n-heptyl thiovinyl-1’,2,2"-d; ether (XIIIh) followed that for protio
thioether XIII through ethyl 2-S-n-heptylmercaptoacetate. Two
exchanges of the latter material in ethanol-O-d¥ containing 0.3 M
potasium ethoxide at reflux gave ethyl 2-S-n-heptylmercaptoace-
tate-2,2-d» which was reduced with lithium aluminum deuteride in
ether to yield 2-S-n-heptylmercaptoethyl-1,7,2,2-d; alcohol. Con-
version of 2-S-n-heptylmercaptoethyl-/,/,2,2-d; alcohol to n-
heptyl thiovinyl-17,27,2’-d; ether (XIITh) through the corresponding
bromide followed the procedures for XIII.

cis- and trans-2-Methyl-3-n-butyltetrahydrothiophene (XXlIa,
XXIb). The preparation of cis- and trans-2-methyl-3-n-butyl-
tetrahydrothiophene (XXIa, XXIb) employed a procedure similar
to that of Naylor.® Under nitrogen a mixture of 0.80 g of phos-
phorus pentasulfide, 1.5 g of sand, and 200 mg of a crude mixture of
cis- and trans-2-methyl-3-n-butyltetrahydrofuran (VIIIa, VIIIb)
was held at 100° for 3.5 hr. The reaction mixture was slurried
several times in ether, and the combined extracts were dried over
sodium sulfate. Rotary evaporation of ether yielded 309 mg of an
oil containing cis- and frans-2-methyl-3-n-butyltetrahydrothiophene
(XXIa, XXIb). By glc (10 ft X 0.25 in. aluminum column packed
with 109 SE-30 on 80-100 mesh acid-washed Chromosorb W) the
ratio of isomers was 4:1, and they were preparatively separated and
yielded almost identical mass spectra.

Anal. Caled for CoH;sS: mol wt, 158, Found: (M), 158,

The nmr spectrum (deuteriochloroform) of a mixture of XXIa
and XXIb displayed a complex series of signals from § 0.65 to
3.18 with doublets at § 1.15, J = 7 Hz, and 6 1.30, J = 7 Hz (2-
methyl protons).

cis- and trans-2-Methyl-3-n-propyltetrahydrothiopyran (XXIIa,
XXIIb). The preparation of cis- and trans-2-methyl-3-n-propyltetra-
hydrothiopyran (XXIla, XXIIb) from a crude mixture of cis-
and frans-2-methyl-3-n-propyltetrahydropyran (IXa, IXb) em-
ployed the procedure of Naylor® as modified above for XXI. By
glc conditions employed for XXI the ratio of isomers in the crude
XXII was ~10:1; the major isomer was preparatively collected.

Ethyl cis-4-Heptenyl Thioether (XXIIIa). The conversion of
cis-4-hepten-1-ol, prepared above, to 1-bromo-4-heptene followed

(37) D. J]. Pasto and G. R. Meyer, J, Org, Chem,, 33, 1257 (1968).
(38) R. F. Naylor, J. Chem. Soc., 1106 (1947).
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the procedure of Wood and Horning.”® Under nitrogen, 300 mg
(7.68 mg-atoms) of potassium was dissolved in a solution of 4.2 g
(67.5 mmol) of ethanethiol in 20 ml of anhydrous ether. Then
562 mg (3.18 mmol) of 1-bromo-4-heptene was added, and the
mixture was refluxed overnight, added to water, and extracted with
ether. The combined extracts were dried over sodium sulfate and
yielded crude ethyl cis-4-heptenyl thioether. Preparative glc (10
ft X 0.25 in. aluminum column packed with 159 Carbowax 20M
on 80-100 mesh acid-washed Chromosorb W) gave pure XXIIIa.

Anal, Caled for CoH;sS: C, 68.28; H, 11.46. Found: C,
68.55; H, 11.42,

The nmr spectra (deuteriochloroform) of XXIIIa displayed a
complex multiplet from & 5.01 to 5.78 (vinyl protons, 1.90); a com-
plex multiplet from 6 0.89 to 2.85 (16.1 H) containing two triplets at
§0.97,J = 7.0 Hz, and é 1.12, J = 7.0 Hz (4-heptenyl and ethyl
methyl protons, respectively); and a quartet at § 2.26, J = 7.0 Hz,
overlapping with a triplet at § 2.27,J = 7.0 Hz.

Ethyl-2-d cis-4-Heptenyl Thioether (XXIIIb). The preparation
of ethyl-2-d cis-4-heptenyl thioether followed the procedure for
the protio material XXIIIa through cis-4-hepten-1-ol. Using the
procedure of Smith and Williams,? cis-4-hepten-1-ol was converted
to cis-4-heptenyl tosylate. Under nitrogen 150 mg (6.52 mg-atom)
of sodium was dissolved in a solution of 2 ml of absolute ethanol
and 10 ml of THF. Then 0.77 g (6.41 mmol) of ethyl 2-mercapto-
acetate was added followed by 1.16 g (4.32 mmol) of cis-4-heptenyl
tosylate, The reaction mixture was refluxed for 2 hr and stirred
overnight at 25°, and 10 ml of water was added. The THF was
removed by rotary evaporation, and the residue was extracted with
ether., The combined extracts were dried over sodium sulfate and
yielded 0.784 g of a mixture of 2-S-(cis-4-heptenyl) mercaptoace-
tate and ethyl 2-mercaptoacetate, This mixture was reduced with
lithium aluminum hydride in ether to give 480 mg of 2-S<(cis-4-
heptenyl)mercaptoethanol, which was converted to 562 mg (86%)
of 2-S-(cis-4-heptenyl)mercaptoethyl bromide. Reduction of this
material with lithium aluminum deuteride in ether at reflux yielded
ethyl-2-d cis-4-heptenyl thioether (XXIIIb) which was purified by
preparative glc as was XXIIIa,

(39) G. A. Smith and D, H. Williams, J. Amer. Chem. Soc., 91, 5254
(1969).
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Abstract:

The mass spectra of a series of isomeric nonynes and decynes have been intestigated with the aid of

deuterium labeling, metastable analysis, and metastable defocusing. Although the spectra indicate retention of
identity of the individual alkynes to a large extent under electron bombardment, evidence is presented which is con-

sistent with some triple bond migration prior to the formation of some fragments.
tensive in the jons which arise by multiple fragmentation pathways.

