Mass Spectrometric Studies of the Dioxabicyclo[3.2.1]octanes

A GLC purified sample of 12 (14.0 mg, 0. 071 mmol) was reduced
with LiAlH, (0.071 mmol) and worked up as in the preceding ex-
periment. The SE-30 fractionation yielded one peak (49% yield),
tgr 14.0 min, and the elemental analysis was obtained for this mate-
rial. Chromatography with Carbowax 20M gave two peaks of ap-
proximately equal size, tg 12.7 and 13.5 min, which were designat-
ed 14a and 14b, respectively.

14a: infrared spectrum (CCly) 2985, 2945, 2895, 1462, 1382, 1130,
1112, 1045, 1040, 925, 920, 900 cm™~!; mass spectrum m/e (rel in-
tensity) 27 (11), 29 (32), 41 (11), 43 (15), 55 (14), 57 (100), 72 (31),
81 (7), 96 (4), 114 (10), 128 (6), 140 (4), 170 (M*, 10).

I4b: infrared spectrum (CCly) 2985, 2940, 2885, 1453, 1378, 1122,
1105, 1043, 1030, 913 em™1; mass spectrum m/e (rel intensity) 27
(12), 29 (26), 41 (12), 43 (16), 55 (14), 57 (100), 72 (31), 81 (7), 96
(4), 114 (11), 128 (5), 140 (4), 170 (M, 9).

Anal. Caled for C10H1g09; C, 70. 66 H, 10.59. Found: C, 70.51; H,
10.78.
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Mass spectra were recorded for three alkyl-substituted dioxabicyclo[3.2.1]octanes, 2,4-dimethyl-5-ethyl-6,8-
dioxabicyclo[8.2.1]octane (multistriatin), 1,5-dimethyl-6,8-dioxabicyclo[3.2.1]octane (frontalin), and 5-methyl-7-
ethyl-6,8-dioxabicyclo[3.2.1]octane (exo-brevicomin), and for the corresponding deuterium-labeled compounds
4,11-11-trideuteriomultistriatin, 4,4,10,10,10-pentadeuteriofrontalin, and 4,4,9,9,9-pentadeuterio-exo-brevicomin,
and structures were assigned for the characteristic ions. Where possible the relative abundances of the observed
ions were related to the alkyl group substituents, and a general fragmentation pattern was proposed.

Multistriatin (1) was isolated and identified as one com-
ponent of a three-component aggregation pheromone of the
European elm bark beetle.! In the initial phase of the iden-
tification process, the mass spectrum exhibited several dis-
tinctive peaks, but this information did not provide defini-
tive evidence for the bicyclic ketal ring system or the type
of ring substitution.

After the structure of 1 was proved, the mass spectrum
of 1 was compared with the reported spectra of known bi-
cyclo[3.2.1]octane derivatives, including two insect phero-
mone components, frontalin (2)2 and exo-brevicomin (3),3
and to the known fragmentation patterns for cyclic ketals.*
Inspection of the available data revealed that some ions
were common to two or more of the bicyclic ketals. How-
ever, the identities of most of the ions were uncertain, and
a fragmentation pattern for the substituted dioxabicy-
clo[3.2.1]octanes was not obvious.

We collected three types of data for the dioxabicy-
clo[3.2.1]octanes 12, and 3: (1) unit resolution electron im-

pact (EI) mass spectra, (2) unit resolution EI spectra of
deuterium labeled compounds, (3) high-resolution EI spec-
tra of unlabeled compounds. The objective of these experi-
ments was to determine the characteristic fragments of
these dioxabicyelo[3.2.1]Joctanes and the effects of alkyl
substituents on the fragmentation pattern.

Results and Discussion

Multistriatin (1) exists as four diastereomers which have
been synthesized and purified,® and the unit resolution
spectrum of each isomer was recorded. Since no qualitative
and only minor quantitative differences were observed in
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Table I Table III
Mass Spectral Data for a-Multistriatin (1) Mass Spectral Data for exo-Brevicomin (3)
Rel Corre- Rel Corre-
abundance sponding abundance sponding

Peak, (% of peak in Peak, (% of peak in
m/e base peak) 12 m/e Formula? mle base peak) 34 m/e Formulab

