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Abstract: The novel nickel complex, LIAIH,(THF), CsHgN,-Ni (2), which results from the interaction in a THF solution
of (2,2'-bipyridyl)(1,5-cyclooctadiene)nickel (1) with LiAlH, in a 1:1 molar ratio is a powerful desulfurizing agent in homogeneous
solution for such aromatic sulfur heterocycles as dibenzothiophene (3), phenoxathiin (11), phenothiazine (12), and thianthrene
(13). When employed in a 2:1 molar ratio with the heterocyclic substrate, 2 produces the corresponding ring-opened desulfurization
products (biphenyl, diphenyl ether, diphenylamine, and benzene, respectively) in high yields. In contrast, 1 effects predominantly
ring contraction during desulfurization and yields dibenzofuran, carbazole, and dibenzothiophene from 11, 12, and 13, respectively.
From considerations of relative desulfurization rates for substituted dibenzothiophenes, deuterium labeling experiments, and
the chemical reactivity differences for 1 and 2, it is concluded that these reagents desulfurize via single-electron-transfer mechanisms
and that radical anions are crucial reactive intermediates. The greater reactivity of 2 is ascribed to its anionic nickel character.

Recently, well-defined nickel(0) complexes have been shown
to desulfurize organic compounds in homogeneous media below
100 °C and in the absence of dihydrogen.2 Such a finding can
be of great value in organic synthesis, where sulfur-containing
intermediates must be desulfurized under mild conditions.®*
Moreover, the study of such soluble nickel(0) desulfurizing
reagents can provide deep insight into the mode of action for
heterogeneous transition-metal desulfurization catalysts, which
normally require the use of dihydrogen under pressure and of
temperatures over 350 °C.6® Thus, the THF-soluble complex
(2,2’-bipyridyl)(1,5-cyclooctadiene)nickel (1) was found to de-
sulfurize dibenzothiophene (3) at 55-60 °C and to convert 3 into
a mixture of biphenyl and biphenylylnickel derivatives.” Such
a heterocycle is most resistant to more conventional desulfurization
reagents. However, the prior interaction of nickel complex 1 with
lithium aluminum hydride generated a different and more powerful
desulfurizing reagent 2.2 That nickel reagents 1 and 2 are dis-
tinctly different chemical reactants is evident in their individual
reactions with phenoxathiin (11): whereas 11 is smoothly de-
sulfurized by 1 with ring closure to dibenzofuran (4), 2 converts
11 into diphenyl ether (5) in equally high yield (eq 1).2
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Accordingly, the present study was undertaken in order to
establish the chemical nature of the novel nickel reagent 2, to
evaluate its reactivity toward aromatic sulfur heterocycles, and
to understand its mechanism of reaction.
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Table I. Hydrodesulfurization of Dibenzothiophenes by
(2,2’-Bipyridyl)(1,5-cyclooctadiene)nickel (1) and Lithium
Aluminum Hydride in Tetrahydrofuran

1:LAH* yield
dibenzothiophene molar ratio of biaryl, %*

unsubstituted 0:1 <1
1:1 40
2:1 41

2:2 9564
2:3 90
2,8-dimethyl 2:2 82
3,7-dimethyl 2:2 68

4Ratio is based in each reaction upon 1 molar equiv of the dibenzo-
thiophene being allowed to react with n:m molar equiv of reagent 1 and
LiAlH,. ?All reactions were conducted at the same concentration of
the dibenzothiophene for 48 h at 55-60 °C and then worked up with
glacial HOAc. “Reaction also was run that employed LiAlD,, and the
workup used HOAc. Resulting biphenyl was 60.4% d,, 25.3% d, and
14.3% d,. “Reaction also was run that employed LiAlH,, and the
workup used DOAc. Resulting biphenyl was 94.5% d,, 2.3% d,, and
3.2% d,.

Results

Nature of the Interaction between (2,2’-Bipyridyl) (1,5-cyclo-
octadiene)nickel and LiAlH, (6): Formation of 2. Desulfurization
studies with dibenzothiophene (3) have shown that the most active
desulfurizing agent resulted when 1 mol of 3 in THF solution at
55 °C was treated with 2 molar equiv of a 1:1 ratio of nickel
reagent 1 and LiAlH,. Under these conditions a 95% yield of
biphenyl was obtained. Use of 3 mol of LiAlH, reduced the yield
of biphenyl somewhat (90%), but the use of only 1 mol of LiAlH,
markedly lowered the yield (41%). Therefore, a reaction ratio
of 1:2:2 for 3, 1, and LiAlH, is optimal for desulfurization (Table
D).

