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We found that the chemistry of acetylene exposed to these three
catalysts is similar. high-mass C,H,, species appear in the mass
spectra that are characteristic of polymers containing mixtures
of single, double, and triple bonds. The formation of large
polymers, with only single and double bonds, does not appear to
be very significant. The dramatic decrease in the Raman intensity
correlates with desorption products producing mass spectra
characteristic of acetylene trimers. It therefore appears that a
trimer species may be responsible for the Raman spectrum.

This correlation of the Raman signal with a trimer appears to
conflict with previous assignments of such a spectrum to a g,7-
C,H, rhodium-bonded moity or to a C; polyene. Since our
experimental conditions differ from those used in the previous
work, a higher background pressure in one case and the presence
of Rh on the alumina in the other, it is possible that different
species produce similar Raman spectra in the three cases. On
the other hand, it is not clear why the difference in background
pressure should have a dramatic chemical effect for the high
acetylene pressures being used. Also, the chemistry of acetylene
exposed to thermally activated Al,O, and to Rh/Al,O; is similar,
and the formation of polyenes on Al,O, or Rh/Al,O; appears not
to be very significant. We therefore prefer to think that the same
chemical species is responsible for the Raman spectra in the three

cases. Differences in the observed frequencies can be attributed
to differences in the binding site and strength of binding caused
by differences in the experimental conditions.!> More charac-
teristics of the surface-bound species are needed, however, for a
positive identification.

Because of the simplicity of the Raman spectrum and the
complexity of the mass spectra that we obtained (see Figure 2),
the general use of Raman spectroscopy by itself as a surface-
sensitive probe under these experimental conditions appears to
be limited. The experimental conditions produce several chemical
species, and additional data are needed to correlate particular
species with Raman spectra that are observed. On the other hand,
an enhancement of the Raman scattering may selectively reveal
chemically significant intermediates on the surface.
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Abstract: The mechanisms of formation of the major negative ions produced in the collision-induced fragmentations of the
enolate ion of heptan-4-one have been studied by using a series of D- and !*C-labeled compounds. H atom loss is specific,
involving position 3 (relative to the enolate position, 5). Methane elimination, the most abundant collision-generated fragment
ion, largely involves the 1(7)CH, group together with a hydrogen atom from C-3(5). It was concluded from '*C and D isotope
effects that this reaction is stepwise with two kinetically significant steps. A minor methane loss (ca. 10%) involves H from
C-6(2). C,;H, loss is also an important process, occurring for the most part (>90%) by loss of the ethyl group with a concomitant
v-hydrogen transfer to the anionic carbon or to oxygen, producing the CH;CH,CH,COCH," and CH;CH,CHC(OH)CH,"
anions. Again, isotope effects show that the reaction must be stepwise. An unusual minor C,H, loss is also observed involving
specifically the elimination of a C2, C3 ethene unit, a reaction which must involve a methyl migration. Other decompositions
are as follows: Loss of H, proceeds by two mechanisms, the first involving the 5 and 6 positions and the second the 1 and
2 positions. Elimination of C,H;" is specific, producing “CH,COCH C,H;. Loss of C;Hg occurs by two mechanisms, viz.,
loss of C;H, from positions 5, 6, and 7 together with a hydrogen from position 3, with the second loss involving the methyl

and ethyl groups at positions 1 and 6, 7, respectively.

In the past decade there have been significant advances in the
analytical applications of negative ion mass spectrometry, par-
ticularly in the areas of negative ion chemical ionization and fast
atom bombardment.! These “soft ionization” techniques often
give molecular weight information, but in general, negative ions
fragment but little and so, in many cases, fragment ions which
in principle could yield structural information are absent from
the spectra. Collision-induced dissociation of polyatomic negative
ions can often provide this structural information.’? In addition,
fundamental information concerning ion behavior may be obtained
from such studies.!?

Enolate negative ions may be produced from alkyl ketones by
reaction with HO" in a chemical ionization source.* Collision-
induced fragmentations of such enolate ions have been explored

Y University of Adelaide.
#University of Ottawa.
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in several laboratories.>® The acetone enolate ion eliminates
methane to yield C,HO™ while the corresponding ion from

