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by Edward C. Taylor,
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films, Dr. Edward C. Taylor
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217-page reference manual
which incorporates the
essential content of the
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This full-color, 16-mm ACS
Film Course consists of 24
lectures whose total duration is
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film and manual are available
for preview.
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A. Barton Hepburn Professor of
Organic Chemistry and
Chairman of the Department of
Chemistry at Princeton
University, Dr. Taylor is the
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more than 240 journal articles,
predominately in heterocyclic
chemistry, organic synthesis,
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organometallic compounds of all the elements, compounds which
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umes cover elements from Group 4A and Group 4B: Volume 2 in-
cludes a major chapter on silicon and a minor chapter on titanium,
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J. H. Fletcher, O. C. Dermer, and R. B. Fox, Editors

A practical, up-to-date reference guide to answer
the day-to-day questions of practicing chemists
about names and formulas of organic compounds.
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ciples; chapters
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in several chapters.
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Price Comparison Chart*

CHEMICAL ALFA ROC-RIC K&K ATOMERGIC MCB
Antimony shot 99.9995% $29.50 259. $25.00 25 g. not listed not listed not listed
Boron nitride 19.90 100 g. 25.00 100g. $ 79.50 100g. $ 75.00 1lb. not listed
n-Butyllithium, 2M 11.50 mole 40.00 mole 111.50 11b. 50.00 500 ml. $42.00 750 ml.
Cadmium selenide 18.80 25g. 15.00 10g. 1450 10g. 175.00 11lb. not listed
Calcium nitride 15.00 100g. 25.00 TOOg. 8.00 10g. 125.00 100 g. not listed
Cobalt thiocyanate 14.00 50 g. 35.00 100g. 7.00 10g¢. 20.00 100 g. not listed
Gallium ingot 99.99% 39.00 10g. 7.50 10 8.50 1g. 50.00 25g¢. not listed
Gallium trichloride 19.50 5g. 52.50 10g. 61.50 10g. 175.00 50g. not listed

Iron (Il) chloride, anhydrous 17.50 100 g. 25.00 100g. 44,50 100g. 22.50 100g. not listed

Iron pentacarbonyl 9.50 250g. 35.00 11b. 63.50 1 kg. 50.00 1lb. 34.12 500 g.
Lanthanum oxide 11.00 100g. 19.50 100 g. 29.50 100 g. 75.00 1lb. 15.78 100 g.
Lead tetraacetate 24.50 500g. 23.00 100g. not listed 25.00 .1.00g. 19.56 250 g.
Lithium diisopropylamide 23.20 25g. 45.00 259. not listed not listed not listed
Magnesium chloride 11.40 1kg. 15.00 11lb. not listed 15.00 500g. 15.90 1 1Ib.
Mercuric bromide 11.50 100g. 19.50 100 g. 13.00 100 g. 25.00 100 g. 25.20 4 oz.
Méthylmagnésium bromide 14.20 mole 50.00 mole not listed not listed 22.28 500 ml.
Molybdenum dioxide 11.20 250g. 23.00 11lb. 7.00 100g. 150.00 50g. not listed E
Potassium t-butoxide 12.80 100g. 33.00 100g. 18.50 100 g. not listed 18.06 259.
Silver tetrafluoroborate 18.50 10 g. 32.50 10 g. 14.00 10g. 150.00 100g. 36.72 25 g.
Sodium tetrafluoroborate 9.00 500g. 23.50 “11b. not listed 20.00 500 g. 6.00 1.
Tantalum pentachloride 14.50 50g. 25.00 100g. 22:50 100g. 75.00 1lb. 32.10 25 g.
Trimethylaluminum 59.00 225g¢. 60.00 12 Ib. 47.50 80z. not listed not listed
Triphenyltin chloride 2250 100g. 23.00 100 g. 5.00 10g. 30.00 100 g. 13.73 25 g.
Tungsten hexachloride 10.80 100g. 21.00 100g. 30.00 100 g. 35.00 1lb. 19.20 100 g.
Zinc chloride 15.50 1kg. 15.00 1lb. not listed 15.00 500 g. 13.44 1lb.

*Prices confirmed inwriting bv ar independent survey, 12/74 and 1/75.
Isn't it nice to know, now it costs less to get the best. Nexttime you have a requirement for inorganic and
organometaliic research chemicals, pure metals and materials, we hope you'll consider Alfa.
Ifyou don't have our 1974/75 catalog, please drop us a line.

Ventron Corporation, Alfa Products
8 Congress Street, Beverly, Mass. 01915 (617)922-0768
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Phenyl Group Migration during Pyrolytic and Photolytic Deazotizations of
1,2-Bis[2-(phenylated 2,5-dihydrofuranyl)]hydrazines to /3,7-Unsaturated
Ketonesl-3acda

C. V. Juelke,£0D. W. Boykin, Jr..*2cJ. . Dale,2faand R. E. Lutz*

Department of Chemistry, University of Virginia, Charlottesville, Virginia 22901
Received June 3,1974

Chemistry related to |,2-bis[2-(phenylated 2,5-dihydrofuranyl)]lhydrazines is detailed. Pyrolytic and photolytic
deazotizations converted the 2,3,5,5-tetraphenylated derivative into |,3,4,4-tetraphenyl-3-butenone with migra-
tion of a 5-phenyl, but pyrolysis in decalin also gave some isomeric 1,2,4,4-te*raphenyl ketone without phenyl mi-
gration. These results were corroborated by 14C-phenyl tracing. Fusion pyrolysis and photolysis of the 2,4,5,5-te-
traphenyl isomer gave mainly the 1,3,4,4-tetraphenyl unsaturated ketone without phenyl migration, but pyrolysis
in decalin produced also a small amount of isomeric 1,2,4,4-tetraphenyl ketone with phenyl migration. Pyrolysis
of the bis(2,3,4,5,5-pentaphenyl) analog gave 1,2,3,4,4-pentaphenyl-3-buten-l-one, 2,3,4,5,5-pentaphenyl-2,3-
dihydrofuran, and tetraphenylfuran. 14C tracing showed that ketone formation involved some 5- to 2-phenyl mi-
gration and that the furan resulted from elimination of a 5-phenyl. Photolysis gave the unsaturated ketone, the
dihydrofuran, and I-benzoyl-l,2,2,3-tetraphenylcyclopropane. Mechanisms are considered. Synthesis, chemistry,
and aryl migrations in the 2,3,5,5-tetraphenyl-2,5-dihydrofuranol series, p-MeO or p-CF3 labeled in one of the
5,5-diphenyl positions, establish a foundation for further work.
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position 2 becomes receptor for the migrating phenyl,
through 35 (e,f) and enol 36, or directly by 35 (e,g).

Or the initial cleavage may be homolytic, giving steric
and resonance-stabilized intermediate radicals, e.g., 37-40.

37 (from 1) 38 (from 2) 39,R=H (from 1,2)

40, R = Ph (from 3)

= radical or anion radical

Relative yields of ketones 14 and 15 are a measure of
phenyl migration aptitudes in 1 and 2 (through 37 and 38),
and they show that 1 » 2. In 2 (and 38) steric buttressing
stresses on the 5,5-diphenyl group by the 4-phenyl, and
minimization of steric interference at the receptor site 2
through absence of phenyl at position 3, call for opposite
migrational aptitudes of 1 « 2. Activation energies for in-
tramolecular reaction, however, would be higher for 1 than
for 2 because the 1-4 allyloxy system of intermediate 37
with its 3-phenyl lacks the increment of conjugation stabi-
lization which is furnished in 38 (from 2) by terminal con-
jugation with the 4-phenyl. This would account for the ob-
served migration aptitudes 1» 2. Although extensive phe-
nyl migration occurs in the deazotization of the pentaphen-
yl compound 3*, the amount may not be truly measured by
the 14C activity of benzophenone obtained on oxidation of
the resulting ketone 28* (as it is in the cases of ketones 14*
and 15#). A low activation energy for reaching the sym-
metrical pentaphenyl intermediate 40 (relative to that for
the tetraphenyl analog 39) may permit this as a competi-
tive path involving 5- to 2-phenyl migrational interchange.
An important extension of this work would be determina-
tion of the true extent of migration here and whether or not
any 5- to 2-phenyl migration occurs in related reactions
such as reductions of 3, 12,13, and analogs and in pyrolysis
and photolysis of 2-alkoxy, 2-carboxy, and related deriva-
tives.

Juelke, Boykin, Dale, and Lutz

The pyrolyses and photolyses of 1 and 2 appear to be sig-
nificantly different because product ratios are quite differ-
ent, but it is not known whether the migrating phenyl is in
different states or in the same as would be the case if the
photoexcited state underwent internal conversion to the
thermally excited state. Initiating work was undertaken in
the migration-prone 2,4,5,5-tetraphenyl series to obtain an-
alogs carrying a p-MeO or P-CF3 as a label on one of the
5.5- diphenyls toward migrational aptitude and crossover
studies which might give pertinent information on the elec-
tronic identity of the migrating phenyl and receptor site.
Although the few experiments on the reaction of hydrazine
with the analogs of 4 and 5 failed to give bis(dihydrofuran-
yl)hydrazines of type 1, the results on their precursors 41-
59 are of interest per se and afford foundation for further
study.

Experimental Sectionll

2,3-Diphenyl-5,5-[14C-diphenyl]-2,5-dihydrofuranol-2
(4*).4bc Condensation of benzil with 14C-phenyl labeled acetophe-
none [from AcCl12 + CeHs (30.8 g, 0.1 mCi)] gave a's-1,2-diphenyl-
4-[14C-phenyl]-2-butene-l,4-dione (21*, 88%, mp 128-129°34j.
Of this, 25 g was added (2 min) to stirred PhLi [from Li wire (4.5
g), PhBr (50 g), Et20 (300 ml), 0°, 5 min]. Hydrolysis (ice-NH4Cl),
extraction (Et20), and crystallization (CeHé6-hexane) gave 4* [25 g,
80%, mp 140-143° (lit.4c 144-146°)].

1,2-Bis[2-(2,3-diphenyl-5,5-[14C-diphenyl]-2,5-dihydrofur-
anyl)]hydrazine (1*). To a solution of 4* [6 g, AcCOH (75 ml), 50°]
was added dropwise 85% hydrazine hydrate [2 ml in AcOH (15 ml),
stirring, 2 min]. Cooling gave 1* (5.0 g, 84%) which was recrystal-
lized (CéHe-absolute EtOH): mp 214-218° dec; uv (e x 10~3) 253.5
nra (28.4); ir (CCl4)3b 3555 (narrow), shoulder at 3575 (NH), 3440
cm-1 (br, NH, persisting at increased dilution), no absorption in
the 1600-cm_1 range assignable to NH2, C=0, or C=N. Anal.
Calcd for C56H44N202: C, 86.55; H, 5.71; N, 3.61. Found: C, 86.38;
H, 5.88; N, 4.04. Furanization [1 (0.2 g), AcOH-concentrated HC1
(25:1 ml), heating, 1 hr] gave 7 (94%). Alcoholysis [1 (3 g), absolute
EtOH-AcOH (10 ml), reflux, 30 hr] quenching (H20), and recrys-
tallization (petroleum ether-hexane) gave 2-ethoxy-2,3-diphenyl-
5.5- [14C-diphenyl]-2,5-dihydrofuran (6*): 1.9 g (60%); mp 112-
114° (litdbc 116-118°).

Oxidation of 6* [1.1 g, slurry, AcOH (75 ml), Cr03 (2 g), 20 min
(75°), 20 min (50°), basification (K2C03), steam distillation, and
extraction (Et20)] gave benzophenone which was chromato-
graphed (Al203, 1,;19-1:9 CeHg-petroleum pentane) and convert-
ed13 into the 2,4-dinitrophenylhydrazone [40%, recrystallized
(CeHe-EtOH), mp 237-239° (lit.13 239°)]. Attempted KM n04 oxi-
dation of 6 failed (6 recovered).

Deazotizations of 1. (A) Pyrolysis [4 g heated slowly to 225°
(—=<N2)] and chromatography (Florisil, 30-100% CeHe-petroleum
ether fractions) gave [,3,4,4-tetraphenyl-3-buten-l-one [14, 2.6 g
(68%), mp 192-193° (lit.4d 194-195°); no 15 was isolated].

(B) Pyrolysis in decalin (1 g, 10 ml), purification by chromatog-
raphy (Al203, 20-40% CeHe-petroleum pentane), and fractional
crystallizations gave 14 (0.56 g, 58% total) and 15 (0.23 g, 24%), mp
90-92°.4

(©) Pyrolysis in DMF (3 g, 600 ml, reflux, 4 hr, 153°), cooling,
quenching (H20), and recrystallization (EtOH-benzene) gave 14
(1.15 g, 40%), mp 193-195° (no 15 was isolated). Identification of
N2 was by injection of a DMF solution of 1 into the preheated vpc
block (225°) and separation on a5 ft X \8in. Cu column (molecular
sieve 5A, 30°, carrier gas, He, 0 2 for reference peak14).

(D) Photolysis9 [2 g, CeHg (800 ml)] and fractional crystalliza-
tion (absolute EtOH) gave unchanged 1 (1.35 g, 67%, mp 214-218°
dec) and 15 [(0.32 g) 50% from 1 consumed, recrystallized (CgHe-
EtOH), mp 193-194°]. A similar experiment (chromatographing)
gave no 15.

KMnO04 Oxidations of Unsaturated Ketones 14* and 15*
Typically, a mixture of 14 (0.45 g), 60% pyridine-H2 (350 ml),
and KMnO04 (1 g) was refluxed until the purple disappeared and
then continued with 1-g additions of KMnO04 to a total of 6 g and
persistence of color. Steam distillation gave the pyridine-H20 az-
eotrope and then cloudy distillate from which benzophenone was
extracted [acidification (HC1), Et20] and convertedi3 to the 2,4-
diriitrophenylhydrazone (0.3 g, 69%). Acidification of the steam
distillation residue, reduction (NaHSO03), extractions (Et20), and
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Table |
14C ActivitiesO of Benzophenone6 and Benzoic Acid from
Oxidative' 0 Degradations of Deazotization Products

Reaction”™ Ph2C=NNHPh-
Substrate0 (of 1*# or 1# and 3#) (no2)2& PhCOOH
14* Pyrolysis, neat 48.2 51.8
14* Pyrolysis, DMF 48.0 52.8
6*a Ethanolysis 98.2
23* Pyrolysis, DMF; 98.9 4.6«
then PhLi

15* Pyrolysis, 95.7 10 .T"h
decalin

14* Pyrolysis, DMF 2.2 99

144 Photolysis,"1 2.2 99.5
benzene

21% Pyrolysis, 103 19s,h
decalin

23* Pyrolysis, DMF; 102 4.5
then PhLi

23K Pyrolysis, DMF; 100 14.5«
then PhLi

23 Photolysis,”t DMF; 100.6 4.4«
then PhLi

28* Photolysis,"1 neat 78.51 13.5,39.3t,!

* Pyrolysis,"1 neat 53.2

0 Relative to starting materials taken as 100%; 1* 4*, 17* and
3* randomly 14C labeled in one of the 5,5-diphenyls and 1=and 25=
at ring carbon-5 and chain carbon-1, respectively. Radioactivities
were determined by means of a Tracerlab, Inc., Model superscaler,
using 100-mg samples in 25-nm stainless steel planchets. Experi-
mental error, 2-3%. 6 lsolated and measured as the 2,4-dinitro-
phenylhydrazone. cKMn04 except where dCr03 is specified.
eFormula number of compounds whose 14C content was being de-
termined. f Source of compounds and reactions involved. «These
high 14C activities can be explained in terms of some oxidative
attack on phenyl groups prior to carbon chain cleavage, e.g., using
the more active Cr03 or ha large excess of KMnO04. This does not
vitiate interpretations of results based on 14C activities of the
benzophenone moiety which were consistent within experimental
error in a number of comparisons of activities at the several stages
of synthesis from 14C active bromobenzene and acetophenone-1-
14C. The benzoic acid 14C activities were determined and con-
sidered as secondary checks. 1 The weight of substrate counted
(mg): 75; W46, "28. 1During this oxidation there was loss of ca. 18%
of the original 14C activity. This was presumed to result from rela-
tively rapid initial attack at the benzylic C-H group of 28 and 1,2
cleavage followed by partial oxidative destruction of the resulting
14C labeled benzoic acid during the long drawn out completion of
the oxidation of the relatively stable diphenylchalcone which is
doubtless the intermediate in formation of benzophenone. The
probable correctness of this interpretation was supported by the
results of interruption of a typical oxidation of 28 whereby the 14C
activity of the benzoic acid obtained rose to 13.7%, a significantly
higher value but one still considerably lower than the stoichio-
metric 21.4% demanded on the basis of the 14C activity of the
benzophenone produced. mCf. ref9.

evaporation gave benzoic acid (1.4 g, 48%) which was recrystallized
(H20): mp 120-122°.

Addition of PhLi to 1,3,4,4-Tetraphenyl-3-buten-l-one (14*
and 14#). 1,1,3,4,4-Pentaphenyl-3-buten-I-ol (23* and 23#). To
stirred PhLi [from Li (0.23 g) and PhBr (2.51 g), Et*O (15 ml),
—5°], 14* was added (1.5 g, stirring, 5 min). Hydrolysis (ice-
NHA4C1), extractions (Et20), and recrystallization (absolute EtOH)
gave 23 (0.95 g, 65%), mp 175-177° (lit3* mp 175.5-178°).

Oxidation of 23* (or 23#) (0.85 g) by Cr03 (3.6 g) and AcOH (25
ml), reflux, 3 hr), evaporation, basification (5% K2CO3), steam dis-
tillation, and extraction (Et20) gave benzophenone which was con-
verted into the [14C]-2,5-dinitrophenylhydrazonel3 (75%). Acidifi-
cation of the steam distillation residue, extraction (Et20), and
evaporation gave benzoic acid, 0.14 g (61%), which was crystallized
(H20): mp 120-122° (this had small 14C activity arising presum-
ably from some oxidative degradation of one of the [14C]-gem-di-
phenyl groups prior or subsequent to benzophenone formation).
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KMnO,} oxidation of 23* (procedure for 14*) gave benzoic acid
with alittle 14C activity.

1,2,2,4-Tetraphenylbutane-1,4-dione (pseudO-RidesyI, 93de).
To PhLi [from Li (0.16 g), PhBr (11.1 g), Et20 (300 ml), 0°] was
added 3,3,5-triphenylcrotolactone [8g4g (16 g), stirring, 2 min].
Quenching (ice-NHA4CI) gave 9 (16.2 g, 82%) which was recrystal-
lized (CfiHg-EtOH): mp 156-157° (lit.3d mp 159-160°); uv (EtOH)
244 nm (« 21,950); ir 5.95 p (aromatic C=0). Anal.36 Calcd for
C2BH2D 2 C, 86.12; H, 5.68. Found: C, 85.92; H, 5.61.

2-Ethoxy-2,4,5,5-tetraphenyl-2,5-dihydrofuran (10).3d4d To
9 (5 9) in AcOH (150 ml) was added concentrated H2S04 (2.5 ml).
Stirring until solution, standing (4 hr), quenching (H20), extrac-
tion (Et2), washing (H20 -NaHC03), evaporation, and digestion
(absolute EtOH) gave 10 (4.6 g, 86%) which was recrystallized (ab-
solute EtOH): mp 148-149° (lit.3d mp 149-153°). Anal.36 Calcd for
C30H2602: C, 86.09; H, 6.26. Found: C, 85.65; H, 6.16. Reduction of
10 [1 g, AcOH (40 ml), Zn dust (2 g), 1 hr] gave 1,3,4,4-tetra-
phenyl-3-buten-l-one (14) which was recrystallized (EtOH-
AcOH): 39% mp 190-193° (lit.4d 193-195.5°).

Synthesis of Analogs of 2,3,5,5-Tetraphenyl-2,5-dihydrofu-
ranol (4) carrying one p-MeO or p-CF3group (44-46) utilized the
preference of the appropriate diaroylstyrenes (411543) for addi-
tions of PhLi or p-CF3PhLi to the less hindered carbonyl group
and for conjugate additions of PhMgBr and p-CF3PhMgBr fi to
the less hindered «,/3-unsaturated ketone system. In the PhLi reac-

Ph

44 (R' = p-MeO) 47 (R" = p-MeO)
45 (R"= p-MeO) U+ 48 (R'= p-CF3

ral (R' = p-MeO) Pl
PhLi
42 (R" = p-MeO)-
CF,PhLi
4B R =R"= H) — — » 46 (R'= p-CF)
L p-CFjPhMgBr
PhMgBr

49 (R" = p-CF3
r50 (R'= p-MeO)

tion with 41 where the p-MeOPhCO carbonyl activity is somewhat
lessened by p-MeO, a significant amount of O addition to the less
hindered of the two a,(3-unsaturated ketone systems occurs in
competition with the 4-carbonyl addition which then follows to
give diaddition product 51.4d PhMgBr shows its preference for (1
addition to the less hindered C=C—C =0 of 41, subsequent dehy-
dration giving furan 50. p-CF3PhMgBr, while reacting fi to the less
hindered C=C—C =0 of 43 to give saturated diketone 52 and
furan 49, also to a small extent added fi to the more hindered
C=C—C=0, giving 53. The structure of 53 was shown by KOH
cleavage to 54, by acid-catalyzed rearrangement with 2 to 1 migra-
tion of the 2-Ph rather than the 2-p-CF3Ph, and by methanolysis
to 55 whose structure follows by its difference from 46 methyl
ether. The 5,5-diaryl-2,5-dihydrofuranols 44-46 were dehydrative-
ly rearranged to the expected furans 47 and 48, p-MeOPh consis-
tently migrating in preference to Ph, and Ph migrating in prefer-
ence to p-CF3Ph. Oxidations of the furans 47-50 by HNO03-AcOH,
and of saturated diketone 52 by DM SO-KOH-02, gave the respec-
tive diaroylethylenes 56-59.

4-  p-Anisyl-1,2-diphenyl-2-butene-1,4-dione (41):15 mp 182-
184° (lit.16 mp 177°); uv (e X 1(T3) 239, 320 nm (19.7, 2.31); ir
1665, 1640cm 'L r.mri 7.4 (m, 15), 3.77 (s, 3).

2-p-Anisyl-l,4-diphenylbutene-l,4-dione (42).1516 Chroma-
tographing (Florisil, 70-100% benzene-petroleum ether fractions)
gave 3.5% which was recrystallized (EtOH): mp 134-136°; uv (c X
10-3) 247, 344 nm (22.0, 13.7); ir 1645, 1655 cm“ 1, nmr 57.5 (m,
15), 3.77 (s, 3). Anal. Calcd for C23Hi803 C, 80.68; H, 5.30. Found:
C, 80.48; H, 5.11. It had been supposed (erroneously) that this was
the isomer expected from condensation of acetophenone with the
more active carbonyl of 4-methoxybenzil;16 structure 42 was
proved by the relationships between 41 and 42, 44 and 45, and 47
and 50. The main product, an oil, which had been discarded,
doubtless contained large amounts of the expected and presum-
ably predominent isomer of 42.

5-p-Anisyl-2,3,5-triphenyl-2,5-dihydrofuranol (44, pre-
pared like 4): 76%, mp 167-168°; uv (f X 10“3) 2.52 nm (18.4); ir
(KBr) 2475 cm-1; nmr 6 7.1 (m, 20), 3.76 (s, 3), 3.02 (s, 1, D2 -*
0). Anal. Calcd for C29H240 3 C, 82.83; H, 5.75. Found: C, 82.62; H,
5.58.
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Na~NO*
EtOH-HD

Ph PhR"

(50-»-) 56,R'= p-MeO; R"=H
@7- ») 57,R'= H;R" = p-MeO
(48— *m) 58,R'=p-€F3R"=H
(49- ) 59,R'=H;R"=p-CF3 —

5-p-Anisyl-2,3,4,5-tetrahydrofuranol-2 (51) was isolated as a
minor product in one preparation of 44: 0.35% mp 196-198°; uv (e
X 10-3) 268 nm (4.0); ir 3410 cm-1; nmr 57.1 (m, 24), 5.21 (split d,
1,d= 125Hz), 3.73 (split d, 1, J = 125, 1.5 Hz, DD — 0), 3.72 (5,
3), 2.58 (splits, 1, J = 1.5 Hz). Anal. Calcd for C35H3003: C, 84.31;
H, 6.06. Found: C, 84.37; H, 6.08.

44 methyl cyclic ketal (also the ethyl analog) was prepared
from 44 (1 g) by a 30:1 milliliter mixture of absolute MeOH (or
EtOH)-AcOH (reflux, 5 min, cooled): 74%; recrystallized from
MeOH; mp 165-166°; uv (e X 10~3 255 nm (22.0); ir 2960, 2935,
2825 cm-1; nmr §7.2 (m, 20), 3.70 (s, 3), 3.13 (s, 3). Anal. Calcd for
C30H2603: C, 82.92; H, 6.03. Found: C, 82.66; H, 6.16. 44 ethyl cy-
clic ketal: 75%; recrystallized from absolute EtOH; mp 145-146°;
uv, (EX 10-3) 255 nm (22.1); ir 2970, 2925, 2875, 2830 cm -1 nmr 5
7.2 (m, 20), 3.72 (s, 3), 3.27 (9, 2, J = 7 Hz), 1.12 (t, 3, J = 7 Hz).
Anal. Calcd for C3tH2803 C, 83.01; H, 6.29. Found: C, 82.89; H,
6.24. -

3-p-Anisyl-2,5,5-triphenyl-2,5-dihydrofuranol-2  (45) was
prepared (like 44) from 42: 78%; recrystallized from EtOH; mp
134-135°% uv (Ex 10-3) 267 nm (21.2); ir 3420 cm-1; nmr $7.2 (m,
20), 3.70 (s, 3), 299 (s, 1, DO 0). Anal. Calcd for C29H2403: C,
82.83; H, 5.75. Found: C, 82.63; H, 5.60. 45 ethyl cyclic ketal (pre-
pared like 44 analog): 41%; mp 151-152° uv (i x 10-3) 271 nm
(23.8); ir 2935, 2835 cm 'L nmr b 7.3 (m, 20), 3.70 (s, 3), 3.33 (q, 2,J
= 7 Hz), 111 (t, 3, J = 7 Hz). Anal. Calcd for C3iH2803: C, 83.10;
H, 6.29. Found: C, 82.75; H, 6.29.

5- p-Trifluoromethyl-2,3,5-triphenyl-2,5-dihydrofuranol-2
(46, Isolated as Methyl or Ethyl Cyclic Ketal). To BuLi from Li
wire [1.04 g + n-BuBr (9.8 g), Et20, 30 min] was added p-CF3PhBr
[16 g, 0°, dropwise (a test sample + Dry Ice gave p-CF3PhCOOH]
and then cis-dibenzoylstyrene (43) (stirring, 5 min) and quenching
(H20, ice, NH4CI), evaporation of Et20 extracts, chromatography
(Florisil), evaporation of the 70-100% benzene-petroleum ether el-
uent, and crystallization (EtOH) gave 6.3 g (ca. 70%) of a mixture
of 46 and its ethyl cyclic ketal (ir, nmr) which was converted by
EtOH (or MeOH)-AcOH (30:1 ml, reflux 2-5 min) into the cyclic
ketal. 46 ethyl cyclic ketal: 66%; recrystallized from EtOH; mp
63-64°; uv (e x 10-3) 253 nm (22.1); nmr 57.5 (m, 20), 3.35(q, 2,J
= 7.4 Hz), 113 (t, 3, J = 7.5 Hz). Anal. Calcd for C3IH25F0 2 C,
76.53; H, 5.18. Found: C, 76.32; H, 5.29. 46 methyl cyclic ketal:
47%; recrystallized from MeOH; mp 141-142° uv (£ x 10-3) 253
nm (21.7); nmr 6 74 (m, 20), 3.13 (s, 3). Anal. Calcd for
C30H23F302 C, 76.26; H, 4.91; F, 12.06. Found: C, 76.06; H, 4.90; F,
11.89.

Reactions of 44-46 with 85% hydrazine hydrate gave no
bishydrazine derivatives (as did 4, 10, and 13). 46 instead under-
went dehydrative rearrangement to furan 48, and the products
from 44,and 45 on crystallization (EtOH) gave the ethyl cyclic ke-
tals. Doubtless the analogs of 1 could be obtained under more so-
phisticated conditions.

3-p-Anisyl-2,4,5-triphenylfuran (47) was prepared from 44 by
AcOH (reflux, 5 min, 98°) and from 45 (AcOH, trace H+, 71°) and
was recrystallized (AcOH): mp 169-170° uv (c X 10-3) 232, 292,
325 nm (28.9, 19.6, 24.1); nmr 57.2 (m, 19), 3.74 (s, 3). Anal. Calcd
for C29H2? 02 C, 86.54; H, 5.51. Found: C, 86.31; H, 5.64. ,

2-p-Anisyl-.3,4,5-triphenylfuran (50) was prepared by addi-
tion of 41 to PhMgBr-Et20, treatment with 12,3y and chromatog-
raphy (Florisil, CéH6-petroleum ether): 19%; crystallized from

Juelke, Boykin, Dale, and Lutz

AcOH; mp 142-143°; uv (£ X 10“3) 232, 250, 327 nm (21.0, 19.9,
22.0); nmr S7.2 (m, 19), 3.74 (s, 3). Anal. Calcd for C29H220 2 C,
86.54; H, 5.51. Found: C, 86.23; H, 5.66.

2-p-Trifluoromethylphenyl-3,4,5-triphenylfuran (48). Por-
tions of the mixture of 46 and its ethyl ketal were treated with (a)
AcOH-concentrated HC1 (10:1 ml, reflux, 5 min) and (b) Et20 [100
ml + 12 (1 g), room temperature, 4 hr]: yields 74 and 10%, respec-
tively; recrystallized from EtOH; mp 187-188°; uv (£ X 10-3) 234,
265, 332 nm (25.8, 16.8, 25.6). Anal. Calcd for C29Hi9F30: C, 79.07;
H, 4.35; F, 12.97. Found: C, 79.02, H, 4.39; F, 13.03.

Additions of p-CF3PhMgBr to crs-Dibenzoylstyrene (43).
3-p-Trifluoromethylphenyl-2,4,5-triphenylfuran (49). To p-
CF3PhMgBr [from Mg (1.16 g + crystal of 12, p-CF3PhBr (12.2 g),
and Et20 (200 ml), 0°] was added 43 (10 g, stirring, 10 min). Hy-
drolysis, extractions (Et20), and chromatography (Florisil, ben-
zene-petroleum ether) followed. The 20-40% fractions gave 49 (6.8
0, 48%): recrystallized from absolute EtOH; mp 144-145°; uv (E X
10-3) 231, 260 nm (shoulder), 320 (26.9,18.9, 22.4). Anal. Calcd for
C29H19F30: C, 79.07; H, 4-35. Found: C, 79.14; H, 4.48.

2-p-Trifluorophenyl-1,3,4-triphenylbutane-1,4-dione  (52).
The 80-90% benzene fractions (above) gave 52: 0.58 g (40%); re-
crystallized from AcOH; mp 216-217°; uv (e X 10-3) 252 nm (27.3);
ir 1665, 1325, 1165, 1130 cm 'L nmr b 7.5 (m, 19), 6.03 (s, 2). Anal.
Calcd for C29H2iF30 2 C, 75.97; H, 4.62. Found: C, 75.67; H, 4.26.
52 was also made from 59 by Na2S204 [88:53 (ml) EtOH-H20, re-
flux, 1 hr]: 93%. It was dehydrated to furan 49 (Ac20 + trace of
concentrated H2S04, reflux, 10 min), hydrolyzed, and chromato-
graphed (Florisil, 10%, CsHs-petroleum ether fraction): 50%. Aut-
oxidation17 of 52 (1% KOH-DMSO, stirring, air) gave 59: 53%."'

2- p-Trifluoromethyl-1,2,4-triphenylbutane-l,4-dione
from 100% benzene and Et2 extraction (above); 5 g (34%); recrys-
tallized from AcOH; mp 142-143°; uv (e X 10-3) 246 nm (24.8); ir
1680 cm-1; nmr 5 74 (m, 19), 438 (s, 2). Anal. Calcd for
C29H2iF30 2 C, 75.97; H, 4.62. Found: C, 76.13; H, 4.61.

3-p-Trifluoromethylphenyl-1,3-diphenylpropanone  (54):
from 53 [0.2 g + KOH (0.05 g), warm EtOH (100 ml), 1 hi]; 71%;
chromatographed (Florisil, acetone); mp 119-121°; uv (e X 10-3)
226, 244 nm (17.1, 15.7); ir 1675 cm-L nmr 58.0 (m, 2), 7.4 (m, 12),
493 (t, 1, J = 75 Hz), 379 (d, 2, J = 7.5 Hz). Anal. Calcd for
C22Hi7F30: C, 74.57; H, 4.84. Found: C, 74.26; H, 4.67.

2-Methoxy-4-p-trifluoromethylphenyl-2,5,5-triphenyl-2,5-
dihydrofuran (55): from 53 (with 4- to 5-Ph migration3g) by Ac20
+ concentrated H2S04 (trace) [24 hr, hydrolysis solution, MeOH
(48 hr, deep freeze)]; 61%, recrystallized from MeOH; mp 138-
139°; uv (e X 10-3) 256, 265 nm (17.1, 14.8); nmr 57.3 (m, 19), 6.57
(s, 1), 3.10 (s, 3). Anal. Calcd for C30H23F302 C, 76.26; H, 4.91.
Found: C, 76.40, H, 4.92.

cis-2-p-Anisyl-1,3,4-triphenyl-2-butene-l,4-dione (57): from
furan 47 by AcOH-concentrated H2S04 (2 min, 60°, cooled); 58%;
recrystallized from AcOH; mp 208-209°; uv-(e X 10-3) 231, 257 nm
(26.2, 28.2); ir 1660 cm“ L nmr S7.85 (m, 4), 7.2 (m, 15), 3.7 (s, 3).
Anal. Calcd for C20H220 3 C, 83.23; H, 5.30. Found: C, 83.08; H,
5.18.

CJS-I-p-Anisyl-2,3,4-tripheny]-2-butene-l,4-dione (56): from
50, (a) like 57, chromatographed (Florisil, CeHe-petroleum ether),
80%; (b) by Br2-Et20-H2018 (30 min), 87%; and (c) by Cro03
(AcOH, 60°, 15 min), 67%. 56 crystallized (MeOH, EtOH, or
AcOH) with solvent of crystallization (shown by ir and nmr) and

(53):



Deazotizations of Bis(phenylated dihydrofuranyl)hydrazines

dried in vacuo: mp 126-127°; uv (¢ X 10~3) 260, 291 nm (23.6,
21.9); ir 1655, 1645 cm-1; nmr s 7.9 (m, 4), 7.2. (m, 15), 2.76 (s, 3).
anal. Calcd for C2sH220s: C, 83.23; H, 5.30. Pound: C, 83.06; H,
5.29.

cis-l-p-Trifluoromethylphenyl-2,3,4-triphenyl-2-butene-
1.4- dione (58): prepared like 57; 96%; recrystallized from 50%
AcOH; mp 140-141°; uv (t X 10*3) 251.5 nm (27,5); ir 1665, 1654
cm-1. anal. Calcd for C2oH19F3Q2: C, 76.30; H, 4.20. Found: C,
76.16; H, 4.41.

2,5-Diethoxy-2-p-trifluoromethy]phenyl-3,4,5-triphenyl-
2.5- dihydrofuran (58 cyclic diethyl ketall19: from 58 by abso-
lute EtOH-AcOH (10:1 (ml), reflux, 2 min, cooled); 69%; recrystal-
lized from hexane; mp 160-161°; uv (r X 10-3) 261 nm (16.5); nmr
s7.2(m, 19),3.75 (q, 4,5 = 65 Hz), 1.27 (t, 6,5 = 6.5 Hz). Anal.
Calcd for CasH29F30s: C, 74.73; H, 5.47. Found: C, 74.51; H, 5.52.

cis-2-p-Trifluoromethylphenyl-1,3,4-triphenyl-2-butene-
1,4-dione (59): from 49 (like 57); 87%; recrystallized from MeOH,;
mp 187-188°; uv (t X 10"3) 259 nm (28.2); ir 1650, 1670 cm'L; nmr
5 7.9 (m, 4), 7.3 (M, 15). anal. Calcd for C29H19F3C2: C, 76.30; H,
4.20. Found: C, 76.42; H, 4.37.

1.2- Bis[2-(2,4,5,5-Tetraphenyl-2,5-dihydrofuranyl)]hydraz-
ine (2). To a solution of cyclic ketal 10 (2 g) in AcOH (10 ml, 100°)
was added dropwise 85% hydrazine hydrate in AcOH (1:5 ml), fol-
lowed by stirring (2= min), cooling (2 crystallizing), and addition of
H20 (second crop): 1.6 g (s6%); recrystallized from CeH6-absolute
EtOH; mp 194-195° dec; uv (e X 10*3) 254 nm (2.96); ir (CCl4)
3250, 3270 (shoulder), 3260, 3270 cm-1 (shoulder); nmr 57.1 (m,
40), 5.97 (s, 2), 3.10 (s, 2). Anal. Calcd for CseH44N202: C, 86.57; H,
5.71; N, 3.61. Found: C, 86.62, H, 5.80, N, 3.54.

Deazotizations of 2. (A) Fusion pyrolysis (6 g, heated slowly,
N2 evolution beginning at 197° and ceasing before 212°) and chro-
matography (Florisil, 60-100% C6H6-petroleum pentane) gave
144d (3.6 g, 62%): mp 156-159°; recrystallized (C6H6-EtOH); mp
193-194°,

(B) Pyrolysis in decalin (1 g, 10 ml, reflux, 4 hr), crystallizations
(EtOH), and chromatography (Al20s, OgHg-petroleum pentane)
gave 14 (0.3 g, 32%), mp 176-178°. Crystallization of the residual
oil (absolute EtOH) gave 1,2,4,4-tetraphenyl-3-buten-I-one (15):
0.055 g (5.7%); mp 86-87° (lit.4i 91.5-93°).

(C) Photolysis9 [3 g, CeH6 (500 ml, degassed, N2), -*-N2, 4 hr],
evaporation (in vacuo), and digestion of the residue hot hexane
(200 ml, 30 min, standing overnight)] returned 2 (1.4 g). From the
filtrate chromatography (Florisil, 50-60% C6H6-petroleum pen-
tane) gave 14 (0.05 g, 7% from 2 consumed), mp 179-180°. The res-
idue (from 90-100% benzene fraction), with EtOH, gave cyclic
ketal 12 (0.29 g, 29%), mp 145-146° (that hydrolysis and ethanol-
ysis occur on the column was demonstrated separately).

2,3,4-Triphenyl-5,5-[14C-diphenyl]-2,5-dihydrofuran-2-ol
(12*).3e,g To PhLi [from Li (4.5 g), [14C]-PhBr (50 g), Et20 (300
ml), 1.5 hr] was added portionwise 31 g of cis-dibenzoylstilbene
(11). Stirring (5 min), quenching (ice-NH4CI), evaporation of Et20
extracts, and digestion of the residue (absolute EtOH) gave 12
(35.5 g, 95%): recrystallized from CgHg-EtOH; mp 163-164° (lit.3ee
164-165°); uv 250 nm (shoulder, ¢ 12,000); ir 2.8 m- Anai.3e Calcd
for CaaH2602: C, 87.52; H, 5.62. Found: C, 87.31: H, 5.52. 12 was
converted into 2-ethoxy ketal 13 by EtOH (trace H+): recrystal-
lized from EtOH; mp 157-158° (73%). anal. Calcd for CssH300::
C, 87.42; H, 6.12. Found: C 87.44; H, 6.12. Hydrolysis of 13 [AcOH-
H20, 10:1 (ml), reflux 15 min] regenerated 12.

1.2- Bis[2-(2,3,4-triphenyl-5,5-[14C-diphenyl]-2,5-dihydrofu-
ranyl)]hydrazine (3*). Hydrazine hydrate [85% (3.5 ml), AcOH
(25 ml)] was added dropwise (stirring) to 13 (5 g, AcOH, 125 ml,
70°), crystals soon appearing. Cooling gave 3* (4.3 g, 86%): mp
256-257° dec; recrystallized from CgHg-abs EtOH; mp 264-265°
dec; uv (CHCI3) nm (¢ X 1(T3) 250 nm (20.6); ir 3240, 3220 cm"1
(shoulder); nmr s 6.9 (m, 50), 4.59 (s, 2, D20 — O). anai. Calcd for
CesHs2N202: C, 87.90; H, 5.64; N, 3.01. Found: C, 88.00; H, 5.64; N,
2.94. Ethanolysis of 3 by absolute EtOH-AcOH [30:1 (ml), reflux
5.5 hr] and cooling returned 3 (0.055 g), and quenching (H20) gave
13 (97% from 3 consumed), mp 140-145° (lit.3c 156-157°). Hydrol-
ysis of 3 by AcOH-concentrated HCI [30:1 (ml), reflux, 1 hr], cool-
ing, quenching (Hz0), chromatographing (Florisil, 50-80% CgHg-
petroleum ether), and recrystallization (hexane) gave 12.

Deazotizations of 3. (A) Pyrolysis (4 g), heated slowly to fusion
(280°, -*-N2at 258°), and chromatographing (Florisil, CgHg-petro-
leum pentane) gave tetraphenylfuran (7) [0.2 g (62%); recrystal-
lized from AcOH; mp 174-175°], 2,3,4,5,5-pentaphenyl-4,5-dihy-
drofuran (29) [0.6 g (15%); recrystallized from absolute EtOH; mp
143-145° (lit.3aey 148-151°)], and 1,2,3,4,4-pentaphenyl-3-buten-
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1- one (28) [2 g (52%); crystallized from CgHg-absolute EtOH; mp
185-186° (lit.3= 185°)]. 28 and 29 were subjected to the above con-
ditions and were recovered unchanged.

1 (B) Pyrolysis in decalin (3 g, 15 ml, reflux 12 hr, cooling) gave 28
(1.3 g). Chromatographing the residue (Florisil, 10-80% CRH6-pe-
troleum ether) and crystallization (AcOH) gave 7 (0.186 g, 7.7%),
29 (0.288 g, 9.9%), and 28 (bringing its total to 53%, mp 179-180°).

(C) Pyrolysis in DMF (153°) (4 hr, -*30% unchanged) for 14 hr,
guenching (H20), and chromatographing (Florisil) gave only 12
(50%), mp 153-154° (shown to result from hydrolysis of 3 on the
column).

(D) Photolysis9in benzene (degassed N2, 4 hr), evaporation, di-
gestion of the residue (hexane, 100), and cooling returned 3 (87%).
Evaporation of the filtrate and chromatographing (Florisil, 40-
100% CgHg-pctroleum ether) gave 29 (8%), 31 (10%), and 28 (10%),
calculated from 3 consumed. Furan 7 was recovered upon similar
irradiation (80%).

1.2.3.4.4- Pentaphenyl-3-buten-l-one (283 by Reduction of
2- Ethoxy-2,3,4,5,5-pentaphenyl-2,5-dihydrofuran (13). To 13
(3 g, AcOH, reflux) was added Zn dust (6 g, 15 min, exothermic,
color change from red through green to yellow); filtering and cool-
ing gave 28 (1.6 g, 59%) which was recrystallized from absolute
EtOH, mp 180-184° (lit.3«185°).

1.2.3.4.4-
above but reflux, 80 min) gave 30 (62%), mp 167-169°, which was
recrystallized from absolute EtOH: mp 193-194.5°; ir 1675 cm-1;
uv (« X 10“3) 24C nm (14.6); nmr s 7.3 (m, 25), 5.12 (d, 1, 3 = 80
Hz), 4.55 (m, 2); nmr (C6He) 55.29 (d, 1, 3 = 85 Hz), 4.93 (pair of
overlapping doublets, 1, 3 = 85 Hz, - = 9.0 Hz), 4.67 (dd, 1, a* =
9.0 Hz). Aanal. Caled for CasaHZO: C, 90.23; H, 6.24. Found: C,
90.15; H, 6.15.

KMnO04 oxidations of 1,2,3,4,4-pentaphenyl-3-buten-l-one
(28 and 28*), carried out as for 14, gave benzophenone 2,4-dinitro-
phenylhydrazone (15%*), mp 237-238°. The benzoic acid in the
ether extract of the acidified steam distillation residue was re-
moved by 10% NaOH and isolated by acidification, Et20 extrac-
tion, sublimation, and recrystallization (H20): mp 121-122°,
Evaporation of the remaining Et20 solution containing dihydrofu-
ranol 12*, chromatographing (Florisil), and crystallizing (absolute
EtOH) gave cyclic ketal 13* (18%), mp 156-157°. A similar oxida-
tion and work-up, but using only 1 equivalent of KMn04 (1 hr),
gave 13*; 35% from 28 was consumed.
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Oxidative Ring Closure of I-Benzyloxy-3-arylureas to
1-Benzyloxyhenzimidazolones!
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Lead tetraacetate oxidation of I-benzyloxy-3-arylureas (1) results in intramolecular ring closure to form 1-ben-
zyloxybenzimidazolone (2) or in intermolecular nitrogen to nitrogen coupling to form 1,2-dibenzyloxy-I,2-di-
phenylcarbamylhydrazines (7). Studies of the oxidation of structures related to 1 establish that the requirements
for a ring closure are quite specific. Studies of the influence of substituents show that electron-withdrawing sub-
stituents on the aryl group inhibit the ring closure particularly when the substituents are ortho to the urea group.
The decomposition of the hydrazines 7 occurs rapidly and aryl isocyanates and benzyl alcohol are first formed.
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Oxidative Ring Closure of I-Benzyloxy-3-arylureas

Table |
Products from Lead Tetraacetate Oxidation of
I-Benzyloxy-3-arylureas in Chloroform Solution*
) %

Reaction Aromatic benzimi %
no. substituent Registry no. azoloneb rbamate
1 l)-ch3 51457-93-3 95 0
2 p-ch3 51457-92-2 100 0
3 p-H 33026-77-6 97 0
4 p-Cl 51457-91-1 9% 0
5 p-no2 51457-90-0 12 88
6 w -CHj 51457-96-6 97 0
7 m-ClI 51457-94-4 99 0
8 w-NO02 51457-95-5 15 84
9 0 -CHs0 51458-01-6 98 0
10 0 -CHs 51458-00-5 96 0
11 o-F 51457-99-9 41 50
12 o-ClI 51457-98-8 0 98
13 o-N02 51457-97-7 0 96

aAll reactions were run with an initial concentration of 5.82 X
10-2 M solutions of I-benzyloxy-3-arylureas in chloroform contain-
ing 5.94 x 10" 2 M concentration of lead tetraacetate. 6 Values re-
ported are actual percentage yields of isolated product.

Table 1l
Ratio of Isomeric Benzimidazolone Products from
Lead Tetraacetate Oxidation of

eta-Substituted 1-Benzyloxy-3-arylureas
H o H
N— C— N— OCH,Ph

H
N
cC=0 + c=0
u]/
OCHZPh
5
Position of Position of
% NHinmr % NHinmr of/pf
nz- 51 1141 1124 104
8,'13 é% 10.54 e 10.68 ?
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Experimental Section

Melting points were corrected and were determined in capillary
tubes using an A. H. Thomas Unimelt apparatus. Infrared spectra
were obtained using a Perkin-Elmer grating infrared spectropho-
tometer, Model 621. The nuclear magnetic resonance spectra
(nmr) were taken on a Varian A60 instrument. Mass spectra were
run on a Hitachi Perkin-Elmer RMU-6E mass spectrometer. Mi-
croanaylses were determined at the University of Idaho on a Per-
kin-Elmer, Model 240, elemental analyzer. Osmotic molecular
weight determinations were run on a Hitachi Perkin-Elmer molec-
ular weight apparatus, Model 115.

I-Benzyloxy-3-arylureas. These preparations were carried out
by reaction of benzyloxyaminei6 with an equimolar quantity of
aryl isocyanate. The details of these preparations are described
elsewhere.17

Solvent. Chloroform was purified by shaking several times with
concentrated sulfuric acid, drying with anhydrous calcium chlo-
ride, passing through a column of alumina, and distilling. All lead
tetraacetate oxidations run in chloroform were run within 24 hr of
the completion of this purification procedure.

Lead Tetraacetate Oxidation of I-Benzyloxy-3-phenylurea.
Method I. To 1.00 g (4.13 mmol) of I-benzyloxy-3-phenylurea dis-
solved in 50 ml of dry chloroform was added with stirring a 10-ml
solution of chloroform containing 2.01 g (4.53 mmol) of lead tetraa-
cetate analyzed by Arapahoe Chemical Co. as 95% lead tetraace-
tate and 5% acetic acid. Upon mixing the reaction solutions a pre-
cipitate having the same melting point and infrared spectrum as
lead diacetate was formed. The solution was filtered, and the pre-
cipitate was washed with chloroform until 250 ml of filtrate was
obtained. The filtrate was washed twice with 50-ml aliquots of
water and dried with anhydrous calcium chloride. On removing the
chloroform, 0.96 g (96%) of white solid remained which on recrys-
tallization from ethanol-water gave 0.85 g of pure 1-benzyloxyben-
zimidazolone: mp 159-160°; ir (Nujol) 1705 (C.=0O); nmr (DMSO-
ds) S5.22 (s, 2), 6.80-7.70 (m, 9), broad 11.10 ppm (s, 1). Major
peaks in the mass spectrum at 70 eV include m/e (relative intensi-
ties) 240 (26), 134 (100), 108 (60), 105 (95), 91 (52). Anal. Calcd for
Ci4H12N20 2 C, 70.00; H, 5.01; N, 11.67. Found: C, 69.87; H, 5.13;
N, 11.93.

Lead Tetraacetate Oxidation of Other I-Benzyloxy-3-Para-
Substituted Arylureas. Physical data and analyses for the oxida-
tion products of other I-benzyloxy-3-para-substituted arylureas
are given in Table IlI.
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of Ph smlfl.e)ata ndAnaI
Sgl%s? [yg? %en Imi azoon
F ac on Pro ucs ¥
from XI |ono enzyloxy-3- ara ue reas
Analysis, %
Substituent on 2 Registry no. Np, °C Calcd Found
6-Methoxy 53820-90-9 149-150 C 66.65 66.63
H 5.22 5.34
N 10.37 10.32
6-Methyl 53820-91-0 162-163 C 70.85 70.87
H 5.55 5.56
N 11.02 10.88
6-Chloro 53820-92-1 153-154 C 61.21 61.22
H 4.04 4.13
N 10.20 10.16

° All reactions were run in chloroform solutions with an initial
concentration of 5.82 x 10“2 M I-benzyloxy-3-arylurea and 6.10 x
10 2 M lead tetraacetate. Products from top to bottom of table
were obtained in 95, 100, and 94% yield, respectively.

Catalytic Hydrogenation of 1-Benzyloxybenzimidazolone
with Palladium on Carbon. In a microhydrogenation apparatus
was placed 0.210 g (0.875 mmol) of 1-benzyloxybenzimidazolone in
20 ml of 95% ethanol and 0.1 g of 5% palladium on carbon. The
mixture was stirred for 40 min, and 23 ml of hydrogen corrected to
STP (1.02 mmol) was absorbed. The catalyst was removed by fil-
tration, and the solution was analyzed for toluene using glc and the
internal standard technique. The estimated yield of toluene was
0.070 g, 87%. The solvent was removed and the solid product (0.121
0, 92%, mp 228-232°) was obtained. This product was recrystal-
lized from a mixture of acetone and carbon tetrachloride and was
observed to decompose sharply at 230° and produce a green color
with a ferric chloride solution: ir (Nujol) broad 3115, 1680 cm-1.
Anal. Calcd for C7TH6N202: C, 55.99; H, 4.03; N, 18.66. Found: C,
56.14; H, 4.19; N, 18.82.

Catalytic Hydrogenation of 1-Benzyloxybenzimidazolone
with Raney Nickel. Hydrogenation of 0.247 g (1.03 mmol) of 1-
benzyloxybenzimidazolone with Raney nickel catalyst occurred in
about 8 hr with an observed uptake of 48.5 ml (0.216 mmol) of hy-
drogen. The solution was filtered and 0.069 g, 73%, of toluene was
estimated to be present using glc and the internal standard tech-
nique. Upon evaporation 0.130 g, 94%, of white solid (mp 309-
313°) was obtained. Purification was achieved by recrystallization
from acetone: mp 313-315°; mmp with benzimidazolone5 313-
315°. Anal. Calcd for C7TH6N20: C, 62.67; H, 4.51; N, 20.89. Found:
C, 62.52; H, 4.64; N, 20.77.

Lead Tetraacetate Oxidation of I|-Benzyloxy-3-p-nitro-
phenylurea. In a closed system connected to a gas buret, a 1.00-g
(3.49 mmol) sample of I-benzyloxy-3-p-nitrophenylurea dissolved
in 50 ml of chloroform was added with stirring to a 10-ml chloro-
form solution containing 1.70 g (3.84 mmol) of lead tetraacetate.
Upon mixing the reaction solutions 34.0 ml (STP) or 1.518 mmol
of a gas was evolved which gave no infrared spectrum and had the
same glc retention time as nitrogen. The evolution of gas was com-
plete within 2 min of the initial mixing time. The mixture was fil-
tered, and 0.93 g of solid was obtained when the chloroform was
evaporated A 0.75-g sample of this was dissolved in.ethyl acetate
and placed on 50 g of a neutral alumina column. Upon eluting the
column with 50 ml of ethyl acetate, 0.60 g (80%) of a solid product,
mp 157-158°, was obtained. This compound had identical ir and
nmr spectra with benzyl p- nitrophenylcarbamate prepared by the
reaction of benzyl alcohol with p-nitrophenyl isocyanate: ir (Nujol)
3333 (N-H), 1740 cm-1 (C=0); nmr (DMSO-d6) $5.23 (s, 2),
7.31-8.32 (m, 9), 1046 ppm (broad s, 1). Anal. Calcd for
Ci4H12N20 4 C, 61.76; H, 4.44; N, 10.29. Found: C, 61.94; H, 4.37;
N, 10.32.

Further elution of the column with 75 ml of methanol afforded

Q 072 g (9.6%) of a solid product, mp 200-201°, which was identi-

fied as I-benzyloxy-6-nitrobenzimidazolone: ir (Nujol) 1720
(C=0), 1080, 835, 700 cm-1L nmr (DMSO-dg) S5.28 (s, 2), 7.05-

8.06 (m, 8), 11.84 ppm (broad s, 1). Anal. Calcd for Ci4HNN304 C,

58.94; H, 3.89; N, 14.73. Found: C, 58.86; H, 3.92; N, 14.68. A com-
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parison of the integration of the N-H protons in the nmr spectrum
of the original reaction mixture showed the benzyl p-nitrophenyl-
carbamate and I-benzyloxy-6-nitrobenzimidazolone to be present
in a molar ratio of 88 to 12%, respectively. The volume of nitrogen
evolved corresponds to 87% of the urea to hydrazine 8 and on to
p- nitrophenylcarbamate.

Detection of p-Nitrophenyl Isocyanate during Lead Te-
traacetate Oxidation of I-Benzyloxy-3-p-nitrophenylurea. To
a 1.00-g (3.5 mmol) sample of I-benzyloxy-3-p-nitrophenylurea in
40 ml of chloroform was added 1.40 g (3.15 mmol) of lead tetraace-
tate, and the mixture was stirred for 30 sec at room temperature. A
sample of the reaction mixture was placed in a 464-m path length
liquid infrared cell and the infrared spectrum of the solution was
run between 2350 and 2200 cm-1. The first infrared spectrum was
run 90 sec after the initial addition of the lead tetraacetate to the
reaction solution and showed a strong infrared absorption at 2260
cm-1. The intensity of this band increased for the first 5 min and
then slowly decreased for the next hour until it disappeared. A so-
lution of p-nitrophenyl isocyanate in chloroform showed a strong
infrared absorption at the same wave number (2260 cm-1) and the
intensity of this absorption also slowly decreased when benzyl al-
cohol was added to the solution. Both of these bands had the same
characteristic shape being rather broad with the maximum intensi-
ty occurring at the lower wavelength side of the band.

Lead Tetraacetate Oxidation of 1-Benzyloxy-3-m-nitro-
phenylurea. When this oxidation was carried out using method I,
a 99% yield of solid was obtained. From the nmr it was estimated
that this solid was a mixture of 15% of two isomeric 1-benzyloxyni-
trobenzimidazolones and 85% benzyl m-nitrophenylcarbamate.
Only this latter compound was isolated from this reaction mixture
using column chromatography (alumina and ethyl acetate) and
was shown to be identical to the product from m-nitrophenyl iso-
cyanate with benzyl alcohol: ir (Nujol) 3306, 1690, 1530, 725 cm-1;
nmr (DMSO-de) i 5.27 (s, 2), 7.25-9.67 (m, 9), 10.30 ppm s, 1).
Anal. Calcd for Cl4Hi2N20 4 C, 61.76, H, 4.44, N, 10.29. Found: C,
61.75,. H, 4.42, H, 10.40. From the column chromatograph the 1-
benzyloxynitrobenzimidazolones were obtained by elution with
methanol. From the nmr spectra of the mixture the yields were es-
timated to be 87% for the carbamate and 13% for the isomeric ben-
zimidazolones, while the ratio of the latter compounds was esti-
mated to be 60:40.

Lead Tetraacetate Oxidation of I|-Benzyloxy-3-ra-nitro-
phenylurea Using High Dilution Conditions. Method II. Isola-
tion of the benzimidazolones was undertaken from a high dilution
experiment where 1.00 g (3.49 mmol) of I-benzyloxy-3-m-nitro-
phenylurea in 500 ml of chloroform was added slowly (100 min) to
1.70 g (3.84 mmol) of lead tetraacetate in 100 ml of chloroform.
From this oxidation 0.92 g of solid product which was estimated to
be 93% 1-benzyloxynitrobenzimidazolones and 7% benzyl m-nitro-
phenylcarbamate by nmr was obtained. One isomeric benzimida-
zolone was isolated by fractional crystallization from chloroform:
mp 220-221°; ir (Nujol) 1722, 1517, 1337, 693 cm"1, nmr (DMSO-
d6) §5.30 (s, 2), 6.93-8.05 (m, 8), 11.68 ppm (s, 1). Anal. Calcd for
Ci4HNn N304 C, 58.94, H, 3.89, N, 14.73. Found: C, 58.70, H, 3.90,
N, 14.72. From chloroform-carbon tetrachloride solution a second
isomer precipitated: mp 173-174°; ir (Nujol) 1730, 1532, 1350, 854,
710 cm-1 nmr 55.32 (s, 2), 7.02-7.76 (m, 8), 11.86 (s, 1). Anal.
Calcd for C14H11N304: C, 58.94, H, 3.89, N. 14.73. Found: C, 58.82,
H, 3.90, N, 14.93. The ratio of these two isomeric 1-benzyloxynitro-
benzimidazolones was estimated to be 40 to 60%, respectively.

Lead Tetraacetate Oxidation of Other I-Benzyloxy-3-
Meta-Substituted Arylureas. Physical data and analyses for the
oxidation products of other I-benzyloxy-3-meta-substituted aryl-
ureas are given in Table IV.

Lead Tetraacetate Oxidation of I|-Benzyloxy-3-o-nitro-
phenylurea. From the oxidation of 1.00 g (3.49 mmol) of 1-benzyl-
oxy-3-o-nitrophenylurea with 1 g (2.26 mmol) of lead tetraacetate
was isolated 0.950 g of an oily product: ir (neat) 3318, 1725, 735,
693 cm“ L, nmr (CDCls) 55.27 (s, 2), 6.90-8.75 (m, 9), 11.11 ppm (s,

1).

