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and between H; and H; may be inverted since they pre-
sumably were based on distance only considerations.
To test this we obtained the best least-squares3* fit using
the three different assignments, and find that the fit
with the cis, trans-H,(H;) assignments reversed is much
better (R 2.67) than either the original assignments (R
4.24) or the one with H; and H; reversed (R 8.68). The
latter two models may be rejected at about the 98 and
99.5% confidence levels.

HO—* /

2-adamantanol

Summary and Conclusions

The analysis of LIS data using the McConnell-
Robertson equation (eq 1) appears to be justifiable on the
grounds of its apparent success. This success can be
rationalized for one to one (seven coordinate) shift re-
agent-substrate complexes in terms of the approximate
axial symmetry about the substrate-lanthanide bond
and the averaging which results from rotation about this
bond. Neglecting to average the shifts calculated by
eq 1 over appropriate molecular orientations can result

(34) The static model R factors were used since they were lowest.

Organic Ions in the Gas Phase.

in incorrectly assigned spectra, as shown for 3,3-di-
methylthietane 1-oxide. In this case it was necessary
to average the calculated shifts of the three conforma-
tions resulting from rotation about the EuO-SR; bond,
in order to properly fit the spectrum. Such averaging
gives additional conformational information. Thus,
it is our feeling that a variety of computational models
should be applied to any structural problems. Models
which closely mimic the internal motion(s) of a mole-
cule are in our opinion the most reliable.

The use of the C, shift equation (eq 8) and the explicit
averaging of methyl protons, as opposed to treating
them as a centrally located point nuclei, appears to be
unnecessary in the molecules studied.
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Abstract:

Several decomposition products in the mass spectra of 4-n-alkyl esters of trimellitic anhydride stem from

processes involving abstraction of an alkyl hydrogen by an oxygen atom in the anhydride group. Such hydrogen
migration to the formally distant functional group occurs also in 4-n-alkyl trimellitimidates and 1,2-dimethyl 4-n-

alkyl trimellitates, though not in methyl n-alkyl iso- or terephthalates.

The mass spectra of triglycerides of long-

chain aliphatic acids give evidence for a similar process, and a parallel in a different context has been reported in
the photoinduced hydrogen migration from the alkyl chain to the ketonic oxygen in n-alkyl p-benzoylbenzoates.
Deuterium labeling, ionizing voltage dependence, and metastable scanning data indicate that loss of small olefin
molecules from 4-n-alkyl trimellitate anhydrides is a clean two-step process, consisting simply of hydrogen abstrac-

tion followed by 3 carbon-carbon bond cleavage.

lates directly into a probability distribution of abstraction from the various alkyl carbons.

Thus, the carbon-number distribution of the olefins lost trans-

This probability varies

smoothly and symmetrically about a maximum which shifts slowly with increasing chain length to positions on the

chain more remote from the ester linkage.

The evidently low activation energies of reactions initiated by hydrogen

abstraction support molecular coiling—internal solvation—rather than flailing as the mechapism by which the
formally distant radical site and alkyl hydrogen in the gaseous molecule are brought into proximity.

In a preliminary study of the mass spectra of 4-n-
alkyl esters of trimellitic anhydride (TMA), 1,

(1) (a) Standard Oil Company: (b) Amoco Chemicals Corporation.

we found that esters in which the alkyl group contains
six or more carbons lose C,Hi,_o, that is, the alkyl
group less three hydrogen atoms, in competition with
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loss of the alkyl group less two hydrogens, character-
istic of alkyl esters of carboxylic acids.? One of the
migrating atoms is apparently abstracted by a radical
center at an anhydride oxygen atom,? in a process
closely paralleling the photoinduced hydrogen migra-
tion from the alkyl chain to the ketonic oxygen in »n-
alkyl p-benzoylbenzoates.? These observations and
others involving intramolecular reactions between
formally distant parts of a sufficiently long flexible
molecule were interpreted in terms of molecular coil-
ing induced by attempts of isolated molecules to sol-
vate themselves.* The concept of such coiling and
internal solvation and the physicochemical consequences
of this behavior are a matter of continuing interest
both in systems restricted to neutral molecules® and
in the mass spectrometer.t—1°

A few further examples have been discovered of
electron-impact induced reactions involving the migra-
tion of three®® and even four’ hydrogen atoms. One
such example, 2, a derivative of a maleimide photodimer

(0] 0
OiN i:

(0]
\<CH2>5/
2

in which a pentamethylene chain connects the two
nitrogen atoms, loses a C;H; radical, that is, the penta-
methylene chain less three hydrogen atoms.® In this
system, in contrast with trimellitate anhydrides, migra-
tion of the third hydrogen is presumably facilitated
because the far end of the ‘‘alkyl” group is bound
directly to the second functional group destined to
serve as the hydrogen acceptor. Loss of the N-sub-

(2) S. Meyerson, 1. Puskas, and E. K, Fields, Chem. Ind. (London),
1845 (1968).

(3) R, Breslow and M, A, Winnik, J, Amer, Chem. Soc., 91, 3083
(1969).

(4) S. Meyerson and L. C, Leitch, ibid., 93, 2244 (1971), and refer-
ences cited there.

(5) E.F. Meyer and K. S. Stec, ibid., 93, 5451 (1971).

(6) M. Katoh and C. Djerassi, ibid., 92, 731 (1970); M. Katoh, D, A,
Jaeger, and C. Djerassi, ibid., 94, 3107 (1972).

(7) (a) J. P. Morizur and C. Dijerassi, Org. Mass Spectrom., 5, 895
(1971); R. J. Liedtke, Y. M. Sheikh, A. M. Duffield, and C. Djerassi,
ibid., 6, 1271 (1972); (b) 1. Cable and C, Djerassi, J. 4mer. Chem. Soc.,
93, 3905 (1971).

(8) M. Greff, R. E. Wolff, G. H. Draffan, and J. A. McCloskey, Org.
Mass Spectrom., 3, 399 (1970); 1. Dzidic and J. A, McCloskey, J. dmer,
Chem. Soc., 93, 4955 (1971); E. White, S. Tsuboyama, and J. A.
McClogkey, ibid., 93, 6340 (1971); P. D. Woodgate, R. T. Gray, and C,
Djerassi, Org. Mass Spectrom., 4, 257 (1970); M., Sheehan, R. J.
Spangler, M. Ikeda, and C, Djerassi, J. Org. Chem., 36, 1796 (1971);
P, Longevialle, J. Einhorn, J. P. Alazard, L. Diatta, P. Milliet, C.
Monneret, Q. Khuong-Huu, and X. Lusinchi, Org. Mass Specirom.,
5,171 (1971).

(9) W. J. Feast, J. Put, F, C. deSchryver, and E. C, Compernolle,
ibid., 3, 507 (1970).

(10) M. A. Winnik and his students, at the University of Toronto,
have found evidence for similar processes in the mass spectra of m- and
p-(n-alkoxy)benzoic acids and the derived methyl benzoates and of #-
alkyl p-benzoylbenzoates (private communication).
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stituent less two hydrogens is known to occur in the
mass spectra of N-alkyl and, more prominently, N-
cycloalkyl amides. !

Our preliminary communication on trimellitate
anhydrides® prompted a study by Cable and Djerassi™
that added substantially to knowledge of the system.
To clarify and extend the system, these workers ex-
amined the spectra of the cyclic imides prepared from
TMA esters. Loss of the alkyl group less three hy-
drogens persisted despite the structure change, and
competition between the processes involving migra-
tion of three and two hydrogens showed chain-length
dependence similar to that in the anhydrides. They
also replaced the anhydride group with one carbo-
methoxy group in each of the originally occupied posi-
tions in turn and with two carbomethoxy groups.
The spectra of these esters showed intense peaks for
loss of the alkyl group less two hydrogens, but
nothing attributable to loss of the alkyl group less
three hydrogens. Evidence was found, however,
for migration of an alkyl hydrogen to a carbomethoxy
group in the 1,2-dimethyl 4-alkyl trimellitates, though
not in the methyl alkyl iso- and terephthalates. In the
trimellitates, primary loss of the alkyl group less two
hydrogens is followed by loss of CH;OH, and the alkyl
group was confirmed by deuterium labeling as the source
of the hydrogen atom lost with the CH;O group.

We would picture the intermediate as 3 rather than
4, shown by Cable and Djerassi,”™ in recognition of

HCON 0 H HCON, 20+

\
+ +
. <0 CH, . e
XN or
0 NocH,
C C
HO” ™0 HO” S0
J
3
HJCO\C¢O
0
o”
NocH,
HO/C\O““H
4

the requirement of two carbomethoxy groups. More-
over, our measurements on Dreiding models suggest
that a hydrogen atom on C-3 or any further removed
alkyl carbon in the ester molecules can approach a
carbomethoxy oxygen closely enough to allow migra-
tion,'? but that a hydroxyl hydrogen in the CO.H.
group of 4 cannot. The dependence of this secondary
loss of CH;OH on the presence of carbomethoxy
groups in both positions 1 and 2 was taken’™ as evi-
dence for participation of the second group, leading to
the structure 5 or, we would add, 6. Evidence has

(11) Z. Pelah, M. A. Kielczewski, J. M. Wilson, M. Ohashi, H.
Budzikiewicz, and C. Djerassi, J. Amer. Chem. Soc., 85, 2170 (1963).

