228 J. Org. Chem., Vol. 44, No. 2, 1979

is not the case’'. Finally, they do not report carrying out any reactions with
paraformaldehyde itself.

(4) See T. W. G. Solomons in *‘Organic Chemistry’’, Wiley, New York, 1976,
p 592, where it is suggested that 2-phenylethanol be made by treating
formaldehyde with benzylmagnesium bromide.

(5) V. Grignard, Bull. Soc. Chim. Fr., 29, 953 (1903).

{6) M. Tigfeneau and R. Delange, C. R. Hebd. Seances Acad. Sci., 137, 573
(1903). )

{7) M. Mousseron and N. P. Du, Bull. Soc. Chim. Fr., [5] 15, 91 (1948).

(8) S. Siegel, W. M. Boyer, and R. R. Jay, J. Am. Chem. Soc., 73, 3237
(1951).

(9) (a)J. R. Johnson, J. Am. Chem. Soc., 55, 3029 (1933); (b) See W. G. Young
and S. Siegel, ibid., 66, 354 (1944); (c) for a modified version see ref 8.

(10) E. C. Ashby and W. E. Becker, J. Am. Chem. Soc., 85, 118 (1963).
(11) E. C. Ashby and M. B. Smith, J. Am. Chem. Soc., 86, 4363 (1964).
(12) S. Sieget and S. Coburn, J. Am. Chem. Soc., 73, 5494 (1951).

Sayre and Jensen

(13) J. F. Walker, “Formaldehyde”, Reinhold Publishing Corp., New York, 1964,

(14) It should be noted (ref 3) that Nunomoto and Yamashita claim that inter-
mediates like IV or V did not react with more formaldehyde as one might
expect. They were forced to this conclusion because they observed no
o-(2-hydroxyethyl)benzyl aicohol. They do claim, however, that IV and V
react with trimethylchlorosilane.

(15) R. F. Nystrom and W. G. Brown, J. Am. Chem. Soc., 69, 1197 (1947).

(16) C. Eaborn and S. H. Parker, J. Chem. Soc., 939 (1954).

(17) M. Kharasch and O. Reinmuth, “‘Grignard Reactions of Non-Metailic Sub-
stances’’, Prentice-Hall, New York, 1954, pp 8 and 9.

(18) Analysis of o~(2-hydroxyethyl)benzy! alcohol by VPC was difficult because
of the ease of dehydration to isochroman and also oxidation to the aldehyde.
It could be done, however, using the column indicated and a flow rate of
90 mL/min. A glass liner in the injection port of the instrument was nec-
essary to prevent dehydration.

Reduction of Organomercurials by Sodium Dithionite

Lawrence M. Sayre and Frederick R. Jensen*

Department of Chemistry, University of California, Berkeley, California 94720

Received May 12, 1978

The reaction between organomercuric salts and sodium dithionite was examined under various conditions. Sev-
eral reactions occur, depending on the organofunctional classification of the mercurial. For simple hydrocarbon al-
kyls, one-electron reduction (probably involving the radical anion -SO;™) is the predominant reaction, producing
alkyl radicals and resulting in complete loss of any net enantiomeric (but not necessarily diastereomeric) resolution
possessed by prochiral substrates. Aryl substrates undergo dithionite-induced symmetrization, and products of
oxymercuration of simple alkenes undergo dithionite-induced reversion to the olefin. In both of the latter reactions,
the free mercury(II) generated is rapidly reduced, although initially the role of dithionite is only that of any strong

ligand.

Aqueous dithionite is an effective reducing agent of co-
balt(ITI) and manganese(III) porphyrins! and alkylcobalt(III)
chelates? (in-plane ligand = corrin, (dmgH)s, and (dpgH)s).
The question of outer- or inner-sphere nature of the reduction
has not been unambiguously established,® but an observed
half-order dependence? of the rate on dithionite concentration
has led to the hypothesis of rate-limiting one-electron re-
duction by the radical anion -SO5~, formed via a dissociative
equilibrium (eq 1).%

82042_ =2.80," 1)
K(H:0,25°C) =1.6 X 10710
Recently, Todhunter and Currell® reported that or-
ganomercuric salts (but not diorganomercurials) could be
reduced, viz., “symmetrized”, by dithionite in ethanol, ac-
cording to the stoichiometry shown in eq 2.

