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Enolate Structure and Electron Affinity
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Photodetachment cross sections for a series of cyclic enolates were measured using a continuous wave (CW)
ion cyclotron resonance instrument to generate and detect the ions. We report electron affinities for the radicals
corresponding to the removal of the extra electron from the following anions: 2-methylcyclopent-1-enolate,
3-methylcyclopent-1-enolate, 4-methylcyclopent-1-enolate, 5-methylcyclopent-1-enolate, 2-methylcyclohex-
1l-enolate, 3-methylcyclohex-1-enolate, 4-methylcyclohex-1-enolate, 4-ethylcyclohex-1-enolate, 5-methylcy-
clohex-1-enolate, and 6-methylcyclohex-1-enolate. Some of these anions are mixed with their tautomers,
derived from deprotonation of the parent ketone; the consequences of this are analyzed. The effect of alkylation
on the electron affinities is discussed. The effect of vibrational modes on the lifetimes of the dipole-bound
states of 4-methylcyclohex-1-enolate and 4-ethylcyclohex-1-enolate is discussed.

Introduction

il

*

>

Enolate anions play a major role in synthetic chemistry. A
solid understanding of the intrinsic chemistry of these species
can aid in the design and implementation of reaction schemes.
Solution studies of enolate anions, however, can be difficult to
interpret because of solution effects and counterion effects; it
is not unusual for small differences in stability between species
to be overwhelmed by solvent effeétk this work, we explore
the effect of structure on the solvent-free energetics of enolate _
ions. A

The electron affinity (EA) is one aspect of the energetics in Fig_ure 1.. Photoexcitation to a rotationally excited djpole-bound state
a series of related compounds that is greatly influenced by (A~ Which undergoes autodetachment to the radical.
structure. The electron affinity of a radical is the energy
difference between the radical and the anion formed by adding
an electron to the radical. When the anion is more stable than
the radical, the EA is positive. The electron affinity can be
determined by photodetachment studies and, along with the
proton affinity of the species, can be used in a thermochemical ) . . .
cycle to derive homolytic bond dissociation energies. Photo- _In 1947, Fermi and '_I'eller first pred|cted_ t_he existence of
detachment studies can also give information about the auto-d'pOIe'bound statg"sln dlpole-pound states, it Is believed t.hat

: H1e electron occupies a very diffuse orbital; the electron typically
resides 56200 A away, and as a result, the geometry is
perturbed very little from the geometry of a completely separated

Another interesting effect of tle chan in structure i o .
other interesting effect of subtle changes in structure is neutron and electrdit10 In addition, the extra electron is bound
the presence or absence of sharp resonances, often only a few

nanometers wide, near thresholds in photodetachment spectra\é’grgCvr\]/??lgl_%fliyplca”y’ the binding energy is between 5 and
These are now known to be the result of a transition to a dipole- :

bound electronic state, which has a larger optical cross section

than that of the direct transition to the continuum. A dipole- as phase. The effects of alkvl substitution on small cvclic
bound state is an anion where an electron is bound by the dipoleg P ) . aky : ye
enolates were studied, using both low- and high-resolution

to a neutral molecule’s core. This excited state must have enough . .
. . photodetachment spectroscopy. In addition, the effect of vibra-
energy to autodetach to be observed, so it must be in a

) o . . tional excitation of the dipole-bound state’s lifetime was
rotationally or vibrationally excited state (Figure 1). In the cases . .

! . s investigated for the 4-methylcyclohex-1-enolate and 4-ethylcy-
studied here, the dipole state is within a few wavenumbers of

the photodetachment threshold and the autodetaching states a(flohex-l-enolate anions.

threshold are rotationally excited. Resonances above the thresh-
old involve autodetachment from vibrationally excited stdtes.
Curiously, under our experimental conditions, many species have
observable dipole-bound states whereas other electronically
similar species do not.

In this work, we investigated the stabilities of cyclic enolate
anions compared to those of their corresponding radicals in the

- - Experimental Section
* Corresponding author. E-mail: brauman@stanford.edu.

" Stanford University. Chemicals.Nitrogen trifluoride was purchased from Ozark-

* Current address: Department of Chemistry, Elon University, 2625 ;
Campus Box. Elon, NC 27244, Mahoning, and all other compounds were purchased from

§ |stituto Chimica Nucleare, Consiglio Nazionale delle Ricerche, Rome, Aldrich, Inc. 4-Methylcyclohexanone-(97% purity) and 4-eth-
Italy. ylcyclohexanone (97%) were purchased from Aldrich and were

10.1021/jp050024y CCC: $30.25 © 2005 American Chemical Society
Published on Web 09/08/2005



8786 J. Phys. Chem. A, Vol. 109, No. 39, 2005 Walthall et al.

(0] o_ - 07 - _ 3
o o o 0

_F + ; ; ( Z S 7 \< 7
(b) (©) ()]