)A 0.600-g (1.05 mmol) sample of this product was dissolved in 30
ml of bromoform and connected to a gas buret. The temperature of
solution was held at 23.0° and Table V shows the observed evolu-
tion of nitrogen gas. Upon removal of the bromoform under re-
duced pressure a solid product was obtained. A pure sample, mp
65-66°, was obtained upon recrystallization of this product from a
hexane-carbon tetrachloride mixture. This product was identified
as benzyl o-nitrophenylcarbamate by comparison of the nmr and
infrared spectra with a sample of benzyl 0-nitrophenylcarbamate
prepared by the reaction of benzyl alcohol with o-nitrophenyl iso-
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Table IV
Summary of Physical Data and Analyses for Isomeric Aryl-Substituted
1-Benzyloxybenzimidazolones (2) from I-Benzyloxy-3-Meta-Substituted Arylureas

Ratio of products Analysis, %
estimated

Substituent on 2 Registry no. Mp, °C by nmr, % Calcd Found
5-Methyl6 53820-93-2 153-154 55 C 70.85 71.13
H 555 5.67

N 11.02 11.02

7-Methyl 53820-94-3 139-140 45 C 70.85 70.99
H 5.55 5.66

N 11.02 11.04

5-Chloroé 53820-95-4 204-205 49 C 61.21 61.12
H 4.04 4.13

N 10.20 10.31

7-Chloro 53820-96-5 160-161 51 C 61.21 61.00
H 4.04 3.95

mN 10.20 10.19

° Overall yields were 96% for the two methyl compounds and 98% for the two chloro compounds. 6 Structures were identified by conversion
of these compounds to 5-methylbenzimidazolone and 5-chlorobenzimidazolone by hydrogenolysis. The same compounds were obtained by
hydrogenolysis of I-benzyloxy-6-methylbenzimidazolone and I-benzyloxy-6-chlorobenzimidozolone, respectively.

cyanate: ir (Nujol) 3340,1733, 750, 691, cm 1, nmr (CDCI3) 5.20 (s, Table V
2), 6.85-8.65 (m, 9), 9.86 ppm (s, 1). Anal. Calcd for C14H12N204:
C, 61.76; H, 4.44, N, 10.29. Found: C, 61.88, H, 4.46, N, 10.29. , o MiofN? , _
The decomposition of the oil in CDCI3 was followed by nmr. The Time, min  at STP Time, min Miof  atsSTP
nmr absorption due to the oil slowly disappeared while that due to
benzyl o-nitrophenylcarbamate slowly increased until the latter 0.0 0.0 945.0 18.0
absorption was all that was present in the spectrum after 24 hr. 120.0 0.5 1140.0 20.0
Lead Tetraacetate Oxidation of Other I-Benzyloxy-3- 280.0 3.4 1345.0 22.0
Ortho-Substituted Arylureas. Physical data and analyses for the 370.0 6.0 1535.0 23.2
oi<idation pr_oduc_tsTofblot\r}(ler I-benzyloxy-3-ortho-substituted ar- 475.0 9.0 1920.0 235
ylureas are given in Table VI.
Lead Tetraacetate Oxidation of 1-Benzyloxy-3-a-naph- ?ggg 1125'07 © 23.5 (1.05 mmol)

thylurea. The oxidation of 1.02 g (3.50 X 1073 mol) of 1-benzyl-
oxy-3-0-naphthylurea with 1.60 g (3.61 x 10-3 mol) of lead tetra-

acetate in 60 ml of chloroform, using the same procedure as given
above for I-benzyloxy-3-phenylurea, afforded 0.96 g (97% yield) of
a solid product. The nmr spectrum (DMSO-d6) of this product in-
dicated the presence of a benzyloxynaphthimidazolone compound
as the only reaction product. A pure sample with a mp of 156-157°

was obtained upon recrystallization of this product from a chloro-
form-benzene solution: ir (Nujol) 1706, 796, 720, 690 cm-1; nmr
(DMSO0O-d6) h5.32 (s, 2), 7.03-8.32 (m, 11), 12.01 ppm (& 1). Anal.
Calcd for C18H16N202: C, 73.96, H, 5.52, N, 9.58. Found: C, 74.02,
H, 559, N, 9.61.

Table VI
Summary of Physical Data and Analyses for Products of Oxidation of I-Benzyloxy-3-Ortho-Substitued Arylureas

Aryl substituent

on urea reactant Registry no. Product

o- Fluoro Benzyl o-fluoro-
phenylcarbamate

I-Benzyloxy-4-
fluorobenzimid-
azolone

Benzyl o-chloro-
phenylcarbamate

o0-Chloro

I-Benzyloxy-4-
chlorobenzimid-
azolone

Benzyl 2,5-
dichlorophenyl-
carbamate

I-Benzyloxy-4-
methoxybenz-
imidazolone

I-Benzyloxy-4-
methylbenzimid-
azolone

2,5-Dichloro 538-20-97-6
o-Methoxy

o-Methyl

% yield Analysis,, %
of isolated

Registry no. material Mp, °C Calcd Found
53820-98-7 43 61-62 C 68.56 68.77
H 4.93 4.96
N 571 5.71
53820-99-8 34 202- C 65.11 65.26
203 H 4.29 4.40
N 10.85 10.87
53821-00-4 98“ 53-54 C 64.25 64.40
746 H 4.62 4.58
N 5.35 5.26
53821-01-5 166 211- C 61.21 61.01
97 212 H 4.04 4.10
N 10.20 10.36
53821-02-6 97«.6 115.5- C 56.78 56.98
116.5 H 3.74 3.79
N 473 4.86
53821-03-7 98 167- C 66.65 66.67
168 H 522 5.27
N 10.37 10.33
53821-04-8 96" 180- C 70.85 70.88
181 H 555 5.58
N 11.02 10.80

Using method 1. 6 Using method 11.c Using method Il with acetic acid instead of chloroform as solvent.
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jV-AcyI-O-in?/ll?]yAIroxylamines

Analysis, %
Compd Registry no. %yield Mp/bp, C H N
1V-Acetyl-0-/>-methoxy- 23993-49-9 36 140 (0.15 mm) Calcd 61.33 6.71 7.17
benzylhydroxylamine Found 61.60 6.75 7.10
N-Phenoxyacetyl- 53821-05-9 39 89-90 Calcd 70.02 5.88 5.44
O-benzylhydroxylamine Found 70.03 5.93 5.39
1V-p-Methoxyphenylacetyl- 53821 -06-0 59 93-95 Calcd 70.83 6.32 5.16
O-benzylhydroxylamine Found 70.91 6.31 5.08
: {/ableXl\L :
v v --Diacetyl-JV,v - -dialkoxyhydrazines
Compd Registry no. Mol wt Nmra
N,N’-Diacetyl-N,N'-di-p -methoxy- 53821-07-1 Calcd 388 2.08 (s, 6) 3.78 (s, 6)
benzyloxyhydrazine Found 371 5.08 (s, 4) 6.72-7.53
(m, 8)
N, N'-Diphenoxyacetyl-jV,A"-di- 53821-09-3 Calcd 510 4.64 (s, 4) 5.09 (s, 4)
benzyloxyhydrazine Found 488 6.62-7.65 (m, 20)
iV,N '-Di-ft- methoxyphenylacety 1- 53821-09-3 Calcd 340 3.63 (s, 4) 3.76 (s, 6) *
1Y,1V'-dibenzyloxyhydrazine Found 325 5.0 (s, 4) 6.73-7.48

(m, 18)

aNmr samples were run in CDCI3 solution. Chemical shifts are expressed in ppm relative to TMS.

Hydrogenolysis of a 0.100-g sample of this product, at room tem-
perature and atmospheric pressure using a (W-2) Raney nickel cat-
alyst in 50 ml of absolute ethanol, required 2 mol of hydrogen per
mole of sample and yielded a compound with a melting point of
349-350°. This compound was found to have an infrared spectrum
identical with that of a sample of 1,2-naphthodimidazolone, mp
347-348°, prepared by the literature method of Bednyagina:18 ir
(Nujol) 1732, 795, 732, cm-1. This reduction of the benzyloxy-
naphthimidazolone compound to 1,2-imidazolone established that
in the lead tetraacetate oxidation of I-benzyloxy-3-a-nathylurea
oxidative ring closure occurred at the /? position of the naphtha-
lene ring.

IV-Acyl-O-alkylhydroxylamines. The method previously de-
scribed was used for these preparations.19 Data for these com-
pounds are compiled in Table VII.

Lead Tetraacetate Oxidation of 1V-Acyl-O-alkylhydroxyl-
amines. The high dilution procedure described for the oxidation of
I-benzyloxy-3-m-nitrophenylurea was used. Data for the hydra-
zine products are compiled in Table VIII.

I-Benzyloxy-3,3-diphenylurea. A solution of 5.00 g (40.6
mmol) of benzyloxyamine in 50 ml of benzene was added to 4.70 g
(20.3 mmol) of diphenylcarbamyl chloride. The reaction mixture
was stirred at room temperature for 1 day, and the precipitated
benzyloxyamine hydrochloride was removed by filtration. The sol-
vent was removed, and that part (4.6 g) of the residue which was
soluble in ether was crystallized from a ether-hexane mixture.
Pure product weighing 3.5 g, was obtained: 54%; mp 80-82°; ir
(Nujol) 3385, 1696 cm-1. Anal. Calcd for C20H18N202: C, 75.45; H,
5.70; N, 8.80. Found: C, 75.51; H, 5.73; N, 8.76.

Lead Tetraacetate Oxidation of I-Benzyloxy-3,3-diphen-
ylurea. Using the same procedure as given above for 1-benzyloxy-
3-phenylurea 0.50 g (1.57 mmol) of I-benzyloxy-3,3-diphenylurea
was converted to 0.49 g (100%) of product. An analytically pure
sample was obtained by recrystallization from hexane, mp 82-84°;
ir (Nujol) 1725, 745, 695 cm -1, nmr (DMSO-d6) 5.32 (s, 4), 7.10 (s,
5), 7.10-7.80 (m, 9); spectrum at 70 eV, m/e (relatve intensities)
316 (55), 210 (24), 181 (21), 167 (11), 149 (12), 106 (7), 105 (9), 91
(100), 77 (60). Anal. Calcd for C20H16N202: C, 75.93; H, 5.10; N,
8.85. Found: C, 75.98; H, 5.15; N, 8.81.

W)
vsBMiJfi

n

Registry No.—1, 33026-77.6; 2a, 53821-10-6; 2b, 53821-11-7;
2c, 615-16-7; lead tetraacetate, 546-67-8; benzyl p-nitrophenylcar-
bamate, 53821-12-8; I-benzyloxy-6-nitrobenzimidazolone, 53821-
13-9; p-nitrophenyl isocyanate, 100-28-7; 5-nitro-I-benzyloxybenz-
imidazolone, 53821-14-0; 7-nitro-l-benzyloxybenzimidazolone,
53821-15-1; benzyl m-nitrophenylcarbamate, 53821-16-2; ben-
zyl o-nitrophenylcarbamate, 23091-35-2; I-benzyloxy-3-a-naph-
thylurea, 51453-02-7; benzyloxynaphthimidazolone, 53821-17-3;
I-benzyloxy-3,3-diphenylurea, 53821-18-4; benzyloxyamine, 622-
33-3; diphenylcarbamyl chloride, 83-01-2; I-benzyloxy-3-phenyl-
benzimidazolone, 53821-19-5.
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Aldehydes were converted to imidazolidines to test the resistance of these derivatives to reduction by borane-
tetrahydrofuran. The compounds were easily cleaved, however, to the corresponding N,N,N'-trisubstituted ethy-
lenediamines. Thus, 1,2,3-triphenylimidazolidine (la) gave AGbenzyl-iV,iV'-diphenylethylenediamine (2a) hydro-
chloride in 66% yield. 1,3-Dibenzyl-2-phenylimidazolidine (Ib) and I,3-diphenyl-2-(I-phenylethyl)imidazolidine
(Ic) gave similar results. 3-Benzyl-2-p-tolyloxazolidine (7) was cleaved under the same conditions (1-3 hr, room
temperature), but Troger's base and L-thiazolidine-4-carboxylic acid methyl ester were unaffected. The cleavage
reaction appears useful for the synthesis of N,N,N'-trisubstituted ethylenediamines.

The conv rsjon of aldehydes to |m|d3ﬁolld|nes by reac-
t|on Wlth ?/ene |am|ne occuis readily In mar%c £
5 ﬂ Xof S of crystalfine s Hst azesmt I
IS0 atlo a aracte |zat|?not 31We ave
}este the use of imidazolid |n s a5 alde rot ctm
unctlons durm [1 ucPonva] borane te dro ura
HF,2and have found that ring cleavage occur ve
Hln contrafst to the recent report a/ |rc
%s 1 (sjucce é otection oﬁan aldehyde as a
imethylimidazolidine uring a lithium-amrionia re-

ul%eguctlfon of the |m|dazoI|d|ne 1a With an equimolar

amount 0 fo ﬁhr at room éem eratur

gave er purl |cat|on 66200F the ring- gene oun
Ikewise, 1o gave 2b (5% and Ic

R' CHR'

620

R— N~A"N—R BB-TH- R— N NHR
VU \_V
la, R= R' = CaH5 2a-c
b, R= CHXeH5 R'= CaH5
¢, R= CaH5 R' = CH(CH3)CaH5

econd run with 167 molar e uw of BH3, the yield of 2b
rom 1o Increased to 7/% % rreactlon fi 1es and a
I temperatur avesg ¥ |es W
sussmarlzedTab nal anae
cannot It (5 oraHer uc |0n yconver
oan|m|P? nteoer and, terectlnaﬁ
ggagrsn ILrjlsees or prepanng TV-trisubstrtuted et yle
roger’s base (s) failed fo react with BH=THFE even at
reflux"temperature; 3 15 also inert to aqueous HCLa a re-

ent thatc srapld ecom osition of |m|daizg||d|nes to
te ar ntdﬁ/ vde'an dq neleT Ing wa]s
rea ytot aﬂ@lammo alcono 5 L-thiazoll-
pCHXE4  pcHacEAH?2
CHEH,N"O cGththI oh
"\ \_/
5
d|ne4carbo><¥||c acid methyl ester (), however, failed to
react at room temperature.

(g ther agents u ed {0 cleave |m|dazglld|nes are H2 Ranezy

BIC 6\1 elevated emp% rature an I'ESSLi 5 dll
26 Ve Suggest that the convenience, mild con Itions,

Table |
Reduction of Saturated Heterocycles with BH3-THF
bh3
compd, Reaction Yield,
Compd molar ratio  time, hr ProductQ Mp, C %
laa 1:1 3 2aHCI 171-172 66
lbe 1:1 3 2b2HCI 142-154 57
Ib 1.67:1 3 2b2HCI 77
Ib 1.67:1 1 2b2HCI 81
Ic' 1:1 3 2c2HCI 157-175 83
lc 1:1 le 2c 2HC1 88
Zh 1.75:1 5.5% j
4* 1:1 3 5HC1 147-150 87
4 1:1 1 5HC1 92
6* 1:1 3 i
6 1:1 2m n

0 Satisfactory analytical data (+0.4% for C, H, N, CI) were re-
ported for all new compounds listed in the table. bRun at room
temperature except as noted. cAfter recrystallization from 2-
propanol (2a HC1) or ethanol. d Reference 1. eJ. van Alphen, Reel.
Trav. Chim. Pays-Bas, 54, 93 (1934).f Mp 85-88° (from methanol).
*At 0-5°. hE. Goecke, Z. Elektrochem., 9, 470 (1903) . 1Includes 1
hr of reflux. 1Recovered >88% starting material. * From Af-benzyl-
ethanolamine and p-tolualdehyde in 88% yield; bp 129° (0.1 mm).
1Prepared from L-thiazolidine-4-carboxylic acid and CH2N2 in
56% vyield as 6 HC1l: mp 166-167° dec [lit. mp 164-165° dec: S.
Ratner and H. T. Clarke, J. Amer. Chem. Soc., 59, 200 (1937)].
mAt reflux. nRecovered mixture of starting material and unidenti-

fied products.
epresence o n|to or lab

e
rogenation.

(fe/r tﬁrous |os%eau etercagra man amide tunc-
tlons shouﬁd aﬂo% nﬁ ected’g
Fjrt ermore, W|tht recent Ub|| of n%w meth-

w%meﬁmw%mwmw

HF a usefu# alternatlve re

ﬂ]ht e Ysefu
538 nng the ?orres onding et Q/ene lamines, How-
av no Informatiop on'th %EC'[IVI'[ cIeavage
unsymmetrlcal Imidazolidines with this reagent.

Experimental Section

Starting materials were obtained commercially and were used as
received; tetrahydrofuran was dried over molecular sieves. The 1
M borane in tetrahydrofuran was obtained from Ventron Corpora-
tion. Imidazolidines were prepared according to Wanzlick and Lo-
chel.1 Melting points were not corrected. Microanalyses were per-
formed by Galbraith Laboratories, Knoxville, Tenn. Ir and nmr
spectra were obtained on all compounds.

Borane Reductions. General Procedure. ToalM solution of
BH3 in THF, stirred magnetically at 0° under N2 was added rap-
idly a solution of the compound to be reduced in dry THF. The
cooling bath was then removed and stirring continued for the de-
sired period. The solution was evaporated and the residue treated
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with an excess of concentrated HC1, followed by dilution with H2 Registry No.—la, 28341-73-3; Ib, 4597-81-3; Ic, 53746-37-5; 2a
and basification with 2 N NaOH. The product was extracted into HC1, 53746-38-6; 2b 2 HC1, 53746-39-7; 2c 2 HC1, 53746-40-0; 4,
CHCI3, dried briefly over MgS04 and evaporated. The free base 53746-41-1; 5 HCL, 53746-42-2.
thus obtained was converted to its hydrochloride by treatment
with ethanolic HCL. In the work-up of the reduction of 6, methano- References and Notes
lic rather than aqueous HC1 was used.
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Borohydride Reduction of Pyridinium Salts. V. Thermal
Dimerization of I,6-Dihydro-lI-methylpyridine-2-carbonitrile

Felice Liberatore, Antonio Casini, and Vincenzo Carelli*
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Alberto Arnone and Rosanna Mondelli
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The 1,6-dihydropyridine 2, obtained by NaBH4 reduction of 2-cyano-l-methylpyridinium iodide, smoothly
undergoes a thermal dimerization to the head to head [2 + 2] cycloadduct 6. The cyclobutane derivative 6 rear-
ranges, by heating, to the isomeric ethenonaphtyridine 9. Label scrambling observed at 110° in the monodeuter-
iated derivative, 13, reveals a degenerate thermal [3.3] sigmatropic shift.
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Table |

Nmr Data for 8

5, ppm

Bz~<f6 B-Og+
Protons 6 (ppm)  Eu(DPM)3
U8a + Hgb 1.60 5.68
Hda + Hdb 1.7-22 671
H4 (or Hj.) + 2.81 6.39
H8 (or H8)
H,, (or H.) + 2.29 5.58
H8 (or HY
H4 (or H4) + 1.7-2.2 855
H5 (or H»)
H4, (or HY) + 1.7-2.2 7.00

HS5 (or HH
Me-2 + Me-7 2.78

“Values obtained from solution added of Eu(DPM)3. bThis
coupling cannot be detected because of the broadening by the shift

reagent.

Scheme 11

CH, l .CH,

ructur sa d de%nformatro

i

an%%e r e estan] |s the

actam 8, since the a

a the I'O'[OﬂS toh seens

p ec rum,

‘Eh ording to the vaIue? ahedcs),/ra %

on constants of t
ar ?yst ms, this result rt)ornts
onal”tr nsJaxlan
seems t most ro a eor

? are orme
ath r0m6 rt mus e assu
1ee compound sr e Same.

i

crﬁro Is.6ma
dimerization gﬂ

viD
he ex rfr%errmen al data

the halyi |%0 the ev ue?Sl

ar

7.72

aratel

me

o seth%rsere@?' o

drc tet
etrical structure characteristic of 6. The

SIS

dasih

3 the mo

As was mentioned above; 6 is herm Yconverte&a into 9,
Whoie nmr spectrum shows, among oth

Eo e

J,° Hz

1J8a,4b + JBa,4al =7.5

Jp,1 (°r Jsb.l) = 3-0
J8b.1' (°r J8b.1)6

«, ,, = 13.0

Jd.4a (°r J4'.4a)b
J4.4a (°r J44a) — 4.5

Jafse — 15.5

X A’

soft tehoomnﬁrounds6 7

I Spect
no C PM)spen lies

gg/rt re%;af% X ot eAﬁtIX utan ngtonsfurt?er coul-lA?f

e rotons 0 he ad ac t ethylene
esum .'? 11-7 Hz can beydedu

ei brradr

lons
er thrngs three

onper

guvm

0 a n e Supst |tuted a-C ano;nam Ne Moiety. IS S OWI']

nm wit 8ect 0 the correspandl
compound b, and by conversion into
and 2235 ¢cm-1 (C= N on tre tment

20 1645'(C=0

nﬁevalue T]i%rg %é or

£ laClam

il

ns found for the vicinal4

utape Erotons |(r] er
éo avicl a Ci
to hea con |gurat|0nt

u&og%a unambrgu
t e geometry o

ik

€5¢ ce

J. Org. Chem., Voi 40, No. 5, 1975 561

Table 1l
Nmr Data for 9 and 11

9
1

Protons 6 (ppm) J, Hz CDCI3, 6 (ppm) J, Hz
Ha (or 2.04 AB = 11.91" 3.05 (Ha) AB —13.06“
hb)
Hb (or 1.79 AD (or BD) = 5.55* 3.14 (Hb) AD — 10.07“
ha)
He 1.60 BD (or AD) = 6.13“ 2.49 BD — 6.33¢
hd 1.68 CD = 1.86 2.40 CD = 2.06
He 136 CE = 25 1.91 CE = 26
Hf >.66 CN = 2.0. 2.81 CN = 2.2
Hn 265 CY =15 3.22 CYy =15
Hm Cz=170 2.14 Cz =70
hi EN = 95 2.65 EN = 9.8
HP 5.60 FD = 8.92¢ FD = 10.52¢
Hy 569 FP = 37 6.29 FL = 6.15"
Hz 576 YZ = 8.2 6.48 FM = 11.50”
Me 231 2.89 FY 1.0
Me 2.16 2.38 ML = 14.63“
YZ = 8,0
ZD 5 0.5
ZN Z=0.5

“Value obtained by iteration. 6 Value obtained only from spec-
trum with Eu(DPM)3.
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Experimental Section

All melting points were taken upon a Tottoli apparatus and are
uncorrected; proton nmr spectra were recorded on Varian HA-100
and XL-100-15 spectrometers; chemical shifts are reported as 8
units relative to TM S (80) as internal standard. Decoupling exper-
iments were performed in frequency sweep. All m/e values were
determined on a AEI MS-12, 70 eV, low-resolution mass spectrom -
eter. Ir spectra were recorded on a Perkin-Elmer 257 grating spec-
trophotometer as Nujol mulls or liquid films and uv spectra on a
Perkin-Elmer 402 spectrophotometer. Column chromatography
was performed on standardized A1203 Merck (activity 1111).

Reduction of 1to 4 and 5.1 (2.5 g, 0.01 mol) was added in small
portions over a period of 30 min, with stirring, to a solution of
NaBH4 (0.4 g, 0.01 mol) inH20 (2 ml) and CH30H (8 ml) cooled to
—20°. Stirring was continued for 30 min more, and the resulting
solution was poured dropwise into 6 N HC1 (10 ml) previously
cooled to —20°. The solution was concentrated under vacuum,
H20 (10 ml) was added, and the solution was extracted with
CHCI3. The chloroform extract was dried (Na2So0 4), concentrated,
and distilled, whereupon it gave 4 (0.35g): bp 70-72° (0.8 mm); mp
30-32°; ir 1635 cm*“1 (C=0); nmr (C6D6) 85.39 (1, Hy), 5.28 (1,
Hx,JXxy = 10.2 Hz), 3.3 (2, HM + HM"), 2.7 (2, HA + Has %|<am +
Jam\ = %Ja'm + 'la'm] = 4.9 Hz), and 2.7 ppm (3, Me, Ja'Me =
J AMe = 0.5 Hz).

Anal. calcd for CsHgNO: N, 12.60; mol wt, 111.14. Found: N,
12.35; m/e 111 (parent peak).

The acidic mother liquor was made alkaline with 2N NaOH and
extracted with CHCls. The chloroform extract was dried (Na2S 0 4)
and concentrated. Chromatography of the oily residue (eluent, cy-
clohexane-AcOEt 1:1) gave 5 (0.25 g) and 4 (0.15 g). 5: bp 65° (0.2
mm); ir 2220 (CN) and 1660 cm-1 (C=C); nmr (CéDe) 85.6-5.2 (2,
Hx + Hy), 3.06 (1, Hm), 2.76 (1, HD) 2.72 (1, Hc,Jcd = 17.5 Hz),

2.14 (1,Hb,Jbc = 3.5 Hz, Jbd = 3.5 Hz, Jbm = 5.9 Hz), 2.02 (3,

Me), and 1.77 ppm (1,Ha,Jab = 17.2 Hz, Jac = 2.0 Hz, JAd = 2.0
Hz,Jam = 2.0 Hz).
Anal. calcd for C7TH10N2: C, 68.82; H, 8.25; N, 22.9; mol wt,

Liberatore, Casini, Carelli, Amone, and Mondelli

122.17. Found: C, 69.15; H, 8.24; N, 23.20; m/e 122 (parent peak).
1,2,4aa,4b/3,7,8,8aft8ba-Octahydro-2,7-dimethylcyclobuta-
[I,2-c:4,3-c']dipyridine-3,6-dicarbonitrile (s). 1 (8.5 g, 0.034
mol) was added in small portions over a period of 1 hr, with stir-
ring, to a solution of NaBH4 (1.3 g, 0.034 mol) in H20 (25 ml) and
CH3OH (10 ml) at 20°. After the addition, stirring was continued
for 2 hr. The precipitate was separated by filtration, washed with
water, dried under vacuum, and chromatographed (eluent, light
petroleum ether-AcOEt 9:1) to give 6 (3.4 g): uv max (95% EtOH)

278 nm (e 12,000).

Anal. calcd for Ci4H 16N 4 C, 69.97; H, 6.71; N, 23.31; mol wt,
240.30. Found: C, 69.70; H, 6.42; N, 23.79; m/e 240 (parent peak).

1,2,3,4,4a2,4b]8,5,6,7,8,8a(8,8ba-Dodecahydro-2,7-dimethylcy-
clobuta[l,2-c:4,3-c'idipyridine-3,6-dicarbonitrile (7). NaBH4
(0.3 g) was added in small portions, with stirring, to a solution of 6
(0.3 g) in glacial CH3COOH (5 ml) cooled to 5°. After the addition,
stirring was continued for 30 min more; H20 (5 ml) was then
added, the solution was made alkaline with Na2C03, and extracted
with CH2C12. After drying (Na2S04), evaporation of the extract
gave 7 (0.28 g): mp 172-174° (EtOH).

Anal. calcd for Ci4H20N4: C, 68.82; H, 8.25; N, 22.93; mol wt,
244.33. Found: C, 68.76; H, 8.16; N, 23.32; m/e 244 (parent peak).

1,2,4,4a<x,4b/3,5,7,8,8a/3,8ba-Decahydro-2,7-dimethylcyclo-
buta[l,2-c:4,3-c']dipyridine-3,6-dione (8). 6 (2.0 g) was added in
small portions, with stirring, to 6 ATHC1 (20 m1) cooled to 0°. After
standing for 1 hour the solution was extracted with CHCI3. The
dried chloroform extract, on evaporation, yielded a solid residue,
which was crystallized from benzene to give 8 (0.7 g): mp 165-166°.

Anal. Calcd for Ci2Hig02N 2: C, 64.84; H, 8.16; N, 12.60; mol wt;
222.28. Found: C, 64.60; H, 8.13; N, 12.53, m/e 222 (parent peak).

Conversion of 6 into 9. 6 (4 g) was heated under reflux in
C2H.=,0H (50 ml) for 3 hr. Evaporation of the solvent gave 9: mp
110-112° (EtOH); uv max (95% EtOH) 278 nm (c 6100).

Anal. Ccalcd for Ci4Hi6N4: C, 69.97; H, 6.71; N, 23.31; mol wt,
240.30. Found: C, 69.72; H, 6.90; N, 23.57; m/e 240 (parent peak).

14- Ethano-3,4,4aa,5,6,8aa-hexahydro-2,6-dimethyl-2,6-
naphtyridine-1,7(2H)-dicarbonitrile (10). A solution of 9 (0.240
g, 0.001 mol) in C2ZHSOH (50 m1) was hydrogenated at 20° (3 atm)
over 10% Pd/C catalyst (0.1 g) until 0.001 mol of H2 was absorbed.
The reaction mixture was filtered, concentrated, and chromato-
graphed (eluent, light petroleum-AcOEt 95:5) to give 10 (0.15 g):
mp 50-51° (light petroleum); uv max (95% C:HsOH) 277 nm
(c 6200); ir 2235, 2225 (CN), 1615 cm"1 (C=C); nmr (CDC13) 8 5.56
(1, Hp), 2.98 (1, Hp, Jpf = 1 Hz), 2.85 (3, Me), and 2.56 ppm (3,
Me).

Anal. Calcd for C14H18N4: C, 69.39; H, 7.49; N, 23.12; mol wt,
242.32. Found: C, 69.67; H, 7.55; N, 23.77; m/e 242 (parent peak).

14- Ethano-3,4,4aa,5,6,7,8,8aa-octahydro-2,6-dimethyl-7-
0Xx0-2,6-naphtyridine-1(2H)-carbonitrile (12). A solution of 11
(1 g,0.004 mol) in AcOEt (60 ml) was hydrogenated at 20° (1 atm)
over 10% Pd/C catalyst (0.2 g) until 0.004 mol of H2 was absorbed.
The reaction mixture was filtered and concentrated to give 12; mp
117-118° (benzene); ir 2240 (CN), 1645cm*“1 (C=0).

Anal. calcd for C13H19N30: C, 66.92; H, 8.21; N, 18.01; mol wt,
233.31. Found: C, 67.17; H, 8.40; N, 18.38; m/e 233 (parent peak).

12 was also obtained in 75% yield from 10by treatment with 6 N
hydrochloric acid (see procedure for compound 11).

14- Etheno-3,4,4aa,5,6,7,8,8aa-octahydro-2,6-dimethyl-7-
0x0-2,6-naphtyridine-1(2H)-carbonitrile (11). 9 (3 g) was
added in small portions, with stirring, to 6 A HC1 solution (15 ml)
cooled to 0°. The solution was made alkaline with concentrated
NaOH, saturated with Na2C03, and extracted with CHCI3; evapo-
ration of the solvent yielded a solid residue (11) which was crystal-
lized from benzene (1.4 g): mp 87-89°.

Anal. Calcd for C13Hi7N30: C, 67.50; H, 7.41; N, 18.17; mof wt,
231.29. Found: C, 67.48; H, 7.46: N, 18.44; m/e 231 (parent peak).

Labeling of 9. A solution of 9 (0.45 g) in CH3COOD (5 ml) con-
taining Ac20 (0.5 ml) was allowed to stand for 30 min at 20°. The
solvent was distilled off under reduced pressure, and anhydrous
Na2Co03 (5 g) and anhydrous benzene (50 ml) were added to the
residue: The mixture was stirred for 6 hr and filtered, the solvent
was evaporated off, and the residue was chromatographed (eluent,
cyclohexane-AcOEt 1:1) to give 13 (0.35 g), which was crystallized
from cyclohexane.

Thermal Equilibration of 13 with 14. A solution of 13 (0.25 g)
in toluene (30 ml) was refluxed for 2 hr. The solvent was evapo-
rated off and the residue was chromatographed (eluent, cyclohex-
ane-AcOEt 9:1). The product obtained (0.20 g) was examined by
nmr spectroscopy and found to be an equimolar mixture of 13 and

14.
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An Unequivocal Synthesis of N-Substituted 1,4-Dihydropyridines
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The cycloaddition of alkyl, aryl, and sulfonyl azides to 2,3-diazabicycloheptenes (2) leads to triazolines (10) and
aziridino adducts (3). Hydrolysis of 3 followed by oxidation of the hydrazino derivatives (4) products the tricyclic
azo compounds which spontaneously fragment with concomitant nitrogen extrusion producing N-substituted

1,4-dihydropyridines in 11-90% yields.

There has Sbee gsorsrsréltreéablr% mt%reest | receﬂ] >y ars re
arnes %artercu}/arﬁ hose ?gse S?Eg ittle ‘0r no % ltjép }/

fjon.2 This Interest stems from t thetic utilit 34of
tl%s system, and |Sn f\IADH mode fmoromrcmetrc r/duc

deﬁtarrr“reetattaaf s
as synt etca roaches.. eroute mostcmmo
ta reac ro yridines mvoves |t er t
an zsc synt esrs hydride reduction of N-subst-
fute r| Iniym sa ts I ono g/aenl e lon fo py fcn In-

|um dS (S1 (ias Le(ﬁf(l]]ll’he orte t%%ve SOﬂSraS SB%\[IJES th targo

tr met ridings are among a mulfit
aﬁ |n téctsw en ;y gcfrrt%g re treate With trim MF

resenc palladium catalysts. Fow er
orte %’8 tEe efficient ara Ion. 0 car beth o

drg In s re uction 0 |n|u
nh t% Jveh eare W |c escrie
synthesis o opyrr s L anising from a retro

Scheme 1
ncod
N Deor
nco r' Ny-r~NCO ;R H+orOH-
AANCO.R *nx*"N COR
2, R=H, f-Bu 3

la, R; = PhS02 e, R'=p-CNPh

b, R"= MeSOj f, R' = p-MeOPh
¢, R'=Ph g, R' = PhCH2CH2
d, R'=p-BrPh h, R'=Me

DreI?]e Alder rea tron Scheme r()] Deyru ? reported the

t|veH (?Jét%f RﬁPe Cnkion of o Nz quOQ)/(i vven(\j/%_

ur S reanout rowth o t% (?L%
Porte synth ?srso rnX ctaEamas 0 é%rne o a
etro-Diéls-Alder reactio tesu oIene erivative 7.1

he C{)arlurerf (fycl [pentadrene to formgpe adduct wrth sul-

?xrde s 10 the more cessr ay?]te
surta e precursor. to our |sa {gtr elrgre] oi

S Wou?rreaaorrx i dyﬂ%

analogous sequenc
Ey &%'ZT“%@’"% nemvaltronLlI%gntﬁ/e cryclgr%(ropano dergvatrve

NCO02Ve

1. base
2 Cuz+
3 A

s report numer tes he sCo r%f the synthesis |
eme i (3 Crioes sogt)e of the re%ctrons an

ro erties ro Heating a
gra%eezg EW 5 ot -

'NCO0,Me

(%JI‘E are

NZENEsuU on e

}Yy Iridino compound ﬂp
ut 10 the tric

tyre aalrne
not to the hydrazo com t{
was evigent that the 1 |m|nat|on process (4

was

4a
kinetically a most éavorable athwa¥ Fall ttempts to
e
cpnedrrvatrveS@Q PhS02; -|Bu? in 8008



564 J. Org. Chem., Vol. 40, No. 5, 1975

Stout, Takaya, and Meyers

Table |
N-Substituted 1,4-Dihydropyridines 1

M ass

EtOH

Nmr (6, cpci3

Compd R M p{bp),°c Yield, % spectra, M * Uv (e),nm Ir,cm
la PhS02 86-89 (150°, 63 221" 228(91) 1680,1630,1610, 2.68 (m, 2), 4.92 (m, 2),
0.1 Torr) 282 (144) 1350,1185& 6.45 (d of d,J-= 8 Hz,
2), 7.4-7.9 (m, 5)
1b MeS02 48-51 52 159 212(114) 1690,1640,1337, 2.90 (m, s), 4.90 (m, 2),
260 (48) 1170 6.3 (d of d, 2)e
lc Ph 45-47" 80 157/ 209 (790) 1675,1620,1595, 2.99 (hep,J= 2 Hz, 2),
287 (1900) 15756 4.4-4.38 (m, 2),6.32d
of d,J= 2,7.5 Hz, 2),
6.7-7.4 (m, 5)
Id p-BrPh 91-93 30 2317 212 (340) 1680,1670, 2.96 (m, 2), 4.5—4.8 (m, 2),
297 (930) 15906 6.41 (dofd, J - 8 Hz 2),
7.30(d,J= 8 Hz, 2)
le p-CNPh 65-70 11 1827 218(230) 2230,1690,1610, 3.00 (m, 2), 4.8—5.0 (m,
336 (680) 15206 2),6.30 (dof d,J= 2,
8 Hz, 2), 6.95 (d,J -
9 Hz, 2)
1£  p-MeOPh 80-827 90(16) 181? 212 (390) 1640.1500, 3.01 (m, 2), 3.76 (s, 3),
281 (660) 12306 4.6 (m, 2), 6.16 (d of d,
J- 2,75 Hz), 6.8
7.0 (m, 4)
Ig PhCH2CH?2 (70°,0.3 50* 185/ 214,240, 2.5-3.3 (m, 6),4.0-4.4
Torr) 300" (m, 2), 5. 56 (d of d,

J= 2,7 Hz,2),7.17
(s, 5)e

aAnal. Calcd for CnHUNOJjS: C, 59.73; H, 5.01; N, 6.33. Found: C, 59.40; H, 4.86; N, 6.27.6Taken as KBr disks.c Taken as film. * M.
Saunders and E. H. Gold (J. Org. Chem., 27, 1439 (1962)) report mp 48-50°. e Taken in carbon tetrachloride. ? Satisfactory elemental
analyses could not be obtained due to compound instability. * P. Karrar, G. Schwarzenbach, and G. Utzinger (Helv. Chim. Acta, 20, 72
(1937)) report mp 83°. h Impure sample containing 30% di-feri-butylhydrazine carboxylate.

yield. When the latter was treated in ethanol with dry hy-
drogen chloride and mercuric chloride, it passed smoothly
through intermediates 4 and 5 and the iV-benzenesulfonyl-
1,4-dihydropyridine la was produced in 60-65% yield. A
similar route was employed using methanesulfonyl azide on
2 (R = f-Bu) and led to the 7V-methylsulfonyldihydro-
pyridine Ib. Physical data for all intermediates are given in
Table 11,14 while complete spectral data for the dihydro-
pyridines are presented in Table I.

When this technique using the iert-butyl esters of 2 was
applied to aryl azides, formation of the triazolines 10 (R =
aryl) was observed in high yield. Photolysis of the latter
gave the corresponding iV-arylaziridines 3 (R' = Ph; R = t-
Bu) likewise in good yield. However, acid treatment to re-

N=N
AN, J}/l mcok
R" NCO,R
10

move the ferf-butyl groups resulted in extensive decompo-
sition of the iV-arylaziridino moiety. This is not unexpected
in view of the high sensitivity of aziridines to acidic condi-
tions. The sequence was repeated using the ethyl esters of
2, which could ultimately be removed under basic condi-
tions. A series of aryl azides was condensed with 2 (R = Et)
giving the corresponding triazolines 10 which were photo-
lyzed to the Af-arylaziridines 3, all in good yield. Hydrolysis
was performed in methanolic potassium hydroxide afford-
ing the hydrazine derivatives 4 which were usually unstable

and often difficult to purify. The crude material was simply
heated in methanol containing mercuric oxide and led to
the Af-aryldihydropyridines lc-If in yields of 11-90%
(Table I). These products were quite air and heat sensitive
and underwent considerable deterioration unless stored in
an inert atmosphere at —20°. In all cases, purification was
accomplished using bulb-to-bulb vacuum distillation which
gave pure products (nmr and mass analyses) but, except for
la, they could not be analyzed for elemental composition.
An effort was made to extend this sequence to N-alkyl-
1,4-dihydropyridines Ig, and Ih. Although methyl and 2-
phenethyl azides added smoothly to 2 (R = Et) to give the
corresponding triazolines 10 (R = Me, PItCH2CH2) and
photolysis gave the aziridines 3 (Table I1), all attempts to
produce the dihydropyridines by sequential hydrolysis of 3
and oxidation to 4 gave tarry polymeric products. Since
mercuric salts are well known to oxidize tertiary amines,15
di-ieri-butyl azodicarboxylate was employed for the con-
version of 4 to 5. A methanol solution of 4 (R =
PILICH2CH?2) was treated with the azodicarboxylic ester at
0° and indeed gave a high yield of JV-(2-phenethyl)-1,4-di-
hydropyridine Ig as seen from nmr analysis of distilled
(bulb-to-bulb) product. An attempt was also made to pre-
pare Al!-(carboethoxyl)-1,4-dihydropyridine using carbo-
ethoxy azide. Although the corresponding triazoline 10 and
aziridine 3 were readily formed (Table I1), hydrolysis and
oxidation to the dihydropyridine did not proceed but gave
instead considerable polymeric material.

The process was extended to C-substituted 1,4-dihydro-
pyridines although with moderate success. When 5-methyl-
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cyclopentadiene was prepared in situ at -78° and treated
with diethyl azodicarboxylate at - 20°, the adduct 11 was
formed in low yield. Apparently, the facile rearrange-
ment!5°'16 of methylcyclopentadiene had taken place lead-
ing to 11 and no trace of the desired adduct 12 could be re-
covered. Addition of phenyl azide followed by photolysis of
the triazoline gave the aziridine derivative 13. Alkaline hy-
drolysis and oxidation with di-feri-butyl azocarboxylate
gave Af-phenyl-3-methyl-1,4-dihydropyridine (14). Though
the efficiency of reaching 14 was poor, the potential was
present for acquiring 3-substituted 1,4-dihydropyridines
(and pyridines) which are rather inaccessible by direct sub-
stitution.17
NCOZEt

| f>Me

Ph
13 14

Attention was also addressed to the preparation of 3 (R’
= H; R = Et or f-Bu) which could serve as a precursor to
many N-alkyl- or AT-sulfonyl-1,4-dihydropyridines. By
employing trimethylsilyl azide Scheineri8 was able to pre-
pare the triazoline 15 and the aziridine 16. When this se-

quence was repeated with 2, the triazoline 10 (R' = Me3Si)
2 3(R"'=H)
f-BuLi . .
i-BuLi, Mel
PhSQELI
3(R'=PhS02 3 (R'= Me)

was cleanly formed and photolysis gave the NH aziridine 3
directly and in 73% overall yield from 2. Thus, it was not
necessary to hydrolyze the trimethylsilyl group to reach our
goal, 3 (R' = H). Even though moisture was rigorously ex-
cluded, the photolysis gave only the NH aziridine. Treat-
ment of the latter, at —78°, with feri-butyllithium followed
by introduction of benzenesulfonyl chloride or methyl io-
dide gave the N-benzenesulfonyl and the N-methyl deriva-
tives, respectively. These materials were identical with
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those prepared using benzenesulfonyl azide and methyl
azide in the cycloaddition to 2. Thus, it was shown that the
precursors to a variety of N-substituted (except N-aryl)
1,4-dihydropyridines could be obtained utilizing the readi-
ly prepared NH aziridine 3 (R' = H) followed by alkylation
of its lithio salt with an appropriate electrophile.

Properties of Dihydropyridines. The spectral data for
the seven dihydropyridines prepared are given in Table I.
The data are in close agreement with those for other known
dihydropyridines. The ultraviolet absorptions indicate that
there is little, if any, enamine character in these systems
except for the IV-phenethyl derivative Ig. Since enamines
absorb in the 220-240-nm region with extinction values
over 5000, the dihydropyridines fall considerably short of
this magnitude.19 In the nmr spectrum of enamines, the (i
carbon typically falls in the 3.9—4.5-ppm region20 whereas
the 3-protons in the dihydropyridines appear at 4.5-4.9
ppm, considerably more deshielded than that which would
be expected for significant lone-pair overlap. As expected,
however, the /V-phenethyldihydropyridine exhibits the
highest field 3-proton at ~4.0-4.4 ppm. This is in agree-
ment with the data of Fowler3 who reports the 3-proton in
IV-methyl-1,4-dihydropyridine at 4.1-4.4 ppm. A linear
correlation between the 2- and 3-proton chemical shift and
the' Hammett a-p constants for the p-methoxy-, bromo-,
and cyano-phenyldihydropyridines was obtained indicating
direct resonance interaction for these groups.21

A cursory investigation into some chemical properties of
the dihydropyridines was undertaken and it is of interest to
note the results briefly. In view of the relationship between
these systems and the coenzyme NADH 5 the reduction of
several aldehydes was examined. When the Af-benzenesul-
fonyldihydropyridine la was stirred with benzaldehyde in
a degassed solution of ethanol (reflux, 16 hr), a 5% yield of
benzyl alcohol was obtained. When this process was repeat-

PhCHO + la — » PhCH2OH

ed with salicylaldehyde, reported by Pandit5 to be more re-
active with Hantzsch esters than simple aldehydes, no re-
duction could be detected. Examination of the other dihy-
dropyridines Ib-1g gave no reduction of these aldehydes.
Metalation studies on la were attempted in an effort to
determine the feasibility of introducing substituents.
Treatment of la with a host of organolithium reagents to
form the lithio derivative 17 met with failure under a vari-
ety of conditions. Thus, 17 is sufficiently antiaromatic (8-t

H Li

la 17

system) that its formation was prohibited. In the case of
the N-phenyldihydropyridine Ic metalation (n-butyllith-
ium) took place in the two a positions which was confirmed
by deuteration to 18. Whether metalation took place ini-

Ph Ph
Ic 18

tially at the a positions or whether this is a result of an in-
tramolecular proton transfer from the dihydropyridine ring
to the o-lithio derivative 19 is not known at this time. Ani-
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line derivatives are known to metalate in the ortho position
with great facility.22

Due to the virtual resistance of the dihydropyridine la
toward metalation, the behavior of the /V-methanesulfonyl
derivative Ib was investigated with respect to its reaction
with bases. Treatment of Ib with n.-butyllithium (-78°) in
THF gave an anion (i.e., 21) which was stable and could be
alkylated with benzyl chloride to give the iV-phenethylsul-
fonyl derivative 20. Fragmentation of 21 to sulfene
(CH2=S02) and the N-lithio-1,4-dihydropyridine was con-
sidered and searched for23 but could not be detected. Inter-
estingly, when Ib was treated with potassium ierf-butoxide
in feri-butyl alcohol, followed by addition of benzyl chlo-
ride (or bromide), a good yield of benzyl methylsulfone 22
was obtained. This means that the carbanion 21 is formed
in a reversible process in a proton-containing media (t-
BuOH) and, since 21 cannot undergo any subsequent
transformations, allows Ib to eliminate (via 24) to the sulfi-
nate anion. This process is undoubtedly concerted since, as
mentioned above, the initial removal of a proton from the 4
position of the ring is energetically unfavorable. This was
further confirmed by similarly treating la with tert-butox-
ide ion obtaining benzylphenyl sulfone 23. This is in sharp
contrast to the total inertness of la to much stronger bases
which failed to produce 17. The latter behavior, however,
was noted in solvents of lower polarity (THF hexane)
which are incapable of supporting the transition state ema-
nating from 24.

H H
n-BuLi i-BuO /(-BuOH
PhCH.CI |\|l"
oi™~\ ™ Ph sox so2ch2
20 Ib, R —Me 21
a, R=Ph

f-BuO /i-BuOH
PhCH.Br

+ RSOjCHjPh

‘N
22, R= Me
23, R= Ph

Experimental Section

All melting points were taken on a Buchi melting point appara-
tus and are uncorrected. Gas chromatography was carried out with
Hewlett-Packard Model 5750 Research Chromatographs equipped
with either a flame ionization detector (FID) or a thermal conduc-
tivity detector (TC) with integration performed electronically with
a Hewlett-Packard 3370B Integrator. Infrared spectra were taken
on Perkin-Elmer 267 and 337 spectrophotometers. Nmr spectra
were recorded on Varian A-60 and T-60 or JEOL MH-100 spec-
trometers. Ultraviolet spectra were taken on a Perkin-Elmer 402
ultraviolet-visible spectrophotometer. Mass spectra were carried
out on an AEI MS-12 mass spectrometer. Analyses were performed
by Midwest Microlab, Ltd., Indianapolis, Ind.

Unless otherwise stated, all photolyses were done with a Hano-
via medium pressure mercury vapor arc and all tetrahydrofuran

was distilled from sodium-benzophenone under a nitrogen atmo-
sphere.
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2.3- Dialkoxycarbonyl-2,3-diazabicyclo[2.2.1]hept-5-ene (2).

General Procedure. Freshly distilled cyclopentadiene (43.5
mmol) was added dropwise under nitrogen to a solution of 43.5
mmol of dialkyl azodicarboxylate in 50 ml of methylene chloride.
The solution was stirred (18 hr) and the solvent evaporated. The
residue was crystallized from hexane. Concentration and cooling of
the mother liquors afforded additional product (Table I1). Spectral
and analytical data are given in supplementary tables in the micro-
film edition (see paragraph at end of paper regarding supplemen-
tary material).

2.3- Dialkoxycarbonyl-2,3,6-triaza-6-phenylsulfonyltricy-
clo[3.2.1.05%octane (3, R' = PhSC>2; R = Alkyl). General Pro-
cedure. A solution of the diazanorbornenes 2 (32 mmol) and ben-
zenesulfonyl azide24 (32 mmol) in 120 ml of benzene was heated to
reflux for 18-20 hr. Evaporation of the solvent left a viscous oily
product which was crystallized from hexane (Table I1). Complete
spectral and elemental analyses are given in supplementary tables
in the microfilm edition.

The methanesulfonyl derivative 3 (R' = MeS02; R = t-Bu) was
similarly formed using methanesulfonyl azide26 prepared as fol-
lows. A solution of 23.2 g (0.202 mol) of methanesulfonyl chloride
in 50 ml of 95% ethanol was cooled to —5° in an ice-salt bath. A so-
lution of 15.0 g (0.231 mol) of sodium azide in 15 ml of water was
added to the cold, well-stirred solution. Stirring was continued for
an additional hour. The solvent was decanted from the white solid
which crystallized and 100 ml of water was added causing a color-
less oil to separate. The oil was extracted with two 125-ml portions
of ether, the combined extracts were dried (Na2SO,i), and the ether
was removed on a rotary evaporator leaving a thick colorless oil.
Crystallization from ether in Dry Ice-acetone gave 14.0 g (57.2%)
of product: ir (neat) 2150,1340,1170 cm-1.

A782,3-Dialkoxycarbonyl-6-aryl-2,3,6,7,8-pentazatricyclo-
[6.2.1.058]decene 10 (R' = Aryl; R = Alkyl). General Proce-
dure. A solution of the appropriate aryl azide (10.0 mmol) and the
diazanorbornene 2 (10.0 mmol) in 20 ml of benzene was heated to
reflux for 24 hr. The solvent was removed by rotary evaporator and
the remaining oil crystallized from hexane-benzene (Table II).
Complete spectral and elemental analyses are given in the supple-
mentary tables in the microfilm edition.

Azides. Aryl azides were prepared according to the following:
phenyl azide using the method of Lindsay and Allen,26 p-me-
thoxy-, p-cyano-, and p-bromophenyl azides using the method of
Smith and Boyer,27 phenethyl azide was prepared according to
Smith,28 methyl azide was prepared using the procedure of Leer-
makers,29 ethyl azidoformate, according to Forster,30 and trimeth-
ylsilyl azide according to Birkofer.31

2.3- Dialkoxycarbonyl-6-aryl-2,3,6-triazatricyclo[3.2.1.05¥]-

octane 3 (R' = Aryl; R = Alkyl). General Procedure. A solution
of 10.0 mmol of JV-aryltriazoline 10 in 150 ml of benzene was pho-
tolyzed in an immersion well equipped with a Pyrex probe. The
reaction was followed by collecting the evolved nitrogen and irra-
diation was stopped when the theoretical amount was collected.
The solvent was removed on a rotary evaporator and the residue
crystallized from hexane-benzene (Table Il). Complete spectral
and elemental analyses are given in supplementary tables in the
microfilm edition.

iV-Benzenesulfonyl-l1,4-dihydropyridine (la). A 7.6-g (28
mmol) sample of mercuric chloride was dissolved in 50 ml of abso-
lute ethanol followed by 1.00 g (2.22 mmol) of aziridine 3a. Dried
(H2S04) hydrogen chloride was bubbled through the solution for 2
hr after which the solvent was removed on a rotary evaporator
leaving a white solid. The solid was treated with 100 ml of a basic
(ca. 2 g/100 ml of NaOH] 1M solution of sodium borohydride and
allowed to react for 2 hr. The aqueous solution was extracted with
three 50-ml portions of benzene, the combined benzene extracts
were dried (Na2S04), and the solvent was removed on a rotary
evaporator leaving 0.301 g (63.1%) of colorless solid. Purification
was effected by bulb-to-bulb distillation (150°, 0.1 mm). Complete
physical and spectral data are given in Table 1.

IV-Methanesulfonyl-1,4-dihydropyridme (Ib). A 3.56-g (13.3
mmol) sample of mercuric chloride and 1.02 g (2.63 mmol) of aziri-
dine 3b were dissolved in 80 ml of absolute ethanol. Dried (H2S04)
hydrogen chloride was bubbled through the solution for 2 hr. The
solvent was removed on a rotary evaporator leaving a white solid.
The solid was treated with 50 ml of a basic (ca. 2 g/100 ml of
NaOH) 1 M solution of sodium borohydride and allowed to react
for 2 hr. The aqueous solution was extracted with three 30-ml por-
tions of benzene, the combined extracts were dried (Na2S04), and
the solvent was removed on a rotary evaporator, leaving 0.221 g
(51.7%) of pale yellow oil, which solidified on standing. Further pu-
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rification was accomplished by bulb-to-bulb distillation. Physical
and spectral data are given in Table I.

General Procedure for the Synthesis of /V-Aryl-l,4-dihy-
dropyridines (lc-1f). A solution of 10.0 mmol of arylaziridine
3c-f in 30 ml of methanol was mixed with a solution of 7 g of KOH
in 13 ml of water. The resulting solution was heated to reflux for 3
hr. The methanol was removed on a rotary evaporator and the re-
maining aqueous phase was extracted with three 30-ml portions of
methylene chloride. The combined extracts were dried (Na2S04)
and the solvent was removed on a rotary evaporator, leaving a
solid. The solid was dissolved in 50 ml of methanol, a 6.0-g sample
of mercuric oxide (red) was added, and the mixture was heated to
reflux for 18 hr. The mixture was filtered and the solvent was re-
moved from the solution on a rotary evaporator, leaving an intense
red oil. The product was purified by bulb-to-bulb sublimation [50°
(0.1 mm)]. All of the aryldihydropyridines were found to readily
decompose when exposed to air; however, they could be stored in-
definitely under a nitrogen atmosphere at —20°. Complete spectral
and physical data are given in Table I.

N-Phenethyl-1,4-dihydropyridine (lg). A solution of 2.97 g
(8.39 mmol) of aziridine 3 (R' = PhCH2CH2 R = Et) in 25 ml of
degassed (N2 methanol was treated with a solution of 7 g of KOH
in 15 ml of water. The reaction mixture was heated to reflux under
a nitrogen atmosphere for 18 hr and the methanol was removed on
a rotary evaporator. The remaining aqueous phase was extracted
with three 30-ml portions of methylene chloride. The combined
extracts were dried (Na2S04) and the solvent was evaporated. The
residue (4) was placed in a flask with 1.93 g (8.40 mmol) of di-tert-
butyl azodicarboxylate. While under a nitrogen atmosphere the
flask was cooled to 0° and 20 ml of degassed (N2 methanol was
added. The solution was stirred at 0° for 24 hr. The solvent was re-
moved with a vacuum pump as the flask was kept cold. When the
volume was ca. 3 ml, the solution was transferred to a Kugelrohr
apparatus where the remaining solvent was removed in vacuo. The
oil which remained was bulb-to-bulb distilled [70°(0.3 mm)], af-
fording a clear colorless oil in ca. 50% yield, which was contaminat-
ed with 33% hydrazine di-£eri-butylcarboxylate. Physical data are
given in Table I. The product was extremely unstable; a sample
stored under nitrogen at —0° would completely decompose within
6 hr.

A fresh sample of the dihydropyridine gave the following mass
spectrum: 70 eV, m/e (relative intensities) 185 (45), 184 (59), 105
(55), 94 (100), 80 (18), 79 (30), 77 (25), 67 (25), 57 (75). An ultravio-
let spectrum in ethanol had three maxima: 214, 240 (shoulder) and
300 nm (shoulder).

Alkaline Hydrolysis of 3 (R' = PhS02 R = Et). Formation
of the Diazatricyclene 9. A solution of 3 (1.00 g) in 10 ml of
methanol containing 2.8 g of 50% potassium hydroxide solution
was heated to reflux (N2) for 2 hr. Filtration of the potassium car-
bonate precipitate was followed by evaporation of the methanol
and the residue was then dissolved in 15 ml of water. The solution
was extracted with chloroform and the extracts discarded. The pH
of the solution was adjusted to 7 (acetic acid) and again extracted
with chloroform; the extracts were dried (MgSCD and concentrat-
ed to give 587 mg (93%) of 9. Recrystallization from ethanol gave
pure material: mp 180-181°; nmr (CDCI3) $1.17 (d, J = 12 Hz),
189 (d,J = 12Hz), 1.93(m, 1), 2.20 (m, 1), 2.9-2.99 (M, 2), 4.13 (br
s, 1, exchangeable with D20), 7.6-8.0 (m, 5). The NH proton of the
sulfonamide group was not discernible as reported in other cases.32

Anal. Calcd for C,,Hi3N202S: C, 52.59; H, 5.22; N, 16.72. Found:
C, 52.31; H, 5.12; N, 16.54.

Formation of 3 (R' = H; R = Et). A solution of 9.0 g (78 mmol)
of trimethylsilyl azide and 11.6 g (48.5 mmol) of diazanorbornene 2
(R = Et) in benzene was heated to reflux for 4 days. Removal of
the solvent on a rotary evaporator afforded 15.0 g of yellow oil. The
oil was dissolved in 200 ml of THF and 10 ml of water was added.
The solution was photolyzed for 24 hr in an immersion well
equipped with a quartz probe. The solvent was removed on a rota-
ry evaporator, leaving a dark oil which was vacuum distilled
through a 3-cm Vigreux column, affording a colorless liquid. Crys-
tallization from hexane-benzene gave 8.7 g (70% based on diaza-
norbornene 2) of colorless crystals: mp 110-111°; ir (KBr) 3300,
1750, 1720 cm"1, nmr (CDC13) 60.0-0.4 (m, 1), 1.0-1.3 (m, 1), 1.33
(t, J = 7Hz, 6), 1.8-2.1 (m, 1), 2.64 (brs, 2), 430 (q,J = 7 Hz, 4),
4.70 (brs, 2).

Anal. Calcd for CuUHNHTL: C, 51.76; H, 6.71. Found: C, 51.99;
H, 6.81.

Alkylation of Aziridine 3 (R' = II; R = Et) with Methyl lo-
dide and Benzenesulfonyl Chloride. A solution of 3 (R' = H; R
= Et) in THF was cooled to -78° under a nitrogen atmosphere
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and treated with 1 equiv of a 2.3 M solution of fert-butyllithium
(Lithium Corporation). The solution was stirred at —78° for 1 hr
and then 1 equiv of an electrophile was added. The solution was al-
lowed to warm to room temperature and stirring was continued for
3 hr, after which it was concentrated. The residual oil was dis-
solved in water, the aqueous mixture was extracted with benzene,
and the combined extracts were dried (Na2SC>4) and concentrated.

When methyl iodide was added as the electrophile, bulb-to-bulb
distillation afforded a 33% yield of aziridine 3(R' = Me) having an
nmr spectrum and vpc retention time identical with that prepared
from methyl azide. When benzenesulfonyl chloride was added as
an electrophile, a 62% yield of aziridine 3 (R = PhSo02; R' = Et)
was isolated, having an nmr spectrum and R; (tic) value identical
with that prepared from benzenesulfonyl azide.

2,3-Diethyloxycarbonyl-6-phenyl-I-methyl-2,3,6-triazatri-
cyclo[3.2.1.05¥]octane (13). sodium cyclopentadienide was syn-
thesized using the procedure of King and Stone.33 The compound
was methylated using the procedure of Partridge.34 The methylcy-
clopentadiene was kept at —78° while an equivalent of diethyl azo-
dicarboxylate in THF was added dropwise. The solution was
stirred for 24 hr at —78° and then allowed to stand for 48 hr at
—20°. Filtration and removal of the solvent on a rotary evaporator
afforded an oil which, by nmr analysis, was a complex mixture.
The oil was taken up in benzene, an equivalent of phenyl azide was
added, and the solution was heated to reflux for 24 hr. The solu-
tion was then photolyzed in an immersion well with a Pyrex probe
for 24 hr. The solvent was removed on a rotary evaporator leaving
a dark brown oil. Crystallization of the oil from hexane-benzene
afforded a ca. 2% yield of 13: mp 128-128.5°; ir (KBr) 1740, 1718,
1595 cm-1; nmr (CDCI3) 51.27 (splitt, J = 7.5 Hz, 7), 1.95 (s, 3),
1.9-2.2 (m, 1), 2.8-3.0 (m, 2), 4.24 (split quartet, J = 7.5 Hz, 4),
4.95 (brs, 1), 6.8-7.4 (m, 5).

Anal. calcd for C18H23N304: C, 62.59; H, 6.71. Found: C, 62.37;
H, 6.80.

