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Abstract: Radical anions of several alkyl-substituted buta-1,3-diefe8, and of 1,4-ditert-butylcyclohexa-
1,3-diene (1) were characterized by their hyperfine data with the use of ESR and ENDOR spectroscopy.
Some of these radical anions, which are protected by bulky alkyl substitutents, could be generated by reaction
of the corresponding neutral compounds with a potassium, rubidium, or cesium mirror in 1,2-dimethoxyethane
(DME) and, mostly, tetrahydrofuran (THF). In particular, the radical anions of 1,4- and 2¢3tdiutylbuta-
1,3-dienes § and 7, respectively) prepared by this method proved to be fairly persistent, and their ESR and
ENDOR spectra were thoroughly studied in a wide temperature range. Characteristic of the hyperfine patterns
of 6~ and7*~ are very large coupling constants of the alkali-metal nuclei in the countea@PK) = 0.12—
0.15,a(®*Rb) = 0.40-0.84,a(8’Rb) = 1.4—2.8, anda('3%Cs) = 0.70-2.6 mT. Values of this size, unusual

for counterions of hydrocarbon radical anions, point to a tight or contact ion pairi6y @nd 7°~ with the
alkali-metal cations M (M = K, Rb, Cs). Whereas fo8*~/M* in DME and THF only such tight ion pairs

were observed, their coexistence with loose or solvent-separated ion pairs was notitetkforin DME at

very low temperatures. Apart from the large hyperfine splittings due to the alkali-metal nuclei, a striking
feature of the tight ion pairg~/M™ is the coupling constant of two protons in the 1,4-positions; its absolute
value (ca. 0.4 mT) is much smaller than that (ca. 0.7 mT) of the corresponding protons in the radical anions
of buta-1,3-dienes. Assignment of this reduced value toethdoprotons is compatible with the ESR and
ENDOR spectra of7-d*"/M™* dideuterated in the 1-position. The structures6of/M* and 7*-/M* were
discussed with the aid of theoretical calculations. Undoubtfully, the plaaas-conformation with the bulky
1,4+ert-butyl substituents in the sterically unhindereglopositions is generally favored fd&*—/M*. The
counterion M should be situated on the 2-fold axis above or below the molecular plaére.ofin 7°~, the

steric overcrowding by the 2,@rt-butyl substituents is relieved by a strong twist about the €B) bond;

loose and tight ion pairg*~/M* may have different conformations. For the tight ion pairs/M™*, a
conformation should be preferred in which the counterioh 8l situated on the 2-fold axis with the two
tert-butyl substituents “on the other side” of the molecule. The close contact of the alkali-metal cation M
with either6~ or 7~ must be promoted by the spatial arrangement of these substituents.

Introduction (THF) or 2-methyltetrahydrofuran (MTHP)a large number of
papers describing similar findings appeared. The largest
coupling constants of alkali-metal nuclei in counterions of
organic radical anions were reported therein for cations attached
o ) : . . in a chelate-like fashion to the lone electron pairs of the oxygen
splittings from paramagnetic nuclei of alkali-metal cations atoms in the radical anion. In this respect, alkali-metal cations

associated with organic radical anions in ethereal Sowem.s'associated with the radical anion@mflimesitoylbenzene in 1,2-
Consequently, ESR spectroscopy represents a method of Cho'c%lim ethoxyethane (DME) and THF served as a paradigWiith
for the studies of ion paird? Since the first observation ofa 1= ot voom temperature, tHei-, 2Na-, K-, 85Rb-, S7Rb-

*Na-hyperfine splitting in the ESR spectrum of naphthalene and133Cs-coupling constants (absolute values) amounted there
reduced to its radical anion with sodium in tetrahydrofuran to 0.3755 0.6955 0.1335 0.49165 1.666 and 1.02 m™S, respec-

tively; such ion pairs are denoted “tight” or “contact” ones. On

The fact that ions of opposite charges tend to pair is of great
importance for the course of organic reactions in solutiGfear
evidence for such an ion pairing is provided by hyperfine
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the other hand, ion pairs of alkali-metal cations associated with the counterion and (ii) the higher degree of localization of the
radical anions of hydrocarbons are generally considered asnegative charge in such a system should strengthen the
“loose” or “solvent-separated” ones, because the molecules ofassociation of the cation with the radical anion. To our
the ethereal solvent successfully compete with the radical anionknowledge, the radical anion of ethene, a two-centsystem,
for the positively charged counterion. Accordingly, the hyper- has not yet been generated in solution. That of buta-1,3-diene
fine splittings from alkali-metal nuclei are in these ion pairs (1), with two conjugatect-bonds, was produced by electrolytic
smaller by -2 orders of magnitude than the values given above reduction ofl at a Pt-wire cathode in liquid ammonia at 195
in the case of the-dimesitoylbenzene radical aniénTypically K;15 this procedure also worked for 2-methylbuta-1,3-diene
for the ion pairs of the naphthalene radical anion in DME at (isoprene,2), 2,3-dimethylbuta-1,3-diene8), and cyclohexa-
room temperature, théLi-, #Na-, 3K-, %Rb-, #Rb-, and 1 3-diene {0).1® Moreover, the radical anions dfand3, as
13%Cs-coupling constants (absolute values) amountedt@1, well as that of 1,1,44-tetramethylbuta-1,3-dier® (vere
<0.0405,<0.01, 0.0095, 0.0316, and 0.1071 mT, respectifly. generated from their neutral precursors in a similar electrolytic
In addition to ESR spectroscopy, the ENDOR technigque was cel| at the same temperature but with THF replacing liquid
successfully applied to studies on ion pairing of some very ammonia as the solveft. In these experiments, a tetraalkyl-
persistent organic radical anions with alkali-metal catfoi3!>* 5 mmonium cation served as the counterion, the nuclei of which

in which case the relative signs of the coupling constants of giq not give rise to additional hyperfine splittings in the ESR
protons and metal nuclei could be determined by general- pectra.

TRIPLE resonancé® Absolute signs of these values are
accessible by NMR spectroscopy which was also used for such
studiest* although the high concentration of the radical anion
salts required by this method led to some deviations from the
corresponding results obtained by ESR and ENDOR spectros-
copy.

