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2-Pentanone and 2-pentanone-1,1,1-d; were treated with three-fold excesses of lithium diiso-
propylamide (LDA) or lithium hexamethyldisilazide (LHMDS) in tetrahydrofuran (THF) with and
without hexamethylphosphoric triamide (HMPA, 3 mol per mol of base) at temperatures ranging
from 24 to —70°C. The deuterium kinetic isotope effects calculated from the product ratios (mea-
sured by GLC as trimethylsilyl enol ethers) showed a range of temperature dependences: none (LDA
in THF), attenuated with 4,;/A, = 2.53 (LHMDS in THF), and normal with 4,;/4;,~0.6 indicating
moderate tunneling (LDA and LHMDS in THF-HMPA). The variation in temperature dependence
is attributed to reaction via multiple base species in which HMPA affects the equilibria between the

base species.
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Introduction

It has long been recognized that the temperature
dependence of an isotope effect gives more useful in-
formation than the magnitude of the effect at a single
temperature. Application of the transition state theory
of isotope effects [1] to hydrogen transfer reactions
leads to the conclusion that most of the effect will
normally reside in the exponential term of the Arrhe-
nius equation [2]. The preexponential factor, 4,/Ap,
will usually be close to unity. In the absence of tunnel-
ing, it must remain in the range 0.5-1.4. The lower
limit results when bending vibrations of the A—H—B
transition state approach a frequency of zero, an un-
likely physical situation. The upper limit should be
observed only at very high temperatures.

Model calculations confirm these general predic-
tions. Stern and Weston found A4,/ Ap to remain in the
range 0.7-1.3 in the absence of tunneling [3]. Models
for elimination reactions give still narrower limits,
0.8—1.2, with most of the values between 0.9-1.1 [4].
Tunneling can cause A4,,/Ap values well below any of
these lower limits [2—-5], but values above 1.2-1.3
should never be observed for simple one-step hydro-
gen transfers at temperatures near ambient.
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While abnormally large values that cannot be at-
tributed to experimental uncertainty are not common,
significant numbers of apparently reliable A4,;,/A4,p [6]
values greater than 1.4 are to be found in the litera-
ture. In some cases the isotope effects are even temper-
ature independent over the range of temperatures
studied; ky /kp = A,,4/A.p- The late Harold Kwart re-
ported a number of such cases and suggested that a
temperature-independent ky/kp, was diagnostic of
nonlinear hydrogen transfer [7]. Others have pointed
out that there is no theoretical justification for this
proposal, and extensive calculations of deuterium iso-
tope effects for different angles of hydrogen transfer
failed to find any that were temperature independent
(8].

There remains the problem of finding a cause or
causes for the experimental observations. One possi-
ble cause is mechanistic complexity. If two or more
steps affect the overall rate of reaction, or if two or
more reactions lead to the same product, the Arrhe-
nius parameters will be composite values, and no a
priori limits can be set on their magnitudes. A possible
example of the former effect is found in eliminations
from certain fluorinated substrates, where A4,,,/A4,p
values of 1.5-4.8 are reported [9]. These reactions
may involve a hydrogen-bonded carbanion which can
return to substrate as well as go on to product (inter-
nal return) [10]. A model of two competing reactions
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giving the same product has been shown to be capable
of generating abnormal Arrhenius parameters [11],
but at the time no identifiable examples of the phe-
nomenon were known.

Recently 4,,,/A4,p values as high as 3.25 have been
found for the deprotonation of 2-methyl-3-pentanone
and its o-deuterated analogs by lithium diisopro-
pylamide (LDA) in tetrahydrofuran (THF) [12]. When
hexamethylphosphoric triamide (HMPA) is added,
the A,,/A,p values become normal (0.4-1.0). The
base is known to exist as an equilibrium mixture of
monomer and dimer in THF solution [13], and it was
proposed that both species contributed in varying
proportions to the overall reaction and with different
isotope effects, thereby generating abnormal A4,;;/4,p
values.

Results and Discussion

The present research was undertaken in order to
provide further evidence on the possible role of com-
peting base species in reactions showing abnormal
Arrhenius behavior. For this purpose we chose 2-pen-
tanone (1) and its 1-dy analog as substrates. When
these are treated with an excess of lithium dialkyl-
amide base in THF, irreversible generation of a mix-
ture of enolates results. The enolates can be trapped
by trimethylsilyl chloride to yield a mixture of the enol
ethers 2—4, which can be analyzed by gas chroma-
tography. The isotope effect is then given by the ratio
of the 2/(3 +4) ratios for 1 and 1-dy, on the reasonable
assumption that any isotope effect on the formation of
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3 and 4 will be negligibly small. Sample product ratio
data for LDA in THF between 0 and —60°C are
shown in Table 1. Overall yields are excellent, and the
product ratios are reproducible to a precision of a few
percent.

