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This paper includes a tabular compilation of the physical properties of all alkyl- 

benzenes described in  the literature through 1947, so far as found by the author, 
together with a critical review of the evidence for identity in several doubtful 
cases. Tentative identification is suggested for some new hydrocarbons. 

Approximate functions of structure in simple form have been found for the 
properties as follows: 

d,'O = 0.850 + (0.12/n)(l + a + b) 
d? - 0.854 = 27(nE - 1.475)* 
B.p. = 18n + 21 - 1800/n* (for n-alkylbenzenes) 

M.p. = 19n - 0 .3~~2  - 247 
(similar equations for boiling points of other alkylbenzenes) 

(for normal and three other classes of alkylbenzenes) 
The letter n in the equations is the number of carbon atoms; a is the number of 
pairs of adjacent alkyl groups; b is 1 for mono-tert-alkylbenzenes, and 0 for all 
other aromatics. 

These relations have been used t o  calculate the properties of most of the alkyl 
benzenes listed. The calculations of properties not observed are included in  the 
table; and observations differing substantially from the calculations are ques- 
tioned. Correlations with the observations are shown graphically and discussed. 

I. INTRODUCTIOX 

Monocyclic aromatics with saturated side chains, or alkylbenzenes, constitute 
one of the most important classes of hydrocarbons. This is also one of the largest 
classes, the number of known members exceeding the known p a r a f i s  by over one 
hundred. This review contains a concise list of 379 alkylbenzenes, with observed 
properties which are recorded in the literature. It also includes a critical dis- 
cussion of the evidence for structure in about eighty doubtful cases and, in addi- 
tion, simple but comprehensive correlations of the properties of all members of 
this class of hydrocarbons. 

Two general compilations of such physical properties have been made in addi- 
tion to  Beilstein (30) (which lists only 175 alkylbenzenes in all three volumes) and 
others with less than 100 alkylbenzenes (7, 8, 231, 353,382). Doss (87) selected 
a single observation foi each value, but since the latest edition is four years old, 
it omits 117 alkylbenzenes which can now be included. EgloE's compilation (95) 
is more recent and lists several observations on each property when available, 
but many of the best observations were restricted during the war and so could 
not be published. About 112 alkylbenzenes ~ O T T  described in the literature are 
not included in that list. Moreover, for 58 other alkylbenzenes which are listed 

* The portion of this paper which deals with the calculation of physical properties, 
together with the graphs, was presented before the Division of Petroleum Chemistry at 
the 112th Meeting of the American Chemical Society, New York City, September, 1947. 
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in Egloff’s compilation, observed values for one or more additional properties are 
now available. 

Many of the published observations, sometimes the only one on a certaia hy- 
drocarbon, are “casual observations”, that is, made on impure material, or 
material of uncertain structure, or, in the case of boiling points, without stem 
correction or barometer reading. This does not mean careless work, since the 
investigator was not determining physical properties, and the hydrocarbon may 
have been an incidental by-product in which he had little interest. For many 
alkylbenxenes an assumption of an average value of 0.86 for density and 1.49 for 
refractive index mould be less in error than to  use the published observations. 
For example, the lowest of the fifteen observations on the density of isobutylben- 
zene included in Egloff’s compilation (95) is 0.8628, although the value now ac- 
cepted (8) and supported by three recent excellent observations (50, 121, 142) is 
only 0.8532. Similarly, the highest of fifteen previously recorded normal boiling- 
point observations for i t  is 171.OoC., compared with the now accepted 1723°C. 
(8) (supported by 38b, 50, 121,328). The explanation may be that most of the 
older observations were actually made on tert-butylbeneene, since they agree 
fairly well with good values for the latter. Schramm (308) in 1888 was clear on 
this point, and reported good observations for the density and boiling point of 
both hydrocarbons. The evidence f’m structure in some of the other early papers 
is lacking or inadequate. Even recently, observations on the densities of three 
alkylbenzenes not higher than CI3 in the Journal of the American Chemical So- 
ciety seem to be about 9 per cent too high, judging by other observations on the 
same or related hydrocarbons. 

Nevertheless, observations on so large a number of alkylbenzenes are available 
that relations are discernible, if some erratic observations are disregarded. 

In  order to  judge the reliability of an observation or to choose between badly 
discrepant ones, it is desirable to  have n comprehensive correlation between the 
properties and structures of hydrocarbons. Three papers by Corbin, Alexander, 
and Egloff (70, 71, 72) have already correlated the properties of the simpler types 
of alkylbenxenes,-namely, the 1- and 2-phenylalkanes,-and some of the dialkyl- 
benzenes, but less than one-seventh of the total number of known alkylbenxenes 
are included. In  a fourth paper (73) the same authors showed the relation of 
boiling point t o  pressure for some additional alkylbenzenes. Other more general 
but less accurate correlations for boiling point are those of Kinney (184) and 
Klages (200). Curves correlating the properties for certain series of alkyl- 
benzenes were drawn by Schmidt and coworkers (302, 304, 305). Ward and 
Kurt2 (382) have shown relationships between boiling point and other properties 
for the lower alkylbenzenes. 