(12) C. Beard, J. M, Wilson, H. Budzikiewicz, and C. Djerassi, 1bid.,
86, 269 (1964); C. Djerassi, Pure Appl. Chem., 9, 159 (1964); C.
Djerassi, G. von Mutzenbecher, J. Fajkos, D. H. Williams, and H.
Budzikiewicz, J, Amer. Chem. Soc., 87, 817 (1965); C. Djerassi and L.
Tokés, ibid., 88, 536 (1966): C. C. Fenselau and C. H. Robinson, 1bid.,
93, 3070 (1971).
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been reported supporting a similar cyclic structure of
the [M — OCH;}* ions derived from dimethyl o-
phthalate and maleate. 3

To identify the original position(s) of the alkyl
hydrogen migrating to the anhydride group in TMA
esters, Cable and Djerassi”™ studied a series of 4-n-
nonyl TMA esters deuterated on alkyl carbons 3, 4,
5, 6, and 7, 8 and 9, and 9. No clear conclusions
could be drawn from label retentions in the [M —
CyH 6]t ions because of uncertainty about the distribu-
tion of migrating atoms between the anhydride group
and the ester carboxyl group. An alternative strategy
was based on the discovery that [M — C¢H30]* derives
directly from the molecular ion, and on evidence that
the single alkyl hydrogen retained in this ion has mi-
grated to the anhydride group. The data so obtained
showed that the origin of the migrating atom is non-
specific—mainly positions 5, 6, and 7, a reduced amount
from &, and none from 9, the terminal position.

Lastly, loss of the alkyl group less three hydrogens
in 4-n-alkyl TMA esters was enhanced, relative to loss
of alkyl less two hydrogens, by reducing the ionizing
voltage;™ and it was similarly enhanced in Cable and
Djerassi’s 70-eV spectra, measured on an Atlas Model
CH4 instrument with the source at 190-200°,® over
our spectra, measured on a CEC Model 21-103 in-
strument with the source at 250°.> The most signifi-
cant difference in operating conditions was most likely
the source temperature.!* The similar effects of re-
ducing source temperature and ionizing voltage here
parallel the effect of temperature on the coiling of
long flexible polymers in dilute solution in poor sol-
vents;!® they support the view that hydrogen migra-
tion to the anhydride group is characterized by a low
activation energy.!416

(13) S. Meyerson, P. J, Thrig, and T, L. Hunter, J. Org. Chem., 36.
995 (1971); see also G, W. A, Milne, T. Axenrod, and H. M. Fales,
J. Amer. Chem. Soc., 92, 5170 (1970); and H. M. Fales, G. W. A. Milne,
and R. S. Nicholson, 4nal, Chem., 43, 1785 (1971).

(14) Cf. S. Meyerson, T. D, Nevitt, and P. N, Rylander, 4dvan. Mass
Speclrom., 2,313 (1963); S. Meyerson, Appl. Spectrosc., 22, 30 (1968).

(15) See, for example, C, Tanford, **Physical Chemistry of Macro-
molecules,” Wiley, New York, N. Y., 1961, pp 308, 405; F. Rodriguez,
“Principles of Polymer Systems,”” McGraw-Hill, New York, N. Y.,
1970, p 152.

(16) W. Chupka, J. Chem, Phys., 30, 191 (1959); B. S. Rabinovitch
and D. W. Setser, Advan, Photochem., 3, 1 (1964); K. R. Jennings, J.
Chem. Phys., 43, 4176 (1965); D. H. Williams and R. G. Cooks, Chem.
Commun., 663 (1968); W. Carpenter, A. M, Duffield, and C. Djerassi,
J. Amer. Chem. Soc., 90, 160 (1968): F. W, McLatferty and R. B. Fair-

In the meantime, the continuing study of the TMA
ester system in our laboratories utilized essentially
the same two approaches employed by Cable and Djer-
assi. First, we replaced the anhydride group in turn
with a cyclic imide group, a single carbomethoxy group
in original positions 1 and 2, and two carbomethoxy
groups, and searched the resulting mass spectra for
evidence of hydrogen migration from the alkyl group
to the new functional group. Second, we prepared a
series of labeled n-octadecyl, 6,7-d,, 9,10,d;, and 9,10,12,-
13-d,, esters of TMA and sought via their mass spectra
to estimate the extent of deuterium migration to the
anhydride group. We selected these labeled species
in view of the availability of a method suitable for
specific deuterogenation of the double bonds, using
tris(triphenylphosphine)rhodium(I) chloride as a homo-
geneous catalyst,” in readily available natural products
or their derivatives. In part, our findings duplicate
and hence confirm those of Cable and Djerassi; in
other respects, they supplement them and define
further aspects of the chemistry reflected in the spectra.

Experimental Section

The 4-alkyl esters of trimellitic anhydride discussed here and in
the preliminary communication® were prepared by methods re-
ported elsewhere.’® Trimellitic anhydride acid chloride was the
starting material in the preparation of the deuterium-labeled
esters.

4-n-Octadecyl Trimellitimidate. Trimellitimide (9.55 g) and n-
octadecanol (13.5 g) with about 0.2 g of p-toluenesulfonic acid
were stirred at 250° in an apparatus equipped with a reflux con-
denser and a Dean-Stark trap. The reaction stopped after about
one-third of the theoretical amount of water had collected in the
trap, possibly because the catalyst was used up in side reactions.
The desired ester was isolated from the crude mixture by extraction
with hot benzene. The ester crystallized upon cooling; it was
further purified by recrystallization from chloroform, mp 132-
133°, Its infrared spectrum showed N-H (3215 cm™!), imide
(1785, 1768, 1720, 1702 cm™1), and ester (1744, 1735 cm~!) bands
(in Nujol mull),

Methyl n-Octadecyl Isophthalate. To a stirred benzene-toluene
solution of isophthaloyl dichloride (2.03 g) under nitrogen at 0° was
added dropwise a solution of 1-octadecanol (2.7 g) and pyridine
(0.82 ml) in benzene, followed by a solution of methanol (about 2
ml) and pyridine (about 2 ml) in benzene. The solvents and the
pyridine hydrochloride were distilled off (final pot temperature 210°
(0.2 Torr)). The residue, recrystallized from hexane, gave a
small amount of dimethyl isophthalate, mp 67--68° (lit.!? mp 68°),
in the first crop. The mother liquors gave the crude mixed ester,
which was recrystallized from methanol, mp 47-48°. Anal.
Calcd for CxH.:«O.: C, 75.0; H, 10.3. Found: C, 75.6; H,
10.0.

Methyl #-Octadecyl Terephthalate. The preparation was
analogous to that of the isophthalate isomer, but with terephthaloyl
dichloride. After the solvents and the pyridine hydrochloride
were removed at 210° (0.2 Torr), the residue was treated with a
large amount of hot methanol and filtered. The product crystal-
lized from the filtrate in shining plates, mp 66-68°. Anal. Calcd

weather, ibid., 90, 5915 (1968): A. N. H. Yeo and D. H. Williams,
Chem. Commun., 956 (1969): R. G, Cooks, A. N, H. Yeo, and D. H.
Williams, Org. Mass Spectrom., 2,985 (1969); A. N.H. Yeo and D. H.
Williams, J. Amer. Chem. Soc., 91, 3582 (1969); F. W. McLafferty,
D.JL. McAdoo, and J. S. Smith, ibid., 91, 5400 (1969); F. W, McLafferty
in "Topics in Organic Mass Spectrometry,” A, L. Burlingame, Ed.,

Wiley-Interscience, New York, N, Y., 1969, p 223; J. Jullien and J. M.
Pechine, Org Mass Spectrom., 4, 325 (1970); P. Brown, ibid., 3, 1175
(1970); A. N, H. Yeo and D. H, Williams, J. Amer. Chem. Soc 93,
395 (1971).

(17) (a) I. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson,
J. Chem. Soc. A, 1711 (1966): (b) J. R, Morandi and H. B, Jensen, J.
Org. Chem., 34, 1889 (1969).

(18) I. Puskas and E. K. Fields, Ind. Eng. Chem., Prod. Res. Develop.,
9, 403 (1970).

(19) Beilstein's Handbuch der Organischen Chemie, Vol. 9, 11,
Springer-Verlag, West Berlin, 1970, p 4241.
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Table I. Characterization of 1,2-Dimethyl
4-n-Alkyl Trimellitates

n-Alkyl ~—FElemental anal.—
group Mp, °C Formula C H

Butyl Liquid C,:H1:06 Calcd 61.2 6.2
Found 61.3 6.3

Hexyl Liquid CpH306 Calcd 63.3 6.9
Found 63.0 6.9

Hexadecyl 43 CyH 0, Calcd 70.1 9.1
Found 70.0 8.9

Octadecyl 45 ngHgsOa Calcd 71.0 9.5
Found 70.5 9.3

for C;H.O.: C, 75.0; H, 10.3. Found: C, 75.5; H, 10.1.
The methanol-insoluble material was dioctadecyl terephthalate,
purified by recrystallization from hexane, Anal. Calcd for Ci.-
H0.: C,78.8; H,11.7. Found: C,78.7; H,11.5.