9RHgX + S,042~ — RHgR + Hg® + 2C1- + 280, (2)

These workers reported results only for one aromatic substrate
(p-chloromercuribenzoic acid) and one aliphatic substrate
(exo-cis-3-hydroxy-2-norbornylmercuric chloride). In the
former case, styrene added to the initial solution was recovered
from the reaction unchanged. In the latter case, the dialkyl-
mercurial product was obtained with complete retention of
configuration at both C-Hg centers. Consistent with these
findings, Todhunter and Currell proposed a two-electron re-
duction mechanism (eq 3-5), in analogy to that proposed for
magnesium metal induced “symmetrization”.?

RHgX + 2~ —> RHg™ + X~ (3)

RHg  + RHgX — RHgHg + X~ (4)
RI—{gR

RHgHgR — — RHgR + Hg' (5)

Hg

+

0022-3263/79/1944-0228301.00/0

The magnesium reaction” is presently the only established
method for converting chiral hydrocarbon alkylmercuric salts
(e.g., (+)- or (=)-sec-butylmercuric bromide) as well as oxy-
mercurated materials to the corresponding dialkylmercurials
with complete retention of configuration at carbon. Thus, it
was of interest to see if the scope of the dithionite reduction
could be conveniently extended to include hydrocarbon alk-
vlmercuric salts, and if so, whether or not the products ob-
tained possess fully retained stereochemistry (thereby sup-
porting the proposed two-electron reduction).

In contrast to the result obtained with the oxymercurial
utilized by Todhunter and Currell,® we have found that hy-
drocarbon alkylmercuric halides (e.g., n-BuHgBr, s-BuHgBr,
and cyclohexylmercuric bromide) are essentially inert to the
prescribed reaction conditions (absolute ethanol, room tem-
perature, under nitrogen or open to the air). However, it was
found that the utilization of more suitable reaction conditions
would allow reduction to take place. The selection of these
conditions was based on several factors.

(i) Although ethanol is a reasonable compromise between
the aqueous high solubility of NaS20,4 and the organic solu-
bility of mercurials, the reaction system remained heteroge-
neous. Homogeneity would probably aid the reduction.

(ii) Prior coordination of the reductant to mercury is ex-
pected to facilitate reduction via an inner-sphere process.
Alkylmercuric halides are covalent compounds wherein the
mercury center possesses some, but not large, residual coor-
dinating capacity. On the other hand, organomercuric salts
with weak ligand anions (e.g., acetate and nitrate) are ionized
or have substantial ionic character, such that the mercury
center has a pronounced Lewis acidity, thus promoting
coordination and reduction. Reduction might also be facili-
tated by an aprotic solvent, wherein an anionic reductant, e.g.,
S»04%~, will lack solvation via hydrogen bonding and thus will
have a much greater tendency to coordinate to mercury.

(iii) The reducing potential of dithionite is greatly enhanced
in basic media (eq 6 and 7).8
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HS,04~  + 2H0 — 2¢~ + 2H,80; + HY {6)
(pK, 2.46)8
Eoggg =023 V
S2042~ 4+ 40H~ — 2~ + 25042~ + 2H,0 (7
EOQQS =14V