Figure 2. 2-Methylcyclohexanone and the two enolate ions formed @
by deprotonation. Figure 4. Cyclopent-1-enolate derivatives (a) 2-methylcyclopent-1-
enolate, (b) 3-methylcyclopent-1-enolate, (c) 4-methylcyclopent-1-
\ _/ \ \ enolate, and (d) 5-methylcyclopent-1-enolate.
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Figure 3. Silyl enol ethers 6-methylcyclohex-1-enol trimethylsilyl ether
(1), 2-methylcyclopent-1-enol trimethylsilyl ethell §, and 5-methyl-

cyclopent-1-enol trimethylsilyl ethetl( ). o o o
used as precursors to generate 4-methylcyclohex-1-enolate and
4-ethylcyclohex-1-enolate. 6-Methylcyclohex-1-enol trimethyl-
silyl ether (), 5-methylcyclopent-1-enol trimethylsilyl ether
© ®

(1), and 2-methylcyclopent-1-enol trimethylsilyl ethér)(were
synthesized. They were used as precursors to generate 6-me-
thylcyclohex-1-enolate, 2-methylcyclopent-1-enolate, and 5-me- @

thylcyclopent-1-enolate, respectively. The deprotonation prod- Figure 5. Cyclohex-1-enolate derivatives (a) 2-methylcyclohex-1-
ucts of 2-methylcyclohexanone, 3-methylcyclohexanone, 2- engjate, (b) 3-methylcyclohex-1-enolate, (c) 5-methylcyclohex-1-eno-
methylcyclopentanone, and 3-methylpentanone were a mixturelate, (d) 6-methylcyclohex-1-enolate, (€) 4-methylcyclohex-1-enolate,
of two enolate anions from each species. An example is shownand (f) 4-ethylcyclohex-1-enolate.

in Figure 2. Before introduction into the reaction cell, all . ) i , .
compounds were subjected to multiple freepemp-thaw bicarbonate. The organic Iaye_r was d_rle_d with magnesium
cycles to degas them and to remove volatile impurities. In all sulfate, concentrated, and fractionally distilled. The structures

cases, the only peaks seen in the mass spectrum were those d¥€"® (ig)nfirmed by'H NMR a:)nd agreed with the literature
fluoride and the peak corresponding to deprotonation. values'? The purities were>98% on the basis of théd NMR

The 6-methylcyclohex-1-enol trimethylsilyl ethdr, Figure spectra. ) o ) o
3) was synthesized from 2-methylcyclohexanon®7% purity) lon Formation. A fluoride ion, the primary ion in our
using a method similar to that reported by House é¢dlhe experiments, was produced by dissociative electron attachment
6-methylcyclohex-1-enol trimethylsilyl ether was prepared by to nitrogen trifluoride (eq 1). Some of the enolate anions, such
adding 5.5 mL (45 mmol) of 2-methylcyclohexanone to a &S 4-methylcyclohex-1-enolate, were formed from ketones and
lithium diisopropylamide solution over a 10 min period. The Were generated according to eq 2. In cases where the silyl enol
lithium diisopropylamide solution was prepared by adding 5.5 €ther was synthesized, the enolate anion was formed by2n S
g (55 mmol) of diisopropylamine to about 50 mL of a 1.0 M reaction on the S_| centé?,accord[ng t_o eq 3. The cyclopent-
solution ofn-butyllithium in ether, cooled to 6C. A quenching 1-enolate derivatives are shown in Figure 4, and the cyclohex-
solution, prepared from 25 mL of 1,2-dimethyoxyethane, 3 mL 1-enolate derivatives are shown in Figure 5. The partial pressure
of triethylamine, and 11 mL of chlorotrimethylsilane, was added ©f €ach neutral gas was about1107" to 2 x 1077 Torr.
to the cold solution (0C) of the lithium enolate. This solution
was stirred for 15 min and was then partitioned between pentane
and cold aqueous sodium bicarbonate. The organic layer was

o] o)
separated, dried with sodium sulfate, and then concentrated.
Rt F—_— Z r t+ HF [®)

e + NF——>= F + NF, 0]

Fractional distillation produced 4.2 g of the 6-methylcyclohex-
1-enol trimethylsilyl ether, which was characterized by thin-
layer chromatography, gas chromatography, &h8iMR. The

IH NMR spectrum is consistent with that of the NMR reported OSiMe;
by House et al? The ratio of the 6-methyl- to the 2-methyl-
cyclohex-1-enol trimethylsilyl ether isomers was determined to