Accordingly, the reaction between 1:1 molar ratios of nickel
reagent 1 and LiAlH,4 in THF solution was studied separately at
25 °C. Addition of LiAlH, in THF to a deep-violet solution of
1 led to the evolution of 1 molar equiv of dihydrogen and the
formation of a red-violet solution of 2. Hydrolysis of this solution
gave 2 molar equiv of dihydrogen. Thus, all the available hydrogen
of the LiAlH, was accounted for; specifically, none had been
consumed through addition of an Al-H bond to either the bipyridyl
or the cyclooctadiene (eq 2).

LiAlH,

H,0
1-LiAlH, —— LiOH + Al(OH), (2)
2 -2H,

2

The deep-red solution of 2, upon evaporation in vacuo, yielded
a black solid 2 which was soluble in THF. By MS, NMR, and
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Table II. Effect of Various Amines on the Hydrodesulfurizing
Activity of a 1:1 Combination of Bis(1,5-cyclooctadiene)nickel and
Lithium Aluminum Hydride on Dibenzothiophene

yield
amine® of biphenyl, %*

ethylenediamine 97
2,2’-bipyridyl 95
hexamethylphosphorus triamide 95
N.N,N’.N'-tetramethylethylenediamine 85
pyridine’ 584

824

354
N,N’-dimethylpiperazine 79
1,8-bis(dimethylamino)naphthalene 71
1,10-phenanthroline 68
4-(dimethylamino)pyridine 53

?In all cases, except with pyridine, 2 mol of the amine, 2 mol of
(COD),Ni, and 2 mol of LiAIH, were allowed to react with 1 mol of
dibenzothiophene. ®All reactions were conducted at the same concen-
tration of dibenzothiophene for 48 h at 55-60 °C and then worked up
with glacial HOAc. “In this case 4 mol of pyridine and 2 mol of
(COD),Ni were employed. 41n these successive runs, 1.0, 2.0, and fi-
nally 3.0 mol of LiAlH, were used per 2 mol of (COD),Ni and 4.0 mol
of pyridine.

IR analyses, 2 was shown to contain 2,2’-bipyridyl and tetra-
hydrofuran but no cyclooctadiene. Attempts to obtain crystals
of 2 suitable for an X-ray structure determination have been thus
far unsuccessful.'® Nevertheless, the gas evolution and spectral
studies permit us to conclude that 2 has the stoichiometry
LiAIH,(THF),-C,,HgN,-Ni. Indeed, black solid 2 could be re-
dissolved in THF and heated with 0.5 molar equiv of 3 at 55 °C
to give almost a quantitative conversion to biphenyl (eq 3).

2
S

3

Generation of Nickel Complexes Analogous to 2 by Use of Other
Amines, Substitution of other chelating diamines for 2,2’-bipyridyl
in the formation of the nickel complex and subsequent rection with
1 molar equiv of LiAlH, led to desulfurizing agents comparable
in reactivity to 2 (eq 4, Table II). That analogues of 2 made

Ry Ry

N NZ,
. *e H
(COD)2N| ~+ ( ——*_COD < .
N . of 2

Nie-«COD LAn analogues
N

Ry Ry
(4)
COD = 1,5-cyclooctadiene

with TMEDA, HMPA, or ethylenediamine are desulfurizing
agents of comparable reactivity to 2 permits us to draw two
conclusions: (1) the aromatic unsaturation of the bipyridyl plays
no decisive role in modifying the Al-H bond reaction!! and (2)
the formally displaceable hydrogens of the amino groups in
ethylenediamine do not interfere with the desulfurizing activity.
Even pyridine could replace bipyridyl in forming effective ana-
logues of 2, if 2 equiv were employed. This effect was also noticed
with diamines incapable of forming chelating complexes. 4-
(Dimethylamino)pyridine, for example, gave relatively low yields
of desulfurization (53%) when used in a 1:1 ratio with (COD),Ni
but was more effective when used in a 2:1 ratio. The reactivity
of N,N"-dimethylpiperazine, when used in a 1:1 ratio with (CO-
D), Ni, deserves comment. The high yield of desulfurization (79%)
indicates that it functions as a chelating diamine in its boat
conformation.

From these observations it can be concluded that the nickel in
2 and its analogues is coordinated by two amine centers.

(10) Eisch, J. J; Sexsmith, S. R., unpublished results.

(11) The authors are aware that LiAlH, is known to hydraluminate pyr-
idine bases: Lansbury, P. T.; Peterson, J. O. J. Am. Chem. Soc. 1963, 85,
2236.
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Table III. Desulfurization of Sulfur Heterocyclic Analogues of
Dihydroanthracene by Nickel Reagents 1 and 2

£ £ £
- jor2 -
S =3
8
%€ @,°

nickel reagent 1°

1LE=0 11a: 79 11b: 3

12, E= NH 12a: 75 12b: §

13,E=S 13a: 55 13b: 15
nickel reagent 2°

ILE=0O 11a: 3 11b: 92

12, E = NH 12a: § 12b: 65

13,E=S 13a: § 13b: 754

“Reagent was formed from 2 mol each of (COD),Ni and 2,2’-bi-
pyridyl; reagent 1 then was allowed to react with 1.0 mol of the heter-
ocycle. ?Reagent was formed from 2 mol of reagent 1 and 2 mol of
LiAlH,; resultant 2 was allowed to react with 1.0 mol of the heterocy-
cle. “All reactions were allowed to proceed at 55-60 °C for 48 h and
then worked up with HOAc. 4Benzene was also formed.

