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Isomerization and Decomposition Reactions of CH,O.* Ions™™®
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Abstract: The unimolecular reactions of the isomeric ions C:H;C(OH)CH;-+ (1) and CH,CHC(OH)CH;-* (6)
are explicable in terms of stepwise rearrangement of individual hydrogen atoms leading to the ketonic ion CH,CH,-
COCH;-* (5); only 5, not 1 or 6, can undergo decomposition to give C;H;CO* and CH;CO*, which are the major
final products observed from all three isomers. The results from this system appear to provide definitive evidence
on the effect of the ring size of the rearrangement transition state on both the activation energy and the *“looseness”

of the activated complex of the reaction.

For low-energy metastable decompositions the predominant pathway for

isomerization of 1 — 5 involves two 1,4-hydrogen shift rearrangements, while that of 6 — 5 involves a 1,2-(favored

over 4 1,3.) followed by a 1,4‘¥hydr(;§én shift.
volving 1,3-hydrogen rearrangemen

In the decomposition of higher internal energy ions, pathways in-
compete effectively with 1,4 rearrangements, indicating that the lower activa-

tion energy of the latter is offset by the looser activated complex of the 1,3-shift reaction. This also produces the

unusual situation that hydrogen scrambling is increased in ions of higher internal energy.

Isotope effects were

found to be especially useful in elucidating these reaction mechanisms.

Aiphatic ketones have served as model compounds
for the study of a variety of important fundamental
aspects of mass spectral behavior.’ Despite the im-
pressively detailed knowledge that has been reported
for these spectra, a recent study of the enolic form of the
acetone ion, CH;C(OH)CH,- +, showed that several con-
cepts required modification or deserved further at-
tention.*® The previously assumed decomposition
through direct cleavage does not occur to an appreciable

extent; ketonization apparently provides the main
degradation pathway (Scheme I). In contrast to the
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well-known preference for 1,5-hydrogen transfers in
mass spectra, in CH;C(OH)CH,-* two 1,3-hydrogen
shift reactions, ketonization and methyl-to-methylene
transfer, occur competitively. The reactions of Scheme
I exhibit primary and secondary isotope effects consis-
tent with the proposed pathways, suggesting that isotope
effect studies can provide valuable information on
other mechanistic problems.

The present report? extends this investigation to the
isomeric enolic ions C;H;C(OH)CH,-+ (1) and CH;-
CHC(OH)CH;:+ (6); direct cleavage has been proposed
as the degradation mechanism for the former,® in
contrast to our findings for the C;H,O-* case. For the
1 and 6 ions 1,2- and 1,4-, in addition to 1,3-, hydrogen
shift reactions are possible. Little information on such
competitive rearrangements has been reported, in-
cluding the relationship of the transition-state geometry
to the activation energy and the increase of rate con-
stant with ion energy. Study of a system in which the
1,5 shift cannot occur is pertinent in view of the recent
observation that 1,4- and 1,5-, but not 1,3-, hydrogen
shifts occur in CH;CH,CH,COOH.®* It is of special
interest to find evidence concerning the contrasting
mechanisms for hydrogen scrambling in such ions;
proposals include the concerted exchange of hydrogen
atoms between two saturated carbon atoms,”® and the
stepwise rearrangement of H to a radical site.®% !

Results

Data for the metastable and collision-induced!? de-
compositions of the C,HsO-+ ions from 2-butanone,
l-ethylcyclobutanol, and 3-methyl-2,4-pentanedione
are given in Table I. These should represent the uni-
molecular decompositions of the lowest”!! and some-
what higher!? energy ions, respectively; thus losses of a
methyl or ethyl radical appear to be the principal de-
gradation pathways of all of the C;HsO-* ions studied.
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Table I. Unimolecular Metastable and Collision-Induced Dissociations of C;HgO -+ lons®
4. + N . +
Transition ——CH;CHC(=0)CH;—— ~—CH;CH,C(=OH)CH}-—— ——CH,;CHC(=OH)CH ¢ ——

mfe 72 — mje Unimol Col ind Unimol Col ind Unimol Col ind
57 80 51 61 28 68 29
56 1.8 0.8 0.1 0.7 0.2 0.6
55 0.4 0.4 0.0 1.2 <0.04 T
54 0.5 <0.2 0.3 0.7 0.3 0.6
44 0.4 0.3 0.9 4 0.4 2
43 100 100 100 100 100 100
42 0.3 4 0 2 0.3 2
30 <0.4 0.2 <0 0.3 <0.04 0.2
29 <0.4 3 0.05 6 <0.04 4
15 <0.4 <0.3 <0.05 0.3 <0.04 0.2

@ These data were measured under somewhat different instrument conditions than the data of Table II.

butanol. ¢ Formed from 3-methyl-2,4-pentanedione.

The normal spectra of these compounds are also con-
sistent with this. Data concerning the metastable and
normal ion products of these decompositions from
labeled and unlabeled 2-butanone, 1-ethylcyclobutanol,
several 3-alkanones, 3-methyl-2,4-pentanedione, and 3-
methyl-2-pentadecanone are given in Table II. Ap-
pearance potential data on these pathways are shown
in Table III.

C.H,C(OH)CH,-+ (1) was generated from both the

+. + +.
o OH OH
I - GHR . —c I
C:HsCCHaCzHaRH —— C2H5 CH; <—— C;H;C—CH,
CH.CH.
1

3-alkanones and 1-ethylcyclobutanol, following the
methods used to form CH;C(OH)CH,-+.3¢ Relative
metastable ion abundances (Table II) for ions gener-
ated from these sources are similar; the variation of
relative values observed for 3-hexanone probably re-
flects the variation of the P(E) function (the distribution
of the values of internal energy of the precursor ions)
from the “degree-of-freedom” effect.!®* By analogy to
the case of 1-methylcyclobutanol,®8 in the mass spec-
trum of l-ethylcyclobutanol the C;H;O+ and C,H,0*
normal ions appear to be formed predominantly by
decomposition of C{4HgO +; these three are the domi-
nant product ions in this spectrum. A low energy tail
on the appearance potential curve for CH;CH,C=0+
formed from I-ethylcyclobutanol indicates that a small
proportion of these ions are formed by a low-energy
process. The most probable low-energy reaction, by
analogy to a process established in the decomposition of
1-methylcyclobutanol,® !4 is shown in eq 1.

