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Notice to Authors

Forwarding Address.—Manuscripts for publication should be
addressed to Frederick D. Greene, Editor, Department of Chemis-
try, 18-297, Massachusetts Institute of Technology, Cambridge,
Mass. 02139.

Correspondence regarding accepted papers, proofs, and reprints
should be directed to Editorial Production Office, American
Chemical Society, 20th and Northampton Sts., Easton, Pa. 18042.
Department Head: Charles R. Bertsch.

Scope and Editorial Policies.—The Journal of Organic Chem-
istry invites original contributions on fundamental researches in
all branches of the theory and practice of organic chemistry. It is
not possible to publish all of the work submitted to this journal,
and, in the selection by the editors of manuscripts for publication,
emphasis is placed on the quality and originality of the work.

Papers in which the primary interest lies in the implications of
new compounds for medicinal, polymer, agricultural, or analytical
chemistry are generally considered to be published most appro-
priately in specialized journals, together with information on eval-
uation with respect to the original reason for synthesis.

Manuscripts may be classified as articles, notes, or communica-
tions. Articles should be comprehensive and critical accounts of
work in a given area. Notes should be concise accounts of studies
of a limited scope. The standards of quality for notes are the same
as those for articles. Improved procedures of wide applicability or
interest, or accounts of novel observations or of compounds of spe-
cial interest, often constitute useful notes. Notes should not be
used to report inconclusive or routine results or small fragments of
a larger body of work but, rather, work of a terminal nature.

Communications (see Editorial Notice, J. Org. Chem., 37, No.
13, page 4A, 1972) are intended to provide for rapid publication of
important findings and will be handled as expeditiously as possi-
ble. The length is limited to 1000 words or the equivalent. Where
appropriate, authors are encouraged to submit supplementary
data (e.g., experimental procedures) for inclusion in the microfilm
edition of the journal (see below). Each communication must have
a one-sentence summary (informative, not simply indicative)
placed at the beginning of the communication and a longer ab-
stract, submitted on a separate sheet. The latter will not be print-
ed but will be transmitted to Chemical Abstracts (see below).

In particular, this journal encourages the submission of work as
full accounts in the form of articles. Presentation of results in
smaller papers or notes leads to undesirable fragmentation, espe-
cially in the case of continuing studies, and is contrary to the jour-
nal policy. When several closely related manuscripts are in prepa-
ration at about the same time, these should be submitted simulta-
neously. This procedure permits editors and reviewers to examine
the manuscripts in an overall context and avoids the possibility of
fragmentation of work. If additional papers in a series are project-
ed, notification of the editors to this effect, with an approximate
timetable, is advisable and will be appreciated.

Consideration by this journal of papers previously submitted to
the Journal of the American Chemical Society may be facilitated
by inclusion of the reviews along with a covering letter indicating
the changes which have been made.

Republication of Preliminary Communication.— It is under-
stood that contributions submitted to the journal will not pre-
viously have been published elsewhere, and are based upon origi-
nal results. Articles based upon work previously reported as a brief
preliminary communication will be considered provided that they
represent a substantial amplification and, generally, an extension
of the earlier communication. Extensive recapitulation of pre-
viously published results or experimental data should be avoided.

If significant data or conclusions in a manuscript have been pub-
lished previously in preliminary form, reference to the earlier pub-
lication must be given. Three reprints or other copies of the pre-
liminary communication are needed for use by the editors and re-
viewers; to avoid delays, these should be submitted with the manu-
script.

Titles and Abstracts.—Titles are of great importance for cur-
rent awareness and for jinformation retrieval. Words should be
chosen carefully to provide information on the contents and to
function as “points of entry” for retrieval purposes.

All manuscripts must be accompanied by an abstract. The ab-
stracts, in general, are used directly in Chemical Abstracts (CA in-
dexes are prepared from the full paper). The abstracts for notes
and communications will not be printed in The Journal of Organic

Chemistry; they should be submitted on a separate sheet for direct
transmittal to Chemical Abstracts by this journal.

An abstract should state briefly the purpose of the research (if
this is not contained in the title), the principal results, and major
conclusions. Reference to structural formulas or tables in the text,
by number, may be made in the abstract. For a typical paper, an
80-200-word abstract is usually adequate.

Organization of Manuscripts.—An introductory paragraph or
statement should be given, placing the work in the appropriate
context and clearly stating the purpose and objectives of the re-
search. The background discussion should be brief and restricted
to pertinent material; extensive reviews of prior work should be
avoided; and documentation of the literature should be selective
rather than exhaustive, particularly if reviews can be cited.

The discussion and experimental sections should be clearly dis-
tinguished, with a separate center heading for the latter; other cen-
ter headings should be used sparingly. The presentation of experi-
mental details in the discussion section, e.g., physical properties of
compounds, should be kept to a minimum.

All sections of the paper must be presented in as concise a man-
ner as possible consistent with clarity of expression. In the Experi-
mental Section, specific representative procedures should be given
when possible, rather than repetitive individual descriptions.
Standard techniques and procedures used throughout the work
should be stated at the beginning of the Experimental Section.
Tabulation of experimental results is encouraged when this leads
to more effective presentation or more economical use of space.
Spectral data should be included with other physical properties
and analyses of compounds in the Experimental Section or in ta-
bles. Separate tabulations of spectral values should be used only
when necessary for comparisons and discussion.

In lengthy papers, authors are encouraged to organize the manu-
script so that the principal findings and conclusions are concisely
presented in an initial section (Part A), with supporting data, ex-
perimental details, and supplementary discussion in a Part B [see
J. Org. Chem., 35 (11), 16A, 3591-3646 (1970)].

Spectra.—Reproductions of spectra, or the relevant segments
thereof, will be published only if concise numerical summaries are
inadequate for the purposes of the paper. Papers dealing primarily
with interpretation of spectra, and those in which band shape or
fine structure need§ to be illustrated, may be published with such
spectra included. When presentation of spectra is deemed essen-
tial, only the pertinent sections (prepared as indicated for “Illus-
trations”) should be reproduced. Spectra will not be published
merely as adjuncts to the characterization of compounds. How-
ever, spectra may be submitted for publication in the microfilm
edition (see below). Routine spectral data should be summarized
in the Experimental Section (see below).

Microfilm Edition and Supplementary Data.—Arrangements
have been made to expand the microfilm edition of this journal to
include various types of “supplementary” data (e.g., spectral data,
X-ray data, expanded discussion of peripheral points, etc.). The
availability of supplementary material should be noted in the text
by adding in parentheses “see supplementary material.” A short
paragraph at the end of the paper which describes the material
and its availability should be added. See, e.g., J. Org. Chem., 39,
2961 (1974). Copies of supplementary material should be clear and
distinct (suitable for direct photoreproduction), preferable size 8%
X 11 in. For the microfilm edition, captions or legends for figures,
spectra, etc., should appear directly on the figure rather than on a
separate page as required for the printed edition. Single copies of
the supplementary material can be obtained from the Business
Office, ACS Books and Journals Division. For further information,
see Editorial, J. Org. Chem., 36 (13), 2A (1971).

Nomenclature should conform with American usage and, inso-
far as practical, with the Definitive Rules for Nomenclature of the
International Union of Pure and Applied Chemistry, and with the
practices of Chemical Abstracts (see “Index Guide Introduction
and Index Guide,” Chemical Abstracts, Vol. 76, and 1972, “ Sup-
plement” 1972. For IUPAC Rules, see “Definitive Rules for No-
menclature of Organic Chemistry,” Sect. A-C, 3rd ed, Butter-
worths, London, 1971; Sect. D, “IUPAC Information Bulletin No.
31,” 1973; Sect. E (stereochemistry), J. Org. Chem., 35, 2849
(1970). For cyclic systems, see A. M. Patterson, L. T. Capell, and
D. F. Walker, “Ring Index,” 2nd ed, American Chemical Society,
Washington, D. C., and Supplements I-HI, 1963-1965. For rules of
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carbohydrate nomenclature, see Biochemistry, 10, 3983 (1971); for
steroid nomenclature, see J. Org. Chem., 34,1517 (1969).

Abbreviations for compounds should be defined when first used.
In general, trade names should be avoided. Use of linear formulas
for simple molecules to save space in tables and experimental sec-
tions is encouraged.

Preparation of Manuscripts.—Manuscripts should be submit-
ted in triplicate and must be typewritten, double spaced, on sub-
stantial paper. (Abstracts and footnotes should also be double
spaced to allow room for copy editor’'s symbols and designations of
type size, etc.) Clear, sharp copies made by a permanent duplica-
tion process are acceptable. Authors should consult recent issues
of the journal as a guide to format for typing, headings, etc.

Authors must assume full responsibility for all aspects of manu-
script preparation. Extensive changes of minor points, or rewriting
of the manuscript, cannot be undertaken in the editorial offices.
Authors who are not fully familiar with idiomatic English should
obtain help from a colleague in order to prepare manuscripts in
proper style. Papers that appear to require extensive revision in
grammar or format may be returned to authors without review.

References and Notes.—Literature citations and explanatory
notes must be numbered in one consecutive series by order of men-
tion in the text, with numbers as unparenthesized superscripts.
The complete list of references and notes should be typed dou-
ble spaced on a separate page(s) and placed at the end of the manu-
script. All nontechnical information (grant numbers, present ad-
dress of author to whom inquiries should be directed if this infor-
mation is not obvious from the heading, etc.) should be given in
the subdivisions (a, b, ¢, ...) of footnote 1 Addresses of coauthors
should not be included. An asterisk designates the name of the au-
thor to whom correspondence should be sent.

In literature references, journal abbreviations should be those
used by Chemical Abstracts [see “Chemical Abstracts Service
Source Index (CASSI) 1907-1974 Cumulative” and its Supple-
ments].

Tables should be numbered consecutively with Roman numer-
als and should be grouped at the end of the paper. Footnotes in ta-
bles should be given letter designations and cited in the table by
superscript letters. The sequence of letters should proceed by line
rather than by column. If a footnote is cited both in the text and in
a table, insert a lettered footnote in the table to refer to the num-
bered footnote in the text. Each table should be provided with a
descriptive heading, which, together with the individual column
headings, should make the table, as nearly as possible, self-explan-
atory. In setting up tabulations, authors are requested to keep in
mind the type area of the journal page (7 X 10 in.), and the column
width (approximately 3% in.), and to make tables conform to the
limitations of these dimensions. Arrangements that leave many
columns partially filled or that contain much blank space should
be avoided insofar as possible.

Abbreviations and linear chemical formulas should be used lib-
erally in headings and columns of tables; structural formulas
should not be used in column headings or in the body of tables but
may be used in the main heading.

For instructions on tabular presentation of combustion analyti-
cal data, see “ Analyses” under Experimental Section (below).

Structural formulas should be prepared with care and with a
view to the most economical use of space. All structures should be
numbered in boldface Arabic numerals. In charts, assign num-
bers consecutively from left to right, top to bottom regardless of
the order in which the compounds are discussed in the text. Repe-
tition of the same structure should be avoided; the number of an
earlier structure may be used alone if a compound occurs several
times in formula schemes. Abbreviations such as Me for CH3, Et
for C2H4, and Ph (but not 9 for C6H5are acceptable.

Original inked drawings or photographs of structural formulas
for direct photoreproduction are preferred. This is expecially im-
portant for complex or complicated structures. In the preparation
of engraver’s copy of drawings, careful lettering (e.g., with a Leroy
set or similar devise) is required. Where needed, numbers such as
nmr chemical shifts may be included directly on structural formu-
las.

Ilustrations should be submitted as original inked drawings or
as high-contrast, glossy photographic copies of drawings. Xerox or
similar copies are not suitable for reproduction, but may be used
for duplicate copies. All illustrations prepared as engraver’s copy
should be numbered as “ Figures,” with Arabic numerals. Blocks of
structural formulas should not be designated as “Figures;” these
can be designated “Charts” or “Schemes” as appropriate. Charts
and schemes should be footnoted in the manner described for ta-
bles. Each illustration must be identified on the back with author,
title, and figure number. The figure number (Arabic) must be

typed on a separate sheet, together with the legend. More detailed
information on the preparation of structural formula charts and il-
lustrations may be found in the “Handbook for Authors” (see
below).

Experimental Section.—Clear, unambiguous expression in ex-
perimental descriptions is highly important. Authors are encour-
aged to use the briefest style possible, consistent with clarity, in
experimental descriptions. The title of an experiment should give
the full name and formula number of the product prepared, when
appropriate, but this compound may be identified thereafter by
formula number. Abbreviations or chemical formulas for simple
chemicals are encouraged, as well as the use of a structural formula
number rather than a lengthy chemical name to identify a starting
material. When a derivative is prepared by a standard procedure,
no details beyond melting point, analysis, and important spectral
data need be given. Repetitive descriptions of a general procedure
should be avoided. Special attention should be called to haz-
ardous compounds or operations.

Standard abbreviations should be used throughout the Experi-
mental Section. Please note that these are used in ACS journals
without periods. The preferred forms for a few of the more com-
monly used abbreviations are mp, bp, min, hr, tl, ml, g, mg, cm,
Hz, nm, ppm, TLC, VPC (or GC), NMR, uv, and ir. The abbrevia-
tion for liter, 1, has a period to distinguish it from the numeral
“one.”

X-Ray Data.—Presentation of X-ray crystallographic results in
conjunction with chemical studies is strongly encouraged. Only the
final results of the analysis will be published. These should include
(1) unit cell parameters and standard errors, (2) the formula, for-
mula weight, and number of formula units in the unit cell, (3) mea-
sured and calculated densities, (4) space group, (5) method of col-
lection of intensity data, (6) number of reflections observed and
(for diffractometer data) number of unobservedly weak reflections,
(7) indication of the methods of structure solution and refinement,
(8) comment regarding any features on a final difference Fourier
map, (9) final R value, (10) bond lengths and angles and their stan-
dard deviations. Publication of a stereoscopic view of the molecule
is encouraged. The supporting data (F tables, tables of final atomic
parameters, positional and thermal, and their standard deviations)
should be submitted as supplementary data for the microfilm edi-
tion (see above).

Analyses.—Adequate evidence to establish purity should be
provided for new compounds. In general this should include com-
bustion analytical data. When such data are collected in tables
they will not, in general, be printed. The data should, however, be
included for examination by reviewers and editors. A footnote to
the table should state that, e.g., “Satisfactory analytical data
(£0.4% for C, H, N, etc.) were reported for all new compounds list-
ed in the table.” Any exceptions to this should be specifically stat-
ed in the footnote. The tabular analytical data, the footnote, and
any exceptions should appear in the original and all revisions of
the manuscript in such form that the editor at time of acceptance
of a paper may verify and initial the footnote, and cross out the
tabular analytical data. Isolated analysis should be reported in the
Experimental Section in the usual format and will be printed.

Physical constants and special data should be presented in a
concise and uniform way.

Proofs and Reprints.—Manuscript and proofs are sent to the
author who submitted the paper. Foreign contributors may autho-
rize a colleague in this country to correct proofs, but in this case
they should bear in mind that reprint orders and page charge au-
thorizations are handled at the time the proofs are returned.

Page Charge.—A page charge is assessed to cover in part the
cost of publication. Payment is expected but is not a condition for
publication. Papers are accepted or rejected only on the basis of
merit, and the decision to publish a paper is made before the
charge is assessed. The charge per page is $50.

Corrections.—If errors of consequence are detected in the pub-
lished paper, a correction of the error should be sent by the author
to the Editor, F. D. Greene, for publication in the “Additions and
Corrections” section.

Registry Number.—Chemical Abstracts Service (CAS) has es-
tablished a computer-based Chemical Compound Registry System.
Registry numbers are assigned to substances by CAS after accep-
tance of a paper and appear in a separate paragraph at the end of
the paper and sometimes in tables [see R. J. Rowlett, Jr., F. A
Tate, and J. L. Wood, J. Chem. Doc., 10, 32 (1970); see also J. Org.
Chem., 36(13), 2A (1971)].

ACS Author Handbook.—Further general information on the
preparation of manuscripts for ACS journals may be found in the
“Handbook for Authors,” available from the Special Issues Sales
Department, 1155 Sixteenth St., N.W., Washington, D.C. 20036.
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The partially stereoselective epoxidation of alkenes by alkaline xenon trioxide solution was investigated by the
employment of reaction quenching techniques, relative reaction rates, and competitive norbornene/cyclohexene
product formation ratios. Exclusive peroxide-like attack by the alkaline xenon trioxide reagent toward alkenes
was confirmed; no potentially competitive cis-1,2-hydroxylation pathway was detected. Relative rate and product
formation ratios, coupled with previously reported stereochemical data, suggest that this epoxidation proceeds via
a cyclic, partially bridged three-membered complex that undergoes competitive cr-bond rotation to produce stere-
oselective epoxide products. The initially formed epoxide product was found to resist direct oxidative attack by
the alkaline xenon trioxide reagent. Such resistance to oxidative attack is not found in certain other oxygen con-
taining hydrocarbons, namely, primary and secondary alcohols, aldehydes, and carboxylic acids.

Previously, we reported the epoxidation of alkenes by al-
kaline xenon trioxide solution.2 This theoretically intrigu-
ing epoxidation proceeded either in a homogeneous aque-
ous tert-butyl alcohol solvent or heterogeneous water
emulsion and demonstrated a slight degree of stereoselecti-
vity with pure cis and trans alkenes. Unlike many inorganic
oxides that effect cis-1,2-hydroxylation across an olefinic ir
bond (e.g., OsCL, MnCL- ), only epoxide products, or prod-
ucts resulting from in situ hydrolysis of the initially formed
epoxides, were isolated from these alkaline xenon trioxide
reactions. Hence, this powerful oxidizing reagent chemical-
ly reacts like a peroxide in its attack toward organic ir
bonds. Similar chemical behavior was noted when sodium
perxenate and norbornene reacted in an alkaline water
emulsion.2

This paper describes the employment of reaction-
guenching techniques, relative reaction rate measurements,
and the well-documented norbornene/cyclohexene reaction
rate ratio technique3-6 to study the reaction mechanism for
the epoxidation of alkene hydrocarbons by alkaline xenon
trioxide. Additionally, some important experimental proce-
dures are described herein, which were not reported in a
previous preliminary communication2 and are pertinent to
the discussion and conclusions drawn in this paper.

Results and Discussion

Reaction Quenching Study. Product isolation from our
previous alkaline xenon trioxide oxidations of alkenes pro-
duced no derivatives resulting from a cis-l,2-hydroxylation
pathway.2 However, in alkaline xenon trioxide solution,
vicinal diol compounds are oxidatively cleaved to generate
aldehyde moieties which subsequently are oxidized step-
wise, to the corresponding carboxylic acid, and onto carbon
dioxide.7-13 Conceivably, then, a potential competing cis-
1,2-hydroxylation reaction pathway could escape detection

during product analysis through further in situ oxidation of
the initially formed cis vicinal diol derivative. This possi-
bility, coupled with the formal structural similarities of the
alkaline xenon trioxide species (1 and 2) to other inorganic
oxides that effect cis-1,2-hydroxylation of alkenes (3 and
4), prompted us to investigate the exclusiveness of the ob-
served epoxidation reaction pathway.

-0 o gn
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Under similar reaction conditions employed in the alka-
line xenon trioxide epoxidations, the rate of cts-1,2-cyclo-
hexanediol oxidation in alkaline xenon trioxide solution
was followed by monitoring xenon trioxide consumption
through arsenic(l11) oxide iodometric titration of aliquoted
reaction samples. A sample of trans- 1,2-cyclohexanediol
was also run in parallel with the cis isomer; the initial rates
determined for each compound are listed in Table I.

Two experiments between cyclohexene and alkaline
xenon trioxide were then conducted under similar reaction
conditions employed for the cis- and trans- 1,2-cyclohex-
anediol oxidation rate study. In the first, after the alkaline
xenon trioxide was added dropwise over 33 min, the reac-
tion proceeded for 35 min before the reaction was
guenched; the previous oxidation rate data obtained indi-
cated that the total 68-min reaction time corresponded to

1869
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Table |
Aqueous Oxidation Rate of Cyclohexanediols
with Alkaline XeOs at 0° (pH 8)

% reaction

Species oxidized Mol/1. min monitored

cis-1,2-Cyclo- 8.5 x 10'6 88.1
hexanediol”

trans-1,2-Cyclo- 4.3 x 10-6 46.3
hexanediol”

cis-1,2-Cyclo- 8.3 x 10'6 79.2

hexanediol6
“ Parallel kinetic run. bLater individual Kinetic run.

Table 11
Aqueous tert-Butyl Alcohol Oxidation Rate
of Vicinal vs. Nonvieinal Diols by Alkaline
Trioxide at 7.5° (pH 9)

Initial % reaction
Species oxidized rate, mol/1. hr monitored
trans-1,2-Cyclo- 5.0 x 10'5 83.5
hexanediol
Norbornanedioll6 1.4 x 10'5 58.4
Blank alkaline 4.7 X 106 27.0

Xe03

the cis- 1,2-cyclohexanediol oxidation as proceeding less
than 39% toward completion. If cis-1,2-hydroxylation were
a significant competitive reaction pathway to epoxidation,
some cis- 1,2-cyclohexanediol would have remained unoxid-
ized after quenching the reaction.

This first experiment was quenched by adding excess po-
tassium iodide and acidifying the solution to instantly re-
duce the remaining alkaline xenon trioxide species.14 Acid
hydrolysis ensued and work-up produced a white solid
identified as pure trans- 1,2-cyclohexanediol derived from
the hydrolysis of the initially formed cyclohexene oxide. No
cis- 1,2-cyclohexanediol was detected.

The second experiment was run similarly and was
quenched by adding excess potassium iodide to reduce any
perxenate species. Direct removal of the organic species via
chloroform extraction followed. Analysis of the organic ex-
tract revealed cyclohexene oxide, but no cis- 1,2-cyclohex-
anediol nor any trans isomer.

Because no cis-1,2-cyclohexanediol was produced in the
two quenched reactions between cyclohexene and alkaline
xenon trioxide, cis-l,2-hydroxylation may be ruled out as a
potentially significant competitive reaction pathway to the
epoxidation reaction mode. In conjunction with this
guenching study, it was noted that cis-1,2-cyclohexanediol
is oxidized significantly more rapidly than its trans isomer
(Table I). Subsequent reaction rate studies showed that al-
kaline xenon trioxide also oxidized nonvieinal diols (Table
11);15thus, alkaline xenon trioxide does not exhibit the oxi-
dative selectivity toward vicinal diol compounds demon-
strated by periodic acid.

Reaction Rate Studies. Xenon trioxide in alkaline solu-
tion transforms to the xenate ion (HXeCh-), which dispro-
portionates to form perxenate ions, oxygen, and elemental
xenon (eq 1);17 once the pH-dependent perxenate ion

2H0Xe03' + 20H"— » XeO®&4 + Xe + 02 + 2HD (1)

forms, it decomposes to the xenon(VI) species and oxy-
gen.17 Equation 2 represents the perxenate ion decomposi-
tion which at pH 11.5 proceeds about 1% per hour and at
pH 8 proceeds about 1% per minute. Once a xenon trioxide

Shackelford and Yuen

Table 111
Initial Reaction Rates for Consumption of
Xenon Trioxide with Norbornene and Cyclohexene
Epoxides at 7.5° (pH 10)

Initial % reaction

Reactant rate, mol/1, hr monitored
exo0-2,3-Norbornene oxide 9.4 x 10'6 59.0
1,2-Cyclohexene oxide 1.3 x 10’5 98.0
Blank (alkaline Xe03) 9.4 x 10'6 54.0

solution is brought to an alkaline pH, the xenon oxide
species are gradually depleted from solution through the
reaction pathways described by eq 1 and 2. For this reason

2XeOe4 + 4HD — > 2HXe04 + 02 + 60H' (2)

all reaction rate data sets presented are comprised of one
reaction blank containing only the alkaline xenon trioxide
reagent. The inherent rate of xenon trioxide depletion was
determined in each data set to verify whether or not reac-
tion between the alkaline xenon trioxide reagent and the
organic reactant was proceeding. Each reaction rate data
set was obtained under similar but not identical reaction
conditions. Stock solutions were prepared and the pH was
adjusted separately for each kinetic experiment. Therefore,
reaction rate comparisons are valid only within each data
set; comparison of reaction rates between two different
data sets likely will conjure misconceptions.

Certain oxygen-containing organic compounds are readi-
ly oxidized by the reagent.7 13 The oxidative stability of the
epoxide product, generated in the alkaline xenon trioxide
oxidation of alkenes, was determined utilizing comparative
reaction rates. Most epoxides slowly undergo alkaline hy-
drolysis via a trans opening to produce the corresponding
vicinal diol. As discussed, vicinal diols are directly oxidized
by xenon trioxide eventually to carbon dioxide. However,
unlike most epoxides, exo-2,3-norbornene oxide does not
hydrolyze in moderately alkaline solution and forms nortri-
cyclanol only in very strong base.16 Since it does not hydro-
lyze to the reaction rate complicating oxidizable diol, exo-
2,3-norbornene oxide was used to test the stability of epox-
ides toward direct oxidative attack by the alkaline xenon
trioxide reagent. A set of reaction rate data was determined
with three parallel reactions in a 65% aqueous ieri-butyl al-
cohol reaction solution at pH 10. One reaction solution con-
tained exo0-2,3-norbornene oxide, the second 1,2-cyclohex-
ene oxide in identical concentration, and the third reaction
was a blank. All three solutions were thermally equilibrated
(7.5°) in a constant-temperature bath before a 2:1 excess of
xenon trioxide was introduced into each alkene oxide reac-
tion solution and into the blank solvent solution in equal
initial concentrations. The initial reaction rates obtained
(Table I11) show no appreciable rate difference between the
norbornene oxide solution and the alkaline xenon trioxide
disproportionation in the blank solution. Thus, exo-2,3-
norbornene oxide is stable toward direct oxidative attack
by alkaline xenon trioxide, even in a 2:1 excess of this re-
agent, and depletion of the initially formed epoxide prod-
ucts in the alkene epoxidation reaction does not occur
through direct oxidative attack by the alkaline xenon triox-
ide reagent. This suggests that the significantly more rapid
consumption of xenon trioxide with the cyclohexene oxide
solution must result from the secondary alkaline xenon
trioxide diol oxidation initiated from alkaline hydrolysis of
the initial cyclohexene oxide to trans- 1,2-cyclohexanediol.
However, the possibility that exo-2,3-norbornene oxide’s
inertness toward direct oxidation by the alkaline xenon
trioxide is unique cannot be totally dismissed.
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Table IV
Initial Reaction Rates of Concentrated vs. Dilute
Cyclohexene with Alkaline Xe03at 7.5° (pH 10)

Initial
Reactant rate, mol/1, hr monitored
Concentrated 9.1 x 10'5 91.9
cyclohexene.
Dilute cyclo- 3.8 x HT5 88.5
hexene
Blank (alka- 29 xnr5 69.7
line Xe03)

A second reaction rate data set was obtained to deter-
mine the importance of alkene participation in the epox-
idation reaction. Three parallel reactions were employed;
one reaction contained “concentrated” cyclohexene (2.97
mmol), a second reaction contained “dilute” cyclohexene
(0.297 mmol), and the third reaction was a blank devoid of
cyclohexene. The reactions were conducted in a 57% aque-
ous tert-butyl alcohol solution adjusted to pH 10. The ini-
tial reaction rates obtained (Table 1V) indicate a signifi-
cant sevenfold rate enhancement for the “concentrated”
cyclohexene reactant after substraction of the blank. Such
rate enhancement verifies alkene participation in the epox-
idation reaction’s rate-determining step,18 and suggests in-
teraction between the alkene’'s unsaturated bond and the
alkaline xenon trioxide species or an oxidizing species gen-
erated therefrom.

Relative Norbornene/Cyclohexene Product Forma-
tion Ratios. Relative product formation or reaction rate
ratios between norbornene and cyclohexene have proved to
be valuable chemical tools to decipher the size and nature
of suspected cyclic, bimolecular transition states in alkene
addition reaction.3-8 Generally, three-membered transition
states provide a ratio on the order of 10 while five-mem-
bered ones afford ratios ranging between 102and 103. Prod-
uct formation ratios can be obtained from product yields of
a reaction containing equimolar amounts of two competing
alkenes and the reagent under evaluation;6 direct competi-
tive reaction rates obtained with this tested reagent and
each alkene in separate reactions offers a second evaluative
method.3-5 The apparent bimolecular interaction between
the alkene and the alkaline xenon trioxide or perhaps an
epoxidizing species generated therefrom, plus the slight de-
gree of stereoselectiveness exhibited in this epoxidation
reaction2 with pure cis and trans acyclic alkenes, allows
consideration of two potential bimolecular, cyclic transition
states—a three-membered or five-membered species.

Competitive norbornene/cyclohexene product formation
ratios with alkaline xenon trioxide were obtained from
competitive reactions conducted in both homogeneous
aqueous tert- butyl alcohol solvent and heterogeneous
water emulsion. Excess but equimolar amounts of norbor-
nene and cyclohexene were stirred in the same reaction so-
lution (8 < pH < 9) until all xenon trioxide was consumed.
The resulting volatile epoxides were acid hydrolyzed in situ
to their respective diols prior to work-up to minimize prod-
uct loss.19 After work-up the norbornanediol and cyclohex-
anediol product mixture was analyzed by gas-liquid chro-
matography;1620 triangulated peak area measurements of
each diol product afforded competitive product formation
ratios (Table V) that clearly reveal a three-membered tran-
sition state species.

Because previous norbornene/cyclohexene reaction rate
ratios were accomplished in much less polar solvents than
those necessarily employed for the xenon trioxide reagent,
duplicate reactions were conducted in our highly polar sol-
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Table V
Norbornene/Cyclohexene Relative Rate Ratio
vs. Cyclic Transition State Size
Norbomene/

cyclohexene

Cyclic transition rei rate

Reagent Ref state size ratio
Perlauric acid 3 3 1.2
Mo(VI) HMPA 6 3 1.94
w-Chloroper- 6 3 2.39
benzoic acid

Basic xenon This work ? 2.4
trioxide*

Basic xenon This work ? 2.7
trioxide6

Cr(VI) oxida- 4 3 5.5
tion

Ag+complex 21 3 17
formation

Os04in pyri- 22 5 72.3
dine

Os04in ether 6 5 320

Diphenylnitril- 24 5 283
imide addi-
tion

Benzonitrile 24 5 1800
oxide addi-
tion

Phenyl azide 3, 23, 24 5 6500
addition

Picryl azide 3, 23 5 8000
addition

“ Homogeneous, aqueous tert-butyl alcohol solvent. “ Hetero-
geneous water solvent.

Table VI
Norbomene/Cyclohexene Product Formation
Ratios from Alkaline Xe03and
m-Chloroperbenzoic Acid Epoxidation

Product

Reagent formation ratio
Alkaline Xe03 2.4
m-Chloroperbenzoic acid* 1.8
Alkaline Xe036 2.7
m-Chloroperbenzoic acid6é 1.6

“ Homogeneous aqueous ierf-butyl alcohol solvent. bHetero-
geneous water emulsion.

vents substituting m-chloroperbenzoic acid for the alkaline
xenon trioxide.

Table VI lists these results and good agreement between
the m-chloroperbenzoic acid standard and the xenon triox-
ide epoxidant in both polar solvent systems was obtained.
Additionally, the m-chloroperbenzoic acid ratios are in line
with those formerly reported in the less polar solvents
(Table V).

A relative norbornene/cyclohexene reaction rate ratio
was secured directly from a parallel reaction rate experi-
ment where equimolar amounts of norbornene and cyclo-
hexene were each treated separately with alkaline xenon
trioxide in 65% aqueous tert-butyl alcohol (pH 10) at 7.5°.
A blank of the alkaline xenon trioxide was also run, and the
reaction rate data was secured and treated as previously
described. The initial reaction rates (Table VII) provide a
norbornene/cyclohexene reaction rate ratio equal to 7.5
after subtraction of the blank xenon trioxide; once again,
this value fits well within the range attributed to bimolecu-
lar, three-membered transition states (Table V).
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Table VII
Initial Reaction Rates of Norbornene and Cyclohexene
with Alkaline XeCs>3 at 7.5° (pH 10)

% reaction

Reactant rate, mol/1. hr monitored
Norbornene 2.9 x 10-5 66.2
Cyclohexene 1.6 x 10'5 61.6
Blank (alk Xe03) 1.4 x 10"5 41.4

Conclusions

Chemical reaction between alkene hydrocarbons and al-
kaline xenon trioxide solution initiates a peroxide-type at-
tack upon the alkene ir electrons to produce epoxide deriv-
atives. Epoxidation is the only significant reaction mode
detected with alkenes. While some of the initially formed
epoxide product is lost during the reaction, through alka-
line hydrolysis to diol compounds and subsequent alkaline
XeC=8 oxidation of these diols to carbon dioxide, the epox-
ide product itself is apparently stable toward direct oxida-
tive attack by the alkaline xenon trioxide reagent, and no
epoxide is probably lost via direct secondary oxidations.

Previous epoxidations of pure cis- and trims-stilbene
plus cis- and trans-2-octene in alkaline XeC>8 solution
demonstrated a slight degree of stereoselectivity in the iso-
meric epoxide products.2 Therefore, some structural rigidi-
ty must exist in this reaction’s rate-determining step to ac-
count for such results. The alkene does interact with the
epoxidizing species during the course of reaction as reflect-
ed in the concentrated/dilute cyclohexene reaction rates.
The competitive norbornene/cyclohexene ratios verify the
epoxidation as proceeding via a cyclic three-membered
species involving alkene ir bond and the oxidant.

The experimental results obtained to date for the alka-
line XeC=8 epoxidation of alkenes are consistent with the
formation of a weakly bridged, cyclic three-membered com-
plex in the epoxidation’s rate-determining step. This inter-
mediate complex forms from an interaction between the
alkene and either the alkaline xenon trioxide species or an
oxidizing species generated therefrom. This weakly
bridged, three-membered cyclic complex, once formed,
undergoes significant competitive a bond rotation about
the carbon-carbon single bond to form the nonstereospeci-
fic cis/trans epoxide mixture. In the highly polar solvents,
as required by the alkaline xenon trioxide reagent, charge
localization would be favored over charge dispersal in the
partially bridged intermediate species. Charge localization
would tend to weaken the cyclic bridging in the intermedi-
ate complex and allow significant, competitive ubond rota-
tion that would result in the low degree of stereoselectivity
observed2in the epoxidation of acyclic cis/trans alkenes.

Experimental Section

General Procedures. All common reagents and extraction sol-
vents employed were Mallinckrodt AR, Matheson Coleman and
Bell AR, or Baker Analyzed. The water used in all reactions and in
the dilution of xenon trioxide solution was taken directly from a
deionized water line in the laboratory; the ieri-butyl alcohol sol-
vent was Mallinckrodt AR that had been triply distilled. All glass-
ware and Teflon-coated stirring bars were soaked in a clean,
steam-heated, deionized water bath containing a small amount of
Alconox soap. The equipment was then thoroughly rinsed with
deionized water followed by one rinse with distilled Mallinckrodt
AR acetone that was stored over 4A molecular seieves. The cyclo-
hexene (Mallinckrodt AR Grade) was distilled once and the nor-
bornene (MCB Practical) was twice distilled unless stated other-
wise. cis-Stilbene was synthesized by previously described meth-
0ds;25 GLC analysis showed it to be 99.3% isomerically pure.

Glassware joints were treated with vacuum grease or were
wrapped with Teflon tape to avoid trapping any xenon trioxide so-
lution in the joints. (Dry xenon trioxide is explosive and deto-
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Table VIII
Gas Chromatography Columns Employed in
Experiments with the Compounds Listed

9 ft X 0.25 in. 20% Carbowax 20M on 70/80
Mesh Anakrom ABS
cis - and trans-1,2-cyc.lohexanediol, cyclohexene oxide,
cis - and lvans-1,2-cyclopentanediol, cyclopentene
oxide, e.%'0-2,3-norbornene oxide, bicyclo[2.2.2]oct-2-
ene oxide

1.45 m X 0.25 in. 5% SE-30 on 70/80
Mesh Anakrom ABS
syn- and i7%/f-2,7-norbornanediol and syn- and anii-
2,5-norbornanediol mixture (single peak), tvans-1,2-
cyclohexanediol

6 ft x 0.05 in. 5% QF-1 on 100/120 Mesh Varaport 30
cis -Stilbene, cis -stilbene oxide, /vans -stilbene, trans-
stilbene oxide

nates very easily!)2 Reactions were stoppered because most alk-
enes employed were rather volatile. Both the homogeneous and
heterogeneous xenon trioxide-alkene reactions were stirred with
Teflon coated bars, and unless stated otherwise, all pH adjust-
ments were made with 1% sodium hydroxide or 2 N sulfuric acid.
The pH measurements were taken with wide-range pH hydrion
paper, and organic extracts were dried over anhydrous magnesium
sulfate or sodium sulfate.

Melting points were obtained on a Thomas-Hoover melting
point apparatus and are uncorrected. Mass spectra were deter-
mined on an Atlas CH-4B mass spectrometer; nuclear magnetic
resonance spectra were recorded on a Varian A-60 instrument, and
all infrared plots were secured on a Beckman IR-33 in potassium
bromide pellets or as a thin film between sodium chloride or silver
chloride disks. Gas-liquid partition chromatograms were obtained
on an Aerograph Dual Column Model A-350-B chromatograph;
Table VIII records the columns employed to identify, separate,
and isolate the compounds listed. Isomeric percent analyses ob-
tained by GLC were determined by triangulation. In several cases
where interfering peaks made direct measurement of peak width at
one-half the peak’s height impossible, a standard peak of equal
size obtained from a pure sample was used to gain this necessary
measurement. All reported product yields were calculated as quan-
titative theoretical yields assuming a 3:1 alkene to XeOg reaction
stoichiometry and are not corrected for work-up losses.

In all reaction rate studies, where iodometric titration analysis
was employed, starch indicator was added near the end point to
sharpen detection. The xenon trioxide was purchased from PCR in
100-ml quantities as 0.1 N solution.

fcrans-1,2-Cyclohexanediol from Cyclohexene and Xenon
Trioxide. A 100-ml water solution containing 0.12335 g (1.508
mmol) of cyclohexene was rapidly stirred and cooled while sub-
merged in an ice-salt bath. One milliliter of 0.28 M (0.28 mmol)
XeCL was diluted with 60 ml of H20 and brought to pH 9-10 by
the dropwise addition of 10% NaOH. Over 1.25 hr the XeOg solu-
tion was added to the stirred cyclohexene emulsion. The reaction
mixture was maintained at ice bath temperature for an additional
3.5 hr, then was allowed to gradually equilibrate to room tempera-
ture over the next 44 hr. The solution was brought to pH 3 by
dropwise addition of 6 N H2SO4 and left at room temperature for
141.5 hr. The aqueous reaction solution was concentrated to 50 ml
over a Bunsen burner, and the concentrate was extracted 12 times
with ~50 ml of CHCI3. The combined CHCI3extracts were concen-
trated to 50 ml and dried. In vacuo solvent removal gave 0.0152 g
(15.6%) of crude white solid: ir (KBr) 3400 (OH), 2950 and 2880
(CH), 1040, 930, and 670 cm-1 (characteristic trans isomer finger-
print absorptions); micro-NMR (DCCI3) b 4.48 (2 H, m, methine),
3.38 (2 H, s, hydroxy), 2.25-1.00 (8 H, m, cyclohexyl); GLC on the
Carbowax 20M column (210°) Dr 11.25 cm only (commercial
trans- 1,2-cyclohexanediol D/ 11.25 cm and cis- 1,2-cyclohex-
anediol D/ 10.10 cm).

exo-2,3-Norbornene Oxide from Norbornene and Xenon
Trioxide. A 15-ml H20 solution containing 0.1570 g (1.67 mmol)
of once-distilled norbornene was stirred and cooled in an ice-salt
bath for 1.5 hr. Ten milliliters of 0.1 N (0.167 mmol) XeOg was ad-
justed to pH 9 and added dropwise over 15 min to the stirred nor-
bornene solution. The reaction solution and ice bath were placed
into a cold room (3°) for 3 hr. Then the reaction vessel was re-
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moved from the cold room and packed into a fresh ice bath, which
was allowed to melt and equilibrate to room temperature. After
22.25 hr reaction time, the solution was yellow and at a neutral pH.
The pH was adjusted to 8; the same pH adjustment was necessary
after an additional 8 hr. All XeC=3was consumed after a total of
54.5 hr; the solution was saturated with NaCl and extracted four
times with diethyl ether. The combined extracts were concentrat-
ed to 50 ml, then dried, filtered, and concentrated further by rota-
ry evaporation to 0.1 ml for GLC analysis; GLC on the Carbowax
20M column (163°) D/ 5.74 cm only (exo0-2,3-norbornene oxide D/
5.74 cm); mass spectrum M+ 110 from a sample collected off the
Carbowax column at 187° that gave a fragmentation pattern iden-
tical with known exo0-2,3-norbornene oxide that was also collected
off the same column (187°); ir (neat) 3010-2880 (CH), 845 cm“1
(oxide); the reaction sample was subjected to a second GLC analy-
sis on the Xe-60 column (150°) D," no peaks at 5.02-5.20 or at
4.10-4.20 cm (known exo-cis-2,3-norbornane diol D/ 4.12 cm and
known syn- and anti-2,5- and -2,7-norbornanediol mixture (single
peak) Dt' 5.06 cm).

syn- and anti-2,5- and -2,7-Norbornanediol Mixture from
Norbornene and Xenon Trioxide. A 15-ml H20 solution con-
taining 0.1560 g (1.66 mmol) of norbornene was cooled with stir-
ring for 1.5 hr in an ice-salt bath. Ten milliliters of 0.1 N (0.167
mmol) XeOs was adjusted to pH 9 and added dropwise over 6 min
to the stirred norbornene solution. The ice bath was allowed to
equilibrate to room temperature environment; after 12 hr the solu-
tion pH was neutral and was adjusted to pH 8. After 23.5 hr of
reaction, the pH was again adjusted to 8; the same adjustment was
made 6.25 hr later. After a total reaction time of 38 hr, all xenon
trioxide was spent; the yellow solution was adjusted to pH 3 and
left for 108 hr at room temperature. Then the aqueous solution
was concentrated to 20 ml, adjusted to pH 11, and extracted six
times with ~50 ml of diethyl ether. The aqueous layer was saturat-
ed with NaCl and six additional ethereal extractions were accom-
plished. The combined extracts were concentrated to 30 ml, dried,
and filtered. In vacuo solvent removal left a crude brownish oil
weighing 0.0254 g. The oil was redissolved in 0.2 ml of ether. It was
then analyzed and purified by preparative GLC to yield 0.0080 g
(12.5%) of white solid: ir (KBr) 3390 (OH), 2970 and 2890 cm*“1
(CH); mass spectrum M+ 128; GLC on the Xe-60 column (152°)
D/ 5.06 cm only [syn- and anti-2,5- and -2,7-norbornanediol mix-
ture (single peak) D," 5.02 cm and exo-cis-2,3-norbornanediol D/
4.06 cm],

Stilbene Oxide from cis-Stilbene and Xenon Trioxide (Het-
erogeneous Reaction at 3°). A solution containing 2 ml of H20
and 0.06055 g (0.336 mmol) of 99.3% cis-stilbene was cooled with
stirring in a cold room (3°) for 35 min. Ten milliliters of 0.1 N
(0.167 mmol) XeC>8at pH 9 was added over a 5-min period to the
stilbene-H20 solution. For the next 280 hr, the reaction proceeded
until all xenon trioxide was depleted; at 24-, 51-, 72-, and 122-hr
reaction intervals, the solution was adjusted from near neutral pH
to pH 8. The reaction solution was extracted once with diethyl
ether; the aqueous layer was then saturated with NaCl. Three
more ethereal extracts were taken; the combined ether extracts
were dried, filtered, and concentrated to about 0.2 ml. Preparative
GLC on the QF-1 column (139°) allowed the identification and iso-
lation of four compounds: unreacted ci's-stilbene, cis-stilbene
oxide, trans-stilbene, and trans-stilbene oxide was the elution
order on the QF-1 column. The GLC results showed that 1.4% of
the initial cis-stilbene was converted to the cis oxide; GLC results
of a blank indicated only 2.8% isomerization of the cis-stilbene to
the trans isomer under the reaction conditions described. Peak 1:
ir (neat) 3100, 3080, and 3040 (CH), 1600, 1575, 1495, and 1450
cm* 1 (phenyl); mass spectrum M+ 180. Peak 2: mass spectrum M+
196, characteristic stilbene oxide peaks m/e 167 and 105. Peak 3: ir
(KBr) 3100, 3080, and 3040 (CH), 1600, 1580, 1495, and 1450 cm*“ 1
(phenyl); mass spectrum M+ 180. Peak 4: mass spectrum, M+ 196,
characteristic stilbene oxide peaks m/e 167 and 105.

Stilbene Oxide from cis-Stilbene and Xenon Trioxide (Ho-
mogeneous Reaction at 25°). Ten milliliters of 0.1 N (0.167
mmol) Xe03 was cooled in a cold room (3°) for 1.25 hr. A solution
containing 20 ml of terf-butyl alcohol and 0.06047 g (0.336 mmol)
of 99.3% cis-stilbene was taken into the cold room. After the xenon
trioxide solution was adjusted to pH 9, it was added over 3 min to
the stirred cis-stilbene solution. When the solution showed 7 < pH
< 8, it was adjusted to pH 8. The reaction proceeded for 0.25 hr in
the cold room and was then removed to a room temperature envi-
ronment. During the reaction, adjustments to pH 8 were made at
3.0-, 8,0-, 31.5-, 36.5-, and 46.5-hr intervals. After 57.75 hr, all
XeC=8was consumed and a yellowish solution remained. The reac-
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tion solution was saturated with NaCl and extracted three times
with diethyl ether. The combined extracts were concentrated to 75
ml, dried, and filtered. The solution was concentrated to about 0.2
ml. Analysis by GLC on the QF-1 column (139°) identified and iso-
lated four compounds that eluted from the column in the order
cis-stilbene, cis-stilbene oxide, trans-stilbene, and trans-stilbene
oxide; GLC results of a blank indicated only 6.4% isomerization of
the cis-stilbene to the trans isomer under the reaction condition
described. Peak 1. ir (neat) 3100, 3070, and 3040 (CH), 1600, 1575,
1495, and 1450 cm*“ 1 (phenyl). Peak 2: mass spectrum M+ 196,
characteristic stilbene oxide peak m/e 167. Peak 3: ir (KBr) 3100,
3070, and 3040 (CH), 1600, 1575, 1495, and 1450 cm“1 Peak 4:
mass spectrum M+ 196, characteristic stilbene oxide peaks m/e
167 and 105.

exo0-2,3-Norbornene Oxide from Norbornene and Sodium
Perxenate. A solution containing 5 ml of water and 0.15700 g
(1.67 mmol) of norbornene was cooled for 20 min in an ice-salt
bath; it was then placed into a cold room (3°) and stirred for an-
other 45 min. Next, 0.05250 g (0.167 mmol) of NaiXeOg was added
to the stirred solution and a very high solution pH (ca. 12) re-
sulted. After 5 hr the yellow reaction solution was removed from
the cold room, placed into an ice bath, and equilibrated to room
temperature. After a total reaction time of 33.25 hr, all Xe species
were spent. The solution was saturated with NaCl and was extract-
ed three times with diethyl ether. The combined extracts were
dried, filtered, and concentrated to about 0.3 ml. The concentrate
was analyzed by GLC, and the products were isolated: GLC on the
Carbowax 20M column (174°) D/ 3.48 and 6.80 cm (exo0-2,3-nor-
bornene oxide D/ 3.48); mass spectrum M+ 110, the smaller peak
at DT 6.80 cm remained unidentified but gave a mass spectrum,
parent peak m/e 124, and a fragmentation pattern similar to, but
different from, that of exo-2,3-norbornene oxide.

cis- and trans-1,2-Cyclohexanediol Oxidation Rates with
Xenon Trioxide. Two 20-ml H20 solutions, one containing 0.0334
mmol of cis-1,2-cyclohexanediol and the other containing an iden-
tical concentration of trans- 1,2-cyclohexanediol, were submerged
into a constant-temperature ice bath (0°). The solutions were al-
lowed to temperature equilibrate. Next, 5% NaOH was added to 6
ml of 0.1 N XeC=8solution until a pH 9 was reached. Into each ho-
mogeneous diol solution was pipetted 2 ml (0.0334 mmol) of the al-
kaline XeCL; an oxidation reaction at pH 8 resulted. At appropri-
ate intervals, 2-ml aliquots were pipetted from the reaction solu-
tions and were each transferred into an erlenmeyer flask that con-
tained 1.5 g of KI. Two milliliters of 2 N H2SO4 were added to lib-
erate iodine. Thirty seconds later, 1.5 g of NaHCCL was added to
the flask which was then swirled and allowed to stand for 5 min.
lodometric titration with 0.002 N arsenic(l11) oxide with starch in-
dicator determined the concentration of unreacted XeC>3. A titer to
determine initial Xe03 concentration at time zero was obtained by
placing 1 ml of the freshly prepared alkaline XeOs into 10 ml of
water. A 1-ml aliquot was pipetted, treated, and titrated as de-
scribed above. The individual cis- 1,2-cyclohexanediol rate study
was set up and analyzed in an identical manner.

Direct cis-1,2-Cyclohexanediol Formation Check in Alka-
line XeCss Epoxidation of Alkenes. A 100-ml H2 emulsion con-
taining 0.1187 g (1.45 mmol) of cyclohexene was cooled via stirring
while submerged in an ice-salt bath. Ten milliliters of 0.1 N (0.167
mmol) XeC>38was diluted with 50 ml of H20 and adjusted to pH 9
with 1% NaOH. The alkaline Xe03 was added dropwise to the
stirred cyclohexene emulsion over 33 min. Reaction proceeded for
an additional 35 min before quenching by the introduction of 70
mg of KI. After dropwise addition of 2 N H2S0O4 followed until pH
3 was reached,14 the acidified reaction solution was left for 97.5 hr
at room temperature. The solution was then made alkaline (pH 9)
and was extracted 12 times with ~50-mI CHCI3portions. The com-
bined CHCI3 extracts were concentrated to 50 ml, dried, and fil-
tered. The remaining solvent was removed in vacuo to yield 8.8 mg
(15.1%) of crude off-white solid; GLC on a 9 ft X 0.25 in. 20% Car-
bowax 20M column (211°) produced only one peak with a reten-
tion time identical with that of commercial trans-1,2-cyclohex-
anediol, mass spectrum M+ 116. Another sample of cyclohexene
(0.1218 g, 1.49 mmol) was added to a stirred 100-ml H2 solution,
and the solution was cooled for 2.25 hr in an ice-salt bath in a cold
room. Ten milliliters of 0.1 N (0.167 mmol) XeC>8 were pipetted
into 50 ml of H20; the solution was adjusted to pH 9. The alkaline
XeC>38was added dropwise to the stirred cyclohexene over 32 min
and the reaction was then continued for an additional 36 min. KI
(0.100 g) was introduced into the reaction; immediately 5 ml of
NaHCO03 buffered 0.2 N arsenic(lll) trioxide was added. Nine
CHCI3extractions followed; the combined extracts were dried, fil-
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tered, and concentrated via rotary evaporation to 0.3 ml; GLC on
the Carbowax 20M column (160 and 220°) showed cyclohexene
oxide in low concentration; no cis- or trans-1,2-cyclohexanediol
was detected.

General. Relative Reaction Rate Data Sets. The various sets
of comparative reaction rates were monitored at specific time in-
tervals by direct iodometric titration of the unconsumed alkaline
xenon trioxide present in the reaction aliquots. The concentration
of unconsumed xenon trioxide was plotted against time, and initial
reaction rates were obtained. All reaction rate data sets were con-
ducted in alkaline aqueous tert-butyl alcohol solution with three
parallel reactions being run in each data set; one reaction was al-
ways the blank alkaline xenon trioxide reagent previously de-
scribed in the Results and Discussion.

Competitive exo-2,3-Norbornene Oxide vs. 1,2-Cyclohexene
Oxide Reaction Rate Determination. A stock solution contain-
ing 77 ml of tert-butyl alcohol and 143 ml of H20 was prepared
and adjusted to pH 10 with 10% NaOH. Into a 100-ml volumetric
flask was weighed 0.00918 g (0.0835 mmol) of norbornene oxide;
the volumetric flask was then filled to its mark with the stock solu-
tion. Twenty milliliters (0.0167 mmol) of norbornene oxide solu-
tion was pipetted into a 35-ml round-bottom flask which was then
stoppered, placed into a constant-temperature bath in acold room,
and stirred. Into another 100-ml volumetric flask was placed
0.00812 g (0.0830 mmol) of cyclohexene oxide which was diluted
with the stock solution to the mark. Twenty milliliters (0.0166
mmol) of cyclohexene oxide solution was pipetted into a second
35-ml, single-necked, round-bottom flask which was stoppered,
placed into the constant-temperature bath in the cold room, and
stirred. Ten milliliters of the stock solution was pipetted into a
10-ml pear-shaped flask; it was stoppered and placed into the
same constant-temperature bath. All three solutions were temper-
ature equilibrated; the two epoxide solutions were stirred. Into
each 35-ml flask was pipetted 2 ml of 0.1 IV (0.0334 mmol) XeC>3,
and into the 10-ml flask was pipetted 1 ml (0.0167 mmol) of XeOs;
the 10-ml flask was stirred with a glass rod to effect a homoge-
neous solution. Aliquot removal and analysis were accomplished as
previously described.

Concentrated vs. Dilute Cyclohexene Reaction Rate Deter-
mination. A stock solvent solution for all three kinetic reactions
was prepared by mixing 29 ml of tert- butyl alcohol with 39 ml of
H20 and was adjusted to pH 10. Into two 35-ml, single-neck,
round-bottom flasks was pipetted 20 ml of the stock solution, and
into a 10-ml, single-neck, pear-shaped flask was pipetted 10 ml of
the stock solution. The three flasks were placed into a constant-
temperature bath (7.5°) and equilibrated. To one 35-ml flask were
added 30 jul (0.297 mmol) of cyclohexene, and to the other 3 /X
(0.0297 mmol) of cyclohexene; in both cases the cyclohexene was
injected directly into the stirred solutions with a syringe. Into each
cyclohexene solution were pipetted 2 ml of 0.1 N (0.0334 mmol)
XeOs and into the 10-ml pear-shaped titer flask was placed 1 ml of
0.1 N (0.0167 mmol) XeC>3 The titer solution was initially stirred
with a glass stirring rod to effect a homogeneous solution. At ap-
propriate intervals, 2-ml aliquots were pipetted from the cyclohex-
ene solutions, and 1-ml aliquots were pipetted from the titer solu-
tion. A 1-ml aliquot was taken immediately upon mixing the titer
solution and represented the initial molar concentration of xenon
trioxide in all three reactions. The 2-ml cyclohexene solution ali-
quots were placed onto 1.5 g of KI in a 125-ml erlenmeyer flask;
the aliquot was acidified with 2 ml of 2 N H2SO4 acid and was then
swirled. Thirty seconds after the acid addition, the aliquot solution
was buffered with 1 g of NaHCOg and the inner walls of the flask
were washed with a water bottle. The solution was swirled and left
to stand at room temperature for 5 min. It was then titrated with
NaHCOj-buffered 0.002 N arsenic(l11) oxide.

Norbornene-Cyclohexene Competitive Reaction with
Xenon Trioxide (Heterogeneous). Into the same reaction vessel
was weighed 0.07828 g (8.33 mmol) of norbornene anc 0.06789 g
(8.29 mmol) of cyclohexene; the cyclohexene dissolved the norbor-
nene. The stoppered reaction flask was placed into a cold room
and packed into an ice bath; then 5 ml of H20 was added to the
reaction flask. Ten milliliters of 0.1 N (0.167 mmol) Xe03 was ad-
justed to pH 9 and added to the stirred mixed olefin emulsion over
a 2-min period. The ice bath was removed, and the reaction was
stirred for 145 hr in the cold room; adjustments to maintain a solu-
tion pH of 8 were made at 11, 48, 59, 74, and 116 hr into the reac-
tion. After 145 hr the XeC>8was depleted, and the reaction solution
was acidified to pH 3 and left for 144 hr at room temperature. The
pH was then adjusted to 8, and the solution was saturated with
NaCl. Six CHCI3extractions were accomplished; the combined ex-
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tracts were dried, filtered, and concentrated to about 0.2 ml. Anal-
ysis for the percentage of each diol product was made by GLC, and
each diol was isolated from the XE-60 column (148°): D/ 1.10,
1.62,1.90, 2.40, and 4.46 cm [trans- 1,2-cyclohexanediol D/ 1.90 cm
and norbornanediols mixture (single peak) D/ 4.46 cm]. Peak 3
mass spectrum M+ 116; ir (KBr) 3400 (OH), 2950 and 2880 (CH),
1040, 930, and 670 cm-1 (characteristic frans-1,2-cyclohexanediol
fingerprint absorptions). Peak 5: mass spectrum M+ 129 with the
remaining fragmentation pattern identical with those of known
norbornanediols;16ir (KBr) 3400 (OH), 2970 and 2890 cm-1 (CH).

Norbornene-Cyclohexene Competitive Reaction with m-
Chloroperbenzoic Acid (Heterogeneous). The reaction was con-
ducted as previous described except that 0.06800 g (0.334 mmol) of
85% m-chloroperbenzoic acid (MCPBA) was substituted for the
Xe03 without any initial pH adjustments. After an identical work-
up, the amount of each diol product was determined by GLC and
isolated from the XE-60 column (144°): £>/ 2.16 and 5.62 cm
[trans- 1,2-cyclohexanediol DT 2.12 cm and norbornanediol mix-
ture (single peak) D/ 5.62 cm]. Peak 1. ir (KBr) 3400 (OH), 2940
and 2870 (CH), 1040, 830, and 670 cm-1 (characteristic trans- 1,2-
cyclohexanediol fingerprint absorptions). Peak 2: ir (KBr) 3400
(OH), 2970 and 2880 cm*“ 1(CH).

Norbornene-Cyclohexene Competitive Reaction with
Xenon Trioxide (Homogeneous). Ten milliliters of 0.1 N (0.167
mmol) Xe03 was cooled in a cold room for 1.25 hr. A solution con-
taining 0.05780 g (0.616 mmol) of norbornene, 0.05172 g (0.631
mmol) of cyclohexene, and 15 ml of terf-butyl alcohol, was pre-
pared and placed in the cold room. The xenon trioxide solution
was adjusted to pH 9 and was added to the stirred teri-butyl alco-
hol solution over 2.5 min. After 15 min, the entire solution was ad-
justed to pH 8 and left to stir in the cold room. Adjustments to pH
8 were made at 21.75, 48.0, 67.75, 72.75, 88.25, and 96.25 hr after
reaction was initiated. After a total of 111 hr, XeC>8was absent; the
solution was brought to pH 3 and left at room temperature for 145
hr. The solution was adjusted to pH 9, saturated with NaCl, and
then extracted six times with CHCI3. The combined CHCI3 ex-
tracts were dried, filtered, and concentrated to about 0.2 ml. Anal-
ysis by GLC followed to identify, isolate, and determine the per-
centage of each diol product formed: GLC on the XE-60 column
(144°) DT 1.52, 1.98, 2.28, 2.72, 3.16, and 5.92 cm (norbornanediols
mixture D/ 5.60 cm and irons-1,2-cyclohexanediol D/ 2.50 cm).
Peak 6: mass spectrum M+ 128; ir (KBr) 3400 (OH), 2970 and 2890
cm-1 (CH). Peak 4: mass spectrum M+ 116 detected among other
characteristic trans- 1,2-cyclohexanediol fragmentations.

Norbornene-Cyclohexene Competitive Reaction with m-
Chloroperbenzoic Acid (Homogeneous). The reaction was con-
ducted as previously described except that 0.03400 g (0.167 mmol)
of 85% MCPBA was substituted for the XeC>8 without any initial
pH adjustments. After an identical work-up, the diol percentage
was determined by GLC analysis, which was also used to prepara-
tively isolate and purify the reaction products: GLC on the XE-60
column (145°) D/ 0.80, 1.36, 1.80, 2.38, 2.58, 3.02, and 6.42 cm
(norbornanediols mixture D/ 5.20 cm and trans-1,2-cycohex-
anediol Dg 2.88 cm). Peak 5: mass spectrum M+ 116. Peak 7: mass
spectrum M+ 128.

Competitive Norbornene vs. Cyclohexene Reaction Rate
Determination. A stock solution was prepared by mixing 28 ml of
tert-butyl alcohol and 52 ml of H9O; the resultant mixture was ad-
justed to pH 10 with 10% NaOH. Into one 35-ml, single-neck,
round-bottom flask was pipetted 20 ml of the stock solution; the
flask was stoppered, and the solution was stirred in a constant-
temperature bath (7.5°) for 1 hr. Next, 3.4 nl (0.0336 mmol) of cy-
clohexene were injected into the solution with a microsyringe. Into
a 100-ml volumetric flask was weighed 0.00948 g (0.1008 mmol) of
norbornene and 30 ml of stock solution was added. Ten milliliters
of the norbornene solution and 10 ml of the original stock solution
were pipetted into a second 35-ml, single-neck, round-bottom flask
to give 0.0336 mmol of norbornene in the reaction solution. The
norbornene solution was stoppered and placed into the constant-
temperature bath. Into a 10-ml pear-shaped flask was pipetted 10
ml of the stock solution for the initial XeC>3 concentration and
XeC=8disproportionation rate determinations. This flask was stop-
pered and placed into the constant-temperature bath. After tem-
perature equilibration, 2 ml of 0.1 N (0.0334 mmol) XeOs was pi-
petted into each 35-ml flask; into the 10-ml flask was pipetted 1 ml
of 0.1 N (0.0167 mmol) XeCL. Aliquot removal and analysis were
accomplished as previously described.
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A comparison has been made of the relative rates of tetralin hydroperoxide (THPO) decomposition in cis-2-
octene, induced by seven different alkyl borate esters. This has demonstrated that the relative acidity of the
boron atom, as a result of either the presence of B-O-B bonds or the hybridization of the boron caused by the
0O-B-0O dihedral angle, determines the rate and efficiency of epoxide formation. It is also shown that the highly
acidic borate esters, phenyl metaborate, phenyl orthoborate, and triacetyl borate, which decompose THPO ap-
proximately 600 times as fast as the most reactive alkyl borate ester, fail to epoxidize olefins but lead to an acid-
catalyzed rearrangement of the hydroperoxide producing o-(4-hydroxyphenyl)butyraldehyde. The unsaturated
borate ester, 2-n-butoxy-4,5-diphenyl-1,3,2-dioxaborole (5), prepared from n-butyl orthoborate and benzoin,
reacts rapidly with THPO to give, on hydrolysis, a 4:1 mixture of benzil and benzoic anhydride. Autoxidation of 5
in chlorobenzene produced a 1.2:1 mixture of benzil and benzoic acid. The borate induced decomposition of tert-
butyl hydroperoxide (f-BuOOH) in cyclooctane or ra-decane is shown to enhance the formation of cyclooctanol
and n-decanols. This selectivity is interpreted to occur through an induced Sh2 (bimolecular homolytic substitu-
tion) reaction of solvent alkyl radical on f-BuOOH coordinated to borate ester.

We have previously described the generation of a species
capable of liberating electrophilic oxygen through the reac-
tion of an alkyl hydroperoxide and a metaborate ester. This
intermediate complex has been shown to readily epoxidize
olefins or hydroxylate highly nucleophilic aromatic rings
and concomitantly produce an alcohol from the hydro-
peroxide. We have also shown that the presence of a suit-
able acceptor is critical to efficient consumption of the
available nucleophilic oxygen.1

Our previous work had shown that the alkyl hydroperox-
ide-alkyl metaborate system epoxidized olefins in a man-
ner quite similar to that observed with peracetic acid2 and
the hydroperoxide-transition metal system.3 Thus, more
highly substituted olefins are epoxidized more rapidly,
stereospecifically, and with no kinetic preference for cis or
trans isomers. Unlike peracetic acid, which is relatively sta-
ble in hydrocarbons at temperatures at which it readily ep-
oxidizes olefins, the hudroperoxide-metaborate mixture (in

hydrocarbon solvent) decomposes at the same rate at which
it epoxidizes 1-octene. A unique example of this is the cy-
clohexyl metaborate induced decomposition at 120° of cu-
mene hydroperoxide in 2-octene and n-octane, respective-
ly. In the olefinic solvent, the reaction products are 2-epox-
yoctane and 2,2-dimethylbenzyl alcohol. In n-octane the
reaction gives only acetone and phenol, the products of the
well-known acid-catalyzed rearrangement of cumene hy-
droperoxide.4 We had previously proposed several related
types of metaborate ester-hydroperoxide intermediates to
account for the observed reactions.

Recently, Sheldon and VanDoorn5 have reported studies
which expanded the scope of the borate-hydroperoxide
system as an epoxidizing agent. These workers have dem-
onstrated that both metaborate esters and the intrinsically
less acidic orthoborate esters are capable of acting as cata-
lysts for olefin epoxidation by tert-butyl hydroperoxide if
sufficiently strong electron-withdrawing groups are at-
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Table |
Epoxidation of cis-2-Octene by Tetralin Hydroperoxide at 80° Induced by Various Borate Esters

Registry no. Borate estera Relative reactivity & Yield of epoxidec
(\H,0. ,0C,H,
\ g/
0 0 220 100
OC,Hn
1172-69-6 Cyclohexyl metaborate (CHVB)
h:ic—o
H,r 'boc,h,, Id ~20
h'c—o" . .
55089-02-6 2-Cyclohexyloxy-1,3,2 -dioxaborinane
ck,,o .
1" Nil
CHnO OCCH
2467-16-5 cl exyl orthoborate (@H>B
10 83
OH( o CH
55089-03-7 22 Oxybls-55 dlmethyl -1,3,2-dioxaborinane
OH
bochch.ob; 4 50
_ o' CIH” Vo o ]
1216-17-7 Tris(l-methylethylene glycol)biborate
HCA\BOC.H,, 4 55
HS/
55089-04-8 2-Cyclohexyloxy-1,3,2-dioxaborolane

0The equivalents of borate ester present (measured in gram-atoms of boron) in the reaction solutions is identical with the moles of tetra-
lin hydroperoxide present. hMeasured as first-order decomposition rate constant for tetralin hydroperoxide. r Measured as ci's-2,3-epoxy-
octane.d Same absolute decomposition rate constant as for tetralin hydroperoxide with no additive.

tached to boron. It was also noted that bulky substituents
about the boron atom extended catalytic lifetimes, appar-
ently owing to steric inhibition of alcoholysis and concur-
rent catalyst deactivation by the reaction coproduct, tert-
butyl alcohol. We have now examined additional details re-
lating to borate ester-hydroperoxide intermediates. This
paper reports those and related findings.

Results and Discussion

We had previously observed that the decomposition of
tetralin hydroperoxide (THPO) at 80° induced hy an equi-
molar quantity of cyclohexyl metaborate (CHMB) (the 1:1
M dehydro adduct of cyclohexanol and boric acid) in the
presence of cis-2-octene is accelerated some 220-fold over
that for the noncatalyzed decomposition of THPO in cis-
2-octene, producing an almost quantitative yield of cis-
2,3-epoxyoctane and «-tetralol in the former case. In addi-
tion, we had observed that cyclohexyl orthoborate (3:1 M
dehydro adduct of cyclohexanol and boric acid) neither ac-
celerated the decomposition of THPO nor led to epoxide
formation.

Studies on the hydrolysis of trialkyl-substituted borate
esters has shown that the cyclic metaborate esters with
bulky substituents are substantially more reactive than the
analogous acyclic orthoborates.6 This has been taken as ev-
idence for steric inhibition of the transient quaternization
of boron by coordination with an unshared pair of electrons
on the water oxygen in the borate ester. If an analogous in-
teraction is the sole factor in facilitating the epoxidation of
olefins by hydroperoxides, then one might anticipate that
methyl orthoborate would be an effective catalyst for the
epoxidation reaction. Such is not the case; methyl orthobo-
rate exhibits no catalytic activity in the decomposition of
THPO in olefinic solvents.