I-Phenyl-3-methyl-l,4-dihydropyridine (14). A solution of
0.290 g (0.840 mmol) of aziridine 13 in 20 ml of degassed (N2)
methanol was treated with a solution of 4 g of KOH in 10 ml of
water. The solution was heated to reflux under a nitrogen atmo-
sphere for 14 hr. The methanol was removed in vacuo and the re-
maining aqueous phase was extracted with dichloromethane. The
combined extract was dried (Na2S04) and concentrated. The re-
sidual solid was mixed with 0.194 mg (0.840 mmol) of di-terf-butyl
azodicarboxylate under a nitrogen atmosphere in a flask. The flask
was cooled to 0° and 20 ml of degassed (N2) methanol was added
and the solution stirred for 4 hr at 0°. The solvent was removed on
a rotary evaporator while keeping the flask cold. The residue was
purified by vacuum bulb-to-bulb sublimation, affording the dihy-
dropyridine, contaminated with Ca. 50% hydrazine-di-ieri-butyl
dicarboxylate in ca. 30% yield: nmr (CDC13) 51.63 (m, 3), 2.8-3.0
(m, 2), 4.5-4.8 (m, 1), 6.1-6.4 (m, 2), 6.8-7.4 (m, 5); uv (EtOH) 211
and 243 nm. The mass spectrum had peaks at m/e 171 (M +) and
170 in the ratio of 35:100, respectively.

Reduction of Benzaldehyde to Benzyl Alcohol with la. A so-
lution of 107 mg (0.484 mmol) of la and 50 ml (0.47 mmol) of
benzaldehyde in 8 ml of degassed (vacuum transfer) 95% ethanol
was heated to reflux. A sample taken after 16 hr was injected into a
vpc equipped with an FID, having a 10% UC-W 100 on Chromo-
sorb P column at 110°. Retention times of both starting aldehyde
and product were determined using authentic samples. A small
disappearance of aldehyde was accompanied by the appearance of
benzyl alcohol. Electronic integration determined that Ca. 5% of
the aldehyde had been reduced to alcohol, based on the change in
the aldehyde peak area. Subsequent injections showed the alcohol
peak area remained constant. When one drop of concentrated hy-
drochloric acid was added, no increase in alcohol was observed.
W hen the reaction was repeated in the absence of Ia, no reduction
of benzaldehyde was observed.

Metalation of N-Phenyzi-1,4-dihydropyridine (ic). A solu-
tion of lc in tetrahydrofuran (1M) was treated under a nitrogen
atmosphere with 2.0 equiv of n-butyllithium (2.2 M hexane) at 0°.
The solution was stirred at this temperature for 1.5, 4.5, and 18.5
hr and aliquots removed and quenched in deuterium oxide. The
aqueous solution was extracted with benzene and the extracts then
dried (N a2SC>4), concentrated, and examined by nmr. The per cent
deuterium incorporation was followed by integrating the peak at
6.32 (2 position) relative to the peak at 2.99 (4 position) and 4.0-
4.88 (3 position). The results are shown in Table III.

Reaction of N-Methanesulfonyl-l1,4-dihydropyridine Ib
with n-Butyllithium. A solution of 500 mg (3.14 mmol) of Ib in
40 ml of THF was cooled to —78° under a nitrogen atmosphere. A
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Table 111
%D in 2
a
Time, hr Rel peak ht position (18)
1.5 0.71 47
4.5 0.59 82
18.5 0.61 78

“ Peak at 6.32 ppm VS. peaks at 2.99 and 4.4-4.8 ppm.

1.42-ml (3.14 mmol) sample of a 2.2 M solution of n-butyllithium
was added and stirred for 1 hr, and 0.38 ml (2.5 mmol) of benzyl
chloride was added. The solution was allowed to slowly rise to
room temperature and then poured into 100 ml of water and ex-
tracted with three 50-m| portions of benzene. The combined ben-
zene extracts were dried (Na2S04) and the solvent was removed on
a rotary evaporator leaving an oil. Bulb-to-bulb distillation gave a
50% yield of unreacted starting material and a Cca. 25% yield of
crude 20: nmr (CDCI13) h2.8 (m, 2), 3.2 (m, 4), 4.9 (m, 2), 6.4 (split
doublet, 2), 7.2 (m, 5). An attempt at further purification by bulb-
to-bulb distillation resulted in the product's decomposition leaving
only a nondistillable tar.

Treatment of jV-.Methanesulfonyl-1,4-dihydropyridine (Ib)
with Potassium ierf-Butoxide in iert-Buty!l Alcohol. A solution
of 75 mg (0.47 mmol) of dihydropyridine and 54 mg (0.48 mmol) of
sublimed KO-t-Bu in 5 ml of ieri-butyl alcohol was heated to re-
flux under a nitrogen atmosphere for 1 hr after which 56 rd (0.47
mmol) of benzyl bromide was added. Heating was continued for 40
hr. Analysis of the reaction solution by vpc revealed that most of
the benzyl bromide and dihydropyridine had been consumed and
that a new compound with a retention time longer than the dihy-
dropyridine was formed. This new compound was collected using a
0.25-in. 10% UC-W 96 on Chromosorb P column at 150° (retention
time, 7.2 min). The nmr of the new compound was identical with
that of benzylmethyl sulfone: mp 123-125° (mp35 123-125°); ir
(KBr) 1310, 1125 cm 'L; nmr (CDCls) 6 2.79 (s, 3), 4.30 (S, 3), 7.47
(s, 5).

Treatment of iV-Benzenesulfonyl-1,4-dihydropyridine (la)
with Potassium terf-Butoxide in teri-Butyl Alcohol. A solution
of 150 ml (0.678 mmol) of la and 76 mg (0.68 mmol) of sublimed
KO-i-Bu in 6 ml of i-BuOH was heated to reflux for 4 hr. Vpc
analysis revealed that nearly all of the starting material was con-
sumed. An 81-/d (0.68 mmol) sample of benzyl bromide was added.
A new peak having a longer retention time than the dihydropyri-
dine appeared. A sample was collected using a 0.25-in. 10% SE-30
column at 250°. The product melted at 146-147° (mp36 146°); nmr
(CDC13) 54.30 (s, 2), 7.2-7.8 (m, 10).
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Synthesis of 2-Methyl- and 2-Phenyl-5-thiopyridines
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A new procedure is described for the “one pot syntheses” of 2-methyl- or 2-phenyl-5-methylthio-, butylthio-, or
phenylthiopyridines, 3 and 4. This involves formation of the pyridine/methyllithium (1, R = CH3) or pyridine/
phenyllithium (1, R = Ph) adduct and its reaction with the appropriate disulfide, While yields are low, work-up of
the reaction in all cases is simple, and the 2,5-disubstituted product is obtained directly without position isomer
problems. Use of the 5-butylthiopyridines 4b and 4c, via the Pummerer rearrangement of the sulfoxides 5b and
5c¢, as precursor for other 5-thiopyridines is described. An interesting formaldehyde trapping process is observed
in one case where 2-phenyl-5-methylthiopyridine 4a was used as such a precursor. Isolation of 2,5-dihydro-2-
methyl-5-bis(phenylthio)pyridine (9) from the reaction of the pyridine/methyllithium adduct (1, R = CH3) with
phenyl disulfide and the isolation of 2-bis(tert- butylthio) methylpyridine from the reaction with tert- butyl disul-
fide suggested a mechanism for this “one pot synthesis” of 2-substituted-5-thiopyridines.
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Scheme |

lequiv m-chloroperbenzoic acid

4a, R=Ph;R'= H
b, R= Ph; R'= CHXCH2GH3
¢, R = CH3 R' = CH2CH2CH3

7a, R = Ph; R" - C(CH3COH
CHDH
b, R=Ph; R"----mm- C(CHHCOH
¢, R=Ph; R" = — (CH2)3COH
d R=Ph; R" = — C(CH32COH
e, R= Ph; R" = — CH2COH
f, R= CH3;, R" = — C(CH32C0H

addition to the 2 position. The striking feature of the
chemistry of such adducts 1 is their reaction with most
electrophiles exclusively at position 5 rather than at posi-
tions 1 and/or 3, although acylation does give substantial
amounts of N-acylation.14 The product obtained initially,
i.e., compound 2, is a dihydropyridine. A mechanism by
which intermediate 2 is oxidized to the final 2,5-disubsti-
tuted pyridine 3 has been suggested to be loss of lithium
hydride.15 Such a mechanism has been proposed for the
aromatization of other dihydro heterocyclic aromatic sys-
tems.16 Therefore, achievement of our goal should be possi-
ble by addition of a sulfur electrophile to the intermediate
complex 1 formed from an appropriate organolithium re-
agent. Reaction of pyridine with phenyllithium to give 1 (R
= Ph) and addition of benzenesulfenyl chloride gave a
small yield of the desired 2-phenyl-5-phenylthiopyridine
(3a). Since the use of a sulfenyl chloride perhaps favored
reaction on nitrogen, as in the case of an acyl chloride,14 we
explored the use of diphenyl disulfide as the sulfur electro-
phile. The yield (29%) was still low, but acceptable in view
of the simple isolation procedure which involved distilla-
tion of the crude reaction product. 2-Phenyl-5-phenyl-
thiopyridine (3a) was the only isomer in the distillate and
by-products were either much more volatile or were undis-
tillable tars. That this product 3a was a 2,5-isomer was im-
mediately evident from the nmr spectrum. This spectrum
showed only one low-field a-pyridyl proton (5 8.78), which
was a broadened singlet, i.e., no ortho coupling. This was
also true for the nmr spectrum of compound 4a; however,
in the nmr spectra other primary products 3b, 4b, and 4c
meta splitting of the one low-field a-pyridyl proton could
be seen, which provided additional support. As previous
workersi12'13 have established that the addition of the or-
ganolithium reagent to the pyridine takes place at the 2 po-
sition, these spectral results indicate that reaction with
electrophilic sulfur has also taken place at position 5.

To improve the utility of this synthesis, it was necessary

53, R=Ph;R'=H
b, R = Ph; R'= CHXCH2CH3

(i) NaOEt-EtOH

(ii) H"Br

8a, R = Ph; R'= (CH2),CH!
b, R=CH3 R'= Ph

that we provide a route to 2-substituted-5-pyridinethiols.
Thus, substituents could be obtained at the 5 position,
which would either not be accessible by the “one pot pro-
cess” due to side reactions with the pyridine-lithium com-
plex or because of the unavailability of the appropriate di-
sulfide. It was envisioned that the thiol anion could be pre-
pared in situ by collapsing a Pummerer rearrangement
product 6 with sodium ethoxide (Scheme I) and then addi-
tion of the appropriate alkylating agent would give the de-
sired product 7. The initial choice of precursor for this pro-
cess was 2-phenyl-5-methylthiopyridine (4a). Reaction of
the pyridine adduct 1 (R = Ph) with methyl disulfide gave
a low yield (17%) of the desired product (4a), but in this
case it could be directly crystallized from the crude reac-
tion mixture. Oxidation to the sulfoxide (5a) proceeded in
79% yield, without any concomitant oxidation of the pyri-
dine nitrogen being evident. Reaction of the sulfoxide 5a
with refluxing trifluoroacetic anhydride gave a quantitative
yield of the Pummerer product 6a, which was used without
further purification. Reaction of the Pummerer product 6a
with ethanolic sodium ethoxide at room temperature, fol-
lowed by addition of ethyl 2-bromopropionate and heating,
gave a crude ester which was hydrolyzed by agqueous base
to a crystalline acid. This acid was not the expected prod-
uct 7b, but a product 7a derived by trapping of the formal-
dehyde liberated on collapse of the Pummerer product 6a.
The desired product 7b could be obtained by the simple ex-
pedient of removing the ethanol and then replacing it with
fresh ethanol prior to addition of the alkylating agent.
With the same process and use of ethyl 4-bromobutyrate,
an excellent overall yield (87%) of the 4-(6-phenyl-3-pyri-
dinylthio)butanoic acid (7c) could be obtained from the
sulfoxide 5a.

The additional step of removing the ethanol and formal-
dehyde after decomposition of the Pummerer product 5a
was troublesome for large scale use of the process, and
other sulfoxides which would yield less reactive aldehyde
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Experimental Section19

2-Phenyl-5-phenylthiopyridine (3a) via Phenylsulfenyl
Chloride. Pyridine (3.95 g, 0.05 mol) was dissolved in ether (30
ml) and added dropwise with stirring to an ethereal solution of
phenyllithium (25 ml of 1.3 M solution; 0.0325 mol) at room tem-
perature. The mixture was stirred for 1 hr following addition and
then cooled to -70°. A solution of phenylsulfenyl chloride (7.2 g,
0.05 mol) in an ether-benzene mixture was added dropwise . The
mixture stirred at -70° for 2 hr and was allowed to come to room
temperature overnight. The reaction mixture was diluted with
ether and shaken with 2 N NaOH. The ether phase was extracted
three times with 4 N HC1. The acid extract was made basic and
reextracted with ether. Removal of the ether gave an oil (1.58 g).
This was distilled in a Kugelrohr apparatus (130-170° (0.1 mm)).
The bulk of the oil distilled to give a pale yellow oil which crystal-
lized. This was recrystallized from ethanol to give 2-phenyl-5-
phenylthiopyridine (3a): mp 58-60°; ir (Nujol) 1580 (m), 1552 (w),
735 (s), 690 (s) cm-1; uv X max (MeOH) 264 mu (t 15,440), 281
(15,030), 312 (10,600); nmr (CDC13) 58.78 (s, 1), 8.10-7.10 (m, 12).

Anal. Calcd for C17H13NS: C, 77.55; H, 4.98; N, 5.32. Found: C,
77.59; H, 5.17; N, 5.13.

2- Phenyl-5-phenylthiopyridine (3a) via Phenyl Disulfide.

Pyridine (8.7 g, 0.11 mol) in benzene (50 ml) was added to phenyl-
lithium (80 ml of 1.4 M, 0.11 mol) during 10 min. The mixture was
then warmed at 50° for 1.5 hr. Phenyl disulfide (23.9 g, 0.11 mol)
in benzene (100 ml) was added rapidly with stirring. The internal
temperature rose to 64°. Heating was continued for 4 hr. Then the
reaction was cooled to room temperature. Oxygen was bubbled
through the reaction for 1.5 hr. The reaction was washed with
water and brine ar.d dried (MgSO,i). The benzene was removed in
vacuo. The residue distilled in a Kugelrohr (130-170° (0.1 mm)).
The main fraction (8.3 g, 0.0315 mol, 29%) crystallized and was re-
crystallized from ethanol to give 2-phenyl-5-phenylthiopyridine
(3a) (5.5g),mp 59-60°.

3- Methylthio-6-phenylpyridine (4a). Pyridine (158.2 g,
mol) was dissolved in benzene (500 ml) and added slowly with stir-
ring to a solution of commercial phenyllithium (2.0 mol in 70:30
benzene-ether; Alfa) under nitrogen. After addition, the mixture
was stirred at room temperature for 2 hr. Dimethyl disulfide (188
g, 2.0 mol) dissolved in benzene (250 ml) was added slowly with
stirring and the mixture stood overnight at room temperature. The
reaction mixture was washed with water and brine and dried
(MgSO,(). The solvents were removed in vacuo. The residue, a red
oil, was dissolved in ethanol, seeded, and cooled in the ice box. 3-

20
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Methylthio-6-phenylpyridine (4a) (68 g, 0.34 mol, 17%): mp 92-
94°; ir (Nujol) 1544 (m), 1108 (m), 1014 (m), 828 (m), 772 (m), 730
(s), 688 (m) cm-1; uv X max (MeOH) 244 mix U 8,230), 280
(16,400); nmr (CDC13 b8.54 (s, 1), 8.1-6.9 (m, 7), 2.34 (s, 3).

Anal. Calcd for CiZHuNS: C, 71.62; H, 5.51; N, 6.96. Found: C,
71.65; H, 5.60; N, 6.79.

3-Methylsulfinyl-6-phenylpyridine  (5a). 3-Methylthio-6-
phenylpyridine (4a) (18.5 g, 0.092 mol) was dissolved in methylene
chloride (200 ml). With ice cooling and stirring, a solution of m-
chloroperbenzoic acid (18.8 g, 0.097 M) in methylene chloride was
added slowly. The mixture was stirred for 2 hr at room tempera-
ture following addition. No peracid was evident at this time based
on starch iodide paper. The mixture was washed (2 X 10% aqueous
KHCO3 and water) and dried (MgS04) and the solvent was re-
moved in vacuo. The solid remaining was recrystallized from 2-
propanol-methylene chloride to give the sulfoxide 5a (15.7 g, 79%):
mp 128-130°; ir (Nujol) 1575 (m), 1556 (m), 1292 (m), 1048 (s),
1038 (s), 732 (m), 686 (M) cm-1; uv X max (MeOH) 258 mix (e
15,270), 286 (16,490); nmr (CDC13, b8.80 (d, 1J = 2 Hz), 8.20-
7.70 (m, 4), 743 (t, 3), 2.77 (s, 3).

Anal Calcd for CiZHNNOS: C, 66.35, H, 5.10; N, 6.45. Found: C,
66.10; H, 5.39; N, 6.55.

Attempted in Situ Alkylation of 2-Phenyl-5-pyridylthiol via
the Sulfoxide 5a. 3-Methylsulfinyl-6-phenylpyridine (5a) (6 g,
0.028 mol) was refluxed with trifluoroacetic anhydride (40 ml) for
2 hr. The material slowly dissolved during that time. The anhy-
dride was removed in vacuo. The residue was dissolved in ether.
The ether solution was washed (2 X 10% aqueous KHCO3, brine)
and dried (MgS04) and the ether was removed in vacuo. The tri-
fluoroacetate 6a (8 g) was checked by nmr ((CDCI3, 58.72 (m, 1),
8.10-7.60 (m, 4), 7.40 (t, 3), 5.50 (s, 2)) and dissolved in ethanol.
Ethanolic sodium ethoxide was added (from dissolving 772 mg of
sodium metal) and the mixture was stirred at room temperature
for 3 hr. Ethyl 2-bromopropionate (5.4 g, 0.030 mol) was added and
the mixture was warmed at 70° overnight. The ethanol was re-
moved in vacuo. The residue was washed with ether. The ethereal
washings were dried (MgS04) and the ether was removed in vacuo
to give the crude ester as an oil (6.4 g, 70%). This was hydrolyzed
by reflux in methanolic sodium hydroxide. The reaction was acidi-
fied and the precipitate collected and recrystallized from 2-propa-
nol to give 3-hydroxy-2-methyl-2-(6-phenyl-3-pyridinylthio)pro-
panoic acid (7a): mp 165-167°; mass spectrum m/e M+ 289; ir
(Nujol) 1688 (s), 1590 (m), 1580 (m), 1542 (w), 1030 (s), 856 (m),
778 (m), 736 (s), 690 (s) cm"1; nmr (DMSO) 6 8.74 (br s, 1), 8.30-
7.90 (m, 4), 750 (t, 3), 3-70 (g, 2 J = 2Hz), 144 (s, 3).

Anal Calcd for CI5HISNGOSS: C, 62.28; H, 5.23; N, 4.84. Found:
C, 62.70; H, 5.30; N, 4.81.

2-(6-Phenyl-3-pyridinylthio)propanocic Acid (7b) via the
Sulfoxide 5a. The crude trifluoroacetate 6a (7 g, 0.023 mol) ob-
tained as above was added to a solution of sodium metal (0.66 g,
0.023 mol) in ethanol (50 ml). The mixture was stirred for 2 hr at
room temperature under nitrogen and then concentrated in vacuo.
The residue was redissolved in ethanol and ethyl 2-bromopro-
pionate (4.2 g, 0.023 mol) added. The mixture was heated over-
night at 75°. The ethanol was removed in vacuo. The residue was
shaken between ether and water. The ether was separated, dried
(MgS04), and removed. The residue was refluxed for 5 hr in
methanolic NaOH (40 ml of 1 N NaOH-40 ml of MeOH). The
methanol was removed in vacuo. The aqueous residue was washed
with ether, acidified (2 N HC1), and reextracted with ether. Re-
moval of the ether in vacuo gave a solid which was recrystallized
from 2-propanol to give 2-(6-phenyl-3-pyridinylthio)propanoic
acid (7b) (3.4 g, 0.013 mol, 5796): mp 139-141°; ir (Nujol) 1712 (s),
1590 (m), 1582 (m), 1550 (m), 1326 (s), 1236 (s), 1180 (s), 1032 (m),
848 (m), 782 (m), 738 (m), 694 (m), 664 (m), 650 (M) cm-1; nmr
(DMSO) b8.70 (s, 1), 8.25-7.90 (m, 4), 748 (t, 3),395(q, ,LI =7
Hz), 142 (d, 3,J = 7 Hz).

Anal. Calcd for CHI3NO02S: C, 64.86; H, 5.05; N, 5.40. Found:
C, 64.70; H, 5.11; N, 5.13.

4- (6-Phenyl-3-pyridinylthio)butanoic acid (7c) was prepared

in an analogous manner using ethyl 4-bromobutyrate as the alkyl-
ating agent. After acidification of the hydrolysis reaction mixture
with 2 N HCL, 4-(6-phenyl-3-pyridinylthio)butanoic acid (7c) was
obtained: mp 89-91° (87%); ir (Nujol) 1714 (s), 1544 (w), 1318 (m),
1198 (m), 772 (m), 728 (m), 680 (M) cm 'L uv Xmax (MeOH), 280
m/'t (e 15,950); nmr (CDC13 b8.68 (s, 1), 8.0-7.2 (m, 7), 2.97 (t, 2),
250 (t, 2), 2.00 (q, 2).

Anal. Calcd for CisHi5NOZS: C, 65.92; H, 5.53; N, 5.13. Found:
C, 65.90; H, 5.65; N, 5.53.

Finch and Gemenden

3-Butylthio-6-phenylpyridine (4b). Pyridine (15.8 g, 0.2 mol)
was added slowly with stirring to commercial phenyllithium (125
ml of a 1.6 M solution, 0.2 mol) under nitrogen. A yellow solid sep-
arated. The mixture was stirred overnight at room temperature.
Butyl disulfide (35.6 g, 0.2 M) was added slowly (exothermic). The
mixture was stirred at room temperature for a further 6 hr, then
washed with water and brine, and dried (MgS04). The solvents
were removed in vacuo, and the residue was distilled. A forerun of
butyl disulfide was obtained. The main fraction, bp 145-155° (0.1
mm) (16.8 g, 0.069 mol, 35%), crystallized on standing. This was re-
crystallized from 2-propanol to give 3-butylthio-6-phenylpyridine
(4b) (10.6 g): mp 33-34°; ir (Nujol) 1574 (m), 1545 (m), 728 (s), 686
(s) cm-1; uv Xmax (MeOH) 247 m/x (e 10,660), 281 (16,250); nmr
(CDCls) b860 (d, 1, J = 2 Hz), 8.12-7.80 (m, 2), 7.68-7.24 (m, 5),
290 (t 2), 1.90-1.10 (m, 4), 0.88 (t, 3).

Anal. Calcd for C15H17NS: C, 74.05; H, 7.04; N, 5.76. Found: C,
74.04; H, 6.89; N, 5.84.

3-Butylsulfinyl-6-phenylpyridine (5b). 3-Butylthio-6-phenyl-
pyridine (4b) (20.2 g, 0.083 mol) was dissolved in methylene chlo-
ride (200 ml) and cooled in an ice bath. With stirring, a solution of
m-chloroperbenzoic acid (16.2 g, 0.083 mol based on 88.5% per-
acid) in methylene chloride was added dropwise during 20 min. The
mixture stirred for a further 30 min and then washed with 10%
agqueous KHCO3 and brine and dried (MgS04). Removal of the
methylene chloride in vacuo gave a yellow oil, which slowly crys-
tallized. This was recrystallized from ether to give the sulfoxide 5b
(15.4 g, 0.0595 M, 72%): mp 68-70°; ir (Nujol) 1580 (m), 1560 (m),
1296 (m), 1034 (s), 836 (m), 776 (M), 732 (s), 686 (M) cm“ 1 uv X
max (MeOH) 260 mM(e 15,740), 287 (17,290); nmr (CDCI3) b 8.80
(s, 1), 8.26-7.74 (m, 4), 7.45 (t, 3), 292 (t, 2), 2.00-1.10 (m, 4), 0.92
(t, 3).

Anal. Calcd for C15H17NOS: C, 69.48; H, 6.61; N, 5.40. Found: C,
69.50; H, 6.74; N, 5.31.

3-Butylsulfonyl-6-phenylpyridine (8a). The sulfoxide 5b
(11.9 g 0.046 mol) was dissolved in methylene chloride (100 ml)
and cooled in an icfe bath. m-Chloroperbenzoic acid (8.95 g, 0.046
M of a 88.5% peracid mixture) was dissolved in methylene chloride
(200 ml) and added slowly with stirring. The mixture was allowed
to stir overnight at room temperature, and then washed (aqueous
10% KHCQO3, brine), dried (MgS04), and concentrated in vacuo.
The residue (11.94 g) was recrystallized from ether to give the sul-
fone 8a (10.1 g, 0.037 mol, 80%): mp 83-85°; homogeneous by tic
(silica gel GF eluted by CHCI3-ethyl acetate 4:1) sulfoxide 31J, sul-
fone &0; ir (Nujol) 1594 (m), 1560 (w), 1314 (m), 1154 (s), 1100
(m), 838 (m), 732 (s), 680 (M) cm-1; uv Xmax (MeOH) 260 mm («
15,890), 286 (20,260); nmr (CDCI3) b9.12 (d, 1J = 3Hz), 8.24-7.80
(m, 4), 7.52 (t, 3), 3.18 (t, 2), 2.00-1.10 (m, 4), 0.90 (t, 3).

Anal. Calcd for Ci5SHI?TNOZS; C, 65.44; H, 6.22; N, 5.09. Found:
C, 65.11; H, 6.32; N, 4.92.

2-Methyl-2-(6-phenyl-3-pyridinylthio)propanoic Acid 7d
via the Sulfoxide 5b. 3-Butylsulfinyl-6-phenylpyridine (5b) (6 g,
0.023 mol) was refluxed in trifluoroacetic anhydride (40 ml) for 3
hr. The anhydride was removed in vacuo and the residue was dis-
solved in ether. The ethereal solution was washed (10% aqueous
KHCO3, 2N NaOH, brine) and dried (MgS04). The ether was re-
moved in vacuo and the residue dissolved in ethanol and added to
a solution of sodium metal (0.55 g, 0.024 mol) in ethanol. The solu-
tion was stirred for 2 hr at room temperature. Ethyl a-bromoiso-
butyrate (4.98 g, 0.025 mol) was added in ethanol and the mixture
was refluxed overnight. The ethanol was removed in vacuo. The
residue wes dissolved in ether, washed with water and brine, and
dried (MgS04). The ether was removed in vacuo. The residue was
dissolved in ethanol (60 ml), and 2 N NaOH (30 ml) was added.
The mixture was refluxed for 2 hr. The ethanol was removed in
vacuo. The aqueous residue was slowly made acid with 2 N HCL
2-Methyl-2-(6-phenyl-3-pyridinylthio)propanoic acid (7d) (4.90 g,
0.018 mol, 78%) separated as a crystalline solid: mp 178-180°; ir
(Nujol) 2400-1900 (br m), 1690 (s), 1590 (m), 1582 (m), 1268 (s),
1168 (s), 858 (m), 804 (m), 778 (m), 738 () cm“L uv X max
(MeOH) 256 mM(e 17,170), 285 (15,260); nmr (DMSQ) 58.70 (t, 1),
8.30-7.94 (m, 4), 7.50 (t, 3), 1.45 (s, 6).

Anal. Calcd for CiSHI18N02S: C, 65.92; H, 5.53; N, 5.13. Found:
C, 66.10; H, 5.71; N, 4.97.

(6-phenyl-3-pyridinylthio)acetic acid (7e) was prepared in
an analogous manner using ethyl bromoacetate. On acidification of
the hydrolysis reaction mixture with 2 N HC1, the hydrochloride
salt of (6-phenyl-3-pyridinylthio)acetic acid (7e) separated: mp
214-216°; ir (Nujol) 1710 (s), 1594 (m), 1584 (m), 1532 (m), 1380
(s), 1276 (s), 1192 (s), 896 (M), 846 (M), 772 (m), 712 (m), 678 (M)
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cm x nmr (DMSO) 58.78 (d, 1J = 2 Hz), 8.5-8.0 (m, 4), 7.60 (t,
3), 4.20 (s, 2).

Anal. Calcd for C13H ,N 025-HC1 (%H2): C, 53.64; H, 4.47; N,
4.81. Found: C, 53.19; H, 4.40; N, 4.63.

3-Butylthio-6-methylpyridine (4c). Pyridine (15.8 g, 0.2 mol)
was added dropwise to an ethereal solution of methyllithium (131
ml of a 1.6 M solution, 0.2 mol) under nitrogen. The mixture
stirred overnight at room temperature. Butyl disulfide (35.6 g, 0.2
mol) in tetrahydrofuran was slowly added with stirring. The mix-
ture was stirred at room temperature for 6 hr, then washed with
water and brine, dried (MgS04), and concentrated in vacuo. The
residue was redissolved in ether and washed three times with 4 N
H2S04. The acid washings were made basic and reextracted with
ether. Removal of the ether gave a red oil which was distilled. 3-
Butylthio-6-methylpyridine (4c) was the major fraction (10.0 g,
0.055 mol, 27%): bp 84-8° (0.1 mm) ir (film) 2925 (s), 1584 (m),
1552 (w), 1478 (s), 1364 (m), 1020 (m), 822 (m) cm*“ L, nmr (CDC13)
5850 (d, 1,J = 3Hz), 762 (d, 1, J = 3 Hz), 750 (d, 1,J = 3 Hz),
7.03 (d, 1,3 = 7Hz), 2.84 (t, 2), 2.50 (s, 3), 1.90-1.10 (m, 4), 0.88 (t,
3).
Anal. Calcd for CI0HiSNS: C, 66.27; H, 8.34. Found: C, 65.84; H,
8.66.

2-Methyl-2-(6-methyl-3-pyridinylthio)propanoic Acid (7).
3-Butylthio-6-methylpyridine (4c) (56 g, 0.309 mol) was dissolved
in methylene chloride (700 ml) and cooled in an ice bath. m-Chlo-
roperbenzoic acid (66.3 g, 0.325 mol based on 88.5% peracid) was
dissolved in methylene chloride (700 ml) and added during 1 hr
with stirring. After stirring overnight, a negative starch-iodide
reaction was observed. The reaction mixture was washed (10%
aqueous KHCO3, brine), dried (MgS04), and concentrated in
vacuo. The residue, an orange red oil, was checked by tic (Silica gel
GF eluted by CHCI3ethyl acetate 4:1), no starting material was
evident. A portion of this crude sulfoxide 5C (4.0 g, 0.020 M) in
ether (50 ml) was refluxed with trifluoroacetic anhydride (30 ml)
for 1.5 hr, then concentrated to dryness in vacuo. The residue was
dissolved in ether. The ethereal solution was washed (water and
brine), dried (MgS04), and removed in vacuo. The residue (5 g)
was the Pummerer product 6¢C based on: nmr (CDCI3) S8.42 (d, 1J
= 2Hz), 7.56 (profd, 1,J = 2and 7Hz), 6.98 (d, 1,J = 7 Hz), 5.96
(t, 1), 2.48 (s, 3), 2.06-1.10 (m, 4), 0.90 (t, 3). This residue was dis-
solved in ethanol (20 ml) and added to a solution of sodium metal
(500 mg, 0.022 mol) in ethanol and stirred at room temperature for
15 hr. Ethyl 2-bromoisobutyrate (4.29 g, 0.022 mol) was added.
The mixture was heated at 75° overnight. The ethanol was re-
moved in vacuo. The residue was dissolved in ether. The ethereal
solution was washed (water), dried (MgS04), and concentrated in
vacuo. The residue (4.5 g) was dissolved in methanol (60 ml) and
20% aqueous KOH (20 ml) and refluxed for 6 hr. The methanol
was removed in vacuo; the aqueous residue was washed with ether.
The pH was adjusted to 6.5; a solid separated. The mixture was ex-
tracted (CHCI3). The chloroform extracts were washed (water),
dried (MgS04), and concentrated in vacuo. The crystalline residue
(4.0 g) was recrystallized from 2-propanol to give 2-methyl-2-(6-
methyl-3-pyridinylthio)propanoic acid (7f) (2.4 g, 0.011 mol, 50%):
mp 195-197°; ir (Nujol) 1702 (s), 1592 (s), 1288 (s), 1172 (s), 1124
(s), 1038 (m), 838 (m), 812 (m), 724 (m) cm-1; uv \ max (MeOH)
219 mM(11,650), 266 (3,640); nmr (CDC13) S8.42 (d, 1, J = 2 Hz),
7.70 (profd, 1,J = 2and 7 Hz), 7.22 (d, 1, J = 7 Hz), 2.48 (s, 3),
1.40 (s, 6).

Anal. Calcd for CI0Hi3NO2ZS: C, 56.86; H, 6.20; N, 6.63. Found:
C, 57.00; H, 6.22; N, 6.44.

2-Methyl-5-phenylthiopyridine (3b). Pyridine (7.9 g, 0.1 M)
was dissolved in benzene (70 ml) and added dropwise to methylli-
thium (55 ml of a 2 M solution, 0.11 mol) under nitrogen. The mix-
ture was stirred at room temperature for 1 hr. Phenyl disulfide
(21.8 g, 0.1 mol) dissolved in benzene (80 ml) was added slowly
with stirring. The mixture stirred overnight at room temperature.
Oxygen Was passed through the mixture for 1 hr and then it was
washed (water, brine), dried (MgS04), and concentrated in vacuo.
The residue was redissolved in ether and extracted with 4 N
H2504. The acid washings were made basic and reextracted with
ether. The ethereal extracts were washed (water), dried (MgS04),
and concentrated in vacuo. The residue (4.2 g) was chromato-
graphed on neutral HI alumina, made up in hexane. The major
fraction (1.62 g, 0.0081 M, 8%) eluted by benzene-hexane 1:1 was
2-methyl-5-phenylthiopyridine (3b) which was characterized as
the crystalline hydrochloride: mp 137-139°; ir (Nujol) 2300-2000
(br m), 1604 (m), 1530 (m), 1342 (m), 1140 (m), 1020 (m), 840 (m),
756 (s), 692 (s) cm-1; uv X max (MeOH) 250 m/i (c 22,570), 322

J. Org. Chem., Vol. 40, No. 5, 1975 573

(4,950); nmr (CDC13) 58.5 (d, 1, J = 3 Hz), 7.54 (profd, 1,J = 3
and 7 Hz), 7.26 (s, 5), 7.06 (d, 1,J = 7 Hz), 2.50 (s, 3).

Anal. Caled for CI2HUNS-HC1: C, 60.58; H, 5.05; N, 5.89.
Found: C, 60.80; H, 5.04; N, 5.76.

A minor fraction collected subsequently by benzene-hexane 1:1
elution (310 mg, 1.0 mmol, 1%) crystallized. Recrystallization from
ethanol gave 2,5-dihydro-2-methyl-5,5-bis(phenylthio)pyridine
(9): mp 93-95°; ir (Nujol) 1634 (m), 794 (m), 744 (s), 688 (m) cm -1,
uv Xmax (MeOH) 244 mja (e 25,660); nmr (CDC13) 6 7.76 (br s, 2),
7.68-7.10 (m, 9), 5.66 (br's, 3), 3.24 (q, 1), 0.54 (d, 3,J = 7 Hz).

Anal. Calcd for Ci8Hi7NS2 C, 69.44; H, 5.50; N, 4.50. Found: C,
69.68; H, 5.73; N, 4.47.

2,5-Dihydro-2-methyl-5,5-bis(phenylthio)pyridine (9). Pyri-
dine (82 g, 1.04 mol) was dissolved in benzene (400 ml) and added
slowly to methyllithium (1 mol) with stirring under nitrogen. The
mixture was stirred for two further hours after addition. Phenyl
disulfide (218 g, 1 mol) in benzene (11.) was added slowly and the
mixture was stirred overnight at room temperature. The mixture
was washed (water, 2 N NaOH, water, brine), dried (MgS04) and
concentrated in vacuo. The residue, a red-yellow oil (171 g) was
dissolved in 2-propanol, cooled, and seeded. 2,5-Dihydro-2-meth-
yl-5,5-bis(phenylthio)pyridine (9) (35.8 g, 11.5%), mp 91-94°, crys-
tallized on standing.

1,2,5,6-Tetrahydro-2-methyl-5,5-bis(phenylthio)pyridine

(11). 2,5-Dihydro-2-methyl-5,5-bis(phenylthio)pyridine (9) (10 g,
0.032 mol) was dissolved in methanol (160 ml) and sodium cyano-
borohydride (2.02 g, 0.032 mol) dissolved in water (440 ml) at pH
6-7 added slowly with stirring. The pH of the reaction mixture was
maintained between 6 and 7 by addition of acetic acid. After addi-
tion, the mixture was stirred overnight at room temperature. The
mixture was concentrated in vacuo. The aqueous residue was
made basic with ammonia and ether extracted. The ether extracts
were washed with 2 N HC1. The acid washings were made basic
with 20% aqueous KOH and reextracted with ether. The ether ex-
tracts were washed with brine, dried (MgS04), and concentrated in
vacuo. The residue (9.09) was a pale yellow oil which crystallized
on standing. This was recrystallized from ether to give 1,2,5,6-tet-
rahydro-2-methyl-5,5-bis(phenylthio)pyridine (11) (6.2 g, 0.0198
mol, 62%): mp 69-71°; ir (Nujol) 1582 (w), 1572 (w), 1306 (m), 1294
(m), 1174 (m), 1000 (m), 934 (m), 854 (m), 832 (m), 750 (m), 734
(s), 700 (m), 688 (s) cm-1; uv Xmax (MeOH) 225 m/i (t 24,370), 264
(4310); nmr (CeD6) &7.82-7.42 (m, 4), 7.24-6.82 (m, 6), 5.78 (pr of
m, 1, J = 8 Hz) 5.36 (pr of d, .1, J = 8 Hz), 3.80 (q, 2, J = 14 H2),
3.20-2.70 (m, 1),0.80 (d, 3, J = 7 Hz).

Anal. Calcd for CjgHjgNS;j: C, 68.99; H, 6.11; N, 4.47. Found: C,
68.95; H, 6.37; N, 4.52.

2-Methyl-5-phenylsulfinylpyridine (3c). 2-Methyl-5-phenyl-
thiopyridine (3b) (17.3 g, 0.086 mol) was dissolved in methylene
chloride (300 ml) and m-chloroperbenzoic acid (16.8 g, 0.086 mol
based on 88.5% peracid) added portion-wise with stirring during 2
hr. The mixture was stirred for a further 2 hr, then washed (10%
KHCO3, 2 N NH40H, brine), dried (MgS04), and concentrated in
vacuo. The residue, a red oil, was dissolved in 2-propanol, seeded,
and cooled. The sulfoxide 3c (8.0 g, 0.037 M, 43%) crystallized out:
mp 63-64°; ir (Nujol) 1578 (m), 1554 (w), 1300 (m), 1048 (s), 1010
(m), 834 (m), 746 (m), 722 (m), 682 (m) cm-1; uv X max (MeOH)
231 mM(t 14,260), 267 (5500); nmr (CDC13) i 8.70 (d, 1,J = 2 Hz),
8.00-7.00 (m, 7), 2.55 (t, 3).

Anal. Calcd for Ci2HnNOS: C, 66.35; H, 5.10; N, 6.45. Found: C,
66.29; H, 5.21; N, 6.29.

2-Methyl-5-phenylsulfonylpyridine (8b). 2-Methyl-5-phenyl-
thiopyridine (3b) (2.37 g, 0.0118 mol) was dissolved in methylene
chloride (200 ml). m-Chloroperbenzoic acid (4.60 g, 0.0236 mol
based on 88.5% peracid) was added portion-wise with stirring dur-
ing 2.5 hr. The mixture was stirred overnight at room temperature.
It was then washed (10% aqueous KHCO3, NH40H, brine), dried
(MgS04), and concentrated In vacuo. The residue (2.38 g, 87%)
was recrystallized from 2-propanol to give the sulfone 8b: mp
114-116°; ir (Nujol) 1590 (m), 1300 (s), 1162 (s), 1118 (m), 732 (m),
722 (m) cm-1; uv X max (MeOH) 234 mu (« 16,500), 266 (6,260);
nmr (CDC13) 59.00 (d, 1,J = 2 Hz), 8.17-7.17 (m, 8), 2.59 (s, 3).

Anal. Calcd for CiZHNnNS02 C, 61.80; H, 4.75; N, 6.01. Found:
C, 61.87; H, 4.95; N, 5.96.

2-Bis(tert-butylthio)methylpyridme. 2-Picoline (9.3 g, 0.1
mol) in benzene (20 ml) was added dropwise during 5 min to a so-
lution of methyllithium (61 ml of a 1.66 M solution, 0.1 mol) with
stirring under nitrogen. After a further 5 min tert-butyl disulfide
(17.8 g, 0.1 M) in benzene (20 ml) was added dropwise. The mix-
ture stirred overnight at room temperature. It was washed (water,
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2 N NaOH, brine), dried (MgS04), and concentrated in vacuo.
The residue, a red oil (7.4 g), was chromatographed on neutral 11
alumina made up in pentane. Elution by pentane gave 2.11 g which
was discarded. Elution by ether gave 2-bis(tert-butylthio)meth-
ylpyridine (3.05 g, 0.0113 mol, 11%) which was distilled in a short
path apparatus: bp 80° (0.1 mm); ir (film) 1588 (s), 1568 (m), 1470
(), 1432 (s), 1364 (s), 1154 (s), 990 (m), 742 (m), 718 (m) cm 'L uv
Xmax (MeOH) 271 m/i (c 4480); nmr (CDC13) d8.42 (broad d, 1, J
=6 Hz), 7.64 (m, 2), 7.10 (q, 1), 5.16 (s, 1), 1.28 (s, 18).

Anal. Calcd for C14H23NS2: C, 62.43; H, 8.61; N, 5.20. Found: C,
62.40; H, 8.95; N, 5.22.

Pyridine (7.9 g, 0.1 M) was treated with methyllithium (78 ml of
a 1.60 M solution, 0.12 mol) and ieri-butyl disulfide (17.8 g, 0.1
mol) in an analogous manner. The bulk of the products were water
soluble, presumably 2-picoline. The material eluted from neutral
111 alumina by ether (0.91 g, 0.0034 M, 3%) was identical (ir, nmr,
mass spectrum) with 2-bis(iert-butylthio)methylpyridine pre-
pared above. Comparison was also made by tic (silica gel GF eluted
by CHCI3-ethyl acetate 4:1).
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Dialkylaminosulfur trifluorides (2) and bis(dialkylamino)sulfur difluorides (5) are easy to handle fluorinating
reagents useful for replacing hydroxyl and carbonyl oxygen with fluorine under very mild conditions. The trifluo-
rides (2) were prepared by the reaction of dialkylaminotrimethylsilanes (1) with SF4, and the difluorides (5) were
prepared by the reaction of 2 with 1. These fluorides are particularly useful in fluorinating sensitive alcohols and
aldehydes. For example, reaction of diethylaminosulfur trifluoride (DAST) with isobutyl alcohol gave isobutyl
fluoride as the principal product, reaction of DAST with pivaldehyde at 25° gave (CH3)3CCHF2 in 78% yield, and
reaction of Me2NSF2NEt2 with crotyl alcohol at 25° gave crotyl fluoride in 78% yield.

Sulfur tetrafluoride is a useful fluorinating agent for re-
placing oxygen with fluorine in organic compounds.2 The
substitution of one or two of the fluorine atoms in sulfur
tetrafluoride with dialkylamino groups would result in ami-
nosulfur fluorides that also may be expected to be fluo-
rinating agents. We have examined the preparation and
chemical properties of dialkylaminosulfur trifluorides and
bis(dialkylamino)sulfur difluorides with the hope of devel-
oping new selective fluorinating reagents.

Preparation. The dialkylaminosulfur trifluorides (2)
were prepared by an adaptation of a literature procedure,3
which consists of treating sulfur tetrafluoride with a dialk-
ylaminotrimethylsilane (1). Diethylaminosulfur trifluoride4
(DAST), dimethylaminosulfur trifluoride,3 and the new
pyrrolidinosulfur trifluoride were prepared by this method.
When this reaction is conducted in trichlorofluoromethane
(bp 25°) at —70°, high yields of a product of very high pu-
rity are obtained, since the only appreciable by-product is
fluorotrimethylsilane (3), an easily separated low-boiling
(bp 17°) material. These three trifluorides are stable prod-

ucts that can be distilled and stored in plastic bottles at
room temperature.

RNSi(CH33 + SF4 — » R2NSF3 + FSiiCHj),
1 2 3

Diisopropylaminosulfur trifluoride (2, R2N = diisopro-
pylamino) was also prepared, but it was unstable to distil-
lation and decomposed to isopropyliminosulfur difluoride
(4) when heated above 60°.

(CH32CHN=SF2 RJISi— SF2— NR',
4 5

Bis(dialkylamino)sulfur difluorides (5) have not been
prepared previously. We prepared them by the reaction of
a dialkylaminotrimethylsilane (1) with a dialkylaminosul-
fur trifluoride (2) at 25°. The sulfur difluorides were not
stable to distillation, but they could be easily purified by
removing the volatile solvent (CC13) and by-product (3)
by evaporation at reduced pressure. The 19 nmr spectra of
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Yield, Bp, °C nmr,
Registry No. Reaction solvent Products Registry No. %> (mm) 6, ppm
1-Octanol 111-87-5 CH2XC12 1-Fluorooctane® 463-11-6 90 42-43 (20) -218.8
2-Methyl-2- 75-85-4 CH)(CHZHD)2CH3 2-Fluoro-2-methyl- 661-53-0 88 45-46 -139.2
butanol butane*
Isobutyl alcohol 78-83-1 CH(CHZHD)2CH3 Isobutyl fluoride” 359-00-2 49 20-22 -221.4
ferf-Butyl fluoride/ 353-61-7 21 10-12 -132.1
Menthol 1490-04-6 CCIjF I-Fluoro-2-isopropyl- 53731-15-0 50 40 (5) -175.9
5-methylcyclo-
hexane6
Benzyl alcohol 100-51-6 CC13F Benzyl fluoride 462-06-6 75 139 -207.5
Benzyl alcohol* CH2C12 Benzyl fluoride 10(F -207.5
Cyclooctanol 696-71-9 CCI13F Cyclooctyl fluoride 53731-16-1 70s -160.5
Cyclooctene 931-88-4  30s
2-Methyl-3- 115-19-5 CH3u (CHXGHD)2CH3 2-Fluoro-2-methyl- 53731-17-2 75 43-44 -129.3
butyn-2-ol 3-butyne*
Ethylene glycol 107-21-1 CH3)(CH2CHD)2CH3 1,2-Difluorothane- 624-72-6 70 25-27 -225.9
exo-Borneol 124-76-5 CC13F 3-Fluoro-2,2-dimethyl- 53731-18-3 74 Mp 93-94 -134.4
bicyclo[2.2.1]heptanel
Camphene 18
endo-Borneol 507-70-0 CC13F 3-Fluoro-2,2-dimethyl- 72 Mp 93-94 -134.4
bicyclo[2.2.1]heptane
Camphene 17
3-Buten-2-ol 598-32-3 CH)(CHZXHD)2CH3 3-Fluoro-1 -butene” 53731-19-4 18s 22-24 -171.6
1-Fluoro-2-butene” 53731-20-7 22s -210.0
3-Buten-2-ol Isooctane 3-Fluoro-1-butene 9P
1-Fluoro-2-butene 9s
2-Buten-l-ol 6117-91-5 CHaD(CH2CH)2CH3 3-Fluoro-1 -butene 72s
1-Fluoro-2 -butene 28s
2-Buten-I-ol Isooctane 3-Fluoro-1-butene
1-Fluoro-2-butene 36*
2-BromoethanoP 540-51-2 CH(CHZXCHD)2CH3 I-Bromo-2-fluoro- 762-49-2 70 72 -213.4
ethane
2-Chloroethanol 107-07-3 CH)(CH2ZCHD)2CHI I-Chloro-2-fluoro- 762-50-5 69 50-53 -219.8
ethane0
Ethyl lactate 97-64-3 CH2XC12 Ethyl 2-fluoropro- 349-43-9 78 50-51 (50) -184.6
pionate
Ethyl 1-naph- 53731-14-9 CC1S~ Ethyl a-fluoronaph- 24021-14-5 60 7 -178.4
thyleneglycolate thaleneacetatep
2-Phenyl- 60-12-8 CHXIZx 2-Fluoroethyl- 458-87-7 60 68-69 (25) -215.2
ethanol benzene*
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Table |

Reactions* of Alcohols with Et2NSF3

° All reactions were carried out between -50 and -78° unless otherwise noted. 6Yield cf isolated products unless otherwise noted. cY.
Kobayashi, C. Akashi, and K. Morinaga, Chem. Pharm. Bull., 1784 (1968). dK. Wiechart, C. Gruenert, and H. J. Preibisch, Z. Chem,:;, 8,
64 (1968).e M. Moissan, J. Chem. Soc., 931 (1888).t K. A. Cooper and E. D. Hughes, J. Chem. Soc., 1183 (1937). * Product was not isolated
in pure state. Yield is based on glc analysis. hAnal. Calcd for CioHisF: F, 12.01. Found: F, 12.12. 1IMe2NSF3used in place of Et2NSF3.
i Anal. Calcd for C5H7F: C, 73.4; H, 7.2; F, 19.4. Found: C, 73.7; H, 7.3; F, 19.2 KA. L. Herne and M. W. Renoll, 3 Amer. Chem. Soc., 58,
887 (1936).1M. Hanack, Chem. Ber., 94, 1082 (1961). mAnal, of sample separated by glc, Calcd for C4H7F: C, 64.8; H, 9.5; F, 25.6. Found:
C, 65.0; H, 9.5; F, 25.5. * Anal, of sample separated by glc. Calcd for C4H7F: C, 64.8; H, 9.5; F, 25.6. Found: C, 65.0; H, 9.5; F, 25.5. OW. F.
Edgell and L. Parts, J. Amer. Chem. Soc., 77, 4899 (1955). p Anal Calcd for Ci4Hi302: C, 72.4; H, 5.6; F, 8.2. Found: C, 72.5; H, 5.7; F,
7.9. ~Viscous oil, n25n 1.5788, purified by chromatography over silica (CHCI3). r Reaction temp was 40°.sC. H. DePuy and C. A. Bishop,

mor
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tions so that other groups, including ester groups and other
halogens, can also be present. Typically, the alcohol can be
added slowly to a solution of DAST in an inert solvent
cooled to —50 to —78°. For many alcohols, the reaction oc-
curs rapidly even at this low temperature. Diglyme is acon-
venient solvent for the preparation of low-boiling fluorides
because the product can be distilled out of the reaction
mixture and the HF that is formed in the reaction remains
behind complexed with the diglyme. For the preparation of
higher boiling fluorides, lower boiling solvents such as pen-
tane, methylene chloride, or trichlorofluoromethane are
useful. Table I contains a list of the alcohols that have been
converted to fluorides.

Two problems can occur when replacing the OH groups
of an alcohol with fluorine: carbonium ion type rearrange-
ments and dehydration. The carbonium ion type rear-
rangements are less likely to occur when DAST is used
than when other known fluorinating agents are used. For
example, fluorination of isobutyl alcohol with DAST gave
more than a 2:1 ratio of isobutyl fluoride (6) to ferf-butyl
fluoride, whereas fluorination with SeF4epyridine is re-
ported8 to give only the rearranged tert-butyl fluoride.
However, the more easily rearranged exo- and endo-bom-
eol gave the rearranged fluoride 7.

DAST + (CH3THCHOH — -
(CHYTHCHF + (CH3TF + EtNSOF + HF
49% 21%

DAST +

OoH ,

+ EtsNSOF + HF

7

Dehydration (elimination) also appears to be less of a
problem with DAST than with other fluorinating reagents.
For example, cyclooctanol reacts with DAST to give a 70:30
ratio of cyclooctyl fluoride (8) to cyclooctene, whereas
Et2NCF2CHCIF reacts to give only cyclooctene.

70% 30%
8
CHXH=CHCH2OH
9
or + DAST —>
CHXHOHCH=CH2
12

ch&h= chchZ¥ + chXhch= ch2
n

Crotyl alcohol (9) is sensitive to both double-bond rear-
rangement and dehydration. For example, it reacts with
SF4to give a 90% yield of butadiene, a 9% yield of 3-fluoro-
1-butene (11), and only a trace of crotyl fluoride (10). Reac-
tions of DAST with crotyl alcohol under the same condi-
tions (diglyme solvent) gave virtually no butadiene and a

Middleton

high yield of monofluorides consisting of a 72:28 ratio of
11- 10.

Reaction of DAST with crotyl alcohol in a less polar sol-
vent (isooctane) gave larger amounts of 10 (36%), but still
gave the rearranged 11 as the major product (64%). Fluo-
rination of the isomeric alcohol, 3-buten-2-ol (12), gave the
same two products, but in different ratios (see Table 1).
Since both 9 and 12 should form the same carbonium ion, it
appears that a free carbonium ion is not involved in the
reaction, but from the rearranged products observed in
these reactions and in the reactions with borneol, it is clear
that these fluorination reactions do have considerable car-
bonium ion character.

The bis(dialkylamino)sulfur difluorides (5) are also use-
ful reagents for replacing hydroxyl groups with fluorine in
sensitive alcohols. Although they are less reactive, the di-
fluorides have certain advantages over the trifluorides in
that they cause less rearrangement and elimination. For ex-
ample, diethylaminodimethylaminosulfur difluoride (5, R
= CHB3; R' = C2Hb) reacts with crotyl alcohol (9) to give the
unrearranged 10 as the principal product, with only smaller
amounts of the rearranged 11 formed (ratio 72:21). The di-
fluorides 5 also cause less dehydrations of easily dehy-
drated alcohols, such as cyclohexanol, as compared to the
reaction of the same alcohols with the trifluorides (2).

The smaller amounts of rearrangement and dehydration
products that are formed in the fluorination of alcohols
with the difluorides 5, as opposed to the trifluorides 2, can
be rationalized by assuming that both reactions go through
an unisolated intermediate in which one of the fluorines on
sulfur has been replaced by an alkoxide group (13). This in-
termediate could then dissociate to give an ion pair consist-
ing of a carbonium ion and a sulfur oxide anion (14). The
sulfur oxide ion containing two amino groups (14, X =
NR2) would be expected to lose fluoride more readily than
the anion containing only one amino group (14, X = F),
and therefore have a shorter lifetime. Since the ion pair
formed in the reaction of the difluoride 5 with an alcohol
would have a shorter lifetime than the ion pair formed
from 2 and an alcohol, less carbonium ion type reactions
would occur.

An alternate explanation would be based on leaving
group ability instead of fluoride ion transfer. Since the
leaving ability of R2NSF20- should be greater than
(R2N)2SFO_, the decomposition of intermediate 13 (X =
F) to give products should involve more carbonium ion
character than decomposition of 13 (X = NR2), and there-
fore would be subject to more extensive rearrangement and
elimination.

F F
| + |
RO— S— NR2 R+0"— S— NR,
|
X X
13, X=F NR, 14, X = F,NR2

Fluorination of Aldehydes and Ketones. DAST is a
convenient reagent for replacing the carbonyl oxygen of al-
dehydes and ketones with two fluorine atoms (See Table
I1). This reagent is particularly useful for fluorinating al-
dehydes and ketones that are sensitive to acidic conditions
or contain other functional groups that are unstable in the
presence of acid, since no acid other than adventitious HF
is formed in the reactions and no additional acidic catalyst
is needed. Even aqueous work-ups do not result in the for-
mation of acidic solutions, since the only by-product, di-
ethylaminosulfinyl fluoride (15), is hydrolyzed to give sul-
fur dioxide and diethylamine hydrofluoride.
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Carbonyl compd

Table Il
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Reactions ofCarbonyl Compounds withDAST

Reaction

Tem
e

solatec

vigld,

Registry No. solvent Time Product Registry No. Bp (mp), °C nmr, 6, ppm
Isovaler- 590-86-3 CCI3F 25 30 min 1,1-Difluoro-3- 53731-22-9 80 59-60 -115.5
aldehyde methylbutane
Propion- 123-38-6 ccigF 25 30 min 1,1-Difluoro- 430-61-5 95¢ -118.2
aldehyde propane
Pivaldehyde 630-19-3 CCIgF 25 1hr (CH33CCHF2 53731-23-0 78 47-48 -128.6
Pivaldehyde Diglyme 25 1 hr (CH33CCHF2 24 4748 -128.6
ch2= c(ch3chfch3 53731-24-1 26 51-52 -174.4
FC (CH32CHFCHal 53731-25-2 31 65-66 -152.0, -185.5
Benzalde- 100-52-7 CH2C12 25 2hr Benzal fluoride® 455-31-2 75 57 -110.9
hyde (35 mm)
1-Naphth- 66-77-3 ch2Zi2 25 18 hr I-(Difluoromethyl)- 53731-26-3 72 78-79 -111.1
aldehyde naphthylene' (0.4 mm)
4-Heptanone 123-19-3 CCI3F 25 7day 4,4-Difluoroheptane* 53731-27-4 68 110-111 -98.6
Aceto 98-86-2 Glyme 85 20 hr  1,1-Difluoroethyl- 10541-59-0 66 64-65 -87.7
phenone benzene'l (40 mm)
Me
°.C ~N>=0 53731-21-8 Benzene 78 24 hr A< X > R 53731-28-5 60" (106-109) -86.2, -86.6
Me Me
Me
53731-29-6 15' (145-150) -80.9, -81.0
Me

0 Glc yield. bAnal. Calcd for CaHioF2: C, 55.5; H, 9.3; F, 35.1. Found: C, 55.7; H, 9.4; F, 35.0. ° Anal. Calcd for CéH9F: C, 68.2; H, 10,3; F,
21.6. Found: C, 68.3; H, 10.5; F, 21.8. * Anal. Found: C, 55.3; H, 9.5; F, 35.4. *W. R. Hasek, W. C. Smith, and V. A. Engelhardt, J. Amer.
Chem. Soc., 82, 543 (1960). <Anal. Calcd for CnHsF: C, 74.1; H, 4.5; F, 21.3. Found: C, 74.2; H, 4.2; F, 21.2. jAnal. Calcd for C7TH14F2: C,
61.7; H, 10.4; F, 27.9. Found: C, 62.1; H, 10.2; F, 28.1. »K. Matsuda, J. A. Sedlak, J. S. Noland, and G. C. Cleckler, J. Org. Chem., 27,
4015 (1962). ‘Anal. Calcd for C10H14F4; C, 57.1; H, 6.7; F, 36.1. Found: C, 57.1; H, 6.8; F, 36.1. JPurified by chromatography on Al203
(pentane-ether).*Anal. Calcd for C10H14F20: C, 63,8; H, 7.5; F, 20.2. Found: C, 63.1; Bn 7.3; F, 20.9.

Table 111
Effect of Solvent on Product Distribution

in the Fluorination ofPivaldehyde withDAST

% of products (glc yields)

CH2=»C(CH3)- FC(CH3)2-
Sohvertt @B GFaY chfch3
CClgF 88 2 10
Pentane 87 3 10
CC1H 72 3 25
chXi2 72 2 26
Xylene 64 8 28
Tetrahydrofuran 65 20 15
Pivaldehyde 60 10 30
Diglyme 30 32 38
0
R,C=0 + DAST —- RCFj + EtN— SF
15

Pivaldehyde (16) is an example of an acid-sensitive alde-
hyde. Previous attempts to prepare the corresponding gem-
difluoride have resulted in rearrangements or trimeriza-
tion. However, pivaldehyde can be successfully fluorinated
to 17 by the use of DAST in a nonpolar solvent such as
pentane or CC13. Carbonium ion type rearrangements will
occur, however, if more polar solvents are used (See Table
I11). Thus, if diglyme (a basic, polar solvent) is used, the
rearranged products 18 and 19 are formed, and if chloro-
form is used (a nonbasic, polar solvent), considerable rear-
rangement product 19 is formed, but only a small amount
of the elimination product 18 is formed. The solvent dep-
endancy of this reaction is consistent with the reaction
shown in Scheme 1.

Scheme 1

0 H H

: F £ -

H H
chi—e--C—OB OFNER  (CHBRCr CBFNER
o "

plr: e \ P, ronbesic 1var

H F H (C1-B3SG-IF2
CH=C—C—CH CH-C—C—CH

h& b |-H: F
18 19

Experimental Sectionl0

Dialkylaminosulfur Trifluorides (Table 1V). The four trifluo-
rides listed in Table IV were prepared by the reaction of an amino-
trimethylsilane with sulfur tetrafluoride in CCI3F, as illustrated by
the preparation of diethylaminosulfur trifluoride (DAST).

A solution of 96 g (0.66 mol) of diethylaminotrimethylsilane in
100 ml of CCI3F was added dropwise to a solution of 40 ml (mea-
sured at -78°, 0.72 mol) of sulfur tetrafluoride in 200 ml of CCI3F
at -65 to —60°. The reaction mixture was warmed to room tem-
perature and then distilled to give 88.9 g (84%) of DAST as a pale
yellow liquid.