R R

AN + F —= P\ + FSiMe; O

be at least 98:2. R &
2-Methylcyclopent-1-enol trimethylsilyl etheH § and 5-me-
thylcyclopent-1-enol trimethylsilyl etherl() were prepared Instrumentation. lons were detected in a continuous wave

simultaneously and then separated by preparatory gas chromaion cyclotron resonance (CW-ICR) mass spectrométéihe
tography. 2-Methylcyclopentanone (0.07 mol) was added to a cell, which has a 1-in. square cross section, was placed between
solution of chlorotrimethylsilane (0.085 mol) and triethylamine the poles of an electromagnet, operated between 0.2 and 1.0 T.
(0.170 mol) in 30 mL of dimethylformamide. The mixture was Background pressures were typically>x510~° Torr, and the
refluxed fa 4 h and then cooled and diluted with 60 mL of operating pressure was typically about210~7 to 4 x 107
pentane. The resulting solution was washed in rapid successioriTorr. At these pressures, average trapping times of the ions were
with cold aqueous 1.5 M HCI and cold aqueous sodium on the order of 1 s. We estimate that the temperature in the cell
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was approximately 350 K A capacitance bridge with phase- 1.
sensitive amplification was employed to detect the oscillating
potential on the cell's analyzer plate, induced by the motion of
the ions!® Signal detection at the frequency corresponding to
the maximum of the mass peak was accomplished with a
frequency lock® Changes in the steady-state ion population of
as little as 0.5% were detectable.

The light source for the low-resolution photodetachment
experiments was a Schoeffel 1000 W Xenon arc lamp. Wave-
lengths were selected by a 0.25 m focal length Spectral Energy
monochromator with a visible grating (352100 nm). When
we used 7.7 mm slits, the bandwidth was 25 nm (full width at
half-maximum). The monochromator was calibrated using a
Beck reversion spectroscope, accurate to about 1 nm. Relative
power was measured by focusing the exit light from the
monochromator into a thermopile (Eppley Laboratory, Inc.) and
recording the output voltage. This was done immediately before . .
or after an experimental run because the experimental setup 800 820 840
precluded recording the power during the experiment. Wavelength / nm

The light source for the high-resolution electron photode- Figure 6. High-resolution spectrum, with the low-resolution inset, of
tachment experiments was a Lexel tunable CW Ti/Sapphire a mixture of 2-methylcyclopent-1-enolate and 5-methylcyclopent-1-
laser, pumped by a Coherent model I1-200 argon ion laser. enolate from the deprotonation of 2-methylcyclopentanone.
Wavelength selection was accomplished by a three-plate bire-
fringent filter mounted in the laser cavity. The bandwidth of
the laser light was less than 40 GHz (about 1-&nand the
wavelength reading, using a Beck reversion spectroscope, was
accurate to about 1 nm (about 20 Tt The relative power
was measured by splitting off about 3% of the laser light and
directing it into the thermopile during the experiment.

Data Acquisition. Electron photodetachment spectra were
acquired by measuring the fractional decrease (FD, eq 4) of
the steady-state signal of each enolate ion at each of several
different wavelengthsij. lon(1) is the signal intensity with light,

lon(A)

lott(2)

and lqi(4) is the signal intensity without light. Relative cross
sections,o(4), were then calculated according to eq 5, where
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P(Z) is the relative power of the incident laser light-or high-
resolution spectra, data were taken about every 1 nm over
regions of about 18615 nm and the final spectra were
constructed by splicing these overlapping regions together. For
low-resolution spectra, data were taken about every 10 nm over
regions of about 100 nm and the final spectra were obtained by

splicing these overlapping regions together. In both cases, the

overlapping regions typically overlapped for three data points.

Calculations

All calculations were performed using Gaussian'98he
calculations were carried out at the UHF/6433* level of
theory. The vibrational frequencies reported are unscaled.

Results

Wavelength / nm

Figure 7. High-resolution spectrum of 2-methylcyclopent-1-enolate.
The arrow indicates the assignment of the electron affinity. The low-
resolution spectrum is shown as an inset.

spectrum has a photodetachment onset at:8&%) nm. There

are no visible slope changes. In the high-resolution spectrum,
there is an onset at 87 5 nm, a slope change at about 840
nm, and another at about 810 nm. There are no resonances
visible.

In addition to taking the photodetachment spectra of the
mixture of 2-methylcyclopent-1-enolate and 5-methylcyclopent-
l-enolate, we have also taken the spectra of the individual
species. The 2-methylcyclopent-1-enolate low-resolution spec-
trum, shown in Figure 7, has an onset for photodetachment at
880 nm. The high-resolution spectrum shows a nearly linear
cross section with an onset at 873 nm. No slope changes or

We have recorded the low- and high-resolution electron resonances are visible. The low-resolution photodetachment
photodetachment spectra of several enolates, anions, and encspectrum of the 5-methylcyclopent-1-enolate, shown in Figure
late—anion mixtures. Deprotonation of 2-methylcyclopentanone 8, has an onset at 810 nm. The high-resolution spectrum shows
results in two different enolate anions, 2-methylcyclopent-1- & smoothly rising cross section with no discernible resonances.
enolate and 5-methylcyclopent-1-enolate. The low- and high-  The high-resolution photodetachment spectrum of the mixture
resolution spectra are shown in Figure 6. The low-resolution of anions generated by the deprotonation of 3-methylcyclopen-
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Figure 8. Low- and high-resolution spectrum of 5-methylcyclopent- Figure 10. High-resolution photodetachment spectrum of 6-methyl-
1-enolate, with the low-resolution shown as an inset. The arrow indicates ¢y cjohex-1-enolate, with the low-resolution spectrum as the inset. The

the assignment of the electron affinity. arrow indicates the assignment of the electron affinity.
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Figure 9. High-resolution photodetachment spectrum of 3-methylcy-  Figure 11. High-resolution spectrum of a mixture of 2-methylcyclohex-
clopent-1-enolate and 4-methylcyclopent-1-enolate from the deproto- 1.enolate and 6-methylcyclohex-1-enolate, with the low-resolution
nation of 3-methylcyclohexanone. The low-resolution spectrum is spectrum as an inset.

shown as an inset.