In an effort to determine what structure-reactivity fea-

ture is significant in producing an effective catalyst we
have synthesized a number of known borate esters and ex-
amined their efficacy, at equimolar concentration with the
hydroperoxide, in inducing the epoxidation of cis-2-octene
by THPO. Table | presents the data from that study.

2-Cyclohexyloxy-I,3,2-dioxaborinane is structurally sim-
ilar to the cyclohexyl metaborate ring system but contains
only one boron atom. From a steric point of view the acid-
base interaction of the borate ester with a hydroperoxide
could occur as readily with 2-cyclohexyloxy-1,3,2-dioxabo-
rinane as with cyclohexyl metaborate. As can be seen, the
compound is only modestly active in the epoxidation reac-
tion. The presence of tris(I-methylethylene glycol)biborate
accelerates the decomposition of THPO fourfold and leads
to a 50% yield of epoxide while 2,2'-oxybis-5,5-dimethyl-
1,3,2-dioxaborinane produces a tenfold rate enhancement
in THPO decomposition and gives 83% yield of the epox-
ide.

We had previously considered the possibility that the
high reactivity of metaborates was not only due to their
ability to coordinate with hydroperoxides but that one of
the two remaining free boron atoms in the ring could weak-
ly coordinate with the olefin and thereby facilitate epoxida-
tion. The data presented in Table | are, to a degree, consis-
tent with that idea. The catalytic activity of the various bo-
rate esters increases, along with epoxide productivity, as
the proximity of two boron atoms in a given molecule in-
creases.

The above data are better explained based on a variation
in the reactivity due to the acid hardness of the various bo-
rate esters relative to the hydroperoxides as hard bases,
where the acidities of the borate ester will vary as a func-
tion of the substituents about, and the hybridization of, a
given boron atom. This conclusion is consistent with that
reported earlier by Sheldon and VanDoorn.5
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In cyclohexyl metaborate each boron atom of the six-
membered ring can draw electron density from a single cy-
clohexyloxy group through a px-px interaction.

"\B—0— <p» N")B=0—
n \j' / - +

This resonance form is stabilized inductively by the cyclo-
hexane ring. On the other hand, the three adjacent B-0
bonds in the cyclic system will inductively destabilize the
already electron-deficient borons in the presence of the
electronegative oxygens. Using CHMB as a benchmark, cy-
clohexyl orthoborate and 2-cyclohexyloxy-I,3,2-dioxabori-
nane would have substantially less acidic boron owing to
the electron donation from each of three alkoxy linkages.
The relative acidity of 2,2'-oxybis-5,5-dimethyl-I,3,2-diox-
aborinane, compared to the two above compounds, should
be higher owing to the presence of the B-O-B bond.

Tris(I-methylethylene glycol)biborate, in which the bo-
rons are insulated from each other by a 1,2-dioxoethylene
bridge, still accelerates the decomposition of THPO. The
enhanced acidity of this biborate is due to the change in
hybridization of the boron in a five-membered ring.7 The
O-B-0O bond angles about the boron are compressed from
the normal trigonal (sp2) 120° toward the tetrahedral (sp3)
required for quaternization, thereby facilitating coordina-
tion with a base. The simpler five-membered ring borate
2-cyclohexyloxy-1,3,2-dioxaborolane produces a rate en-
hancement and epoxide formation identical with that ob-
served with the five-membered ring biborate.

The effect of even more highly acidic borate esters on the
decomposition of THPO can be seen from the following se-
ries of experiments. A re-examination of the decomposition
of 0.4 M THPO in chlorobenzene induced by equimolar
CHMB at 120° showed that on completion of the reaction a
product distribution of 81 mol % a-tetralol, 8 mol % o-te-
tralone, and 11 mol % 1,2-dihydronaphthalene was ob-
tained. In a separate experiment it was shown that a-te-
tralol dehydrates under the reaction conditions to 1,2-dihy-
dronaphthalene at a rate sufficient to produce the amount
found after the experiment described above was completed.
Hence, the initial a:-tetralol selectivity from the THPO-
CHMB reaction in chlorobenzene is 92%.

Replacing the CHMB with an equivalent amount of phe-
nyl metaborate (PMB) alters the course of this reaction
dramatically. Admixture of THPO and PMB in chloroben-
zene at room temperature results in a vigorous exothermic
reaction (to ~40°) in which over 90% of the active oxygen
titer is consumed in 10 min. The final product mixture con-
tains no tetralol, but instead the aldol condensation prod-
uct of 4-(o-hydroxyphenyl)butyraldehyde and a small
quantity of a-tetralone. If mesitylene is used as solvent the
same result is obtained, giving a 95% yield of the aldol
dimer and a 5% yield of a-tetralone. This result is the an-
tithesis of what is observed with CHMB and THPO in
mesitylene. This latter reaction is immeasurably slow at
room temperature, but at 90° rapidly yields mesitol (2,4,6-
trimethylphenol) by hydroxylation of the solvent and con-
currently produces a-tetralol on reduction of the THPO.1

Although the formation of 4-(o-hydroxyphenyl)butyral-
dehyde from THPO in the presence of PMB or triphenyl
orthoborate (POB) could be verified by 2,4-DNP8 forma-
tion or titration of its aldol dimer with hydroxylamine hy-
drochloride,9 actual isolation of the aldehyde was unsuc-
cessful in the presence of the phenol generated by borate
hydrolysis. Successful isolation of 4-(o-hydroxyphenyl)-
butyraldehyde (see Experimental Section) was achieved
from reaction mixtures in which the highly acidic triacetyl
borate was used.
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Scheme |

The enhanced acidity of PMB compared to CHMB is a
result of the phenyl rings acting as electron sinks to gener-
ate a high level of electron deficiency at the boron atoms.
This is just the opposite effect created by the presence of
an aliphatic alkoxy substituent on boron. The observed
reaction can be rationalized as shown in Scheme 1.

We had previouslylindicated our preference in the reac-
tion of THPO-CHMB in mesitylene hydroxylation or ole-
fin epoxidation for an intermediate borate-hydroperoxide
complex which involved a boron-oxygen interaction at the
a oxygen atom of the hydroperoxide as shown below.

RO OR ROx » OR
a R X B~A ABA X BAUVHT
R'O— OH + | |
NB -°
/" B\ +
RO OR
OR
H— 0
3
RO Q .OR
ron OR XB~ ~"BN
| |
/" B\ + + / B\
RO OR'
RO\ ¢ T «
H

In the two mechanisms pictured above, the acidity of the
borate ester determines which peroxidic oxygen will devel-
op positive charge and ultimately lead to a 0-0 bond scis-
sion. If, as one would expect, there is a dynamic equilibri-
um in which the borate ester is forming a reversible com-
plex with either the a or f) oxygens of the hydroperoxide,
then we must determine the difference in the transient
B-0 bond formed between a hydroperoxide and PMB

(complex 1) from that formed with CHMB (complex 3)
si
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which causes it to proceed to products from those particu-
lar complexes.

The collapse of complex 1 to give 4-(o-hydroxyphen-
yl)butyraldehyde or a-tetralone is estimated to be at least
600 times faster than that of complex 3 to produce, for ex-
ample, epoxide and a-tetralol. The formation of products
from complex 1is unimolecular while that of 3 is clearly bi-
molecular, requiring an intimate association of the acceptor
(i.e., olefin) and the complex.10 Since in both cases the
same bond is breaking, the difference must be in the ability
of the two borate esters to stabilize the resulting leaving
group. In the transition state where complex 1lleads to 0-0
bond rupture the leaving group is the anion, phenyl meta-
borate hydroxide (2) having a formal negative charge on
the tetrahedral boron atom. The -electron-withdrawing
phenoxy groups can stabilize this species while the elec-
tron-donating cyclohexyloxy group would be destabilizing.

Complex 3, which also leads to 0-0 fission, produces a
strikingly different and undoubtedly lcwer energy leaving
group. Formation of this species is the result of an intramo-
lecular proton transfer to give 4, which has an alcohol coor-
dinated to a metaborate ester and will be in equilibrium
with the free alcohol and metaborate and thereby require
minimal stabilization by the borate ester. This proton
transfer step is clearly required for heterolysis of the 0-0
bond. Cumyl methyl peroxide is unreactive in the presence
of CHMB under conditions where cumene hydroperoxide
readily epoxidizes olefins.

Hence, there is a spectrum of simple borate esters of
varying acidity which include those which are too weak
(i.e., acyclic orthoborates and six-membered ring orthobo-
rates) to effectively interact with a hydroperoxide and fa-
cilitate a heterolysis of the 0-0 bond competitive with
thermally induced homolysis. This is followed by borate es-
ters of moderate acidity, i.e, five-membered ring orthobo-
rates, biborates, and most effective, alkyl metaborates,
which cleave the hydroperoxide 0-0 bond, generating, in
the presence of a suitable acceptor, whet may formally be
considered a hydroxonium ion, [HO+].n Beyond this are
the highly acidic phenyl borate esters and triacetyl borate,
which can heterolyze the hydroperoxide so that the elec-
tron-deficient center ends up on the oxygen attached to a
carbon atom, [RO+].

This reactivity pattern is obviously dependent on the fa-
cility with which the organic moiety of the hydroperoxide
can absorb the positive charge. Sheldon and VanDoorn5
have observed epoxidation of 2-octene by tert-butyl hydro-
peroxide in the presence of PMB in ayield of 26-59%.

This type of selectivity is also consistent with the obser-
vations of Sheldon12 in his study on the metal-catalyzed
epoxidation of olefins. The selectivity of Mo(VI), Ti(lV),
and V(V) complexes in catalyzing epoxide formation from
hydroperoxides is related to their being hard acids. As has
been pointed out, in the case of molybdenum catalysis,12
independent of which oxidation state the metal is initially
in, the active species in solution is a Mo(VI) complex. The
hardness can be correlated with the ability of an alkyl hy-
droperoxide, acting as a Lewis base, to coordinate with the
metal. Efficient epoxidation in this case requires that the
transition metal-hydroperoxide complex not have a favor-
able internal redox potential for electron transfer. This lat-
ter process would lead to radical formation and is the rea-
son why metals such as Cr(VI) are ineffective catalysts.
With borate esters no redox processes are possible.

In the course of these studies we had the opportunity to
examine the reactivity of the unsaturated borate ester 2-n-
butoxy-4,5-diphenyl-1,3,2-dioxabcrole (5). This compound,
described by Bolban et al.,13is readily synthesized by heat-
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ing an equimolar mixture of benzoin and tributyl borate at
100° and 2 mmHg pressure and distilling off butanol as 5,
an orange, viscous liquid, is formed. Compound 5 is unsta-
ble in water or air. Based on our previous discussion the
Lewis acid acidity of 5 should be greater than that of a sim-
ple five-membered ring borate but probably less than that
of PMB. The purity of 5 as synthesized above is no greater
than 80%, as attested to by the ratio of the aromatic and al-
iphatic proton in the NMR spectrum of this residue prod-
uct (see Experimental Section). The titer for boron is also
high by approximately 20% based on that required for 5.

The reactivity of dioxaborole 5 with THPO was indeed
dramatic. In cyclohexane the presence of an equimolar
amount of 5 caused THPO to completely disappear in the
time required to bring the solution to reflux (81°). At 25°,
in cyclohexane or in cis-2-octene, 75% of the active oxygen
titer disappeared within 1 min of mixing the reactants. In
the latter solvent only a trace of cis-2-epoxyoctane was ob-
served by VPC analysis. Hydrolysis of a number of reaction
mixtures, separation and drying of the organic phase, and
removal of the volatile components from the reaction prod-
ucts always gave the same results.

The residue, a yellow oil mixed with some solid in 70%
yield, was a mixture readily analyzed by infrared and iden-
tified through comparison with the spectra of authentic
materials. The characteristic infrared bands of benzil (ap-
proximately 80% of the total oxidation product) and a-te-
tralol were readily identified as the major products of the
reaction, and only a trace of unreacted benzoin could be
identified. However, an additional and unexpected minor
product (approximately 20% of the total oxidation prod-
uct), benzoic anhydride, was shown to be present by its
characteristic carbonyl doublet in the infrared at 1785 and
1725 cm-1. The starting dioxaborole (5) produced only
benzoin when hydrolyzed in aqueous ethanol. Separation
and individual characterization of the products of the
THPO-dioxaborole reaction prior to hydrolysis proved im-
practical and was abandoned.

The presence of benzil as the major oxidation product
from the reaction of dioxaborole 5 and THPO is explicable
by the scheme presented below. In addition the formation

Ph

7
+ ROH
0
0
+ CMH,0H

of benzil is consistent with the thesis that the electron-defi-
cient oxygen (incipient or fully formed) requires a nucleo-
philic site (i.e., an olefinic linkage in close proximity to the
developing oxidizing species). The intermediate 6 is
structurally analogous to that postulated in the vanadium-
catalyzed epoxidation of allylic alcohols.14

The oxidation to benzoic anhydride can be rationalized
in the following way. Complex 8 formed from a second mole
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of tetralin hydroperoxide reacting with 7 will provide a
source of protons to open the oxirane ring. The resultant
1,3-dipolar species can then open the dioxaborole ring to a
borated a-ketal ketone (9). The carbonyl in this species
could, in turn, convert to a hydroxy peroxide (10), which
would be uniquely arranged to facilitate a Baeyer-Villiger
rearrangement through a six-membered ring coordination
of the peroxide a oxygen and the pendant borate group.

Ph
7 + ROOH 0" ori 0
Ph {/ \)CA
8
Ph.
°\ _ /OOK Ph\ /0 OOR(OR)
; oh

Ph n x och9 PhA ) X 0C4H9

A sequence could be pictured in which the major reac-
tion product, benzil, reacts further with THPO to form a
hydroxy hydroperoxide. This intermediate could then de-
compose, directly or by assistance from the borate ester.
This alternative does not seem valid. The decomposition of
0.1 M THPO in cyclohexane in the presence of equimolar
benzil at 24° is approximately 5 X 103 times slower than
observed for THPO in the presence of dioxaborole 5. In the
course of this decomposition ~60% of benzil is consumed
and benzoic acid is identified as the major product. When 1
equiv of the weakly acidic borate ester, 2-butoxy-I,3,2-
dioxaborinone, is added to a cyclohexane solution 0.1 M
each in THPO and benzil, the hydroperoxide decomposi-
tion is slightly accelerated and only 10% of the benzil ini-
tially present is consumed. Finally, when CHMB is the bo-
rate ester added the THPO decomposition is further accel-
erated and only a trace of benzil is consumed.

9 + ROOH

+ ROH

The ability of a hydroperoxide-borate complex, such as
8, to function as an acid of sufficient strength to open an
epoxide ring has been demonstrated in the epoxidation of
2-methyl-I-heptene with THPO and CHMB at 60°. In ad-
dition to |,2-epoxy-2-methylheptane a small amount (~5
mol%) of 2-methylheptaldehyde is formed. After the tetra-
lin hydroperoxide is consumed the resultant mixture is sta-
ble. Under reaction conditions a mixture of |,2-epoxy-2-
methylheptane is stable in the presence of either CHMB or
THPO alone. However, a solution of I,2-epoxy-2-methyl-
heptane in cyclohexane at 60° in the presence of an equi-
molar mixture of both THPO and CHMB rapidly converts
the epoxide to the isomeric aldehyde and concomitantly
depresses the rate of THPO decomposition 150-fold. This
phenomenon is dependent on the presence of groups in the
epoxide capable of stabilizing a positive charge as the oxi-
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rane ring opens prior to hydride transfer and aldehyde for-
mation, i.e., 1,2-epoxyoctane is stable under the above reac-
tion conditions.

In the terse published description on the preparation of
2-n-butoxy-4,5-diphenyl-1,3,2-dioxaborole (5) the only
physical property mentioned was the compounds sensitivi-
ty to air.13 This is readily observable since the orange solu-
tions of 5 produce dark “Schlieren” lines on exposure to
the air.

The autoxidation of the dioxaborole 5 by pure oxygen, in
the absence of initiators, at 80° in chlorobenzene is very
rapid. The uptake of oxygen by 5 begins, with no observ-
able induction period, at a rate of approximately 7.2 X 10~3
mol oxygen/mol min and maintains that rate throughout
the course of the oxidation. Approximately 0.85 molar
equiv of oxygen is absorbed based on the estimated purity
of the dioxaborole. By comparison there is no observable
consumption of oxygen by tetralin under identical condi-
tions for a 2-hr period. At 120°, after an approximately
400-sec induction period, tetralin is oxidized at a maximum
rate of 3 X 10-5 mol oxygen/mol min.

The products in the crude reaction mixture, accounting
for a quantitative material balance based on the estimated
real initial concentration of 5 were characterized by ir,
NMR, and product isolation with individual characteriza-
tion. The products identified were benzil, benzoic acid,
and, again, benzoic anhydride. Benzil and benzoic acid
were the major isolated products in a ratio of 1.2:1.0. Ben-
zoic anhydride was identified spectroscopically as a trace
reaction product.

In the presence of 4 mol % p-hydroquinone an autoxida-
tion of dioxaborole 6 run identically with the one above ab-
sorbed oxygen at the same rate and gave the same prod-
ucts, benzil, benzoic acid, and benzoic anhydride, in identi-
cal product ratios. By comparison, tetralin in the presence
of 4 mol % p-hydroquinone fails to consume any oxygen
within a 5100-sec period at 120°.

The mechanism of borane autoxidation has been studied
in detail by Davies.15 It was originally believed, on the basis
of inhibitor studies, that the reaction of O2 and a trialkyl-
borane (R3B) proceeded through a polar intermediate,
RsB-0-0+, followed by alkyl migration to give isolable
peroxyboranes, R2BOOR. From more recent work using
galvinoxyl as an inhibitor and optically active 1-phenyleth-
ylboronic acid and epimeric norborn-2-yl boranes in vari-
ous autoxidation experiments, evidence has been presented
which is consistent with a free-radical chain reaction in
which the boron atom acts as an extremely active scavenger
for peroxy radicals.

The question of the intermediacy of radicals or charged
species in the reaction of 5 with oxygen is, as yet, unan-
swered. If a boron-oxygen intermediate complex is formed
then some polar contribution to this species is possible.
Davies and Ingold16 have examined the reactions of various
peroxy radicals with several organoboranes. A progressively
decreasing rate of reaction of alkyl peroxy radicals with the
boranes was noted as the number of B-0 bonds in the mol-
ecules increased. This decreasing rate of substitution on
boron by peroxy radical was ascribed to a decrease in boron
atom acidity due to a p#-pir interaction with the lone pairs
on oxygen and hence the resonance contribution of B =0 +.
This observation, coupled with the lack of a ready source of
alkyl radicals, suggests that an alternate mechanism is op-
erative with borates. Equivalent intermediates for product
formation can be rationalized through oxygen addition to
either boron or the double bond. It would appear that ben-
zil is formed in a process involving 2 mol of 5 and 1 mol of
oxygen. This comes from the stoichiometry of the reaction
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Table 11
First-Order Decomposition of 0.350 M tert-butyl Hydroperoxide in Hydrocarbon Solvents at 120°

Ram Sohverta Borate (M1) *1, hr-16
| c 0.027
2 c CHMB (0.38)c 0.032
3 c CHOBA (0.35) 0.031
4 c n-BuOBe (0.35) 0.031
5 D 0.004
6 D CHMB (0.38)c 0.029

Rodlots
il

Alcohol, M1 Ketore /I RIPDICOYEN  Giione
0.077 0.029 30.3 2.7
0.247 0.035 80.6 7.1
0.167 0.036 58.0 4.6
0.159 0.040 56.9 4.0
0.050 0.062 32.0 0.8
0.110 0.015 34.7 7.3

aC, cyclooctane; D, n-decane. bFirst-order kinetics were observed for at least 3 half-lives for all reactions. ¢ Concentrations of CHMB
(cyclohexyl metaborate) were based on molecular weight of monomer, CeHnOBO. d CHOB = cyclohexyl orthoborate. e n-BuOB = n-butyl

orthoborate (registry no., 688-74-4).

as well as the fact that hydrogen peroxide, which is stable
under these reaction conditions, is not found in the aque-
ous fraction after hydrolysis of the crude product.

One of the most striking features of the CHMB-cata-
lyzed decomposition of alkyl hydroperoxides is that the
loss of active oxygen is accelerated even if a nucleophile,
such as an olefin or mesitylene, is not present to scavenge
the incipient hydroxonium ion. Thus the decomposition of
0.08 M THPO in the presence of 0.08 M CHMB in cyclo-
hexane at 80° is 63 times faster than for the uncatalyzed
decomposition of THPO in cyclohexane.

°© L.,° - Ox 0 “*e products
B -B. + -OH
RO (@)
OR
R

It is unlikely that a highly energetic species such as
[OH+] would form in cyclohexane. No hydride abstraction
by THPO-CHMB in cumene to give «-methylstyrene or
products thereof was observed. This is in spite of the fact
that hydroxylation of the aromatic ring in cumene to give
isopropyl phenols is only a minor reaction. Neither is oxy-
gen evolution observed in the above reaction media.

For a probe of the borate induced decomposition of alkyl
hydroperoxides in aliphatic hydrocarbon solvents we chose
to use a hydroperoxide which was relatively unreactive and
would have limited prerogatives in product formation: tert-
butyl hydroperoxide (f-BuOOH). Cyclooctane and n-dec-
ane, each with eight methylene groups, were chosen as hy-
drocarbon solvents.

On a per-hydrogen basis cyclooctane has been shown to
be about twice as susceptible to hydrogen abstraction by
moderately reactive radicals17 than are typical acyclic sec-
ondary hydrogens or cyclohexane ring hydrogens. No data
comparing solvent hydrogen selectivities of ierf-butoxy or
tert-butylperoxy radicals for cyclooctane vs. other hydro-
carbons are presently available.

The decomposition of 0.35 M f-BuOOH at 120° in cy-
clooctane, as shown in Table Il, is more than six times as
fast as that in «-decane as measured by first-order rate
constants (k\) (0.027 hr-1 vs. 0.004 hr-1). In cyclooctane
30.3% of the consumed i-BuOOH is accounted for as cy-
clooctanol (COL) and cyclooctanone (CON) present in a
2.7:1 ratio. In «-decane 32% of the consumed i-BuOOH is
accounted for as n-decanols and n-decanones in a 0.8:1
ratio.

When f-BuOOH is decomposed at 120° in cyclooctane in
the presence of 1 equivalent of CHMB a modest increase in
the first-order rate constant of 0.032 hr-1 is observed. More
significantly, 80.6% of the consumed i-BuOOH is converted
to COL and CON in a 7.1:1 ratio. Replacing CHMB with

cyclohexyl orthoborate or «-butyl orthoborate, two borates
which would not induce the heterolysis of a hydroperoxide
0-0 bond, resulted in approximately the same modest rate
enhancement. A product accountability of nearly 60%
based on i-BUuOOH was obtained with COL to CON ratios
of 4.6:1 and 4.0:1, respectively. Finally, the presence of
equimolar CHMB and i-BuOOH in «-decane accelerates
the first-order rate of decomposition of f-BuOOH seven-
fold to k\ = 0.029 hr-1 and the 34.7% accountability of ac-
tive oxygen gives a decanol to decanone ratio of 7.3:1. No
evidence of oxygen evolution was observed in any of these
reactions and tert-butyl alcohol was the only observed
product from f-BuOOH.18

These data are consistent with the following chain reac-
tion sequence, which can be considered a borate induced

/[-BUOOH — > /-BuO + HO’ (A)
/-BuO(HO) + RH — - /-BuOH(fbO) + R- (B)
6+
try/ R S
f-BuO— OH i-BuO -
b 1,-"OR’ -— ROH + 9/ -OR' ©)
7 7=
0~ BsX) o
|
10
*m f-BuOw + borate ester

Sh2 (bimolecular homolytic substitution19) reaction. The
Sh2 reaction has been well documented in homolytic pera-
cid decompositions.2021 Since the complex of a hydro-
peroxide coordinated to a borate ester has electron distri-
bution similar to peracids and similar nonradical reaction
characteristics,1 the occurrence of Sh2 reactions can be
considered another extension of the previously observed
analogies. A possible termination step for this reaction in
cyclooctane, which has good active oxygen accountability,
might be either cyclooctyl radical coupling to bicyclooctyl
or tert-butoxy-cyclooctyl radical coupling to the ether.
Neither of these products has been identified in reaction
residues.

In cyclooctane solvent the amount of CON produced by
i-BUOOH decomposition increases about the same small
amount over that observed in the uncatalyzed reaction as
do the reaction rates when borate esters are added. Thus,
essentially all the new product formed as a result of t-
BuOOH coordination with borate ester is cyclooctanol. In
the presence of borate esters there are two parallel reac-
tions taking place: the normal decomposition of f-BuOOH
which leads to cyclooctyl radicals which are only 30% effi-
cient in giving COL and CON on reacting with t-BuOOH
and the borate induced Sh2 decomposition of t-BuOOH
via intermediate 10 which scavenges cyclooctyl radicals
with an extremely high efficiency to give only cyclooctanol.
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In n-decane the situation is quite different. The CHMB
accelerated decomposition of t-BuOOH not only increases
the amount of n-decanols produced but substantially de-
creases the amount of decanones formed. In this case, sec-
ondary decyl radicals (see Experimental Section) are gen-
erated more rapidly in the presence of CHMB. Thus, the
lower energy borate induced decomposition pathway di-
verts radicals from the noncatalytic reaction routes to fol-
low the more favorable Sh2 reaction. This results in the
formation of alcohol at the expense of ketone, as seen in the
last entry in Table II.

That portion of alcohol and ketone formed in both sol-
vents by more classical routes has been suggested to in-
volve22 coupling of alkyl radicals and ierf-butylperoxy rad-
icals, followed by homolysis of the tert-butyl alkyl peroxide
and disproportionation of, or hydrogen abstraction by, the
resulting alkoxy radicals.

R- + /-BuOO =« — - t- BUOOR
/-BUOOR — » /-BuO + -OR
2RO* —® ROH + R =0

RO + RH — > ROH + R-

Conclusions

The results of the above observations coupled with those
previously reported13 indicate that a broad spectrum of
hydroperoxide-borate-substrate interactions are possible.
The course of a given reaction is generally determined by
one of the three reacting compounds. The major variations
of this system are presented below.

1. With an alkyl metaborate or alkyl orthoborate of ap-
propriate acidity all hydroperoxides coordinate with boron
to produce a species similar to a peracid which can either
epoxidize olefins or hydroxylate highly nucleophilic aro-
matics.

2. With phenyl borates or other highly acidic borates t-
BuOOH will epoxidize olefins3 but aralkyl hydroperoxides
will preferentially undergo a Baeyer-Villiger-type rear-
rangement.

3. In the absence of a suitable acceptor (i.e., in an ali-
phatic hydrocarbon) t-BuOOH will undergo an Sh2 reac-
tion induced through coordination with boron, while the
tertiary aralkyl hydroperoxide, cumene hydroperoxide, will
rearrange to acetone and phenol.1

Experimental Section

Chlorobenzene, 1,2-dichloroethane, cyclooctane, cyclohexane,
n-decane, and mesitylene were obtained from Aldrich Chemical
Co. and purified by standard procedures. Benzoin and n-butyl bo-
rate obtained from the same source were used as received, as-2-
Octene (99.9%) obtained from Chemical Samples Co. was used as
received. The fert-butyl hydroperoxide obtained from Lucidol ini-
tially at 90% active oxygen titer afforded on reduced pressure dis-
tillation material which gave a greater than 99% titer for active
oxygen.

Tetralin hydroperoxide, a colorless, crystalline solid, mp 55-56°,
was prepared according to the procedure described by Knight and
Swern,23 and gave a 99% titer for active oxygen. Tetralol, bp 128-
129° (10 mm), was prepared by the lithium aluminum hydride re-
duction of a tetralone-tetralol mixture (approximately 50:50) ob-
tained from Union Carbide Corp. Tetralone was obtained from
Eastman Chemical Co. Mesitol was synthesized as previously de-
scribed.1

Borate Syntheses. Cyclohexyl metaborate, a colorless solid, mp
163-166°, was prepared according to the procedure of O'Connor
and Nace.4 Cyclohexyl orthoborate, a colorless, waxy solid,24 mp
65-67°, bp 90° (2 mm), was prepared by the method of O'Brien.28

The several borates prepared from diols were all synthesized in
the same fashion. A mixture of boric acid or boric anhydride and
diol in a molar proportion calculated to produce the desired deriv-
ative was added to benzene. The mixture was heated to reflux and
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the stoichiometric amount of water was collected in a Dean-Stark
trap. The resulting product was either distilled or allowed to crys-
tallize from the benzene solution. All products gave the appropri-
ate titers for boron using the mannitol method.26 The colorless lig-
uids, 2-cyclohexyloxy-1,3,2-dioxaborinane, bp 132-133° (10 mm)
[reported bp 87-91° (0.8 mm)],27 2-cyclohexyloxy-I,3,2-dioxaboro-
lane, bp 116° (10 mm) [reported bp 119-120° (10 mm)],2 and
2,2'-oxybis-5,5-dimethyl-1,3,2-dioxaborinane, bp 120-125° (0.05
mm) [reported bp 134-140° (0.5 mm)],2Qwere stored, after distilla-
tion, in a drybox and transferred into reaction mixtures under an-
hydrous conditions. Tris(I-methylethylene glycol)biborate was ob-
tained as a viscous 0il.30

Phenyl metaborate and phenyl orthoborate were synthesized
from phenol and boric acid (1:1 and 3:1 mole ratios, respectively)
by azeotropic removal of water from refluxing toluene. Upon distil-
lation of the toluene a crystalline residue product was obtained
which was used without further purification. Triacetyl borate syn-
thesis has recently been described by Ritscher.3L

Reaction Kinetics and Epoxide Analysis. Hydroperoxide con-
sumption was followed iodometrically by the method of Wibaut.2
Analyses for 2,3-epoxyoctanes were performed by VPC on a 6 ft X
0.25 in. Carbowax 20M on Chromosorb T column programmed at
6°/min from 80 to 150° with a He gas flow rate of 50 mlI/min. The
retention time for trans-2,3-epoxyoctane is 4.76 min and for cis-
2,3-epoxyoctane is 5.28 min.

Isolation and Characterization of 4-(o-Hydroxyphenyl)-
butyraldehyde.3 Triacetyl borate (9.4 g, 0.05 mol) in 100 ml of
1,2-dichlorethane was added to a room temperature solution of 8.2
g (0.05 mol) of THPO in 50 ml of dichloroethane in a 500-ml three-
necked round-bottom flask fitted with mechanical stirrer, ther-
mometer, and reflux condenser. Within 1 min after mixing the
reaction temperature rose to ~60° and the active oxygen titer
dropped to zero. The resulting solution was washed with water, di-
lute bicarbonate, and saturated salt and dried over magnesium sul-
fate.

Removal of the solvent gave 8 g of material which was passed
down a chromatography column containing 100 g of silica gel.
After extensive elution with benzene several fractions were collect-
ed. On evaporation of solvent these gave a yellow oil exhibiting
carbonyl, hydroxyL, aliphatic, and aromatic C-H stretching vibra-
tions in the infrared.

Isolation of this compound by preparative VPC on Carbowax
20M on Chromosorb W gave an oil which was identified by the ir
and NMR spectra to be 4-(o-hydroxyphenyl)butvraldehyde: ir
(KBr) 3420, 2930, 1720, 1240, and 750 cm-1; NMR (CDC13) 5 1.97
(m, 2 H), 253 (t, J = 6 Hz, 2 H), 2.68 (m, 2 H), 6.99 (m, 4 H), 9.78
(t, 3 = 1.2 Hz, 1 H). No phenolic proton was identified in this sam-
ple, possibly owing to the presence of volatile liquid-phase compo-
nents from the VPC column which blocked out the £4-5 region of
the NMR.

Synthesis of 2-n-Butoxy-4,5-diphenyl-1,3,2-dioxaborole (5).
A predried, 250-ml flat-bottomed three-necked flask equipped
with magnetic stirrer, thermometer, and serum cap was charged
with 5.31 g (0.025 mol) of benzoin (oven dried, 100°) and 13.50 ml
(0.050 mol) of n-butyl borate. This reaction system was attached
to a short-path (gooseneck) distillation system connected to a vac-
uum pump. The system was purged with dry nitrogen by means of
a syringe needle through the serum cap. The stirred reaction vessel
was immersed into an oil bath whose temperature was gradually
raised from 75 to 100° during the course of the reaction. The pres-
sure was maintained at 2-5 mmHg. Upon heating, the initially col-
orless heterogeneous reaction mixture turned light orange, and
then suddenly a vigorous ebullation took place. At this time, the
reaction became homogeneous and re-butyl alcohol was distilled
through the short path system into a receiver. After the reaction
was over the excess n-butyl borate was removed by distillation at
100° (0.05 mmHg). The resulting thick orange liquid was used
without further purification: ir (neat) 2960, 1852, 1473, 1390, 1260,
1065, 1027, 763, and 687 cm“ 1 NMR (CDC13) 0.95 (t, J = 6 Hz, 3
H), 1.54 (m, 4 H), 412 (t, J = 6 Hz, 2 H), 7.48 ppm (m, <10 H).
The ratio of the aromatic to butyl protons in several spectra was
always less than the theoretical 10:9. This ratio did, however, vary,
and the low proton count in the aromatic region was apparently
due to excess n-butyl borate present in the product. Consistent
with this is the observation that hydrolyzed samples of dioxaborole
5 give high boron titers.

On hydrogenation at 1 atm, a 1-g sample of 5 in 25 ml of ethyl
acetate containing 0.049 g of PtOi absorbed 1.09 molar equiv of
hydrogen. Filtration gave a colorless solution, which on evapora-
tion of the solvent left an oily residue. One recrystallization from
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ethanol-water gave the solid meso-l,2-diphenyl-I,2-ethanediol,
mp 135-137° (reported3mp 136-137°).

Reaction of 5 with Tetralin Hydroperoxide. To 0.735 g
(0.0025 mol) of dioxaborole (1) in a 125-ml erlenmeyer flask, 0.410
g (0.0025 mol) of tetralin hydroperoxide in 25 ml of cyclohexane
was added. Within 30 min at room temperature in the drybox, the
solution had turned from bright orange to yellow and the hydro-
peroxide titer was only 7% of the original value. The solution was
allowed to stand overnight after which time the titer for hydro-
peroxide was zero. The cyclohexane solution was washed three
times with 25-ml portions of water and once with a saturated salt
solution and dried over sodium sulfate. Removal of the solvent left
0.54 g of a yellow oil mixed with some crystals. The infrared spec-
trum (neat) of this residue exhibited the characteristic bands of
benzil (1675 and 873 cm-1) and tetralol (3330, 774, and 739 cm-1)
as the major products. Analysis by VPC on a 6 ft X 0.25 in. Carbo-
wax 20M on Chromosorb T column programmed at 6° from 80 to
220° with an upper limit hold and a He gas flow of 50 ml/min
showed the major products of the reaction to be an approximately
1:1 mixture of tetralol (retention time 22.35 min) and benzil (37.95
min) with a trace of tetralone (20.75 min) present. A second prod-
uct of benzoin oxidation present in ~20% yield was shown to be
benzoic anhydride by the characteristic carbonyl doublet at 1785
and 1725 cm-1. A trace amount of benzoic acid was also shown to
be present by ir and VPC analyses.

Autoxidation of Dioxaborole 5. A 25-ml chlorobenzene solu-
tion in a 100-ml two-necked flat-bottom flask containing approxi-
mately 0.025 mol of the dioxaborole was brought to 80° under 1
atm of oxygen. Upon commencement of stirring oxygen uptake
began. Within 80 min the oxidation ceased and 0.85 mol of oxygen
per mole of dioxaborole was absorbed. A similar reaction contain-
ing 0.11 g of p-hydroquinone required 70 min to reach completion
having absorbent 0.67 mol of oxygen per mole of dioxaborole. After
most of the chlorobenzene was distilled off, the residue (4.69 g)
was dissolved in 30 ml of ether washed three times with 25 ml of
water and once with 25 ml of saturated salt solution, and dried
over sodium sulfate. Evaporation of the ether left a solid residue.
The infrared spectrum of these residues had the characteristic
bands of benzil, benzoic acid, and a small amount of benzoic anhy-
dride. The NMR of these residues exhibited only aromatic pro-
tons, b 7.30-8.43, and a single acid proton, b 12.27. The ratio of
benzoic acid to benzil was established as 1.0:1.2. Pure samples of
benzil (mp 95-96°) and benzoic acid (mp 120-122°) could be iso-
lated from these and other autoxidations of dioxaborole 5.

Decomposition of t-BuOOH in Saturated Hydrocarbon Sol-
vents. A typical reaction was run by charging a 20-ml spherical re-
actor equipped with a pressure stopcock with 10 ml of hydrocar-
bon solvent and the appropriate amount of borate ester (when
used). This solution was purged with dry nitrogen for 10 min and
the stopcock was then closed. A serum cap was placed over the
stopcock extension and a nitrogen head was maintained in this re-
gion above the stopcock by inserting a syringe needle attached to
the dry nitrogen line with ~5 Ib positive pressure. The reactor was
placed in the constant-temperature bath at 120° and heated for 5
min. The addition of 0.8 ml of f-BuOOH followed directly. This
was considered as time zero. The progress of the reaction was fol-
lowed iodometrically and was run for 10 half-lives prior to product
analysis.

Product analyses of the reaction in cyclooctane were performed
by vapor phase chromatography on a 5% Carbowax 20M on Chro-
mosorb T column, 0.25 in. X 11.5 ft. The separation was performed
using a temperature program of 80-170° at 10°/min. followed by a
hold at 170°, with a He gas flow of 50 ml/min. Under these condi-
tions the retention times (minutes) follow: cyclooctanone (18.5),
cyclooctanol (23.2), cyclohexanol (13.5), cyclohexanone (12.2) and
the internal standard, chlorobenzene (10.5).

Analysis for the products in decane was performed on a 12 ft X
0.25 in., 5% DECS on Chromosorb G column. All the other param-
eters were as reported for the cyclooctane reaction analyses. Under
these conditions the observed retention times (minutes) follow: 4-
and 5-decanone (15.0), 3-decanone (15.8), 2-decanone (16.6), 4-
and 5-decanol (18.0), 3-decanol (18.5), and 2-decanol (19.3). No 1-
decanol or n-decanal was observed in either reaction. Quantita-
tively, the 2, 4, and 5 isomers of both alcoholic and ketonic prod-
ucts appeared in equal amounts while the 3 isomers appeared in an
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amount which was 50-75% that of the other isomers. The retention
times (minutes) follow: cyclohexanone (12.3), cyclohexanol (13.6),
and for the internal standard, 1,2,4-trichlorobenzene (21.6). In nei-
ther the cyclooctane nor the decane system was it possible to sepa-
rate the small quantities of olefinic products of solvent dehydroge-
nation possibly present.

In order to reproducibly analyze by VPC it was necessary to free
any potential products from boron in those solutions containing
borate esters. Initial attempts to add a large excess of methanol
and thereby convert all the available borated material to trimethyl
borate failed, apparently owing to deposition of boron on the VPC
column. This ultimately led to low analyses for alcohols based on
established internal standard factors. Satisfactory reproducibility
of analyses was obtained by adding an equal volume of aqueous
mannitol solution just prior to injection to those reaction solutions
containing borate esters. All factors were redetermined under the
identical two-phase conditions and no loss of any of the organic
products of interest from the hydrocarbon phase to the aqueous
mannitol phase was observed.
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The re-examination of an old reaction is reported. Based on new evidence regarding the structure of the phena-
cyl free radical a more detailed interpretation of the mechanism of the reaction is presented. The failure of phena-
cyl radicals to dimerize is explained by the delocalized, nonclassical nature of its structure. The suggested struc-
ture consistent with both physical and chemical evidence is that of the 1-keto spiro[2.5]octadienyl radical. The
low methane to peroxide ratios obtained are accounted for by methyl substitution to form methyl acetophenones.
The collective data are explainable in terms of the postulate that the methyl free radical is solvated by acetophe-
none into a spin-correlated 7r-complex which is the principal doublet species in these reactions.

The progress which has been made during the past 25
years in the chemistry of organic free radicals is dramati-
cally exemplified by ref 1 and 2. An earlier studylb of the
reactions of diacetyl peroxide with ketones showed that the
methyl free radical generated by the thermolysis of the per-
oxide formed 1,4-diketones from aliphatic ketones through
dehydrodimerization. While the existence of 2-alkanonyl

(o]

CHE —Q— O—C/—CIZL

C]—IK[O+ B —
N

CRj + CO02

aH,

+ 2CH —»
H + 2R —>
O 0
LR LR
R=H 4

radicals was confidently postulated as intermediates in
these dimerization reactions, the evidence (product isola-
tion) was purely chemical and thus indirect. The structures
of these intermediate 2-alkanonyl radicals which are in-
volved in these successful dimerizations have recently been
determined by electron spin resonance spectroscopy. They
have been reported? to have the following structure, with

o} A 1
R\-(;/C O/(R R
R R

85% contribution from canonical a and 15% from canonical
(8 Among aliphatic ketones which have subsequently been
dimerized3by this technique are the following.

62+

In striking contrast to this free-radical dimerization of
aliphatic ketones, the phenyl ketones with the phenyl
group attached directly to the carbonyl group give no crys-
tallizable dimers, only resinous polymeric material, under
identical conditions.Ib

0
C—C—H + -CR, —™*
B no crystallizable dimers,
Ctii  + . 1)
only resins
R = H, CH;

Results and Discussion

There are several aspects of this latter reaction (eq 1)
which appeared worthy of further investigation.

(1) The marked decrease in methane to peroxide ratios
observed with phenyl ketones as contrasted with results
obtained with completely aliphatic ketones.

(I1) The failure of phenyl ketones with benzoyl functions
in their structure to form dimeric 1,4-diketones in the man-
ner similar to that of purely aliphatic ketones.

(111) The occurrence of wine-colored resinous polymeric
material as the principal product of the reactions of these
phenyl ketones and the absence of such resins among the
products of the purely aliphatic ketones.

(IV) The persistence in the polymer of the (C=0)
breathing frequency at 5.944 /j while the doublet at 6.24
and 6.32 p attending the CeHg ** (C=0) breathing has
nearly vanished. (This evidence is specifically consistent
with the interpretation that the intermediate phenacyl free
radicals rearrange to 1-keto spiro[2.5]octadienyl radicals
before they are trapped by acetophenone and thus incorpo-
rated into the polymer.) The interpretation here proposed
is that the C6H6 (C=0) doublet has completely van-
ished in the spectrum of the polymer leaving exposed the
much less intense aromatic >C~C< stretching frequency.
The fact that ESR studies5 indicate complete rearrange-
ment of the radical tends to support this interpretation.

(V) The occurrence in the ir spectra of these polymers of
broad and intense ether bands at 8.05 p, actually 7.65-8.40
H, is here interpreted as ketal linkages. (These cannot be
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methyl ketals. Zeisel methoxy determinationsé on the
gunks show essentially no methoxy groups in the struc-
ture.)

Evidence supporting this assignment in the infrared
spectra of these resins is the fact that these polymers have
been partially degraded by acid-catalyzed hydrolysis to re-
generate the free derivatizable keto groups, thus restoring
the intensity of the composite carbonyl band in the in-
frared absorption spectrum.

We have demonstrated that those methyl free radicals
which have failed to appear as methane gas were actually
substituted into the aromatic ring of the phenyl ketone
substrate. Methyl acetophenones have been isolated from
the reaction mixture when acetyl peroxide is decomposed
in acetophenone. It has been demonstrated that methyl
benzophenone appears among the products of the reaction
of diacetyl peroxide with benzophenone. The mixture of
methyl acetophenones has been resolved by gas chromatog-
raphy into the ortho, meta, and para methyl components
with aratio of approximately 26:14:60, respectively.

Preliminary ESR studies5 suggest that the phenacyl free
radical which was the expected intermediate in these reac-
tions is a delocalized species under the conditions of the
reaction. The spin density at the specific a carbon at which
dimerization might be expected to occur is greatly reduced
by delocalization, and failure to couple at this position is no
longer difficult to understand. It has been demonstrated
that there are two discrete isomeric free radicals with the
molecular formula C6H5COCH2 The radical with high spin
density at the a carbon atom is thus far known only at 4 K
in an argon matrix.

When generated by the ultraviolet photolysis of phena-
cyl iodide at 4 K in an argon matrix a partially delocalized
phenacyl free radical has been detected. The ESR spec-
trum of this radical indicates that the spin density, pc, on
the oxygen is 0.13 while on the methylenic carbon this den-
sity, pc, is 0.87. Similar ESR measurements on the analo-
gous pentadeuteriophenacyl radical provide evidence that
this particular phenacyl free radical at 4 K has no spin den-
sity delocalized into the benzene ring.

When phenacyl iodide is pyrolized at 500° and deposited
immediately on a sapphire rod in a matrix of neon at 4 K
one obtains the ESR spectrum known for the benzyl radi-
cal. When the pyrolysis products of phenacyl iodide under
similar conditions are fed directly into the mass spectrome-
ter the results obtained are best interpreted as follows.

The combined results of mass spectrometry and ESR
spectrometry clearly support the conclusion that CO is
eliminated at 500°. It seems necessary to postulate the oc-
currence of the rearrangement before the loss of CO since
neither the mass spectrometry nor the ESR spectrometry
shows evidence of a free -CH2 fragment.

The rearrangement of free radicals is a well-known phe-
nomenon." The 1,2 shift of a phenyl group in a doublet
species such as is here described was first demonstrated by
Urry and Kharasch.8

McBay

Results more recently reported9 indicate that in specific
instances the process of radical rearrangement might be re-
versible with a critically temperature-dependent free-ener-
gy change. The temperature at which the two isomeric
structures are at equilibrium, (AG = is designated
by those authors as the inversion temperature. The inver-
sion temperature at which this presumed rearrangement
(eq 2) occurs is not now known nor is the minimum temper-

ature known at which the decarbonylation occurs. The ab-
sence of bibenzyl among the products of the attempted
dimerization together with the persistence of aliphatic car-
bonyl bands in the infrared spectra of these resins indicate
that decarbonylation does not occur at 125°, the tempera-
ture of these reactions. The temperature at which the pro-
posed inversion of phenacyl occurs as well as the ESR spec-
trum of this delocalized and inverted radical are under in-
vestigation in these laboratories.

The fact that the quantities of the products, methyl ace-
tophenones, obtained from methyl insertion are extremely
small in contrast with the quantities of resins may well be
explained in terms of the postulate that the methyl free
radical is solvated by acetophenone into a spin-correlated ir
complex. The concentration of this complex is always ex-
tremely low at any time during the reaction because of the
fact that the diacetyl peroxide dissolved in acetophenone is
added one drop at the time beneath the surface of aceto-
phenone preheated to 125°. In this manner each small por-
tion of diacetyl peroxide is presumably decomposed before
the next portion is added. Certainly much care is taken to
avoid the build-up of appreciable quantities of diacetyl
peroxide during the reaction. (See Experimental Section
part of ref 1.) The probability, therefore, of a collision be-
tween two particles of it complex, which collision, if effec-
tive,10is here postulated to lead to methyl insertion, is very

C

small. On the other hand, the probability that such a sol-
vated methyl radical might collide with a solvent molecule,
acetophenone, to generate the phenacyl free radical, B, is
much greater. This species denoted by B, the 1-keto
spiro[2.5]octadienyl radical, would because of resonance
stabilization be expected to have a longer half-life than
that of the indicated isomer, A, and in presence of a fairly
good scavenger, or “trapping agent”, might initiate a chain
condensation reaction leading to polymeric resinous mate-
rial. The initiator, B, or B', is thus incorporated into the
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polymer, and the greatly diminished, but still present, car-
bonyl band in the infrared absorption spectrum of the
polymer is thereby explained. These polymers have average
molecular weights of ca. 648, indicating an average of 5.33
monomer units per molecule of polymer. The yields of
polymer are in every case good, indicating that the initiator
is quite effective but these radical chains are indeed not
very long.

These results suggest also that as the polymer builds it-
self through successive attacks on carbonyl by residual rad-
icals of nth order, the ability to attack carbonyl decreases.
When n = 5 or 6 the condensation process no longer com-
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petes successfully with chain termination probably via dis-
proportionation.

The reaction scheme shown in Scheme | for the overall
reaction of diacetyl peroxide with acetophenone is consis-
tent with these collective facts.

Note that although Bi is a benzyl-type free radical its
dimerization is sterically retarded. In the absence of the
less hindered carbonyl function in acetophenone providing
an alternate reaction path this radical would be expected to
dimerize.

As a further test for the validity of this composite inter-
pretation an attempt was made to generate the phenacyl
free radical in solution of acetophenone by yet another
method. The triplet state of acetophenone would be ex-
pected to act as an hydrogen abstractor in the presence of
hydrogen atoms on a carbon adjacent to the carbonyl func-
tion. The cogency of the argument here presented provides
the following distinctly predictable interpretation of the re-
sults which would be expected when acetophenone is
subjected to ultraviolet irradiation either neat or in solu-
tion of a relatively inert solvent. The reaction scheme
shown in Scheme Il outlines that interpretation.

When a dilute solution (0.5 N) of acetophenone in n-
heptane was irradiated with the unfiltered mercury arc of a
high-pressure ultraviolet lamp, the results obtained were
precisely those predicted and outlined here. Both meso and
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racemic forms of the glycol, 2,3-diphenyl-«-butanediol-I,2,
were isolated. The resinous polymer which was obtained
exhibited properties identical with those attending the
resin obtained from the reaction of diacetyl peroxide with
acetophenone described earlier.

It is apparent from Scheme Il that there might be com-
petition between B and D for addition to the carbonyl
group of the acetophenone to initiate the chain polymeriza-
tion reaction. One must conclude from the results that B
adds much faster to the carbonyl than does D. This is not
surprising since benzyl-type free radicals are well known to
dimerize with great facility.

When a series of alkyl phenyl ketones are irradiated in
2-propanol,11 a solvent with an easily abstractable tertiary
hydrogen, the meso and racemic forms of the correspond-
ing glycols are obtained without the accompaniment of the
polymeric resins derived from the ketones. These results
are consistent with the interpretations here presented.

Experimental Section

The preparation of the peroxide, its thermolysis in solutions of
the alkyl phenyl ketones, and the recommended precautions at-
tending these techniques are all described in the eariler reports. 1

Isolation and ldentification of the Methyl Insertion Prod-
ucts. After the acetyl peroxide (32.9 g, 0.28 mol) dissolved in ace-
tophenone (386.8 g) was completely decomposed in acetophenone
(103.5 g, 0.86 mol),1 the unreacted monomeric material was
stripped from the polymer by distillation at reduced pressure
through a 20-plate column. The collected distillates from three
such reactions were combined, and this mixture was carefully dis-
tilled through a 100-plate Podbilniak column. The last fraction, bp
60.0° (0.5 mm) (10.0 g), was submitted12 for ir analysis. This spec-
trum was superimposable upon the infrared spectrum of an au-
thentic synthetic mixture of 5% p-methylacetophenone and 95%
acetophenone. This mixture was resolved13 by GLC technique. It
was shown to be 5% methylated material and 95% acetophenone.
The results showed 60:26:14% para:ortho:meta-substituted aceto-
phenones, respectively. The column used was a 4-m, 0.6-cm diame-
ter, glass column packed with 20% Ucon LB-550-X resin on 60/80
mesh Chromosorb operating at 215°.

Ultraviolet Irradiation of Acetophenone.X4 The photolysis
vessel was a 31, three-necked, cylindrically shaped, flat-bottomed
flask. The outer necks were 24/40 outer joints for thermometer and
condenser. The middle neck was a 60/50 joint fcr the quartz water-
jacketed immersion well which accommodates the Hanovia high-
pressure mercury vapor lamp, 500 W, type 679A. Acetophenone
(2.5 1,0.5 M) (150.2 g) in n-heptane was irradiated for 24 hr by the
full mercury arc with nitrogen purging and magnetic stirring. The
solution acquired a red-brown color and some material was depos-
ited on the surface of the quartz well. No gases were generated.
The n-heptane was removed by distillation at atmospheric pres-
sure, and the unreacted acetophenone [40.1 g, bp 40° (30 mm),
n20D 1.5330] was removed at reduced pressure. The remaining
fractions collected are tabulated below.

Fraction Bp, C (0.5 mm) Weight, g
| 54-104 21
2 104-135 28.8
3 135-145 15.9
4 145-146 24.2
5 146-130 11.8

The resinous residue weighed 24.7 g. It had a reddish-brown
color and it was soluble with decreasing order in ligroin, ether, ace-
tone, and ethanol. To remove all monomeric materials this residue
was subjected to continuous extraction for 30 hr with absolute
methanol. It was shown to have properties identical with those of
the polymer obtained from the reaction of diacetyl peroxide with
acetophenone.

Fractions 2, 3, and 4 deposited crystals and fraction 5 complete-
ly crystallized. All of these fractions were pale yellow in color. The
crystals from all fractions were collected on a sintered disk by suc-
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tion filtering. Recrystallization from 60% aqueous methanol gave
needle-like crystals which melted sharply at 116°.

Upon cooling to -80° the mother liquor from this recrystalliza-
tion gave 2.1 g of material which melted after purification by elu-
tion chromatography at 44-45°. Five grams of the yellow oil ob-
tained from the suction filtering was subjected to similar elution
chromatography on a column (30 cm long and 2.5 cm i.d.) packed
with activated alumina using 25-ml portions of methanol, metha-
nol-2-propanol (1:1), 2-propanol, 2-propanol-benzene (1:1), and
benzene. The solvents from each fraction of eluate were evapo-
rated on a steam bath and fraction 2 yielded 2.3 g of crystals. Upon
recrystallization from methanol-water these crystals melted at
44-45°. The high-melting (116°) and low-melting (44-45°) crystals
gave molecular weights and C and H analyses consistent with 2,3-
dihydroxy-2,3-diphenyl-n-butane, which exists in two isomeric
forms. Neither of these materials depressed the respective melting
points of authentic samples of the meso form (mp 117-1180)15and
the racemic form (mp 45°)150f this material.

Registry No.—Diacetyl peroxide, 110-22-5; acetophenone, 98-
86-2.
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Dichlorotris(triphenylphosphine)ruthenium has been shown to be an efficient catalyst for the selective transfer
hydrogenation of a,/J-unsaturated ketones by primary and secondary carbinols. Kinetic studies were carried out
using 1-phenylethanol as hydrogen donor and benzylideneacetophenone as acceptor. The catalysis is inferred to
proceed in the following order: (a) dissociation of RuCI2(PPh3)3, (b) coordination of the acceptor to the metal, (c)
coordination of the alcohol and the formation of a metal alkoxide, (d) hydrogen transfer from the alkoxyl ligand
to the coordinated ketone, and (e) release of product. These data are compatible with the expression rate =

[ST[SZ[Clo/(l + KJST + KiK2S1][S2] + if3[SZ) where [S1], [S2, and [C]o are acceptor, donor, and cata-
lyst concentration, respectively. Step d was considered rate determining on bases of kinetic isotope effect mea-
surements. RuCI2(PPh3)3 has been shown to catalyze also hydrogen transfer from secondary carbinols to saturat-
ed ketones provided that the ketones involved in the reaction have significantly different oxidation potentials. Ki-
netic studies of the reaction of dibenzyl ketone and 1-phenylethanol indicate similarity of the three intial steps to
those of the former catalysis, but the following step is assumed to involve hydrogen transfer from the alkoxyl lig-
and to the metal. The hydride attacks then the coordinated ketone with the higher oxidation potential.

The transfer hydrogenation of olefins by carbinols and
soluble transition metal catalysts has received considerable
attention in recent years.2 However, only few of the exam-
ples reported have synthetic value, and little is known
about the mechanism of this process.

Among the more active catalysts studied in our lab-
oratory is dichlorotris(triphenylphosphine)ruthenium,
RuCI2(PPh3)3 (1). It was found to promote hydrogen trans-
fer, not only from alcohols2km3 7 but also from hydrocar-
bons,3 aldehydes,8 acids,89 amides,10 and other hydrogen
donors,9and proved to be particularly effective in the reac-
tions formulated ineq 1and 2.

r‘'rzchoh + RCH=CHCOR4 —*
R'‘R2XO + RILH2ZLH2COR4 (1)

rlr2choh + r3r4co " r‘'r2co + R3RACHOH (2)

In this paper we describe a detailed investigation of this
catalyst system, including kinetic measurements and mech-
anistic studies on the Ru(ll)-catalyzed transfer hydrogena-
tion of a,/3-unsaturated ketones and the equilibration of
saturated ketones and secondary carbinols.

Results

Outline of Catalysis. As described in the Experimental
Section, the transfer hydrogenation of benzylideneaceto-
phenone to 3-phenylpropiophenone is accomplished simply
by heating the unsaturated ketone with benzyl alcohol and
the ruthenium catalyst (molar ratio 1:1:2 X 10-3) for 2 hr at
180°. The scope and potential synthetic application of this
catalysis for the selective reduction of enones is demon-
strated by the examples listed in Tables | and Il and by ex-
periments described in ref 2k, 3-5, and 7. Both primary
and secondary carbinols may serve as hydrogen donors in
the catalysis. The former ones, however, have the advan-
tage of being highly selective and transfer hydrogen exclu-
sively to the unsaturated C=C bonds. Secondary alcohols
may, under suitable conditions, affect the carbonyl group
as well, and therefore should be applied as reducing agents
for saturated ketones (eq 2).2'16

Tertiary carbinols do not donate hydrogen to unsatu-
rated substances, but readily form ethers in the presence of
.1

Ether formation from primary and secondary carbinols is
exceedingly slow, except for some cases in which the gener-
ation of stable carbocations is facilitated by strong elec-

tron-donating groups [e.g., I-(4-methoxyphenyl)ethanol].
In experiments with such carbinols large excess of the
donor is required.

Although simple olefins can be used as hydrogen accep-
tors in the catalytic process, they have the disadvantage of
being reduced very slowly by 1. On the other hand, sub-
strates with activated double bonds react usually at high
rates and give good yields. Particularly good results are ob-
tained with of.d-unsaturated ketones (Table II). Olefinic
and acetylenic bonds in ArCH=CHBr, ArCH=CHNO2,
ArCH=CHSO02CH3, ArCOCH=CHCOAr, Ar(CH=
CH)2Ar, and ArC=CCOR are hardly affected. These com-
pounds form stable chelates with the ruthenium catalyst.

For kinetic measurements we chose the reduction of ben-
zylideneacetophenone by 1-phenylethanol (eq 3). The reac-

cat.

cbhbch(oh)ch3 + ¢cbh5h= chcocbh5 — »
C6H5COCH3 + CEHECH2CH2COCEH5 (3)

tion proceeds smoothly in an irreversible fashion (unaffect-
ed by addition of the products to the reaction mixture) and
may give over 95% 3-phenylpropiophenone and acetophe-
none. Subsequent reduction of the saturated ketones ac-
cording to eq 2 is negligible under our experimental condi-
tions. A typical reaction curve for the transfer hydrogena-
tion of a solution of 0.1 M benzylideneacetophenone by 1
M 1-phenylethanol and 10-3 M RuCI2(PPh3)3 in diphenyl
ether at 180° is given in Figure 1. The rate is shown to be
virtually constant over the first 60% of the reaction, but the
contribution of first and higher order terms becomes signif-
icant at advanced states.

Dependence on Donor, Acceptor, and Catalyst Con-
centration. Plots of the initial rate against the concentra-
tion of the hydrogen donor and of the unsaturated ketone
are shown in Figures 2 and 3.

Both functions are nonlinear and the dependence of the
initial rate on the concentration decreases gradually. While
in the acceptor the rate becomes independent of the con-
centration above 0.2 M, in the alcohol it reaches its maxi-
mum value only in the pure substrate. Plots of the recipro-
cal functions, i.e.,, rate"lvs. concentration-1, yield linear
dependence with positive intercept in both cases (vide infra
Figures 7 and 8). These results suggest that coordination
and activation of the carbinol and of the unsaturated ke-
tone take place prior to the rate-determining step.

The dependence on catalyst concentration is linear
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Table |
RuCI2(PPh3)3-Catalyzed Transfer Hydrogenation of
Benzylideneacetophenone by Various Carbinols at 180°

Yield of
Reaction C6H5(CH2)2-
Expt Carbinol time, min  cocéhs, %
1 cbh5ch2oh 40 90
2 4-CH jC6H4CH20H 40 93
3 3-CH30CgH4CH20OH 40 83
4 4-CH3OCgH4CH20H 15 91
5 4-C1CgH4CH20H 60 82
6 3-FC gH4CH,OH 180 60
7 4-FC HACH20H 60 78
8 CHBE0OCH20H 40 50
9 CH3(CH2)(CH2OH 120 68
10 4-HOCH2C gH4CH20H > 15 79
11 hoch2ch2oh 60 45
12 hoch2ch24chZ2h6 40 48
13 hoch2hdch2h?2- 20 80
OH
14 CH3(CH2)2CH(OH)CH- 40 23
(C2H5)CH20H6
15 CGHrCH(OH)CH3 60 80
16 4-CH3CGH4CH(OH)- 40 96
ch3
17 4-C1CgHACH(OH)CH3 60 26
18 4-FC6HACH(OH)CH3 60 36
19 /3-CIH7TCH(OH)CH36 20 41
20 CH3(CH27CH(OH)CH3 120 38
21 (CHJ3),CHCH(OH)CH- 120 25
(ch3)2
22 c-C3H5CH(OH)-c- 120 30
C.,1v
23 CH3CH(OH)CH(CHJ)- 40 63
CH(OH)(CH2)2CH36
24 c-C GitIOH6¢ 120 34
25 3,4 -Dimethylcyclo- 120 36
hexanol6
26 trans -1,4-Dihydroxy- 120 63

cyclohexane6

“ Except in expt 10, 12, 14, 19, and 23-26, the reaction mixture
consisted of a solution of 0.4 M benzylideneacetophenone and
10'3 M catalyst in the carbinol. bA solution of 0.2 M benzylidene-
acetophenone, 2 M carbinol, and 10'3 M catalyst in freshly puri-
fied diphenyl ether was used. c In a sealed tube.

below 6 X 10-4 M and suggests pseudo-first-order behav-
ior. At higher concentration (>10-3 M) the rate approaches
a constant value, probably due to solubility limits and to
the dimerization and/or polymerization12 14 of the disso-
ciated ruthenium catalyst (see also ref 15).

Structure-Activity Correlation. The data given in Ta-
bles | and 11l indicate that benzyl alcohols are more reac-
tive than straight-chain aliphatic ones. As carbinols that
are substituted by electron-releasing groups increase the
activity and vice versa, it can be assumed that abstraction
of a hydrogen atom, a to the hydroxyl group, as hydride is
involved in the rate-determining step. This assumption is
further supported by evaluation of the kinetic isotope ef-
fect measurements using deuterated 1-phenylethanol
(Table 1V).

Upon introduction of ClI, F, OCH3, or CH3groups in the
4 and/or 4' position in benzylideneacetophenone we found
that electronic factors have no significant effect on the
reaction rate and yield. The results resembled those of the
unsubstituted parent compound. A decrease in rate has,
however, been noted when sterically hindered hydrogen ac-

Sasson and Blum

Tablell
RuCI2(PPh3)3-Catalyzed Transfer Hydrogenation of
Various a,0-Unsaturated Ketones by Benzyl Alcohol

under Comparable Conditions*

Expt Unsaturated ketone Yield, %
1 CBHCH=CHCOCH3 95
2 CGCH=CHCO(CH?J3)3 42
3 4-CH30C6H4CH==CHCOCHS3 96
4 CeHSCH=CHCOC®H5 92
5 4-CH3C6H4CH=CHCOCG6H5 94
6 4-CH30C6H4CH=CHCOCG6H5 93
7 4-ClICBH4CH=CHCOC®H5 90
8 4-FC6BH4CH==CHCOC®6H5 92
9 3,4-(CH3)X33CH=CHCOCGI5 89

10 4 -CH3OCGI4CH=CHCOCG14-4 -CH3 89

11 4-CH3CBH4ACOCH=CHC®I5 88

12 4-CH30CBH4COCH=CHC®6H5 96

13 4-C1C6HACOCH=CHCAH5 91
14 4-FCBH4COCH=CHC®6H5 94
15 CeH5C(CH3)=CHCOC®6H5 45
16 CEBH5CH=C(CHJ3COC6H5 44
17 CeH5 CH=CH),COCH3 b, ¢
18 (CEH5CH=CH)XO0 b,d
19

20
21

22

b.f
45
0

0 A solution of 0.4 M ketone and 10 3 M catalyst in benzyl al-
cohol was heated for 60 min at 180°, then immediately cooled to
room temperature. 6Kinetic measurements indicate that no direct
conversion of dienone to the saturated ketone takes place. The
monounsaturated ketone can be reduced completely to the satu-
rated carbonyl compound upon further heating at 180°. c 55%
C6H5(CH2)4COCH3 and 40% C6H5CH=CH(CH2)2COCH3. d 50%
(CBH5CH2CH2)2C0O and 26% C6H5CH2CH2COCH==CHC6H5.e As
amixture of cis and trans isomers. ; 38% 2,6-dibenzvicyclohexanone
and 56% 2-benzvl-6-benzylidenecyclohexanone.

ceptors were reduced (Table V). This, once again, suggests
that the coordination of the acceptor to the metal atom
takes place prior to the rate-determining step. Since
shielding of either the C=C double bond or the carbonyl
group causes rate reduction, one may conclude also that
coordination of cr,d-unsaturated ketones involves both
these functions. The reduced affinity of an «-substituted
chalcone toward the ruthenium catalyst, as compared with
that of the parent compound, can be derived from plots of
the corresponding rate vs. ketone concentration. While,
e.g., in the unsubstituted acceptor the highest rate is
reached already above 0.2 M (Figure 3), in a-methylbenzyl-
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Table III
Initial Rates of Transfer Hydrogenation of
Benzylideneacetophenone by Various Carbinols®

Expt Carbinol i g
1 Octan-1-ol 2.11
2 Decan-1-ol 1.24
3 3,4-Dimethyleyclohexanol 1.17
4 Ethylene glycol 2.95
5 Diisopropylcarbinol 0.83
6 Benzyl alcohol 8.96
7 3 -Methoxybenzyl alcohol 5.00
8 4 -Methoxybenzyl alcohol 30.00
9 3-Flucrobenzyl alcohol 1.38

10 4 -Flucrobenzyl alcohol 4.89

11 1-Phenylethanol 5.35

12 1-(4-Tolyl)ethanol 9.67

13 1-(4-Chlorophenyl)ethanol 1.74

14 1-(4-Fluorophenyl)ethanol 2.19

@ Reaction system was 0.4 M ketone and 10-3 M catalyst in the
carbinol at 180°.

Table IV
Kinetic Isotope Effect Measurements?
Carbinol kH/ka
C¢H;CD(CD)CH;, 2.59
C¢H;CD(CH)CH;, 2.57
CGHscH(C'D)CHs 1.17

@ Reaction system was 0.4 M benzylideneacetophenone and
10-3 M RuClz(PPh3)s in deuterated 1-phenylethanol at 170°.
®The k values are calculated from the reduced rate equation
rate = k[C]o as described later.

Table V
Initial Rates of Transfer Hydrogenation of Some
a,B-Unsaturated Ketones by Benzyl Alcohol¢

Initial rate,

Expt Hydrogen accepter mmol/min
1 CH,—CHCOC,H;’ 44.0
2 C¢H;CH—CHCOCH, 21.0
3 CgHzCH—CHCOC H; 9.0
4 CeH;CH—CHCOC(CHj,), 3.1
5 C¢H;C(CHy)—CHCOC,H; 3.2
6 C¢HsCH=—C(CH,)COCH; 3.1
0
7 /(5\ 3.5
C.H; C.H;

CH; /
8 CH. 2.6

@ Reaction system was 0.4 M ketone and 10°3 M catalyst in
benzyl alcohol at 180°. % In a sealed ampoule.

ideneacetophenone, CgH;CH=C(CH3)COC¢H;, this is
achieved only above 2.6 M.