4+
OH O

I
CHCH(— — CHCHG | —

CH,CH,CC;H, — CH,CH,CO* (1

The isomeric enolic ion CH;CHC(OH)CH; -+ (6)
was generated from 3-methyl-2,4-pentanedione and

(13) F. W. McLafferty and W, T. Pike, J. Amer. Chem. Soc., 89, 5951
(1967); D.J. McAdoo, F. W, McLafferty, P. F. Bente III, M. L. Gross,
and C. Lifshitz, manuscript in preparation.

) (14) D. 1. McAdoo, F. W, McLafferty, and T. E. Parks, manuscript
in preparation,

b Formed from 1-ethylcyclo-

+
H -+ HO +
- - H
(? CH,CO CHi  CH, 0
o : |
6

3-methyl-2-pentadecanone by <-hydrogen rearrange-
ment. The relative abundances of the metastable ions
are surprisingly similar to those from the isomeric
enolic ion 1 and from C,H;COCH;-* (5), which sug-
gests that all of these ions isomerize to a common
precursor before decomposition; this will be estab-
lished in later discussion.

Significant isotopic scrambling during preparation
and storage or in the molecular ion prior to its frag-
mentation was not apparent in the normal spectra of
any of the compounds employed with the exception of
the 3-methyl-2,4-pentanedione-3-d. This compound
was found to contain ~18 %] of a’-methyl-d which gave
rise to the abnormally high abundances of m*(6d —
C,H;DO") and m*(6d — C;H;0*). Ions formed from
partially labeled molecular ions do not interfere in the
metastable spectra obtained by the defocused mode,®
except for !*C contributions, for which appropriate
corrections were made. The observation (Table II) of
very abundant metastable ions corresponding to the
formation of a single C3(H,D);O+ ion and a single
Cy(H,D);0* ion in all cases (except 6d) provides verifi-
cation that isotopic scrambling prior to C«(H,D)sO-*
formation is small.

Appearance potential data of metastable and normal
ions are given in Table III.

Discussion

The possible pathways for decomposition of the
enolic ions 1 and 5 which will be considered here are
shown in Scheme II. The predominant products of
the metastable decomposition of 1 and 6, as well as of
the ketonic ion 5, are C;H;Ot and CH;Of. The
figures on the arrows leading away from a particular
precursor ion represent the approximate proportion of
ions (as established in the following discussion) that
decompose by each of those pathways for the meta-
stable transitions, with the data from the higher energy
normal ions in parentheses. The data have been cor-
rected, where necessary, to represent the ion containing
no deuterium assuming a primary isotope effect (ku/
kp) of 2.2 and 1.4 for metastable® and normal ions,'®

(15) B. J.-S. Wang and E. R. Thornton, J. Amer. Chem. Soc., 90,
1216 (1968); I. Howe and F. W. McLafferty, ibid., 93, 99 (1971).
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Table II. Metastables (and Normal)® lon Abundances Corresponding to the Decomposition of C{(H,D)O-* lons

Zm*)e
Ion [C4«(H, Product ion abundance?

Compound C«(H,D)0-+ no. D)»0*Y CH,0O* CH,DO+* CH.D.0* C;H.D;O0* CHD,O* C;D;O* CH;0* CH.DO* CHDO* C,D;0%
CH,;CH.C(=0)CH; CH:CH.C(=0O-*)CH;: 5§ 0.00012 99 (36) 100 (440)
CH,CD:C(=0)CD; CH;CD:C(==0-*)CD; 5a 99 1.8 <2¢ 100
CH;CH:C(=0)Cs:H- CHaCHzC(:(;H)CHz 1 0.015 100 (240) 68 (545)
CH;CH:C(=0)C.Hs CH;CH 2C(:6H)CH2 1 0.010 77 100
CH:CH:C(=0)C:Hy CH;CHzC(:(;H)Cﬂz 1 0.0088 73 100
CH,;CH.C(=0)C.Ho CH:CH 2C(:(+)H)CH2 1 0.0048 74 100

1 +

C.H;C(OHXCH,)CHy(CH.) CH;CH:C(=OH)CH, 1 0.020 73 (66) 100 (85)
CD;CH:C(==0)CsHn CDaCHzC(:=(+)H)CHz la  0.0098 0.4 1.0 70 1.0 1.2 100 0.6
CDaCHzC(OH)(CHz)Cﬂz(EHz) CD;CHzC(:(;H)CHz la 0.013 0.4(<2 0.8(<2 70(@06) 0.6(27) 1.1(32) 100(53) 0.8 (1)
CHCH,C(OD)CH:)CHy(CHy) CHaCHzC(:(+)D)CHzf b 0.020 0.6(9) 67(62) 100 (64) 2 (16)
CD;CH,C(ODXCH:)CHy(CH>) CD;CHzC(:—'aD)Cﬂzf 1c 0.014 0.2 3.2(4 73 (42) 1.1(14) 1.0(12) 100 (63) 57 (3) 0.1
CH;CDC(=0)CD:C;H; CHaCDzC(:aH)CDz 1d 100 68
CH;CD:C(==0)CD:C,Hs CH 3CD2C(:(+)H)CD2 1d 0.9 74 0.8 0.14 0.8 100 1.1
CHC(==0)(CH;)HC(=0)CHj, CH3CHC(:6H)CH3 6 0.011 70 (29) 100 (313)
CH;C(=0)C(CD;)HC(=0)CH3; CD3CHC(:'Z)H)CH3 6a 0.010 0.4(8) 1.1(8) 80 (46) 100 (380) 2.0(34) 0.4(15)
CH;C=0)C(CH;)DC(==0)CHs* CH 3CDC(:(+)H)CH 3 6b 0.017 7.3 79 100 22
CD;C(=0)C(CH;3;)HC(=0)CD; CH;CHC(:(;D)CDa 6¢c  0.0078 0.3 47 2.5 <0.03 2.4 100
CD;C(=0)C(CD;)HC(=0)CDs CD3CHC(:6D)CD3 6d 0.010 <0.1 0.2 53 4.6 <0.1 6.0 100
CD;C(=0)C(CH;3;)DC(=0)CDs CH;CDC(:(;D)Da 6e  0.0095 0.2 54 1.9 0.4 3.1 100
CD;C(==0)C(CD;3;)DC(=0)CD; CD3CDC(:(+)D)CD3 6f 0.0093 62 100
C1:H2:C(CH ;5 )HC(=O0)CH; CH 3CHC(:(+)H)CH 3 6 0.0023  100(17) 92 (50)
C12H3:C(CH;3;)DC(=0)CD; CH;CDC(:(;H)CDa 6g 0.0039 0.5(17) 75(6.3) 1.4(0.8) 0.4(1.0 <0.04 (29) 0.2(13) 0.8(13) 100 (34

« The intensity of the metastable ion on the basis that the intensity of the most abundant metastable ion arising from the C,(H,D)O-* ion equals 100.
of the C;(H,D);O* and C(H,D);O* ions in the normal spectrum on the basis that the intensity of the corresponding CH,D)O -+ ion equals 100.

b The values in parentheses are the intensities
¢ The sum of the intensities of all of the metastables

arising from the C,(H,D)O - * ions divided by the intensity of the corresponding C,(H,D)O-*ion. ¢ Unless otherwise noted, standard deviations are generally better than 5% of the value for values > 10,
+1.0%; for 2-10, 0.2 (absolute) for 0.4-2, and +0.1 (absolute) for <0.4. The metastable abundances for the ions of structure 6 were obtained during the same day to minimize instrument variations

between runs.