(1) Bowie, J. H. Mass Spectrom. Rev. 1984, 3, 161.
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Table I. CA Mass Spectra of Enolate Anions Derived from I-X Losses of H*, H,, CH,, and C,H,

loss (relative abundance)

compd H* D H2 HD CH4 13(:I'I‘ 13(:I'I;]) CD;H CH;D CZH‘ 12C13CH‘ C2H2D2
1 18 54 100 48
11 21 67 100 73
11 23 63 100 21 21
v 43 100 83 75 46 42
\ 984 984 43 23 100° 76 100° 65 75¢
VI 66° 66° 28 21 100 76
VII 28 34 100 6 73
VIII 29 534 25 100 26.0 25.8
IX 28 43¢ 23 100 2 40
X 81 92 21 100 85 50 28

“Loss of 2 amu = D and/or H,. ®m/z 100 corresponds to the losses of *CH, and CH,;D. °m/z 88 corresponds to the losses of 1*C!*CH, and
C,Hy". 4Since no D* is lost from VII, loss of 2 amu from VIII must be H,. *Since there is no loss of H* from V or VI, loss of 2 amu from IX and

X must be H,.

Table II. CA Mass Spectra of Enolate Arnions Derived from I-X Losses of C,H* and C;Hg

loss (relative abundance)

compd Csz' IZCBCHS' C2H3D2' C2H2D3' C;Hg 11C213CH8 12C213CH5D3 C3H6D2 C3H5D3 C;HzDg
1 ~6° 10
11 ~5 12
11 b c 4 4
v d e 3 b
A/ 75 ~5 11 6 8
A2 ~6° 6 4
VII ~5° 13
VIII g h 5 45
IX 7.5 7.5 35
X k 7 8 16

@Not resolved. ¢ Abundance should be the same as ¢. “Not resolved, 3%, small tail on low mass end of peak corresponding to elimination of
12C13CH,. ¢Abundance should be the same as e. *Not resolved, 5%, small tail on low mass end of peak corresponding to loss of 2C*CH,. /m/z 88
corresponds to the losses of 12C13CH, and C,H,*. #Abundance should be the same as . *Not resolved, 2%, small tail on low mass end of peak

corresponding to loss of C,H,D,.

1,1,1-trifluoroacetone forms both C,HO™ and CF;~.5¢ The col-
lisional activation (CA) mass spectra of a number of alkyl ketone
enolate ions have been described by Hunt and colleagues.”
Rearrangement peaks in these spectra were ascribed to the six-
center processes shown in Scheme I. These representations are
in accord with the spectra of deuteriated derivatives (CD,COCD,).

We have reported that the loss of C,H, from the butyrophenone
(M - H*)" ion produces the acetophenone enolate ion PhCOCH,"
but the reaction is very complex.” The carbons lost are those of
the terminal ethyl group, but every hydrogen atom in the ion is
involved through specific hydrogen rearrangements. This unusual
result prompted the present detailed investigation of the CA mass
spectrum of a dialkyl ketone enolate anion. The symmetrical
system heptan-4-one was chosen, and a number of 1*C- and D-
labeled derivatives were prepared to aid the study. The aims of
the investigation were twofold: (i) to determine whether the
rearrangement reactions are mechanistically simple (e.g., as shown
in Scheme I), or whether they are more complex and involve atom
scrambling, and (ii) to establish whether the rearrangements are
simple six-center reactions and to use 1*C and D isotope effects
to determine whether such processes are stepwise or concerted.

(2) Bowie, J. H.; Blumenthal, T.; Laffer, M. H.; Janposri, S.; Gream, G.
E. Aust. J. Chem. 1984, 37, 1447. Bowie, J. H,; Stringer, M. B.; Duus, F,;
Lawesson, S.-O.; Larsson, F. C. V.; Madsen, J. @. Aust. J. Chem. 1984, 37,
1619.

(3) Tandem Mass Spectrometry, McLafferty, F. W., Ed.; Wiley Inter-
science: New York, 1983,

(4) Jennings, K. R. In Mass Spectrometry, Specialist Reports; Johnstone,
R. A. W, Ed.; Chemical Society: London, 1979; Vol. 5, p 203.

(5) Moylan, C. R.; Janinski, J. M.; Brauman, J. I. Chem. Phys. Lett. 1983,
98, 1.

(6) Foster, R. F.; Tumas, W.; Brauman, J. I. J. Chem. Phys. 1983, 79,
4644,

(7) Hunt, D. F.; Shabanowitz, J.; Giordani, A. B. Anal. Chem. 1980, 82,
386; Environ. Health Perspect. 1980, 36, 33.

(8) Hunt, D. F; Giordani, A. B.; Shabanowitz, J.; Rhodes, G. J. Org.
Chem. 1982, 47, 738.

