloride may be represented as 

3Cs&C02T\'a 2A1C13 + 3CsHjCOC1 $. 3SaCl + - 4 1 2 0 3  

The deep coloration of the crude prDduct together 
with the formation of small amounts of solid materials 
with aromatic odors indicates that some of the sodium 

(18) Table I, footnote g. (19) H. S. Booth and &I. C. Cassidy, J. A m .  Chem. SOC., 62, 2360 (1940). 
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benzoate reacts with itself, with benzoyl chloride, or 
its thermal decomposition products via a Friedel-Crafts 
mechanism. There was a considerable amount of 
carbonaceous material in the reaction vessel. 

Attempts to prepare thiobenzoyl chloride from 
monothiobenzoic acid salts by this method were not 
successful. It was found, however, that acetyl chloride 
could be prepared by this technique from sodium acetate 
in 25y0 yield based on sodium acetate. 

(I) The Preparation of Sulfuryl Fluoride from 
Potassium Pyrosulfate and Sodium Fluoride.-The 
reaction mixture of 63 g of sodium fluoride (1.5 moles) 
and 254 g of recently fused and finely ground potassium 
pyrosulfate (1 mole) was placed in a Vycor reaction 
vessel, mixed thoroughly, and heated to 450’ over a 
period of 3 hr. A series of three receiving vessels 
cooled in (1) ice-salt, (2) Dry Ice-acetone, and (3) 
liquid nitrogen was used to collect the product. 

The liquid which condensed in the Dry Ice-acetone 
cooled bath was allowed to distil into the liquid nitrogen 
bath and was then purified by two successive passes 
through a series of three 500-ml gas-washing bottles 
fitted with fritted glass dispersion tubes filled with 
saturated potassium iodide solution. 2o The product 
was dried by passing it t h r o q h  “Drierite.” 

Approximately 5 g of purified sulfuryl fluoride was 
obtained. This represented a 7y0 yield biased on the 
amount of sodium fluoride taken as a starting material. 
Analyses were performed for fluoride and sulfate. 
Anal. Calcd for SOzFz: F, 37.23; S, 31.42. Found: 
F, 36.96; S, 30.89. 

The reaction of sodium fluoride with molten potas- 
sium pyrosulfate to produce sulfuryl fluoride may be 
formulated as 

2K2S~07 + 2NaF .--) SOZFZ + 2KzS04 + Na2S04 

The product was highly contaminated with silicon 
tetrafluoride and the yield was low, but this reaction 
does provide a simple method for preparing small 
amounts of sulfuryl fluoride from readily available 
materials. 

Discussion 
The successful preparation of vanadium oxytri- 

chloride, phosphorus oxytrichloride, nitrosyl chloride, 
nitryl chloride, chromyl chloride, selenium(1V) oxy- 
chloride, benzoyl chloride, and acetyl chloride by the 
reaction of aluminum chloride with oxides or oxyanions 
in the chloride eutectic indicates the general nature of 
this reaction. In order for a reaction of this type to be 
utilized as a preparative method, the reaction products 
should be volatile or have properties that would permit 
convenient separation from the complex reaction mix- 
tures. The range of systems studied here indicates that  
a large number of stable oxides and oxyanions can very 
probably be easily converted to the corresponding 
oxyhalides. The high thermodynamic stability of the 
aluminum-oxygen bond undoubtedly provides a large 
driving force in these systems. 

(20) E. L. Muetterties, Inovg. Syn., 6, 158 (1960). 

Of the reactions studied here, several constitute pro- 
cedures which challenge present methods for prepara- 
tion of the oxyhalides either from the standpoint of 
yield or convenience or both. It should be pointed out 
that extensive experimentation aimed a t  optimization 
of the yields was not undertaken. 