For a given radical anion, the strength of the association with

the counterion depends on several factors, such as the solvatin 1 1-dideuterio derivativa4d.) of the latt 4 Th
power of the ether, the temperature, and the radius of the cation." '€ *»--dIdeuterio dernvatv {d2) of the latter compound. These

The ion pairing tightens and the coupling constant of an alkali- radical anions were obtained k?y reaFt'O”f?OV' and7-d; with |
metal nucleus increases with the decreasing solvating power of2 POtassium, rubidium, or cesium mirror in DME and, mostly,

the ether in the order DME. THF. and MTHF. and also on THF at 195 K, and their spectra revealed the presence of
raising the temperature which reduces this po¥er.The hyperfine splittings from thé%K, #Rb, ’Rb, and**Cs nuclei

dependence on the radius of the cation is less clear. For tightWhich equal or even exceed the values found for the tight ion
ion pairs of radical anions containing heteroatoms, the associa-Pairs of theo-dimesitoylbenzene radical anion. Also reported
tion tends to weaken with the increasing radius of the cation, are the results for reduction experiments on further alkyl
in the order Li, Na, K*, Rb*, and Cg, because the contact

In general, reaction of buta-1,3-diene and its derivatives with
an alkali-metal mirror in an ethereal solvent fails to yield a
persistent radical anion, because of rapid polymerization to
rubber-like product$® This process can, however, be hindered
by bulky alkyl substituents. Here, we describe the ESR and
ENDOR spectra of the radical anions of 1,4telitbutylbuta-

,3-diene §) and 2,3-ditert-butylbuta-1,3-diene7), including

of the counterion with the lone electron pairs of the heteroatom Ry Ryn
diminishes in the same order. On the other hand, for loose ion R,, _ Y= exo
pairs of radical anions without heteroatoms, an opposite z Ry n = endo
sequence seems to prevail, as the solvation of the counterion R, R,
decreases with the increasing radius of the cation. !
Furthermore, stronger association with the counterion should R
. . . 1x Rin R R3 Rax R4y
be favored by the smallness ofrasystem in the radical anion.
This is because (i) the lower electron affinity of a saalystem ! H H H H H H
is expected to ease a partial retrotransfer of spin and charge to 2 H H Me H H H
3 H H Me Me H H
(7) Such a statement seems to hold generally for radical anions of 4 Me Me H H Me Me
hydrocarbons in DME or THF as the solvent and particularly for the radical . .
anion of 1,5,8,12- tetreert-butyl-6,7,13,14-tetradehydro[14]annulér@nly 5 H H iPr iPr H H
changing to diethyl ether, a solvent of very low solvating power for alkali- 6 Bu H H H Bu H
metal cations, large hyperfine splittings were observed for3teand 7 H H Bu Bu H H
133Cs nuclei of the counterions in the ESR spectra of this radical dnion.
Presumably the counterion is situated there on the 4-fold axis of the % D D tBu tBu H H
m-system, where it closely contacts the radical anion. 8 H tBu Bu H H H
(8) Gerson, F.; Jachimowicz, J.; Nakagawa, M.; lyodaHélv. Chim. 9 Bu H H (Bu H H
Acta 1974 57, 2141-2148.
(9) Huber, W.Helv. Chim. Actal985 68, 1140-1148.
(10) Dodson, C. L.; Reddoch, A. H. Chem. Phys1968 48, 3226- R
3234.
(11) Kurreck, H.; Kirste, B.; Lubitz, W.Electron Nuclear Double 1
Resonance Spectroscopy of Radicals in SolutiddH-Publishers: New 6 2 10 R=H
York, 1988; (a) Chapter 4.7, pp 94.00; (b) Chapter 2.2, pp 24. 12
(12) Ess, C. H.; Gerson, F.; Adam, Wely. Chim. Actal991, 74, 2078~ 5 3 11 R=mBu
2093;1992 75, 335-350. f
(13) In particular, with respect to the ENDOR spectroscopy of alkali-
metal nuclei in the tight ion pairs of thedimesitoylbenzene radical anion, R
see for’Li and 23Na: Atherton, N. M.; Day B.J. Chem. Soc., Faraday
Trans. 21973 1801-1807. For®*K: Lubitz, W.; Plato, M.; Miius, K.; (15) Levy, D. H.; Myers, R. JJ. Chem. Phys1964 41, 1062-1065.
Biehl, R. J. Phys. Chem1979 83, 3402-3413. For8Rb and &Rb: (16) Levy, D. H.; Myers, R. JJ. Chem. Phys1966 44, 4177-4180.
Reference 6. FO¥Cs: Van der Drift, E.; Dammers, A. J.; Smidt, J.; Plato, (17) Tolles, W. M.; Moore, D. WJ. Chem. Phys1967, 46, 2102~

M.; Mébius, K.J. Magn. Reson198Q 40, 551-579. 2106.
(14) De Boer, E.; Sommerdijk, J. L. Chapter 7 in Vol. 1 of ref 1, pp (18) See, e.g.: Sommer, Kautsch. Gummi Kunstsi975 28, 131—
289-309. 135.
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derivatives ofl and structurally related dienes, suchda®,3-
diisopropylbuta-1,3-dienéy), 1,2-ditert-butylbuta-1,3-dieneg),
and 1,3-ditert-butylbuta-1,3-diene9), along with 1,4-ditert-
butylcyclohexa-1,3-dienel() and 1,2-dimethylenecyclohexane
12.

Results

Syntheses. Whereas most of the dienes used in the present
work were either commercially availabled)( or prepared
according to methods described in the literat@®(6,2° 7,19
8,21 1129, two of them,7-d, and 9, had to be synthesized for
the present studies as indicated in Scheme 1.

In the synthesis of-d,, propargy! chloride 13) was metalated
with n-butyllithium and, subsequently, reacted with perdeute-
rioformaldehyde to give the deuterated propargyl alcahol
(53% yield). Chlorination of the latter with thionyl chloride
yielded the dichloridel5 (85%), which providedr-d, (60%)
on treatment withert-butylmagnesium chloride in the presence
of cuprous bromidé?

For the preparation d, the knowna,3-unsaturated ketone
(16)2 was subjected to a Wittig olefination (83%). The
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not with lithium or sodium which had an insufficient reducing
power for these compounds of low electron affinity. Of no avail
proved the addition of an excess of LiCl or NaBRhlt, which
aimed at introducing Li or Na" as the counterion into the
solution of the radical anion obtained by reaction with a
potassium mirror in DME. Electrolytic generation of radical
anions worked wittb and9, but failed when K@Bu replaced
n-BusNBF, as the supporting salt. Thus, except4pthe radical
anion of which was also produced electrolytically in a previous
work,'” only one of the two methods met with success for a
given compound. It is noteworthy th&~ and 7°~ were
considerably more persistent than the remaining radical anions
of the alkyl-substituted buta-1,3-dienes generated with an alkali-
metal mirror in the present work.