Bis(dialkylamino)sulfur Difluorides (Table 1V). The four



578 J. Org. Chem., Vol. 40, No. 5, 1975

Middleton

Table IV
Aminosulfur Fluorides
% Carbon»  Hydrogen % Huorire, % Nitrogen, « Sulfur, %
(1]

Compd Registry No. Bp °C(mm) % mm, 6, ppmyield Caled Foud CaledFoudCaled Foud Caled Found Caled Fourd
(CH3)2NSF3 3880-03-3 49-49.5 (33) 19.7, 59.2 18.0 18.3 4.6 4.7 42.8 42;6 10.5 10.7 24.1 23.8
(C2H5)2NSF3 38078-09-0 46-47 (10) 31.2, 55,5 84 29.8 30.0 6.3 6.4 354 351 87 8.5 19.9 19.7
[>. 53731-09-2 54—55 (15) 83 30.2 299 51 53 358 355 8.8 8.8 201 20.0
[(ch3)2ch]2nsf3 50713-80-9 a 99~ 30.1 29.9
(ch32nsf2n (ch32 53731-10-5 Mp 64-65.5 6.9 60 30.4 305 7.7 7.9 24.0 24.1 17.7 17.6 20.3 19.7
(ch3)2nsf2nh (c2n5)2 53731-11-6 a 10.9 92b 20.4 20.4
(c2nB)hsF2n - 53731-12-7 a 9.7 92* 17.7 17.9

(c2n5)2
(CHANSFN ~ > 53731-13-8 Mp 25-26 5.9 99 44.7 445 3.2 3.1 20.2 20.0

“Not distilled. 6Crude yield.

difluorides listed in Table IV were prepared by the reaction of di-
methylaminosulfur trifluoride or DAST with an aminotrimethylsi-
lane, as illustrated by the preparation of bis(dimethylamino)sulfur
difluoride.

A 29.25-g (0.25 mol) sample of dimethylaminotrimethylsilane
was added dropwise to a solution of 33.2 g (0.25 mol) of dimethyla-
minosulfur trifluoride in 100 ml of CCI3 cooled to —78°. The
reaction mixture was warmed to 25° and then filtered under nitro-
gen to remove a small amount of suspended solid. The filtrate was
evaporated to dryness under reduced pressure to give 23.5 g (60%)
of bis(dimethylamino)sulfur difluoride as a white crystalline solid.

JV-Isopropyliminosulfur Difluoride (4). Attempted distilla-
tion of crude diisopropylaminosulfur trifluoride caused this prod-
uct to decompose at about 60° (2 mm). The volatile decomposition
products were collected in a cooled trap and redistilled to give an
80% yield of 4 as a light yellow liquid: bp 63°; 19 nmr (CCI3F) 5
72.9 ppm; IH nmr (CCI3F) 8 1.28 ppm (d, J = 6.5 Hz, 6 H) and 4.17
ppm (septet, J = 6.5 Hz, 1H).

Anal. Calcd for C3H7F2NS: C, 28.3; H, 5.6; F, 29.9; N, 14.0; S,
25.2. Found: C, 28.4; H, 5.6; F, 29.5; N, 14.0; S, 25.4.

Fluorination of Alcohols (Table 1). The alcohols listed in
Table | wete added to a solution of DAST or dimethylaminosulfur
trifluoride in an inert solvent cooled to —50 to —78°. The reaction
mixture was then warmed- to room temperature or higher. An ini-
tial exothermic reaction usually occurred at low temperature. In
some cases, a second exothermic reaction was evident during the
warm-up period. The lower-boiling product fluorides were distilled
out of the reaction mixture at reduced pressure. Reaction mixtures
containing higher-boiling fluorides were mixed with water, and the
organic layer was separated and dried, and the solvent was dis-
tilled off. The product fluorides were purified by distillation, re-
crystallization, or column chromatography. The following are rep-
resentative examples.

Ethyl 2-Fluoropropionate. A solution of 1.18 g (0.01 mol) of
ethyl lactate in 2 ml of methylene chloride was slowly added to a
solution of 1.25 g (0.01 mol) of DAST in 5 ml of methylene chloride
cooled to —78°. The reaction mixture was warmed to room temper-
ature and mixed with cold water. The lower layer was separated,
washed with water, dried (MgS04), and distilled to give 0.93 g of
ethyl 2-fluoropropionatel0as a colorless liquid.

I-Bromo-2-fluoroethane. Ethylene bromohydrin, 31.25 g (0.25
mol), was added dropwise to a solution of 33 g (0.25 mol) of di-
methylaminosulfur trifluoride in 150 ml of diglyme cooled to —50°.
The reaction mixture was warmed to room temperature, and 50 ml
of the most volatile portion was distilled out at reduced pressure.
The distillate was mixed with water, washed with 5% sodium bicar-
bonate solution, dried (MgSO04), and redistilled to give 22.2 g of 1-
bromo-2-fluoroethanellas a colorless liquid.

Fluorination of Crotyl Alcohol with (Diethylamino)(di-
methylamino)sulfur Difluoride. A solution of 1.44 g (0.02 mol)
of crotyl alcohol (2-buten-I-ol) in 2 ml of diethylene glycol dimeth-
yl ether was slowly added to a stirred solution of 3.7 g (0.02 mol) of
(diethylamino)(dimethylamino)sulfur difluoride in 10 ml diethyl-
ene glycol dimethyl ether cooled to -78°. The reaction mixture
was warmed to 25° and the volatile products were distilled out
under reduced pressure to give 1.3 ml of colorless liquid. Redistil-
lation gave 1.06 g (72%) of a mixture containing 79% I-fluoro-2-

butene (crotyl fluoride) and 21% 2-fluoro-3-butene, bp 24-27°.

When the reaction was repeated, using isooctane in the place of
diethylene glycol dimethyl ether as the reaction solvent, a 65%
yield of fluorobutene was obtained consisting of 87% I-fluoro-2-
butene and 13% 2-fluoro-3-butene.

Fluorination of Alcohols with (Me2N)2SF2 A solution of 1.08
g (0.01 mol) of benzyl alcohol in 2 ml of methylene chloride was
added slowly to a solution of 0.0066 mol of bis(dimethylamino)sul-
fur difluoride in 6 ml of methylene chloride cooled to —78°. The
reaction mixture was warmed to room temperature and mixed with
water. The organic layer was separated, washed with water, and
then 5% sodium bicarbonate, and dried (MgS04). Analysis by glc
and I19F nmr showed that benzyl fluoride had been formed in 91%
yield. Cyclohexanol was fluorinated in a similar manner to give
fluorocyclohexane, 19 nmr (CC13F) o —161.2 ppm (m).

Fluorination of Aldehydes and Ketones with DAST (Table
I1). The ketones and aldehydes in Table Il were fluorinated by
stirring them in an inert solvent with DAST at temperatures and
for times indicated. The fluorinated products were isolated by
pouring the reaction mixture into water, and then separating,
drying, and distilling the organic layer. The following example il-
lustrates this procedure.

Fluorination of Isovaleraldehyde. A 1.72-g (0.02 mol) sample
of isovaleraldehyde was slowly added to a solution of 2.5 ml (0.02
mol) of DAST in 10 ml of CC13 at 25°. The reaction mixture was
stirred for 30 min, and then mixed with 25 ml of water. The lower
organic layer was separated, washed with water, dried (MgSO04),
and distilled to give 1.73 g (80%) of I,I-difluoro-3-methylbutane as
a colorless liquid.

Anal. Calcd for C5BH10F2 C, 55.5; H, 9.3; F, 35.1. Found: C, 55.8;
H, 9.6; F, 35.1.

Registry No.—1 (R = Me), 2083-91-2; 1 (R = Et), 996-50-9; 1
[R2 = -(CH24], 15097-49-1; 1 (R = Pri), 17425-88-6; 4, 53731-08-
1; sulfur tetrafluoride, 7783-60-0.
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2,4-Dinitrobenzenesulfonylhydrazine has been found to be a useful reagent in the Eschenmoser a,5 cleavage of
a,/3-epoxy ketones especially in instances where the product is an acetylenic aldehyde. Several representative ex-
amples are given. In connection with the synthesis of one of the substrates studied in the cleavage reaction, an in-
teresting and useful observation has been made of selective bromolactonization of a Diels-Alder adduct which de-

pends on conformational control.

In connection with the attempted application of the Es-
chenmoser a,j3 epoxy ketone cleavage reaction1-8 for the
transformation | 11, it was found that use of p-tolu-

enesulfonylhydrazinel as reagent was completely ineffec-
tive. Although the epoxy ketone was completely consumed,
only a very complex mixture could be obtained under a va-
riety of conditions, and little or no aldehyde was detected
by infrared and nmr analysis. This result underscores pre-
vious indications2&hat this reagent is unsatisfactory for the
synthesis of acetylenic aldehydes. Further, it was found
that use of IV-aminoaziridine reagents2 led to low and ir-
reproducible yields of the desired product and also that no
aldehyde could be obtained on a scale larger than a few
millimoles. These facts prompted us to study 2,4-dinitro-
benzenesulfonylhydrazine as a reagent which might induce
fragmentation at relatively low temperatures and under
conditions allowing survival of the acetylenic aldehyde II.
This expectation was realized in four different cases which
are presented herein. In addition, the path of synthesis of

the substrate I, which involves a novel selective reaction, is
detailed.

In general, the cleavage reactions were conducted in
methylene chloride or tetrahydrofuran at temperatures be-
tween 0 and 25° simply by allowing the epoxy ketone and
the hydrazine reagent to combine. Pyridine, sodium bicar-
bonate, or sodium carbonate are effective catalysts. In
some instances somewhat higher yields could be obtained
by including in the reaction ethyl isocyanate (added to sca-
venge the sulfinic acid produced in the fragmentation). The
overall results are summarized in Table I.

The substrate | (originally of interest as a precursor of
8-methyl prostanoids) was prepared starting with the
Diels-Alder adduct from butadiene and citraconic anhy-
dride9 using the sequence Il IV -*V — VI =Vl —»l.
An especially noteworthy step is the bromolactonization in
which only one of the two carboxyl groups participates.
This selectivity can be rationalized in terms of a more fa-
vorable lactonization pathway via IX relative to X. This
example illustrates what appears to be a new approach to
positional control in addition reactions to Diels-Alder ad-
ducts of butadiene.

The structure 1V was confirmed by partial esterification
of 11l to give as-1-methyl-2-carbomethoxy-4-cyclohexene-
1-carboxylic acid (X1),10 mp 120-121°, followed by bromo-
lactonization to the lactone ester XII, mp 90-91°, which
was identical with a sample of the methyl ester obtained by

Table |
Reaction of a,(3-Epoxy Ketones
with2,4-Dinitrobenzenesulfonylhydrazine

Substrate Registry No.
(1) 2,3-Epoxycyclohexan-l-one 6705-49-3
(2) 2-Methyl-2,3-epoxycyclohexan-l-one 21889-75-8
(3)1
(4) 3-Methyl-5,5-dimethyl-2,3- 10276-21-8
epoxycyclohexan-1-one
(5) 4,5-Epoxycholestan-3-oneé&a 1975-34-4

Product Registry No. Yield, %
5-Hexynala 6° 1871-33-6 62
6-Methyl-5-hexynalc 32813-63-1 62

n 62

4,4-Dimethy lheptyn-6-one 17520-15-9 91
CnH»'
IXIICs
21489-86-1 95

alsolated as the 2,4-dinitrophenylhydrazone. bA yield of 72% was obtained when 1 equiv of ethyl isocyanate was used in the reaction.
c Isolated as the 2,4-dinitrophenylhydrazone, mp 100-101°. Anal. Calcd for C13H 14N404: C, 53.79; H, 4.8; N, 19.30. Found: C, 53.53; H, 4.86;
N, 19.04. “ Reaction was carried out at 25° for 30 min, then with Na2C 03 at 25° for 2 hr and at 50° for 2 hr,« PI. A. Plattner, H. Heusser, and
A. B. Kulkarni, Helv. Chim. Acta, 31, 1822 (1948). f Ir max (CHC13) 3.02 (C=CH), 4.72 (C=C), and 5.89 m (C=0); molecular ion at

384.3387 (calcd for C27H4402: 384.3392).
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esterification of IV with diazomethane by infrared, pmr,
mp, and mmp comparison.

Experimental Section

2,4-Dinitrobenzenesulfonylhydrazine. To a well-stirred solu-
tion of 95% hydrazine (6.8 g, 200 mmol) in tetrahydrofuran (400
ml) cooled in a Dry Ice-acetone bath was added 2,4-dinitroben-
zenesulfonyl chloride (26.6 g, 100 mmol) dissolved in tetrahydrofu-
ran (50 ml). After 30 min the mixture was allowed to warm to am-
bient temperature. After 15 min the solvent was removed by rotary
evaporation and the yellow-colored residue was leached with two
50-ml portions of ice-cold water. The solid was washed with etha-
nol (50 ml) and then with ether (30 ml). The light yellow solid thus
obtained was dissolved in cold, dry tetrahydrofuran (170 ml) with-
out heating, and the solution was filtered, reduced in volume to
30-40 ml by rotary evaporation at ambient temperature, diluted
with ethanol (50 ml), and chilled at -10° for 2 hr. The crystalline
product, 18.2 g (70%), had mp 120° (lit.11mp 110°).

Fragmentation of 2,3-Epoxycyclohexan-l-one. To a solution
of 2,4-dinitrophenylsulfonylhydrazine (0.576 g, 2.2 mmol) in te-
trahydrofuran (20 ml) cooled to —25° was added the epoxy ketone
(0.224 g, 2 mmol). The reaction mixture was kept at -25 to -30°
for 30 min and then at -10° for 30 min. The mixture was allowed
to warm to 0° and dried at this temperature over anhydrous mag-
nesium sulfate for 20 min and filtered below 0°. After stirring for 1
min a drop of pyridine was added and the stirring was continued.
The mixture was taken out of the ice bath, and after 2 min another
drop of pyridine was added. This caused an extensive efferves-
cence, and the mixture turned deep orange in color. After 2 min,
more pyridine (a total of 0.16 g, 2 mmol) was added, and the stir-
ring was continued for 5 min. The mixture was filtered through
Celite 545, and the filtrate was stirred with powdered CuSC+4e
5H20 (1 g) for 25 min. It was filtered and the volatile substances
from the filtrate were transferred under vacuum (0.03 mm) at am-
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bient temperature into a receiver containing 2,4-dinitrophenylhy-
drazine (0.792 g, 4 mmol) in tetrahydrofuran (75 ml). The mixture
was stored at 25-30° for 48 hr. The solvent was removed by rotary
evaporation, and the residue was purified by preparative tic on sil-
ica gel (methylene chloride, Rf 0.8) to give the orange crystalline
2,4-dinitrophenylhydrazone of 5-hexynal (342 mg, 62%): mp 90-
91°, nmr (CDC13) d1.7-2.7 (m, 7 H), 7.91 (t, J = 5Hz, 1 H), 8.2 (d,
J = 10 Hz, 1 H), 8.34 (pair of doublets, Ja = 10 Hz, Jb = 2.7 Hz, 1
H), 9.37 (d, 3 = 27 Hz, 1 H), 11.29 (broad s, 1 H); m/e (P)
276.0861.

Anal. Calcd for C12H12N404: C, 52.17; H, 4.38; N, 20.28. Found:
C, 51.95; H, 4.28; N, 19.76.

Fragmentation of 3-Methyl-5,5-dimethyl-2,3-epoxycyclo-
hexan-l-one. To a solution of 2,4-dinitrobenzenesulfonylhydra-
zine (0.577 g, 2.1 mmol) in dry tetrahydrofuran (20 ml) at —25°
was added the epoxy ketone (0.308 g, 2 mmol). The mixture was
kept at —25° for 30 min and then at 4° for 12 hr, after which it was
allowed to warm to 25°. It was treated with pyridine (0.16 g, 2
mmol) which caused an instantaneous effervescence, and the mix-
ture turned deep orange in color. After 20 min the mixture was
stirred with powdered CUSO4 «5H20 (0.5 g) for 30 min and filtered
through Celite 545. The filter cake was washed with tetrahydrofur-
an (5 ml). The volatile substances were distilled from the filtrate at
ambient temperature at 0.03 mm. Tetrahydrofuran was removed
from the distillate by careful distillation, and the residue was
transferred under reduced pressure (0.02 mm) into a receiver
cooled in liquid nitrogen to give pure 4,4-dimethylheptyn-6-one
(250 mg, 91%) as colorless oil. Its ir and nmr spectra were identical
with those reported in the literature.1

Fragmentation of the Keto Epoxide I. To a solution of 2,4-
dinitrobenzenesulfonylhydrazine (0.275 g, 1.05 mmol) in tetrahy-
drofuran (20 ml) at 0° was added the epoxide | (0.182 g, 1 mmol).
The mixture was stored at 0° for 2 hr and then at 20° for 10 min.
The solvent was evaporated and the residue was dissolved in meth-
ylene chloride (15 ml). It was filtered to remove traces of undis-
solved material. The filtrate upon chilling at -25° deposited an
off-white solid which was collected under suction to give the inter-
mediate 2,4-dinitrobenzenesulfonylhydrazone (0.404 g, 95%): mp
103°. The ir spectrum in chloroform showed only absorption for
lactone C =0 at 5.6 min the carbonyl region. This material was un-
stable at ambient temperature.

To a solution of the hydrazone (0.404 g) in tetrahydrofuran (20
ml) was added sodium bicarbonate (0.25 g), and the mixtue was
stirred for 30 hr at 25-28°, which caused it to turn light orange in
color. It was filtered through Celite 545. The clear filtrate was
evaporated to give a pale colored gum which according to nmr
analysis contained 61-62% of the desired aldehyde Il. A sample
was chromatographed by preparative tic on silica gel (ethyl ace-
tate-benzene 2:3, R{ 0.35). The ir spectrum had \mex (CHCI3) 3.0
(C=CH), 471 (C=CH), 5.6 (C=0, lactone), and 5.78 n (C=0, al-
dehyde); nmr (CDC13) 6 1.56 (s, 3H), 2.21 (t, J = 2.5 Hz, 1 H), 2.56
(d,J = 25 Hz, 2 H), 3.4 (m, 1 H), 4.45 (m, 2 H), 10.0 (d, J = 1 Hz,
1H); m/e (P) 166.0628, calcd for C9H 1003 166.0630.

Bromo Lactone IV. To a well-stirred solution of the diacid 111
(9.2 g, 50 mmol) in water (100 ml) containing sodium bicarbonate
(10.5 g, 125 mmol) was added bromine (8.4 g, 52.5 mmol) over ape-
riod of 30 min. After stirring for another 30 min, the reaction mix-
ture was acidified to pH 4-5 which caused a white solid to precipi-
tate. The solid was collected under suction after washing with
water to give 10.9 g (80%) of white crystals: mp 206-207°. This ma-
terial (at least 95% pure by nmr and ir analysis) was used for the
next step without further purification. An analytical sample was
prepared by recrystallization from ethyl acetate: mp 210°; \mex
(Nujol) 5.6 (C=0, lactone), 5.85 (C=0, acid), 7.5, 7.82, 8.15, 8.31,
8.58, 8.92,9.3n

Anal. Calcd for CgHUBrCL: C, 41.06; H, 4.14; Br, 30.41. Found:
C, 40.95; H, 4.11; Br, 30.25.

Tetrahydropyranyl Ether V. To a well-stirred suspension of
bromolactone IV (26.3 g, 0.1 mol) in tetrahydrofuran (350 ml)
cooled in ice was added dropwise (30 min) 1.3 M borane in tetrahy-
drofuran (84 ml, 0.1092 mol). The mixture was a clear solution at
this stage. It was maintained at 0° for another 3 hr after which ex-
cess borane was destroyed by adding water (70 ml). This was then
basified with sodium bicarbonate (10 g). The organic solvent was
removed in vacuo. The aqueous residual solution was treated with
solid sodium chloride and extracted with five 50-ml portions of
ethyl acetate. The combined extracts were washed with brine (15
ml) and dried (MgS04). Evaporation of the solvent under reduced
pressure at 10-15° furbished 21.5 g (86%) of a low-melting white
solid which deteriorated on keeping at ambient temperature. It
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was used for the next step without further purification. An analyti-
cal sample was prepared by recrystallization from ethyl acetate-

pentane mixture: mp 98-99°; Xmax (CHCI3) 2.8 (OH), 5.62 (C=0),

8.62, and 9.18 n; nmr (CDC13) 8 1.27 (s, 3H), 1.08-2.9 (m, 6 H), 3.7
(d,J =45Hz, 2H), 445 (m, 1H), 482 (t,J = 5Hz, 1H).

Anal. Calcd for C9Hi3Br03 C, 43.37; H, 5.2; Br, 32.12. Found: C,
43.29; H, 5.18; Br, 32.26. *

A stirred ice-cooled solution of the alcohol obtained above (12.45
g, 50 mmol) in tetrahydrofuran (100 ml) containing dihydropyran
(6.3 g, 75 mmol) was treated with p-toluenesulfonic acid (100 mg)
at 0°. After 12 hr the mixture was treated with 10% aqueous sodi-
um bicarbonate (5 ml). The excess dihydropyran and the organic
solvent were removed by rotary evaporation. The residue was
taken up in methylene chloride (150 ml) and washed with two 10-
ml portions of water. After drying (MgS04), the solvent was evapo-
rated to give 16.6 g (100%) of a colorless thick syrup. This material
was used for the following step without any further purification.
An analytical sample was prepared by preparative layer chroma-
tography on silica gel (benzene-ethyl acetate, 2:1, Rf 0.8): Amrex
(CHCI3) 5.62 (C=0), 6.9, 7.22, 8.86, 9.28, 9.78, and 10.18 g; nmr
(CDCI3) 8 1.27 (s, 3H), 1.64 (broad s, 6 H), 1.9-4.2 (m, 9 H), 4.3-5.2
(m, 3H).

Anal. Calcd for CI4H2iBr04: C, 50.45; H, 6.3; Br, 24.02. Found:
C, 50.28; H, 6.15; Br, 23.95.

Lactone VI. A solution of V (9.99 g, 15 mmol) in dry dioxane
(250 ml) protected from atmospheric moisture was refluxed for 10
hr after adding diazabicyclo[4.3.0]non-5-ene (DBN) (4.092 g, 16.5
mmol). Shining crystals of DBN hydrobromide were formed. The
reaction mixture was allowed to cool to ambient temperature and
filtered through Celite 545. The filter cake was washed with diox-
ane (50 ml). The filtrate upon evaporation in vacuo gave a light
brown oil. It was taken up in ether (150 ml) and washed with two
10-ml portions of 0.1 N hydrochloric acid, then with 10% sodium
bicarbonate solution (10 ml), and finally with water (15 ml). The
ether solution was dried (MgS04) and evaporated to give a pale
colored oil (6.8 g) which was used as such for the next step. An an-
alytical sample was prepared by preparative layer chromatography
on silica gel (benzene-ethyl acetate, 5:1, i?f 0.5) to give a colorless
oil. The yield of the purified material was 75%: Arex (CHC13) 5.62
(C=0), 6.88,8.8,8.9, 9.26, and 9.19 g; nmr (CDC13) 6 1.44 (s, 3 H),
1.68 (broad s, 6 H), 2.28 (narrow m, 2 H), 2.68—4.21 (m, 6 H), 4.69
(m, 2H), 6.2 (m, 2 H).

Anal. Calcd for C14H2004: C, 66.65; H, 7.99. Found: C, 66.48; H,
7.86.

Hydroxy Lactone VII. A suspension of the 7 lactone VI (2.52 g,
10 mmol) in a mixture of acetic acid (4 ml), tetrahydrofuran (4 ml),
and water (24 ml) was heated at 60° for 12 hr during which time
the mixture became a clear solution. It was treated with excess so-
dium bicarbonate, and the organic solvent was evaporated under
reduced pressure. The aqueous solution was treated with excess
solid sodium chloride, and the slurry was extracted with five 25-ml
portions of ethyl acetate. The combined extracts after drying
(MgS04) were evaporated to give a colorless syrup which on keep-
ing in ether solution at 0° overnight deposited colorless crystals
(0.83 g, 50%): mp 49-50°; Xmex (CHC13) 2.76, 2.88 (OH), 5.63
(C=0), 82, 8.68,9.0, 9.6, and 9.9 m; nmr (CDC13) 8 1.25 (s, 3 H),
148 (d, J = 6 Hz, 2 H), 2.76 (m, 2 H), 3.8-4.3 (m, 3 H), 5.85 (M, 2
H).

Anal. Calcd for COH 1203 C, 64.27; H, 7.19. Found: C, 64.16; H,
7.24.

Keto Lactone VIII. To a well-stirred solution of the lactone VII
(336 mg, 2 mmol) in methylene chloride (50 ml) was added manga-
nese dioxide (3.5 g), and the mixture was kept at 4-5° for 16 hr. It
was treated with methanol (20 ml) and filtered through Celite 545.
The filter cake was washed with methanol (10 ml). The filtrate was
evaporated under reduced pressure to give a white solid (320 mg,
97%): mp 82-83°. It was used as such for the next step. An analyti-
cal sample was prepared by crystallization from ethyl acetate-pen-
tane mixture: mp 84-85°; Arex (CHCI3) 5.61 (C=0, lactone), 5.91
(C=0, conjugated), 6.75, 6.9, 7.2, 7.35, 7.48, 7.7, 8.0, 8.85, 9.11,
9.23, 9.65, 9.86, and 10.15 g; nmr (CDC13) 8 1.4 (s, 3 H), 2.43 and
2.92 (pair of doublets, J = 17 Hz, 2 H), 3.17 (m, 1 H), 4.19 (doublet
of doublets, J\ = 10 Hz, = 4 Hz, 1H), 4.63 (doublet of doublets,
Ji = 10 Hz, J-i = 6.5 Hz, 1 H), 6.14 (doublet of doublets, J1= 9.5
Hz, J2= 2.5 Hz, 1 H), 6.8 (doublet of doublets, J\ = 9.5 Hz, J2 =
3.5 Hz, 1H).

Anal. Calcd for C9Hi003: C, 65.05; H, 6.07. Found: C, 64.96; H,
6.1.

Epoxy Ketone I. To a well-stirred suspension of the conjugated
ketone VIII (249 mg, 1.5 mmol) in methanol (8 ml) cooled to —25°
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was added 33% hydrogen peroxide (0.5 ml). Aqueous 40% sodium
hydroxide (50 /d) was then added, and the mixture was kept at
-25 to -30° for 16 hr, during which time a clear solution devel-
oped. It was diluted with cold 1% ammonium chloride solution (10
ml), and the methanol was removed under reduced pressure. The
aqueous solution was extracted with eight 20-ml portions of meth-
ylene chloride. The combined organic extracts were washed with
two 6-ml portions of brine, dried (MgS04), and evaporated to give
a colorless crystalline solid. It was recrystallized from methylene
chloride-ether-pentane mixture to give colorless crystals (165 mg,
61%): mp 108°; Arex (CHC13) 5.61 (C=0, lactone), 5.77 (C=0,
epoxy ketone), 6.73, 6.88, 7.08, 7.23, 7.18, 8.38, 8.69, 9.06, 9.5, and
10.1 m; nmr (CDC13) 8 1.37 (a, 3H), 2.46 (d, J = 14.5 Hz, 1H), 2.88
(d, J = 145 Hz, 1 H), 3.03 (m, 1H), 3.29 (d, J = 3.5 Hz, 1 H), 3.59
(d, J = 3.5 Hz, 1 H), 4.3 (doublet of doublets, J\ = 2.5 Hz, J2 -
10.5 Hz), 4.6 (doublet of doublets, J\ = 10.5 Hz, J2 = 7 Hz).

Anal. Calcd for C9H1004: C, 59.34; H, 5.53. Found: C, 59.12; H,
5.51.

cis- I-Methyl-2-carbomethoxy-4-cyclohexene-I-carboxylic
Acid Xl. This substance was obtained by partial esterification of
the diacid 11l according to the procedure of Nazarov and Ku-
cherov:10mpl20- 121°.

Bromolactonization of XI. To a well-stirred solution of XI
(192 mg, 1 mmol) in water (10 ml) containing sodium bicarbonate
(252 mg, 3 mmol) was added dropwise bromine (168 mg, 1.05
mmol) in water (5 ml). After 30 min the reaction mixture was acid-
ified with 1 N hydrochloric acid to pH 4-5, and the mixture was
extracted with four 20-ml portions of methylene chloride. After
drying (MgS04), the combined extracts upon evaporation of the
solvent furnished an oil which immediately crystallized. It was re-
crystallized from ether-pentane to give 180 mg (66%) of white nee-
dle-like crystals: mp 91-92°. The ir and nmr spectra of this materi-
al were superimposable with those of the methyl ester XII pre-
pared below; also the mixture mp of the two was undepressed.

Methyl Ester XII. To an ice-cooled solution of the bromolac-
tone IV (132 mg, 0.5 mmol) in 50 ml of ether was added dropwise
with shaking 0.2 N diazomethane in ether till a faint yellow color
persisted. The solvent and excess diazomethane were removed
under reduced pressure to give 145 mg of a white solid: mp 90-91°
(100%). It was recrystallized from ether-pentane to furnish white
crystals: mp 91-92°; Xmex (CHCI3) 558 (C=0, lactone), 5.75
(C=0, ester), 6.93. 7.45, 7.87, 8.12, 9.2, 9.35, 9.7, 9.96, 10.18, and
10.42 g; nmr (CDC13) 8 1.26 (s, 3 H), 3.75 (s, 3 H), 4.52 (m, 1H), 4.8
(t,J = 5Hz, 1H).

Anal. Calcd for CioHi3Br0 4 C, 43.32; H, 4.33; Br, 28.52. Found:
C, 43.11; H, 4.15; Br, 28.35.
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The reaction of iV-chlorosulfonyl isocyanate (CSI) and I, I-dimethyl-2,5-diphenyl-I-silacyclopenta-2,4-diene
(1) in ether at room temperature affords the ring enlarged iminosiloxypinone (3). The mechanistic origin of 3 pre-
sumably involves Si to O migration in the zwitterionic intermediate 4. Evidence for the generality of this migra-
tion was obtained from the observation that irons-/3-trimethylsilylstyrene smoothly reacted with CSI to give
frans-cinnamamide 7 after hydrolysis. When performed in DCC13 at 0° and immediately quenched via thiophe-
nol-pyridine reduction, the reaction of 1 and CSI afforded /3-lactam 11. The corresponding N-chlorosulfonyl 13
lactam 10 rearranged to 3 when allowed to stand at room temperature.

As part of a general study of the addition of N-chlorosul-
fonyl isocyanate (CSI) to heterocyclopentadienes we have
examined the reaction of CSI with I,I-dimethyl-2,5-diphe-
nyl-l-silacyclopenta-2,4-diene (1). Recently there has been
considerable interest in the reactions of vinyl silanes and
electrophiles.1We wished not only to examine such a reac-
tion with a uniparticulate electrophile2 but also to utilize
the expected /3-lactam product for further synthetic stud-
ies.

At room temperature a stirred ether solution of CSI and
1 soon precipitated a bright yellow, one-to-one adduct
(43%) which rapidly decomposed in the presence of mois-
ture or hydroxylic solvents. The absence of a carbonyl band
in the infrared eliminated the expected lactam or amide
products and left structures 2 and 3 for consideration. Al-
though the nmr spectrum [5 7.50-7.01 (m, 12 H), 0.65 (s, 6
H)] might be consistent with either structure, 2 was exclud-
ed on the basis that the olefinic protons absorbed at lower
field than would be expected from the spectra of model
compounds (Table I). The intense color of the product and
the position of the C=N band in the ir (1506 cm-1) are
clearly more consistent (Table 1) with the extensive conju-
gation of 3.

Me Me'

SO,CI

Mechanistically, the formation of 3 can be envisioned as
arising from electrophilic attack of CSI on 1 to generate
zwitterion 4 which can be rearranged to 3 through silicon
migration to oxygen.

1 + Csli

4

While there is considerable precedent for both carboni-
um ion rearrangements in CSl-olefin reactions3and migra-

Tablel
Nmr Chemical Shifts (5, ppm) of Model Bridged Silanes*

Olefinic H Silicon methyls
Me Me
\'s/
6.42 1.01, 0.49
Ph /\z"~O
a
Me Me
6.59 0.50, 0.50
ife * *
Ph CJx
Me Me
6.60 0.16, 0.10
Ph |

“ A.J. Nelson, Ph.D. Thesis, lowa State University, 1972.

Table 11
Infrared Absorption Bands (C=N, cm 1)
of Model Compounds (X = S02Cl)

1588 (CHA)" 1610 (CCI,)* 1606 (CHCL,)'

1568 (CHC1/ 1527 (KBr)' 1545 (KBr)'

“J. R. Malpass and N. J. Tweddle, J. Chem. Soc., Chem. Com-
mun., 1247 (1972). bJ. R. Malpass, ibid., 1246 (1972).f Reference
3b. “ Reference 3f. e E. J. Moriconi and W. C. Meyer, J. Org.
Chem., 36, 2841 (1971).

tions of silicon from carbon to oxygen,4 we needed to
unambiguously establish CSI initiated silicon migrations.
To this end the reaction of CSI and trans-/3-trimethylsilyl-
styrene (5) was investigated. The reaction of 5 with acid
yields styrene5and the mechanism has been established as
involving a silicon-bridged cation.lb CSI reacted rapidly
with 5 to yield an unstable adduct (92%) which was as-
signed the structure of 6 on nmr [5cci4 7.93 (d, 1 H,J = 16
Hz), 7.77-7.36 (m, 6 H), 0.50 (s, 9 H)] and ir [1540 cm*“1
(C=N stretch)] evidence and its facile hydrolysis to trans-
cinnamamide 7 (63%). Treatment of in situ generated 6
with /3-phenethyl alcohol quantitatively precipitated 8 and
distillation of the filtrate afforded /3-phenethoxytrimeth-
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ylsilane (9) in 39% yield. This yield represents only a center
cut and the reaction was observed to be quantitative by
nmr. Reagents such as 6 could prove useful as silating
agents for sensitive alcohols as the conditions are essential-
ly neutral.

The conversion of 5 to 6 by CSI is easily interpreted as
arising from zwitterion formation followed by silicon mi-
gration to oxygen. This then lends further support to the
assignment of structure 3 to the adduct of CSI and silole 1.

While this work was in progress, examples of initial 13
lactam formation from CSI and olefins followed by thermal
conversion to rearranged products through dipolar inter-
mediates were discovered in our laboratory.6 Hence, the
reaction of 1 and CSI was reinvestigated. In DCC13at room
temperature admixture of 1 and CSI initially gave rise to
an nmr spectrum assignable to NCS /3-lactam 10 and a
minor amount of 3. The relative amount of 3 steadily in-
creased until 3 precipitated from solution. Reaction in
DCCI3 at 0° followed by reduction with thiophenol-pyri-
dine at —40° provided /3-lactam 11 (43%).

10

Structure 11 is favored over the isomeric /3-lactam 12, de-
rived from opposite addition of CSI, from nmr comparison
with ketone 13.7 The chemical shift of Hain 13 is 4.49 ppm.
From chemical shift correlation tables8 Haof 11 is predict-
ed to absorb at $4.69 (4.49 + 0.20) while 12 is predicted to

absorb at 8 4.29 (4.49-0.20). As the resonance absorption of
the /3-lactam is found at 8 4.69, structure 11 is favored. In
order to further substantiate this structural assignment, an
unambiguous synthesis of /3-lactam 12 was attempted.
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Reaction of CSI with silacyclopentene 14 should occur to
give only /3-lactam 15 after reduction. Dehydrogenation of
15 with DDQ would then provide 12. Hydrogenation of 1
gave a mixture of reduced material composed of 92% 14 by
nmr. Silacyclopentene (14) was not further purified but
was characterized by its high-resolution mass spectrum and
conversion to pure epoxide 16. Unfortunately, no reaction
occurred between 14 and CSI even when heated to 75° for
24 hr. The failure of 14 to react with CSI lends support to
the assignment of structure 11. If initial attack of CSI had
occurred at C-3 of 1 and formed zwitterion 17, then 14
should have reacted with CSI at least as rapidly as 1 since
the additional double bond is essentially insulated from af-
fecting the energy of the transition state.

The question of the mechanism of CSI addition to ole-
fins is not answered by this work. However, once again it
has been found that a reaction of CSI which gives products
obviously resulting from an intermediate dipolar species
can be made to afford the /3-lactam under appropriate con-
ditions.

Experimental Section

General. Nmr spectra were recorded on Varian A-60, Hitachi R
20-B, and Varian HA-100 spectrometers. Mass spectra were ob-
tained on MS-9 and CH-4 spectrometers. Elemental analyses were
performed by llse Beetz Mikroanalytisches Laboratorium, Kro-
nach, West Germany. Chloroform was passed through basic alumi-
na to remove ethanol.

Reaction of I,I-Dimethyl-2,5-diphenylsilole (1) and CSI in
Ether. CSI (0.85 g, 6.0 mmol) was added to a stirred solution of
silole 19 and ether (20 ml). The reaction mixture was stirred at
room temperature for 12 hr during which time 3 had precipitated
as a bright yellow solid. The reaction mixture was filtered and the
collected solid recrystallized from methylene chloride-ether to give
3 (1.03 g, 43%) as yellow needles: mp 140-142° dec; nmr (CDCIg) 6
7.50-7.01 (m, 12 H), 0.65 ppm (s, 6 H); ir (KBr) 1582 (m, w), 1541
(m), 1506 (s), 1441 (m, w), 1399 (m), 1359 (s), 1312 (m), 1256 (m),
1167 (s), 1153 (m},1006 (m), 931 (m, w), 866 (m), 750 (s), 696 cm“ 1

s).
()Anal. Caled for CI19Hi8C1NO3SIS: C, 56.50; H, 4.49; N, 3.47.
Found: C, 56.59; H, 4.20; N.3.70.

Reaction of trans-fi-Trimethylsilylstyrene (5) with CSI and
Acid Work-up. CSI (1.66 g, 11.7 mmol) was added to a solution of
510(2.00 g, 11.3 mmol) in carbon tetrachloride (10 ml) cooled to 0°.
After 0.5 hr, the ice bath was removed and the solution stirred for
an additional hour at room temperature. Carbon tetrachloride was
removed under vacuum, the residual oil dissolved in acetone, and
0.1 N hydrochloric acid (1.6 ml) added. The reaction mixture
spontaneously refluxed for 5 min. Water (10 ml) was added, the re-
sulting mixture extracted with ether (150 ml), the ether layer sepa-
rated and dried (sodium sulfate), and ether removed under vacu-
um which gave ah oily white solid. Recrystallization from chloro-
form-cyclohexane gave trans-cinnamamide 7 (1.05 g, 63%): mp
146-148° (lit.11 mp 148-148.5°); nmr (CDCI3) 8 7.67 (d, J = 16
Hz), and 7.80-7.28 (m) (combined 6 H), 6.46 (d, 1 H, J = 16 Hz),
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5.90 ppm (br, 2 H); mass spectrum (70 eV) m/e 147 (P+). The ir
spectrum corresponded exactly with an authentic spectrum of
14.12 Solvent was removed under vacuum from the mother liquor
which gave trans-cinnamonitrile (0.17 g, ): nmr (CDCI3) b 7.40 (s)
and 7.36 (d, J = 17 Hz) (combined 6 H), 5.82 ppm (d, 1 H, J = 17
Hz); mass spectrum (70 eV) m/e 129 (P+). The ir spectrum corre-
sponded exactly with an authentic spectrum.12

Reaction of trans-jS-Trimethyisilylstyrene (5) with CSI. A
solution of 5 (2.00 g, 11.3 mmol) and carbon tetrachloride (10 ml)
was cooled to 0° and CSI (1.66 g, 11.7 mmol) added. After 1.0 hr,
the reaction mixture was warmed to room temperature at which
time the ir spectrum showed the absence of CSI and 2960 [m,
Si(CH3)3], 1628 (s, C=C), 1540 (s, C=N), 1450 (m, s, SiC), 1380 (s,
SO2asym), 1185 cm-1 (s, SO2sym), assigned to 6. Removal of car-
bon tetrachloride under vacuum gave a semisolid material (3.32 g,
9) which when washed with hexane gave white crystalline 6: mp
72-74°; nmr (CC14) b7.93 (d, 1 H, J = 16 Hz), 7.77-7.36 (m, 6 H),
0.50 ppm (s, 9 H). Exposure of 6 to moisture led to formation of
Af-chlorosulfonylamide 8.

Reaction of 6 with d-Phenethyl Alcohol. A solution of adduct
6 (11.3 mmol) and carbon tetrachloride was prepared in the usual
way. To this a solution of /S-phenethyl alcohol (1.07 g, 8.8 mmol)
and carbon tetrachloride was added which led to immediate pre-
cipitation of JV-chlorosulfonylamide 8 (2.18 g, 100%): mp 120-124°.
Rapid recrystallization from acetone-hexane gave pure 8 as white
microcrystals: mp 124-125° dec; nmr (acetone-de) b7.82 (d, J = 16
Hz) and 7.65-7.20 (m) (combined 6 H), 6.68 ppm (d, 1 H,J = 16
Hz); ir (KBr) 3185 (br, NH), 1704 (s, C=0), 1629 (s, C=C), 1456
(s, S02asym), 1389 (m), 1202 (m), 1117 (s, SO2sym), 776 (m), 892
cm-1 (m).

The filtrate was distilled at atmospheric pressure until most of
the carbon tetrachloride had been removed. Vacuum distillation of
the residue and collection of a middle cut gave trimethylphen-
ethoxysilane 9, 0.68 g, 39%): bp 94° (12 mm) [lit.13 bp 102° (18
mm)]. Further purification by gas chromatography (4 ft X % in., 3
SE-30 on Chromosorb W, column temperature 165°, flow rate 51
cc/min, retention time 14.8 min) resulted in collection of pure 9 as
a colorless liquid: nmr (CCl4) S7.14 (s, 5 H), 3.72 (t, 2H,J = 7 Hz),
275 (t, 2H,J = 7 Hz), 0.00 ppm (s, 9 H); mass spectrum (70 eV)
m/e (rel intensity) 194 (trace, P+), 179 (45, P+ — CH3), 103 [74,
CH20Si(CH5)3], 73 [100, Si(CH3)3],

Hydrolysis of JV-Chlorosulfonylamide 8. N-Chlorosulfonyl-
amide 8 (0.48 g, 1.95 mmol) was dissolved in acetone (10 ml) and
water (12 ml) added. This solution was gently refluxed for 5 min,
followed by addition of 2 N sodium hydroxide until the solution
was just basic to pH paper. Cooling the solution led to precipita-
tion of irons-cinnamamide 7 (0.20 g, 70%). Recrystallization from
chloroform-cyclohexane gave trans-cinnamamide 7 which was
identical in every respect with the previously identified material.

Nmr Observation of the CSI-I,I-Dimethyl-2,5-diphenylsil-
ole (1) Reaction in Deuteriochloroform. A solution of silole 1
(100 mg, 3.81 mmol) in deuteriochloroform (0.3 ml) contained in
an nmr tube was cooled at 0°. To this a solution of deuteriochloro-
form (0.1 ml) and CSI (54 mg, 3.81 mmol) was added slowly with
periodic shaking. Immediately upon addition, the solution exhib-
ited a bright green color which slowly turned a brown-red color.

After warming to room temperature, the nmr spectrum exhib-
ited aromatic H's and the following absorption was assigned to
NCS d-lactam 10:57.31 (d, 1H,J = 4 Hz), 5.44 (d, 1H, J = 4 Hz),
0.58 (s, 3 H), 0.00 ppm (s, 3 H), along with a small.singlet at b 0.62
ppm assigned to imino lactam 3. Examination of the nmr spectrum
after 20 min showed no noticeable change. After 5 hr the b 0.62
ppm singlet had increased in intensity relative to those at b 0.58
and 0.00 ppm.

After standing overnight, bright yellow needles had precipitat-
ed. Filtration of the solution gave only 3.

Low-Temperature Reduction of NCS d-Lactam 10. A solu-
tion of silole 1 (2.00 g, 7.62 mmol) and chloroform (14 ml) was
cooled to 0°. To this CSI (1.08 g, 7.62 mmol) was added rapidly fol-
lowed by removal of the cooling bath. After 2 hr an ir spectrum in-
dicated all the CSI had reacted and exhibited only a band at 1812
cm-1 in the carbonyl region. The reaction mixture was cooled to
—40° and thiophenol added (1.52 g, 15.2 mmol), followed by addi-
tion of a solution of pyridine (0.60 g, 7.62 mmol) and chloroform (4
ml) during a 0.5-hr period. The reaction mixture was slowly
warmed to room temperature (ca. 4 hr), poured into chloroform
(100 ml), and washed successively with 50-ml portions of saturated
ammonium chloride, 1 sodium carbonate, water, and saturated so-
dium chloride. The organic layer was dried (calcium chloride) and
chloroform removed under vacuum which gave a yellow oil which
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spontaneously crystallized. The resulting solid was washed with
several portions of hot hexane which removed most of the diphenyl
disulfide. The remaining solid was taken up in acetone, undis-
solved inorganic impurities were removed by filtration, acetone
was removed under vacuum, and the resulting solid was recrystal-
lized from chloroform-hexane which gave /5-lactam 11 as a white
solid (0.99 g, 43%). Further recrystallization gave pure 11. mp
179-181°; nmr (CDC13) b 7.37 (m, 10 H), 7.25 (br, 1 H), 7.08 (d, 1
H,J = 29 Hz), 469 (d, 1H, J = 2.9 Hz), 0.55 (s, 3H), -0.04 ppm
(s, 3 H); ir (KBr) 3230 (m, NH), 3090 (w), 3000 (w), 2940 (w), 1746
and 1715 (s, C=0), 1255 and 791 cm-1 [m, Si(CH3)Z; ir (CHC13)
vco 1749 cm-1 (s); mass spectrum (70 eV) m/e (rel intensity) 305
(1), 304 (1.5), 263 (26), 262 (100).

Anal. Calcd for Ci9H19NOSIi: C, 74.71; H, 6.27; N, 4.59. Found:
C, 74.70; H, 6.24; N, 4.58.

Hydrogenation of I,I-Dimethyl-2,5-diphenylsilole (1) over
Palladium on Carbon. A suspension of silole 1 (2.50 g, 9.55
mmol), ethyl acetate (75 ml), and 105 palladium on carbon (0.40 g)
was subjected to hydrogen gas. Progress of the hydrogenation was
monitored by gas chromatography (10 ft X 0.25 in., 15% SE-30 on
Chromosorb W, column temperature 250°, head pressure 40 psi)
and stopped when the silole 1 peak disappeared (retention time
17.25 min). Two new peaks appeared in the ratio of 10 (retention
time 13.75 min) to 1 (retention time 11.5 min). The catalyst was re-
moved by filtration followed by removal of the ethyl acetate under
vacuum which gave a yellow oil. Chromatography on silica gel with
hexane resulted in separation of a residual amount of silole I and
gave a mixture composed of 92% (from nmr) silacyclopentene (14)
and |,I-dimethyl-2,5-diphenylsilacyclopentane: nmr (CCl4) for 14
b7.6-6.7 (m), 3.25-2.45 (m, 3 H), 0.30 (s, 3 H), -0.08 ppm (s, 3 H);
irradiation at 421 Hz caused a dramatic change in the 3.25-2.45-
ppm region; high-resolution mass spectrum calculated for
CisHzoSi, m/e 264.133; found, 264.132.

Conversion of Silacyclopentene (14) to Epoxide 16. A mix-
ture containing 92% silacyclopentene (14) and I,I-dimethyl-2,5-
diphenylsilacyclopentane (0.10 g, 0.34 mmol) was added to a
stirred solution of 85% m-chloroperbenzoic acid (0.065 g, 0.32
mmol) and chloroform (3 ml). The resulting solution was stirred
overnight at room temperature, the precipitated m-chlorobenzoic
acid was removed by filtration, and the resulting solution was
washed successively with 10% sodium bicarbonate (2 X5 ml),
water (5 ml), and saturated sodium chloride (3 ml). This solution
was dried (calcium chloride) and chloroform removed under vacu-
um which gave a light yellow oil (0.08 g). Preparative thick-layer
chromatography (silica gel PF254, 1 ether-hexane, 20 X 20 cm
plate) led to observation of three bands: band 1, origin; band 2, 6.5
c¢cm; band 3, 9.2 cm. Recovery of band 2 gave an oil which sponta-
neously crystallized. Three recrystallizations from hexane gave ep-
oxide 16 as a white solid: mp 75-77°; nmr (CC14) b 7.30-6.80 (m, 10
H), 3.37 (narrow m, 1 H), 2.40 (m, 3 H), 0.27 (s, 3 H), 0.05 (s, 3 H);
ir (KBr) 3065 (w), 3030 (w), 2925 (w, m), 2855 (w), 1600 (m), 1498
(s), 1450 (m), 1407 (m), 1255 (m), 1221 (m), 1135 (w), 1081 (m),
1030 (w, m), 955 (w), 909 (m), 880 (w), 842 (s), 804 (s), 789 (s), 761
(s), 751 (m, s), 702 cm-1 (s); mass spectrum (70 eV) m/e (rel inten-
sity) 280 (64), 265 (32), 206 (64), 189 (100), 165 (26); mass spec-
trum (16 eV) m/e (rel intensity) 280 (100), 206 (16), 189 (20), 165
(13); high-resolution mass spectrum calculated for Ci8H20Si, m/e
280.1278; found, 280.1276.

Attempted Reaction of |,I-Dimethyl-2,5-diphenylsilacyclo-
pent-2-ene (14) with CSI. A solution of 9 silacyclopentene (14,
0.135 g, 0.510 mmol) and deuteriochloroform (0.3 ml) was placed in
an nmr tube. Freshly distilled CSI (0.073 g, 0.516 mmol) was added
to the contents of the tube which were shaken vigorously. An nmr
spectrum immediately after addition showed that no reaction had
occurred. The tube was then heated at 75° and spectra were re-
corded at 1.8- and 24-hr intervals. No change in the spectra was
detected.

The purity of the CSI used in the above reaction was checked by
the following procedure. A solution of 2-methyl-2-butene (0.70 g,
90.6 mmol) and deuteriochloroform (0.3 ml) was placed in an nmr
tube and CSI (0.129 g, 0.91 mmol) added. The nmr showed no re-
maining starting olefin but only the nmr of I-(chlorosulfonyl)-3,4-
trimethyl-2-azetidinone:144nmr 53.32 (q, 1 H, J = 7 Hz), 1.79 (s, 3
H), 1.67 (s, 3H), 1.33 ppm (d, 3 H, J = 7 H2).
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In contrast to most oxymercurations, the reactions of cyclodeca-1,2,5,8-tetraene, 3, and cyclodeca-1,2,5-triene,
7, with mercuric sulfate and acetic acid give only rearranged products. The major products from 3 are cts.syn-de-
calin-2-yl acetate, 4, and tricyclo[4.4.0.024]deca-5,8-diene, 6. Compound 7 gives only tricyclo[4.4.0.024]dec-5-ene,
8. The ratio of products for 3 depends on solvent nucleophilicity.

Oxymercuration is often used to effect Markovnikov
addition of solvent to double bonds without rearrange-
ment.2-4 In the case of nonterminal allenes, mercuric ion
generally adds to give a mercurinium ion that is attacked
by solvent so that the mercury is ultimately attached to the
center allene carbon (eq 1).57 The mercury group can be

Hp
SOH'

RHC=C=CHR

0S HgX

R 1 r
RHC— C=CHR RHC— C=CHR (1)

reductively removed4 or is often lost during reaction under
acidic conditions by an addition-elimination mechanism.7
Allene oxymercuration represents an important part of a
general technique for ring expansion and functionalization
of medium-sized rings.8

The cases herein reported are the only known examples
of rearrangement during oxymercuration of an allene. The
most closely related system studied is cyclonona-1,2,6-
triene (1) that was reported9 to give only the normal ad-
duct, 2.

(1) HgCia EtOH
Q (2) Naj, NH,

Results

Cyclodeca-1,2,5,8-tetraene (3) was prepared from cyclo-
nona-l,4,7-trienel0 by the method which involves addition
of a dibromo carbenoid and subsequent conversion to the
allene using methyllithium.8 Cyclodeca-1,2,5-triene (7) was
prepared in a similar way from 1,4-cyclononadiene.1l

Treatment of 3 with mercuric sulfate in acetic acid fol-
lowed by reduction with lithium aluminum hydride did not
lead to the expected allylic alcohol but to two rearranged
alcohols, 4 and 5, and a rearranged hydrocarbon, 6. Similar

0 - 0 0
7 8

treatment of 7 gave only rearranged hydrocarbon 8. The
carbon skeleton and stereochemistry of 4 were assigned by
reduction to the known cis,syn-decalin-2-0l.122 The loca-
tions of the double bonds were determined by spreading
out the proton magnetic resonance spectra with Eu(fod)3
shift reagentl3 and then performing decoupling experi-
ments. The changes in chemical shift of the various protons
with added shift reagent (Table 1) are consistent with the
assigned structure 4. Furthermore the H3 methylene pro-
tons were shown to be coupled to H2 and one vinyl proton
(H4) which locates one double bond. The Hi proton was
shown to be coupled with H2 and the H10 methylene pair.
Coupling was also demonstrated between the H10 protons
and a vinyl proton (H9) which locates the other double
bond. (See Figure 1.)

The structure of the minor alcohol product 5 was not
fully elucidated, but hydrogenation followed by oxidation
to the ketone gave cis-bicyclo[5.3.0]decan-2-one.

Reduction of either hydrocarbon 6 or 8 gave cis- and
trans-decalin. Other reactions of 6 such as ozonolysis, oxy-
mercuration, epoxidation, and hydroboration gave intrac-
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Table |

Chemical Shifts for cis,synmBicyclo[4.4.0]deca-4,8-dien-2-ol (cis,syn-Decalin-2-ol) with Added Shift Reagent*

Added

Biffodg h2 B M h5

0 4.0 2.5 (5.3-5.9)

5.2 3.0 (5.4-5.9)

25 7.9 5.1, 6.3 6.0
48

70 13.1 9.2, 7.0 6.6
8.0

100 16.5 11.6, 8.0 7.4
9.9

h6 h7 h8 h9 h1l0 fh

(1.9-2.3) (5.3-5.8) (1.9-2.3)

(2.0-2.8) (5.4-5.9) (2.0-2.8)

3.4 26 6.0 6.3 (4.04.7)

4.6 3.3 6.6 7.0 (6.8-7.7)

5.3 3.7 6.9 7.7 9.3,94
8.6

o The protons are numbered according to the carbon to which they are attached (see Figure 1). The chemical shift is given in 5.

OH

OH
6 10

Figure 1. Numbering used for 4 and 6 and 10.

table material or complex product mixtures. The structure
was assigned from its spectral data. The chemical shifts
and coupling patterns of the cyclopropyl protons are simi-
lar to those of bicyclo[3.1.0]hex-2-enel4 (see Experimental
Section) which locates the cyclopropane ring and one dou-
ble bond. The ultraviolet spectra, which shows only end ab-
sorption, rules out any conjugated isomers. This leaves two
possible positions for the other double bond which are
shown in structures 6 and 9. For compound 9, the chemical

shifts for the five protons which are nonvinyl and noncyclo-
propyl should appear as a group of four protons near 8 2.2
and one proton near 83.1. The observed chemical shifts for
the compound that has been assigned as 6 are quite differ-
ent, viz., one proton near 3.0, a rather sharp two-proton
peak at 2.8, a proton at 2.5, and one hidden in the 8 1.4-2.0
group of cyclopropyl protons. The 8 2.8 pattern is presum-
ably due to the doubly allylic protons (H7). The other three
protons are near the rather strongly anisotropic cyclopro-
pyl group. Using the reported shielding effects for that
group,15the calculated chemical shifts for the allylic meth-
ylene and methine protons are 8 2.1, 2.3, and 2.4 for the
cis,anti isomer and 1.6, 2.1, and 2.8 for the cis.syn isomer.
The cis,syn isomer agrees reasonably well with the ob-
served values (ca., 1.7, 2.5, and 3.0). In the calculated
chemical shifts, it was assumed that in the absence of cy-
clopropane anisotropy, the methylene protons’ chemical
shifts would be like cyclohexene (8 2.0) and that of the
methine proton would be 8 0.3 down field of cyclopentene
(23 + 03=282.6).16

Structure 8 was initially assigned by analogy with 6 and
from the nmr spectrum which showed two high-field cyclo-
propyl protons and one vinyl proton. Confirmation of the
structure and assignment of stereochemistry was obtained
by conversion of 8 to 10 (see Figure 1) by hydroboration.
Treatment of 10 with Eu(fod)3 shift reagent separated the
protons at Ci to C6 from the other protons in the spectrum.

Table 11
Chemical Shifts for
cis,syn,cis-Bicyclo[4.4.0.02'4]decan-anti-5-ol with
Increasing Amounts of Eu(fod)3Shift Reagent0

endo- exo-

H h6 h4 H h2 H3 H

3.9 b h 2.7 b 0.6 0.5

5.9 b b 3.6 b 11 0.8

10.0 6.4 5.8 5.8 3.5 2.2 1.8
11.6 7.4 6.7 6.7 4.0 2.8 2.1
12.6 8.2 7.5 7.2 4.4 3.1 2.3
15.9 10.4 9.8 8.8 5.4 4.0 2.8
17.0 11.2 10.6 9.3 5.7 4.3 3.1

aThe protons in the six-membered ring are not shown. In the
final entry they had separated into two four-proton groups at 5,
4.3 and 3.1. 6Buried in a large multiplet.

Proton H5 appeared as a rather sharp singlet in agreement
with previous studies of a similar system, syn-3-deuterium-
anii-2-bieyclo[3.1.0]Jhexanol, 14 and with the model which
showed dihedral angles close to 90° between H5 and its
neighboring protons. No clear decoupling could be done
with H5 but the Eu(fod)3 shift studies showed that one of
the two closest protons to H5 was a cyclopropyl proton (H4)
since decoupling established that it was coupled with the
high-field cyclopropyl protons. Similar decoupling located
H2 which in turn was shown to be coupled with the proton
(Hi) that has a shift of 2.75 in the unshifted spectrum.
That proton appears at unusually low field because of the
rather strong anisotropy of the cyclopropane ring.15 Decou-
pling also established the link between Hx and the other
“closest proton to H5.”

The cis,syn,cis stereochemistry for 10 has been assigned
from the small coupling constants to H5 and from the
chemical shift changes when Eu(fod)3 was added (Table
I1). Inspection of Drieding models indicates that only the
assigned stereochemistry should have dihedral angles of
about 90° between H5 and both its neighbors. In addition,
the distances between the europium (assumed to be 2.1 A
on the C-0 axisl?) and protons Hi, Ho, H3, H4, and H6
could be fitted for that stereochemistry and not for the oth-
ers. Using H2to calculate a proportionality constant for the
equation r3 = kA8, the other distances were calculated.
When the boatlike conformation of the five-membered ring
(11) was used, all the calculated distances were within 0.1 A
of those measured from the model except endo-H3 which
differed by 0.3 A. All of the other possible stereochemis-
tries had at least one proton that was off by at least 1.0 A.
The only other stereochemistry that could concievably
have near-zero couplings to H5 is trans,anti,cis as shown in
12. The chemical shifts for 12 do not correlate well, espe-
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Table 11
Products* Formed from
cis,cis-Cyclodeca-l,2,5,8-tetraene (3)

Relative percentages

Conditions”

O/Q/ield 4 5 6 ep|-l 13

HCOjH, HgS04 19 63 14 11 <2 2"
hco2h 24 53 12 0 4~ 14
HOAc, HgS04 52 43 3 54 <2
HOAc, Hg- 47 50 5 45 <2
(OAc)2
60% aq ace- 67 88 6 6 <2 1
tone, HgS04

“The products were reduced with lithium aluminum hydride
prior to glc analysis. 6Trifluoroethanol-mercuric sulfate gave a
75% yield of products of which 70% was 6. The remainder was a
mixture of trifluoroethyl ethers some of which may have arisen
from reaction of 6 in this media. “Identified by retention time
comparison only.

n 12

dally Hi which is off by ca. 1.8 A. The stereochemistry es-
tablished for 10 means that 8 must have the cis,syn stereo-
chemistry and that the hydroboration takes place cis on the
convex face as expected.

When the reactions were performed in deuterated acetic
acid, deuterium was incorporated into the C5 position of 4.
The location of the deuterium was determined using
Eu(fod)3 shift reagent as before (Table 1). The mass specta
and nmr spectra of hydrocarbons 6 and 8 showed that no
deuterium was incorporated into that product.

For compound 3, changing solvent dramatically changed
the ratio of products (Table I1l). Thus in aqueous acetone
the alcohols 4 and 5 are strongly favored whereas in trifluo-
roethanol hydrocarbon 6 predominates. The products were
shown to be reasonably stable to the reaction conditions in
aqueous acetone, acetic acid, and trifluoroethanol. If left
for longer times, the products did not interconvert but 6
formed nonvolatile products. Hydrocarbon 6 was found to
be quite unstable in formic acid so that the ratio shown in
Table 111 probably underestimates considerably the
amount of 6 that is actually formed.