¢ Uncertainty due to an instrumental problem,
reproduced for unknown reasons.

k Contains ca. 18 %, a’-methyl-d,.

7 The contributions of 1-ethylcyclobutanol-O-d species were subtracted from the spectra of these compounds.

¢ This value was poorly

€091
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Table 111, Differences between the Appearance Potentials of the Precursor and Product Ions

Compound Precursor ion AP, eV Ion measured AAP eVve
CH;CH:COCH; 5 9.6° m*(5 — C;H;0%) <0.4¢
m*(§ — C;H;0%) 0.7¢
CH;CH,CO+ 0.6¢
CH,CO* 1.5
CH;CH.COCH,, 1 m*(1 — C;H;0%) 1.4
CH;CH:C(OH)Y(CH:)CH(CH,) 1 9.5 m*(1 — C;H;0%) 1.2
e— m*(C4HsO+ - C2H30+) 1.3
CH;CH,CO* 1.5
CH,CO* 1.7
CH;COCH(CH;)COCH; 6 9.7 m*(6 — C;H;0%) 1.7
m*(6 — C.H;0%) 2.0
CH,;CH.CO+ 2.2
CH,CO+ 2.3
C1:H:CH(CH;3;)COCH; 6 10.2 m*(6 — C;H;0%) 1.8
m*(6 - C2H30+) 2.1
CH,;CH,CO* 2.0
—_— CH,CO* 2.4
CH;C(OHXCH.)CH(CHy) CH,;C(OH)CH. - * 9.7 m*(C;HO+ — C,H;0%) 2.0
= Difference in the appearance potential of the ion and that of its precursor. Accuracy ca. =0.2eV. ®lonization potential. ¢ Accuracy

poorer because of low abundance. 9 Photoionization value, 0.69 eV (see text). ¢ Photoionization value 0.74 eV.

Table IV. Pathway Contributions Indicated in the Decomposition of Metastable (m*) and Normal (N) C;HgO - * Ions from

1-Ethylcyclobutanol, Corrected for Primary Isotope Effects

C;(H,D);O* data -Cy(H,D);O* data Composite value®
Compd Pathways m*, % N, % Pathways m*, % N, % m*, 7 N, %
1a 1—-5,1—>6,eq1l 0.4 35 1—-2,1—-5,1—6 0.5 30 <1 35+ 5
1b 1—5,eq1 2 17 1—-2,1—-5 4 25 <4 20 £ 5
1c 1—6 0.7 19 1—6 0.5 12 <1 15 + 4

@ Assuming that pathways 1 — 2 and eq 1 are negligible.
respectively. Details of these data for 1-ethylcyclo-
butanols are shown in Table IV.

Scheme 11
s
OH
H

3C\
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CH, CH, +
HO=C=CH,
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+ + +

OH OH <10% OH
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. pr— ~- 2
CH, CH, 3% (3%) CH, CH, \
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+
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CH CH,

CH;CH,C(OH)CH:- * Reactions. The main decom-
position products of the CH;CH.C(OH)CH,-+ (1)
enolic ion have been studied previously utilizing meta-
stable ion decompositions of deuterium-labeled deriv-
atives; these results were inconsistent with allylic
cleavage, CH,CH,C(OH)=CH,-+* - CH;- + CH.C-

(OH)CH,*, and were rationalized in terms of the for-

—

mation of CH~=C=O0O+H (2) and CH,CH,C=O0O*+H
(4) as shown in Scheme II.>° However, the additional
data of Table II rule out the production of CH;=C=
OH+ through the direct cleavage 1 = 2.2 For example,
CD;CH,C(OH)CH,-+ (1a) yields mainly C,H,DO-,
not C2H30+, and CszC(OD)CHg + (lb) ylelds C2H30+,
not C,H,DO+, as predicted by pathway1—> 3 — 5 — 8;
correcting for the isotope effect on competing reaction
1 — 3, the data (Table IV) for 1a indicate that <1}
of the C,H;O* ions can arise through the pathway
1— 2. This is consistent with our previous conclusion
that the homologous CH;C(OH)CH.-* ion does not
decompose by direct cleavage.® By analogy to the
mode of decomposition found for CH;C(OH)CH,-*
(Scheme I),% ketonization would provide a pathway for
the formation of the stable acetyl ion, CH;C=0~ (8);
however, the same labeling data also show that <17 of
the metastable decomposition of 1 occurs through the
analogous direct ketonization 1 — 5 (or through 1 — 6,
to be discussed later). The alternative proposal 1 — 3
~ 5 (Scheme II) involves two consecutive 1,4-hydrogen
shifts (five-membered ring transition states). The
formation of C,H,DO+ from CD,CH,C(OH)CH, -+
(1a) and CD;CH,C(OD)CH,-+ (1c) supports the first
hydrogen migration 1— 3, and the formation of C;H;0*
from C,H;C(OD)CH,-+ (1b) supports the migration
3 — 5; the production of C;HD,O* from CH;CD,C-
(OH)CD,-+ (1d) is also consistent with the overall
process.

This establishment of the intermediacy of 2-butanone
(5) in the decomposition of 1 demands that the for-
mation of a substantial amount of C,H;CO* (7) ac-
company the formation of 8, providing an additional or

Journal of the American Chemical Society | 94:5 | March 8, 1972



even an alternative explanation for the formation of the
C;H,0* ion. (The metastable ion abundances found
for 5 ions formed from 2-butanone cannot be used for
the quantitative prediction of this amount for reasons
to be discussed later.) If the formation of 4 is com-
petitive with the formation of 5 in the decomposition of
3, there should be a significant primary isotope effect on
their relative rate constants. When the hydroxylic H
is replaced by D (1 vs. 1b, 1a vs. 1c¢), the rate of 3—5
should be reduced to approximately half,®!* enhancing
the production of C;H;O* by 3 — 4, and thus increasing
[m*(C4Hs0 -+ — C;H;01))/[m*(C.HsO-+ — C.H;0M)].
If the proportion of 3 from 1 going to 4 were 105,
this ratio should thus increase from 0.73 in 1 to 0.80
in 1b, so that the observed data show that <107 of the
C;H;0+ ions are formed by 1 — 3 — 4.