1,4-Ditert-butylbuta-1,3-diene (6). Reaction of6 with a
potassium mirror in DME and THF led to a well-resolved ESR
spectrum of6*~ which exhibited an unusually large hyperfine
splitting from the3°K nucleus [ = 3/,) of the counterion, in
addition to those from the two pairs ofprotons in the 1,4-
and 2,3-positions and from the 38protons in the two 1,4-
tert-butyl substituent8® The pertinent coupling constants are
a(®*K), a(Hn-1,4),a(H-2,3), and a(HBu), with the subscriph
specifying theo-protons in the 1,4-positions anda (This
specification is reasonable, considering the preference of the
bulky 1,4+ert-butyl substituents for aexo conformation; see
the Discussion.) The ESR studies were carried out in the range
190-280 K, and théH- and3°K-coupling constants could also
be determined from the corresponding ENDOR signals, prefer-
ably at lower temperatures. An ESR andHi*°*K-ENDOR
spectrum of the ion paié*—/K™ are shown in Figure 1.

lon pairs6*~/Rb" and 6 /Cs" were likewise formed upon
reaction of6 with a rubidium or cesium mirror in DME and
THF. The resolution of the ESR spectra, observed in the same
temperature range as those®f/K*, was less good, so that
the small coupling constamiH-tBu) remained masked by the
line width of ca. 0.1 mT. Prominent features of these spectra
were the surprisingly large hyperfine splittings from #8b
(I =5/), 8Rb (I = %), and3Cs ( = 7/,) nuclei of the
counterions. Fo6~/Rb", a mixture of the two isotopic species
was produced, in which the ratio®Rb]:[8’Rb] = 2.59 of the

structures of the compounds presented in Scheme 1 wereSoncentrations anf(**Rb)|:ja(*"Rb)| = 0.295 of the coupling
determined by the usual spectroscopic tools (see the Experi-constants agreed with the natural abundance and magnetic

mental Section).

Generation of Radical Anions. The two methods applied
in the present work to the reduction 4f9, 11, and12 were
both the “chemical” and the electrolytic ones. The chemical
procedure implied the standard reaction with an alkali-metal
mirror in DME and THF at 195 K. The electrolytic reduction
was carried out on a helical Au/Hg cathode in a cylindrical cell
with a Pt-wire anode along its axis at ca. 200*KTHF and
n-BuyNBF, served as the solvent and the supporting salt,

respectively. In our hands, the chemical procedure was suc-

cessful in generating the radical anionglp6—8, and11, albeit

(19) Hopf, H.; Lipka, H.Chem. Ber1991, 124, 2075-2084. See also:
Brandsma, L.; Meijer, J.; Verkruijsse, H. D.; Bokkers, G.; Duisenberg, A.
J. M.; Kroon, J.J. Chem. Soc., Chem. Commi88Q 922-923. Brandsma,
L.; Verkruijsse, H. D.Syntheses of Acetylenes, Allenes, and Cummulenes
Elsevier: Amsterdam, 1980; p 157.

(20) Kiehl, A.; Eberhardt, A.; Adam, M.; Enkelmann, V.; Wen, K.
Angew. Chem., Int. Ed. Engl992 31, 1588-1591.

(21) Kleijn, H.; Westmeijze, H.; Schaap, A.; Bos, H. J. T.; Vermeer, P.
Recl. Tra. Chim. Pays-Bad979 98, 209-213.

(22) Brouwer, A. M.; Cornelisse, J.; Jacobs, H. J.X.Photochem.
Photobiol., A1988 42, 117-126.

(23) Dimroth, K.; Mach, WAngew. Chem., Int. Ed. Endl968 7, 460~
461.

(24) Ohya-Nishiguchi, HBull. Chem. Soc. Jprl979 52, 2064-2068.

moments of the two nuclei. ESR spectraéof/Rb™ and6*~/

Cs" are presented in Figure 2. The quality of the corresponding
IH-ENDOR spectra deteriorated with the increased size of the
counterion. While the ENDOR technique appliedéto/Rb"
allowed the |a(H-tBu)| value not available from the ESR
spectrum to be determined, it did not provide this information
for 6=/Cs". The ENDOR signals from th&Rb and13%Cs
nuclei could be observed, but those from the less abundant
87Rb isotope escaped detection.

The ion pairs6*/M* (M = K, Rb, Cs) in DME and THF
must be classified as tight or contact ones, on account of the
large coupling constants of the alkali-metal nuclei. Table 1 lists
the hyperfine data for all three ion pairs in both solvents and at
several temperatures. Assignments of the coupling constants
a(Hn-1,4) anda(H-2,3) toa-protons in the individual positions
is straightforward, considering the well-known LCAO coef-
ficients of the LUMO of buta-1,3-dieR&and the results of the
previous ESR studi€$ " The negative sign of these coupling

(25) In ESR spectroscopy, protons separated by 0, 1, 23-hypidized
carbon atoms from a-center are denoted, 3, y, ...30

(26) Heilbroner, E.; Bock, HThe HMO-Model and its Application
Wiley-Interscience and Verlag Chemie: New York and Weinheim, 1976;
Vol. 1, p 158.
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Table 1. Coupling Constants of Protons and Alkali-Metal Nuclei (mT) anBactors for lon Pairs of the 1,4-Dért-butylbuta-1,3-diene
Radical Anion 6*~) with K*, Rb", and C$

counterion solvent temp (K) a(Hr-1,4) a(H-2,3) a(H-tBu) o
a(®K) 2.0028
K*b DME 200 —0.730 —0.242 +0.026 +0.126
220 —0.727 —0.242 +0.026 +0.130
250 -0.717 —0.241 +0.026 +0.135
270 —0.715 —0.240 +0.026 +0.136
THF 190 —0.734 —0.244 +0.026 +0.127
220 —0.723 —0.243 +0.025 +0.131
250 -0.711 —0.242 +0.025 +0.138
280 —0.701 —0.237 +0.025 +0.146
a(®Rb) a(®Rb) 2.0036
Rb+P DME 200 —0.753 —0.242 +0.027 +0.405 +1.38
240 —0.740 —0.242 +0.026 +0.495 +1.67
THF 200 —0.746 —0.244 +0.025 +0.525 +1.78
240 —0.722 —0.237 +0.025 +0.567 +1.92
280 —0.713 —0.231 +0.025 +0.620 +2.11
a(*3Cs) 2.0056
Csfe DME 200 —0.73 —-0.24 <0.03 +0.70
240 -0.72 -0.23 <0.03 +0.80
THF 200 —0.76 —0.23 <0.03 +0.78
240 -0.74 -0.23 <0.03 +0.92
280 —0.73 —0.22 <0.03 +0.99

2 Experimental erroe:0.0001.» Experimental erroe-0.004 mT ina(Hq-1,4) anda(®*Rb), £0.002 mT ina(H-2,3) anda(®**K), £0.001 mT in
a(H-tBu), and4-0.01 mT ina(®’Rb). ¢ Experimental erroe=0.01 mT ina(H) anda(*3Cs).