. o . - . Deprotonation of 2-methylcyclohexanone results in two
tanone is shown in Figure 9. A falrly smooth rising cross section jitferent enolate anions, 2-methylcyclohex-1-enolate and 6-me-
can be observed. The low-resolution data show an onset at aboufyyicyclohex-1-enolate. The spectra of this mixture are shown
800 nm. Extrapolation of the highest-wavelength linear region Figure 11. The low-resolution spectrum shows a gradually
in the high-resolution spectrum gives an onset at 820 nm. Thererising cross section. The onset is at about 905 nm. In the high-
is a slope change at about 780 nm. A small but reproducible (aggution spectrum, the threshold is 9825 nm. There is a
dipole-bound state resonance is seen at 805 nm in the Spectrunsjope change at 885 nm, and no resonances can be seen.

The low- and high-resolution photodetachment spectroscopy  Deprotonation of 3-methylcyclohexanone results in two
of 6-methylcyclohex-1-enolate is shown in Figure 10. The low- different enolate anions, 3-methylcyclohex-1-enolate and 5-me-
resolution spectrum is roughly linear for wavelengths shorter thylcyclohex-1-enolate. In the high-resolution spectrum shown
than 780 nm, and there is a slope change at about 780 nm. It isin Figure 12, the onset is at 8265 nm. There are no noticeable
possible that a second linear region exists for wavelengths longerslope changes and no resonances visible.
than 780 nm. However, there is a feature centered at about 820 The high-resolution spectrum of 4-methylcyclohex-1-enolate
nm in the low-resolution spectrum that obscures that region. is shown in Figure 13 with the low-resolution spectrum as an
The onset is seen at about 860 nm. In the high-resolution inset. In the low-resolution data, there are three linear regions:
spectrum, there is a very broad resonance centered at 843 nnone below 600 nm, one between 600 and 700 nm, and one above
and the onset for photodetachment is at about 915 nm. In 700 nm. The photodetachment onset is at 820 nm. In the high-
addition, there is a linear region for wavelengths shorter than resolution spectrum, there are two sharp resonances at 774 and
820 nm. 788 nm.
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Figure 12. High-resolution spectrum of a mixture of 3-methylcyclohex-  Figure 14. High-resolution spectrum of 4-ethylcyclohex-1-enolate. The
l-enolate and 5-methylcyclohex-1-enolate, with the low-resolution arrow indicates the assignment of the electron affinity.

spectrum as an inset.
TABLE 1: Electron Affinities of the Enolate Radicals

1. 1. Studied
I sos| electron affinity  electron affinity
L 3 anion (nm) (kcal mol™)
08 =~ Ay cyclopent-1-enolate 775.8+ 3 36.8+0.2
s [ - Soal 2-methylcyclopent-1-enolate 875 32.8+0.2
= I 2 3-methylcyclopent-1-enolate  805+5/—25 35.5+1.1/-0.2
S o6t .. So2} 4-methylcyclopent-1-enolate  805+5/—25 35.5+1.1/-0.2
@ L oo ® S, 5-methylcyclopent-1-enolate 8235 34.7+ 0.2
& o of . ) T cyclohex-1-enolate 812.6+ 5 35.2+ 0.2
5] g 500 VSOO | 7?:/ 800 900 2-methylcyclohex-1-enolate 902+ 5 31.7+0.2
g 04r i avelengin /nm 3-methylcyclohex-1-enolate  826+5/—20 34.6+0.9/-0.2
E I : 4-methylcyclohex-1-enolate 8202 34.9+£0.2
° I 4-ethylcyclohex-1-enolate 8285 34.7+0.2
X oL l 5-methylcyclohex-1-enolate  826+5/-20 34.6+0.9/~-0.2
L 6-methylcyclohex-1-enolate 84810 33.9+£ 04
cyclohept-1-enolate 858.6+2/—13 33.3+0.5~0.1
ol 2The electron affinity of the radical corresponding to photodetach-
Y P S S RS ment of the extra electron in the anidhiThe cyclopentanone enolate
760 780 800 820 840 860 anion, the cyclohexanone enolate anion, and the cycloheptanone enolate
Wavelength / nm anion were published by Brinkman et?al.c Produced as a mixture of