Since themore complex hydrocarbons are the less common and therefore the 
more in need of tests of reliability, it was felt that the correlation must be applic- 
able to  every member. It should also be as simple as possible, even though em- 
pirical. This was the attitude in the analogous correlation of all paraffin hydro- 
carbons (106,107) and seems to  have been justified by the results. For example, 
the average deviation of the calculations from the values selected by the Bureau 
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of Standards (6) two years later for the 35 nonanes, eleven of which were unknown 
a t  the time of the calculations, were for the boiling point 0.92”C., for density 
0.0013, and for refractive index 0.0008. Later the Bureau of Standards made 
calculations (358) by an independent method for all three properties, but applied 
i t  only up to  the nonanes. Recently Wiener. (391) developed still another method 
by which he calculated boiling points for paraffins up to  decanes. The three 
methods give comparable precision except for paraffins containing two quaternary 
carbon atoms. The earlier method (106) seems better adapted for this type, but 
this also gives low values for some paraffins with five or more branches (149a). 
The calculations have facilitated other researches (for example, 149, 173). The 
former (and also citation 352, p. 68) confirmed an error of 7°C. in the observed 
boiling point of one nonane, which had been pointed out in the calculations (106). 
The present calculations for alkylbenzenes are probably less accurate than those 
for the paraffins, because the data on which they are based are on the average 
much older. 

11. DESCRIPTION OF TABLE 

Table 1 (see Section VIII) lists every alkylbenzene found by the author in the 
literature for which one or more of its observed physical properties is given. The 
names of some alkylbenzenes listed in DOSS’S (87) and Egloff’s compilations are 
reworded or renumbered for consistency with the Bureau of Standards table (8) 
and usage in Chemical Abstracts. However, when used in the name, a phenyl 
group is listed first and given the smallest possible number, because it is con- 
sidered the most important radical. Sometimes an alternative name is added in 
parentheses, which is shorter and acceptable, though less formal. A precise 
arrangement is used in the table to  permit easy location of a hydrocarbon, or a 
conclusion that it is unknown. The arrangement is substantially the same as 
that of Beilstein (30) and of Egloff (95). Isomers are listed in order of increasing 
number of substituents, and of the positions of substituents in the order phenyl, 
methyl, ethyl, etc., and normal, secondary, iso, and tertiary. “Sec-” is used 
only for butyl groups (except. in a fern cases of uncertain structure), and “tert-” is 
used only for butyl and amyl groups. For these there is no ambiguity. 
The table includes the 18 unknown C11 alkylbenzenes with properties calculated 
by methods of this review, and also a CIZ alkylbenzene, described in the literature, 
but later shown to have a structure different from that assigned. These 19 un- 
known hydrocarbons and benzene are not counted in the “379 alkylbenzenes” 
mentioned above. 

Observations of the boiling point a t  pressures of 710-775 mm. were corrected to 
760 mm. by the relation applicahle to alkylbenzenes (correlated from the values 
of references 7 and 8)  : 

d t j d p  = 0.035 + 0.0001t 

No attempt was made to  convert boiling points at low pressures, although this 
conversion is facilitated by a recent paper (73), because the pressures given are 
not usually sufficiently accurate. In view of the high thermal stability of aromatic 
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hydrocarbons, i t  is unfortunate that normal boiling points were not observed in 
many more cases. For about 57 alkylbenzenes boiling below 300°C. the only 
reported boiling points are those at low pressures, which are of little value in 
identification. 

Observations of density and refractive index a t  temperatures different from 
20°C. were corrected to  that temperature by the relations of Lipkin and Kurtz 
(224). Approximately the coefficients are ddio/dt = -0.00075, and dn;’/ dt = 

The numbers of theoretically possible isomers in the first column were taken 
from a recent paper (109). 

The properties listed for Ce t o  Cm hydrocarbons are substantially those chosen 
by the A. P. I. Hydrocarbon Research Project No. 44 (7,8), with trifling revisions 
for more recent publications. Only a few supporting citations are given for each 
hydrocarbon, since the hundreds of references available mould add little in re- 
liability to those given. For example, eighty-three citations have been found 
prior to  1875 for “cymene”, presumably p-cymene, many of which agree well with 
the now accepted values. Wright (393) reviewed some of them, and gave boiling 
points of material from eight different sources. Gladstone (127) reported good 
values for density and refractive index for the same samples. There is a still 
larger number of early references on benzene, toluene, and the xylenes which are 
of historical inherest only. 

The properties listed for the alkylbenzenes containing more than ten carbon 
atoms are selected means when more than one observation is available for any 
value. The selection was made on the basis of preponderance of agreement of 
observations, except that in the case of melting and boiling points the higher 
values are given increased weight because impur i tk  are more likely to cause low 
results. An error on the low side would result also from neglect of stem correc- 
tion. Caile’s method (117) of correcting boiling points is theoretically sound if 
not extremely accurate. His corrected value for hexaethylbenzene, 305”C., is 
higher than those of fourteen other observers, although only 1.6”C. above that of 
the present author (1 10). 

In  making the choices all of the observations cited by Doss (87) and by Egloff 
(95) were considered and checked, about 90 per cent of them by the use of the 
original literature, and most of the remainder by the use of abstracts. The book 
by Thomas (358a) and the chapter by Price (284a) proved fruitful sources of 
references. Over one thousand additional observations (on alkylbenzenes above 
&), including many too recent for those books, were found and considered. 
These were the source of the data on the additional hydrocarbons. Since Egloff’s 
compilation presents hundreds of citations on the properties, it seems unneces- 
sary to  repeat them all here. However, the present bibliography is intended to 
be complete for observations on the properties of alkylbenzenes above CUI which 
are not included in Egloff’s book. Two Clo hydrocarbons, o- and m-n-propyltol- 
uenes, also are covered completely in this respect, since the lack of melling-point 
values, or of decimal points on the boiling-point selections by the Bureau of Stan- 
dards @), probably indicates that they have not, like their isomers, been given 

-0.00045. 
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recent accurate study. Several of Egloff’s citations are repeated in order to  
cover the most reliable observations on each property, and also some observations 
not mentioned by him, although included in the citations. Page numbers show 
the exact location of data except in about tventy-five foreign citations which mere 
not available (indicated by a plus sign after the page number). The abstract 
reference or other actual source of the data is appended for these and some other 
citations. Preference is given to  Chemical Abstracts, or for the earlier papers t o  
British Chemical Abstracts, unless some observation is omitted there and included 
in Chemisches Zentralblatt or other source listed. The listing of two secondary 
sources usually means that each contains pertinent data which are omitted from 
the other. The spelling of authors’ names follows that of Chemical Abstracts (or 
the British Chemical Abstracts cumulative index), even in preference to the orig- 
inal spelling in foreign journals. 