Labeling Studies of Organometallic Intermediates in Desul-
furizations with Reagent 2. The desulfurization of dibenzo-
thiophene was conducted with a nickel reagent 2 that was prepared
with LiAlD,. Workup with protic acids gave a biphenyl containing
60.4% dy-, 25.3% d,-, and 14.3% d,-labeled biphenyl. Infrared
spectral comparisons showed the deuterons to be in the 2- and
2’-positions.” When a desulfurization reaction was conducted with
2 (i.e., made with LiAlH,) but the reaction was worked up with
deuteriated acids, the resulting biphenyl contained only 2.3%
biphenyl-d, and 3.2% biphenyl-d,.

These labeling studies show that the isolated biphenyl acquires
only about 9% of its hydrogen upon hydrolysis. Of the 91% it
acquires prior to hydrolysis, only about 25% comes from the
deuterium of the LiAlD, unit in 2. The 75% stems from the
medium (either amine or THF). Thus, only a very small pro-
portion of biphenylylmetallic intermediates (M = Li, Al, or Ni;
7) persisted in the desulfurization mixture, and a minor amount
of dibenzothiophene has had its sulfur directly displaced by
deuterium (8) from the LiAlD, unit in 2,

8
Relative Reactivities in Desulfurizing Dibenzothiophenes.
Subjecting 3, its 2,8-dimethyl isomer 9, and its 3,7-dimethyl isomer
10 to the desulfurizing action of 2 under identical reaction con-
ditions gave the yields of the corresponding biphenyls summarized
in eq 5 (Table I). The reactivity in desulfurization with 2,
therefore, decreases in the sequence 3 > 9 > 10.

R4 Ry
R, Ry
2__ o R
HOAc 2 2
Rz S R,

3a: 95%
3.Ry=H Rp=H 9a: 82%
9.Rq=Me, Ry =H 10a: 68%

10,R1=H,R2 =Me
(5)

Desulfurization of Sulfur Analogues of Dihydroanthracene. (a)
Ring Contraction with Reagent 1. The interaction of 2 molar equiv
of nickel reagent 1 with 1 mol each of phenoxathiin (11), phe-
nothiazine (12), or thianthrene (13) gave good to high yields of
the monodesulfurized heterocyclic analogue of fluorene (Table
III). Small amounts of hydrodesulfurized products 11b-13b
accompanied the cyclized sulfur-extrusion products 11a-13a.

(b) Hydrodesulfurization with Reagent 2. With nickel reagent
2 the proportions of products 11a-13a to 11b—13b were reversed:
the hydrodesulfurized structures became the principal products,
while the cyclized products were minor in amount (Table III).
In addition, thianthrene gave rise to benzene. This diverging



Hydrodesulfurization of Organosulfur Heterocycles
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compound yield of biaryl, % £,,,.V (reduction)
unsubstituted dibenzothiophene 95 2 432
2.8 -dimethy! derivative 82 2.452
3,7-dimethyl derivative 68 2 563

chemical behavior between reagents 1 and 2 again indicates that
2 is the much stronger desulfurizing agent.

Discussion

The mode of generating nickel reagent 2 demonstrates that it
is neither just an activated form of lithium aluminum hydride nor
just a nickel hydride. First of all, heating either dibenzothiophene
or phenoxathiin with pure LiAlH, in THF for prolonged periods
gave only traces of biphenyl (13b) or diphenyl ether (11b).
Secondly, using LiAlD, to prepare 2 gave a desulfurizing agent
that introduces <25% deuterium into the biphenyl formed from
dibenzothiophene. Thirdly, attempts to produce analogues of 2
from nickel(II) salts and metal hydrides (LiAlH,, i-Bu,AlH, or
NaBH,), a known route to nickel hydrides,'? generate decidedly
inferior desulfurizing agents.