(9) Stringer, M. B.; Underwood, D. J.; Bowie, J. H.; Holmes, J. L.;
Mommers, A. A.; Szulejko, J. E. Can. J. Chem. 1986, 63.
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Results and Discussion

All collisional activation (CA) and charge exchange mass
spectra reported in this paper were measured with a Vacuum
Generators ZAB-2F mass spectrometer operating at 70 ¢V in the
negative chemical ionization mode.’® Water was used to produce
HO" reactant ions,!!12 and helium was used as collision gas. Full
details are provided in the Experimental Section. The compounds
used are listed on the next page.

The major features of the CA mass spectra of the enolate anions
derived from I-X are recorded in Tables I and II. Of these, the
most informative is that of IX, and this spectrum is shown in
Figure 1. The data in Tables I and II and Figure 1 demonstrate
a number of processes, all of which are specific. No carbon or
hydrogen scrambling precedes or accompanies any decomposition.

(1) The Losses of H' and H,. The losses of one and two
hydrogen atoms from ion a are shown in Scheme II. The loss

(10) Terlouw, J. K.; Burgers, P. C.; Hommes, H. Org. Mass Spectrom.
1979, 14, 307.

(l}) Bohme, D. K.; Rakshit, A. B.; Mackay, G. 1. J. Am. Chem. Soc. 1982,
104, 1099.

(12) Burgers, P. C,; Holmes, J. L.; Mommers, A. A.; Szulejko, J. E. J. Am.
Chem. Soc. 1984, 106, 521.
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C;H,COC;H,
CH;”CH2CH2CIOCH2”CH2CH3
C3H7COCHI21”CH2CH3
C3H7COCIEICH2”CH3
CH;CH2CD2CgéD2CH2”CH3
CH,CH2CD2CXCD2CH2CH3
CH;CD2CH2C\6ICH2CD2CH3
C3H7COC\I{II2ICD2CH3
VIII
CD,CH,CH,COCH,CH,CD;,
C3H7COC%I):2CH2CD3

of the first hydrogen atom is specific, producing resonance sta-
bilized radical anion b. There are two competing eliminations
of H,, and since there are pronounced deuterium isotope effects
for the reactions, it is not possible to determine the proportion
of each process. The first can proceed through b to ¢, because
the elimination involves hydrogens at the 2(6) and 3(5) positions.
The second process is a 1,2(6,7) elimination of hydrogen: we
represent this by the sequence d — f. This reaction is directly
analogous to the stepwise 1,2 eliminations of alkoxides which
proceed through solvated hydride (or alkyl) ion intermediates.!*1*

(2) The Elimination of Methane. The elimination of CH, from
the heptan-4-one enolate anion produces the most abundant peak
in the CA mass spectrum (Table I). The peak is of Gaussian type
with no fine structure and has a width at half-height of 56 V which
corresponds to an energy release of 0.20 €V. There are two specific
processes. The minor process involves loss of the 1(7) methyl
group and a 5(3) hydrogen atom. The spectrum of the Dy de-
rivative IX shows a clean loss of CD;H showing that no hydrogen
exchange occurs between the 1 and 2 positions. The respective
CA mass spectra of VI and VII show the losses CH;D:CH, =
100:21 and 6:100. There are different isotope effects operating
in each case, but to a first approximation the mean of the two
values gives a major to minor loss ratio of 100:13. The minor loss
is unusual and poses a mechanistic problem, in that it was not
possible to distinguish between the two possible mechanisms shown
in Scheme III.

The major loss of methane occurs by the overall mechanism
g — h (Scheme IV). The product is represented as the enolate
ion h. Now the charge reversal mass spectra!>!6 of enolate
negative ions R’~-CO-CH™-R show a characteristic elimination
of RCH to produce R’CO*.° The charge reversal spectra of both
the parent ion (72/z 113) and the composite ion m/z 97 (ca. 90%
h) are listed in Table III. Both spectra show the above charac-
teristic fragmentation: for example, m/z 97 converts to a de-
composing positive ion which forms i and C,H [see h — i (Scheme
V).

We have measured D and !*C isotope effects for reaction g —
h using the D, and D, derivatives of heptan-4-one (produced by
partial exchange of the o hydrogens of heptan-4-one with NaOD)
and compounds IV and X. The observations are shown in formula
XI (Scheme IV)-—note that the minor loss of CH, (see Scheme
III) will not affect these values.!” The observation of a primary

(13) Tumas, W.; Foster, R. F.; Pellerite, M. J.; Brauman, J. 1. J. Am.
Chem. Soc. 1983, 105, 7464. Tumas, W.; Foster, R. F.; Brauman, J. 1. J. Am.
Chem. Soc. 1984, 106, 4053.