A remarkable phenomenon has been observed in the
transfer hydrogenation of mixtures of sterically hindered
and unhindered unsaturated ketones. While, e.g., benzyli-
deneacetophenone and «-methylbenzylidenacetophenone
react separately with 1-phenylethanol in comparable veloc-
ities (ratio of initial rates was found to be 2.8:1), a mixture
of these ketones yields no 3-phenylbutyrophenone until
practically all the benzylideneacetophenone has been con-
sumed. This can be rationalized by the “blocking” of all
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Figure 1. Plot of conversion vs. reaction time: 0.1 M benzylidene-
acetophenone, 1 M 1-phenylethanol, and 10~3 M RuCly(PPhs)s in
diphenyl ether at 180°.
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Figure 3. Dependence of initial rate on the concentration of ben-
zylideneacetophenone at 180°. Catalyst concentration 103 M in
1-phenylethanol.

available active sites in the catalyst by the ketone of the
higher affinity to the metal catalyst, preventing, thus, the
activation of the bulky c-methyl derivative. (Cf. similar
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Figure 4. Influence of C¢gHsCH(ONa)CHs on the initial rate of
transfer hydrogenation of benzylideneacetophenone (initial con-
centration 0.4 M in 1-phenylethanol) at 120°. Catalyst concentra-
tion 1073 M.

competitive behavior in some other transition metal cata-
lyzed reactions.!5) o

The influence of the eictronic structure of the catalyst
upon reactivity was studied by utilizing ruthenium com-
plexes of general formula RuCly[(4-X-CgHy)3P]3 in reaction
3. The initial rates for various substituents X are listed in
Table VI. Since the formation of a metal hydride interme-
diate should be favored by electron-attracting groups, it is
obvious that such a hydride cannot be a key step in the
overall reaction.

Table VI
Reactivities of Various Catalysts of Formula
RuCl;[(4-X-CgH,)3P]5%

Registry no. Substituent X Initial rate, mmol/min
39042-64-3 Cl 2.05
39152-69-7 F 2.53
15529-49-4 H 2.78
36733-05-8 CH; 4.50
39114-24-4 OCH; 5.40

@ Reaction system was 0.4 M benzylideneacetophenone and
10-3 M ruthenium catalyst in 1-phenylethanol at 170°.

Inhibitors and Cocatalysts. Reaction 3 is strongly ac-
celerated by bases and decelerated by acids. A typical ex-
ample of such an acceleration is shown in Figure 4. Al-
though the sodium enolate, CgHsCH(CH3)O~Na*, acts in
this case primarily as a cocatalyst, it should be recalled that
bases by themselves are capable of catalyzing hydrogen
transfer from carbinols to unsaturated acceptors in the ab-
sence of transition-metal complexes, albeit by a different
mechanism.!® Kinetic measurements, now carried out, for
the reaction of benzylideneacetophenone and 1-phenyleth-
anol in the presence of various strong bases, free from tran-
sition-metal compounds, indicate that the reaction rate
falls usually much behind that of the RuCly(PPhs)s-cata-
lyzed reaction.l”

Tertiary alcohols, which by themselves are inactive as
hydrogen donors, serve as inhibitors in reaction 3. The ad-
dition of a 2 M solution of 2-phenylpropon-2-ol, e.g., to the
reaction mixture of benzylideneacetophenone (0.4 M) and
1 (1073 M) in 1-phenylethanol causes the initial rate to de-
crease by 45%. It seems, thus, that the tertiary carbinol
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Figure 5. Effect of addition of triphenylphosphine (®) and triben-
zylamine (O). Reaction system: 0.4 M ketone and 1073 M
RuCly(PPhy)s in 1-phenylethanol at 180°.

competes with 1-phenylethanol for the active sites at the
central ruthenium atom.

Some olefins, e.g., allylbenzene, which proved to be
transfer hydrogenated much slower than chzlcone, inter-
fere with the reduction of the latter. A 1 M solution of al-
lylbenzene is sufficient to bring reaction 3 to a standstill.

The effect of addition of triphenylphosphine on the reac-
tion rate is shown in Figure 5. Below 40 mM any addition
of PPh; inactivates the ruthenium catalyst, probably by
preventing RuCls(PPhj)s from dissociation into free phos-
phine and the active species RuCls(PPha)s (2).12:18 At high-
er concentration of triphenylphosphine the rate starts to
increase again, possibly owing to an independent base-cata-
lyzed reaction exerted by the addendum itself.

That considerable dissociation of RuCly(P2hg)s indeed
takes place under the temperature conditions of the cataly-
sis has been proven by heating the starting catalyst in beil-
ing oxygen-free decalin. After 20 min 80% of PPhs could be
isolated. In addition this experiment yielded 70% of
[RuCl2(PPhs)s], which catalyzes reaction 3 at similar rate
recorded for the tris(triphenylphosphine) complex. In the
presence of oxygen RuCly(Os)(PPhs)o!? separated. This
complex does not catalyze reaction 3 at all. Another inac-
tive ruthenium compound, RuCly(CO)2(PPhs)s, is formed
when RuCly(PPhs); is heated in the absence of a hydrogen
acceptor above 150° in a primary alcohol solvent (e.g., ben-
zyl alcohol).

The effect of several tertiary amines seems to be similar
to that of PPhs, although the mechanisms involved may be
much more complicated. Tribenzylamine, e.g., causes the
initial rate to drop from 5.35 mmol/min (zero amine ccn-
centration) to ~2.20 mmol/min on addition of 0.3 mM. At
higher amine concentration a sharp increase in rate is
noted and extensive ligand exchange occurs.

Some alkyl and aryl chlorides (e.g., chloroform, carbon
tetrachloride, chlorobenzene, a-chloronaphthalene) act as
powerful inhibitors. These compounds slowly coordinzte
with the catalyst?® to give ruthenium complexes which ere
inactive in the transfer hydrogenation reaction.

Deuterium Labeling Studies. Mass spectrzl analyses of
the 3-phenylpropiophenone obtained by transfer hydroge-
nation of benzylideneacetophenone using deuterated 1-
phenylethanol are given in Table VII. Since RuCly(PPhs)s
has been shown to catalyze also internal H-D exchange in
carbinols,!?! these figures do not give quant:tative infor-
mation on the chalcore transfer deuteration They indi-
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Figure 6. Arrhenius plot of transfer hydrogenation of benzyli-
deneacetophenone by 1-phenylethanol at 160-190°.

2.35

cate, however, clearly enough, that the o hydrogen atom in
the alcohol is transferred preferentially to the 8 carbon in
the chalcone molecule and the hydroxylic proton attacks
mainly at the « carbon. As the peak m/e 91 represents the
fragment [CgH5CHg]*, a low ratio of intensities 91:92 indi-
cates deuteration at the 3 carbon. A low ratio m/e 105:106
provides rough information on a-carbon labeling. (Both
fragments [CeHsCHoCHs]* and [CgHsCOJ]* have similar
masses.)

The last two experiments in Table VII show that the aro-
matic solvent exchanges part of its hydrogen atoms with
the protons of the carbinol and are, in turn, transferred to
the ketone.

The overall stereochemistry of the transfer hydrogena-
tion was found to be exclusively cis addition, just as in
some typical transition metal catalyzed hydrogenation
reactions (see, e.g., ref 22 and 23). When, e.g., a solution of
1072 M benzylidenepinacolone in benzyl alcohol-ds,
CeHsCD2OD, was heated at 170° in the presence of 2.5 X
1075 M RuCly(PPhy)s, essentially pure threo-4,4-dimethyl-
1-phenylpentan-3-one-ds, C¢HsCHDCHDCOC(CHs)s, was
obtained. The threo configuration (and thus cis addition)
could easily be established by virtue of the low coupling
constant, J = 3.9 Hz. The corresponding value for the
erythro isomer is expected to be 10-14 Hz.24

Dependence on Temperature. Initial rates (reaction 3)
were measured at four temperatures ranging from 160 to
190° for several benzylideneacetophenone concentrations
between 0.01 and 0.4 M. From the Arrhenius plot of log k&
(see below) against 1/T X 10723 (Figure 6) a value for the ac-
tivation energy, E,, of 25.4 kcal mol~! is obtained; AH! =
24.3 kcal mol~! and AS? = —7.55 ev.

Side Reactions. In order to carry out the above cataly-
sis, free from undesired side reactions, primary alcohols,
rather than secondary ones, should be utilized as hydrogen
donors. The use of positively substituted primary carbinols
is undesired as well, since ether formation takes place in
the presence of RuCla(PPhjy)3.11:25

Although dichlorotris(trisphenylphosphine)ruthenium
catalyzes double-bond migration in several unsaturated
systems,'0-26 it seldom promotes the isomerization of «,3-
unsaturated ketones. Carvone is the only example we came
across that is isomerized faster than being transfer hydro-
genated.” Carvacrol is formed instead of dihydrocarvone.

The most undesired side reaction in process 1 is, ob-
viously, reaction 2. Fortunately, the saturated ketone
formed in reaction 1 is transferred to an alcohol only when
a large excess of a secondary carbinol with high reduction
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Table VII
Transfer Hydrogenation of Benzylideneacetophenone
by Deuterated 1-Phenylethanol®

[sotc;nc composition Intensities

product, % ratio of masses

Carbinol dO dy dy 91/92 105/106 *
C¢H;CD(OD)CH;, 29 45 26 1.1 1.3
C¢H;CD(OH)CH, 46 45 9 1.1 2.7
C¢H;CH(OD)CH;, 67 30 3 3.1 1.6

C¢H;CD(OD)CHj,, C¢H¢? 46 38 16 1.4 3.4
C¢H;CH(OH)CHj,, C(D;’ 83 15 2 6.0 5.0
2 Reaction systém was 0.4 M benzylideneacetophenone and

10-3 M RuCl,(PPh3);z in the carbinol at 170°. ® A 1:1 mixture of
carbinol and benzene was used instead of pure carbinol.

Table VIII
Examples of RuCl>(PPhj3);-Catalyzed Transfer
Hydrogenation of Saturated Ketones by
1-Phenylethanol®

Starting ketone Hydroxylic product Yield, %
Cycloheptanone Cycloheptanol 64
(C¢H;),CO (C¢H;),CHOH 53
C¢H;COCH,CH; CH;CH(OH)CH,C¢H; 60
(C¢H;CH,),CO (C¢H;CH,),CHOH 57
4-C1C¢H,COCH;4 4-CIC¢H,CH(OH)CH;4 51

@ Reaction system: 0.5 M ketone and 10 3 M catalyst in
1-phenylethanol at 180° for 1 hr.

potential (such as a-tetralol?’) is used as hydrogen donor.
Aldehydes and primary alcohols (that are aldehyde precur-
sors) inhibit reaction 2 most efficiently. The side reaction
can thus be completely eliminated by addition of a few
drops of benzaldehyde, and the unsaturated ketone can be
transfer hydrogenated exclusively at the C==C dcuble
bond. Reaction 2 may, however, have synthetic value of its
own (Table VIII shows a few examples) and should deserve
some attention.

The kinetic behavior of reaction 2 resembles in some,
though not in all, respects that of reaction 3. The equil:bra-
tion of dibenzyl ketone and 1-phenylethanol (eq 4) was
chosen for the kinetic studies.

C¢H;CH,COCH,C¢H,; + C H,CH(OH)CH, —=
C¢H;CH,CH(OH)CH,CH; + C,H.COCH; (4)

The difference between the redox potentials of the re-
agents and products in this system is remarkably large?®
and the reaction is, therefore, practically irreversible.

Starting with 0.5 M dibenzyl ketone and 10=2 M catalyst
at 180°, the reaction curve is similar to that shown in Fig-
ure 1 for reaction 3. The rate is apparently constant in the
first 60% of the reaction as long as terms of higher order are
still small.

A plot of the initial rate vs. 1-phenylethanol concentra-
tion indicates a steady, but nonlinear, increase in rate up to
4.8 mmol/min in the pure alcohol. The dependence on di-
benzyl ketone concentration is similar, but the rate rezches
its highest and constant value already above 0.3 M. Plots of
the reciprocal functions (i.e., rate™! vs. concentraticn™1)
have linear dependence as shown in Figures 7 and 8.

Rate dependence on catalyst concentration was found to
be exactly the same as observed for reaction 3.

When dibenzyl ketone is substituted by 0.5 M solutions
of cycloheptanone, benzyl phenyl ketone, benzophenone,
4-methoxy-, or 4-chloroacetophenone the initial rates are
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Figure 7. Plot of 1/initial rate of dibenzyl ketone (®) and benzyli-
deneacetophenone (O) consumption against 1/1-phenylethanol
concentration. (In the former system 0.5 M ketone and 1073 M cat-
alyst in 1,3-diisopropylbenzene were allowed to react at 180°; the
unsaturated ketone was allowed to react in diphenyl ether under
conditions of Figure 2.)
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Figure 8. Plot of 1/initial rate against 1/dibenzyl ketone concen-
tration (®) (reaction 4) and against 1/benzylideneacetophenone
concentration (O) (reaction 3); catalyst concentration 107? M in
1-phenylethanol at 180°.

all of the same order (5.2, 5.1, 4.4, 5.0, and 4.3 mmol/min,
respectively), practically independent of the nature of the
ketone. Though the magnitude of the oxidation potentials
should not effect the kinetics, ketones with very low oxida-
tion potentials (e.g., a-tetralone and 2,3-dimethylcyclohex-
anone?’) do not react to any measurable extent.

Electronic and steric factors in the starting carbinol ex-
hibit a larger effect on the reaction rate. Dibenzyl ketone
(0.5 M) is reduced at 180° by excess diisopropylcarbinol,
3,4-dimethylcyclohexanol, 1-(4-chlorophenyl)-, 1-phenyl-,
and 1-(4-tolyl)ethanol at 0.8, 1.4, 3.6, 4.8, and 5.5 mmol/
min (initial rates), respectively.

The ku/kp values for the reduction of dibenzyl ketone,
under our standard conditions, using CgHsCD(OD)CHs,
Ce¢H5CD(OH)CHjs, and CgHsCH(OD)CHg, are 1.68, 1.52,
and 1.04, respectively. These results suggest that a-hydro-
gen abstraction (as a metal hydride) may be involved in the
rate-determining step. This assumption is further support-
ed by the fact that electronic factors in the ruthenium cata-
lyst provoke an influence on the reaction rate opposite to
that found in the transfer hydrogenation of benzylidene-
acetophenone. (Compare Table VI and Table IX.)
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Table IX
Effect of Electronic Changes in the Catalyst
RuCl;[(4-X-C¢H4)3sP]3 on the Rate of Reaction 4¢

Substituent X Initial rate, mol/min

CH,0 3.56
CH,4 3.96
H 4.80
F 5.42
cl 6.44

a2 Reaction system was 0.5 M dibenzyl ketone and 10-3 M
catalyst in 1-phenylethanol at 180°.

Qualitative information on deuterium transfer from deu-
teriophenylethanols to dibenzyl ketone can be drawn from
mass spectral analysis of the mixtures of deuterated 1,3-
diphenylpropan-2-ol formed. The parent peak either loses
H-0 to give [CéHsCH=CHCH,Cg¢H;]-* (m/e 194) which, in
turn, is converted into [CgHsCH=CH]* (m/e 103) by loss
of a benzyl radical, or cleaves to [CéHsCH,CHOH]* (m/e
121), which, by a concerted mechanism, gives C;Hg* of
mass 92. In addition moderate cleavage of both the parent
peak and P — Ho0 to [C¢HsCHy]* (m/e 91) and (CeHs)*
(m/e 77) occurs.

Therefore, the intensity ratio of fragments m/e 195 to
m/e 194 [M*+ — H,0] and of m/e 104 to m/e 103 reflect on
the deuteration at the benzylic carbon, while the degree of
labeling at the OH group can be estimated by the ratio of
m/e 93 to m/e 92 intensities. On the ground of the 195/194
and 104/103 values given in Table X, it can be concluded
that the benzylic hydrogen atom in 1-phenylethanol is
transferred mainly to the « carbon in the acceptor. Like-
wise the transfer of the hydroxylic proton of the donor to
the oxygen atom in the acceptor can be suggested by virtue
of the 93/92 values that are larger when OD-containing 1-
phenylethanol was tsed than by application of the undeu-
terated carbinol or CgHsCD(OH)CHj3. The ratios 123/121
and 122/121 refer to the species with both hydroxylic and
benzylic hydrogen atoms and reflect only on the number of
deuterium atoms transferred.

Table X
Mass Spectral Analysis of Labeled
1,3-Diphenylpropan-2-ols Obtained from Dibenzyl
Ketone and Deuterated 1-Phenylethanol?

Intensity ratio of masses

Hydrogen donor 93/92 104/103 122/121 123/121 1¢4/195
C¢H;,CH(OH)CH, 0.15 0.23 0.22 0.03 0.19
C¢H,CH(OD)CH; 0.30 0.40 0.39 0.08  0.37
C¢H,CD(OH)CH, 0.15 1.32 1.55 0.29  0.97
C(H;CD(OD)CH, 0.30 1.58 1.65 0.70 1.03

2 The 1,3-diphenylpropan-2-ols were analyzed after 30 min by
GC-MS on 10% Carbowax 20M on Chromosorb W. The reaction
system was 0.5 M dibznzyl ketone and 10-3 M RuClz(PPh3s);z in
phenylethanol at 180°.

In contrast to the effect of tribenzylamine on reaction 3,
this base, and other ones, inhibits reaction 4, even at very
low concentration. Triphenylphosphine, on the other nand,
has the same effect on both catalyses.

Discussion

It is obvious that both donor and acceptor are activated
by the ruthenium catalyst. There rises, however, the ques-
tion whether the alcohol precedes the unsaturated ketone
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in coordination to the central metal atom or vice versa.

Following the mrechanisms suggested for some other cat-
alytic reactions [e.g., the homogeneous Rh(I)-catalyzed hy-
drogenation of olefins'5] one might propose the formal
Scheme I for the transfer hydrogenation reaction 1.

Scheme 1

S, K, \ “unsaturate route”
C =—— (CS!
“alcohol
b & s

route” 2
\C}S2 —— C + products

C, catalyst; S!, hydrogen acceptor; S? hydrogen donor

The possible pathways to be considered are, thus, (a) the
“unsaturate route” in which fast equilibration of the cata-
lyst and the acceptor is followed by a slow reaction with the
carbinol and (b) the “alcohol route” which requires the re-
versible coordination of the alcohol to the metal prior to a
slow interaction of the complex, CS?, with the acceptor. A
“random mechanism” in which both routes operate simul-
taneously is, of course, possible as well.

The kinetic measurements show that the catalysis fol-
lows neither a simple “alcohol route” (in which Ky = kg =
0, and the rate law —d[S!]/dt = -d[S?¥/dt =
k1K1 [SY][S?][Clo/(1 + K1[S1]); [Clo = initial catalyst con-
centration), nor an isclated “unsaturate route” in which K;
= ki = 0. The “random mechanism” for which the rate ex-

pression is —d[S?]/dt = (k1K1 + k2)[S![S?][Clo/(1 +-

K[S'] + K3[S?]) must also be excluded on the basis of the
observation that the rate dependence on the donor [S?] (in
excess acceptor) is nonlinear. Further indication that the
catalysis is not likely to follow the “alcohol route” or a
“random mechanism” can be found in the competition ex-
periment in which no reduction of the a-methylbenzyli-
deneacetophenone has occurred before all the sterically un-
hindered chalone was consumed (cf. ref 27). In fact, the ki-
netic measurements can be interpreted by assuming the
“unsaturate route”, for which k2 = 0 but K5 > 0, to be the
main pathway in reaction 3. The independent interaction
of the catalyst with the donor, that leads to a positive value
for Kg has been demonstrated by the ability of
RuCly(PPhs); to catalyze racemization,!® H-D ex-
change,!1?! ether formation,!! and isomerization2® in suit-
able carbinols even in the presence of «,3-unsaturated ke-
tones. The dissimilarity between this suggestion and the
mechanisms assigned to some other homogeneous transfer
hydrogenation reactions is remarkable [cf., e.g., the recent-
ly reported reaction of cycloheptene and 2-propanol in the
presence of HRh(PPh3)4%P].

We propose, thus, reaction 1 to proceed in the following
order. |

A. Activation of the Catalyst. Although recent studies
indicate that no more than 5% of RuCla(PPha)s (1) is disso-
ciated into PPhy anc RuCly(PPhs); (2) at low tempera-
tures, we proved that above 150° dissociation is nearly
complete. Under these conditions, the recombination of
PPh; and 2 to the trisphosphine complex can be considered
rather small by virtue of the relatively large amount of free
phosphine needed to create a significant effect on the reac-
tion rate. The 14-electron complex 2 forms chlorine-
bridged dimers and polymers in highly concentrated solu-
tions,’®?8 but on high dilution the monomeric species pre-
dominates (as proved by molecular weight determination)
and hence the linear dependence of rate on the catalyst at
least below 6 X 10* M.
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B. Coordination and Activation of the Acceptor. As
no stable ruthenium complex of «,8-unsaturated ketone
could be isolated, we presume that the acceptor coordinates
to the metal in the same manner as to some Pd and Pt
compounds (cf., e.g., Pt complexes of mesityl oxide29:30).
Whether the >C=C-C=0 group is linked to the metal via
the C=C r electrons,3! the carbonyl bond,!932 or via both
unsaturated functions®? is yet uncertain. However, one can
say with confidence that the adducts are unstable and de-
compose easily to the starting materials. The equilibrium
constant K; is expected to be only slightly influenced by
electronic variations but more severely by steric effects in
the unsaturated ketone (see also ref 23).

C. Coordination of the Hydrogen Donor.The interac-
tion of metal complexes with primary and secondary carbi-
nols results, usually, in metal hydride formation.3¢ The
steps in these reactions are assumed to be conversion into a
metal alkoxide complex!135 (rarely isolable36) and g-hydro-
gen transfer from the alkoxide ligand to the metal
atom.!1.34¢ Accordingly, we suggest that complex 3 formed
in step B reacts with the donor to give an alkoxide 4 and a
proton. This step is inhibited by acids and promoted by
bases.

a ¢ ot phencEo,_ o
-3/
N / ?l) PhCH(OH)CH, | / 9
Ru — Ra |l
/\/CFh HCl / \_CPh
Ph,P php )
PhCH—CH PhCH=CH
3 4
PhCH(OH)CH,
RuClL(PPhy), —e i Dy CH(CH,)0 JRuCI(PPh,) <
2 5
HRuCl(PhCOCH, )(PPh,),
6

In an independent course the donor might coordinate di-
rectly to the active catalyst 2 to give alkoxide 5 which, in
turn, rearranges to the pentacoordinated hydride 6. It
seems that this complex is unable to react with the accep-
tor to form an unfavorable heptacoordinated adduct.
Therefore, 5 and 6 are not regarded as reaction intermedi-
ates in catalysis 1, but are assumed to play a part in the ra-
cemization,!! H-D exchange,!! ether formation,!! and
isomerization?? of alcohols reported previously.

D. Hydrogen Transfer. Transformation of the alkoxide
4 to a (heptacoordinated) hydrido complex, in a similar
manner as in step 5 — 6, would be expected to be facilitat-
ed by electron-attracting substituents on the ruthenium
catalyst. In fact, the experiments with RuCly[(4-X-
CeHy)3P]s proved that this is not the case and electron-re-
leasing groups X increase the rate and vice versa. To ratio-
nalize our observations we assume that the §-hydrogen
atom in the alkoxide moiety is transferred directly to the 8
carbon (as proved by deuterium labeling) in a concerted
reaction. Preferential attack at the (8 position, due to elec-
tronic and steric effects, is the feature of many other cata-
lytic hydrogen transfer reactions (e.g., hydrogenation of
olefins by cobalt complexes37-38).

The kinetic isotope effect indicates that this step is rate
determining in the overall reaction.

The hydride transfer yields presumably a r-oxopropenyl
complex 7.3940 The strong trans effect of the r-oxopropen-
yl ligand facilitates release of the phenethoxyl residue as
acetophenone (or as the corresponding aldehyde or ketone
when other carbinols are used as hydrogen donor).
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Sasson and Blum

Scheme 11
HRuCl(Rl(:ORZ)(PPhs)z

(R'R CHO)RuCI(PPh 2)2

6

RuCl,(R*COR") PPh;),

|

(R*R'CHO)RuCI(R?COR®)(PPhy),

J[

HRuCl(R'COR2)(RSCOR®)(PPhy),

|

R'R*CHOH
-HCl

RuCly(PPh,),

R R*CHOH
—HCI

RO
=== RuClL,(PPh;),

‘\TCH=CHCOR‘

RuClL,(R*CH=CHCOR*)(PPh;),

R'R*CHOH
—HCl

(R'R?CHO)RuCl(R*CH=CHCOR*XPPh,),

[

(RR*CHO)RuCI(RICOR2)(PPhy), | [(R'ICOR2)RuCl(#-0O CHCH,R3)PPhs;),
HOl CR
~R*R*CHOH n R0
_RICOR:
(R'COR?)RuCl,(PPh,), RuCl(7r- O CHCH,R*)XPPh,),
s
CR“
~RICOR? HCl. -R*CH,CH,COR!
CH, 0\ Scheme III
c RuCl(PPh3)2 C + & =i cgt
(’/ T cs' + 8 == cgls?
C’// \ ok
N\ cs's? — ¢ + products
Ph H
5
4 C+ 8 =cs
CH Cl
I . I C, 8!, and §? have the same assignments as in Scheme I
PhC=0 Cl Ku . o
<~ PPhy  _piooch VAN tions at much lower temperatures, we assume fast equili-
0 _— PhP PPh3 bration for these steps at 180°. The rate law for the offered
. / u\/é,/ PhCHzCH\ / scheme would then be
PRCH,CH® > ph | rate = —AS1 _ kK [S[SY]IC,
27 . dt 1 + K [S'] + KK[S'[S?] + Ky[S?]
8 When large excess of S! is present (i.e., above “satura-

E. Release of the Product. The high electron density
on the w-oxopropenyl ligand increases the sensitivity to
electrophilic attack of a proton, which might occur (not
necessarily in acidic media?!) either at the oxygen atom to
yield an enol or at the « carbon to give immediately the sat-
urated ketone. Since the overall reaction proved to be ste-
reospecific, the second possibility is the one to be pre-
ferred.

The complete cycle of the RuCly(PPhs)s-catalyzed trans-
fer hydrogenation of a,3-unsaturated ketones is summa-
rized in the right wing of Scheme II.

Since under our experimental conditions RuCls(PPhg)s
can be assumed to dissociate almost completely, in a prac-
tically irreversible fashion, to the active catalyst 2 (that
stays mostly in the monomeric form), we can apply the ki-
netic Scheme III for reaction 1.

Since all the reversible steps are known to play a part in
some homogeneous hydrogenation and isomerization reac-

tion” concentration of 0.2 M at which the rate becomes in-
variable), the rate law becomes

rate =

and when S2 is in excess (i.e., >7 M) the rate can be ex-
pressed as

rate — REUG[ST[C]
K; + KK, SE]

These two simplified equations represent the observed
rate dependence on the acceptor and donor, respectively, as
shown in Figures 2 and 3, and which are both linear in re-
ciprocal form (Figures 7 and 8).

When excess of both acceptor and donor are used (“total
saturation”) the rate expression reduces to rate = k[C]o
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and then the magnitude of & can be obtained directly from
the initial rate of the reaction.

Finally we discuss briefly the mechanism of reaction 4, in
which dibenzyl ketone is reduced to 1,3-diphenylpropan-
2-ol.

For the same kinetic reasons mentioned previously for
reaction 1, we propose that the acceptor is the first one to
be added, reversibly, to the active catalyst 2. Support in
this assumption (on a “ketone route”) can be found in the
work of Stephenson and Wilkinson,*?> who prepared stable
Ru(II)- and Ru(III)-acetone complexes, some by using ru-
thenium-carbinol adducts as starting materials. The com-
plex (PhCH2COCH3Ph)RuCla(PPhs); (9), so formed, is as-
sumed to react with 1-phenylpropanol to give the alkoxide
[PhCH(CHs)O]RuCI(PhCH3COCHPh)(PPhs); (10) and
HCL. Unlike in 4, an a-hydrogen atom of the alkoxyl moiety
might be transferred to the metal, in the rate-determining
step, to give a hexacoordinated hydride, HRuCl(PhCO-
CH;3)(PhCH2COCH.Ph) (11). This is supported by the ex-
periments with various catalysts RuCls[(4-X-CgHy)3P]3
(Table IX), in which electron-releasing groups X proved to
decrease the reaction rate and vice versa. The hydride is
now expected to attack the coordinated ketone with the
higher oxidation potential to give [PhCHy;CH(CH,Ph)-
O]RuCl(PhCOCHs3)(PPhs)s (12), which in turn can react
like 8 with a proton to form 1,3-diphenylpropan-2-ol and
RuClo(PhCOCHj3)(PPhs)s. Elimination of acetophenone
from the latter results in reforming of the active catalyst2.

The complete cycle of reaction 2 is summarized in the
left wing of Scheme II.

Experimental Section

The catalyst RuClo(PPhg)s was prepared according to Stephen-
son and Wilkinson.*> The substituted triarylphosphine de-
rivatives of this complex, RuCly[(4-CH3CgH)3P]s, RuCly[(4-
CH30C6H4)3P]3, RuClg[(4—ClC6H4)3P]3, and RuCIg[(4~FCSH4)3P]3
were prepared as reported previously.43

Dichlorobis(triphenylphosphine)ruthenium polymer, [Ru-
Cl2(PPh3);]x, was obtained in 70% yield by refluxing a solu-
tion of 500 mg of RuCla(PPhs); in 20 ml of peroxide-free decalin
for 30 min under argon. The black solid that separated (mp 225°
dec) was not identical with the brown complex reported by Poddar
and Agarwala!32 but proved to have similar catalytic activity.

Anal. Caled for (C36H30C12P2Ru)x: C, 62.0; H, 4.3; Cl, 10.2.
Found: C, 62.3; H, 4.3; Cl, 10.3.

Dichlorocarbonylbis(triphenylphosphine)ruthenium, Ru-
Cl2(CO)2(PPhs);. A solution of 100 mg of RuCly(PPhs)s in 10 ml
of benzyl alcohol was refluxed under argon. Upon cooling 60 mg
(76%) of light yellow crystals separated: mp 160° (from benzene—
hexane); rc—o (Nujul) 2000, 2070 cm~1. (The NMR and ir spectra
and the application of C¢H5CD20D proved the absence of metal-
bound hydride).

Anal. Calced for CgsH3oCl20sPoRu: C, 60.6; H, 4.0; Cl, 9.4. Found:
C,60.3; H, 4.4;C1,9.8.

Most carbinols and ketones were obtained from commercial
sources (of highest grades available) and were freshly distilled in
vacuo and degassed or recrystallyzed before use. The commercial
solvents (hydrocarbons, aryl chlorides, and ethers) were purified
by chromatography on alumina and distilled in vacuo. The non-
commercial carbinols were prepared by the standard procedure
from the corresponding esters, aldehydes, or ketones with LiAIH,
(LiAID4 for deuterated compounds). Noncommercial ketones were
obtained by aldol condensation of the appropriate ketones and al-
dehydes in basic media** except for 2,3-dimethyl-,*> 3,5-diphe-
nyl-,%6 and 3,5-di(4-chlorophenyl)cyclohex-2-enone,*’ which were
prepared by other methods reported in the literature.

The products were identified by comparison of their spectral
properties with those of authentic samples.

An Example of Transfer Hydrogenation of an a,8-Unsatu-
rated Ketone. A mixture of 2.08 g (1072 mol) of benzylideneaceto-
phenone, 1.08 g (1072 mol) of benzyl alcohol, and 19 mg (2 X 103
mol) of RuCla(PPhs)s was refluxed under nitrogen for 2 hr. The
catalyst was removed by flush distillation of the reaction mixture
at 0.5 mm. Analysis by GC-MS (Varian 111) using both a 15%
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SE-30 on Chromosorb W and a 10% Carbowax 20M on Chromo-
sorb W column indicated that 94% of the starting ketone was re-
duced to 3-phenylpropiophenone. The crystaline ketone of mp 72°
separated on addition of ethanol to the reaction mixture.

Large-scale transfer hydrogenation of unsaturated ketones was
carried out in ethylene glycol as described previously.

An Example of Transfer Hydrogenation of a Saturated Ke-
tone. A solution of 1.05 g (5 X 1073 mol) of dibenzyl kstone and 10
mg (1072 mol) of RuCly(PPhs)s in 10 ml of 1-phenylethanol was
heated at 180° under nitrogen for 4 hr. The mixture was flash dis-
tilled and analyzed by GC-MS on 10% Carbowax 20M on Chromo-
sorb W. The yield of 1,3-diphenylpropan-2-ol was 93%.

The kinetic measurements were carried out in 20-ml reaction
tubes equipped with gas inlets and outlets, immersed in an oil bath
thermostat (accuracy +0.2°). Samples were withdrawn and imme-
diately frozen each 3-5 min during the first 20 min of the reaction
and in intervals of 10-15 min thenceforth. GLC analysis (Packard
gas chromatograph, Model 7400) was on a 1.8-m long column
packed with either 3% SE-30 or 3% Carbowax 20M on Chromosorb
W at 160-240° in accord with the sample injected. The initial rate
was calculated in each case from the average of at least five experi-
ments.
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Photochemical Reduction in the N-Acylketimine System
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Trradiation of a series of N-(a-alkylbenzylidene)benzamides in hydrogen-donating solvents results in reduction
of the carbon-nitrogen double bond. The photoreduction involves an electronically excited state and does not
occur by the chemical sensitization path encountered with simple N-alkylimines. Sensitization and emission stud-
ies show that the reaction is derived from an n—r* triplet state. The failure of the imine nitrogen to initiate Nor-
rish type IT reactions suggests that the intermolecular hydrogen abstraction by the excited N-acylketimine occurs
on the oxygen atom of the carbonyl group rather than on the nitrogen atom of the imine chromophore. Stern—Vol-
mer quenching plots show that the rates of hydrogen abstraction of the N-acylketimines are low compared with
those of aryl ketones. The low quantum efficiency of the photoreduction is attributed to both a low bimolecular
hydrogen abstraction rate (k; = 1 X 103 1. mol~! sec™') and a fast rate of triplet decay.

Aryl imines are known to undergo reduction and reduc-
tive dimerization on irradiation in 2-propanol.'-5 Although
the reaction bears analogy to aryl ketone photoreduction,
the available data indicate that the reaction is quite differ-
ent mechanistically in that it appears not to involve the ex-
cited state of the imine as an intermediate in the reduc-
tion.! The reaction has been shown to proceed via an a-
amino radical formed by hydrogen atom transfer to the
imine from a ketyl radical.! The ketyl radical is derived
from carbonyl compounds present in starting material as
an impurity, an added sensitizer, or as a photogenerated
species (see Scheme I).

Scheme 1
Ph,C=0 —> Ph,C=0*! —> Ph,C=0%*’
Ph,C=0** + (CH,),CHOH —> (Ph),COH + (CH,),COH
(Ph),COH + (Ph),C=NR —> Ph,C=0 + (Ph),CNHR
(CH,),COH + (Ph),C=NR —> (CH,),C=0 + (Ph),CNHR
2(Ph),CNHR —> (Ph),C=NR + (Ph),CHNHR

A number of related reports have appeared in the litera-
ture showing that reactions apparently involving sensitiza-
tion by benzophenone in hydrogen-donating solvents pro-
ceed, in fact, via formation of ketyl radicals.6-10 The term

“chemical sensitization” was suggested to distinguish be-
tween such cases and sensitization involving excitation-
energy transfer.?

Recently, Okada, Nozaki, Toshima, and coworkers re-
ported that the photoreduction of N-(a-phenylbenzyli-
dene)benzamide (1) in 2-propanol proceeds via an electron-
ically excited triplet state (i.e., intramolecular chemical
sensitization), in contrast with other diarylketimine photo-
reductions.!l-1* Similar results were reported by Fraser-
Reid and coworkers with related compounds.1®

(Ph),C=NCOPh ~> [(Ph),C=NCOPh]*
[(Ph),C=NCOPh]* + (CH,),CHOH —>
OH
(Ph),C=NCPh + (CH,),COH
OH OH
2[(Ph),C=NCPh <> (Ph),CN=CPh] —>
Ph,C=NCOPh + Ph,CHNHCOPh
1 5

The Japanese workers also reported that the excited
triplet state of N-acyldiphenylmethylenimine (3) can ab-
stract the allylic hydrogens of cyclic and acy¢lic olefins and
produce photochemical addition products (i.e., 4). The
photoreduction and addition reactions were completely
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(Ph),CNHCOCH,

(Ph),C=NCOCH, + O =
3
4

quenched by piperylene and were markedly retarded by di-
phenyl sulfide, a good radical scavenger. The yield of pho-
toadduct 4 was enhanced when benzophenone or acetophe-
none was used as a triplet sensitizer. The mechanism pro-
posed to account for these observations involved excitation
of the ketimine followed by intersystem crossing and hy-
drogen atom abstraction from the solvent by the triplet
state.11-13

Further support for the involvement of the triplet state
in these systems was obtained by studying the photochem-
istry of several 0-alkyl aromatic imines (5).1* Irradiation of
5 was reported!* to result in an isomerization to an enam-
ide derivative (6) by a path similar to that observed with
the related o-alkylbenzophenone system.!6:17

Ph Ph
\—NCOCH;‘ hy NHCOCH, CHOD
== _—
CH, s CH,
5 6 Ph
= NCOCH,
CH.D

On the basis of these observations it would appear as
though the mechanism for the reduction of N-acylimines is
quite different from that followed by N-alkylimines. This
difference is undoubtedly related to the presence of the
carbonyl group in the N-acylimine system. These N-acyl-
imines are formally aza analogs of «,3-unsaturated ketones.
A comparison of the photoreduction of these compounds
with the extensively studied «,3-unsaturated ketone sys-
tem!8 could be of practical and theoretical interest. This
comparison and our interest in the chemical consequences
of electronic excitation of the C~N double bond prompted
us to examine the photoreduction of a number of substitut-
ed N-acylimines. In this paper we wish to describe results
which show that the photoreduction of the N-acylimine
system can proceed by “chemical sensitization” and by hy-
drogen abstraction from the triplet state. The specific
route followed appears to be a function of the substituent
groups present about the 2-azaenone chromophore.

Results and Discussion

Photoreduction in the N-Aroyldiphenylketimine
System. Irradiation of N-diphenylmethylenebenzamide (7)
in 2-propanol using an internal water-cooled mercury arc
lamp equipped with a Pyrex filter for 24 hr afforded N-
benzhydrylbenzamide (8) and acetone in quantitative
yield. Similarly, N-diphenylmethylene-p-anisamide (9) in
2-propanol was photoreduced to N-benzhydryl-p-me-
thoxybenzamide (10). In agreement with the Japanese

0 0
e I .
N N—C—Ar ———+ PhCHNHCAr
(CH.).,CHOH -
Ph
7, Ar=Ph 8 Ar="Ph

9, Ar = p-OCH,;C:H, 10, Ar = p-OCH,C;H,

workers,!! we were unable to detect any dimeric material in
the reaction mixture. The quantum yield for the photore-

J. Org. Chem., Vol. 40, No. 13,1975 1897

duction of 7 in 2-propanol is extremely low (® ca. 107%) but
increases substantially when benzophenone or acetophe-
none is used as a sensitizer (& ~ 2 X 1073). The quantum
yield is also enhanced when a small amount of water is
added to the reaction mixture. High-energy sensitizers
such as triphenylene, that do not undergo photoreduction
in alcohol, are ineffective as sensitizers. These results
suggest that the triplet state of the imine is not the active
hydrogen-abstracting species. That the phosphorescence of
benzophenone is not appreciably quenched (EPA at 77 K)
by the imine is also inconsistent with energy transfer.
When an experiment was run using benzophenone ketyl
radicals, generated from the thermal decomposition of
benzpinacol,'® reduction of 7 to 8 (also 9 to 10) occurred.
Similarly, thermal decomposition of di-tert-butyl peroxide

OHOH
A
Ph,C=NCOPh + (Ph),C—C(PH), —

7
Ph,CHNHCOPh + Ph,C=0

8
A
Ph,C=NCOPh + /-BuO—O—Bu-i ————
(CH3) ,CHOH

Ph,CHNHCOPh + (CH,,C=0

8

in 2-propanol in the presence of 7 afforded 8 in high yield.
These observations when taken together suggest that the
photoreduction of 7 in 2-propanol does not involve the ex-
cited triplet state of the imine but is brought about by one
or more of the intermediates of the ketone photoreduction.
The ability of piperylene and diphenyl disulfide to retard
the formation of 8 (or 10) is perfectly consistent with the
“chemical sensitization” scheme outlined above (see

‘Scheme I).

Some comment is in order concerning the low quantum
efficiency of the ketone-sensitized photoreductions in 2-
propanol. We have previously suggested that the lack of re-
activity of the singlet excited state of the imine can be at-
tributed to rotation about the = bond in the excited state
thereby allowing for dissipation of electronic energy.! We
have recentily reported that photoisomerization about the
C-N double bond can also be induced by triplet excita-
tion.2° This would suggest that if triplet energy transfer
from benzophenone to 7 (or 9) occurred, it would be fol-
lowed by a facile photoisomerization and thereby minimize
the bimolecular hydrogen abstraction from the triplet state
of the imine. Alternatively, if hydrogen atom transfer from
the ketyl radical to the imine were inefficient, a low quan-
tum yield for photoreduction would result.

Photoreduction in the N-(a-Alkylbenzylidene)benz-
amide System. The above results clearly indicate that the
electronically excited triplet state of N-diphenylmethy-
lenebenzamide (7) is not involved in the photoreduction in
2-propanol. Instead, photoreduction in this solvent system
occurs by “chemical sensitization”. This situation does not
hold, however, when cyclohexene is used as the solvent.
Toshima and coworkers have presented convincing evi-
dence demonstrating the involvement of the electronically
excited triplet state of N-acyldiphenylmethylenimine in
the photochemical additior. to cyclic and acyclic olefins.12
Also, Koch and coworkers have recently shown that the
reactions of the related cyclic keto imino ether system pro-
ceed through an electronically excited state.?! In order to
probe the excited-state behavior of the N-aroylimine sys-
tem, we have studied the photochemistry of several N-(alk-
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ylbenzylidene)benzamides which contain a long alkyl side
chain. Our expectation was that if hydrogen abstraction oc-
curred on the nitrogen atom of the electronically excited
N-aroylimine chromophore, then a Norrish type II reaction
would occur if the side chain possessed « hydrogens. While
Norrish type II photoreactions have been extensively stud-
ied for aliphatic,??2 aromatic,22 and «,8-unsaturated ke-
tones,?? little is known about the Norrish type II behavior
of structurally related imines. Nevertheless, there are sev-
eral examples reported in the literature where v-hydrogen
transfer to excited imines occurs.21:24.25

Our preliminary experiments indicated that a simple
straight-chain alkyl group was unsuitable, since attempts
to prepare N-(a,n-butylbenzylidene)benzamide (11) re-
sulted in its rearrangement to the more thermodynamically
stable N-(1-phenylpentenyl)benzamide (12).26 This diffi-

PhCOCI P\h
CHMgBr + PhCN —— NCOPh | —
HO" /
C4H9
11
Ph  NHCOPh
CECH.
12

culty could be overcome by working with systems which
were disubstituted in the « position so as to preclude a
1,3-hydrogen shift. An appropriate model system which
was selected for study was N-(a-tert-pentylbenzylidene)-
benzamide (13). This N-acylimine could be readily pre-
pared by treating phenylmagnesium bromide with 2,2-di-
methylbutyronitrile followed by the subsequent addition of
benzoyl chloride. The structure of 13 is based on analytical,
infrared, ultraviolet, NMR, and mass spectral data (see Ex-
perimental Section). Irradiation of 13 in 2-propanol using
an internal water-cooled mercury arc equipped with a
Vycor filter for 24 hr afforded N-(a-tert-pentylbenzyl)-
benzamide (14), mp 123-124°, as the only identifiable pho-
toproduct. The identity of benzamide 14 was established

1. CH3CH2C (CHS)QCN

PhMgBr
2. PhCOC1
CH, Ph Il’h C
hv
CHBCHZ—?~c:Nc0Ph — CH,CH,C(CH,),CHNHCPh
CH,
13 14

by comparison with an authentic sample prepared from the
sodium borohydride reduction of 13. This product was also
formed when the irradiation of 13 was carried out using
95% ethanol or cyclohexane as the solvent. Extended irra-
diation of 13 in benzene, however, resulted in the complete
recovery of starting material.

The failure of 13 to form a type II product on irradiation
in benzene prompted us to examine the photochemistry of
N-[a-(2,2-dimethylbutyl)benzylidene|benzamide (15). In

CH, Ph CH, Ph
CH3CH2CHZ?—C:NCOPh it CH,CH,CH,C—CENHCOPh
CH, RH CH,

15 16

this case, a type II reaction would involve hydrogen trans-
fer from a more reactive secondary position. Wagner and
coworkers have previously reported a 15-fold increase in
the rate of abstraction of a secondary over a primary hy-
drogen in the Norrish type II reaction of aromatic ke-
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Table I
Quantum Yields for the Photoreduction of
N-(«-Alkylbenzylidene)benzamides®

Compd Solvent Sensitizer? &C x 102
13 2-Propanol 0.081
13 2-Propanol (95%) 0.068

13 2-Propanol o,o-Dimethylbutryo- 0.075
phenone

13 2-Propanol Acetophenone 0.13

13 Cyclohexane 0.23

13 Cyclohexane m-Methoxyaceto- 0.021
phenone

15  2-Propanol 0.053

15  Cyclohexane 0.21

17 2-Propanol 0.062
17  Cyclohexane 0.40
17 Cyclohexane m-Methoxyaceto- 0.08

phenone

@ Average of three or more determinations. ® >95% of light being
absorbed by the sensitizer. ¢ Quantum yield for product formation.

tones.?” We found, however, that when the irradiation of
15 was carried out in 2-propanol or cyclohexane, the only
product formed was the corresponding reduced amine 186.
We have also studied the photochemistry of N-{«-tert-
pentylbenzylidene)-p-anisamide (17). The effect of placing
an electron-donating group on the benzene nucleus of an
aryl ketone has been independently studied by Yang?® and
Wagner.272? Electron-releasing substituents were found to
increase the lifetime of the triplet state and also decrease
the rate constant for type II photoelimination. Wagner sug-
gested that the inefficient hydrogen abstraction which oc-
curs with these p-methoxy substituted aryl ketones actual-
ly occurs from low equilibrium populations of an upper
n-=* triplet state.?? On the basis of his observations, we an-
ticipated that a similar situation would exist in the N-acyl-
imine system. Irradiation of 17 in cyclohexane or 2-propa-
nol gave N-(a-tert-pentylbenzyl)-p-anisamide (18) as the
only identifiable photoproduct (see Experimental Section).

CH, Ph O
CH,CH,C—C=N—CC;H,—p-OCH, Rt
(!:HB RH
P CH, Ph O
CH,CH,C—CHNHCCH,—p-OCH,
i,
18

Surprisingly, both the quantum yield (see Table I) and the
rate constant for the photoreduction of 17 are of the same
order of magnitude as those obtained with N-benzoylim-
ines 13 and 15. This result will be discussed in some detail
at a later point.

We had previously observed that the quantum efficiency
of the N-alkylimine photoreduction was markedly en-
hanced when 2-propanol was diluted with water.! This be-
havior was attributed to the partial hydrolysis of the imine
in the aqueous solvent followed by chemical sensitization
by the small amount of the carbonyl compound formed. If
chemical sensitization were to play an important role in the
N-benzoylimine system, we would expect that the addition
of a small amount of water or the deliberate addition of
a,a-dimethylbutyropkenone would cause an increase in the
quantum efficiency of the photoreduction of 13. As can be
seen from Table I, the photoreduction of 13 was actually
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less efficient in 95% 2-propanol. The fact that the reaction
was not enhanced by the addition of water or 2,2-dimethyl-
butyrophenone provides strong evidence that these photo-
reductions are not proceeding via a “chemical sensitiza-
tion” route.

Quantum yields for the triplet-sensitized photoreduc-
tions were also determined. Some of the data listed in
Table I reflect the quantum efficiency of the photoreduc-
tion as a function of the sensitizer used. When acetophe-
none was employed, the quantum yield for the photoreduc-
tion of 13 was enhanced by ca. 60%. The possibility exists
that both acetophencne and a,a-dimethylbutyrophenone
promote the photoreduction via the chemical sensitization
route. In order to avoid this complication, m-methyoxyace-
tophenone was used as a triplet sensitizer. This ketone has
a quantum yield of only 0.006 for hydrogen abstraction,?® a
high intersystem crossing efficiency (®15c = 0.96),%7 and a
high triplet energy (E1 = 74 kcal/mol).2® From the results
outlined in Table I it can be seen that m-methoxyaceto-
phenone was capable of promoting the photoreduction of
both 13 and 17. The quantum efficiencies of the sensitized
reactions, however, were significantly reduced. Chapman
and coworkers had previously reported that the quantum
yield for sensitized photoreactions using m-methoxyaceto-
phenone depends on the concentration of the sensitizer.30
His results showed that high concentrations of sensitizer
markedly diminished the quantum efficiency of the photo-
reaction. This observation was attributed to self-quenching
of the sensitizer via excimer formation. Since it was neces-
sary to use high concentrations of m-methoxyacetophenone
(0.1-0.3 M) to assure complete absorption of the incident
light (>95%), it would appear as though self-quenching of
the sensitizer also occurs with the N-acylimine system.
This would account for the diminished quantum yields in
the sensitized experiments using m-methoxyacetophenone.
At any rate, the data clearly implicate the involvement of a
triplet state in the photoreduction of N-acylimines 13, 15,
and 17.

Further support for an electronically excited triplet state
in these photoreductions was obtained from quenching and
emission studies. cis- Piperylene and naphthalene were em-
ployed as photochemical quenchers. Over the concentra-
tion range, 0.0001-0.001 M cis-piperylene, the quantum ef-
ficiencies for the photoreduction of 13, 15, and 17 were sig-
nificantly diminished. The lowest lying triplet states of N-
benzoylimines 13 and 15 were demonstrated to be n—=* as
evidenced from their phosphorescence emission spectra in
a methanol-ethanol glass (4:1) at 77 K. We note that the
0-0 bands of 13 and 15 correspond to a triplet energy of 68
kcal and the vibrational spacing between the 0-0 and 0-1
band corresponds to 1550 em~!. The 77 K lifetimes of both
imines were determinad to be 6 msec, also consonant with
an n—7* assignment. Surprisingly, the triplet excitation en-
ergy of p-anisamide 17 was found to have a value of 68
keal, although in this case the vibrational spacing between
the 0-0 and 0-1 banc was 1100 cm™! and the triplet life-
time was 17 msec. The longer lifetime and smaller vibra-
tional spacing found with 17 would tend to indicate that
this imine has some 7m—7* character mixed in with the n—=*
state.3132 Wagner had previously noted that the intermedi-
ate lifetimes and other phosphorescence properties of a
number of para-substituted acetophenones can be attrib-
uted to strong mixing of n-r* and w—n* triplets.?® He
pointed out that mixed triplet states may be close enough
energetically to equilibrate before emitting and that, al-
though the major phcsphorescence component arises from
both states, it occurs principally from the faster emitting
n—m* state. This situation may also obtain for p-anisamide
17.
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Figure 1. Stern—Volmer plot for the photoréduction of N-acylim-
ines 13, 15, and 17 in cyclohexane.
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Figure 2. Stern—-Volmer plot for the photoreduction of N-acylim-
ines 13, 15, and 17 in 2-propanol.

The quantum yields for the photoreduction of N-acylim-
ines 13, 15, and 17 are considerably smaller than the values
obtained for typical aryl ketones.3® One possibility to ac-
count for the low efficiency of the N-acylimine system may
be related to some molecular feature of the molecule which
retards formation of the diradical and allows direct radia-
tionless decay to compete with chemical reaction of the
triplet. In order to determine the rates of hydrogen ab-
straction and radiationless decay we have studied the vari-
ation of the quantum yield for photoreduction vs. quencher
concentration. Figures 1 and 2 represent plots of the recip-
rocal of the quantum yield for product formation against
piperylene concentration in both cyclohexane and 2-propa-
nol. The Stern-Volmer formulation for quenching a bi-
molecular hydrogen abstraction of an excited triplet state
(rate constant k;) results in the following expression

1 _ 1 ky kq[Q]
T~ Fe [1 T EIRA] © R [RH] }

where ¢15c is the intersystem crossing efficiency. The slope
of the plot gives (1/¢1sc)(kq/k:[RH]) and the intercept
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Table I1
Stern-Volmer Kinetic Data for the Photoreduction of N-Acylimines 13, 15, and 17¢
Compd Solvent o15¢ Intercept Slope x 106 ko x IO3 kyx 106
13 Cyclohexane® 0.21 440 1.17 4.64 4.06
13 2-Propanol 0.23 1260 2.16 0.76 2.62
15 Cyclohexane 0.31 460 0.88 4.23 5.67
15 2-Propanol 0.32 1890 1.27 0.88 6.67
17 Cyclohexane 0.31 250 0.37 9.97 7.0
17 2-Propanol 0.33 1600 0.95 1.16 7.49

a 2537-A light. ? k, (cyclohexane) = 1.1 X 101° 1. mol-1 sec~1. S. L. Murov, “Handbook of Photochemistry”’, Marcel Dekker, New York,

N.Y., 1973, p 55.

gives (1/¢1sc)(1 + kg/k[RH]). The fact that cis-piperylene
is isomerized to trans-piperylene in the presence of excited
N-acylimine clearly indicates that 13, 15, and 17 do in fact
intersystem cross. The intersystem crossing efficiency
(¢150) of each of the three N-acylimines was independently
determined according to the procedure of Lamola and
Hammond?34 and is summarized in Table II. Quenching of
the triplet state of the N-acylimines will be diffusion con-
trolled since the triplet excitation level of all three imines is
68 kcal/mol. From the observed slopes of the Stern-Volmer
plots and using kq = 5 X 10° L. mol~! sec™1,3% the values of
k. can be determined (see Table IT). Knowing k., ¢15c, and
the intercept we can determine k4 (unimolecular rate of
triplet decay to ground state).

The bimolecular rate constant for hydrogen abstraction
in 2-propanol by the N-acylimine triplet is approximately 1
X 103 1. mol~! sec™1. This bimolecular rate of hydrogen ab-
straction is quite low compared to the kPt = 4 X 105 L
mol~! sec™! reported® for acetophenone triplet in 2-propa-
nol and the kybi = 6 X 105 1. mol~! sec™! found?3® for benzo-
phenone triplet in the same solvent. We can see that the
rate of hydrogen abstraction is of the order of 100-fold
smaller for these N-acylimines than for the aromatic ke-
tones. It should be noted, however, that the bimolecular
rate constant and quantum efficiency of the photoreduc-
tion are comparable to the values reported for «,3-unsatu-
rated ketones (i.e., ® ~ 0.003 and kp? = 3 X 103 1. mol~!
sec™1).37:38 Another interesting facet is the rapid rate con-
stant of unimolecular decay of the N-acylimine triplet, kq
~ (2.6-7.5) X 10° sec™!. This is faster than the comparable
decay rate constants of acetophenone and benzophenone,
which are of the order of 105 sec™1,36:39,40

Considerable information has now been accumulated
about the photochemical reduction of N-(«-alkylbenzy-
lidene)benzamides. The more readily derived facts about
the photoreduction are the following. (a) The photoreduc-
tion of the N-acylimine system proceeds from an electroni-
cally excited state and does not occur by the chemical sen-
sitization path encountered with simple N-alkylimines.!*
(b) The quantum efficiencies and rates of hydrogen ab-
straction are low compared to arylketone photoreductions
but are on the same order of magnitude as «,3-unsaturated
ketone photoreductions. (¢) Sensitization and emission
studies show that the photoreduction is derived from an
n—7* triplet state. (d) The absence of Norrish type II prod-
ucts indicates that hydrogen abstraction by the excited N-
acylimine occurs on the oxygen atom of the carbonyl group
rather than on the nitrogen atom of the imine chromo-
phore. (e) The inefficiency of the photoreduction can be at-
tributed to an inherently small bimolecular hydrogen ab-
straction rate as well as a rapid triplet degradation path.
Syn-anti isomerization about the C-N double bond pro-
vides an attractive rationale to account for the ease of trip-
let decay as well as the low intersystem crossing of the ex-
cited singlet state.

Two additional points merit some comment. One has to
do with the fact that the photoreduction of N-diphenyl-
methylenebenzamide (7) in 2-propanol proceeds via the
chemical sensitization path. It would appear as though the
hydrolytic or photooxidative generation of benzophenone
in this solvent system is relatively fast. The lack of reactivi-
ty of the excited state of 7 in 2-propanol suggests that the
triplet state undergoes an extremely efficient nonradiative
decay to ground stats, thereby precluding hydrogen ab-
straction and allowing the benzophenone-induced “chemi-
cal sensitization” path to predominate. Another point
worth noting is that the rate of hydrogen abstraction of N-
(a-tert-pentylbenzylicene)-p-anisamide (17) is comparable
to the rate observed with the related N-benzoylimine sys-
tem (i.e., 13 or 15). This observation indicates that any ef-
fect the p-methoxy group may have in stabilizing the 7—7*
character of the excited triplet state of the ketimine is
small when compared to the effect it has on arylketone ex-
cited states. The reason for this is not at all clear and fur-
ther work needs to be done before an adequate explanation
can be offered.

Experimental Section

All melting points are corrected and boiling points are uncor-
rected. Elemental analyses were performed by Scancinavian Mi-
croanalytical Laboratory, Herlev, Denmark. The infrared absorp-
tion spectra were determined on a Perkin-Elmer Infracord spec-
trophotometer, Model 137. The ultraviolet absorption spectra were
measured with a Cary recording spectrophotometer, using 1-cm
matched cells. The nuclear magnetic resonance spectra were deter-
mined at 100 MHz using a Jeol MH-100 spectrometer.

Attempted Synthesis of N-(a-n-Butylbenzylidene)benzam-
ide. To a Grignard solution of n-butylmagnesium bromide (pre-
pared from 3.6 g of magresium turnings and 20.5 g of n-butyl bro-
mide in 300 ml of ether) was added 15.4 g of benzonitrile in 30 ml
of ether. The mixture was heated at reflux for 15 min, cooled to
room temperature, and then quenched with 21 g of tenzoyl chlo-
ride in 30 ml of ether. The resulting mixture was heated at reflux
for 15 min and then decomposed with 30 ml of a saturated ammo-
nium chloride solution. The ether layer was separated, washed
with 30 ml of water, and dried over sodium sulfate. Evaporation of
the solvent under reduced pressure left a solid whick was identi-
fied as N-(1-phenylpentenyl)benzamide (12) on the basis of its
physical data: ir (KBr) 2.90, 6.01, 6.41, 6.95, 7.15, 7.60, 7.80, &.51,
8.95, 9.42, 9.80, 10.81, 12.45, and 14.20 u; NMR (CCly) 6 7.1-7.8 (m,
11 H), 5.95 (t, 1 H), 2.15 (m, 2 H), 1.42 (m, 2 H), and 0.90 (t, 3 H).

Preparation of N-Diphenylmethylene-p-anisamide. A solu-
tion containing 39.2 g cf bromobenzene in 350 ml of ether was
added to a three-neck flask which contained 6.6 g of magnesium
turnings in 25 ml of ether. After heating at reflux for 2 hr, a solu-
tion containing 23.7 g of benzonitrile in 30 ml of anhydrous ether
was added to the above mixture. The mixture was heated at reflux
for 30 min, after which time it was quenched with 36 g of p-anisoyl
chloride in 30 ml of ether. The solution was heated to reflux for an
additional 30 min and was then decomposed with 250 ml of a satu-
rated ammonium chloride solution. The ethereal solution was sep-
arated and dried over magnesium sulfate. Evaporation of the sol-
vent left an oil which was recrystallized from aqueous methanol to
give 22 g of N-diphenylmethylene-p-anisamide (9) as a white solid:
mp 157-159°; ir (KBr) 6.01, 7.10, 8.65, 9.25, 9.75, 9.95, 10.40, 10.51,



Photochemical Reduction in the N-Acylketimine System

10.85, 11.70, 12.21, 12.70, 13.15, and 14.35 u; NMR (CDCls) 6 7.8
(d,2H,J =85Hz),6.8(d,2H, =8.5Hz), 7.40 (m, 5 H), 3.72 (s,
3 H); uv (95% ethanol) 275 nm (e 22,000); MS m/e 285, 180, 135,
105, and 78 (base).

Preparation of N-(a-tert-Pentylbenzylidene)benzamide
(13). A solution containing 5.31 g of bromobenzene in 40 ml of
ether was added to a three-neck flask which contained 0.825 g of
magnesium turnings in 5 ml of ether. After heating at reflux for 1
hr, a solution containing 3.0 g of 2,2-dimethylbutyronitrile! in 20
ml of benzene was added to the solution. The mixture was heated
at reflux for 5 hr and stirred at room temperature for an additional
12 hr, after which time it was quenched with 3.66 ml of benzoyl
chloride in 30 ml of ether. After heating the mixture at reflux for 4
hr, it was cooled and quenched with 30 ml of a saturated ammo-
nium chloride solution. The agueous layer was extracted with 50
ml of ether and the combined organic extracts were dried over
magnesium sulfate and concentrated under reduced pressure to
give a yellow oil. Recrystallization of the oil from ether-pentane
gave 2.7 g of N-(a-tert-pentylbenzylidene)benzamide (13) as a
white solid: mp 51-52°; ir (KBr) 3.40, 6.01, 6.22, 9.75, 9.95, 10.20,
10.65, 13.15, 13.80, 14.25. and 14.50 u; uv (cyclohexane) 237 nm (e
12,800), 270 (1280), 300 (360), and 320 (225); NMR (CDCls) 6 7.4
(m,10H),1.72 (2H, q,J = 8.0Hz), 1.27 (6 H, ), 1.07 (3 H, t,J =
8.0 Hz); m/e 279 (M), 251, 236, 167, 160, 105 (base), 91, and 77.

Anal. Caled for CigHo;NO: C, 81.68; H, 7.58; N, 5.01. Found: C,
81.77,H, 7.66; N, 4.94.

Preparation of N-[a-(1,1-Dimethylbutyl)benzylidene]-
benzamide (15). A solution containing 2.75 g of bromobenzene in
40 ml of anhydrous ether was added to a three-neck flask which
contained 0.425 g of magnesium turnings in 5 ml of ether. After
heating at reflux for 2 hr, a solution containing 1.75 g of 2,2-di-
methylvaleronitrile?? in 20 ml of benzene was added to the solu-
tion. The above mixture was heated at reflux for 5 hr and stirred at
room temperature for an additional 12 hr, and then quenched with
1.8 ml of benzoyl chloride in 15 ml of ether. After heating the mix-
ture at reflux for 4 hr, it was cooled and quenched with 30 ml of a
saturated ammonium chloride solution. The aqueous layer was ex-
tracted with ether and the combined ethereal extracts were dried
over magnesium sulfate and concentrated under reduced pressure
to give 3.54 g of an orange oil. This crude oil was subjected to thick
layer chromatography using a 20% ether-pentane mixture as the
eluent. The major component (R 0.43) (60%) was a clear oil whose
structure was assigned as N-[«-(1,1-dimethylbutyl)benzylidene]-
benzamide (15) on the basis of its spectral data: ir (neat) 3.25, 5.95,
6.05, 6.22, 9.45, 10.15, 10.45, 10.60, 10.90, 11.91, 12.22, 13.05, 13.80,
and 14.40 u; NMR (CDCls) 6 6.9-7.8 (m, 10 H), 1.58 (m, 4 H), 1.24
(s, 6 H), and 0.92 (m, 3 H); uv (cyclohexane) 237 nm (¢ 14,400), 285,
(1180), 295 (500), 305 (415), 320 (280); MS m/e 293 (M*), 251, 236,
182, 146, 105 (base), 91, and 77.

Preparation of N-(a-tert-Pentylbenzylidene)-p-anisamide
(17). A solution containing 7.1 g of bromobenzene in 40 ml of ether
was added to a three-neck flask which contained 1.1 g of magne-
sium turnings in 10 ml of ether. After heating at reflux for 1 hr, a
solution containing 4.0 g of 2,2-dimethylbutyronitrile*! in 40 ml of
benzene was added to the solution. The above mixture was heated
at reflux for 4 hr and stirred for an additional 12 hr at room tem-
perature and then quenched with 3.72 g of p-anisoyl chloride in 30
ml of ether. After heating the mixture for 4 hr, it was cooled and
quenched with 30 ml of a saturated ammonium chloride solution.
The aqueous layer was extracted with ether and the combined eth-
ereal extracts were dried over magnesium sulfate and concentrated
under reduced pressure to give 7.4 g of an orange oil. The crude oil

was purified by thick layer chromatography using a 50% ether—-

pentane mixture as the eluent. The major component of the mix-
ture (Ry 0.3) (60%) was a clear oil whose structure was assigned as
N-(«-tert-pentylbenzylidene)-p-anisamide (17) on the basis of its
spectral data: ir (neat) 3.30, 5.95, 6.01, 7.90, 8.51, 9.02, 9.31, 9.70,
9.93, 10.15, 11.02, 11.71, 12.01, 12.60, 12.95, 13.52, and 14.25 y;
NMR (CDClg) 6 7.45-6.90 (9 H, m), 3.68 (3 H, s), 1.24 (6 H, s), 1.68
(2H,qJ =17.6Hz), 1.02 (3 H, t,J = 7.6 Hz); uv (cyclohexane) 215
nm (e 28,400) and 262 (1£,000); MS m/e 176, 105 (base), 91, and 77.

Irradiation of N-(a-tert-Pentylbenzylidene)benzamide. A
solution containing 347 mg of N-(«-tert-pentylbenzylidene)benza-
mide (13) in 150 ml of cyclohexane was irradiated under a nitrogen
atmosphere using a 450-W Hanovia lamp equipped with a Vycor
filter for 10 hr. Removal of the solvent left a yellow oil which was
purified by thick layer chromatography. The major band isolated
from the thick layer plate using a 50% ether—pentane mixture as
the eluent (R 0.5) was a white solid, mp 123-124°, whose structure
was assigned as N-(a-tert-pentylbenzyl)benzamide (14) on the
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basis of the following data: ir (KBr) 2.90, 3.40, 6.11, 6.35, 9.2, 9.35,
9.70, 10.81, 11.35, 12.50, 12.96, 13.70, 14.23, and 14.70 u; NMR
(CDCl3) 6 7.65-7.20 (m, 10 H), 5.00 (d, 1 H, J = 9.2 Hz), 1.36 (2 H,
d,J =7.6Hz),6.65 (1 H,d,J =9.2Hz), 0.96 (6 H,s),0.90 (3H, t,
J = 7.6 Hz); MS m/e 281 (M%), 211, 105 (base), 91, and 77.

Anal. Caled for C19H23NO: C, 81.10; H, 8.24; N, 4.98. Found: C,
81.12; H, 8.17; N, 4.77.

An authentic sample of N-(a-tert-pentylbenzyl)benzamide (14)
was independently prepared by the sodium borohydride reduction
of N-(a-tert-pentylbenzylidene)benzamide (13). Tc a solution
containing 300 mg of 13 in 25 ml of 95% ethanol was added 124 mg
of sodium borohydride. The mixture was stirred for 12 hr at room
temperature and the solvent was removed under reduced pressure.
The residual oil was taken up in ether and washed with a 10% hy-
drochloric acid solution followed by water. The ethereal layer was
dried over magnesium sulfate and the ether was removed under re-
duced pressure to give 254 mg of a white solid, mp 123-124°, whose
physical properties were identical in every detail with those of the
sample of N-(a-tert-pentylbenzyl)benzamide isolated from the
photolysis of 13.

Irradiation of N-[a-(1,1-Dimethylbutyl)benzylidene]benz-
amide. A solution containing 200 mg of N-[a-(1,1-dimethylbu-
tyl)benzylidene|benzamide (15) in 150 ml of 2-propanol was irra-
diated under an argon atmosphere using a 450-W Hanovia lamp
equipped with a Vycor filter for 12 hr. Removal of the solvent left
a pale yellow oil which was purified by thick layer chromatogra-
phy. The major component (60%) (R; 0.47) was a white solid, mp
147-148°, whose structure was assigned as N-[a-(1,1-dimethyl-
butyl)|benzamide (16) on the basis of the following data: ir (KBr)
2.90, 6.07, 6.72, 7.20, 7.40, 8.75, 9.65, 10.81, 11.30, 12.45, 13.51,
14.15, and 14.55 u; NMR (CDCl3) 6 7.75-7.30 (10 H, m), 6.78 (1 H,
d,J =9.2Hz),5.08 (1 H,d,J =9.2Hz), 1.31 (4 H, m), 094 (6 H,
s), and 0.88 (3 H, t, J = 2 Hz); MS m/e 295 (M™), 211, 105 (base),
91, and 77.