27 11 27 13

29 28 29 9

39 9 39 8

41 13 41 12

43 6 43 100 46

55 21 55 55 7

57 100 59 57 9

71 13 71 C,H,0 68 15 68

72 4 71 8 C,H,O

81 10 82 C,H, 72 4 C,H,0

86 5 C.H, 0 85 29 85/86 C,H,0O

96 15 97 C,H,, 86 11 87 CH,,0

99 3 98 13 103 C.H,,0
128 9 130 C,H,,0, 99 5 CH,,0
140 4 114 26 117 C,H,,0
170 4 173 C.,H,,0, 127 4 132 C,H,,0,

156 4 161 C,H, 0,

21’ is multistriatin-d ;. » Formulas obtained from high-
resolution MS data of 1.

Table II
Mass Spectral Data for Frontalin (2)
Rel Corre-
abundance sponding

Peak, (% of peak in
mle base peak) 2'a m/e Formula?

27 8

29 5

39 10

41 13

43 100 46

54 9

55 8

67 7

69 5

71 16 71 CH,0

72 49 73 C,H;0O

85 4 C:H,0

99 4
100 23 103 C,H,,0
112 6 117 C,H,,0
142 9 147 C;H,,0,

a2’ is frontalin-d. ® Formulas obtained from high-
resolution MS data of 2.

the four MS spectra, the data shown in Table I for the «
isomer were regarded as representative of each of the mul-
tistriatin isomers. Similarly, no stereochemical effects were
reported for endo- and exo-brevicomin,® and we have con-
fined our experiments to the exo isomer, 3. The compiled
MS data for 2 and 3 are given in Tables II and III, respec-
tively.

The mass spectra of the isomers of the precursor to 1,
4,6-dimethyl-7,8-epoxy-3-octanone (4), were identical with

4

0
4

those recorded for 1. Similar results have been observed in
mass spectral studies,” and the conversion of a related keto
epoxide to the bicyclic ketal structure has been reported.8?
The thermal conversion of 4 to 1 has been observed in this
laboratory,!® and this reaction could occur in the mass
spectrometer inlet.

Acid-catalyzed D-H exchange at positions « to the ketal

23’ is exo-brevicomin-d,. » Formulas obtained from high-
resolution MS data of 3.

carbon atom occurred without decomposition of the bicy-
clic ketals,5 and this method was used to prepare 4,11,11-
trideuterio-a-multistriatin (1'), 4,4,10,10,10-pentadeuterio-
frontalin (2'), and 4,4,9,9,9-pentadeuterio-exo-brevicomin
(3’). The unit resolution MS for each compound was re-
corded, and the data for 1’, 2/, and 3’ are given in Tables I,
I1, and III, respectively.

The most abundant species observed for 1, 2, and 3 was
the R4CH20" ion. The retention of two D atoms in the m/e
59 ion in 1’ and three D atoms in the m/e 45 ions in 2’ and

Chart [
Mass Spectral Fragments from Multistriatin (1),
Frontalin (2), and Brevicomin (3)

1 2 3
RRH CH, H
R,CHHH H
RRCH, H H
R,CH; H H
RRH H CH;
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3’ supported the assignment of structure a’ for these ions
and structure a for the corresponding ions m/e 57 in 1 and
m/e 43 in 2 and 8, as shown in Chart I. Fragment a was the
predominant species observed for several other bicyclic ke-

tals,”!! and a was also observed for the 2,2-dialkyldiox-

olanes. The mode of formation of this ion in the bicyclic
ketals was probably similar to that described for the cyclic
ketals.* A possible mechanism for the formation of &’ (or a)
is shown here.

D
R3 R2

R. . Rr,CcD,Cc=0"

- R4>(\\+
O ’
a

DD R
v o2 3
R H CH H
R,CH, H H
R,CH, D D
R,CH, D D

RRH H GCH

The loss of a related fragment with the formation of ions
m/e 100 and 114 was observed in 2 and 3, respectively.
High-resolution data confirmed that CHoCO was lost from
the molecular ion, and deuterium labeling demonstrated
that the intramolecular transfer of one D atom had oc-
curred. A D shift from C-10in 2’ or C-9 in 3’ to C-4 (path x)
or to 0-6 (path y) with the expulsion of CD3CO could yield
species ¢’ or b, respectively. The corresponding M -
CH3CHCO peak in 1 was not observed.