1,2-Dimethyl 4-n-Alkyl Trimellitates, Powdered 4-n-alkyl tri-
mellitates!®* were added slowly with stirring to excess ethereal
diazomethane solution, evolving nitrogen. Removal of solvent
left the required esters as residues, which were recrystallized from
methanol or hexane. Their characterization is given in Table 1.

The labeled alcohols were prepared from olefinic precursors by
homogeneous deuterogenation with tris(triphenylphosphine)-
rhodium chloride.!” Olefin isomerization and a measure of deute-
rium scrambling have been reported in this procedure,? but such
side reactions are inhibited by the use of benzene, free of alcohol,
as solvent.?! In particular, methyl oleate and methyl linoleate
are reported, when treated with this catalyst, to add deuterium
specifically to the double bonds to produce the expected methyl
stearates-d; and -d;, of molecular weights 300 and 302, “with neg-
ligible higher peaks’’ in their mass spectra. 22

1-Octadecanol-9,/0-d.. Oleyl alcohol (25 ml, Aldrich technical
grade) in benzene (50 ml) was shaken in a rocking autoclave with
tris(triphenylphosphine)rhodium chloride (50 mg, Alfa In-
organics) under deuterium (100 psi initial pressure) overnight.
The crystallized product was filtered and washed with hexane,
mp 57-58° (lit.2? (unlabeled) mp 58°).

1-Octadecanol-6,7-d,. Petroselinic acid (cis-6-octadecenoic acid)
(2.0 g, Pfalz & Bauer) in benzene (30 ml) was shaken in a rocking
autoclave with tris(triphenylphosphine)rhodium chloride (40 mg)
under deuterium (80 psi initial pressure) for 8 hr. The solvent was
removed and the residue crystallized from methanol to give crude
stearic acid-6,7-d», mp 59-63° (lit.2¢ (unlabeled) mp 69.39-70.5°),
which was used without further purification. Powdered lithium
aluminum hydride (0.6 g, excess) was slurried with dry tetrahydro-
furan by stirring and powdered stearic-6,7-d» acid (0.95 g) was
added in small portions under nitrogen. The mixture was re-
fluxed for 0.5 hr; excess reagent was decomposed by adding ethyl
acetate, then methanol and water, Solvents were then removed
invacuo. Theresidue was extracted with water and filtered. From
the aqueous filtrates (surprisingly!) crude octadecanol-6,7-d:
(0.35 g) crystallized in shining plates, mp 49-54°. From the water-
insoluble filter cake, after drying, the organic materials were
extracted with hot methanol, filtered, and crystallized to give
another crop of octadecanol-6,7-d;, 0.15 g, mp 55.5-56.5°.

1-Octadecanol-9,10,12,13-d;. Methyl linoleate (25 ml, Aldrich)
in benzene (100 ml) was shaken in a rocking autoclave with tris-
(triphenylphosphine)rhodium chloride (500 mg, Alfa Inorganics)
under deuterium (100 psi initial pressure) for 24 hr. The solvent
was removed {7 cvacuo and the residue extracted with lukewarm
(40-45°) methanol and filtered. From the filtrate, 14.5 g of methyl
stearate-9,10,12,13-d; was isolated, mp 35-36° (lit.”® (unlabeled)
mp 37.78°). The methanol-insoluble material was a dimeric
product, pictured tentatively, on the basis of inference from the
mass spectrum, as having an ether linkage. Methyl stearate-
9,10,12,13-d, was reduced with excess lithium aluminum hydride

(20) G. C. Bond and R. A, Hillyard, Discuss. Faraday Soc., 46, 20
§1928;; A. S. Hussey and Y. Takeuchi, J. Amer. Chem. Soc., 91, 672
1969).

(21) R. L. Augustine and J. F. Van Peppen, Chem. Commun., 495,
497, 497, 571 (1970).

(22) A. J. Birch and K. A, M. Walker, Tetrahedron Lett., 4939
(1966); J. Chem, Soc. C, 1894 (1966).

(23) Reference 19, Vol. 1, 111, 1958, p 1834,

(24) Reference 19, Vol. 2, 111, 1960, p 991.

(25) Reference 24, p 1012,
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Table II. Physical Constants of n-Alkyl Benzoates
Bp, °C (Torr) or mp, °C
n-Alkyl group This study Lit.e
Hexyl 96 (0.15) 138 (8.5)
Octyl 113-114 (0. 25) 164 (7); 163 (9);
171-172 (12)
Undecyl 144-146 (0.2)
Dodecyl 155(0.2) 175 (1)
Hexadecyl® 34.5-36.0 28-30
Octadecyl® 42.5-44.0

o Reference 19, pp 398400, ° Recrystallized from ethyl acetate~
methanol, ¢ Recrystallized from chloroform-methanol.

in refluxing ether for 20 hr. Excess reagent was decomposed
with methanol and water. The precipitate was filtered with the
aid of Celite, dried in vacuo, and extracted with chloroform.
Removal of the solvent left a solid, which was extracted with hot
methanol and filtered from the insolubles. The methanol filtrates
gave octadecanol-9,10,12,13-d., mp 55-56°.

n-Octadecyl benzoates were made by adding a solution of benzoyl
chloride in benzene to the corresponding alcohol in benzene-pyri-
dine solution under anhydrous conditions. After the solvents
were removed, the residues were heated to 210° (0.5 Torr) to remove
volatiles. The residues were crystallized from chloroform-meth-
anol to give these n-octadecyl benzoates: d;,, mp 42.5-44°;
6,7-dz, mp 41-42°; 9,10-d;, mp 41-42°;, and 9,10,12,13-d;, mp
40-41°,

n-Alkyl benzoates on which mass spectral data were reported in
the preliminary communication? were prepared by Fischer ester-
ification of benzoic acid with the appropriate alcohols in the pres-
ence of 0.5% p-toluenesulfonic acid at 160-190° until the theoret-
ical amount of water collected in a Dean-Stark trap (1-3 hr).
The crude products were purified by either distillation or crystal-
lization. Physical constants and literature data are listed in Table
II.

Labeled #-Octadecy! Trimethylsilyl Ethers. To aid in the iso-
topic analysis, we converted the labeled octadecanols to trimethyl-
silyl ethers.?¢ In a typical preparation, a solution of 1.15 g of chloro-
trimethylsilane (Eastman, practical) in benzene was added with
stirring at about 10° to a toluene-pyridine solution of octadecanol-
9,10-d,, which was then boiled briefly. Solvents were removed
in vacuo, and the residue was heated to 210° (0.1 Torr) to remove
volatiles. The residue was recrystallized from hexane. The
first crop, white shiny plates, mp 56-57°, was evidently the start-
ing alcohol, confirmed by ir. A second crop, mp 45-53°, was the
required ester contaminated with octadecanol, as shown by ir and
gas chromatography. It was used without purification for mass
spectral isotopic analysis.

Mass spectra were measured on a CEC Model 21-103 instrument,
with the inlet system at 350° and the source at 250°. The spectra
of the n-octadecyl TMA esters and of some of the other materials
gave evidence of incipient thermal decomposition; these were rerun
on a Du Pont Model 21-104 instrument with the inlet system at
250-280°. The mass regions of interest were unaffected by the
difference in inlet temperature except for small contributions from
trimellitic anhydride at masses 192 and 175 in the TMA ester spectra
and from analogous thermal reaction products in other spectra.
Data reported here from spectral regions subject to such inter-
ference were taken from the spectra run at the lower temperature;
all other data are from the original spectra. Conventional 70-eV
spectra were in some cases supplemented by low-voltage measure-
ments, chiefly to facilitate isotopic analysis, Low-voltage spectra
were measured at 9.5 nominal ionizing volts except as otherwise
noted, with the average repeller potential set at 3.0 V.,

The estimation of isotopic composition suffered from low in-
tensities of the relevant peaks in the spectra of all labeled mate-
rials, Moreover, in the octadecanols, isotopic analysis was sub-
ject to interference from an unidentified chemical impurity. Both
our spectrum and a literature spectrum? of 1-octadecanol show
strong C;sHs.* peaks accompanying C;sHje*, the expected (M —

(26) S. H. Langer, S. Connell, and 1. Wender, J. Org. Chem., 23,
50 (1958).