The initial transfer of hydrogen to the «’ carbon of 1
from the « position, 1 — 6, might also be expected by
analogy to the behavior of the enolic C;H¢O -+ ion
(Scheme I). This mechanism could account for the
minor metastable decompositions of ion 1¢,eq 2. (The

+ + +
oD OD O
CD;CHZ(IZICHZ — CDac‘:HIéCHa — CzHD4(IIZCH3 —
1c 6 5
C,HD,O* + C,H;0* (2)

details of pathway 6 — 5 will be discussed below.)
Correcting for isotope effects, the data for 1c indicate
that <19 of the enol ions decompose through such a
mechanism.

The normal (as distinguished from “metastable”)
C3;H;0+ and C.H;O* ions in the mass spectrum of 1-
ethylcyclobutanol arise mainly by decomposition of
C4HsO-+ (vide supra); the labeling results (Table IV)
indicate that the competing pathways for 1 — 7 4 8
are of much more importance in the decomposition of
these higher energy ions.'®* Within the limits of experi-
mental accuracy, 20 and 159 of the normal C,H;C-
(OH)CH,-+ ions decompose through direct initial
isomerization to 5 and 6, respectively.!

CH.CH,C(OH)CH;- * Reactions. Other reactions
of the intermediate 3 should be considered in addition
to the ketonization 3 — 5 established above. The data
indicate that the reverse five-membered ring rearrange-
ment 3 — 1 does not compete effectively with 3 — 5.
The alternative pathway of Scheme III accounts for
approximately 39 of the decompositions of 3a, after
correction for isotope effects.’® The higher energy
normal ions show no appreciable increase in the
products from this overall reaction(1->3—>1—>3—5

(16) Forming the C;H:D30+ and C:H:O™ ions from 1a by collision-
induced dissociation increased their abundance to 3.4 % relative to the
total ions so produced; such dissociations provide unequivocal identi-
fication of the precursor ion, as do unimolecular metastables, but repre-
sent somewhat higher energy reactions, 12

(17) The value for 5 would be reduced if both of the pathways 1 — 2
and eq 1 are important (the data are inconsistent with only one of these
making an important contribution). However, eq | represents a low
activation energy, tight complex reaction, so that its relative contribu-
tion should decrease with increasing energy.

(18) For ions originating from 1a the rate of transfer of H (pathway
3a — 1e) vs. D (3a — 1a) would be 2:1 on a statistical basis; this value
would be increased by the expected isotope effect.? Transfer of D from
this product (1e — 3e) would be favored over transfer of H (1e — 3a) by
a statistical factor of 2:1, except that the isotope effect would decrease
this. Thus, the total contribution of 3 — 1 is approximately 2.4 % of
3 — 5. The value calculated from the 1¢ data is somewhat larger;
in this case the isotope effect (OD vs. OH) slows 3 — 5 so that the prob-
ability of the occurrence of 3 — 1 is increased.
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Scheme 111

C;H;D,0* CH:.DO*

+ + + -

o 0 i

CD,CH;CCH; > CD,CH,CCH:D —\—> CHD,CH.CCH.D
1a / 3a 5
T

.

+ +
(”)H (”)H (¢}

I
CHD,CH,CCHD —» CHDCH.CCHD, —> CH;DCH.,CCHD:;

J

C,HD,O*

1e 3e 5

C;H.DO*

— 7 + 8), consistent with the expected tight transition
states of the multiple rearrangements involved.” 11,19.20

Evidence will be given below that the path 3 — 6 ac-
counts for <37 of the reactions of 3. Thus the - CH,-
CH,C(OH)CH;* ion 3 appears to react principally by
isomerization to the ketonic ion 5.

C;H;COCH; - + Reactions. The main reactions of
the ketonic ion 5 are the well-known decompositions
to the acylium ions, 5— 7 and 5 — 8. The small m*-
(C:H;D;0-* —» C;H,D;0%) transition observed in
2-butanone-1,1,1,3,3-ds (5a) could be due to pathways
5§+~1—-3—-5—>7+8and/for5-3—->1—>3—35
— 7 + 8; a part of this peak is probably due to m*-
(C4H;D;0-+ — C;D,0%). Because most of the 1 ions
react by 1 > 3 — 5— 7 4 8, the data for 5a show that
<49 of the metastable reactions of the unlabeled 5
ions occur through the 1,3-hydrogen shift 5 — 1.
Collision-induced dissociation data indicate no relative
increase in this pathway contribution, although [C;H;-
O+J/IC.H;07] is reduced to 0.69. The reversal 5 — 3
— 5 would not be apparent in the results for enolic ions
as no interchange of labels would result from that
process. A similar rearrangement of a (-hydrogen
atom to a carbonyl group occurs to a substantial extent
in the metastable decompositions of butyric acid,® but
this may be more favorable as it involves migration of a
secondary H in competition with the rearrangement
elimination of C,H..

CH;CHC(OH)CH; - * Reactions. Direct decompo-
sition of the isomeric enolic ion CH;CHC(OH)-
CH;-* (6) through simple bond cleavage, 6 — 9, should
be no more facile than for 1 or 3, and again the labeling
data and metastable ion abundances are consistent
with rearrangement to the ketonic ion 5 before decom-
position; further evidence for this will be presented
later. For metastable decompositions of the homolo-
gous CH,C(OH)CH,-* ion (Scheme I), 1,3-hydrogen re-
arrangement from the o’ to the « position occurred in
209 of the ions before ketonization; here for the CH;-
CHC(OH)CH;-+ (6) ion the analogous rearrangement
6 — 1 accounts for a much smaller proportion of the 7
and 8 final product ions. A value of <17 is indicated
by the data for the ion CD;CHC(OH)CHj;-+ (6a) which

(19) F. W. McLafferty, D. J. McAdoo, and J. S. Smith, J. Amer.
Chem. Soc., 91, 5400 (1969).