Question marks are applied in the table to  observations far out of line 
with those of hydrocarbons of similar structure (more than 5°C. in boiling point 
or melting point, or 0.01 in density, or 0.006 in refractive index, according to  the 
correlations of this paper), and not well established experimentally; and suggested 
revisions calculated below are included, enclosed in parentheses. The same 
notation is used alsG for several values for which no observation has been made. 
A question mark after the numerals in the name of a hydrocarbon indicates un- 
certainty in the positions of the groups; and one after the name shows doubt of 
the whole structure. X question mark after a reference number indicates similar 
doubt of structure in that reference. 

111. DISCUSSION O F  IDEXTITY 

Doubts of the identity of some of the hydrocarbons named in the literature have 
appeared in the light of other citations, or from the physical properties, or by ex- 
perience in the reactions. Some of these considerations are as follow: It is gen- 
erally agreed that in the Fittig and Grignard reactions the alkyl groups remain 
unchanged and replace the halogens of the ring. In  the Friedel-Crafts reaction 
the resulting alkyl groups above ethyl are rarely primary except from cycloparaf- 
fins (132, 166, 324) and primary alcohols (166), and under mild conditions from 
primary esters or halides (166), especially those with long chains (125a, 312). 
They are usually secondary from straight-chain olefins and other reagents, and 
tertiary from reactants having a branch adjacent to  the double bond or other 
functional group. The phenyl group frequently assumes a position different 
from that occupied by the functional group of the reagent (156, 371); but in the 
case of secondary alcohols (156) the position can be predicted with good 
probability by postulating a preliminary decomposition of the alcohol to  olefin, 
followed by addition of the aromatic t o  one side of the double bond according t o  
Mal kovnikov’s rule. 

The positions assumed by the alkyl groups are seldom ortho or vicinal (1 2,3- 
or 1,2,3,4-) in appreciable amount if it is possible for them to be further apart. 
The possibility of migration of alkyl groups should be considered. When two or 
more products are possible and two are found, the higher-melting one is probably 
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the more symmetrical; and the one with higher boiling point, density, or refrac- 
tive index is probably the one with more pairs of adjacent alkyl groups, especially 
if one of the groups is methyl. Gilman and Meals (124) have discussed the evi- 
dence of identity in many cases. 

Each statement in the following discussion is intended to  correct an apparently 
inaccuratc designation (indicated usually by quotation marks) of some alkylben- 
zene in a compendium or literature article, or to facilitate identification of a hy- 
drocarbon whose structure was incompletely established. On the other hand, 
the structures assigned tentatively to some of the hydrocarbons not previously 
listed are admittedly rather speculative. 

The possible mistaking of tert-butylbenzene for isobutylbenzene has been men- 
tioned already. There is similar confusion in some of the early literature between 
amyl derivatives, especially normal, iso, and tertiary. The “0- and m-cymenes” 
of Claus and coxorkers (67) probably contahed ?r-propyl groups, in view of their 
synthesis from propyl bromide by the Fittig reaction and the high boiling point 
of the ortho isomer, although that of the meta isomer is low. 

The dimethylethylbenzene of Anschutz and Romig (9a) must have been sym- 
metrical rather than “l-ethy1-2,4-dimethylbenzene” (95), because it gave uvitic 
acid on oxidation. O’Connor and Sowa (263) made 2-phenylpentane instead of 
“l-phenyl-2-methylbutane” (95). 

Tile methylbutylbenzenes of Koxuk and Novak (207) had tert-butyl groups (as 
they showed) instead of normal ones (95). Similarly, Baur (25) showed that the 
product wliich Kelbe and he (180) had called “l-methyl-3-isobutylbenzene” con- 
tained a tertiary group. Since Effront (94) considered his product the same, it 
too can be regarded as 1-methyl-3-tert-butylbenzenc. Apparently no isobutyl- 
toluene has ever been made and described. The hydrocarbons called “l-methyl- 
4-isobutylbenzene” (87, 95) mere both l-methyl-4-sec-butylbenene (237, 379). 
Brun (483) gave no properties or identification for his “isobutyltoluene.” Kelbe 
and Baur’s “p-butylloluene” vith a “butyl group of uaknown structure”, boiled 
at 176-178°C. Since the only evidence for C1& composition was elementary 
analysis (the difference being slight), the lorn boiling point makes the substance 
look like p-cymene, as suggested by Tafel (355) and by Noelting (257). For 
“metaethylpropylbenzene” (288) there is no evidence for the structure assigned 
to  the alkyl groups. Since the propyl groups in Renard’s other product,s were 
iso, this one too was probably secondary. It might even be l-methyl-3-sec- 
butylbenzme, but in either case the assigned structure mould be unknown. 