(27) 'Catalog of Selected Mass Spectral Data,” Serial No. 884,
American Petroleum Institute Research Project 44, Thermodynamics
Research Center, Texas A&M University, College Station, Texas
(Loose-leaf sheets, extant, 1972).
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Table III.  Isotopic Compositions of 6,7-d, Materials

ated species are ubiquitous. In any case, for each of the three

labeling patterns, the isotopic analyses of the various compounds

o Octadecyl analyzed are in fairly good agreement. On this basis, we judged
I:I)?. Stearic acid Io:el?si%ait'gr analo‘s:it:decyl TMA ester that the isotopic compositions are well-enough defined toJ allgow
D M- CrHys* f_y_M+_ﬁ CuHast a)lzasr;:cgti;:l interpretation of label-retention data extracted from
atoms Mass ¢ 7* Mass ¢ Mass %* Mass ¢ Our inference, from differences between Cable and Djerassi’s
0 284 4 5 252 7 444 12 252 10 and our data, that the competition between triple- and double-
1 285 17 17 253 18 445 16 253 16 hydrogen migration accompanying O-alkyl bond cleavage in the
2 286 68 67 254 63 446 60 254 59 TMA esters is temperature dependent was confirmed by measure-
3 287 7 7 255 6 447 6 255 7 ments on the n-octadecyl ester made on a Du Pont Model 21-110
4 288 4 3 256 4 448 6 256 5 spectrometer over a range of source temperatures. Sample was
5 289 1 257 1 257 2 introduced through the conventional heated inlet system at 250°;
6 258 1 258 1 electron energy was 70 eV. Resolving power was about 5300,
high enough to separate cleanly the O;-containing and the hydro-
e 70-eV data. ° Low-voltage data, carbon ions, confirming that hydrocarbon contributions at masses
Table IV. Isotopic Compositions of 9,10-d, Materials
Octadecyl Octadecyl tri-
~——Qctadecanol—— ~—benzoate— methylsilyl ether Octadecyl TMA ester
Ion used for analysis
No. of D £15H36+ - f—ClsHse+—* [M - CH3]+ —Mt— ’_C18H35+——\
atoms Mass e T Mass % Mass % Mass VA Mass %
250 2
251 5
0 252 30 252 4 444 8 252 8
1 253 6 10 253 5 328 5 445 9 253 4
2 254 49 78 254 82 329 90 446 73 254 77
3 255 4 6 255 3 330 5 447 5 255 3
4 256 4 6 256 5 448 5 256 6
5 257 1 257 2
6 258 0.5
¢ 70-eV data. * Same data as in previous column, but normalized on a basis free of the species of masses 250, 251, and 252, which are

attributed to a chemical impurity.

Table V. Isotopic Compositions of 9,10,12,13-d, Materials
Octadecyl Octadecyl tri-
——0Octadecanol-— benzoate Methyl stearate methylsilyl ether Octadecyl TMA ester-———
No. of Ton used for analysis
D : CisHse™ ~—~CisHget— M+ [M — CH,]* Mt —CisHze"—
atoms  Mass %e AL Mass % Mass %8 Tc Mass % Mass A Mass A
250 1
251 5
0 252 3 4 252 3 298 5 4 327 444 3 252 3
1 253 4 4 253 2 299 1 3 328 445 4 253 3
2 254 15 16 254 13 300 13 13 329 15 446 13 254 13
3 255 15 17 255 13 301 14 14 330 13 447 15 255 12
4 256 42 44 256 51 302 51 50 331 59 448 49 256 51
5 257 11 11 257 12 303 11 11 332 10 449 12 257 13
6 258 4 4 258 4 404 4 3 333 3 450 4 258 5
7 259 2 305 1 2
a 70-eV data. * See footnote b, Table IV. Only the species of masses 250 and 251 are omitted here. ¢ Low-voltage data.

H:0l* ion, although the proportions differ in the two spectra.
The impurity responsible is apparently also present in our octa-
decanol-9,/0-d; and, at a much lower level, in octadecanol-9,70,12,-
13-d,. Tts concentration in octadecanol-6,7-d: is so high that its
contributions in the CisH;6™ mass region swamp those attributable
to the octadecanol itself; data from this spectrum are therefore
not reported here. The component responsible evidently caused
no problem in the precursor acid and derived esters, however.
Similar impurities were apparently responsible for the [M — 2]*
and [M — 20]* peaks in literature spectra of n-hentriacontanol and
eicosan-2-0l.22 The compounds in question may be aldehydes,
which would be removed in purifying the esterification products.
Isotopic compositions of the 6,7-ds, 9,10-d;, and 9,10,12,13-d,
materials, respectively, are listed in Tables III-V. In every case,
the most abundant isotopic species is that expected on the assump-
tion of specific deuterogenation of the original olefinic bonds with
no side reactions, However, moie, as well as less, highly deuter-

(28) R.Ryhage and E. Stenhagen, J. Lipid Res., 1, 361 (1960).

192, 193, and 194 are negligible. The intensity distributions over
these masses, corresponding to retention of 1, 2, and 3 alkyl hy-

Table VI. Temperature and Voltage Dependence of Product
Distribution from 0-Alkyl Cleavage with Hydrogen Migration
in #n-Octadecyl Trimellitate Anhydride

No. of Source Temp, °Ce —_—
alkyl hy- 150 200 250 250
drogens Ionizing voltse —_
Mass retained 70 9.5 11.5 70
192 1 0.8 1.6 0.4 1.0 1.0 0.9
193 2 67.0 69.1 73.2 522 554 64.0
194 3 322 29.3 26.4 46.8 43.6 35.1

s Both source temperature and ionizing voltages are nominal.
Temperature-dependence data were measured on a Du Pont Model
21-110 instrument; voltage-dependence data, on a Du Pont Model
21-104 instrument.
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Table VII. Metastable Peaks for Paths Leading to Selected Fragment Ions
1,2-Dimethyl
4-n-Octadecyl TMA ester 4-n-octadecyl trimellitate———
Fragment-ion series
—M — CH,,0* {M — H,0 — C;H;;]* ~——M — CH;OH — CH,,]"——
Fragment-  Precursor Fragment-  Precursor Fragment-  Precursor
j ion mass mass Intensitys ion mass mass Intensity® ion mass mass Intensitys
2 416 444> 0.2 398 416 1.0 430 462 1.1
426¢ 0.6 4900 0.7
444> 0.4
3 402 444 3.2 384 402 4.7 416 448 0.6
426 0.6 4584 0.8
444 1.3 490 2.3
4 388 444 6.0 370 388 7.5 402 434 0.5
426 0.6 458 0.8
444 1.3 490 2.1
5 374 444 7.6 356 374 9.8 388 420 0.1
384 0.2 458 1.2
402 0.1 490 2.4
426 0.6
444 1.2
6 360 388 0.5 342 360 9.8 374 406 1.0
416 0.2 370 0.2 458 1.0
444 8.6 388 0.1 490 2.2
426 0.2
444 1.4
7 346 444 8.0 328 346 8.0 360 392 1.0
356 0.1 458 1.3
426 0.1 490 2.0
444 1.0
8 332 444 7.0 314 332 3.6 346 378 0.8
342 0.1 458 1.4
356 0.1 490 2.3
426 0.1
444 0.4
9 318 444 5.0 300 318 1.2 332 364 0.3
328 0.2 458 1.5
342 0.1 490 1.9
426 0.1
444 0.2
10 304 444 2.0 286 304 0.6 318 350 0.9
314 0.2 458 0.9
332 0.1 490 1.0
444 0.1
11 304 336 0.7
458 0.1
490 0.1
12 290 322 0.2
490 0.1
13 276 308 0.1
458 0.1
14 262 294 0.6
458 0.1
@ Intensities are expressed on an arbitrary scale. ®* M*, ¢[M — H,O]*. ¢[M — CH;OH].
drogens, respectively, are shown in Table VI. The analogous 0
data meacured at a fixed source temperature, 250°, but at different \C/NH
ionizing voltages, on the 21-104 instrument, also shown in Table \
VI, confirm the reported™ voltage dependence, C=0
Selected fragment ions in the spectra of 4-n-octadecyl TMA ester
and 1,2-dimethyl 4-n-octadecyl trimellitate were subjected to pre-
cise mass measurement and metastable scanning?® on the 21-110
instrument to establish their compositions and origins. The _C
precise masses confirm the compositions inferred from nominal 0% \OCmHu:
masses in all cases. The parent-daughter relationships found by 7

metastable scanning are listed in Table VII, along with metastable
peak intensities, expressed on an arbitrary scale.

