1998 J. Org. Chem., Vol. 39, No. 14, 1974

Since all 2,3-dibromoindoles were converted to 3,3-di-
bromooxindoles, this method could be used as a diag-
nostic tool in the structure determination of 2,3-dibro-
moindoles.

One possible explanation of the unusual oxidative reac-
tion could involve the formation of an epoxide intermedi-
ate 7, followed by opening of the epoxide ring to give a
carbonium ion 8, a 1,2 shift, and expuision of the proton
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to yield the observed 3,3-dibromooxindole. Similar molec-
ular rearrangements have been already observed in the
peracid epoxidation of several haloalkenes.!!
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Stable 8-w-electron 1,4-dialkyl-1,4-dihydropyrazines are readily prepared by reaction of N-benzyldiphenacyl-
amine hydrobromide with primary aliphatic amines provided care is taken to avoid the subsequent rearrange-
ment. The previously postulated intermediacy of 1,4-dibenzyl-1,4-dihydro-2,6-diphenylpyrazine (la) in the
rearrangement to 1,2-dihydropyrazine 2a is demonstrated and the reaction proceeds in 95 + 2% yield with first-
order kinetics. Crossover recombination experiments show 12 £ 6% intermolecular contribution from a radical
dissociation-recombination process which is prevented with butanethiol scavenger. Chiral 24 rearranges in the
presence of the scavenger with >95% stereospecificity and with inversion of the migrating group indicating an
88 + 6% component of a concerted [1,3] sigmatropic shift with suprafacial allylic utilization.

We wish to report the general synthesis and chemistry
of novel 1,4-dialkyl-2,6-diphenyl-1,4-dihydropyrazines! 1
and a study of the stereochemistry and mechanism of
their thermally induced rearrangement to the isomeric
1,2-dialkyl-3,5-diphenyl-1,2-dihydropyrazines 2. Com-
pounds of structure 1 are of interest in possessing an 8r
available electron system which is potentially antiaroma-
tic2 or homoaromatic.? In addition, the structural similar-
ity between the 1,4-dihydro-1,4-dialkylpyrazines and the
reactive ring of the isoalloxazine portion of the reduced
flavin coenzymes 3% and the marked propensity of both to
undergo redox reactions (which see) renders 1 of interest
as model compounds for the latter. The structurally relat-
ed 5,10-dihydrophenazines 4 have been employed as ana-
logs of riboflavin.4:5 The recent discovery of the impor-
tance of the 1,4-dihydropyrazine moiety in the biolumi-
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Table I
1-Benzyl-4-alkyl-2,6-diphenyl-1,4-dihydropyrazines: (1, R, = CH,Ph)
Yield, Amax,®
Compd Re Mp, °C % nm Loge 8
1a CH,Ph 107-108.5 73 442 3.22 (C¢Dg) 3.20 (s, 2 H, -CH,Ph), 3.76 (s, 2 H, ~-CH,Ph), 5.57
338 3.48 (s, 2 H, vinylic, C; and C; H), and 7.17-7.57 (m, 20 H,
aromatic
1b (CH,),Ph 135-137 90 427 3.49 (C;D;N) 3.25 [brs, 4 H, —-(CH;),Ph], 4.26 (s, 2 H, ~-CH,Ph),
339 3.41 6.57 (brs, 2 H, vinylic H, C; and C; H), and 6.96-7 .85 (m,
237 4.17 20 H, aromatic
1c (CH,),CH;, 103~105 64.4 428 3.41 b
338 3.29
238 4.22
1d (CH,);CH, 115-117 78.1 428 3.53 b
338 3.38
237 4.27
1le CH,CH(CH.), 106-107.5 79.4 429 3.21 b
337 3.51
239 4.21
1f (CH.),CH(CH;), 126-128 68.7 429 3.21 b
341 3.47 b
237 4.17
1g CH; 133-135 22.3 428 3.41 b
340 3.51
237 4.15
1h c-C;H; 111-112.5 77.2 428 3,42 b
340 3.48
238 4,17
1i c-C;H, 107-108.5 30.4 409 3.64 (CiD¢ 0.92-2.02 (m, 8 H, cyclopentyl), 3.20-3.60 (br,
329 3.47 1 H, methine), 3.80 (s, 2 H, CH,Ph), 6.35 (s, 2 H, vinylic
245 4.09 H, C; and C; H), and 6.96-7.79 (m, 15 H, aromatic)
1j c-CeHyy 138-139.5 386.5 410 3.61 (CsD¢) 0.77-2.21 (m, 10 H, cyclohexyl), 2.64-3 .30 (br,
1 H, methine), 3.76 (s, 2 H, CH,Ph), 6.30 (2, 2 H, vinylic
H, C; and C; H), and 6.95-7.91 (m, 15 H, aromatic)
328 3.48
245 4.11
1k ¢-C-Hy; 120-121.5 31.4 409 8.61 b
329 3.45
243 4.08
11 c-CsH; 96-97.5 15.2 425 3.58 b
327 3.44
244 4.12