For compound 3, mercuric sulfate and mercuric acetate
were used as catalysts and gave similar results. With com-
pound 7, mercuric chloride gave somewhat higher yields
than mercuric sulfate and mercuric acetate and mercuric
trifluoroacetate a somewhat lower yield. A fivefold increase
in catalyst increased the rate approximately fivefold for
both 3and 7.

Allene 3 reacts with formic acid in the absence of mercu-
ric catalyst, but at a much slower rate to give the same alco-
hols 4 and 5 (Table Ill) plus the epimer of 4 (epi-4) and
cis,cis,cis-2,5,8-cyclodecatrienol (13). The structures of
epi-4 and 8 were determined by glc retention time and
mass spectral comparison with an epi-4 sample prepared
from 4 and an authentic samplel8 of 8. Without mercuric
catalyst, no hydrocarbon 6 was observed.

Discussion

Scheme | accounts for the observed data. Earlier work5‘7
suggests initial formation of a mercurinium ion 14. Trans-
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Scheme |

annular participation (path a) would give 15 which can be
captured by solvent to give 17 or 18. The mercury group
can then be lost by an addition-elimination mechanism as
described previously,7 which is consistent with the incorpo-
ration of deuterium at C5in 4 when the reaction is run in
deuterated acetic acid. Homoallyl-cyclopropyl carbinyl
rearrangement of 15 leads to 16 which can be considered to
be a “metal-complexed-carbene-metal-carbocation”19 in-
termediate, 20. Alternatively, homoallyl-cyclopropyl car-
binyl rearrangement of 14 (path b) could give 19, which
could then undergo transannular rearrangement also lead-
ing to 16. Species such as 16 are known to undergo hydride
shifts as shown19 (see 20) which accounts for the lack of
deuterium incorporation into 6. Intermediate 16 could also
be drawn as a delocalized ion (21 or 22) that could lead to 4
(via 18) as well as 6. A single species combining 15 and 21 is
also possible (see below).

20 21 22

The change in product ratio with changing solvent corre-
lates with solvent nucleophilicity. This supports Scheme |
that postulates a competition between intramolecular rear-
rangement and solvent capture. Thus the solvent capture
products 4 and 5 are dominant in the most nucleophilic sol-
vent20 used, 80% aqueous acetone, whereas hydrocarbon 6
prevails in the highly nonnucleophilic solvent trifluo-
roethanol2l (see Table I11). The product mixture is about
equally split in acetic acid, the solvent with intermediate
nucleophilicity. The product ratio in formic acid does not
seem to fit into the solvent nucleophilicity correlation but
this is probably because hydrocarbon 6 is not stable to that
media. It is interesting that no 6 is observed in formic acid
without mercuric salt added which supports the postulate
that the mercury group plays a vital role in the formation
of 6.

The formation of hydrocarbon 8 from allene 7 could take
place in the same way that hydrocarbon 6 forms from 3. It
is not completely clear why no solvent capture products
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Scheme |11

form. One possible explanation is that the conformation
needed for path a in Scheme | is much more favorable for 3
than for 7; however, models did not give a clearcut indica-
tion that this is the case. Another possibility is that the
double bond strongly directs the initial attack of mercuric
ion for 7. Thus attack at one end of the aliéné 7 would lead
to transannular participation (path a, Scheme Il) which
should give some solvent capture products whereas attack
at the other end (path b) leads to 8.22 Earlier work suggests
that homoallylic participation23 should be favored relative
to transannular participation.2* The case for 3 is quite dif-
ferent since the system is symmetric so that addition at ei-
ther end leads to a species that can simultaneously utilize
both double bonds and might be thought of as a bishomo-
pentadienyl cation, 23, which can readily lead to either 15
or 19 and subsequently to the observed products. Conceiv-
ably a trishomotropilium species 24 could be formed. Such
a species would be homoaromatic25 but there is no evidence
which demands such a species.

or

24

Experimental Section

General. Spectral measurements utilized Beckman IR-8, Cary
Model 15, Varian Associates HA-100, Atlas CH7, and CEC 110B.%
Elemental analyses were performed by Alfred Bernhardt Mikroan-
alytisches Laboratorium or Chemalytics Inc. Analytical gas liquid
chromatography (glc) utilized a Varian Aerograph Model 1200 in-
strument with flame ionization detector and the following col-
umns: (A) 0.01 in. x 75 ft DEGS capillary, (B) 0.01 in. x 150 ft
TCEP capillary, (C) 0.01 in. x 100 ft, Carbowax 1000 capillary, (D)
0.125 in. x 7 ft; 2.5% KOH-2.5% Carbowax 4000 on Chromosorb
W, (E) 0.125 in. x 32 ft, 10% Carbowax 20M-1% XF1150 on 60-80
firebrick.

cis,c/s,cjs-1,4,7-CyclononatrieneZ was prepared from a mix-
ture of 1,3,5- and 1,3,6-cyclooctatrienes as outlined earlierl0except
that the thermal rearrangement was carried out by heating in a
flask under nitrogen at 180° for 5.5 hr.28 The desired product was
separated by adding 50 g of the product mixture to a solution of
120 g of silver nitrate, 120 ml of water, and 80 ml of 95% ethanol
and stirring for 2 hr. The solid silver complex2 was collected by
filtration and washed thoroughly as follows: 2:1 ethanol-water (3 x
25 ml), water (2 x 40 ml), 95% ethanol (1 x 40 ml), and pentane (5
X 15 ml). Each washing was carried out by transferring the solid to
a beaker, stirring the solid with the wash liquid, and collecting the
solid by filtration.

The solid complex was added to 100 ml of concentrated ammo-
nium hydroxide and 50 ml of water and then the mixture was ex-
tracted with pentane. Drying (MgS04) and removal of pentane
gave 9.7 g of cis,cis,cis-1,4,7-cyclononatriene. Glc analysis on col-
umn A indicated that it was 97% pure. The spectra and melting
point, 47-48° (lit.1049.5-50:0°), agree with those reported.

cis,cis,cis-10,10-Dibromobicyclo[7.1.0]deca-3,6-diene. A so-
lution of 10 g (0.09 mol) of cis,cis,cis-1,4,7-cyclononatriene in 40
ml of pentane was stirred with a mechanical stirrer and chilled in
an ice-salt bath, while 10 g of potassium tertiary butoxide was
added under nitrogen (solution turns amber color), followed by 6.6
ml of bromoform which was added dropwise over 4.5 hr. At the end
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of the bromoform addition, 10 ml of water and 10 ml of pentane
were added and the brown solid was filtered off. The filtrate was
washed three times with water and once with saturated salt solu-
tion. After drying over sodium sulfate, the solvent was removed
and the crude brownish solid was distilled under vacuum (bp 100°
at 0.6 mm) yielding 6.5 g of the desired monoadduct. Crystalliza-
tion from ether-pentane gave pure mono adduct: mp 57.5-58.5°; ir
(CC14) 3010, 1470, 1110, 880, 710; nmr (CS2, 5) 5.2-6.0 (m, 4), 2.9-
3.6 (m, 1), 2.0-2.7 (m, 5), 1.5-1.9 (m, 2).

Anal. Calcd for CioHiZBr2 C, 41.11; H, 4.14. Found: C, 41.13; H,
4.19.

cis,eis-Cyclodeca-1,2,5,8-tetraene (3). A solution of 3 g of the
above dibromide in 8 ml of ether was stirred and chilled with Dry
Ice-acetone cooling and 8 ml of 1.75 M methyllithium was added
over 30 min under nitrogen. The temperature was then raised to
-40° for 40 min and then 2 ml of water was added at 0°. The reac-
tion mixture was washed with water until it was neutral to litmus.
The ether layer was dried over magnesium sulfate. Removal of the
solvent gave 1.8 g of yellowish liquid which was vacuum distilled
which gave 1.1 g (78% yield) of the desired allene: ir (CHCI3) 3000,
1965, 1445, 910, 880, 815, 700 cm"1 nmr (CC14, 5) 5.3-5.7 (m, 4)
4.8- 5.3 (m, 2), 2.5-2.9 (m, 6).

Anal. Calcd for C10Hi2 C, 90.91; H, 9.09. Found: C, 90.76; H,
8.94.

9,9-Dibromobicyclo[6.1.0lnon-2-ene. A 42-g (0.374 mol) por-
tion of potassium feri-butoxide, was placed in a flask under nitro-
gen and was cooled with an ice-salt bath. A solution of 53.4 g of
I, 3-cyclooctadiene (0.48 mol) in 100 ml of dry pentane was added
to the flask in one portion. Bromoform, (84 g, 29.6 ml, 0.332 mol)
was added dropwise with stirring over a period of 1 hr (color
changed from light yellow to brown). At the completion of the ad-
dition, the cooling bath was removed, the flask was allowed to
come to room temperature, and stirring was contined at room tem-
perature for 18-20 hr. Water was added (100 ml), followed by suf-
ficient hydrochloric acid, to render the solution neutral. The or-
ganic layer was separated, and the aqueous layer was extracted
with pentane (3 x 30 ml). The combined pentane solutions were
washed with (3 x 30 ml) water, then dried over anhydrous magne-
sium sulfate and filtered, and the solvent was removed by rotary
evaporation. The residue (98.9 g) was vacuumed distilled affording
54.3 g (58% yield based on bromoform) of slightly yellow liquid
9.9- dibromobicyclo[6.1.0]non-2-ene: bp 110-115° (3 mm) (lit.30 bp
86° (0.3 mm)); ir (neat) 3020, 2950, 2890, 1450, 1420, 1165, 1085,
765, 740, 710, and 668 cm "1, nmr (CC14, 6) 5.82 (m, 1),5.30 (d, J =
10 Hz, 1), and 1.0-2.5 (m, 10).

Bicyclo[6.1.0]non-2-ene.3L A solution of 15 g (0.65 mol) of sodi-
um in 250 ml of liquid ammonia was prepared. Then 27.2 g of 9,9-
dibromobicyclo[6.1.0]non-2-ene in 50 ml of dry ether was added
dropwise over a period of 1.5 hr. The reaction was vigorous. Stir-
ring and low temperature was maintained for another hour, then
23 g of ammonium chloride was slowly added to terminate the
reaction. The liquid ammonia was allowed to evaporate. The reac-
tion mixture was extracted into 100 ml of ether which was subse-
quently washed with water and 10% aqueous solution of HC1 until
rendered neutral. The ether solution was dried (MgS04), concen-
trated, and vacuumed distilled to give 6.1 g (52% yield) of clear
liquid bicyclo[6.1.0]non-2-ene: bp 50° (5 mm); ir (neat) 3060, 3000,
2930, 2860, 1450, 1120, 1030, 850, 845, 700, and 600 cm-1, nmr
(CC14, 9 5.3-5.9 (m, 2), 0.5-2.6 (m, 11), and - 0.2 (g, J = 4 Hz, 1);
mass spectrum m/e (rel intensity) 122 (20), 121 (5), 94 (26), 93
(56), 92 (5), 91 (22), 81 (56), 80 (78), and 79 (100).

1,4-Cyclononadiene." Bicyclo[6.1,0]non-2-ene (6.1 g) was re-
fluxed for 10 hr in a silicon oil bath (temperature range 150-170°)
under nitrogen. Vacuum distillation gave (5.3 g, 89% yield) 1,4-cy-
clononadiene as a clear liquid: bp 90° (78 mm); ir (neat) 3030,
2940, 2880, 1465, 1440, 878, 815, 740, 720, and 708 cm“ 1 nmr
(CCl4, 6) 5.2-5.6 (m, 4), 2.8 (m, 2), 2.2 (m, 4), and 1.5 (m, 4); mass
spectrum m/e (rel intensity) 122 (4), 121 (16), 120 (4), 95 (4), 94
(20), 93 (36), 92 (8), 91 (24), 82 (4), 81 (52), 80 (60), 79 (100), 78
(12), and 77 (36). .

Anal. Calcd for CHi4 C, 88.45; H, 11.55. Found: C, 88.32; H,
1. 66.

10,10-Dibromobicyclo[7.1.0]dec-3-ene. The dibromo carbe-
noid addition was carried out in essentially the same way as above
using 4.2 g (0.0374 mol) of potassium ieri-butoxide, 3.48 g (0.0284
mol) of 1,4-cyclononadiene, 10 ml of pentane, and 5.02 g (0.0337
mol) of bromoform. This gave, after vacuum distillation, 4.0 g
(48.7% yield) of slightly yellow liquid 10,10-dibromobieyclo[7.1.0]-
dec-3-ene: bp 110° (1.7 mm); ir (film) 3020, 2940, 2870, 2860, 1650,
1475, 1450, 1240, 1210, 1120, 1080, 1060; 1030, 1015, 975, 960, 900,
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860, 830, 815, 780, 745, 735, and 705 cm -1 nmr (CC14, 5) 5.15-5.81
(m, 2) and 0.79-2.63 (m, 12).

Anal. Calcd for CioHi4Brz C, 40.85; H, 4.80; Br, 54.35. Found:
C, 40.45; H, 4.62; Br, 54.89.

1,2,5-Cyclodecatriene (7). A solution of 1.09 g (0.0347 mol) of
10,10-dibromobicyclo[7.1.0]dec-3-ene in 2 ml of ether was cooled
under nitrogen to -70° by a Dry Ice-Acetone bath and 2 ml of
methyllithium (2 M in ether) was added over a period of 45 min.
The temperature of the reaction was gradually brought up to 0°
and 1 ml of water was added to terminate the reaction. The reac-
tion mixture was extracted into ether which was washed repeated-
ly with dilute 10% aqueous HC1 (5 X5 ml) until neutral. The ether
layers were dried over magnesium sulfate and then concentrated.
Bulb-to-bulb vacuum distillation afforded 206 mg of allene (42%
yield): bp 90° (10 mm); ir (neat) 3000, 2965, 2915, 2845,1950,1470,
875, 850, 825, 800, 780, 730, 710, and 685 cm 'L nmr (CC14, 3)
5.14-5.90 (m, 4) and 0.9-3.1 (m, 10); mass spectrum m/e (rel inten-
sity) 134 (5), 133 (10), 132 (3), 121 (4), 120 (25), 107 (5), 106 (20),
105 (40), 94 (24), 93 (40), and 92 (100); exact mass 134.108 (calcd
for C10H 14, 134.110)

Oxymercuration Reactions on Cyclodeca-1,2,5,8-tetraene
(3). (@ Mercuric Sulfate and Acetic Acid. In a typical experi-
ment, a mixture of 65 mg of the allene, 5 mg of mercuric sulfate,
and 1 ml of glacial acetic acid was stirred at room temperature.
The reaction was followed by glc (column D) and was normally
complete after 30 min. At the end, 15 ml of ether was added and
the reaction mixture was filtered to remove unreacted mercuric
sulfate. The ether layer was washed twice with water and twice
with saturated sodium bicarbonate solution and dried over magne-
sium sulfate. The dried ether solution was stirred at least 30 min
with 65 mg of lithium aluminum hydride.3 Then 20% Rochell salt
solution was added and the ether layer was decanted off, washed
with water, and dried over magnesium sulfate. Most samples were
analyzed by glc at this stage (columns A and D). In some cases, the
mixture was chromatographed on 5 ml of SilicAR using pentane to
elute the hydrocarbon 6 and 20% ether-pentane to elute the alco-
hols 4 and 5. This gave 18.2 mg (28%) of 6: ir (CC14) 3060, 3020,
2900, 2840, 1440, 1420, 1330, 1245, 1035, 1023, 1005, 940, 860, 660
cm-1; uv, end absorption only; nmr (CC14, 5) 54-5.7, (m, 3), 2.3-3.1
(m, 4), 1.4-2.0 (m, 3), 0.5 (tofd,J = 8and 4 Hz, 1), 0.1 (q,J =4
Hz, 1).3

Anal. Calcd for CiOHi2: C, 90.91; H, 9.09. Found: C, 90.81; H,
8.94.

The alcohol fraction, 16.5 mg (23%), was recrystallized from
ether-pentane to give pure 4 mp 83.5-84.5°; ir (CS2) 3020, 2900,
2840,1080,1040, 735,670, 660; nmr (see Table I).

Anal. Calcd for CioHi40: C, 79.95; H, 9.39. Found: C, 80.18; H,
9.44.

(b) Stability of Products. A 10-mg sample of the acetate from
part (a) above was stirred in 0.5 ml of acetic acid and 3 mg of mer-
curic sulfate for 5.5 hr. The reaction was followed by gas chroma-
tography. There was no conversion to hydrocarbon 6. The same
stability test was done on hydrocarbon 6. After 4 hr no conversion
to acetate was observed. When the hydrocarbon was stirred in for-
mic acid with mercuric sulfate, ca. 80% of the hydrocarbon disap-
peared, but no formate was observed to form.

(c) Other Solvents for Oxymercuration. The same conditions
as given in part (a) were successfully used with trifluoroethanol,
85% formic acid, deuterated acetic acid, and 60% aqueous acetone.
The speed of reaction was as in the order given with reaction being
slowest in 60% aqueous acetone. Dioxane was also tried but gave no
products after 2 hr.

(d) Mercuric acetate catalyst was used in place of mercuric
sulfate in procedure a. Neither catalyst always went completely
into solution.

(e) Reaction with 85% Formic Acid. The procedure was as in
part (a) except with no catalyst. The reaction was at least ten
times slower than the catalyzed conditions in part b.

Hydrogenation of 6 or 8. Either hydrocarbon 6 or 8 was hydro-
genated over Adams catalyst in acetic acid at 1.5 atm of pressure
overnight. Two of the products were found to have identical glc re-
tention times (column E) and mass spectra as cis- and fraras-decal-
in. A third product (10%) was not identified.

Hydrogenation of 4 was carried out in ether over Adams cata-
lyst which gave cis,syn-bicyclo[4.4.0]decan-2-ol. The melting point
86-89° (lit.1293°), infrared and nmr spectra, and melting point of
the acid phthalate derivative, 169-170° (lit.12 176°), agreed with
those of an authentic sample.12

Identification of 5. The crude mixture of alcohols 4 and 5 as
hydrogenated as above and oxidized with Jones reagent. The re-
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tention times of the ketones corresponding to 4 and 5 were the
same as eis-bicyclo[4.4.0]decan-2-one and cis-bicyclo[5.3.0]decan-
2-one, respectively (columns B and C), and their mass spectra were
the same as those for authentic samples.34

Reaction of Cyclodeca-l,2,5-triene (7). (@) Mercuric Ace-
tate. In a typical experiment, 205 mg (1.53 X 10~3mol) of allene 7
and 100 mg of tetralin standard in ether was concentrated under
nitrogen. A solution of 2 ml of glacial acetic acid containing 96 mg
(3.06 X 10~4 mol) of mercuric acetate was added (mole ratio of al-
lene to catalyst was 5:1). The reaction was complete after 30 min
(as indicated by glc) and was extracted into ether which was mixed
with water then with 10% aqueous NaHCO03 (5X4 ml). The ether
layer was then dried over magnesium sulfate and concentrated by
a gentle flow of nitrogen. The only product found was hydrocarbon
8 (110 mg based on internal standard tetralin, 55% yield). The hy-
drocarbon was isolated by liquid chromatography, on silicAR using
dry pentane as elutant or by gas chromatography. Either proce-
dure gave 8 that showed a single peak on glc:'ir (CC14) 3080, 3060,
3025, 2980, 2920, 2845,1950,1800,1480, 1440, and 1030 cm*“ L, nmr
(Ccuy, 3) 5.4 (s, 1), 2.6 (m, 1), 0.8-2.5 (m, 10), 0.6 (tof d, J = 4 and
7 Hz, 1), and 0.0 (g, J = 4; 1); mass spectrum m/e (rel intensity)
134 (25), 133 (7), 120 (4), 119 (21), 105 (18), 104 (29), 103 (4), 92
(18), 91 (36), 90 (100), 78 (18), 77 (22), and 76 (18); exact mass
134.108 (Calcd for CiOH 14, 134.110).

A plot of log Ao/A (A = concentration of allene) vs. mercuric ac-
etate concentrations of 4, 6, 8, and 12 mg/ml gave a straight line
plot.

(b) Product Stability. When 30 mg of 8 was stirred with 10 mg
of tetralin standard, 4 mg of mercuric acetate, and 1 ml of acetic
acid, the amount of 8 decreased slowly (27 mg left after 1 hr, 15 mg
left after 12 hr). No volatile products were observed.

(c) Other Mercuric Catalysts. The reaction was carried out
under the same conditions as above with mercuric sulfate, mercu-
ric chloride, and mercuric trifluoroacetate which give yields of 53,
72, and 34%, respectively.36

(d) Mercuric acetate and deuterated acetic acid gave 8 with
no deuterium incorporation.

cis,syn,cis-Tricyclo[4.4.0.024]decan-anti-5-ol (10). A solution
of 0.73 g (5.5 mmol) of allene, 110 mg (0.4 mmol) of mercuric chlo-
ride, and 10 ml of acetic acid was stirred at room temperature for 1
hr during which time the color changed from purple to brown and
the reaction appeared to stop at about 60% reaction. An additional
100 mg of mercuric chloride was added which completed the reac-
tion in 20 min. A 50-ml portion of ether was added and the mixture
was extracted with saturated sodium bicarbonate until neutral.
The solution was dried (MgS04) and concentrated to about 7 ml of
solution (8 tends to polymerize easily when all solvent is removed).
The hydroboration was carried out with 7 ml of 0.5 M diborane in
THF according tc the procedure of Zweifel and Brown.37 Kugel-
rohr vacuum transfer at 0.1 mm gave 0.4 g of clear oil which glc in-
dicated was 75% 10 (37% overall yield). Purification by glc (10%
DEGS) gave pure 10: ir (CC14) 3680, 3400, 3030, 2930, 2870, 1450,
1040, 1020, and 1000 cm-1; nmr (CC14) 3.9 (s, 1), 2.7 (m, 1), 2.3 (s,
OH), 1.0-2.0 (m, 11), 0.6 (m, 1), and 0.45 (m, 1).

Anal. Calcd for CiOHi60: C, 78.90; H, 10.59. Found: C, 78.66; H,
10.71.
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The reaction of a swollen 1% divinylbenzene cross-linked polystyrene with hexacarbonylchromium gave poly-
mer-anchored tricarbonylchromium moieties r,6 bonded to the polymer’s phenyl rings. Using this heterogenized
catalyst, methyl sorbate was converted selectively (96-97%) to (Z)-methyl 3-hexenoate with small amounts of
methyl hexanoate and (£)-methyl 2-hexenoate in cyclohexane at 160° and 500 psi of hydrogen. The product dis-
tribution was sensitive to solvent and reaction temperature. No significant hydrogenation of cyclohexene or
(E,E,E)-1,5,9-cyclododecatriene occurred at 150° and 500 psi of hydrogen in 24 hr. This heterogenized homoge-
neous catalyst system is discussed in relation to known homogeneous hydrogenation catalysts for methyl sorbate.

The anchoring of homogeneous catalysts to polymeric
and glass supports has recently attracted increased atten-
tion.1‘8 Such “heterogenized” homogeneous catalysts can
exhibit the unique selectivity and reactivity of their homo-
geneous counterparts while also increasing the ease of sepa-
ration from the products and facilitating the recycling of
the catalysts. However, diffusion into polymer gels can also
play an important role in reactions using supported cata-
lysts. In this paper we report the use of cross-linked poly-
styrene-anchored -Cr(CO)3 moieties in selective methyl
sorbate hydrogenations.

Methyl sorbate (methyl 2,4-hexadienoate) was chosen as
a model substrate (1) because of its relation to commercial-
ly important dienoic and trienoic fatty acid esters, (2) be-
cause the resulting hydrogenation products can be ana-
lyzed readily by gas chromatography, and (3) because its
hydrogenation has been previously studied using a variety
of catalysts.9'12 Hydrogenation of methyl sorbate, cata-
lyzed by pentacarbonyliron,9 gave a mixture of methyl 2-,
3-, and 4-hexenoate as well as methyl hexanoate. No as-

signment of the geometrical isomeric distribution was
given. Cais, et al.,10 and Frankel and Butterfield1l showed
a wide variety of i)6-arenetricarbonylchromium derivatives
would selectively catalyze hydrogenation to methyl 3-hexe-
noate, but assignment of the geometrical isomer was not
given. The same authors showed that 76-arenetricarbonyl-
chromium-catalyzed hydrogenations of dienes proceeded
by 1,4-addition13and that isomerization of methyl 3-hexe-
noate to the 2-isomer occurred by a 1,3-hydrogen shift. The
room temperature hydrogenation of sorbic acid by pentacy-
anocobaltate(ll) gave (£')-2-hexenoic acid (82%), (E)-3-
hexenoic acid (17.%), and (£)-4-hexenoic acid (1%).12 In
methanol the selectivity to (2?)-2-hexenoic acid increased
to 96%.

76-(Ethylbenzene)tricarbonylchromium is a good elec-
tronic model for polystyrene-anchored tricarbonylchrom-
ium. Using it at 150° and 700 psi of hydrogen, methyl sor-
bate gave 90.1% methyl 3-hexenoate.10 The product distri-
bution in this study was different from that which we
found using the heterogenized analog. Grubbs14 has point-
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Table l
Hydrogenation of Methyl Sorbate at 500 psi Catalyzed by Polystyrene-Anchored
76-Phenyltricarbonylchromium

Methyl Catalyst,

React, no. sorbate, mmol mmola Solvent (15 ml) Temp, °C
| 15.2 0.51 Cyclohexane 150
2" 15.2 0.49 Cyclohexane 150
36 15.2 0.49 Cyclohexane 150
46 15.2 0.49 Cyclohexane 150
5» 15.2 0.48 Cyclohexane 150
66 15.2 0.48 Cyclohexane 150
76 15.2 0.51 Cyclohexane 140
8° 15.2 0.51 Cyclohexane' 160
od 15.2 0.51 Cyclohexane¥ 160

10" 15.2 0.51 Cyclohexane’ 160
11 15.2 0.51 DMF 150
12' 15.2 0.51 DMF' 150
13* 15.2 0.51 DMF* 150
14 15.2 0.51 Cyclohexane 150
15 76.0 0.51 Cyclohexane 150

Total foomrmeeeen Prod luct distribution, %h --------------- ~
React, conversion, (Z)-Methyl (£)-Methyl Methyl
time, hr % 3-hexenoate 2-hexenoate hexanpate
24 100 65-58" 7-2' 3440’
24 100 80 7 12
24 100 76 9 15
24 100 80 5 15
24 100 79 5 16
24 100 82 4 14
24 33 99.8 0.2 0
24 100 96.5 2.0 0.7
24 100 97.2 2.0 0.8
24 100 97.4 1.8 0.8
10 100 20 50 30
24 0 0 0 0
5 100 70.7 23.6 5.7
10 60 97.4 2.7 0
48 100 87.4 5.6 7.0

aMillimoles of Cr(CO)3units anchored within the resin charged to the reactor. 6 Runs 2-7 used the same catalyst recycled from run 1.
Thus, in run 7 this catalyst was used in runs 1-6 previously. ¢ Catalyst recycled from run 7. d Fresh catalyst used. e Catalyst recycled from
run 9. f Catalyst recycled from run 11. « Fresh catalyst used. hBased on total conversion and determined by glc. 1Results obtained from sev-

eral runs spanned the range shown.

ed out that diffusion into the polymer beads is a rate-limit-
ing factor in the hydrogenation of olefins catalyzed by poly-
styrene-anchored (PPh3)3RhCI.

Results and Discussion

A swollen 1% divinylbenzene-styrene resin was com-
plexed with -Cr(CO)3groups by refluxing with Cr(CO)6 in
dimethoxyethane under nitrogen. The resulting anchored
catalyst 1 (see eq 1) used in this study contained -Cr(CO)3

® -<o >+Cr<COk

resin Cr(CO)3

1 (9
moieties attached to 20-25% of the polymer’s benzene rings
and distributed throughout the resin beads.

Methyl sorbate was quantitatively hydrogenated in cy-
clohexane or DMF solvents containing swollen beads of 1
at 140-160° and 500 psi of hydrogen for 24 hr. The product
distribution was a function of temperature. The products
were (Z)-methyl 3-hexenoate (2), (1?)-methyl 2-hexenoate
(3), and methyl hexanoate (4) (eq 2). At 160° the selectivity

,CCX)ME 1, 140-160°

H2. 500 psi COOMe +

COOMe COOMe

(2
3 4

to (Z)-methyl 3-hexenoate (2) was 96-98% which was high-
er than that observed using the i)6-ethylbenzene analog. At
150°, the selectivity was significantly lower with 2 (74-81%)
still the major product. The product distribution at 150°
was different in the initial reaction, but upon recycling the
distribution stabilized to a different value. Once condi-
tioned, the catalyst performs in a uniform manner for sev-
eral recycling operations. Representative sample runs are
given in Table I.

The catalyst conditioning phenomenon was studied by
observing the ir spectrum of the .polymer before and after

its use in the initial reaction. Before use 1 shows intense
metal carbonyl stretching frequencies at 1965 and 1880
cm-1. After the initial hydrogenation, a new carbonyl ab-
sorption appears at 1635 cm-1. Upon repeated recycling
the 1965- and 1880-cm-1 band intensities steadily de-
creased but the polymer remained catalytically active. The
1635-cm_1 band remained, suggesting that methyl sorbate
or a reaction product was being chemically bound into the
resin. To further test this suggestion, the beads were swol-
len in benzene and toluene and extracted (soxhlet) for suc-
cessive 4-hr periods. The 1635-cm_1 absorption’s intensity
remained unchanged. The decrease in the chromium-
bound carbonyl bands was not due to leaching of Cr(CO)6
(or other Cr derivatives) from the polymer because analysis
confirmed the per cent Cr remained essentially unchanged
during recycling. The presence of an inorganic CO bridging
three Cr atoms (which would appear in the 1650-cm-1
range) was ruled out for lack of precedent. Most likely,
methyl sorbate is complexed to resin-bound chromium and
displaces CO.

The product distribution at 140°, after 24 hr, and 30%
conversion, was highly selective for 2 (<99%) and only a
trace of 3 (0.2%) and no 4 was observed. Thus, at 140° the
product distribution resembled those obtained at 160°.
After much longer reaction periods only small amounts of 3
and 4 were ever observed.

At 150° in cyclohexane at conditions where Cais, et al.,10
had reported i%-(ethylbenzene)tricarbonylchromium cata-
lyzed a 95% conversion of methyl sorbate in 7 hr, only 50%
conversion in 24 hr was obtained using resin 1. This differ-
ence in rate can be attributed to diffusion into the resin.
This diffusion limitation was expected to be serious in cy-
clohexane, because it is a poor solvent for swelling styrene-
divinylbenzene resins. Significant retardation of the rate of
hydroformylation of 1-pentene, catalyzed by anchored
(PPh3)3RhH(CO), vs. its homogeneous use (at 40-50°), has
been observed in this laboratory.15 Similarly, anchored
(PPh3)2Ni(CO)2 catalyzes the cyclooligomerization of buta-
diene at 112° at a rate about equal to that of the homoge-
neous catalyst at 90°.15 In both of those cases, significant
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rate retardation occurred due to diffusion despite the fact
that a good swelling solvent, benzene, was employed.

Dimethylformamide is a good swelling solvent. At 150°
complete hydrogenation of methyl sorbate required only 5
hr using anchored catalyst 1. Previously, it had been shown
the rate of methyl sorbate hydrogenation, catalyzed by
76-benzenetricarbonylchromium, markedly increased going
from nonpolar cyclohexane to more polar methylene chlo-
ride.10 Thus, the origin of the rate enhancement observed
using DMF with 1 is not clear. Using DMF, the catalyst
could not be recycled. After a single 10-hr reaction, the
chromium content of 1 was reduced from 8.89% to 4.55%.
The greenish-yellow DMF filtrate contained some
(DMF)3Cr(C0)3 which could have participated in the cata-
lytic reaction.16 DMF was leaching -Cr(C0O)3 moieties from
the resin by displacing the 7r-bound phenyl rings. The
product distribution changed sharply in DMF. Esters 3 and
4 became the major products (50 and 30%, respectively)
and only 20% of the product was 2.

It was necessary to establish that the major product,
using cyclohexane as the solvent, was actually the cis iso-
mer 2 rather than the trans isomer. It was the trans isomer
which was formed when pentacyanocobaltate(ll) was em-
ployed.12 This point was not established by Cais.10 The
nmr spectrum was not definitive since the coupling con-
stant between the 3- and 4-vinyl protons could not be ob-
served due to the coincidental chemical shifts of these pro-
tons. However, the ir spectrum of 2 did not correspond to
that published for irons-methyl 3-hexenoate.1216 Most
conclusive was the absence of a strong band in the 970-
cm "1 region where the trans isomer absorbs. Bands at 700
and 750 cm-1 were present indicating the cis isomer had
been obtained.

Bis-r/Barenetricarbonylchromium compounds such as 5
and 6 greatly enhanced the hydrogenation rate in cyclohex-

| |
Ccr(co)3 Cr(CO)3

ane.10 For example, with 6 a 99% conversion of methyl sor-
bate to 2 was obtained at 115° and 70 psi vs. the 150° and
700 psi of hydrogen required using ij6-benzenetricarbonyl-
chromium.10 Apparently, this special rate effect cannot be
operative in resin | despite the fact that this resin must
have phenyl-bound Cr(CO)3 moieties in close proximity.
The origin of this special effect may be in the conjugative
interactions between rings in 5 and 6 rather than their rela-
tive proximity to one another.

Experimental Section

Chromium hexacarbonyl was purchased from Pressure Chemical
Co. and was sublimed prior to use. Methyl sorbate (Pfaltz and
Bauer) was purified by distillation at 90° (40 mm) and stored at
—12° prior to use. Weekly checks of this material by vpc showed
no oligomers were formed during storage. Cyclohexane and dime-
thoxyethane were dried over calcium hydride and distilled imme-
diately before use. Dimethylformamide was dried over magnesium
sulfate, distilled, and stored over Linde 4A molecular sieves. Poly-
styrene beads, cross-linked with 1% divinylbenzene, were pur-
chased from Bio-Rad, Inc. They had a 12,000-14,000 mol wt exclu-
sion limit when fully swollen in benzene.
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Infrared spectra, recorded on a Beckman IR-33, were obtained
in KBr pellets for the cross-linked beads and as thin films for
methyl sorbate and its reaction products. Nmr spectra were re-
corded on a Hitachi-Perkin-Elmer R20B spectrometer using deut-
eriochloroform as the solvent and TMS as an internal standard.

Vpc curves were recorded on a Varian Aerograph Model 90-P.
An 8-ft column consisting of 15% SE-30 or 20% Carbowax 20M de-
posited on Chromosorb P (non-acid-washed) at 180° was used to
effect efficient product separation.

The stainless steel Hoke bomb, 150-ml capacity, used in these
reactions was scraped clean, treated with mineral acids and organ-
ic solvents, and dried prior to each series of runs.

Preparation of Polystyrene-Anchored Tricarbonylchrom-
ium. A Strohmeier reactor, equipped with a 250-ml reaction flask
containing a magnetic stirring bar, was charged with 4.0 g of cross-
linked beads, 4.0 g of Cr(C0O)6, and 150 ml of dimethoxyethane.17
After refluxing the mixture under nitrogen for 48 hr, the reaction
was cooled to room temperature and filtered under nitrogen onto a
sintered glass frit to collect the polymer beads. The beads were re-
peatedly swollen with benzene and collected by filtration in order
to remove non-polymer-bound chromium complexes. After a final
wash with petroleum ether (bp 30-60°), the beads were dried in
vacuo for 48 hr. The presence of only polystyrene tricarbonylchro-
mium moieties was confirmed by the infrared spectrum which
showed two carbonyl stretching frequencies at 1965 and 1880
cm-1. Elemental analysis showed 8.89% Cr, corresponding to ca.
one Cr(CO)3 unit for each four aromatic rings. The beads could be
stored under nitrogen indefinitely. The beads occasionally had a
green cast due to surface oxidation of the chromium during the
above preparation. This in no way affected their activity or the re-
sults.

Hydrogenation of Methyl Sorbate. In a typical reaction, the
Hoke bomb was charged, under nitrogen, with the catalyst, methyl
sorbate, and solvent in amounts listed in Table I. After degassing
via two freeze-thaw cycles, the bomb was pressurized with 500 psi
of hydrogen and placed in a preheated oil bath where it was also
shaken for the appropriate time. The bomb was then cooled to
room temperature, the excess hydrogen was vented, and the sol-
vent and products were separated from the catalyst by filtration
under nitrogen. The bomb was rinsed with 3 X 5 ml of solvent and
the rinse was used to wash the beads. The catalyst could then be
recycled. After the first and fourth reactions a 10-mg aliquot of the
catalyst was removed for chromium analysis. The total filtrate was
concentrated and the products were separated by vpc. They eluted
in the order methyl hexanoate, (Z)-methyl 3-hexenoate, (EI-meth-
yl 2-hexenoate, and unreacted methyl sorbate. The products were
identified by comparing their infrared and nmr spectra with pub-
lished spectra.11,122 The nmr spectra (CCl4) follow: methyl hexa-
noate, 80.9 (3 H, t, CH3CH2), 1.55 (6 H, m, CH2groups at 3, 4, and
5 positions), 2.35 (2 H, t, CH2at 2 positions), 3.76 (3 H, s, CH30);
methyl 3-hexenoate, 80.94 (3 H, t, Cif3CH?2), 2.05 (2 H, m, Gff2at
C-5), 3.05 (2 H, d, 7 H2, CH2at C-2), 3.60 (3 H, s, CH30), and 5.5
(2 H, brt,J = 6-8 Hz, cis vinyl H's at C-3 and C-4 where 42, 4 ™ 0
due to almost identical chemical shifts); methyl 2-hexenoate, 6 1.0
(3H,t, CH3CH2, 1.5 (2 H, m, CH2), 2.2 (2 H, m, CH2), 4.0 3 H, s,
CH30), 6.1 (1 H, d, 2-vinyl H, tf23 = 16 Hz), and 7.2 (1 H, m, 3-
vinyl H).

Other Hydrogenations. Attempts were made to hydrogenate
cyclohexene and (E,E,E)-1,5,9-cyclododecatriene at 150° for 24 hr
(500 psi of H2) using resin 1 as described for methyl sorbate. No
significant hydrogenation was observed.
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T-Allylnickel bromide complexes react with ketones and aldehydes to produce homoallylic alcohols, a diketones
are the most reactive substrates, leading to a-keto homoallylic alcohols. Aldehydes and alicyclic ketones including
some steroidal ketones are also reactive, while aliphatic acyclic ketones and a,/3-unsaturated ketones react only
sluggishly under forcing conditions. With conjugated ketones exclusive 1,2 attack results, even in the presence of
added Cul. The reaction of a-(2-carbethoxyallyl)nickel bromide with ketones and aldehydes leads to a-methy-
lene-y-butyrolactones. Other carbonyl functional groups such as acid chlorides, esters, and amides, as well as ni-
triles and epoxides, are relatively unreactive. Thus x-allylnickel bromide complexes are less reactive and more se-
lective than the corresponding allylzinc reagents toward carbonyl compounds, and are of potential synthetic utili-

ty.

ir-Allylnickel halide complexes are becoming increasingly
useful as carbon-carbon bond forming reagents for organic
synthesis, and have been the subject of two recent re-
views.12 They react with a variety of organic halides under
mild conditions to replace the halogen with the allyl
group.3 Complexes containing functional groups such as
carbethoxy4 or methoxy5 in the allyl portion are readily
prepared, and react similarly to produce more highly func-
tionalized products. ir-Allylnickel bromide complexes react
with quinones under very mild (DMF, —50°) conditions to
produce allylquinones in what is formally a 1,4 addition of
the allyl complex to the quinone.6 In contrast, other nor-
mally reactive carbonyl compounds such as benzaldehyde
and cyclopentanone require considerably more vigorous
(DMF, 50°) conditions to react, forming homoallylic alco-
hols, while benzophenone and methyl benzoate are unreac-
tive.3

In an attempt to clarify some of the features of the reac-
tion of ir-allylnickel halide complexes with quinones, we in-
itiated a general study of the interaction of these com-
plexes with a variety of simple as well as conjugated car-
bonyl compounds. Our results indicate that these com-
plexes are generally reactive toward ketones and aldehydes
to produce fair to excellent yields of homoallylic alcohols
under mild conditions. They are significantly less reactive
than the corresponding allyllithium, -magnesium, or -zinc
reagents, and offer a high degree of selectivity among nor-
mally quite reactive carbonyl compounds.7

Results and Discussion.

A. Reactions of ir-2-Methallylnickel Bromide. The
general reaction studied is described by eq 1, and the re-

suits of this reaction with a wide variety of carbonyl com-
pounds are collected in Table I. The most reactive sub-

strates are a diketones and anthraquinone, which undergo
exclusive attack of only one of the carbonyl groups, even in
the presence of excess complex, to produce a-keto homoal-
lylic alcohols (1, 2, and 3) in high yield. Phenyl ketones are

7a,R=Ph;R'=

b, R =/i-CBHBR'= H
6 ¢,R=Ph;R'= Me

d, R,R'=(-CH2)5

e,R = Ph; R' = PhCO

more reactive than alkyl ketones as evidenced by the re-
guirement of more severe conditions for 2,3-butanedione.
In contrast allylmagnesium and allylzinc complexes fre-
guently attack both carbonyl groups indiscriminately, lead-
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Table 1
Reaction of ir-Allylnickel Bromide Complexes with Ketones and Aldéhydes

Ratioa

aliylr
sub- Time, Tergp,

Ni complex Registry No. Substrate Registry No.  strate  hr ° Product Registry No. ~ Yield, %
2-Methallyl 12300-62-8 Benzil 134-81-6 | 30 25 | 53684-09-6 86
2-Methallyl Acenaphthene - 82-86-0 | 48 25 2 53684-10-9 84

quinone
2-Methallyl 2,3-Butanedione  431-03-8 1.2 24 50 2,4-Dimethyl-4- 40519-29-7 78
hydroxyhex-1 -
en-5-one
2-Methallyl Anthraquinone 84-65-1 1 48 25 3 53684-11-0 92
2-Methallyl Cyclohexanone 108-94-1 1.7 24 50 |I-(2-Methyl-2- 51800-40-9 79
propenyl)cyclo-
hexanol
2-Methallyl 5a-Cholestan-3- 566-88-1 2.2 24 55 4(3a-CH) 53730-91-9 70°
one (3/3-CH) 53684-12-1
2-Methallyl 5a-Androstane- 846-46-8 2 40 55 5(3a-CH) 53684-13-2 92s
3,17-dione (3/3-CH) 53684-14-3
2-Methallyl 2-Cyclohexen-1- 930-68-7 23 9 55 I-(2-Methyl-2- 5674-03-3 58
one propenyl)cyclo-
hex-2-en-l-ol
2-Methallyl Progesterone 57-83-0 25 24 55 6 53684-15-4 77e
2-Methallyl 2-Acetonapthone 93-08-3 2.0 48 25 2-Methyl-4-hy- 53684-16-5 80
droxy-4-(2-
naphthyl)pent-
1-ene
2-Methallyl 2-Octanone 111-13-7 23 96 55 24-Dimethyldec- 53684-17-6 50
I-en-4-ol
2-Methallyl w-Heptaldehyde 111-71-7 1.2 24 50 2-Methyldec-I- 53684-18-7 71
en-4-ol
1,1-Dimethylallyl 32650-02-5 Benzil 1.0 20 25 3,3-Dimethyl-1,2- 53684-19-8 28
diphenyl-2-hy-
droxypent-4-en-
1-one
I,2-diphenyl-2- 5623-21-2 57
hydroxy-5-
methylhex-5-
en-l-one
2-Carbethoxyallyl 12288-88-9 Benzaldehyde 100-52-7 2.0 24 25 7a 26613-71-8 85
2-Carbethoxyallyl w-Heptaldehyde 2.0 28 25 b 26798-41-4 76
2-C arbethoxyallyl Acetophenone 98-86-2 2.0 24 55 7c 29043-98-9 83
2-Carbethoxyally1 Cyclohexanone 20 24 25 7d 52978-85-5 80
2-Carbethoxyallyl Benzil 2.0 24 55 Te 53684-20-1 68
2-Carbethoxyallyl 5a-Cholestan-3- 2.0 24 55 8 (3a-0) 53684-21-2 91'e*
one (33-0) 53729-61-5
2-Carbethoxyallyl 5a-Androstane - 20 24 55 9 (3a-0) 53684-22-3 76
3,17-dione (30-0) 53684-23-4

a Since the nickel complexes are dimeric, 1 mol of complex contains 2 mol of allyl ligands. The ratio refers to the molar ratio of allyl
groups, not nickel complex, to substrate. bReported yields refer to isolate products purified by layer chromatography or distillation. ¢ Since
a single epimer was obtained, unequivocal assignment of structure was not possible. d The compound is an unseparable 2:1 mixture of 3«
and 3d hydroxy isomers from nmr spectra. e The yield is based on starting material consumed. About 50% progesterone was recovered.
AThe compound is a 1:1 mixture of 3a and 33 epimers. «The yield is based on starting material consumed. About 30% cholestanone was

recovered.

ing to disubstitution.8 Thus, the nickel complex offers a
high yield approach to a-keto homoallylic alcohols (as well
as to a, 5, 7, Sconjugated enones by facile dehydration)
without polysubstitution.

Alicyclic ketones such as cyclopentanone3 and cyclohexa-
none also react well, although higher temperatures and ex-
cess nickel complex are required to ensure complete reac-
tion. Some steroidal ketones are also reactive, with 5a-cho-
lestan-3-one producing almost entirely (>90%) a single al-
cohol epimer (4) in excellent yield. In contrast, 5a-andros-
tane-3,17-dione, while reacting exclusively at the more re-
active9 3 keto group, produced a 2:1 mixture of the 3a and
3/3 hydroxy compounds (5). a,3 unsaturated ketones are

even less reactive, cyclohexenone reacting to only 55% in
the presence of a large excess of nickel complex and under
conditions sufficiently severe to cause thermal decomposi-
tion of the nickel complex. Benzalacetone and chalcone are
similarly unreactive, leading to only 40-50% conversion
under a variety of conditions. Surprisingly progesterone
undergoes attack exclusively at the 3 keto (conjugated)
group, while the 20 keto group is inert (6), in low (50%)
conversion but fair (77%) yield. With a/3 unsaturated ke-
tones exclusive 1,2 attack is observed, even in the presence
of added cuprous iodide. In contrast, both allylzincg and al-
lylmagnesium compounds are highly reactive toward a/3
unsaturated ketones, and organomagnesium compounds
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add 1,4 to conjugated enones in the presence of added cop-
per salts.10 Again, x-allylnickel complexes are less reactive
and more selective than the corresponding zinc and magne-
sium complexes.

While phenyl methyl ketones such as 2-acetonaphthone
are sufficiently reactive to produce fair yields of homoallyl-
ic alcohols under moderate conditions, simple aliphatic ke-
tones, such as 2-octanone, are relatively inert, reacting to
only 50% conversion even in the presence of a large excess
of nickel complex after 96 hr at 55°. This low reactivity of
2-octanone is demonstrated by the results of the reaction
between ir-2-methallylnickel bromide and a 1:1 mixture of
cyclohexanone and 2-octanone. After 24 hr at 50°, the cy-
clohexanone had completely reacted, while the 2-octanone
remained untouched. Thus the nickel complex was able to
discriminate between two substrates of apparently compa-
rable reactivity. Aldehydes are generally reactive, with
both benzaldehyde3 and rc-heptaldehyde reacting in good
yield under moderate conditions.

A number of substrates that readily undergo attack by
allylzinc reagents8 are essentially unreactive with ir-allyl-
nickel halide complexes. Acetonitrile and benzonitrile are
inert, and have been used as solvents for 7r-allylnickel ha-
lide complex reactions.11 Ethyl benzoate is also un-
reactive and is recovered unchanged after 165 hr at 55°.3
Acid chlorides are also surprisingly inert. Both benzoyl
chloride and lauryl chloride are recovered unchanged (ex-
cept for some hydrolysis to the acid during isolation) after
72 hr at 25° in contact with the x-2-methallylnickel com-
plex. Upon heating a DMF solution of benzoyl chloride and
7r-2-methallylnickel bromide at 50° for 24 hr, the complex
decomposed, and a small amount of benzil was recovered
along with large amounts of benzoyl chloride and benzoic
acid. Finally, cyclohexene oxide failed to react with w2-
methallylnickel bromide even after several hours at 50°,
while cyclopentene oxide and styrene oxide reacted to
about 30-40%.11

B. Reactions of ir-1,1-Dimethylallylnickel Bromide.
This complex is appreciably less reactive than the 7r-2-
methallylnickel bromide complex. With benzil, one of the
most reactive substrates studied, the reaction proceeded
smoothly to produce an 85% yield of the homoallylic alco-
hol. The product is a 2:1 mixture of isomers resulting from
attachment at the unsubstituted and the disubstituted ter-
minus of the allyl group.12 Other substrates such as cyclo-
hexanone, cyclohexenone, and 2-acetonaphthone are un-
reactive under conditions of sufficient severity to decom-
pose the nickel complex. These results indicate that polyal-
kylated allylic nickel complexes are likely to lack sufficient
reactivity to be of any utility in the synthesis of homoallylic
alcohols.

C. Reactions with 7r-(2-Carbethoxyallyl)nickel Bro-
mide. The reaction of this complex with aldehydes or ke-
tones leads to a-methylene-y-butyrolactones (eq 2), a class

of compounds of current interest because of their activity
as antitumor agents.13 Although this complex is less reac-
tive toward carbonyl groups than the ir-2-methallylnickel
bromide complex, aldehydes, a diketones, and alicyclic ke-
tones do react to give a-methylene-y-butyrolactones (7) in
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high yield. The steroidal ketones 5a-cholestan-3-one and
5a-androstane-3,17-dione react exclusively at the 3 keto
(cyclohexanone) position to give a 1:1 mixture of epimeric
lactones. Aliphatic ketones such as 2-octanone, and a,fl un-

saturated ketones such as benzalacetone and cyclohexe-
none, are essentially unreactive, as are styrene oxide, cyclo-
hexene oxide, and cyclopentene oxide. a-Methylene-y-
butyrolactones can also be made by the reaction of ketones
or aldehydes with zinc and «(bromomethyl)acrylic es-
ters.14 These allylzinc complexes are considerably more re-
active and less selective than the ir-allylnickel halide com-
plexes, and react equally well with aliphatic ketones and
a,d-unsaturated ketones. Neither method is capable of pro-
ducing the substitution pattern found in many of the natu-
rally occurring sesquiterpene a-methylene-d-butyrolac-
tones which show antitumor activity.13®

Conclusions

ir-Allylnickel bromide complexes are generally reactive
toward ketones and aldehydes to produce homoallylic alco-
hols. a-Methylene-y-butyrolactones can be synthesized
using the ir-(2-carbethoxyallyl)nickel bromide complex.
The nickel complexes are considerably less reactive than
the corresponding zinc complexes, and considerably more
selective. The nickel complexes are inert towards acid ha-
lides, nitriles, esters and epoxides, and are even able to dis-
criminate between ketones of differing reactivity. The al-
lylzinc reagents are very easy to make and, in syntheses in
which no other reactive functional groups are present in
the substrate, they are the reagents of choice. However, if a
high degree of selectivity and the ability to discriminate be-
tween slightly different carbonyl groups is necessary, rr-al-
lylnickel bromide complexes warrant consideration.

Experimental Section

General. All melting points are uncorrected. Infrared (ir) spec-
tra were measured with a Perkin-Elmer Model 337 or Model 267
spectrometer. Nuclear magnetic resonance (nmr) spectra were
measured with a Varian Associates Model A-60A or a Jeol INM-
MH-100 nmr spectrometer with TMS internal standard. Mass
spectra were measured with an Associated Electronic Industries
MS-12 mass spectrometer. Layer chromatography was performed
using Brinkman silica gel PF254 analytical and preparative plates,
visualized by uv light. Microanalyses were performed by Midwest
Microanalytical Laboratory, Indianapolis, Ind. All manipulations
of the nickel complexes were carried out under an argon atmo-
sphere.

Materials. DMF was distilled from calcium hydride under re-
duced pressure and stored urider an argon atmosphere. Benzene
(Fischer, reagent grade) was used without further purification.
Nickel carbonyl was purchased from Matheson in 1-1b lecture bot-
tles. All substrates were commercial materials purified by standard
methods.

Preparation of the x-Allylnickel Bromide Complexes. A.
ir-2-Methallylnickel Bromide. This complex was prepared from
2-methallyl bromidel5 and nickel carbonyl by the method of Sem-
melhack and Helquistl6on a 15-g scale with an 85% yield.

B. x-I,I-Dimethylallylnickel Bromide. This complex was pre-
pared from 1,1-dimethylallyl bromide1517 and nickel carbonyl by
the above method,16 except the reaction was carried out at reflux
rather than 70°.

C. x--(2-Carbethoxyallyl)nickel Bromide. The complex was
prepared from 2-carbethoxyallyl bromidel8and nickel carbonyl by
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the above method,16 except the reaction was carried out at 40°
rather than 70°. The crude material was dissolved in benzene and
filtered under an argon atmosphere. The product was precipitated
from the filtrate by addition of petroleum ether, removed by filtra-
tion, and dried under vacuum.

General Procedure for the Reaction of ir-AUylnickel Bro-
mide Complexes with Ketones and Aldehydes. Reactions were
carried out in a 50-ml one-neck flask with a side arm capped with a
serum cap, containing a magnetic stirring bar, and fitted with a
stopcock. The reaction flask was flushed with argon, and placed in
a nitrogen-filled glove bag along with a flask containing complex 1.
The desired amount of 1 (1-2 mmol) was transferred into the reac-
tion flask through the side arm (in the glove bag), the side arm was
recapped with the serum cap, and the reaction flask was removed
from the glove bag. The complex was dissolved in argon-saturated
DMF (10 ml of solvent/mmol complex) giving a deep red solution.
Liquid reactants (1.8-3.6 mmol) were directly added to the reac-
tion flask, while solid reactants were dissolved in a minimum
amount of DMF and added as solutions. Reactions requiring heat
were immersed in an oil bath of the appropriate temperature.
Upon completion, the reaction mixture was poured into a separa-
tory funnel containing 50 ml of aqueous 3% HC1 and 50 ml of
ether, and was thoroughly shaken. The aqueous phase was washed
with three 20-ml portions of ether, and the combined ether ex-
tracts were washed with three 50-ml portions of water to ensure
complete removal of DMF. The organic phase was dried over an-
hydrous MgS04, and solvent was removed under vacuum. The
crude product was purified by silica gel preparative layer chroma-
tography or distillation.

Reactions with #-2-Methallylnickel Bromide, (a) 1,2-Di-
phenyl-2-hydroxy-4-methylpent-4-en-2-one (1). The nickel
complex (0.25 g, 0.65 mmol) in 12 ml of DMF was added to benzil
(0.27 g, 1.29 mmol) and the mixture was stirred at 25° for 35 hr.
After routine isolation (Et20) and purification by column chroma-
tography (Si gel, eluted with 3:1 hexane-ether) 0.28 g (86%) of a
white, crystalline solid (mp 94.5-95.5°) was obtained: ir (CHCI3)
2.85 (OH), 3.27, 3.34, 3.42, 5.95 (conj CO), 6.26, 6.33, 6.70, 6.91,
7.27, 7.60, 7.68, 8.15, 8.40, 8.90, 9.28, 9.75, 9.90, 10.42,10.60, 11.00,
11.40, 14.30 M nmr (CDClIs-TMS) S1.55 (d, J = 1.0 Hz, 3 H, vinyl
CH3), AB quartet, 5a 2.90, 50 3.20 (Jab = 14.0 Hz, 2 H, vinyl CH2
diastereotopic), 4.05 (s, 1 H, OH), 4.63 (m, 1 H, vinyl CH), 4.88 (m,
1H, vinyl H), 7.2-8.2 (m, 10 H, aromatic H). A portion was recrys-
tallized from ether-trimethylpentane and submitted for analysis.

Anal. Calcd for Ci8Hi80 2 C, 81.17; H, 6.81. Found: C, 80.91; H,
6.86.

(b) I-(2-Methyl-2-propenyl)-I-hydroxy-2-oxoacenaph-
thene (2). The nickel complex (0.42 g, 1.08 mmol) in 15 ml of
DMF was added to the acenaphthene quinone (0.33 g, 1.82 mmol)
and the resulting mixture was stirred at 25° for 48 hr. After rou-
tine isolation (CHCI3) and purification by recrystallization from
ether-trimethylpentane 0.36 g (84%) of a white crystalline solid
(mp 110-111°) was obtained: ir (CHCI3) 2.7-3.1 (br, OH), 3.25—
3.41 (br, CH), 5.85 (CO), 6.10, 6.15, 6.22, 6.70, 6.80, 7.00, 7.27, 7.45,
7.64, 7.97, 8.50, 9.00, 9,35, 9.92, 10.20, 10.55, 11.10, 11.33, 11.56,
11.95, m; nmr (CDCI3TMS) 51.41 (s, 3 H, vinyl CH3), 2.76 (s, 2 H,
vinyl CH2), 3.60 (s, 1 H, OH), 4.58 (m, 2 H, vinyl H), 7.70 (m, 6 H,
aromatic H).

Anal. Calcd for C16Hi402: C, 80.65; H, 5.92. Found: C, 80.45; H,
5.92.

(c) 2,4-Dimethyl-4-hydroxyhex-l-en-5-one. The nickel com-
plex (0.37 g, 0.96 mmol) in 10 ml of DMF was added to the 2,3-bu-
tanedione (0.14 g, 1.65 mmol) and the resulting mixture was stirred
at 50° for 24 hr. After routine isolation and purification by evapo-
rative distillation (40° (0.1 mm)) 0.18 g (78%) of a colorless liquid
was obtained: ir (neat) 2.87 (br, OH), 3.22, 3.36, 3.42 (CH), 5.83
(C=0), 6.07, 6.88, 7.22, 7.35, 8.55, 8.60, 9.00, 9.90, 10.30, 10.72,
11.20 m;nmr (CDCI3TMS) 51.38 (s, 3 H, CHJ3), 1.72 (d, J = 1 Hz,
3 H, vinyl CHa), 2.21 (s, 3 H, CH3CO), 2.44 (s, 2 H, vinyl -CH 2),
3.60 (br,s, 1H, OH), 4.80 (m, 2 H, vinyl H); mass spectrum parent
m/e 142.

Anal. Calcd for C84i40 2 C; 67.57; H, 9.92. Found: C, 67.32; H,
9.90.

(d) 9-(2-Methyl-2-propenyl)-9-hydroxy-10-oxoanthracene
(3). The nickel complex (0.28 g, 0.72 mmol) in 15 ml of DMF was
added to the anthraquinone (0.27 g, 1.30 mmol) and the resulting
mixture was stirred at 25° for 48 hr. After routine isolation
(CHCI3) and purification by recrystallization from chloroform-
benzene 0.32 g (92%) of an off-white crystalline solid (mp 174-
175°) was obtained: ir (CHC13) 2.80 (OH), 3.28, 3.32, 3.38, 5.98
(CO), 6.26, 6.87, 7.51, 7.60, 7.79, 7.92, 9.00, 9.80, 10.80, 11.05,12.60,
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14.30 m; nmr (CDCI3TMS) 60.90 (s, 3 H, vinyl CH3), 2.64 (s, 2 H,
vinyl CH2), 3.14 (s, 1 H, OH), 3.82 (m, 1 H, vinyl H), 4.50, (m, 1 H,
vinyl H), 7.2-8.2 (m, 8 H, aromatic H). The relatively highfield ab-
sorption of the methyl allyl group is due to shielding by the ring
current effect in the aromatic portion of the molecule.

Anal. Calcd for Ci8Hi60 2 C, 81.79; H, 6.10. Found: C, 81.72; H,
6.23.

&) |-(2-Methyl-2-propenyl)cyclohexanol. cyctonexanone
(0.098 g, 1.00 mmol) was added to the nickel complex (0.33 g, 0.85
mmol) and the resulting mixture was stirred for 24 hr at 50°. After
routine isolation and evaporative distillation (80° (0.5 mm)) 0.12 g
(70%) of a colorless liquid was obtained: ir (neat) 2.90 (OH), 3.42,
3.52, 6.10, 6.93, 7.30, 7.95, 8.21, 8.50, 8.62, 8.78, 9.22, 9.40, 10.30,
11.20 m nmr (CC14TMS) 51.48, (br, s, 10 H, ring CH2), 1.80 (d, J
= 1.0 Hz, 3 H, vinyl CH3), 2.11 (s, 2 H, vinyl CH2), 4.68 (m, 1 H,
vinyl H), 4.84 (m, 1 H, vinyl H). This material was identical in all
respects to authentic material prepared by a Reformatsky7 type
reaction.