Anal. Caled for CooHosNO: C, 81.31; H, 8.563; N, 4.72. Found: C,
81.29; H, 8.60; N, 4.72.

An authentic sample of N-(a-(1,1-dimethylbutyl)benzyl)benzam-
ide was independently prepared by the sodium borohydride reduc-
tion of 15. To a solution containing 390 mg of 15 in 25 ml of 95%
ethanol was added 165 mg.of sodium borohydride. The mixture
was stirred for 12 hr at room temperature and the solvent was re-
moved under reduced pressure. The residual oil was taken up in
ether and washed with a 10% hydrochloric acid solution followed
by water. The ethereal solution was dried over magnesium sulfate
and the ether was removed under reduced pressure to give 200 mg
of a white solid, mp 147-148°, whose physical proverties were
identical in every detail with those of the sample of N-[a-(1,1-di-
methylbutyl)benzyl]benzamide isolated from the irradiaticn of 15.

Irradiation of N-(a-tert-Pentylbenzylidene)-p-anisamide
(17). A solution containing 150 mg of N-(a-tert-pentylbenzyli-
dene)-p-anisamide in 200 ml of cyclohexane was irradiated under a
nitrogen atmosphere using a 450-W Hanovia lamp equipped with a
Vycor filter for 12 hr. Removal of the solvent left a pale yellow oil
which was purified by thick layer chromatography. Thz major pho-
toproduct was a white, crystalline solid, mp 118-120°, whose struc-
ture was assigned as N-(a-tert-pentylbenzyl)-p-anisamide (18) on
the basis of the following data: ir (KBr) 3.01, 3.36, 6.10, 7.35, 7.70,
8.51,9.02,9.46,9.72, 11.85, 13.11, 13.90, and 14.30 u; NMR (CDCl3)
67.68(2H,d,J =80Hz),682(2H,d,J =8.0Hz),7.24 (5H,s),
6.64 (1H,d,J =9.2 Hz),5.04 (1, H,d,J = 9.2 Hz), 3.76 (3 H, s),
136 2 H, q,J = 7.6 Hz), 094 (6 H, s), and 0.86 (3 H, t,J = 7.6
Hz); uv (95% ethanol) 252 nm (e 14,500); MS m/e 309, 281, 266,
224, 196, 135 (base), and 107.

Anal. Caled for CooHosNOg: C, 77.13; H, 8.09; N, 4.50. Found: C,
76.85; H, 8.07; N, 4.15.

An authentic sample of N-(«-tert-pentylbenzyl)-p-anisamide
was prepared by the sodium hydride reduction of N-(a-tert-
pentylbenzylidene)-p-anisamide using the procedure outlined
above for the reduction of N-(a-tert-pentylbenzylidene)benzam-
ide (15). The white solid obtained from the borohydride reduction
of 17, mp 118-120°, was identical in every detail with the sample
of 18 isolated from the irradiation of N-(«a-tert-pentylbenzyli-
dene)benzamide (17).

Quantum Yield Determinations. Solutions were prepared in
various solvents as described in the Results and Discussion, and
3.0 ml of each was placed in separate culture tubes (13 X 100 mm).
Each sample was degassed to 0.005 mm and sealed in vacuo. In a
given run all tubes were irradiated in parallel for the same length
of time in a merry-go-round apparatus which assured that each
sample absorbed the same intensity of light. Cyclopentanone solu-



1902 J. Org. Chem., Vol. 40, No. 13, 1975

tions were used as the chemical actinometer for which a quantum
yield of 0.38 was used*? giving a reproducible light intensity of 2.10
X 1016 quanta sec™L. Analyses were performed on a Hewlett-Pack-
ard Model 5750 gas chromatograph using a 10% FS-1265 Diasaport

S column at 210-235.% The mole ratio:area ratio response of the in--

strument was calibrated for each aroylimine and internal standard
used, so that yields of product could be measured accurately. The
conversions were run to 10% or less. The mass balance in these
runs were generally better than 95%.

Emission Studies. The emission spectra were made on an Am-
inco-Bowman spectrophotofluorometer equipped with a phospho-
roscope and transmission attachments. The spectrophotoftuo-
rometer was equipped with a 1P21 photomultiplier and a high-
pressure xenon lamp, as supplied by the manufacturer. The emis-
sion spectra were measured in a methanol-ethanol (4:1) or methyl-
cyclohexane glass. The solvent was checked for emission each time

a spectra was recorded. No interference due to solvent was found

at any time. All compounds having short radiative lifetimes were
measured by photographing the decay curve on an oscillograph.
The chopper speed was adjusted manually to obtain the decay
curve. The logarithmic intensities of the decay curve were plotted
vs. time and the slope of the line at a logarithmic value of 2.303
gave the mean lifetime (79).
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A convenient synthesis of secondary azo compounds is reported. The method involves addition of chlorine to
the azine or hydrazone in CHyCly followed by reduction of the dichloro- or chloroazoalkane with LiAlH, or
LiAlDy in ether. The preparation of a variety of symmetrical secondary azoalkanes demonstrates the applicability
of the technique. The procedure is applicable to the synthesis of (sec-alkylazo)alkanes and presumably of (sec-
alkylazo)-2,4,6-trichlorobenzenes. The isotope purity of the azoalkane is fixed by that of the azine or hydrazone

precursor and of the LiAlD,.

Secondary deuterium isotope effects? in and the rates® of
thermolysis of secondary azoalkanes have been extensively
utilized in investigations of the mechanism of azo com-
pound pyrolysis and of the effect of substituents on the en-
ergetics of free-radical formation. We report a convenient
synthesis of secondary azoalkanes and their specifically

deuterated congeners possessing essentially the maximum
number of atoms of deuterium.

The classical methcd (Scheme I) for the synthesis of
symmetrical (eq 1) or unsymmetrical (eq 2) secondary azo-
alkanes involves catalytic reduction of the corresponding
azine or hydrazone to the hydrazine followed by oxidation;
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Scheme 1
Rl\C=N—-N=(‘/ R
R g,
R, X X R \ R,
||| 0l | |
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R |
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usual oxidizing reagents are yellow mercuric oxide,?f#3¢.14
hydrogen peroxide,3P-¢5 and cupric chloride.?

However, a number of complications have been observed
with Scheme I. Rather vigorous conditions have been re-
quired for the reduction of some azines to the hydraz-
ines,3P.c4 e.g. ring-substituted acetophenone azines.?»* Re-
duction of iert-butyl phenyl ketazine {1) in ethanol with
Pd at room temperature gave only hydrazone; reduction of
the hydrazone in glacial acetic acid yielded both the hydra-
zine and 2,2-dimethyl-1-phenylpropylamine. All attempts
to reduce 2,2-dimethylpropiophenone methylhydrazone (2)
and phenylhydrazone (3) failed. Similarly, low-pressure hy-
drogenation of benzophenone phenylhydrazone was unsuc-
cessful.?d Difficulties have also been encountered with the
oxidation step in reaction rate and product yield.®

Scheme I imposes limitations on the synthesis of specifi-
cally deuterated azo compounds. Generally some fraction
of the sample is not specifically labeled because some ex-
change of aliphatic protium (deuterium) normally accom-
panies reduction with Dy(Hs);22¢481 exchange of aromatic
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protium (deuterium) in the reduction is usually negligi-
ble.2ac.dgli7 Furthermore, in catalytic deuteration the
number of atoms of D introduced is variable and less than
the maximum.22.¢:&hJ This result presumably reflects cata-
lytic exchange between the deuterium gas and hydroxylic
protium; water present in the solvent or absorbed on the
walls of the hydrogenation vessel and exchangeable proti-
um in the solvent constitute sources of the latter.

Lithium aluminum hydride and deuteride are ideal re-
agents to obviate problems in the reduction step of Scheme
1. Although some success has been realized in the reduction
of hydrazones (eq 2) with these reagents,?3d the LiAlH,
reduction of azines to hydrazines (eq 1) has been remark-
ably unsuccessful®¢8 except in the case of simple aliphatic
azines.?

Consequently, a chlorine addition-metal hydride reduc-
tion method was developed. The general reaction scheme
and the azoalkanes so prepared are given in Table 1. The
addition-reduction method bypasses the oxidation step in
Scheme I and incorporates (a) the desirable properties of
LiAlH, (LiAlDy), (b) the propensity of ketazines tc under-
go 1,4 addition of Cly to form 1,1’-dichloroazoalkanes,!©
and (c) the facileness with which the latter undergo nucleo-
philic substitution.!?>c!! Azine and excess Cl, were com-
bined in CHyCls, usually at —70°. After removal of the
CH,Cl, the 1,1’-dichloroazoalkane, depending upon its sta-
bility, was either purified before reaction with the metal
hydride or immediately treated with the hydride ir reflux-
ing diethyl ether. The general utility of this approach is
demonstrated by the variety of azines which were convert-
ed to the corresponding azoalkanes; see Table L.

The structures of 1,1’-dichloro-1,1’-diphenylazobutane
and 1,1’-dichloro-1,1’,3,3,3’,3’-hexaphenylazopropane were
confirmed by NMR and MS; their reduction to 9 and 10
also provides confirmation of structure.

As reported!® 1 smoothly added Cly (3 hr) to give 1,1’-
dichloro-2,2,2’,2’-tetramethyl-1,1’-diphenylazopropane
(13). In contrast to the reaction of 1 with Hy/Pd (see eq 1),
reaction of 13 with LiAlH, (LiAlDy4) for 4 hr gave 11 (12).
4-Bromoacetophenone azine (14) and 3,3-diphenylpropio-
phenone azine (15) were smoothly and rapidly converted to
5 and 10 analogously. It is noteworthy that 5 could not be

Table I
Symmetrical Azoalkanes Synthesized via Chlorine Addition-Metal Hydride Reduction
2 B ("l (l‘l X T
! ! CH.() LiAIX, . .
Se=x—N=0{  + (L ———> R—(—N=N—(—R, -——> R—C—N=N—(—F,
R \R =7 I I ether, A ,
' R, R. R, R.
X=HoD
Compd X RI# o Rp o Mp or bp, % (mm)? Atoms of D yielc b
3¢ H CH, C.H, 72-73 52
4 D CH, CyH; 72-73 1.960 = 0.002¢ 64
5¢ H CH, p-Br-CyH, 107.5-108 41
6 H CH, p-CH,-CgH, 78-79 48
7E H CH;, 2-CH,; 144-144.5 58
8" H CH, C,H; 48-49(25) 63
9¢ H C,H: (Ghe M 60-61 42
10’ H (C4H;5),CHCH, C,H; 146.5-147.5 60
11% H {-C H, C.H: 155.5-156.5 61
12 D {-CH, C H; 156-156.5 1.998 : 0.003¢ 63

@ Melting points and boiling points are not corrected. ” Yield based on azine. “ W. A. Schulze and H. L. Lochte, J. Am. Chem. Soc., 48,
1030 (1926). ¢ Determined by duplicate combustion analysis; uncertainty is average deviation. ¢ Anal. Caled for C16H16N2Brs: C, 48.51; H,
4.07; N, 7.07; Br, 40.34. Found: C, 48.61; H, 4.11; N, 7.13: Br, 40.32. / Reference 3b. # Anal. Caled for Ca4HaaNo: C, 85.17; H, 6.55; N, 8.28.
Found: C, 85.22; H, 6.74; N. 8.06. " Reference 3h. ! Reference 2j. / Anal. Calcd for Ca2HzsNo: (. 88.38: H.6.71; N, 4.91. Found: C. 87.94; H,
6.60: N, 5.38. % Anal. Caled for CaaH3oN2: C, 81.94; H. 9.38: N, 8.69. Found: (*, 81.81; H, 9.07: N. 9.06.
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prepared via eq 1 because attempts to reduce 14 were un-
successful. Furthermore, in the synthesis of 10 via eq 1,
low-pressure hydrogenation (Pd to azine ratio in grams was
3:1) required from 15 to 48 hr depending upon the solvent,
and oxidation of the hydrazine with yellow mercuric oxide
required 24 hr. Pure 7 was easily obtained via chlorine ad-
dition—-metal hydride reduction but not via eq 1. The low-
pressure catalytic hydrogenation of methyl 2-naphthyl
ketazine continued after uptake of 2 mol of Hs per mole of
azine; one or more of the double bonds in the 2-naphthyl
moiety evidently underwent reduction. The applicability of
the chlorine addition-metal hydride reduction method to
the preparation of aliphatic secondary azoalkanes was
demonstrated by the conversion of 2-butanone azine to 8.

If substitution of Cly competed appreciably with its addi-
tion, the chlorine addition-metal hydride reduction meth-
od would not be a satisfactory route to deuterated azo com-
pounds because LiAlD4 cleavage of carbon—chlorine bonds
other than the C-1-Cl and C-1’-Cl bonds would result in
substitution of deuterium for protium. Similarily, in the
conversion of deuterated azines to the corresponding azo
compounds, use of LiAlH4 would result in substitution of
protium for deuterium. The hydrogenolysis of bonds link-
ing chlorine to an aromatic ring with metal hydride would
not be expected.!?

The following evidence reveals that such substitution is
negligible. The chemical shifts observed in and the proton
ratios obtained upon integration of the NMR spectra of the
chloroazoalkanes were consistent with the presence of chlo-
rine only at C-1 and C-1’. Mass spectra were obtained for
the chloroazoalkane precursors to 3 (4), 6, 7, 9, and 10.
These spectra were characterized by ions formally derived
from formation and subsequent fragmentation of the sub-
stituted alkyl radicals from C-N bond homolysis. Neither
the ion intensities nor the high-resolution data showed any
evidence for the presence of chlorine at positions other
than C-1 and C-1’. Finally, 4 and 12 containing 1.960 and
1.998 atoms of D, respectively, were obtained upon LiAID4
reduction of 1,1’-dichloro-1,1’-diphenylazoethane (16) and
13. The same LiAlD4 was used in preparation of 12 and
benzyl alcohol-a,a-ds.'3 It is thus noteworthy that the
atom % D of the former as determined by combustion, 99.9
+ 0.3, is in good agreement with the value for the latter as
determined by low-voltage mass spectrometry,13 99.3 + 0.3.
Different LiAlD4 was used in synthesis of 4. Since 4 and 12
do not contain in excess of two atoms of D, either the for-
mation of or the reduction of chlorine-substituted 1,1’-di-
chloroazoalkanes must be negligible. These conclusions
concerning the extent to which substitution of chlorine ac-
companies its addition to azines are supported by the re-
sults of Malament and McBride.1%d

Pyrolysis of recrystallized 11 in ethylbenzene yielded
only 81.6% of the theoretical quantity of nitrogen gas.!4
This result was attributed to the presence of a trace
amount of 16 in the sample. Although the thermal decom-
position of 1,1’-dichloroazoalkanes proceeds predominantly
by C-N bond homolysis,!%1% there may be some C—-CI bond
cleavage, which under our conditions would lead to forma-
tion of traces of HCL. The HCl would catalyze the isomer-
ization of 11 to hydrazone; the uv spectrum of the residue
from pyrolysis displayed absorption characteristic of the
hydrazone. The 99.1% yield of nitrogen obtained upon
heating a mixture of pyridine!® and 11 (6:1 mole ratio) in
ethylbenzene supports this explanation.

Since 1,1’-dichloroazoalkanes undergo hydrolysis,10b-d.17
the crude azoalkanes were solvolyzed homogeneously in
ether-acetone-water containing equimolar amounts of
AgNOg; in all cases formation of traces of AgCl was ob-
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served. The azoalkane was then purified by column chro-
matography over silica gel followed by recrystallization.
The chromatography step, which is not unique to the chlo-
ride addition-metal hydride reduction method, and which
may have been unnecessary, was introduced to facilitate re-
moval of colloidal silver and silver salts. After purification,
a 99.2 and 99.7% yield of nitrogen was obtained upon pyrol-
ysis of 11 and 12, respectively, in ethylbenzene. Similar re-
sults were obtained for decomposition of 3 and 4 prepared

by both chlorine addition-metal hydride reduction and eq
1'14

(sec-Alkylazo)benzenes cannot be prepared by chlorine
addition—-metal hydride reduction because substitution of
chlorine for aromatic hydrogen is known to accompany its
addition to phenylhydrazones.'® However, (2,2-dimethyl-
1-phenylpropyl)azomezhane (17, R; = CgHs; Ro = (CH3)sC;
Rs = CHs) and (2,2-dimethyl-1-phenylpropyl-1-d)azo-
methane (18) were prepared from 2 via chlorine addition—
metal hydride reduction. Deuterium analysis of 18 yielded
1.072 atoms of D, indicating that 0.092 atoms of H (1.072 —
1.960/2) had been replaced by chlorine in the addition step.
This extent of deuterium—protium exchange is in almost all
cases less than that observed in the catalytic deuteration of
azines or hydrogenation of deuterated azines. Thus it ap-
pears that chlorine addition-metal hydride reduction is ap-
plicable to the synthesis of (sec-alkylazo)alkanes and (sec-
alkylazo)-2,4,6-trichlorobenzenes, since Moon!® has dem-
onstrated that 2,4,6-trichlorophenylhydrazones react with
Cly to form [(1-chloroalkyl)azo]-2,4,6-trichlorobenzenes.

Experimental Section

General. NMR spectra were recorded on a Varian XL-100 spec-
trometer. Chemical shifts are reported with respect to tetrameth-
ylsilane. Mass spectra were obtained using a CEC 21-110B spec-
trometer at 70 eV. Elemental and deuterium analyses were per-
formed by Galbraith Laboratories, Inc., and Mr. Josef Nemeth,
Urbana, I11,, respectively.

Butyrophenone (Aldrich), 4-bromoacetophenone (Aldrich), 4-
methylacetophenone (Aldrich), methyl 2-naphthyl ketone (East-
man), acetophenone (Baker), and 2-butanone (Mallinckrodt) were
commercial samples and used without further purification. 3,3-.
Diphenylpropiophenone was prepared by the procedure of Vorlan-
der and Friedberg.!?

Preparation of 2,2-Dimethylpropiophenone. In a 1-1. four-
necked flask equipped with an additional funnel, mechanical stir-
rer, reflux condenser, and a section of Gooch tubing for solid intro-
duction were placed 60 ml of dry ether and 36 ml of an ethereal so-
lution of phenylmagnesium bromide (Arapaho, 0.1082 mol). The
flask was cooled to 0° and anhydrous cadmium chloride (10.35 g,
0.0565 mol) was slowly added via the Gooch tubing to the stirred
solution. The mixture was allowed to warm to room temperature
and refluxed for 20 min. The major portion of the ether was re-
moved by distillation and 120 ml of dry benzene was added. Distil-
lation was continued until the distillate was ether free, as analyzed
by gas chromatography. The flask and its contents were then
cooled to 10°, 2,2-dimethylpropanoyl chloride (10.0 g, 0.0833 mol,
Aldrich) in 30 ml of dry benzene was slowly added, and the result-
ing mixture was stirred for 4 hr. The reaction mixture was hydro-
lyzed at 5-7° by addition of 140 ml of 20% sulfuric acid. The or-
ganic phase was separated, washed twice with a saturated solution
of sodium bicarbonate and repeatedly with water, and dried over
anhydrous magnesium sulfate. The solution was filtered and the
benzene distilled. Distillation at 91-93° (6.5 mm) [lit.?® bp 103—
104° (13 mm)] afforded 11 g (82%) of product.

Preparation of Ketazines. All ketazines were prepared by the
method of Cohen et al.3” Acetophenone azine,2! 4-bromoacetophe-
none azine,?? 4-methylacetophenone azine,? methyl 2-naphthyl
ketazine,2* 2-butanone azine" 2,2-dimethylpropiophenone az-
ine,'%d and butyrophenons azine? have been previously described.

Preparation of 3,3-Diphenylpropiophenone Azine. 3,3-Di-
phenylpropiophenone (3C g, 0.105 mol) and 95% hydrazine (1.71 g,
0.0525 mol) were refluxed for 6 hr in absolute ethanol (50 ml) con-
taining 10 drops of glacial acetic acid. The reaction mixture was
cooled to room temperature and filtered. The crude azine was re-
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crystallized twice from a 9:1 mixture of absolute ethanol and ben-
zene: 26.8 g (90%); mp 137.5-138°; mass spectrum, M+ m/e 568.288
(calcd for C42H36N2, 568.288); NMR (CDClg) 6 3.33 (d, 4 H), 4.34
(t, 2 H), 6.92-7.38 (m, 30 H).

* Preparation of 2,2-Dimethylpropiophenone Methylhydraz-
one. 2,2-Dimethylpropiophenone (10 g, 0.0617 mol) and methylhy-
drazine (3.5 g, 0.0761 mo.) were refluxed for 5 days in absolute eth-
anol (30 ml) containing 5 drops of glacial acetic acid. The crude
product, obtained upon removal of the ethanol at reduced pres-
sure, was taken up in ether, washed with a saturated solution of so-
dium bicarbonate and with water, dried over anhydrous magne-
sium sulfate, and filtered. Removal of the ether at reduced pres-
sure and recrystallization of the crude product from hexanes yield-
ed 7.0 g (60%) of product: mp 54.5-55°; mass spectrum, M* m/e
190.147 (calcd for C12H18N2, 190.147); NMR (CDCI3) 8 1.14 (S, 9
H), 2.76 (s, 3 H), 4.25 (broad, 1 H), 7.05 and 7.36 (m, total 5 H).

General Procedure for the Addition of Chlorine to Ketaz-
ine. The method was essentially the one described by Moon.!8 A
5% solution of the ketazine in methylene chloride was cooled to
—170° in a Dry Ice-acetone bath. Liquid chlorine (2 mol/mol ketaz-
ine) at —70° was rapidly added in the dark to the stirred solution.
The mixture was stirred at —70° for 2 hr and then at —40° for an
additional 1 hr. The excess chlorine and the methylene chloride
were removed at reduced pressure. The crude chloroazo com-
pounds were purified wken possible by recrystallization from ace-
tone, hexanes, or a binary acetone—hexanes solvent.

The preparation of 1,1’-dichloro-1,1’-diphenylazoethane,!2
1,1’-dichloro-1,1’-bis(4-bromophenyl)azoethane,!% 1,1’-dichloro-
1,1’-bis(4-methylphenyl)azoethane,!®®  1,1’-dichloro-1,1’-di(2-na-
phthyl)azoethane,!0d 1,1’-dichloro-2,2’-azobutane,'®¢ and 1,1’-di-
chloro-2,2,2,2’-tetramethyl-1,1’-diphenylazopropane!®d have been
reported previously. The following new 1,1’-dichloroazoalkanes
were prepared.

1,1’-Dichloro-1,1’-diphenylazobutane. Butyrophenone azine
was quantitatively converted to this azo compound by the above
procedure. The crude product was recrystallized from hexanes: mp
85.5-86.0° dec; NMR (CDCls) 6 0.81 (t, 6 H), 1.29 (m, 4 H), 2.47
(m, 4 H), 7.37 and 7.65 (n, total 10 H).

1,1’-Dichloro-1,1’,3,3,3' 3'-hexaphenylazopropane. Addition
of liquid chlorine to 3,3-diphenylpropiophenone azine by the gen-
eral procedure affordec a quantitative yield. Recrystallization
from hexanes yielded material melting with decomposition at
227-228°; NMR (CDCl3) 6 3.26 (m, 4 H), 4.07 (t, 2 H), 6.80-7.36
(m, 30 H).

(2,2-Dimethyl-1-chloro-1-phenylpropyl)azomethane. Addi-
tion of liquid chlorine to 2,2-dimethylpropiophenone methylhy-
drazone by the general procedure yielded an unstable, yellow, vis-
cous oil. The NMR spectrum of the product in CDCl3 changed rap-
idly with time. Short exposure to the atmosphere resulted in the
rapid evolution of gas. Owing to instability of this product no
quantitative data were obtained.

General Procedure for the LiAlkH; Reduction of the 1,1'-
Dichloroazoalkanes. Each of the 1,1’-dichloroazoalkanes was re-
duced with excess lithium aluminum hydride to the corresponding
secondary azoalkanes (Table I). The reflux time varied with the
compound; completion of the reaction was taken as the disappear-
ance of the green color in the reaction mixture. The preparation of
2,2'-azobutane illustrates the general procedure.

In a 500-ml three-necked flask equipped with an addition fun-
nel, condenser, and mechanical stirrer were placed 2.5 g (0.066
mol) of lithium aluminum hydride and 50 ml of dry ether. The
stirred solution was cooled to 0° and 11 g (0.052 mol) of 1,1’-di-
chloro-2,2’-azobutane in 200 ml of dry ether was added in ca. 15
min. The mixture was allowed to warm to room temperature and
then refluxed for 19 hr. The aqueous and organic phases obtained
upon hydrolysis of the ice-cooled mixture by the slow addition of a
saturated solution of socium potassium tartrate (100 ml) with vig-
orous stirring were separated. The former phase was removed and
extracted three times with ether, and the ether extracts were com-
bined with the latter phase. The ethereal solution was washed
twice with water, dried over anhydrous magnesium sulfate, fil-
tered, and freed of ether under reduced pressure. Distillation of
the crude yellow oil yielded 4.8 g (63%) of 8, bp 48.5-49.0° (25 mm)
[lit.3P bp 49-52° (27 mm)].

1,1’-Bis(4-bromophenyl)azoethane (5). Using a reflux time of
19 hr, 5 was prepared by the general procedure. A 41% yield was
obtained after recrysta:lization from methanol: mp 107.5-108°;
NMR (CDCls) 6 1.46 (d, 6 H), 4.52 (q, 2 H), 7.22 (d, 4 H), 7.44 (d, 4
H).
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1,1'-Di(2-naphthyl)azoethane (7). Using a reflux time of 20 hr,
7 was prepared by the general procedure. A 58% yield was obtained
after recrystallization from a 3:1 mixture of methanol and acetone:
mp 144-144.5°; NMR (CDCl3) 6 1.60 (d, 6 H), 4.83 (q, 2 H), 7.48
(m, 6 H), 7.80 (m, 8 H).

1,1',3,3,3",3'-Hexaphenylazopropane (10). Using a reflux time
of 18 hr, 10 was prepared by the general procedure. A 60% yield
was obtained after recrystallization from methanol: mp 146.5—
147.5° dec; NMR (CDCl3) 6 2.78 (m, 4 H), 3.53 (m, 2 H), 4.42 (m, 2
H), 6.82-7.50 (m, 30 H).

1,1’-Diphenyl-2,2,2’,2-tetramethylazopropane (11). Using a
reflux time of 4 hr, 11 was prepared by the general procedure. A
61% yield was obtained after recrystallization from methanol: mp
155.5-156.5°; NMR (CDCl3) 6 1.00 (s, 18 H), 4.17 (s, 2 H), 7.11 (s,
10 H).

L,1’-Diphenyl-2,2,2, 2’ -tetramethylazopropane-1,1’-d>  (12).
Using lithium aluminum deuteride instead of lithium aluminum
hydride in the general procedure, 12 was prepared with a reflux
time of 4 hr. A 63% yield was obtained upon recrystallization from
methanol: mp 156-156.5°; NMR (CDCl3) 6 1.00 (s, 18 H), 7.11 (s,
10 H).

(2,2'-Dimethyl-1-phenylpropyl)azomethane (i7). Using the
procedure for the reduction of 1,1’-dichloroazoalkanes, 17 was pre-
pared with a reflux time of 15 hr. Crude 17 was purified by column
chromatography (column dimensions, 4.7 X 60 cm) using Baker
AR grade silica gel as the substrate and a 2:1 mixture of benzene
and hexanes as the eluting solvent followed by distillation: yield
56%; bp 52-54° (0.7 mm); NMR (CDCls) 6 0.94 (s, 9 H), 3.70 (s, 3
H), 4.10 (s, 1 H), 7.29 (m, 5 H).

Anal. Caled for C1oH8Ns: C, 75.74; H, 9.53; N, 14.75. Found: C,
75.76; H, 9.56; N, 14.38.

(2,2-Dimethyl-1-phenylpropyl- I-d)azomethane (18). Using
lithium aluminum deuteride, 18 was prepared and purified by the
procedure described for 17: yield 60%; bp 50-51° (0.6 mm): NMR
(CDCls5) 6 0.94 (s, 9 H), 3.70 (s, 3 H), 7.29 (m, 5 H).

Purification Procedure for Secondary Azo Compounds. Azo
compounds and silver nitrate (mole ratio 1:1) were added to a ter-
nary solution of ether, acetone, and water. The resulting solution
was stirred in the dark for 24 hr. The ether and acetone were re-
moved under reduced pressure and the azo compound was taken
up in ether. The ether solution was washed twice with a saturated
solution of sodium carbonate and then with water, dried over an-
hydrous magnesium sulfate, filtered, and freed of ether at reduced
pressure. The crude product was purified by column chromatogra-
phy (column dimensions, 4.7 X 60 cm) using silica gel as the sub-
strate and either benzene, hexanes, or a binary mixture of ben-
zene-hexanes as an eluting solvent, followed by distillation or re-
crystallization.
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Azido compounds 1 containing dipolarophile groups, such as C=C, C=C, and C=N bonds, were synthesized
from the corresponding anilines and thermezlly decomposed in aromatic hydrocarbon solvents. Bridgehead nitro-
gen aziridines 3 were obtained from la—e, probably through an intramolecular cycloaddition leading to unstable
A2-1,2,3-triazolines. From 1d-g, the corresponding 1,3-cycloaddition products, namely the fused-ring triazoles 7

and tetrazoles 8, were isolated in good yields.

1,3-Dipoles bearing an additional function able to behave
as a dipolarophile appear to be very interesting substrates.
In fact, the intramolecular cycloaddition of a properly
functionalized 1,3-dipole represents a general scheme for
the synthesis of fused ring heterocycles. Nevertheless, in
spite of the copious literature on 1,3-dipolar cycloadditions,
intramolecular examples have as yet received little atten-
tion.

With azides, intramolecular cycloadditions have been oc-
casionally reported,’?2 but systematic data are available
only for a series of azidoalkenes.® Also, a mechanism in-
volving an intramolecular 1,3-dipolar cycloaddition to the
carbonyl function is possibly operating in the formation of
3-arylanthranils from 2-azidobenzophenones, as proposed
on the basis of a kinetic investigation.*.

The present paper describes the results which we ob-
tained from a series of structurally related aryl azides bear-
ing different dipolarophile groups.

Results and Discussion

Azido compounds 1 were synthesized from the corre-
sponding anilines 2 by diazotization and treatment of the
intermediate diazonium salts with sodium azide.

R R
la, R=0CH,CH==CH, 2e, R=0CH,C=CPh
b, R=0CH,C(Me)==CH, f, R=0CH,CN

¢, R = 0CH,CH=CHPh g R =CH,CH,CN
d, R =0CH,C=CH

Reaction yields as well as physical and spectral data are
collected in Table 1.

All the compounds studied were decomposed by reflux-
ing in aromatic hydrocarbon solvents. Temperatures were
chosen on the basis of the different substrate reactivities.
Each run was continued until all the starting material was
consumed as indicatec by thin layer chromatographic anal-
yses of the reaction mixture.

Experimental conditions and reaction products, which
are summarized in Table II, will now be considered and
discussed for the different kinds of substrates.

Aryl Azides Bearing an Alkenyl Substituent. The de-
composition of azides la, 1b, and le¢ was performed in boil-
ing benzene, the reaction time being respectively 6, 11, and
16 hr. In the case of la, the crude product was a mixture of
two components, which were isolated by column chroma-
tography and identified as 1,l1a-dihydro-2H-azirino[2,1-
c][1,4]benzoxazine (3a) and 3-methyl-2H-1,4-benzoxazine
(4).> However, the reactions of 1b and lc gave essentially
only the aziridines 3b and 3¢, respectively.

Structures 3a—c were assigned on the basis of elemental
analyses, NMR spectra, and chemical behavior. The chemi-
cal shifts found for the protons of the aziridine ring in these

CH—R
N{I ' NH R

C—R, Nsc—Me &L

tH CH [\R,

ot g o-CH:

3a, R,=R,=H % 5a, Ry=H; R,=Me

b R,=H; R,=Me
¢ R,=Ph; R,=H

b: Rl =R/z = Me
¢, R,=H; R, =CH,Ph



1,3-Dipolar Cycloadditions of Aryl Azides

Table I
Preparation of Azido Compounds 12
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Compd Yield, % Mp, € NMR spectrum (CDCl3), T (s, Hz)

1a 80 0il® 2.8-3.4 (4 H, m, aromatics), 3.64.2 (1 H, m, CH=),
4.3-4.9 (2 H, m, CHy==), 5.48 (2 H, m, CH,0)

1b 88 0il? 2.8-3.3 (4 H, m, aromatics), 4.8-5.1 (2 H, m, CH,—),
5.54 (2 H, s, CH,0), 8.15 (3 H, s, CHj)

lc 63 49 2.5-3.2 (9 H, m, aromatics), 3.29 (1 H, d, J = 16, CH=),
3.61 (1 H, dt, J=5and 16, CH=), 5.28 2 H, d, J= 5,
CH,0)

1d 29 0il° 2.7-3.1 (4 H, m, aromatics), 5.30 (2 H, d, J = 2.5, CH,0),
744 (1 H, t, J= 2.5, CH=)

1le 68 oil? 2.5-3.1 (9 H, m, aromatics), 5.12 (2 H, s, CH,0)

1£ 63 67 2.9 (4 H, m, aromatics), 5.19 (2 H, s, CH,0)

1g 6 0il® 2.5-3.0 (4 H, m, aromatics), 6.9-7.6 (4 H, m, CH,CH,)

@ All compounds listed gave, in the ir spectrum, a strong band in the region 2120-2130 cm 1. ® Purity better than 95% (NMR). ¢ The NMR
analysis showed, together with 1d, 15% of triazole 7a (see later in the text).

compounds (Table III} agree with those reported for sever-
al aziridines.® Also, the absence of a geminal coupling in the
case of 3a and 3b is not unprecedented for bridgehead ni-
trogen aziridines.” For compound 3¢, the vicinal coupling
constant observed for the aziridine protons (3.5 Hz) com-
pares well to trans coupling given in the literature.®

Catalytic hydrogenation of 3a-c afforded the corre-
sponding benzomorpholines 5a—¢. Compound 5a5 was also
obtained from 4 by reduction with LiAlH,4.

It is noteworthy that aziridines 3a—c are thermally stable
(distillation in vacuo was possible without change), while
they are readily transformed in the presence of acidic
species, which cause extensive resinification, particularly in
the case of 3a.

The following points help to explain the above reactions.
The known behavior of several A2-1,2,3-triazolines, which
thermally decompose o give aziridines®-!! and imine deriv-
atives,!0 suggests that the formation of 3a—¢ and 4 could in-

Table IT

Decomposition of Azido Compounds 1¢

Compd Solvent

’

Time
hr Product{s) (yield, %)

Isolation pmcedu:eb

la
1b
1c
1d

le
1f

1g

Benzene
Benzene
Benzene
Benzene
Toluene

Xylene

Xylene

6 3a(58) + 4 (28) A [diethyl ether—tri-

11 3b (69)
16  3c (70)
0.5 Ta (75)
3 b (78)
4 8a (45)
17  8b (25)

ethylamin

e (9:1)]

A [diethyl ether—tri-
ethylamine (9:1)]

B (n-pentane)

A (diethyl ether)

B (benzene)

A [benzene—ethanol

(9:1)]

A [benzene—ethanol

(9:1)]

a By refluxing 0.1 M solutions. ® A = silica gel chromatography
(eluent in parentheses), B = crystallization (solvent in paren-
theses).

Table III
Physical, Spectral, and Analytical Data of Fused Ring Heterocycles 3, 7, and 8

Compd Mp, °C (bp, °C) Reerystn solvent NMR spectrum (CDCl3), T (4, Hz)

Empirical formula

9

aé., ?

R

An:
Caled

, H
Found C, H, N

N

3a  (78-80, 0.001 mm)

2.6-3.3 (4 H, m, aromatics),
5.55-6.10 (2 H, m, CH,0),

C4H,NO

7.05~7.35 (1 H, m, CH), 7.60,
7.94 (each 1 H, twod, J=5
and 4, CH,N)

3b (83-85, 0.1 mm)

2.6-3.3 (4 H, m, aromatics),

CH{;NO

5.83, 6.08 (each 1 H, AB type,
J =11, CH,0) 7.76 2 H, s,

CH,N),* 8.65 (3 H, s, CH,)
3c 74 n-Pentane 2.5-3.2 (9 H, m, aromatics),

C1543NO

5.6-5.8 (2 H, m, CH,0), 6.75
(1H,d, J=3.5, CH), 7.0

7.2 (1 H, m, CH)

Ta 52 n-Pentane 1.8-2.0, 2.6-2.9 (1 Hand 3 H, m, CyH;N;O
aromatics), 2.40 (1 H, s, CH),
4.62 (2 H, s, CH0)

o 195 Benzene 1.8-2.0, 2.2-2.9 (1 Hand 8 H, m, C;H;;N;0
aromatics), 4.43 (2 H, s, CH,0)

8a 152 Diethyl ether 1.9-2.2, 2.5-3.0 (1 Hand 3 H, m, CgHN,0
aromatics), 4.37 (2 H, s, CH,0)

8b 113 Diethyl ether 1.9-2.2, 2.4-2.7 (1 Hand 3 H, m,  CyHN,
aromatics), 6.56.9 (4 H, m,

CH,CH,)

73.45, 6.16,
73.68, 6.08,

74.51, 6.88,
74.12, 6.50,

80.69, 5.87,
80.55, 5.77,

62.42, 4.07,
61.92, 3.70,

72.27, 4.45,
72.24. 4.43,
55.17, 3.47,
55.40, 3.56,
62.71, 4.68,
62.89, 4.90,

9.52
9.23

8.69
8.89

24.27
24.27

16.86
16.94
32.17
32.07
32.54
32.07

a Splitting of this signal was observed in benzene-dg at 100 MHz, where two singlets appeared each counting for one proton (7 8.05, 8.14).
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volve, as the first stage, an intramolecular cycloaddition
leading to the unstable triazolines 6 (see Scheme I). The in-

Scheme 1
N—N 3a-c

N\(* /CH —R,
la-¢ —> T
CHz 4

tervention of such an intermediate was deduced in the case
of 1b by carrying out the decomposition at room tempera-
ture in hexadeuteriobenzene and monitoring the reaction
progress by NMR analyses; in addition to the signals of the
starting azide and the final product, the spectrum showed a
set of signals, which disappeared when the reaction went to
completion. These signals are reasonably attributed to the
triazoline 6, R1 = H; Ry = Me [r 6.43 (2 H, s, CH;0), 6.79,
7.35 (each 1 H, AB type, J = 10.5 Hz, CHsN), 9.20 (3 H, s,
CHs)].

The subsequent decomposition of the intermediate tria-
zolines involves nitrogen extrusion according to one or both
of the pathways shown in Scheme I. The lack of the prod-
ucts formed through pathway b when starting from azide
1b is well accounted for by the lower migratory aptitude of
the methyl group with respect to the hydrogen atom.'? In-
stead, in the case of lc, the stabilizing effect of the phenyl
group on the adjacent electron-deficient carbon atom may
be invoked to justify the observed behavior.

Aryl Azides Bearing an Alkynyl Substituent. While
the transformation of azide le was complete after 3 hr re-
fluxing in toluene, under the same conditions compound 1d
entirely disappeared after ca. 15 min. In fact the slow reac-
tion of the latter azide even at room temperature made it
impossible to purify. However, in spite of their different
reactivities, both azides 1d and le gave the triazole deriva-
tive of formula 7 as the only decomposition product (see
Table III for physical, analytical, and NMR data).

N—N
©iN\C C_R
O/CH2
7a, R=H
b, R=Ph

Although the isolation of 7a,b from ld,e is not surpris-
ing, it is noteworthy as the first example of intramolecular
cycloaddition of the azido group to the acetylenic function.
The greater reactivity of 1d in comparison to le is some-
what unexpected considering that the conjugated alkynes
are usually better dipolarophiles than the unconjugated.3
On the other hand, the bulky phenyl substituent may hin-
der the approach of the reactant groups; in this regard,
phenyl azide cycloadds to methyl propiolate 50 times faster
than to ethyl phenylpropiolate.14

Aryl Azides Bearing a Nitrile Function. Azidonitriles
1f,g were found to be more stable compounds than the re-
lated azides la—e. In fact, as shown in Table II, a higher
temperature was required for their decomposition.

Starting from both 1f and lg, the reaction led, apart
from some untractable tar, to the tetrazole derivative 8 in
satisfactory yields. Physical, analytical, and spectral data
are given in Table III.

The ring closure leading to 8a,b can reasonably be inter-
preted in terms of an intramolecular 1,3-dipolar cycloaddi-
tion. Actually, in intermolecular reactions, only nitrile
groups activated by electron-withdrawing substituents

Fusco, Garanti, and Zecchi

N=N
| |

Nyo#N
|
Lk
8a, X=0
b, X =CH,

have been shown to behave as dipolarophiles toward
azides.!® Unactivated 4-azidobutyronitrile and 5-azidoval-
eronitrile gave 1,5-polymethylenetetrazoles only in the
presence of an acidic catalyst.!>16

Clearly, in the case of 1f,g, the mutual ortho disposition
of the two interreacting groups provides a favorable stereo-
chemical constraint to the intramolecular approach. Some
activating effect by the oxygen atom could be responsinle
for the greater reactivity of 1f with respect to 1g.

Experimental Section

All melting points and boiling points are uncorrected. Infrared
spectra were determined on a Perkin-Elmer Model 377 spectro-
photometer. NMR spectra were taken on a Varian A-60A instru-
ment with Me4Si as internal standard.

Anilines 2a,!7 2d,!® 2¢,!? and 2f2° were prepared as reported.

Aniline 2b. A solution of SnCly (17.9 g) inr concentrated HCI (98
ml) was slowly added tc a solution of 2-methyl-3-(2-nitrophen-
oxy)propene?! (15.0 g) in acetic acid (90 ml) at 15°. Zinc powder
{50.3 g) was then added portionwise under stirring and cooling.
After 45 min at room temperature, the mixture was filtered and
the solvent was partly removed under reduced pressure. The resi-
due was treated with chloroform and water, then the aqueous layer
was separated, made alkaline by ammonia, and extracted with
chloroform. The organic solution was dried over MgSO4 and evap-
orated and the oily residue was distilled in vacuo to give aniline 2b
in 44% yield: bp 105-110° (0.5 mm); ir (film) 3500, 3430 cm™!
(NH2); NMR (CDCl3) 7 8.0-3.6 (4 H, m, aromatics), 4.8-5.2 (¢ H,
m, CHy=), 5.58 (2 H, s, CH,0), 6.31 (2 H, broad s, NHy), 8.17 (¢ H,
s, CHs).

Anal. Caled for C;oH:13NO: C, 73.59; H, 8.03; N, 8.58. Found: C,
74.02; H, 7.98; N, 8.45.

3-(2-Nitrophenoxy)-1-phenylpropene. A mixture of 2-nitro-
phenol (20.8 g), potassium carbonate (20.7 g), cinnamyl bromide
(30.5 g), and dry acetone (200 ml) was refluxed for 6 hr. The sol-
vent was partly removed, ether and water were then added, and
the organic layer was dried on MgSOy and evaporated. The residue
was taken up with a small amount of benzene and filtered to afford
3-(2-nitrophenoxy)-1-phenylpropene in 73% yield: mp 72-73° (n-
hexane-benzene); NMR (CCly) r 2.2-3.5 (10 H, m, aromatics and

CH=), 3.77 (1 H, dt, J = 15 and 5 Hz, CH=),5.30 (2 H,d,J =5
Hz, CH,0).

Anal. Caled for C;sH13NOg: C, 70.58; H, 5.13; N, 5.49. Found: C,
71.00; H, 5.04; N, 5.49.

Aniline 2c. A solution of SnCls (10.0 g) in concentrated HCI (75
ml) was slowly added to a solution of 3-(2-nitrophenoxy)-1-phenyl-
propene (13.5 g) in acetic acid (370 ml) at 15°. Zinc powder (37 g)
was added portionwise tnder stirring and cooling. After 1 h- at
room temperature, the mixture was filtered and the solution was
adjusted to pH 5 by ammonia; then the solvent was removed in
vacuo. The residue was made alkaline by ammonia and extracted
several times with chloroform. The organic solution was washed
with 10% NaOH, dried over MgSQy, and evaporated. The residue
was taken up with diisopropyl ether. Addition of n-hexane caused
separation of aniline 2¢ in 20% yield: mp 75-76°; ir (Nujol) 3550,
3430 (NHy), 1630 cm~! (C=C); NMR (CCly) 7 2.5-3.0 (4 H, m,
CeHy), 3.1-3.8 (6 H, m, CgHs and CH=CH), 5.38 (2 H, d, J = 5 Hz,
CH-0), 6.40 (2 H, broad s, NHy).

Anal. Caled for C15H1sNO: C, 79.97; H, 6.71; N, 6.22. Found: C,
80.15; H, 6.50; N, 6.38.

Aniline 2g. A mixture of 2-nitrocinnamonitrile®? (11.0 g), 10%
Pd/C (1.0 g), and ethanol (150 ml) was stirred under hydrogen at-
mosphere while cooling at 15°. When the absorption became slow
(4.5 1), the mixture was filtered and fresh catalyst was added (1.0
g). The hydrogen absorption continued until an overall amount of
6.2 1. was taken up. The catalyst was filtered off, the filtrate was
concentrated, and the residue gave aniline 2g in 69% yield: bp
128-132° (0.1 mm); ir (film) 3220 (NHs), 2180 cm~! (C=N); NMR
(CDCl;) 7 2.8-3.5 (4 H, m, aromatics), 6.45 (2 H, broad s, NHs),"
7.0-7.7 (4 H, m, CH2CH2).



Synthesis of 3,4-Dihydro-1H-1,3,4-benzotriazepine-2,5-diones

Anal. Caled for CgH;oNo: C, 73.94; H, 6.90; N, 19.16. Found: C,
74.20; H, 6.99; N, 19.01.

Preparation of Azides 1. General Procedure. A solution of
sodium nitrite (0.052 mol) in water (10 ml) was added dropwise to
a solution of aniline 2 (0.50 mol) in 4 N HCI (60 ml) under vigor-
ous stirring and ice cooling. The mixture was then neutralized by
NaHCOj3 and a solution of sodium azide (0.050 mol) in water (35
ml) was slowly added at ca. 5°. After 30 min, the mixture was ex-
tracted with ether and the organic solution was dried over MgSO,.
The solvent was removed under reduced pressure and afforded
practically pure azide 1, with the exception of l¢ and 1d, which
were purified by silica gel chromatography using as eluent respec-
tively benzene and a solution of diethyl ether—n-hexane (4:1). See
Table I

Decomposition of Azides 1. General Procedure. A 0.1 M so-
lution of azide 1 was refluxed until all the starting material was
consumed (see Table II for solvents and reaction times). The sol-
vent was then evaporated under reduced pressure and the residue
was worked up according to the procedure indicated in Table II.
Physical, spectral, and analytical data of compounds 3, 7, and 8 are
collected in Table ITI. Compound 4° gave the following NMR spec-

.trum (CDCly): 7 2.6-3.3 (4 H, m, aromatics), 5.53 (2 H, s, CHg),
7.90 (3 H, s, CHj).

Catalytic Hydrogenation of Aziridine 3a. A solution of 3a in
ethanol (40 ml) was stirred under hydrogen atmosphere in the
presence of Pd/C. When the theoretical amount of hydrogen was
absorbed, the catalyst wes filtered off and the solvent was evapo-
rated. Distillation in vacuo of the oily residue furnished compound
5a in 65% yield: bp 80-83° (0.4 mm) [lit.> bp 150-152° (24 mm)];
NMR, see ref 23.

Catalytic Hydrogenation of Aziridine 3b. Compound 5b was
obtained from 3b according to the above procedure in 72% yield:
bp 85-88° (0.4 mm); NMR (CDCl3) 7 3.1-3.6 (4 H, m, aromatics),
6.20 (2 H, s, CHy), 6.70 (1 H, broad s, NH), 8.81 (6 H, s, two CHj).

Anal. Caled for C10H1aNO: C, 73.59; H, 8.03; N, 8.58. Found: C,
73.65; H, 7.95; N, 8.37.

Catalytic Hydrogenation of Aziridine 3c. The above proce-
dure, when starting from 3¢ (0.2 g), led to 5¢ in 67% yield: mp 63°
(n-pentane); NMR (CDCl3) = 2.5-3.6 (9 H, m, aromatics), 5.6-6.5
(4 H, m, OCH5CH and NH), 7.1-7.4 (2 H, m, CHy).

Anal. Caled for C;5H:NO: C, 79.97; H, 6.71; N, 6.22. Found: C,
79.60; H, 6.58; N, 6.05.

Reduction of 4. A solution of ketimine 4 (0.155 g) in anhydrous
THF (10 ml) was added under stirring to a suspension of LiAlH4
(0.4 g) in THF (50 ml). After & hr refluxing, the excess of LiAlHy
was decomposed by ethyl acetate, water was added, and the mix-
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ture was extracted several times with ether. The organic solution
was dried over NasSO4 and evaporated. The residue was distilled
in vacuo to afford 5a in 65% yield.

Registry No.—1a, 55000-07-2; 1b, 55000-08-3; 1¢, 55000-09-4;
1d, 55000-10-7; le, 55000-11-8; 1f, 55000-12-9; 1g, 55000-13-0; 2a,
27096-64-6; 2b, 55000-14-1; 2¢, 55000-15-2; 2d, 52536-39-7; 2e,
52536-40-0; 2f, 31507-29-6; 2g, 55000-16-3; 3a, 55000-17-4; 3b,
55000-18-5; 3¢, 55000-19-6; 4, 55000-20-9; 5a, 32329-20-7; 5b,
55000-21-0; 5e, 55000-22-1; 6 (R; = H; Ry = Me), 55012-68-5; 7a,
235-23-4; 7b, 55000-23-2; 8a, 55000-24-3; 8b, 35213-60-6; 2-methyl-
3-(2-nitrophenoxy)propene, 13414-54-5; 2-nitrophenol, 88-75-5;
cinnamyl bromide, 4392-24-9; 3-(2-nitrophenoxy)-1-phenylpro-
pene, 55000-25-4; 2-nitrocinnamonitrile, 55000-26-5.
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Two new routes to the title compounds have been developed. 3,4-Dihydro-3-methyl-1H-1,3,4-benzotriazepine-
2,5-dione (3) was prepared by treating 2-carboalkoxyphenyl isocyanate (1) with methylhydrazine and cyclizing
the semicarbazide ester (2) with base. The 4-methyl isomer of 3 (7a) was prepared by treating 2-isocyanatoben-
zoyl chloride (6a) with methylhydrazine. Two reports which disclose syntheses of extensive numbers of 3,4-dihy-
dro-1H-1,3,4-benzotriazepine-2,5-diones are shown to be in error. These routes lead, instead, to 3-amino-

2,4(1H,3H)-quinazolinediones.

In the past several years much research effort has been
expended on the preparation of benzodiazepines for evalu-
ation as potential psychotherapeutic agents. All six classes
are known, and their chemistry and pharmacology have
been studied extensively.!

Pharmaceutical interest in the benzotriazepines has
evolved from the benzodiazepines. Of the six possible
classes? of benzotriazepines, only three have been studied
to date. No representatives of the benzo-1,2,3-, 1,2,4-, or
2,3,4-triazepine classes are known. Benzo-1,3,4-triazepines?

and benzo-1,2,5-triazepines? are well documented in the lit-
erature. Benzo-1,3,5-triazepines® are documented in a few
instances.

This report deals specifically with 3,4-dihydro-1H-1,3,4-
benzotriazepine-2,5-diones. We have developed new, un-
equivocal entries into this class of compound which allow
us to critically examine the few reported entries, and the
compounds which have been made by these routes and as-
signed as 3,4-dihydro-1H-1,3,4-benzotriazepine-2,5-diones.

Treatment of 2-carboalkoxyphenyl isocyanates la and
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1b with methylhydrazine gave the semicarbazides 2aé and
2b. Cyclization of 2a with potassium tert-butoxide in tert-
butyl alcohol or 2b with sodium hydride in dimethoxyeth-
ane (DME) and dimethyl sulfoxide (DMSO) gave a mixture
of benzotriazepinedione 3 and a compound to which we as-
sign structure 4, as shown in Scheme I. Compounds 3 and 4
were separated by subjecting the mixture to Soxhlet ex-
traction with dioxane. The electron impact mass spectrum
of 4 contained no parent peak. The fragmentation pattern
resembled that of 3.

Treatment of isatoic anhydride (5a) with thionyl chlo-
ride and a catalytic amount of pyridine gave 2-isocyanato-
benzoyl chloride (6a), as reported.® Reaction of 6a with
methylhydrazine yielded benzotriazepinedione 7a, isomeric
with 3. A solid polymeric material was also formed in the
reaction, but it is worthy of note that 7a was the only isola-
ble monomeric material. Likewise, 2-isocyanato-5-chloro-
benzoyl chloride (6b) was prepared and treated with meth-
ylhydrazine to yield 7b as the sole monomeric product. (See
Scheme II.) Thus, by varying the electrophilic reactivity of
the o-carboxy-derived group on the phenyl isocyanate from
carboalkoxy to carbonyl chloride, groups which are less and

Peet and Sunder

more susceptible to nucleophilic attack, respectively, than
the isocyanato group, we have controlled the site for initial
attack by the methyl-bearing nitrogen of methylhydrazine
and effected selective syntheses for the isomeric benzotria-
zepinediones 3 and 7a.

Alkylation of either 3 or 7a with methyl iodide, using so-
dium hydride as the base in DMF, yielded the same di-
methylbenzotriazepinedione 8a. The results of these exper-
iments served to relaste 3 and 7a to each other and to
the known literature compound 8a, which was prepared
from isatoic anhydride and sym-dimethylhydrazine by
Hromatka et al.® as shown in Scheme III. Compound 7b
was also converted to the known compound 8b in similar
fashion. Hromatka et al. report two other authentic benzo-
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triazepinediones in addition to compounds 8a and 8b.
These compounds represent the only authentic group of
3,4-dihydro-1H-1,3,4-benzotriazepinediones in the litera-
ture (vide infra). It is interesting to note that compounds 3
and 7 are selectively alkylated in the 4 and 3 positions, re-
spectively, with no apparent competitive alkylation at posi-
tion 1, since N-phenylamides are N-alkylated under these
conditions.!® This selectivity is apparently another demon-
stration of the « effect.!!

Langis and Charest!? report two methods for the prepa-
ration of 3,4-dihydro-1H-1,3,4-benzotriazepine-2,5-dione
(11) and derivatives of 11. Their methods for 11 involve the
cyclization of 1-(2-aminobenzoyl)semicarbazide in decalin
at reflux and treatment of 2-aminobenzoylhydrazine (10)
with urea in decalin at reflux. In a reexamination of their
work, we treated 10 with urea in decalin at reflux and
found that the product of this reaction was 3-amino-
2,4(1H,3H)-quinazolinedione (12) and not 11 (Scheme IV).
The product of this reaction was identical in all respects
with a sample of 12 whose synthesis is reported in the liter-
ature.!> We feel that 19 of the 21 additional compounds re-
ported as benzotriazepinediones by Langis and Charest,
which were prepared (with one exception) by treating 2-
aminobenzoylhydrazines (most of which contained substit-
uents on the terminal hydrazide nitrogen) with urea in de-
calin at reflux, are probably 3-amino-2,4(1H,3H)-quinazol-
inediones.!4

Thermal cyclization of 1-(2-aminobenzoyl)semicarbazide
(13) in decalin also yielded 3-amino-2,4(1H,3H)-quinazo-
linedione (12) in good yield (Scheme IV). This transforma-
tion is less obvious than the conversion of 10 to 12. It is
possible that 11 is an intermediate in this cyclization, gen-
erating 12 through the secondary intermediates 15, 16, or
17. Alternatively, 12 could arise from intermediate 14.
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A recent U.S. Patent by Bailey'® discloses a preparative
method for 3,4-dihydro-1H-1,3,4-benzotriazepine-2,5-
diones. The general method of preparation involves the
condensation of alkyl N-carboxyanthranilates with hydra-
zines. In a reexamination of this reaction, we treated meth-
yl N-carbomethoxyanthranilate (18) with hydrazine hy-
drate and isolated only the quinazolinedione 12, in good
yield (Scheme V).

We next prepared intermediate 20, which is also re-
ported by Bailey, and treated it with hydrazine hydrate.
The product isolated was 1-methyl-3-amino-2,4(1H,3H)-
quinazolinedione (21) and not 22, as reported by Bailey.
Confirmation of structure was achieved by methylating 12
to yield 21. See Scheme V1.

We feel that the above results cast serious doubt on the
structures of at least 70 of the 77 compounds disclosed as
benzotriazepinediones by Bailey.!5? It appears that the six-
membered quinazolinedione ring system is thermocynami-
cally favored over the seven-membered benzotriaze-
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pinedione ring system, and that even in well-intentioned
experiments designed to produce the latter system, quina-
zolinediones result where possible.

Additional confirmation for the presence of primary
amino functionalities in 12 and 21 was established chemi-
cally. Both 12 and 21 were condensed with p-nitrobenzal-
dehyde to yield the respective Schiff bases 23 and 24.

0
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Other available possible precursors to 12 (or 11) were la
or 6a. The addition of 1a or 6a to excess hydrazine afforded
almost quantitative yields of 12. However, when the order
of addition was reversed and equimolar amounts of hydra-
zine were used, good yields of bis compound 25 resulted.
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Experimental Section

Preparation of Methyl 2-{[(1-Methylhydrazine)carbonyl]-
aminolbenzoate (2a). A 422-g (2.38 mol) quantity of 2-carbo-
methoxyphenyl isocyanate (1a)16 in 500 ml of CHsCl; was added to
a solution of 110 g (2.38 mol) of methylhydrazine (Aldrich) in 500
ml of CH4Cl; over a 60-min period with ice-bath cooling. The solu-
‘tion (whose ir spectrum showed no N=C=0 stretch) was concen-
trated and the resulting solid was recrystallized in crops from
CHClo-hexane to yield 406 g (77%) of 2a as clear -prisms: mp
123.56-125.5°; ir (Nujol) 3350, 3260, and 3210 (NH), 1700 (ester
C=0), 1670 cm ! (semicarbazide C=0); NMR (CDCls) § 11.64 (s,
1, NH), 8.82-8.68 (m, 1, aromatic), 8.00-7.85 (m, 1, aromatic),
7.64-7.30 (m, 1, aromatic), 7.07-6.75 (m, 1, aromatic), 3.97 (s, 2,
NHy), 3.83 (s, 3, OCH3s), 3.19 (s, 3, NCH3y).

Anal. Caled for C10H1sN303: C, 53.80; H, 5.87; N, 18.83. Found:
C, 53.80; H, 5.87; N, 18.61.

A 4.46-g (20.0 mmol) quantity of 2a and 3.02 g (20.0 mmol) of
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p-nitrobenzaldehyde (Aldrich) in 150 ml of ethanol were heated at
reflux for 3 hr. The precipitate was removed by filtration to yield
5.93 g (83%) of the Schiff base: mp 232-242° (EtOH); ir (Nujol)
3200, 1680, 1580 cm ™1,

Anal. Caled for C17H16N4O5: C, 57.30; H, 4.53; N, 15.73. Found:
C, 57.10; H, 4.59; N, 15.83.

Preparation of 3,4-Dihydro-3-methyl-1H-1,3,4-benzotria-
zepine-2,5-dione (3). A. tert-Butoxide Method. A solution of
53.4 g (0.239 mol) of 2a and 26.8 g (0.239 mol) of potassium tert-
butoxide (Aldrich) in 1100 ml of tert-butyl alcohol was heated at
reflux under a nitrogen atmosphere for 18 hr. The solution was
evaporated to one-third volume, diluted with water (1 L.), and acid-
ified with concentrated HCI. The resulting precipitate was collect-
ed and washed with ether to yield 28.4 g of a mixture containing 3
and 4, mp 229-231°. The mixture was subjected to Soxhlet extrac-
tion with dioxane to remove, as prisms from the cooled dioxane ex-
tract, 16.1 g (35%) of 3: mp 242-245°; ir (Nujol) 3240 and 3110
(NH), 1710 (C==0), 1670 cm~! (C=0); NMR (DMSO) 5 10.10 (s,
1, NH), 9.54 (s, 1, NH), 7.85-6.97 (m, 4, aromatic), 2.93 (s, 3, CHy);
mass spectrum (70 eV) m/e 191 (molecular ion).

Anal. Caled for CoHgN3O9: C, 56.54; H, 4.75; N, 21.98. Found: C,
56.70; H, 4.81; N, 21.70.

The material remaining in the thimble, after additional lixivia-
tion with hot dioxane (4 X 100 ml), yielded 7.83 g (17%) of 4: mp
237-239°; ir (Nujol) 335C and 3230 (NH), 1675 cm~! (C=0); mass
spectrum (70 eV) m/e (rel intensity) 217 (1), 191 (33), 163 (83), 162
(97), 146 (93), 30 (100). A field ionization mass spectrum displayed
a parent peak at m/e 382.

Anal. Caled for C1gH1sNgOy4: C, 56.54; H, 4.75; N, 21.98. Found:
C, 56.40; H, 5.05; N, 22.25.

A 100-MHz NMR spectrum of 4 was obtained in DMSO-dg and
in DMSO-dg with added trifluoroacetic acid (TFA). The added
TFA served to sharpen the spectrum and to shift any signals due
to H20 or exchangeable protons downfield. The DMSO-dg-TFA
spectrum indicated the presence of two or more conformers in so-
lution, showing NH resonances at § 11.78, 11.72, 11.17, 10.14, and
8.86, aromatic multipless at 8.14-7.89 (4), 7.80-7.34 (6), and 7.34—
7.00 (6), and methyl signals at 3.34 (broad, 3), 3.23 (sharp, 3), 2.79
(sharp, 3), and 2.71 (broad, 3). The integral intensities of the NH
signals could not be accurately determined, but it was clear that
the integral ratio of total aromatic protons to total NCH; protons
was 4:3, respectively.

B. Sodium Hydride Method. A 31.9-g (0.167 mol) quantity of
2b (mp 152-154°, prepared in similar fashion to 2a in 84% yizsld)
and 10.2 g (0.423 mol) of NaH (Alfa) in 600 ml of dimethoxyethane
and 30 ml of DMSO were heated at reflux for 15 hr. (The reaction
was monitored by withdrawing aliquots and diluting them with
water. When starting ester still remained, its presence was evident
at this point by its appearance as a precipitate.) The reaction rix-
ture was cooled, diluted with 3 1. of ice-cold water, and acidified
with concentrated HCI to yield a tan precipitate which was collect-
ed and dried to yield 22.4 g. Lixiviation with several portions of
hot dioxane left 4.31 g (14%) of 4. Crystallization of 3 from the hot
dioxane extract yielded 6.97 g (22%).

Preparation of 2-Isocyanatobenzoyl Chlorides 6a and 6b. 2-
Isocyanatobenzoyl chloride (6a) was prepared as reported® in 82%
yield, bp 85° (0.3 mm) [lit.8 bp 105° (6 mm)].

A 496-g (2.51 mol) quantity of 5-chloroisatoic anhydride (Al-
drich), 2 kg of SOCl,, and 3 ml of pyridine were heated at reflux.
After 8 days (solution had not resulted), an additional 1 kg of
SOCly and 2 ml of pyridine were added. After 2 weeks, 2 1. of diox-
ane was added. After 3 weeks at reflux, solution had resulted, and
the reaction solution was cooled and concentrated to yield a slurry.
Filtration removed 176 g of yellow solid.1” The filtrate (475 g) was
distilled to yield 153 g (31%) of 6b: mp 53-57°; bp 115-117° (1.3
mm); ir (Nyjol) 3100 (CH), 2280 (NCO), 1740 cm™! (C=0).

Preparation of 3,4-Dihydro-4-methyl-1H-1,3,4-benzotria-
zepine-2,5-dione (7a). To a stirred solution of 20.5 g (0.113 mol)
of 6a in 1 L. of CHoCly at 0° was added a solution of 5.21 g (0.113
mol) of methylhydrazine and 114 g (0.113 mol) of triethylaminz in
200 ml of CHoCls over a 30-min period. The reaction solution was
cloudy during the addition, clear at the end, and after ca. 15 min a
precipitate began forming. After 20 hr, the precipitate was collect-
ed, washed with Hy0, and dried to yield 3.04 g of solid. The filtrate
was washed with HoO and concentrated to 150 ml. An additicnal
0.08 g of solid was precipitated and collected as above: total yield
of 7a 8.12 g (14.4%);'® mp 266-267°; ir (Nujol) 3270 and 3190
(NH), 1725 (C=0), 1630 cm™! (C=0); NMR (DMSO0) 5 9.44 (s, 1,
NH), 8.84 (s, 1, NH), 7.90-6.93 (m, 4, aromatic), 3.30 (s, 3, CH3y);
mass spectrum (70 eV) m/e 191 (molecular ion).
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Anal. Caled for CoHgN304: C, 56.54; H, 4.75; N, 21.98. Found: C,
56.70; H, 4.73; N, 22.17.

Preparation of 3,4-Dihydro-4-methyl-7-chloro-1H-1,3,4-
benzotriazepine-2,5-dione (7b). To a stirred solution of 131 g
(0.607 mol) of 6b in 1200 ml of CHsCl, at 0° was added a solution
of 28.0 g (0.607 mol) of methylhydrazine and 61.4 g (0.607 mol) of
triethylamine in 400 ml of CHyCl; over a 30-min period. The reac-
tion appearance was identical with that of 7a. After 1 hr the pre-
cipitate was ccllected and dried to yield 19.8 g (14%), mp 280-284°,
of 7b: mp 293-295° (dicxane-hexane); ir (Nujol) 3250 and 3150
(NH), 1725 (C=0), 1630 cm~! (C=0); NMR (DMSO0) 6 9.73 (s, 1,
NH), 9.03 (s, 1, NH), 7.88-7.02 (m, 3, aromatic), 3.27 (s, 3, CHj).

Anal. Caled for CoHgCIN3O9: C, 47.90; H, 3.57; N, 18.62. Found:
C, 48.10; H, 3.64; N, 18.99.

Preparation of 3,4-Dihydro-3,4-dimethyl-1H-1,3,4-benzo-
triazepine-2,5-dione (8a). A. From 3. To a stirred mixture of
0.900 g (37.5 mmol) of NaH in 20 ml of DMF under nitrogen was
added 5.73 g (30.0 mmol) of 3. To the resulting yellow solution was
slowly added 10 ml of CH3l with ice-bath cooling. The reaction was
exothermic and a white precipitate resulted. After 2 hr of stirring
at room temperature, the reaction mixture was partitioned be-
tween H0 and CH,Cl, and the organic extracts were dried
(NasS0y) and concentrated to leave an oil which was triturated
with ether to yield 3.80 g (62%) of 8a: mp 185-188° (lit.® mp 189—
190°); ir (Nujol) 3260 (NH), 1705 (C=0), 1625 e¢cm~! (C=0);
NMR (DMSO) 6 9.78 (s, 1, NH), 8.05-7.05 (m, 4, aromatic), 3.23 (s,
3, CH';), 2.94 (S, 3, CH3)

Anal. Caled for C10H11N309: C, 58.53; H, 5.40; N, 20.48. Found:
C, 58.50; H, 5.48; N, 20.5¢.

B. From 7a. To a stirred mixture of 1.20 g (50.0 mmol) of NaH
in 25 ml of DMF under nitrogen was added 8.70 g (45.5 mmol) of
7a. To the resulting yellow solution was slowly added 15 ml of
CH3sl with ice-bath cooling. The reaction was exothermic and a
white precipitate resulted. After 3 hr of stirring at room tempera-
ture the reaction mixture was partitioned between HoO and
CH.Cl; and the organic extracts were dried (Na;SO4) and concen-
trated to yield 8.60 g of white solid after trituration with hexane,
mp 175-185°. Crystallization from CH3Cl,-hexane yielded 5.40 g
(58%) of 8a, mp 186-189°; ir of this sample was identical with that
made from 3, and a mixture melting point of the two samples was
undepressed.