The evidcnce of Claus and Eller (66) for the structure of their “isoamyl- 
benzene” is good except for the elementary analysis, which is far too low in hy- 
drogel:, EY noted by Bygden (56). On the other liaad, the isoamylbenzenes of 
Menshutkin (236) and Stratford (353) probably had that structure rather than 
“2-phenylpentane” (95). The “trimethylethylbenzene” described by Glattfeld 
2nd RIiIligan (130) u-as not “l-phenyl-2,2-dimethylpropaiu:” (95) but 2-phenyl- 
3-meth ylbu t a m .  

Tilicheev (359) macle it clear that almost all of the allrylbenzencs described by 
him (360) and by him and Xuruindin (361) were secondary (2-phenylalkanes) ; but 
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most of them have been listed in one or more compilalions (95, 302, 304) as “nor- 
mal ~ l l i y l b e ~ z e n c ~ ”  and even the abstracts are not definite. Brochet (47) and 
Khardin (181) identified their hexylbenzenes as 2-phenylhexane and 1-phenyl-3- 
methylpentaae, respectively, rather than the normal compounds (95). Kruber’s 
heptylbeneene (212) probably was secondary; and Ciamician rssigned no struc- 
turc: to  his CJI,, product (63). The “ethylhexy1benxc:ne” of Hennion and Tous- 
saint (144) probably had the tertiary structure, 3-phenyl-3-methylheptane. 

Tafel (355) found that the monoalkylbenzcnes to  which lie and his coworkers 
(356, 357) had bssignecl the structTxes L~l-phenyl-2-methylbutane” and “2- 
methyl-2-benaylbutane” were probably n-amylbenzenc and 1-phenyl-3-methyl- 
pentane, respectively. The properties and syntheses are more consistent with 
the latter structures. The second hydrocarbon mentioned must be considered 
unknown. 

The “P-methyl-6-phenylpentane” of Berman and Lowy (33) may have been a 
mixture with 3-phcnyl-2-methylpentane (cf. 156). Huston and Kaye (156) made 
twcnty products, not all of which were identified by name, but it was made clear 
that some of the others were binary cr ternary mixtures of isomers. The 
probable components include a branched hexyl and five branched heptylben- 
zenes which are otherwise unknown. These are listed in the present table with 
appropriate brackets. (One hydrocarbon is slightly out of ortier to  permit 
bracketing.) 

Essncr and Gossin’s identification (98) of their principal product as m-tert- 
amyltoluene (supported by references 62, 257) seems justified rather than 
“l-methyl-3-n-pent~-lbenzene” (95). They did not identify their lower-boiling 
product, which from its synthesis might be 1-methyl-3-( 1’ ,2’-dimethylpropylben- 
aene (cf. 206 for the corresponding amylbenaene). Similarly, the p-amyltoluene 
of Kunckel and blex (213) and one of the amyltoluenes of Tsukervanik (371) 
seem to contain the 1’ ,2‘-dimethylpropyl group, assuming the mechanism implied 
in the papers. The branched “amyltoluene” of Avenarius and Link (17a) was 
considered by Noelting (257) to  be a butyltoluene. 

Although Uhlhorn (374) gave evidence for the ortho structure in his diisopro- 
pylbenxene, Heise and Tohl (141) claimed that it was para. This would make 
the ortho isomer unknown until 1947 (235b), although i t  is listed in several 
compilations (70, 87, 95, 353). The new low boiling point supports the view of 
Heise and Tohl. Genvresse (119) and McKenna and Sowa (230) both indicated 
a para structure for their diisopropylbenzenes rather than meta (95) or ortho 
(87), respectively. 

Nightingale, Radford, and Shanholtzer (253) and also Buu-Hoi and Cagnaint 
(54) shon-ed that the “1,3-dimethy1-4-tert-butylbenzene” of Rightingale and 
Smith (255) was largely the 1,3,5-isomer. On the other hand both groups of 
authors confirmed the idcntity of the former structure for the product made by 
Smith and Perry (340). The latter invcstigators’ observations of density and 
refractive index are incrdibly high, and no values for these properties were given 
by Buu-Hoi and Cagnnint (54). 

The hydrocarbon of Bijesekcn and Wildschut (42) was not “n-heptylbenxene” 
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(95), since it was made from 3-ethylpentane. It probably had the otherwise un- 
kr? oxn structure, l-phenyl-3-ethylpentane. 

Kirrman and Graves (185) did not identify their diisopropyltoluene. 
Although they reported largely hemimellitic acid on oxidation of the fraction 
containing it, the vicinal structure is very improbable considering its synthesis, 
the low values for density and refractive index, and the analogy in color reaction 
to  that of their 1,2,4-triisopropylbenzene. The structure l-methyl-2,4-diisopro- 
pylbenzene seems most probable. 

The only observation on the density of l-methyl-3-ethyl-6-n-butylbenzene- 
0.6882 at  11°C. (232)-is an obvious typographical error, which is copied in 
Beilstein (30c) and in three abstracts, though questioned in Chemisches Zentral- 
blatt. Doss (87) took the value 0.8882, but the slightly lower value, 0.8862, 
selected by Egloff (95) seems more probable. The density (0.8550) given by 
Larsen, Thorpe, and Armfield (217) for hexadecylbenzene was inadvertently 
assigned to  hexaethylbenzene (95) ; and that assigned to  di-tert-butylbenzene (95) 
should apply to the mono derivative (153). The melting points assigned (95) 
to  the 1,2,4- and 1,3,5-triethylbenzenes (333) and to  triisopropylbenzene 
(248) should apply to  derivatives. 