Hydrogen scrambling is ex-
Most of the simple cleavage modes which occur

in the straight-chain alkynes are suppressed in their branched-chain isomers, where the McLafferty rearrangement

and @-fission processes become dominant.

he use of mass spectrometry as a routine analytical
probe for structure determination demands re-
tention of the identity of the molecule under investiga-
tion subsequent to electron impact and prior to frag-

(1) For preceding paper see S. Popov, G. Eadon, and C. Djerassi,
J. Org. Chem., 37,155 (1972).

(2) Financial support by the National Institutes of Health (Grant No.
AM 12758) is gratefully acknowledged. One of us (K. K. M.) wishes
to thank the Deutsche Forschungsgemeinschaft, West Germany, for
a stipend.

(3) Postdoctoral Fellow, 1969-1970.

mentation. Although simple olefinic hydrocarbons
have been extensively investigated,® mechanistic inter-
pretation of decomposition pathways is often seriously
complicated by ubiquitous 1,2- and 1,3-hydrogen trans-
fers, and consequent double bond migration, prior to

(4) Postdoctoral Research Associate, 1970~1971; on leave from the
University of Regensburg, West Germany.

(5) H. Budzikiewicz, C. Djerassi, and D. H. Williams, *“Mass Spec-
trometry of Organic Compounds,” Holden-Day, San Francisco, Calif.,
1967.
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fragmentation.®” Insofar as alkynes are concerned,
the mass spectra of some simple compounds have been
recorded,®® and evidence has been presented to sup-
port hydrogen scrambling in the molecular ion,!0:11
but surprisingly little isotopic labeling and metastable
data are available to enable the precise fragmentation
modes of simple alkynes (7.e., containing no heteroatom)
to be determined.”* Bohlmann and coworkers!? have
made extensive studies of the mass spectra of poly-
acetylenes, and their results are supported in some
cases by deuterium labeling data, but in most instances
the molecules contained additional heteroatomic func-
tional groups (e.g., ~CO,CH;, —-CH=0, —-CH,OH)
which would be expected to direct the major fragmenta-
tion pathways, thus obscuring the electron impact be-
havior of the ““naked” alkyne.

The data tabulated by Rondeau and Harrah?® for the
fragmentation of homologous series of alkynes from
but-2-yne to dec-2-yne, hex-3-yne to dec-3-yne, and
oct-4-yne to non-4-yne show peaks due to the simple
cleavages (M — CH;), M — CH;), M — C;Hy), etc.,
in all cases. Formally this corresponds to alkyl group
scission and cyclization of the charged residue!? (Scheme
I). Hence, six-membered ring formation predominates

Scheme I

oct-2-yne m/e 81
.( =n-Pr
—
! O
dec-2'yne m/e 95

in dec-2-yne (18.79 of the total ionization current),
whereas five-membered ring formation is predominant
in oct-2-yne (13.6 7).

In addition to the simple cleavage series, a rear-
rangement series occurs at (M — 28), (M — 42), (M —
56), etc., involving hydrogen migration prior to or
during cleavage. The question of triple bond mobility
is important here, since the genesis of this series could
involve sequential bond migration-McLafferty re-
arrangement steps; for instance, in non-2-yne, Scheme
II. Migration of the triple bond is also indicated by
consideration of the spectra of positional isomers,
e.g., oct-2-yne, oct-3-yne, and oct-4-yne. All show an

(6) A. F, Gerrard and C. Djerassi, J. Amer. Chem, Soc., 91, 6808
(1969), and references cited therein.

(7) M. Kraft and G. Spiteller, Org. Mass Spectrom., 2, 865 (1969).

(8) R. E. Rondeau and L. A, Harrah, J. Chem. Eng. Data, 13, 109
(1968).

(9) A. A. Polyakova, R. A. Khmelnitskii, and A. A. Petrov, Usp.
Khim., 35, 1671 (1966).

(10) J. Collin and F. P. Lossing, J. Amer. Chem. Soc., 80, 1568 (1958).

(11) Z. Dolejsek, V., Hanus, and K. Vokac, Advan. Mass Spectrom.,
3, 503 (1966).

(11a) NOTE ADDED IN PROOF: After submission of our paper, an
article appeared by H. Luftman and G. Spiteller, Org. Mass Spectrom.,
5, 1073 (1971), which described the mass spectrometric behavior of
some mono- and dialkylacetylenes,

(12) F. Bohlmann and H. Bethke, Chem. Ber., 104, 11 (1971), and
preceding papers.

(13) Many of the fragment ions are formulated herein as cyclic vinyl
cations. 'While this is done in part for the sake of convenience, there is
ample precedent in the recent literature for the occurrence of such spe-
cies as reactive intermediates in solution; for example, M. Hanack,
Accounts Chem. Res., 3, 209 (1970).
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(M — 28) fragment ion, the formation of which is

most easily rationalized on the basis of migration of
the unsaturated site prior to McLafferty rearrangement.

\‘L‘j‘j* . /wj.+ . ®;+
l—u
N
(M—2“8)

The rearrangement series m/e 96, 82, 68, etc., may
also lose an alkyl radical and generate the formally
simple cleavage series m/e 81, 67, 53, etc., in a multiple-
step process from the molecular ion (see later). There
is also a second rearrangement series observed in, e.g.,
non-2-yne at (M — 27), (M — 41), etc., which corre-
sponds either to double hydrogen transfer concomitant
with simple cleavage or to triple bond migration and
subsequent cleavage.

Insofar as hydrogen scrambling prior to fragmenta-
tion is concerned, the Czech workers!! state that ions
in the simple cleavage series from alk-l-ynes ‘“are
formed after an extensive exchange of hydrogen atoms,
which is probably connected with the isomerization
of the molecular ion,” and that the only fragments
originating solely from simple dissociation of a carbon-
carbon bond are (a) alkyl species corresponding to 8-
fission and (b) fragment ions formed by an ‘“‘energet-
ically favorable cyclic shift of bonding electrons.”
From an investigation of propyne-d;!® and but-l-yne-
4,4,4-d;,'4 it was concluded that extensive migration of
hydrogen occurs in the propyne molecular ion since
loss of H and D occurred statistically. Deuterium-
labeling data for some polyacetylenic alcohols'® and
substituted diphenylacetylenes'é are also consistent
with electron impact induced randomization of hy-
drogen atoms. The similarity of the mass spectra of a
number of polyacetylenes and their related (by cycliza-
tion) aromatic species!” 18 indicates that at least some

(14) W. A. Bryce and P. Kebarle, Can. J. Chem., 34, 1249 (1956).