Rg RQ
D
+ R,
- DO
D ; R
R, R, .
DXD + -CD,C0 or
0 R, —
bl D
g ) Rs R, R,
14 / +
2,3 D 5 R,
R;
C/
2 ¥
R, CH; H
R, H H
R; D D
R, H CH,

The ions in 1 and 2 with m/e 71 (C4H70%) occurred with
the m/e 72 (C4HgO-*) ions; and m/e 85 (CsHoO%), 86
(C5H1p0-*), and 68 ions were present in 3. No D atoms
were incorporated into the m/e 71, 85, or 68 ions, but one D
atom was in the m/e 72 ions in 1’ and 2’ and the m/e 86 ion
in 3'. This evidence indicated that the m/e 71 and 85 ions
were derived from C-7, C-1, and C-2, the attached alkyl
groups, and one of the oxygen atoms; and that m/e 72 and
86 ions were the protonated forms of these species. Struc-
tures d and e were consistent with these data, and the m/e
68 ion (j) in 8 and 3’ can result from the elimination of HoO
from fragment e or HDO from e’. The incorporation of one
D atom into e’ supported the hypothesis that an intramo-
lecular H shift from C-9 to one of the oxygen atoms oc-
curred during fragmentation.

An interesting substituent effect was observed for frag-
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R, R, R, R,
R 5 | & |
R, 0 1 — DQ R, + R,
+
R
0 R5 R5 e d

1,2,3
lif Re=C.H,
v o2 ¥ R
RRH CH; H |
RRCH; H H R
R,CH; D D | '
RRCH;, D D

RRH H GChH

ments d and e. In 1 and 3, d was the more abundant ion
(d:e 13:4 in 1; 29:11 in 3), but e was the most abundant ion
in 2 (d:e 16:49). The same pattern was observed in the spec-
trum of 1,4-dimethyl-5-ethyl-6,8-dioxabicyclo[3.2.1}octane
(5) (d:e = 7:31),12 and this effect was attributed to the pres-
ence of an alkyl substituent at C1.

1/’ ZI, 3

The CgH190-* ion (m/e 98) in 3 retained all five D atoms
in 3’ and was assigned structure f’. The corresponding ions
which result from the loss of CH2O were observed in the
spectra of 1 and 2, but the relative abundances were low.
Substituent effects for alkyl groups at C-7 were important
since the relative abundances of species f were 4, 6, and
13% in 1, 2, and 3, respectively. Furthermore, in the re-
ported MS data for the bicyclic acetal, 7,7-dimethyl-6,8-
dioxabicyclo[3.2.1]octane (6),!* f was the most abundant
species. - .

A uniqué ion (m/e 128) which corresponded to M -
CH3CHCH; was present in the spectrum of 1, The loss of
C3H;sD from 17 with the retention of two deuterium atoms
in the m/e 130 ion suggested that bonds C-2-C-3 and C-4-
C-5 were broken. The formation of ion g or g’ via a retro-
Diels—-Alder process was consistent with the D labeling and
the m/e data.

D +
(6,

D Ly
.71 — D 5
0 0

DO g

Once again, substituent effects were important since this
species was observed for 1 but not for 2 and 3. The C-2
methyl group in 1 could be related to the formation of this
species; however, this possibility was precluded by the MS
data obtained for 5. This dioxabicyclo[3.2.1]octane did not
contain a C-2 substituent, but the abundance of the M —
CH3CHCHS, species was equal to that found in 1.12 These
data did not exclude the possibility that the ethyl group at
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C-5 in 1, as opposed to the methyl groups in 2 and 3, was
related to this fragmentation pattern; however, the C-4
substituent was adjacent to the site of bond breaking and
appeared to be the more important factor in this fragmen-
tation pathway.

The loss of CH3CHyCO2H in 1 yielded a hydrocarbon
fragment, C;Hjot (h, m/e 96). One deuterium atom was re-
tained in this ion and in the CgHg* ion (i, m/e 81), and the
corresponding ions were not observed in 2 and 3. The for-
mation of h and i appeared to be a complex process, and
neither the structure of the ions nor the substituent effects
could be described with confidence.