Barbier (19, 20, 21, 22) made by alkylation six of the ten theoretically possible 
methylisopropyl-tert-butylbenzenes, but assigned structures to  only three of 
them, the 1,4,2-  and 1,4,3- (22) and 1,3,5-isomers (21). The others can be 
identified with fair probability as follows: Three other possible structures (1,2,3-; 
1,2,6-; and 1,3,2-) are vicinal trialkylbenzenes, and are very unlikely to result 
from alkylation. Eliminating these as probabilities, one of the other products, 
the one boiling at 235°C. under 737 mm. (Barbier’s “2”) (20, 21), must be the 
1,2,5-isomer, since i t  was made from m-lert-butyltoluene and the other possi- 
bilities are accounted for. The product boiling at  236°C. under 727 mm. (Bar- 
bier’s “3”) must be the 1,3,6-isomer, since it was made from p-tert-butylcumene 
(22). The remaining product (Barbier’s “l”), which boiled at  230°C. under 733 
mm., was made from p-tert-butyltoluene and could have its isopropyl group in 
either the 2- or the 3-position. Steric influences favor the former, but the rela- 
tively low boiling point favors the isomer with no alkyl group adjacent to  the 
methyl group (1 ,3,4-). 

Timmermans listed a tetraethylbenzene as “1,2,3,4?”. The numbering 
probably should be “1,2,4,5-” because of the high melting point, 11.6”C. (cf. 
171,334), since the former freezes below -50°C. (334), also < -20°C. (117, 170). 
The vicinal structure is copied without a question mark in Chemical Abstracts 
and in compilations (95, 353). Galle (117) considered his tetraethylbenzene to  
be the 1 ,2,3,5-isomer, because on oxidation it gave prehnitic acid. The litera- 
ture on the structure of the latter is equivocal; and Jacobsen (170) showed that 
Galle had the vicinal derivative. This was confirmed by Smith and Guss (355), 
who formed only the 1,2,3,4-isomer by the Jacobsen reaction used by Galle 
(117). 

Denisenko (81) used an ingenious method, the catalytic reduction of phenyl- 
o-cyclopentylalkanes, to  make mixtures of monoalkylbenzenes. Each product 
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contained presumably the n-alkylbenzene and (except for Cn) two other 1- 
phenylalkanes in which the alkyl group had one methyl or one ethyl group side 
chain, respectively. The products above Cn were incompletely separated. The 
higher-boiling cuts from the C15 and CM products are assigned structures of the 
normal alkylbenzenes, and the lower-boiling cuts are considered t o  be mixtures 
of the other two predicted isomers, which should have almost identical properties. 
The high densities and refractive indices of the products may indicate incomplete 
rupture of the cyclopentyl ring. 

Similarly Fleischer and Melber (102a) obtained a C14 alkylbenzene by Clem- 
mensen reduction of a bicyclic diketone and indicated four possible structures, 
depending on the point of rupture of the second ring. Reaction probabilities 
and the high values of the observed density and index both favor the two struc- 
tures with three alkyl groups, of which one is selected tentatively,-namely, 
1 ,2-dimethyl-3-(2’-ethylbutyl)benzene. 

The structure of the “methyloctylbenzene” described by Joukovsky (174) is not 
given. From its synthesis the most probable structure is l-methyl-4-( 1’ ,5’- 
dimethylhexy1)benzene (made also by Ruzicka and van Veen (295)), but since 
Joukovsky showed it to  contain double bonds in substantial amount, it must be 
impure. 

The unsymmetrical structure, 1,3,4-,  vas assigned by de Capeller (59) for his 
di-tert-butyltoluene because the same product resulted on dialkylation by means 
of aluminum chloride, which according to  Baur (25) gives m-tert-butyltoluene, or 
on dialkylation by means of ferric chloride, which Bialobrzeski (37) found t o  give 
p-fert-butyltoluene. The latter observations were supported by Soelting (257), 
by Buu-Iloi and Cagnaint (52), and partly by Pajeau (265a), but not by Shoe- 
smith and McGechen (318). Hoa-ever, this evidence for the structure of the 
di-tert-butyltoluene is not very convincing, in view of the reluctance of branched- 
chain alkyl groups to  assume adjacent positions, of the weakness of directive in- 
fluence in alkylation (110, 284), and of the facility of rearrangement (213, 306), 
especially in the nascent state. Noelting (257) proved that his di-terl-butyl- 
toluene, similarly made, was symmetrical because it formed a trinitro derivative. 
The comparatively high melting point, 32°C. (59), also favors the symmetrical 
structure. 

For similar reasons a symmetrical structure is assigned in this compilation, and 
also in Kightingale’s reviem- (25Oa), t o  the tri-tert-butylbenzene which melts a t  
128°C. Senkowsky (313) did not indicate the positions; and R. A. Smith (341) 
gave no evidence for the positions “1,4,6-” by which he designated i t  (cf. 95), 
although the presumed intermediate, p-di-tert-butylbenzene, suggests the un- 
symmetrical arrangement (cf. 306 for analogous rearrangement of isopropyl 
groups). The liquid “tributylbenzene” described by Ipatieff and coworkers 
(160, 162), which may be the same as that of Koch and Steinbrink (202) and of 
Kunckel and Ulex (213), is assigned tentatively the 1,2,4-  structure, although 
Legge (218a) has evidence for more complex reactions upon the per-alkylation of 
benzene with isobutene. Firla’s “tributylbenzene” (102) had a boiling point too 
lorn for any tributyl- and too high for a dibutyl-benzene. His products may be 
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similar to  those of Legge. The properties of some of Legge’s fractions (218a) are 
listed in table 1 after the structures assigned, even though separation was in- 
complete, because calculated properties for structures comprising a fraction are 
nearly alike. 

The structure 1,3-dimethyltetraethyIbenzene is assigned in table 1 to the 
product of Staudinger and coworkers (345) since they employed “pure xylene”, 
which was probably m-xylene. Galle’s product (117) mas probably the same. 