H Hn
H Hy B _
2 _ 4 Bu N B
B tBu. 1 . -~ u
B, = Ny tBu o o
| Ho  H 6 /M*

il 6/K*
| (it | Wm M =Rb

— —_— 85Rp
a(*K) 0.5 mT a7Rb) Y
Vi
H-tBu H-23
H-tBu
H-2,3~ Ho-14 M=Cs
za(*K)
'/h Hn1,4
| e— —_—
a('®cs) 2mT
Figure 2. ESR spectra 06 /Rb* (top) and6*~/Cs" (bottom). Solvent
I | | | |

1 5 10 15 20 2'5 MHz THF, temperature 240 K. For the structural formula, see the Discussion.

s ot e S0 o o s, sce 1S emperaturBan It st Ikeuse be aloted R,

the Discussion. P ' ' a(®’Rb), anda(*3%Cs) which al§0 exhibited §uch a behaylor. The
g factor of 6~/M™ (Table 1) increased with the growing size

constants is required far-protons by theory? and it is in line of the alkali-metal cation, but varied only within the experi-

with the decrease in their absolute values at higher temperaturesmental error o8-0.0001 on raising the temperature or changing

According to the general-TRIPLE resonance experiments, from DME to THF.

carried out on the ENDOR signals 6f/K* (Figure 1), the 2,3-Ditert-butylbuta-1,3-diene (7). Reaction of7 with a

sign of the coupling constangH-tBu) anda(®%K) is opposite potassium mirror in DME generated, but it failed to this

that of a(Hn-1,4) anda(H-2,3); i.e., it is positive. This sign  end in THF. The ESR spectrum observed at 195 K is shown

complies with the pronounced increasea(f?K)| upon raising at the center of Figure 3. Apart from a multiline pattern with
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Figure 3. ESR spectra of7*/K*. Solvent DME, temperature as
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Figure 4. ESR spectra of*"/Rb* (top) and7*~/Cs" (bottom). Solvent
DME (top) and THF (bottom), temperature 220 (top) and 210 (bottom)
K. For the structural formula, see the Discussion.

such protons in the buta-1,3-diene radical anions, to ca. 0.4 mT.
As indicated by the corresponding ESR spectra observed for
the radical anion of 1,1-dideuterio-2,3@it-butylbuta-1,3-diene
(7-d2) and described below, thexo andendeprotons have now
greatly different coupling constants. Following the arguments
presented in the Discussion, the coupling constant with the
reduced absolute value is assigned to the emdaprotons,
a(Hq-1,4), leaving that with the “normal” value for the tvexo
protons,a(Hx-1,4). The hyperfine splitting from the 1,8pro-
tons in the 2,3ert-butyl substituents remained also unresolved
in the ESR spectrum of the tight ion pair, i.¢éa(H-tBu)| <
0.02 mT.

With the use of a rubidium mirror for the reduction Bfthe
radical anion could also be generated only in DME, while both
DME and THF were appropriate solvents for the reactiofd of

indicated. The lines due to the loose or solvent-separated ion pair arewith a cesium mirror. A rather persistent ion p#ir/Cs" was

marked bys. For the structural formulas, see the Discussion.

a 3%K-hyperfine splitting comparable to that observed for the
ion pair6~/K™, it exhibited five broad equidistant lines marked

s. While these lines became overwhelmingly dominant upon
undercooling the solution to 175 K (Figure 3, top), they

produced by this reaction in THF, and its ESR spectra were
studied up to high temperatures. With either rubidium (170
260 K) or cesium (158320 K), loose ion pairs were no longer
observed, even at the lowest temperatures, so that all ESR
spectra had to be exclusively attributed to tight ion p&irg

Rb" and 7*7/Cs". Examples of these spectra are shown in

disappeared when the temperature was raised to 220 K (Figurerigure 4, while Figure 5 reproduces the corresponding ENDOR

3, bottom). Their binomial distribution of intensity qualifies
them as arising from the fouwr-protons in both 1,4xc(x) and
endo(n) positions withja(Hy-1,4) ~ |a(Hn-1,4) = 0.71 mT?®
There were no observable splittings from the)t8rotons in
the two 2,3tert-butyl substituents nor from th&€K nucleus of
the counterion. The absence of a detectalfie-hyperfine
splitting and the rapid decrease in intensity of the five lises
on raising the temperature justify their attribution to a loose or
solvent-separated ion pafr~/K*. In contrast, the multiline
spectrum, which exhibited a substanfi8{-hyperfine splitting
and which was the only one present at 2280 K, is diagnostic
of a tight or contact ion pai7*~/K™*. It is important to note
that, for this ion pair, the set of foun-protons in the

signals from theo-protons and the alkali-metal nuclei. In
addition, Figure 5 presents the ENDOR signals from the
a-protons in the tight ion pair*—/K*; those from thé*K nuclei
could not be unequivocally spotted in this case. The small
coupling constana(H-tBu) also escaped detection in the ESR
spectra of7*~/Rb" and7*~/Cst, and the ENDOR signals from
the pertinenty-protons were not apparent for any of the ion
pairs. A mixture of the two isotopic species was again observed
for 727/Rb" with the expected relative concentrations and the
due ratiola(®®Rb)|:|a(3’Rb)|. The hyperfine splittings from the
85RDb, 87Rb, and!®3Cs nuclei were considerably larger fér/

Rb" and7*~/Cs" than for6*~/Rb" and6*~/Cs" under the same
conditions. Consequently, these splittings dominated the ESR

1,4-positions with virtually the same coupling constant separated spectra of the former ion pairs (Figure 4) even more than those

into two sets of two with strongly differing absolute values:

of the latter (Figure 2). Due to the extremely large coupling

one of them was reduced from ca. 0.7 mT, characteristic of constania(*3<Cs), the ESR spectrum @f~/Cs" in THF at 320
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Figure 5. H-(top), *H/8>8Rb-(center), andH/*3*Cs-(bottom) ENDOR
spectra of7*~/K*, 7*-/Rb*, and 7°-/Cs", respectively. Solvent DME,
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Figure 6. ESR spectra of-d;~/K*. Solvent DME, temperature as
indicated. The lines due to the loose or solvent-separated ion pair are
marked bys. For the structural formulae, see the Discussion.

terparts in Figure 4, when consideration is given to the above
replacements.

Table 2 lists the hyperfine data for tleprotons and alkali-
metal nuclei in7*~/K* and 7*~/Rb* in DME and 7°~/Cs" in
DME and THF at several temperatures. Allotment of a negative

temperature 220 (top) and 200 (center and bottom) K. For the structural sign to a(H,-1,4) anda(Hq-1,4) and a positive one ta(3K),

formula, see the Discussion.

a(®3Rb), a(®’Rb), anda(13<Cs) is justified by the same arguments
as those presented above for the corresponding coupling

K extended over 20 mT, an unusually large width for an organic gnstants in the ion pairs 6f~. Whereas the decreaselafHy-

radical anion. ThéH-hyperfine patterns of*~/Rb" and 7*~/
Cs' resembled that of the tight ion paft~/K*, with |a(Hn-
1,4) being considerably smaller thaa(Hy-1,4)|.