(f) 5a-Cholestan-3-(2-methyl-2-propenyl)-3-ol (4). A solu-
tion of ir-2-methallylnickel bromide (0.32 g, 0.83 mmol) in 10 ml of
DMF was added to a suspension of 5a-cholestan-3-one (0.29 g, 0.75
mmol) in 10 ml of DMF, and the resulting mixture was stirred at
55° for 40 hr. After routine isolation and purification by prepara-
tive layer chromatography (Si gel, 5:1 pentane-ether, three devel-
opments, Rt 0.70) 0.23 g (70%) of a white crystalline solid (mp
120-121°) was obtained: ir (CHC13) 2.72, 2.80, 2.82 (OH), 3.34,
3.38, 3.42, 3.50 (CH), 6.10, 6.82, 6.92, 7.22, 7.40, 8.10, 8.65, 9.00,
9.30, 9.60, 11.00, 12.60, 14.10 m nmr (CDCI3TMS) 50.64 (s, 3 H,
Cis methyl), 0.73 (s, 3 H, C19methyl), 0.85 (d, 6 H, J = 6.0 Hz, C>
methyls), 0.86 (d, 3 H, J = 6.0 Hz, C20 methyl), 0.98-1.90 (m, 31 H,
ring and chain -CH 2, -CH-), 1.81 (d, 3H, J = 1.0 Hz, vinyl CH3),
211 (s, 2 H, vinyl CH2), 4.80 (m, 2 H, vinyl H).

Anal. Calcd for C3iHX0 : C, 84.09; H, 12.29. Found: C, 84.09; H,
12.22.

The nmr of the crude material showed about 10% of the other
hydroxy isomer, but amounts insufficient for characterization were
recovered from the chromatography plate.

(@ 5a-Androstan-3-(2-methyl-2-propenyl)-3-hydroxy-17-
one (5). A solution of x-2-methallylnickel bromide (0.39 g, 1.01
mmol) in 10 ml of DMF was added to 5a-androstan-3,17-dione
(0.29 g, 1.00 mmol) in 10 ml of DMF and the mixture was stirred at
55° for 40 hr. After routine isolation and purification by prepara-
tive layer chromatography (Si gel, 3:1 ether-pentane, three devel-
opments, Rf 0.80) 0.32 g (92%) of a white crystalline solid (mp
155-158°) was obtained: ir (CHC13), 2.80 (OH), 3.41, 3.50 (CH),
5.80 (CO of cyclopentanone), 6.10, 6.80, 6.89, 7.11, 7.28, 8.00, 8.92,
9.20, 9.90, 11.08 M The nmr spectrum of this material shows it to
be a 2:1 mixture of 3a hydroxy and 3(3 hydroxy isomers. This mix-
ture was not separable in our hands. The spectrum of the mixture
is nmr (CDC13TMS) 60.79 (s, 2 H, C19 methyl of 3a hydroxy iso-
mer), 0.88 (s, 4 H, Cis methyl of both isomers, and C19methyl of 33
hydroxy isomer), 1.00-2.40 (m, 22 H, ring -CH?2 and -CH-), 1.83
(d, 3H,J = 1.0 Hz, vinyl CH3), 2.18 (s, 1.33 H vinyl CH2of a hy-
droxy isomer), 2.30 (s, 0.67 H, vinyl CH2 of B hydroxy isomer),
4.88, (m, 2 H, vinyl H).

Anal. Calcd for CBH30 2 C, 80.18; H, 10.53. Found: C, 80.00; H,
10.62.

The C19 methyl absorption of 5a-androstane appears at 5 0.79,
while that of 5a-androstan-3(3-hydroxy-17-one appears at $0.84.19

(h) I-(2-Methyl-2-propenyl)cyclohex-2-en-l-ol. Cyclohexe-
none (0.096 g, 1.00 mmol) was added to the nickel complex (0.44 g,
I. 13 mmol) in 15 ml of DMF and the resulting mixture was stirred
for 96 hr at 55°. After routine isolation and purification by evapo-
rative distillation (50° (0.1 mm)) 0.10 g (58%) of a colorless liquid
was obtained: ir (neat) 2.90 (OH), 3.25, 3.32, 3.41, 3.50, 3.52 (CH),
6.23, 6.28, 6.62, 6.75, 6.90, 7.20, 7.91, 8.08, 8.56, 9.30, 9.80, 10.40,
1. 22, 13.10, 13.50, 14.40 M nmr (CCU-TMS) 51.66 (br s, 4 H, ring
CH2), 1.80 (d, J = 1.0 Hz, 3 H, vinyl CH3 of allyl), 1.84 (m, 2 H,
ring vinyl CH2), 2.21 (s, 2 H, vinyl CH2of allyl), 2.60 (s, 1 H, OH),
475 (m, 2 H, vinyl H of allyl), 5.68 (s, 2 H, ring vinyl H). This ma-
terial was identical in all respects to authentic material prepared
by a Reformatsky type reaction.7

(i)  4-Pregnen-3-(2-methyl-2-propenyl)-3-hydroxy-20-one
(6). A solution of #-2-methallylnickel bromide (0.32 g, 0.83 mmol)
in 10 ml of DMF was added to a suspension of progesterone (0.20
g, 0.65 mmol) in 10 ml of DMF and the resulting mixture was
stirred at 55° for 48 hr. After routine isolation and purification by
preparative layer chromatography (Si gel, 2.1 pentane-ether, R{
0.60) 62 mg (77% based on starting material consumed) of a white
crystalline solid (mp 161-162°) was obtained: ir (CHC13) 2.70, 2.80,
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2.90 (OH), 3.35, 3.37, 3.42, 5.89 (C=0), 6.90, 7.22, 7.30, 7.40, 8.20,
8.90, 9.30, 9.58, 10.80, 11.00, 11.80, 12.60, 14.20, 14.80 it; nmr
(CDCI3TMS) b0.61 (s, 3 H, Cis methyl), 1.03 (s, 3 H, Ci9methyl),
0.9-2.4 (m, 20 H, ring-CH2 and -CH-), 1.82 (d, 3H,J = 1.0 Hz,
vinyl methyl), 2.10 (s, 3 H, CH3CO on C17), 2.26 (s, 2 H, vinyl
CH2), 4.82 (m, 2 H, vinyl H on methallyl chain), 5.18 (s, 1 H, C4
vinyl H).

Anal. Calcd for C25H3802 C, 81.03; H, 10.34. Found: C, 81.14; H,
10.18.

From spectra this is a single epimer, and unequivocal assign-
ment of structure was not possible. Progesterone (0.14 g) was re-
covered from Rf 0.40 band, indicating ~50% conversion for this
reaction.

(i) 2-Methyl-4-hydroxy-4-(2-naphthyl)pent-lI-ene.  The
nickel complex (0.36 g, 0.93 mmol) in 15 ml of DMF was added to
the 2-acetonaphthone (0.16 g, 0.93 mmol) and the resulting mix-
ture was stirred at 25° for 48 hr. After routine isolation and purifi-
cation by preparative layer chromatography (alumina, 6:1 ben-
zene-ether, two developments, R( 0.61) 0.18 g (80%) of a colorless
oil was obtained: ir (neat) 2.90 (OH), 3.28, 3.36, 3.42 (CH), 6.10,
6.25, 6.66, 6.90, 7.28, 7.45, 7.86, 8.95, 9.20, 9.40, 10.70,11.20,11.72,
12.30.13.40 M nmr (CDC13TMS) 51.40 (d, J = 1.0 Hz, 3 H, vinyl
CH3J), 152 (s, 3 H, CH3COH), 2.35 (s, 1 H, OH), AB quartet bA
2.40, (b 2.69, (Jab = 14.0 Hz, 2 H, vinyl CH2), 4.73 (m, 2 H, vinyl
H), 7.2-7.9 (m, 7 H, aromatic); mass spectrum, parent m/E 226,
208 (P - H20), 171 (P - methallyl), 155 (naphthyl - CO+), 127
(naphthyl+).

Anal. Calcd for CieH180: C, 84.91; H, 8.02. Found: C, 84.62; H,
8.02.

(K) 2,4-Dimethyldec-l-en-4-ol. The 2-octanone (0.13 g, 1.00
mmol) was added to the the nickel complex (0.44 g, 1.13 mmol) in
10 ml of DMF and the resulting mixture was stirred at 55° for 96
hr. After routine isolation and purification by evaporative distilla-
tion (75° (0.1 mm)) 0.087 g (50%) of a colorless liquid was ob-
tained: ir (neat) 2.90 (OH), 3.39, 3.41, 3.51 (CH), 6.10, 6.86, 7.28,
7.92, 9.00, 9.80, 11.22, 12.40 it; nmr (CCI4TMS) 50.95 (m, 3 H,
CH3C), 1.10 (s, 3 H, CH3COH), 1.32, (br s, 10 H, -CH*-), 1.82 (s,
3 H, vinyl CHJ3) 2.15 (s, 2 H, vinyl CH2), 4.78 (m, 2 H, vinyl H). A
portion was collected from glpc (6 ft X 0.25 in. 10% Carbowax 4000
on Chromosorb P 80/100 AWDMCS, 155°, 2.6 mm) for elemental
analysis.

Anal. Calcd for C12H240: C, 78.20; H, 13.12. Found: C, 78.41; H,
13.03.

() 2-Methyldec-l-en-4-ol. n-Heptaldehyde (0.19 g, 1.65
mmol) was added to the nickel complex (0.37 g, 0.96 mmol) and
the resulting mixture was stirred at 50° for 24 hr. After routine iso-
lation and evaporative distillation (0.1 mm, 70°) 0.20 g (71%) of a
colorless liquid was obtained: ir (neat) 2.93 (OH), 3.22, 3.34, 3.38,
3.48 (CH), 6.06 (C=C), 6.72, 6.83, 7.25, 8.85, 9.20, 9.40, 9.70, 10.33,
11.10 M nmr (CCI4TMS) b 0.86 (m, 3 H, CH3), 1.36 (m, 10 H,
-CH2), 1.78 (s, 3 H, vinyl CH3), 2.08 (m, 2 H, vinyl -CH2-), 3.60
(m, 1 H, CHOH), 4.80 (m, 2 H, vinyl H); mass spectrum, parent
m/e 170. This material was identical to authentic material pre-
pared by a Reformatsky type reaction.7

Reaction with x-11-Dimethylallylnickel Bromide, (a) With
Benzil. The nickel complex (0.24 g, 0.58 mmol) in 15 ml of DMF
was added to the benzil (0.23 g, 1.16 mmol) and the resulting mix-
ture was stirred for 20 hr at 25°. After routine isolation and purifi-
cation by preparative layer chromatography (Si gel, 10:1 pentane-
ether, three developments) two major products were obtained.

Compound 1: Rf0.78; 77 mg (28%) of white solid; ir (CHCI3) 2.85
(OH), 3.26, 3.28, 3.31, 3.38, 3.41, 3.51 (CH), 5.95 (CO), 6.12, 6.29,
6.35, 6.71, 6.77, 6.81, 6.92, 7.08, 7.22, 7.35, 7.52, 7.67, 7.81, 7.90,
8.20, 8.41, 9.18, 9.29, 9.70, 10.00, 10.50, 10.80, 11.80, 12.42, 12.70,
13.50,14.00,14.58,15.30 it; nmr (CDCI3TMS) S1.09 (s, 3 H, CH3),
1.31 (s, 3 H, CH3), 3.05 (s, 1 H, OH), 4.95-5.40 (m, 2 H, C=CH2),
6.0-6.50 (m, 1 H, =CH), 7.10-7.60 (m, 10 H, aromatic); mass spec-
trum, parent m/e 280, 263 (P - OH), 175 (P - PhCO), 106
(PhCHO), 78 (PhH).

This material is 3,3-dimethyl-1,2-diphenyl-2-hydroxypent-4-
en-l-one from attack on one of the carbonyl groups by the most
substituted position of the allyl group.

Compound 2: Rf 0.50; 154 mg (57%) of white solid; ir (CHC13)
2.90 (OH), 3.29, 3.35, 3.42, 3.50 (CH), 5.96 (C=0), 6.25, 6.35, 6.70,
6.90, 7.26, 7.40, 8.10, 8.50, 9.00, 9.36, 9.80,10.60,13.20,14.10,14.38,
14.40
vinyl CH3), 3.00 (m, 2 H, vinyl CH2), 5.12 (m, 1 H, vinyl H), 7.18-
7.80 (m, 10 H, aromatic); mass spectrum, parent m/e 280, 263 (P —
OH), 212, 175 (P - PhCO), 105 (PhCO+). This material is 1,2-di-
phenyl-2-hydroxypent-4-en-l-one.
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Reactions with x-(2-Carbethoxyallyl)nickel Bromide. Be-
cause this complex was less reactive and thermally less stable than
the other complexes studied, it was necessary to use excess com-
plex, heat the reaction mixtures to 50°, and separate the desired
a-methylene-y-butyrolactones from the diester resulting from cou-
pling of the allyl ligands.

(a) a-Methylene-7 -phenyl-y-butyrolactone (7a).1420 Benzal-
dehyde (0.12 g, 1.16 mmol) was added to the nickel complex (0.62
g, 1.16 mmol) in 15 ml of DMF and the resulting mixture was
stirred at 25° for 24 hr. After routine isolation and purification by
preparative layer chromatography (Si gel, 2:1 pentane-ether, two
developments, Rf0.36) 0.17 g (85%) of a white crystalline solid (mp
55-56°) was obtained: ir (CHC13) 3.22, 3.25, 3.31, 3.36, 3.40 (CH),
5.64 (lactone C==0), 6.00 (C=C), 6.66, 6.84, 6.96, 7.13, 7.26, 7.68,
7.81, 8.00, 8.50, 8.86, 9.25, 9.77, 10.00, 10.20, 10.55, 10.70, 12.30,
13.25, 14.30 m nmr (CDCI3TMS) b 2.6-3.7 (m, 2 H, /S-CH2), 5.50
(d ofd, J's = 6.6 and 8.0 Hz, 1 H, PhCHO), 5.66 (d ofd, J's = 2.6
and 3.0 Hz, 1 H, =CH), 6.23 (d of d, J’'s = 2.6 and 3.0 Hz, 1 H,
=CH), 7.35(s, 5 H, Ph).

Anal. Calcd for CnHi002 C, 75.84; H, 5.79. Found: C, 75.68; H,
5.94.

(b) a-Methylene-7-H-hexyl-Y-butyrolactone (7b). n-Heptal-
dehyde (0.10 g, 0.9C mmol) was added to the nickel complex (0.47
g, 0.90 mmol) in 15 ml of DMF and the resulting mixture was
stirred at 25° for 28 hr. After routine isolation and purification by
preparative layer chromatography (Si gel, 2:1 pentane-ether, two
developments, Rf 0.58) 0.13 g (76%) of a colorless liquid was ob-
tained: ir (neat) 3.39, 3.41, 3.50 (CH), 5.69 (lactone C- -()), 6.01
(C=C), 6.82, 6.92, 7.16, 7.24, 7.82, 7.99, 8.70, 8.95, 9.90, 10.65,
11.38.12.28.13.62 n: nmr (CDCI3TMS) b0.90 (m, 3H, CH3), 1.30
(m, 10 H, -CH?2-), 2.14-3.37 (m, 2 H, d-CH2), 4.50 (m, 1 H, 7-CH),
5.62
2.6 and 3.0 Hz, 1H, C=CH); mass spectrum, parent m/e 182.

Anal. Calcd for CnHi8 2 C, 72.49; H, 9.95. Found: C, 72.63; H,
9.67.

(c) 7-Methyl-a-Methylene-7-phenyl-7-butyrolactone (7c).
Acetophenone (0.15 g, 1.27 mmol) was added to the nickel complex
(0.64 g, 1.27 mmol) in 15 ml of DMF and the mixture was stirred at
55° for 24 hr. After routine isolation and purification by prepara-
tive layer chromatography (Si gel, 2:1 pentane-ether, two develop-
ments, Rf 0.60) 0.20 g (83%) of a colorless liquid was obtained: ir
(neat) 3.23, 3.27, 3.29, 3.36, 3.42 (CH), 5.67 (lactone C=0), 6.00
(C=C), 6.24, 6.67, 6.90, 7.14, 7.24, 7.80, 7.92, 8.25, 8.95, 9.18, 9.49,
10.45, 10.80, 11.20, 12.60, 13.00, 14.30 n; nmr (CDC13TMS) b 1.68
(s, 3H, CHJ), 3.13 (d of d, J's = 1.0 and 3.0 Hz, 2 H, d-CH?2), 5.69
(d ofd,J’s = 1.0and 3.0 Hz, 1 H, C=CH), 6.18 (d of d, J's = 1.0
and 3.0 Hz, 1 H, C=CH), 7.20 (s, 5 H, Ph); mass spectrum, parent
m/e 188.

Anal. Calcd for C12Hi20 2 C, 76.57; H, 6.43. Found: C, 76.35; H,
6.23.

(d) a-Methylene-7 -spirocyclohexane-Y-butyrolactone (7d).
Cyclohexanone (0.13 g, 1.30 mmol) was added to the nickel com-
plex (0.69 g, 1.30 mmol) in 15 ml of DMF and the mixture was
stirred at 25° for 24 hr. After routine isolation and purification by
preparative layer chromatography (Si gel, 2:1 pentane-ether, two
developments, Rf 0.55) 0.17 g (80%) of a colorless liquid was ob-
tained: ir (neat) 3.40, 3.50 (CH), 5.67 (lactone C=0), 6.01 (C=C),
6.15, 6.90, 7.16, 7.28, 7.62, 7.84, 7.92, 8.08, 8.35, 8.75, 9.05, 9.65,
10.35, 10.60, 11.20, 11.35, 11.50, 12.25, 13.35 it; nmr (CDC13TMS)
b 1.63 (m, 10 H, cyclohexyl CH2), 2.74 (t,J = 3.0 Hz, 2 H, d-CH?2),
5.62 (d of t, J's = 25 and 0.3 Hz, 1 H, C=CH), 6.17 (d of t, J's =
3.0 and 0.3 Hz, 1H, C=CH); mass spectrum, parent m/e 166.

Anal. Calcd for Ci0HuO2 C, 72.26; H, 8.49. Found: C, 72.23; H,
8.53.

(e) 7 -Benzoyl-a-methylene-7 -phenyl-7 -butyrolactone (7e).
The nickel complex (0.60 g, 1.18 mmol) in 20 ml of DMF was
added to benzil (0.36 g, 1.72 mmol) and the mixture was heated at
50° for 24 hr. After routine isolation and purification by prepara-
tive layer chromatography (Si gel, 7:1 pentane-ether, two develop-
ments, Rf 0.30) followed by recrystallization from hexane-ether
0.32 g (68%) of a white crystalline product (mp 64-65°) was ob-
tained: ir (CHC13) 3.25, 3.28, 3.30, 3.40 (CH), 5.61 (lactone C=0),
5.92 (ketone C=0), 6.25, 6.30, 6.65, 6.89, 7.80, 8.60,9.25, 9.55,9.92,
10.50, 11.50, 12.00 n: nmr (CDC13TMS) b3.00 (d, J = 16 Hz, 1 H,
d-CHz), 4.24 (d, J = 16 Hz, 1 H, /3-CH2), 5.64 (m, 1 H, vinyl H),

m nmr (CDCI3TMS) 6 1.41 (s, 3 H, vinyl CH3), 1.66 (s, 3 H6-24 (m, 1 H, vinyl H), 7.42 (m, 8 H, aromatic), 8.00 (m, 2 H, aro-

matic).
Anal. Calcd for C18Hi40 3 C, 76.68; H, 5.07. Found: C, 76.89; H,

5.07.
® o-Methylene-7 -(3-spiro-s a-cholestane)-7 -butyrolac-

(dofd,J's=26and 3.0 Hz, 1H, C=CH), 6.16 (d ofd, J
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tone (8). The nickel complex (0.40 g, 0.75 mmol) in 15 ml of DMF
was added to 5a-cholestan-3-one (0.30 g, 0.78 mmol) and the re-
sulting mixture was stirred for 24 hr at 25°. After routine isolation
the mixture was purified by preparative layer chromatography (Si
gel, 10:1 pentane-THF, two developments) and gave three major
bands.

Band 1: rRf 0.61; 0.091 g of white solid; unreacted 5a-cholestan-
3-one by ir, nmr, and melting point.

Band 2: Rf 0.53; 0.104 g (42%) of white crystalline solid; mp
155-156.5°; ir (CHC13) 3.41, 3.48 (CH), 5.68 (lactone C=0), 6.01
(C=C), 6.78, 6.82, 6.90, 7.11, 7.20, 7.28, 7.35, 7.49, 7.56, 7.70, 8.05,
8.25, 8.50, 8.60, 8.75, 8.90, 9.10, 9.90, 10.20, 10.55 n; nmr (CDC13
TMS) 50.65 (s, 3 H, Cis methyl), 0.85 (s, 3 H, C19 methyl), 0.86 (d,
6 H,J - 6.0 Hz, C%5 methyls), 0.90 (d, 3 H, J = 6.0 Hz, /20 meth-
yl), 279 (t, 2 H, J = 2.4 Hz, /3CH2in lactone), 558 (t, 1 H,J = 2.4
Hz, C=CH), 6.20 (t, 1 H, J = 2.4 Hz, C=CH). This is the isomer
in which the lactone oxygen is /3, resulting from attack on the a
face, as evidenced by the deshielding of the C19 methyl2l peak as
well as the peak of the lactone BCH2group,5 relative to the other
isomer.

Anal. Calcd for C31H5002 C, 81.88; H, 11.08. Found: C, 82.01; H,
11.11.

Band 3: rRf 0.45; 0.123 g (49.5%) of white crystalline solid; mp
209-210°, ir (CHCI3) 3.39, 3.47 (CH), 5.68 (lactone C=0), 6.01
(C=C), 6.80, 6.90, 6.95, 7.11, 7.21, 7.32, 7.69, 7.80, 7.90, 8.08, 8.25,
8.80, 8.91, 9.65, 10.05, 10.30, 10.51, 11.00, 11.10 m; nmr (CDCI3
TMS) 50.65 (s, 3 H, Cis methyl), 0.80 (s, 3 H, C19methyl), 0.86 (d,
J = 6.0 Hz, 6 H, C2 methyls), 0.90 (d, J = 6.0 Hz, 3 H, C2 meth-
yl), 2.67 (t,J = 2.6 Hz, 2 H, 0-CH2in lactone), 5.58 (t, J = 2.6 Hz,
1H, C=CH), 6.20 (t, J = 2.6 Hz, 1 H, C=CH). This is isomer in
which the lactone oxygen is a, resulting from attack of the /? face,
as evidenced by the chemical shift of the C19 methyl and the lac-
tone /S-CH2group relative to the other isomer.

Anal. Calcd for C31H5002 C, 81.88; H, 11.08. Found: C, 81.68; H,
11.24.

Q) a-Methylene-7-(3-spiro-5a-androstan-17-one)-'y-butyr-

olactone (9). The nickel complex (0.98 g, 1.94 mmol) in 15 ml of
DMF was added to 5«-androstane-3,17-dione (0.30 g, 1.10 mmol)
and the resulting mixture was heated at 50° for 22 hr. After rou-
tine isolation, the desired product was separated from the diester
(resulting from coupling of the allyl ligand) by passing through a
short column of Si gel. The diester was eluted with 10:1 pentane-
THF, and the product lactone eluted with chloroform: yield 0.26 g
(76%) of white crystalline solid; ir (CHCI3) 3.40, 3.48, 3.50, 5.67
(lactone CO), 5.75 (cyclopentanone CO), 6.00 (C=C), 6.86, 6.95,
7.10, 7.25, 7.30, 7.59, 7.75, 7.89, 8.05, 8.25, 8.50, 8.78, 9.40, 9.60,
9.71, 9.85, 10.10, 10.51, 11.00, 12.00, 12.20 g; nmr (CDCI3TMS) 6
0.83 (s, 6 H, Cis and C19 CH3), 1.0-2.0 (m, 20 H, ring CH2), 2.20

Hegedus, Wagner, Waterman, and Siirala-Hansen

(m, 2H, CH2CO), 2.80 (m, 2 H, lactone /?-CH2), 5.65 (m, 1 H, vinyl
H), 6.22 (m, 1 H, vinyl H). (Inseparable mixture of epimers.)

Anal. Calcd for C3H303: C, 77.49; H, 9.05. Found: C, 77.30; H,
9.12.
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Grignard reagents are coupled with alkenyl halides such as 1-bromopropene and /3-bromostyrene in the pres-
ence of catalytic amounts of iron(l11) complexes to afford alkenes. This cross-coupling reaction can be employed
as a synthetic route for alkenes, in which primary, secondary as well as tertiary alkyl groups like isopropyl, cyclo-
hexyl, and tert-butyl Grignard reagents are utilized. The reaction is stereospecific since trans-1-bromopropene
affords only trans-butene-2 with methylmagnesium bromide and iron(l11) pivalate. Furthermore, the rearrange-
ment of branched alkyl groups such as tert-butyl has not been observed with an iron catalyst. Among various
iron(111) complexes examined, tris(dibenzoylmethido)iron(l11) is the most effective from the standpoint of rates
and deactivation. Product and spectral studies suggest that the active catalyst is a labile iron species derived by
reduction of iron(l11) in situ by the Grignard component. High rates of cross coupling are limited by deactivation
of the catalyst due to an aging process attributed to aggregation of the active iron species. Several mechanistic
schemes are considered for cross coupling including (a) oxidative addition of alkenyl halide to a low valent alkyli-
ron species followed by reductive elimination of the cross-coupled product and (b) assistance by reduced iron in
the concerted displacement of halide at the alkenyl center by the Grignard reagent.

Olefins are produced from the cross-coupling reaction 1
between Grignard reagents and alkenyl halides in the.pres-

RMgX + > = < R+ MgX2 @)
ence of catalytic amounts of ferric chloride.1 Thus, n-pro-
pylmagnesium bromide and vinyl bromide in tetrahydrofu-
ran (THF) afford pentene-1. cis- and trans-1-propenyl
bromide are converted stereospecifically into cis- and
trans-butene-2 in the presence of methylmagnesium bro-
mide and 10”4 M ferric chloride.
~Br
,CH3-I- MgBr2 (2a)

FeCl
CH;IMgBr( ? /=\

%—» /~\ CH3+ MgBr2  (2b)

Catalysis of the cross coupling reaction 1 occurs with a
reduced iron species, since it can be shown in separate ex-
periments2 that iron(ll, 111) chlorides rapidly oxidize alkyl-
magnesium halides to afford a soluble form of iron, togeth-
er with alkane and alkene. This soluble iron species is capa-
ble of catalyzing the cross-coupling reaction, but its effec-
tiveness is decreased markedly simply on standing. Deacti-
vation of the iron catalyst has been attributed to aggrega-
tion of the reduced iron species. In this report, we wish to
examine the use of other iron complexes as more effective
catalysts, particularly with respect to aging, and to extend
the utility of the cross-coupling reaction to Grignard re-
agents containing secondary and tertiary alkyl groups.

Results

Examination of Iron(l1l) Complexes as Catalyst
Precursors. The cross-coupling reaction between 1-bro-
mopropene and methylmagnesium bromide was used as a
model for testing the effectiveness of various iron(l11) com-
plexes under a standard set of conditions given in Table I.
The optimum concentration of the iron(l11) complexes for
these screening experiments was determined by varying the
concentration of ferric chloride from 2 X 10-5 M, where the
rate was too slow, to 4 X 10-3 M, at which point aging (to
be discussed later) severely restricted the production of bu-
tene-2. All of these studies were carried out by adding an
excess of neat L-bromopropene to a standard solution of
methylmagnesium bromide and iron(lll) complex which
had previously been stirred for 5 min.

Table |
Iron(l11) Complexes as Catalyst Precursors*

Run Iron(111) complex6 Conversion, %c
1" 25

N % %

3e H:QS 20

4e 27

5 -e CF HCOCF33 25
6f 57
: fﬁ%& %
& >99

“In THF containing 0.12 M CH3MgBr, 0.35 M bromopropene.
h4.11 x 10 4 M. c% completion of reaction within 45 min at 25°;
100% implies all CH3MgBr consumed.dTHF, 34 ml.e THF, 17 ml.
fTHF, 8.5 ml.

Butene-2 accounted for more than 97% of all the prod-
ucts formed in the reaction, with small amounts (1- 2%) of
propene as a side product. Traces of isobutylene derived
from the 2-bromopropene impurity in the starting materi-
al, as well as methane and ethane produced during the gen-
eration of the catalyst (vide infra), were the only other
products observed.

The data in Table I clearly show that the conversion
(rate) into butene-2 is highly dependent of the structure of
the iron(lll1) compound.3 Fe(IH) complexes containing fi-
diketonate ligands in all or most of the coordination sites of
iron(111) were the most effective. The color changes occur-
ring during the course of reaction are noteworthy. The
iron(l11) complexes in THF solution varied from red to or-
ange. Addition of the colorless Grignard reagent caused an
immediate change to clear yellow, whereupon the reaction
mixture gradually turned darker until at the end of the
reaction it became clear gray-black, with a slight tendency
toward yellow depending on the iron(l1l) compound em-
ployed. However, with tris(dibenzoylmethido)iron(l11) the
wine-red solution of iron(l1l) became lime-green immedi-
ately upon addition of the Grignard reagent and then grad-
ually turned more gray as the reaction proceeded. The so-
lutions in all cases are unstable to air and water. They lose
color and activity slowly when exposed to air and quite rap-
idly with water, giving clear homogeneous solutions.

Kinetics. Two related types of kinetic behavior are ob-
served in the cross-coupling reaction depending on the
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Figure 1. Formation of butene-2 from the cross-coupling reaction with 3.5 X 10-3 mmol of Fe(DPM)3 using (a) 1.5 mmol of CH3MgBr and
0.5 mmol of BrCH=CHCHS3; additional 0.5 mmol of 1-bromopropene added at arrow; (b) 0.5 mmol of CH jMgBr and 1.5 mmol of

BrCH=CHCH3; additional 0.26 mmol of CH3VigBr added at arrow.

iron(l11) complex. With the active catalyst derived from
tris(dipivaloylmethido)iron(l11), Fe(DPM)3, the rate of for-
mation of butene-2 is zero order in Grignard reagent after a
very short initial period. In the presence of excess 1-bromo-
propene, this reaction stops abruptly when the méthylmag-
nésium bromide is consumed. The reaction continues una-
bated when more Grignard reagent is added as shown in
Figure 1. The reaction is first order in 1-bromopropene in
the presence of excess méthylmagnésium bromide, and it
can be carried to higher conversions by adding more 1-bro-
mopropene after the first aliguot has been consumed.
Fe(DBM)3 shows similar behavior to Fe(DPM)3.

Iron(l11) pivalate, Fe(Pv)3, is less active than either
Fe(DBM)3 or Fe(DPM)3, and the conversion of methyl-
magnesium bromide is not complete even in the presence of
a large excess of 1-bromopropene. Furthermore, the addi-
tion of more Grignard reagent to the reaction mixture has
no effect. More butene-2 is formed only if additional
Fe(Pv)3 is added.

Aging the Catalyst. We attributed the foregoing differ-
ence in the kinetic behavior between Fe(DBM)3 and
Fe(Pv)3 to the irreversible deactivation of the catalytic
species during the course of reaction. To test this hypothe-
sis, we varied the time of mixing the iron(l11) complex with
méthylmagnésium bromide before the addition of 1 -bromo-
propene. If the time of mixing was less than 5 min, which
was carried out by reversing the order of addition of méth-
ylmagnésium bromide and 1-bromopropene (i.etm s 0),
we otained more or less the same results as those in Table I.
All of the Fe(lll) complexes except one showed a dimin-
ished conversion into butene-2 when the aging time was ex-
tended beyond 15 min as shown in Table Il. The single ex-
ception to this trend is Fe(DBM)3, which we also noted as
being anomalous in its color changes during the reaction.
Indeed, the aging time with Fe(DBM)3 could be extended
to as long as an hour without serious deleterious effects.
Further aging produced a sharp retardation of about 90%
which then appeared to remain reasonably constant.

The effects of temperature on aging the catalyst derived

Table 11
Effect of Aging on the Catalyst Activity*
i Con-

Run Fe(111) complex*3 tinég,mrgnin vers(%n,o Egﬁ‘yf\d{%
10e FeCl3 40 2.1 92
li' Fe(Pv)s 15 9.2 87
12/ Fe(acac)3 15 40 56
13’ FeCl3(PPh3 15 12 56
14 Fe(facac)3 15 10 60
15 Fe(acac)Cl2 15 12 79
16’ Fe(acac)2Cl 15 6 94
17 Fe(DPM)s 15 4 94
&% Fe (DBM)3 15 >99 0

“In THF solutions containing 0.12 M CHsMgBr and 0.35 M
BrCH=CHCH3. b4.11 X 10 4, Pv = pivalate, acac = acetylace-
tonide, facac = hexafluoroacetylacetonide, DPM = dipivaloyl-
methide, DBM = dibenzoylmethide. c% reaction at 45 min.
dRelative to resultsinTable l.e THF, 34 ml.f THF, 17ml. gTHF,
8.5 ml.

in situ from Fe(acac)3 is illustrated in Figure 2. At 25°, the
catalytic activity falls off rapidly as the time of mixing is
increased. However, the rate of conversion at 1° reaches a
maximum at about 25 min. The decreased conversions be-
yond 30 min are similar to those found at 25°. Thus, a de-
crease in temperature serves only to displace the curve in
Figure 2 to longer times. We interpret the slower rates of
reaction observed at short mixing times and low tempera-
tures to the rather slower rate of reduction of Fe(acac)3 by
Grignard reagent at this temperature. Deactivation or
aging appears to be a subsequent step which is only slightly
affected by cooling.

We attribute the lower conversions obtained from other
iron(111) complexes listed in Table | to a similar deactiva-
tion of the catalytic species. Aging is largely irreversible,
since the addition of more Grignard reagent or bromoalk-
ene is without noticeable effect. Higher conversions to bu-
tene-2 under such conditions can only be achieved by the
addition of more iron(l11) complex.
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AGEING TIME , min.
Figure 2. Effect of aging time on the conversion of 0.35 M 1-bro-

mopropene and 0.12 M méthylmagnésium bromide to butene-2 at
25° (=) and 1° (O) using 4.1 X 10-4 M Fe(acac)a.

Figure 3. (a) Visible absorption spectrum of 1 X 10-3 M
Fe(DBM)3in 0.7 ml of THF; (b) after addition of 0.2 M isopropyl-
magnesium bromide in 1.0 ml of THF to a; (c) after addition of 0.3
mmol of BrCH=CHCH3to b.

If aging of the catalytic species is due to aggregation, a
change in coordination around iron by a free ligand in solu-
tion could retard deactivation. Several neutral ligands list-
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Table 111
Effect of Neutral Ligands on Aging*

h . . Aging.  Conver-  Retarda-

Fe(m) complexo Ligando time, min  sion, % tion, %

Fe(Pv)3 PPh3 5 35). 46

Fe(Pv)3 PPh3 15 190

Fe (Pv)3 DPPE 5 53)

Fe(Pv)3 DPPE 15 5\ 91

Fe(acac)3 PPh3 5 63)> 86

Fe(acac)3 PPh3 45 8)

Fe(acac)3 DPPE 5 28)

Fe(acac)3 DPPE 45 4_)> 69

“In 18 ml, THF containing 0.11 M CH3MgBr and 0.33 M
BrCH=CHCH3.63.9 X 10_4M Fe(m). «3.9 X 10 M free ligand;
DPPE = Ph2PCH2CH2PPh2.

Table IV
Reduction of lron(111) by MéthylImagnésium Bromide*
ch3-
CHgMgBr,  MagBr/ CHs, C2H6.
Iron(in) complex (1o~ inmol) Fe(ll)  (zo~mmol) (102 mmol) 1P
Pe(acac)3 20 4 6.15 1.16 17
Fe(acac)3 30 6 3.41 3.29 2.0
FeCls(PPh3 30 6 4.53 2.48 19
Fe(acac)3 50 10 1.40 3.54 17
Fe(acac)3 125 25 1.96 2.66 15

0In THF solutions containing 5 X 10"2M iron(l11).6n = (CH4
+ 2C2H6)/5.

ed in Table Il were added to iron(l1l) complexes to test
this hypothesis. The results in Table Ill indicate that tri-
phenylphosphine does indeed reduce the aging effect on
Fe(Pv)3, but unfortunately it also reduces the catalytic ac-
tivity. Bisdiphenylphosphinoethane shows a similar effect
on Fe(acac)3.

Studies on the Catalytic lron Species. The foregoing
results indicate that the catalytic species produced from
the reaction of iron(l1l) complexes and méthylmagnésium
bromide is highly labile and strongly discourage attempts
at isolation. The formation of methane and ethane suggest-
ed the following stoichiometric relationship:

Fe(lll) + KCHMGBr — Fe(lll-n) + VCH4 + 7CH6
3

where n - X + 2Y. The determination of the value for n
according to eq 3 could provide information about the oxi-
dation state of the reduced iron species, which is assumed
to be the active catalyst. The experimental determination
of nin Table IV was carried out by carefully measuring the
amounts of methane and ethane evolved during the reac-
tion of Fe(acac)3 with various amounts of méthylmag-
nésium bromide. We tentatively conclude from the results
in Table 1V that Fe(acac)3 is reduced to an Fe(l) species.4
We attempted to exploit the color changes during the
cross-coupling reaction to observe possibly the formation of
metastable reduced iron species. In those catalytic systems
in which yellow solutions were visually observed, no rele-
vant information could be gleaned since the visible spec-
trum of the iron(l111) complex merely disappeared and no
distinctive bands appeared. On the other hand, the reac-
tion of Fe(DBM)s with Grignard reagent is accompanied by
the appearance of a new band at approximately 700 nm.
The absorption spectrum of Fe(DBM)3in THF solution
exhibits two principal bands at 408 nm (e 7550) and 520
(shoulder) as shown in Figure 3. Addition of isopropylmag-
nesium bromide to this solution immediately causes a new
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TableV
Absorption Spectra of Reduced Iron Species from
Fe(DBM)3and Grignard Reagent*

Absorption spectrum, nm

Grignard Reagent Band I (e) Band Il (6)
CHjMgBr 360 (130,000)° 703 (4300)
(CH32CHMgBr 379 708
393

c-CeHItMgBr 379 709
394

CcHjMgBr 386 706

° In THF solution. 6Based on total conversion of Fe(DBM)3.

Table VI
Reduction of Fe(DBM)3and Fe(DBM)2 by
Méthylmagnésium Bromide in THF

Absorption spectrum, Xmax,nm(e)

409(7550), 500(sh)
360(130,000)
704(4300), 655(sh)
Fe(DBM)2 514(4200)
Fe(DBM)2 + CH3aVIgBr 360°
702(4800),650(sh)
° In solutions approximately 10-3 M Fe and 0.2 M CH3MgBr.
bNot determined.

Iron complex*

Fe(DBM)3
Fe(DBM)3 + CHjMgBr

band to appear at 708.5 nm with a shoulder at about 650
nm, and the band at shorter wavelength is shifted to 378
and 393 nm as a doublet. The color is rapidly bleached by
1-bromopropene, but the spectrum does not revert to that
of Fe(DBM)3, showing mainly a band at 355 mm but of
roughly the same molar intensity. The color change is not
simply due to olefinic ir coordination to the iron complex,
since pentene-1 in large excess had no effect on the spec-
trum.

Fe(DBM)3 reacts similarly with other Grignard reagents
listed in Table V. In each case, the band at 700 nm retains
the same features shown in Figure 3, and it is largely unaf-
fected by the Grignard reagent used. Moreover, the absorp-
tions in the short wavelength region of the spectrum also
show pronounced similarities, with the slight exception of
the spectrum resulting from methylmagnesium bromide.
The absence of significant differences in the absorption
spectra of the reduced iron species,4 presumably Fe(l) or
Fe(0), suggest that R groups from the Grignard reagent
may not be tightly coordinated, but more studies are re-
quired to establish this point.

The possibility existed that the spectrum was not that of
an Fe(l) or Fe(0) species but the spectrum of an Fe(ll)
species. In order to resolve this problem, we independently
prepared a sample of bis(dibenzoylmethido)iron(ll) dihy-
drate. The visible absorption spectrum of Fe(DBM)2 in
THF has a principal band at 514 nm which is clearly at
variance with those of either Fe(DBM)3 or the supposed
Fe(l) species. Moreover, addition of methylmagnesium bro-
mide to Fe(DBM)2 resulted in a species whose absorption
spectrum is the same as that derived from Fe(DBM)3
under similar conditions (Table VI). These spectral results
coupled with the stoichiometric value of n in eq 3, are con-
sistent with Fe(l) or Fe(0) species being the catalyst de-
rived from Fe(DBM)3 or Fe(DBM)2 and Grignard reagent.

Stereospecificity of the Cross-Coupling Reaction
Catalyzed by lIron. The coupling of methylmagnesium
bromide and 1-bromopropene is stereospecific when in-
duced by ferric chloride.l1 The demonstration of a similar
stereospecificity was desirable for the more effective iron-
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Ccis-BUTENE-2 , mmol.

Figure 4. Correlation of the rates of formation of cis- and trans-
butene-2 from 0.12 M méthylmagnésium bromide and 0.35 M cis/
trans-1-bromopropene using 4,1 X 10~4M Fe(acac)3.

(111) complexes examined in this study. Thus, a sample of
pure irons-1-bromopropene afforded only trans-butene-2
when treated with methylmagnesium bromide in the pres-
ence of Fe(Pv)3. Similarly, when a mixture of cis- and
trans-1-bromopropene is completely converted into bu-
tene-2 with Fe(Pv)3 it affords the same mixture of cis and
trans isomers as that contained in the reactant.

The stereospecificity of the reaction and the absence of
rearrangement allowed the mixture of cis- and frons-bu-
tene-2 to be used to determine the relative rates of coupling
of the isomers. The formations of cis- and irans-butene-2
are correlated as shown in Figure 4. The competition at low
conversions is kinetically pseudo zero order in bromopro-
pene, and the slope is related to the ratio of second-order
rate constants k jk c by eq 4. With several iron(l1l1) com-

ki/k D= slope [cis]o/[trans]0 4)

plexes listed in Table VII, irans-bromopropene is about
eight times more reactive than the cis isomer.5

Coupling of Alkenyl Halides and Grignard Re-
agents. We extended the cross coupling of primary alkyl-
magnesium halides with vinyl and propenyl bromides to in-
clude secondary and tertiary alkyl and aryl Grignard re-
agents as well as /3-bromostyrene as reactants. Fe(DBM)3
was used to promote all of the cross-coupling reactions list-
ed in Table VIII. In at least two examples, the reported
yields are based on materials isolated from reactions car-
ried out on a preparatory scale. All other yields were deter-
mined by quantitative gas chromatography, but were not
necessarily optimized.

Every reaction proceeded through the same or similar
color changes, going from the wine red of Fe(DBM)3 to an
opaque blue-green on addition of the Grignard reagent.
This solution then cleared instantly and gradually turned
deep amber when the bromo olefin was added. The reac-
tions are exothermic, and those carried out on a prepara-
tive scale generated sufficient heat to cause THF to reflux
if the solutions were not cooled prior to the addition of bro-
mopropene.
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Table VII
Relative Reactivities of cis- and frarcs-Bromopropene*

Iron(111) complex Concn, M Relative rate k""/kc
FeClI3 4 x 10"4 7.4
Fe (Pv)3 4x i(T4 6.4
Fe(acac)3 4 x K)-4 78

aln THF solutions containing 0.35 M bromopropene (69% cis,
31% trans) and 0.12 M CH3MgBr at 25°.

Table VIII
Synthesis of Olefins by the Cross-Coupling Reaction
with Fe(DBM)3a

Products, %k

Grignard reagent

(RMgBr) Alkenyl bromide (R'Br) R-R' RH R(-H) R-R
Ethyl BrCH=CHCH/ 58 12 29 |
Phenyl BrCH=CHPh 32 d 10
Ethyl BrCH— CHPh 59 8 6 5
Isopropyl BrCH=CHCHZ 60 9 10 3
Cyclohexyl BrCH=CHCH/ 54 d d d

45e

teri-Butyl BrCH=CHCHZ  27e d d d

“In 8.5-ml THF solutions containing 0.12 M RMgBr, 0.35 M
bromo olefin, and 4 X 10-4 M Fe(DBM)3. bBased on RMgBr
added. Reaction terminated after 45 min at 25° and products deter-
mined be gas chromatography. ¢ Mixture of cis and trans isomers.
dPresent but not quantitatively analyzed. e Isolated yield.

The cross-coupling reactions listed in Table VIII oc-
curred with no indication of rearrangement of the alkyl
group. Thus, isopropylmagnesium bromide and cis/trans
1-bromopropene afforded only 4-methylpentene-2 as cis
and trans isomers. Hexene-2, expected from the rearrange-
ment of the isopropyl group to the n-propyl group, was not
present (<0.5%). Similarly, the coupling of tert-butylmag-
nesium bromide and 1-bromopropene afforded only 4,4-
dimethylpentene-2, and no isomeric 5-methylhexene-2 re-
sulting from the possible rearrangement of the tert-butyl
group to an isobutyl group during the reaction. Isomeriza-
tion of the bromo olefin was not examined in these studies.
We presume from the results of the earlier experiments,
however, that the mixture of cis and trans olefins arose di-
rectly from the isomeric 1-bromopropenes employed as
reactants.

Discussion

The cross-coupling reaction of Grignard reagents and al-
kenyl halides has several interesting features which merit
some discussion, including the nature of the catalytic iron
species, the specificity, and the stereochemistry of the cou-
pling. Any mechanistic formulation of this process must
take each of these factors into consideration.

The unstable character of the catalytic iron species
shown by this study unfortunately precludes a detailed de-
scription of the mechanism at this juncture. Our studies do
show, however, that the added iron(l11) complexes are rap-
idly reduced by the Grignard component to the catalytical-
ly active species. The contrary notwithstanding, we tenta-
tively suggest that a monomeric iron(l) species is the active
catalyst.4 Aggregation of the active iron species may be re-
sponsible for the deactivation observed on aging the cata-
lyst. In only one case, Fe(DBM)3, were we able to obtain in-
dependent spectral evidence for a reduced iron species as a
discrete entity formed during the reaction with Grignard
reagent.

The kinetic results show that the cross-coupling reaction
is largely independent of the concentration of alkylmag-
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nesium halide. The rate is roughly first order in alkenyl ha-
lide and iron catalyst. There are essentially two catalytic
cycles which can be considered in order to account for our
observations and to form the basis for discussion and fur-
ther study. Schemes | and Il basically differ in the nature
of the propagation sequence.6

Scheme |
Initiation FE(IN) + 2RMgX — " Fe(lj + Rox )
Propagation Fe(l) + RMgX =5 RFe(l)" + MgX+ (6)
RFe()" + R'Br —-» RR'Fe(lll) + Br" (7)
RR'Fe(lll) —> RR' + Fe(l), etc. (8)
Termination wFe(l) — » [Fe()]., 9
Fe(l) » Fe(IH) (10)

The catalytic amounts of iron required for the cross cou-
pling according to the postulate in Scheme | are continual-
ly recycled between several oxidation states in a manner
demonstrated for the gold-catalyzed coupling of alkyl
groups from alkyl halides and Grignard reagents.7 Analo-
gous mechanisms have been suggested for similar reactions
catalyzed by copper, nickel, and rhodium.7-9

In Scheme |, the iron(l1l) complex added as a catalyst
precursor is initially reduced in eq 5 by Grignard reagent.
Alkene, alkane, and alkyl dimers are the usual products of
oxidation Rox of the Grignard component.10 The aspects of
the ensuing propagation sequence in Scheme | which re-
quire further elaboration are (a) the oxidation of the re-
duced iron species in eq 7 and (b) the reduction of iron in
eq 8.

A reaction such as that shown in eq 7 between a reduced
metal species and an organic halide is formally represented
as an oxidative addition.1l Since it represents the metal
complex essentially as a nucleophilic species, conversion
into an anionic complex by coordination with Grignard re-
agent in eq 6 would facilitate the process.1213 Oxidative ad-
dition of alkyl halides to reduced iron species were de-
scribed in previous studies.10 Moreover, the ability of alk-
enyl halides to enter into oxidative addition reactions like
the related aryl halides has been recently described for
nickel(0) and platinum(ll) complexes.1415

The completion of the catalytic cycle in Scheme | re-
quires the reduced iron species to be regenerated in a sub-
sequent step. Reductive elimination of the alkyl and alk-
enyl groups as a cross-coupled product in eq 8 would fulfill
this requirement. An analogous reductive elimination from
trialkylgold(l11) species in eq 11 has recently been demon-
strated.16

RAunI(CHs)2PPh3 — » RCH3 + CHjAU'PPhj (11)

Scheme | differs significantly from the alternative mech-
anism in Scheme Il in one regard, namely the propagation
step. The substitution process in Scheme Il requires the re-
duced iron species to effect substitution by a coordination
mechanism. No oxidation or reduction of the iron is re-

Scheme 11
Propagation Fe(l) + R'Br == Fe(R'Br) (6)
Fe(R'Br) + RMgX —» RR' + MgXBr + Fe(l), etc.

(12)

quired for the one-step process in eq 12, in contrast to the
stepwise mechanism presented in eq 7 and 8. Such a con-
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Table IX
Comparison of Alkyl and Alkenyl Halides in
Iron-Catalyzed Reactions with Méthylmagnésium
Bromide*

Products, %~

Organic halides CH4 C2Hg C2H4 C3H3 C"Hiq C"MHg-2

Ethyl bromide 48 6 41 16 8 0
1-Bromopropene® Trace Trace 0 0 0 100
Ethyl bromide + )
1-Bromopropene)
“In 8.5-ml THF solution containing 0.12 M CH3MgBr, 0.35 M

organic halide, and 4 x 10-4 M Fe(DBM)3. 6Based on CH3MgBr
charged.c Mixture of cis and trans isomers.
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Experimental Section

Materials. Magnesium was kindly provided by Dow Chemical
Co. as triply sublimed metal. Tetrahydrofuran (THF) was sup-
plied in generous quantity by E. I. du Pont and purified by first
treating it with potassium benzophenone ketyl, freeze-pump-thaw
degassing this solution, and vacuum transferring the purified THF
prior to use. 1-Bromopropene (Aldrich Chemical Co.) was purified
by shaking with a saturated NaHCO03solution, drying with calcium
hydride, and distilling the remaining mixture of cis and trans iso-
mers from the 2-bromopropene impurity on a Teflon annular spin-
ning band column. Pure trans-1-bromopropene was supplied by
Chemical Samples Co. All other commercially available reagents
were purified by published methods before use unless otherwise
noted.22

Grignard Reagents. All Grignard reagents were prepared in
the usual manner by adding a solution of alkyl halide in THF to an
excess of magnesium shavings and allowing the reaction to go to
completion under reflux. The molarity of the Grignard reagents
was determined by one of two methods. If the hydrolysis product
of the Grignard reagent was a gas, a known volume of the Grignard
reagent was hydrolyzed with a 10% sulfuric acid solution, and the
alkane liberated as a gas was determined by quantitative gas chro-
matography. If the hydrolysis product ofthe Grignard reagent was
not a gas, a known volume of Grignard reagent was added to a
known excess amount of standard sulfuric acid. The unconsumed
acid was then back-titrated with standard sodium hydroxide solu-
tion.

Iron(111) Complexes. Ferric chloride was commercially avail-
able (Fisher Scientific) and dehydrated by azeotropic distillation
with benzene prior to use.

Ferric pivalate was generously provided by E. I. du Pont Co.
and used without further purification.

Ferric acetylacetonate was commercially available material
(Shepard Chemical) and purified by recrystallization from abso-
lute ethanol; visible spectrum: Amrex 354, 436 nm.

Ferric chloride-triphenylphosphine [FeCI(PPh3)] was pre-
pared by the method of Singh and Rivest as follows.23 Iron ennea-
carbonyl Fe2(CO)9 (1.8 g, 4.8 mmol) was placed in a 200-ml two-
necked round-bottom flask in a dry bag filled with nitrogen.”Under
a flow of nitrogen, 3.0 g (11.4 mmol) of triphenylphosphine in
CHCI3 (100 ml) was added to the flask, which was fitted with a re-
flux condenser and a fritted disk filter tube with receiver. The
mixture was refluxed for 15 hr. After cooling and filtering, the fil-
trate was concentrated to about 25-ml total volume on a rotary
evaporator. The concentrated filtrate was shaken with re-hexane
and a dark yellow viscous mass separated. After decanting the su-
pernatant liquid, the residue was treated with absolute ethanol
whereupon a yellow solid formed. Recrystallization from absolute
ethanol yielded a stable yellow powder (13% yield), mp 156-158°.
Although the experimental melting point is approximately 40°
higher than that reported, the compound was identified by its in-
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frared spectrum: Ph3-P, 1107; Fe-Cl, 372; Fe-P, 522 cm-1 (Per-
kin-Elmer 621 using silver chloride and polyethylene windows).

Ferric hexafluoroacetylactonate [Fe(HFA)3] was prepared
by the method of Juvet and Durbin in the following manner.4
Hexafluoroacetylacetone (HFA, Eastman Kodak) was shaken sev-
eral times with concentrated sulfuric acid to dehydrate it prior to
use. After removal of the acid the HFA was added directly to 1.06 g
(2.26 mmol) of finely divided ferric nitrate in a small flask fitted
with adrying tube. The mixture was heated gently to 60° for about
5 min. On cooling, the product was extracted into carbon tetra-
chloride, removed by rotary evaporation, and subsequently recrys-
tallized from carbon tetrachloride. Fe(facac)3 was obtained as red
needles in 48% yield: mp 48-50° (reported 49°);25 infrared spec-
trum 1615 (C=0), 1645 (C=C); 1438, 1113 (C-H); 1255, 1220 (C-
F3); 663 cm-1 (C-CF3);5visible spectrum Xmex 367 nm.

Fe(acac)Cl2was prepared by the method of Puri and Methro-
tra as follows.26 To a solution of ferric chloride in benzene (50 ml)
was added an equivalent amount of acetylacetone, at which point
the solution became red. The solution was allowed to reflux for 24
hr in a 130° oil bath. After cooling, the solid product was collected
by filtration of the reaction mixture and recrystallized as a red
powder by adding hot hexane to a hot solution of the product in
benzene: mp 165-170° dec; visible spectrum Xmex 328 nm; CI (as
AgCI) calcd 31.4; found 33.2.

Fe(acac)2Cl was prepared in the following manner.26To a solu-
tion of ferric chloride in benzene was added a greater than 2:1 ex-
cess of acetylacetone, at which point the mixture became red. The
mixture was refluxed for 40 hr and the solid collected on cooling;
the filtrate was saved. The collected solid was determined by chlo-
ride analysis to be Fe(acac)Cl2. After removal of the benzene from
the dark red mother liquor by rotary evaporation, the remaining
oil was recrystallized by adding hot hexane to a hot benzene solu-
tion of the product. The product was obtained as dark red needles:
34% yield; mp 191-196°; visible spectrum Xmex 350 nm, 442; CI (as
AgCI) calcd 12.2, found 11.4.

Fe(DPM)3 was prepared by the method of Hammond and co-
workers as follows.27 To an agueous solution containing an excess
of ferric sulfate and an excess of sodium acetate was added an
ethanolic solution (20 ml) of dipivaloylmethane (1.82 g, 9.90
mmol). Reaction was immediate and an orange-red powder formed
in solution, which was subsequently collected by filtration. Addi-
tional product_could be precipitated from the mother liquor by
adding large amounts of water. Sublimation at 130-140° yielded
an orange powder, mp 163.5-164°, yield 33%.

Fe(DBM)3was prepared in the following manner.28To an aque-
ous solution of 0.6 g of ferric chloride was added an ethanolic solu-
tion of dibenzoylmethane (1.85 g, 2.76 mmol). An immediate reac-
tion afforded a red solid which was completely precipitated by the
addition of 50% aqueous ammonia. The solid was filtered, washed
with water, and dried. Recrystallization by addition of hot hexane
to a hot benzene solution of product gave a 70% yield of red nee-
dles: mp 240° dec; visible spectrum Xmex 408 nm, 500 (sh).

Fe(DBM)2'2H20 was prepared by analogy to the work of Em-
mert as follows.2 To a degassed aqueous solution of excess ferrous
sulfate was added 2.24 g (3.34 mmol) of dibenzoylmethane in etha-
nol. At this point the green solution immediately turned pink. On
addition of 20 ml of 5% sodium hydroxide, the product precipitat-
ed as a bluish purple solid which readily oxidized in solution and
more slowly in air. The solid was collected by filtration under a
blanket of nitrogen and dried at 40° in vacuo for 15 hr. The prod-
uct was recrystallized by adding hot, degassed hexane to a hot so-
lution of product in degassed benzene, visible spectrum Xmex 513
nm. Although Fe(DBM)22H20 was not characterized directly by
additional physical methods, comparing it to reports by other
workers on analogous compounds leaves little doubt as to its iden-
tity.3031 Visible spectra were taken on a Cary 14 instrument using
Pyrex air-tight 1-cm or 1-mm cells specially made in the Indiana
University glass shop.

Procedure for Studying Activity of Fe(lll) Catalysts. A
20Q-ml two-neck flask was equipped with a stirring bar and a rub-
ber septum and dried in the oven. It was taken hot from the oven
and placed on a vacuum line where it was evacuated until cool.
After filling the flask with nitrogen, butane was added as an inter-
nal standard. Aliquots of methylmagnesium bromide and iron(l11)
complex in THF were added and allowed to mix for 5 min. An ex-
cess of neat 1-bromopropene was then added and the head gases
analyzed for products 45 min from this point; cis- and trans-2-bu-
tene were identified by gas chromatography using commercial pure
samples.

For reactions requiring no aging, into a nitrogen-filled, dry, two-
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necked, 200-ml, round-bottom flask was placed a solution of
Fe(l11) in THF and neat 1-bromopropene. To this was then added
methylmagnesium bromide in THF. The butene products were an-
alyzed 45 min from this point by gas chromatography using butane
as an internal standard.

Procedure for Experimental Determination of n in Equa-
tion 3. A three-necked, 100-ml, round-bottom flask was fitted with
a stirring bar, a stopper, a septum, and a sealed angular piece of
glass tubing containing 0.05 mmol of the solid Fe(l1l) compound.
The vessel was then carefully evacuated and filled with nitrogen so
that none of the Fe(IH) compound fell into the flask. After filling,
a portion of head gas was removed and 25 ml of dry THF and 20
ml of propane standard were added. Methylmagnesium bromide (2
ml) was added and allowed to equilibrate, and the head gas sam-
pled. The flask was turned so the Fe(lll) compound dropped into
solution and again was allowed to equilibrate and the head gas
sampled for methane and ethane.

Fe(DBM)3 Catalyzed Reaction of Methylmagnesium Bro-
mide with 1-Bromopropene and Ethyl Bromide. To a nitrogen-
filled, dry, two-necked, 200-ml, round-bottom flask containing 5
ml (1 mmol) of methylmagnesium bromide in THF was added 3.5
ml (3.5 X 10~3 mmol) of Fe(DBM)3in THF and the two were al-
lowed to mix for 5 min. Ethyl bromide (0.25 ml, 3 mmol) was
added, followed by 0.25 ml (3 mmol) of 1-bromopropene. Products
were determined 45 min from this point by gas chromatography
after quenching wkh 5 ml of 0.2 N sulfuric acid. Reversing the
order of addition of ethyl bromide and 1-bromopropene had no ef-
fect on the product distribution.

Fe(DBM)3 Catalyzed Reaction of Methylmagnesium Bro-
mide and Ethyl Bromide. To a nitrogen-filled, dry, two-necked,
200-ml, round-bottom flask containing 5 ml (1 mmol) of methyl-
magnesium bromide in THF was added 3.5 ml (3.5 X 10-3 mmol)
of Fe(DBM)3in THF and the mixture stirred for 5 min. Ethyl bro-
mide (0.25 ml, 3 mmol) was added and the products were analyzed
by gas chromatography 45 min from this point, following the
quench with 5 ml of 0.2 N sulfuric acid.

Metathesis of Methylmagnesium Bromide and Ethyl Bro-
mide. In a dry nitrogen-filled, two-necked, round-bottom flask 5
ml (1 mmol) of methylmagnesium bromide in THF and 0.25 ml (3
mmol) of ethyl bromide were allowed to mix for 45 min. The head
gases were analyzed by gas chromatography following the quench-
ing with 5 ml of 0.2 N sulfuric acid. No ethane was observed and
98% of the materials could be accounted for.