Consistent with these proposals, hydrocarbon alkylmer-
curials were found in this work to be readily reduced by so-
dium dithionite via four (and many more are possible) alter-
native procedures: (i) alkylmercuric acetates in aqueous
ethanol; (ii) alkylmercuric halides in methylene chloride with
added R4NOH (as a methanolic solution); (iii) alkylmercuric
halides in aqueous ethanol with added NaOH; (iv) alkylmer-
curic nitrates in DMF or acetonitrile. Secondary alkylmer-
curials were found to react more sluggishly than primary
substrates, implying the rather sensitive nature of the re-
duction to structural electronic and/or steric effects (primary
alkyl is less electron-donating and less sterically hindered).
Conversion of optically active sec-butylmercuric salts to di-
sec-butylmercury via any of the above procedures resulted in
complete loss of activity, suggesting the possible presence of
free radicals and the operation of one-electron reduction.
Direct evidence for such processes was the observation that
the reaction of an equivalent each of NayS,0y4, n-hexylmer-
curic nitrate, and 2,4,6-tri-tert-butylphenol resulted in the
conversion of 17%9 of the original n-hexyl groups to n-hexane.
In serving as a good hydrogen atom donor, the phenol acts to
trap some of the n-hexyl radicals that apparently are gener-
ated. The di-n-hexylmercury isolated accounted for 73%® of
the n-hexyl groups. Alkylmercuric salts are known to be ex-
cellent radical traps, and such a process could partially ac-
count for the di-n-hexylmercury produced, vide infra (eq 19,
22).

Reduction of the diastereomeric 2-alkoxy(or 2-hydroxy)-
cyclohexylmercuric salts has been proposed by Jensen and
Rickbornl® as a convenient test for discriminating between
one- and two-electron reducing agents. Whereas one-electron
reduction (e.g., with stannite or hydrazine) yields some di-
alkylmercurial, two-electron reduction (e.g., with magnesium)
results entirely in 8 elimination, irrespective of which ste-
reoisomer is utilized (eq 8 and 9).

_OMe OMe
— I +
“SHgCl Hg
OMe
— Cg (8)
> Hg

cis or trans
cis + trans

OMe - OMe
2e
O/ B Cl— + q
\ _

cis or trans
fast o _
—— Hg + MeO™ + )

Treatment of cis-2-methoxycyclohexylmercuric chloride
with NasS,0, in ethanol (i.e., the conditions used by Tod-
hunter and Currell® for reduction of exo-cis-3-hydroxy-2-
norbornylmercuric chloride) yields mainly dialkylmercurial,
with only a trace of cyclohexene. The reaction occurs slowly,
but the rate is accelerated by the addition of aqueous base.
Isolation of RyHg and conversion back to RHgCl with HgCl;
in ethanol (which is known to give complete retention of
configuration at carbon!!) demonstrated that racemization
had accompanied the initial reduction (eq 10).
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He®l 50,2 Eton , OCH,
——> Hg +
(H,0, OH")
. OCH, slow “Hg
C18 HgClz OCH>
> (10)
EtOH
’ HeCl

cis + trans (~40:60)

These experimental results suggest that dithionite serves
as a one-electron reductant of alkylmercuric salts in analogy
with other (organo)metallic systems.1-3 The kinetic reductant
is presumably -SO5~, but inner-sphere reduction could be
accomplished by undissociated dithionite acting as a bidentate
ligand (eq 11). If X~ is a strong ligand, an alternative depiction
of reduction might be as shown in eq 12. The initially pro-

505 (RHg),(8,0,) ?
24

“ + 2RHgX == 2X" + “
2-80," 2[RHg(S0 ]

— 280, + 2RHg (11

R .
~
/Hg ,(8,0,)
X
. _
~
2 /Hg(SO_y)
X

— 280, + 2X~ + 2RHg> (12)

duced radical, RHg:, is unstable and will undergo further re-
action in a variety of ways (eq 13-15), the most important
being the generation of alkyl radicals by demercuration (eq
13).

RHg. — Hg® + R- (13)
le™ RHgX
RHg-— RHg~ —> RHgHgR (14)
._X—
2RHg- — RHgHgR (15)

The alkyl radicals can (i) undergo further reduction, (ii)
combine with RHg., (iii) attack the starting mercurial, or,
when appropriate, (iv) be trapped by a hydrogen atom donor
(ZH) (eq 16-20).