Preparation of 3,4-Dihydro-3,4-dimethyl-7-chloro-1H-
1,3,4-benzotriazepine-2,5-dione (8b). To a stirred mixture of
0.96 g (40.0 mmol) of NaH in 25 ml of DMF under nitrogen was
added 9.02 g (40.0 mmol) of 7b. After 5 min of stirring a 10-ml vol-
ume of CH3l was added slowly with ice-bath cooling. The mixture
was partitioned between HyO and CH3Cls and the organic extracts
were dried (NagSO4) and concentrated to leave 12.9 g of sticky
solid. Recrystallization (CH2Cly-ethanol) afforded 5.34 g (55%) of
8b: mp 218-220° (lit.° mp 222°); ir (Nujol) 3250 and 3175 (NH),
1705 (C==0), 1635 ¢cm™! (C=0); NMR (DMSO) 6 9.53 (s, 1, NH),
7.77-6.95 (m, 3, aromatic), 3.22 (s, 3, CHs), 2.97 (s, 3, CH3).

Anal. Caled for CioH1oCIN3O2: C, 50.11; H, 4.20; N, 17.53.
Found: C, 50.40; H, 4.23; N, 17.63.

Preparation of 3-Amino-2,4(1 H,3 H)-quinazolinedione (12).
A. From Methyl 2-[(Methoxycarbonyl)amino]benzoate (18).
To 35.4 g (0.200 mol) of 1a was added 10 ml of methanol with ice-
bath cooling. After the exothermic addition the ir (neat) showed no
remaining isccyanate. The excess methanol was evaporated to
leave 40.69 (97%) of 18 as a light oil (lit.!® mp 59-61°): ir (neat)
3300 (NH), 1715 (carbamate C=0), 1690 cm™! (ester C=0).

To 40.6 g (0.194 mol) of 18 in 250 ml of absolute ethanol was
added 85 ml of hydrazine hydrate (Eastman). After 15 min of stir-
ring a voluminous precipitate was present.?’ After 16 hr at reflux,
the reaction mixture was cooled and the precipitate was collected
and dried to afford 30.7 g (89%) of 12: mp 287.5-290° (lit.'* mp
291.5-293°); ir (Nujol) 3340 (NH), 1725 (C==0), 1645 cm™!
(C=0); NMR (DMSO) 4 10.50-8.33 (broad signal, NH), 8.12-7.05
(m, 4, aromatic), 5.52 (s, 2, NHg).

An 8.85-g (50.0 mmol, quantity of 12, 7.88 g (52.1 mmol) of p-
nitrobenzaldehyde (Aldrich), and 450 ml of absolute ethanol were
heated at reflux for 36 hr. The mixture was cooled and the precipi-
tate was removed by filsration and washed with ethanol to leave
14.4 g (93%) of Schiff base 23: mp 318-319°; ir (Nujol) 3190 (NH),
1720 (C==0), 1665 cm~! (C=0); NMR (DMSQO) § 8.75 (s, 1, aldi-
mine), 8.35-6.90 (m, 8, aromatic).

Anal. Caled for C;5H)N4Oy4: C, 58.06; H, 3.25; N, 18.06. Found:
C, 58.23; H, 3.30; N, 18.02.

B. From 2-Aminobenzoylhydrazine (10). 2-Aminobenzoylhy-
drazine, mp 118-122° (lit.?! mp 120-121°), was prepared in 86%
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yield according to the method of Barlin.21:22 A 30.2-g (0.200 mol)
quantity of 10, 12.0 g (0.200 mol) of urea, and 300 ml of decalin
were heated at reflux until evolution of ammonia ceased (4 hr).
The reaction mixture was cooled and the precipitate was collected,
washed with ether, and recrystallized (DMSO-H0) to yield 28.69
g (82%) of 12 (mp 281-284°).

C. From 1-(2-Aminobenzoyl)semicarbazide (13). A sample of
13, mp 194-196°, was prepared using the method described by
Langis and Charest!? for 1-(2-amino-5-chlorobenzoyljsemicarba-
zide. A 10.0-g (0.0515 mol) quantity of 13 and 75 ml of decalin were
heated at reflux for 3 hr. The mixture was cooled and the precipi-
tate was collected, washed with ether, and recrystallized (DMSO-—
H:0) to yield 6.10 g (67%) of 12 (mp 286-290°).

Preparation of 1-Methyl-3-amino-2,4(1 H,3 H)-quinazoline-
dione (21). A. From Methyl 2-[(Methyl)amino]benzoate (19).
2-[(Methyl)amino]benzoic acid was converted to ester 19, bp 75°
(0.15 mm) [lit.22 bp 130-131° (15 mm)], using a standard proce-
dure.2* Carbamate ester 20, bp 120-125° (0.50 mm) [lit.15 bp $5-
104° (0.12-0.20 mm)], was prepared from 19 and ethyl chlorofor-
mate in 66% yield. A solution of 5.50 g (23.2 mmol) of 20 and 13.0
ml of hydrazine hydrate in 40 ml of ethanol was heated at reflux
for 2 hr. The mixture was cooled and the precipitate was collected,
washed with ethanol, and dried to yield 2.23 g (50%) of 21: mp
240-241°; ir (Nujol) 3310 and 3240 (NH), 1710 (C=0), 1640 cm™!
(C=0); NMR (TFA) § 8.70-7.60 (m, 4, aromatic), 3.92 (s, 3, CHa);
mass spectrum (70 eV) m/e 191 (molecular ion).

Anal. Caled for CoHgN3Oq: C, 56.54; H, 4.75; N, 21.98. Found: C,
56.30; H, 4.69; N, 22.15.

A 1.00-g (5.23 mmol) quantity of 21, 0.790 g (5.23 mmol) of p-
nitrobenzaldehyde, and 50 ml of absolute ethanol were heated at
reflux for 8 hr. The mixture was cooled and the precipitate was re-
moved by filtration and washed with ethanol to leave 1.30 g (77%)
of Schiff base 24: mp 246-247°; ir (Nujol) 1700 (C=0), 1660 cm—!
(C==0).

Anal. Caled for CigH1oN4Oy4: C, 59.26; H, 3.73; N, 17.28. Found:
C, 59.45; H, 3.44; N, 17.33.

B. From 12. To a stirring mixture of 2.27 g (94.5 mmol) of NaH
in 40 ml of DMF under nitrogen was added 16.8 g (94.5 mmol) of
12. After 5 min, a 20-ml volume of CH;3I was added slowly and with
cooling, to produce a white precipitate in the exothermic reaction
medium. After 4 hr of stirring the reaction mixture was diluted
with water and the resulting precipitate was collected and dried to
yield 10.7 g (59%) of 21 (mp 228-235°). Recrystallization of a por-
tion from ethanol gave white plates, mp 238-241°, whose ir was
identical with that of the material prepared in part A.

Preparation of 3,3'(2H,2' H)-biquinazoline-2,2',4,4'-
(1H,1’' H)-tetrone (25). A. From 6a. To 18.2 g (0.100 mol) of 6a in
100 ml of CHyCly at 0° was added a solution of 3.22 g (0.100 mol)
of 95% hydrazine (Eastman) and 10.1 g (0.100 mol) of triethyl-
amine in 50 ml of CH3Cl; over a 30-min period. The mixture was
stirred for 1 hr and the precipitate was collected, washed with
water, and dried to afford 21.1 g (66%) of 25: mp >340° (DMSO-
H,0); ir (Nujol) 3280 (NH), 1625, 1605, 1580 cm~1; NMR (DMSO)
6 8.45-7.25 (m, aromatic); mass spectrum (70 eV) m/e 322 (molecu-
lar ion).

Anal. Caled for C1gH19N4O4: C, 59.63; H, 3.13; N, 17.39. Found:
C, 59.88; H, 3.05; N, 17.50.

B. From la. To 17.7 g (0.100 mol) of 1a in 75 ml of CH,Cls at 0°
was added 3.22 g (0.100 mol) of 95% hydrazine in 20 ml of CHoCls
over a 20-min period. After 1 hr the precipitate was collected to af-
ford 13.6 g (42%) of 25 (mp >340°) whose ir was identical with that
made in part A.

Additional Preparations of 12. A. From 6a. To an ice-cold so-
lution of 16.0 g (0.500 mol) of hydrazine in 100 ml of CHyCl, was
added 9.08 g (50.0 mmol) of 6a in 50 ml of CHCl; over a 35-min
period. After 1 hr the precipitate was removed by filtration,
washed with H90, and dried to yield 8.02 g (90%) of 12, mp 280-
284°.

B. From la. To an ice-cold solution of 32.0 g (1.00 mol) of hy-
drazine in 200 ml of CHoCl, was added 17.7 g (0.100 mol) of la in
100 ml of CHyCly over a 60-min period. After 1 hr the precipitate
was removed by filtration and washed with CHyCl; to yield 156 g
(88%) of 12, mp 283-287°.
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8a, 23829-79-0; 8b, 23829-80-3; 10, 1904-58-1; 12, 30386-01-7; 13,
55043-83-9; 18, 7143-42-2; 19, 85-91-6; 20, 33923-02-3; 21, 55043-
84-0; 23, 55043-85-1; 24, 55043-86-2; 25, 55043-87-3; methylhydraz-
ine, 60-34-4; p-nitrobenzaldehyde, 555-16-8; potassium tert-bu-
toxide, 3999-70-0; methanol, 67-56-1; urea, 57-13-6; ethyl chloro-
formate, 541-41-3.
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Synthesis of Fused Phenothiazines.
2,3-Dihydro-1 H-pyrimido[5,6,1- kI]phenothiazine-1,3-dione and
6H,16 H-[1,5]Diazocino[3,2,1-k17,6,5- k’I'ldiphenothiazine-6,15-dione
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10—Trifluoromethyl—2,3~dihydro—lH—pyrimido[5,6,1-kl]phenothiazine—3-one-l-thione (6) was prepared starting
from 8-trifluoromethylphenothiazine-1-carboxylic acid (3) by thermal cyclization of the acid isothiocyanate. This
was converted to tee 1,3-dione by acid hydrolysis of the 1-methyl mercaptan derivative. Alkylation and oxidation
to sulfoxide and sulfone derivatives are described. Pyrolysis of the anhydride of 3 gave 3,13-bis(trifluoromethyl)-
6H,16H-[1,5]diazocino[3,2,1-k1:7,6,5-k’l'|diphenothiazine-6,16-dione.

Quinazoline-2,4-diones (1), derived from flufenamic acid,
were recently described as anti-inflammatory agents.!

0
NR
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¥ N No
CF,
1 2

Since we previously observed anti-inflammatory properties
with 8-trifluoromethylphenothiazine-1-carboxylic acid (3),2
an analog of flufenamic acid, we undertook preparation of
some pyrimidinediones (2) derived from 3.

Typical syntheses of quinazolinediones such as 1 invo.ve
fusing the N-arylantbranilic acid, ester, or amide with
urea, thiourea, or ethyl carbamate at 200°.3 However, these
reaction conditions using 3 returned unreacted starting
material. Also treatment of the ethyl ester of 3 with sodium
cyanate in trifluoroacetic acid, another quinazoline-1,3-
dione synthesis,* also failed. A possible cause for these fzil-
ures was a low reactivity of the diaryl nitrogen owing tc it
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9, R = CH,CH, 13, n=1
10, R = CH,CH,0H 14, n=2

11, R = CH,CHOHCH,0H
12, R = CH,CHOAcCH,0Ac

being part of the phenothiazine ring system. It appeared
that building the new ring in a stepwise fashion using reac-
tive intermediates might overcome this problem.

Reaction of 3 with phosphorus trichloride and dimethyl-
formamide in chloroform gave the acid chloride 4 in 86%
yield. Treatment of 4 with potassium thiocyanate in ace-
tone gave 5 in 97% yield, which on heating to 220° in diphe-
nyl ether cyclized to form 6 in 91% yield. Since attempts to
hydrolyze 6 with chloroacetic acid failed, 6 was alkylated
with iodomethane and potassium hydroxide in acetone to
give 7 in 93% yield. Hydrolysis of this with HCI in aqueous
ethanol gave the target compound 8 in 98% yield.

In order to obtain compounds likely to have the desired
biological activity, 8 was alkylated using alkyl halides and
sodium hydride in DMF to obtain 9 and 10. Alkylation of 8
with 2,3-diacetoxy-1-chloropropane and subsequent hy-
drolysis with methanolic hydrochloric acid led to 11. Oxi-
dation of 8 and its N-alkylated derivatives with m-chloro-
perbenzoic acid gave the sulfoxides 13 shown in Table I
Oxidation with excess hydrogen peroxide in glacial acetic
acid gave the sulfones 14 also shown in Table L.

Table I
2-Alkyl-10-trifluoromethyl-2,3-dihydro-1H-
pyrimido(5,6,1-kl]phenothiazine-1,3-dione
Sulfoxides (13) and Sulfones (14)¢

Compd® R n Yield,%  Mp,*C s¢
132 H 1 76 302-304 M
14a H 2 85 290-293 M
13b CH,CH; 1 75 184—-186 M
14b CH,CH; 2 89 208210 M
13¢ CH,CH,0H 1 77 205206 E
l4c CH,CH,0OH 2 58 189-192 B
13d CH,CHOHCH,OH 1 36 224-225 CM
14d CH,CHOHCH,OH 2 90° 223-226 BM

2 The compounds were characterized by ir (Nujol): sulfoxides
~9.5 u and sulfones ~8.5 u. ? Crude yield. ¢ Solvents of crystalliza-
tion: B, 1-chlorobutane; C, chloroform; E, ethanol; M, methanol;
CM, chloroform-methanol; BM, 1-chlorobutane-methanol.? Satis-
factory analytical data (£0.3% for C, H, N) were reported for com-
pounds 13a-d and 14a-c; the data for 14d agreed with the formula
C18H13F3N2CgS-3,Ho0. Ed.
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In an attempt to form the 1sat01c anhydride 15, which is
an oxygen analog of 2, the triethylamine salt of the carbox-
ylic acid 3 was treated with ethyl chloroformate.® This gave
the mixed anhydride 16 in 81% yield. In an attempt to force
the formation of 15, 16 was heated at 260° for 20 min. How-
ever, the cyclic dilactam 18 was formed in about 30% yield.
The structure of 18 was established by elemental analysis,
absence of NH bonds in the ir, and correct M* ion in the
mass spectrum. When the mixed anhydride was allowed to
reflux with excess ethyl chloroformate, a red product was
formed which was identified as the symmetrical anhydride
17. Heating this in diphenyl ether gave 18 in 54% yield. In
addition, 17 was seen in the reaction mixture during the
pyrolysis of 16 to 18, suggesting that it was an intermedi-
ate. An O to N acyl group migration in 17 could form 19,
which in turn could lose water to give 18. Thus the conver-
sion of 17 to 18 is facile because only intramolecular reac-
tions are involved.

Experimental Section

Melting points (uncorrected) were determined using a Thomas-
Hoover capillary melting point apparatus. NMR spectra were ob-
tained in a Varian T-60 instrument, and ir on a Perkin-Elmer 735
infrared spectrophotometer. Mass spectra were determined using a
Hitachi Perkin-Elmer RMN-6E spectrometer. For thin laver chro-
matography the following solvent systems were used: chloroform
for 4 and 5; 75% chloroform-cyclohexane for 16, 17, and 18; and
95% chloroform—methanol for all the other compounds.

8-Trifluoromethylphenotkiazine-1-carboxylic Acid Chlo-
ride (4). 8-Trifluoromethylpkenothiazine-1-carboxylic acid (62.2
g, 0.20 mol) was added to a stirred mixture of chloroform (300 ml)
and phosphorus trichloride (300 ml). The resulting brown suspen-
sion was cooled in an ice bath while dimethylformamide (50 ml)
was added slowly until a reddish brown solution formed. After the
mixture was stirred for 4 hr at room temperature, the chloroform
and excess phosphorus trichloride were evaporated under reduced
pressure. The resulting reddish-brown solid residue was dissolved
in boiling n-hexane (1.5 1.). The hot clear reddish solution was de-
canted from a viscous, insolub:e material, and on cooling, large red
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needles formed. The solid was collected by filtration and washed
with hexane to give 57.0 g (86%) of the desired product: mp 124-
126°; ir (Nujol) 3.00 (NH), 5.86 u (C=0).

8-Trifluoromethylphenothiazine-1-carboxylic Acid Iso-
thiocyanate (5). A solution of 56.5 g (0.172 mol) of 8-trifluo-
romethylphenothiazine-1-carboxylic acid chloride in 450 ml of ace-
tone was added over a 15-min period to a stirred solution of 25.0 g
(0.257 mol) of potassium thiocyanate in 200 ml of acetone. The re-
sulting reddish-brown suspension was stirred at room temperature
for 1.5 hr. The reaction mixture was concentrated under reduced
pressure to approximately 300 ml and then diluted wita 700 ml of
water. The product was collected by filtration and washed thor-
oughly with water to give 58.7 g (97%) of light brown crystals: mp
145-150°; ir (Nujol) 5.10 (N=C==S), 5.86 u (C=0); NMR (CDCly)
6 6.55-7.39 (m, 5 H, 3,4,6,7,9-H), 7.60 (d, 1 H, 2-H), 10.6 (s, 1 H,
NH).

10-Trifluoromethyl-2,3-dihydro-1 H-pyrimido[5,6.1- kI]phe-
nothiazin-3-one-1-thione (6). A slurry of 53.7 g (0.168 mol) of 5
in 30 ml of diphenyl ether was heated in an oil bath at 210° for 1
hr. The reaction mixture first became a homogenous liquid and
then turned into a solid mass. The cooled reaction mixture was re-
fluxed for several minutes in 100 ml of toluene and cooled to room
temperature, and the insoluble material was collected by filtration
and washed with several small portions of toluene to give 48.7 g
(91%) of a yellowish product, mp 296-299°. The material was suffi-
ciently pure for use in the next step. A small sample was recrystal-
lized from ethanol for analysis: mp 297-299°; ir (Nujol) 3.12 and
3.22 (NH), 5.85 p (C=0); NMR (CDCl3-DMSO-dg) 5 7.20-8.15
(m, 5 H, 4,5,6,8,9-H), 8.49 (s, 1 H, 11-H), 13.00 (s, 1 H, NH).

1-Methylmercapto-10-trifluoromethyl-3 H-pyrimido[5,6,1-
kIlphenothiazin-3-one (7). A 53.6-g (0.152 mol) samgle of 6 was
added to a stirred solution of 8.95 g (0.160 mol) of potassium hy-
droxide in 1680 ml of acetone and 720 ml of water. After all the
solid had dissolved and a clear yellow solution formed 22.8 g (10
ml, 0.160 mol) of methyl iodide was added all at once. A slight rise
in temperature was noticed, and 2 min later the product began to
precipitate. The reaction mixture was stirred at room temperature
for 18 hr, diluted with 1 1. of water, and then chilled in an ice bath
for several hours. The resulting light yellow solid was collected by
filtration and washed with water to give 51.5 g (93%) of product,
mp 225-228°. The material was used in the next step without any
further purification. A small sample was crystallized from ethanol
for analysis: mp 229-231°; ir (Nujol) 5.91 u (C=0); NMR (CDCl; 6
2.75 (s, 3 H, CH3S), 7.44 (m, 4 H), 8.00 (m, 2 H).

10-Trifluoromethyl-2,3-dihydro-1 H-pyrimido[5,6,1- kI]phe-
nothiazine-1,3-dione (8). A stirred suspension of 53.6 g (0.146
mol) of 7 in 240 ml of concentrated hydrochloric acid and 800 ml of
ethanol was heated under reflux for 4 hr. After the reaction mix-
ture was concentrated to approximately one-half its original vol-
ume by boiling off the excess solvents, and then chilled, the prod-
uct was collected by filtration and washed thoroughly with water
to give 47.7 g (98%) of pale yellow needles, mp 278-280°. A sample
was crystallized from ethanol: mp 278-280°; ir (Nujol) 3.12 and 3.3
(NH), 5.80 and 5.89 u (C=0); NMR (CDCIl3;-DMSO-dg) 6 7.60-
8.00 (m, 5 H), 8.10 (s, 1 H, 11-H), 11.80 (s, 1 H, NH).

Alkylation of the Pyrimidophenothiazine-1,3-dione (8).
Preparation of 2-Ethyl-10-trifluoromethyl-2,3-dihydro-1H-
pyrimido[5,6,1-kl]Jphenothiazine-1,3-dione (9). A 4.2-g (0.100
mol) sample of 57% sodium hydride in mineral oil was added to a
stirred solution of 28.0 g (0.0834 mol) of 8 in 220 ml of dry di-
methylformamide. The mixture was stirred for 1 hr at room tem-
perature, then 16.8 g (8.6 ml, 0.108 mol) of ethyl iodide was added.
The resulting greenish-yellow turbid mixture was stirred for 4.5 hr
at room temperature and then filtered to give a clear yellow solu-
tion. The filtrate was evaporated to dryness under reduced pres-
sure, and the pasty residue was triturated with petroleum ether to
remove the mineral oil. The crude solid product was precipitated
from a methanol-water mixture to give 28.8 g of a yellow powder.
The material was crystallized from ethanol to give 23.2 g (73%), mp
148-150°. A further crystallization of a small sample raised the
melting point to 150-152°: ir (Nujol) 5.82 and 5.95 x (C=0); NMR
(CDCl3) 6 1.40 (t, 3 H, CH3) 4.21 (q, 2 H, CH,), 7.10-7.70 (m, 6 H)
7.85-8.2 (m, 2 H).

A twofold excess of sodium hydride and a fourfold excess of 2-
bromoethanol were used to prepare 10. The crude material was pu-
rified by column chromatography (silica gel, chloroform, and then
90% chloroform-methanol). The product crystallized from metha-
nol in 47% yield: mp 90-93°; ir (Nujol) 2.95 (broad OH), 5.82 and
6.00 u (C=0); NMR (CDCly) § 2.75 (s, broad, 1 H, OH), 3.92 and
4.40 (2t,4 H, CH2CH,), 7.00-7.80 (m, 5 H), 7.90 (s, 1 H, 11-H).
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3-Chloro-1,2-diacetoxypropane,® bp 80-83° (0.1 mm) (0.112
mol), and sodium hydride (0.0801 mol) were used to prepare 12.
The reaction mixture was heated at 100-110° for 40 hr in the pres-
ence of a catalytic amount of potassium iodide. The product was
isolated as an oil and was used in the next step without purifica-
tion. A small amount was purified by column chromatography sil-
ica gel, chloroform) for spectral studies: ir (neat) 5.70 (C=0, ace-
tyl), 5.80 and 5.95 u (C=0, dione); NMR (CDCls3) é 2.08 and 2.12
(2,6 H, 2CHj), 3.6-4.8 (m, 5 H, CH,CHCHy), 7.40 (m, 4 H), 8.00
(m, 2 H).

2-(2,3-Dihydroxypropyl)-10-trifluoromethyl-2,3-dihydro-
1 H-pyrimido[5,6,1-kl]phenothiazine-1,3-dione (11). A mixture
of 48.1 g (0.0975 mol) of the crude 12 in 200 ml of methanol and 25
ml] of concentrated hydrochloric acid was heated under reflux for
0.5 hr, then allowed to stand overnight at room temperature. The
white solid that precipitated was isolated by filtration and washed
with water to give 12.9 g of crude 11. Additional material was ob-
tained from the mother liquor. Overall crude yield was 24.6 g
(62%). The first crop was recrystallized twice from chloroform to
give 10.13 g of product: mp 159-162°; ir 2.96-3.06 (broad OH), 5.82
and 5.95 u (C=0); NMR (CDCl3-DMSO-ds) 6 3.60 and 3.66 (25,2
H, 2 OH), 3.8-4.68 (m, 5 H, CH,CHCHy), 7.00-7.60 (m, 4 H),
7.70-8.10 (m, 2 H).

Oxidation of the Pyrimidophenothiazine-1,3-diones. Prepa-
ration of the Sulfoxides. A 10% excess of m-chloroperbenzoic
acid was added in small portions to a stirred, cold (0-5°) solution
or suspension of the substrate (1 g/10 ml) in absolute methanol.
The resulting mixture was stirred for 0.5-1 hr in the cold and then
for an additional 1-4 hr at room temperature. The product precipi-
tated from the reaction mixture, and after chilling was collected by
filtration and washed with ice-cold methanol.

Preparation of the Sulfones. A solution of the substrate in gla-
cial acetic acid (1 g/20 m) and 3 equiv of 30% hydrogen perioxide
was heated at 75-85° for 3-6 hr, cooled, and diluted with water to
precipitate the product. The product was collected by filtration
and washed with water.

Carbonic Acid Monoznhydride with 8-Trifluoromethylphe-
nothiazine-1-carboxylic Acid Ethyl Ester (16). Triethylamine
(3.04 ml, 0.022 mol) was added dropwise to a cold (0-5°), stirred
suspension of 8-trifluoromethylphenothiazine-1-carboxylic acid
(6.22 g, 0.020 mol) in 40 ml of ethyl chloroformate. The resulting
orange suspension was stirred at room temperature for 15 hr, then
diluted with dry benzene (100 ml), and the insoluble triethylamine
hydrochloride was removed by filtration. After the filtrate was
evaporated under reduced pressure, the solid, orange residue was
suspended in light petroleum ether (50 ml) and filtered to give 6.22
g (81%) of the mixed anhydride: mp 91-94°; ir (Nujol) 3.02 (NH),
5.55 and 5.85 u (C=0); NMR (CDCl3) 6 1.40 (t, 3 H, CH3y), 4.40 (q,
2 H, CHy), 6.60-7.29 (m, 5 H), 7.50 and 7.60 (2d, 1 H, 2-H), 9.81 (s,
1 H, NH).

8-Trifluoromethylphenothiazine-1-carboxylic Acid Anhy-
dride (17). A solution of 3.0 g (0.00785 mol) of 16 in 10 ml of ethyl
chloroformate was heated under reflux for 18 hr. The dark red so-
lution was chilled in an ice bath, and the resulting orange precipi-
tate was collected by filtration and washed with a small portion of
ethyl chloroformate and then with light petroleum ether to give
0.87 g (50%) of product, mp 207-208°. The mother liquor was-
evaporated under reduced pressure, and the oily residue was found
to be unreacted starting material. A small sample of 17 was crys-
tallized from chloroform for analysis: mp 207-209°; ir (Nujol) 3.2
(NH), 5.71 and 6.90 1 (C=0); NMR (CDCls) 6 6.60-7.20 (m, 10 H,
3,4,5,6,7,9- and 3',4',5',6',7,9’-H), 7.55 and 7.69 (2 d, 2 H, 2- and
2’-H), 9.80 (s, 2 H, 2 NH).

3,13-Bis(trifluoromethyl)-6 H,16 H-[1,5]diazocine[3,2,1- ki:
7,6,5-k’I'ldiphenothiazine-6,16-dione (18). A mixture of 1.50 g
(0.00239 mol) of 17 and 2 ml of diphenyl ether was heated in an oil
bath at 260-265° for 45 min, producing a dark, olive-green solution
which solidified when cocled to room temperature. Light petrole-
um ether (30 ml) was added to the cooled reaction mixture, and
the insoluble material was collected by filtration and washed with
a small portion of petroleum ether to give 1.22 g of yellow powder.
This was dissolved in 50 ml of chloroform, and the resulting sclu-
tion was extracted with 5% sodium bicarbonate to remove some
acid 3. The chloroform layer was dried with anhydrous sodium sul-
fate and the resulting dark amber solution was decolorized with
Norit. The resulting yellow solution was concentrated to approxi-
mately 15 ml and diluted with 50 ml of petroleum ether. After the
mixture was chilled in an ice bath for several hours, the light yel-
low, crystalline product was collected by filtration and wasked
with petroleum ether to give 0.75 g (54%) of 18: mp 295-297°: ir
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6.90 M (C=0); NMR (TFA) 6 7.20-7.80 (m, 10 H,
1,2,7,8,9,11,12,17,18,19-H), 8.10 (s, 2 H, 4,14-H); mass spectrum
m/e 586 (M+).

Compound 18 was also prepared by pyrolyzing 17 at 260°; the
yields, however, were lower.
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Phenyl(trichloromethyl)carbinol reacts with thiosemicarbazide under basic reaction conditions to form dihy-
dro-2-imino-6-phenyl-2H-1,3,4-thiadiazm-5(6fi)-one (5, 18% yield) and 5-phenyl-2,4-thiazolidinedione 2-hydra-
zone (4, 10% yield), with acetone or benzaldehyde thiosemicarbazones to form derivatives of 4 (65% yield), and
with thioacetamide to form 4-hydroxy-2-methyl-5-phenylthiazole (11, 18% yield). In the first step of the synthesis
of these compounds, phenyl(trichloromethyl)carbinol is postulated to be converted into a dichloro epoxide 2, and
this is attacked by the thioenolate anion of the nucleophile to form an amino acid chloride which then undergoes
ring closure to form the heterocyclic ring. The chemistry of the various compounds is discussed.

We have reported two reactions of phenyl(trichloro-
methyl)carbinol (1) with nucleophiles resulting in the for-
mation of heterocyclic rings.23 The thiourea case2 provides
an excellent example of a nucleophile with two reactive
sites reacting initially at the a carbon of the carbinol fol-
lowed by a subsequent ring closure to form the heterocyclic
ring. The purpose of this research was to extend the thio-
urea work to other nucleophiles likewise having two reac-
tive sites. The mechanisms by which methoxide reacts with
phenyl(trichloromethyl)carbinol to form a-methoxyphe-
nylacetic acid have been elucidated,4 and by analogy, the
nucleophiles studied here are believed to react by the
mechanism given below in Scheme I.

Thiosemicarbazide. The first nucleophile examined
was thiosemicarbazide. The initial step in the reaction of
this with phenyl(trichloromethyl)carbinol dissolved in eth-
ylene glycol containing potassium hydroxide involves the
attack of the thioenolate anion at the a carbon of the inter-
mediate epoxide (2) formed in situ from the carbinol (1).
The postulated intermediate 3 has three -N H- groups
available for reaction with the acid chloride and two (4 and
5) of the three possible compounds were formed. Com-
pound 5, dihydro-2-imino-6-phenyl-2fi-1,3,4-thiadiazin-
5(6H)-one, was easily isolated (as the monohydrate) in 18%
yield because of its insolubility in the reaction mixture in
the pH range of 9.4-5. The structure of this new compound
was proven as follows. Hydrolysis with dilute acid gives
ammonia and dione 6; elemental analysis of 6 shows that it
must contain the hydrazine moiety so that the ring closure
must occur by the acid chloride (3) reacting with the hydra-
zine function. Compound 6 is neutral as would be expected
for a diamide; this rules out the 3-amino-2-imino-5-phenyl-
4-thiazolidinone structure and establishes the presence of
the thiadiazinone ring. This was further collaborated by

Scheme |
PhCHCCI;,
KOH
OH
1
.0
| PhCHC
phCH—c: d
\ / X H.NCNHNH, \
0 d s C=NH
|
dione HNNH,
6 3
0
PhHC/< X NCH, Pthi ....... CcC=0
| |
.NH X ~ nh
NH NNH,
7 4

méthylation of 5 with dimethyl sulfate and alkali; only a
monomethyl derivative (7) could be isolated whereas the
aminothiazolidinone should form a dimethyl derivative. As
expected, 7 could be hydrolyzed to a neutral dione with 2N
hydrochloric acid. The position of the methyl group in 7
was established by desulfurization with Raney nickel to
iV-methylphenylacetamide. Upon refluxing 7 with 20% hy-
drochloric acid for 3 hr the diazine ring opened and re-
closed to form 5-phenyl-2,4-thiazolidinedione in 85% yield
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together with methylhydrazine, isolated as the sulfate. This
rearrangment of 1,3,4-thiadiazines to five-membered rings
in strongly acid solution is frequently observed.5 Under the
same hydrolysis conditions, hydrazine was obtained from 5.

After 5 was filtered off, compound 4 remained in solution
and was too soluble to be isolated directly. On adding ace-
tone, the known 5-phenyl-2,4-thiazolid:nedione-2-isopro-
pylidenehydrazone slowly precipitated (10% yield) over a
period of 1 week. After removal of 4, acidification of the
reaction mixture gave a crude acid fraction which was con-
verted to a mixture of methyl esters. Sixteen components
were shown to be present by GLC. Of these the major peak
(63% of the ester mixture, 8% yield) was methyl phenylace-
tate, identified by comparison of the ir and NMR spectra
of a collected sample with those of an authentic sample.

Thiosemicarbazones. The thiosemicarbazones of ace-
tone and benzaldehyde were found to react with phenyl-
(trichloromethyl)carbinol under the same reaction condi-
tions to give the known thiazolidinones 8a and 8b. The six-
membered ring thiadiazinones cannot be formed from the
semicarbazones, and the thiazolidinones are therefore ob-
tained in higher yields.

SVv~AN
NN=CRR" HNN=CRR'
8 9

a, Ar = Ph; R= CH1 R'= CH.}63% yield

b Ar = Ph; R= Ph; R' = H; 69% yield

c, Ar = p-CIPh; R = CH}; R' = CH:i 79% vyield

d, Ar = p-CH.OPh; R = CH;i R' = CH; 31% yield

The mechanism of formation of these compounds is the
same as that shown for compound 4 (Scheme I). Tautomer-
ic structures such as 9 can be written for the 8 series of
compounds but NMR spectral evidence supports formula
8. All of the series 8 compounds have very similar chemical
shifts for the carbon-5 proton (5.5), and for the NH pro-
ton (5 12). This latter value is reasonable for structure 8
since the corresponding imino proton of 5-phenyl-2,4-thia-
zolidinedione has a 8 12.2 value. The alternate structure 9
would be expected to have the NH resonance occur around
$10.3, the value for the NH proton of benzaldehyde phen-
ylhydrazone.

The reactions of p-chlorophenyl(trichloromethyl)carbi-
nol and p-methoxyphenyl(trichloromethyl)carbinol with
acetone thiosemicarbazone were also studied to see if the
yields of products obtained followed the same trends pre-
viously observed in the reactions of these carbinols with cy-
anamide3 or methoxide;6 this was found to be the case. The
effect of the negative groups was to raise the yield whereas
the presence of the p-methoxy substituent caused the yield
to be halved.

Thioamides. A third class of nucleophiles with the
S=CNH - function are the thioamides. Thioacetamide was
allowed to react with phenyl(trichloromethyl)carbinol
under the same conditions as before, and 4-hydroxy-2-
methyl-5-phenylthiazole (11) was isolated in 18% vyield.

PhHC-------- C=0 PhC=COH
[ | |
S\C*"N

1 1

1
chl CH3
10 n

The formation of the hydroxythiazole involves the attack
of the thioenolate anion on the epoxide 2 in a manner
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strictly analogous to that given in Scheme I, followed by
ring closure to 10 and enolization to 11. The structure of
this new compound was established from its chemical reac-
tions and its spectral data. Hydrolysis with strong base
gave a--mercaptophenylacetic acid, isolated as dithiobis-
(phenylacetic acid). A molecular weight determined by the
Rast method demonstrated 11 to be monomeric. The mate-
rial forms an acetate derivative with acetic anhydride. That
the hydroxythiazole and its acetate exist entirely in the
enol form follows from their ir and NMR spectra. The hy-
droxythiazole exhibits a broad absorption band at 2700-
2000 cm-1, suggestive of a hydrogen-bonded hydroxyl
group, and there is no carbonyl absorption in the expected
1650-1800-cm-1 range. Its NMR spectrum shows a broad
singlet at 8 11.2 characteristic of an enol. Structure 10
would have a characteristic carbon-5 proton resonance at $
5.7 and this is missing from both the hydroxythiazole and
its acetate ester. The above spectral data conclusively show
the product to be in the enol form 11 rather than the keto
form 10. This is quite interesting, since 4-hydroxythiazoles,
like hydroxythiophenes, usually exist mostly in the keto
form and are labile substances which decompose in a few
days even at room temperature.7 In contrast, a sample of 11
has not undergone any decomposition, as judged by its ir
spectra, after standing for 7 years at room temperature
protected from light. Jensen’s 4-hydroxythiazoles had a
phenyl group substituted at the 2 position7 and it would
appear that the presence of the phenyl group in our com-
pound at the 5 position, in conjugation with the double
bond, stabilizes thé enolic form.

Unlike Jensen’s 4-hydroxy-2-phenylthiazoles,7 com-
pound 11 remains in the monomeric form on refluxing a so-
lution of it dissolved in either water, benzene, or alcohol. It
was soluble in dilute base and reprecipitated unchanged on
acidification. However, exposure to sunlight for several
months changed approximately half of the sample to a dark
tan, insoluble, polymeric material, which, however, slowly
dissolved in sodium hydroxide solution and then yielded 11
on acidification. The polymeric material analyzed for
CI10HINOS, like 11, but had a strong carbonyl absorption at
1695 cm-1 and no absorption around 2500 cm-1. It is ob-
viously some polymeric form of 10, but its exact structure is
unknown.

After removal of the hydroxythiazole, a large crude acid
fraction was isolated which accounted for all of the remain-
ing phenyl(trichloromethyl)carbinol. Esterification with
methanol, followed by GLC analysis of the ester mixture,
showed it to be a mixture of ten compounds of which the
major one (58%) was methyl phenylacetate.

Thiocyanate. Another nucleophile with both sulfur and
nitrogen bonded to a carbon is thiocyanate anion. Unfortu-
nately, a complex mixture of products resulted from the
reaction of this nucleophile with phenyl(trichlorometh-
yl)carbinol, and only dithiobis(phenylacetic acid) and thio-
bis(phenylacetic acid) could be isolated in 17 and 3% yields,
respectively. Again there was a large crude acid fraction.
This was converted into a mixture of methyl esters with di-
azomethane and shown to consist of 16 components by
GLC. The major compound (36%) was methyl phenylace-
tate.

Comments on Nucleophiles. Thiourea and the three
classes of nucleophiles studied here all have the -NHC=S
moiety in common and all react satisfactorily with phenyl-
(trichloromethyl)carbinols. The sulfur anions of these com-
pounds are highly reactive in the Sn2 epoxide ring opening
reaction; they are so much more reactive than the anion
from the solvent, ethylene glycol, that the solvent does not
compete. The high reactivity of the amino group toward
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the acid chloride causes the heterocyclic ring to form. The
initial attack on the epoxide ring by the sulfur anion is the
most important of the various steps involved. Evidence for
this comes from our unsuccessful attempts to substitute
urea for thiourea. Despite repeated attempts under varying
conditions, none of the substituted oxazolidinone could be
obtained. Guanidine was another nucleophile which failed
to react with phenyl(trichloromethyl)carbinol under the
usual conditions, presumably because all of the guanidine
was in the form of the unreactive guanidinium ion.

Experimental Section

All melting points and boiling points are corrected. The ir spec-
tra were recorded on a Perkin-Elmer Model 337. The NMR spec-
tra were recorded on a Varian Model A-60 with tetramethylsilane
as the internal standard. When dimethyl sulfoxide was used a sol-
vent, the solvent peak at 8 2.62 was used as the reference. Analyses
are by Dr. Franz J. Easier.

Dihydro-2-imino-6-phenyl-24i-1,3,4-thiadiazin-5(6J?)-one
(5). To a solution of 68 g (0.3 mol) of phenyl(trichloromethyl)car-
binol8and 45.5 g (0.5 mol) of thiosemicarbazide in 500 ml of ethyl-
ene glycol was added dropwise, over a 75-min period, a solution of
110 g (1.7 mol) of potassium hydroxide pellets in 350 ml of ethyl-
ene glycol. The temperature was maintained at 46-47° during the
addition and kept at this temperature for an additional 2 hr. As
the reaction proceeded the color of the reaction mixture became
deep brown. The insoluble potassium chloride was filtered off and
washed with methanol. The mother liquor was diluted with an
equal volume of ice and water, and extracted twice with a large
volume of ether. The chilled aqueous solution was acidified to pH
9.4 with hydrochloric acid; a heavy precipitate formed immediate-
ly. The mixture was chilled overnight and filtered, and the crude
product (11.7 g, 18% of theory) was washed thoroughly with water.
When inserted in the melting point bath at 177° the material de-
composed at 187-188°. The infrared spectrum of this crude mate-
rial was identical with that of a pure sample. The product was pu-
rified by dissolving in 250 ml of 95% ethanol, decolorizing, filter-
ing, and diluting with 100 ml of water. There was obtained 10.6 g
of dihydro-2-imino-6-phenyl-2//-1,3,4-thiadiazin-5-(6//)-one mo-
nohydrate. An analytical sample was prepared by recrystallizing
the material two additional times from water-ethanol: mp 188.5-
189.5° dec; ir (KBr) 3425, 3310, 3180, 3030, 2915, 1625, 1580, 1470,
1400, 1340, and 730 cm-1; NMR (DMSO) 8 1042 [s, 1,
-C(=NH)NHNH-], 7.38 (s, 5, Ph), 6.15 [s, 2, -C(=NH)NHNH-],
4.83 (s,1,>CH-), 3.72 (s, 2, HD).

Anal. Calcd for CaHnNaOjS: C, 47.99; H, 4.92; N, 18.65; S, 14.23.
Found: C, 48.07; H, 5.16; N, 18.40; S, 14.18.

The anhydrous material was prepared by heating the monohy-
drate in a vacuum oven at 70° for 4 hr. A 1.0527-g sample of the
monohydrate lost 0.0826 g of water or 7.85% of its weight (theory,
8.00%): mp 189-190°; ir (KBr) 3440, 3280, 3150, 2910, 1640, 1590,
1470, 1375, 1325, 1250, 1030, 865, 740, 695, and 530 cm-1 NMR
(DMSO) 81057 [s, 1, -C=NH)NHNH-], 7.43 (s, 5. Ph), 6.21 [s, 2,
-C(=NH)NHNH-], 492 (s, 1, >CH~).

Anal. Calcd for C9HIN30S: C, 52.16; H, 4.38. Found: C, 52.04; H,
4.60.

Dihydro-6-phenyl-2fM,3,4-thiadiazine-2,5(6J4)-dione  (6).
The above material (5 monohydrate) was hydrolyzed to 6 by re-
fluxing 4 g with 78 ml of 28% sulfuric acid for 40 min. Water (75
ml) was added and the mixture was chilled in an ice bath. White
crystals and some gum-like material separated from the solution.
The gum was discarded and the crystalline material filtered and
washed with cyclohexane, giving 1.8 g of material (51% of theory).
Crystallization from 60 ml of 95% ethanol gave 0.85 g of the almost
pure 6, mp 130-132°. After two additional recrystallizations the
melting point was 135° ir (KBr) 3350, 3270, 3200, 1760, 1690,
1600, 1490, 1460, 1390, 1175, 920 855, 775, 740, 705, 640, and 535
cm“1L NMR (DMSO) 87.6 (s, 5, Ph), 5.86 (s, 1, >CH), 5.3 (hroad s,
2,-NH-).

Anal. Calcd for COH8N20 2S: C, 51.91; H, 3.87; N, 13.45; S, 15.40.
Found: C, 52.06; H, 4.10; N, 13.41; S, 15.60.

The dione 6 can also be prepared by substituting 2 N hydrochlo-
ric acid for the 20% sulfuric acid; however, if 20% hydrochloric acid
is used, 5-phenyl-2,4-thiazolidinedione is formed.

Dihydro-2-immo-4-methyl-6-phenyl-2.ff-1,3,4-thiadiazin-
5(6H)-one (7). Compound 5 (4.85 g, 0.0215 mol of the monohy-
drate) was suspended in 100 ml of 2 N sodium hydroxide and 18
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ml of dimethyl sulfate was added over a period of 1 hr while the
flask was maintained at room temperature. The reaction mixture
was stirred for an additional 1 hr and chilled in an ice bath, and
the precipitate (3.5 g, 74% of theory) was filtered and washed, first
with water and then with cyclohexane. The melting point was
167.5-169.5°; this was raised to 171° by recrystallization first from
a water-alcohol mixture and then from 95% alcohol Ir (KBr) 3400,
3320, 3185, 2930, 1620, 1550, 1450,1390,1340, 1230, 1090, 980, 835,
775, 745, 725, 690, and 530 cm-1, NMR (DMSO) 87.53, (s, 5, Ph),
6.50 (s, 2,=NH and -NH-), 5.06 (s, 1, >CH~-), 3.03 (s, -CH 3.

Anal. Calcd for CioHuN30S: C, 54.28; H, 5.01; N, 18.99; S, 14.49.
Found: C, 54.34; H, 5.14; N, 19.10; S, 14.49.

The methyl group of 7 was proven to be in the 4 position by re-
fluxing 1.3 g of 7 dissolved in 80 ml of ethanol with 30 g of Raney
nickel overnight, and isolating 0.75 g (99% of theory) of N-methyl-
phenylacetamide from the reaction mixture. After two recrystalli-
zations from cyclohexane the material melted at 58-59° (lit.9 mp
58°) and its ir and NMR spectra agreed with those in the litera-
ture.10

Dihydro-4-methy1-6-phenyl-2 H-1,34-thiadiazine-2,5((*//)-
dione. This preparation was carried out by the same procedure for
hydrolyzing 5 to 6, but with 2 N hydrochloric acid. The crude
product (0.25 g, 16% of theory) was recrystallized from ethanol
three times and then melted at 146°: ir (KBr) 3240, 1760, 1690,
1500, 1450, 1360, 1170, 1130, 1085, 870, 730, and 695 cm“1; NMR
(F3CCOOH) 8 11.0 (s, protons of solvent and -NH-), 7.29 (s, 5,
Ph), 5.47 (s, 1,>CH-), 3.05 (s, 3,-CH23).

Ana). Calcd for CiOHION202S: C, 54.04; H, 4.54, N, 12.60; S,
14.43. Found: C, 53.88; H, 4.60; N, 12.69; S, 14.22.

Hydrolysis of Compounds 5 and 7 to 5-Phenyl-2,4-thiazoli-
dinedione. This was accomplished by refluxing 1.5 g of 5 or 7 with
25 ml of 20% hydrochloric acid for 3 hr and allowing the reaction
mixture to slowly cool to room temperature. On chilling, 1g (85%
of theory) of 5-phenyl-2,4-thiazolidinedione was obtained and re-
crystallized from aqueous ethanol: mp 126-128.5° (lit.2 mp 129°);
ir identical with that in ref 2, NMR (DMSO) 8 12.2 (s, 1, -NH~-),
7.45 (s, 5,Ph), 5.7 (s, 1, >CH~-).

Evaporation to dryness of the mother liquors from the hydroly-
sis reaction mixture followed by addition of aqueous sulfuric acid
and methanol gave hydrazine sulfate and methyl hydrazine sulfate
precipitates, which were identified by their melting points and ir
spectra.

5-Phenyl-2,4-thiazolidinedione 2-Isopropylidenehydrazone.
Acetone Derivative of 4. This was obtained by allowing 4, formed
along with 5 (see preparation of 5 above), to react with acetone; it
was also prepared directly from phenyl(trichloromethyl)carbinol
and acetone thiosemicarbazone.

A. Accompanying Preparation of 5. After 5 was filtered off in
the preparation given above, the mother liquor was extracted twice
with ether and this operation was repeated after the solution was
made neutral and also strongly acid. The aqueous layer was then
neutralized and filtered, and acetone was added. A precipitate
gradually formed; after 10 days 7 g (9% of theory) of the 5-phenyl-
2,4-thiazolidinedione 2-isopropylidenehydrazone was obtained, mp
195-200°. Several recrystallizations from 95% ethanol raised the
melting point to 201-202° (lit.11 mp 198-199°). The ir and NMR
spectra were identical with those of a pure sample prepared as de-
scribed immediately below.

B. From Acetone Thiosemicarbazone (8a). To a solution of
31.5 g (0.24 mol) of acetone thiosemicarbazone and 45.1 g (0.2 mol)
of phenyl(trichloromethyl)carbinol in 250 ml of ethylene glycol
was added a solution of 70 g (1.07 mol) of potassium hydroxide pel-
lets in 200 ml of ethylene glycol over a period of 50 min while the
temperature was maintained at 47-50°. The flask was kept at 45°
for an additional 2 hr and then allowed to slowly cool to room tem-
perature. The insoluble potassium chloride (26 g) was filtered off,
and the solution was diluted with an equal volume of ice and water
and extracted with 600 ml of ether. The aqueous solution was
chilled to 0°, the pH was adjusted to 7, and the mixture was chilled
overnight. There was obtained 31 g (63% of theory) of material, mp
201°. Recrystallization from aqueous ethanol gave 27 g of pure
5-phenyl-2,4-thiazolidinedione-2-isopropylidenehydrazone: mp
201-202° (lit. 11 mp 198-199°); ir (KBr) 3145, 3070-3000, 2930,
2815, 1720, 1640, 1620, 1500, 1460, 1430, 1350, 1260, 1240, 1170,
1075, 870, 800, 760, 725, 690, 675, 570, and 545 cm-1 NMR
(DMSO) 8 11.9 (broad s, 1, -NH-), 7.53 (s, 5 Ph), 548 (s, 1,
>CH-), 2.07 and 2.04 [two s, 6,=C (C//3)2,

5-Phenyl-2,4-thiazolidinedione 2-benzylidenehydrazone
(8b) was prepared in 69% yield from benzaldehyde thiosemicarba-
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zone by the same procedure as for 8a: mp 236-268° (lit.11-12 mp
257°, 260-261°); NMR (DMSO) 6 12.2 (broad s, I, -NH-), 8.44 (s,
I, PhCH=N-), ten protons of two phenyl rings gave signals at
7.8-7.7 (m), 7.50 (s), and 7.42 (s), 5.52 (s. 1, PhCHS-).

Anal. Calcd for C*HisNsOS: C, 65.07; H, 4.44; N, 14.23; S, 10.86.
Found: C, 65.08, H, 4.65; N, 14.50; S, 11.08.

5-(p-Chlorophenyl)-2,4-thiazolidinedione 2-isopropyli-
denehydrazone (8c) was prepared in 79% yield from p-chloro-
phenyl(trichloromethyl)carbinoll3 as above mp 221°; NMR
(DMSO) b 12.0 (broad s, 1, -NH-), 7.51 (s, 4, Ph), 547 (s, 1,
>CH-), 3.73 and 3.71 (s, 6, -CH::i).

Anal. Calcd for Ci2HI2NsOSCI C, 51.15; H, 4.29; N. 14.91; Cl,
12.58. Found; C, 51.42; H, 4.56; N, 14.74; Cl, 12.80.

5-(p-Methoxyphenyl)-2,4-thiazolidinedione 2-isopropyli-
denehydrazone (8d) was prepared in 31% yield from p-methoxy-
phenyl(trichloromethyl)carbinol13 as above. The material did not
melt sharply; after repeated crystallization from aqueous ethanol,
it melted at 169-175° when inserted in the melting point bath at
165° and the temperature raised at 2°/min: NMR (DMSO) 5 11.8
(broad s, 1, -NH-), 7.4-6.9 (quartet, 4, Ph), 5.35 (s, 1, >CH~-), 3.82
(s, 3,-OCH )), 2.07 and 2.03 (s, 6, -CH 3).

Anal. Calcd for C,2HiriN1O,S: C, 56.30; H, 5.45; N, 15.15; S,
11. 56. Found; C, 56.45; H, 5.54; N, 15.05; S, 11.28.

4-Hydroxy-2-methyl-5-phenylthiazole (11). To a solution of
45 g (0.2 mol) of phenyl(trichloromethyl)caroinol and 30 g (0.38
mol) of thioacetamide in 250 ml of ethylene glycol was added 70 g
(1.06 mol) of potassium hydroxide pellets in 200 ml of ethylene
glycol over an 80-min period at 50°. The mixture was maintained
at 50° for an additional 2.5 hr and stirred overnight while cooling
to room temperature. The potassium chloride was filtered off, the
filtrate and methanol washings were diluted with an equal volume
of ice water and extracted with ether to remove neutral material,
and the pH of the aqueous solution was adjusted to 9 with hydro-
chloric acid. The product which precipitated (7.1 g, mp 206-209°,
18% yield) was recrystallized twice from benzene and then weighed
3.3 g and melted at 210-212.5° (same melting point procedure as
for 8d): ir (halocarbon and Nujol oil mulls) 3100-2900, 2700-2000,
1580, 1450, 1425, 1230, 1190, 1030, 995, 865, 755, and 685 cm*“ 1
NMR (DMSO) 511.2 (broad s, 1, -OH), 7.8-7.1 (m, 5, Ph); NMR
(F,CCOOH) 67.50 (s, 5,Ph), 2.86 (s, 3, -CH3).

Anal. Calcd for CI0HONOS; C, 62.80; H, 4.74; N, 7.32; S, 16.77,
mol wt, 191. Found: C, 62.92; H, 4.64; N, 7.05; S. 16.80; mol wt
(Rast), 182 and 211.

Compound 11 was hydrolyzed by refluxing 0.9 g with 16 ml of
aqueous 25% potassium hydroxide for 18 hr. The solution was aci-
dified to pH 7.5 and filtered. An intense purple color developed on
adding 3 drops of 5% ferric chloride to the aqueous solution. Air
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was blown through the solution at room temperature for 3 hr until
the purple color was discharged. Dithiobisfphenylacetic acid), mp
208-211°, was isolated which was identical in all respects with an
authentic sample.

4-Acetoxy-2-methyl-5-phenylthiazole was prepared by re-
fluxing 1 gof 11 with 10 ml of acetic anhydride for 1 hr. The excess
reagents were removed by distillation at 10 mm, and the acetoxy-
thiazole (1 g, 82% of theory) was then distilled, bp 184-190° (10
mm), mp 72-77°, The distillate solidified, and crystallization from
ethanol-water raised the melting point to 82°; ir (halocarbon and
Nujol oil mulls) 1770, 1540, 1490, 1445, 1375, 1320, 1305, 1275,
1250, 1190, 1040, 1030, 1000, 870, 765, 690, 585, 565, and 550 cm” 1;
NMR (CC14) &7.3 (m, 5, Ph), 4.25 (s, 3, ring -CHa), 3.87 (s, 3, ace-
tate -CH2J).

Anal. Calcd for Ci2H ,N 02S: C, 61.76; H, 4.75; N, 6.03; S, 13.74.
Found: C, 61.95; H, 5.00; N, 6.12; S, 13.45.

Registry No.—1, 2000-43-3; 4, 55073-89-7; 5, 55073-90-0; 6,
55073-91-1; 7, 55073-92-2; 8a, 55073-93-3; 8b, 55073-94-4; 8c,
55073-95-5; 8d, 55073-96-6; 11, 55073-97-7; thiosemicarbazide, 79-
19-6; dihydro-4-methyl-6-phenyl-2//-1,3,4-thiadiazine-2,5(6/7)-
dione, 55073-98-8; 5-phenyl-2,4-thiazolidinedione, 4695-17-4; ace-
tone thiosemicarbazone, 1752-30-3; benzaldehyde thiosemicarba-
zone, 1627-73-2; p-chlorophenyl(trichloromethyl)carbinol, 5333-
82-4; p-methoxyphenyl(trichloromethyl)carbinol, 14337-31-6; 4-
acetoxy-2-methyl-5-phenylthiazole, 55073-99-9.
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Reaction of thioanisole and methylal with ~2 mol of aluminum chloride under mild Friedel-Crafts conditions
yields 74% p-methylthiobenzyl chloride (1) accompanied by only ~0.5% of its ortho isomer. Both the yield and
isomer ratio change dramatically when 1 mol of aluminum chloride is used. The effect of weaker Lewis acids is re-
ported, and the combined results are rationalized in terms of a mechanism where a thioanisole-Lewis acid com-

plex is proposed as a key to the unique results.

We have devised a superior, direct synthesis of p-meth-
ylthiobenzyl chloride (1) via a new chlorométhylation of
thioanisole. Besides its immediate practical value,2 the
reaction study provides new information on the behavior of
thioanisole in Friedel-Crafts chemistry.3 For this reason,
some of our developmental observations and conclusions
are included in this paper.

The title compound is reported to be formed in 23% yield
from the chlorométhylation of thioanisole with chloro-

methyl methyl ether4 in acetic acid.5 Our scrutiny of that
reaction by vapor phase chromatography shows about a
4.5:1 ratio of 1 and its isomer, o-methylthiobenzyl chloride
(2), which are not practicably separable. Attempted mono-
chloromethylation with aqueous formaldehyde and hydro-
chloric acid gave an even poorer isomer ratio, 7:4.6 Appar-
ently, the most satisfactory authenticated preparation of 1
is a multistep procedure involving lithium aluminum hy-
dride reduction of p-methylthiobenzoic acid, followed by
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Table I
Chlorométhylation of Thioanisole
with Methylal and Lewis Acids

Yield, %
2.2 mol* 1.1 molo
Lewis acid Para Ortho Para Ortho
14 0.5 216 246
AICI3 55 8
moderated’
TiCl4 60 5 24 16
SnCl4 47 4.5 19 19
FeClg 15 0.8 2 15

0Moles of Lewis acid per mole of thioanisole. 6 Actually 1.3
mol of AICI3 in this case. ¢ 1 mol of methanol per mole of AICI3
added before methylal and thioanisole.

thionyl chloride treatment of the resultant purified p-
methylthiobenzyl alcohol.7

By contrast, we find that reaction of thioanisole with
methylal and aluminum chloride in 1,2-dichloroethane
(EDC) gives 74% of 1 accompanied by only ca. 0.5% of the
ortho isomer, 2. Some 10-12% of thioanisole remains un-
reacted. Other constituents of the product include 3-5% of
methyl p-methylthiobenzyl ether (3), a trace of its ortho
isomer, 1-2% of 2,4-bis(chloromethyl)thioanisole (4), and
up to 0.5% of bis(4-methylthiophenyl)methane (5).

Methanol-attenuated AICI3 and some of the weaker com-
mon Lewis acids are less effective reactant-catalysts, as can
be seen from Table I. Both the product yield and specifici-
ty diminish with their use. The optimum mole ratio of
Lewis acid is slightly above 2:1, relative to thioanisole.
Reaction still occurs with lower catalyst levels, hut the out-
come is drastically altered. For instance, the almost exclu-
sive para orientation with 2 mol of AICI3 drops to near
50:50 ortho to para substitution when only 1 mol of AICI3 is
used. The stannic chloride case changes similarly. The fer-
ric chloride reactions give about 15% yield whether 2 or 1
mol of FeCI3 is used; in the former case, para substitution
dominates; in the latter case, ortho substitution is found.

It is worthy of note that in the low (overall) yield reac-
tions, the remaining thioanisole is generally not found un-
reacted, nor is it present as a simple monosubstituted prod-
uct. Rather, the lack of simple GC-volatile products
suggests that higher condensation products result with the
less favorable reaction conditions.

Further inferences concerning the reaction pathway can
be drawn from other experiments. The best results are ob-
tained when the thioanisole is added gradually at or below
5-10° to the EDC solution of methylal and AICI3. If, on the
other hand, AICI3 is slowly added to the other reactants,
the yield of 1drops below 40%, the para:ortho ratio to 30.

The product complex which crystallizes from the reac-
tion mixture has been examined by a number of analytical
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probes. Since GC and XH NMR analyses show that it still
contains small amounts of thioanisole and traces of the me-
thoxy methyl analog 3, and since the solid is extremely sus-
ceptible to hydrolysis in atmospheric moisture, we cannot
propose a firm structure. From the elemental analysis, we
tentatively consider the product complex to be represented
by the structure p-CHsSCeFLiCFhCHAICMNOCHSs”. Zeisel
determination shows 10.4% methoxyl (cf. 14.4% for 2
OCVhj's). Raman spectroscopy is quite enlightening.8®
Bands at 629 and 653 cm-1 can be assigned to the in-plane
ring bending and CH3-S stretch modes, respectively. The
comparable bands for the uncomplexed 1 are found at 634
and 673 cm-1. The decrease is indicative of bond weaken-
ing, and is consonant with the formulation of the material
as a Lewis acid-Lewis base pair. Similar shifts are observed
in comparing the spectra of thioanisole and the thioanisole-
AICI3 complex. Changes in the ring breathing mode at 1090
cm*“1 show the same phenomenon. The low-energy region
(<200 cm*“ 1) is suggestive of a polymeric lattice; X-ray dif-
fraction methods support crystallinity.8

Table Il shows the gas chromatographic analyses of ali-
quots which were taken to determine the optimum reaction
time. The experiment differed slightly in that the thioani-
sole was added rapidly below 5°, and the reaction was then
brought to 20° at which point slurry samples were
quenched and injected into the chromatograph. The results
are tabulated in area percent, normalized to 100. While
this disregards other lesser by-products, it provides the de-
sired information.

Critical examination of the data of Table Il might
suggest that either the ortho isomer rearranges to para (to
account for the high initial para:ortho ratio), or that the
ortho isomer is formed by some other reaction mechanism
(see below). A spiking experiment showed that when ortho
isomer, 2, was added initially to a reaction, it was recovered
virtually unchanged in the product. While rearrangements
under Lewis acid catalysis are well known, they have not
been noted for chloromethyl groups.

All of these results and others are consistent (in the pre-
ferred case) with an electrophilic substitution in which the
substrate is not thioanisole per se, but a thioanisole-alumi-
num chloride complex9 as suggested in the scheme below.10

CH,S"A1C13

CH;iOH

The initial methoxymethylation and cleavage by chloride
have precedent in other chlorométhylations using chloro-
methyl ethers.12 During the course of this reaction, the
Friedel-Crafts activity of the Lewis acid becomes markedly
diminished, not only by formation of methanol, but more
importantly by the nature of the product complex. If it did
not, we might expect that the once-formed 1 would alkylate
the remaining thioanisole in accord with the results of a
benzylation study by Olah and coworkers.13 In fact, when
we applied these same reaction conditions to some other
aromatic compounds which do not carry a methylthio sub-
stituent, much of the substrate was converted to higher
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Table 11
AIClIs (2.2)-Methylal (1.1) Chlorométhylation
of Thioanisole (1) at 20°'a

Isomerst
Time, min Thioanisole Para Ortho
0 94.8 4.4 0.8
10 91.9 7.1 1.0
20 87.2 11.8 1.0
30 79.3 195 1.2
70 62.6 35.8 1.6
90 55.0 43.3 1.7
180 32.1 65.9 2.0
300 235 74.6 1.9
1320 16.3 82.6 1.1

" Parenthetic numbers are mole ratios. All values are GC, area
percent normalized to 100. bIncludes methoxymethyl analogs.

molecular weight products; the initially formed substituted
benzyl chloride (i.e., benzyl cation) was too reactive to sur-
vive in its environment.

This is not the first example of variable orientation in a
chlorométhylation. Several reports of dependence upon
reaction conditions can be found in the review of Olah and
Tolgyesi.12 The available latitude in isomer control (cf.
with ferric chloride) in addition to the ability to achieve
greater than 100:1 isomer ratios makes this reaction
unique.l4

Norman and Raddal5 have applied and extended the
Hammond postulatel6 to the overall problem of the ortho:
para ratio in aromatic substitution. They point out con-
vincingly that with highly reactive electrophiles operating
on —, +R aromatics, the — effect operates most powerful-
ly on the ortho position, thus increasing the relative para
position reactivity. Since Lewis acid complexation would
be expected to enhance — character of the methylthio
group,17 we can expect that those Lewis acids forming the
strongest complexes would lead to chlorométhylation prod-
ucts with the highest para:ortho ratio. This appears to be
the case (Table I).

A simple explanation for the case of low Lewis acid mole
ratios is harder to construct. If we accept a concept of dy-
namic exchangel7

CdLSCIL + C8H55*CH3ALCL, CEHEB*CH3 + CeHsSCHU-AICa

and equate excess Lewis base with a resultant weaker com-
plex, then at lower mole ratios, competition for the Lewis
acid by both thioanisole and methylal would diminish the
enhancement of the — effect noted above. Furthermore, a
consequence of this competition would be to allow secon-
dary reactions to occur with uncomplexed thioanisole, low-
ering overall yields. These arguments are in accord with
our observations and also satisfy the results of the experi-
ment in which aluminum chloride is added slowly, where
the mole ratio is low during part of the reaction. Likewise,
they are consonant with the known condensation of thioan-
isole with chloromethyl methyl ether in the presence of
boron trifluoride etherate (mole ratio 10:1:1) where an 83%
yield of bis(4-methylthiophenyl)methane (5) is obtained.18

Other explanations might be offered to rationalize the
different results in terms, e.g., of the timing of the transi-
tion state on the reaction coordinate. In any event, the rea-
son for the difference is suggested to be complexation with
sulfur.

Experimental Sectionis2o

p-Methylthiobenzyl Chloride. Preferred Procedure. Cau-
tion! This product is a severe skin irritant. Appropriate protec-
tion against contact is advised. To a stirred slurry of 61.4 g (0.46
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mol) of anhydrous AICI3in 200 ml of 1,2-dichloroethane was added
dropwise over 30-35 min 18.2 g (0.24 mol) of methylal while keep-
ing the temperature at 5-10°. Thioanisole (24.8 g, 0.2 mol) was
then added similarly over ca. 1 hr. The reaction was brought to and
held at 25° with stirring for 6-10 hr. Crystallization commenced
during the warm-up to room temperature. The reaction was then
quenched by the dropwise addition of 225 ml of water below 25°
internal temperature with vigorous agitation.2l The organic layer
was separated, combined with an extract of the aqueous phase, and
washed rapidly with 50 ml of watef. Evaporation in vacuo gave a
concentrate which contained22 25.5 g (74%) of p-methylthiobenzyl
chloride. Present also were 3.1 g (12.6%) of unreacted thioanisole,
and the following by-products in the percent indicated: o-methyl-
thiobenzyl chloride (0.4%), methyl p-methylthiobenzyl ether
(4.8%), 2,4-bis(chloromethyl)thioanisole (2.2%), and bis(p-methyl-
thiophenyl)methane (0.1%).

Chloromethylation-lnverse Addition. A solution of 16.8 g
(0.22 mol) of methylal and 24.8 g (0.2 mol) of thioanisole in 150 ml
of EDC was stirred at ca. 10° while a slurry of 58.6 g (0.44 mol) of
AICI3in 75 ml of EDC was added over a 90-min period. At the end
of the addition, the temperature was brought to 24—26°, and held
there for 6 hr. After the usual quench and work-up, gas chromatog-
raphy showed the presence of 13.1 g (37.8%) of 1, 0.42 g (1.2%) of
ortho isomer 2, and 6.35 g (25.7%) of unreacted thioanisole. The re-
mainder of the substrate was presumably lost to higher molecular
weight (less volatile) products.

Isolation of Product Complex. A portion of a reaction was fil-
tered cold immediately after the thioanisole addition, and the fil-
trate was allowed to crystallize for 4 hr in the usual way. It was fil-
tered and washed with sieve-dried EDC (drybox) and pumped dry
for 120 hr.

A portion (350 mg) was suspended in 1 ml of CCl4, cooled in an
ice bath, and quenched by the addition of ice, then concentrated
HC1. The CCI4 layer and an extract of the aqueous layer were dried
over MgSCb and examined by GC and NMR. The GC showed,
area percent relative to 1. 0.074 thioanisole, 0.018 2, 0.002 3. The
NMR signals were as expected for 1, but with 6-7% excess aromat-
ic and S-CH'i signal. Raman (partial) spectrum: 629 (in-plane ring
bend), 653 (C-S stretch), 1080-1099 (Ar-S stretch), 1595 cm-1
(c=0C).

Anal. Found: C, 28.56; H, 3.87; Cl, 39.4; S, 8.37; Al, 12.72; OCH3,
10.4. These values satisfy the following relationship:
C10H 1e.2CI147019S 11A12

Preparation and Characterization of Pure Substances. Pure
samples of all derivatives of thioanisole mentioned were synthe-
sized and purified according to standard methods. Their physical
constants (melting point or boiling point and refractive index)
agree well with literature values. NMR spectra were unambiguous.
One compound is new, methyl o-methylthiobenzyl ether, made by
reaction of 2 with sodium methoxide in methanol: bp 82-83° (0.35
mm); n23D 1.5680; NMR (CDC13) S 2.4 (s, 3, CH3S), 3.4 (s, 3,
CH30), 4.5 (s, 2,CH2), 7.2 (m, 4, aromatic).