The positions of most of the alkyl groups are not given in the polyalkylbenzenes 
of Dreisbach (89,90) and Dreisbach and Heusted (91). The products were prob- 
ably mixtures, but the structures assigned are preferred for the reasons given. 
For the ethyldiisopropylbenzene the symmetrical structure is most common in 
alkylation under vigorous conditions. Similarly, the 2,4,6-positions are assigned 
tentatively to  the three isopropyl groups in derivatives of toluene, ethylben- 
zene, xylene, and diethylbenzene. No structure is assigned to the diethyldi- 
isopropylbenzenes. The ethyl groups are probably meta. One of the ethyltri- 
isopropylbenzenes probably has the structure 1 ,2 ,4,5-  and the other 1,2,4,6-. 
The product with the high melting point, 106.9”C., is assigned the more sym- 
metrical structure, 1,2,4,5-, by analogy with durene and the corresponding tetra- 
ethyl- and tetraisopropyl-benzenes, all of which have high melting points. 

The two tiiethyldiisopropylbenzenes were both made from “triethylbenzene”. 
Since the symmetrical isomer could give only one diisopropyl derivative, the 
other product must result from unsymmetrical triethylbenzene (the vicinal isomer 
being unknown). The lon-er boiling point is assigned to  the product from the 
symmetrical isomer, because i t  lacks adjacent ethyl groups. In  the tetraisopro- 
pyltoluene the positions of the four isopropyl groups are practically determined 
by analogy with the only known tetraisopropylbenzene (symmetrical). 

Tilicheev’s m-diamylbenzene (360) probably had sec-amyl groups, and the 
Sharples product (316) might be the same, or it might contain tertiary groups; 
but the amylbenzenes of Austin (10) and Costa (75) were probably m-di-tert- 
amylbenzene, because they were made from optically active amyl alcohol. 

The two “triamylbenzenes” of Ipatieff, Corson, and Pines (160) sh0wt.d very 
different boiling points, and had perhaps secondary and tertiary radicals, respec- 
tively. The Sharples product (316) may be the same as the higher-boiling one 
(sec-), although there are 920 possible triamylbenzenes (cf. 109). The dioctyl- 
and dinonyl-benzenes (160) and Tilicheev’s diheptylbenzene (360) probably had 
secondary groups. 

The hydrocarbon of Schaeffer and Stirton (297a) is assigned the structure 9- 
phenyloctadecane, since it would result from either 9- or 10-phenyloctadecanol 
in their mixture. 

Two hydrocarbons, bombicestane, C2,Hh8, and inagostane, C B H ~ ~ :  listed by 
Egloff (95) are omitted from this compilation, since they probably are not alkyl- 
benzenes but tetracyclics, because of their close similarity to  cholestane (178n, b). 

The follolving hydrocarbons listed in a compilation or abstract must be con- 
sidered unknown, since the names apply t o  alkylbenzenes described apparently 
correctly by the original authors under different names : “1 ,2-di-n-propylbenzene” 
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(95, 137) ; “3-methyl-4-phenylhexane” (4) ; “2-p-tolylhexane” (95, 344) ; “l-pro- 
pyl-2-n-pentylbenzene” (43, 95) ; “1,3,5-trimethyl-2-(2’-methylbutyl)benzene” 
(95, 199) ; “l-methyl-3,5-di-n-butylben~ene” (95, 257) ; “3-propyl-3-phenylhep- 
tane” (95, 138) ; “l-methyl-5-undecylbenzene” (87, 140) ; “1,4-di-sec-hexylben- 
zene” (95, 344) ; “2,8-dimethyl-3-propylnonane” (95, 138) ; “5-phenyl-2,8-di- 
methyl-8-isobutylnonane” (87, 138). This would apply also to  “2-phenyl-3- 
methylhexane” (87, 138), except that it was probably present in one of the prod- 
ucts of Huston and Kaye (156). Some of these names are doubtJless typographi- 
cal errors. 

Typographical errors in the original literature include observations on density: 
0.0834 (380), 0.959 (124), 8.0638 (174), and observations on refractive index: 
4.92 (185), 2.522 (247). These values probably should be 0.8834, 0.859, 0.8638, 
1.492, and 1.522, respectively. 

IV. CALCULtlTION OF DENSITY 

h tentative plot of density against number of carbon atoms for the alkylben- 
zenes showed that ( I )  the density decreases slightly with increasing carbon con- 
tent; (2) the mono-tert-alkylbenzenes have consistently higher densities than 
other monoalkylbenzenes and most polyalkylbenzenes; (3) o-dialkylbenzenes and 
polyalkylbenzenes with two adjacent alkyl groups have a similar exaltation in 
density; ( 4 )  polyalkylbenzenes nj th  more than one pair of adjacent alkyl groups 
have a further increase in density proportional t o  the number of such pairs. 
Thus 1,2,3-trialkyl- and 1,2,4,5-tetraalkyl-benzenes have twice as much in- 
crease in density; 1,2,3,4-tetraalkylbenzenes have three times as much, etc. 

All of these effects are correlated by the following simplc equation: 

di0 = 0.850 + (0.12/n)(l + a + b)  

in which n is the number of carbon atoms, a is the number of pairs of adjacent 
alkyl groups, and b is 1 for mono-tert-alkylbenzenes and zero for other aromatics, 
even including those with tertiary alkyl groups. 