(15) R.T. Aplin and S. Safe, ibid., 47, 1599 (1969).

(16) S. Safe, Org. Mass Spectrom., 3, 239 (1970)

(17) R. T. Aplin and S. Safe, Chem, Commun., 140 (1967).

(18) S, Safe, W, D. Jamieson, W. R. Pilgrim, and S. Wolfe, Can. J.
Chem., 48, 1171 (1970).
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Table I. Principal Peaks (>m/e 51) in the Mass Spectra of Nonynes I-IV and Their Deuterated Analogs (7, Relative Intensity)s

mje
Compd eV 112 111 109 99 98 97 96 95 85 8 83 82 8 71 70 69 68 67 58 57 56 55 54 53
Non-l-yne 70 6 7 53 6 5 10 23 100 7 25 37 82 13 28 64 33 20
12 10 8 68 5 8 14 40 100 85 19 40 56 4 11 15 19
3,3-d, 6 6 53 5 4 5 27 100 19 16 5 18 79 41 20 2 20 50 68 15 8
8 8 63 6 3 5 36 100 20 13 4 16 57 32 9 3 14 18 2
4,4-d, 6 6 54 6 4 11 28 100 17 16 12 23 83 44 16 4 9 37 5 39 17
9 9 63 8 3 13 37 100 16 7 6 18 61 33 6 5 819 9 3
5,5-ds 5 7 55 5 2 8 29 100 16 12 9 30 63 39 13 8 30 47 36 31 11
7 7 61 6 8 35 100 14 6 7 26 55 26 7 3 8 18 14 13
Non-2-yne 70 9 5 100 3 10 32 4 16 32 40 2 36 31 33 22
12 10 10 100 2 10 16 7 20 6 1 3 8
1,1,1-d; 7 6 10 100 6 5 24 9 27 512 11 37 27 33 21 25 16 50 35 34 10 9
8 7 10 100 6 2 26 8 31 2 5 2 21 4 9 7 6 3 11 2
4,4-d, 9 10 100 10 8 8 31 8 10 6 22 40 24 11 14 42 33 12 7
10 10 100 10 2 8 20 4 13 14 7 1 2 9 2
6,6-d, 9 10 100 8 3 7 24 17 5 5 15 29 35 12 19 32 12 17
11 10 100 8 2 6 15 5 2 2 8 12 14 2 6
7,7-c 11 12 100 20 13 2 6 14 19 32 6 12 44 43 23 4 17 23 19 49 29
1 12 100 18 11 2 6 9 10 15 3 9 22 12 3 2 3 2 1
8,8-d; 10 23 17 100 2 4 g 10 32 10 8 18 38 31 4 11 12 19 37 22
12 3 23 18 100 2 4 5 6 17 4 3 8 16 3 2 7
Non-3-yne 70 13 9 94 2 23 45 2 13 43 100 7 6 3 8 25
12 14 10 100 2 29 24 1 4 19 16 4 1 3
1,1,1-d3 13 5 5 41 3 10 100 18 20 5 24 43 57 65 38 25 59 10 16 17 37 17 16
15 6 5 131 3 8 100 18 14 2 20 3 13 3 2 5 6 1 1 1
5,5-d, 13 10 100 6 8 21 38 15 14 15 43 97 48 18 21 33 20 11
16 11 100 7 5 2 23 28 8 3 8 23 2 8 2 1 2 3
6,6-d> 14 10 100 14 9 2 24 43 17 18 2 10 64 78 8 5 18 19 18 15 21
16 10 100 14 6 26 31 9 2 1 5 18 25 8 2 1 1
7,7-d, 13 10 100 11 6 2 14 32 25 18 4 26 60 75 58 4 13 22 16 15 20
16 10 100 10 3 16 25 19 3 8 24 13 7 1 2 1
8,8-d, 18 11 93 25 37 5 10 42 24 32 6 19 37 100 98 6 21 27 25 11 29
23 12 100 25 28 5 12 32 16 19 3 7 11 25 6 2 4
Non-4-yne 70 7 5 38 2 15 40 4 14 100 1 3 24 27 21
12 26 21 100 41 57 5 18 63 3 14
1,1,1-ds 8 5 4 22 4 6 48 13 32 4 23 50 6 34 39 33 100 8 9 13 45 24 27
21 16 11 48 5 13 100 21 28 6 40 66 7 20 28 23 37 2 4 12 7
2,2-d; 13 6 23 14 46 2 11 33 16 51 2 11 100 67 47 11 21 33 47 24
39 18 52 36 100 5 28 56 23 78 3 11 84 48 22 3 6 7 25
3,3-d» 11 6 53 9 4 2 11 32 19 40 1 13 100 61 28 1 17 53 36 24 12
18 13 100 20 2 3 27 35 21 44 2 10 66 28 9 2 18 4 3
6,6-d» 13 11 65 11 8 2 25 67 18 20 4 15 100 68 60 4 18 58 38 26 8
27 19 100 17 9 4 40 67 13 7 12 36 24 37 219 5 2
7,7-d; 70 1 32 3 10 2 12 38 18 24 3 8 34 37 100 2 11 19 22 42 20
12 28 19 100 21 9 3 28 60 26 14 9 19 15 63 1 3 4 18
9,9,9-d, 4 5 4 34 4 3 14 9 27 3 13 21 6 8 11 18 100 7 6 7 17 31 21
17 19 8 100 15 5 43 33 64 8 28 26 13 3 7 16 9 1 2 3 24

« M-*and (M — 1) peaks were of negligible importance (<1%,) in most cases.

of the decomposing ions in each series have the same non-3-yne (111, Figure 3), and non-4-yne (1V, Figure 4),
structure and energy.