Anal. Calcd for COH120S: C. 64.24; H, 7.19; S, 19.06. Found: C,
64.54; H. 7.30; S, 18.93.

Registry No.—1, 874-87-3; 2, 26190-68-1; 3, 16155-09-2; meth-
ylal, 109-87-5; thioanisole, 100-68-5; methyl o-methylthiobenzyl
ether, 55102-98-2.
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Since the reaction of 6-(methylthio)purine with methyl 2,3-anhydro-5-deoxy-a-D-ribofuranoside in the pres-
ence of base gave two products, the desired methyl 2,5-dideoxy-2-[6-(methylthio)-9-purinyl]-o:-D-arabinofurano-
side (6) and methyl 3,5-dideoxy-3-[6-(methylthio)-9-purinyl]-ff-D-xylofuranoside (7), resulting from attack by the
purine anion on both C-2 and C-3 of the sugar, an alternative route to 6 and related structures was developed.
The best procedure appeared to consist of reaction of 5-amino-4,6-dichloropyrimidine with 4 or 5 followed by ring
closure of the resultant diaminopyrimidines to the corresponding purines. Replacement of the chloro group of 22

then gave the desired isonucleosides 23 and 24.

In naturally occurring nucleosides and nucleotides, the
purine ring is attached to C-l of ribose or 2-deoxyribose,
this linkage being part of an aminal structure, which is
quite susceptive to both hydrolytic and enzymatic cleavage.
The reasons for our interest in analogs of the naturally oe-
curing nucleosides have been adequately discussed.l Avail-
able data indicate that if N-9 of the purine ring is attached
to C-2 rather than C-I of a pentofuranose, with the hydrox-
yl group at C-3 trans to the purine ring and the hydroxy-
methyl group at C-4 cis (see 23), the resulting sugar deriva-
tive, which we have named isonucleoside, is likely to be a
substrate for the anabolic enzyme adenosine kinase.2 If the
nucleotide is formed intracellularly by this enzyme, it may
be capable of interfering with vital cellular metabolism
(e.g., the biosynthesis or function of nucleic acids), and this
type of structure would be of great potential interest.

Since one approach to the synthesis of such compounds
is the reaction of a purine anion with the appropriate sugar
epoxide, the reaction of 6-(methylthio)purine (1) with cy-
clohexene oxide (2) in the presence of pyridine was investi-

gated and found to proceed satisfactorily (although the
yield was low, no attempt was made to optimize it). That
attack occurred as expected at N-9 of 1 to give the desired
9-(trans-2-hydroxycyclohexyl)-6-(methylthio)purine (©)]
(Scheme 1) was demonstrated by comparing the uv spec-
trum of 3 with that of 7- and 9-benzyl-6-benzylthiopurine.3
Since it is well known that epoxides open by rearward nu-
cleophilic attack to give trans products, that aspect of the
structural assignment was not open to question.

The success of the reaction of 1with 2 caused us to study
the reaction of 1 with methyl 2,3-anhydro-5-deoxy-a-D-ri-
bofuranoside4 (4), since it had been reported that attack by
ammonia on 4 occurred exclusively at C-2 to give the arabi-
no sugar derivate (9).56 Attack by the anion of 6-(methyl-
thio)purine on 4 was expected to give the desired arabino
sugar 6 with the purine attached at C-2 and the hydroxyl at
C-3 trans. The reaction of 1 with 4 proved sluggish, and
more drastic conditions had to be employed than in the
case with 2. Less than half of 1 reacted and two sugar-con-
taining products were formed (TLC). Although we original-
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Scheme 11

ly attributed the formation of two products to the condi-
tions necessarily employed, further work established that,
in fact, the reaction of 4 with ammonia gives almost equal
amounts of 9 and 25 resulting from attack at both C-2 and
C-3.7 The identities of the two products obtained from the
reaction of 1 with 4 were established by their NMR
spectra (see Experimental Section) as methyl 2,5-dideoxy-
2-[6-(methylthio)-9-purinyl]-a-D-arabinofuranoside (6)
and methyl 3,5-dideoxy-3-[6-(methylthio)-9-purinyl]-a-D-
xylofuranoside (7); the ratio of isolated products was about
three 6 to one 7. Later, because of the difficulties encoun-
tered with alternative routes, we also investigated the reac-
tion of 1 with 5,7 but this reaction proved even more diffi-
cult—after 20 hr much decomposition had occurred and a
complex mixture of at least six components (TLC) re-
sulted. Reaction of 1 with the 5-0-benzyl derivative8 of 5
was not significantly better, so an alternative approach was
finally adopted.

The alternative approach was based on a synthesis of 9-
substituted purines developed in our laboratories some
time ago.910 At least three variations of this synthesis are
possible and, because of the low yield obtained in the reac-
tion of 5-amino-4,6-dichloropyrimidine (15) with 9, they
were all investigated. The low yield in the conversion of 15
to 18 resulted from side reactions encountered using condi-
tions necessary to cause the relatively unreactive 15 to
react with 9. Among these side reactions were sugar decom-
position, anomerization NMR), and displacement of
the methoxy group of 9 (or 18) by the solvent, 1-butanol
(MS).

The much more reactive 5-nitro-4,6-dichloropyrimidine
was next allowed to react with 9 using conditions that in 18, R=H
other cases prevent disubstitution.11'12 In this case, little or 19, R = OH
no monosubstituted pyrimidine formed, and only the bis R R
compound, bis[methyl 2,5-dideoxy-2,2'-[(5-nitro-4,6-pyrim-
idinediyl)diimino]-a-D-arabinofuranoside] (11), could be
isolated (Scheme Il). This problem could be avoided by the
use of 4-amino-6-chloro-5-nitropyrimidine (12), which is
quite reactive despite the presence of the amino group.

Methyl 2-(6-amino-5-nitro-4-pyrimidinylamino)-2,5-dide-
oxy-a-D-arabinofuranoside (13), obtained in high yield
from 12, was readily reduced with Raney nickel and hydro-
gen to the 5-aminopyrimidine 14. Ring closure of 14 with
formamide at 100° gave a mixture of the desired com- 20. R'
pound, methyl 2-(6-amino-9-purinyl)-2,5-dideoxy-a'-D-ara- 21. R'
binofuranoside (17), and the isomeric methyl 2,5-dideoxy- 22. R

=H R=Cl 23. R- NH.
H; R= OEt 24. R= SMe
OH; R=d
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2-(6-purinylamino)-a-D-arabinofuranoside (16).13 At 150°
only 17 was detected (indicating that rearrangement of 16
to 17 may be possible), but the harsher conditions of this
reaction caused much decomposition and only a low yield
of 17 could be obtained. The much milder ring closure of 14
with diethoxymethyl acetate give, not unexpectedly, only
methyl  2,5-dideoxy-2- (6-purinylamino)-o’-D-arabinofura-
noside (16).14

Because the separation of 9 and 25 is difficult and waste-
ful, the mixture was carried through the reaction sequence
described above (12 “m 13 —m 14 —»17) for pure 9 in the
hope that the separation of 17 from 26 would be easier than
that of 9 from 25. Although the former separation is proba-

NH2

bly somewhat better, this overall approach does not appear
to be a significant improvement.

Thus, none of the obvious variations of the alternative
pathway were entirely satisfactory, but the route via 18 was
finally chosen because of its greater versatility. Ring clo-
sure of 18 with triethyl orthoformate and concentrated HC1
was preferable to closure with diethoxymethyl acetate, in
keeping with published results,15 but still only a 54% yield
was obtained. When an attempt was made to raise the yield
by the addition of more acid and a longer reaction period,
only methyl 2,5-dideoxy-2-(6-ethoxy-9-purinyl)-a-D-arabi-
nofuranoside (21), resulting from displacement of the chlo-
ro group of 20, was isolated.

We now turned our attention to the potentially more in-
teresting sugar 10 (whose derivatives may be enzymatically
phosphorylated), and converted it to methyl 2-(5-amino-6-
chloro-4-pyrimidinylamino)-2-deoxy-a-D-arabinofuranos-
ide (19) by reaction with 5-amino-4,6-dichloropyrimidine
(15). Ring closure with triethyl orthoformate and concen-
trated HC1 gave methyl 2-(6-chloro-9-purinyl)-2-deoxy-a-
D-arabinofuranoside (22), which was converted by standard
nucleophilic displacement reactions to the adenosine ana-
log methyl 2-(6-amino-9-purinyl)-2-deoxy-a-D-arabinofu-
ranoside (23) and the 6-(methylthio)purine ribonucleoside
analog methyl 2-deoxy-2-[6-(methylthio)-9-purinyl]-a-D-
arabinofuranoside (24).

None of these isonucleosides so far evaluated for cyto-
toxicity or activity against leukemia L1210 have been
found to be active.

Experimental Section

All evaporations were carried out in vacuo with a rotary evapo-
rator. Analytical samples were normally dried in vacuo over P205
at 100° for 2-4 hr. Brinkman 8-in., 2-mm silica gel plates were
used for preparative chromatographic separations and Analtech
precoated (250 n) silica gel G(F) plates for TLC analyses; the spots
were detected by irradiation with a Mineraligbt and by charring
after spraying with saturated (NH4)2S0 4. Melting points were de-
termined with a Mel-Temp apparatus and are not corrected. The
uv absorption spectra were determined in 0.1 N HC1, pH 7 buffer,
and 0.1 N NaOH with a Cary Model 17 spectrophotometer; the uv
maxima are reported in nanometers (« X 10“ 3). The 7H NMR spec-
tra were obtained with a Varian XL-100-15 spectrometer in the
solvents indicated with tetramethylsilane as an internal reference.
Chemical shifts (5 in parts per million) quoted in the case of multi-
plets are measured from the approximate center. Mass spectral
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data were taken from low-resolution spectra determined with a Hi-
tachi Perkin-Elmer RMU-7 double-focusing instrument (70 eV)
(M = molecular ion).

9-(trans-2-Hydroxycyclohexyl)-6-(methylthio)purine (3). A
solution of 6-(methylthio)purine (1, 166 mg, 1 mmol) and cyclo-
hexene oxide (2, 117 mg, 1.2 mmol) in ethanol (15 ml) containing
pyridine (1 ml) was allowed to reflux for 26 hr with two additions
of cyclohexene oxide (0.2 ml). Evaporation of the solution gave a
dark residue that crystallized on the addition of absolute ethanol.
This material (140 mg), shown by TLC to contain two purines, was
chromatographed on a silica gel plate using 19 CHC131 MeOH as
the developer. Elution of the heavier band gave 82 mg of homoge-
neous material that was recrystallized from ethanol: yield 50 mg
(19%); mp 202-204°; uv (pH 1) 295 nm (17.7); uv (pH 7 and 13) 286
nm (19.1), 293 (19.1).

Anal. Calcd for Ci2H16N40S: C, 54.52; H, 6.10; N, 21.19. Found:
C, 54.38; H, 5.86; N, 21.08.

5-Deoxy-1,2-0-isopropylidene-3-0-tosyl-(3-D-arabinofura-
noside. A mixture of 1,2-0-isopropylidene-3,5-0-ditosyl-/J-D-ara-
binofuranosidel6 (254.7 g, 0.51 mol) and lithium aluminum hy-
dride (80 g) in tetrahydrofuran (2 1) was refluxed overnight (TLC
for complete reaction) before it was treated successively with H20
(80 ml), 15% NaOH (80 ml), and H2 (240 ml). The gelatinous
solid was removed by filtration and washed with ether. The com-
bined filtrates (ether and tetrahydrofuran) were evaporated to
dryness; a solution of the residue in CHCI3 was washed with 1 N
NaOH and then water and dried over MgS04 before evaporation
to dryness, yield of chromatographically pure product 137.9 g
(82%), MS 313 [(M — CHZJ3)+], This material, identical with that
prepared by the tosylation of 5-deoxy-1,2-0-isopropylidene-a-D-
arabinofuranoside,7 was used in the next step6 without further
purification.

Methyl 2,5-Dideoxy-2-[6-(methylthio)-9-purinyl]-a-D-ara-
binofuranoside (6) and Its Xylo Isomer (7). A mixture of 6-
(methylthio)purine (1, 332 mg, 2.00 mmol), methyl 2,3-anhydro-5-
deoxy-a-D-ribofuranoside® (4, 260 mg, 2.00 mmol), and K2C03
(276 mg, 2.00 mmol) in dry DMA (15 ml) was refluxed with stirring
for 3 hr before it was filtered, and the filtrate was evaporated to
dryness. The residue, when chromatographed on silica gel plates
using 99 CHC13.1 MeOH as developer, gave two principal bands.
About 180 mg (54%) of 6-(methylthio)purine was recovered from
the slower traveling band. The second band proved to be a mixture
of two purine-containing sugars (uv, char), which was resolved into
two bands by chromatography on another plate using 6 BuOH:I
H20 as the developer. Elution of the faster traveling band gave 102
mg (19%) of methyl 2,5-dideoxy-2-[6-(methylthio)-9-purinyl]-a-
D-arabinofuranoside (6): mp 133-134°; uv (pH 1) 223 nm (11.8),
294 (17.2); uv (pH 7 and 13) 222 nm (12.2), 288 (19.1); H NMR
(DMSO-de) S1.35 (d, 3 Hs'), 2.7 (s, SMe), 3.3 (s, OMe), 4.0 (m,
H4), 4.3 (m, H3), 4.8 (m, H2), 5.24 (d, Jr2' = 4 Hz, Hi'), 575
(broad d, OH), 8.62 and 8.76 (2 s, purine H).

Anal. Calcd for Ci2Hi6N403S-0.2C4H90H: C, 49.41; H, 5.83; N,
18.00. Found: C, 49.31; H, 5.45; N, 18.04.

The identity of this purinyl sugar was confirmed by an NOE ex-
periment. Irradiation of the methyl group at C4of the sugar gave a
15-20% enhancement of the signal from the proton at C3whereas
irradiation 200 Hz upfield from the methyl group signal caused no
change, indicating that the proton at C3 must be on the same side
of the ring as the methyl group and, therefore, that the purine
must be attached at C2.

Elution of the slower traveling band gave 42 mg (7%) of the sec-
ond purinyl sugar, which could not be induced to crystallize. It was
identified as methyl 3,5-dideoxy-3-[6-(methylthio)-9-purinyl]-«-
D-xylofuranoside (7): 'H NMR (DMSO-d6) §0.75 (d, 3 H5), 2.7 (s,
SMe), 3.4 (s, OMe), 4.6 (m, H4), 5.0 (m, H3, H2, HD, 5.55 (broad,
OH), 8.62 and 8.75 (2 s, purine H).

The extremely high-field chemical shift of the signal due to the
three protons at Cs is a result of the anisotropic effect of the pu-
rine ring. There is essentially no effect on this signal when the pu-
rine is attached at C2 (see above) rather than C3 in keeping with
the observed effects of the purine ring on the methyl signal of a
cis-acetoxy group at C2and C3of acetylated purine nucleosides.18

Bis[methyl 2,5-dideoxy-2,2"-[(5-nitro-4,6-pyrimidinediyl)di-
imino]-«-D-arabinofuranoside] (11). A CHC13 (8 ml) solution of
methyl 2-amino-2,5-dideoxy-a-D-arabinofuranoside7 (9, 149 mg, 1
mmol) was added slowly to a vigorously stirred mixture of 4,6-di-
chloro-5-nitropyrimidine (8, 194 mg, 1 mmol) and NaHCO03 (84
mg, 1 mmol) in CHCI3 (15 ml). Vigorous stirring was continued
overnight and then the CHC13solution was washed with water and
dried over MgS04 before evaporation to dryness. Trituration with
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ether removed 4,6-dichloro-5-nitropyrimidine, leaving the product,
a light yellow solid: mp 202-204°; 'H NMR (CDC13) 51.36 and 1.12
(2 s, 2-C-Me), 3.44 (s, 2-OMe), 3.65 (m, 2 H3), 4.17 (m, 2 H4), 4.4
(m, 2 H2 and 203 H), 497 (d, 3r2-= 2 Hz, 2 Hi'), 8.15 (s, H2),
9.45 (hroad, 2 NH).

Anal. Calcd for Ci6H25NsOs: C, 46.26; H, 6.07; N, 16.86. Found:
C, 46.00; H, 5.92; N, 16.85.

When the reaction was carried out in the presence of acetic acid,
a lower conversion to the bis compound resulted.

Methyl 2-(6-Amino-5-nitro-4-pyrimidinylamino)-2,5-dide-
oxy-a-D-arabinofuranoside (13). A mixture of methyl 2-amino-
2,5-dideoxy-«-D-arabinofuranosides (9, 1.21 g, 8.24 mmol), 4-
amino-6-chloro-5-nitropyrimidine (12, 2.88 g, 16.5 mmol), and tri-
ethylamine (1.67 g, 16.48 mmol) in 1-butanol was refluxed for 1.3
hr. More pyrimidine (1.44 g, 8.24 mmol) and triethylamine (0.84 g,
8.24 mmol) were added and the mixture was refluxed for 1 hr.
After filtration, the solution was evaporated to dryness. Treatment
of the residue with MeOH caused it to gel: yield 1.91 g (78%); mp
153-155°; uv (pH 1) 242, 296 sh, 339 nm (23.4, 4.22, 6.94); uv (pH 7
and 13) 342 nm (10.1).

Anal. Calcd for CioHisNsos-0.2CaH9o H: C, 43.23; H, 5.71; N,
23.34. Found: C, 43.37; H, 5.72; N, 23.52.

Methyl 2-(5,fi-Diamino-4~pyrimidinylamino)-2,5-dideoxy-
a-D-arabinofuranoside (14). Methyl 2-(6-amino-5-nitro-4-pyri-
midinylamino)-2,5-dideoxy-«-D-arabinofuranoside (13, 428 mg) in
EtOH (150 ml) was hydrogenated at room temperature and atmo-
spheric pressure in the presence of Raney nickel catalyst (75 mg
wet) for 20 hr. The catalyst, was removed by filtration before the
solution was evaporated to dryness. The residual chromatographi-
cally homogeneous syrup (264 mg, 69%) was used in the next step
without further purification: uv (pH 1) 225, 292 nm (15.8, 8.95); uv
(pH 7 and 13) 222, 279 nm (22.7, 8.34).

Methyl 2,5-Dideoxy-2-(6-purinylamino)-a-D-arabinofura-
noside (16). A solution of methyl 2-(5,6-diamino-4-pyrimidin-
ylamino)-2,5-dideoxy-cv-D-arabinofuranoside (14, 200 mg) in di-
ethoxymethyl acetate (10 ml) was allowed to stand at room tem-
perature for 3 days before it was evaporated to dryness. A solution
of the yellow syrupy residue in MeOH (22 ml) containing NaOMe
(108 mg) was refluxed for 0.5 hr, neutralized with HOAc, and evap-
orated to dryness. The orange syrupy residue was chromato-
graphed on silica gel plates using 17 CHCIs:l MeOH as the devel-
oper. Elution with MeOH gave 172 mg (65%) of a solid that was re-
crystallized from EtOH: mp 212-214°; uv (pH 1) 279 nm (19.8); uv
(pH 7) 267 nm (18.5); uv (pH 13) 274 nm (17.5); 'H NMR (DMSO-
de6) $1.28 (d, 3 Hs'), 3.26 (s, OMe), 3.8 (m, H3 and H/), 4.6 (m,
H2), 4.84 (d, 3\'2 = 3.5 Hz, Hi'), 7.9 (broad d, NH), 8.13 and 8.2 (2
s, purine H).

Anal. Calcd for Ci11H15sNsOs: C, 49.81; H, 5.70; N, 26.40. Found:
C, 49.59; H, 5.50; N, 26.18.

Methyl 2-(6-Amino-9-purinyl)-2,5-dideoxy-a-D-arabinofu-
ranoside (17). A solution of methyl 2-(5,6-diamino-6-pyrimidin-
'ylamino)-2,5-dideoxy-a-D-arabinofuranoside (14, 216 mg) in form-
amide (10 ml) was heated at 150° for 3 hr before it was evaporated
to dryness. The residue was chromatographed on a silica gel plate
using 17 CHC13:1 MeOH once and then 9 CHC131 MeOH twice as
developers, yield 52 mg (23%), This material was recrystallized
from EtOH: mp 211-212°; uv (pH 1) 258 nm (15.2); uv (pH 7 and
13) 261 nm (15.3); >H NMR (DMSO-d6) s 1.32 (d. 3 H5), 3.27 (s,
OMe), 3.95 (m, H4), 4.2 (m, H30, 4.7 (m, H2), 5.19 (d, Jr2-= 4 Hz,
Hi'), 5.68 (d, O3' H), 7.2 (s, NH2), 8.15 and 8.24 (2 s, purine H).

Anal. Calcd for C11H1sNsOs: C, 49.81; H, 5.70; N, 26.40. Found:
C, 49.91; H, 5.65; N, 26.45.

Methyl 2-(6-Amino-9-purinyl)-2,5-dideoxy-a:-D-arabinofu-
ranoside (17) and Methyl 3-(6-Amino-9-purinyl)-2,5-dideoxy-
a-D-xylofuranoside (26). Reaction of a mixtures of methyl 2-
amino-2.5-dideoxy-«-D-arabinofuranoside (9) and methyl 3-
amino-3,5-dideoxy-a-D-xylofuranoside (25, 0.982 g, s.68 mmol)
with 12 (2.33 g, 13.4 mmol) as described above for pure 9 gave 1.62
g (85%) of the pyrimidinylamino sugars (13 and its xylo isomer).
Hydrogenation of half of this material with Raney nickel catalyst
as described above for 13 gave 646 mg (38%) of a mixture of 14 and
its xylo isomer. A solution of this mixture in formamide (30 ml)
was heated at 150° for 2 hr before it was evaporated to dryness.
The residue was resolved hy repeated chromatography on silica gel
plates using first 9 CHCla.T MeOH and then 43 BuOH:7 H20 as
developers. The isomers were both eluted with and recrystallized
from MeOH. The faster traveling material (81 mg) was essentially
identical with 17 obtained as described above. The slower traveling
material (26, 15 mg) melted at 208-210°: uv (pH 1) 258 nm (14.2);
uv (pH 7 and 13) 260 nm (15.6); >H NMR (DMSO-dg) $0.73 (d, 3
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Hs'), 3.4 (s, OMe), 45 (m, H4), 495 (m, Hi', H2, and H3), 5.4 (m,
02'H), 7.2 (broad s, NH), 8.14 and 8.25 (2 s, purine H). The unusu-
ally high-field signal (0.73 ppm) due to the three protons at Cs is a
result of the anisotropic effect of the purine ring attached at Cs of
26 (see above, 'H NMR spectrum of 7).

Anal. Calcd for Ci,H15Ns0 3: C, 49.81; H, 5.70; N, 26.40. Found:
C, 50.02; H, 5.49; N, 26.68.

Methyl 2-(5-Amino-6-chloro-4-pyrimidinylanuno)-2,5-dide-
oxy-a-D-arabinofuranoside (18). A solution of methyl 2-amino-
2.5- dideoxy-a-D-arabinofuranoside? (9, 2.64 g, 18 mmol), 5-amino-
4.6- dichloropyrimidine (15, 5.91 g, 36 mmol), and triethylamine
(5.04 ml, 36 mmol) in I-but,anol (300 ml) was refluxed for 18 hr be-
fore it was evaporated to dryness. The residue was purified by
chromatography on a silica gel column using a gradient elution
with CHCIs —97 CHClz:3 MeOH. Jn this manner the 5-amino-
4.6- dichloropyrimidine was separated from the product, yield 1.38
g (27%). This material, which was chromatographically homoge-
neous, was used in the next, step without further purification: uv
(pH 1) 305 nm (12.8); uv (pH 7 and 13) 261, 292 nm (8.20, 9.35).

Methyl 2-(5-Amino-6-chloro-4-pyrimidinylamino)-2-deoxy-
a-D-arabinofuranoside (19). A solution of methyl 2-amino-2-
deoxy-a-D-arabinofuranoside? (10, 0.864 g, 5.3 mmol), 5-amino-
4.6- dichloropyrimidine (15, 1.74 g, 10.6 mmol), and triethylamine
(1.48 ml, 10.6 mmol) in 1-butanol (120 ml) was refluxed for 18 hr
before it was evaporated to dryness. The residue was chromato-
graphed on silica gel plates (9 CHC13:1 MeOH). The major band
was eluted with MeOH: yield 1.18 g (46%); mp indefinite; uv (pH
1) 304 nm (11.8); uv (pH 7 and 13) 261, 291 nm (7.60, 8.65). This
chromatographically homogeneous material was used in the next
step without further purification. Unchanged 10 was also recov-
ered from the silica gel plates.

Methyl 2-(6-Chloro-9-purinyl)-2,5-dideoxy-a-D~arabinofu-
ranoside (20). The addition of concentrated HC1 (0.13 ml) to a
suspension of methyl 2-(5-amino-6-chloro-4-pyrimidinylamino)-
2,5-dideoxy-a-D-arabinofuranoside (18, 338 mg) in ethyl orthofor-
mate (4 ml) caused solution. After standing at room temperature
for 18 hr, the solution deposited a white solid, which was removed
by filtration, washed with ethyl orthoformate, and dried: yield 187
mg (54%); mp 195° uv (pH 1and 7) 265 nm (9.21); uv (pH 13) 263
nm (s.22).

Anal. Calcd for CnHisCIN403 C, 46.41; H, 4.60; N, 19.62.
Found: C, 46.27; H, 4.43; N, 19.63.

Methyl 2-(6-Ethoxy-9-purinyl)-2,5-dideoxy-a-D-arabinofu-
ranoside (21). A solution of methyl 2-(5-amino-6-chloro-4-pyrimi-
dinylamino)-2,5-dideoxy-«-D-arabinofuranoside (18, 338 mg) in
triethyl orthoformate containing 0.26 ml of concentrated HC1 was
allowed to stand for 3 days at room temperature before it was neu-
tralized with aqueous Na2C03. Evaporation of the solution gave a
residue which was purified by chromatography on silica gel plates
using 97 CHC13:3 MeOH as the developer. Elution with MeOH
gave a white solid which was recrystallized from MeOH: yield 192
mg (56%); mp 195-197°; uv (pH 1, 7, and 13) 252 nm (11.1).

Anal. Calcd for CisHi8N40 4 C, 53.05; H, 6.16; N, 19.04. Found:
C, 53.00; H, 5.97; N, 19.14.

Methyl 2-(6-Amino-9-purinyl)-2-deoxy-a-D-arabinofura-
noside (23). The addition of concentrated HC1 (0.11 ml) to a sus-
pension of methyl 2-(5-amino-6-chloro-4-pyrimidinylamino)-2-
deoxy-«-D-arabinofuranoside (19, 291 mg) in triethyl orthoformate
(33 ml) caused immediate solution. After standing for 18 hr at
room temperature, the solution was evaporated to dryness (no
heat). A solution of the residue (22) in ethanolic ammonia (10 ml,
saturated at o°) was heated at 80° for 18 hr before it was evapo-
rated to dryness. The residue was chromatographed on silica gel
plates (9 CHC131 MeOH). After elution the product was converteu
to its picrate salt in MeOH. The picrate was converted back to the
free base by treatment with Dowex 1-X8 (C032-) in MeOH, yield
105 mg. Recrystallization of this material from Et.OH gave 40 mg
(14%) of pure product: mp 175-177°; uv (pH 1) 258 nm (14.4); uv
(pH 7 and 13) 260 nm (14.8); >SH NMR (DMSO-ds) s 3.28 (s, OMe),
3.66 (m, 2 Hs'), 3.9 (m, H4), 4,46 (m, H3), 4.75 (m, H2), 4.94 (m,
Os'H), 5.18 (d, yvT = 4 Hz, HYI), 57 (d, 03'H), 7.24 (broad s,
NH?2), 8.16 and 8.23 (2 s, purine H).

Anal. Calcd for CnHisN;-,04: C, 46.97; H. 5.38; N. 24.90. Found:
C, 47.25; H, 5.27; N, 24.88.

Methyl 2-[6-(Methylthio)-9-purinyl]-2-deoxy-a-D-arabino-
furanoside (24). Conversion of 19 (1.18 g) to 22 was effected as
described above. A solution of the residue (22) from this procedure
in 82 ml of 1 N NaSMe in MeOH was refluxed for 0.5 hr before it
was filtered, neutralized with HOAc, and evaporated to dryness.
The residue was chromatographed on silica gel plates (9 CHC13:1
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MeOH). The major band was eluted and the material was rechro-
matographed using 9 CHClail MeOH and again using ethyl ace-
tate. The major band was eluted with MeOH and the solution was
evaporated to a white glass that could not be induced to crystallize
from EtOH: yield 255 mg (20%); uv (pH 1) 287 sh, 294 nm (14.0,
16.4); uv (pH 7 and 13) 287, 293 nm (18.0, 17.8); H NMR (DMSO-
d6) >2.68 (s, SMe), 3.3 (s, OMe), 3.7 (m, 2 H50, 3.9 (m, H4), 45 (m,
H3), 4.9 (H2O, ca. 5 (broad, OH), 5.24 (d, Jr2 = 4 Hz, Hi'), 5.85
(broad, OH), 8.58 and 8.75 (2's, purine H).

Anal. Calcd for Ci2H 16N404S-0.25C.2H50H: C, 46.36; H, 5.45; N,
17.30. Found: C, 46.32; H, 5.31; N, 17.08.
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Treatment of diethyl fraras-2-ethoxyearbonyl-3-0xo-4-hexenedioate (11) with concentrated sulfuric acid and
subsequent hydrolysis gave the tetronic acid synthon 4. In contrast diethyl cinnamoyl malonate (19) and diethyl
crotonoyl malonate (20) were lactonized to ;-lactones. Extension of the synthetic principle to a-fumaroyl-fl-keto
esters provided a total synthesis of the naturally occurring tetronic acids carlosic acid (2) and viridicatic acid (3).
Synthesis of carlic acid (1) along this route has been unsuccessful so far, whereas acylation of 5-methoxycarbonyl-
methyltetronic acid (15) with 4-chlorobutanoyl chloride and subsequent hydrolysis afforded the desired natural

product.

As part of our attempts to develop general methods for
the synthesis of the mold tetronic acids carlic acid (1, cf.
la), carlosic acid (2), and viridicatic acid (3), we have con-
sidered using the parent acid 4 as a synthon, since it has
been demonstrated that Friedel-Crafts acylation of the
tetronic acid nucleus may lead to natural products.2-4

1 R = COCH,CH.,CH,OH

2, R = COCH,CH,CH,

3, R = COCH,CH,CH,CH.,CH,
4, R=H

5, R = COCR,

6, R= Br

The synthon 4 has already been obtained in a minor
guantity from a hydrogenation product of dimethyl ketipi-
nate (dimethyl 3,4-dioxomuconate, 13)%and from cycliza-
tion of the acetoacetyl derivative of dimethyl malate with
potassium tert-butoxide in tert-butyl alcohol acting as

condensing agent.4 We therefore turned our interest to the
ethoxycarbonylacetyl derivative of diethyl malate (7), since
this compound on cyclization might give 8 from which the
3-ethoxycarbonyl group could easily be removed.

COOEt

|

CHOCOCH,COOEt HON COOEL
base

|

CH, EtOOCCH, o~o0

|

COOEt 8

It proved, however, to be very difficult to find an appro-
priate reagent for the Dieckmann cyclization of 7. Earlier
reactions of this type have been carried out successfully
with metallic sodium6 and especially with diisopropylmag-
nesium bromide in ether7 as bases. These reagents, as well
as sodium hydride in various solvents, e.g., ether, benzene,
toluene, or hexamethylphosphoric triamide, induced no cy-
clization.
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behaved analogously. To gather information about the
cource and time of reaction for the cyclization a number of
NMR spectra were recorded directly on the reaction mix-
ture, the very distinct signals of the ethylenic protons of 11
serving as an excellent means of inspecting the progress of
the reaction. Immediately after dissolution these signals

//COOEt KOH started fading away concomitant with the appearance of
EtOOCCH,CHCOCH new signals at higher field. Furthermore, the originally
“1 equivalent ester methylene protons were divided into two
Br groups of clearly different shift values. This was also the
H—0 case—though to a minor extent—for the ester methyl
O/ COEt groups. Thes_e observatior_ls lend support to the following
«COOEt c=c/ |on|c_mechanlsm (me_:chanlsm I)13 _
HOOCCH=CHCOCH . o ; \ Acid-catalyzed Michael addltlor_l of one of_the malonic
‘COOEL = COOEt ester groups of 11 to the ethylenic bond which has been
made nucleophilic by the presence of the terminal ester
10 HooCAH group leads to the intermediate cyclic oxonium ion stabi-
10a lized by extensive delocalization of the positive charge. The
AT Sy
W C\ /(V C\
I X OEt 1 OEt
:0: H \& Ip 1Y X
G, 0 OEt o F (/7 \)Et
ii
H--0 H—0

H

In the light of the aforementioned cyclization of dimeth-
yl acetoacetylmalate it was surprising to notice that even
potassium tert-butoxide in fert-butyl alcohol did not give
detectable amounts of 8, the only isolable product being fu-
maric acid.

Considering our recent report on the synthesis of tetron-
ic acids by cyclization of brominated (3-keto esters an alter-
native route to 8 might be bromination of diethyl 2-ethoxy-
carbonyl-3-oxoadipate (9) and subsequent cyclization with
25 N potassium hydroxide. However, this procedure failed
to give 8, since elimination coincident with partial saponifi-
cation was the predominant reaction, giving the unsatu-
rated diester 10 as a crystalline solid in good yield. From
the NMR data this compound exists predominantly in the
enol form 10a. This mode of reaction was not unexpected
but equivalent to that of diethyl 3-oxoadipate.8

On searching through the existing literature on lactones
we found that some unsaturated acids and esters have been
lactonized under various conditions.911 It was natural,
therefore, to investigate the utility of 10 in this respect.
Thus, when dissolved in concentrated sulfuric acid and left
standing at 0° for 24 hr 10 after hydrolysis was transformed
into a new solid product, the NMR spectrum of which re-
vealed the absence of the characteristic ethylenic protons
of the starting material. Furthermore, TLC and uv proper-
ties were in accordance with those of a tetronic acid or a
similar system. On the basis of these findings and analyti-
cal data the structure 17 was assigned to this new com-
pound. As a synthetic simplification the following investi-
gations were carried out with the ethyl ester of 10. This
compound 11 was easily prepared by condensation of
trans-/3-ethoxycarbonylacrylyl chloride and diethyl malo-
nate,12 and on treatment with concentrated sulfuric acid

M

oxonium ethyl group is thereby rendered clearly different
from the remaining two ester ethyl groups and should ap-
pear at a different shift value. In the hydrolysis step, expul-
sion of ethanol finally stabilizes the molecule. The time
necessary for the complete disappearance of the ethylenic
proton signals and thus for complete cyclization in a re-
peated number of runs amounted to 40 min, but already
after 15 min only one-third of the original peak integration
value was left. This indicates a half-life for the reaction in
the range of 8-10 min.

It was not possible a priori to predict whether 11 would
cyclize according to this mechanism or according to mecha-
nism Il proposed for compounds 19 and 20 below. If the
course of mechanism Il was taken, simple polarization con-
siderations of the ethylenic bond would not allow for a reli-
able prediction of which of two possible carbonium ions
would be the one most readily formed, since the difference
in directing power of a keto group vs. an ester group is too
small. This problem was even more pronounced because
enolization of the keto group might totally change the pic-
ture. Further, the order of stability of the two oxonium
ions, another fact which may influence the pathway, is dif-
ficult to anticipate. The only possible means of ruling out
any inoperative mechanism was an analysis of the structure
of the product. In this respect the NMR data are of little
value since the possible products 8 and 12, as the only cru-
cial difference, would exhibit two similar ABX systems
which could not be told apart directly, and uv spectral data
of similar systemsl4 are too few to make any clear distinc-
tion. Finally, an unambiguous structure assignment was
made by chemical means. Following the reported proce-
dure,5 dimethyl ketipinate (13) was catalytically hydroge-
nated to yield after the absorption of 1 mol of hydrogen the
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OH OH

CHIOOCCH =CI— C!=CHCOOCH;i
13
0 OH

CH3OOCCH;j;C— CHCHZCOOCH,
14

12

acyloin 14, which when refluxed in acetic anhydride afford-
ed the methyl ester 15 of the synthon 4. Saponification of
15 by means of concentrated hydrochloric acid afforded 4.
This compound was identical in all respects with the sa-
ponification product of 8.

In this way it was established that the cyclization prod-
uct of 11 was the desired tetronic acid 8 and not the 6-lac-
tone 12. As further pieces of evidence treatment of our hy-
drolysis product 4 with acetic acid-acetic anhydride afford-
ed the dilactone 16 identical with that reported starting
from dimethyl ketipinate,5 and bromination of 4 gave 6,

which is the common degradation product of the three nat-
urally occurring tetronic acids 1, 2, and 3.

One procedure for the transformation of 3-ethoxycar-
bonyltetronic acids to 3-unsubstituted species is conversion
to barium salt and subsequent acidification and decarbox-
ylation.1516 Applying this method to 8 we obtained the sa-
ponification product 17 instead of the monoester 18. Treat-

HO COOEL.

Ba(OH) Ba(OH).

HooccH O 0
17

ment of 8 with 1 N potassium hydroxide or refluxing in
water gave the free acid 4. Proper conditions for the selec-
tive decarboxylation to 18 were not found.

The generality of the lactonization procedure was stud-
ied with the cinnamoyl malonate 19 and the crotonovl mal-
onate 20 as substrates. For these compounds mechanism I
depicted above for 11 obviously is invalid. Alternatively,
the following reaction sequence consistent with the isolated
products is suggested (mechanism II).

Maintaining the idea of a carbonium ion mechanism op-
erating, this time with initial protonation of the ethylenic
bond, it would be predicted for both that the lactones 23
and 25, respectively, were the most likely products. In the
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ckh" o ofo
K I
SH o+
. . mOEt
1| 1
h 0<*Cs CHn~C-
T)Et + 1 "OEt
19 R= C;H_. 21, R=CTT
20, R= CHi 22. R = CH,
COOEt
H.O
+
OEt
23. R = CH, 24. R= CH,
25, R = CH, 26, R= CHJ

(m
case of 19 the carbonium ion 21 should be greatly favored,
since this is a benzylic cation to which resonance delocali-
zation imparts a unique stability. The isolation of 23 in
high yield confirmed this assumption. From NMR studies
on the reaction mixture by inspection of the ethylenic pro-
ton signals a half-life of the reaction in the range of 20-25
min was roughly estimated. When dissolved in water and
refluxed until the calculated amount of carbon dioxide had
been evolved, 23 gave the lactone 24.17 In the case of 20 the
resonance effect of the carbonyl group is unidirectional,
but the carbonium ion 22, being a normal secondary cation,
has no special possibility of stabilization. This fact is re-
flected in the NMR investigations of the reaction from
which the cyclization appeared to be more sluggish with a
half-life of 80-90 min and from the low yield of product. In
fact only the decarboxylated lactone 26 was isolated in a
minor quantity.

The convenient lactonization of 11 led us to examine the
possibility of a natural product total synthesis applying an
extension of this principle. Thus for the synthesis of a 3-
acylated tetronic acid diethyl malonate should be replaced
by the appropriate d-keto ester and this condensed with
trans-d-carbethoxyacrylyl chloride and cyclized with con-
centrated sulfuric acid.

Starting with ethyl acetoacetate as the simplest model
substance condensation was attempted with sodium hy-
dride in various solvents. The acetoacetate anion was creat-
ed as a suspension in the solvent and a equivalent amount
of acid chloride was added to the suspension. The strongly
colored products had very complex NMR spectra which
showed no ethylenic protons. This was believed, initially, to
be due to a double attack to the acetoacetate anion on the
acid chloride. After several experiments with various bases,
ethylmagnesium bromide in methylene chloride was found
to be the reagent of choice.18 The bromomagnesioacetoace-
tate was readily soluble in methylene chloride and it was
possible, therefore, to add this complex slowly to the acid
chloride, thus preventing a double attack. Surprisingly, the
clean reaction all the same gave a product without ethyl-
enic protons. A closer examination revealed that the initial-
ly formed condensation product readily enolized via the
acetoacetate keto group and the enol group added to the
double bond forming the 3-ox0-4,5-dihydrofuran 27 (R =
CH:i). A related reaction leading to 3-oxo0-4,5-dihydrofur-
ans has been encountered in the condensation of d-keto es-
ters with «-halo acid chlorides.19 Finally action of dilute so-
dium hydroxide rearranged 27 to the desired tetronic acid
5.

Substituting ethyl acetoacetate with ethyl 3-oxohexa-
noate and ethyl 3-oxodecanoate, the same sequence of reac-
tions gave carlosic acid (2) and viridicatic acid (3), respec-
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tively.1'20 Recently we have prepared ethyl 6-chloro-3-oxo-
hexanoate, the requisite (Fketo ester for the construction of
the carlic acid side chain.2l Condensation of this ester with
trans-/3-ethoxycarbonylacrylyl chloride and treatment of
the condensation product with dilute base produced a com-
pound CioH100e of mp 187-190° [lit.2 mp of (—)-carlic
acid 176°]. Uv data were in accordance with those of 2 and
3 but NMR data disagreed with those expected for carlic
acid. Finally, since the synthesis of carlic acid along this
route seemed to have failed, the utility of the synthon 4
with respect to acylation was investigated. Recently the ac-
ylation of tetronic acids unsubstituted in the 3 position has
been reported to proceed well in nitrobenzene with TiCl4 as
Friedel-Crafts catalyst4 As 4 contains two acidic groups
capable of reacting with an acid chloride, 2 equiv of 4-chlo-
robutanoyl chloride was mixed with a solution of 4 in nitro-
benzene. TiCU catalyst was added and the reaction mixture
was kept at 60° for 14 hr. On work-up no carlic acid was
isolated. In contrast the methyl ester 15 was readily acylat-
ed when treated with an equivalent amount of 4-chlorobu-
tanoyl chloride in nitrobenzene at 60° for 3 hr. Carlic acid
methyl ester (28) was obtained in 68% yield. Hydrolysis to
free carlic acid proceeded well with 3 N potassium hydrox-
ide, yielding the desired natural product la.

Experimental Section

Microanalyses were performed at the Microanalytic Department
of the University of Copenhagen. Melting points were determined
on a Biichi apparatus. Nuclear magnetic resonance (NMR) spectra
were recorded on a Jeol C-60 HL spectrometer with Me4Si as in-
ternal standard. The chemical shifts are expressed in & values
(parts per million) downfield from Me4Si. Coupling constants are
expressed in hertz. Ultraviolet (uv) spectra were recorded on a
Beckman Acta Ill spectrophotometer with absolute ethanol as sol-
vent. The progression of the reactions was monitored conveniently
by thin layer chromatography (TLC) with ether or a mixture of
benzene-ethanol-acetic acid (9:2:1 v/v) as eluent.

Ethyl Chlorocarbonylacetate. Ethyl hydrogen maionate (180
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g, 1.36 mol) was cooled at 0° and thionyl chloride (50 ml) was
added dropwise in 30 min. The mixture was allowed to warm at
room temperature and left at this temperature for 24 hr. Distilla-
tion gave a forerun of excess thionyl chloride and then pure title
compound was collected, bp 74° (11 mm), yield 167 g (81%).23

Diethyl Ethoxycarbonylacetylmalate (7). Diethyl malate (95
g, 0.5 mol) was dissolved in dry ether (200 ml) at 0°. Ethyl chloro-
carbonylacetate (75 g, 0.5 mol) was added rapidly without any no-
ticeable reaction. To this mixture pyridine (45 g, slight excess) was
added dropwise with precipitation of the hydrochloride. After
complete addition and stirring for a further 2 hr 4 TV hydrochloric
acid (200 ml) was added to remove excess pyridine and the organic
phase was separated and dried (Na2S04). The ether was distilled
off in vacuo, leaving 150 g of slightly colored oil. Two distillations
gave 89 g (59%) of colorless product: bp 138-140° (0.05 mm); ra25D
1.4374; NMR (CDC13) 5129 (6H,t,3 = 7Hz),292 (2H,d,3 = 6
Hz, COCH2CH), 343 (2 H, s, COCH0CO), 421 (2H, q,3 = 7 Hz),
424 2H,q,3 = 7Hz),427 (2H,q,3 = 7THz),555 (1 H,t,J3 =6
Hz, CH2CHO). Anal. Calcd for C13H2008: C, 51.30; H, 6.76. Found:
C, 51.31; H, 6.63.

Attempted Cyclization of Diethyl Ethoxycarbonylacetyl-
malate (7). Potassium ierf-butoxide (12.0 g, 0.11 mol) was sus-
pended under nitrogen in tert-butyl alcohol (45 ml) distilled from
calcium hydride. The triester 7 (30.4 g, 0.1 mol) was added drop-
wise with evolution of heat. When the addition was complete the
mixture was refluxed for 40 min and left overnight at ambient
temperature. After chilling at 0° 4 N hydrochloric acid (30 ml) and
water (200 ml) were added. The aqueous solution was extracted
with ether (2 X 100 ml) and the combined ether extracts were
dried (Na2S04). The ether was removed in vacuo and further vola-
tile material distilled off at 110° (15 mm). From the remaining oil
(27.5 g) a solid separated. Redissolution of the oil in ether (100 ml)
and filtration gave 2.7 g of white solid material of mp 220° identi-
fied as fumaric acid.

trans-I-Ethyl Hydrogen 2-Ethoxycarbonyl-3-oxo-4-hex-
enedioate (10a). The triester 9 (144 g, 0.5 mol) was dissolved in
chloroform (400 ml) and chilled at 0°. A solution of bromine (80 g,
0.5 mol) in chloroform (400 ml) was added dropwise over a period
of 3 hr. After standing at ambient temperature for 12 hr the sol-
vent was removed in vacuo, leaving 188 g of yellow oil, n24D 1.4750.
With vigorous stirring 18.8 g of this oil was added dropwise to 3 N
potassium hydroxide (100 ml) at 0°. After 4 hr the reaction mix-
ture was acidified with 4 N hydrochloric acid (60 ml) and extract-
ed with ether (3 X 50 ml). The ether layer was separated, dried
(Na2504), and evaporated in vacuo to give 12.3 g of solid product.
Recrystallization from chloroform-light petroleum (boiling range
50-70°) afforded 8.9 g (69%) of 10: mp 102-104° (lit.12 mp 107°);
NMR (CDC13) ©#1.34 (6 H, t, 3 = 7 Hz), 431 (4 H, q,J = 7 Hz),
6.76 (1 H,d, 0= 155 Hz), 756 (1 H, d, 3 = 155 Hz), 11.53 (2 H,
br, s).

3-Ethoxycarbonyl-5-carboxymethyltetronic Acid (17). Solid
10 (5.2 g, 0.02 mol) was added in portions to magnetically stirred
concentrated sulfuric acid (20 ml) at 0°. When all solid material
had been completely dissolved the reaction mixture was left at 0°
for 26 hr, after which time it was poured onto ice (60 g). The aque-
ous phase was exhaustively extracted with ether and the ether and
some water from the extraction process were removed in vacuo to
leave 4.5 g of slightly colored solid of mp 130-134°. A sample for
analysis recrystallized from benzene-ethyl acetate had mp 137—
139° when heated quickly. When heated slowly the compound
started melting at 137° but the liquefaction was not complete until
at 180°. This may be due to transesterification: NMR (DMSO-de)
5127 3H,t 3 = 75Hz), 2.21-3.15 (2 H, m, eight lines), 4.19 (2 H,
g,J = 7.5 Hz), 491-5.16 (1 H, m, four lines), 12.08 (2 H, s); uv \mex
223 nm (log e4.04) and 246 (4.12).

Anal. Calcd for CO9H1007: C, 46.96; H, 4.38. Found: C, 46.75; H,
4.46.

3-Ethoxycarbonyl-5-ethoxycarbonylmethyltetronic  Acid
(8). irons-Diethyl 2-ethoxycarbonyl-3-oxo-4-hexenedioate (11,
28.6 g, 0.1 mol) was added dropwise with stirring to concentrated
sulfuric acid (100 ml) at 0°. After standing at this temperature for
24 hr the mixture was poured on ice (600 g) and exhaustively ex-
tracted with ether. Drying (Na2S04) and evaporation of the sol-
vent gave 25.4 g of a viscous yellow oil. The oil was redissolved in
ether (25 ml) and chilled at —15°. Filtration of the precipitated
crystals produced 13.2 g of snow-white material. Repeating this
procedure a total of 17.4 g (67%) was obtained: mp 77-79°; uv \mex
220 nm (log €4.09) and 244 (4.18); NMR (CDC13) 61.25 (3 H, t,3 =
7 Hz), 1.37 3 H, t,3 = 7 Hz), 2.45-3.19 2 H, m), 415 (2 H, q,J =
7Hz), 436 (2H,q,3 = 7Hz),520 (1 H,dd,J = 45and 7.0 Hz).
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Anal. Calcd for CnH140 7: C. 51.16; H, 5.47. Found: C, 51.35; H,
5.51.

3-Ethoxycarbonyl-5-carboxymethyltetronic Acid (17). The
parent diethyl ester 8 (2.60 g, 0.01 mol) was dissolved in a solution
of barium hydroxide (3.5 g) in water (100 ml) and left at room tem-
perature for 18 hr. The white precipitate was filtered, dissolved in
4 N hydrochloric acid (30 ml), and heated briefly at 70°. After
chilling at 0° the aqueous solution was extracted with ethyl acetate
(3 X 15 ml). The pooled organic extracts were dried (Na2S0 4) and
evaporated in vacuo to leave a solid mass. The mass was broken
up, washed with ether, and filtered to give 0.74 g of white solid, mp
130°. Recrystallization from ethyl acetate raised the melting point
to 137-139° when heated quickly. Further data were identical with
those given above.
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- M%th(yl-%-letho carbonyl-4-oxo-5-ethoxycarbonylme-
th '4,5'd| yaroruran >z¥7 R ="CHB. To ethyl acetoacetate
(26.0 g, 0.2 mol) in methylene chloride (i00 ml) was added ethyl-
magnesium bromide in the same solvent at 0° until the evolution
of ethane ceased. The clear solution was transferred to a dropping
funnel and added dropwise to a solution of trans-3-ethoxycarbon-
ylacrylyl chloride (32.5 g, 0.2 mol) in methylene chloride (50 ml) at
0°. After complete addition and standing at ambient temperature
for 12 hr the reaction mixture was poured into ice-cold 2 N hydro-
chloric acid (300 ml) and shaken thoroughly. The organic layer was
separated, washed with brine (200 ml), and dried (NaS04). Evapo-
ration of the solvent in vacuo left 51.5 g of oily product. The oil (3
X 2.0 g) was chromatographed on three silica gel plates with ether
as eluent. The bands with_Rf 0.63 on reextraction with ether gave

5- Carboxymethyltetronic Acid (4). A solution of the diester 8 2.90 g of slightly colored 27 NMR (CC14) 8 1.25 (3 H, t, J = 7 Hz),

(13.0 g, 0.05 mol) in a mixture of water (250 ml) and potassium hy-
droxide (16.3 g of 86% pellets) was left at room temperature for 5
days, after which time 4 N hydrochloric acid was added to pH <1.
The aqueous solution was exhaustively extracted with ether and
the ether was stripped off, leaving 5.0 g of white solid, mp 185°.
One recrystallization from ethyl acetate raised the melting point to
187-191° (lit.5mp 187-191°). In an alternative procedure, which is
more rapid but gives lower yield, 8 (7.8 g, 0.03 mol) was dissolved
in water (60 ml) and heated to boiling. A vigorous evolution of gas
started and within 30 min the theoretical amount of carbon diox-
ide (720 ml) had been collected. Exhaustive ether extraction and
evaporation of the ether in vacuo gave a crude product which was
recrystallized from benzene-acetic acid, yield 1.35 g (28%) of white
material: mp 187-191°; NMR, (DMSO-de) 5 2.17-3.11 (2 H, m),
4.96 (1 H, s) 4.95-5.21 (1 H, m), 10.30 (2 H, s); uv Amex 222 nm (log
c4.06).

3-Bromo-5-carboxymethyltetronic Acid (s ). The parent acid
4 (1.3 g, 8.2 mol) was suspended in acetic acid (20 ml) and heated
at 35-40°. A solution of bromine (0.8 g) in acetic acid (5 ml) was
added dropwise, producing a clear solution which was stirred for a
further 2 hr. The solvent was distilled off in vacuo, leaving a slight-
ly colored solid, mp 172-175° dec. Recrystallization from acetic
acid raised the melting point to 195-197° (lit.24 mp 198-199°),
NMR (DMSO-de) 8 2.25-3.15 (2 H, m), 5.05-5.28 (1 H, m, four
lines).

2,5-Dioxo-7-acetoxyfuro[3,2-b]furan (16). A solution of 5
carboxymethyltetronic acid (4, 950 mg) in a mixture of acetic acid
(9 ml) and acetic anhydride (1.5 ml) was refluxed for 30 min. The
solvent was distilled off at 50° (11 mm) and the residue was dis-
solved in ethyl acetate (50 ml) and extracted with saturated aque-
ous sodium hydrogen carbonate, then water. Drying (NasSC”") of
the organic phase and evaporation of the solvent in vacuo left an
oil (500 mg) which rapidly crystallized. The solid material was fil-
tered and recrystallized from toluene: mp 108-109° (lit.5 mp
109.5-111°); NMR (CDC13) $2.55-3.60 (4 H. m), 2.13 (3 H, s),
5.09-5.25 (1 H, m, four lines). This was in accordance with previ-
ous data.5

3-Ethoxycarbonyl-6-phenyltetrahydropyran-2,4-dione (23).
Diethyl cinnamoylmalonate (14.5 g, 0.05 mol) was dissolved in con-
centrated sulfuric acid (50 ml) and left at 0° for 24 hr. Work-up
performed as for 8 gave an oil (13.1 g) which rapidly solidified.
Washing with cold ether, filtration, and recrystallization from
ethyl acetate afforded 10.1 g (77%) of the title compound: mp 97-
99°; NMR (CDCI3) 81.39 3 H, t,J = 7.5 Hz), 2.60-3.33 (2 H, m),
438 (2 H, q,J = 7.5 Hz), 5.20-5.50 (1 H, m, four lines), 7.31 (5 H,
s), 11.31 (1 H, s); uv Arex 251 nm (log £4.06).

Anal. Calcd for C14H1405: C, 64.11; H, 5.38. Found: C, 64.30; H,
5.49.

6- Phenyltetrahydropyran-2,4-dione (24). 23 (1.3 g, 0.005 mol)

was dissolved in water (30 ml) and refluxed until the gas evolution
ceased (30 min). Upon cooling the precipitated solid was filtered
and recrystallized from benzene to yield 450 mg of the title com-
pound: mp 126-130° (lit.17 mp 120-127°); NMR (DMSO-dg)
2.25-3.15 (2 H, m), 5.05 (1 H, s), 5.25-5.55 (1 H, m, four lines), 7.35
(5H,s), 11.40 (1 H, s); uv Arex 242 nm (log « 4.01).

6-Methyltetrahydropyran-2,4-dione (26). Diethyl crotonoyl-
malonate (11.9 g, 0.05 mol) was dissolved in concentrated sulfuric
acid and left for 72 hr at 0°. Work-up as above gave 8.1 g of yellow
oil. The oil was dissolved in light petroleum (boiling range 50-70°)
and placed at 0° for 6 days. The precipitated crystals were filtered
and washed with cold ether to give 1.1 g of product. Recrystalliza-
tion from benzene-ethyl acetate gave analytically pure 26: mp
121- 122°: NMR (DMSO-dg) 81.29 (3 H,d, J = 6 Hz), 2.35 (2 H, d,
J = 8 Hz), 4.09-4.68 (1 H, m), 491 (1 H, s), 11.21 (1 H, s, br); uv
Xmex 239 nm (log e4.07).

131 8H,t,J = 7Hz), 2.28-3.13 (2 H, m), 2.55 (3 H, s), 4.11 (2 H,
q,J=7Hz),418 (2H,q,J = 7 Hz), 4.59-4.86 (1 H, m, four lines).
3 Acetyl-S—carboxymethyftetronlc Acid (5). crude 27 (25.0
g) was dissolved in tetrahydrofuran (50 ml) and 2.5 N potassium
hydroxide (100 ml) was added at 0°. The mixture was stirred at
ambient temperature for 12 hr and then extracted with ether (3 X
50 ml). The aqueous phase was acidified with 4 N hydrochloric
acid to pH <1 and exhaustively extracted with ether to give 21.5 g
of an oil which partly solidified. Filtration and washing with ether
afforded 13.7 g of mp 160-165°. Recrystallization from acetic
acid yielded 11.3 g of analytically pure product: mp 178-180° (lit.20
mp 176-177°); NMR (DMSO-de) 8 2.30-3.10 (2 H, m), 2.44 (3 H,
s) ,4.72-4.91 (1 H, m, four lines), 10.14 (2 H, s, br): uv Amax 228 nm
(log «3.78) and 267 (4.09).

[(Ji)-CaﬂOSIC Acid (é) Ethyl 3-oxohexanoate (7.9 g, 0.05 mol)
in methylene chloride (50 ml) was condensed with trans-3-ethoxy-
carbonylacrylyl chloride (8.2 g, 0.05 mol) in methylene chloride (50
ml) exactly as described above for ethyl acetoacetate to give 13.2 g
of crude oil: NMR (CC14) 8 1.03 3 H, t, br), 1.14 (3H, t,J = 7 Hz),
1.32 3H,t,J = 7Hz), 1.40-1.95 (2 H, m), 2.27-3.18 (4 H. m), 4.11
(2H,q,3 =7Hz),419 2H,q,J = 7Hz), 4.60-4.85 (1 H, m, four
lines). The oil (2.8 g) was dissolved in tetrahydrofuran (10 ml) and
a mixture of water (50 ml) and sodium hydroxide (2 g) was added.
After stirring for 12 hr work-up as above afforded 2.2 g of a brown
solid. Recrvstallization from ethyl acetate gave 1.8 g of analytically
pure title compound: mp 160-163° [lit.2 mp of (—) form 181°];
NMR [CDCI3DMSO-d6 (4:1)] 0.98 (3 H, t, hr), 1.36-2.01 (2 H, m),
2.43-3.16 (4 H, m), 4.80-5.03 (1 H, m. four lines), 10.68 (2 H, s); uv
Amex 228 nm (log £3.78) and 268 (4.11).26

Anal. Calcd for CioH120s: C, 52.63; H, 5.30. Found: C, 52.55; H,
5.51.

(l)'Vlrldlcatlc Acid (3).'Ethy| 3-oxodecanoate (9.3 g, 0.05
mol) and trans-3-ethoxycarbonylacrylyl chloride (8.2 g, 0.1 mol)
condensed as above gave 15.0 g of crude oil. The oil (3.0 g) was
treated as described for Zwith a mixture of water (50 ml) and sodi-
um hydroxide (2.0 g) to yield 800 mg of product. Recrystallization
twice from ethyl acetate gave 500 mg of pure 3. mp 158-160° [lit.25
mp of (—) form 174.5°]; NMR (DMSO-dg) 5 0.88 (3 H, deformed
t) ,1.08-1.95 (6 H, m), 2.50-3.10 (4 H, m), 4.80-5.03 (1 H, m, four
lines), 11.15 (2 H, s); uv Amex 232 nm (log £3.92) and 267 (4.13).28

Anal. Calcd for Ci2Hi60 6: C, 56.24; H, 6.29. Found: C, 56.10; H,

6.20. . . .

Atternpted Synthesis of (£)-Carlie Acid (1a). ethyi 6-chioro-
3-oxohexanoate (9.63 g, 0.05 mol) and trans-3-ethoxycarbonylac-
rylyl chloride (8.2 g, 0.05 mol) condensed as above gave 16.1 g of
crude oil. Further treated as above, this oil (3.6 g) gave a solid (850
mg) which upon recrystallization from ethyl acetate had mp 187-
190° [lit.2 mp of (—-carlic acid 176°]; NMR [CDCU-DMSO-dg
(4:1)] 1.12-1.50 (4 H, m), 2.43-3.14 (3 H, m), 4.82-5.09 (1 H, m,
four lines), 11.89 (2 H, s, br) (this is not in accordance with the ex-
pected spectrum); uv Amex 228 nm (log £3.74) and 275 (4.12).

Anal. Calcd for CioHioOg: C, 53.10; H, 4.46. Found: C, 52.90; H,

4'36-'_|-)-Car|ic Acid thhyl Ester (28) 5-Methoxycarbonylmeth-

yltetronic acid (15, 0.86 g, 5 mmol) was dissolved in nitrobenzene
(25 ml) and 4-chlorobutanoyl chloride (0.73 g, 5 mmol) was added.
To this mixture titanium tetrachloride (1.5 ml) was cautiously
added with vigorous stirring to produce, finally, a clear solution.
The reaction mixture was immersed in an oil bath at 60° for 3 hr
and then left at ambient temperature for 50 hr. The reaction mix-
ture was poured all at once into a mixture of concentrated hydro-
chloric acid (50 ml) and crushed ice (100 g) and extracted with
chloroform (3 X 30 ml) and ether (30 ml). The combined organic
extracts in turn were extracted with saturated aqueous sodium hy-
drogen carbonate (2 X 50 ml) and the aqueous phase was separated
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and extracted with ether (30 ml) to remove traces of nitrobenzene.
The sodium hydrogen carbonate extract was acidified to pH <1 by
dropwise addition of concentrated hydrochloric acid and reextract-
ed with chloroform (4 X 15 ml). The pooled chloroform extracts
were dried (Na2SO,i) and the solvent was removed in vacuo to
leave 1.20 g of viscous brown oil, which after standing for 2 days at
5° crystallized. Attempted recrystallization from benzene at this
stage failed and the crude product was chromatographed on a:-in.
column packed with 60 g of silica gel with chloroform-acetic acid
(19:1) as eluent. This procedure afforded a product which when re-
crystallized from benzene gave 0.7 g (68%) of pure 28: mp 119-
121°; NMR (CDCla) &2.00-2.59 (2 H, m, five lines). 2.63-3.26 (2 H,
m), 345 2 H, t,3 = s Hz), 3.70 B H, s), 482 (2 H, t, 3 = 7 Hz),
4.70-4.96 (1 H, m); uv Arelc 221 nm (log e3.65) and 274 (4.25).

Anal. Calcd for C11H120s6: C, 55.00; H, 5.04. Found: C, 54.95; H,
5.13.

(£)-Carlic Acid (la). Carlic acid methyl ester (0.70 g) was dis-
solved in 3 N potassium hydroxide (10 ml) and left at room tem-
perature for 72 hr. The solution was acidified with concentrated
hydrochloric acid to pH <1 and evaporated to dryness in vacuo.
The remaining solid mass was extracted with boiling chloroform (s
X 10 ml) and the chloroform was removed, leaving 0.54 g of crys-
talline material, mp 176-180°. One recrystallization from ethyl ac-
etate-ethanol gave 0.50 g (76%) of pure carlic acid: mp 177-180°
[lit22 mp of (-)-carlic acid 176°]; NMR (DMSO-d6) 6 1.90-2.48 (2
H, m, five lines), 2.50-3.15 (2 H, m), 3.36 (2 H, t, 3 = s Hz), 4.70 (2
H, t, 3 = 7.5 Hz), 4.55-5.00 (1 H, m); uv Amax 226 nm (log t 3.73)
and 273 (4.23).2%6

Anal. Calcd for CioHioOg: C, 53.10; H, 4.46. Found: C, 52.90; H,
4.57.

Registry No.—1, 55088-89-6; la, 55088-90-9; 2, 54423-52-8; 3,
54397-56-7; 4, 54397-59-0; 5, 55088-91-0; 6, 55088-92-1; 7, 55088-
93-2; s, 54397-58-9; 9, 40421-01-0; 10, 55088-94-3; 10a, 55088-95-4;
11, 55088-96-5; 15, 54423-53-9; 16, 55088-97-6; 17, 54397-60-3; 19,
55088-98-7; 20, 55088-99-8; 23, 55089-00-4; 24, 41479-98-5; 26,
33177-29-6; 27 (R = CH3), 53252-38-3; 28, 54397-61-4; ethyl chlo-
rocarbonylacetate, 36239-09-5; ethyl hydrogen malonate, 1071-46-
1; thionyl chloride, 7719-09-7; diethyl malate, 7554-12-3; fumaric
acid, 110-17-8; bromine, 7726-95-6; ethyl acetoacetate, 141-97-9;
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trans-3-ethoxycarbonylacrylyl chloride, 26367-48-6; ethyl 3-oxo-
hexanoate, 3249-68-1; 3-oxodecanoate, 13195-66-9; ethyl 6-chloro-
3-oxohexanoate, 54362-87-7.
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Stereospecific oxidation of 12a and 12b, followed by methylenation, yielded Ib and la, respectively. The latter
product was identified as (i)-canadensolide and has resulted in a revision of the stereochemistry previously pro-
posed for this natural dilactone. Furthermore, a new stereospecific double lactonization reaction of olefinic dicar-
boxylic acids has been found. Besides a demonstration with some model compounds, it has been used to lactonize

54 and 57 giving Ib and la, respectively.

Canadensolide (la) is a mold metabolite produced by
Penicillium canadense and has an antigerminative activity
against fungi, e.g., Botrytis alii. It was isolated from the
culture filtrate, along with other closely related com-
pounds, and their structures were assigned by McCork-
indale et al.1 A structural feature of canadensolide is its di-
7 -lactone system, and the analogous di-7 -lactone structure
has been found in other acetogenins, dihydrocanadensol-
idel (2), avenaciolide2 (3a), 4-isoavenaciolide3 (3b), and

ethisolide3 (3c), and in the sesquiterpenoids picrotoxinine4
(4a) and picrotine4 (4b).

We were interested in the synthesis of canadensolide and
related di-7-lactone systems.5 Our synthetic design envi-
saged a double lactonization of unsaturated tricarboxylic
acids, such as 5 or 6, which would lead to the dilactonic car-
boxylic acid (7). The extra carboxyl group in 7 might then
be utilized for the introduction of an exocyclic methylene
group.
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2 3
a, R=n-Bu a, R=H, R=n-C8HJ|7
R'=H b, R=n-C8H|7/R'=H
b, R= c, R=Et, R=H
R =n-Bu
4
a, R=-CMe=CH2
b, R =-CMe20H
co?2h
n-Bu-C =C-CH-CHICO02H)2 (~enol lactone”)
i
n-Bu Y
CIZO}\H
n-Bu-CH =CH-CH-CH(C02H)2 — 0
o] co2h

Stereochemistry of Canadensolide. The original stere-
ochemistry of canadensolide (Ib) was assigned on the basis
of NMR evidence.l Alignments of protons at C(2), C(3),
and C(4) have been given on their NMR coupling con-
stants, i.e., J23 = 6.5 and J34 = 4.5 Hz, respectively. How-
ever, it is recognized that the Karplus relation between
coupling constants and dihedral angles largely depends
upon the electronegativity of substituents, bond angles,
and bond lengths.6 Thus to confirm the stereochemistry of
canadensolide assigned by McCorkindale et al.,1 we at-
tempted the synthesis according to formula Ib via stereo-
chemically well-documented reactions.7

1-Hexynylmagnesium bromide (8) was allowed to react
with trimethoxycarbonylethylene8 (9) in the presence of
cuprous chloride and gave an adduct (10) (73% vyield) ac-
companied by a minor amount of the allene derivative9 (11)
in a ratio of 20:1 (GLC) (Chart I). Hydrogenation of 10 over
Lindlar catalyst yielded the cis olefinic ester (12a) in 74%
yield, which when submitted to oxidation with Milas’ re-
agent afforded a crystalline dilactone (22% yield). The
structure (13a) depicted for this dilactone was supported
by its spectra. The lack of stereoselectivity presumed for
this oxidation led us to anticipate the formation of two dia-
stereomeric cis oxidation intermediates, one of which
should give 13a upon lactonization. The other diastereomer
should give largely strained trans dilactone (14), provided
that its double lactonization were possible under reaction
conditions used. Nevertheless, we did not encounter the
latter lactone or its progenitors and, in fact, the facile for-
mation of a single dilactone, obtained under such mild
reaction conditions, suggested the product to be an un-
strained cis-fused compound (13a). When lactone 13a was
hydrolyzed by heating with dilute hydrochloric acid at 55°,
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Chart |

Me02C__"~C02Me
n-Bu-C5 CMgBr +

o H SO Me
j cucl
CO.Me C02Me
n-Bu-CsC-CH-CH(C02Me)2 n-Bu-CH=C=C-CH( C02Me)2
10 I

H,

CO2R
n-Bu N_~CH-CH(CO2R)2

H H 0sO4»H202
\2
£, R=Me a, R=CO2Me
b R=H n-Bu R=CO2H
Na, >JLo, £ r=h
11g.NHj heodn 0 T yo jHCHO,
B N
n-B3U 0 H X02Me
14
0
R .HCHO, Et2NH
c6
R =CO02H
b, R=H

co2r
H ~ /CH-CH(CO02R)2
n-Bu// ~H

the corresponding carboxylic acid (13b) was obtained; on
the other hand, heating with the same mineral acid at
100- 110° resulted in the formation of the decarboxylation
product (13c).. The latter compound was also obtained
from the cis olefinic acid (12b), itself prepared by alkaline
hydrolysis of 12a, upon treatment with Milas’ reagent fol-
lowed by acetic anhydride (29% yield). The dilactone 13c
has been prepared by Mukaiyama et al.10 using an alterna-
tive route, and our compound was identified by comparison
with their compound. To introduce an exo methylene
group, the carboxylic acid 13b was treated, according to
Parker and Johnson,58with formalin and diethylamine in
acetic acid and then with sodium acetate. The unsaturated
lactone Ib was obtained in 64% yield. The NMR spectrum
of Ib was similar to that of canadensolide, but they were
distinctly different. A prominent difference was that the
coupling constant between protons at C(3) and C(4) for
this compound is 1.5 Hz, whereas 4.5 Hz has been reported
for the corresponding proton coupling of natural product.
These results raised doubts about the orientation assigned
to the n-butyl group in canadensolide and therefore we
turned to a synthesis of its epimer (la) by analogous
routes.