. . . 3-methylcyclopent-1-enolate and 4-methylcyclopent-1-enolate. The
Figure 13. High-resolution spectrum of 4-methylcyclohex-1-enolate, |arge error bars reflect the uncertainty of assigning the mixture and
with the_low-resolutlon spectrum sh_ov_vn in the inset. The arrow indicates \ere chosen to account for the possibility that one of them has a larger
the assignment of the electron affinity. electron affinity (shorter wavelengtf)Produced as a mixture of

2-methylcyclohex-1-enolate and 6-methylcyclohex-1-enolate. The elec-
The high-resolution spectrum of 4-methylcyclohex-1-enolate tron affinity was assigned with certainty by knowing the electron affinity
is shown in Figure 13 with the low-resolution spectrum as an of the 6-methylcyclohex-1-enolate radic&Produced as a mixture of
inset. In the low-resolution data, there are three linear regions: 3-Methylcyclohex-1-enolate and 5-methylcyclohex-1-enolate. The large

error bars reflect the uncertainty of assigning the mixture and were
one below 600 nm, one between 600 a_nd 700 nm, and one a_bov%hosen to account for the possibility that one of them has a larger
700 nm. The photodetachment onset is at 820 nm. In the high-gjectron affinity (shorter wavelength).

resolution spectrum, there are two sharp resonances at 774 and __ . . i .
788 nm. affinities of these radicals are tabulated in Table 1. In the absence

: : f other states, such as dipole-bound states, the intensity of the
The high-resolution spectrum of 4-ethylcyclohex-1-enolate ©' Other st N ’
9 P yiey gtransition is determined by the Frare€ondon overlap between

is presented in Figure 14. The onset is at about 823 nm, an . .
there is a sharp resonance at 776 nm. There are two Iinearthe anion and the radical. If the Frare€ondon overlap for

regions in the spectrum, one region for wavelengths below the the 0'?] t{ﬁns'g?nl betw;een the ?nlon.t.and the rat#}cal IS I?rge
peak and another region between the onset and the peak. enougn, then the lowest-energy transition seen in the spectrum,
in the absence of hot bands, will correspond to the adiabatic

electron affinity. However, if the FranekCondon overlap is

too small, then the 0-0 transition will not be visible and we
Electron Affinity Assignment. To assign electron affinities  will overestimate the adiabatic electron affinity. From other

of the radicals corresponding to photodetachment of the enolatestudies on enolate aniof$%22 we believe that the Franek

anions we studied, we must determine the energy of the Condon overlap is large enough that the onset for photodetach-

transition from the anions to the radicals in their ground ment will correspond to the 0-0 transition and therefore will

electronic, rotational, and vibrational states. The electron correspond to the adiabatic electron affinity. An additional

Discussion
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concern is that the anion formed could be vibrationally excited. we tentatively assign the onset of photodetachment as the
This would result in hot bands that would result in an electron affinity of the 2-methylcyclopent-1-enolate radical.
underestimate of the adiabatic electron affinity. Because the ionsAlthough we considered assigning the slope change at 840 nm
are trapped for 1001000 ms, they usually have enough time as the electron affinity of the 5-methylcyclopent-1-enolate
to relax by radiative and collisional processes, although hot radical, this cannot be done without more conclusive evidence.

bands are seen in some species. The high-resolution photodetachment spectrum of 2-meth-

The electron affinity is assigned by analyzing the low- and ylcyclopent-1-enolate displays a fairly sharp onset at &73
high-resolution spectra simultaneously. Because the ions arenm. The electron affinity for the 2-methylcyclopent-1-enolate
trapped and allowed to relax, we expect most of the anions radical is assigned at the onset and has a value of 308
formed to be in the ground vibrational state, although we do kcal/mol (1.42+ 0.009 eV). This is very close to the electron
expect that some will be in excited vibrational states. Species affinity that was tentatively assigned by analyzing the mixture
in excited vibrational states can give rise to hot bands in the of the above species.

spectra if the FranckCondon overlap is sufficiently large. An extrapolation of the low-resolution photodetachment
Because most of the anions are in the ground vibrational state,spectrum of 5-methylcyclopent-1-enolate gives an onset at about
at energies above the threshold, the photodetachment spectrur820 nm. The high-resolution photodetachment spectrum of
will be dominated by 0-0 transitions rather than by hot bands. 5-methylcyclopent-1-enolate has an onset at #3% nm. The
Even if a few of the predicted low-energy modes of these anions discrepancy between this onset and the one seen in the low-
were populated, these only appear in the spectrum energeticallyresolution spectrum is attributed to hot bands. A linear
below the threshold by the amount of energy of that vibrational extrapolation of the high-resolution region between 770 and 815
state. Although higher-energy vibrations would appear much nm gives an onset at 828 5 nm, which is consistent with the
lower in energy in the spectrum than in the adiabatic electron |ow-resolution spectrum. The electron affinity for the corre-
affinity, these states become increasingly less-populated thesponding radical is assigned at this value. The cross section at
higher in energy they are. By extrapolating a section of the low- wavelengths shorter than that of the slope change is a combina-
energy portion of a low-resolution spectrum to zero cross tion of the cross sections of the 2- and 5-methylcyclopent-1-
section, we feel confident that we can distinguish hot bands enolate. The electron affinity of the 5-methylcyclopent-1-enolate
from cold bands and that we can obtain a good estimate of theradical is assigned as 34470.2 kcal/mol (1.506+ 0.009 eV).