On passing fron?*~ to 7-d,*~, dideuterated in the 1-position,
coupling constants of twa-protons were replaced by those of

1,4) for 7~/M* (M = K, Rb, Cs) on raising the temperature
was comparable to that ja(Hn-1,4) for 6=/M*, the concomi-
tant fall of |a(H-1,4) for 72-/M* was much steeper, as was
the increase in the coupling constants of the alkali-metal nuclei.
Thus, for7*=/Cs" in THF, a(H,-1,4) anda(*3%Cs) changed from

deuterons as was to be expected. For the loose ion pair, also-0.51 and+1.15 mT at 150 K t0o—0.39 and+2.57 mT,

present with K in DME below 200 K, the five lines from
four quasi-equivalendt-protons with|a(Hy-1,4) ~ |a(Hn-1,4)

= 0.71 mT were substituted in the ESR spectrixy' /K™ by
three lines due to the same coupling constaiHy-4)| ~
|a(Hn-4)|, now arising from twoa-protons only; each of these
lines was split into five by twax-deuterons witha(Dy-1)| ~
|aDn-1)] = 0.11 mT. For the tight ion pairg-d*~/K* and
7-d>~/Rb" in DME, as well as foi7-d>*~/Cs' in DME and THF,
the hyperfine pattern from the two sets of tweprotons with
the strongly differing coupling constants changed into that
stemming from two singlet-protons and two single-deuter-
ons. With the larger absolute values assigned toettee and
the smaller to theendoepositions (see the Discussion), the
coupling constantm@(Hx-1,4) ~ 0.7 andja(Hnr-1,4) ~ 0.4 mT
were thus replaced ba(Hy-4)| ~ 0.7, |a(Hnr-4)| =~ 0.4, |a(Dx-

1)| ~ 0.11, anda(Dy-1)| ~ 0.06 mT. Figure 6 presents ESR
spectra of the loose (top) and tight ion palrd,*~/K* (bottom).
Those of7-d;*"/Rb™ and 7-d,*~/Cs" are not shown here; they

respectively, at 320 K. As in the case®f/M™, theg factor
of 7~/M* depended more distinctly on the counteriofi Man
on the solvent and temperature. Such a dependence was,
however, less pronounced fér/M* than for6*=/M*, and in
contrast to6*~/M™, the g factor of 727/M™ decreased with the
growing size of the alkali-metal counterion. The difference in
g factor of the loose and tight ion paiig=/K* was smaller
than the experimental error 6f0.0001. Actually, as is evident
from the spectrum taken at 195 K with both pairs coexisting
(Figure 2, center), thg factor of the loose ion pair was larger
by 0.000 03 than that of the tight one.
1,1,4,4-Tetramethylbuta-1,3-diene (4).Upon reaction oft
with a potassium mirror in DME, a low-intensity ESR spectrum
of 4~ appearedd = 2.0027+ 0.0001) showing two coupling
constantsja(Hx-Me)| = 0.95 anda(H,-Me)| = 0.86 mT, each
for the six methyls-protons in theexo or endopositions of
the 1,4-substituents, an@(H-2,3) = 0.13 mT for the two
a-protong® (experimental error+0.01 mT). A hyperfine

correspond exactly to the spectra of their undeuterated coun-splitting from the 3% nucleus of the counterion was not
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Table 2. Coupling Constants of Protons and Alkali-Metal Nuclei (mT) anBactors for lon Pairs of the 2,3-Dért-butylbuta-1,3-diene
Radical Anion 7*) with K*, Rb", and C¢
counterion solvent temp (K) a(Hx-1,4) a(Hr-1,4) o
a(®K) 2.0027
K+b DME 175 —-0.71 —-0.71 <0.02
Kte DME 195 —0.695 —0.445 +0.119
220 —0.686 —0.428 +0.134
240 —0.678 —0.414 +0.144
260 —0.672 —0.398 +0.155
a(®*Rb) a(®Rb) 2.0024
Rb*¢ DME 170 —0.709 —0.472 +0.483 +1.64
200 —0.697 —0.456 +0.597 +2.01
220 —0.689 —0.441 +0.683 +2.32
240 —0.680 —0.423 +0.767 +2.59
260 —0.677 —0.411 +0.840 +2.84
a(*%Cs) 2.0017
Cstd DME 200 —0.70 —0.48 +1.46
220 —0.69 —0.46 +1.59
240 —0.68 —0.45 +1.65
THF 150 -0.72 —0.51 +1.15
180 —0.70 —0.49 +1.40
210 —0.69 —0.47 +1.68
240 —0.69 —0.44 +1.92
270 —0.67 —0.42 +2.19
300 —0.65 —0.39 +2.47
320 —0.65 -0.39 +2.57

2 Experimental error-0.0001.> The a(H) values (italic) in this line refer to a loose ion pair; experimental e#0r01 mT.¢ Experimental error
+0.004 mT ina(H) anda(®*Rb), £0.002 mT ina(®*K), and £0.01 mT ina(®’Rb). ¢ Experimental erroe-0.01 mT ina(H) anda(*3Cs).

observed €0.02 mT). Use of rubidium and cesium as the
reducing agents failed to yield an ESR spectrum 4of,
presumably because of polymerization.

2,3-Diisopropylbuta-1,3-diene (5) and 1,3-Diert-butylbuta-
1,3-diene (9). Reaction of5 and9 with an alkali-metal mirror
caused polymerization, but ESR spectrabof and 9~ were
observed upon electrolytic reduction in THF. F®r (g =
2.0027+ 0.0001), the hyperfine pattern was dugdtHx-1,4)|
~ |a(Hn-1,4) = 0.71 mT for the four-protons anda(H-iPr)|
= 0.14 mT for the two mething-protons in the 2,3-isopropyl
substituents (experimental err20.01 mT). The ESR spectrum
of 9~ (g = 2.0025+ 0.0001) exhibited coupling constants of
the four a-protons with two of them having indistinguishable
values. Assignments are made in termgafH-4)] = 0.83,
la(Hn-1)] =~ |a(Hs-4)] = 0.61 and |a(H-2)| 0.19 mT
(experimental errot=0.02 mT). Hyperfine splittings from the
y-protons in the 2,3-isopropyl and the egh-butyl substituents
of 5~ (<0.02 mT) and9"~ (<0.03 mT), respectively, were
unresolved.

1,2-Di+ert-butylbuta-1,3-diene (8). The radical anior8*~
was generated fror@ by reaction with a potassium, rubidium,
or cesium mirror in DME. As in the case &, the ESR
spectrum of3*~ (g = 2.0026+ 0.0001) showed the coupling
constants of the foua-protons, one value of which was the
same for two protons within the spectral resolution (experimental
error+£0.02 mT). Tentative assignments daéH,-1)| = 0.89,
|a(Hx-4)] ~ |a(Hy-4)] = 0.69 and |a(H-3)] = 0.31 mT.
y-Protons in the 1,2ert-butyl substituents and tiéK nucleus
of the counterion did not give rise to resolvable hyperfine
splittings (<0.03 mT). On the other hand, the two Rb isotopes
and the!3%Cs nucleus had observable coupling constaats
(8®Rb) = 0.11,|a(®’Rb)| = 0.37, and|a(*3%Cs) = 0.36 mT.