The acetylenic ester 10 yielded the trans olefinic ester
15a on treatment with sodium in liquid ammonia (69%
yield). A similar cis oxidation of 15a with Milas’ reagent
then afforded a mixture from which we failed to separate
the desired dilactonic ester. Trans oxidation of the cis ole-
finic ester 12a with performic acid also gave an inseparable
mixture. However, when the former product was heated
with dilute sulfuric acid, crystals could be isolated, whose
spectra seemed to be consistent with formula 16b. In addi-
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Table |
Double Lactonization of
Norbornenedicarboxylic Acid (22)
Reaction conditions
Salt Temp, °C Yield
Run of 22 Solvent Reagent (time, hr) ofzg,%
1 Na° DMSO i2 Room temp 0
(12)
2 K6 t-BuOH i2 Room temp 0
(15) and
then 50
(2)
3 K6 DMSO + HD p, KI 50 (18) 27
(40:1)
4 Na" DMSO 12, AgOAc 50(15) 64
5 Agc DMSO* 12, AgOACc 60(12) 92

a Neutralized with sodium bicarbonate. b Neutralized with potas-
sium iert-butoxide. cPrepared from the sodium salt by an ex-
change reaction with silver nitrate. d When dimethylformamide
was used as solvent, 23 was obtained in 88% yield.

tion the coupling constant between C(3) and C(4) protons
in the NMR spectrum was 4.0 Hz. The performic acid oxi-
dation product of 12a was then heated with dilute hydro-
chloric acid at 55°, and the resulting thick oily hydrolysis
product, probably consisting of dilactonic acid (16a) for the
most part, was treated with formalin and diethylamine as
in the previous case. The unsaturated dilactone (la) ob-
tained was completely identical with natural canadensolide
by spectral comparison.1l We thus conclude that the rela-
tive stereochemistry of canadensolide should be revised to
that depicted in la.12 Consequently, the configuration of
the butyl groups assigned to other mold metabolites corre-
lated to canadensolide, i.e., dihydrocanadensolidel (2) and
the monolactonic esterl (17), should also be revised.

n-Bu

Double Laetonization. At the outset we examined the
double lactonization of the acetylenic acid 5, which was ob-
tained in 85% yield by alkaline hydrolysis of 10 under mild
conditions. The hydrolysis product was accompanied by a
minor amount of 5-lactone 18, which was probably formed

n-Am-C0~CH-CH2-C02Me
COjMe
21

by partial lactonization of 5 upon acidification or during
silica gel chromatography of the hydrolysis product. At-
tempted double lactonization of 5 failed to lead to dilac-
tones. Treatment of 5 with silver nitrate in aqueous diox-
ane followed by diazomethane provided the butenolide 19
in good yield, which was also obtained by heating 5 fol-
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Table Il
Double Lactonization of Some Olefinic
Dicarboxylic Acids via Acyl Hypoiodites

Acid Product
22aB 231 92
24 256 56
26 276 60
28T 29 52
308 31 7
32 33 47
3419 35* 3

° The yields were not optimized. 6 Dimethylformamide was used
as solvent for convenience of work-up.

lowed by esterification. The acetylenic acid lactonized in
cold sulfuric acid giving an enol-7 -lactone in good yield,
and the product was characterized as its ester 20. On the
other hand, treatment of 5 with dilute sulfuric acid in the
presence of mercuric salt followed by esterification yielded
the major hydration product 21, along with 19 and uniden-
tified compounds. Although it was of interest that the ac-
etylenic acid underwent lactonization and decarboxylation
at different positions depending upon reaction conditions,
such attempts to form the desired dilactone seemed to be
hopeless. We then decided to examine the oxidation of re-
lated olefinic acids.

When an olefinic polycarboxylic acid undergoes halolac-
tonization, the halogen atom of the initially formed halo-
lactone may then serve as a leaving group for the intramo-
lecular attack of carboxylate ion in the second lactonization
that leads to the dilactone, provided that stereochemical
requirements are satisfied.

Prior to the examination of the olefinic acids, such as 48,
we began with norbornenedicarboxylic acid13 (22a) as a

model compound. Some typical runs are summarized in
Table I.

Under anhydrous conditions aprotic (run 1) or protic sol-
vent (run 2) did not effect double lactonization, while addi-
tion of water (run 3) gave dilactonel4 23 in low yield.15 Ad-
dition of silver acetate to promote the ionization of iodine
atom of the intermediate iodolactone improved the yield of
23 remarkably (run 4). An almost quantitative yield was
obtained when the silver salt of the acid was treated with
iodine and silver acetate in dimethyl sulfoxide (run 5).
Under the last-mentioned reaction conditions diacyl dihy-
poiodite (22b) is likely involved as a reactive intermediate.

This double lactonization using silver salts was examined
with some other olefinic dicarboxylic acids, and the results
are summarized in Table II.

It was found that this reaction is general in nature and
results in good yields of dilactones. An exception, however,
is the silver salt of trans-dihydromuconic acid (34), which
gave the butenolide 35 upon treatment with iodine and sil-
ver acetate but no lactone. Its formation can be rational-
ized in terms of a faster elimination of hydrogen iodide
than the rate of the second lactonization, since the inter-
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mediate is anticipated to be a /3-iodobutyrolactone. Dilac-
tone 33 involves a dilactonic structure which has been

found in some picrotoxane sesquiterpenoids, e.g., pierotoxi-
nine4 (4a) and picrotine4 (4b).

The synthesis of the new olefinic acids used is as follows.
The dimethyl ester of (Z)-4-octenedioic acid (24) was pre-
pared by hydrogenation of dimethyl 4-octynedioate20 over
Lindlar catalyst. Dicarboxylic acids 2622 and 32 were pre-
pared as shown in Chart Il.

Chart 11
1) Cro3-Py,
. H+ 2) HCiCMgBr
HO(CH2)4 0H HO(CH2Y4 0THP
6% 86 %
36
OH OH
HCeC-CH(CH23OTHP — tt2-* H2C=CH-CH (CH2)3OTHP
37 -100% 38
) A
EtOCH CHjjHg  hZ2c=ch-o
0 = -
60 % hZ=ch-ch(ch2)3othp 50 %
39
.3 44
1) Cro3
2) OH~
3) H+ *

Next we utilized the above double lactonization reaction
for the synthesis of canadensolide and related dilactones.
Cis and trans olefinic dicarboxylic acids, 45 and 48, were
prepared by decarboxylation of the tricarboxylic acids 12b
and 15b, respectively. The latter tricarboxylic acid was ob-
tained by alkaline hydrolysis of the corresponding ester
15a. Under standard conditions, silver salts of 45 and 48
yielded 4-epi-norcanadensolide (13c) and norcanadensol-
ide (16b) in 30 and 41% yields, respectively (Chart IIl). As
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Chart 111
c®2h co2r co2r
n-Bu __ ~CHCHgCOH
13C
h" VH
n-Bu
45 46 47
£, R=H a, R=H
b, R=Me b, R=Me
CoH CO2R
nBu )y
16b + 46 a +
n-Bu H
~~ H 0
48 49
a, R=H
b, R=Me

acidic by-products, the former silver salt gave butyrolac-
tones 46a and 47a, while the latter provided 46a and buty-
rolactone 49a isomeric with 47a. These by-products were
characterized as methyl esters (46b, 47b, and 49b). It is
noteworthy that the same butyrolactone (46a) was ob-
tained from both of the silver salts, and that isomeric buty-
rolactones, 47a and 49a, were formed in respective reac-
tions. Stereochemical assignments for 47a and 49a were
made on the basis of the difference in chemical shift values
in the NMR spectra of their esters, 47b and 49b; i.e., the
former ester showed an olefinic proton signal at a distinctly
higher field than did the corresponding proton of the latter
ester (A6 0.47 ppm).

These results suggested the following mechanistic path-
way for the formation of the lactones. The carboxyl group
that participated in the first lactonization is the less substi-
tuted one, because we observed no formation of A”~-bu-
tenolide, which would be a possible product if the more
substituted carboxyl formed the first lactone ring, as we
saw in the case of 34. This is simply explained in terms of
the sterically hindered approach of the more substituted
carboxyl group. Chart IV demonstrates the reaction of the

Chart IV
i H>H aH
/ -
%H ;| nBu 0 npr =00
H\— | c"enZcozh
n-Bu vH \
48 N
50 b 51

trans olefinic acid 48 (silver salt). Two diastereomeric iodo-
lactone intermediates, 50a and 50b, may be formed. As-
suming that the second lactonization proceeds by bimolec-
ular substitution, the former intermediate (50a) would give
norcanadensolide (16b), whereas 50b would lead to the for-
mation of strained dilactone 51. Either of the intermediates
should afford the same butyrolactone (49a) by trans elimi-
nation of hydrogen iodide with methine proton, whereas by
trans elimination of hydrogen iodide with one of methylene
protons they would produce butyrolactones 52a and 52b,
respectively. A similar discussion leads us to assume the
formation of 4-epi-norcanadensolide (13c), butyrolactones
52a and 52b, and 47a from the cis olefinic acid 45. The
stereochemistry of the butyrolactone 46b could not be as-
signed directly from the coupling constant (6 Hz) between
protons at C(2) and C(3). It should be noticed, however,
that only one isomer (46a) was obtained from both of the
cis and trans olefinic acids (45 and 48). This fact allowed us
to conclude that in the first iodolactonization step, the io-
dine atom of the more substituted hypoiodite group partic-
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ipated in the transition state of this reaction as shown in
53. Such a fixation of the conformation in the transition

n-Bu H

state accounts well for the formation of the same butyro-
lactone (46a) from either of the olefinic acids. If this mech-
anism is operative, the butyrolactone must be cis disubsti-
tuted, i.e., 52a, although we did not verify it.

Finally the double lactonization reaction was applied to
the synthesis of (+)-canadensolide and its 4 epimer (Chart
V). Cis and trans olefinic tricarboxylic acids, 12b and 15b,

Chart V

56 59

were treated with formalin and dimethylamine, affording
unsaturated dicarboxylic acids 54 and 57 in yields of 43 and
42%, respectively. When the silver salt of 54 was treated
under similar conditions, ()-4-ep;-canadensolide (Ib, 14%
yield) and an acidic product were obtained. Similarly 57
gave (i)-canadensolide (la, 21% yield) accompanied by an
acidic product. Although lower yields than those of the cor-
responding nordilactones were obtained in the above reac-
tions, it may be partly ascribed to an increased strain in the
formation of lactone rings due to the replacement of sp3 by
sp2carbon atoms. The acidic by-products were treated with
diazomethane, giving pyrrazolines 56 and 59, respectively.
This indicated that the acidic products in the above reac-
tions were unsaturated butyrolactones 55 and 58, respec-
tively.

Experimental Section

All melting points and boiling points are uncorrected. IR spectra
were taken on a Hitachi EPI-S2 or a G-2 spectrometer. NMR spec-
tra were obtained by a Jeol Model C-60HL spectrometer using
Me4Si ($0) as an internal standard and CDCfi as the solvent un-
less otherwise indicated. Coupling constants (J) are given in hertz.
Mass spectra were obtained on a Hitachi RMU-6D spectrometer.
GLC analyses were performed on a Jeol Model JGC-750 instru-
ment using the following columns: A (20% PKG, 2 m X 3 mm) and
B (10% SE-30, 2 m X .3mm).

1,1, 2-Tricarbomethoxy-3-octyne (10). A solution of 1-hex-
yne23(2.83 g) in dry tetrahydrofuran (20 ml) was added to a stirred
Grignard reagent solution, prepared from ethyl bromide (3.71 @)
and magnesium (816 mg) in the same solvent (20 ml), at room tem-
perature. After the mixture had been stirred overnight, anhydrous
cuprous chloride (15 mg) was added. Tricarbomethoxyethylene8
(9, 5.39 g) in dry tetrahydrofuran (100 ml) was then added drop-
wise to the above solution in an ice bath. The reaction mixture was
stirred at room temperature overnight, and then water (150 ml)
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and 3 N hydrochloric acid (10 ml) were added. The product was
extracted with ether, and the combined extracts were washed with
water and brine and dried. Removal of the solvent gave a brown-
ish-red oil,24 which was chromatographed on silica gel. Elution
with petroleum ether-ether (3:1) afforded 10 (5.79 g, 73%) as a col-
orless oil. An analytical sample was obtained by distillation (bath
temperature, 120°) in vacuo (0.3 mm). The distillate gradually
crystallized on standing: mp 26-27.5°; ir (KBr) 2220 and 1760-
1740 cm-1; NMR (CC14) «0.89 (t, 3 H, J = 6.0 Hz), 1.1-1.6 (hr m, 4
H), 214 (br t, 2 H, 3 = 6.0 Hz, CHX =), 3.75 and 3.78 (s, 3 H
each), and 4.0 (br s, 2 H, CHCCBMe).

Anal. Calcd for C14H2006: C, 59.14; H, 7.09. Found: C, 59.38; H,
6.92.

Methyl 2,3-Diraethoxycarbonyl-3,4-nonadienoate (11). The
ester 10 (300 mg) was added to a solution of sodium amide pre-
pared from sodium (70 mg) and liquid ammonia (200 ml), and the
mixture was stirred for 2 hr. After evaporation of liquid ammonia,
water (50 ml) was added to the residue. The product was extracted
with ether, and the combined extracts were washed with water and
brine and dried. Removal of the solvent gave a yellow oil (300 mg),
which was chromatographed on silica gel. Elution with petroleum
ether-ether gave the recovered acetylenic ester 10 (150 mg) and
then oily 11 (70 mg, 23%). An analytical sample was obtained by
distillation (hath temperature, 120°) in vacuo (0.3 mm): ir (liquid
film) 1960, 1755 (sh), and 1710 cm 'L, NMR $0.91 (t, 3 H,J =6
Hz), 1.1-1.6 (m, 4 H), 1.97-2.35 (m, 2H, CH2ZCH=C=C), 3.78 (s, 9
H), 455 (d, 1H, J = 1.5 Hz, CHC02Me), and 5.80 (dt, 1H,J = 7.0
and 1.5 Hz, CH=C=C).

Anal. Calcd for C14H2006: C, 59.14; H, 7.09. Found: C, 59.34; H,
7.34.

Methyl 2,3-Dimethoxycarbonyl-(Z)-4-nonenoate (12a) and
Its Parent Acid (12b). The ester 10 (470 mg) was hydrogenated
over 5% palladium on barium sulfate (20 mg) in methanol (3 ml)
containing synthetic quinoline (20 mg). After 1 equiv of hydrogen
was taken up, the catalyst was filtered off and the filtrate was
evaporated in vacuo. The residual oil was chromatographed on sili-
ca gel. Petroluem ether-ether (3:1) eluted 12a (350 mg, 74%). An
analytical sample was obtained by distillation (bath temperature,
150-160°) in vacuo (0.3 mm): ir (liquid film) 1760 (sh) and 1745
cm'L, NMR 092 (t, 3H,J = 6 Hz), 1.1-1.6 (m, 4 H), 1.9-2.4 (m, 2
H), 3.75 and 3.72 (s, 3 H each), 40 [m, 2 H, CHCO02Me and
CH(CO2Me)Z, 525 (m, 1 H, J = 105, 10, and 1.2 Hz, Bu-
CH=CH), and 5.72 (m, 1 H, J = 105, 7.2, and 1.0 Hz, BUCH=C).

Anal. Calcd for C14H220fi: C, 58.73; H, 7.75. Found: C, 58.93; H,
7.52.

A suspension of the ester 12a (685 mg) in an aqueous solution
(10 ml) of sodium hydroxide (396 mg) was stirred for 5 hr at room
temperature and then at 60-70° for 1 hr. After cooling, ether (10
ml) was added, and the stirred mixture was carefully acidified with
dilute hydrochloric acid in an ice bath until the aqueous layer
turned slightly acidic. The ether layer was washed with water and
brine and then dried. Removal of the solvent gave a crystalline
mass (ca. 600 mg). Recrystallization from ether afforded colorless
crystals: mp 146.5° dec; ir (KBr) 3400-2500 and 1704 cm*“ 1

Anal. Calcd for CnH”Qe: C, 54.09; H, 6.60. Found: C, 54.48; H,
6.48.

I-Methoxycarbonyl-4-epi-norcanadensolide (13a). A solu-
tion of osmium tetroxide (150 mg) in icri-butyl alcohol (3 ml) was
added dropwise to a stirred mixture of the cis olefinic ester 12a
(3.0 g) and a hydrogen peroxide-fert-hutyl alcohol solution2s (30
ml) in an ice bath. After the exothermic reaction had subsided, the
mixture was kept in a refrigerator overnight and then at room tem-
perature for 20 hr. The mixture was poured into water (200 ml)
containing a small amount of sodium bisulfite and extracted with
ether. The combined extracts were washed with water and brine
and then dried. Removal of the solvent left a pale yellow oil, which
was chromatographed on silica gel. Petroleum ether-ether (1:2)
eluted a semisolid material. Recrystallization from ether gave 13a
(550 mg, 22%) as colorless platelets: mp 117-118°; ir (KBr) 1800
(sh), 1778, 1742, 1180, and 965 cm“1 NMR $0.93 (t, 3 H,J = 6
Hz), 1.2-1.9 (m, 6 H), 3.8-3.9 [m, 2 H, C(l) and C(2) protons], 3.90
(s, 3H),4.73 [t, 1H, J = 6.0 Hz, C(3) proton], 5.05 [brd, 1H,J =
6.7 Hz, C(4) proton]. The NMR spectrum in DMSO-d6 demon-
strated that despite the narrow melting range, this compound was-
a mixture of epimers regarding the methoxycarbonyl group.

Anal. Calcd for CAH”Os: C, 56.24; H, 6.29. Found: C, 56.42; H,
6.03.

4-epi-Norcanadensolide (13c). From 13a. A suspension of 13a
(350 mg) and 6 N hydrochloric acid (10 ml) was heated at 100-
110° for 1.5 hr. After cooling, brine (5 ml) was added, and the mix-
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ture was extracted three times with ether. The combined extracts
were washed with brine and dried. Removal of the solvent gave a
yellow syrup (350 mg), which gradually crystallized on standing.
Recrystallization from ether gave needles: mp 85-86°; ir (KBr)
1780, 1200, 1180, 1050, 1010, 1000, and 990-970 cm”~1; NMR S0.93
(t, 3H), 1.1-1.9 (m, 6 H), 2.88 (d, 1H,J =53 Hz),29(, 1H,J =
75 Hz),35(m, 1H,J = 75, 6.0, and 5.3 Hz), 4.90 (d, J = 6.0 Hz),
and 4.70 (t, 1H, J = 6.0 Hz).

This compound was identified by comparison of its ir and NMR
spectra with those of an authentic sample.10

From 12b. Osmium tetroxide (70 mg) in ierf-butyl alcohol (I
ml) was added to a stirred mixture of 12b (3.00 g) and a hydrogen
peroxide-£er£-butyl alcohol solution (15 ml). The reaction was
exothermic. The mixture was allowed to react in a refrigerator for
20 hr and then for 12 hr at room temperature with occasional
swirling. Ether (20 ml) and sodium bisulfite (ca. 2 g) were added to
the reaction mixture, and the mixture was stirred for 10 min in an
ice bath. The mixture was filtered, and the ether layer was sepa-
rated and dried. Removal of the solvent left a yellow oil (2.85 g). A
mixture of the oil and acetic anhydride (20 ml) was heated at
110-120° for 3 hr, and excess acetic anhydride was distilled off to
leave a dark red oil. The oily residue was dissolved in ether (50 ml),
and the solution was washed with aqueous sodium bicarbonate,
water, and brine, and then dried. Removal of the solvent gave a
neutral oil (870 mg), which was chromatographed on silica gel. Elu-
tion with petroleum ether-ether (1:4) afforded colorless crystals
(588 mg, 29%). Recrystallization from ether gave 13c as colorless
needles, mp 85-86°.

4-epi-Canadensolide (Ib). A suspension of 13a (190 mg) in 6 Al
hydrochloric acid (9 ml) was warmed at 55° until a clear solution
was obtained. The resulting solution was diluted with water (10
ml) and extracted with ether. The extracts were washed with brine
and dried. Evaporation of the solvent gave 13b as an oil (150 mg),
which yielded 13a by treatment with diazomethane.

To a solution of 13b (270 mg) in acetic acid (1.5 ml) was added
diethylamine (250 mg) and then 30% formaline (0.7 ml) in an ice
bath. After the mixture was stirred until the evolution of carbon
dioxide ceased, sodium acetate (400 mg) was added, and the mix-
ture was heated at 90-100° for 10 min. The reaction mixture was
diluted with water and extracted with ether. The extracts were
washed with water and brine and dried. Removal of the solvent
gave a pale yellow oil (190 mg), which was then chromatographed
on silica gel. Petroleum ether-ether (2:3) eluted Ib (150 mg, 64%).
Recrystallization from ether gave colorless needles: mp 47.5-48.5°;
ir (KBr) 1780 and 1665 cm“ 1, NMR h0.95 (t, 3H, J = 6 Hz), 1.2-
19 (m, 6 H), 4.09 [dt, 1 H, J = 6.8 and 2.2 Hz, C(2) proton), 4.75
Jdt, 1 H, J = 15 and 7.0 Hz, C(4) proton], 4.98 [dd, 1H, J = 15
and 6.8 Hz, C(3) proton], and 6.23 and 6.54 (d, 1 H, J = 2.2 Hz
each, =CH,).

Anal. Calcd for C11H 1404: C, 62.84; H, 6.71. Found: C, 62.64; H,
6.30.

Methyl 2,3-Dimethoxycarbonyl-(E)-4-nonenoate (15a) and
Its Parent Acid (15b). To astirred solution of 10a (6.0 g) in liquid
ammonia (500 ml) were added pieces of sodium (6 g) over 10 min,
and the mixture was stirred for 5 hr. Excess ammonium chloride
was added cautiously. After the mixture turned pale yellow, stir-
ring was continued at room temperature to allow the ammonia to
evaporate. The pasty residue was dissolved in water and extracted
with ether. The combined extracts were washed with water and
brine and dried. An oily fraction (4.12 g, 69%) boiling at 130° (bath
temperature) in vacuo (0.2 mm) was collected. GLC analysis (col-
umn B) showed the fraction to be greater than 95% in purity: ir
(liquid film) 1740 and 970 cm“ 1, NMR S0.90 (t, 3 H), 1.1-1.6 (m, 4
H), 1.9-2.3 (m, 2 H, allylic methylene), 3.72 and 3.74 (s, 3 H each,
OMe), 3.6-3.9 [m, 2 H, CHC02Me and CH(C02Me)2], 5.42 (dt, 1
H, J = 15.0 and 7.0 Hz, CH2CH=C), and 581 (dd, 1H, J = 15.0
and 6.0 Hz, CH2CH=CH).

Anal. Calcd for CidH220 b: C, 58.73; H, 7.75. Found: C, 58.55; H,
7.53.

A mixture of 15a (2.95 g) and a solution of sodium hydroxide
(1.59 g) in water (15 ml) was stirred at room temperature for 10 hr
and then at 70° for 3 hr. The resulting clear solution was washed
with ether, and the aqueous layer was acidified with 6 N hydro-
chloric acid in an ice bath. After saturating with sodium chloride,
the liberated acid was extracted with ether, and the extracts were
washed with brine. Removal of the solvent left 15b as crystals (2.50
g), which when recrystallized from ether gave an analytical sample:
mp 166° dec; ir (KBr) 3500-2500, 1700, 970, and 900 cm*“ 1

Anal. Calcd for ChHibOb: C, 54.09; H, 6.60. Found: C, 54.38; H,
6.82.
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(¢)-Canadensolide (la) and Dilactone 16b from Cis Olefinic
Ester (12a) via Performic Acid Oxidation. Hydrogen peroxide
(30%, 1.0 g) was added in one portion to a stirred solution of 12a
(2.0 g) in formic acid (6.0 ml) at room temperature. After stirring
for 5 min at the same temperature, the mixture was stirred at 40-
50° for 7 hr. The reaction mixture was poured into ice water and
extracted with ether. The combined extracts were washed with
water and brine and dried. Evaporation of the solvent left a pale
yellow oil (1.98 g), which was chromatographed on silica gel (60 g).
Ether eluted an oily fraction (1.17 g), which showed an ir absorp-
tion at 1780 cm“ 1

After the above lactonic fraction (170 mg) and 50% aqueous sul-
furic acid (10 ml) had been heated at 120° for 2 hr with stirring,
the reaction mixture was diluted with water (10 ml) and then satu-
rated with sodium chloride. The product was extracted with ether,
and the extracts were washed with cold water and then brine and
dried. Work-up in a usual manner left a semisolid (ca. 50 mg),
which was recrystallized from ether, giving 16b (24 mg) as colorless
needles: mp 81-82.5°% ir (KBr) 1770 cm“1 NMR &0.93 (t, 3 H),
145 (m, 4 H), 1.85 (m, 2 H), 291 [1 H, d, J = 7 Hz, C(l) proton],
293 [1H,d, J=6Hz C(l) proton], 3.50 [gq, 1 H, J = 6.0 Hz, C(2)
proton], 4.70 [dt, 1 H, J = 4.0 and 7.0 Hz, C(4) proton], 5.09 [dd, J
= 6.0 and 4.0 Hz, C(3) proton].

Anal. Calcd for C10H 1404: C, 60.59; H, 7.12. Found: C, 60.34; H,
6.60.

A heterogeneous mixture of the lactone fraction (1.0 g) and 6 N
hydrochloric acid (55 ml) was stirred at 55° for 5 hr under nitro-
gen. The resulting clear solution was saturated with sodium chlo-
ride and then extracted with ether. The combined extracts were
washed with brine and dried. Removal of the solvent left a pale
yellow viscous oil (855 mg), whose ir spectrum (liquid film) showed
broad absorptions at 3400-2500 and 1780-1720 cm“ 1 The oil was
dissolved in acetic acid (10 ml), and diethylamine (2.1 ml) was
added dropwise with stirring. After stirring for 15 min, aqueous
formalin (3.5 ml) was added. Stirring was continued for an addi-
tional 30 min, and then sodium acetate (3.0 g) was added. The
mixture was heated at 80° for 10 min. Work-up in a usual manner
afforded a semisolid (102 mg), which was purified by preparative
silica gel TLC, giving la (84 mg). Recrystallization from ether gave
an analytical sample as colorless needles: mp 92.5-93.5°; ir (KBr)
1770 and 1666 cm“ L NMR h0.95 (t, 3 H), 1.5 (m, 4 H), ca. 1.9 (br
g, 2 H), 4.07 [dt, 1H, J = 6.8 and 2.1 Hz, C(2) proton], 4.70 [dt, 1
H, J = 4.5 and 6.7 Hz, C(4) proton], 5.22 [dd, 1 H, J = 6.8 and 4.5
Hz, C(3) proton], and 6.18 and 6.49 [d, 1 H, J = 2.1 Hz each, C(l)
protons].

Anal. Calcd for C11H 1404: C, 62.84; H, 6.71. Found: C, 62.63; H,
6.68.

The ir and NMR spectra were superimposable with those of nat-
ural canadensolide.

Hydrolysis of Acetylenic Ester 10. A suspension of 10 (5.7 g)
in a solution of sodium hydroxide (4.08 g) in water (50 ml) was
stirred at room temperature for 7 hr under nitrogen. The mixture
was extracted with ether to remove the neutral portion, and the
aqueous layer was separated. Ether was added to the aqueous
layer, and the mixture was carefully acidified with 3 N hydrochlo-
ric acid with stirring in an ice hath. The aqueous layer was extract-
ed with ether. The combined organic layers were washed with cold
water and brine and dried. Removal of the solvent at room temper-
ature left a semisolid (5.2 g), which was chromatographed on silica
gel. Elution with petroleum ether-ether (6:4) gave 18 (610 mg). Re-
crystallization from ether afforded colorless needles: mp 122-123°;
ir (KBr) 3400-2500, 1740, 1698, and 1670 cm“ 1, NMR2650.96 (t, 3
H), 1.2-1.7 (m, 4 H), 1.7-2.1 (m, 2 H), 3.38 (dd, 2 H, J = 3.0 and
I. 7 Hz, CH2CO), 5.22 (octet, 1 H, J = 6.0, 3.1, and 3.0 Hz, OCH),
7.15 (dt, 1H,J = 31 and 17 Hz, =CH), and 11.1 (s, 1 H, CO2H).
The NMR assignments were verified by DNMR experiments.

Anal. Calcd for C10H 1404: C, 60.59; H, 7.12. Found: C, 60.82; H,
7.14.

Successive elution with petroleum ether-ether (2:8) gave 5 (3.95
g, 85%). Recrystallization from ether yielded colorless crystals: mp
157°; ir (KBr) 3550-2400 and 1720 cm“1 NMR h 0.9 (t 3 H),
1.05-1.4 (m, 4 H), 2.2 (br t, 2 H), 3.55 and 3.77 [d,J = 7 Hz each, 2
H in total, CH(C02H)CH(C02H)2], and 6.68 (s, 3 H, CO2H).

Anal. Calcd for CnHuOe: C, 54.54; H, 5.83. Found: C, 54.64; H,
5.90.

Treatment of 5 with ethereal diazomethane gave 10.

Silver Salt Catalyzed Lactonization of 5. A mixture of 5 (560
mg), silver nitrate (10 mg), water (1 drop), and dioxane (6 ml) was
stirred at 40-50° for 15 hr under nitrogen. The reaction mixture
was poured into distilled water (20 ml) and extracted with ether
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three times. The combined extracts were washed with water and
then dried. Evaporation of the solvent left a pale yellow oil (560
mg), which was treated with ethereal diazomethane. An oil ob-
tained was chromatographed on silica gel. Elution with petroleum
ether-ether (2:1) afforded 19 (489 mg, 98%) as a colorless oil. An
analytical sample was obtained by distillation (bath temperature
105°) in vacuo (0.8 mm): ir (CHCR) 1750-1740 and 880 cm“1
NMR &60.95 (t, 3 H), 1.1-1.8 (m, 6 H), 3.25 (br t, 2 H, 3 = 1.5 Hz),
373 (s, 3H), 493 (m, 1 H, CHO), and 7.40 (g, 1 H, J 15 Hz,
=CH).

Anal. Calcd for CnHnN;04 C, 62.25; H, 7.60. Found: C, 62.22; H,
7.77.

This butenolide was also obtained by heating 5 at 175-180° for 1
hr followed by treatment with diazomethane.

Lactonization of 5 with Sulfuric Acid. The acetylenic acid 5
(800 mg) was added to concentrated sulfuric acid (4 ml) in an ice
bath, and the solution was stirred for 1 hr with cooling and then at
room temperature for an additional 1 hr. The mixture was poured
into ice water and extracted with ether. The combined extracts
were washed with brine and dried. Concentration in vacuo left a
semisolid (600 mg). The latter material was treated with a slight
excess of diazomethane. After work-up, the product was purified
by silica gel chromatography. Petroleum ether-ether (8:2) eluted
20 (574 mg, 82%), whose analytical sample was obtained by distil-
lation (bath temperature 110°) in vacuo (0.4 mm) as a colorless oil:
ir (CHCI3) 1821, 1718, and 1660 cm*“ I NMR s0.92 (t, 3 H), 1.1-1.9
(m 6 H), 283 (t, 2 H, 3 = 75 Hz, CH2C=), 335 (br s, 2 H,
CH2CO), and 3.75 (s, 3 H).

Anal. Calcd for C,,H1604 C, 62.25; H, 7.60. Found: C, 62.11; H,
7.75.

Lactonization of 5 with Dilute Sulfuric Acid Containing
Mercuric Salt. Red mercuric oxide (10 mg) was added to a stirred
mixture of 5 (760 mg), 60% sulfuric acid (1 ml), and dioxane (1 ml).
After stirring had been continued at room temperature for 12 hr,
the reaction mixture was poured into ice water. The product was
extracted with ether, and the combined extracts were washed with
brine and dried. Removal of the solvent in vacuo yielded an ail,
which was then treated with diazomethane in slight excess. Work-
up gave ayellow oil (ca. 750 mg). GLC analysis (column B) showed
a main peak and three minor peaks, one of which was identified as
19 by peak enhancement experiments. Petroleum ether-ether (2:8)
eluted the main product 21 (395 mg) as a colorless oil: ir (CHCI3)
1745 and 1728 cm“ 1, NMR (benzene) b 0.80 (t, 3 H), 0.95-1.7 (m, 6
H), 210 (t, 2 H, 3 = 6 Hz, CH2CO), 285 (d, 2 H,3 = 7.5 Hz,
CH2C02Me), 339 (s, 6 H), and 393 (t, 1 H, 3 = 7.5 Hz, CO-
CHCO02Me); MS m7e 145 (base peak), 99, and 55.

Anal. Calcd for C12H2005: C. 59.00; H, 8.25. Found: C, 59.36; H,
7.99.

Dilactone (23) from Norbornene-endo-dicarboxylic Acid
(22a). Finely pulverized 22a:3 (183 mg, 1 mmol) was dissolved in a
solution of sodium hydroxide (104 mg, 2.6 mmol) in water (3 ml). A
solution of silver nitrate (357 mg, 21 mmol) in water (5 ml) was
added with stirring to the above solution, and the mixture was
stirred for an additional 30 min. The silver salt was collected by fil-
tration and washed with water and then with ether. The salt was
dried in vacuo at room temperature in the dark. lodine (507 mg, 4
mmol) was added to a stirred suspension of the pulverized silver
salt in dry dimethyl sulfoxide (5 ml). After stirring for 30 min, sil-
ver acetate (527 mg, 2.1 mmol) was added, and the mixture was
stirred at 60° for 12 hr. Chloroform (10 ml) was added to the
cooled mixture, and inorganic materials were filtered off. The fil-
trate was concentrated under reduced pressure at 60° to small
bulk. The residue then was dissolved in chloroform (30 ml) and
washed with water. The solution was dried and evaporated to give
23 (166 mg, 92%). Trituration of the product with hot ether gave
an analytical sample as colorless, fine needles: mp 265-266° (lit.
mp 274-275°,14>264-265° 143); ir (KBr) 1800 and 1780 cm«1 (lit.
553 and 5.60 ~,Mb 1795 and 1770 cm* 1 1&); NMR26 (DMSO-de) b
180 (t, 2H, 3 = 2 Hz), 3.06 (m, 2 H), 3.39 (M, 2 H), and 4.78 (t 2
H, 3 = 2 Hz).

Anal. Calcd for CoHs04: C, 60.00; H, 4.48. Found: C. 60.19; H,
4.71.

Dimethyl Ester of (Z)-4-()ct.enedioic Acid (24). A solution of
methyl 4-octynedioate2o (1.60 g) in methanol containing synthetic
quinoline (0.2 ml) was hydrogenated over 5% palladium-barium
sulfate (150 mg) at room temperature. Hydrogen uptake ceased
after 1 equiv of hydrogen had been absorbed. After filtration of the
catalyst, the filtrate was concentrated in vacuo. The oily residue
was dissolved in ether, and the solution was washed with water and
brine and dried. Evaporation of the solvent left the dimethyl ester
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of 24 (1.12 g) as an oil. An analytical sample was obtained by distil-
lation (bath temperature 130°) in vacuo (8 mm): ir (liquid film)
1735 cm“ 1, NMR b 2.46 (m, 8 H), 3.70 (s, 6 H), and 5.45 (br m, 2
H).
Anal. Calcd for CioHisO4 C, 59.98; H, 8.05. Found: C, 59.70; H,
8.06.

meso-4,5-Dihydroxyoctanedioic Acid Di-7 -lactone (25). A
heterogeneous mixture of the above dimethyl ester of 24 (1.27 g),
sodium hydroxide (762 mg), and water (15 ml) was stirred at room
temperature for 1 hr under nitrogen, and then at 60° for 4 hr. The
resultant solution was washed once with ether. Ether was added to
the aqueous layer, and the mixture was acidified with dilute hy-
drochloric acid with stirring in an ice bath. The aqueous layer was
saturated with sodium chloride and extracted with ether. The
combined organic layers were washed with brine and dried. Evapo-
ration of the solvent left a solid, which was washed with a small
amount of a mixture of ether and petroleum ether (1:1) to give
crude 24 (813 mg, ca. 73%) as an amorphous powder. The crude
acid was used without further purification.

To a stirred suspension of the silver salt of 24 [prepared in a
similar manner from 24 (1.14 g) and silver nitrate (2.48 g)] in di-
methyl sulfoxide (10 ml), iodine (3.37 g) and then silver acetate
(2.22 g) were added. The mixture was then stirred at 65° for 12 hr.
Work-up gave 25 (620 mg, 56%) as the neutral product. Recrystal-
lization from ethyl acetate gave colorless needles: mp 104-105°
(lit.1l8amp 106°); ir (KBr) 1785 (sh) and 1765 cm“ L, NMR b 1.8-2.7
[m, 8 H, C(2) and C(3) protons] and 4.60 [m, 2 H, C(4) proton].

Anal. Calcd for CsHio04 C, 56.46; H, 5.92. Found: C, 56.45; H,
5.87.

Monotetrahydropyranyl Ether (36) of 1,4-Butanediol. A so-
lution of 1,4-butanediol (3.0 g), freshly distilled dihydropyran (2.8
g), and p-toluenesulfonic acid (20 mg) in tetrahydrofuran (100 ml)
was stirred at —25° for 3 hr. The mixture was then allowed to
warm to room temperature during a t-hr period and was stirred for
an additional 10 hr at the same temperature. A few drops of pyri-
dine were added to the mixture to quench the catalyst. The mix-
ture was diluted with ether, washed with water and brine, and
dried. Evaporation of the solvent left an oil, which was chromato-
graphed on asilica gel column. Ether-petroleum ether (1:2) eluted
an oily diether of 1,4-butanediol (1.25 g, 15%): ir (liquid film) 1120,
1060, 1030, 900, 860, and 810 cm“1 NMR b 1.6 (m, 16 H), 3.2-4.1
(m, 8 H), and 4.60 (br t, 2 H).

Anal. Calcd for C]4aH2604: C, 65.08; H, 10.14. Found: C, 64.85; H,
10.09.

Further elution with the same solvent gave 36 (3.85 g, 66%) as a
colorless oil: ir (liquid film) 3400, 1060, 1030, 900, 860, and 810
cm“ 1 NMR b 1.70 (m, 10 H), 3.20 (br s, 1 H, OH), 3.3-4.1 (m, 6 H,
CH?20), and 4.68 (br t, 1 H, OCHO).

Anal. Calcd for CoH1803: C, 62.04; H, 10.41. Found: C, 61.68; H,
10.48.

Ethynyl Carbinol (37). To an ice-cooled and stirred suspension
of chromic anhydride-dipyridine complex27 (29.9 g) and Celite 535
(25 g) in dry methylene chloride (150 ml) was added dropwise a so-
lution of 36 (2.18 g) in methylene chloride (50 ml) under an argon
atmosphere. After stirring for 15 min, sodium hydrogen sulfate
monohydrate (30 g) was added, and the resultant mixture was
stirred for an additional 15 min at room temperature. The organic
layer was separated, and the solid was washed with a small amount
of methylene chloride. The combined methylene chloride solutions
were evaporated at 0° to leave an oil, which was dissolved in a
small amount of ether. The solution was filtered through a Celite
535 column. The filtrate was evaporated in vacuo to give an alde-
hyde (2.06 g) as a colorless oil: ir (liquid film) 2750 and 1720 cm*“ 1
NMR b 1.3-2.2 (m, 8 H), 260 (t, 2 H, 3 ~ 7.5 Hz with fine split-
tings, CH2CHO), 3.3-4.1 (m, 4 H, CH20), 4.65 (br t, 1H, OCHO),
and 9.80 (t, 1H, 3 = 1.5 Hz, CHO).

Although the crude product showed a single spot on TLC, no an-
alytically pure sample was obtained because of its instability.

After dry tetrahydrofuran (100 ml) had been saturated with
acetylene with stirring, ethylmagnesium bromide solution, pre-
pared from magnesium (350 mg) and ethyl bromide (1.57 g) in the
same solvent, was added dropwise at room temperature. Stirring
was continued for an additional 30 min while the reaction flask
was cooled in an ice bath, and then a solution of the above alde-
hyde (2.06 g) in the same solvent (15 ml) was added dropwise. Stir-
ring was further continued, while the solution was allowed to warm
to room temperature. The resultant brown mixture was poured
into a cold saturated ammonium chloride solution. The aqueous
layer was extracted with ether several times, and the combined or-
ganic layers were washed with water and brine and dried. Evapora-
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tion of the solvent left an oil, which was purified by passing
through a short silica gel column to give 37 (2.04 g, 86% from 36) as
a pale yellow oil: ir (liquid film) 3400, 3210, 1120, 1070, 1020, 910,
900, and 865cm -1 NMR b 1.3-2.0 (m, 10 H). 2.50 (d, 1 H, J ~ 15
Hz, =CH), 3.2-4.1 (m, 5 H), 45 (br s, 1 H, OH), 4.68 (br t, 1 H,
OCHO).

Anal. Calcd for CuHIg0 3 C, 66.64; H, 9.15. Found: C, 66.98; H,
9.34.

Allylic Carbinol (38). The ethynyl carbinol (37, 2.04 g) in
methanol (20 ml) containing synthetic quinoline (0.15 ml) was hy-
drogenated over 5% palladium-barium sulfate (200 mg). Hydrogen
uptake ceased after 1 equiv of hydrogen had been absorbed. The
catalyst was filtered off, and the filtrate was concentrated in vacuo
to leave an oil, which was dissolved in ether (30 ml). The solution
was washed with water and brine and dried. Removal of the sol-
vent in vacuo gave 38 (2.05 g) as a colorless oil, which showed a sin-
gle spot on TLC: ir (liquid film) 3400, 3050, 1640, 1110, 1070, 1030,
900, 860, and 810 cm-1; NMR &1.4-2.0 (m, 10 H), 2.76 (br s, 1 H,
OH), 3.3-4.4 (m, 5 H, CH20 and CHO), 4.65 (br t, 1 H, OCHO),
4.5- 50 (m, 2H.=CH2), 5.95 (dg, 1 H, J = 17.3, 10.5, and 6.0 Hz,
=CH).

Anal. Calcd for CuH2® 3. C, 65.97: H, 10.07. Found: C, 65.98; H,
10.15.

Vinyl Ether 39. A mixture of 38 (2.00 g), freshly distilled ethyl
vinyl ether (4 ml), and mercuric acetate (100 mg) was gently re-
fluxed for 48 hr under nitrogen. After cooling to 0°, saturated sodi-
um bicarbonate solution (4 ml) was added and the mixture was
stirred for 15 min. The reaction mixture was extracted with ether
three times, and the combined extracts were washed with water
and brine and dried. The solvent was removed, and the residual oil
was chromatographed on a short silica gel column using methylene
chloride as eluent to give 39 (1.10 g, 60%) as a pale yellow oil: ir
(liquid film) 3050, 1636, 1615, 1130, 1120, 1070, 1030, 985, and 900
cm-1LNMR b1.1-2.0 (m, 10 H), 3.2-4.4 (m, 5 H, CH20 and CHO),
4.0 (dd, 1H,J = 75and 1.3 Hz, OCH=CHcHf), 432 (dd, 1H, J =
14.0 and 1.3 Hz, OCH”~CH"H,), 4.60 (br t, 1 H, OCHO), 5.02-5.4
(m, 2 H, CH=CH?2), 585 (dgq, 1 H, J = 180, 9.0, and 5.7 Hz,
CH=CH2),and 6.34 (q, 1H,J = 14.0and 7.5 Hz, OCH=CH 2.

Anal. Calcd for Ci3H220 3: C, 68.99; H, 9.80. Found: C, 68.74; H,
9.71.

Further elution with ether gave the unreacted 38 (821 mg).

(E)-4-Octenedioic Acid (26). The vinyl ether 39 (2.00 g) in a
sealed tube was heated at 190° for 20 min to give an oily aldehyde
quantitatively: ir (liquid film) 2720, 1720, 1130, 1120, 1070, 1030,
and 970 cm*“ 1 The oil was dissolved in acetone (30 ml) and Jones
reagent was added at 0° until the orange color of the reagent per-
sisted for 5 min. After the excess reagent was destroyed by the ad-
dition of 2-propanol, the reaction mixture was diluted with brine
(30 ml) and extracted with ether. The combined extracts were
washed with brine and evaporated to leave an oil. The oil was dis-
solved in acetone (10 ml), and 10% sulfuric acid (2 ml) was added.
After warming at 55° for 30 min, the solution was cooled in an ice
bath and treated with a slight excess of Jones reagent. Work-up in
a usual manner gave a semisolid (1.15 g), which was washed with a
small amount of cold ether to give a colorless solid. Recrystalliza-
tion from ether gave 26 (750 mg, 50%) as a colorless powder: mp
174.5- 176° (lit2 mp 175-176°); ir (KBr) 3500-2300, 1700, 980,
and 940 cm“1 NMR26 (DMSO-d6) 51.24 (br m, 8 H), 5.41 (br m, 2
H), and 12.4 (brs, 2 H).

Anal. Calcd for C8Hi20 4 C, 55.80; H, 7.03. Found: C, 55.60; H,
7.07.

df-4,5-Dihydroxyoctanedioic Acid Di-y-lactone (27). To a
stirred suspension of the silver salt, prepared from 26 (150 mg) in a
similar manner, in dimethyl sulfoxide (3 ml) was added iodine (454
mg). After stirring had been continued for an additional 15 min,
silver acetate (301 mg) was added, and the mixture was stirred at
60° for 15 hr. Work-up in a usual manner afforded colorless crys-
tals (98 mg, 60%), whose recrystallization from ethyl acetate gave
an analytical sample as colorless needles: mp 55-56° (lit.16b mp
55-56°); ir (KBr) 1780 cm*"1 NMR 52.1-2.9 (br m, 4 H) and 4.63
(m, 2 H).

Anal. Calcd for CgHioC>4: C, 56.46; H, 5.92. Found: C, 56.16; H,
5.91.

Dilactone 29. The dimethyl ester of 2817 (250 mg) was heated
with a solution of sodium hydroxide (125 mg) in a mixture of water
(3 ml) and methanol (3 drops) at 60°. The resultant homogeneous
solution was washed with ether, and the aqueous layer was treated
with a solution of silver nitrate (408 mg) in water (1 ml) to give a
silver salt. lodine (610 mg) was added to a stirred suspension of the
dried silver salt in dimethyl sulfoxide (8 ml), and then silver ace-
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tate (400 mg) was added. The mixture was stirred at 60° for 12 hr.
Work-up in a usual manner gave a semisolid, which was poured on
a short silica gel column, and the product was eluted with methy-
lene chloride to give 29 (115 mg, 52%). An analytical sample was
obtained by recrystallization from ethyl acetate as colorless nee-
dles: mp 116-117°; ir (KBr) 1770 cm-1; NMR S1.2-3.2 (br m, 8 H)
and 5.02 (m, 2 H).

Anal. Calcd for C9H1004: C, 59.33; H, 5.53. Found: C, 59.34; H,
5.60.

Dilactone 31. To a stirred suspension of the silver salt of 3018
(170 mg), iodine (508 mg) and then silver acetate (351 mg) were
added at 50-60°. The mixture was stirred for 5 hr and worked up
to give crystals (129 mg, 77%), whose recrystallization from ether
afforded colorless needles: mp 205-206°; ir (KBr) 1840 and 1770
cm“ L NMR2662.22 (dg, 2 H, J = 19.2, 4.8, and 2.0 Hz, exo methy-
lene protons), 2.73 (d, 2 H, 3 = 19.2 with fine splittings, endo
methylene protons), 2.98 (q, 2 H, J = 4.8 and 2.0 Hz, CHC=0),
and 3.23 (m, 2 H, CHO).

Anal. Calcd for C8H80 4 C, 57.14; H, 4.80. Found: C, 57.03; H,
4.91.

5-Hydroxy-3-cyclohexenecarboxylic Acid Lactone (41). A.
With Silver Acetate. A suspension of 4021 (4.03 g) and silver ace-
tate (3.51 g) in dry dimethyl sulfoxide (50 ml) was heated at 1SO-
MO* for 2 hr under nitrogen. The reaction mixture was diluted
with chloroform (100 ml) and filtered. The filtrate was washed
with water and brine and dried. After removal of the solvent, the
residue was distilled (bath temperature ca. 150°) in vacuo (20 mm)
to give 41 (1.61 g, 81%) as an oil: ir (liquid film) 1800 (sh), 1770,
and 1735 cm-1 (sh); NMR b 2.0-2.8 (m, 4 H), 289 (m, 1 H,
CHC=0), 477 (br t, 1 H, 3 = 45 Hz. CHO), 5.7-6.5 (m, 2 H,
=CH).

Anal. Calcd for C7HsO 2 C, 67.73; H, 6.50. Found: C, 67.93; H,
6.37.

B. With 1,5-Diazabicyclo[5.4.0Jundecene-5. A solution of 40
(20.16 g) and I,5-diazabicyclo[5.4.0Jundecene-5 (18.24 g) in dry
benzene (300 ml) was refluxed for 6 hr under nitrogen. The solu-
tion was washed with water and dried. The oil obtained by evapo-
ration of the solvent was distilled in vacuo to afford 41 (6.1 g, 71%).

Hydroxy Acid 42a and Its Methyl Ester 42b. A suspension of
41 (2.48 g) and a solution of sodium hydroxide (1.04 g) in water (4
ml) was stirred at room temperature for 3 hr. The solution ob-
tained was washed with ether. Chloroform (10 ml) was added to
the aqueous layer, the mixture was acidified with powdered oxalic
acid with stirring, and then sodium chloride and magnesium sul-
fate were added until the mixture became pasty. The paste was
packed in a column and eluted with chloroform. The combined
chloroform eluents were concentrated. The residual solid was
washed with hot ether to give 42a (2.5 g, quantitative yield) as a
colorless powder: ir (KBr) 3350, 2600, 1710, and 950 cm-1; NMR b
1.0-
2H,=CH).

Anal. Calcd for C7H,003: C, 59.14: H, 7.09. Found: C, 58.85; H,
7.09.

Treatment of 42a with a slight excess of ethereal diazomethane
gave oily 42b: ir (liquid film) 3350, 1725, and 1650 cm-1; NMR 5
2.0- 3.0 (m, 6 H), 3.74 (s, 3H), 438 (m, 1 H, CHO), and 5.85 (brs,
H,=CH(/

Anal. Calcd for CgHi20 3. C, 61.52; H, 7.75. Found: C, 61.18; H,
8.17.

Vinyl Ether 43. A mixture of 42b (435 mg), ethyl vinyl ether (10
ml), and mercuric acetate (150 mg) was refluxed for 3 days under
nitrogen. The reaction mixture was diluted with ether (ca. 30 ml),
washed with 5% sodium bicarbonate, water, and brine, and then
dried. After removal of the solvent, the residue was distilled (bath
temperature ca. 120°) in vacuo (25 mm) to give 43 (367 mg, 71%) as
a colorless oil: ir (liquid film) 3010, 1730, 1630, and 1610 cm 'L
NMR b2.0-3.0 (m, 5 H), 3.70 (s, 3 H), 4.5 (m, 1H, CHO), 4.08 (dd,
1H.J =6.8and 15 Hz, OCH=CHcH(), 435 (dd, 1 H, J = 145
and 1.5 Hz, OCH=CH,.H(), 5.82 (m, 2 H, CH=CH in the cyclo-
hexene ring), and 6.40 (dd, J = 145 and 6.8 Hz, OCH=CH2).

Anal. Calcd for Ck>Hi40 3 C, 65.91; H, 7.74. Found: C, 65.52; H,
7.62.

Formyl Ester 44. The vinyl ether 43 (1.31 g) was heated in a
sealed tube at 200° for 1 hr/ Distillation (bath temperature ca.
130°) in vacuo (10 mm) gave 44 (1.08 g, 82%) as a colorless oil: ir
(liquid film) 2710, 1730-1720, and 1650 cm“ 2, NMR b 1.0-3.0 (m, 8
H), 3.65 (s, 3H), 562 (m, 2H,=CH), and 9.25 (t, 1H.J = 2H, 2
Hz, CHO).

Anal. Calcd for C10Hi403: C, 65.91; H, 7.74. Found: C, 65.96; H,
8.31.

1.6 (m, 1H), 1.95-2.5 (m, 5 H), 4.2 (m, 1 H, CHOH). 5.68 (br s,

N
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Dicarboxylic Acid 32. A solution of 44 (273 mg) in acetone (10
ml) was treated with slightly excess Jones reagent at 0°. Work-up
in a usual manner afforded the monomethyl ester of 32 (232 mg) as
a colorless oil: ir (liquid film) 3500-2500, 1725, and 1705 cm-1;
NMR 6 1.0-3.0 (m, 8 H), 3.67 (s, 3 H), 568 (m, 2 H, =CH), and
10.6 (brs, 1H, CO2H).

The monomethyl ester (207 mg) was dissolved in a solution of
sodium hydroxide (52 mg) in water (2 ml), and the solution was
stirred overnight at room temperature under nitrogen. The reac-
tion mixture was acidified with 6 N hydrochloric acid in an ice
bath and then saturated with sodium chloride. The product was
extracted with methylene chloride, and the combined extracts
were washed with cold brine and dried. Removal of the solvent
gave 32 (173 mg, 67% from 44) as a colorless powder: ir (KBr) 3350,
1700, and 1650 cm-1.

Anal. Calcd for C9Hi20 4 C, 58.69; H, 6.58. Found: C, 58.94; H,
6.87.

Dilactone 33. A suspension of the silver salt (587 mg), prepared
from 32 (347 mg) in a similar manner, was successively treated
with iodine (813 mg) and silver acetate (551 mg). Work-up gave 33
(143 mg, 47%). Recrystallization from ethyl acetate afforded color-
less needles: mp 159-160°, ir (KBr) 1775cm-1; NMR26 &1.0-2.1 (5
H), 2.4-2.8 (4 H), 4.60 (dd, 1 H, J = 9 and 2 Hz, CHO), and 5.05
(dd, 1H, J = 6.4 and 2 Hz, CHO(/

Anal. Calcd for C9H1004: C, 59.33; H, 5.53. Found: C, 59.07; H,
5.50.

Butenolide 35. lodine (1.27 g) was added to a stirred suspension
of the silver salt, prepared from dihydromuconic acid19 (34, 350
mg), in dimethylformamide (5 ml). After stirring for 20 min, silver
acetate (835 mg) was added, and the mixture was stirred at 70° for
24 hr. The reaction mixture was diluted with wet ether (10 ml),
and the organic layer was separated and concentrated to leave a
brown oil. An ethereal solution of the oil was treated with slightly
excess diazomethane in an ice bath. The solvent was removed to
leave an oil, which was poured on a short silica gel column. Ether
eluted 35 (120 mg, 32%) as an oil: ir (CHCI3) 1760 and 1735 cm-1;
NMR S2.80 (dd, 2 H, J = 7.5 and 15 Hz, CH2C02Me), 3.75 (s, 3
H, OMe), 5.50 (tdd with fine splittings, 1 H, J = 7.5, 2.3, and 15
Hz, CHO), 6.23 (dd, 1H, J = 6.0 and 2.3 Hz, =CH C=0), and 7.67
(dd, 1H,J = 6.0 and 1.5 Hz, CH=CHC=0).

Anal. Calcd for CyHsCLi: C, 53.84; H, 5.16. Found: C, 53.98; H,
5.34.

2-[(2)-1-Hexenyl]butanedioic Acid (45). A mixture of 12b
(5.3 g) and xylene (20 ml) was gently refluxed for 2 hr under nitro-
gen. After evolution of carbon dioxide had ceased, the solution was
stirred for an additional 1 hr with heating. Removal of the solvent
in vacuo gave a colorless solid, whose ir spectrum showed it to be a
mixture of dicarboxylic acid (1710 cm-1) and anhydride (1860 and
1790 cm-1). The mixture was refluxed with water (15 ml) for 1 hr.
The resulting solution was saturated with sodium chloride and ex-
tracted with ether. The combined extracts were dried. Evaporation
of the solvent gave colorless crystals (3.91 g, 88%). Recrystalliza-
tion from ether-petroleum ether (1:1) afforded an analytical sam-
ple as colorless leaflets: mp 112-113°; ir (KBr) 3400-2500, 1695,
and 950 cm-1; NMR 60.90 (t, 3 H), 1.1-1.6 (m, 4 H), 1.9-2.4 (m, 2
H, CH2C=), 252 (dd, 1 H, J = 18 and 6 Hz, one of CH2C02H),
2.99 (dd, 1 H, J = 18 and 9 Hz, one of CH2C02H), 3.82 (m, 1 H),
5.37 (t, 1H, J = 105 Hz, =CHCHCO,H), 5.75 (dt, 1H, J = 105
and 4.7 Hz, CH2CH =), and 11.6 (br s, 2 H, CO2H).

Anal. Calcd for CioHi604: C, 59.98; H, 8.05. Found: C, 60.23; H,
8.43.

2-[(E)-I-Hexenyl]butanedioic Acid (48). A suspension of 15b
(2.5 g) in xylene (25 ml) was refluxed for 4 hr. Evaporation of the
solvent at 70° in vacuo gave an oil. The oil was refluxed with water
(10 ml) for 1 hr. The solution was extracted with ether, and the
combined extracts were dried. Removal of the solvent afforded an
oil (2.00 g), which gradually crystallized on standing to give color-
less crystals. The crystals were chromatographed on silica gel, and
ether eluted 48 (1.50 g, 73%). Recrystallization from petroleum
ether containing a small amount of ether gave colorless needles:
mp 86-87°; ir (KBr) 3400-2600, 1695, 970, and 950 cm-1; NMR h
0.90 (t, 3H), 1.1-1.6 (m, 4 H), 1.9-2.3 (m, 2H, CH2C =), 2.55 (dd, 1
H, J = 16.5 and 6 Hz, one of CH2C02H), 2.95 (dd, 1 H, J = 165
and 8.3 Hz, one of CH2CO02H), 3.53 (br m, 1 H, CHCO2H), 5.42
(dd, 1H,J = 17 and 6 Hz, =CHCHCO2H), 5.78 (dt, 1 H, J = 17
and 5.7 Hz, CH2CH =), and 11.75 (s, 2 H, CO2H).

Anal. Calcd for CioHi604: C, 59.98; H, 8.05. Found: C, 60.12; H,
7.92.

Silver Salt Double Lactonization of 45. To a stirred suspen-
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sion of the silver salt (3.44 g), prepared from 45 (1.660 g), in di-
methyl sulfoxide (25 ml) there was added iodine (4.24 g), and then
after stirring for 30 min silver acetate (2.84 g) was added. Stirring
was continued for an additional 4 hr at room temperature, and
then at 60° for 12 hr. The reaction mixture was diluted with meth-
ylene chloride (70 ml) and filtered. The filtrate was concentrated
in vacuo at 50-60°, and the residue was dissolved in methylene
chloride (100 ml). The solution was washed with sodium bicarbon-
ate solution (20 ml), water, and brine. Evaporation of the organic
layer left a brown oil, which was chromatographed on a silica gel
column using methylene chloride-ether (1:1) as eluent, giving 13c
(493 mg, 30%).

The sodium bicarbonate extracts were acidified with 6 N hydro-
chloric acid. Extraction of the mixture with ether, followed by
evaporation of the extracts, gave an acidic, oily product (463 mg).
Treatment of the oil with ethereal diazomethane gave a mixture of
methyl esters (470 mg). The mixture was separated by preparative
silica gel TLC using ether-petroleum ether (1:2) as solvent, afford-
ing two oily butyrolactones, 46b (340 mg, 19%) and 47b (130 mg,
7%).

46b: ir (liquid film) 1785 and 1740 cm-1; NMR2650.90 (t, 3 H),
1.38 (quintet, 2 H, J = 7 Hz), 205 (9, 2H, J = 7 Hz, CH2CH=),
2.73 [dd, 1H,J = 17 and 10 Hz, CHCO2 (lactone)], 2.94 [dd, 1 H, J
= 17 and 7.6 Hz, CHCO2 (lactone)], 3.1 (m, 1 H, CHCO02Me), 3.75
(s, 3H, OMe), 4.96 (t, 1H, J = 6.0 Hz, CHO), 5.45 (dd, 1H,J = 16
and 6 Hz, =CHCO), and 585 (dt, 1 H, J = 16 and 7 Hz,
CH2XH=).

Anal. Calcd for CnH 1M 4: C, 62.25; H, 7.60. Found: C, 61.85; H,
7.22.

47b: ir (liquid film) 1810, 1740, and 1700 cm-1; NMR26 h0.90 (t,
3 H), 1.1-1.5 (m, 4 H), 2.15 (m, 2 H), 2.78 [dd, 1 H, J = 18 and 9.6
Hz, CHCO02 (lactone)], 3.12 [dd, 1 H, J = 18 and 5.6 Hz, CHCO02
(lactone)], 3.78 (s, 3 H, OMe), 3.9 (m, 1 H, CHCO02Me), 4.85 (dt, 1
H,J =6.8and 1.2 Hz, CH=).

Anal. Calcd for CnHigCL: C, 62.25; H, 7.60. Found: C, 62.17; H.
7.37.

Silver Salt Double Lactonization of 48. A suspension of the
silver salt, prepared from 48 (500 mg), in dimethyl sulfoxide (5 ml)
was treated similarly with iodine (1.27 g) and silver acetate (835
mg). Work-up of the neutral product gave 16b (205 mg, 41%). After
the treatment of the acidic product with ethereal diazomethane,
preparative silica gel TLC gave two oily esters, 46a (84 mg, 16%)
and 49b (18 mg, 3%): ir (liquid film) 1805, 1740, and 1695 cm-1;
NMR26 50.91 (t, 3 H), 1.2-1.5 (m, 4 H), 2.06 (m, 2 H, CH2C =),
2.84-2.92 [m, 2 H, CH2CCL (lactone)], 3.75 (s, 3 H, OMe), 3.95 (m,
1H, CHCO2Me), and 5.32 (dt, 1H,J = 7and 1.7 Hz, CH=).

Anal. Calcd for CnH 160 4 C, 62.25; H, 7.60. Found: C, 62.28; H,
7.67.

2-[(2)-1-Hexenyl]-3-methylenebutanedioic Acid (54). To a
stirred solution of 12b (3.66 g) and 40% aqueous dimethylamine
(1.69 g) in methanol (2.5 ml) there was added a solution of 37%
aqueous formalin (2.5 g) in methanol (2.5 ml) at —20°. Carbon
dioxide evolution was observed during the addition. The resulting
mixture was stirred for 7 hr, while the temperature was allowed to
rise gradually to room temperature. The reaction mixture was fi-
nally refluxed for 1 hr. After removal of the solvent in vacuo, the
residue was dissolved in water (5 ml). Ether was added to the solu-
tion, which was then acidified with 6 N hydrochloric acid, with
stirring in an ice bath. After the mixture had been saturated with
sodium chloride, the product was extracted with ether. Removal of
the solvent gave 54 (1.377 g, 43%) as a semisolid, which was recrys-
tallized from ether-petroleum ether (1:4) to give a pure sample as
colorless crystals: mp 105-106°; ir (KBr) 3500-2500, 1705, 1625,
970, 945, and 770 cm-1; NMR 50.90 (t, 3 H), 1.1-1.5 (m, 4 H), 2.1
(m, 2 H), 425 (br d, 1H,J = 7.5 Hz, CHCO2H), 5.4-6.0 (m, 2 H,
CH=CH), 5.85 and 6.51 (s, 1 H each, =CH 2), and 11.60 (s, 2 H,
COXH).

Anal. Calcd for CnH180 4: C, 62.25; H, 7.60. Found: C, 62.43; H,
7.85.

2-[(£J)-1-Hexenyl]-3-methylenebutanedioic Acid (57). A so-
lution of 37% aqueous formalin (1.25 g) in methanol (3 ml) was
added to a stirred solution of 15b (2.78 g) and 40% aqueous di-
methylamine (1.23 g) in methanol (3 ml) at -20°. The mixture was
stirred for 7 hr; meanwhile the temperature was allowed to rise
gradually to room temperature, and then the mixture was refluxed
for 1 hr. Work-up as described above gave a colorless semisolid (ca.
1. 8g), whose recrystallization from ether-petroleum ether (1:4) af-
forded analytically pure 57 (1.04 g, 42%) as colorless needles: mp
84-85°; ir (KBr) 3500-2500, 1965, 1625, and 980 cm-1; NMR 50.90
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(t, 3 H), 1.1-1.5 (m, 4 H), 2.05 (m, 2 H), 4.05 (br d, 1H,J = 7 Hz,
CHCOjH), 5.3-5.9 (m, 2 H, CH=CH), 5.83 and 6.47 (s, 1 H each,
CH2=), and 10.5 (s, 2 H. CO2H).

Anal. Calcd for C11H 1604 C, 62.25; H, 7.60. Found: C, 62.03; H,
7.80.

Silver Salt Double Lactonization of 54. lodine (2.28 g) was
added to a stirred suspension of the silver salt, prepared from 54
(950 mg), in dimethyl sulfoxide (10 ml) at room temperature, and
then silver acetate (1.50 g) was added after 10 min. The mixture
was stirred at 70° for an additional 15 hr. After most of the solvent
was removed, the residue was diluted with methylene chloride (10
ml) and filtered. The filtrate was successively washed with water,
aqueous sodium thiosulfate, and water. The acidic product was ex-
tracted with aqueous sodium bicarbonate solution. Removal of the
solvent from the organic layer left a semisolid, which was purified
by preparative silica gel TLC using methylene chloride as solvent,
giving Ib (125 mg, 14%) as colorless needles.

Ether was added to the above sodium bicarbonate extracts, and
the mixture was carefully acidified with 6 N hydrochloric acid with
stirring in an ice bath. The organic layer was separated, and the
aqueous layer was extracted with ether. The combined organic
layers were evaporated in vacuo at 0° to give an oil (470 mg), which
was immediately treated with excess diazomethane. Removal of
the solvent in vacuo at 0° left an oil. The oil was purified by pre-
parative silica gel TLC using petroleum ether-ether (2:1) as sol-
vent, giving 56 (100 mg, 8%) as an unstable oil: ir (liquid film)
1785, 1730, and 1550 cm“ 1L, NMR $0.90 (t, 3 H), 1.1-1.6 (m, 6 H),
1.6-2.2 (m, 3 H, CHXH= and CHCO02Me), 3.65 (s, 3 H, OMe),
and 4.65-5.05 (m, 3H, CH2N = and CH=).