Results and Discussion

n-Octadecyl Trimellitimidate. The mass spectrum
of the n-octadecyl ester of trimellitimide, 7, shows the
peaks at masses 192 and 193 reported by Cable and
Djerassi™ for lower homologs, corresponding to loss

(29) J. H. Futrell, K, R. Ryan, and L. W, Sieck, J. Chem. Phys., 43,
1832 (1965); K. R. Jennings, ibid., 43, 4176 (1965).

of the alkyl radical less two and three hydrogens, re-
spectively, The mass 193:mass 192 intensity ratio,
that is, the ratio of probabilities of triple- to double-
hydrogen migration, is 30:70. This ratio is slightly
lower than the analogous mass 194:mass 193 intensity
ratio in the spectrum of the n-octadecyl TMA ester,
paralleling the observed™ behavior of the imide wvs.
anhydride esters with shorter alkyl groups.
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Methyl n-Octadecyl Iso- and Terephthalates. The
strongest peaks in the spectra of the isomeric methyl
n-octadecyl phthalates, at mass 181, correspond to loss
of the octadecyl group less two hydrogens, paralleling
the behavior of lower homologs.™ Moreover, the
intensity distribution between the peaks correspond-
ing to loss of the octadecyl group with retention of one
and two octadecyl hydrogens is essentially the same
in the spectra of the mixed iso- and terephthalate
esters and n-octadecyl benzoate: 5:95,8:92, and 7:93,
respectively. The close parallel suggests similar reac-
tions, although such an inference is not so proved.
Also paralleling the behavior of lower homologs,”™
the mixed esters give peaks for primary loss of CH;0
but not of CH;OH. Thus, the spectra of these esters
furnish no evidence for hydrogen migration from the
octadecyl group to the carbomethoxy group.

1,2-Dimethyl 4-n-Alkyl Trimellitates. Our spectra
of the 1,2-dimethyl 4-n-butyl, 4-n-hexyl, 4-n-hexadecyl,
and 4-n-octadecyl trimellitates closely resemble those
reported”™ for the 4-n-propyl, 4-n-butyl, 4-n-nonyl,
and 4-n-dodecyl homologs. Each spectrum shows an
intense peak at mass 239, corresponding to loss of the
alkyl group less two hydrogens; nothing at 240,
for a similar process with retention of three hydro-
gens; the most intense peak in the spectrum at 207,
accompanied by a strong metastable peak identifying
the ion of mass 239 as precursor to that of mass 207,
the mass difference implying loss of CH;OH;* a peak
corresponding to the loss of CH;0; and the character-
istic31.32 olefin peaks derived from the alkyl group.
The intensity distributions between the peaks corre-
sponding to loss of the alkyl group with retention
of one and two alkyl hydrogens in these esters, all
1:99, agree less closely with those of the analogous
benzoates: hexyl, 16:84; hexadecyl, 7:93; and
octadecyl, 7:93. The difference is pronounced enough
to suggest the intervention of some other reaction
path in the trimellitates. In addition, the spectra of
the hexadecyl and octadecyl esters, shown in part
in Table VIII, contain several features not reported
in the spectra of the lower homologs.

First, the [M — CH;O}* ion is accompanied by [M —
CH;OH]J*, independently confirming the migration
of an alkyl hydrogen to a carbomethoxy group. Sec-
ond, the [M — CH;OH]* ion breaks down further to
some extent by losing a second CH,OH molecule,
demonstrating that, in at least some of the molecular
ions, two alkyl hydrogen atoms migrate to carbo-
methoxy groups. Third, the homologous series of
even-mass peaks corresponding to loss of olefin mole-
cules from [M — CH;OHY}" appears unusual. Al-
though the intensities of these peaks are not high,
they stand out prominently in the mass region in which
they occur and, in fact, comprise the strongest peaks
in single carbon-number groups over a range of several
carbon numbers. They are closely paralleled by series

(30) Similar combinations of normal and metastable peaks establish
the loss of C:HyOH following primary loss of CreH2 and CiHis from
1,2-di-n-butyl 4-n-dodecy! and 1,2-di-n-butyl 4-n-decyl trimellitates, re-
spectively, and the loss of C;HsOH following primary loss of CioHig
from 1,2-diallyl 4-n-decyl trimellitate (unpublished spectra, this labora-
tory).

(31) R. Ryhage and E. Stenhagen in **Mass Spectrometry of Organic
lons,” F. W, McLafferty, Ed., Academic Press, New York, N. Y.,
1963, Chapter 9,

(32) R.Ryhage and E. Stenhagen, Ark. Kemi, 14, 483 (1959),

Table VIIL. Partial Spectra of 1,2-Dimethyl
4-n-Alkyl Trimellitates

n-Hexadecyl n-Octadecyl

Rel in- Rel in-
Mass tensitys®> Mass tensity®?
M+ 462 0.64 490 0.53
[M — CH,0]* 431 2.69 459 1.69
[M — CH;OH]* = Y~* 430 2.48 458 1.74
[Y — CHg* 402 0.13 430 0.09
[Y — CH;)* 401 0.20 429 0.21
[y — E}II-;OH]+ 398 0.37 426 0.42
[Y — CH¢l* 388 0.41 416 0.34
[Y — CHj)* 387 0.18 415 0.06
[Y — 44)¢ 386 0.41 414 0.32
[Y — C:Hg)* 374 0.63 402 0.32
[Y — C:Hq* 373 0.23 401 0.15
[Y — C:H,q)* 360 0.72 388 0.49
[Y — C:Hy)* 359 0.28 387 0.15
[Y — CeHyJ* 346 0.79 374 0.59
[Y — CeHis)* 345 0.37 373 0.21
[Y — GH,JJ* 332 0.68 360 0.68
[Y — GH,3)* 331 0.46 359 0.28
[Y — GH,q* 318 0.40 346 0.69
[Y — GHyul* 317 0.55 345 0.2i
[Y — CyHy)* 304 0.22 332 0.45
[Y — GHyg)™ 303 0.55 331 0.36
[Y — CiHyl* 290 0.18 318 0.34
[Y — CiHaul* 289 0.55 317 0.42
[Y — CuHy)* 276 0.10 304 0.20
[Y — CuHz)* 275 0.46 303 0.42
[Y — CpHal* 262 0.19 290 0.14
[Y — CioHy)* 261 0.28 289 0.42
[Y — CuHaug” 276 0.15
[Y - C131{27]+ 275 036
[Y — CyHul* 262 0.15
[Y - C14H29]+ 261 028
M — C.H;,_,]* ¢ 239 12.9 239 i1.0
M — C:Hz.1O]* 221 47.2 221 47.9
M — C,Hzmy — CH;,OH]* 207 100.0 207 100.0
[CHz.]* 224 1.93 252 3.12

a Corrected for naturally occurring heavy isotopic contributions-
b Intensity scale defined by setting the value at 207 equal to 100.0.
¢ Composition and origin uncertain. The mass suggests that the
neutral particle lost may be CO,. “n = the number of carbon
atoms in the alkyl group, that is, 16 and 18 in the respective esters.

of peaks related similarly to the molecular ions and
[M — H,0}* of 4-n-alkyl TMA esters, described below,
and would appear to arise by similar reactions.
4-n-Octadecyl and Other Trimellitate Anhydrides.
The [M — C,H,,0]* peak at mass 176 (in the unlabeled
species), where 7 is the number of carbons in the alkyl
group, proved useful in pinpointing the origins of
alkyl hydrogens migrating to the anhydride group in
4-n-nonyl TMA ester because the [M — C,Hjz, 10"
peak at 175 disappeared at reduced ionizing voltage,
leaving the peak of interest free of interference.”
The pronounced difference between the appearance
potentials of the two ions was ascribed to their non-
parallel reaction paths. [M — C,Hj,10]" appeared
to arise in the main by a two-step sequence, in which
C,H,,_1 and H,O are lost in succession, while [M —
C,H:,O]* arose solely by loss of C,H:,O from the
molecular ion. In view of these disparate origins,
the nearly identical mass 176:mass 175 and mass
194: mass 193 intensity distributions found in the spectra
of the n-octyl, n-nonyl, n-decyl, and n-dodecyl esters™
would have to be a fortuitous result of the particular
instrument conditions employed and the narrow range
of alkyl chain lengths surveyed. This surmise is indeed
confirmed by our data. The mass 176:mass 175
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Table IX. [M — CyHy]* Regions in Spectra of Labeled n-Octadecyl Benzoates and Trimellitate Anhydrides
Benzoates TMA esters
do 6,7-dx 9,10-d,  9,10,12,13-d, dy 6,7-d, 9,10-d,  9,10,12,13-d,
Mass Rel intensity%b———m——— Mass Rel intensitys:<

122 5.45 5.42 5.45 5.47 192 0.91 1.41 1.98 0.94
123 90.2 83.7 87.0 84.7 193 61.7 57.4 52.9 45.9
124 0.54 6.70 3.42 5.54 194 33.8 33.6 36.2 38.2
125 2.244 0.81 0.57 0.37 195 1.524 5.12 6.29 10.9
126 1.31¢ 1.56 1.56 0.94 196 2,024 2.10 1.98 2.46
127 0,224 1.18 1.44 1.19 197 0.13¢ 0.38 0.66 1.02
128 0.03 0.46 0.50 1.02 198 0.15 0.15 0.42
129 0.11 0.12 0.61 199 0.15
130 0.03 0.02 0.20

131 0.05

132 0.01

@ Corrected for naturally occurring heavy isotopic contributions.
equal to 100.0.

and mass 194:mass 193 intensity distributions, cor-
rected for naturally occurring heavy isotopic contri-
butions, vary from 7:93 and 3:97, respectively, in the
n-hexyl ester to 26:74 and 35:65 in the n-docosyl
ester; the respective values in the n-octadecyl ester
are 27:73 and 33:67.