Conclusion

Ton species a-i, which are shown in Chart I, represent an
ensemble of ions that appeared in the mass spectra of 1, 2,
and 3. The relative abundances of these ions for a given
dioxabicyclo[8.2.1]octane reflected the location of ring sub-
stituents, and the m/e for a given species was related to the
structure of the substituent. Substituents at C-1 and C-2
contributed to the m/e of ions d and e, and the presence of
alkyl groups at C-1 can be determined on the basis of the
relative abundances of d and e. The presence of groups at
C-4 and C-5 was related to ions a, b or ¢, and g. Alkyl sub-
stitution at C-5 was apparent in ion a and ions b or ¢, and
our evidence suggested that C-4 substituents can be detect-
ed in the ionic species g. '

The MS data for 1, 2, and 3 and data obtained from liter-

ature!! demonstrated that the relative abundance of f was -

determined by alkyl substituents at C-7. The elimination of
water from e was possible when a C-7 alkyl substituent was
present, and our data suggested that the e — HoO peak was
evidence for a C-7 substituent. ’

Ions a-g can be derived from the dioxabicyclo[3.2.1]oc-
tane ring system, and we have indicated how these ions can
arise from 1, 2, and 3. Compounds 1 and 4 give identical
mass spectra, and our evidence suggests that 4 is converted
to 1 and that 1 is the primary ion source for the mass spec-
trum of both compounds. In laboratory experiments the
thermal conversion of 4 to 1 is facile and high yielding,!°
and the reversal of this reaction in the spectrometer inlet
seems unlikely. However, acyclic intermediates similar to 4
may be involved in the ionization process.

A recent communication. described three dioxabicy-
clo[3.2.1)octanes: '5-methyl-2-isopropyl-7-acetyl-6,8-dioxa-
bicyclo[3.2.1]octane (7), 5-methyl-2-isopropyl-7-hydroxy-
ethyl-6,8-dioxabicyclo[3.2.1]octane (8), and 5-methyl-2-iso-
propyl-7-(1-methylhydroxyethyl)-6, 8-dioxabicyclo [3. 2.1]-
octane (9).7 A small M — CH3CH; peak was observed for 3,
and prominent peaks corresponding to the loss of the C-7
substituent were reported for 7, 8, and 9. A peak corre-

0

0 R
7, R =COCH,
8, R = C(OH)HCH,
9, R = C(OH)(CHa),

sponding to a was the base peak for 7, 8, and 9, but most of
the remaining fragments did not correspond to ions b-i.
These data suggested that complex substituents may make
a significant contribution to the mass spectra of substitut-
ed dioxabicyclo[3.2.1]octanes.

Mass spectral data can supply considerable information
about the structure of the dioxabicyclo[3.2.1]octanes; how-
ever, some potential sources of difficulty should be noted.

Gore, Pearce, and Silverstein

The mass spectrum of a related bicyclic ketal structure,
3,7-dimethyl-1-ethyl-2,6-dioxabicyclo[2.2.2]octane  (10),12

0

10

was compared to the spectrum of 1. Most of the spectral
characteristics observed in 1 were present in 10, thereby in-
dicating that mass spectrometry was not the method of
choice for distinguishing the two ring systems.

The M — CH;CO peak (b, ¢) and the M — CH3CHCH,
peak g were coincident (P — 42) in 1. This peak assigne-
ment problem can be solved by recording the spectrum of
the D-labeled compound. Deuterium labeled compounds
can also be utilized for the assignment of other peaks and
for the determination of the number of substituents o to
the ketal carbon atom.

Experimental Section

Preparation of Deuterium-Labeled Compounds. A sample of
multistriatin (1, 50 mg) was refluxed in a mixture of 2.5 ml of 1 M
deuteriophosphoric acid and 2.5 ml of THF for 48 hr.5 The solu-
tion was saturated with NaCl, the THF layer was removed, and the
water layer was extracted with 1 ml of fresh THF. The combined
THF extracts were washed twice with 0.5-ml volumes of salt water.
The THF solutions were dried initially over anhydrous potassium
carbonate and then over 4-A sieves. The products were separated
by preparative GLC and the mass spectrum of each isomer frac-
tion of 1 was recorded. The procedure was repeated for frontalin

'(2) and exo-brevicomin (3).

Mass Spectra. The unit resolution spectra were recorded on an
Hitachi RMU-6E mass spectrometer at 70 eV ionization potential.
The high-resolution spectra were recorded and empirical formulas
were calculated with an AEI-9 computer-spectrometer system.
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