No analytical sample was obtained owing to its instability.

Silver Salt Double Lactonization of 57. lodine (1.22 g) was
added to a stirred suspension of the silver salt, prepared from 57
(500 mg), in dimethyl sulfoxide (4 ml) at room temperature, and
then silver acetate (802 mg) was added after 10 min. The mixture
was stirred at 60° overnight. Work-up of the reaction mixture as
described for the double lactonization of 54 gave la (114 mg, 21%).

An acidic product obtained was treated with excess diazo-
methane and purified by preparative silica gel TLC, giving 59 (79
mg, 13%) as a colorless oil: ir (liquid film) 1785, 1725, and 1550
cm"L NMR a 0.93 (t, 3 H), 1.1-1.6 (m, 6 H), 1.6-2.4 (m, 3 H,
CH2CH= and CHCO02Me), 3.63 (s, 3 H, OMe), and 4.85-5.15 (m, 3
H, CH= and CH2N =).

Anal. Calcd for Ci2Hig04N2 C, 58.63; H, 6.81; N, 10.52. Found:
C, 58.75; H, 7.07; N, 10.36.

Registry No.—la, 35093-30-2; lb, 35093-28-8; 5, 54911-70-5;
10, 54984-23-5; 11, 35093-25-5; 12a, 54911-71-6; 12b, 54911-72-7;
13a epimer 1, 36283-63-3; 13a epimer 2, 36283-62-2; 13b, 51016-
86-5; 13c, 35093-27-7; 15a, 54911-73-8; 15b, 54911-74-9; 16b,
35093-29-9; 18, 54911-75-0; 19, 54911-76-1; 20, 54911-77-2; 21,
54911-78-3; 22a, 3853-88-1; 23, 5826-27-7; 24 dimethyl ester,
54432-94-9; 25, 54933-62-9; 26, 48059-97-8; 27, 54933-63-0; 28 di-
methyl ester, 39590-03-9; 29, 54911-79-4; 30 silver salt, 55000-29-8;
31, 54911-80-7; 32, 54911-81-8; 32 monomethyl ester, 54911-82-9;
33, 54911-83-0; 34, 29311-53-3; 35 methyl ester, 54911-84-1; 36,
51326-51-3; 36 diether, 15057-13-3; 36 aldehyde analog, 54911-85-
2, 37, 54911-86-3; 38, 54985-60-3; 39, 54911-87-4; 40, 19914-92-2;
41, 4720-83-6; 42a, 54911-88-5; 42b, 54911-89-6; 43, 54911-90-9; 44,
54911-91-0; 45, 54911-92-1; 46a, 54911-93-2; 46b, 54911-94-3; 47b,
54911-95-4; 48, 54911-96-5; 49b, 54911-97-6; 54, 54911-98-7; 56,
54911-99-8; 57, 54912-00-4; 1-hexyne, 693-02-7; tricarbomethoxy-
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ethylene, 51175-48-5; performic acid, 107-32-4; silver nitrate,
7761-88-8; silver acetate, 563-63-3; dimethyl 4-octynedioate,
23542-39-4; 1,4-butanediol, 110-63-4; dihydropyran, 25512-65-6;
ethyl vinyl ether, 109-92-2; 1,5-diazabicyclo [5.4.0] undecene-5,
6674-22-2.
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The Birch reduction of [2.2]paracyclophane-2-carboxylic acid (3) gives the tetrahydro product 4b in which the
double bonds of each deck are only partially overlapping; i.e., the Birch reduction proceeds in a manner previous-
ly observed for [2.2]paracyclophane (1) itself. This stereochemistry is demonstrated by reducing the pseudo-gem-
deuterio derivative of 3. The stereochemistry of the carboxylate. group in 4b is shown to be pseudo-equatorial.
The system 4b thus furnishes a unique NMR system for study in which a 1,4-dihydrobenzene ring is strongly
puckered, the 1substituent is not in the pseudo-axial orientation, and there exist two homoallylic protons to the 1

substituent.

It has recently been shown2that the tetrahydro Birch re-
duction product of [2.2]paracyclophane (1) is dl (2) with
the double bonds on each deck only partially overlapping.

This structure elucidation was accomplished by means of
the proton NMR analysis of the tetraepoxide derivative of
2. Because this analysis embodied a complex and involved
argument, it seemed desirable to demonstrate that this
stereochemistry3 prevailed in another system which could
be analyzed in a more straightforward fashion. Because of
the ease of the Birch reduction of aromatic carboxylic acids
and because of the synthetic availability of [2.2]paracyclo-
phane-2-carboxylic acid (3), we chose to study the Birch re-
duction of 3. An additional attractive feature of working
with 3 would be the possibility of obtaining in the Birch re-
duction product a unique 1,4-dihydro-l-benzoic acid moi-
ety forced into a puckered conformation and amenable to
proton NMR analysis. In particular, if kinetic control
would prevail, as expected, the approach of the hydrogen
would occur from the top of 3 to force the carboxylate into
a pseudo-equatorial orientation, contrasted with previous
studies where the substituent was pseudo-axial.4

General Considerations. In this paper we shall use the
numbering scheme shown by la. This numbering scheme

differs from that of Cram5in that our [2.2]paracyclophane-
2-carboxylic acid would be named by his method [2.2]para-
cyclophane-4-carboxylic acid. This new numbering scheme
was adopted so as to allow facile nomenclature involving
stereochemical3 comparison between the two decks. As-
suming that the reduction of the top ring of 3 would go 1,4
to the carboxylate group, there would a priori exist four
possible products (see 4a-d). In 4a,b the carboxylate group
is pseudo-equatorial and in 4c,d is pseudo-axial. In 4a and
4c the double bonds are “eclipsed” (i.e., the double bonds
in the upper deck overlie those in the lower deck); in 4b
and 4d the double bonds are “staggered” (i.e., the double
bonds in the upper deck only partially overlap those of the
lower deck).

In any of the structures 4a-d, the two decks would be ex-

4b 4c 4d
(found)

pected to be puckered, for two reasons. (1) There would be
a great deal of steric interaction between the two decks of
4. (This steric interaction for [2.2]paracyclophane itself has
been shown to be quite severe, leading to distortion of the
aromatic rings.)6 Inspection of models of 4a-d suggests
that this steric difficulty is greatly relieved by puckering,
which increases the distance between the two decks. (2)
NMR analysis of the tetraepoxide derivative of 2 shows2
that at least in this compound the decks are indeed strong-
ly puckered.

The puckered top deck of 4 is shown in 5a,b. In 5a the
carboxylate group is pseudo-equatorial (corresponding to
4a,b) and in 5b is pseudo-axial (corresponding to 4c,d).

Birch Reduction of 3 and Subsequent Structure Elu-
cidation. The Birch reduction of 3 gave 4 in 85% yield, mp
158-159°; the elemental analysis and mass spectrum indi-
cated that four hydrogens had been added, and the ultravi-
olet spectrum of 4 showed no conjugated chromophore (the
uv spectrum was quite similar to that of 27). By catalytic
dehydrogenation 4 could be reconverted to 3. The only
structures so far consistent with these data were 4a-d.

The sharp melting point of 4 and the existence of only
one methine (H2) absorption in the proton NMR spectrum
(5 3.25) indicated that one isomer predominated.

In an attempt to elucidate the structure of 4 in a manner
similar to that of 2, the synthesis of an epoxide derivative
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Scheme |

%a 9
(found)

of 4 was attempted.2 However, treatment of 4 under epox-
idation conditions resulted only in oxidation back to 3.

Olefin Stereochemistry3 Elucidation. An umambig-
uous assignment of the stereochemistry3 of the olefins of 4
was afforded by the Birch reduction of the pseudo-gem-
deuterio derivative 8. Scheme | shows the reasoning behind
this approach. The compound 2,-bromo-2-carboxymethyl-
[2.2]paracyclophane (6), prepared according to the proce-
dure of Cram,8 would be treated with sodium borodeuter-
ide-palladium chloride according to the procedure of
Bosin9 to give 7. Saponification of 7 would give 8. The
Birch reduction of 8 would give 9, whose deuterium would
be aliphatic in 9a (the “eclipsed” isomer) or olefinic in 9b,
(the “staggered” isomer). Proton NMR spectroscopy would
easily distinguish between 9a and 9b.

The product 7 actually obtained upon the indicated
treatment of 6 indicated clean substitution of a deuterium
at the 2' position: the mass spectral analysis of 7 showed
97% di deuterium incorporation and the NMR spectral
pattern of 7 lacked a one-proton absorption that the meth-
yl ester of 3 possessed at the highest field part of the aro-
matic region (the shielding cone of the carboxyl group
would be most effective for the 2' proton).10 The aromatic
N MR pattern of 8 was the same as that of 7.

The Birch reduction of 8 gave 9 in 91% yield. The com-
parison of the NMR spectrum of 9 with that of the nondeu-
terated analog 4 is shown in Figures la and Ib. The ali-
phatic regions of the NMR spectra of 4 and 9 were virtually
identical, whereas the olefinic regions were different: the
olefin region of 4 showed three signals at 5 5.30, 5.45, and
5.75 integrating for 1:2:1 (within 5%) while that of 9 showed
the same three regions integrating for 1:1:1 (within 5%).
[The olefinic proton NMR assignments that appear in Fig-
ure 1 follow from consideration of the respective coupling
patterns (vide infra).] Thus, the correct choice for 9 was 9b;
isomers 4a and 4c were eliminated from consideration; and
it was concluded that the Birch reduction product 4 had
the double bonds “staggered” (either 4b or 4d).

Choice of the Correct Epimer 4b or 4d. The two struc-
tures remaining as candidates for 4 were the epimers 4b or
4d. Choice of the correct epimer was possible by an NMR
study of 4, including selective decoupling experiments,
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Figure 1 100-MHz proton NMR spectra of various Birch reduc-
tion products of [2.2]paracyclophane-2-carboxylic acid: 4b (a), 9b
(b), and 10 (c).

while using 5a and 5b as geometrical models for 4b and 4d,
respectively. A ten-step argument follows that allows as-
signments for each of the olefinic signals appearing in Fig-
ure 1 and which allows unequivocal assignment of 4b (5a)
as the complete structure of 4.

1) The 2' proton was obviously one of the signals at 8

5.54, since this proton signal disappeared upon deuterium
substitution (Figure Ib). (2) The methine proton (H2) ap-
peared as a doublet with J = 8.8 Hz (see Figure 1). If the
correct choice of structures was 5b, then this large coupling
observed for Hj should arise from the vicinal coupling be-
tween H2 and H3 (whose dihedral angle would approach
0°). However, irradiation of each of the olefin regions did
not remove this coupling of 8.8 Hz (irradiation of the olefin
signal at $5.91 did sharpen the doublet). This experiment
established the carboxyl group as pseudo-equatorial. (3)
Supporting the conclusion of 2, irradiation of the methine
proton did not remove the large coupling of any of the ole-
fin signals (but did sharpen the appearance of the 8 5.91
signal). (4) It thus appeared that the 8 5.91 signal was H3
and that the dihedral angle of H:(and H2 was far from 0°
and was closer to 90° (i.e., the correct structure was 5a).
One would in fact expect H3, vicinal to the electronegative
carboxylate group, to be the furthest downfield olefin sig-
nal. (5) The other olefinic protons of 4, however, would
each be eclipsing (at least approximately) a methylene pro-
ton and therefore would have large splitting. This is what
was observed (see Figures la and Ib). (This argument as-
sumes that the bottom deck is puckered also.). (6) To con-
firm that the large splittings of these three olefinic protons
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were due to coupling with the methylene protons, various
frequencies in the methylene region were irradiated. In-
deed, irradiation at &2.4 collapsed the patterns at 5 5.37
and 5.54 to broad singlets. (7) This same irradiation at $2.4
collapsed H2to a singlet. Thus, this splitting was undoubt-
edly due to homoallylic coupling with one of the H5 pro-
tons.11 (8) To differentiate between the two remaining un-
assigned olefin signals (He and H5) experiment 3 was re-
peated with special attention devoted to the signals at 5
5.54 and 5.37. The He proton should engage in allylic cou-
pling with H2 whereas the H5 proton could not. When H2
was irradiated, there was slight sharpening in the 55.54 re-
gion while the $5.37 region was unchanged. Thus, H6 was
assigned as one of the protons at $5.54 and Hy was as-
signed as the $5.37 signal. (9) Being closer to the carboxyl
group, H6 would be expected to be downfield from H5.
These were in fact the assignments made in 8 immediately
above. (The fact that the 2' proton is no longer the highest
field olefin proton suggests that the carboxyl group is rotat-
ed to a different orientation in 4 from that in 3.) (10) When
the dihydro Birch reduction product of 3 was made (see
10)—the synthetic intermediate during the reduction of 3

H

to produce 4—it was observed in the proton NMR spec-
trum (see Figure Ic) that the downfield olefinic signal (H3)
was relatively sharp, again consistent with an approximate-
ly orthogonal relationship with H2,

It had been originally hoped that a study of compound
10 would give more definitive stereochemical information.
Unfortunately, the methine proton (H2) had moved upfield
and lay hidden under the broad aliphatic absorptions.

That the proton absorptions for H2 and the olefinic pro-
tons H) and Hg had all moved upfield suggested more se-
vere steric compression12 in 10 than in 4; this is as expect-
ed, because the aromatic ring of 10 could not easily pucker.

Discussion

Stereochemistry3of Double Bonds. In the stepwise re-
duction of 3, one would expect that the top ring would be
reduced first, since the carboxylate group would activate
this ring to Birch reduction. Indeed, by using less sodium
in the Birch reduction of 3, the 2,5-dihydro product 10 was
isolated. In the mechanistic steps from 10 to 4, the carbox-
ylate groups should now not influence the sterochemical
course of the reduction, since the carboxylate group is now
no longer conjugated with the w system. Thus, further re-
duction of 10 should proceed just as it would without the
carboxylate group, and the final product 4 should have the
same olefinic stereochemistry3as the Birch reduction prod-
uct 2 of [2.2]paracyclophane (1). Indeed, CNDO/2 calcula-
tions based on likely intermediates during the reduction of
1 suggested2 that the “staggered” arrangement should re-
sult, and this “staggered” stereochemistry3 was concluded
to prevail in the Birch reduction of both 1and 3. The con-
clusions of the present work thus corroborate those of the
previous paper.

Homoallylic Coupling. Barfield and Sternhell have re-
cently shown13 that in homoallylic coupling (83 HO -C= C
CH) an angular dependence should be observed whereby
this coupling should increase as the H C bonds become
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more nearly parallel to the p orbitals of the olefin. Exam-
ples 11 and 12 demonstrate the calculated extremes in B3’}
for acis olefin.

*J=52Hz 5 =01Hz
1 12

For a 1,4-cyclohexadiene, a double homoallylic path is
possible and even larger 5] values may be observed, but the
same steric dependence should prevail. In view of this ex-
pectation, the homoallylic J values of 1,4-dihydronaph-
thoic acid4 (13) appear anomalous: the NMR data strongly
indicate a preference of the carboxylate group for a pseudo-
axial conformation, but a pseudo-equatorial Hi proton in a
strongly puckered system (13a) should couple to an insig-
nificant extent (<1 Hz) with the H4 protons. Even in a
“flattened boat” conformation (13b) the calculated 5J

values are only about 1 Hz. The 5] values actually observed
for 13 are 3.8 and 4.4 Hz. Furthermore, for simple 1,4-dihy-
drobenzene derivatives (14), which apparently are flat,14

14

one would again predict a 5J somewhat less (~5 Hz)15 than
the >8 Hz actually observed. One is thus faced with the
choice that (1) the theoretical treatment is qualitatively
correct for 1,4-cyclohexadienes but underestimates the 5J
values; or (2) for 1,4-cyclohexadienes an entirely new treat-
ment is necessary. There is a priori no reason to believe
that possibility 2 is correct. Thus, it would be desirable to
obtain homoallylic 58] values in 1,4-cyclohexadienes whose
conformation would definitely predict a small («1 Hz)
coupling. The present study gives such an example.

As discussed above, the methine (H2) NMR absorption
of 4b was a doublet of 8.75 Hz. Close inspection of this dou-
blet at expanded scale and a careful LAOCOON 11116 study
placed an upper limit of 1 Hz of the other couplings involv-
ing H2. Considering the vicinal couplings involving H2, that
3J2s < 1 Hz indicates that the involved dihedral angle is
very close to 90° and that the ring is definitely puckered
with the carboxylate group pseudo-equatorial—compare
this SJ value with the analogous value in 13 (a “flattened
boat”), 2.4 Hz, and in 14 (which is flat), 3.1 Hz.14 This
puckered conformation as shown in 5a would from Bar-
field’s treatment predict (1) J2.se should be small (<1 Hz);
(2) J2sa(in 4b) > 5/ (in 14) > (in 13). These predictions
are in fact what are observed.

Therefore, the present work supports previous workil4
suggesting that 1,4-cyclohexadiene is not normally puck-
ered and indicates that with highly puckered 1,4-cyclohex-
adienes significant homoallylic coupling will not occur with
the pseudo-equatorial protons. The present work further
supports qualitatively the theoretical homoallylic work of
Barfield and Sternhell with regard to 1,4-cyclohexadienes.
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Experimental Section

Melting points were determined by a Thomas-Hoover melting
point apparatus. Infrared spectra were recorded on a Perkin-
Elmer 237 grating infrared spectrophotometer. Nuclear magnetic
resonance spectra were recorded on a Jelco JINM-PS-100, with tet-
ramethylsilane as an internal standard reference, utilizing field
sweep internal lock mode. Elemental analyses were performed by
C. F. Geiger, Ontario, Calif.

[2.2]Paracyclophane-2-carboxylic acid (3) was prepared ac-
cording to the procedure of Cram.5

Birch Reduction of 3. Preparation of 2,5,3',6'-Tetrahydro-
[2.2]paracyclophane-(e)-2-carboxylic Acid (4b). Compound 3
(218 mg, 0.865 mmol) was dissolved in dry tetrahydrofuran in a
250-ml three-necked flask equipped with a mechanical stirrer. Liq-
uid ammonia (75 ml) was distilled into the flask. Over a period of 1
hr, 400 mg of sodium in small pieces and 4 ml of absolute ethyl al-
cohol dropwise were added. After 3 hr of further stirring, the blue-
brown color had disappeared. Ammonium chloride (1.5 g) was cau-
tiously added followed by 60 ml of water. After standing overnight,
the reaction mixture was mixed with 130 ml of ice-water and very
carefully acidified to a pH of 4 with dilute hydrochloric acid. The
tetrahydrofuran solvent was removed under vacuum, and the re-
sulting residue was filtered, dissolved in chloroform, dried (magne-
sium sulfate), and concentrated to give 187 mg of white crystals
(85%), mp 155-158°. Recrystallization from petroleum ether gave
an analytical sample: mp 158-159° ir (KBr) 795 cm"L NMR
(CDCls) $2.1-2.9 (14 H, -CH2), 3.45 (d, J = 8.75 Hz, 1 H, H2),
5.37 (m, 1 H, HJ3), 5.54 (d, J = 8 Hz, 2 H, H2-and Hs), 591 (m, 1 H,
H5), 10.1 (s, 1 H, CO2H); mass spectrum m/e 256 (M+); uv, end
absorption to 240 nm. NMR is shown in Figure 1.

Anal. Calcd for Ci7TH202: C, 79.65; H, 7.86. Found: C, 79.30; H,
8.14.

Dehydrogenation of 4b. Compound 4b (300 mg) was refluxed
in 100 ml of dry benzene with 290 mg of 10% palladium on charcoal
to give after filtering 250 mg (84%) of 3, mp 190-195°, ir, NMR,
and mass spectrum identical with those of authentic samples. Re-
crystallization from acetic acid gave a pure sample, mp 221- 222°
(lit. mp 222.5-224°), mmp 221-222°.

2'-Bromo-2-carboxymethyl[2.2]paracyclophane (s) was pre-
pared according to the procedure of Cram8in 52% yield.

2'-Deuterio-2-carboxymethyl[2.2]paracyclophane (7). To a
stirring mixture of 700 mg of 6, 50 ml of methanol-O-d, and 720 mg
of predried palladium chloride, held at 40°, was added 849 mg of
sodium borodeuteride in portions over a period of 15 min. After a
subsequent 1 hr of stirring, the stirring mixture was immersed in a
constant-temperature water bath at 80° for 5 min. Immediately
after, the stirring mixture was immersed in an ice-water bath and
70 ml of 0.7 N hydrochloric acid was added. The alcohol was re-
moved under vacuum and the product was dissolved in chloroform.
This chloroform solution was dried (magnesium sulfate) and con-
centrated under vacuum to give 490 mg (90%) of 7, mp 135-138°
(lit. mp of nondeuterated compound, 139-1400).8 The mass spec-
trum indicated 97% deuterium incorporation. The NMR was com-
plex but lacked a signal integrating for 1 H that existed at the
highest field portion of the aromatic region in the nondeuterated
compound.

2'-Deuterio[2.2]paracyclophane-2-carboxylic ~ Acid  (s).
Compound 7 (400 mg) was refluxed in 100 ml of 0.25 N sodium hy-
droxide in 5:1 methanol-water for 4 hr. The mixture was cooled
and dilute hydrochloric acid was added to precipitate the product
8. The product was collected by filtration and recrystallized from
acetic acid to give 361 mg (95%) of 8, mp 220-222° (lit. mp of non-
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deuterated compound, 222.5-224°)/' The NMR was virtually iden-
tical with that of 7 in the aromatic region.

2'-Deuterio-2,5,3',6'-tetrahydro[2.2]paracyclophane-2-car-
boxylic Acid (9b). The procedure used to reduce 8 to give 9 was
identical with that for the nondeuterated (3 “m 4) compounds. In
such a manner was obtained 320 mg (91%), mp 156-158.5°. The
NMR lacked an olefinic signal that existed for 4 (see Figure 1);
mass spectrum m/e 257 (M +).

2,5-Dihydro[2.2]paracyclophane-2-carboxylic  Acid (10).
Compound 3 was reduced in a manner identical with that to obtain
4 except that only 9% the sodium was used as for 4 (only the reac-
tive carboxyl aromatic ring is reduced here, and accordingly only a
small amount of sodium is required). In such a manner was ob-
tained 177 mg (86%); mp 152-153.5°; NMR (CDCI3) R 1.75-2.95
(13 H, -CH2 and H2), 459 (m, 1 H, He), 4.85 (broad s, 1 H, H3),
9.65 (s, 1H, C02H); mass spectrum m/e 254 (M +).

Anal. Calcd for Ci7H]g02 C, 80.28; H, 7.34. Found: C, 80.31; H,
7.56.

Attempted Epoxidation of 4b. The same procedure was used
as for 2.2 In such a manner was obtained a 80:20 mixture of 4b:3.
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Syntheses and some properties of [2.2.—2]paracyclophanes [cyclic n-mer of p-xylylene, abbreviated as [2"]para-
cyclophane or rc°-PCP (n = 3, 4, 5, 6, and 8)] are described. At .room temperature, NMR spectra of these com-
pounds showed two singlets of benzene and ethylene proton resonances. At low temperature, however, broadening
of signals of the ethylene protons were observed, while the shape of a benzene singlet was not remarkably
changed. This broadening was due to the internal rotation (axial-equatorial exchange) of the ethylene protons.
Based on temperature-dependent NMR spectra, energy barrier of this conformation change was concluded to be
in the interesting order, 4°-PCP ([2.2.2.2]paracyclophane or [24]paracyclophane; similar abbreviations are used
throughout this paper) > 5°-PCP > 6°-PCP > 3°-PCP. The activation energy of this conformation change for
4°-PCP was evaluated to be 3.8 kcal/mcl.

In earlier papers we have described the chemistry of Ph Ph
[2.2.2]paracyclophane (3°-PCP) and [2.2.2.2]paracyclo-
phane (4°-PCP) where the planarity of benzene rings was
concluded on spectroscopic ground to be satisfactorily re-
tained.22 In this article, we wish to report the preparations
and some properties of higher [2'l]-paracyclophanes (n°-
PCPs), cyclic oligomers of p-xylylene, in connection with
conformation problems which may be very important in
their inclusion.3

Preparations of 5°-PCP, 6°-PCP, and 8°-PCP were suc-
cessful by the modified Wurtz condensation45 of p-xylyl-
ene chloride,6 and each paracyclophane was isolated by
means of column chromatography coupled with fractional
crystallization. 6°-PCP and 8°-PCP were also prepared by
the modified Wurtz condensation of p.p'-dRchloromethyl)-
1,2-diphenylethane.7 Table | shows some physical proper-
ties of n°-PCPs. Some irregular changes in melting points
of present n°-PCPs are similar to those of reported [2n]me-
tacyclophanes.8

Table |
Physical Properties of re®-PCPs
Crystal
n°>-PCP Mp, °C Recrystn solvent form Ref
2°-PCP*“ 285-287 Acetic acid Needle h
3°-PCP 168 n-Hexane Feather c
4°-PCP 185 n-Hexane-ben- Prism
zene
5°-PCP 170-172 n-Hexane-ben- Prism e
zene
6°-PCP 200-202 n-Hexane-ben- Plate e
zene
8°-PCP 273-275 ;?-Hexane-ben- Scale e
zene

“ [2.2]Paracvclophane. bD. J. Cram and H. Steinberg, J. Am.
Chem. Soc., 73, 5691 (19c¢j1). ‘ Reference 1. d Reference 2. e This
work.

NMR Spectra of n°-PCPs. At room temperature, each
paracyclophane showed two singlet NMR absorptions due
to aromatic and aliphatic protons. The aromatic % value
showed the presence of a considerable shielding effect, the
magnitude of which decreased with increase of macrocyclic

ring size (Table Il). These observations suggest that ben-
zene rings predominantly (in a statistical sense) take the
“face” conformation9 where the aromatic protons are
shielded by other benzene rings and the magnitude of
shielding effect diminishes with increase in the transannu-

78388 kb 016 tk 01

lar distance of a paracyclophane. In order to investigate the
conformation problem of these paracyclophanes, the NMR
spectra of 3°-PCP, 4°-PCP, 5°-PCP, and 6°-PCP were
measured in CDCI3-CH 2CI2 or CS2 solution at low temper-
ature. The results at —75° in CDCI3CH 2Q 2 solution are
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Table 11
5Values and Line Broadening“ of n°-PCPs

Line broadeningt

(-75°, CDC13-CH2C12)

6 (room

temp, CC14, Megis

Compd ch2 Arora Ref ch2 Arom

>/l-Dimethyl- 2.80 6.94 b
bibenzyl
2°-PCP 3.04 6.30 c
3°-PCP 2.93 6.62 d 4920 3.1/2.0
4°-PCP 2.84 6.65 e / 2.8/1.8
5°-PCP 2.76 6.68 ¢ 7.5/1.8 2.5/1.8
6°-PCP 2.84 6.75 g 7.5/3.3 3.0/3.3
8°-PCP 2.84 6.82 o

aRelative half-width in hertz (half-width of protons of para-
cyclophanes compared with that of added CH2CI2). *F. A. Bovey,
“NMR Data Tables for Organic Compounds”, Vol. 1, Wiley, New
York, N.Y., 1967, p 426.cD. J. Wilson, V. Boekelheide, and R. W.
Griffin, Jr., J. Am. Chem. Soc., 82, 6302 (1960). a Reference 1
e Reference 2. <Below the coalescence temperature. g This work.

Table 111
Uv Spectra of n°-PCPsaand p-Xylene"

Compd Xj, m/i (log 6) =*21mu(log O X3, mix (log €) X, mix (log €)
p -Xylenec 274 (2.85) 269 (2.75) 266(2.73) 260(2.60)
2°-PCPi 302 sh 285 (2.41)
(2.19)
3°-PCP 276 (2.89) 269 sh 267 (2.95) 262(2.83)
(2.88)
4°-PCP 274 (3.13) 267 sh 265(3.20) 260 (3.09)
(3.16)
5°-PCP 274(3.24) 267.5sh 265.5 260(3.15)
(3.22) (3.28)
6°-PCP 273.5 267 sh 265 260
8°-PCP 274 267.5sh 265.5 260
0In hexane. 6In heptane. ¢ “UV Atlas of Organic Compounds”,
Vol. Ill. dD. J. Cram and H. Steinberg, 3. Am. Chem. Soc., 73,

5691(1951).

listed in Table Il together with &values at room tempera-
ture. Under the condition investigated and among the com-
pounds investigated, only ethylene protons of 4°-PCP co-
alesced at -71° in CDCI3CH2Cl2or -85° in CS2 (AGt_8&°
= 9.1 keal/mol in CS2/. During the temperature change, the
signal of ethylene protons changed from singlet to AB
quartet as shown in Figure 1. This indicates that the con-
formation change including ethylene proton (such as axial-
equatorial exchange) begins to freeze at low temperature.
The peak separations of ethylene protons of 4°-PCP at var-
ious temperatures are listed in Table Ill. The chemical
shift difference (A5, va — W for frozen 4°-PCP was esti-
mated to be 51 Hz by means of computation analysis so as
to give the largest correlation coefficient for the linear rela-
tionship between 1/T and log — cb)t where was
the rate of exchange of nuclei (Figure 2). Thus, the activa-
tion energy (Eg of this conformation change was estimated
to be 3.8 keal/mol and the frequency factor, &0, to be 3.0 X
106 Hz. The ethylene protons of the other paracyclophanes
did not separate until —111° in CS2 but line broadening
was observed, the magnitude of which was in the order,
5°-PCP =! 6°-PCP > 3°-PCP. Therefore, the observed
barrier (AGJ) of the conformation change of ethylene pro-
tons of these paracyclophanes is concluded to be in the in-
teresting order 4°-POP > 5°-PCP ~ 6°-PCP > 3°-PCP.
On the other hand, aromatic protons of each paracyclo-
phane showed only small line broadening, which indicated
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Figure 1. JH NMR spectra of ethylene protons in 4°-PCP at sev-
eral temperatures, 100 MHz, Me.iSi, in CS2.

1/T x 103

Figure 2. Temperature dependence of the rate of exchange of nu-
clei of ethylene protons of 4°-PCP.

that motions of benzene rings were not remarkably restrict-
ed under the condition investigated (vide infra).

The conformation change for 4°-PCP (Figure 3) is un-
derstood as the axial-equatorial change from the following
considerations.

1) Ethylene protons of 4°-PCP were frozen to two kinds

of protons at low temperature (Figure 2) and the chemical
shift difference (A< for the two different protons was esti-
mated to be 0.51 ppm. This value was reasonably ascribed
to the axial-equatorial difference based on the following
reason. The shift difference between the axial and equato-
rial benzyl protons by the shielding effect from benzene
rings for an “all face” 9conformation (benzenes are perpen-
dicular to the hypothetical molecular plane) was calculat-
ed, as an extreme, by computer with Johnson’s equation10
to be ca. 1.0 ppm, while for an “all lateral” conformation
(benzenes are on the plane) as an opposite extreme (Figure
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"All lateral”

Figure 3. The axial-equatorial exchange of ethylene protons of
4°-PCP.

Figure 4. Conformation change of 2°-PCP.

3), AS was 0 ppm, and for freely rotating benzene rings, AS
was ca. 0.12 ppm. The present observed value (0.51 ppm)
suggests that the benzene rings still vibrate or rotate
(around a C¥-Ci-C4C,' axis) to produce a statistically av-
eraged shielding effect; however, “face” conformation is
much favored in a statistical sense under the condition in-
vestigated. This is consistent with the fact that aromatic
protons showed only small line broadening.

(2) Eaof the axial-equatorial change was estimated to be
3.8 kcal/mol for 4°-PCP and this value suggests a reason-
able connection between present barrier and the usual eth-
ane barrier.11

The smaller AG1 value of 5°-PCP or 6°-PCP than 4°-
PCP may be due to greater flexibility of 5°-PCP or 6°-PCP
than 4°-PCP, but the unexpectedly small AG* value of 3°-
PCP is interesting to note. According to our calculation of
energy of 3°-PCP by means of w approximation (VI/1
method1?), the transannular distance of 3°-PCP seems to
be somewhat in a slightly repulsive region.13 This forces
benzene rings to be apart, making the conformation nearly
eclipsed and raising the bottom of the energy surface (the
gauche conformation). Actually, 2°-PCP, where much larg-
er ir-ir repulsion is involved, was reported to have a very
low transition region, at near 55 K, from the measurement
of heat capacity of crystals and the AH of the transition to
be only 51 cal/mol.14 This transition was presumed to be
due to the conformational exchange of Haand He as shown
in Figure 4. X-Ray analysis of 2°-PCP at 93 K also indicat-
ed that this conformation change did take place even at
this very low temperature.15 This small energy barrier of
the axial-equatorial change of 2°-PCP may be ascribed to
the increasing t= w repulsion in the gauche conformation.
This situation seems to be similar to that in 3°-PCP.
Therefore, the expected order of the activation energy for
the conformation change of n°-PCPs is 4°-PCP > 5°-PCP
~ 6°-PCP > 3°-PCP > 2°-PCP, just consistent with the
observed order.

Other Spectral Properties of n°-PCPs. Table IlI
shows the uv spectra of n°-PCPs together with that of p-
xylene. A considerable bathochromic shift for 2°-PCP s re-
ported where benzene rings are not planar as shown by
X-ray analysis. However, uv spectra of higher paracyclo-
phanes were very similar to that of p-xylene. Therefore, it
should be concluded that benzene rings of these paracyclo-
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phanes, except 2°-PCP, are “normal” (i.e., not appreciably
distorted).

In the region from 400 to 1000 cm-1 of ir spectra, p-xy-
lene showed only two sharp absorptions at 796 and 482
cm-1. Every paracyclophane showed an additional sharp
absorption at near 600 cm-1 and near 800 and 500 cm-1
(Table 1V). This may be characteristic of paracyclophane,
although details are not yet known.

Table IV
Moderately Intense Absorptions of Ir Spectra of
/t°-PCPs at Near 800, 600, and 500 cm 1*

2°-

PP 3-PCP 4-PCP 5°-PCP 6°-PCP S*-PCP
807 804, 787 822, 813 816. 806 819 829
623 588 587, 569 594 595 576
509 469 459,64526 5376 546,6463p> 546,b

506s
° KBr, cm'l* Moderately weak absorption.

Experimental Section

Materials. 3°-PCP and 4°-PCP were prepared by the modified
Wurtz condensation of p-xylylene chloride in the presence of a
catalytic amount of tetraphenylethylene as described elsewhere.12
Combined mixture of several reactions, from which 3°-PCP 4°-
PCP had been already separated,1'2were chromatographed on sili-
ca gel. Early elution product with 15% benzene-ra-hexane solution
mainly consisted of 5°-PCP. Repeated fractional crystallizations
from benzene-ra-hexane gave pure 5°-PCP as colorless prisms in
about 2% vyield, based on p-xylylene chloride used: mp 170-172°
(from benzene-n-hexane); mass spectrum m/e (rel intensity) 520
(M+, 0.37), 168 (13), 167 (100), 165 (19), 152 (13); ir (KBr) 3075,
3040, 2995, 2915, 2845, 1511, 1438, 1415, 1310, 1200, 1142, 1093,
1022, 920, 905, 816, 806, 594, 537 cm“ 1 Anal. Calcd for C40H40: C,
92.26; H, 7.74. Found: C, 92.02; H, 7.72.

Further elution with 15% benzene-n-hexane solution contained
6°-PCP mainly, which was purified by means of repeated fraction-
al crystallizations. Thus 6°-PCP was obtained as white plates in
about 2% yield based on p-xylylene chloride: mp 200-202° (from
benzene-ra-hexane); mass spectrum m/e (rel intensity) 624 (M+,
small), 168 (14), 167 (100), 165 (20), 152 (14); ir (KBr) 3070, 3025,
2995, 2845, 1510, 1440, 1415, 1338, 1200, 1096, 1021, 920, 819, 595
cm-1. Anal. Calcd for C48H4g: C, 92.26; H, 7.74. Found: C, 92.00; H,
7.64.

Then elution with 50% benzene-ra-hexane gave mainly 8°-PCP,
which was purified similarly. 8°-PCP was obtained as scale-like
crystals and melted at 273-275° (from benzene-n-hexane): mass
spectrum m/e (rel intensity) 832 (M+, very small), 415 (13), 311
(18), 156 (31), 119 (41), 118 (18), 117 (25), 103 (95), 102 (100); ir
(KB) 3080, 3030, 3010, 2990, 2915, 2835, 1512, 1438, 1414, 1341,
1200, 1142, 1094, 1023, 924, 825, 576, 546, 506 cm*“ 1 Anal. Calcd
for Ce4H64: C, 92.26; H, 7.74. Found: C, 92.36; H, 7.73.

6°-PCP and 8°-PCP were also prepared by the modified Wurtz
condensation of p,p'-di(chloromethyl)-1,2-diphenylethane using a
catalytic amount of tetraphenylethylene.

Measurements. NMR spectra were measured by using Varian
T-60 and HA-100 spectrometers. Temperature was determined by
the NMR chemical shift difference between hydroxyl and methyl
protons of methanol.

Uv spectra were measured with a Hitachi Model EPS-3T spec-
trophotometer in hexane.

Ir spectra were measured with a Hitachi Model 285 ir spectro-
photometer.

The activation energy of the conformation change of 4°-PCP
was calculated from the slope of the plots of log *2u{a - «b)t vs.
1/T according to the reported procedure,16 where va and uB are
corresponding separate chemical shifts of protons A and B and kr
is the exchange rate between A and B (cf. Figure 2).

Registry No.—2°-PCP, 1633-22-3; 3°-PCP, 283-80-7; 4°-PCP,
283-81-8; 5°-PCP, 43082-13-9; 6°-PCP, 43082-14-0; 8°-PCP,
54823-92-6; tetraphenylethylene, 632-51-9; p-xylylene chloride,
623-25-6;p,p'-di(chloromethyl)-1,2-diphenylethane, 38058-86-5.
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Acid-catalyzed hydration of the 3a,5«-cycloandrost-6-ene system gives the 3/?-hydroxyandrost-5-ene system in
high yield. In the presence of D20, irreversible deuteron attack at the 7 position occurs equally from the a and 0
faces of the steroid. Elimination of methanol from 7d-deuterio-6/J-methoxy-3«,5a-cycloandrostan-17d-ol occurs
by pyrolysis with 70% loss of the 7(3-deuterium (cis elimination), by alumina catalysis with 48% loss of the 7/1-deu-
terium, and by electron impact in the mass spectrometer with no loss of the 7/j-deuterium.

Although it had been observed in 19462 that acid-cata-
lyzed hydration of 3a,5a-cyclocholest-6-ene (1, R = CsHi7)
gives rise to cholesterol, no further study of this reaction
had been reported. Acid-catalyzed rearrangements of relat-
ed vinyl cyclopropanes have, however, been examined in
considerable depth.34 Since this hydration appeared to
offer a useful method for the introduction of deuterium at
the 7 position of the biologically important 3(3-hydroxy-
A5-steroids, we have determined the direction of addition
of the proton (deuteron) to the 3a,5a-cyclo-A6system.

3a,5a-Cycloandrost-6-en-17-one5 (1, R = O) was pre-
pared by the standard procedure of converting 3/t-hyd-
roxyandrost-5-en-17-one p-toluenesulfonate to 6/3-me-
thoxy-3a,5«-cycloandrostan-17-one (2), which on treat-
ment with alumina in refluxing xylene gave 1, R = O, in
14% vyield. Attempts to convert the 3-p-toluenesulfonate
directly to the 3a,5a-cycloandrost-6-ene system with potas-
sium fert-butoxide in tert-butyl alcohol, or treatment with
alumina or barium oxide in refluxing xylene, led instead to
the formation of the 3,5-diene.

Hydration of SajSff-cycloandrost-B-en-W-one (1, R = O)
with D2S04 and D20 in dimethyl sulfoxide at 90°, followed
by acid-catalyzed exchange of the 16-deuterium, gave 3/J
hydroxyandrost-5-en-17-one with incorporation of 94% of
one'nonexchangeable deuterium atom per molecule.

With bis(2-methoxyethyl) ether (diglyme) which had
been distilled from a mixture with D20, 3cv,5a-cycloan-
drost-6-en-17/3-o0l (1, R = OH) was converted by D2SO4
D20 to androst-5-ene-3d,17/3-diol (3, 87% dZ1 13% d2),
which crystallized on cooling the sealed tube. Chromium
trioxide oxidation6 and isomerization with dilute hydro-
chloric acid gave androst-4-ene-3,17-dione (4, 100% <1, 0%
dy). Unlabeled androst-5-ene-3d,17/f-diol was recovered es-
sentially unlabeled after treatment with U2504-D 20-di-
glyme under the conditions of the hydration reaction, and
in experiments in which 3«5cv-cycloandrost-6-en-17/3-ol
was recovered, it too was unlabeled. The additional 13% of
deuterium is therefore incorporated at positions 2, 3, 4, or 6
during the ring-opening hydration reactions.

That the deuteron attack on the vinyl cyclopropane (1, R
= OH) had occurred at the 7 position was established since
no loss of label occurred from the derived androst-4-ene-
3,17-dione (100% di) under conditions (D2S04D-20-di-
glyme) which caused incorporation of five deuterium atoms
into testosterone at carbons 2, 2, 4, 6, and 6. A by-product
in the chromium trioxide oxidation of deuterated androst-
5-ene-3/3,17/5-diol (3) is androst-4-ene-3,6,17-trione (5).
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Figure 1. Mass spectra of 6/3-methoxy-3a,5a-cycloandrostan-17-one and 3a,5a-cycloandrost-6-en-17-one.

This enetrione contained no excess deuterium; the pres-
ence of the 6-ketone had allowed exchange of hydrogen at
the 7 position presumably during the acid treatment. The
mass spectrum of the deuterated androst-4-ene-3,17-dione
(4) showed an abundant peak at mie 124 characteristic of
steroid-4-en-3-ones.7 This peak would have been at m/e
125, had the introduced label been attached to a ring A or
positions 6 or 8. In the 3a,5n-cyclo-A6 system, the geometry
of the rings is such that the trigonal C-6 is very close to the
bisected conformation found most favorable8 for overlap of
a 6-carbonium with the cyclopropane ring, and indeed the
protonation giving a tetrahedral C-7 causes C-6 to move
from this optimal orientation. This cyclopropyl carbonium
ion is clearly preferred to the less stable9 allyl carbonium
ion which would be formed by attack of the proton (deuter-
oni on the cyclopropane ring. Conjugated vinyl cyclopro-
panes34 are thus an exception to the rule!0 that cyclopro-
panes are more reactive toward the addition of acid than
are olefins.

The stereochemistry of deuterium substitution at the 7
position was not immediately clear. The ir spectrum of 7-
deuterio-3d-hydroxyandrost-5-en-17-one showed the pres-
ence of bands indicative of both axial a (2102, 2132 cm-1)
and equatorial 3 (2143 cm-1) deuterium.1l The NMR spec-
trum of a vinyl 6 proton coupled only to 7a-H (7/3-D) is
known to be a sharp singlet, while vinyl 6-H coupled to
7/3-H (7c¢*-/3r) gives a sharp doublet, J = 5 Hz.12 The 7-deu-
terio-3d-hydroxyandrost-5-en-17-one and 7-deuterioan-
drost-5-en-3d,17d-diol diacetate derived from the ring
opening-hydration reactions had 6-H as a broad singlet or
indistinct doublet of half-band width 8 Hz indicating that
the products were mixtures of 7a- and 7/3-D.

The orientation of the deuterium at the 7 position was
established by chloranil dehydrogenation, which has been
shown to remove the la hydrogen atom in the conversion of
steroid A4-3-ketones to the 4,6-dien-3-ones.lz Androst-4-
ene-3,17-dione-7£-d (4, 100% d\), prepared as described,
gave on chloranil dehydrogenation androsta-4,6-diene-
3,17-dione (6, 46% * 2% d\) under conditions where dehy-
drogenation had progressed to the extent of 70%, and 49 +
2% when the reaction was 87% complete. Further reaction

caused appreciable formation of the 1,4,6-trien-3-one. The
unreacted androst-4-ene-3,17-dione had lost no deuterium.
The ring-opening hydration reaction therefore occurs with
hydrogen attack on the 7 position equally from the a and B
directions. Since no more than one deuterium atom is in-
corporated at the 7 position during the hydration, and
since this step is not stereospecific, the addition of the deu-
teron at the 7 position is not reversible under these reac-
tion conditions.

The hydration reaction was also carried out on 3«,5n-
cyclocholest-6-ene (1, R = CsHi?) and gave 7-deut.eriocho-
lesterol (90% di). With 3a,5a-cyclopregn-6-en-20-one (1, R
= COCHZ3),5 the 7-deuteriopregnenolone formed was con-
taminated with the 17 epimer and contained four addition-
al deuterium atoms due to the exchange at the 17 and 21
positions; on treatment with acid, only the 7 deuterium
(84% di) remained; the mixture of the 17 epimers was sepa-
rated by column chromatography to give pregnenolone-7-d.

3n,5n-Cycloandrost-6-en-17-one (1, R = O) and its pre-
cursor, 3a,5a-cyclo-6/3-methoxyandrostan-17-one (2), were
examined by combined GLC-mass spectrometry using the
stainless steel gauze, solid injection technique.12'13 During
GLC of the 68B-methoxy compound (2) partial pyrolytic de-
composition occurred in the flash heater (245°) to give a
GLC peak well separated from that of the methyl ether.
The retention time and mass spectrum of this product (M+
270) are identical with those of 3a,5a-cycloandrost-6-en-
17-one (1, R = 0O), and different from those of androsta-
3,5-dien-17-one, though the 3,5-dien-17-one itself differs
only slightly, but significantly, in mass spectrum from
3a,5a-cycloandrost-6-en-17-one. In addition, the mass
spectrum of 6d-methoxy-3a,5n-cycloandrostan-17-one (2)
(Figure 1) shows a strong m/e 270 corresponding to loss of
the elements of methanol; the fragmentation pattern below
m/e 270 is not that of 3«,5a-cycloandrost-6-en-17-one.

Since 7/3-deuterio-3/3-hydroxyandrost-5-en-17-onel2 was
available, it was possible to determine if cis elimination oc-
curred with loss of the 7/3-hydrogen during loss of methanol
from 6/3-methoxy-3a,5a-cycloandrostan-17-one by (a) py-
rolysis, (b) electron impact, and (c) alumina catalysis. 7/3-
Deuterio-3/3-hydroxyandrost-5-en-17-one  (99% d\) was



Deuteron Attack on the 3a,5a-Cycloandrost-6-ene System

converted to the 3-p-toluenesulfonate and thence to 7/3-
deuterio-6/j-methoxy-3«,5«'-cycloandrostan-17-one (99%
di).

(@ The ions at m/e 271 (M — CH40), and 256 (M —
CH40-CH?3) showed complete retention of the deuterium;
loss of methanol on electron impact involves no loss of 1(5
hydrogen, and hence no 1,2-cis elimination.

(b) The product M+ 270, formed by pyrolytic loss of
methanol from the methyl ether in the flash heater, con-
tained only 31% di indicating approximately 70% cis elimi-
nation of deuteriomethanol.

(c) On refluxing with xylene and alumina as before, the
7/}-deuterio-6/?-methyl ether was converted to 3a,5a-cy-
cloandrost-6-en-17-one containing 52% dj. Although cis
elimination is important in both cases, neither pyrolysis
nor alumina-catalyzed removal of methanol appears to be
stereospecific. It is not known if there is an isotope effect
operating in these processes.

The stereochemistry of alumina-catalyzed elimination of
methanol in solution has not been studied previously; the
dehydration of 1-decalols on passage of the vapor over alu-
mina at 280-400° has been rationalized14 in terms of a pre-
dominantly trans mechanism.

The mass spectra of 3cv,5a-cyclosteroids with a 6 double
bond or 6/3-hydroxy or 6/3-methoxy substituents (Figure 1)
all show m/e 121 as a prominent ion. Since the weight of
this fragment does not depend upon the nature of the 17
substituent, it probably corresponds to ring A and part of
ring B with cleavage of C-7/8 and C-9/10. The presence of
deuterium at C-7 causes this ion of 3n,5a-cycloandrost-6-
en-17-one (1, R = O) and of 6d-methoxy-3«,5a-cycloan-
drostan-17-one (2) to become m/e 122. The relative abun-
dance of m/e 121 and 122 indicates 90% retention of deute-
rium in the ion from 1, R = 0, and 60% from 2.

Experimental Section

Combined gas-liquid chromatography-mass spectrometry was
carried out on an LKB 9000 instrument with helium carrier gas,
and OV-1 on Gas-Chrom Q (Applied Science Laboratories, State
College, Pa.) as the stationary phase. Samples in the solid state,
adsorbed on stainless steel gauze,13 were injected into the flash
heater at 230°, and the chromatographic column was kept at 200°
except where otherwise noted. The molecular separator was main-
tained at 250°, and the ion source at 270°. Melting points were de-
termined on a Kofler block. NMR spectra were measured on a
Varian A-60 spectrometer in deuteriochloroform solution. Chemi-
cal shifts are reported in parts per million downfield from tetra-
methylsilane.

3]8-Hydroxyandrost-5-en-17-one-7,/6,f6-<f:!. A solution of
3a,50-cycloandrost-6-en-17-one (1, R = O, 300 mg, 1.11 mmol) in
dimethyl sulfoxide (25 ml) with 4 N D904 in D20 (5 ml) in a
sealed tube was kept at 90° for 24 hr. On cooling, crystals formed
in the tube. The solution was diluted with water, when further
crystallization occurred. The product was filtered off and washed
with water, giving 298 mg (1.03 mmol, 93% yield). Thin layer chro-
matography and GLC-MS showed the product to be greater than
95% 3j8-hydroxyandrost-5-en-17-one (76% O3, 24% ¢2)- The NMR
spectram differed from that of authentic nondeuterated material
only in the broad singlet at 5.40 ppm (C-6 H); in the nondeuterat-
ed steroid this is an ill-defined doublet. Recrystallization from
methanol raised the melting point from 131-138° to 147-150°, un-
depressed on mixing with an authentic sample of 3d-hydroxyan-
drost-5-en-17-one of mp 149-151°.

3/?-Hydroxyandrost-5-en-17-one-7-di.  3/3-Hydroxyandrost-
5-en-17-one-7(a(i),16,16-do (240 mg, 0.83 mmol) in methanol (15
ml), water (1.3 ml), and KOH (270 mg) was left at room tempera-
ture under N2 for 5 hr. Extraction (EtOAc), washing (H20), and
crystallization from methanol gave 3/i-hydroxyandrost-5-en-17-
one-7-di (215 mg, 90% yield), mp 149-151°. GLC-MS and TLC
showed the product to be homogeneous and to contain 94% d\ and
6% do species. The ir spectrum (CCl4) showed bands at 2102, 2132
(axial C-D), and 2143 cm-1 (equatorial C-D).
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Androst-5-ene-3| 3, 17d-diol-7-rft (3). Diglyme was left over a
molecular sieve (Linde 4A) for 1 week. Of this, 150 ml and D20 (15
ml) were mixed and distilled and the fraction boiling at 161-163°
was collected and stored in sealed ampoules. 3or,5<v-Cycloandrost-
6-en-17/3-0l (1, R = /3-OH, 350 mg, 1.30 mmol) in the diglyme (5
ml) and 4 N D2SO4in D2 (5 ml) in a sealed tube was heated to
75°. The crystals of steroid changed rapidly to an oil, but on leav-
ing for 18 hr at 75°, crystals had again appeared. On cooling, the
contents of the tube became a crystalline mass. Two recrystalliza-
tions of the solid from methanol gave the diol (3) (330 mg, 88%
yield), mp 175°, undepressed on mixing with authentic material of
mp 176-177°. TLC and GLC-MS showed the diol to be >98% pure
and to consist of 87 + 3% d1 and 13% d2 species. In a similar run in
which some starting material was recovered after 3 hr of reaction,
deuterium had been incorporated in the diol, 3, but not in the re-
covered starting material.

Chromium trioxide oxidation6and conjugation of the diol with 4
N hydrochloric acid-acetone (1:5) gave androst-4-ene-3,17-dione
(100 + 3% di), together with a minor product, androst-4-ene-
3.6.17- trione (0% d1). The two products were readily separable by
GLC and identified by retention time and mass spectrum.

Treatment of androst-5-ene-30,17(l-diol with D-iSCL-diglyme at
90° for 68 hr, followed by dilution with a large excess of water, and
filtration gave crystals of the starting material containing, in two
separate runs, 0 and 4% of one excess deuterium atom per mole-
cule.

Chloranil dehydrogenation of the deuterated androst-4-ene-
3.17-  dione (4) was performed as described previously12 upder ben-
zene reflux for 24 hr. The product by GLC-MS showed approxi-
mately 87% conversion to the 4,6-dien-3-one (6), and contained 49
+ 2% d\. It was later found convenient to perform the dehydroge-
nation with 1 mg or less of enone in a sealed tube, and to apply a
portion of the reaction solution directly to the stainless steel gauze
for injection into the GLC-MS instrument.

6/3-Methoxy-3a,5a-cycloandrostan-17-one-7/8-di  (2). 3/3
Hydroxyandrost-5-en-17-one-7«-do.04Ti3-do.95 (100 mg), obtained
via reduction of the 7a-bromide-17-ketal with lithium aluminum
deuteride,122was converted to the 3-p-toluenesulfonate, and thence
to 6/J-methoxy-3ff,5a-cycloandrostan-17-one-7d-di (2). Chroma-
tography on alumina allowed removal of a minor contaminant of
the same molecular weight (M+ 303), presumably 3d-methoxyan-
drost-5-en-17-one. Although 2 has not yet been obtained crystal-
line in this laboratory even after careful chromatography, TLC
and NMR evidence indicated that it is homogeneous. GLC-MS
(flash heater, 254°) showed peaks for both 6/3-methoxy-3«,5«-cy-
cloandrostan-17-one (2), retention time 10.8 min, and 3a,5«-cy-
cloandrost-6-en-17-one (1, R = 0), retention time 8.2 min. The re-
tention times and mass spectra were consistent with the assigned
structures on comparison with unlabeled standards. On reducing
the GLC flash-heater temperature to 170°, the proportion of
3a,5£v-cycloandrost-6-en-17-one decreased. The mass spectrum of
the 6j3-methoxy-3a,5ct'-cycloandrostan-17-one (2) had M+ 303, 96%
dl and prominent fragment peaks at mse 271 (M - 32, M —
CH40) and 256 (M —32 — 15, M —CH40 —CH3), both of which
also correspond to the retention of 96% d\. The GLC peak corre-
sponding to 3a,5«-cycloandrost-6-en-17-one had molecular ions at
m7/e 270 and 271, 31% d\.

3a,5a-Cycloandrost-6-en-17-one- 7-d.  6/J-Methoxy-3«,5a-cy-
cloandrostan-17-one-7/3-do.96 (5 mg) in xylene (10 ml) with alumi-
na (Brinkmann, activity I, 500 mg) was refluxed for 1 hr. GLC-MS
showed 3a,5«-cycloandrost-6-en-17-one to be the major product,
but with some remaining starting material (M+ 303). Chromatog-
raphy on alumina (1.5 g, activity 1) and elution with carbon tetra-
chloride gave 3a,5a'-cycloandrost-6-en-17-one-7-0!, homogeneous
on TLC, mp 124-132°, undepressed on mixing with authentic un-
labeled steroid of mp 133-139°. GLC-MS gave a single peak corre-
sponding in retention time and MS to the authentic material; four
mass spectral scans were taken approximately evenly spaced over
the peak; the ratios of M+ 270 to 271 showed the presence of suc-
cessively 59, 54, 51, and 46% d\ in excess of natural abundance, ev-
idence of isotope separation of GLC; the average of all four, or of
the central two scans, gives 52% d\. In a repeat of the above se-
guence there was obtained 3«,5a-cycloandrost-6-en-17-one con-
taining 51% dx
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Assignment of stereochemistry to the four isomeric 5-hydroxy-6-methylbicyclo[2.2.2]oct-2-enes was accom-
plished by both qualitative and quantitative analyses of lanthanide induced shift (LIS) NMR data. The chemical
relationships between these isomers and their epimeric precursors, endo- and ej:0-6-methylbicyclo[2.2.2]-oct-2-
ene-5-ones, allowed assignment of stereochemical features to these as well. Since some LIS indices could not be
assigned accurately, a computer program was designed to use indices of low precision. The combination of auto-
assignment (signal assignment by computer) and the ordinary LIS computation distinguished the four isomers by
the R-factor ratio test. Statistical analysis shows that the distinction is at the 98% or greater confidence level.

The utility of lanthanide shift reagents for clarification
of complex nuclear magnetic resonance spectra (LIS-
NMR) and the consequent simplification of structural as-
signments is well established.4 Quantitative treatment of
the lanthanide-induced chemical shift has led to important
decisions about the validity of the pseudocontact model,5
structure verification,6 and the statistical basis for the eval-
uations of the agreement factor.7 Many examples of the
properly judicious application of qualitative techniques for
structural resolutions also have appeared.8 We wish to doc-
ument a technique of serial addition using europium(lll)
tris(1,1,1,2,2,3,3-heptafluoro-7,7-dimethy]-4,6-octanedione)
[Eu(fod)a] which makes possible a convincing qualitative
assignment of stereochemistry to four isomeric methylbicy-
clooctenols. The same data then are treated quantitatively
in a useful extension of the R-factor method to confirm the
stereochemical assignments. The good agreement between
the two methods contributes to the literature of corrobora-
tion which must be constructed before the R-factor method
can be trusted in cases where qualitative approaches fail.

Results

The isomeric ketones endo- and exo-6-methyl-
bicyclo[2.2.2]oct-2-en-5-one (IN and IX) and the four iso-
meric 6-methylbicyclo[2.2.2]oct-2-en-5-0ls endo- CHj,
endo-OH (2Nn); endo-CH3, ex0-OH (2NX); exo-CH 1, exo-
OH (2XXx); and exo-CHg, endo-OH (2Xn) were required to
identify the thermolysis products in other studies.10

Scheme | outlines the synthetic procedures used to prepare
the required compounds. Prompt work-up of the product
of step 1 afforded one of the epimeric ketones (later shown
to be IN) in pure form. Delayed work-up, or subsequent
treatment of IN by base, afforded a 65:35 mixture of IN
and IX. Although analytical gas-liquid chromatography
(GLC) was adequate to analyze the ketone mixture, all at-
tempts at preparative separation failed.

Reduction of IN and the 1N-1X mixture provided the
four isomeric alcohols as shown. These were separated
readily and purified by preparative GLC into alcohols a
(mp 30-31°), b (mp 67-68°), ¢ (mp 43-44°), and d (mp
82-84°). Jones oxidation of alcohol d, after identification as
2Xn, afforded ketone IX nearly free of epimer IN, and
proved the only feasible route to this material.

The usual spectroscopic techniques served to confirm
the gross structures of compounds 1 and 2 as shown, but
except for observation of intramolecular H bonding in alco-
hols a and d (identifying them1l as the 2Xn, 2Nn pair) and
notation of the common methyl relationships (IN, a + b;
IX, ¢ + d), definitive stereochemical assignments were not
possible. The NMR spectra of alcohols a-d then were run
in CDClIs with both tetramethylsilane (Me4Si) and CHCI3
internal standards. Each sample was serially treated with
successive additions of Eu(fod)3 such that (1) each sample
had ca. twice as much Eu(fod)3 as the preceding one, and
(2) the final mole ratio of alcohol:Eu(fod)3 was ca. 4:1 (see
Experimental Section). NMR spectra were recorded after
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Scheme 1“

“ Reagents: 1, NaH, CHgl, glyme; 2, NaH or NaOH; 3, LiAIH4; 4, CrC3.

each doping, and decoupling was utilized with the most
heavily doped sample to confirm signal assignments. The
set of spectra measured for alcohol a is presented as Figure
1; the data for all four alcohols are contained in Table I.

Discussion

Qualitative Approach. The data for each alcohol were
plotted as A& (LIS shift in parts per million measured from
internal Me4Si or CHC13) vs. the concentration ratio of al-
cohol to Eu(fod)3 for each assignable hydrogen. Figure 2

presents the plot for alcohol a. Extrapolation of the shift
values to a 1:1 alcohol:Eu(fod)3 molar ratio (line broaden-
ing complicates actual measurement of the spectra at this
ratio), and selecting the values for the methyl group, H6,
and vinyl protons H2 and H3 allows the ready assignment
of stereochemistry to the four isomeric alcohols shown in
Table 1.

These assignments follow from the pattern of extrapolat-
ed shifts if the reasonable assumption is made that the Eu
atom responsible for the shift perturbations lies spatially

Table |
NMR Chemical Shift Values for Alcohols 2Nn, 2Nx, 2Xx, and 2Xn Doped with Successive Amounts of Eu(fod)3

aled&gf(fod)s Hi h2 h3

Alcohol
2Nn No doping 2.34 6.56 6.25
@ 64.8:1.0 2.48 6.66 6.42
32.4:1.0 2.64 6.84 6.64
16.2:1.0 2.88 7.12 7.08
8.1:1.0 3.4 7.76 7.76
4.1:1.0 4.44s 8.92s 9.32s
2Nx No doping 2.28 6.30 6.26
(b) 61.8:1.0 2.36 6.36 6.32
30.9:1.0 2.44 6.42 6.38
15.4:1.0 2.59 6.52 6.48
7.7:1.0 2.92 6.72 6.71
3.9:1.0 3.56s 7.13s 7.13s
2Xn No doping 2.34 6.80 6.34
(d) 62.0:1.0 2.42 6.88 6.46
31.0:1.0 2.52 6.97 6.60
15.5:1.0 2.70 7.16 6.87
7.8:1.0 3.10 7.48 7.48
3.9:1.0 3.85s 8.36s 8.60s
2XX No doping 2.30 6.61 6.40
(©) 68.2:1.0 2.41 6.68 6.46
34.1:1.0 2.54 6.79 6.54
17.1:1.0 2.82 6.98 6.68
8.5:1.0 3.40 7.36 6.95
5.1:1.0 4.04s 7.77s 7.34s

H4 Hs He Hés -CHs
2.80 3.96 1.97 a 0.88
3.06 4.38 2.16 a 1.20
3.34 4.83 2.37 a 1.52
3.82 5.60 2.72 a 2.12
4.83 7.24 3.4 a 3.32
8.84s 10.48s 4.93s a 5.64s
254 3.30 1.99s 1.35s 0.93
2.72 3.64 2.20s 1.60s 1.04
2.90 3.96 2.40 184 112
3.30 4.64 2.84 2.30 1.33
4.05 5.97 3.70 3.32 1.72
5.64s 8.69s 5.40s 5.30 2.52s
2,72 3.40 1.15s a 1.12
2.92 3.76 1.45s a 1.20
3.16 4.12 1.74c a 1.28
3.60 4.82 2.25s a 1.46
4.52 6.30 3.46 a 1.83
6.24s 9.38s 5.74s a 2.64s
2.60 3.88 1.77s a 0.97
2.88 4.34 1.96 a 1.33
3.22 4.88 2.12 2.77 171
3.83 5.92 2.68 3.54 241
5.04 7.85 3.56 5.16 3.70
6.41s 10.25s 4.74s a 5.32s

Not identified . b Identified by double irradiation.’ Located by extrapolation.
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Figure 1. LIS NMR sequence for alcohol a (2Nn): a, no EuRodL; b, Eu(fod),3alcohol —64.8:1.0; c, 32.4:1.0; d, 16.2:1.0; e, 8.1:1.0; f, 4.1:1.0.

near the oxygen with which it is complexed. Thus the shift
magnitudes show that alcohols a and ¢ have OH and CH3
cis with OH and He trans, alcohols b and d have OH and
CH3 trans with OH and He cis, alcohols a and d have OH
endo (near vinyl protons H2and H3), and alcohols b and ¢
have the OH exo (far from the vinyl protons). This pattern,
together with the confirming indication from the ir spectra
that alcohols a and d are endo-OH, and the aforemen-
tioned common methyl relationships, completes the stereo-
chemical assignments deduced from the qualitative ap-
proach.

Quantitative Approach. For quantitative analysis we
have selected to use the more convenient representation of
the data in Table I which results from normalizing AS for
H5 = 10.0 and forcing the Eu-frequency plot12 to be linear
for each alcohol. These data are contained in Table 111.13
Seven easily assigned resonances, discrete in nearly every
experimental spectrum, are shown in partial structure 3
below. The LIS indices for these signals are accurate to 3%.

The remaining four resonances, protons 7 and 8 of the eth-
ano bridge, were determined by integration of the spectra
and estimation of the possible locations. These four indices
are of poor precision (*20%), and cannot be assigned relia-
bly.

We have been investigating local stereochemistry by
using partial sets of assigned LIS indices on a routine basis;
in this instance we tested four data sets consisting of the
seven LIS values for structure 3 vs. each of the four possi-
ble geometrical arrangements (2Nn, 2Nx, 2Xn, 2Xx). R
values were obtained for all reasonable locations of the eu-
ropium relative to the alcohol by a systematic search proce-
dure.60 Our experience with the analysis of LIS spectra of

Figure 2. A5 vs. ratio of added Eu(fodL for LIS NMR spectra of
alcohol a (2Nn).

alcohols led us to select the region in which the C-O-Eu
bond angle was 120 + 20°, the disposition of the europium
was away from the steric bulk of the substrate, and the
oxygen-europium distance was 2.6 + 0.4 A as the “reason-
able” locations to investigate. The minimum R values ob-
tained in this way for the 16 combinations of data vs. iso-
mer are in Table IV.

Even before applying statistical criteria it is clear that al-
cohol a accords best with isomer 2Nn and alcohol d less re-
liably with isomer 2XX. Matching of the two remaining iso-
mers (2NX, 2Xn) with alcohols b and ¢ from R factors is
not possible at this stage. We were not surprised that iso-
mers 2NX and 2Xn were confused after we realized that the
flattened partial structure 3 is enantiomeric for this pair.
Note also that an inordinate emphasis is placed on the cor-
rect identification of 2Nn.

A more thorough analysis of the data indicated that in-
clusion of the poorly determined resonances of the ethano
bridge could define all of the structures. We devised a com-
putational feature, auto-assign, to incorporate this addi-
tional information. For each lanthanide location during the
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Table 11
ASExtrapolated to 1.0:1.0 Alcohol :Eu(fod)3 Ratio

Alcohol -chs H3 Assignment

H6 »2
a 14.0 8.9 7.0 9.3 2Nn
b 4.8 10.2 25 2.6 2Nx
c 10.8 7.7 2.8 25 2Xx
d 4.8 13.7 51 6.7 2Xn
Table 111
Chemical Shift Perturbations of Compounds 2
a b C d
Assigned Resonances
Hi 3.22 2.52 2.38 2.73
h2 3.62 261 154 1.48
h3 471 3.78 161 1.82
h4 6.18 5.88 5.76 5.97
h5 10.00 10.00 10.00 10.00
Hb 4.54 7.66 6.30 4.66
ch3 7.60 2.52 2.95 6.83
Unassigned Resonances
nhs 2.3 25 74 8.0
h8 2.0 2.0 3.3 4.5
h7 2.0 2.0 2.2 3.9
h7 1.7 ? 2.2 35

systematic search we compute a hypothetical spectrum,
match the seven assigned resonances, and select by com-
puter the arrangement of the remaining ethano resonances
which produce the lowest overall R factor.14

The effect of including the ethano resonances and using
auto-assign for the signals due to H7 and Ha completes the
stereochemical assignments as displayed in Table V. The
paired combinations of structure and data omitted from
Table V had R factors much larger than those reported in
Table 1V. The Hamilton statistical tests were carried out as
previously described.7,15 In this testing method, pairwise
comparison of four possible structures vs. each data set was
made. In this study any one data set points to a single
structure, and excludes the other three possibilities. The
fact that we found four different structures for the four
data set assures the integrity of the PDIGM approach, and
encourages the continued use of the LIS method to assess
topology.

Conclusions

When all possible stereoisomers of a given set are avail-
able it would appear that in many favorable cases qualita-
tive evaluation of NMR data generated by serial additions
of a lanthanide shift reagent will allow confident assign-
ment of all stereochemical features. Partial LIS informa-
tion can be adequate to define the stereochemistry of rigid
molecules (such as partial structure 3 vs. 2Nn and 2Xx
models) even where some members of the stereoisomeric
set are ab