1,4-Di+ert-butylcyclohexa-1,3-diene (11).Reaction ofll
with a potassium or rubidium mirror in DME led to an ESR
spectrum ofl1l'~ (g = 2.0028+ 0.001) with two coupling
constantsja(Hax5,6)] = 1.23 anda(He5,6) = 0.95 mT, each
for the two methyleng-protons in their quasi-axial and quasi-
equatorial positions, angh(H-2,3) = 0.20 mT for the two
o-protons (experimental errdt0.02 mT). The values 1.23 and

0.95 mT tended to an avera@H-5,6) = 1.08 mT upon raising
the temperature from 195 to 240 K. Hyperfine splittings from
they-protons of the 1,4ert-butyl substituents and from tHé&K
nucleus of the counterion were not perceivabt®.03 mT),
but the two Rb isotopes gave rise to detectable coupling
constants|a(®®*Rb)| = 0.040 anda(®’Rb)| = 0.136 mT. With
cesium as the reducing agent, the ESR spectrum of the radical
anion of 1,4-ditert-butyloenzene was observétdue to the
“aromatization” of the six-membered ring.
1,2-Dimethylenecyclohexane (12).Both reaction with a
potassium mirror in DME and electrolytic reduction in THF
failed to yield the radical anioda2 .

Discussion

Table 3 summarizes the hyperfine data for the hitherto studied
radical anions of buta-1,3-dien®) @nd its alkyl derivative@—9,
including those of structurally related cyclohexa-1,3-diek® (
and its 1,4-ditert-butyl derivative (1). All data refer toa-
and S-protons, while the small coupling constants of the
y-protons (which were determined only f67) are omittec?®
Use is made of low-temperature values (+220 K) and, for
the radical anions generated with alkali metals, only of one
solvent (DME) and one counterion {iK The signs of the
coupling constants are those required by thééry.

With one notable exception discussed belevd (43 mT for
7°~ at 220 K), the coupling constants of theprotons, H and
Hy, in the 1,4exc and endopositions lie betweer-0.61 and
—0.89 mT, while those of th@-protons in the alkyl groups
attached to these positions range betwe8r86 and+1.23 mT.
The a-protons in the 2,3-positions have values-60.12 to
—0.31 mT, while the3-protons in the 2,3-substituents give rise
to coupling constants 0f0.12 to+0.34 mT. Apart from6*~
and 7*~, extremely large hyperfine splittings from the alkali-
metal nuclei of the counterions were in no case observed. This
statement holds, in particular f@~ and 11°~ which have
likewise twotert-butyl substituents and could also be generated

(27) Gerson, F.; Heckendorn, Rngew. Chem., Int. Ed. Engl983
22, 556-557.
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Table 3. Coupling Constants afi- and 3-Protons and®K Nuclei, a(H) anda(®**K) (mT) for the Radical Anions of Buta-1,3-dien&)( Its
Alkyl Derivatives 2—9, Cyclohexa-1,3-dienel(), and Its 1,4-Ditert-butyl Derivative (1)

solvent counterion temp (K) a(Hyx1) a(Hq-1) a(H-2) a(H-3) a(Hy-4) a(Hr-4) a(*%K) ref
1~ NH3 MeyN+ 195 —0.76 —0.76 —0.28 —0.28 —0.76 —0.76 15
THF BuN™ 197 -0.77 —-0.77 —0.27 —-0.27 —-0.77 —-0.77 17
2~ NH3 MeyN+ 195 —-0.79 —0.63 +0.34 —0.31 —-0.79 —0.65 16
3~ NH3 MesN+ 195 -0.72 —0.70 +0.12 +0.12 —-0.72 —-0.70 16
4~ THF BuN* 197 +0.99 +0.89 —0.12 —-0.12 +0.99 +0.89 17
DME K+ 195 +0.9% +0.88 —0.13 -0.13 +0.9% +0.86 <0.02 this work
5~ THF BuN™ 200 —-0.71 —-0.71 +0.14 +0.14 —-0.71 —-0.71 this work
6~ DME K+ 200 d —-0.73 —-0.24 —-0.24 d —-0.73 +0.13 this work
- DME K+ 175 -0.71 —-0.71 d d —-0.71 —-0.71 <0.02 this work
DME K+ 220 —0.69 —0.43 d d —0.69 —0.43 +0.13 this work
8- DME K+ 200 —0.8¢ d d —0.31 —0.69 —0.69 <0.03 this work
9~ THF BuN* 210 d —0.61 —0.19 d —0.83 —0.61 this work
10~ NH3 MeyN+ 195 —0.82 +1.17 —0.20 —0.20 —0.82 +1.171 16
11~ DME K+ 200 d +1.23 —0.20 —0.20 d +1.23 <0.03 this work
+0.99 +0.99

a Assignment different from that in ref 18 Methyl protons. Isopropyl CH-protons? Substituted bytert-butyl groups.¢ Tentative assignment.
fFour 5,6-CH-protons.9 Two 5,6-CH-protons.

with an alkali-metal mirror. Although the ion pairs formed by for all threee cations K Rbt*, and C¢g, as the pertinent coupling
8~ with Rb* and Cg and by11~ with Rb" exhibited hyperfine constants are roughly proportional to the atomic parameters for
splittings from alkali-metal nuclei, the pertinent coupling a unit spin in thens-AOs of K, Rb, and C&' Therefore, the
constants were considerably smaller than those observed for thestructure of the ion pairs d*~ and 7°~ should not essentially
corresponding ion pairs 06~ and 7*~. One is, therefore, alter on passing from one counterion to another.
confronted with the question of which structural features  Structure of the lon Pairs of 6°~. According to calculations
predestinat&— and7¢~ for the formation of such ion pairs with by molecular mechanics (MM3) arab initio method (HF/3-
the unusually large hyperfine splittings from the alkali-metal 21G) carried out in a previous work on the neutral 1,4edt-
nuclei of the counterions. These features should also make thebutylbuta-1,3-dieneg),3? the energy profile o6 as a function
two radical anions markedly more persistent than those of buta- of the dihedral angle €C—C=C (¢) closely follows that of
1,3-diene and its other alkyl derivatives. Taking into account the parent buta-1,3-diend)( The preferred conformation is
the variety of steric and electronic interactions between the clearly trans (p = 180°) with the space demandirtgrt-butyl

radical anions substituted by the bulkgrt-butyl groups, the

substituents in the sterically unhinderedopositions. This

cations of heavy alkali metals, and the molecules of the etherealgeometry of6 is confirmed by AM1 calculations performed in
solvent, the answer to the above question on the structure ofthe present work, which also predict that it should be retained

the tight ion pairs o6*~ and7°~ is, by no means, a trivial task,
even with the use of a sophisticated MO theory. In such

in the radical anioré*~ (Figure 7, top). Moreover, due to the
strengthening of the C(2)C(3) bond on passing frofito 6°~,

circumstances, the following sections represent an attempt tothe barrier to rotation about this bond is drastically enhanced.

describe this structure with some aid of semiempirical calcula-

tions. As the interest is largely focused on the preferred

Although the AM1 calculations hold for an “isolated” radical
anion6'~, it is improbable that the tightly paired ongf; /M~

conformations of the radical anions, their absolute energies are(M = K, Rb, Cs), would adopt a markedly different geometry.

less relevant. Thus, the AM1 methif8dvas used, because it

The alkali-metal counterion Mshould be situated on the 2-fold

has proved to be reliable for predicting the geometry of radical symmetry axis above or below the molecular plane (Figure 7,

ions2° although it may be less appropriate for reproducing
exactly the absolute energi#s.
Prior to considering the conformations &f and 7°~, one

bottom). Such a structure @, symmetry is consistent with
the hyperfine data foé*~/M™.