(14) Hayes, R. N.; Sheldon, J. C.; Bowie, J. H.; Lewis, D. E. J. Chem.
Soc., Chem. Commun. 1984, 1431; Aust. J. Chem. 1988, 38.

(15) Bowie, J. H.; Blumenthal, T. J. Am. Chem. Soc. 1975, 97, 2959.
Howe, 1.; Bowie, J. H.; Szulejko, J. E.; Beynon, J. H. Int. J. Mass Spectrom.
Ion Phys. 1980, 34, 99.

(16) Bowie, J. H. Acc. Chem. Res. 1980, 13, 76.

(17) Even if the isotope effect for the minor process is 25% (‘ZC/“C =
1.25), the value for the major process will be 1.08, i.e., within the experimental
error.

Stringer et al.

Table III. Charge Reversal Mass Spectra of Negative Ions m/z 113,
97, and 85 in the CA Mass Spectrum of the Heptan-4-one Enolate
Anion

Charge Reversal Fragment Cations [m/z (%) Composition]:

A m/z113: 71 (24) C,H,0%, 70 (16) C,HO"*, 69 (12)
(C;H,;07) C,H0%, 67 (5) C(H;0%, 55 (100) C;H,0%, 43
(98) C;H,*, 41 (97) C;H,*, 39 (53) C3H,*, 29
(22) C,H*, and 27 (62) C,H,*
B. m/z97: 97 (2) C¢H,0, 96 (4) CgHgO*t, 95 (6) C4H,01,
(CeH0) 79 (6) C¢H,*, 77 (4) C¢H,*, 70 (7) C,H,O*,
69 (11) C,H;0%, 55 (100) C;H;0%, 53 (6)
C;HOY, 41 (21) CH,*, 39 (21) C3H,%, 29 (4)
C2H5+, and 27 (32) C2H3+
C. m/z8S: 71 (20) CsH,0%, 70 (2) CsHgO*t, 69 (5)
(CsH 0O") CH,0*%, 68 (4) CsH, O, 67 (2) CH,0%, 55
(16) C;H;0%, 54 (8) C;H,0*, 53 (8) C;HOY,
43 (81) C;H,*, 42 (100) C,H,0"* and/or
C;H¢*, 41 (71) CyH*, 39 (54) C3H,*, 29 (28)
C2H5+, and 27 (52) C2H3+
Scheme 111
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13C and secondary D isotope effect at C-1 together with the D
isotope effect at H-5 can be interpreted in one of two ways. Either
the reaction is concerted or it is stepwise with two steps being
kinetically significant.
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Figure 1. Collisional activation mass spectrum of the enolate ion of
(CD,;CH,CH;),CO. For experimental details see the Experimental
Section.

ENERGY

Figure 2. Mechanism proposed for the methane elimination g — h.
Using Benson’s additivity rules® and an electron affinity (EA) of
C;H,COCHC,H; = 1.72 eV* and assuming an EA of 2.06 eV for
CH,=CHCOCHC,H; (by analogy with EA(CqH;COCH,) = 2.06
eV2l), AH; for the overall process = +30 kJ moll,

Gas-phase reactions which have two kinetically significant steps
are rare, but examples have been reported.!!* Belasco, Albery,
and Knowles!® have described in the general case how it should
be possible to identify such two-step reactions by double isotopic
labeling. Consider the case of reaction g — h (Scheme 1V). The
primary 3C isotope effect at C-1 is 12C/13C = 1.09 % 0.01 and
the D isotope effect at C-5 for the deprotonation is 1.8 + 0.1. The
12C /13C ratios need to be compared for the enolate ions of IV and
the 13C, D, derivative V. If the reaction is stepwise as shown in
Figure 2, the activation energy for the second process [removal
of D* for V] will increase and the kinetic significance of step 1
will decrease, i.e., for V, 2C/13C < 1.09. In contrast, if the
reaction is concerted, there should be no change in the 12C/*C
ratio, i.e., 1>C/13C for both IV and V should be 1.09. The result
of this experiment for '2C/1C for V is 1.00 £ 0.01.° The reaction

(18) Belasco, J. G.; Albery, W. J.; Knowles, J. R. J. 4m. Chem. Soc. 1983,
105, 2475.
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is therefore stepwise, and the proposed mechanism is shown in
Figure 2.