Thus, the literature data indicate that hydrogen HC=CCHis CHC=CCeHis CoHC=CCH

. . . . I 11 II1
scrambling, presumably concomitant with triple bond
migration, is an important, although complicating, C:H.C=CC.H,
feature of the fragmentation of alkynes. It should be v

noted that the technique of prior derivatization has  {ogether with their appropriately deuterated analogs,
been used ! to facilitate the localization of triple bonds  are collected in Table I.  Although all the alkynes I-1V

by mass spectrometry. However, it is obviously ad-  show the same peaks, their relative intensities differ
vantageous to have a decper knowledge of the mass  markedly at both 70 and 12 eV, indicating that the
spectral behavior of the “naked” alkyne using meta-  jcetylenes retain their identity to a large degree under

stable analysis, the metastable defocusing technique,®®  glectron bombardment. Some triple bond mobility,
and extensive deuterium labeling, and the research {5 however, evidenced by the labeling data.

reported here was undertaken for this reason. At 70 eV the spectra (Figures 1-4) are dominated by
a series of formally simple cleavage ions (/e 123, 109,
95, 81, 67). Some of the even-mass ions (m/e 96,
82, 68, 54), which must arise by rearrangement pro-
cesses, assume greater importance at 12eV. Metastable

Discussion and Results

A. Nonynes. The principal peaks in the mass spec-
tra of non-1-yne (I, Figure 1), non-2-yne (I, Figure 2),

C(19) H. g: A;lgier, J. P. Begue, P. Cadiot, and M. Fetizon, Chem. analysis (Table II) and metastable defocusing data
ommun., 200 (1967). - i

(20) J. H. Futrell, K. R. Ryan, and L. W, Sieck, K. R. Jennings, J. (Table I,H) show that the odd numbered ions of lower
Chem. Phys., 43, 1832 (1965). mass arise from several precursor ions. The regular-
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Figure 1. Mass spectrum of non-1-yne.
Figure 2, Mass spectrum of non-2-yne.
Figure 3. Mass spectrum of non-3-yne.
Figure 4. Mass spectrum of non-4-yne.

shaped peaks indicating metastable transitions in the
spectra of the unlabeled compounds become diffuse,
broadened clusters for the deuterated analogs, thus

Table II. Metastable Transitions in the Mass Spectra
of Nonynes I-IV

M* Transition M* Transition
85.8 124 — 109 91.1 95— 93
74 .4 124 — 964 47.2 95 — 67
72.8 124 — 95 89.1 93— 91
54.2 124 — 82% 54.8 82— 67
52.9 124 — 81¢ 77.1 81— 179
37.2 124 — 68 75.1 79 — 77
36.2 124 — 674 41.1 68 — 53
24.4 124 — 55 63.1 67 — 65
105.1 109 — 107¢ 25.1 67 — 41
41.2 109 — 67 28.2 54 — 39
68.4 96 — 81 39.1 43 — 41
48.2 96 — 68 37.1 41 — 39
46.7 96 — €7

a Absent in I, II, and III. ® Absent in II. ° Absent in I and II.

¢ Absent in II. ¢ Absent in L.

demonstrating hydrogen scrambling. This scrambling
is particularly evident when a fragment ion is itself the
source of further fragmentation reactions.
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Simple Cleavage Ions. The (M — H:)* ions are of
negligible intensity in I-1V, and the deuteration data
(not recorded in Table I) indicate nonspecific loss of a
hydrogen radical. As previously noted by Hanus and
coworkers,!! deuterium is mostly retained in termi-
nally labeled l-alkynes; for oct-1-yne-I-d; we recorded
829 (70 eV) and 849 (12 eV) retention of deuterium
in(M — )t

The M — CH;-)* ions of mass 109 are of moderate
intensity at both 70 eV (6-13 % rel intensity) and 12 eV
(10-26 97 rel intensity). The deuterated analogs show
this fragment ion cleanly shifted to m/e 111 in all cases
except when the terminal carbon atom is labeled. Thus,
in non-2-yne-1,1,1-d; the peak is split between m/e 109
(4597) and 112 (55%); in non-3-yne-1,1,1-d; between
mfe 109 (3097) and 112 (70%); and in non-4-yne-
1,1,1-d; and non-4-yne-9,9,9-d; between mje 109 (40
and 559, respectively) and 112 (50 and 4577, respec-
tively). Hence, in II-1V the methyl radical is lost from
both ends of the molecule to varying extents (Scheme
I1D).

Scheme I (m/e 109 Origin)

CH,
a b
.+ +
C’Iila\—C=C—(CH2)5DCH3 LI ©

I
[C==CCH,,)* a/b~11
A > CH
. + 5
CHa—CHz—C=C—(CH2)4‘—/€Ha 2 \O
1 "
la a/b~12

¥ +
CH,=C=CC;H, < CH,C==CCHy,
a

b
- , CH
CH (CHy)— G =C(CH,) ~< CH.

. = D
v *
la
[CHQCH2C=CC4H9]+ a/b ~2:3

The (M — C;H;-)* ion at m/e 95 is an important
peak in the spectra of I-IV at both 70 and 12eV. For
non-1-yne there is a clean shift to m/e 97 in the deuter-
ated derivatives (Table I) consistent with simple cleav-
age of (Cs + C,) without hydrogen transfer and triple
bond migration. In the case of non-2-yne, however,
the isotopic labeling data (Table I) indicate isomeriza-
tion of the molecular ion to some extent prior to frag-
mentation. Thus, in non-2-yne-7,7-d» the peak is
split between m/e 97 (909%) and 95 (10%); in non-2-
yne-8,8-d, between mfe 97 (20%) and 95 (80%7); and
in non-2-yne-1,1,I-d; between mje 98 (8077) and 95
(2097). These data clearly indicate movement of the
site of unsaturation prior to formation of ca. 2097 of
the ions of mass 95.

Although the 5,5-d;, 6,6-dy, and 7,7-d, analogs of
non-3-yne show the peak neatly shifted to m/e 97,
placement of the label near the termini of the molecule
causes partitioning of the peak due to ejection of an
ethyl radical from either end. Thus, in non-3-yne-
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Table ITI. Parent-Daughter Relationships in the Fragmentation of Nonynes (Determined by Metastable Defocusing)®

Daughter ions, m/e

Compound 82 81 68 67 55 54
Non-2-yne (II) 124 SS 124 M 124 M 124 WwW 109 W 9 S
110 W 109 M 109 M 109 M 95 M 828
97T W 96 SS 9 S 95S 838 69 M
83 M 828 70 M
Non-3-yne (III) 124 SS 124 S 124 W 124 WW 123 W 96 M
109 W 109 W 110 W 109 W 109 W 828
97T W 96 S 96 W 95 W 958 69 M
82 7 83 W 82 W 838
69 SS 68 SS 70 M
56 S
Non-4-yne (IV) 124 SS 124 S 124 S 124 W 109 W 9 S
110 W 109 S 110 W 95 M 95 M 828
9T W 96 W 9% M 828 838
82 7 838 68 SS 70 W
69 S 56 M

a Parent ions (m/e) are listed vertically in columns,

1,1,1-ds the fragment is split between m/e 98 (30%7)
and 95 (709), while in non-3-yne-8,8-d; it is split be-
tween m/e 97 (6597) and 95 (3597). Hence, when the
alkyne structure is such that there is possible a com-
petitive loss of an alkyl radical from two loci, there is a
preference for ejection of the group closest to the site
of unsaturation (C; + C, above).