R-—>R- i:}‘» RHgR (16)

R- + RHg- — RHgR (17)

R- + [RHg(SOy)]- — [R.Hg(80;)] — RyHg + SO, (18)
R. + RHgX = |R;HgX]- (19)

(R-+ ZH — RH + Z- (20)

In addition to equations 16, 17, and 18, two remaining
product-forming reactions are the decomposition of RHgHgR
(eq 21) and possibly one-electron reduction of the radical
addend formed in eq 19 (eq 22).

RHgHgR — Hg® + RHgR (21)
le™
[RoHgX]- — R Hg + X~ (22)
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The production of dialkylmercurial depicted above would
preserve optical activity in one of the two product C-Hg bonds
according to equations 16, 17, 18, and 22, and in both product
C-Hg bonds according to eq 21 (vide eq 14 and 15). The fact
that complete racemization accompanies the reduction,
however, is a common phenomenon in free-radical organo-
mercury chemistry, wherein alkyl radicals can racemize either
the starting alkylmercuric salt (via the equilibrium 19) or the
product dialkylmercurial (eq 23).12

R*
R*HgZ + R+ = HgZ == RHgZ + R- (23
e
R
(Z =R.X)

The racemizing action of alkyl radicals weakens, a priori,
the interpretation of the experimental results in terms of
one-electron reduction; viz., a predominant two-electron
(presumably stereospecific) reduction could be camouflaged
by only a small degree of competing radical production. In this
event, selective radical inhibition might allow optically active
alkylmercuric salts to be converted to dialkylmercurials with
complete retention of configuration. Thus, in one further
experiment, (—)-sec-butylmercuric nitrate was reduced in
acetonitrile containing 2,4,6-tri-tert-butylphenol (10% based
on mercurial), but the di-sec-butylmercury produced was
completely inactive. It was shown previously that this phenol
could trap alkyl radicals produced under the experimental
conditions. Evidently, (i) so many radicals are generated that
the inhibitor (present in less than a stoichiometric amount)
is ineffective and/or (ii) whatever radicals are produced are
being preferentially trapped by mercury (in either starting
material or product).

In agreement with the result obtained by Todhunter and
Currell® for p-chloromercuribenzoic acid, it was found that
phenylmercuric chloride is rapidly reduced by dithionite in
ethanol (under which conditions alkylmercuric salts are inert).
It is possible that an electronic effect causes the arylmercurials
to undergo an alternative two-electron reduction (radical-
producing one-electron reduction might be expected to cause
polymerization of added styrene, and this is not observed$).
However, arylmercuric salts are rapidly symmetrized by
strong ligands,!3 so that dithionite-catalyzed symmetrization
(eq 24) may be the energetically most accessible pathway to

$,0,%
ArHgX f—» ArHgAr + HgX,
ast
|
' 7
slow | §,0,% i fast/52042‘ (24)
¥ L~ ~a

direct reduction Hg® + 2X" + 80,

AroHg. The free mercury(II) formed concurrently would be
rapidly reduced!* to mercury(0), so that the observed products
are the same, irrespective of mechanism. The recovery of
styrene unchanged from the reaction mixture is also expected
according to the “symmetrization” mechanism since no free
radicals are involved.