Smith and Jacksoni8,21 have outlined in detail the 
preparation of selenium(1V) oxychloride. In  this 
procedure selenium(1V) oxide is converted to dichloro- 
selenious acid by treatment with anhydrous hydrogen 
chloride and the dichloroselenious acid is then de- 
hydrated with concentrated sulfuric acid. The prepa- 
ration of selenium(1V) oxychloride from selenium(1V) 
oxide and anhydrous aluminum chloride in the “chlo- 
ride mixture” gives only slightly higher yields, but the 
use of large quantities of anhydrous hydrogen chloride 
is eliminated together with the hazardous dehydration 
with concentrated sulfuric acid. The yield of sele- 
nium(1V) oxychloride is not reduced greatly if the reac- 
tion is run by a procedure similar to the one reported 
here but instead in a round-bottom flask heated with an 
ordinary heating mantle. Consequently, this is a con- 
siderably simpler reaction to run than the usual prepa- 
rations of selenium(1V) oxychloride. 

The preparation of nitrosyl chloride from potassium 
nitrate and anhydrous aluminum chloride in the “chlo- 
ride mixture” gives yields which compare favorably 
with the yields obtained by other preparative methods. 
The reaction requires no elaborate apparatus, and the 
procedure is simple. However, this preparation re- 
quires a long, uninterrupted period of time for the tem- 
perature of the reaction mixture must be increased 
very slowly to avoid excessive contamination by oxides 
of nitrogen. 

The preparation of nitryl chloride by the procedure 
reported here is more convenient than the reported 
procedure involving the reaction of anhydrous nitric 
acid with chlorosulfonic acid.22* 2 3  Although very good 
yields are obtained by this latter procedure, the prepara- 
tion of anhydrous nitric acid and the handling of the 
reactants are difficult. 

The preparation of chromyl chloride by the reac- 
tion of chromium(V1) oxide with aluminum chloride 
in a “chloride mixture” gives lower yields than the pro- 
cedure in Inorganic Syntheses,24 but the reaction is not 
difficult to run, and this method gives a simple pro- 
cedure by which the inexperienced chemist can obtain 
reasonable quantities of chromyl chloride of a high de- 
gree of purity with little effort. 

Recently, Johannesen2j developed a preparation of 
vanadium oxytrichloride which involved heating van- 
adium(V) oxide with anhydrous aluminum chloride. 
The vanadium oxytrichloride produced by this reaction 
contained no vanadium(1V) chloride, and its purifi- 

(21) G. B. L. Smith and J. Jackson, J. Am. Chem Soc., 62, 843 (1940). 
(22) W. Steinkoff and M. Kuhnel, Ber., 76 ,  1323 (1942). 
(23) H. Brintzinger and K.  Pfannstiel, Z. Anorg. Allgem. Chent. ,  266, 328 

(1948). 
(24) Table I,  footnote/. 
(25) R. B. Johannessen, Inovg. Syn., 7 ,  119 (1960). 
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cation was much simpler than that for products of the 
classical preparations. Yields were 60YG of the theo- 
retical amount, which is about the same as those ob- 
tained by the more tedious classical procedures. How- 
ever, when the reaction is run in the “chloride mixture” 
as reported here the yield is approximately 20% better 
than when the chloride is not present. In addition, 
the reaction occurs a t  temperatures low enough so 
that the reaction can be run in a 1-1. round-bottom flask 
in an ordinary heating mantle. This modification of 
Johannesen’s procedure represents a significant im- 
provement in the method for the preparation of van- 
adium oxytrichloride. The procedures reported here 
do not have any advantages over the conventional 
ways of preparing the other volatile halides reported in 
this article. 