A similar correlation is observed for non-4-yne
(Scheme 1V). Thus, in non-4-yne-1,1,1-d; the peak is

Scheme IV (m/e 95 Origin)

. + _
HC=C—(CH),Z0p cH, =25
I

('Ha——C—C—(CH»);-—CH CH, - \©

la

[C7H11]+ a/b~1:4
. C,H
Czlgs\_6=C"-(CH3>3-—/C;:CH3 — 3
111 ¥
la
a/b~31
[C=CCH,]*

a

*\ . +
C3H3—CH3—C=C——(CHl)_\——éI?CH‘, 2, [CH.C= CCH.3CH2]+
v

la
+
CH,==C=C—CH,

split between m/e 98 (30%) and 95 (70%); in non-4-
yne- -9,9,9-d; between m/e 98 (70%) and 95 (309%); and
in non- 4 -yne-2,2-d, between m/e 97 (3097) and 95 (70 %%).
The 6,6-d, and 7,7-d, derivatives show ca. 109 reten-
tion of the peak at m/e 95, again indicating a minor
amount of hydrogen transfer and bond migration
prior to decomposition.

Metastable (Table II) and ion-defocusing (Table
I1T) data show that the ion of mass 81 (Scheme V) arises
not only by loss of a propyl radical from the molecular
ion, but also from m/e 109 by loss of ethylene and from
m/e 96 by loss of a methyl radical. In the case of non-

a/b~7:3

Those whose contribution to a daughter ion is greater than 307 are denoted S; be-
tween 10 and 30%; denoted by M; and less than 107 denoted by W,

Scheme V (m/e 81 Origin)

. +
HC=C-—CH,,—CH,

o = ()
—
I
ch 6y L, " @
II

C.H;—

b
C=C—-(CH2);-—C3H7 o> CaH7—C C_CHO‘—QH

I / \N

+
l—C;H,-

[C==CC.H,]" CH,—C=C=CH,
CgHs

O

. .+
CH;—C=C—CH,~CH, -2» C,H—CH,—C=C— C.H.
v —Ca:y
\ )
C;H—C=C=CH,

1-yne, m/e 81 is the base peak at both 70 and 12 eV
(Table I). The fragment is shifted to m/e 83 to ca. 909
in the 3,3-dy, 4,4-d,, and 5,5-d, analogs, indicating ca.
1097 hydrogen scrambling. It is a general feature of
the alkyne spectra that when an ion arises via multiple
pathways the extent of hydrogen scrambling increases.
Also, analysis of the labeling data is complicated by
overlapping of peaks from the even-mass rearrange-
ment series, because of incomplete peak shifts. For
non-2-yne-4,4-d, and -6,6-d. the peak is shifted to m/e
83; in the 7,7-d; and 8,8-d, derivatives there is some
evidence of hydrogen scrambling (Table I) but the peak
is retained to >70% at m/e 81, Although the 70-eV
data for non-3-yne-5,5-d;, -6,6-d,, and -7,7-d. indicate
hydrogen scrambling (and probably isomerization of
the precursor ions), the peak is shifted to m/e 83 at 12
eV to >90%. Further evidence of triple bond mi-
gration is provided by the spectra of non-3-yne-1,1,1-d;
where the peak is split between m/e 84 (3097) and 81
(70%), and non-3-yne-8,8-d, where the peak is split
between mfe 83 (559) and 81 (4597). These values
differ somewhat at 12 eV, indicating isomerization is
more prevalent at higher electron energies. The same
phenomenon of differential peak splitting, and thus

Woodgate, Mayer, Djerassi | Fragmentation of Simple Acetylenes
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Figure 5. Mass spectrum of dec-4-yne.
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hydrogen scrambling, is observed in the spectra of non-
4-yne and its deuterated analogs (Table I). In this
case the 70 eV data show that the propyl radical may
be lost from either side of the acetylenic bond with equal
facility. Of particular interest is non-4-yne-6,6-d;
which shows 2597 loss of the label at 70 eV; however,
because of the multiplicity of precursor ions, rational-
ization of the process leading to loss of the Cq hydrogens
prior to formation of m/e 81 in the unlabeled alkyne is
not meaningful, although triple bond migration is
presumably implicated. It should be noted that the
intermediacy of the allene, nona-4,5-diene, during the
isomerization process seems to be excluded.?!

The (M — C,H,-)* peak at m/e 67 is intense in all
cases (Table 1), and again metastable analysis (Tables
II and III) delineates its genesis from several precursor
ions. As expected, peak overlap and extensive hy-
drogen scrambling (Table I) prevent valid structural
or mechanistic assignments.

Even-Mass Rearrangement Ions. A series of rear-
rangement ions (m/e 96, 82, 68, 54) is observed in the
spectra of I-IV (Table I). Only m/e 96 is significant

(21) A. N. H. Yeo and C. Djerassi, unpublished observation.
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for non-4-yne, increasing from 29 relative intensity
at 70 eV to 139 relative intensity at 12 eV. In the
2,2-dy, 3,3-dy, 6,6-dr, and 7,7-d, analogs the peak is
split between m/e 98 (ca. 35 %) and m/e 96 (ca. 65 %) in-
dicating isomerization of the triple bond in the molecu-
lar ion prior to loss of ethylene by a McLafferty re-
arrangement involving transfer of a primary hydrogen
atom. Similarly, the (M — 42) peak at m/e 82 may be
represented as the product of a McLafferty rearrange-
ment in the molecular ion after hydrogen scrambling.
The peak is of comparable intensity in I, III, and IV
(Table I), which is indicative of triple bond migration,
and the labeling data show that both sides of, e.g., non-
4-yne must be involved in the formation of this allenic
rearrangement ion.