(3) The Losses of C,H, and C,H;* (Tables I and II). The CA
mass spectrum of the Dy derivative IX (Figure 1) best illustrates
the various losses of C,H;® and C,H,. The spectrum shows losses
of C,H,D;*, C,H,D,, and C,H, from m/z 119. All losses are
specific and occur without carbon or hydrogen scrambling. The
losses of C,Hs* and H* [a — b (Scheme II)] from the heptan-4-one
enolate ions are directly analogous: the structure of the product
ion arising by loss of C,Hs* is ‘CH,COCH C,H;. There are two
losses of C,H, occurring in the ratio 100:8. The minor loss is again
unusual, involving the specific elimination of a 2,3(5,6) CH,CH,
unit. This reaction must involve a methyl anion migration. A
number of mechanistic proposals can be drawn, but most produce
nonstabilized product anions. A possible mechanism is shown in
Scheme V.

The major loss of C,H, occurs by elimination of the terminal
ethyl group together with a specific y-hydrogen rearrangement,
a process analogous to those proposed by Hung”® (Scheme I).
However, two plausible six-center processes may be drawn to
rationalize this reaction, viz., j — k and | = m (Scheme VI). The
product negative ions of the two proposed sequences are different,
and the charge reversal mass spectrum of m/z 85 (Table III)
shows loss of :CH, and so it is proposed that at least some of the
product ions in Scheme VI have structure k. The preferred
mechanism is j — k, but the possibility of some reaction through
1 or indeed conversion of m to k cannot be excluded.

The peak corresponding to loss of C,H, in the CA mass
spectrum of the heptan-4-one enolate anion has no fine structure,
is steep sided with a rounded top, and is very wide. The width
at half-height is 100 V, corresponding to an energy release of 0.42
eV. This is in keeping with a reaction having a reverse energy
barrier. The value is very similar to that of 0.44 eV obtained for
the loss of C,H, from the butyrophenone enolate ion.® We es-
timate AH; for the process f — k + C,H, to be +94 kJ mol™! on
the assumption that the radical forms of f and k have the same
electron affinity.

2e/Bec 110t 0.0
1
H/D =181 t 002
[ZC/BC £1.00 * o.m]
2
H/D =1.01 t 002

(19) The measured ratio of m/z 99 (-'CH;D):100[-(CH;D +
13CH,)}:101(-=CH,) = 77:100:23. The !3C label in the | position causes the
minor loss of CH, to be more favorable than in other spectra. If the 12C/'3C
ratio for the minor process is 1.00, the isotope effect 12C/"3C for g — h is 1.00.
If the 12C/13C ratio for the minor process is say 1.25 (a figure which, in our
view, is an upper limit), the value for g — h is 1.055. A 2C/"3C ratio of 1.44
for the minor process would be required to make the value for the major
elimination of CH, be 1.09.
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Figure 3. Suggested mechanism for the ethane elimination j — k.

The experimental values for 1*C and D isotope effects measured
for the various eliminations of ethene [from compounds III, IV,
VII, and IX] are shown alongside formula XII. It is not believed
that the competing minor loss of C,H, will affect these values.
In this case, the message from the experimental isotope effects
is clear and unambiguous; the reaction is stepwise, and it is the
first step of the reaction which is rate determining. We represent
this in qualitative terms for reaction g — k (Scheme VI) as shown
in Figure 3.

(4) Formation of C;H;O" Ions. The ions C;H;O™ are produced
by two processes of comparable efficiency [e.g., Figure 1]. We
cannot make a more quantitative statement concerning the ratios
because isotope effects mask the true ratio. The first process, n
— 0 (Scheme VII), is a standard reaction of enolate ions; cor-
responding reactions have been reported for the acetone®® and
butyrophenone® enolate anions. The peak for this reaction is of
Gaussian type and is relatively narrow (28 V at half-height),
corresponding to an energy release of 0.025 eV. The second
reaction, p — q (Scheme VII) is quite unusual, involving elim-
ination of a methyl from one side chain together with an ethyl
from the other alkyl group, possibly via a six-center process. The
peak for this process is also of Gaussian type and has a width at
half-height of 49 V, corresponding to a kinetic energy release of
0.078 eV.

In conclusion: (i) The CA mass spectrum of the heptan-4-one
enolate ion shows characteristic fragmentations which occur
without carbon or hydrogen scrambling of the side chains. Such
spectra of dialkyl ketones should therefore be suitable for structure
determination purposes. (ii) The major fragmentation of the
heptan-4-one enolate is elimination of methane through a six-center
state. The process is two step with both steps being rate deter-
mining: this is the first report of the application of the double
isotope labeling technique!® in a gas phase ion reaction. (iii) The
major elimination of ethene from the heptan-4-one enolate involves
a y-hydrogen rearrangement in which the first step (proton ab-
straction) is rate determining.