Structure of the lon Pairs of 72~. MM3 and HF/3-21G

has to recall that, in any case, the LUMO of buta-1,3-diene is calculations were also previously carried out on the neutral 2,3-
bonding between C(2) and C(3), so that this bond should be di-tert-butylbuta-1,3-diene7),3233and the predicted geometry
considerably strengthened on passing from the neutral moleculeof 7 agreed with the results of an electron diffraction stély.
to its radical anion. With the counterion situated in the antinode Both theory and experiment point to an almost perpendicular

between ther-centers 2 and 3 (see below), a direct transfer of
the spin population from the singly occupied MO of the radical
anions of buta-1,3-diene and its alkyl derivatives into the alkali-
metalns-AO (n = 3, 4, and 5 for K, Rb, and Cs, respectively)

is allowed by symmetry; such a delocalization of the spin
population complies with the positive sign allotted to the
coupling constanta(®K), a(®°Rb), a(®’Rb), anda(*33Cs). The

orientation of the two HC=CtBu moieties. This geometry is
also obtained by AM1 calculations which yield substantial
energy barriers separating the perpendicular conformation
(@ = 100 or 26C) from the planatrans (¢ = 18C°) andcis

(p = 0° or 360) ones (Figure 8, top). On passing from the
neutral7 to its radical aniori7*~, the molecule should flatten,
because of the strengthening of the C{€Y3) bond. Indeed,

amount of population transferred to the counterion is comparable AM1 calculations orv*~ yield an energy profile which strongly

(28) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am. Chem. Sod 985 107, 3902-3909.

(29) See, e. g.: Gerson, F.; Schmidlin R.; de Meijere, A/it&pa. J.
Am. Chem. Sod 995 117, 8431-8434.

(30) It follows from the AM1 calculations on the preferred conformations
of buta-1,3-dienes and their radical anions that the heats of formatidmn,
for 1*~ and 6~ are less positive than fdr and6 by 17 and 38 kJ mot,
respectively, while the corresponding value #r is more positive than
for 7 by 10 kJ mot1.

differs from that of7. The perpendicular conformation is no
longer the preferred one, as the two energy minimaat100°
or 260 are replaced by those at~ 135’ or 225 and atp ~

(31) Morton, J. R.; Preston, K. B. Magn. Resonl978 30, 577-582.

(32) Treetteberg, M.; Bakken, P.; Hopf, H.;'hl, R.Chem. Ber1994
127, 1469-1478.

(33) Treetteberg, M.; Hopf, H.; Lipka, H.; hel, R.Chem. Ber1994
127, 1459-1467.
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Figure 7. Top: Relative heats of formatiom\H; , vs the dihedral
angle G=C—C=C, ¢, calculated by the AM1 method for 1,4-té#t-
butylbuta-1,3-diene§ dotted line) and its isolated radical anid
full line). Bottom: Structural model of the tight or contact ion pair
6~/M* (M = K, Rb, Cs).
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Figure 8. Top: Relative heats of formatioAHs, vs the dihedral angle
C=C—C=C, ¢, calculated by the AM1 method for 2,3-th+t-
butylbuta-1,3-diene?, dotted line) and its isolated radical aniof
full line); td = transoid and cd = cisoid conformation. Bottom:
Structural model of the tight or contact ion p&ir/M* (M = K, Rb,
Cs).

45° or 315, denoted asransoid(td) andcisoid (cd) conforma-
tions, respectively (Figure 8, top). In both of them, tGg
symmetry is consistent with the hyperfine dataTor/M*; the
counterion M- must again be situated on the 2-fold symmetry
axis. For an “isolated” radical aniofi~, considered in the AM1
calculations, théransoidconformation is energetically favored

J. Am. Chem. Soc., Vol. 120, No. 19, 4823

conformation should be favored for the radical anion in the tight
or contact ion pairs of*~ which prevail above 210 K with K

and throughout the whole temperature range of investigation
with Rb™ and C¢g as the counterion. This is because tisnid
conformation places the two bulkgrt-butyl substituents on
“one side” of the molecule, so that the alkali-metal counterion
can closely approach the radical anion from “the other side”
(Figure 8, bottom). Moreover, in this conformation, the striking
reduction in the absolute value afHn-1,4) for the tight ion
pairs is readily rationalized in terms of the tvemdoeprotons
being particularly prone to interact with the proximate counterion
in such a structure. Finally, the finding that loose and tight ion
pairs 7°~/K* coexist in DME at temperatures below 200 K
without undergoing interconversion on the hyperfine time scale
is in line with the distinctly different structures of these ion
pairs separated by a substantial energy barrier.

The essential features of the energy profile, as indicated for
7~ by the AM1 calculations, are also predicted by the UHF/
3-21G* ab initio method®* This statement holds particularly
for the energy minima representing the favored conformations.
Merely, the flattening of the molecule on going frofrio 7°-,
as a consequence of the strengthening of the-8{Z3) bond,
is more pronounced than with the AM1 calculations. Thus, both
the energy difference between the (lowérnsoid and the
(higher) cisoid conformation and the barrier separating them
are greatly enhanced. Furthermore, ttasoid conformation
is now shifted tap ~ 15C¢° or 21, while its cisoid counterpart
appears ap ~ 35° to 325.

Conclusions

Occurrence of tight ion pairs for the radical anions of 1,4-
and 2,3-ditert-butylbuta-1,3-diene&{~ and7°~) associated with
their alkali-metal counterions ¥ Rb", and Cg can be traced
back to the particular structures promoting a close contact
between the oppositely charged particles (Figures 7 and 8,
bottom). The cations are situated on a 2-fold axis in a half-
cage flanked by the bulkiert-butyl groups which prevent their
departure to positions where they would be solvent-separated
from the radical anion. This structure of the tight ion p&y
M* and7*-/M* (M = K, Rb, Cs) must also be responsible for
their exceptional persistence which surpasses that of radical
anions of other alkyl-substituted buta-1,3-dienes associated with
alkali-metal counterions.