Procedure for Studying the Effect of Free Ligand on
Fe(l11) Catalysts. Into a nitrogen-filled, dry, two-necked, 200-ml,
round-bottom flask was placed 7 ml (7 x 10-3 mmol) of the Fe(l1l)
complex in THF and 1 ml (7 x 10"3mmol) of free ligand in THF.
After these components were mixed for 5 min, 10 ml (2 mmol) of
methylmagnesium bromide in THF was added and stirred for the
desired time of aging. Then 0.5 ml (6 mmol) of 1-bromopropene
was added, and after 45 min the head gases were analyzed for 2-
butenes by gas chromatography using a butane standard.

Procedure and Conditions for Various Cross-Coupling
Reactions. In a nitrogen-filled, dry, 200-ml, round-bottom flask
was placed 5 ml (1 mmol) of Grignard reagent in THF. To this
mixture was added 3.5 ml (3.5 X 10-3 mmol) of Fe(DBM)3in THF
and the two were mixed for 5 min- Alkyl bromide (3 mmol) was
added, and products were analyzed 45 min from this point as
below.

Ethylmagnesium Bromide and 1-Bromopropene. The 2-pen-
tene cross-coupled product was identified quantitatively by gas
chromatography (6 ft, 15% dibutyl tetrachlorophthalate column)
using a pure commercial sample (Chemical Samples Co.) and pro-
pane as internal standard.

Phenylmagnesium Bromide and /3-Bromostyrene. The
irans-stilbene cross-coupled product was identified by gas chro-
matography (5 ft, 5% SE-30 column) using a pure commercial sam-
ple and adamantane as the internal standard.

Ethylmagnesium Bromide and /S-Bromostyrene. Butenyl-
benzene as the cross-coupled product was identified and quantita-
tively analyzed by gas chromatography (10 ft, 15% Apiezon col-
umn) using a pure sample prepared by the base-catalyzed isomer-
ization of I-phenylbutene-2 (Phillips Petroleum Co.) and purified
by distillation. Octane was used as internal standard.

Isopropylmagnesium Bromide and 1-Bromopropene. The
4-methyl-2-pentene cross-coupled product was identified and ana-
lyzed quantitatively by gas chromatography (10 ft, 15% Carbowax
column) using a pure commercial sample (Chemical Samples Co.)
and heptane as internal standard, cis- and irans-hexene-2 (Aldrich
Chemical Co.) are well-separated from 4-methyl-2-pentene on a 6
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ft, 15% dibutyl tetrachlorophthalate column, and no evidence
could be found for their presence in the reaction mixture. Since
authentic alkenes were available, quantitative ga chromatography
was effected by the internal standard method after careful calibra-
tion under conditions which reproduced the reaction as closely as
possible.

General Preparative Procedures. To approximately 45 mmol
of Grignard reagent in THF was added 0.15 mmol of Fe(DBM)3 in
THF. After mixing for 5 min 10 ml (12 mmol) of 1-bromopropene
was added and the solution cooled in an ice bath to prevent the
THF from refluxing. After 60 min, the mixture was filtered to give
a dark liquid and a white solid. The solid was dissolved in hydro-
chloric acid and the liquid, which had been concentrated by a fac-
tor of 2 by distillation, was extracted with large amounts of 5% hy-
drochloric acid and an organic solvent. The organic solvent was
then removed and the'product collected by fractional distillation.

Cyclohexylmagnesium Bromide and 1-Bromopropene. A
preliminary determination of the product was made by gas chro-
matography (10 ft, 15% Carbowax column) which indicated a 60-
65% yield of propenylcyclohexane, 54% of which was recovered
from a pentane extract: bp 80-90° (90 mm); mass spectrum m/e
124 (M+); nmr methyl protons (doublet) 8 1.30 (J = 7 Hz), ring
protons (multiplet) 5.48; integration olefinic/alkyl 1:6.8. Anal.
Calcd for COH20: C, 87.01; H, 12.99. Found: C, 86.91; H, 12.87.

tert-Butylmagnesium Bromide and 1-Bromopropene. A pre-
liminary examination by gas chromatography (6 ft, 15% dibutyl
tetrachlorophthalate) identified the 4,4-dimethyl-2-pentene cross-
coupled product using a pure sample as the basis for the identifica-
tion (Chemical Samples Co.). Gas chromatographic analysis indi-
cated a yield of about 55%, of which 27% was isolated from an oc-
tane extract: mass spectrum m/e 98 (M+); nmr 8 teri-butyl pro-
tons (singlet) 1.00, methyl protons (doublet) 1.60 (J —4.5 Hz), ole-
finic protons (multiplet) 5.38; integration fert-butyl/methyl/ole-
finic 8.6:2.9:1. The reaction mixture was examined by gas chroma-
tography for the presence of the isomeric 5-methylhexene-2 which
is readily separated from 4,4-dimethylpentene-2 on a 10 ft, 15%
Carbowax 5M column. Authentic 5-methylhexene-2 was prepared
from the cross coupling of isobutylmagnesium bromide and 1-bro-
mopropene with Fe(DBM)3

Note Added in Proof. A radical-chain mechanism has recently
been proposed for the coupling reaction between jr-allylnickel bro-
mide and organic halides [L. S. Hegedus and L. L. Miller, J. Amer.
Chem. Soc., 97,459 (1975)]. Alkyl radicals were postulated as prin-
cipal chain-carrying species to account for the loss of stereochemis-
try during the coupling of (S)-2-iodooctane. A different chain
mechanism is apparently operative with /S-bromostyrene since cou-
pling proceeds with retention of stereochemistry. The latter is sim-
ilar to the stereochemical observations in the iron-catalyzed cou-
plings reported here. The strongly reducing environment, however,
strongly discourages the use of similar tests for inhibition [I. H.
Elson, D. Morrel, and J. K. Kochi, J. Organometal. Chem., 84, C7
(1975)] in our system.
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Alkylation by alkyl halides and oxonium salts of enamines derived from a series of sterically hindered amines
was studied. Cyclohexanone enamines of diisobutylamine, n-butylisobutylamine, and 2,2-dimethylpyrrolidine
were found in some cases to give improved yields of C-alkylated products. Application to enamines of mono- and
disubstituted acetaldehydes led to a useful procedure for the C-alkylation of such aldehydes by simple alkyl ha-

lides.

One of the most elegant methods for carbon-carbon
bond formation is the enamine synthesis developed by
Stork and coworkers.2 The mild conditions under which
enamines can be prepared, reacted with electrophiles, and
the products hydrolyzed to «-substituted aldehydes and
ketones have led to extensive utilization of enamines for
the synthesis of polyfunctional molecules.3 The principal
reactions occurring during an enamine synthesis are the
following (E+ is a generalized electrophile).

preparation

S + RR'NH > NRR' + HD @)

electrophilic attack

(2

&)
proton transfer
E
1+ 2— ~=NRR> + NRR' (4)
4
polysubstitution
5+ E+—» V=NRR’' (5)
E
hydrolysis
4+ H,0 O + RR'NH
E
2+ HD — ~)="° + RRNH
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Table |
Alkylation of Cyclohexanone Enamines NRR' by Oxonium Salts*
elds, %
nnnnnnn Alkyl- ~BSC
lllllllllllllllllll g agent Cyclohexanone cyclohexanone (R+ R
[ —ch24— 1125-99-1 EtjOBF/ 6 25
2C ;-Bu ,-Bu 49651-43-6 Et30BF4 12, 18 69, 79 2.48
3 ;-Bu w-Bu 53516-45-3 Et30BF4 5 79 1.94
4 ;-Bu w-Pr 53516-46-4 Et30OBF4 20 70 1.91
5 (-Bu Et 53516-47-5 Et30OBF4 5 52 1.62
6 w-Bu w-Bu 10468-25-4 Et30BF4 6 45 1.40
7 Isopentyl Isopentyl 53516-48-6 Et30BF4 8 37 1.31
8 —CH,CH2OMe -CH,CH,OMe 53516-49-7 Et30BF4 4 27 2.15
9 ¢-Bu Me 53516-50-0 Et30BF4 3 8 1.24
10 _(ch24— Me30 BF/ 19 5
11" ¢-Bu ¢,-Bu Me30BF4 19 66
l2de ¢-Bu ¢-Bu Me30BF4 9 74
13de (-Bu w-Bu Me3OBF4 16 66

U*'e w-Bu w-Bu Me3OBF4 10 17

° The enamine was treated with 1.25 mol of oxonium salt in dichloromethane for 2 hr at room temperature. Yields were determined by gas

chromatography. 6 See text. c Two runs. d Small amounts of 2,6-dimethylcyclohexanone (1-3%) were also formed. e Nitromethane as reac-
tion solvent. <Registry number, 368-39-8. * Registry number, 420-37-1.
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Table 11
Alkylation of Cyclohexanone Enamines NRR' by Alkyl Halides
Yields, « 6
Reaction 2-Alkyl-2,6-Dialkyl-
Time, Cyclohex- cyclohex- cyclohex-
Entry no. R R’ Alkyl halide (mol) Registry no. Solvent hre anone anone anone®
14 —ch 24— Mel (2) 74-88-4 PhH 19 20 41 17
2 z-Bu z-Bu Mel (2) PhH 17 31 46 5
3 Z'-Bu zz-Bu Mel (2) PhH 12 18 56 11
4 z-Bu zz-Bu Mel (1.3) MeCN 16 14 56 14
5 z-Bu zz-Pr Mel (2) PhH 11 28 47 5
6 Isopentyl Isopentyl Mel (2) PhH 12 12 38 8
7 Z'-Bu z'-Bu Etl (2) 75-03-6 PhH 21 71 19
8 Z'-Bu zz-Bu Etl (2) PhH 22 53 39
9 z-Bu zz-Bu Etl (2) MeCN 17 14 70
10 Z'-Bu zz-Bu zz-Bul (2) 542-69-8 MeCN 20 14 55
11 -(ch24 CH2=CHCH2Br 106-95-6 MeCN 13 15 71
(1.25)
12 Zz'-Bu zz-Bu CH2=CHCH2Br MeCN 13 12 57
(1.25)
13 -(ch24 BrCH2C02Et 105-36-2 PhH 4 15 55
(1.15)
14 z-Bu zz-Bu BrCH2C 02kt PhH 20 14 41
(1.15)

“ At reflux. 6Determined by gas chromatography. c Only méthylations (entries 1-6) were examined for 2,6-dialkylcyclohexanone. d Reac-
tion at room temperature for 18 hr or at reflux for 1 hr gave results essentially identical with those obtained in this experiment.

Table 111
Méthylation of Cyclohexanone Enamines Derived from Cyclic Amines*
Yield,« 6
Reaction Cyclo- 2-Methyl- 2,6-Dimethyl-

Entry no. Registry no. time, hr hexanone cyclohexanone cyclohexanone Mono/dic
1¢ 1 16 37 16 2.3
2 53516-51-1 3 16 49 20 25
3d 53516-52-2 4 18 60 9 6.7
4d 53516-53-3 2 18 50 22 2.3
5 53516-54-4 6 16 49 21 23
6 53516-55-5 6 20 54 14 3.9
7 2981-10-4 2 5 8 2 4.0
8 53516-56-6 . 4 13 30 13 2.3
9 23430-63-9 2 16 49 24 2.0

10 53516-57-7 12 31 32 26 1.2

“ All reactions were run with 2 equiv of methyl iodide in refluxing acetonitrile. » Determined by gas chromatography. * Ratio of mono-

alkylated to dialkylated ketone. From duplicate runs we estimate at +15% uncertainty (average deviation) in these ratios. d Average of two
runs
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Table IV
Alkylation of Aldehyde Enamines, RiR2C=CHNR3R4a

R3 r4 Registry no. Alkylating agent
Z-Bu zz-Bu 53516-58-8 77-CHur -
z-Bu zz-Bu 53516-59-9 Mel
Z'-Bu zz-Bu Etl
Z'-Bu zz-Bu zz-Bul
Z'-Bu zz-Bu zz-BuBr1
Z'-Bu Z'-BU 42298-81-7 MeU
Z'-Bu z-Bu
Z'-Bu z-Bu Et,OBF/
Z'-Bu zz-Bu 53516-60-2 Etl"

Z'-Bu zz-Bu Etl
Z'-Bu zz-Bu zz-Bul
Z'-Bu zz-Bu 53516-61-3 Mel
Z'-Bu zz-Bu Etl
Z'-Bu zz-Bu 53516-62-4 Mel

Reaction
time, hr

6
15
20
20
18
12
15
18
24
10
20
18
18
20

Yie

Id, %

3
58
41
34

6
66e

71
52e
32e
78e
24"
80
73
64

611

° Unless otherwise indicated, all alkylations were conducted with 2 equiv of alkylating agent in refluxing acetonitrile. 6 Of monoalkylated
aldehyde, as determined by gas chromatography. ¢ 0.9 equiv. dIn refluxing benzene as solvent. e A small amount (less than 10%) of un-
alkylated aldehyde was recovered, t Unalkylated aldehyde (33%) was recovered. ®In refluxing dichloromethane with 1.1 equiv of oxonium
salt. nAverage of two runs. ‘ Registry number, 628-17-1. >Registry number, 109-65-9.
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Experimental Section®

Preparation of Amines. Methylisobutylamine. Isobutyral-
déhyde (36 g, 0.5 mol) was added dropwise with stirring and ice
cooling to aqueous methylamine (42 ml of a 12 A4 solution). After
standing at room temperature for 1 hr, 1 g of 10% ruthenium on
charcoal was added, and the reaction mixture was hydrogenated on
the Parr apparatus at 70° and 60 Ib of pressure until hydrogen up-
take ceased. The catalyst was removed by filtration; the filtrate
was strongly basified with sodium hydroxide pellets and extracted
with ether. The ether extract was dried over magnesium sulfate
and distilled to give methylisobutylamine: 13.4 g (31%); bp 74-75°
(lit.26bp 76-78°).

Ethylisobutylamine. Isobutyraldéhyde (72 g, 1 mol) was added
dropwise with stirring and ice cooling to a solution of ethylamine
(45 g, 1 mol) in 300 ml of ether. After stirring 1 hr at room temper-
ature, the ether phase containing the Schiffs base was separated
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and dried first over potassium carbonate and then over magnesium
sulfate. The decanted ether phase was added dropwise to a well-
stirred suspension of lithium aluminum hydride (19 g, 0.50 mol) in
300 ml of anhydrous ether. Stirring was continued for an addition-
al 2 hr, and then excess hydride was destroyed by slow addition of
50% sodium hydroxide solution (68 ml). After stirring overnight,
the mixture was filtered, and the filtrate was fractionated to give
ethylisobutylamine: 46.1 g (46%); bp 97-98° (lit.27bp 97-98°).

re-Propylisobutylamine was prepared from isobutyraldehyde
and n-propylamine in the same manner as ethylisobutylamine
(46% yield): bp 120-121° (lit.27bp 123-125°).

rc-Butylisobutylamine. This amine could be prepared via the
Schiffs base as for ethylisobutylamine (62% yield) but the fol-
lowing was more convenient. Isobutylamine (440 g, 6 mol) was
stirred and heated to reflux, n-Butyl bromide (274 g, 2 mol) was
added at a rate sufficient to maintain reflux without external heat-
ing. After addition of the bromide was complete, the reaction mix-
ture was refluxed for 7 hr. The precipitated salts were dissolved by
addition of water (100 ml) followed by aqueous sodium hydroxide
(100 g of NaOH in 300 ml of water). The upper phase was sepa-
rated and repeatedly treated with KOH pellets until no more
aqueous phase separated. The crude amine was stirred 1 hr over
crushed KOH pellets, decanted, and fractionally distilled to give
n-butylisobutylamine: 179 g (69%); bp 147-152° (lit.28 bp 150-
151°).

3.3- Dimethylpyrrolidine. 2,2-Dimethylsuccinic acid was con-

verted to the corresponding succinimide (57% yield) by the Organ-
ic Syntheses procedure for succinimide. The resulting 2,2-di-
methylsuccinimide (10.5 g, 0.083 mol) dissolved in 250 ml of anhy-
drous ether was added dropwise with stirring and ice cooling to
lithium aluminum hydride (8 g, 0.21 mol) in 50 ml of anhydrous
ether. The reaction mixture was allowed to warm to room tempera-
ture and then refluxed for 24 hr. Excess hydride was destroyed by
slow addition of 50% sodium hydroxide solution (28 ml). Filtration
and fractionation of the filtrate gave 3,3-dimethylpyrrolidine: 5.5 g
(67%); bp 115-116° (lit.30bp 114-115°).

3-Ethyl-3-methylpyrrolidine. By the procedures used for
preparation of 3,3-dimethylpyrrolidine, 2-ethyl-2-methylsuccinic
acid was converted to the imide (44% yield), and this was reduced
by lithium aluminum hydride to the pyrrolidine (75% yield): bp
145-147° (lit.3Lbp 140°).

3.3- Diethylpyrrolidine was prepared in a similar fashion from

2,2-diethylsuccinic acid (yield of imide 59%, yield of amine 54%):
bp 66- 68° (15 mm) (lit.30bp 169-170°).

2,2-Dimethylpyrrolidine was prepared by lithium aluminum
hydride reduction of 5,5-dimethyl-2-pyrrolidone.3

2-Methylpyrrolidine was prepared by lithium aluminum hy-
dride reduction of 5-methyl-2-pyrrolidinone.33

Other amines were purchased from commercial sources.

Enamines. Enamines of cyclohexanone and of some aldehydes
were prepared by the usual azeotropic procedures224 using 1 mol
of carbonyl component per 300 ml of benzene, toluene, xylene, or
(for isobutyraldehyde) no solvent.24 Enamines prepared in this
manner are summarized in Table V. For enamines of monosub-
stituted aldehydes, the Mannich-Davidson procedure24bwas mod-
ified by using ether as solvent and 1 mol of amine per mole of alde-
hyde. We have independently confirmed the report of Wittig and
Mayer34that with aliphatic amines it is necessary to use only 1 mol
of amine rather than the usual 2 mol. The following general proce-
dure was employed. A mixture of 0.2 mol of amine, 50 ml of ether,
and 28 g of anhydrous potassium carbonate was mechanically
stirred under a nitrogen atmosphere while 0.2 mol of freshly dis-
tilled aldehyde was added dropwise with ice cooling. After stirring
overnight, the mixture was filtered, and the filtrate was fractional-
ly distilled. Enamines prepared in this manner included the n-
butylisobutyl enamines of valeraldehyde [bp 63-67° (1.5 mm); 71%
yield] and acetaldehyde [bp 26-27° (1 mm); 26% yield].

All enamines were characterized by ir (strong band in the
1630-1660-cm*“ 1 region, absent or very weak carbonyl band) and
nmr (vinyl CH at 4.2-4.65). The purity of some enamines was
checked by gas chromatography, and some enamines were subject-
ed to elemental analysis (see Table V).

Alkylation of Enamines by Alkyl Halides. The following gen-
eral procedure was used. Enamine (20 mmol) was refluxed under
nitrogen with alkyl halide (40 mmol) in 20 ml of the appropriate
dry solvent. The course of the reaction was followed by periodic ti-
tration of an aliquot with hydrochloric acid using Methyl Red indi-
cator. When reaction was judged complete, a buffer solution con-
sisting of 1 g of sodium acetate, 2 ml of acetic acid, and 10 ml of
water was added, and the resulting mixture was refluxed under ni-



Alkylation of Enamines

Preparation of Enamines by Azeotropic Distillation

Table V

Carbonyl component AmineQ Registry no.

Cyclohexanone (¢-BU)2NH (2) 110-96-3

Cyclohexanone (-BUNH-w-Bu (1.5) 20810-06-4

Cyclohexanone i-BUNH-w-Pr (1.4) 39190-66-4

Cyclohexanone (-BUNHEt (1.4) 13205-60-2

Cyclohexanone z'-BuNHMe (1.5) 625-43-4

Cyclohexanone (W-Bu)2NH (2) 111-92-2

Cyclohexanone (i-CBHN)2NH (2) 544-00-3

Cyclohexanone (MeOCH2CH2)2NH (2) 111-95-5

Cyclohexanone 2-Methylpyrrolidine 765-38-8
(1.1)

Cyclohexanone 3,3-Dimethylpyr- 3437-30-7
rolidine (1.1)

Cyclohexanone 3-Methyl-3-ethyl- 34971-67-0
pyrrolidine (1.1)

Cyclohexanone 3,3-Diethyl- 34971-71-6
pyrrolidine (1.1)

Cyclohexanone 2,2-Dimethyl- 35018-15-6
pyrrolidine (1.1)

Cyclohexanone 2-Methylpiperidine 109-05-7
(1.1)

Cyclohexanone 3-Azabicyclo[3.2.2]- 283-24-9

Butyraldéhyde
Valeraldehyde

nonane (1.1)
(-BUNH-w-Bu (1)
(2-Bu)NH (1.2)

Isobutyraldéhyde (-BuNH-m-Bu (1.2)
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Reaction
Solvent time, hr Yield, % Bp, OC Pressure, mm
Xylene 144 59 73-75 2
Xylene 96 76 67-69 2
Xylene 120 73 87-89 5
Toluene 72 44 91-92 9
Benzene 72 68 73-74 5
Xylene 72 79 96-99 2
Xylene 96 80 84-87 2
Xylene 216 92 81-83 3
Toluene 40 806 102-103 3
Benzene 1 776 110-112 9
Benzene 4 93 86-87 1
Toluene 0.5 886 143-145 3
Toluene 144 626 86-88 4
Toluene 336 506 94-96 3
Toluene 1.5 70" 123-125 3
Benzene 3 36 90-94 10
Benzene 12 45 117-121 29
None 6 70 84-86 17

aMoles of amine per mole of carbonyl compound in parentheses. 6 Satisfactory elementary analysis was obtained.

trogen for 4 hr. The cooled reaction mixture was diluted with
water and extracted with 25 ml of benzene. The benzene phase was
washed with successive portions of 2 M hydrochloric acid, water,
saturated sodium bicarbonate solution, and saturated salt solution.
After drying over magnesium sulfate, the filtered extract was di-
luted to 50 ml and analyzed by gas chromatography. Details of in-
dividual experiments are given in Tables I1-1V.

1V-Methyl-1V-(1-cyclohexenyl)pyrrolidinium Benzenesulfo-
nate (10). A mixture of cyclohexanone pyrrolidine enamine (15.1
g, 0.1 mol) and methyl benzenesulfonate (17.2 g, 0.1 mol) in 85 ml
of dry benzene was refluxed for 5 hr, during which time sulfonate
10 separated as a heavy oil. Benzene was removed by decantation,
and the oil was triturated with ether to promote crystallization.
Recrystallization of the resulting solid from 1,2-dichloroethane-
ethyl acetate gave 10: 15.7 g (49%); mp 107-108°; nmr (CF3CO2H,
internal TMS) 5 1.74 (m, 4, nonallyllic cyclohexene protons), 2.32
(m, 8, pyrrolidine fi protons and allylic cyclohexene protons), 3.16
(s, 3, Ai-methyl), 3.7 (m, 4, pyrrolidine a protons), 6.2 (br, 1, vinyl
proton), 7.5-8.2 (m, 5, aromatic protons).

Anal. Calcd for CI7TH25NO0 3S: C, 63.45; H, 7.70; N, 4.31. Found:
C, 63.26; H, 7.69; N, 4.28.

Irreversibility of N-Alkylation. A sample of quaternary salt
10 (1 g, 3 mmol) and sodium iodide (0.51 g, 3.4 mmol) in 5 ml of
dry acetonitrile was refluxed under nitrogen for 7 hr. Water (5 ml)
was added and the mixture was left overnight at room tempera-
ture. Dilution with water and extraction with benzene gave an or-
ganic phase containing less than 2% cyclohexanone and no 2-meth-
ylcyclohexanone, as determined by gas chromatography.

Alkylation of Enamines by Oxonium Salts. The following
general procedure was used. To the oxonium salt (50 mmol) dis-
solved or suspended in 25 ml of solvent was added dropwise under
a nitrogen atmosphere the enamine (40 mmol) with stirring and ice
cooling. The reaction mixture was stirred an additional 2 hr at
room temperature, then diluted with water (25 ml), and distilled to
remove dichloromethane (distillation was omitted when nitro-
methane was the reaction solvent). From this point on, the reac-
tion mixture was buffered, hydrolyzed, and extracted as for the al-
kylation with alkyl halides. Results of individual experiments are
given in Table I.

Isolation and Hydrolysis of Af-(2-Ethylcyclohexylidene)di-

isobutylammonium Tetrafluoroborate (9). After alkylation of
the diisobutyl enamine of cyclohexanone by triethyloxonium
tetrafluoroborate in dichloromethane as described above, the reac-
tion mixture was treated with 15 ml of water and distilled to re-
move dichloromethane. Addition of ether (30 ml) resulted in a
three-phase system. Upon standing, the middle phase solidified to
a white solid which was removed by filtration, washed with cold
water, and dried to give 9: 7.05 g (69%); mp 107-130°; nmr (CDC13,
internal TMS) 5 1.0 (m, 15, isobutyl and ethyl group methyls), 2.0
(m, 10, isobutyl methines, ethyl group methyl, cyclohexylidene /3
and 7 protons), 3.0 (m, 3, cyclohexylidene a protons), 3.8 (m, 4,
isobutyl methylenes). Attempts to recrystallize this material from
isopropyl alcohol led only to recovery of a small quantity of solid,
mp 110-142°.

A 1-g sample of 9 was refluxed for 5 hr with 5 ml of water, 0.3 ml
of acetic acid, and 0.15 g of sodium acetate. The cooled mixture
was extracted with benzene and the benzene phase was washed
with dilute hydrochloric acid, water, saturated sodium bicarbonate
solution, and saturated salt solution. After drying over magnesium
sulfate, gas chromatographic analysis showed 0.47 g (96%) of 2-eth-
ylcyclohexanone present.

Analysis and Characterization of Alkylation Products. The
amount of aldehyde or ketone present in the benzene extracts of
the alkylation reaction mixtures was determined by gas chromato-
graphic comparison with a standard solution containing authentic
materials at approximately the same concentration. Analysis for
cyclohexanones was on a 7-ft column of 20% Apiezon L on 60-80
mesh acid-washed and silanized Chromosorb W. Aldehydes were
analyzed on a 7-ft column of Dow 710 silicone oil on the same sup-
port. Areas were measured by planimeter. Except as noted below,
alkylation products were further identified by preparative gas
chromatography, followed by comparison of nmr and ir spectra
with authentic samples. In selected cases, other procedures were
used for identifying the reaction products, as follows.

2-Ethylcyclohexanone. The benzene extract from the reaction
of 80 mmol of cyclohexanone diisobutyl enamine with triethyloxo-
nium tetrafluoroborate was distilled through a spinning band Col-
umn to give 6.15 g (61%) of 2-ethylcyclohexanone: bp 102-104° (54
mm). The 2,4-DNP derivative had mp 158-158.2°, alone or in ad-
mixture with the derivative of authentic ketone.
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2-Ethylpentanal. After alkylation of the diisobutyl enamine of
valeraldehyde (0.14 mol) with triethyloxonium tetrafluoroborate
(0.15 mol), followed by buffered hydrolysis as described above, the
reaction mixture was extracted with ether rather than benzene.
Fractionation of the extract through a small Vigreux column gave
8.7 g (54%) of 2-ethylpentanal: bp 66- 68° (61 mm) [lit.35bp 63-64°
(50 mm)]; 2,4-DNP derivative mp 124-125° (lit.36 mp 124-125°);
semicarbazone mp 72-74° (reported3to be an oil).

Hydratropaldehyde. The reaction mixture (Table IV, entry 12)
from phenylacetaldehyde n-butylisobutyl enamine (10 mmol) and
methyl iodide (20 mmol) was extracted with ether rather than ben-
zene. Removal of the ether under nitrogen, followed by short-path
distillation of the residue in vacuo gave 1.03 g (77%) of hydratrop-
aldehyde whose nmr spectrum was identical with that of an au-
thentic sample.

Registry No.—9, 53516-64-6; 10, 53516-66-8; methylamine, 74-
89-5; ethylamine, 75-04-7; n-propylamine, 107-10-8; isobutylam-
ine, 78-81-9; 2,2-dimethylsuccinic acid, 597-43-3; 2-ethyl-2-methyl-
succinic acid, 631-31-2; 2,2-diethylsuccinic acid, 5692-97-7; 5,5-
dimethyl-2-pyrrolidone, 5165-28-6; 5-methyl-2-pyrrolidinone,
108-27-0; acetaldehyde, 75-07-0; methyl benzenesulfonate, 80-18-2;
2-ethylcyclohexanone, 4423-94-3; 2-ethylcyclohexanone 2,4-dini-
trophenylhydrazone, 14714-07-9; 2-ethylpentanol, 22092-54-2; 2-
ethylpentanol semicarbazone, 53516-67-9; cyclohexanone, 108-94-
1; butyraldehyde, 123-72-8; valeraldehyde, 110-62-3; isobutyral-
dehyde, 78-84-2.
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Oxidation of 2-substituted fluorenes to the fluorenones with alkaline hypobromite in aqueous dioxane has been
kinetically studied by means of uv spectrophotometry and glc analysis. The rate is expressed as v = fei[fluo-

rene] [NaOH] at [NaOH] < 0.4 M, and v =

[fluorene] [OBr-]/[Br-]at [NaOH] > 0.6 M. The effect of 2 substitu-

ents on the reaction of fluorenes with a mixture of Br2ZNaOH at 25° and at [NaOH] = 0.01-0.1 M gives a p value
of +4.40. The reaction of 2-bromofluorene with alkaline hypobromite at higher concentrations of NaOH (2.1 M)
and NaBr (1.0 M) afforded 2,9-dibromofluorene. A mechanism is postulated, which involves a proton abstraction
from the 9 position of the fluorene followed by a rapid hypobromite attack to give the 9-bromofluorene and then
the fluorenone. The rate-determining step changes from proton abstraction to oxidation of 9-bromofluorene with
increasing the concentration of NaOH. For the elucidation of later steps, the rate of hypobromite oxidation of
2,9-dibromofluorene to 2-bromofluorenone was measured; the observed rate expression, v = izs[2,9-dibromofluo-
rene][OBr- ]/[Br_], suggests a mechanism involving elimination of Br" from 9-bromofluorene followed by an at-

tack of OBr- to give the fluorenone.

The compounds bearing an active methylene group are
oxidized by hypohalite to give dimeric olefinic derivatives
in alkaline solutions2-4 with some exceptions such as halo-
form reaction. For example, benzyl cyanides react with hy-
pohalite to give a,a'-dicyanostilbenes.2 A number of work-
ers2-4 have studied these reactions and suggested mecha-
nisms involving an initial formation of carbanion, which is
halogenated and then condensed to dimeric products.

v. ro- A ROX \ \ /
A"CH2 —v "CH- — - "CHX —»~rC=C"

9-Halofluorene reacts also with alkali to give bifluorenyl-
idene (9),5 but 2-acetylfluorene is oxidized by potassium
hypochlorite to fluorenone-2-carboxylic acid, but not the
expected dimer.6 We observed that fluorenes often yielded
the corresponding fluorenone by the hypohalite oxidation
under certain conditions.

+ H,0 + 2X~

(o}

The mechanism of these oxidations of fluorenes has not yet
been studied and there is no appropriate explanation for
the different oxidation behaviors between fluorenes giving
fluorenones and others giving dimer.

The authors wished to clarify these phenomena and the
mechanism concerning oxidation of fluorenes. The present
paper reports a study on kinetics and mechanism for the
hypobromite oxidation of fluorenes and 9-bromofluorene, a
probable intermediate, in alkaline agueous dioxane by fol-
lowing the formation of fluorenone by uv spectrophotome-
try or glc analysis.

Results

Products. Fluorenes were treated with alkaline hypo-
bromite in aqueous dioxane (27% water) at 25°. Fluo-
renones were produced in good yields from fluorenes with
electron-attracting groups and no other products were de-
tected. Their yields were estimated by means of glc and
shown in Table I. On the other hand, 2,9-dibromofluorene
was obtained by the treatment of 2-bromofluorene with so-
dium hypobromite in the presence of excess sodium hy-

Table |
Products and Yields* of the Reaction6 of
Fluorenes with Hypobromite in Alkaline Aqueous
Dioxane (27% Water) at 25° for 5 hr

Products yields

Substituent of Fluorenone, Bifluorenyl-

fluorene, 10 ~ M Registry No. % idene, %
2-NOz (1.85) 607-57-8 100
2-CN (2.30) 2523-48-0 100
2-Br (1.95) 1133-80-8 96
2-Ac (2.21) 781-73-7 99c
2-MeO (2.03) 2523-46-8 15
None (2.42) 86-73-7 5
2.9- diBr (1.53)"6633-25-6 100
2.9- diBr (0.306) 100
2,9-diBr (1.53) 98 Trace
2,9-diBr (30.6) 87 13

1Yields were calculated by measurement of glc analysis of prod-
uct and starting fluorene, since there is no by-product. 6 [NaOBr]o
= 0.125 M, [NaOHJo = 0.125 M. cFluorene-2-carboxylic acid.
dReaction with NaOH alone (0.125 M).

droxide (2.1 M) and sodium bromide (1.0 M) in aqueous di-
oxane (27% water) at 25°.

The reaction of 2,9-dibromofluorene with alkaline hypo-
bromite under the same conditions as fluorenes gave 2-bro-
mofluorenone and 2,2'-dibromobifluorenylidene but no
other products detectable by glc analysis. The yield of bi-
fluorenylidene increased with increasing the concentration
of 2,9-dibromofluorene (Table I).

Kinetics. The rate of the reaction of 2-bromofluorene
(2.00 X 10-5 M) with sodium hypobromite (0.0199-0.199
M) in alkaline (NaOH, 0.007-0.687 M) aqueous dioxane
(75% water) was measured by means of uv spectrophotome-
try of product at 25°.

The pseudo-first-order rate constants in the rate equa-
tion of v = &0bsd([2-bromofluorene]lo — [2-bromofluore-
none]) are listed in Table Il, where [ 10 means initial con-
centration. The &0bsd value is proportional to the concen-
tration of alkali up to 0.4-0.5 M sodium hydroxide, but is
independent of the concentration of BrO~ and Br- .

v = fe[2-bromofluorene][OH‘] (D)
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Table 1l
Pseudo-First-Order Rate Constants for the
Reaction of 2-Bromofluorene with NaOBr in
Alkaline Aqueous Dioxane (75% Water) at 25°

Initial concn

NeCBrlg theCHJaa NBAQ"  prreq PGS  io#

102 M nr2 m 12 M sec-* ML secd sec- *
1.99 17.7 3.99 5.39 30.5
1.99 17.7 4.49 5.30 29.9
1.99 17.7 4.99 5.35 30.2
1.99 17.7 6.99 3.53 12.3
1.99 17.7 11.99 2.12 12.8
1.99 0.7 1.99 0.267 374
1.99 9.2 1.99 2.60 28.3
1.99 17.7 1.99 5.33 30.1
1.99 26.2 1.99 7.22 27.6
1.99 34.7 1.99 10.00 28.8
1.99 43.2 1.99 10.7 (24.8)e (10.7)e
1.99 51.7 199 12.2 (23.70 (12 .2)e
1.99 60.2 199 12.2 12.2
1.99 68.7 1.99 123 12.3
4.99 17.7 4.99 5.33 30.1
7.50 17.7 7.50 5.32 30.1
9.98 17.7 9.98 5.33 30.1

15.0 17.7 15.0 5.26 29.7

19.9 17.7 19.9 5.32 30.1
1.91 100 97.2 0.249 12.7
3.82 100 99.1 0.467 12.1
5.73 100 101 0.704 12.4
7.64 100 103 0.995 13.4

“ Added concentration. *Total concentration. c — &obsd/

[NaOH]0. dk2 = ftobsd[NaBr]o/[NaOBr]o. eThese values are in the
break point of the plot:of ftobsd vs.' [NaOH]o; hence the kj and k2
values deviate.

However, when the concentration of alkali is over 0.6 M,
the rate is independent of [OH- ] and expressed as

v = £42-bromofluorene][OBr]/[Br‘] ()

The rate of the oxidation of 2,9-dibromofluorene, a prob-
able intermediate, was measured in aqueous dioxane (75%
water) at 25°. The formation of bifluorenylidene was negli-
gible at this low concentration of 2,9-dibromofluorene (2.12
X 10-5 M). The data are listed in Table Ill. The pseudo-
first-order rate constant, feobsd, in the equation of v =
&obsd'([2,9-dibromofluorene]lo — [2-bromofluorenone]) is
proportional to the concentration of OBr- and inversely
proportional to the concentration of Br-. Thus the rate is
expressed as

v = £32,9-dibromofluorene][OBr"]/[Br’'] (©))

The rate constant k$ is approximate to the k2value in eq 2.

Substituent Effect. Relative rates for the reaction of 2-
nitro-, 2-cyano-, 2-acetyl-, 2-bromo-, 2-methoxy-, and un-
substituted fluorenes with sodium hypobromite were mea-
sured in alkaline aqueous dioxane (27% water, [OH-] =
0.0125-0.125 M) at 25° by means of glc. The data are listed
in Table 1V, which gives a p value of 4.40 (r = 0.986) with
Hammett’'s u(meta).

Discussion

Initial Stage. Carbanion Formation. In our previous
paper2 on the kinetics for the oxidative coupling of benzyl
cyanides with alkaline hypohalites, we suggested a mecha-
nism which involves a rate-determining a-proton abstrac-
tion from benzyl cyanide followed by a rapid hypohalite at-
tack to give a-halobenzyl cyanide. The analogous Kinetic
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Table 111
Pseudo-First-Order Rate Constants for the
Oxidation of 2,9-Dibromofluorene with NaOBr in
Alkaline Aqueous Dioxane (75% Water) at 25°

Initial concn

NRQ  [NeoHo®  MNERP  joorear i3l
102M 12 M 62 M sec-* s’
1.91 100 97.2 0.251 12.8
3.82 100 99.1 0.495 12.8
5.73 100 101 0.758 13.5
7.64 100 103 1.01 13.6
1.52 100 9.55 2.03 12.8
1.52 100 19.1 0.906 11.4
1.52 100 23.9 0.834 13.1
1.52 100 28.7 0.699 13.2
1.52 100 38.2 0.582 14.6
1.91 100 1.91 12.5 12.5
1.91 50.0 1.91 13.3 13.3
1.91 20.0 1.91 135 13.5
1.91 10.0 1.91 12.3 12.3
5.73 100 5.73 11.7 11.7

“ Added concentration. bTotal concentration. ckz = kobad

[NaBr]o/[NaOBr]O0.

Table IV
Relative Rates for the Reaction of 2-Substituted
Fluorenes with NaOBr in Alkaline Aqueous Dioxane
(27% Water) at 25°

Substituent of fluorene ftrej Substituent of fluorene ftrej
2-NO0Z 802 2-Ac > 83.3
2-CN° 141 2-OMe6 3.10
2-Br“e6 60.3 None6 1.00

“ [NaOH] = 0.0125 M. b[NaOH] = 0.125 M.

data, i.e., the rate law (eq 1) and substituent effect at
[NaOH] < 0.4 M, are also obtained in the oxidation of fluo-
renes to fluorenones and these data suggest a rate-deter-
mining abstraction of the 9 proton of fluorenes 1 to give
carbanion 2 at an initial stage. In other words, rate eq 1
implies that one molecule of fluorene and a base should
participate in the rate-determining step. The large p value
of 4.40 is similar to those p values of 3-4 for a number of
reactions which involve a rate-determining deprotonation
to give carbanion.2-7

Scheme |

2 + HOBr ~ + OH- ®)

Br
3

aY=NO,, b Y=CN;c,Y=Br;d Y=Ac;e, Y=0Me, f.Y=H

In view of the analogous studies on the reaction of carb-
anion with hypohalites,2’3'8 the carbanion 2 from fluorene
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Experimental Section
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Materials. Used fluorene was purified by recrystallization after
distillation: mp 116° (lit.13 116°). Substituted fluorenes were pre-
pared from fluorene according to the literature. Substituents and
mp were as follows: 2-N02 156° (lit.14 156-157°); 2-CN, 89-90°
(lit.15 94°); 2-Br, 110-111° (lit.16 113°); 2-Ac, 128° (lit.17 128-
129°); 2-OMe, 105-106° (lit.18 108-109°); 2,9-diBr, 124-125°
(lit.19 118-120°, 1it.1% 127°). The purities of fluorenes were con-
firmed by glc analysis. A Hitachi K-53 gas chromatograph with a
flame ionization detector was used with a 1.0 m X 3.0 mm column
packed with Apiezon Grease L (3%) on Celite 545 and/or PEG 20
M (10%) on Chromosorb W at a temperature increasing at 10°/min
from 150 to 250°.

Inorganic materials were of commercial guaranteed grade. Diox-
ane was heated to reflux over sodium and distilled (bp 101°). The
solution of hypobromite (1.0 M) was prepared by addition of aque-
ous NaOH (80.0 g in ca. 600 ml) to Br2 (160.0 g) with cooling in a
salt-ice bath and then diluted to 1000 ml in a measuring flask. The
content of hypobromite was analyzed iodometrically before use.
The solution can be stored in a refrigerator for 2 months.

Products. Fluorene (50 mg) was dissolved in 50 ml of dioxane.
Water (10 ml), aqueous NaOH (1 M, 10 ml), and aqueous NaOBr
(1 M, 10 ml) were added to the solution which was then stirred at
25° for 5 hr. Aqueous Na2520:i was poured into the mixture to re-
move hypobromite and extracted with benzene. Products were iso-
lated, if necessary, with silica gel column chromatography and ana-
lyzed by glc and ir to be the expected fluorenones. Substituents,
yields, and mp were as follows: 2-N 02, 100%, 218-220° (lit.20219-
221°); 2-CN, 100%, 169-171° (lit.21 173-174°); 2-Br, 96%, 149-150°
(lit.2L 149-150°); 2-COOH, 99%, >300° (lit.6 310°); 2-OMe, 15%,
76-78° (1it.2L78-79°); unsubstituted, 5%, 83° (lit.1385°).

For the preparation of 2,9-dibromofluorene, 2-bromofluorene
(200 mg) was added to 200 ml of aqueous dioxane (27% water) con-
taining NaOH (2.1 M), NaBr (1.0 M), and NaOBr (0.2 M) and the
heterogeneous reaction mixture was stirred vigorously for 10 hr at
25°. 2,9-Dibromofluorene was obtained in a yield of 73% (by glc
analysis): mp 124-125° (lit.1% 127°).

The NaOBr oxidation of 2,9-dibromofluorene in the same man-
ner as fluorenes gave 2,2'-dibromobifluorenylidene (0-13%) to-
gether with 2-bromofluorenone (100-87%). On the other hand,
when 2,9-dibromofluorene (50 mg) was treated with aqueous
NaOH alone (10 ml of 1M NaOH) in aqueous dioxane (27% water)
at 25° for 5 hr, 2,2'-dibromobifluorenylidene was obtained quanti-
tatively. 2,2-Dibromobifluorenylidene (the mixture of cis and
trans): red crystals; mp 260-280° [lit.2 312° (cis), lit.23 264°
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(trans)]; uv (XmM) 253, 264, 282, 292 nm; ir, 810, 770, 720 cm '1(no
absorption of carbonyl); glc, only one peak.

Kinetics. 2-Bromofluorene was selected as the most suitable
substrate, since it was oxidized at a moderate rate in aqueous diox-
ane. 2-Nitro- and 2-cyanofluorenes form complexes with alkali so
that the rate could not be measured by means of uv spectropho-
tometry. Fluorene and 2-methoxyfluorene were so slowly oxidized
that uv spectrophotometry could not be employed for the rate
measurements. Rates of these fluorenes were measured by means
of glc as described later. Typical experiments were as follows. The
reactions were started by addition of aqueous hypobromite
(NaOBr 5-20 X 10“2M) to a mixture of 2-bromofluorene (2 x 10-5
M) and aqueous NaOH (0.007-0.7 AO in a thermostated 10 mm X
10 mm quartz cell held at constant temperature of 25°. The rate
was followed by measuring the concentration of produced 2-bro-
mofluorenone by means of uv spectrophotometry at a wavelength
of 264 nm (2-bromofluorenone, Xmex 264 nm, « 7.00 x 104; 2-bro-
mofluorene, «2642.00 x 104).

The plot of In ([2-bromofluorene]0 — [2-bromofluorenone])
against time gave a satisfactory straight line under these condi-
tions at least up to 80% conversion, where [ ]Jo means initial con-
centration. The pseudo-first-order rate constants (feGbsd) were cal-
culated from the slopes.

The rate with 2,9-dibromofluorene (64 1-15 x 104) was mea-
sured in the same way. The formation of bifluorenylidene was neg-
ligible under these conditions.

The relative rate of fluorenes were measured by means of glc
analysis of substrate and products. The typical experiments were
as follows. The reaction was started by addition of a dioxane solu-
tion of fluorenes (2.5-2.0 X 10-3 M) to the solution of NaOH
(0.0125 M or 0.125 M) and NaOBr (0.0125 M or 0.125 M) dipped in
a thermostat at 25°. At appropriate time intervals, aliquots were
taken out and extracted with benzene. The benzene extract was
washed with aqueous Na2S203 to eliminate hypobromite and con-
centrated by evaporation of benzene; then the content of fluorenes
and fluorenones were measured by glc with a column packed with
Apiezon Grease L (3%) as stated above. The plot of In ([fluorene]/
[fluorene]o) is linear up to 60-80% conversion.
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Halogen Abstraction Studies. VI. Abstraction of Bromine by Phenyl
Radicals from C3-C 8Cycloalkyl Mono- and trans-1,2-Dibromidesl
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The rates of abstraction of bromine by phenyl radicals from the cyclic C3to Cg monobromides and trans-I,2-
dibromides and mesa- and d/-2,3-dibromobutanes relative to the rate of chlorine abstraction from carbon tetra-
chloride are reported. The rates of bromine abstraction from the cycloalkyl monobromides vary with ring size in a
manner similar to that observed for endothermic homolytic and carbonium ion processes which suggests that
there is considerable bond breaking in the transition states leading to the cycloalkyl radical intermediates in the
present study. A comparison of the monobromide:dibromide rate ratios for the different-sized rings reveals deci-
sive variations depending upon ring size which suggests that anchimeric assistance to bromine abstraction in the
dibromides is related to the ease of attainment of a trans periplanar alignment of the adjacent bromine atoms.
After correcting for the slight influence of polar effects in the abstraction from 1,2-dibromoethane, it is concluded
from the rate data that the 2-bromoethyl radical is stabilized by ~2 kcal/mol relative to the ethyl radical itself.
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c-C 3H5Br 1388'29'9 0035 c-fr<3«s-C3H4Br2 16837'83'5 031 8.9
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c-C8H1Br ].5 ' s m-fraws-C8H14Br2 4 =0y 6 2.3
CH3CH2Br vl ' 6 CH2BrCH2Br “J9" \ 4.9
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aEstimated accuracy £5%. hThe relative rates are corrected to a per bromine atom per molecule of CCl4 basis. ¢ Ratio of rate of bromine
abstraction from dibromide relative to rate from corresponding monobromide.
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Experimental Section

Kinetic analysis were performed as described previously.3

Bromocyclopropane, bromocyclobutane, bromocyclopentane,
bromocyclohexane, bromoethane, 2-bromobutane, 1,2-dibromoe-
thane, and allyl bromide were commercially available and purified
by vacuum distillation if deemed necessary by glpc analysis.

Bromocycloheptane was synthesized by adding anhydrous HBr
to cycloheptene following the general procedure of Mozingo and
Patterson.26To a solution of 0.2 mol of cycloheptene in anhydrous
ether in a round-bottom flask wrapped in aluminum foil was
added a slight excess of dry HBr from a gas cylinder, keeping the
temperature below 5°. The reaction was allowed to stir for 20 hr.
As much of the unreacted cycloheptene as possible was removed
by vacuum distillation. The remaining cycloheptene was brominat-
ed by saturating with Br2 washed with 10% NaHSC>3 and water,
and dried, and the bromocycloheptane was obtained by distillation
at 26-26.5° (0.3 mm), yielding a product >99% pure by glc and
containing no detectable dibromide. This compound was very sen-
sitive to thermal decomposition, and glpc injection port tempera-
ture and distillation pot temperatures were kept below 80°. Com-
mercially obtained bromocycloheptane was found to contain ca.
10% low-boiling impurities and attempted purification by spinning
band distillation at reduced pressures was unsuccessful due to
thermal decomposition.

Bromocyclooctane was synthesized in a similar manner from cy-
clooctene. Since this compound was also quite susceptible to ther-
mal decomposition, attempts to distill the product only yielded
more impurities. The major reaction impurity was cyclooctene
which was removed by washing with 85% H2S04 at 5 0 following
the procedure of Cope, Brown, and Wo00.27 Other low-boiling com-
ponents of the mixture were removed by distillation at 50° (0.3
mm), leaving bromocyclooctane that was >99% pure by glpc.

meso- and ci/-2,3-dibromobutane were prepared from trans- and
cis-2-butene, respectively, by bubbling the butene through a 0.1
mol solution of Br2 in CCl4. The exothermic reaction occurred
quite fast and the bromine color was discharged in 15 min. The
CCl4was removed on a rotary evaporator and the product distilled
at 29-30° (5 mm). Analysis by glpc showed each isomer >99%
pure, the only detectable impurity being the other diasteriomer.

trans- 1,2-Dibromocyclopropane was prepared by addition of
Br2 to cyclopropene in CH2CI2 The cyclopropene was generated
by the method of Closs and Krantz28 using 22 ml (0.4 mol) of allyl
bromide and 16 g (0.4 mol) of sodium amide rather than allyl chlo-
ride as reported. The higher boiling allyl bromide gave better re-
sults with less allyl compound as contaminate in the product. The
cyclopropene generated escaped through the condenser as it was
formed and was bubbled into 5.8 g (0.4 mol) of Br2in CH2CI2 The
CH2CI2was removed by fractional distillation and the product col-
lected by glc and identified by nmr spectroscopy.2

trans- 1,2-Dibromocyclopentane, -cyclohexane, -cycloheptane,
and -cyclooctane were prepared by the slow addition of the respec-
tive cycloalkene to a solution of bromine (ca. 0.3 mol) in CC14 until
the bromine color was just discharged. The solutions were then
fractionally distilled at atmospheric pressure to remove the CCl4
and any unreacted cycloalkene, and then were vacuum distilled
utilizing either a Vigreux or spinning band distillation apparatus:
trans- 1,2-dibromocyclopentane (bp 53-56° (4.5 mm)); trans-1,2-
dibromocyclohexane (bp 55-57° (0.4 mm)); trans- 1,2-dibromocy-
cloheptane (bp 42-46° (0.1 mm)); trans-1,2-dibromocyclcoctane
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(bp 71-73° (0.1 mm)). All products were determined to be >99%
pure by glpc although all the dibromides were found to be quite
sensitive to injection port temperature.3

Registry No.—HBr, 10035-10-6; cycloheptene, 628-92-2; cy-
clooctene, 931-88-4; trans-2-butene, 624-64-6; cis-2-butene, 590-
18-1; bromine, 7726-95-6; cyclopropene, 2781-85-3; cyclopentene,
142-29-0; cyclohexene, 110-83-8.
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The Cyclopropenyl Free Radical. An ab Initio Molecular Orbital Study1l
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Ab initio molecular orbital calculations by the STO-3G and 4-31G methods are reported for the cyclopropenyl
free radical 1. The optimum structure for the system corresponds closely to the “ethylenic” structure la, with the
Ci H vector bent 47° from the C-C-C plane. Calculations by the 4-31G method indicate the latter structure is
11.1 kcal mol-1 more stable than the optimum planar structure of type la and is 15.8 and 16.9 kcal mol-1 more
stable than the optimum flapped and planar forms of the allylic geometry Ib. The Ci-H bond dissociation ener-
gies of cyclopropene 2 and of cyclopropane and the barriers to planarity in the cyclopropenyl (1) and cyclopropyl
(4) radicals are compared and discussed in terms of the aromaticity of 1. The unpaired electron spin densities and
total electron densities for la and Ib are discussed briefly.
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Table |
Calculated Energies and Geometries for Free Radicals

System Geometry calculated by STO-3G basis0 STO-3G energy, au 4-31G energy, au
Cyclopropenyl radical, ethylenic, flapped R{C—CO = 147 A -113.7584 -115.0060
R{c=c) = 130 A
Flap angle = 47°
Cyclopropenyl radical, ethylenic, planar «(C—C*% = 145 A -113.7319 -114.9883
R(c=c) = 130A
Cyclopropenyl radical, allylic, flapped R{C—C) = 135 A -113.7239 -114.9808

R{C—C) = 148 A
Flap angle = 27° (cis)

Cyclopropenyl radical, allylic, planar [«(C—C) = 1.35A] -113.7172 -114.9790
[«(C—C) = 1.48 A]
Cyclopropenyl radical, equilateral, planar «(C—C) = 140 A -113.7116 c
(S state)
Cyclopropyl radical, flapped6 «(C—C-) 1.48 A -115.0115 -116.2359

[«(C—C) = 1.502 A]
Flap angle = 46°
Cyclopropyl radical, planar6 [«(C—C*) = 1.48 A] -114.9988 -116.2286
[«(C—C) = 1.502 A]
aAll fl(CH) — 1.080 A for cyclopropenyl and R(CHI — 1.081 A for cyclopropyl (assumed). Values in square brackets were assumed.

6The H-C-H angles in the cyclopropyl radical were assumed to be 113.8°, i.e., that deduced as optimum in cyclopropane (ref 10). ¢ No ener-
gy was obtained due to convergence problems.
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Figure 1. Interaction of the x and w* orbitals of a C=C unit with
the atomic orbital containing the unpaired electron.
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Figure 2. Energies for various conformations of the cyclopropenyl
radical via STO0-3G calculations (------ ) and 4-31G calculations
(— ). All values are relative to the flapped ethylenic structure, and

are in kcal mol-1.
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Figure 3. Hiickel method coefficients for the symmetric (S) and
antisymmetric (A) antibonding x orbitals of cyclopropenyl.
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Figure 4. wexcess charges (in €) for (a) the planar ethylenic cyclo-
propenyl radical and (b) and planar allylic cyclopropenyl radical.
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Figure 5, Partial atomic charges (in e) for “ethylenic” and “allyl-
ic” cyclopropenyl radicals by ST0-3G and 4-31G methods.
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Cyclopropenyl Free Radical

Table 11
Unpaired Electron Spin Densities
(in e) for the Cyclopropenyl Radical

Open shell spin density

Atom Orbital& STO-3G 4-31G

Flapped Ethylenic Geometry'2

H, Is 0.030 0.025
h2 h3 Is 0.000 0.000
cl Is 0.001 0.001
2s 0.162 0.149
2Pi 0 0
2Py 0.122 0.124
2Pz 0.557 0.575
c, C3 Is 0.000 0.000
2s 0.000 0.001
2Px 0.001 0.002
2p. 0.009 0.006
2p2 0.053 0.054
Flapped Allylic Geometryo0
Hi Is 0 0
h2, h3 Is 0.010 0.008
Ci Is 0 0
2s 0 0
2Px 0.008 0.006
2Py 0 0
2p* 0 0
C3 Is 0.000 0.000
2s 0.049 0.038
2p* 0.008 0.015
2py 0.022 0.022
2pz 0.406 0.413

“ For the planar ethylenic geometry form, the spin densities are
nonzero only for the 2p2 orbitals: 0.861 (0.862) and 0.069 (0.069)
for Ci and C2 according to the STO-3G (4-31G) method. ” In all
cases the coordinate system has the C2-C3 bond as the x axis and
Ci lies in the xy plane. c For the planar allylic geometry, the spin
densities are nonzero only for the 2p2 orbitals of C2and C3 and are
0.5 each.
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ewave unction. Rec Cirell covvor
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Peroxide-initiated radical additions of alcohols to esters of fumaric and maleic acids are described. By these
radical additions 7-alkyl and 7-phenyl paraconic acid derivatives are produced in high yields, especially in the
case of esters of maleic acid. The combination of some primary alcohols and diethyl fumarate (DEF) and diethyl
maleate (DEM) yields two geometrical isomers with arbitrary isomer ratios, preferentially trans isomers from
DEF and cis isomers from DEM. Relative ratios of two different attacks on DEF or DEM show straight lines in
the Arrhenius plot and the compensating rule is applied for their activation parameters. A larger effect is ob-
served in the radical additions to DEF. They are interpreted in terms of the steric effect in the transition states
for the attacks of alcohol carbon radicals on DEF or DEM.
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Table |
Products and Yields of y-Substituted Paraconic Acid Derivatives

Mole ratio Yield, %6 for monomer used
of alc
Product0 H 2] R3 to monomer Temp, °C Fumarate Maleate
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° Satisfactory elemental analyses for C, H (£0.35%) were obtained. bYields were calculated, based on monomer employed and given as
the sum of two isomers for the compounds 6-11 ([monomer]/ [alcohol] = 0.05 mole ratio).

Table 11
Indices of Refraction and Ir and Nmr Spectra
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“Ri and R2 groups of 2, 3, 4, and 5 are situated in the trans and cis positions to the alkoxycarbonyl group, respectively, i.e., in the con-
figuration of a.b Separation of two isomers was unsuccessful.c Mp 67-69°.
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Table 111
Isomer Ratios and Activation Parameters
for the Additions to DEF and DEM

Activation parameters
Isomer ratios *

......... at temp, "(:a ’ " 2?:):,- AASse:
S TEE
EEEEEE
iE 1:%3 SR 3

116?6 ﬁ % 1%

aThe fealftb ratios were determined by extrapolating the isomer
ratios to infinite dilution. 6The reversible addition to DEM
([IDEM]/[alcohol] = 0.05 mole ratio) is designated in parentheses.

acid esters (lla,b), cis alkoxy protons (3.63 and 0.77 ppm)
to the phenyl group resonate upfield, compared with trans
alkoxy protons (4.16 and 1.21 ppm). In conclusion, the re-
sults presented in Table Il show that the resonances of cis
methyl protons, a cis hydrogen atom, and even cis phenyl
protons are shifted to the higher field by 0.3-0.2, 0.2-0.1,
and 0.07 ppm, respectively, when they are in the cis posi-
tion to the alkoxycarbonyl group. Also cis alkoxy protons to
the phenyl group resonate upfield by ca. 0.5 ppm. These
upfield shifts can be attributed to the diamagnetic anisot-
ropy and the long-range shielding effects in the carbonyl
and phenyl groups.

Further evidence for the isomer assignment was indirect-
ly obtained by predicting the predominant isomer 7b or
lib on the basis of Cram’s rule9 from the reaction of the
ethyl ester of acetylsuccinic acid or benzoylsuccinic acid
with sodium borohydride. This selective reduction, in
which a new asymmetric center is created on a carbon adja-
cent to the asymmetric center already present in a mole-
cule, gave two isomers 7a and 7b or 1la and lib. Cram’s
model predicts that the threo isomer should predominate
over the erythro isomer because of the order of decreasing
effective size of three groups on the adjacent carbon to the
carbonyl group: COOR > CH3 = CH2COOR10 > H. The
spectral data for 7a and 7b or 11la and lib obtained by this
reduction were completely identical with those for the cor-
responding products in Table I1.

Consequently, the faster eluting component (Apiezon
Grease L) of two isomers is confirmed to be a trans isomer,
i.e., the a type, and its refractive index shows a slightly
smaller value.

The two geometrical isomers formed in the addition of
the alcohol carbon radicals in the presence of DEF or DEM
are governed by the competing reactions. Accepting the
premise that the rate-determining step of this process is
the addition step, the isomer ratio should give the ratio of
the rate constants, k jk b, directly. Although it has been
said that the reversible radical addition of the carbon radi-
cal species under usual experimental conditions does not
occur,11 the cis-trans isomerization of DEM in the cases of
neopentanol and phenylmethanol was observed to occur
frequently. However, such a reversible reaction of DEM in
each solution of ethanol, t-propanol, and 1-butanol was
negligibly small, as well as that of DEF in any alcohol solu-

Fukunishi, Inoue, Kishimoto, and Mashio
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Figure 1. Isokinetic relationship in the effect of alcohols
(RCH20H) on a/b ratios in the radical additions of alcohols to
DEF and DEM. R: 7, CH3; 8, CH3CHZ2 9, CH3CH2CHZ2 10,

(CH3)C; 11, CBHS,

tion. All of our data in some five alcohols and the two mo-
nomers DEF and DEM are shown in Table Ill. A trans iso-
mer @from DEF and a cis isomer Dfrom DEM are pre-
dominantly produced, respectively, and furthermore, the
isomer ratios from both monomers become closer to unity
with an increase in temperature.

From the transition state theory, we express the rate
constant in terms of the corresponding free energy of acti-
vation. As all the required data are given as the ratios of
rate constants, this expression is given as the difference of
the corresponding energies. From the isomer ratios, the ac-
tivation parameters may be calculated in the usual manner
by plotting log k jk b 1i7. The results for the differences
in the enthalpy and entropy of activation are given on the
right side of Table Ill. The interchange of DEF and DEM
is effective in reversing reactivity and, also, a variety of al-
cohols are efficient in altering reactivity, especially in the
reactions of DEF.

