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Figure 1, X-band ESR spectrum recorded following y-irradiation of
hexamethyl (Dewar) benzene in CFC1,CF,Cl at 77 K, showing features
assigned to (*A,) HMD** radical cations.

occurred in the spectrum, which became identical with that ob-
served from authentic hexamethylbenzene (HMB) under the same
conditions, Therefore, the ring-opening reaction 1 must have
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occurred: this is known to take place extremely rapidly in the
liquid phase at higher temperatures.? We suggested that, at 77
K, the CFCl; molecules pack sufficiently rigidly around the HMD
molecules to prevent the reaction 1 taking place following ioni-
zation,

In order to examine the effect of the matrix material on the
properties of the HMD** cation, we repeated these experiments
with CFCI,CF,Cl in place of CFCl;. The resulting ESR spectrum
(Figure 1) is completely different and appears to comprise of seven
lines, which is consistent with a SOMO involving two equivalent
methyl groups [A(H) = 14 G]. We interpret this as being due
to the 2A, form of the HMD** cation, in which the unpaired
electron is largely confined to the (“stretched™) transannular C-C
bond. A recent MINDO/3 calculation has predicted that the
minimum energy geometry for the parent (Dewar) benzene radical
cation does possess an elongated transannular bond,® which, taken
with the ESR result suggests that the 2A, state is more stable than
the energetically similar 2B, state; however, we note that ab initio
calculations predict the 2B, state to be the more stable by 8
kcal/mol.* The polarization observed in a photo-CIDNP study
of HMD with excited (triplet) electron acceptors gave evidence
for the formation of both states, proposed to arise via competing
pathways.*

On annealing the sample, an irreversible change occurred in
the ESR spectrum, similar to that observed in the CFCl; matrix:
the resulting spectrum (Figure 2) containing features due to
ring-opened (HMB**) radical cations [A(H) = 6.7 G]. This
strongly supports our assignment of the initial seven line spectrum
(Figure 1) as arising from a different electronic state of the same
HMD** cation,

We tentatively suggest that the difference between the two
matrices may be due to a less rigid structure for solid CFCI,CF,Cl
which can permit the HMD** framework to relax via stretching
of the transannular C-C bond. This appears to be a remarkable
demonstration that the structure adopted by a radical cation can
be determined by the nature of the matrix material in which it
is isolated;® hence, we suggest that the more tightly packed CFCl,
matrix hinders the significant elongation of the central C-C bond
required for the formation of the 2A structure and the alternative
2B, state is formed.’
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Figure 2. X-band ESR spectrum recorded following annealing of the
CFC1,CF,Cl matrix containing HMD** radical cations, assigned to
HMB** radical cations formed by ring opening.

We consider that it is possible that lesser amounts of the 2B,
form may be present along with the 2A, form in the CFCI,CF,Cl
matrix; however, the 2A, form clearly dominates, in contrast with
the results in CFCls.
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In ethanol solution, ethoxide reacts with propyl bromide to
predominantly produce products from substitution; only 8.8% of
the reaction proceeds by elimination.! However the few studies
carried out in the gas phase, which compare substitution to
elimination pathways for anion-molecule reactions, indicate that
elimination is kinetically preferred over substitution, even when
both channels are considerably exothermic.2 We wish to report
that for the strong base amide, interacting with ethylmethyl sulfite
in the gas phase, substitution and elimination reactions at saturated
carbon are nearly equally favored.
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Scheme I

0

NH2 + CHaO—S8—0CH,CH3
mi/z 16 MW 124

The thermally equilibrated (298 £ 1 K) gas-phase reaction of
amide and hydroxide ions with dimethyl-, diethyl-, and ethylmethyl
sulfite were carried out at 0.3 Torr total pressure (helium) in a
flowing afterglow.? Ethylmethyl sulfite,* following purification
by spinning band distillation, was found to be 97.5% pure by GC
analysis, the impurities being 1.0% dimethyl sulfite and 1.5%
diethyl sulfite.

When amide’ is allowed to react with ethylmethyl sulfite, rapid
reaction occurs, and six product ions are formed; reaction channels
for which are shown in Scheme 1. The directly observed branching
ratio® based on three independent measurements’ is 5.6 % 0.7%
NSO, 6.8 £ 0.7% SO, 9.4 = 1.7% CH;0S0", 17.8 £ 1.4%
CH,CH,0S80", 38.3 = 0.8% CH;0SO,7, and 22.1 + 1.8%
CH,CH,080,".

Several corrections must be applied to the directly observed
branching ratio in order to obtain the best estimate of the product
yields due solely to amide interacting with ethylmethyl sulfite.
The amide signal is contaminated® by a small amount of HO",
which also displays a rapid reaction with ethylmethyl sulfite.’ As
noted above, the ethylmethyl sulfite synthesized here contains
measurable amounts of dimethyl sulfite and diethyl sulfite, both
of which undergo rapid reaction with either amide or hydroxide.!
The final consideration is to take into account the natural isotopic
distribution of the elements, which we neglect experimentally since
we monitor only the strongest isotopic peak.%!*> Thus the product
yield for the gas-phase reaction of amide jon with ethylmethyl
sulfite, corrected for these factors, is 6.4% NSO~ 7.2% SO,", 9.8%
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NSO~ + CHaOH + CH3CH,OH (a)
m/z 62
CHz + CH3CHO -+ NH3 (b)
SO~ +
miz 64 CHaCHz2 + H2C==0 + NH3 (c)
CHz0SO + CHaCHO + NHg3 (d)
miz 79
CHaCH20S0™ + HC==0 + NH3 (e)
m/z 93
CH==CH, + NHj (t)
CHa080;" +
msz 95 NH2 CH,2CHg (g)
CH3CH2080;2  + NH2CHa )
m/z 108

CH,0S80, 22.1% CH;CH,0S807, 33.6% CH;0S0;", and 20.9%
CH,CH,080,".