adiabatic electron affinity. Deprotonation of 3-methylcyclopentanone gives two products,

In the absence of threshold peaks in the high-reSO'Ution data,3_methy]cyc]opent-l-eno]ate and 4_methy|cyc|opent_1_eno|ate_
the extrapolation to zero cross section of the low-resolution The high-resolution spectrum of this mixture has a dipole-bound
spectrum is taken as the adiabatic electron afflnlty When there state resonance at 805 nm. The assignment of the electron
are threshold peaks in the high-resolution data, they are usedaffinity at this dipole-bound state resonance is consistent with
to help assign the electron affinity. From previous work in this  the low-resolution data, which show an onset at about 800 nm.
laboratory on similar species, we believe that the peaks seen injt js unclear which isomer this dipole-bound state and electron
these spectra are dipole-bound states and that they are boungffinity correspond to, but both of them are probably very similar
by only 5-10 cnm .9 Because they are bound so weakly, the in electron affinity and probably have similar dipole-bound
lowest-energy peak corresponds to transition to the ground states. It is possible to assign the same electron affinity to both
vibrational state but an excited rotational state. The excited of them if Sufﬁcient]y |arge error bars are used. The error bars
electron is so Weakly bound that onIy afew quanta of rotational chosen are |arge enough to incorporate the s|ope Change at 780
energy for the molecule is sufficient to make the total energy nm. Using an onset of 8055/—25 nm, we get electron affinities
enough to detach the electr&h.Therefore, a peak at the of 35.54+1.1/~0.2 kcal/mol (1.54+0.05/-0.01 eV).

threshold is t.h.e unresolved envelqpe (?f the P, Q,and R branches We can assign the electron affinity of the 6-methylcyclohex-
for the transition to the ground vibrational state of the excited 1_onoiate radical by analyzing the low- and high-resolution

electronic state. The intensity of the P and R branches will be ;5 4etachment spectra. Extrapolation of the short wavelength
lowered slightly because some of the product states are still |j,o4, region in the low-resolution spectrum between 630 and

bound, but by taking the center of the envelope ashie=0 7g9 hm gives an onset at 839 13 nm. Extrapolation of the
transition, we can make a good approximation of the adiabatic wavelength region longer than 780 nm in the low-resolution

electron affinity. spectrum is difficult because of the feature centered at about
The electron affinity of a radical is the difference between 820 nm. However, extrapolation of that region gives an onset
the energy of the anion (formed by adding an electron to the estimation at about 860 nm. On the basis of these two
radical) and the energy of the radical. For stable anions, suchextrapolations of the low-resolution spectrum, we expect the
as the enolate anions in this study, this value is positive. To a electron affinity to lie somewhere between 830 and 860 nm.
first approximation, we expect all of these species to have similar Therefore, in the high-resolution spectrum, we attribute the
electron affinities because their structures and energetics are sgqonzero cross section at wavelengths longer than 860 nm to
similar. For example, all of the radicals should have similar hot bands. We believe that the peak centered at 843 nm in the
dipole moments and polarizabilities. However, because the high-resolution spectrum is a dipole-bound state resonance at
species are chemically different, we do expect small differences the threshold. Although this peak is considerably broader than
in the electron afflnlty on the order of a few kilocalories per a typical dipole-bound state peak, we believe that this is a dipole-
mole. bound state that is considerably lifetime broadened. In addition,
Deprotonation of 2-methylcyclopentanone gives two anions, the extrapolation of the wavelength region shorter than 820 nm
2-methylcyclopent-1-enolate and 5-methylcyclopent-1-enolate. in the high-resolution spectrum gives an onset at 835 nm. On
The low-resolution spectrum has an onset at 885 nm. The high-the basis of this extrapolation and the position of the resonance,
resolution spectrum has an onset at 877 nm. Zimmerman notedwe assign the center of the dipole-bound state resonance as the
that methyl substitution for a hydrogen at the site of deproto- electron affinity. Because of the width of this peak, we assign
nation lowers the electron affinity consideraBlyTherefore, larger error bars to accompany this assignment. Therefore, we
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assign the electron affinity of the 6-methylcyclohex-1-enolate SCHEME 1: Enolate Anions with Substitution on the
radical at 843+ 10 nm (33.9+ 0.4 kcal/mol; 1.470+ 0.02 Carbon Opposite to the Charged Carbon

evV). O
Deprotonation of 2-methylcyclohexanone gives two products,

2-methylcyclohex-1-enolate and 6-methylcyclohex-1-enolate.