It is of interest to generalize about these reactions to 
aid in the extension of the reactions to other systems. 
The reactions of aluminum chloride with oxides to 
form acid chlorides may be formulated generally as 

EO, + nAlC13 + EO,Cl, + n/,i1120a (1) 

where E is the general symbol for an element. Un- 
doubtedly, these formulations of the reactions are 
greatly oversimplified and the actual products may be 
various aluminum oxychlorides. The reactive alumi- 
num-containing species is also unknown. It may be 
A1C13 or a cationic chloroaluminum complex. The 
chloride atoms which appear in the volatile acid chlo- 
rides likely come from the solvent rather than from 
aluminum chloride molecules or any chloroaluminum 
complex species. The greater concentration of chlo- 

ride ion and the anticipated greater nucleophilicity of 
this species compared with the tetrachloroaluminate ion 
suggest this. Of course, rapid exchange of all chloride 
in this system is expected and eventual displacement of 
chloride from aluminum by oxide is indicated in eq 1. 
Two mechanisms which conveniently explain the experi- 
mentally observed facts can be proposed One is an 
ionic mechanism in which the chloroaluminum species 
coordinates with an oxygen-containing species through 
the oxygen. The resulting complex is sufficiently 
polarized that the bond between the central element 
and the oxygen which is coordinated to the aluminum is 
broken, leaving a cationic species. This cation could 
then combine with one or more chlorides from the sol- 
vent to form the volatile oxychloride molecule. A 
second possibility would be an S N ~  mechanism, in 
which a neutral ,41C13 molecule or a cationic chloro- 
aluminum species could coordinate with an oxygen 
of an oxide or oxyanion. This could result in polariza- 
tion of the central element-oxygen bond, so that a 
chloride ion could attack the relatively positive cen- 
tral element and an oxide ion could be displaced. 
When a cation is formed by displacement of oxygen by 
chlorine, additional chloride can be obtained from the 
solvent to form the volatile nonmetal halide. 
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The Lattice Energy of Sodium 
Tetrachloroaluminate and the Heat of 
Formation of the Tetrachloroaluminate Ion* 
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In  the past, most of the work on the interaction ener- 
gies of donor-acceptor complexes has been limited to 
complexes with no net charge.2 This restriction has 
been imposed by the difficulty of calculating lattice 
energy effects in solids and solvent effects in solutions. 
In  the last few years, however, machine computation 

(1) This study was supported by the Air Force Office of Scientific Re- 
search Grant No. AF-AFOSR-325-63. 

(2) Reviews of several aspects of this subject are given in the chapters 
by R. J. Gillespie, M. Baaz and V. Gutman, D. R.  Martin and J. R. Cannon, 
and N. N. Greenwood and K. Wade in “Friedel-Crafts and Related Reac- 
tions,” G. Olah, Ed., Interscience Publishers, Inc., New York, N. Y . ,  1963. 

of electrostatic energies has been achieved, and lattice 
energy effects have become easily calculable. 3,  The 
present paper reports the results of applying the crystal 
lattice energy calculation to the determination of the 
energy of the aluminum chloride-chloride ion complex. 

Calculation of the Madelung Constant 
The Madelung constant of NaAlCl? was calculated 

by the method of  WOO^^^,^ for the crystal structure 
proposed by Baenzigera6 He reports the symmetry7 
as P212121 with a = 10.36, b = 9.92, and c = 6.21. 
The coordinates of the different kinds of atoms have 
been given by Baenziger. 

The Madelung constant was calculated for the proc- 
ess 

NaAlCle(c) + Na+(g) + AlC14-(g) 

(3) (a) R .  H. Wood, J .  Chem. Phys., 32, 1690 (1960); (b) Q. C. Johnson 

(4) A. B. Blake and F. A. Cotton, Inorg.  Chem., 2, 906 (1963). 
(5) The authors thank the Computizg Center of the University of Dela- 

(6) iV. C. Baezinger, Acla C ~ y s t . ,  4 ,  216 (1951). 
(7) iY. F. M. Henry and K. Lansdale, Ed., “International Tables for X- 

and D. H. Templeton, ibid., 34, 2004 (1961). 

ware for the use of their facilities. 

Ray Crystallography,” Vol. I, Kynoch Press, Birmingham, England, 1952. 