Experimental Section

1,1-Dideuterio-3-chloropropargyl Alcohol (14). To a solution of
12.7 g (0.17 mol) of propargyl chloridelg) in 90 mL of anhydrous
diethyl ether was added a 1.6 M solutionmbutyllithium in n-hexane
(97 mL, ca. 0.155 mol) under stirring at70 to—90°C. The reaction
mixture was further stirred for 15 min, dn5 g (0.156 mol) of
perdeuterioformaldehyde (Acros) was quickly addede-@b °C. The
temperature was raised 040 °C, and the mixture was again stirred
for 24, h at this temperature. After removal of the cooling bath, stirring
was continued overnight at room temperature. During this process,
the color changed from faintly yellow to brown-orange. Cooling to 0
°C in an ice bath and addition of 80 mL of ice water followed. The
raw product mixture was filtered, and thoroughly extracted, first with
dichloromethane and then with ether. The combined organic phases
were dried (MgS@), and the solvent was removed by rotary evapora-
tion. The remaining alcohdl4 (8.72 g, 53%) could be used in the
next step without further purification. IR (film)? 3357 (vs, br), 2997

over thecisoidone (Figure 8, top). One is tempted to assume (), 2957 (s), 2935 (s), 2211 (s), 2167 (s), 2108 (m), 2077 (s), 1430

that this statement also holds for the radical anion in the loose

or solvent-separated ion pafr/K*, the ESR spectrum of which
predominates in DME at 175 K. On the other hand, ¢ts®id

(34) Spartan, Version 3.1.5. Wavefunction Inc., Irvine, CA, 1993. See
also: Hehre, W. J.; Radom, L.; Schleyer, P.v.R.; Pople, JAR Initio
Molecular Orbital Theory Wiley: New York, 1986.
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(m), 1264 (vs), 1178 (vs), 1079 (s), 1044 (s), 966 tifs). H-NMR
(400.1 MHz, CDCJ): ¢ 4.16 (s, ®2), 2.69 (s, br, ®l). 3C-NMR
(100.6 MHz, CDCY): ¢ 84.60 (s), 80.31 (s), 50.26 (r€D,), 30.35 (t,
CHy). MS (70 eV): m/z (%) 106 (8), 104 (10) [M], 71 (76) [M* —
Cl], 43 (100).

1,1-Dideuterio-1,4-dichlorobut-2-yne (15). To a mixture of 7.91
g (74.2 mmol) ofl4 and 0.56 mL of pyridine was added 9.5 g (79.8
mmol) of freshly distilled thionyl chloride within 5 min at40 °C.
The solution was allowed to warm to°C within 2 h, and the reaction
was completed by stirring f& h atroom temperature. Excess thionyl
chloride was distilled offin vacuq and the residue was carefully
hydrolyzed and thoroughly extracted with ether. After drying (MgSO
the solvent was removed a8 was obtained (8.43 g, 85%) as a brown
oil which could be used directly in the next step. IR (filmi:2994
(m), 2956 (m), 2871 (m), 2255 (s), 2179 (s), 2137 (s), 1429 (m), 1264
(vs), 1189 (vs), 1045 (m), 965 crh(s). H-NMR (400.1 MHz,
CDCly): 6 4.14 (s, G1). ®C-NMR (100.6 MHz, CDGJ): ¢ 81.04
(s), 80.96 (s), 23.2 (ICH,), 29.64 (M,CD>).

1,1-Dideuterio-2,3-ditert-butylbuta-1,3-diene (74€,). A solution
of 7.83 g (62.4 mmol) ofl5in 40 mL of anhydrous tetrahydrofuran
was placed in a flame-dried flask, and 300 mg (1.05 mmol) of cuprous

bromide was added under dinitrogen. The suspension was cooled to

—35 °C, and 100 mL of a 1.0 M solution (0.1 mol) dert-

Gerson et al.

1479 (m), 1463 (m), 1391 (m), 1362 (m), 1200 (m), 1069 (m), 902
cm™t (m). H-NMR (400.1 MHz, CDC}): ¢ 5.09 (d,J = 1.5 Hz,
=CH), 4.72 (d,J = 1.5 Hz,=CH), 1.11 (s, 18 H{Bu). ®C-NMR
(100.6 MHz, CDCYJ): 6 159.3 (s), 159.1 (s), 110.95 &CH,), 110.38
(m, =CD,), 35.83 (s), 35.78 (s), 31.42 (EH3). MS (70 eV): m/z
(%) 168 (12) [M1], 153 (16), 112 (50), 111 (35), 97 (48), 57 (100)
1,3-Di-tert-butylbuta-1,3-diene (9). A suspension of 0.85 g (2.37
mmol) of methyltriphenylphosphonium bromide in 8 mL of anhydrous
tetrahydrofuran was cooled to @ under stirring, and 0.26 g (2.27
mmol) of potassiuntert-butylate was added. The color of the reaction
mixture turned yellow and dark after a short time. Stirring at room
temperature for 3, h and addition of 0.26 g (1.53 mmol) of 1,3-di-
tert-butyl-2-propenone 16)?% in 3 mL of anhydrous tetrahydrofuran
followed. The cooling bath was removed, and after further stirring
for 3 h atroom temperature, 1 mL of water and 15 mLrepentane
were added. The solution was filtered over a short column filled with
alumina, washed several times wittpentane, and finally concentrated
to about 10% of its volume. Preparative column chromatography (3
m, Carbowax, 9CC) provided 0.21 g (83%) of analytically pu&
identical in its spectroscopic properties with those of a sample prepared
by photoisomerization of 2,3-déert-butylbuta-1,3-diene?).%
Instrumental Details. The ESR and ENDOR spectra were taken
on a Bruker-ESP-300 system, equipped with a variable temperature

butylmagnesium chloride in tetrahydrofuran was added under vigorous accessory. Thg factors were measured by a Bruker-NMR-Gaussmeter

stirring within 30 min. After being stirred for additionaP/2 h at 0

°C, the reaction mixture was poured into 300 mL of a saturated aqueous

solution of ammonium chloride, which was then carefully extracted

with ether. The combined organic phases were washed with brine,

dilute hydrochloric acid, bicarbonate solution, and again with brine.
Drying (MgSQ,) and removal of the solvetih vacuoprovided 8.95 g

of a brown oil which was subjected to further purification by
chromatography on alumina with pentane and Kugelrohr distillation
(70°C, 11 Torr). Avyield 5.30 g (60%) of-d, as a colorless oil was
obtained. The sample used for the ESR study was finally purified by
preparative gas chromatography (3 m, CarbowaX®0 IR (film):
3088 (s), 2967 (vs), 2907 (s-m), 2870 (m), 1622 (s-m), 1566 (s-m),

ERO35M and a Marconi-Instruments Microwave Counter 2440.
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