Although a definitive structure for 2, especially with respect
to its molecular size, must await its X-ray crystal analysis, con-
siderable information is available on complexes of nickel(0) and
complex metal hydrides.!>!* The tendency of such hydrides to
form hydridic donor bridges with Ni(0) centers suggests that
reagent 1 and LiAIH, undergo an oxidative addition (eq 6) and
that 14 then eliminates dihydrogen to form 2 (eq 7). Reagent
2 is probably dimeric, since analogous complexes with chelating
phosphines, P,NiBH,, are known to be dimeric.'3

; H
LiAIH ~ .
bpy *Ni+COD -CFEL Cbpy*Ni \AIHSJLKTHF)H (6)
1

14
H .
Ebpy-Ni<AlH I LNTHR), — Cbey-NiAH,) LYTHRY, (D
3

14 2

However, the mode of reaction of 2 does not agree with the
view that it functions as a nucleophilic source of a metal (Ni or
Al) or of hydrogen. If such nucleophilic attack were central to
desulfurizing dibenzothiophene, then the deuterium labeling studies
would have observed a much higher content of 2,2’-dideuterio-
biphenyl in the product. Such dideuteriated biphenyl would have
arisen from the presence of 7 or 8 prior to hydrolysis. That the

(12) Green, M. L. H.; Munakata, H.; Saito, T. J. Chem. Soc. A 1971, 469.

(13) Jonas, K. In Advances in Organometallic Chemistry; Stone, F. G. A,
West, R., Eds.; Academic: New York, 1981; Vol. 19, p 97.

(14) (a) Porschke, K.-R.; Wilke, G. Chem. Ber. 1988, 118, 313. (b)
Kleimann, W.; Pérschke, K.-R.; Wilke, G. Chem. Ber. 1988, 118, 323.

(15) Wilke, G. Angew. Chem. 1974, 85, 20.
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preponderance of the hydrogen in the biphenyl came from the
solvent, not from the LiAlH,4 nor the HOAc used upon workup,
rules out any simple nucleophilic attack of 2 upon the sulfur
heterocycle.

The relative reactivities of the dimethyldibenzothiophenes to-
ward 2 show that the electron-donating methyl substituents retard
carbon-sulfur bond cleavage. As with their reduced reactivity
toward 1, such retardation can be correlated with the destabili-
zation such methyl groups would confer on radical anion formation
(Scheme I). Of the resonance structures, 9b-9¢ and 10b-10c,
9¢ and 10c can readily be considered the more important because
the electron density can be spread over two aryl rings. Hence,
the spin density would be greater at C; and C, than at C, and
C;. Indeed, such spin densities have been determined from the
ESR coupling constants of the dibenzothiophene radical anion
and found to vary thus: C,, 4.48; C,, 0.86; C;, 5.16; and C,, 1.46
G.'% Because the electron density of the heterocycle would be
enhanced by any attached methyl group, both 9 and 10 should
accept electrons less readily from 2 than dibenzothiophene. But
methyl groups attached at C; and C, should exert the maximum
destabilization upon the radical anion, since such positions have
the highest electron density. The polarographic reduction po-
tentials required to form the radical anion electrochemically bear
out this suggestion: the 3,7 isomer is the most difficult to reduce
and the parent nucleus the easiest.!” Hence, these data support
the occurrence of single-electron transfer in desulfurizations with
2,

In the desulfurizations of the sulfur analogues of dihydro-
anthracene, 11-13, by either 1 or 2, evidence is also more con-
sonant with the operation of an SET process. The desulfurization
of 11-13 by 1 to give ring contraction provides a particularly
graphic example of the generation of diradical anions (15). The
intramolecular coupling (path a) of such intermediates appears
to be promoted by the boat conformation of the central heterocyclic
ring (15a). In turn, such a conformation would be fostered by
chelating coordination with the nickel center (Scheme II). In-
termediate 15 undergoes principally coupling (16) to yield 11a-13a
ultimately. A small proportion undergoes cleavage to 17 and
finally to 11b-13b. With the same heterocycles, reagent 2 pro-
motes path b, and the principal products are the open-chain
hydrodesulfurized products 11b-13b. Possibly, the greater
tendency of reagent 1 to form chelate complex 15 may be re-
sponsible for the dominance of ring-closure products 11a—13a over
open-chain products 11b-13b.

Finally, in keeping with the generation of radical anions 9b-9¢,
10b-10¢, 15, and 17 one would expect the hydrogen acquired
during such desulfurization to stem principally from the most ready
source of hydrogen atoms, namely, tetrahydrofuran.

(16) Gerdil, R.; Lucken, E. A. C. J. Am. Chem. Soc. 1965, 87, 213.
(17) Gerdil, R.; Lucken, E. A. C. J. Am. Chem. Soc. 1966, 88, 733.
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On the basis of the foregoing findings, therefore, we conclude
that nickel reagents 1 and 2 act as electron sources in such de-
sulfurizations and that the greater activity of 2 may be ascribed
to its SET activity being enhanced by its anionic nickel character.