The reaction was also run with lithium hexamethyl-
disilazide (LHMDS) as base. The equilibrium con-
stant for

(LHMDS), = 2 LHMDS

has been measured over a range of temperatures, and
the proportion of the dimer found to increase with
increasing temperature [14]. We hoped that this more
thoroughly investigated base might give results that
were easier to interpret. With both LHMDS and
LDA, reactions were run with and without added
hexamethylphosphoric triamide (HMPA). Literature
data indicate that HMPA can break up ion-pair ag-
gregates [15], so our purpose in adding it was to shift
the equilibrium between the base species toward the
monomer.

The resulting isotope effects are shown in Table 2.
The temperature independence of ky/kp in the reac-
tion with LDA in THF is immediately obvious. Less
obviously, the temperature dependence of ky; /kp in the
reaction with LHMDS in THF is also abnormal, with
A,y/A,p = 2.53 (Table 3). When HMPA is added to
both reaction mixtures the temperature dependence of
ky;/kp becomes normal, with A4,;,/4,, near 0.6, a value
that may indicate modest tunneling. The results thus

Table 1. Products from the enolization of 2-pentanone-
1,1,1-X; by lithium diisopropylamide in tetrahydrofuran®®

Temp. 'C X 2/3+4)¢ 3/4¢ Yield, % ¢
0.0 H 78540.10  0.195+0.005 92.4+2.1
D 276+0.03  0.191+0.004 87.7+48

—16.0 H 7.844+0.23  0.181+0.005 88.3+0.8
D 2.7240.02 0.178+0.005 89.3+2.0

—30.0 H 7.624+0.02 0.172+0.002 91.0+3.1
D 265+0.02 0.161+0.001 88.2+3.7

—45.0 H 7.35+0.11  0.156+0.003 89.1+1.7
D 2.56+0.01  0.148+0.001 955+29

—60.0 H 7.07+0.05  0.148+0.001 924+1.9
D 247+0.01  0.130+0.004 874+3.7

* Base : ketone 3: 1.

" Product determination by treatment of enolate mixture
with trimethylsilyl chloride followed by GLC analysis. Yield
by internal standard.

¢ Each result is the average of 2- 3 independent runs. Devi-
ations are standard deviations.
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Table 2. Isotope effects in the enolization of 2-pentanone-
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Table 3. Arrhenius parameters for isotope effects in the

1,1,1-d; by strong bases. enolization of 2-pentanone-1,1,1-d; by strong bases.
Tgmp. ky;/kp under Conditions*® Conditions*® A,u/Ap E-E.y
1 b 2°¢ 38 4¢ 1 2.78 4+0.080 0.015+0.014
2 0.614+0.029 1.070+0.022
240 - - 10.55+0.04 — 3 2.53 +£0.29 0.852+0.055
0.0 2.84+0.05 44540.09 12274+0.33 13.29+0.12 4 0.605+0.178 1.663+0.140
—-15.0 495+0.20 15.70+0.06
—160 2.88+0.09  See footnotes a ¢ of Table 2.
—30.0 287+0.02 5.56+0.01 1550+0.15
—335 - 19.3740. .
—450 2884005 650+0.10 16.11+043 37048 Table 4. Tunnel corrections to the isotope effects for the
— 455 N 2 - 22344110  enolization of 2-pentanone-1,1,1-d; by strong bases™
—60.0 2.87+0.03 - = 32.66+0.43
~R0 - 7934014 - - Conditions® kfks®  Qulls (kyy k),
—70.0 - - 20.9040.65 -
2 4.41 1.32+0.04 3.37
* All reaction carried out in tetrahydrofuran (THF) solu- 4 12.95 1.33+0.22 9.81

tions ca. 0.05 M in ketone and 0.15 M in base. When hexa-
methylphosphoric triamide (HMPA) was used, it was ca.
0.45 M.

® Base was lithium diisopropylamide (LDA).

¢ Base was LDA, HMPA added.

¢ Base was lithium hexamethyldisilazide (LHMDS).

¢ Base was LHMDS, HMPA added.

reinforce the pattern previously observed with 2-
methyl-3-pentanone and LDA [12].