Such an effect caused by a change in alcohol resembles
seemingly very closely the solvent effects in many radical
reactions. Changes in the reaction rates caused by solvents
have been discussed as the effects of solvents on the transi-
tion states involved and the compensating law applies to
the changes in enthalpy and entropy of activation.12 This
research provides also an example of such a compensating
trend as can be seen from Table Ill or by examination of
the isokinetic plot (Figure 1), introduced by Leffer.13 This
excellent linear relationship in a negative region suggests a
certain steric influence of a substituent in alcohol in the
order of methyl, ethyl, phenyl, propyl, and tert-butyl. This
is about the order expected on the basis of the steric effect,
which appears to be that of increasing effective size of the
substituent.14 The small clump of encircled points includes
the reactions of DEM in ethanol, 1-propanol, and 1-buta-
nol, implying an undiscernible dependence of such an ef-
fect on the substituent.

The two different types of the effect permit us to con-
clude that both additions to DEF and DEM proceed
through the respective different transition states and give
trans and cis isomers with arbitrary ratios. The difference
in the reactivity between DEF and DEM means that the
transition state is rigid in respect to the central C-C bond.
The contribution of a considerable resonance energy to the
transition state is reflected in the higher reactivity of DEF,
which is approximately planar, and manifested by the
lower activation energy of the addition reaction to DEF.15
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Experimental Section

All alcohols, dimethyl maleate, DEM, DEF, and di-iert-butyl
peroxide (DTBP), are of commercial origin and these reagents
were purified by fractional distillation. Maleic anhydride and ben-
zoyl peroxide (BPC) were recrystallized from benzene and carbon
tetrachloride, respectively. Diisopropyl maleate was prepared from
maleic anhydride and 2-propanol and diisopropyl fumarate was
formed from the inversion of the maleate.18

Nmr spectra were obtained on a Japan Electron Optics Labora-
tory 4H 100 spectrometer and taken in a CCl4 solution. Chemical
shifts are reported as 5 (parts per million) relative to tetramethyl-
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silane as standard. According to our requirements, the spin decou-
pling procedure was used. Infrared spectra were obtained with a
Japan Spectroscopic Co. DS-402G spectrometer and taken in a
CCl4 solution. Glc analyses were performed with a Yanagimoto
MFG Co. GCG-550T gas chromatograph with a 3 mm X 2.5 m 10%
Apiezon GL column on 60-80 mesh Neopack 1A.

Reactions of 2-Propanol with Maleic Anhydride and Its Es-
ters. A solution of 2-propanol (120.2 g, 2.00 mol), maleic anhydride
(9.81 g, 0.10 mol), and DTBP (1.46 g, 0.01 mol) was sealed under
nitrogen in a glass tube and heated for 10 hr at 130°. Unreacted 2-
propanol was evaporated. The residue was gas chromatographed
and yields of terebinic acid 1 and its isopropyl ester 2 were deter-
mined to be 21 and 34%, respectively. On standing or cooling 1 was
isolated from the residue: mp 172-173° (lit.s 174-175°); ir (KBr)
1740; nmr (CC14) 1.73 (s, CH3), 1.53 (s, CH3) (lit.s 1.75 and 1.56, re-
spectively), 2.8-3.9 (m, a-CH2 and p-CH). Anal. Calcd for
C7rH1004: C, 53.16; H, 6.37. Found: C, 52.98; H, 6.37.

Also the preparative glpc or the vacuum distillation of the resi-
due gave 2, bp 115-116° (5 mm). Physical data for 2 are shown in
Table II.

A similar procedure for the reaction of 2-propanol with monoiso-
propyl maleate (half ester) yielded 1and 2 in 37 and 49% vyields, re-
spectively. Also, the similar reactions of diisopropyl maleate and
diisopropyl fumarate gave 2 in 75 and 48% yields, respectively.

Reactions of Alcohols with Esters of Fumaric and Maleic
Acids. A solution of DTBP or BPO (10 mol % of monomer used),
the diester of fumaric or maleic acid (0.05-0.40 equiv), and each of
several alcohols (2.0 equiv) was packed into a glass tube under ni-
trogen and heated at an arbitrary temperature for 5 (DTBP, 130
and 150°) or 10 (DTBP, 110°, and BPO 70°) hr. After evaporation
of unreacted materials, the residue was gas chromatographed to
determine the yields and the isomer ratio, and thereafter distilled
in vacuo. Subsequently, two geometrical isomers were separated
by preparative glpc. The faster eluting component of isomers was
assigned as an a type lactone (trans isomer), as a result of this
work. The isomer ratios of 6a and 6b and 1la and lib were deter-
mined by the intensity ratios on nmr spectra because of the unsuc-
cessful separation by means of glpc. Experimental results and
physical and spectral data for the products are summarized in Ta-
bles I, 11, and III.

Reaction of Diethyl Ester of Acetylsuccinic Acid®Owith So-
dium Borohydride. A cold aqueous solution (4 ml) of sodium bor-
ohydride (0.95 g, 0.025 mol) was added dropwise while stirring a
cold solution of the ethyl ester (10.8 g, 0.05 mol) dissolved in alco-
hol (35 ml). The mixture was stirred for 1 hour at room tempera-
ture, hydrolyzed with aqueous ammonia, and then extracted with
ether. The ether solution was washed with diluted hydrochlotic
acid and with a saturated sodium chloride solution, then dried
with sodium sulfate, and finally evaporated. Glpc analysis of the
crude product mixture yielded two compounds and the ratio of the
faster eluting component to the second was calculated to be 1:4.3.
Glpc and nmr analyses of the respective components showed iden-
tical results with those of 7a and 7b: nmr (CC14) for the faster elut-
ing component 1.47 (d, t-CHJ), 457 (m, y-H), 2.5-3.2 (m, a-CH:
and d-CH), 4.17 (q, COOCH2CH3J), 1.27 (t, COOCH:Ctf3), JAt.h
= 5.6 Hz; for the second component 1.27 (d, 7 -CH3), 4.79 (m, y-H),
2.4-3.6 (m, a-cu2 and (?-CH), 4.21 (q, COOCH2CH3), 1.28 (t,
COOCH2CH3), Jp,y-H = 7.0 Hz.

Fukunishi, Inoue, Kishimoto, and Mashio

Reaction of Diethyl Ester of Benzoylsuccinic Acid2) with
Sodium Borohydride. The ester was reduced in a manner similar
to that described above. Nmr analysis of the crude product mix-
ture yielded two products 1la and lib with a ratio of 1:2.5: nmr
(CCla4) for 11a 7.28 (s, 5 aromatic H), 5.49 (d, y-CH), 2.2-2.9 (m,
a-CHs and /3-CH), 4.14 (g, COOCH2CH3), 1.21 (t, COOCH2CH3),
Jay h = 1.4 Hz; for lib 7.21 (s, 5 aromatic H), 5.61 (d, y-H), 2.6-
3.8 (m, «-CH2 and /3-CH), 3.61 (g, COOCtf.CH3), 0.77 (t,

COOCH2CH3), Jfi.y-H = 7.5 Hz.

Registry No.—1, 79-91-4; 2, 34341-66-7; 3, 6934-77-6; 4, 5204-
91-1; 5, 18363-04-7; 6a, 53684-24-5; 6b, 53684-25-6; 7a, 34310-48-0;
7b, 34310-47-9; 8a, 34310-49-1; 8h, 34310-50-4; 9a, 53684-26-7; 9b,
53684-27-8; 10a, 53684-28-9; 10b, 53684-29-0; 11a, 53684-30-3; lib,
53684-31-4; DEF, 623-91-6; DEM, 141-05-9; 2-propanol, 67-63-0;
methanol, 67-56-1; ethanol, 64-17-5; maleic anhydride, 108-31-6;
monoisopropyl maleate, 924-83-4; diisopropyl maleate, 10099-70-4;
diisopropyl fumarate, 7283-70-7; diethyl acetylsuccinate, 1115-30-
6; sodium borohydride, 16940-66-2; diethyl benzoylsuccinate,
10539-50-1.
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The Triple Bond as a Potential Double Donor in Solvolytic Participation
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The acetylenic functionality in 6-dodecyne-2,ll-diyl ditosylate (4) is potentially capable of providing stepwise
assistance in the ionization of two leaving groups to form doubly ring-closed products. The ditosylate solvolyzes in
acetic and trifluoroacetic acids with participation by the triple bond to form cyclized products (>85%). The nearly
identical and entirely monocyclic product distributions in both solvents demonstrate that the triple bond in 4
provides only one site of unsaturation capable of nucleophilic n participation.
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Table |
Rate Constants for the Formolysis of
6-Dodecyne-2,11-diyl Ditosylate (4)
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Experimental Section

Nmr spectra were taken on Varian Associates Model T-60 and
A-60 spectrometers. Infrared spectra were recorded on a Beckman
IR-5 spectrophotometer. Mass spectra were obtained by Dr. Leo
Raphaelian of the Department of Chemistry’s Analytical Services
Laboratory on a Consolidated Electrodynamics Corporation
Model 21-104 instrument. Elemental analyses were performed by
Micro-Tech Laboratories, Skokie, 111 Analytical vapor phase chro-
matography was performed on a Varian Aerograph series 1520B
instrument utilizing 10% silicone gum rubber (SE-30) or 10% Car-
bowax 20M on Chromosorb W in %-in. X 6-ft copper columns. Pre-
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parative vapor phase chromatography was performed on a Hewl-
ett-Packard (F & M) Model 700 instrument utilizing 0.25-in. col-
umns of the same materials and length. Kinetic measurements
were made with a Haake Model NB-22 constant temperature bath
and a Metrohm Herisau type E-415 automatic titrator.

5- Chloro-l-pentyne.1314 Sodium acetylide was prepared by

bubbling acetylene through 2 1 of liquid NH3 and slowly adding
24.75 g (1.1 mol) of sodium metal. The acetylene was passed ini-
tially through a cold (—78°) trap and bubbled through concentrat-
ed H2S04. Safety traps and a mercury bubbler escape valve were
included. The acetylene flow was continued for 15 min after addi-
tion of sodium was completed. I-Bromo-3-chloropropane (157.5 g,
1.0 mol) was then added, and the solution was stirred for 2 hr. Am-
monium hydroxide (100 ml) and water (100 ml) were added, and
the NH3 was allowed to evaporate overnight. The product, which
separated as the top layer, was taken up in ether. The above proce-
dure was performed three times. The combined organic layers were
washed with dilute HC1, water, and brine, and dried over CaS04.
The product was isolated by distillation and purified by a second
distillation: 189 g (63%): bp 115-119°; nmr (neat) 6 1.7 (m, 3), 2.0
(m, 2), 3.3 (t, 2).

1,8-Dichloro-4-octyne.13¥4 Sodium amide was prepared by
adding 25 g (1.1 mol) of sodium metal to 2 1 of liquid ammonia
containing 1 g of ferric nitrate. The solution was stirred until the
dark blue color was replaced by gray (1-3 hr). 5-Chloro-I-pentyne
(95 g, 0.95 mol) was added over a period of about 30 min, followed
by 157 g (1.0 mol) of I-bromo-3-chloropropane. The solution was
stirred for 2 hr, 150 ml of anhydrous ether and a solution of 25 ml
absolute ethanol in 50 ml anhydrous ether were added, and the
NH3was allowed to evaporate overnight. Another 95 g of 5-chloro-
1-pentyne was treated in a similar manner. The combined reaction
mixtures were filtered, and the organic layer was washed with di-
lute HC1, water, and brine, and dried over anhydrous MgS04. The
product was isolated by distillation and purified by a second distil-
lation: 96 g (25%); bp 67-68° (0.1 mm); nmr (neat) 6 1.7 (m, 4), 2.0
(m, 4), 3.3 (t, 4).

6- Dodecyne-2,ll-diol. Magnesium metal (25 g, 1.1 mol) and a

crystal of iodine were placed in a 3-1., three-necked, round-bot-
tomed flask and stirred under nitrogen overnight. 1,8-Dichloro-4-
octyne (89.5 g, 0.5 mol), dissolved in 2 1 of ether (freshly distilled
from lithium aluminum hydride), was added over 6 hr. Stirring
was continued for 4 days. Freshly distilled acetaldehyde (85 ml, 1.5
mol) was dissolved in cold ether and added slowly at 0°. Stirring
was continued for 2 hr. Water was added dropwise until the solids
coagulated. The ether was decanted, the solids were washed with
ether, and the ethereal solutions were dried over anhydrous
MgS04 The product was isolated by distillation (140-65°, 0.5
mm), purified by column chromatography (15 g of crude diol ap-
plied to a column consisting of 2 Ib of alumina in 25% ether-hex-
ane). Pure diol (1C g) was isolated by slowly increasing the ether
concentration), and redistilled: 8 g (16%); bp 130-132° (0.3 mm);
nmr (CHC13) 60.8 (d, 6), 1.1 (m, 8), 1.7 (m, 4), 3.3 (m, 2), 4.1 (s, 2).
Anal. Caled for C12H2202 C, 72.68; H, 11.18; O, 16.14. Found: C,
72.66; H, 11.09.

6-Dodecyne-2,ll-diyl Ditosylate (4). 6-Dodecyne-2,ll-dioi (2
g, 0.01 mol) was dissolved in 15 ml of cold pyridine (distilled from
BaO). p-Toluenesulfonyl chloride (4.3 g, 0.022 mol) was added,
and the mixture was kept in the freezer (—15°) for 3 days. The
reaction mixture was poured onto 50 ml of ice and water. The re-
sulting milky emulsion was washed with ether, and the organics
were washed with dilute HC1, cold water, and brine, and dried over
anhydrous MgS04. The solution was concentrated and added
slowly to 50 ml of pentane (distilled from calcium hydride). An oil
was isolated by cooling the solution to —78° and decanting the
pentane. The remaining pentane was removed on a vacuum line.
The oil crystallized slowly: 4.1 g (60%); mp ~40°; nmr (CHC13) 5
0.8 (d, 6), 1.1 (m, 8), 1.7 (m, 4), 2.1 (s, 6), 4.3 (m, 2), 7.2 (m, 10).
Anal. Caled for Cse~ASa: C, 61.63; H, 6.76; O, 18.95; S, 12.66.
Found: C, 61.73; H, 6.86.«

Kinetic Studies. Rates of formolysis were determined by a titri-
metric technique. A 0.05 M solution of ditosylate (4) in 10 ml of
formic acid (freshly distilled from boric anhydride) buffered with
2.2 equiv of sodium formate was placed in a constant temperature
bath. Aliquots (1 ml) were withdrawn and titrated for formate con-
tent (hence p-toluenesulfonic acid content) with a standard solu-
tion of perchloric acid in acetic acid (1% anhydride) to the Brom-
phenol Blue end point (yellow to clear). Rates were obtained from
the slope of the least-squares fit of a plot of logarithm of concen-
tration vs. time. The values reported in Table | are the averages of
two or three runs.
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Formolysis Product Studies. Ditosylate 4 (1.013 g, 0.002 mol)
was added to a solution of 0.272 g (0.004 mol) of sodium formate in
40 ml of formic acid (freshly distilled from boric anhydride) equili-
brated at 40°. After 4.5 hr (5 half-lives) the mixture was cooled to
room temperature and diluted with 150 ml of ether. Formic acid
was removed by extraction with NaHCO03. The ether extract was
dried over anhydrous MgSCh and concentrated by distillation.
Two components were isolated by preparative vapor phase chro-
matography (SE-30, 150°, 60 ml/min). The major component was
assigned structure 9: nmr (CDC13) 50.9 (d, 3), 1.1 (d, 3), 1.5 (m, 8),
2.0 (m, 5), 49 (m, 1), 7.9 (s, 2); ir (neat) 1725 cm-1 (ester C=0).8
The minor component was assigned structure 10: nmr (CDCI3) 5
0.9 (d, 3), 1.5 (m, 7), 2.0 (m, 7), 5.3 (s, 2), 7.9 (s, 1); ir (neat) 1730
cm-1 (ester C=0).6 Product composition was determined by ana-
lytical vapor phase chromatography. Thermal conductivity factors
were assumed to be identical for each component, and the amount
of each product was determined as the percentage of the total area
under the trace. Structures 9 and 10 were confirmed by character-
ization of the products of formolysis followed by saponification
with 50 ml of 0.5 M NaOH. Two components were isolated by pre-
parative vapor phase chromatography (Carbowax, 120°, 60 ml/
min). The major component was assigned structure 11: nmr
(CDCI3) 60.8 (d, 3), 1.0 (d, 3), 1.5 (m, 11), 2.1 (m, 3), 3.8 (M, 1), 4.4
(br s, 1); ir (neat) 3500 (O-H), 1710 cm-1 (C=0); mass spectrum
(10 eV) m/e 198 (small), 180,165,147,139,125,112, 97, 83, 69, 67.8
Anal. Calcd for C, 72.68; H, 11.18; 0, 16.14. Found: C,
71.51; H, 10.21.16 The minor component was assigned structure 12:
nmr (CDCI3) &0.9 (d, 3), 1.5 (m, 10), 2.2 (m, 5), 5.3 (br s, 2); ir
(neat) 1710 cm-1 (C=0); mass spectrum (10 eV) m/e 180, 165,
139, 125, 112, 97, 83, 70.8 Anal. Calcd for C12H200: C, 79.94; H,
11.18; O, 8.88. Found: C, 78.77; H, 11.09.16 Pure samples of 9 and
10 were hydrolyzed independently to products having identical re-
tention times (by peak enhancement) to those of 11 and 12, respec-
tively.

The reaction was also stopped after 1 half-life and the resulting
mixture was diluted with ether. Formic acid was removed by ex-
traction with NaHCO03 The organics were concentrated by rotary
evaporation, and the residue was chromatographed on a silica gel
column. Elution was begun with 2% THF-hexane. The products 9
and 10 came off with 10% THF-hexane. One or more mixed for-
mate tosylates came off with 15% THF, and unreacted ditosylate
with 20-50% THF. The mixed formate-tosylate fractions were al-
lowed to react with wet formic acid, and the resulting products
were 9 and 10.

Trifluoroacetolysis Product Studies. Ditosylate 4 (1.012 g,
0.002 mol) was added to a solution of 0.475 g (0.004 mol) of sodium
trifluoroacetate in 40 ml of trifluoroacetic acid (1% anhydride) at
25°. After 5 half-lives (determined by changes in the aromatic
methyl resonances) the solvolysis was worked up in the manner de-
scribed for formolysis. Two components were isolated from the
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ether extract by preparative vapor phase chromatography (SE-30,
130°, 60 ml/min). The major component was assigned a structure
analogous to 9: nmr (CDCI3) d0.9 (d, 3), 1.1 (d, 3), 1.5 (m, 8), 2.0
(m, 5), 49 (m, 1); ir (neat) 1780 cm-1 (ester C=0).8 The minor
component was assigned a structure analogous to 10: nmr (CDCI3)
509 (d, 3), 15 (m, 7), 21 (m, 7), 5.3 (s, 2); ir (neat) 1800 cm“1
(ester C =0).8 Pure samples of these products were hydrolyzed to
materials with vapor phase chromatographic retention times iden-
tical (by peak enhancement) to those of 11 and 12, respectively.
Trifluoroacetolysis followed by saponification resulted in materials
having nmr and ir spectra identical with those of 11 and 12 pro-
duced by formolysis.

Registry No.—4, 53013-73-3; 9, 53783-61-2; 9 (trifluoroacetyl
analog), 53783-62-3; 10, 53783-63-4; 10 (trifluoroacetyl analog),
53783-64-5; 11, 53783-65-6; 12, 53783-66-7; 5-chloro-l-pentyne,
14267-92-6; acetylene, 74-86-2; I-bromo-3-chloropropane, 109-70-
6; 1,8-dichloro-4-octyne, 53783-67-8; 6-dodecyne-2,ll-diol, 53783-
68-9; p-toluenesulfonyl chloride, 98-59-9; sodium trifluoroacetate,
2923-18-4.
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Field desorption mass spectra are reported for six mono- (1-6) and four bisphosphonium halides (7-10) derived
from triphenylphosphine. All of the former show base peaks corresponding to the phosphonium cation and sever-
al show other peaks of structural significance. Base peaks for the latter are influenced by structural factors, in
particular, the stability of a complex of the dication with one halide. Fragmentation and the general behavior of
these compounds under field desorption conditions are discussed in terms of the utility of this technique for con-
firmation of structure of these important synthetic intermediates.

Organic “onium” salts, and phosphonium salts in partic-
ular, are increasingly important intermediates for organic
synthesis.2 The increased acidity conferred on protons ad-
jacent to the positive center allows their easy removal and
the ylides so formed react in a variety of useful ways, de-
pending largely on the nature of the heteroatom involved.3

While the preparation of such salts is usually straightfor-
ward, difficulties can arise. For instance, rearrangement

during quaternization of phosphines with allylic halides4
can lead to unexpected products or mixtures of products.
The use of dihaloalkanes can lead to mixtures of mono- and
bisphosphonium salts,5 and salts derived from addition of
triphenylphosphine hydrobromide to polyenes or alco-
hols4136 can lead to products with ambiguous structures.
During a continuing investigation of the preparation and
synthetic application of vinylphosphonium salts,7 such
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problems were encountered and in particular we required a
rapid and reliable method for the determination of molecu-
lar weights of the products of quaternization of triphenyl-
phosphine. Since electron-impact mass spectrometry is not
suitable for such nonvolatile compounds, we turned to the
recently developed field desorption technique which has al-
ready been applied to ammonium salts.8 We report here
the results obtained from a number of related mono- and
bisphosphonium salts of established structure which clear-
ly indicate the utility of field desorption mass spectrometry
(FDMS) in structure determination of these compounds.

Numerous reviews outlining the principles upon which
FDMS depends have appeared since Beckey first demon-
strated the technique in 1969, including a recent brief and
lucid account of FDMS in the context of field ionization
from which it is derived.9 The key facts are that a nonvola-
tile sample can be deposited on an anode which is subse-
guently inserted into the mass spectrometer source. Upon
application of a high positive voltage (and usually some
heat) to the anode, electrons are removed from sample mol-
ecules and the resulting low-energy molecular ions are fo-
cused and detected in the usual way.

Results and Discussion

Phosphonium halides 1-10 (Chart 1) yield FD spectra
which are highly characteristic of their structure at mini-
mum anode temperatures, along with fragmentation which
increases as anode temperature is increased.

Chart |

Ph3PCH2CH3
(291)

Br'
(79, 81)

Ph3PCH2Ph  ClI
(353) (35, 37)

Br'
(79, 81)

Ph3PCH2CH=CH2
(303)

Br' Ph3PCH=CH2
(79, 81) (289)
3 4

ClI' Ph3PCH2CH=CHCH3
(35, 37) (317)
5 6
+ + + +
Ph3P(CH2)2PPh3 2Br' Ph3P(CH2)3PPh3 2Br'
(552) (79, 81) (566) (79, 81)
7 - 8
+ +
Ph3P(CH2)4PPh3
(580)

Cl:
(35, 37)

Ph3PCH=C(CH3)2
(317)

2Br'
(79, 81)
9

2C1
(35, 37)

Ph,PCH2CH=CHCH2PPh3 (trans)
(578)
10

The presence of two isotopes for each of the halogens
(3CL = 75.4%, 37CL = 24.6%; 7Br = 50.6%, 81Br = 49.4%)
aids in the identification of peaks to which they contribute
and in addition a comparison of observed and calculated
isotope peak intensities provides an opportunity to check
on the reproducibility of minor peaks. The results for
monophosphonium halides 1-6 are presented in Table I.

The phosphonium cation gave rise to the base peak in
each of these spectra. From the point of view of determina-
tion of an unknown structure, the fact that there are fre-
quently several peaks of higher m/e may be a nuisance, but
the family of ions representing the original cation is so
much more intense than any others that a correct assign-
ment should be relatively straightforward. Similar identifi-
cation of the halide would be possible only for 1, where the
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Table | +
Field Desorption Mass Spectra of Ph3P-R X~a

1, R = CH,Ph; X = CI; anode current = 16 mA
m/e 744 (2.6%), 743 (6.3), 742 (7.9), 741 (14), 674 (5.0),
649 (5.8), 571 (7.1), 495 (10.5), 479 (5.0), 477 (5.5),
443 (6.5), 429 (15), 399 (7.6), 390 (5.5), 389 (12), 388
(14), 387 (34), 355 (7.9), 354 (50), 353 (100, base),
299 (8.1), 298 (9.2), 297 (24), 277 (3.1), 262 (3.4)

2, R = CH2CHS3; X = Br; anode current = 13 mA
m/e 664 (5.5%), 663 (13), 662 (6.2), 661 (11), 369 (2.9),
367 (5.6), 343 (4.7), 341 (4.4), 292 (37), 291 (100, base)

3, R = CH2ZCH=CH2 X = Br; anode current = 13 mA
m/e 688 (3.3%), 687 (5.8), 686 (3.2), 685 (5.6), 381 (2.2),
343 (3.6), 305 (4.0), 304 (31.5), 303 (100, base), 277 (3.1)

4, R = CH=CHZ2, X = Br; anode current = 15 mA
m/e 660 (5.1%), 659 (8.3), 658 (4.3), 657 (7.5), 290 (21.7),
289 (100, base)

5 R = CH=C (CH32; X = CIl; anode current = 10.5 mA
m/e 319 (8%), 318 (30), 317 (100, base)6

6, R = CH2CH=CHCH3(trans); X = CI; anode current =
10 mA
m/e 319 (5%), 318 (48), 317 (100, base)c

° All ions of relative abundance greater than 5% and others of

.particular interest are reported. 6 Cluster ions near 669, 671 are too

small to be measured accurately. ¢ Cluster ions at 669, 671 are be-
low threshold. One scan at high gain yields 669 = 2.0%, 671 = 0.8%.

peak at 387 corresponding to the major isotope of chlorine
associated with the cation less one H has a relative intensi-
ty of 34%. All of these compounds show some evidence for a
singly charged cluster ion composed of two cations and one
anion (H— 1), although 5 and 6 would present some diffi-
culty in anion identification as unknowns.

Reference has been made to the fact that the base peak
in these spectra occurs as part of a family, and in the case
of 1, the peaks assigned to the neutral salt less an electron
appear to have a hydrogen missing. This observation of hy-
drogen gain and loss is very common in FDMS and repre-
sents a limitation of this method for structural studies.
However, in the present work where molecules are com-
posed mainly of atoms of high mass number (P, Cl, Br)
combined with stable groups (C6H5), hydrogen transfer
presents no particular difficulty. It should be noted that
molecules containing 20 or more carbons have substantial
13C isotope peaks (20 X 1.1 = 22%), and after subtraction
of this contribution, the amountofM + Hand M + 2 H is
not very large. However, assignment of fragmentation
peaks requires that one or occasionally two hydrogens be
treated as disposables to be added or subtracted. This arbi-
trary procedure may take on some mechanistic meaning as
larger numbers of FD spectra on various classes of com-
pounds become available.

Benzyltriphenylphosphonium chloride (1) gives a partic-
ularly rich FD spectrum, a fact which may be related to the
low ionization potential of the benzyl group. In addition to
the base peak (m/e 353) and peaks arising from the intact
phosphonium halide (m/e 387-390), there are several as-
signments that are straightforward. Triphenylphosphine
(m/e 262), which could arise from benzyl loss from the base
peak, and the elements of methyltriphenylphosphonium
cation (m/e 277) are peaks found in most of our com-
pounds. The peaks at m/e 297, 299 correspond to Ph3PCl+
and show the appropriate isotope ratio. Most of the other
peaks can be tentatively assigned by manipulation of the
major structural units, although at this stage the manner in
which these sometimes thoroughly rearranged fragments
actually arise is not clear. The peaks at 649, 571, and 495
correspond to loss of PhCH3, PIICH3 + CgHg, and PhCH3
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Table 11 +
Intensity of Cluster lons inPh3P R X~

Corrpound Ousterme  Intersity® s % ard+H

1, R = CH2Ph; 741, 743 14, '6.3 7.9,2.6
X = ClI

2, R = CH2CH3; 661, 663 11, 13 6.2, 55
X = Br

3, R =CH2CH=CHZ2 685, 687 5,6, 5.8 3.2, 33
X = Br

4, R = CH=CHZ2; 657, 659 7.5, 8.3 4.3, 5.1
X = Br

“ Relative to base peak = 100. 6 Intensities for peaks 1 amu above
those quoted (e.g., 742, 744 for 1).

+ CeH4 from the major isotope peak of the cluster ion at
m/e 741. There are two ions that may be related to addi-
tions to the base peak, i.e., m/e 429 (353 + C6H4) and m/e
443 (353 + PhCH). Addition of CI to the latter would give
m/e 478, 480, a process which may be represented by the
peaks actually found one unit lower. Whether this exercise
in provisional assignment has any merit or not, study of
this compound does emphasize that under some conditions
FD produces a good deal more than molecular ions.

The remaining compounds in Table | give much simpler
spectra. There is evidence in 2 for Ph3PBr+ (341, 343) as
well as small peaks which may represent the phosphonium
halide —3 H (m/e 367, 369). For compound 3, the peaks at
343 and 381 may represent the addition of allyl (actually
C3H4) and benzene to the base peak by analogy with the
429 and 443 peaks in 1. However, at this level the absence
of isotope peaks may be accidental, and it is therefore pos-
sible that these peaks are bromine containing.

Attention has already been drawn8to the existence of ion
clusters in FDMS. Our results confirm this behavior, and
the presence of isotopes for each of our anions allow these
assignments to be made with some confidence. In Table Il
we present the ions corresponding to two phosphonium
cations combined with one halide anion for compounds 1-
4.

The intensities of the cluster ions reflect fairly accurately
the isotopic composition of chlorine (1) and bromine (2-4).
Although the contribution of extra hydrogens to these
peaks could in principle distort the observed ratios, a quick
calculation shows that the “13C and +H” peaks are in fact
predominantly composed of 13C, a result of the high carbon
number (40-50) of these cluster ions. Thus, these data
show that FD ion peaks of 5-15% relative intensity contain
sufficient ions that they reproduce fairly faithfully the ex-
pected isotope ratios. In fact, our experience has been that
reasonable ion statistics and reproducibility are main-
tained at even lower intensity levels when measurement of
peak intensities is not complicated by noise.

The observed FD spectra for bisphosphonium salts 7-10
are presented in Table Ill. Unlike the monophosphonium
salts, these compounds have base peaks which appear to be
related to their specific geometry. Thus, 8 and 9 have
(4— 1) ions as base peaks, m/e 645, 647 for the former, and
659, 661 for the latter. Compound 7 has corresponding
peaks (631, 633) of low intensity and 10 has peaks one unit
higher (614, 616) which we attribute to (H-—--h) + H. It is
difficult to escape the conclusion that the unusually promi-
nent cluster ions in 8 and 9 reflect their ability to form a
ring-like structure with the halide held between the two
phosphorus atoms. Whether the failure of 7 to show this
enhanced cluster peak is related to ring-size problems or to
competition from favorable fragmentations (both methy-
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Table 111 +
Field Desorption Mass Spectra of (Ph3P):R X~°

7, R = (CH22, X = Br; anode current = 16 mA
m/e 659 (5%), 657 (4), 633 (7), 631 (6), 291 (6), 290 (35),
289 (100, base)
8, R = (CH23; X = Br; anode current = 18 mA
m/e 649 (22%), 648 (29), 647 (81), 646 (49), 645 (100,
base), 303 (22)
9, R = (CH24; X = Br; anode current = 17.5 mA
m/e 663 (9%),,662 (44), 661 (100, base), 660 (43),
659 (89), 291 (1), 290.5 (4), 290 (8)6
10, R = CH2CH=CHCH2f X = CI; anode current =
15 mA
m/e 661 (4%), 660 (11), 659 (6), 658 (12),
617 (4)616 (5), 615 (7), 614 (15), 339 (13), 316 (6),
292 (8), 291 (29), 290.5 (24), 290 (100, base), 276 (7)
aAll ions of relative abundance greater than 5% and others of
special interest are reported. bAt high gain, small peaks are
present at 341, 343 (Ph3PBr, <1% of base) and at 397, 399
(Ph3P(CH2)4Br, 2% of base). ¢ This compound is predominantly
trans.

lenes are activated by adjacent P+) is not clear. In any
event, the base peak in 7 corresponds to Ph3PCH=CH 2+,
whereas the base peak in 10 is m/e 290 which we assign at
least in part to a doubly charged bisphosphonium ion. This
latter assignment requires that the dication pick up two
hydrogens. It is doubtful that this is a sufficient assign-
ment because it demands a 5802+ ion containing 40 carbons
and should be accompanied by a 5812+ ion of 44% intensity
representing the 13C isotope. The peak at 290.5 has an in-
tensity just over half of this which suggests that about half
of the m/e 290 peak may in fact be a singly charged ion of
that mass. The peak at 291 is a good deal larger than would
be demanded for the 13C isotope corresponding to the lat-
ter, which in turn suggests that it may in part represent
5822+. Increased anode temperature results in a reduction
of the 290/290.5 ratio before they both disappear. That
fact, and the emergence of new base peaks, is consistent
with our assignment of both a singly and doubly charged
ion to the m/e 290 peak at lower temperatures.

Compound 9 also shows evidence of doubly charged ions.
In this case the ion at m/e 290 corresponds to
Ph3P(CH24PPh3+, and the calculated 13C isotope peak at
290.5 (40 X 1.1 X 8 = 3.5%) agrees very well with the ob-
served intensity. Compound 8 shows only one important
fragment ion at m/e 303 which we assign to Ph3PC3H5+
(loss of Ph3P and H). The two high m/e peaks in 7 appear
to contain one Br and we assign them to the cluster ion
plus C2H2 (631, 633 4- 26 = 657, 659), implying that the ele-
ments of acetylene are transferred, perhaps from a species
related to the base peak (m/e 289, Ph3PCH=CH?2+). The
minor ion at 276 in 10 no doubt represents Ph3PCH2+, but
the ions at 658-661 in this compound are not readily as-
signed. The ion at 339 we attribute to Ph4P+ and m/e 316
may be a doubly charged ion, since it is flanked by ions at
315.5 and 316.5 which are clearly distinguished at scans
taken at high gain, although in no case do they exceed
threshold (5%).

The bisphosphonium halides may be desorbed from the
emitter at a variety of temperatures. Some interesting and
potentially useful information is obtained in this way, but a
good deal more work will be necessary before the trends are
understood in detail. The behavior of 8 at anode tempera-
tures above 18 mA may be summarized as an example.
Upon heating to 19-21 mA, the base peak for this com-
pound shifts from m/e 645, 647 to m/e 303. At still higher
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temperatures m/e 645, 647 disappears and the base peak
shifts to m/e 277 (Ph3PCHS3+), an ion not present in the
original 18-mA spectrum. Fragments of m/e 262 (Ph3P+)
and m/e 289 (Ph3PCH==CH?2+) also appear above 23 mA.

In summary, we conclude that field desorption mass
spectrometry provides a means of characterizing mono-
and bisphosphonium halides formed in synthetic sequences
and may have some application in the identification of
these and similar salts when they are presented as un-
knowns. In general, the lowest anode current at which the
sample is desorbed is most likely to provide ions related to
unfragmented species. However, where additional current
can be applied without causing instant desorption, valuable
supplementary information may be obtained. This series of
related salts has also provided some further background on
the behavior of molecules under field desorption condi-
tions, information which is essential if this technique is to
have wide applicability as a supplement to electron impact
mass spectrometry in structure determination.

Experimental Section

All compounds used in this work were prepared and character-
ized by published procedures.2 The mass spectrometer was a Var-
ian MAT Model CH5 DF with combined FD-FI-E1 source. The
samples were prepared as chloroform solutions (about 1 mg in 100
til) and transferred to a conditioned anode by dipping.10 The an-
odes are 10-~ tungsten wires spot-welded on supporting posts and
conditioned in a Varian apparatus in a manner similar to that de-
scribed by Beckey.1l After excess solvent had evaporated, the
anode carrying the sample was introduced into the cool source
(generally 80°) through a vacuum lock. When vacuum better than
10-6 Torr was restored, the high voltage was applied (+3 kV to
anode and —7 kV to cathode) and the focusing elements adjusted
using the signals from a field ion beam produced by a mixture of
acetone, toluene, and 6-undecanone introduced through the refer-
ence inlet. Anode heating was increased until a steady ion beam
was obtained on the total ion beam monitor and the magnet scan
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was then commenced. Signals were obtained from an electron mul-
tiplier set at 1.75-2 kV (gain of 106:106) and spectra were recorded
at nominal resolution of 1500 on an oscillographic recorder. The
mass scale was calibrated with a Varian mass marker calibrated
against perfluorokerosene (El mode) every 20 amu (+0.4 amu).
After each sample, the anode current was gradually increased to its
maximum value (50 mA) to clean the wire before a new sample was
run.
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Three routes of synthesis for 5-thio-D-fructofuranose (1) are examined. Treatment of methyl 4-0-acetyl-I,3-
O-benzylidene-5-O-tosyl-a-L-sorbopyranoside (5) with potassium thioacetate in DMF gives methyl 4-O-acetyl-
5-S-acetyl-1,3-0- benzylidene-5-thio-/3-D-fructopyranose (13). After three hydrolysis steps 1 is obtained. Alter-
nately, 5 can be hydrolyzed to 4-0-acetyl-5-O-tosyl-a-L-sorbopyranoside (22). This, after acetylation with acetic
acid, acetic anhydride, and sulfuric acid is treated with potassium thioacetate in DMF solution to give 1,2,3,4-
tetra-O-acetyl-5-S-acetyl-5-thio-/5-D-fructopyranose (24). Deacetylation of 24 leads to 1. 1 is also obtained from
1,3-0-isopropylidene-a-L-sorbose (25) by selective tosylation and treatment with potassium thioacetate to give
the 5-S-acetyl compound which is then hydrolyzed with aqueous trifluoroacetic acid and deacetylated.

The interesting chemical and biochemical properties of
thiosugars containing sulfur as the ring heteroatom have
led in recent years to several examples of their prepara-
tion.4 Such monosaccharides as 5-thio-D-glucopyranose,4a
methyl 4-thio-D-arabinoside,4b 4-thio-D- and -L-ribose,4&c
and methyl 5-thio-D-xyloside4d have been synthesized. To
provide analogs of D-fructose for metabolic examination we
have prepared 6-thio-D-fructosede and now 5-thio-D-fruc-
tose (1).

Recently Murphy5 has found that treatment of methyl
1,3-0-benzylidene-4,5-di-0-mesyl-a-L-sorbopyranoside (3)
with an excess of sodium benzoate or sodium azide in boil-
ing N,N-dimethylformamide leads to displacement at the

C-5 position to give the D-fructo sugars 9 and 10, respec-
tively. Treatment of 1,2-0-isopropylidene-3,4,5-tri-O-
mesyl-a-L-sorbose (11) with sodium azide in hexamethyl-
phosphoric triamide results in ready displacement of the
mesyl group at C-5 only, to give the sugar 12 with the D-
fructo configuration.6 Armenakian, Mahmood, and Mur-
phy7 have found that 2 when treated with an equimolar
amount of tosyl chloride in pyridine gives a good yield of
the 5-substituted derivative 4 only.8 These results suggest-
ed the synthesis of 5-thio-D-fructose (1) from an L-sorbose
derivative.

Compound 5, prepared according to Murphy’s proce-
dure,57when heated at 100° in IV,N-dimethylformamide in
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HO oH
HO
2. R,=R,=H 6, Rt=R, = Ts
3. Rl= Rj=Ms 7, R,=H, R, =Ts
4. R,=Ts;R.=H 8, R,=Ac; R,=Ts
5 R, =Ts; R, = Ac
9, R3= OBz n 12
) Rj = N3

the presence of an excess of potassium thioacetate yielded
methyl 4-0-acetyl-5-S-pcetyl-I,3-0-benzylidene-5-thio-d-
D-fructopyranoside (13). The nmr spectrum (cf. Experi-
mental Section) of 13 shows signals characteristic for ace-
tyl, thioacetyl, methoxyl, and benzylidene groups. H-3 sig-
nal at $4.03 is in the form of a doublet 6/ 34 = 10.9 Hz)
whereas H-4 at 8 5.86 is a pair of doublets (c/34 = 10.9 and
145 = 4.6 Hz). These data verify the (j-D-fructose configu-
ration of 13.

Hydrolysis of 13 with 50% aqueous acetic acid proceeds
smoothly and affords the methyl 4-0-acetyl-5-S-acetyl-5-
thio-/3-D-fructopyranoside of 14. Acid hydrolysis of 14 did
not give a satisfactory yield of 17 or 18. Numerous experi-
ments using diluted acids such as sulfuric acid, hydrochlo-
ric acid, acetic acid, and ionic exchange resin IR120 (H+)
were unsuccessful. Compound 14 easily undergoes transfor-
mation into the thiophene derivative 16. Likewise the ace-
tolysis of 14 with acetic acid and acetic anhydride in the
presence of a catalytic amount of sulfuric acid gives a mix-
ture of several products. The major component was isolat-
ed chromatographically and identified as the triacetate 19.
Mineral acids induce formation of furan compounds from
mono- and polysaccharides9 and ketoses decompose more
readily than aldoses.10 The possibility of obtaining the
more stable thiophene, higher energy of resonance than
furan, makes the degradation of derivatives of 5-thio-D-
fructose into 16 and 19 very easy. Treatment of 14 with tri-

22 23
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fluoroacetic acid at 25°, however, gave a mixture of three
compounds which could be separated chromatographically.
From their nmr spectra, the less polar (tic) compound is
the thiophene derivative 16 and the others are 4-O-acetyl-
5-S-acetyl-5-thio-d-D-fructopyranose (17) and 4-O-acetyl-
5-thio-/3-D-fructofuranose (18). The nmr spectrum of 17
shows two singlets at 8 2.08 and 2.60, corresponding to O-
acetyl and S-acetyl groups, and does not show an absorp-
tion due to an O-methyl group. The doublet of H-3 at 8
3.99 with 134 = 10.4 Hz and the pair of doublets of H-4 at 8
5.48 (e/l34 = 10.4 and J45 = 4.7 Hz) indicates a fructo con-
figuration and a pyranose ring in 17. The nmr spectrum of
16 indicated the absence of S-acetyl and 0-methyl groups.
A three-proton singlet at 8 2.24 for 0- acetyl, a doublet for
H-3 at 84.31 (1 34 = 9-8 Hz), and a pair of doublets at 85.53
(@34=9.8and J45= 7.6 Hz) support a furanose ring struc-

.ture for 18. Deacetylation of 18 with sodium methoxide in

methanol led to the free sugar 1.

An alternate method was examined for the synthesis of 1
so as to avoid the necessity of hydrolyzing 14 with acid.
Compound 5 can be hydrolyzed with aqueous trifluoroacet-
ic acid to give 20. After removing benzaldehyde, 20 was
again hydrolyzed with trifluoroacetic acid. The crude prod-
uct 22, when acetylated at 0° with acetic acid and acetic
anhydride in the presence of a catalytic amount of sulfuric
acid, gave 1,2,3,4-tetra-0-acetyl-5-0-tosyl-a:-L-sorbose 23
only. The structure of 23 was readily deduced from its nmr
spectrum (cf. Experimental Section). Treatment of 23 with
potassium thioacetate in A/N-dimethylformamide at 70°
produces the pentaacetate 24, which after deacetylation
gives 1

Because the overall yield in these reactions was not satis-
factory a shorter and more efficient route was worked out.
1,2-0-Isopropylidene-a-L-sorbose (25) was the starting ma-
terial.

Compound 25 is readily tosylated with an equimolar
amount of tosyl chloride at 0° to produce the 5-O-tosyl de-
rivative 26 in 40% yield. The structure of 26 was deduced
from its nmr spectrum and from the spectrum of its diace-
tate 27. The nmr spectrum of 26 shows signals characteris-
tic of isopropylidene and tosyl groups. The pair of triplets
for H-5 (J45 1563 — 9 and Jr.fie — 7 Hz) at 8 5.06 testifys
that only the hydroxyl group at C-5 was substituted. Heat-
ing 27 at 80° in iV,A/-dimethylformamide in the presence of

24 1
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an excess of potassium thioacetate gives 3,4-di-0O-acetyl-5-
S-acetyl-1,2-0-isopropylidene-5-thio-/3-D-fructopyrano8e
(28) in good yield. The structure of 28 is deduced from its
nmr spectrum (c/. Experimental Section). Triacetate 28 is
easily hydrolyzed with aqueous trifluoroacetic acid and
yields 29. Deacetylation of 29 gives the free sugar 1.

5-Thio-D-fructofuranose (1) is a colorless syrup, stable at
25°, and does not oxidize at a perceptable rate. The specific
optical rotation in methanol is +1.4°.

Acetylation of 1 with acetic anhydride and pyridine leads
to a mixture of two pentaacetates, 30 (highest R{ on tic)
and 31, whereas acetylation in boiling acetic anhydride and
sodium acetate gives 31 only. Pentaacetates 30 and 31 can

32

be separated chromatographically. That 30 and 31 are the
anomers of 1,2,3,4,6-penta-0-acetyl-5-thio-D-fructofura-
nose is easily deduced from their ir and nmr spectra. The ir
spectra of 30 and 31 show acetyl-carbonyl absorption but
do not show any absorption attributable to SAc, OH, and
SH groups. The nmr spectra of both compounds integrated
for five OAc groups, and the coupling constants J34 and
J45 are 6.8 and 6.7 Hz for 30, whereas they are 7.9 and 5.8
Hz for 31, respectively. Due to the opposition of the anom-
eric O-acetyl group it was expected that in nmr spectra the
signals of H-3 and H-5 in the a-D-anomer would be shifted
downfield and H-4 would be shifted upfield when com-
pared with (3-D-anomer. In the spectrum of 30 H-3 was ob-
served at 8 6.06, H-4 at 8 5.56, and H-5 at 8 3.90, whereas
the corresponding data for 31 are H-3 at 5 5.80, H-4 at 8
5.65, and H-5 at 8 3.66. Consequently we characterize 30 as
a-D-anomer and 31 as /3-D-anomer of 1,2,3,4,6-penta-O-
acetyl-5-thio-D-fructofuranose. The specific optical rota-
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tion of 30 is +153.8° and that of 31 is -91.3°. These rota-
tions are fully consistent with proposed structures.11 Acet-
ylation of 1 with acetic anhydride in the presence of zinc
chloride leads to a mixture of three isomeric pentaacetates.
The major component 32 readily crystallizes from the mix-
ture in 25% yield. On the basis of the nmr spectra and the
specific optical rotation it is recognized as 1,3,4,6-tetra-O-
acetyl-5-S-acetyl-5-thioketo-D-fructose (32) and the two
remaining compounds as 30 and 31.

Acetylation of 5-thio-D-fructose (1) differs from that of
natural D-fructose. D-Fructose, however, exists in the crys-
talline form as /3-D-fructopyranose only, while in solution it
occurs in an equilibrium of pyranose and furanose
forms.11'12 Our thio analog remains in the furanose form.

The acetylation of D-fructose has been the subject of nu-
merous investigations.11-18 Acetylation using boiling acetic
anhydride and sodium acetate leads to an unidentified
mixture of acetates.13 The only crystalline product isolated
after acetylating D-fructose in pyridine Solution is keto-D-
fructose pentaacetate in 5% yield.14 Treatment of D-fruc-
tose with acetic anhydride and zinc chloride at 50° leads to
the open chain pentaacetate,15 whereas at 0-5° 1,3,4,5-
tetra-O-acetyl-d-D-fructopyranose is obtained.14 Sulfuric
acid as a catalyst at 0-5° gives this same tetraacetate.16
Perchloric acid in an acetylating mixture at 70° gives
1,2,3,4,5-penta-0-acetyl-/3-D-fructopyranose.17 No crystal-
line acetate of D-fructofuranose has been prepared. D-Fruc-
tofuranose pentaacetate (a liquid) was first synthesized
using perchloric acid as the catalyst.1718

5-Thio-D-fructose (1) is sufficiently stable in the pres-
ence of the basic catalysts such as pyridine or sodium ace-
tate to produce the pentaacetates of the furanose form
only. Production of the mixture of 30 and 31 in pyridine
proves that in this solvent | exists as an equilibrium of a-
and d-D-anomers of the furanose form. The observed spe-
cific optical rotation of 1of -7.7° in water and +13.5° after
4 hr in pyridine strongly supports this view. In aqueous so-
lution, 1 exists predominantly as /3-D-furanose, which can
be deduced from the nmr spectrum of 18 in D20. This
shows H-3 and H-4 signals for one anomer only. There is no
reason to expect that the a  d equilibrium of | is different
than that for 18. In addition, the optical rotation of 1 is
close to the value expected for /3-D-fructofuranose ([a] 25D
-4.58°).19 The opening of the thioacetal ring is possible in
the presence of a Lewis acid catalyst (ZnCl2). The main
product 32 is probably the most stable pentaacetate. The
formation of pentaacetate or tetraacetate with the pyra-
nose ring, as obtained with D-fructose, was not observed
under any conditions with our thio analog. The lower sta-
bility of I, however, in the presence of strong acids pre-
cludes using perchloric acid or sulfuric acid as a catalyst.

Experimental Section

General Methods. Purity of products was determined by thin-
layer chromatography (tic) on silica gel G (E. Merck, Darmstadt,
Germany). Components were located by spraying with 5% sulfuric
acid in ethanol and heating. Column chromatography was per-
formed on silica gel, powder 60-200 mesh (J. T. Baker Chemical
Co.). Melting points were determined with a Fisher-Johns appara-
tus and were corrected. Optical rotations were measured on a Per-
kin-Elmer Model 141 polarimeter. Nuclear magnetic resonance
spectra were obtained in chloroform-d and pyridine-ds solution
(TMS as internal standard) or deuterium oxide (tert-butanyl alco-
hol as internal standard) with a Varian T-60A spectrometer. Ir
spectra were recorded with a Perkin-Elmer Model 337 infrared
spectrometer.

Methyl 4-0-acetyl-1,3-0-benzylidene-5-0-tosyl-a-L-sorbopyra-
noside (s) was prepared according to Murphy’s procedure57 1 2-
O-lsopropylidene-a-L-sorbose (25) was obtained according to the
literature procedure.2

A sample of the crude 45 was chromatographed using 9.9:0.1
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benzene-acetone mixture as eluent. In addition to 4, the small
amounts of the less polar (tic) methyl 1,3-0-benzylidene-4,5-di-
O-tosyl-a-L-sorbopyranoside (6) and the more polar methyl 1,3-
O-benzylidene-4-O-tosyl-of-L-sorbopyranoside (7) were isolated.

6: mp 121-122° dec; [n]2D -71.3° (¢ 1.54, CHC13); nmr (CDCIJ)
82.31, 2.54 (2's,6,CH3of tosyl), 3.43 (s, 3, OCH3),3.59 (d, 1,Ju =
-12.8 Hz, H-I), 3.66 (d, 1, 334 = 10.1 Hz, H-3), 3.87 (t, 1, JiM =
11.0, J6ate = -H-3 Hz, H-6a), 4.32 (pd, 1, J56 = 6.2 Hz, H-6e),
445 (d, 1, H-1'), 4.72 (pt, 1, J45= 9.0 Hz, H-5), 5.39 (pd, 1, H-4),
5.50 (s, 1, CH of benzylidene), 7.08-8.23 (m, 13, aromatic).

Anal. Calcd for C28H3c520i0: C, 56.9; H, 5.1; S, 10.9. Found: C,
57.2; H, 5.2; S, 10.7.

7: mp 124-125° dec; [a]ZD -76.6° (¢ 1.24, CHCI3); nmr (CDC13)
82.39 (s, 3, CH3of tosyl), 3.41 (s, 3, OCH3J), 3.60 (d, 1,Ixv = -12.7
Hz, H-l), 3.6-4.4 (m, 3, H-5, H-6a, H-6e), 3.73 (d, 1, J34= 10.1 Hz,
H-3), 4.45 (d, 1, H-I'), 5.06 (pd, 1, J4s = 7.5 Hz, H-4), 5.58 (s, 1,
CH of benzylidene), 7.2-8.0 (m, 9, aromatic).

Anal. Calcd for C2iH24S0 8: C, 57.8; H, 5.6; S, 7.3. Found: C, 58.0;
H, 5.8; S, 7.4.

Acetylation of 7 with acetic anhydride and pyridine gave 8: mp
128-129° dec; [a]ZD -88.4° (c 0.98, CHCI3); nmr (CDCI3) 82.13 (s,
3, OAc), 2.37 (s, 3, CH3of tosyl), 3.46 (s, 3, OCHJ), 3.63 (d, 1,
= -12.7 Hz, H-l), ~3.7 (pd, 1,J5M = 9-2, J6a6e = -11.0 Hz, H-
6a), 3.76 (d, 1, 334 N 9.2 Hz, H-3), 4.05 (pd, 1, J56e = 6.1 Hz, H-
6e), 4.47 (d, 1, H-I'), 5.23 (pt, 1, J45= 9.2 Hz, H-5), 5.50 (t, 1, H-
4), 5.60 (s, 1, CH of benzylidene), 7.2-8.0 (m, 9, aromatic).

Anal. Calcd for C23H26509: C, 58.0; H, 5.1; S, 6.7. Found: C, 58.1;
H, 5.3; S, 6.6.

Methyl 4-0-Acetyl-5-S-acetyl-1,3-O-benzylidene-5-thio-jS-
D-fructopyranoside (13). A mixture of 5 (2.0 g) and potassium
thiodcetate (3.0 g) in N./V-dimethylformamide (40 ml) was stirred
and heated at 100° in a current of nitrogen for 6 hr. The reaction
mixture was then poured into water (500 ml). The precipitate was
filtered, washed with water, and dried. Recrystallization from iso-
propyl alcohol gave colorless crystals (1.2 g): mp 123-124°; [a]26D
-117.8° (c 1.35, CHCI3); yield 75%; ifmex (Nujol) 1740 (O-acetyl)
and 1680 cm-1 (S-acetyl); nmr (CDC13) 82.04 (s, 3, OAc), 2.45 (s, 3,
SAc), 3.46 (s, 3, OCHJ), 3.71 (d, 1,Jyy = -12.4 Hz, H-1), 3.80 (pd,
1, J56e = 2.0,J6a6e = -13.3 Hz, H-6e), 4.03 (d, 1, 334 = 10.9 Hz,
H-3), -4.4 (m, 3, H-I', H-5, H-6a), 5.86 (pd, 1, J4s = 4.6 Hz, H-4),
5.80 (s, 1, CH of benzylidene), 7.66 (m, 5, aromatic).

Anal. Calcd for C18H22S07: C, 56.5; H, 5.8; S, 8.4. Found: C, 56.7;
H, 5.9; S, 8.2.

Methyl 4- O-Acetyl-5-S-acetyl-5-thio-/J-D-fructopyranoside
(14). A stirred solution of 13 (0.50 g) in 50% aqueous acetic acid (10
ml) was heated at 75° under nitrogen for 30 min. The solvents
were then carefully removed under vacuum. The oily residue was
crystallized from an ethyl acetate-hexane mixture and 0.23 g (60%)
of 14 was obtained: mp 127-128°; [a]25D -190.7° (¢ 1.02, CHC13);
nmr (CDCIg) 8 2.06 (s, 3, OAc), 2.44 (s, 3, SAc), 3.46 (s, 3, OCHJ),
3.80 (pd, 1, J56e = 2.1, J6eba= -12.3 Hz, H-6e), 3.88 (s, 2, H-1, H-
1Y, 4.20 (pd, 1, Jbea= 4.7 Hz, H-6a), 4.26 (d, 1,J3i = 10.4 Hz, H-
3), -4.3 (m, 1, H-5), 5.50 (pd, 1, J46= 4.5 Hz, H-4).

Anal. Calcd for CnH]8S07: C, 44.9; H, 6.2; S, 10.9. Found: C,
45.1; H, 6.2; S, 11.4.

Acetate 15: oil; [n]26D -108.9° (c 1.12, CHC13); nmr (CDC13) 8

I. 99,212, 217 (35, 9, 3 OAc), 2.45 (s, 3, SAc), 3.44 (s, 3, 0CHJ),

3.86 (pd, 1, J56e = 2.1, J6esa = -13.0, H-6e), 4.26 (s, 2, H-I, H-I'),
~4.3 (m, 2, H-5, H-6a), 5.48 (d, 1, 334 = 10.7 Hz, H-3), 5.64 (pd, 1,
J45= 3.6 Hz, H-4).

Anal. Calcd for CISH2509: C, 47.6; H, 5.9; S, 8.5. Found: C, 48.1;
H, 6.1; S, 8.1.

2-Diacetoxymethy]-5-acetoxymethylthiophene (19). To a
cold mixture of acetic acid (12 ml), acetic anhydride (12 ml), and
sulfuric acid (0.5 ml), 0.5 g of 14 was added. The mixture was re-
frigerated for 48 hr. Then 2 g of sodium acetate was added, and the
solvents were carefully evaporated under pressure. To the residue
50 ml of ice and water was added, and the mixture was extracted
with chloroform. The extract was washed, dried, and evaporated to
dryness. The oil was chromatographed with hexane-ethyl acetate
(9.5:0.5) mixture. The less polar 19 (0.1 g) was obtained: colorless
oil; nmr (CDC13) 82.16 (s, 9, 3 OAc), 5.40 (s, 2, CH2), 7.20 (d, 1,J =
4 Hz, H-4), 7.35 (d, 1, H-3), 8.11 (s, 1, CH).

Hydrolysis of 14. Compound 14 (7.50 g) was dissolved in 50%
aqueous trifluoroacetic acid (60 ml) and kept under nitrogen for 30
hr at room temperature. The mixture was then neutralized with
Amberlite IR-45. The aqueous solution was evaporated to dryness
and chromatographed with chloroform-methanol (9.8:0.2, v/v) as
eluent. Three fractions were isolated, the first containing 0.80 g of
a mixture of 14 and 16, the second 0.18 g of 17, and the third 1.44 g
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of 18. The first fraction was chromatographed using hexane-ethyl
acetate (9:1, v/v) as eluent; 0.50 g of 14 and 0.17 g of 16 were ob-
tained.

16: colorless oil; nmr (CDC13) 85.01 (s, 2, CH2), 7.30 (d, 1,J =
3.9 Hz, H-4), 7.93 (d, 1, H-3), 10.12 (s, 1, OHC); rmexfilm 3400 (OH),
1650 cm*“1(C=0).

17: colorless syrup; (aj2sp —67.6° (¢ 0.52, MeOH); nmr (D20) 8
2.08 (s, 3, OAc), 2.60 (s, 3, SAc), 3.62 (d, 1, Jhy = -12.0 Hz, H-I),
3.80 (d, 1, H-I'), -3.8 (m, 1, H-6a), 3.99 (d, 1, 334 = 10.4 Hz, H-3),
-4.4 (m, 1, H-5), 4.54 (pd, 1, Jb6e = 2.1, J6eba= -12.8 Hz, H-6e),
548 (pd, 1,1/45 = 4.7 Hz, H-4).

Anal. Calcd for C1I0Hi6SO7: C, 42.9; H, 5.8; S, 11.4. Found: C,
43.0; H, 5.8; S, 11.3.

18: colorless syrup; (aj2sp —11.6° (¢ 0.92, MeOH); nmr (D20) 8
2.24 (s, 3, OAc), 3.1-4.1 (m, 5, H-I, H-I', H-5, H-6, H-6"), 4.31 (d, 1,
J34=9.8Hz, H-3),553 (pd, 1,J45= 7.6 Hz, H-4).

Anal. Calcd for C8H14S06: C, 40.3; H, 5.9; S, 13.4. Found: C,
39.6; H, 5.8; S, 13.1.

Deacetylation of 17 and 18 with sodium methoxide in methanol
gave las acolorless syrup; (ajz2sp +1.4° (c 0.92, MeOH).

Anal. Calcd for C6Hi2S0Of,;: C, 36.7; H, 6.1; S, 16.3. Found: C,
37.0;H, 6.1; S, 16.1.

Methyl 4-0-Acetyl-5-0-tosyl-a-L-sorbopyranoside (20). A
solution of 5 (40.0 g) in 90% aqueous trifluoroacetic acid (40.0 ml)
was stirred at room temperature for 30 min. The solution was then
diluted with 200 ml of water and then the solvents were carefully
removed under vacuum. Crude 20 was crystallized from a hexane-
ethyl acetate mixture: yield 95% (31.0 g); mp 129-130°; [n]26D
-72.9° (c 0.94, CHCI3); nmr (CDC13) 8 1.89 (s, 3, OAc), 2.53 (s, 3,
CH3of tosyl), 3.43 (s, 3, OCH3J), 3.66 (t, 1, JSa6e = -11.0, J6as =
10.6 Hz, H-6a), 3.76 (d, 1, 334 = 9.5 Hz, H-3), 3.84 (s, 2, H-I, H-I'),
4.03 (pd, 1, I56e = 5.6