Experimental Section

Instrumentation. All melting points were determined with a Thom-
as-Hoover capillary melting point apparatus and are corrected. Infrared
specttra (JR) were recorded on a Perkin-Elmer grating spectrometer,
Model 457, equipped with sodium chloride optics. Proton magnetic
resonance spectra (‘\H NMR) were obtained with Varian spectrometers,
Model EM-360 or Model HA-100D, on neat samples or an 10% solutions
in pure solvents. The values are reported on the & scale in parts per
million with reference to internal or external tetramethylsilane, followed
by the relative proton intensities and the coupling constants (J) in hertz.
Vapor-phase chromatographic analysis (VPC) and isolations were carried
out on an F & M chromatograph, Model 720. Mass spectra of solids and
liquids were initially obtained with a Du Pont spectrometer, Model 21-
491B, and subsequently through the mass spectral facility at Cornell
University.

General Procedures. All preparations and reactions involving air- and
moisture-sensitive organometallic compounds were conducted under an
anhydrous, oxygen-free atmosphere, which was nitrogen for organo-
lithium compounds and argon for organonickel reagents. The appropriate
techniques for the transfer, reaction, analysis, and purification of such
reagents have been recently described in detail.'®

The yields of desulfurization reactions were determined by isolating
and weighing the crude products and the analysis of the mixture by
GLPC. p,p”-Bitolyl was employed as an internal standard. Response
factors were determined on pure samples of all components encountered
in such analyses. For identification and spectral analyses the individual
components were separated or collected by column or gas-liquid chro-
matography.

Starting Materials. Solvents. Commercial solvents were purified
according to recommended published procedures.!® Tetrahydrofuran
(THF), ethyl ether, benzene, N,N,N’,N’tetramethylethylenediamine
(TMEDA), hexamethylphosphoramide (HMPA), toluene, and tri-
ethylene glycol dimethyl ether (triglyme) were distilled under nitrogen
after being heated at reflux over sodium—potassium alloy.!

Reagents. Pyridine was rendered anhydrous by refluxing over BaO
and then distilling. Similar distillation over an appropriate drying agent
or recrystallization was used to purify dibenzofuran, phenoxathiin, phe-
nothiazine, dibenzofuran, 2-phenylbenzofuran, and thianthrene. The
pure ligands, 2,2’-bipyridyl, 1,8-bis(dimethylamino)naphthalene, 4-(di-
methylamino)pyridine, N,N-dimethylpiperazine, ethylenediamine, and
1,10-phenanthroline, were either recrystallized from dry, deoxygenated
solvents or distilled under nitrogen.

3,7-Dimethyldibenzothiophene, mp 147-148 °C (from ethanol), was
prepared from biphenyl in four steps: (a) bromination to yield 55%
4,4’-dibromobiphenyl, mp 160~162 °C;® (b) chlorosulfonation to form
3,7-dibromodibenzothiophene 5,5-dioxide, mp 308-309 °C;? (c¢) reduction
with LiAlH, in ethyl ether to provide 71% 3,7-dibromodibenzothiophene;®
and finally (d) bromine-lithium exchange with n-butyllithium at -5 °C
in ethyl ether, followed by treatment with dimethyl sulfate.® 2,8-Di-
methyldibenzothiophene, mp 114-116 °C (from ethanol), was prepared
in two steps from dibenzothiophene: (a) bromination in glacial HOAc¢
to yield 2,8-dibromodibenzothiophene, mp 221-223 °C® and (b) bro-
mine-lithium exchange with n-butyllithium in ethyl ether at 5 °C, fol-
lowed by treatment with dimethyl sulfate.’

Metal salts, such as the acetylacetonates and halides of Ni(1I) were
purchased and dried before use. Bis(1,5-cyclooctadiene)nickel was pre-
pared according to a modified procedure recently published.®

The deuteriated reagents were obtained from the Aldrich Chemical
Company: deuterium oxide (99.8% D,0), deuterium chloride (37%,
99.8% D), O-deuterioacetic acid (98% CH;CO,D), and LiAID, (98%).

Products. 3,3’-Bitolyl and 4,4’-bitolyl were prepared by coupling the
respective tolyl Grignard reagents with TIBr:® 3,3’-bitolyl bp 153-155
°C (18 mmHg) and 4,4’-bitolyl mp 119-120 °C. Biphenylene was
prepared by the thermolysis of benzenediazonium-2-carboxylate, mp
110-112 °C?

2,2’-Dideuteriobiphenyl and 2-deuteriobiphenyl were prepared by
methods recently published.® Their mass spectra and that of undeuter-
iated biphenyl were recorded under identical operating conditions of the
mass spectrometer, so that peak intensities could be used to calculate the

(18) Eisch, J. J. Organometallic Syntheses; Academic: New York, 1981;
Vol. 2.

(19) Fieser, L. F.; Fieser, M. Reagents for Organic Synthesis, Wiley: New
York, 1967; Vol. 6, p 1102.
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deuterium content of the biphenyls encountered in this study.