It is interesting that the isotope effects vary widely
in magnitude, particularly at the lower temperatures.
The difference between LDA and LHMDS can be
accounted for by the difference in pK, values of their
conjugate acids, 35.7 for LDA and 25.8 for LHMDS
[16,17]. Thus LDA is a much stronger base, and is
consequently expected to react via a more reactant-
like transition state than is LHMDS. The pK, of the
conjugate acid of LHMDS is close to the pK,’s of
aliphatic ketones [18], so a central transition state
with a large ky/kp, is to be expected. It must be kept
in mind, however, that neither the reaction with LDA
nor that with LHMDS involves a single, simple base
species. Some part of the difference in ky/kp values
may well arise from different proportions of reaction
via the different base species under the two sets of
conditions.

Evidence that this is probably the case is afforded
by the increase in ky/kp observed for both the LDA
and LHMDS reactions when HMPA is added. If
HMPA increases the proportion of monomeric base
[15], this result would suggest that the monomer re-
acts with a larger isotope effect than the dimer. It
should be kept in mind, however, that the proportion
of reaction via different paths will depend on the rela-
tive concentrations of the different reactant species

* Calculated at 0°C by fitting the first term of the Bell equa-
tion to the observed Arrhenius parameters (Table 3). See
Refs. [20, 21].

b See Table 2, footnotes a, ¢, and e.

¢ Calculated from the Arrhenius parameters (Table 3).

4 The semiclassical (without tunneling) isotope effect.

only when the reactant species are not equilibrating
rapidly relative to the rate of reaction. Otherwise, the
proportions will depend only on the relative free ener-
gies of the respective transition states [19]. We do not
know the relative rates of equilibration and reaction
in these reactions.

To return to the A,,/A,p values of Table 3, the ab-
sence or the attenuation of the temperature depen-
dence observed without HMPA can be explained if the
proportion of reaction via the base species that gives
the larger k;/kp increases with increasing tempera-
ture. The normal tendency of ky/kp to decrease with
increasing temperature will then be partially or wholly
counteracted. It is tempting to say that the reactions
in the presence of HMPA involve a single base species
and a small contribution from tunneling. Whether
such a simple situation really obtains is not at all clear.

If the results with HMPA are taken at face value,
the observed Arrhenius parameters can be used to
estimate tunnel corrections by fitting the first term of
the Bell equation to them [20, 21]. The results of such
fits are given in Table 4. The tunnel corrections are the
same for both bases, even though the kj/k, values
differ by a factor of ca. 3. The semiclassical (without
tunneling) ky;/kp for the reaction with LHMDS is still
rather large, though not unreasonably so. It corre-
sponds, assuming exponential temperature depen-
dence, to a ky/kp of 7.8 at 30 “C. Such a value can be
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accounted for by zero-point energy effects alone. Even
so, it would be wise to reserve judgment in the absence
of hard evidence on the number and kinds of base
species taking part in the reaction. The isotope effects
in the presence of HMPA may still be composite val-
ues. Some details of our results, to be discussed in a
later publication, suggest that the reactions are com-
plex both with and without HMPA.

Experimental

General. All glassware was dried at 140°C and
cooled under dry nitrogen. Syringes and needles were
vacuum dried (0.5 torr) for at least 1 h. Low tempera-
tures were achieved in a heavily-insulated 4.51 bath
filled with 99% ethanol and cooled by a Neslab
CC-75W Cryocool unit. Ice water was used for 0°C.
Product analysis by GLC was done as previously de-
scribed for the products from 2-methyl-3-pentanone
[12].

Solvents and Reagents. Solvents were purified as
previously described [12]. 1,1,1,3,3.3-Hexamethyldisi-
lazane (Aldrich) was dried over calcium hydride and
distilled immediately prior to use (bp 125°C). Diiso-
propylamine was purified as before [12].

2-Pentanone-1,1,1,-dy was prepared by the same
general procedure as for the deuterated ketones in
reference [12]. Deprotonation of 2-(1-propyl)-1,3-
dithiane [22] followed by reaction with methyl-d,
iodide (Aldrich 99.5% D) according to the procedure
of Corey and Seebach [23] gave 2-(1-propyl)-2-methyl-
1.1,1.-d5-1,3-dithiane which was then hydrolyzed ac-
cording to the procedure of Corey and Erickson [24]
to give 2-pentanone-1,1,1-d5, purified by preparative
GLC on a 10 ft x 0.25 inch column packed with 30%
SF-96 on Chromosorb N-AW; column and reference
flow rates 30 and 60 ml min ™!, respectively; injector,
detector, and column temperatures 150, 150, and
70°C, respectively. '"H NMR (C,D,): 6 0.95 (3H, 1),
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