Increase of alkyl chain length brings in its wake
other changes in the spectra: a progressive decrease
in intensity at 175/176 relative to that at 193/194;
and interfering hydrocarbon ions, with low appearance
potentials, derived from the alkyl chain. These two
effects together make the [M — C,H,,O]* ion useless
for locating the positions from which alkyl hydrogens
migrate to the anhydride group in the n-octadecyl
ester. We have instead used two alternative and in-
dependent approaches: the first, comparison of the
[M — CysHj;)+ regions of the spectra of labeled -
octadecyl benzoates and TMA esters; the second,
mechanistic interpretation of the loss of small olefin
molecules from 4-n-alkyl TMA esters and 1,2-dimethyl
4-n-alkyl trimellitates, supported by label retentions
in ions so derived from the labeled n-octadecyl TMA
esters.

Comparative Label Retention in [M — C,sH;;]* from
Labeled Octadecyl Benzoates and TMA Esters. Several
observations scattered through this report point to
hydrogen migration to the anhydride, or other second
functional, group in paths effecting loss of C,Hsn
as well as of C,Hs,—,, that is, loss of the alkyl group
less two, as well as three, hydrogens. With this shift
in terminus of the migrating atoms in mind, we focused
attention on the [M — CiH;;]* ions in the spectra
of the labeled benzoates and TMA esters. Partial
spectra covering the pertinent mass regions are shown
in Table IX. The regions of interest in the spectra
of both esters contain peaks attributable to hydro-
carbon ions derived from the octadecyl group. Our
decision to work with the [M — CyiH;s]* ions was
dictated by the need to minimize interferences from
these extraneous species in the spectra of the labeled
esters.

Intensity attributable to unlabeled [M — CyHsl*
at 122 is the same in all the benzoate spectra, imply-
ing that the production of this ion involves no mea-
surable hydrogen migration from positions 6, 7, 9,
10, 12, or 13. The intensity variation of the analogous
peak at 192 in the TMA ester spectra reflects slight
interference from labeled counterparts of hydrocarbon

b Total intensity from mass 122 to 130 (132 in the d, spectrum) is set
¢ Total intensity from mass 192 to 199 is set equal to 100.0.

¢ Hydrocarbon ions derived from the octadecyl group.

ions occurring at 191, 190, etc., in the spectrum of the
unlabeled compound. In any case, the peaks at 123
and 193 are apparently free of contributions from
labeled [M — CiHasel™, and can be attributed solely
to unlabeled [M — CyHj;jt.  The per cent of labeled
[M — CigH3s)*t ions, with either one or two deuterium
atoms, can now be estimated for each labeled species
as (Io — I)/I,, where I and I, are the intensities of the
labeled and unlabeled esters, respectively, at mass
123 or 193. The values so arrived at are listed in
Table X. The differences between the values for the

Table X. Per Cent Label Retention in [M — C;sHj:]* from
Labeled n-Octadecyl Benzoates and Trimellitate Anhydrides

Benzoates TMA esters Differences
6,7-d, 7.2 7.0 —-0.2
9,10-d; 3.5 14.3 10.8
9,10,12,13-d, 6.1 25.6 19.5

o The TMA ester value minus the benzoate value.

similarly labeled esters measure the preference for
migration from the labeled positions in the TMA
ester over that in the benzoate, and we view them as
first approximations to the extent of migration to the
anhydride group. Positions 6/7 appear to contribute
but little. Positions 9/10 and 12/13 contribute roughly
equally. Positions 9/10 and 12/13 also contribute
about equally to migration to the carboxyl group in
the benzoate, where migration from positions 6/7 is
about twice as probable as from the farther removed
carbons.

Loss of Olefin Molecules. Over a wide region—
the entire interval between CisH 3¢, mass 252, and [M —
H,0]*, mass 426, in the n-octadecyl ester, for ex-
ample—the mass spectra of the longer 4-n-alkyl TMA
esters are dominated by a homologous series of peaks
corresponding to loss of olefin molecules C;H,; from
the molecular ion. Such peaks are common in the
spectra of olefins,®? but otherwise rare. They intrigued
us particularly in view of the similar series apparently
stemming from the [M — CH;OH]+ ions in the spectra

(33) H. Budzikiewicz, C. Djerassi, and D. H, Williams, "*Mass Spec-
trometry of Organic Compounds,” Holden-Day, San Francisco, Calif.,
1967, p 56; J. H. Beynon, R, A, Saunders, and A. E. Williams, "Mass
Spectra of Organic Molecules,” Elsevier, New York, N. Y., 1968, p
106.
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Table XI. Partial Spectra of 4-#-Alkyl Trimellitate Anhydrides

na.

12 16

6 7 8 11 18 20 22
Ton Rel intensity®

M+ 0.43 0.76 0.12 0.57 0.67 0.45 0.43 0.51 0.19
M — CH,]* 0.02 0.02 0.02 0.02 0.03 0.05 0.06 0.33¢
M — CH,]* 0.02 0.02 0.03 0.03
M — C;H,l* 0.05 0.14¢ 0.03 0.03 0.12 0.28 0.19 0.14 0.04
M — C;Hq]* 0.38 0.10 0.05 0.02 0.02 0.02 0.02
M — CHg)* 0.03 0.16¢ 0.05 0.40 0.30 0.26 0.09
M — CH,]* 0.09 0.10 0.02 0.02 0.03 0.03
M — C:H,o* 0.05 0.05 0.03 0.02 0.44 0.42 0.37 0.19
[M — CHul* 0.03 0.09 0.09 0.02 0.03 0.06 0.03
[M — CeHypl* e 0.04 0.05 0.02 0.33 0.44 0.43 0.27
[M — C¢Hy3)* 0.02 0.06 0.02 0.03 0.05 0.03
M — GH,q* e 0.03 0.05¢ 0.02 0.19 0.39 0.47 0.36
M — CH,:]* 0.02 0.03 0.03 0.04
[M — GsHiel* e 0.05 0.05¢ 0.07 0.27 0.44 0.42
[M — GHpl* 0.02 0.01 0.02 0.05 0.04
M — C;Hys)* 0.02 0.02 0.16 0.38 0.45
M — GCHyo)* 0.03 0.05 0.02 0.03 0.05
[M — CHag* 0.03 0.02 0.05 0.26 0.43
[M — CiHa)* 0.03 0.02 0.03 0.04
(M — CyuHa* e 0.03 0.02 0.02 0.15 0.35
M — CHz]* 0.02 0.02 0.02 0.03 0.04
[M — CpHgd* e 0.02¢ 0.02 0.06 0.24
M — CpH;)* 0.03 0.02 0.03 0.03
[M — CioHael* 0.02 0.02 0.14
M — C;Hxl* 0.05 0.02 0.03 0.03
M — CHyl* 0.09 0.05¢ 0.03 0.07
{l\l\:{ — g“g”}: 0.05 0.05 0.03 0.03

— CsHsg 0.04 0.03 0.02
M — CiHall* 0.04 0.05 0.03 0.02
m - g,sg”]]: e 0.05 0.06¢ 0.03

— CyeHy, 0.03 0.05 0.04
M — S”g“]* 0.03 0.03 0.02
M - st : : :
(0 = Cobr o oo
(M — CigHyl* 0.05 0.05
M — CiHasl* 0.05 0.03
[M — CisHy* 0.07
M — CyHud* e 0.08
M — CyHul” 0.05
M — CuyHg]* 0.04
M — CaHul* 0.05

M — CpH.u*

e

« Number of carbon atoms in the alkyl group.

b Intensities are expressed as per cent of total ion yield from mass 26 to the end of the

spectrum. No corrections have been made for naturally occurring heavy isotopic contributions. ¢ Intensity seems unduly high, probably

due to a trace of the eicosyl ester present as an impurity.

of 1,2-dimethyl 4-n-alkyl trimellitates. Moreover, the
4-n-alkyl TMA esters show a second such series, lower
in intensity than the first series by factors of 5-10, cor-
responding to loss of olefin molecules from [M —
H,OJ*. Table XI shows the [M — C,H;j* and the
neighboring (M — C;Hgyw1]™ peaks in the spectra of
nine 4-n-alkyl TMA esters, in which 7, the number of
carbons in the alkyl group, varies from 6 to 22.

The peak for which j = n — 4 apparently stems from
a process common to long-chain alkyl esters gener-
ally, which will be dealt with elsewhere. In the spectra
of the longer 4-n-alkyl TMA esters, unlike those of
benzoates and aliphatic acid esters, the product of
this specific process is accompanied by a series of
higher homologs corresponding to the loss of olefin
molecules C,Hj;, where 2 < j < n — 8. This series
of products can be plausibly accounted for by hydrogen
abstraction by an anhydride oxygen from C-(n — Jj
+ 2) in the alkyl chain, followed by 3 cleavage with
respect to the resulting free radical.