Ninety-six of the more reliable observations of density are plotted in figure 1 
with the densities adjusted for a and b (when applicable). This group includes 
the selections of the Bureau of Standards for hydrocarbons up to  Clo (7, 8); sev- 
eral for higher aromatics accompanied by precise melting points, a property 
which is considered a criterion of purity; and also some others with concordant 
observations by different investigators. For clarity the points are represented 
by letters suggestive of the type of hydrocarbon, as shown in the legend. The 
less reliable observations show a similar distribution of points, but are omitted to  
avoid too great congestion of the graph. 

The curve is the plot of the equation, d = 0.850 + 0.12/n, the base line being 
the asymptote. X o  reliable observation on density of an allrylbenzene disagrees 
with the values thus calculated by more than 0.01, and none for a n-alkylbenzene 
by more than 0.002. 30 further consistent deviation of a sub-class (same letter) 
is apparent. On the other hand, when many more accurate data become avail- 
able, further refinement in the calculations will be possible. Values of density 
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n, n-monoalkylbenzenes 
0, o-dialkylbenzenes 
p, p-dialkylbenzenes 
s, sec-monoalkylbenzenes 
t, tert -monoalkylbenzenes 
A, lJ3,5-trialkylbenzenes 
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FIG. 1. Density 
monoalkylben- 1, polyalkylbenzenes with one pair of ad- 

jacent alkyl groups 
2, polyalkylbenzenes with two pairs of ad- 

jacent alkyl groups 
3, polyalkylbenzenes with three pairs of 

adjacent alkyl groups (vicinal tetraalkyl) 
4, polyalkylbenzenes with four pairs of ad- 

jacent alkyl groups (pentaalkyl) 
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1, polyalkylbenzenes with one pair of ad- 
b, branched-chain primary nionoalkyl ben- jacent alkyl groups 

2, polyalkylbenzenes with two pairs of ad- 
m, m-dialkylbenz enes jacent alkyl groups 
n, n-monoalkylbenzenes 3, polyalkylbenzenes with three pairs of 
0 ,  a-dialkylbenxenes adjacent alkyl groups (vicinal tetraalkyl) 
p, p-dialkylbenzenes 4, polyalkylbenzenes with four pairs of ad- 
s, sec-monoalkylbenzenes jacent alkyl groups (pentaalkyl) 
t ,  tert-monoalkylbenzenes 
A ,  1,3,5-trialkylbenxenes 

zenes 

calculated by this relation are listed in the table when the observations 
are missing for both density and refractive index, or when they differ from the 
calculat’ions by more than 0.01 and 0.006, respectively. 
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V. RELATION BETWEEN DENSITY AND REFRACTIVE INDEX 

Figure 2 is the plot of refractive index against density for the same group of 96 
The points seem to be clustered to  some ex- aromatics by classes as in figure 1. 

tent about the parabola which is the plot of the equation, 

di0 - 0.854 27(nt0 - 1.475)2 

n=CARBON ATOMS 

FIG. 3. Boiling point 

especially if added weight is assigned to the n-alkylbenzenes, as before. How- 
ever, the more symmetrical hydrocarbons, the l ,3,5-trialkylbenzenes, and the 
p -  and to  a less extent the m-dialkylbenzenes, have densities lower by 0.002 to 
0.004 than the others. On the other hand, several branched-chain monoalkyl- 
benzenes have reported densities about 0.01 higher than the curve, but are not 
shown because the values are not supported by other studies and are not consis- 
tent among :themselves. The “refractivity intercept” line (dotted line in the 
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BOILING POINT 
n 

Calculated Observed 

6 
7 110.6 

136.2 
j 160.8 159.2 

figure) of Ward and Kurtz (382) holds well except for those hydrocarbons of low 
refractive index, which include mostly those of high boiling point. 

The curve is used to calculate values of refractive index in the table when ob- 
servations are missing or questionable (deviating more than 0.006 from the calcu- 
lations). It is wed also to  calculate density values from observed refractive in- 
dex values when the former are missing or questionable and the latter are more 
consistent. 

VI. BOILING POINTS 

A plot of boiling point against number of carbon atoms, such as used 
by Schmidt (302) for n-alkylbenzenes only, is necessarily on such a small scale 
that moderate discrepancies are not apparent. In  order t o  accentuate them, 
figures 3 to  5 are plotted with the ordinates “boiling point minus kn”, a procedure 
which permits a much larger scale. Straight lines connecting the observations 
are used instead of smooth curves, thus identifying the points and making it un- 
necessary to  have several different kinds of points. When observations are 
lacking, or so far out of line that their reliability is questioned, dotted lines are 
used connecting calculated (interpolated or extrapolated) values. 

Figure 3 shows convex “curves” for normal alkylbenzenes, and for the ethyl- 
benzenes with all ethyl groups adjacent (1,Z ,3-triethylbenzene is not reported in 
the literature). The boiling point reported for n-hendecylken~ene is 17°C. lower 
than that extrapolated. The observed boiling points of the n-alkylbenzenes 
agee  well &t,h t,he equation 

b.p. = 18n + 21 - 1800/n2 

as shown in the following table: 

n 

11 
12 
13 
14 
15 

BOILING POINT 

Calculated 

204.1 
224.5 
244.35 
263.8 
283.0 

Observed 

205.3 
226.2 
244 
264 
282 

For extrapolation above CIS it may be necessary to  revise the equation to  con- 
For the vicinal ethylbenzenes no equation is satisfactory, tain an n2 term. 

partly because of the small number of reliable points. 
The polymethylbenzenes show nearly a straight line : 

b.p. = 30n - 100 
It is curious that toluene and pentamethylbenzene have boiling points a little 
low for the vicinal series, and a little high for the unsymmetrical series. They 
can be considered to  belong to  both classes. The symmetrical polymethylben- 
zenes, p-xylene, mesitylene, and durene (not shown), would have points just 
below the line for unsymmetrical isomers. 