Diphenyl ether, dibenzofuran, diphenylamine, and carbazole were
identified by comparison with authentic samples.

Analytical Procedures. Vapor-phase chromatographic analyses and
isolations were achieved with 6-ft X 0.25-in. columns packed with 10%
UC-W98 or SE-30 phases on Chromosorb W or with 10% UC-W98 on
Chromosorb P.

Elemental analyses were performed by Atlantic Microlab Inc., At-
lanta, GA. :

The LiAlH, solutions in THF were analyzed by measuring the volume
of hydrogen evolved and by titrating with a solution of n-butyl alcohol
in toluene in the presence of 4-phenylazodiphenylamine.®® In gasimetric
measurements a correction was made for the vapor pressure of THF.?!

Interaction of (2,2’-Bipyridyl)(1,5-cyclooctadiene)nickel (1) with Li-
AlH,.?2 Gas evolution studies were conducted in a 100-mL pear-shaped
Schlenk flask, whose side entry bore a three-way stopcock and top entry
a rubber septum. The side entry was connected to a calibrated, mercu-
ry-filled buret. Aliquots of (COD),Ni (0.5 mmol, 138 mg), an equimolar
amount of 2,2-bipyridyl, and 15 mL of pure THF were placed in the
flask. After the violet (bpy)(COD)Ni complex had formed in solution,
the equimolar amount of LiAlH, in THF (approximately 1.0 M) was
slowly introduced through the septum with a gas-tight syringe. As hy-
drogen was evolved, the reaction mixture formed a black solution. The
collected volume of gas was corrected for the vapor pressure of the THF
solution and adjusted to STP. An average of seven runs gave 1.06 0.1
molar equiv of hydrogen. Hydrolysis of the reaction mixtures with 6 N
aqueous HCI accounted for 1.02 £ 0.1 molar equiv of additional hy-
drogen. Hence, all the available hydrogen was evolved, 50% in the
reaction with (bpy)(COD)Ni and 50% upon terminal hydrolysis.

The hydrolyzed, dried organic layers was shown by GLPC analysis to
contain only 2,2’-bipyridyl and a 5:1 mixture of 1,5-cyclooctadiene and
cyclooctene.

Evaporation of volatile components from an unhydrolyzed reaction
mixture under reduced pressure left a crystalline black solid (2) that
could be redissolved in THF. The mass spectrum of the black solid at
70 eV showed peaks characteristic of 2,2’-bipyridyl and of THF. Neither
in the mass spectrum nor in the 'H NMR spectrum (THF-d;) was there
any sign of a cyclocta derivative. From these gas-evolution and spectral
data the black solid 2% is concluded to have the composition LiAlH,-
(THF),-C;oHgNNi.

Hydrodesulfurization of Dibenzothiophene (3) with (2,2'-Bipyridyl)-
(1,5-cyclooctadiene)nickel (1) and Lithium Aluminum Hydride. (a)
Varying Ratios of Nickel Reagent 1 to LiAlH,. A stirred, deep-violet
solution of 1, prepared from 559 mg (2.03 mmol) of (COD),Niand 217
mg (2.03 mmol) of 2,2’-bipyridyl in 15 mL of THF, was treated with 77
mg (2.03 mmol) of LiAlH, at 25 °C. After gas evolution had subsided,
the resulting reddish violet solution was treated with 177 mg (0.96 mmol)
of dibenzothiophene and then heated at 55 °C for 48 h. Then the cooled
mixture was treated with 6 N aqueous HC], the organic layer separated
and dried over anhydrous MgSQ,, and the solvent evaporated. By GLPC
analysis the residue consisted of 95% biphenyl and 5% 3.

In reactions of the same 2.0 mM scale, the use of 1.0 mmol of LiAlH,
gave 41% biphenyl and 59% 3, while the use of 3.0 mmol of LiAlH,
produced 90% biphenyl and 10% 3.

(b) Use of Pyridine in Place of 2,2’-Bipyridyl. A solution of 2.0 mmol
of (COD),;Ni and 4.0 mmol of pyridine in 15 mL of THF was treated
with a given amount of solid LiAlH,. After gas evolution had ceased,
1.0 mmol of dibenzothiophene was added and the mixture stirred for 48
hat 55 °C. Protolysis with glacial acetic acid and the usual subsequent
aqueous workup gave the following results: (1) 1.0 mmol of LiAIH,, 58%
biphenyl; (2) 2.0 mmol of LiAlH,, 82% biphenyl; and (3) 3.0 mmol of
LiAlHy, 35% biphenyl.

(c) Use of Various Amines in Place of 2,2'-Bipyridyl. A series of
reactions were carried out in which 2.0 mmol each of (COD),Ni, the
amine, and LiAlH, in 15 mL were allowed to react with 1.0 mmol of 3
for 48 h at 55 °C. Workup as in section b gave the yields of biphenyl
listed in Table II.