Experimental Section

Collisional activation and charge reversal mass spectra were recorded
on a Vacuum Generators ZAB 2F mass spectrometer. All slits were fully
open to obtain maximum sensitivity and to minimize energy-resolution
effects.?® The CI slit was used in the ion source, with ionizing energy

(20) Benson, S. W. Thermochemical Kinetics; Wiley-Interscience: New
York, 1976.

(21) Zimmerman, A. H.; Brauman, J. 1. J. Chem. Phys. 1977, 66, 5823;
J. Am. Chem. Soc. 1977, 99, 3565.

(22) Burgers, P. C.; Holmes, J. L.; Szulejko, J. E.; Mommers, A. A,;
Terlouw, J. K. Org Mass Spectrom. 1983, 18, 254.
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70 eV, trap current 100 A, and ion source temperature 200 °C. The
enolate negative ions from heptan-4-one and the labeled derivatives were
generated by H abstraction by HO™ (or H™ + O*") or D abstraction by
DO (or D™ + O*) reactant ions.?*** Reagent negative ions were pro-
duced by 70-eV electrons on H,O or D,0O where appropriate.”?>?” The
indicated source ion gauge pressure (of H,O or D,0) was ca. 2 X 107
Torr. The heptan-4-one pressure was typically 2 X 1077 Torr. The
estimated total pressure within the source is 2 X 1072 Torr. The pressure
of He in the second collision cell was 2 X 1077 Torr, measured by an ion
gauge situated between the electric sector and the second collision cell.
This produced a decrease in the main beam signal of ca. 10% and thus
corresponded to essentially single collision conditions.

The Preparation of Compounds I-X. All labeled heptan-4-ones were
first distilled at 80-90 °C (60 mmHg) with use of a small glass T tube.
They were then subjected to GC separation on 20% SE-30 on Chromo-
sorb AW 60-80 mesh (6 mm X 3 m) glass column, N; flow 50 mL/min
at 185 °C. The retention time was 9.3 min under these conditions. The
purity was either checked by 'H or *C NMR, as appropriate, and the
percentage incorporation of label was determined by positive ion mass
spectrometry.

Heptan-4-one (I). (a) Ethyl 2-ethyl-3-oxohexanoate was prepared
from ethyl 3-oxohexanoate by the method of Weider.?® (b) Ethyl 2-
ethyl-3-oxohexanoate (284 mg, 1.33 mmol) in aqueous sodium hydroxide
(5%, 5 mL) was heated under reflux for 6.5 h, cooled to 20 °C, poured
into water (15 mL), and extracted with diethyl ether (3 X 12 mL). The
organic extract was washed with water (12 mL) and saturated aqueous
sodium chloride (12 mL) and dried (MgSO,). Removal of the solvent
followed by distillation (see above) gave heptan-4-one (I) as a colorless
liquid (79 mg, 52%).

(3,3,5,5-2H,) Heptan-4-one (VI) and (1-'3C-3,3,5,5-2H,) Heptan-4-one
(V). Exchange of heptan-4-one (I) and (1-'*C)heptan-4-one (1V), re-
spectively, with 2 N NaOD (10-fold excess) at 120 °C in a sealed tube
for 2 h gave the required products VI and V as colorless oils in quanti-
tative yield CH, = 95%, *H; = 5%).

(2,2-?H,)Heptan-4-one (VIII). (a) Ethyl 2-((1,1-2H,)ethyl)-3-oxo-
hexanoate. Ethyl 3-oxohexanoate (237 mg, 1.5 mmol) was added drop-
wise to a stirring solution of potassium (59 mg, 1.5 mmol) in anhydrous
tert-butyl alcohol (4 mL), and the resultant mixture was stirred for 15
min at 20 °C. (1,1-2H,)Iodoethane (0.135 mL, 260 mg, 1.65 mmol) was
added dropwise, and the mixture was heated under reflux for 3.5 h,
poured into water (25 mL), acidified with aqueous hydrogen chloride (2
N), and extracted with diethyl ether (3 X 12 mL). The organic extract
was washed with diethyl ether (3 X 12 mL). The organic extract was
washed with water (12 mL), aqueous sodium hydrogen sulfite (20%, 12
mL), water (12 mL), saturated aqueous sodium chloride (12 mL), dried
(MgS0,), and distilled as described above to yield ethyl 2-((1,1-2H,)-
ethyl)-3-oxohexanoate? (283 mg, quantitative) as a yellow oil. (b) The
above ester (283 mg) was treated as outlined for the synthesis of hep-
tan-4-one (I). The residual oil gave (2,2-*H,)heptan-4-one (75 mg, 50%)
as a colorless liquid (?H, > 99%).