(20) Reversible reactions similar to 1 — 3 — 1 could be invoked to
explain the H-D scrambling reported recently in methyl acetate:
CH,COOCDs-* = CH:DCOOCHD:-* = CHD:COOCH:D-+ =

CD:COOCH;-*: P. R. Briggs and T. W. Shannon, [8th Annual
Conference on Mass Spectrometry, San Francisco, Calif., June 1970.
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[(m*(6—7)]/ [m'(6—8)]

45 | ] ] —L

-3 -2 -1 0 I
n{D%) -n"(D%)
Figure 1. Semilog plot of [m*(Cy(H,D)0:-+* — C;(H,D);:0")]/
[m*(Cy(H,D)0O -+ — C;H;0%)] arising from labeled 3-methyl-2,4-
pentanediones vs. the difference in the number of deuterium atoms
substituted at the « and &’ positions in the postulated intermediate

5 of reactions 4 or 5: O, data plotted assuming reaction 4 (6 —
3 — 5); O, data plotted assuming reaction 5 (6 — 5).

should yield C;HsD,O+ and C,H,DO* through this
pathway (eq 3). Somewhat higher values result from

+ + +
OH OH OH
1l ¢ ¢
CD,;CHCCH; —» CD;CH,CCH; —> CD,CH,CCH.D —»
6a 1 3
+
0

I
CHDQCHQCCHzD —_ C3H3D20+ —+ C2H2D0+ (3)
5

the data for 6¢, 6e, and 6g (Table IV). Data for 6a
indicate that the contribution of eq 3 in the reactions
forming the higher energy normal ions is 6 %7, but the
true value could be lower as there appears to be alter-
native pathways for the formation of C«(H,D);0* and
C(H,D);O0* normal ions. Data from collision-induced
decompositions of 6a indicate that the importance of the
pathway 6 — 1 is approximately doubled at these
somewhat higher energies.

Two possible pathways for ketonization, 6 — 5 and
6 — 3 — 5, remain; unfortunately the isotopic com-
position of the product ions (C;H*H,H'O*+ and
C,H;*'0O+) produced by pathway 6 — 3 — 5 (eq 4)
should be identical with that produced by direct
ketonization, eq 5.

The ratio of the abundances of the C;(H,D);O+ and
Cy(H,D);0* products should show a secondary isotope
effect?! dependent on the identity (H or D) of the

(21) Evidence from primary isotope effects on total metastable ion
abundances was also considered for the elucidation of this pathway;
such evidence was found to be indicative of reaction pathways of the
C3HsO+ * ions,? although the experimental error was a substantial part

of the differences observed. For the C4HsO -+ ions formed from the
labeled 1-ethylcyclobutanols, the Z[m*}/[Csy(H,D)O - *] values (Table II)

hydrogens on the carbon atoms of the bonds of 5 which
are cleaved in forming these products. The inter-
mediate ketonic ions 5 of eq 4 and 5 differ by the
presence on the o carbon of hydrogens originating in
the 8 or O positions; thus the labeled ions 6a, 6¢, and
6e should provide evidence for the relative importance of
paths 4 and 5.

+ +
(ﬁH° OH°
. , . Il ,
CHACH*CCH® —> CH,’CH*HCCH;* —>
6 3
o4
i
CHAH'CH*HPCCH;* —>
5

CH,H'CH*HPC=0" + CH,*C=0+ (4)

o+
OH° ?
, | ,
CH,,BCH%CH;! —> CH:°CH*H°CCH;* —>
6 5
CH,8CH*H’C=0%* + CH®'C=0* (5)

If eq 4 and 5 are the only paths producing CsH*H,*-
H°O+ and C,H;*'O", the ions 6, 6b, 6d, and 6f formed
from 3-methyl-2,4-pentanedione can serve to calibrate
this secondary isotope effect, as the ions produced from
these by either eq 4 or 5 should be identical. The
further assumption?? was made that replacing a hydro-
gen atom by a deuterium atom on the a-carbon atom
would have the same relative effect on the rate of 6 — 7
as such a replacement on the o’ carbon would have on
the rate of 6 — 8; if this is true there should be a linear
relationship between the difference in the number of
a-D and «’-D atoms and the logarithm of the meta-
stable ion abundance ratio, [m*(6 — 7)]/[m*(6 — 8)].
Figure 1 shows that such a relationship holds within
experimental error for these ions. The slope of this
plot yields ky/kp = 1.11, consistent with the value of
1.10 found for the analogous reaction of C;H,O-*
(Scheme I),® and within the range of values expected for
bond dissociation at an sp®-hybridized carbon atom
which proceeds through an sp®hybridized transition
state.28 The same value within experimental error is
found from the data for ions 6 and 6g formed from
3-methyl-2-pentadecanone.

Data for the labeled ions 6a, 6¢, and 6e are also
shown in Figure 1, plotted according to the secondary
isotope effect expected from the products of both eq 4
and eq 5. The former pathway, 6 - 3—5—7 + 8,
predicts the data within experimental error; thus
<209 of the ketonic ions cleaved to form 7 and 8 ap-
pear to have been formed through the alternative path-
way of direct ketonization, 6 — 5.

The data of Figure 1 also provide evidence that the
direct cleavage 6 — 9 is not important; exchange of H
for D on the B-carbon atom should have no appreciable
effect on the rate of this cleavage. In addition, the

appear to show differences outside experimental error consistent with
reaction 1 — 3 as the rate-determining step in the proposed overall
reaction 1 — 7 + 8; however, most of the values for ions from 3-
methyl-2,4-pentanedione do not exhibit differences that are significant
in comparison to the experimental error.

(22) A similar assumption yielded consistent results in a previous
study.®

(23) K. Humski, R. Malojcic, S. Borcic, and D. E. Sunko, J. Amer.
Chem. Soc., 92, 6534 (1970), and references cited therein.
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rate ratio k(6 — 9)/k(6 — 3) should exhibit a primary
isotope effect for the 8-hydrogen atoms.

These data also show that another alternative path-
way, hydrogen rearrangement from the « to the §
carbon (3 — 6), is of little relative importance. This
would lead to H-D interchange through eq 6 for 6a, 6b,

+OH?° +*OH°

. |
CHaﬂc':H%Cst — CHzﬁCH“HﬁéCHa"" —
6 3

+OH0 IOIHO
- .
CHzﬁH“CHﬁéCHx"" —> CHPH*CH.?CCH,~ —>

6 3
4
9
CH“H5H°CH25(JZCH3°" (6)
5

6d, 6e, and 6g; the fact that the metastable ratios for
these ions agree with those predicted within experi-
mental error indicates that ions decomposing as shown
by eq 6 represent <20% of the total. This value is
probably <397, based on evidence that the activation
energy for 3 — 6 is greater than that for 3 — 1 (vide
infra).