Four mechanistic pathways account for the observations found:
nucleophilic attack at sulfur yields NSO~ (eq a),'* elimination
across a carbon—oxygen bond produces CH,OSO™ or CH;CH -
OSO™ (eq d and €), nucleophilic substitution at carbon yields
CH,0S80," or CH;CH,0S0;™ (eq g and h), and elimination across
the carbon—carbon bond gives CH,O0S80,™ (eq f). We believe the
observed SO, (eq b and c) results from fragmentation of a portion
of the CH;0SO™ and CH,CH,0SO" ions formed by pathways
d and e.!!

The ion at m/z 95, CH;0SOj", can be formed two ways: either
by nucleophilic substitution at the methylene carbon (eq g) or by
elimination across the carbon—carbon bond (eq f). If an elimi-
nation mechanism is greatly favored over a substitution mechanism
for room temperature, gas-phase ion-molecule reactions involving
strong bases and substrates with excellent leaving groups,? then
we would expect to see only products from elimination (i.e., eq
f, e,d, c, and b; the small amount of sulfur substitution can safely
be neglected for these arguments). However, we observe a sig-
nificant amount of an ion at m/z 109, CH,;CH,080,", which can
only arise from nucleophilic substitution (eq h). Thus the con-
clusion is that the reaction of amide ion with ethylmethyl sulfite
undergoes competitive substitution and elimination reactions. Such
a conclusion is to be contrasted with gas-phase experimental studies
of anions with ethers?f and sulfides?® among others which clearly
demonstrate that elimination is enormously favored kinetically
over substitution. Whether the observation of both substitution
and elimination is the result of an extremely reactive system (i.e.,
having essentially no lifetime as an amide ion/ethylmethyl sulfite
complex) or because there is a chance for the system to explore
both pathways and find them equally kinetically feasible (i.e., a
long-lived ion-dipole complex as has been implicated in many other
studies'4) remains to be seen.

We assume that for every nucleophilic substitution at the methyl
group there is at most one nucleophilic substitution at the
methylene carbon;!® therefore, the upper limit of nucleophilic
attack at the methylene group is 20.9%. By difference then, at
least 12.7% of the overall reaction products (and no more than
33.6%) are formed from the carbon—carbon elimination pathway
(eq ). So for the reaction of amide with ethylmethyl sulfite at
least 21% and up to 42% of the overall reaction involves nu-
cleophilic substitution, and at least 52% and no more than 73%
of the reaction goes by elimination (either across a carbon—oxygen
bond or across the carbon—carbon bond). The remaining 6% of
the reaction proceeds via nucleophilic attack at sulfur. Thus in
situ measurements have been carried out that experimentally
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demonstrate the successful nature of competition between sub-
stitution and elimination channels for gas-phase anion-molecule
reactions.
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Transition-metal-catalyzed cycloaddition of diynes with un-
saturated compounds is useful for the synthesis of polycyclic
compounds and is actively studied recently.! The cycloaddition
of diynes with a carbonyl group, however, has not been reported
except in our recent study of the Ni(0)-catalyzed cycloaddition
of diynes with carbon dioxide to bicyclic a-pyrones.2 Here we
investigated the Ni(0)-catalyzed cycloaddition of diynes 1 with
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aldehydes 2 to bicyclic a-pyrans 3 (eq 1).

R1
/—E——- R A2
2 + R2cHo MNicoDiz-2pRs - N
g . ~ 0
1 r!
3

Dihydro- and tetrahydro-a-pyrans are well-known compounds.?
Those substituted with functional groups, in particular, are im-
portant intermediates in the synthesis of natural products.* On
the contrary, examples of the a-pyran ring system are limited
because the a-pyran ring consisting of a dienolic ether structure
undergoes electrocyclic ring opening to a dienone. Several mo-
nocyclic a-pyrans bearing alkyl and heteroatom substituents are
known.® It is suggested that the alkyl substituent causes the steric
destabilization of the dienone tautomer.® The literature on bicyclic
a-pyrans is sparse except for 1-benzo-a-pyrans stabilized by the
fusion of the benzene ring.* The bicyclic a-pyran 4a exists at room

7 AN
CO=0G -
43 4b
o “= (3)
> 0 | .0
Sa 5b

Table I. Reaction of Diynes and Aldehydes Catalyzed by the Ni(O)-PR; Complexes®

diyne (1) aldehyde (2) PR, product isolated yield %?
=—H PhCHO 2d PBu! Ph 15
. PCy, @;\fo( 7 1.2
182
== Me 2d PBu,' Mo 52
PCy, Ph 6a 39
==-—Me N
1b° ©
Me
——==—F MeCHO 2a PCy, Et 6b (R=Me) 28
"PrCHO 2b Rr? 6c (RL—=Pr‘l‘) 90
N—=—kt iPrCHO 2¢ P 6d (R=Pri) 69
1c 2d o 6e (R=Ph) 79
Et
PBuy" 77
PPh, 78
=—28J" 2d PCy, Bu 6f 78
=——_5u" N o
1d 1 o}
By"
= 2 PCy;, 8 71
— g Ph
1e ]
== L PCy, 9 97
"PrN Ph
==—Et "PrN :

1t

“Diyne 1, 1.00 mmol; 2/1 = 1.5; Ni(COD),/1 = 0.05; PR;/Ni(COD), = 2; solvent, THF (10 mL); temperature, 120 °C; time, 5 h.
¢ Temperature, 100 °C; time, 20 h. ¢Temperature, 135 °C; time, 5 h. “The product has the spectroscopic data and the elemental composition

(HRMS) in accord with its structure.
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