4 Loss of C;Hs; where j = n — 4.

ej = n,

0
\C/o\
Cxot n
\I_-l;-?HCH .
/. CH,
07° >0 (CH,)2
(0]
N
\C/O\
C

S0'H + CH,=CHCH,...

07C>0(CH,).

8 cleavage on the far side of the radical site would
effect loss of an alkyl radical, and may well be the
source of the observed [M — C;Hau}* ions. The
generally lower abundance of these ions than of [M —
C;H,,]* may reflect stabilization of the latter by some
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further interaction between the primary radical site
and the protonated anhydride group.

Such a model for formation of the [M — C,Hyl*
ion series is particularly attractive because, if it is
valid, the intensity distribution of the corresponding
peaks is a direct measure of the probability distribu-
tion of abstraction from the various alkyl carbons.
Thus, the appropriate data, taken from Table XI
and normalized to a total of 10097 for all values of
j from 2 to n — 8, are listed in Table XII. Also listed

Table XII. Intensity Distributions of [M — C,;H;]* Peaks in
Spectra of 4-n-Alkyl Trimellitate Anhydrides

na.
7

11 12 16 18 20 22
Jo Rel intensity
2 40 11 2 2 2
3 60 63 16 9 5 1
4 26 23 15 9 3
5 25 19 12 6
6 19 21 14 9
7 11 15 16 12
8 4 10 14 14
9 5 12 15
10 4 9 14
11 5 11
12 2 8
13 5
14 2
jle 3 3 5 6 7 9
n'd 10 11 13 14 15 15

o Number of carbon atoms in the alkyl group. °» Number of
carbon atoms in the olefin molecule lost. ¢ The value of j corre-
sponding to maximum intensity, ¢ n’ = n — j' + 2, the position
of hydrogen abstraction corresponding to loss of C;.Hs;,-.

there for each ester is j/, the value of j corresponding
to maximum intensity, and n’, the position of hydro-
gen abstraction corresponding to loss of C, H,,.

The distributions that emerge seem reasonable.
Intensity varies smoothly and symmetrically about a
maximum which shifts slowly with increasing chain
length to positions farther out on the chain. The
slowness of this shift is reminiscent of and can help
to account for the decreasing rate of increase of triple-
hydrogen relative to double-hydrogen migration ac-
companying rupture of the O-alkyl bond in 4-n-alkyl
TMA esters as the alkyl group is lengthened.? The
data suggest that, for a sufficiently long alkyl group,
coiling about the anhydride group brings the hydro-
gens on carbons 14, 15, and 16 into most intimate
contact with the oxygens, and that the density of hy-
drogen atoms within reactive distance of the oxygens
approaches a maximum value, unaffected by further
lengthening of the alkyl chain.

Tables XIII and XIV, respectively, show the anal-
ogous intensity distributions and derived values of
J" and n’ for the [M — H,0 — C,Hy,]J* peaks in the
spectra of 4-n-alkyl TMA esters, and for the [M —
CH;OH — C,Hyj* peaks in those of 1,2-dimethyl
4-n-alkyl trimellitates. Loss of H,O requires two
alkyl hydrogens, of course, and the origin of the sec-
ond hydrogen is obscure except that it must be closer
in on the chain than the cleaved carbon-carbon bond.
Nonetheless, the data closely parallel those for the [M
— C;Hy)* peaks, with no change in the position of
most probable hydrogen abstraction. The dimethyl

Table XIIIL.

Peaks in Spectra of 4-n-Alkyl Trimellitate Anhydrides
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Intensity Distributions of [M — H;O — C;Hq,]*

ne.

N

16 18 20 22

Jo ———Rel intensity—

2 5 5 5

3 17 10 7 5
4 26 15 10 6
5 23 18 13 8
6 17 19 15 9
7 7 16 15 11
8 5 9 15 14
9 4 12 14
10 4 5 13
11 3 11
12 6
13 3
j'e 4 6 6,7,8 8,9
n'd 14 14 14, 15, 16 15, 16

a,5.¢,¢ See footnotes to Table XII.

Table XIV. Intensity Distributions of [M — CH,OH — C,H:,]*
Peaks in Spectra of 1,2-Dimethyl 4-n-Alkyl Trimellitates

na
16 18

Nid Rel intensity

2 3 2
3 9 7
4 14 7
5 16 11
6 18 13
7 15 15
8 9 15
9 5 10
10 4 7
11 2 4
12 4 3
13 3
14 3
e 6 7,8
n'd 12 12,13

abe.d See footnotes to Table X1I.

n-alkyl trimellitate [M — CH;OH — C,H,J* series
exhibits similar intensity distributions, with the posi-
tion of most probable abstraction one to two carbons
closer than in the TMA ester series, in accord with
expectation based on examination of Dreiding models.

Despite the attractiveness of the proposed model,
some possible complications remained. First, some
of the ions in the series under consideration might
arise by sequences in which loss of the first olefin
molecule, triggered by hydrogen abstraction, is followed
by loss of ethylene by 8 cleavage. Second, hydrogen
migration within the alkyl chain might intervene be-
tween abstraction and B cleavage, or follow these
events and induce loss of a second olefin molecule.
In either case, the length of the retained alkyl chain
segment would no longer define the position of ab-
straction. Any such intervening reaction step would
presumably entail some additional energy requirement,
however, so that the resulting intensity distribution
might be energy dependent.?* We therefore measured
the intensity distributions of the [M — C,;H,,]* peaks in
the spectra of n-octadecyl and n-eicosyl TMA esters at

(34) A referee has pointed out that such intramolecular hydrogen
shifts may have very low activation energies. However, ¢f. G. Spiteller,

M. Spiteller-Friedmann, and R. Houriet, Monatsh. Chem., 97, 121
(1966).
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7.5eV. They are virtually identical with the analogous
70-eV data in Table XII, thus ruling out energy depen-
dence and, to that extent, supporting the proposed model.
A more rigorous test is furnished by the metastable-
scanning data shown in Table VII. Upon normaliza-
tion to totals of 1007, the intensity distributions of
metastable peaks leading to both the [M — C,H,J*+
and the [M — H,O — C,H,,}* series from n-octadecyl
TMA ester and the [M — CH;0H — C,H,]* series
from 1,2-dimethyl 4-n-octadecyl trimellitate match
closely those derived from the normal peaks of the
three series measured at 70 eV and those of [M —
C;HyJ* at low voltage. Moreover, 9997 of the total
metastable-peak intensity leading to [M — C;H,l*
corresponds to the molecular ion as the precursor.
Small contributions to the yield of [M — C¢HpJ*, the
most abundant ion in the series, arise via [M — C,H,J*
and [M — C.Hg]* intermediates. Intensities of the
metastable peaks leading to the [M — H,O — C,H,}*+
series are distributed as follows in terms of the indicated
precursors: [M — CHyl*, 80%;, [M — H)OJ*,
5% higher homologs of [M — C,H.,J*, 0.597; higher
homologs of [M — H,O — CHyj*, 29; M+, 127,
Thus, the H,O and olefin molecules may be lost in
either order, and loss of the first olefin molecule may
be followed by loss of a second. For the ions stem-
ming from metastable transitions in which M+ is
identified as the precursor, the process consists doubt-
less of more than one step,® and the reaction sequence
is undefined. The great bulk of the [M — H,0 —
C,H,,]* ions, however, arise by a common path, loss
of HyO from [M — C;H,]*. Twenty-three per cent
of the metastable-peak intensity for processes leading
to the [M — CH;OH — C;H,jt series from 1,2-
dimethyl 4-n-octadecyl trimellitate corresponds to loss
of CH;OH from [M — C;H,,j*, even though no normal
peaks attributable to such intermediates were detected.
Twenty-seven per cent corresponds to loss of C,;H,;
from [M — CH;OHJ]*. Fifty per cent stems from the
molecular ion as the precursor; here again, the reac-
tion sequence remains undefined. No evidence was
found for intervening loss of a second olefin molecule.
The labeling results permit yet a further independent
check on the validity of the model, which requires that
each [M — C,H,J* ion retain all the hydrogen atoms
originating on C-1 to C-(n — j) plus one atom from C-
(n — j + 2). The isotopic compositions so predicted
for the isotopically pure 6,7-d,, 9,10-d;, and 9,10,12,13-
d, esters, ignoring possible isotope effects, are listed
in Table XV. Because of the presence of isotopic
impurities and of interference from ions of neighboring
mass numbers, which may overlap in the labeled esters,
precise calculation of the isotopic distributions of the
[M — C;H,,]" ions derived from the labeled compounds
is not feasible. However, in every case where the
model calls for a single isotopic species, the peak cor-
responding to this species is the most intense in the
appropriate mass region. Similarly, where the model
calls for 5097 each of two isotopic species, one of the
corresponding peaks is the most intense in the region,
and the other is nearly as intense. To illustrate, the
pertinent data for j = 5, 6, and 7 are shown in Table
XVI. The intensities listed, which are expressed as

(35) Cf. S. Meyerson, R, W. Vander Haar, and E. K. Fields, J. Org.
Chem., 37, 4114 (1972), and references cited there.