(1,1,1-2H;)Heptan-4-one (X). The synthesis is the same as that of
VIII except that (2,2,2-2H;)iodoethane is used for the formation of ethyl
2-((2,2,2-2H;)ethyl)-3-oxohexanoate which is converted to (1,1,1-2H;)-
heptan-4-one (X) in 51% yield (*H; > 99%).

(2,2,6,6-’H,)Heptan-4-one (VII). (a) Ethyl (5,5-2H,)3-Oxohexanoate.
Ethyl acetoacetate (0.190 mL, 195 mg, 1.5 mmol) was added dropwise
to a stirring suspension of sodium hydride (60% dispersion in oil, 72 mg,
1.8 mmol) in anhydrous tetrahydrofuran (3 mL) maintained at 0 °C
under nitrogen. The reaction mixture was stirred at 0 °C for 15 min,
and n-butyllithium in hexane (1.0 mL, 1.6 M; 1.6 mmol) was added
dropwise at 0 °C and stirred for 15 min. (l,1-2H,)Iodoethane (0.135 mL,
260 mg, 1.65 mmol) was added, the reaction mixture was stirred at 20
°C for 1.5 h, poured into water (20 mL), acidified with aqueous hydrogen
chloride (2 N), and extracted with diethyl ether (3 X 12 mL). The
organic phase was washed with water (2 X 12 mL) and saturated
aqueous sodium chloride (12 mL), and dried (MgSO,). The solvent was
evaporated to give a yellow oil (263 mg) which contained the desired
product together with 28 mg of oil from the sodium hydride suspension.
(b) The crude ester was allowed to react with (1,1-*H,)iodoethane (0.135
mL, 360 mg, 1.65 mmol) [as for VIIIa above] to yield (1,1-2H,)ethyl

(23) Dawson, J. H. J; Kaandorp, T. A; Nibbering, N. M. M. Org. Mass
Spectrom. 1977, 11, 330.

(24) Smit, A. L. C,; Field, F. H. J. Am. Chem. Soc. 1977, 99, 6471.

. (25) Opal, C. B.; Petersen, W. K.; Beaty, E. C. J. Chem. Phys. 1971, 55,

4100.

(26) Shyn, T.; Sharp, W. E. Phys. Rev. [Sect. A] 1979, 20, 2332.

(27) Christophorou, L. G. Atomic and Molecular Radiation Physics;
Wiley Interscience: New York, 1971; p 469.

(28) Weider, L. J. Am. Chem. Soc. 1970, 92, 6702.
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2-((1,1-2H,)ethyl)-3-oxohexanoate as a yellow oil (quantitative yield).
The ester was hydrolyzed and decarboxylated [as in the synthesis of
heptan-4-one (I), above] to give (2,2,6,6-*H,)heptan-4-one in 60% yield
(CH, > 99%).

(1,1,1,7,7,7-'H¢)Heptan-4-one (IX). This synthesis uses the same
procedures as that of VII above, except that in both steps (2,2,2-2H,)-
iodoethane is used. The product (65 mg) was obtained as a colorless
liquid CHg > 98%).

(2,6-3C,)Heptan-4-one (ii). Preparation as for VII except that (1-
3C)iodoethane (1*C = 91%) was used. Yield 53 mg.

(2-3C)Heptan-4-one (III) and (1-'*C)Heptan-4-one (IV). Preparation
as for VIII except that (1-*C)iodoethane (3C = 91%) and (2-1*C)-
iodoethane (13C = 91%) were used for III and IV, respectively. Yields
60 and 65 mg, respectively.

The Formation of the -’H, and a-’H, Enolate Ions of Heptan-4-one.
The ions [MeCH,CHCOCD,CH,Me plus MeCH,CDCOCHDCH,Me]

and [MeCH,CHCOCHDCHMe plus MeCH,CDCOCH,CH,Me] were
produced by the reaction between DO™ and the partially labeled com-
pounds produced by shaking heptan-4-one with a fourfold excess (by
volume) of NaOD for 15 min at 20 °C. The DO™/NICI Spectrum
showed the following incorporations for enolate ions: 2H, = 5%, ?H, =
45%, 2H, = 35%, and 2H, = 15%.
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(p—d) = Bonding in Fluorosilanes? Gas-Phase Structures of