Both the low- and the high-resolution photodetachment spectra R C_|_|2

of this mixture have a threshold at about 902 nm. Because the

6-methylcyclohex-1-enolate radical was assigned an electrongcyeME 2:  Substitution of Cyclic Enolate Anions at

affinity at 843 nm, the threshold at 902 nm in the high-resolution ine carbon Opposite to the Charge

spectrum of the mixture must be the threshold for detachment

of 2-methylcyclohex-1-enolate. We therefore assign the electron O (@)

affinity of the 2-methylcyclohex-1-enolate radical at 9825

nm, which corresponds to 314 0.2 kcal/mol (1.375t 0.009 R -

ev). R -
Deprotonation of 3-methylcyclohexanone gives two products,

3-methylcyclohex-1-enolate and 5-methylcyclohex-1-enolate.

The high-resolution spectrum of this mixture has an onset

for photodetachment at 826 5 nm, which is consistent with to unsaturated carbons. The effect is in competition with the
the low-resolution photodetachment onset at 840 nm. It is R R omp .
polarizability, which increases as the size of the species

unclear which species this corresponds to, but both of them are! ;
probably very similar. It is possible to assign both of their increases. Indeed, they discovered that the Riethyl and R

electron affinities if sufficiently large error bars are used. - ethyl_spemes have n_early the same ele_ctrqn aﬁ'n'tY' Then,
Using an onset of 826-5/—20 nm, we get electron affinities as Fhe size .qf the group Increases, t.he polarization also_ Increases,
of 34.6+0.9/-0.2 kcalimol (1 501’4_0 04/-0.009 eV) which stabilizes the anion, increasing the electron affinity. For

. . . g the R= t-Bu species, the electron affinity increase is larger
Extrapolation of the linear region above 700 nm in the low- -0 that for even the B H species.
resolution spectrum of 4-methylcyclohex-1-enolate gives an

; X In this study, we find that alkyl substitution away from the
onset at 810t 13 nm. The two sharp resonances in the high-  .h4r4e center does not increase the electron affinity and, in fact,

resolution spectrum of 4-methylcyclohex-1-enolate are dipole- jecreases it slightly. We studied the species in Scheme 2, where
bound states. Although the electron affinity is usually assigned r — | and Me. For our enolates. R H is similar to

as the lowest-energy dipole-bound state, in this case, we didz;nmerman’'s R= Me and our R= Me is similar to

not do that. The dipole-bound state at 788 nm is f_ar above the 7imerman’s R= Et. (We do not have an example similar to
photodetachment threshold, which is not the typical case for it of Zimmerman's R= t-Bu, and we did not test the effect
dipole-bound states of enolate anions. In ad.dition,.assignmentof alkyl group size other than at the 4-position. The effects in
of the electron affinity at 788 nm would be inconsistent with 54 case are too small to be considered significant.) In both
the low-resolution data, W_hlch suggests an ek_actrpn aff|n|_ty at the six- and five-membered cyclic enolate species, methyl
about 810 nm. Extrapolation of the linear region in the high- gptitution results in a less positive electron affinity. There is

resolution spectrum gives an onset at 8@ nm, which we 51 3 ycalmol difference between the electron affinities for
assign as the electron affinity. This corresponds to 34 ®.2 R = H and R= Me in the six-membered ring and a 2.1

keal/mol (1.512+ 0.009 eV). We believe that the dipole-bound  yamol difference for the five-membered ring. The effect is

states seen in this spectrum are vibrationally excited. in the same direction when alkyl groups are substituted for
The high-resolution spectrum of 4-ethylcyclohex-1-enolate hydrogens on any position in the ring. For the five-membered
shows a resonance at 776 nm. Normally, the electron affinity ring, the effect is smallest when the methyl group is farthest
would be assigned at this peak. However, the electron affinity from the charge site. For the six-membered ring, the effect was
is not assigned here because this dipole-bound state is signifi-about the same for the 3-, 4-, and 5-positions. Although we
cantly above the photodetachment threshold. In addition, an expect that the anion should be stabilized because of the larger
assignment at the dipole-bound state would be considerablypolarization when an alkyl group is substituted for a hydrogen,
higher in energy than the electron affinity of the corresponding the effect is smaller for our species than for that of Zimmerman'’s
radical of 4-methylcyclohex-1-enolate. Because the additional because our molecules are so much larger. For carbons near
methylene group only stabilizes the anion by polarizability the site of unsaturation, substitution destabilizes the anion more
effects, there is no reason to believe that the difference in than the increased polarization stabilizes it, resulting in a
electron affinities would be so large on the basis of the distance decreased electron affinity.
between the methylene group and the charge center. Instead, zimmerman also looked at the effects of substitution at the
we assign the electron affinity as the photodetachment onset atsjte of deprotonation. Substitution of a methyl group for a hydro-
823+ 5 nm, which corresponds to 347 0.2 kcal/mol (1.506  gen on the charged carbon makes the electron affinity less posi-
+ 0.009 eV). tive because the methyl group is electron donating when bonded
Methyl Substitution. Zimmerman et al. studied a series of to unsaturated carboAa26This destabilizes the anion, resulting
small acyclic enolate anions and analyzed some of the trendsin a smaller electron affinity. They reported a 2.8 kcal/mol
of the effects that substituents have on electron affinffidhey difference between the electron affinities of acetaldehyde and
noted that increasing the size of alkyl groups that are away from propionaldehyde. We see the same trend in electron affinity
the charge center increases the electron affinity. They analyzedwhen the cyclic enolates are methyl-substituted at the 2-position.
substitution effects on the series shown in Scheme 1, where ROur results are more dramatic: 3.5 and 4.0 kcal/mol for the
= Me, Et, andt-Bu. They found that R= H had a higher six- and five- membered rings, Scheme 3. Again, alkylation
electron affinity than R= Me or Et, which was rationalized by  destabilizes the anion through electron donation but stabilizes
considering that alkyl groups are electron donating when bondedit through the increased polarization. The increased polarization
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SCHEME 3: Substitution at the 2-Position of the Cyclic Tr e
Enolate Anions [ '°°°° .Bo . zzgﬁ;rlnyl
O O 08 L ...O;go.o
__R s <
= I
R % 0.6 i % e
; 04 | °°°°,,w°o°% a
is smaller for our species because our molecules are much larger ® °°°‘f.;;'
than those reported by Zimmerman. & I e
4-Methylcyclohex-1-enolate and 4-Ethylcyclohex-1-eno- 02 L ot
late. The comparison between these two spectra provides ogo, o
additional insight into these two species. Within experimental r * e eens
error, they have the same electron affinities, and both species 0 N e e