Table XV. Predicted Isotopic Compositions of [M — C,;H,,]*
Ions in Spectra of #-Octadecyl-6,7-d,, -9,10-d;, and
-9,10,12,13-d, Trimellitate Anhydrides

J 6,72 9,10-d, 9,10,12,13-d,
2 dZ dZ dé

3 do d» ds

4 d» do d.

5 do do ds

6 d, d> ds

7 d; d» do, d3®

8 ds ds da, ds®

9 dz dy dy
10 do dy, dr® do, dy®

s 50 % of each species.

Table XVI. [M — C;H,,]* Regions, for j = 5, 6, and 7, in
Spectra of Unlabeled and Labeled n-Octadedyl
Trimellitate Anhydrides

No. of
deuterium
atoms in 6,7- 9,10- 9,10,12,-

M — do do do 13-d,

J Mass C;H;;]* Rel intensitya®
5 373 0.3 0.7 0.7 0.5
374 0 8.4 0.6 0.5 0.9
375 1 0.0 1.6 0.8 0.5
376 2 0.0 5.1 6.5 1.5
377 3 0.4 0.3 1.7
378 4 0.5 0.4 4.2
379 0.1 0.6
6 359 0.4 0.8 0.8 0.7
360 0 9.5 0.7 1.4 1.5¢
361 1 0.0 1.6 1.4 0.5
362 2 0.0 5.6 7.5 3.1
363 3 0.7 0.4 4.6
364 4 0.2 0.3 1.7
365 0.0
7 345 0.7 0.8 0.8 0.7
346 0 7.8 0.9 1.3 0.5
347 1 0.0 1.4 1.5 1.1
348 2 0.0 5.5 6.3 4.8
349 3 0.5 0.3 3.6
350 4 0.3 0.0 0.6

e Per cent of total ion intensity from mass 297 to 450, inclusive.
b Corrected for naturally occurring heavy isotopic contributions.
¢ Attributable largely to [M — H.O — C;H,(]*-d..

per cent of total ion intensity over the mass range
197-450, are corrected for naturally occurring heavy
isotopic contributions. Although the origins of the
contributing ions cannot be defined as rigorously
as one might wish, the labeling evidence leaves little
doubt that the proposed model is essentially correct.

We have encountered the same features—series of
peaks corresponding to (M — C;H,;]* and[M — H,O —
C,H;,]* in which intensity varies with j in essentially the
same way as in the TMA esters—in the mass spectrum
of tristearin,®® and presumably they occur also in
triglycerides of other long-chain alkanoic acids. The
[M — H,O — C,H,]* peaks appear in a bar-chart
representation of the mass spectrum of tristearin, and
both series in that of l-myristo-2-stearo-3-palmitin,
in a published report,¥ but the accompanying text
makes no explicit mention of them. No reference to
either series appears in other papers on the mass spectra

(36) Unpublished spectrum, this laboratory, measured on a Du Pont
Model 21-110 instrument using direct-probe injection; source tempera-
ture, 280°; electron energy, 70 eV.

(37) M. Barber, T. O. Merren, and W. Kelly, Tetrahedron Lett., 1063
(1964).
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Table XVII. Intensity Distributions of [M — C,;H,,]* and
[M — H;0 — C;H,;]* Peaks in Spectrum of Tristearin

M — CH:,]* [M — H:0 — C;Hqj)*

je Rel intensity

3 3

4 5 6

5 14 9

6 9 10

7 10 12

8 14 15

9 19 14

10 15 14

11 9 9

12 5 7
j'e 9 8,9, 10
n'e 11 10, 11, 12

abe See footnotes b, ¢, d, respectively, in Table XII. »’ refers here
to position in the stearate moiety; that is, the count includes the
carboxyl carbon.

of triglycerides.?3 Table XVII shows the intensity
distributions of the two series in our spectrum of tri-
stearin, with the derived values of j* and »’. Almost
certainly the underlying chemical events also resemble
closely those in the TMA esters. The spectra of long-
chain n-alkynes contain a series of peaks correspond-
ing to [M — C;H,,J* ions,*® and these may comprise
a third family of compounds in this category.

Conclusion
The trimellitate anhydrides, trimellitimidates, 1,2-

(38) (a) W. M., Lauer, A, J, Aasen, G. Graff, and R. T. Holman,
Lipids, 5, 861 (1970); (b) A.J. Aasen, W, M. Lauer, and R. T. Holman,
ibid., 5, 869 (1970); (c) R. A. Hites, Anal. Chem., 42, 1736 (1970). The
last cited of these papers is focused on quantitative analysis of tri-
glyceride mixtures, and is concerned only incidentally with mechanistic
considerations.

(39) H. Luftmann and G. Spiteller, Org. Mass Spectrom., 5, 1073
(1971),
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dimethyl trimellitates, and triglycerides have in com-
mon bulky groupings containing several oxygen atoms,
and in the imides one nitrogen as well. Such group-
ings seem well equipped to accommodate the charge
and radical site before abstraction and also to use the
abstracted atom, presumably pvia hydrogen bonding,
to attain a new resonance-stabilized configuration.
The homologous series of ions produced by loss of
olefin molecules from M+, [M — H,O}*, and [M —
CH;OH]* and by loss of HyO or CH;OH from [M —
C,H,,]* in the various compounds reflect a delicate
balance in which the vibrational energy available
following abstraction is sufficient to cleave the 8 carbon-
carbon bond with but little interference from processes
that so often intervene in other molecules.® These
observations complement the earlier noted tempera-
ture and voltage effects on the competition of triple-
vs. double-hydrogen migration in 4-n-alkyl TMA
esters. Both lines of evidence would seem to support
the view that alkyl hydrogen migration to the formally
distant functional group occurs in a coiled—internally
solvated—molecule rather than via flailing, an alterna-
tive suggested by a referee of an earlier paper.*

Several recent papers describe attempts to locate
olefinic bonds in long chains by specific deuterogena-
tion, nonselective carbon-carbon bond breaking either
thermally*! or by electron impact,!">-#2.42 and isotopic
analysis of the resulting fragments. The high specific-
ity of the olefin-loss processes reported here suggests
that they may be particularly useful for studies of this
type.

(40) Cf., e.g., S. Meyerson, J, Chem. Phys., 42, 2181 (1965).

(41) K. K. Sun, H, W, Hayes, and R. T, Holman, Org. Mass Spec-
trom., 3, 1035 (1970).

(42) D. G. Earnshaw, F. G, Doolittle, and A, W, Decora, ibid., 5,
801 (1971).
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Stable Mercurinium Ions
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Abstract:

The direct observation of stable mercurinium ions is reported, and evidence for their structure is

discussed. Mercurinium ions can be prepared by both ¢ and 7 routes in superacid media of low nucleophilicity.
The ethylenemercurinium, cis- and trans-dimethylethylenemercurinium, propylenemethylmercurinium, cyclo-
hexenemercurinium, cyclohexenemethylmercurinium, norbornylenemercurinium, and norbornylenemethylmer-

curinium ions were obtained and studied by 'H and !*C nmr and by quenching experiments.

Rapidly equilibrat-

ing 8-mercurycarbenium ions as an alternate possibility to bridged mercurinium were ruled out on the basis of the

observed !**Hg—H couplings and cmr data.

Solvomercuration reactions were originally discovered
at the turn of the century by Hoffmann and Sand.?
Since then, solvomercuration reactions have been de-
veloped® into valuable synthetic reactions of great
versatility and stereospecificity.

(1) Part III: G. A. Olah and Y. K. Mo, J. Amer. Chem. Soc., 93,
4942 (1971); (b) NIH Postdoctoral Fellow, 1969-1970; (c) preliminary
communications appeared: G. A, Olzh znd P, R, Clifford, J. 4dmer.
Chem, Soc., 93,1261, 2320 (1971).

(2) K. A. Hoffmann and J, Sand, Ber., 33, 1340 (1900).
(3) (a) J. Chatt, Chem. Rev., 48, 1 (1951), and references therein;

As might be expected, the mechanism of solvomer-
curation reactions has received a great deal of atten-

(b) W. Kitching, Organometal, Chem. Rev., 3, 61 (1968), and references
therein; (c) S. Moon and B. H. Waxman, Chem, Commun., 1283 (1967);
(d) H. C. Brown and P, Geoghegan, Jr., J. Amer. Chem. Soc., 89, 1522
(1967); (e) H. C. Brown and M. H. Rei, ibid., 91, 5646 (1969); (f)H. C.
Brown and J. T, Kurek, ibid., 91, 5647 (1969); (g) A. Lattes and J. J.
Perie, Tetrahedron Lett,, 5165 (1967); (h) J. J. Perie and A, Lattes,
ibid., 2289 (1969); (i) C. H. Heathcock, Angew, Chem., 81, 148 (1969);
() V. I. Sokolov and O. A, Reutov, Zh. Org. Khim., 5, 174 (1969); (k)
D. H. Ballard, A, J. Bloodworth, and R, J, Bunce, Chem. Commun., 815
(1969).
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