&Jﬁjj Gl 1 H,c=C==CH,]*
m/e 82

IV, Met”

CaHr;

The appropriate metastable peaks (Tables II and III)
demonstrate the formation of the (M — 56) ion at
m/e 68 by multiple fragmentation pathways. The

C.H;

df@ b Sy [CHCH=C=CH,]!
m/e 68
m

peak is of no importance in non-4-yne, and surprisingly
is of comparable intensity in non-l-yne and non-2-
yne as in non-3-yne, where it can be readily rationalized
as a McLafferty ion. Again, this is indicative of triple
bond migration. The spectra of all deuterated de-
rivatives (Table I) provide evidence for hydrogen scram-
bling.

Metastable defocusing (Table III) showed that m/e
54 is formed from the even-mass allenic rearrangement

H,C -1+
.+
gH R _reu=ocy, i 1
-’ —_——
i D ~
R=H, Me mfe 54

jons at m/e 96 and 82. In all four nonynes it is of
moderate intensity.

B. Decynes. The fragmentation pathways of dec-
4-yne (V, Figure 5) and dec-5-yne (VI, Figure 6) were
CH;(CH,),C=C(CH:).CH3; CH;(CH,);C=C(CH,);CH;

v VI

studied extensively by deuterium labeling (Table 1V)
and metastable analysis (Table V). As in the case of
the nonynes, the spectra of the isomeric decynes differ
appreciably. The principal decomposition pathways
are analogous to those outlined above for the nonynes,
viz. a simple cleavage series, and a rearrangement series.

Simple Cleavage Series. The (M — CH;-)™ ions at
mfe 123 are of appreciable intensity (ca. 1077 rel
intensity) at 12 eV only. In both V and VI the 1,1,1-d;
analogs show the fragment split between m/e 126 (90
and 609, respectively) and m/e 123 (10 and 40 97, re-
spectively). In the case of dec-4-yne (V) the data in-
dicate preference for formation of a six-membered
cyclic intermediate (Scheme VI), or possibly a com-
peting isomerization between dec-4-yne and dec-5-yne.



Table 1V. Principal Peaks in the Mass Spectra of Decynes V and VI and Their Deuterated Analogs (7} Relative Intensity)
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Table V. Metastable Transitions in the Mass Spectra of
Decynes V and VI

M* Transition M* Transition
86.1 138 — 109 91.1 95 — 93
65.4 138 — 95¢ 47.2 95 — 67
47.5 138 — 81 29.6 95 — 53¢
36.5 123 — 67 89.0 93 — 91«
60.2 109 — 81 36.5 83 — 55
41.2 109 — 67 54.7 82 — 67
68.4 96 — 81 77.1 81 — 79
29.3 96 — 53¢ 24.4 69 — 41

@ Absent in VI,

Dec-5-yne is symmetrical and a methyl radical is
ejected from either end of the molecule with equal
facility, as expected (Scheme VI),

Scheme VI (m/e 123 Origin)

a

b
~ .o CH:
CH,— (CHy)— C= O (CHy), R, -2 \[:j
V +

la a/ b~ 19
[(CH,),—C=C—(CH,),—CH,]"
a b CH,
. +
CH A (CH),—C=C— (CHy,~£CH, 2222,

VI

In both V and VI the labeling data (Table 1V) in-
dicate that both (C; + C,) and (Cs + Cio) are expelled
as ethyl radicals in approximately equal amounts
(Scheme VII).

Scheme VII (m/e 109 Origin)
a b

A

CH CH,— G = C—(CHy), L CiH, 2 D
V +
la

+ o+
CH,=C==C—C;H,,

CH,
O

The (M — C;H;-)* peak at m/e 95 is the base peak
at 12 eV in V, and of 797 relative intensity in VI
(Table 1V). The deuterated analogs of dec-4-yne
indicate some (<2097) isomerization, since the peak is
retained at m/e 95 or shifted to m/e 97 to >8077, while
in dec-5-yne the data are consistent with loss of a propyl
radical from either side of the acetylenic band (Scheme
VII),

Scheme VIII (m/e 95 Origin)

a b
. +
CH, - (CHy), — O C— (CHYZ C.H, 222,

N OF “N _ou.
CH, —C=C—(CH,),CH, 2% [c=C,H,]*

v
a % n
. +
cafir,\——CHz——c=c—CH2-CaH7 2ob, CH,=C=CCH,
VI

As was previously observed in the spectra of the
isomeric nonynes, both m/e 81 and 67 are formed by
multiple fragmentation pathways (Table V) and hy-

Woodgate, Mayer, Djerassi | Fragmentation of Simple Acetylenes



3122

FRe 0 fys 12w
§I24
CHy
C4Hy-C8C-CH - CHEH, |
X
[ €7
124 ] 1
] 08 ) 43 54
i 1 Tl
: B e
$
3
2
Fig9s 7O figde 120V
[ 125

s
€,y CHC - CH -COCH,
o

Ir'l
|
l

Fig10 70sv £ig10 12ev

Relctive Abundance

Flgl) 70ev Figly 12eV

%

CH, ICHylg"CHC-CICH ),
n

g
3

¥

g

H
|
o’

2:

d
g]P“z

Flg.la 12ev

Retative Abundance

}91

128
{ 140
il

ofee] 08 | ;

< [H

5\ ;
N S
T s W e

Figure 9. Mass spectrum of 7-methyloct-4-yne.

Figure 9a. Mass spectrum of 7-methyloct-4-yne-7-d,.
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Figure 11a. Mass spectrum of 2,2-dimethyloct-3-yne-7,7-ds.
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drogen scrambling results. However, for m/e 81, pre-
dominant loss of the label is observed for the 1,1,1-d,,
2,2-d;, and 3,3-d, analogs of dec-4-yne (Table 1V) and
this necessitates movement of the triple bond prior to
fragmentation. The symmetrical dec-5-yne can cleave
on either side of the unsaturation and the peaks are
split accordingly (Scheme IX).

Scheme IX (m/e 81 Origin)
—C4Hg:
[dec-4-yne]- +* —> [dec-5-yne] -+ ——> [C=CC,H, ]+

Insofar as m/e 67 is concerned, valid structural and
mechanistic assignments cannot be made because of
extensive hydrogen scrambling and peak overlap.