Whereas cis-2-methoxycyclohexylmercuric chloride
undergoes slow dithionite reduction to racemized dialkyl-
mercurial (eq 10), a quantitative yield of cyclohexene (as well
as Hg?) is rapidly obtained upon similar treatment of the trans
isomer (eq 25). Although the latter is the expected outcome

HgCl s 04
‘::l/ (25)
H, O EtOH
fast

trans

of two-electron reduction (vide supra), the contradictory be-
havior of the cis isomer requires an alternative interpretation
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for the trans case. A trans addition characterizes the oxy-
mercuration of acyclic olefins and simple (unstrained) cy-
cloalkenes,!5 e.g., eq 26. The reverse reaction (deoxymer-

oY HgX
+ HgX. — (26)

Y
(Y =0H, OR, OAc}

curation) is readily brought about by strong ligands, ¢ e.g., eq
27. Apparently, then, dithionite simply induces deoxymer-

XHgL,
E2
— + Y™ + "XHgL, @D

curation of the trans isomer and the free mercury(Il) gener-
ated thereby is rapidly reduced.!*

Discussed thus far has been the role of dithionite as a one-
electron reductant of organomercuric salts, except for special
cases in which an alternative energetically preferred reaction
course is available (e.g., symmetrization and deoxymercura-
tion). It remains to explain, then, the stereospecific result
(100% retention) obtained by Todhunter and Currell® for
exo-cis-3-hydroxy-2-norbornylmercuric chloride. This ste-
reoisomer is that obtained upon oxymercuration of norbor-
nene, so that one might expect dithionite to induce reversion
to the alkene, as occurs with the trans-2-oxycyclohexylmer-
curic salts (vide supra). However, because of the increase in
strain, olefin formation in the norbornyl case is relatively less
favored than in the cyclohexyl case. Consequently, one-elec-
tron reduction becomes the pathway of comparable or lower
energy of activation in the former case, whereas deoxymer-
curation remains the energetically preferred pathway in the
latter case. The reaction between dithionite and cis-exo-3-
methoxy-2-norbornylmercuric chloride in aqueous ethanol
was examined and produced a small amount of norbornene
in addition to dialkylmercurial. The experimental procedure
of Todhunter and Currell® (reaction run open to the air for 24
h and then refluxed for 30 min) may not have permitted their
detecting the highly volatile norbornene. The apparent ste-
reospecific production of bis(cis-exo-3-hydroxy-2-nor-
bornyl)mercury is not inconsistent with one-electron reduc-
tion (as recognized by Todhunter and Currell), since other
free-radical reductions of these compounds proceed with
greater than 95% retention of the thermodynamically favored
cis-exo diastereomeric geometry.17

In conclusion, although kinetic studies have not been car-
ried out, the results presented herein indicate that one-elec-
tron reduction (producing alkyl radicals) is the predominant
course of reaction between NayS»0,4 and hydrocarbon alkyl-
mercuric salts. For arylmercurials or products of olefin oxy-
mercuration, dithionite may initially serve a nonreducing role
in ligand-induced symmetrization or ligand-induced deoxy-
mercuration (respectively), but afterwards it does reduce the
free mercury(Il) generated in both cases.
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The mechanism by which nickel(II) complexes catalyze the stoichiometric reaction between terminal aliphatic
alkynes and triisobutylaluminum is discussed in the light of previous reports and new experimental findings. At
room temperature (E£)-2,4-dialkyl-1,3-butadiene along with 1,3,5-trialkyl- and 1,2,4-trialkylbenzenes are generally
formed; the yields of the products were found to be dependent on the ligand originally present in the nickel com-
plex. Deuteriolysis experiments have indicated clearly the occurrence of hydride nickel and nickelole species as re-
action intermediates. On the basis of the results obtained, the proposed mechanism involves the formation of alkyl,
hydride, and zerovalent nickel species, still containing, at least partially, the ligand. These catalytic species should
give rise to the products through insertion and oxidative addition processes of the acetylenic substrate, followed
by reductive elimination or alkyl exchange reactions with the excess organoaluminum compound.

Recently there is a renewed interest in the use of Ziegler-
type catalysts for synthetic applications, and several useful
processes such as metal-catalyzed coupling reactions have
been reported.! Our investigations on nickel-promoted reac-
tions of triisobutylaluminum with terminal acetylenes have
led to a synthetically useful process as a route to (E)-2,4-
dialkyl-1,3-butadienes and/or trialkylbenzenes.?® In the
following discussion we propose a mechanistic approach which
is consistent with previously reported synthetic data? and the
additional data presented herein.