Relative Activation Energies of the Competing Reac-
tions. Each of the possible decomposition reactions of
a particular ion exhibit characteristic k(E) functions
which describe the rate constant for that reaction as a
function of the ion internal energy.!!?%2® For mini-
mum energy reactions such as those in the metastable
drift region, the relative rates of the competing decom-
positions depend mainly on the relative activation
energies, as the kinetic shift values should be small and
vary little between reactions. The 1,4-hydrogen shift
rearrangements 1 — 3 and 3 — 5 are clearly favored
over the competing 1,3-shift (1 — 5 and 1 — 6) and
1,2-shift (3 — 6) rearrangements. The substantially
lower activation energy which this indicates is in keep-
ing with the less-strained five-membered ring transition
state of these reactions. This is also consistent with the
clear preference for 1,4- and 1,5-hydrogen shifts in
radical reactions;¥ rearrangements to carbon atoms
exhibiting a high degree of carbonium ion character
commonly involve three ring transition states.?
This lower activation energy is confirmed by the
differential appearance potentials (Table III); the
values?® of 2.0 and 2.2 eV found for the decomposition
of CH;CHC(OH)CH;-+ (6), which involves a 1,2-
hydrogen shift, are significantly higher than those of
1.4 and 1.5 eV found for the decomposition of CH;-
CH,C(OH)CH,-+ (1), which involves only 1,4 shifts.

(24) M. L. Vestal in “Fundamental Processes in Radiation Chem-
istry,” P. Ausloos, Ed., Wiley-Interscience, New York, N. Y., 1968,

(25) It has now been quite well established that the Rice—Ramsperger—
Kassel-Marcus theory adequately describes the A(E) for unimolecular
decompositions of smaller?4 and some larger26 positive ions.

(26) F. W. McLafferty, T. Wachs, C. Lifshitz, G. Innorta, and P.
Irving, J. Amer. Chem. Soc., 92, 6867 (1970).

(27) E. A. Hardwidge, C. W. Larson, and B. S. Rabinovitch, ibid., 92,
3278 (1970).

(28) W. Gerrard and H. R, Hudson, Chem. Rev., 65, 697 (1965).

(29) The differential appearance potential values (A4P) for the meta-
stable transitions are smaller than those of the corresponding normal
products because they are affected by a smaller kinetic shift. The
fact that this difference in the A4P values.is relatively small indicates
that the kinetic shift contributes little to the A4P values, and that the
normal ion at threshold is formed by the same mechanism that is opera-
tive for the corresponding metastable.
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>
— CH3C0+ Csz'
g
— CZHSCO + CH3~
COH)CHy”

Energy T CH,CH,

+
CZHSCOCH3~

+
CZHSC (OH)CHZ-

+
CH;CHC(OH)CH;-

Reaction Coordinate ——»

Figure 2. Schematic diagram of the approximate energy require-
ments for reactions occurring in conjunction with the metastable
decompositions of particular C;H<O - * isomers.

Figure 2 depicts the approximate energy relationships
for the ion decompositions occurring in the metastable
drift region.

The enol CH;CHC(OH)CH;-+ should be more
stable than its isomer C;H;C(OH)CH, *, as the partial
radical character on the « carbon is stabilized by the
adjacent methyl group. As a somewhat analogous
case, the heat of formation of trans-2-butene is 0.56 eV
less than that of 1-butene. AH;(1) — AH{(6) should
not be as great as 0.56 eV if the oxonium ion provides
additional stabilization of the radical site of 1 and 6;
however, resonance stabilization of the neutral radical
CH;COCH.- is negligible.®*® If 6 is 0.5 eV more stable
than 1, rearrangement of 6 will produce C,H;COCH;-+
ions of energies comparable to those from the rearrange-
ment of 1 (Figure 2).

Although this conclusion is consistent in general with
the relative metastable ion abundances, evidence of ion
energies from the latter data must be used with caution.
The rate ratio k(C;H;COCH;-+ — C,H;CO*)/k(C,H;-
COCH; -+ — CH;CO*) decreases with increasing ion
internal energy, so that the metastable ratio m*(CsH,-
O+ — C;H;0%)/m*(CHsO-+ — C,H;0%) should re-
flect the average internal energy of the C,HsO-+ ions
which decompose in the metastable drift region.!'!3!
This value is only an approximate indication of ion
internal energy at threshold; however, note that the
variation in this ratio with precursor molecules pro-
ducing the same CsHsO-+ ion (1 or 6) is as great as the
variation of the average ratios for 1 vs. 6. This is
probably due to the relatively wide range of internal
energies of the 1 and 6 ions undergoing metastable
decomposition, reflecting the slow change of rate con-
stant with ion energy for such rearrangement reactions,
which makes possible larger variation?®? in the relative
metastable abundances with changes in the precursor
P(E). Note that the C;H;COCH; -+ ions undergoing
metastable decomposition should exhibit a much
narrower range of internal energies, as simple cleavages
(loose activated complexes) are involved; the dra-

(30) K. D. King, D. M., Golden, and S. W. Benson, J. Amer. Chem.
Soc., 92, 5541 (1970).

(31) J. L. Occolowitz, ibid., 91, 5202 (1969).

(32) It is also possible that this variation is due to nonrandomization
of the excess energy in 5 formed by isomerization of 1 or 6 before
decomposition to 7 and 8; this explanation was postulated for the
analogous decomposition of CH3COCH;- * formed by isomerization of
CH3;C(OH)CHz-*.8
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matically lower value for the total metastable abundance
reflects this as well as a low probability in the metastable
ion energy range of the P(E) function.

By analogy to the C;H(O -+ case 8 the enol ion 1 should
be somewhat (perhaps 0.4 eV) more stable than the
keto form 5.%% The differential appearance potential
value for 5§ — 7, Table III, indicates as expected that no
appreciable excess ion energy is required for the decom-
position of C;H;COCH;-+.# However, for the for-
mation of 7 from C,H;C(OH)CH_,-+ ion approximately
1 eV additional activation energy appears to be in-
volved, only part of which should be due to the fact
that the heat of formation of 1 is lower than that of 5
(Figure 2). Part appears to be due to the activation
energy of the back reaction corresponding to 1 — 5, so
that 1 ions with sufficient internal energy to isomerize
in the metastable drift region will usually form 5 ions
with more than sufficient energy to decompose before
leaving this region. Thus, these ions (and also those
formed similarly from 6) are probably of higher energies
than the 5 ions formed by ionization of C;H;COCH,
which decompose in the metastable drift region. It
also follows that 5 ions formed from C.H;COCH; with
sufficient energy to rearrange in the metastable region
by 5 — 1 or 6 will exhibit much faster rate constants
for 5— 7 and 8.