Even-Mass Rearrangement Ions. The important re-
arrangement ions in the spectrum (Figure 5) of dec-4-
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yne occur at m/e 96, 82, and 54 (Table IV). Formation
of m/e 82 and 54 is rationalized as before by sequential
McLafferty rearrangement processes (Scheme X). The

Scheme X
78 1
N

[CH,,CHC=CH,]'* [C,H,CH=C=CH,]"*
m/e 110 m/e82

N e
i 1

m/e 54

simplest explanation for the formation of m/e 96 is a
McLafferty rearrangement preceded by isomerization
to dec-5-yne (Scheme XI). This hypothesis is sup-

Scheme XI
. . .
_l i _l ' -C,H, I—'
— W - o
' n
v VI CH,
m/e 96

ported by the fact that all of the even-mass ions are
split in the spectra of the deuterated analogs, although
exact data are difficult to' determine as overlap from the
even- and odd-mass fragments occurs.

In the spectrum (Figure 6) of dec-5-yne mfe 54 is
the base peak at 70 eV and the labeling data (Table
1V) indicate that this ion is the product of a double
McLafferty rearrangement (Scheme XII) although no

Scheme XTI

CH,
(‘@V&)_r*- en, (\!\I{ﬁ_lq- on, ( j.+
~ \(‘\/ Y ~
VI mfe 96 m/e 54

metastable transitions are observed in the second field-
free region (Table V). The formulation of m/e 96 as
an ionized hepta-1,2-diene is strongly supported by
the spectrum of this independently synthesized com-
pound.?!

The data presented here provide strong evidence
for isomerization of the molecular ion of simple un-
branched alkynes to some extent prior to decomposition.
Although all the isomeric nonynes and decynes follow
the same fragmentation pathways, the relative intensity
of each fragment is peculiar to each compound, thus
giving rise to analytically useful spectra. In the case
of the rearrangement ions, those which are derived
directly from the molecular ions are (except in the case
of dec-5-yne) the most important, while the less im-
portant members of the series can be rationalized by
sequential isomerization-McLafferty rearrangement
steps.

C. Branched Alkynes. It is well known”?? that in
branched olefins isomerization is largely suppressed

(22) K. K. Mayer and C. Djerassi, Org. Mass Spectrom.. 5, 817
(1971).



and favorable hydrogen migrations dominate the frag-
mentation behavior of the molecular ion. In order
to determine whether there is a comparable influence
of branched alkyl substituents on the behavior of ace-
tylenes under electron bombardment, the branched
isomers VII-XI were investigated. A general and un-

T "
C2H5CEC(CH2)2—([:——CH3 C,HgCEC—([:—CHa
H H
Vil VIII
([:Ha CH;
|
C3H7CEC—CH2—?—CH3 CaH7CEc—c—CH3
R CH;
IX,R = H X
IXa,R = D
T
CHaCRz(CHz)zCEC—C—CHa
H,
XI,R = H
Xla,R = D

expected feature of the branched-chain alkynes is that
the molecular ion is much more intense (see Figures
8-11) than in the straight-chain isomers, becoming the
base peak at 12 eV in 7-methyloct-4-yne (IX, Figure
9). In 7-methyloct-3-yne (VII, Figure 7) the base
peak at 70 eV is m/e 67, while at 12 eV m/e 109 is the
major fragment. The only other intense peak at 12
eV is at m/e 95, which is probably indicative of prior
isomerization (Scheme XIII).

Scheme XIIT
CH,
_ N
C,H,—C=C —(CHz)z—(I:— cH,
H \: CH, m/e 109
CH,
fl ¢ |
C=C—(CH),—C—~CH,
f :
. +
C,H,—C=C—CH,— (I:_CHa m/e 95
H
IXa
~l— CH

+
H20=C=C-—CH2—(IJ—CH3
H

m/e 95

Of the rearrangement ions only m/e 82 and 68
(Scheme XIV) are important (21 and 9% rel intensity
at 12 eV, respectively).

Scheme XIV
CH;

. + é —C4Hs
C2H5C=C—(CH2)2— ‘—CHa — [C2H5CH=C=CH2]'+

/
Tl CI;-IIa mje 68

.+ é ~ CsHs
C;H,C=C—CH,— [—CHa ——:—) [C;H.CH=C=CH,]-+
H mje 82
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Branching at the « position to the triple bond has a
highly simplifying effect on the mass spectrum. Thus,
in the spectrum (Figure 8) of 2-methyloct-3-yne (VIII)

([3H3 CH,
—C:Hs
[C4H9CEC—([3—CH3] S+ ——*—-> [CH2=C=CH—4[:—CH3] o+
H H
VIII mle 82

all fragmentation processes are largely suppressed at
12 eV in favor of a McLafferty rearrangement involv-
ing transfer of a secondary hydrogen atom.

The base peak at 70 eV in the spectrum (Figure 9) of
7-methyloct-4-yne (IX) is m/e 67, and as before this
ion is formed via multiple pathways (from m/e 124,
109, 96, and 82) as shown by the presence of the ap-
propriate metastable peaks. The even-mass ions at
m/fe 96 and 82 are McLafferty rearrangement products,
since deuterium labeling at C-7 (IXa, Figure 9a) shifts

CH;
[ ~ C:Hq
[CH2=C=CHCH2—[C—CH3] ot ——
*
D
mfe 97
CH;
[ — CoH:
C;H,C=CCH,—C—CH; —— [C;H.CH=C=CH,]-*+
b
IXa mje 82

m/le 96 to 97, whereas m/e 82 is unaffected.

Facile loss of a methyl radical to generate an allenic
cation is observed in the spectrum (Figure 10) of 2,2-
dimethylhept-3-yne (X), where m/e 109 is the base

CH; CH;
o) —CH; + 7
C3H7—C=C—C—‘CH3 ——*—-—> C3H7—C=C=C
CH; CH;
X mfe 109

peak at both 70 and 12 eV; at 12 eV m/e 109 is the only
intense fragment ion.

When there is a secondary hydrogen atom situated
at the y position as in the homolog 2,2-dimethyloct-3-
yne (XI), the McLafferty rearrangement overrules all
other fragmentation routes at 12 eV (Figure 11), and
deuteration at C-7 (XIa) shifts m/e 96 neatly to m/e 97
(Figure 11a) as expected. The base peak at 70 eV,
m/e 81, arises from m/e 96 by loss of a methyl radical
(Scheme XV).