have a resonance at about 775 nm, which is about 46 nm above
the threshold. The 4-methylcyclohex-1-enolate has an additional Wavelength / nm

resonance at 788 nm. An overlay of the two species is shown Figure 15. Overlay of 4-methylcyclohex-1-enolate and 4-ethylcyclo-
in Figure 15. Because these resonances are above the threshold, 1 _anolate high-resolution spectra.

they are transitions to vibrationally excited dipole-bound states.

There are several mechanisms through which these vibrationallygjmjarity between the 4-methyl and 4-ethyl species, it is possible
excited species can autodetach: rotatiereéctronic, vibra-  that one or both of these vibrationally excited dipole-bound

tional—electronic, and vibrationalrotationat-electronic. The states are accessed in the photodetachment process; however,
vibrational-electronic coupling should be similar for the two e yisting of the ethyl group couples to the rotational motion,
species, so any differences should come from vibratienal 5 the lifetime of the species is shortened, which lifetime
rotationat-electronic couplings. . ) broadens the peak. This highlights an important aspect of the

_ Because the weakly bound electron in a dipole-bound state ypotodetachment spectra presented here. Although the species
is very far away from the core, the core geometry closely 4t have observable dipole-bound states are calculated to have
resembles the geometry of the neutral radical. The most iprations that energetically could be seen in our high-resolution
significant geometry changes between the anion and the radicalyngtodetachment spectra, their absence could be a result of
are in the C-O distance and in the €C—O bond angle.  ¢oypling similar the coupling of the 4-ethyl species or could
Therefore, vibrational modes with changes in these parameterssimmy be the result of a poor Franecondon overlap integral

are expected to be the most active. between the ground state anion and the vibrationally excited
The two dipole-bound state resonances at 774 nm are ”eaflydipole-bound state.

the same energy above the threshold, and they have the same

width and size relative to the rising background. Therefore, it Summary
is likely that they are transitions to similar vibrational states.
The vibrational energy of the dipole-bound state at 774 nm is
about 730 cm!. Calculations of the vibrational modes of the
radicals reveal a vibration at about 715 ¢nthat has a large

760

We have used high- and low-resolution photodetachment
spectroscopy to measure the electron affinities for a series of
alkylated cyclic enolate radicals. The effects of alkylation at
change in the EC—0 angle. In this vibrational mode, the various positions are examined. Thg ;ize of the effect did not
distance between the cyclohexenolate ring and the alkyl have much eff(_ect on the electrc_)n ‘T"ﬁ'“'ty' bgt it was shown to

: lhave a dramatic effect on the lifetimes of dipole-bound states

torsions of the alkyl group. Because these two resonances havd" the case of 4-methyicyclohex-1-enolate and 4-ethylcyclohex-

the same half-width, it is clear that the two states have about 1-enolate.
the same lifetimes. The substitution of ethyl for methyl does

not decrease the lifetime of the species by coupling to electronic assistance in the synthesis of the 6-methylcyclohex-1-enol

or rotational states. . ; . . ;
The resonance that appears at 788 nm in the spectrum oftnmethylsnyl ether. We thank the National Science Foundation

4-methylcyclohex-1-enolate does not appear in the spectrum c)ffor support of this research. D.W. is grateful to Atofina for a
4-ethylcyclohex-1-enolate. This resonance corresponds to a
vibrational energy of about 470 crh The 4-methylcyclohex-
1-enolate radical is calculated to have two vibrations in this
region that are expected to be active, one at 434'and one
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