The heat of formation of -CH,CH.C(OH)CH,* (3)
is probably higher than any of the isomeric 1, 5, and 6
ions. From the evidence above the lowest activation
energy pathway is clearly 3 — 5; the activation energy
for the back reactions of either primary step 1 — 3 or
6 — 3 appears to be substantially higher, demonstrating
that these primary steps are the rate-limiting reactions
of the overall process. Note that the increased migra-
tory aptitude of the hydroxyl hydrogen, 3 — 5, in
comparison to a methyl hydrogen atom, 3 — 1, when
both are undergoing a five-membered ring rearrange-
ment is even more pronounced than the substantial
factor (5:1) observed for the four-membered ring re-
arrangement in the CH;C(OH)CH,-* ion.5% As dis-
cussed above, reliable evidence could not be obtained
for the activation energy of 5 — 3 relative to that of
5—-17.

Many more examples of 1,3-hydrogen shifts (four-
membered ring transition states) have been postulated
in mass spectral mechanisms than 1,2 shifts.#!! How-
ever, in this case, the 1,2-hydrogen shift 6 — 3 is clearly
favored over the 1,3-hydrogen shifts 6 — 1 and 6 — 5.

(33) Calculations3t based on photoionization data3 indicate that
AH{(CH;COCH3:+) — AH{(CH:C(OH)CH:-*) = 0.5 eV. Alter-
natively, the ionization potential of CH3C(OH)CH: has been estimated
io be 0.4-0.8 eV 3 below that of CH;COCH3;; assuming that the heat of
enolization of acetone is 0.5 eV,% AH{(CH3COCHs-*) — AH{(CH3C-
(OH)CH:-*) = —0.1 to +0.3 eV.

(34) J. L. Franklin, J. G. Dillard, H. M. Rosenstock, J. T. Herron,
K. Draxl, and F. H. Field, “Ionization Potentials, Appearance Poten-
tials, and Heats of Formation of Gaseous Positive Ions,”” NSRDS-
NBS 26, U. S. Government Printing Office, Washington, D. C., 1969,

(35) E. Murad and M. G. Inghram, J. Chem. Phys., 40, 3263 (1964).

(36) S. Meyerson and J. D. McCollum, “Advances in Analytical
Chemistry and Instrumentation,” Vol. 2, C. N. Reilley, Ed., Wiley-
Interscience, New York, N. Y., 1963, p 179,

(37) M. A. Dolliver, T. L. Gresham, G, B. Kistiakowsky, G. A.
Smith, and W. E. Smith, J. Amer. Chem. Soc., 60, 440 (1938).

(38) Heats of formation, AHj, for 5, 7, 8, CH;-, and C:Hs- are 161,
143, 152, 33, and 25 kcal/mol, 3+ respectively, so that AH(5 — 7) = 0.69
eVand AH (5 — 8) = 0.74 eV. 39

(39) The large AAP value for 5 — 8 is due to the competition of the
lower energy reaction 5 — 7, and to the very low abundance of C:Hg;-
COCH3;:* ions formed with internal energies corresponding to the
threshold energy for this reaction.3®

(Note, however, that the AAP value, Table III, for
6 — 3 is comparable to that for the 1,3-hydrogen shift
in CH;C(OH)CH,-+, Scheme 1) Assuming equilib-
rium bond angles and distances of the neutral species,
the minimum distance from the a-carbon atom to the
rearranging hydrogen atom in CH;CHC(OH)CH;-+
(6) is actually substantially shorter (ca. 0.5 A) for
6 — 3 than for either 6 — 1 or 6 — 5 (note the un-
favorable sp? bond angle at the carbonyl carbon for the
transition state of the latter two reactions). Although
these distances are comparable in a 1,2- and 1,4-hydro-
gen shift, the activation energy for the latter appears to
be lower in the competitive decompositions of - CH,-
CH,C(OH)CH;* 3—>5uvs. 3—~>6and 3—1). Itis
also possible that the equilibrium ion geometries are
quite different than those of their neutral counterparts;
recent theoretical calculations indicate this for propyl
ions.®

Activated Complex Configurations of the Competing
Reactions. Reaction rate constants for ions with
internal energies well above the minimum activation
energy are also strongly influenced by the nature of the
activated complex.?4~% The rate constant of a loose
complex reaction will rise more rapidly with increasing
ion internal energy than that of a tight complex re-
action, so that the former will be more competitive at
higher internal energies. This offers an explanation for
the substantial increase in importance of reactions
pathways 1 — 5 and 1 — 6, which increase from <19
of the metastable decompositions of C,H;C(OH)CH,-+
to approximately 359 of the normal ion decomposi-
tions. It is concluded that the higher activation energy
of the 1,3 shift relative to the 1,4 shift is offset by a
looser activated complex for the former reaction, which
makes the two reactions competitive at higher ion en-
ergies.

Alternative Mechanisms for Hydrogen Atom Scram-
bling. The mechanisms of Scheme II are consistent
with those of many rearrangements which picture the
stepwise transfer of a single hydrogen atom to a radical
or carbonium ion center.!! Another mechanism sug-
gested to explain the migration of hydrogen atoms
proposes the simultaneous exchange of two hydrogen
atoms substituted on adjacent fully saturated po-
sitions.”» !4t Tt is difficult to rationalize the H-D ex-

D 0O *
" /
D,C—CH, R— .—C

/™ | VARNEAN

D D H CH,

H »
N/ S/
H,C—CH, Rq——)c——-CH2
H

change in n-butane observed by McFadden and Wahr-
haftig! in terms of initial transfer of a single H to
another carbon atom, although bonding similar to that
in CHs+ might be operative. However, the hydrogen
scrambling in alkane molecular ions is generally much
smaller? than that in those with functional groups,
such as alkanones, consistent with the involvement of
the functional group in the scrambling process.

(40) L. Radom, J. A. Pople, V. Buss, and P, v. R. Schleyer, J. Amer.

Chem. Soc., 93, 1813 (1971).

(41) W.H. McFadden and A. L. Wahrhaftig, /. 4mer. Chem. Soc., 78,
1572 (1956).