(CH3)4_nSiFn Wlth n=
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Abstract: The gas-phase structures (r, values) of the methylfluorosilanes (CH3),.,SiF, with n = 1-3 and of di-tert-butyl-
difluorosilane, 1-Bu,SiF,, have been determined by electron diffraction. In the case of CH,SiF; the microwave rotational constant
was included in the structure analysis. In the methylfluorosilane series a steady decrease of Si-F and Si—C bond lengths is
observed with increasing fluorination: Si~-F = 1.600 (2), 1.586 (2), and 1.570 (2) A and Si-C = 1.848 (2), 1.836 (2), and
1.828 (4) A for (CH,),SiF, (CH,),SiF,, and CH,SiF;, respectively. These trends are rationalized by increasing polar contributions
and contraction of the silicon valence shell. Ab initio calculations for SiF, indicate that (p—d) = bonding is negligible. Substitution
of the methyl groups in (CH,),SiF, by fert-butyl groups leads to lengthening of Si—F and Si—C bonds and strong variations
in the silicon bond angles: Si—F = 1.586 (2), 1.606 (4) A; Si-C = 1.836 (2), 1.869 (3) &; CSiC = 116.7 (6)°, 125.5 (11)°;
and FSiF = 104.6 (4)°, 97.7 (8)° in (CH;),SiF, and +-Bu,SiF,, respectively.

The bonding properties in silicon compounds have attracted
considerable interest for many years, because some properties of
these compounds differ strongly from those of analogous carbon
or germanium derivatives. Among these properties are structural
features such as experimental Si-X bond lengths (see Table I),
which are always shorter than the sum of the respective covalent
radii. If polar effects due to electronegativity differences are taken
into account, as suggested by Schomaker-Stevenson,® the pre-
diction for the Si—C bond is very close to the experimental value,
but Si-X bonds with more electronegative atoms X are still
predicted to be too long. The difference increases monotonically
with increasing electronegativity of X and amounts to 0.16 A for
the Si-F bond in SiF,. It has been suggested that (p—d) = bonding
would account for this difference, and this concept has been widely
accepted.” It has helped to rationalize structural features of many
silicon compounds (e.g., (SiH;);N? and (SiH;),0?%). According
to this concept the unoccupied Si 3d orbitals are contracted in
the presence of electronegative ligands, and electron transfer from
the lone pairs of N, O, or F into these empty orbitals results in
effective (p—d) = back bonding. On the other hand, a crude
consideration of bond energies (Table I) makes it unlikely that
(p~d) = bonding is responsible for the high bond energy of Si-F
bonds (135 kcal/mol). As suggested by Pauling® the ¢ bond
energy for an A-B bond can be estimated from the geometric
mean of the bonds A-A and B-B. The differences A between
these estimated values and the actual bond energies are due to
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$Wilhelms Universitit—Mitnster.
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Table I. Si-X Bonds Lengths (in A) and Bond Energies for X = C
and F (in kcal/mol)

exptl cov. radii SS.e
Si-C in Si(CH;)4 1.875 (2)% 1.94 1.88
Si-N in (SiH,),N 1.734 3)¢ 1.87 1.81
Si-O in (SiH;),0 1.634 (2)¢ 1.83 1.77
Si-F in SiF, 1.553 (2)¢ 1.81 1.71
Si-C in Me,Si Si-F in SiF,

E, (exptly’ 70 135

o8 60 40

Ah 10 95

polar contr. 10 100

9Schomaker-Stevenson values. YReference 1. ¢Reference 2.
4Reference 3. °Reference 4. /Reference 5. £ Geometric mean of Si-Si
and X-X (X = C or F) ¢ bond energies. *A = E(exptl) - 0.

polar or 7 bonding contributions. In the case of the Si—C bond,
the small difference of 10 kcal/mol can very well be due to a small

1(l) Beagley, B.; Monaghan, J. J.; Havitt, T. G. J. Mol. Struct. 1971, 8,
401.

(2) Beagley, B.; Conrad, A. R. J. Chem. Soc., Trans. Faraday Soc. 1970,
66, 2740,

(3) Almeningen, A.; Bastiansen, O.; Ewing, V.; Hedberg, K.; Traetteberg,
M. Acta Chem. Scand. 1963, 17, 2455.

(4) Hagen, K; Hedberg, K. J. Chem. Phys. 1973, 59, 1549.
| (5) Ebsworth, E. A. V. Volatile Silicon Compounds; Pergamon: Oxford,

963.

(6) Pauling, L. The Narure of Chemical Bond, Cornell University: Ithaca,

NY, 1960.
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