(d) Use of Lithium Aluminum Deuteride. A solution of 403 mg (1.47
mmol) of (COD);Ni and 229 mg (1.47 mmol) of 2,2’-bipyridy! in 15 mL
of THF was stirred for 1 h and then mixed with 55 mg (1.47 mmol) of
LiAlD,. After 50 min the gas evolution had ceased, and then 129 mg

(20) Higuchi, T.; Zuck, D. A. J. Am. Chem. Soc. 1951, 73, 2676.

(21) (a) Sedivec, V.; Flek, J. Handbook of Analysis of Organic Solvents,
Sommernitz, H., transl.; Halsted Press—Wiley: New York, 1976; p 252. (b)
Mellan, 1. Industrial Solvents Handbook; Noyes Data: Park Ridge, NJ, 1970.

(22) We are grateful to Stephen R. Sexsmith, who carried out these ga-
simetric measurements.

(23) We thank Dr. Andrezj M. Piotrowski, who first isolated and char-
acterized solid 2.
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(0.70 mmol) of dibenzothiophene was added. After 48 h at 55 °C the
mixture was worked up, first with glacial acetic acid and then with 6 N
aqueous HCI. A sample of the biphenyl (95%) was analyzed by MS and
IR measurements. The product was a mixture of 14.3% 2,2'-dideuterio-
and 25.3% 2-deuteriobiphenyl, together with 60.4% biphenyl.

(e) Workup with o-Deuterioacetic Acid. The reaction between (CO-
D),Ni, 2,2-bipyridyl, and LiAlH, in 15 mL of THF was conducted on
a 1.5 mM scale as in section d. Workup with CH;CO,D gave 94.5%
biphenyl and a mixture of 2.3% 2-deuterio- and 3.2% 2,2’-dideuteriobi-
phenyl.

Hydrodesulfurization of Dibenzothiophene (3) with Nickel Salts and
Metal Hydrides. (a) 2,2’-Bipyridyl and LiAlH,. A solution of 200 mg
(0.73 mmol) of nickel(IT) acetylacetonate and 113 mg (0.73 mmol) of
2,2’-bipyridyl in 15 mL of THF was treated with 26 mg (0.73 mmol) of
LiAlH,. After the brown solution was stirred for 30 min at 25 °C, 67
mg (0.36 mmol) of 3 was added. The reaction mixture was heated for
48 h at 55 °C and then given the usual protolytic workup. A GLPC
analysis showed a 36% conversion to biphenyl.

A reaction in which 6 molar equiv of LiAlH, was used with 2 molar
equiv each of Ni(acac), and 2,2’-bipyridyl to desulfurize 1 molar equiv
dibenzothiophene gave 32% biphenyl.

(b) Use of NaBH,. A reaction analogous to that in section a, except
that NaBH, was substituted for LiAlH,, gave a 6% conversion to bi-
phenyl, either in THF (55 °C) or in triglyme (130 °C).

(¢) Use of Diisobutylaluminum Hydride. A green solution of 290 mg
(1.83 mmol) of Ni(acac), and 285 mg (1.83 mmol) of 2,2"-bipyridyl in
15 mL of toluene was stirred while being treated with 260 mg (1.83
mmol) of (i-Bu),AlH. Then 160 mg (0.87 mmol) of 3 was added to the
brown solution. After 24 h at reflux and the usual protolytic workup,
a GLPC analysis showed a 38% conversion to biphenyl.

Hydrodesulfurization of 2,8-Dimethyldibenzothiophene (9). A deep-
violet solution of 1, prepared from 560 mg (2.03 mmol) of (COD),Ni and
220 mg (2.03 mmol) of 2,2-bipyridyl in 15 mL of THF, was treated first
with 80 mg (2.03 mmol) of LiAlH, and after 30 min with 212 mg (1.0
mmol) of 9. After 48 h at 55 °C hydrolytic workup gave an 82% yield
of 3,3’-dimethylbiphenyl.

Hydrodesulfurization of 3,7-Dimethyldibenzothiophene (10). A reac-
tion mixture of 560 mg (2.03 mmol) of (COD),Ni and 220 mg (2.03
mmol) of 2,2’-bipyridyl in 15 mL of THF was treated first with 80 mg
(2.03 mmol) of LiAlH, and then with 212 mg (1.07 mmol) of 10. After
48 h at 55 °C and the usual workup the GLPC analysis showed a 68%
conversion to 4,4’-dimethylbiphenyl but none of the 3,3’ isomer.