Experimental Section

General. Triisobutylaluminum (Fluka A.G. Co., Buchs) and
tris[(S)-2-methylbutyljaluminum, [«]25y +27.01°, prepared as pre-
viously reported, were carefully redistilled under nitrogen and stored
in sealed capillary glass vials. Bis(acetylacetone)nickel [Ni(acac)s],
bis(N-methylsalicylaldimine)nickel [Ni(mesal);], and bis(ethyl-
enediiminesalicylaldehyde)nickel [Ni(salen);] were prepared and
purified as reported elsewhere.’~" Bis(triphenylphosphine)nickel
dicarbonyl [Ni(CO)2(PhsP)s] was a commercial product (Strem
Chemicals, U.S.A.), while bis(2-dimethylaminoethyl) sulfide nickel
dibromide [Ni(Me,daes)Bry]® and bis(2-dimethylaminoethyl)-
methylamine nickel dihalides [Ni(dienMe)X5]® were kindly supplied
by Professor M. Ciampolini (Istituto di Chimica Generale, Universita
di Firenze). 1-Hexyne (Fluka A.G. Co., Buchs), (R,S)- and (S)-3-
methyl-1-pentyne, [«]%p +35.69°,0 and (R,S)- and (S)-3,4,4-tri-
methyl-1-pentyne, [«]?%n + 7.93°,!1 were carefully distilled under
nitrogen before use; 1-hexyne-1-d was obtained from 1-hexyne ac-
cording to a published procedure.!? GLC analyses were performed

on Perkin-Elmer F 30 and 3920B instruments (flame ionization de-
tectors; 200 X 0.30 cm columns packed with 2.5% silicone gum rubber
E 301 on 60-80 mesh Chromosorb W at 40-200 °C; nitrogen flow rate
10 mL min~1). Preparative GLC was carried out on a Perkin-Elmer
F 21 chromatograph, using 300 X 0.80 cm columns filled with 20%
Apiezon M on 45-60 mesh Chromosorb W. Optical rotations were
measured with a Perkin-Elmer 142 polarimeter. Spectral measure-
ments were determined with the following instruments: IR, Perkin-
Elmer Model 225; NMR, Jeol JMN PS-100; mass spectra, Varian
MAT CH 7.

General Procedure. All reactions were carried out at least in du-
plicate in a flame-dried, two-neck 25-mL flask equipped with a
magnetic stirrer, a Versilic silicone cap, and a glass stopcock.2 In a
typical run, a weighed amount of (i-Bu)sAl was transferred from the
sealed capillary glass vial to a reaction flask containing the nickel
complex, which was cooled at 0 °C. The 1-alkyne was injected by
hypodermic syringe through the cap, and then the flask was placed
in a thermostatic bath at 25 + 0.3 °C. After 40 h, the residual reaction
mixture was cautiously hydrolyzed with dilute sulfuric acid, extracted
with pentane, and analyzed by GLC.

When 1-hexyne-1-d was used and in deuteriolysis experiments, the
reactions were carried out as above, taking care that all glassware used
was carefully dried. In these cases the hydrolysis was accomplished
with water or deuterium oxide (>99.5% pure). The suspension ob-
tained was diluted with 30 mL of dry pentane, stirred under nitrogen
for 24 h, filtered, and washed with dry pentane. All of the deuterated
compounds were identified through their mass spectra.

Reaction between Tris[(S)-2-methylbutyl]aluminum and
1-Hexyne. Tris[(S)-2-methylbutyl]aluminum (16.2 g, 67.4 mmol)
was treated at 0 °C with 1-hexyne (5.5 g, 67.0 mmol), and the reaction
flask was then held at 25 °C. After 40 h, the reaction mixture was di-
luted with dry pentane, cautiously hydrolyzed with dilute sulfuric
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