Scheme XV
CH;
+ é —C:3Hs
CHaCRz(CHz)zCZC— —CHa *—-+
H;
XI,R =H
Xla,R = D ([:Ha
[CH,=C=CR—C—CH;,]-*
H;
mfe 96, R = H
*l——CHa
CH; CH;
+ 7 s~/
N AN
CH; CH,
mfe 81, R = H
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The above data clearly show that branched-chain
alkynes exhibit much less complicated fragmentation
behavior than their straight-chain isomers. The major
decomposition modes are processes of low activation
energy, such as the McLafferty rearrangement and 3
fission. The tert-butyl group in particular exerts an
anchoring effect suppressing isomerization of the molec-
ular ion to a high degree.

Experimental Section

The mass spectra were determined on a AEI MS-9 instrument
using the heated inlet system with a source temperature of 200°,
All ionizing voltages quoted are nominal values, The repeller
voltages ranged between +3 to 5 V and the accelerating voltage
amounted to 8000 V.

The alkynes?? and their deuterated analogs were prepared in 70—
95% vield by reacting the appropriate terminal acetylene (Farchan
Research Laboratories, Willoughby, Ohio) with an alkyl halide.
A typical detailed procedure follows.

To an ice-cold solution of hept-1-yne (0.1 mol) in hexamethyl-
phosphoramide (0.75 ml, distilled from 13X molecular sieves) was
added dropwise a solution of »#-butyllithium in hexane (0.35 ml of
2.67 M solution). The ice bath was removed and the mixture was
stirred for 5 min at ambient temperature. The ice bath was then
replaced, and n-propyl bromide (0.077 ml) was added. After
stirring at room temperature for 30 min, the mixture was poured
into 1 ¥ HC1 (20 ml). Pentane (5 ml) was added, and the organic
layer separated, washed with aqueous NaHCO; and water, and
dried. Removal of the solvent was followed by vpc purification
(20% Apiezon or 15% SE 30 on Chromosorb W) to give dec-4-yne.

(23) We thank Dr, Michele Rudler for the preparation of the un-
labeled straight-chain compounds.

Reactions of N-Phenyl-2-naphthylamino Radicals

R. F. Bridger
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Abstract:

AS¥* = 0.7 euin benzene) produces N-phenyl-2-naphthylamino radicals (A ).

The thermal decomposition of 1,4-diphenyl-1,4-(2-naphthyl)-2-tetrazene (1) (AH+ = 24.8 kcal/mol,

The major products are the carbon-

carbon (3) and carbon-nitrogen (4) dimers of A-, with N-phenyl-2-naphthylamine (2) and 7-phenyldibenzo[c,gl-

carbazole (5) formed as minor products.

No stable diarylamino radicals are detectable in the reaction mixture by

electron resonance spectroscopy. Surprisingly facile hydrogen transfer reactions occur between A- and a variety

of hydrocarbons.

Hydrogen transfer reactions of A. with hydroperoxides, hindered phenols, thiols, phosphines,

amines, and aldehydes are also described. The data show N-phenyl-2-naphthylamino radicals to be considerably
more reactive than generally believed. The results are discussed in the context of amine inhibition of hydrocarbon

autoxidations.

Diarylamino radicals are of significant historical
interest to organic chemistry. The diphenyl-
amino radical was erroneously reported? as one of the
earliest examples of a stable organic free radical. This
claim stood unchallenged for nearly 50 years. Musso?
demonstrated that diphenylamino radicals dispro-
portionate rapidly at 90° to a mixture of oligomers
and diphenylamine. Neugebauer and Fischer? showed
that the diphenylamino radical could not be observed
by esr during decomposition of the hydrazine over a
range of temperatures. Stable diarylamino radicals
could be observed, however, if the reactive para posi-
tions were blocked by electron donating substituents,
in agreement with the classic series of papers by Wie-
land and coworkers.s

Despite the voluminous literature on carbon-centered
radicals, knowledge of nitrogen-centered radicals is
surprisingly meager, and even the most rudimentary

(1) Presented in part at the 161st National Meeting of the American
Chemical Society, Los Angeles, Calif.,, March-April, 1971,

(2) H. Wieland, Justus Liebigs Ann. Chem., 381, 200 (1911).

(3) H. Musso, Chem. Ber., 92, 2881 (1959).

(4) (a) F. A. Neugebauer and P. H. H. Fischer, ibid., 98, 844 (1965).
(b) The spectrum of the short-lived diphenylamino radical was recently
resolved during photolysis of the hydrazine in a flow system: F. A.
Neugebauer and S. Bamberger, Angew. Chem., 83, 47 (1971).

(5) An excellent review is given by A. R. Forrester, J, M, Hay, and
R. H. Thompson, ‘“Organic Chemistry of Stable Free Radicals,”
Academic Press, New York, N. Y., 1968, Chapter 3.
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reactions of diarylamino radicals have been attended
by a good deal of confusion. Various reports®—1°
of hydrogen transfer reactions by the diphenylamino
radical are of questionable significance because earlier
workers assumed the amino radicals to be stable in
solution or were unaware of the extensive dispropor-
tionation reaction, which produces about 5097 yield of
the apparent hydrogen abstraction product, diphenyl-
amine.!!

The absence of a comprehensive study of diarylamino
radicals has prompted us to investigate the reactions
of the N-phenyl-2-naphthylamino radical. This rad-
ical is uniquely suited for such a study because of its
low degree of disproportionation and its well-defined
coupling products, # ¥

(6) T.J. Wallace, J. J. Mahon, and J. M. Kelliher, Nature (London),
206, 709 (1965).

(7) R. A. Jackson and W. A. Waters, J. Chem, Soc., 4632 (1958).

(8) P. F. Holt and B. P. Hughes, ibid., 1320 (1955).

(9) H. Low and P. Tavs, Tetrahedron Lett., 1357 (1966).

(10) V. D. Pokhodenko and V. A, Bidzilya, Teor. Eksp. Khim., 2, 234
(1966).

(11) For more recent studies of the disproportionation of diarylamino
radicals confirming the results of ref 3, see (a) P. Welzel, Chem. Ber.,
103, 1318 (1970); (b) K. M. Johnston, G. H. Williams, and H. J.
Williams, /. Chen. Soc., B, 1114 (1966); (c) F. A. Neugebauer and H.
Fischer, Chem. Ber., 104, 886 (1971).

(12) R. F. Bridger, D. A. Law, D. F. Bowman, B. S. Middleton, and
K. U. Ingold, J. Org. Chem,, 33, 4329 (1968).

(13) R. F. Bridger, ibid., 35, 1746 (1970).