Ring Contraction of Sulfur Heterocycles with (2,2’-Bipyridyl)(1,5-
cyclooctadiene)nickel (1). (a) Phenoxathiin (11). A violet solution of
an equimolar mixture of (COD),Ni and 2,2’-bipyridyl in THF (10
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mL/1.5 mmol of 1) was treated with phenoxathiin and the resulting
mixture heated at 55 °C for 48 h. The cooled reaction mixture was
treated with glacial acetic acid, and the organic products were isolated
in the usual way. For four reactions having the following ratios of 11:1,
namely, 1:1, 1:2, 1:3, and 1:4, the corresponding conversions to di-
benzofuran, as determined by GLPC analysis, were 15%, 79%, 81%, and
78%. Thus, a 1:2 ratio of 11:1 was most satisfactory. Also, the side
production of diphenyl ether increased as the ratio of 11:1 changed: 1:1,
1%; 1:2, 3%; and 1:3, 11%.

(b) Phenothiazine (12). Similar to the procedure in section a, the
interaction of 3.15 mmol of 1 in 20 mL of THF with 1.5 mmol of 12
yielded a 75% conversion to carbazole and a 5% conversion to di-
phenylamine.

(c) Thianthrene (13). Similar to the procedure in section a, the re-
action between 3.2 mmol of 1 and 1.3 mmol of 13 gave 55% dibenzo-
thiophene, 15% biphenyl, and 30% 13.

Hydrodesulfurization of Sulfur Heterocycles (Table III). (a) Phen-
oxathiin (11). To a violet solution of 2.2 mmol each of (COD),Ni and
2,2-bipyridyl in 20 mL of THF was added 2.2 mmol of LiAlH,. After
60 min at 25 °C 1.0 mmol of 11 was added. The reaction was allowed
to proceed for 24 h at 25-30 °C. The usual workup and GLPC analysis
showed a mixture of 92% diphenyl ether, 3% dibenzofuran, and 5% 11.

(b) Phenothiazine (12). A violet solution of 3.9 mmol of 1 in 20 mL
of THF was treated with 6.0 mmol of LiAlH,. After 60 min of stirring,
1.8 mmol of 12 was added and the mixture heated for 48 hat 55 °C. The
usual workup gave 65% diphenylamine, 5% carbazole, and 30% 12.

(c) Thianthrene (13). A violet solution of 3.0 mmol of 1 in 20 mL of
THF was treated with 3.0 mmol of LiAlH,, and then 1.4 mmol of 13 was
added. After 48 h at 55 °C and the usual workup, the following products
were found: 15% biphenyl, 5% dibenzothiophene, benzene, and 13.
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Abstract: Lewis-acid-catalyzed addition reactions of diarylmethyl chlorides with (E)- and (Z)-2-butene yield the addition
products 3a (>84% anti selectivity) and the products 5-7, which are formed via 1,2-H and 1,2-CHj shifts. The Markovnikov
addition products 3b are generated exclusively from the corresponding reactions with the E,Z-isomeric 8-methylstyrenes 2b.
While the E isomer t-2b gives the anti adducts t-3b predominantly, (Z)-8-methylstyrene reacts with low stereoselectivity. In
all cases, the yield of anti adducts increases with increasing stability of the attacking diarylcarbenium ion and decreasing solvent
polarity. These observations are interpreted in terms of partially bridged intermediates which are attacked by nucleophiles

from the backside.

1. Introduction
Electrophilic additions to carbon—carbon double bonds have
been studied in great detail.! A wide variety of mechanisms has

(1) (a) Fahey, R. C. In Topics in Stereochemistry; Eliel, E. L., Allinger,
N. L., Eds.; Interscience: New York, 1968; Vol. 3, p 237. (b) Schmid, G.
H.; Garratt, D. G. In The Chemistry of Double-Bonded Functional Groups;
Patai, S., Ed.; Wiley: New York, 1977; Supplement A, Part 2, p 725. (c)
De la Mare, P. B. D.; Bolton, R. Electrophilic Additions to Unsaturated
Systems; Elsevier: Amsterdam, 1982. (d) Freeman, F. Chem. Rev. 1975, 75,
439.
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been detected, and the stereochemical course ranges from high
anti®= or syn? stereoselectivity to a complete loss of stereo-
chemical information? (Scheme I). Concerted and stepwise
mechanisms have been reported,’? and the latter processes might

(2) (a) Schmid, G. H.; Csizmadia, V. M.; Nowlan, V. J.; Garratt, D. G.
Can. J. Chem. 1972, 50, 2457, (b) Schmid, G. H.; Nowlan, V. J. Can. J.
Chem. 1976, 54, 695. (c) Rolston, J. H.; Yates, K. J. Am. Chem. Soc. 1969,
91, 1469. (d) Dewar, M. J. S.; Fahey, R. C. J. Am. Chem. Soc. 1963, 85,
3645. (e) Rolston, J. H.; Yates, K. J. Am. Chem. Soc. 1969, 91, 1477.

© 1986 American Chemical Society