122 ALFRED W. FRANCIS 

GI chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Isoalkyl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2-Phenylalk ane (secondary) 
2-Phenyl-2-methylalkane (tertiary). . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

b.p. = 16.5n + 4 
b.p. = 21n - 37 
b.p. = 20n - 27 
b.p. = 19n - 21 

n=CARBON ATOMS 

FIG. 4. Boiling points of monoalkylbenzenes and methyl-n-alkylbenzenes 

In  view 
are real 
it seems 

of the large scale i t  is uncertain whether discrepancies from straight lines 
or due to  inaccuracies. For more highly branched monoalkylbenzenes 
advisable to deduct 3°C. for each additional branch from the estimates 

by the above equations. 
Dips in the 

“curves” seem to indicate that the reported boiling points for the CU and CIU 
members are about 4°C. lorn. There is very little difference between the m- and 
p-isomers, and the o-isomer also differs only when the second alkyl group is 
methyl or ethyl. 

Figure 4 also shows the three series of methyl-n-alkylbenzenes. 

The equation for an average corrected curve for this series is 

b.p. = 17n + 33 - 1800/n2 



PROPERTIES OF ALKYLBENZENES 123 

Figure 5 includes other meta and para di-n-alkylbenzenes. An upward revision 
of about 5°C. is suggested for the boiling point of “1-ethyl-3-n-propylbenzene” 

I l -CARBON ATOMS 

FIG. 5. Boiling points of di- and tri-n-alkylbenzenes 

(probably wrong st,ructure). 
equation: 

These series are represented approximately by the 

b.p. = 17n + 31 - 1800/nz 

The symmetrical series (1,3,5-tri-n-alkylbenzenes) shows much more violent, 
fluctuations, which can be smoothed out by  an adjustment for the CIS and CIS 
members. The unsymmetrical series (1,2,4-) requires only one slight adjust- 
ment (CIS). The short vertical lines a t  CUI and CII are drawn to indicate three 
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1,3,5-Tri-n-alkylbenzene.. . . . . . . . . . . . . . . . . . . . . . . . . .  
1,2,4-Tri-n-alkylbenzene.. . . . . . . . . . . . . . . . . . . . . . . . . .  

b.p. = 12.5n + 78 - 1800/n4 
b.p. = 12.5n + 82 - 1800/n2 

6 8 IO 12 14 16 18 20 22 24 26 28 

n = C A R B O N  ATOMS 

benzenes; A ,  1,3,5-tri-n-alkylbenzenes; 2, hexadecylmesitylene. 
FZa. 6. Melting point. B, benzene; m, m-di-n-alkylbenzenes; p, p-methyl-n-alkyl- 

Still another series, the hexaalkylbenzenes, is not shown because it would re- 
The members with reliable observations, those with quire an individual graph. 
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12, 17, 18, and 24 carbon atoms, have observed boiling points consistent with the 
equation: 

b.p. = 5n + 216 - 1800jn' 
Estimates for boiling points of alkylbenzenes not so far included are based on 

the following approximate relations, which are superposed on results from the 
most appropriate equatiom for di- or tri-n-alkylbenzcnes (tetra- and pcnta-nlkyl- 
benzenes are derived from the latter) : 

(1) The boiling points of isomeric poly-n-alkylbenscnes are nearly alike except 
for a correction for adjacent methyl and ethyl groups. Each such pair of methyl 
groups adds about 7"C., and an adjacent methyl :tnd ethyl group add about 4°C. 
to the boiling point. 

(2)  One branch in any alkyl group loi\eis the boiling poiut about 10°C.; a 
second branch lowers it about half as much; a third branch, half as much again, 
etc. 

Estimates are listed in table 1 for boiling points when the observations are 
missing or differ from the calculations by morc than 5"C., for all known alkyl- 
benzenes up to C16 and a fen- beyond, and for the 18 unknown C11 alkylbenzenes. 

VII. w u r m G  miwm 
Melting points of organic compounds are csually extremely sensitive to struc- 

ture, so that comparatively few of the obscivntions on 138 of the alkylbenzenes 
can be correlated quantitatively. In  figure ti are plotted the "best" observations 
on all the known members of four series of n-alkylbcnzenes. A single curve, a 
parabola, which is the plot of the equation, 

m.p. = 1% - 0.3n2 - 247 
agrees well with the values for mono-n-alkyl and the vz-di-n-alkyl series above 
Cs, the symmetrical series above CS, and the methyl-p-n-alkylbenzenes above 
C14. Most of the latter were observed by Schmidt and Schoeller (305), who were 
aware of the discrepancies for the members biith 12, 13, and 14 carbon atoms, so 
that they are prolmbly real as arc thcse for the members below Cn. Single ob- 
servations on melting points of n-octylbenzene (3) and 1-methyl-4-n-octylben- 
zcne (223) are questionable because they are about 30°C. higher than those of 
other observers which are consistent with the curve. 

The apparent validity of one curve for those seriw has permitted the estima- 
tion of twelve melting points not yet observed. For the other observations the 
only correlation now possible seems t,o be the qualitative one that high symmetry, 
as in hexadkylbenzencs, results in high melting points. 

VIII. SUMMARY 

Table 1 presents it summary of datu on the boiling points, density, refractive 

The author is indebted to  Dr. C. F. Feasley, who checked the section dealing 

index, and melting points of benzene and alkylbenzenes. 

with the discussion of identity, and to other colleagues for helpful suggestions. 
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