(42) C. Lifschitz and R. Sternberg, Int. J. Mass Spectrom. Ion Phys.,
2,303 (1969), and references cited therein.
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The simultaneous exchange pictured for the ketone’
postulates no role for the carbonyl function, although
hydrogen rearrangement to this group has been estab-
lished in a variety of mass spectral reactions, including
many of low activation energies.*~® Qualitatively,
such a concerted exchange reaction should have an
even tighter activated complex than the stepwise H
rearrangements, suggesting that the latter might be
more applicable to cases such as the ketone scrambling
as well as the CHgO-+ reactions cited here. For
example, the interesting labeling results found for the
(M — H,0)-* ion in ethyl acetate!® could alternatively
be explained on the basis of stepwise hydrogen re-
arrangements involving the carbonyl oxygen as well as
the alkyl moieties.

Effect of Ion Internal Energy on the Extent of Isotopic
Scrambling. Several studies of the mass spectra of
deuterium-labeled alkanones have noted that fragment
ions show evidence of positional scrambling of H and
D atoms, and that the extent of this scrambling is
increased by decreasing the internal energy of the
reacting ions, such as by lowering the ionizing electron
energy or by utilizing metastable ion transitions, *57-1119
In contrast, we find that scrambling of H and D posi-
tions in the ions 7 and 8 produced from CH;CH,C-
(OH)CH,-+ (1) is reduced sharply by lowering the
internal energy from that required to produce normal
ions to that producing metastable decompositions.
The mechanistic pathways of Scheme II provide a
logical explanation for this, and represent an alternative
general way in which the abundance of isomeric product
ions can be increased in a mass spectrum.® In this
case, higher ion internal energies make the alternative
degradation paths 1+ 5—> 7+ 8and1—>6—->3—5
— 7 + 8 competitive with the lowest energy path 1 — 3
— 5 — 7 + 8, producing isomeric (scrambled) 7 and 8
product ions. In the low-energy case scrambling arises
through isomerization (isotopic or structural) which
can take place only at the low ion internal energies
where such rearrangement reactions can compete with
the degradation pathways.

Reactions of Larger Ions. The 1,2-, 1,3-, and 1,4-
hydrogen shift reactions in this C,HsO -+ system ap-
pear to be explicable in terms of a stepwise radical site
mechanism in which the activation energy is lowered
but the activated complex geometry is tightened by in-
creased ring size in the transition state. The analogous
C;H,;00 -+ system is currently under investigation, as it
presents additional reaction possibilities such as the
ubiquitous 1,5-hydrogen shifts and the newly postulated
cyclobutanol formation. 4

(43) Another case which could be considered as an example of this is
the formation of C;Hs* in the mass spectrum of CsHs. The activation
energy for the loss of the secondary hydrogen atom from CsHs: ™ is
lower than that for loss of the primary hydrogen; the latter reaction
has a looser activated complex, and so will compete at higher ion internal
energies to form n-C3;H:* in addition to s-CsHrt,44

(44) M. L. Vestal, J. Chem, Phys., 43, 1356 (1965).
(45) F. W. McLafferty, Anal. Chem., 31, 82 (1959).
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Experimental Section

All data were obtained on an Hitachi RMU-7 double focusing
mass spectrometer using 70-eV electron energy, 3.6-kV accelerating
voltage, and a 10-V repeller potential as described previously.?
In measurements of normal ion intensities sufficient resolving power
was used to distinguish between isobaric species. Metastable ion
intensities were recorded by the Major modification of the Barber-
Elliott defocusing technique.t” Collision-induced decomposition
measurements were made with a drift region pressure of 3 X 10-5
Torr. Appearance potentials of metastable and normal ions were
obtained by the 50-eV normalization-semilog plot method of
Lossing and coworkers.

3-Octanone-/,1,/-ds. Ethanol-1,1,1-d; was prepared by reduction
of 10 g of acetic anhydride-ds with LiAlH, in 200 m! of dry di-
glyme*® at 70° for 2 hr. The mixture was cooled, 350 g of diethyl-
ene glycol monobutyl ether was added, and ethanol-1,1,1-d; was
recovered by distillation. This was converted to 1-bromoethane-
1,1,1-d; by means of 12 ml of 489, aqueous HBr mixed with 6 ml
of concentrated H.SOs. The organocadmium reagent of the dis-
tilled bromide and hexanoyl chloride were used to prepare 3-
octanone-1,1,1-d; (>98 %, ds).

1-Ethylcyclobutanol was prepared from the Grignard reagent of
1-bromoethane prepared under nitrogen in ether by the dropwise
addition of cyclobutanone followed by the addition of sufficient
109, H:SO; to clarify the solution. The 1-ethylcyclobutanol was
extracted with diethyl ether, dried over MgSO,, and distilled.

1-Ethyl-1,1,1-ds-cyclobutanol was prepared from the 1-bromo-
ethane-1,1,1-d; described above and cyclobutanone by the method
used to prepare 1-ethylcyclobutanol (927 ds, 8% d2).

3-Methyl-d;-2,4-pentanedione was prepared from the potassium
salt of 2,4-pentanedione and methyl-d; iodide by a procedure
analogous of that of Sprague, Beckham and Adkins® (<19 4,
2%, dv, 91T ds).

3-Methyl-2,4-pentanedione-3-d was prepared by stirring 0.30 g of
the commercially available 3-methyl-2,4-pentanedione with 1.0 g
of D20 in 1 ml of dioxane for 48 hr at ambient temperature.

The following compounds were prepared by passage of unlabeled
compounds through a 109, Carbowax 20M-10%, KOD gas chroma-
tography column:®! 2-butanone-/,/,1,3,3-d; (709, ds, 259, d,,
59 d3); 3-hexanone-2,2,4,4-d; (60%, dy, 34, d5, 67, dy); 3-octanone-
2,2,4,4-ds (89, di, 109, ds, 1, db); 3-methyl-2-pentadecanone-
1,1,1,3-dy (1%, diy 25% ds, 59, di); 3-methyl-2,4-pentanedione-
1,1,1,3,5,5,5-d: (1%, duy 159 ds, 69, ds, 157, di).

3-Methyl-2,4-pentanedione-d;, was prepared from 3-methyl-ds-
2 4-pentanedione (15, ds, 25, di, 119, ds, 625 ds, 245 dho).

The following compounds were prepared by exchange with
D;O in the mass spectrometer inlet: 1.ethylcyclobutanol-O-d
(718% dy, 22% dy); 1-ethyl-2,2,2-dy-cyclobutanol-O-d (69%, d.,
24, dy, 1% dy). All compounds were purified by gas chroma-
tography.
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