* Measured in CH;CN. ? The nmr signals were not visible owing to paramagnetic broadening by the odd-electron species
present. ¢ Satisfactory analytical data (0.4% for C, H, N) were reported for all new compounds listed in the table: Ed.
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nescence of certain luciferins, e.g., 5, increases the general
interest of the present study.® The logical approach to the
synthesis of a representative of 1, e.g., the condensation of
benzylamine with N-benzyldiphenacylamine hydrobrom-
ide, originally considered to afford 1,4-dihydro-1,4-diben-
zylpyrazine,” has been shown to give the 1,2-dibenzyl-
3,5-diphenyl-1,2-dihydropyrazine®-9 (4, R = PhCHj) and a
1,3-alkyl migration from the initially formed but unisolat-
ed 1,4-dibenzyl-1,4-dihydropyrazine isomer was postula-
ted.8

We found that, in a general reaction with N-benzyldi-
phenacylamine, primary aliphatic amines, containing
groups which are less prone to migrate, react to give the
series of 1,4-dialkyl-1,4-dihydropyrazines indicated in
Table I, often in excellent yield.! The simplicity of the
nmr spectra is consistent with the Cq, symmetry of struc-
tures of type 1. Catalytic hydrogenation of 1j at atmo-
spheric pressure over Pd/C afforded the 1,2,3,4-tetrahy-
dropyrazine 6 as an oil in 84% yield. The addition of only
1 equiv of hydrogen under these conditions is held to be
characteristic of a 1,4-dihydropyrazine.? The new 1,4-dial-

CH,Ph CH,Ph
! !
BN L
Ph Nl Ph Ph T Ph
CeH;: R
6 7

kyl-1,4-dihydropyrazines described in Table I are stable as
orange-red solids in the crystalline state but are sensitive
to light and atmospheric oxygen and are reactive in solu-
tion, especially with halogen-containing solvents. The so-
lutions are readily oxidized in air to stable paramagnetic
species which give persistent epr signals. The sensitivity
to oxygen of compounds la-f results in considerable para-
magnetic nmr line broadening in many cases even though
they analyze correctly. Structure proof was, however, ob-
tained with two additional representative examples, 1d
and lh, by catalytic hydrogenation to the 1,2,3,4-tetrahy-
dro compounds, the nmr spectra of which were normal.10
The epr spectra of the paramagnetic species formed by
oxidation of 1j (Table II) gave g values of 2.0025, close to
the free-electron value of g = 2.00232,11 indicative of an
organic free radical, and the spectrum width for 1h, 51 G,
closely corresponds to those values previously reported for
the reduction in concentrated sulfuric acid solutions of
substituted pyrazines.!? These analogies, together with
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Table II
Esr Data on Paramagnetic Species Formed from
the Oxidation of 1,4-Dialkyl-2,6-diphenyl-1,4- -
dihydropyrazines 1 in Benzene

Substrate Spectrum width, G Appearance

a 62.5 Multiplet

b 110.0 Multiplet

c 167.0 Multiplet

d 68.0 Multiplet

e 58.0 Multiplet

f 87.0 Multiplet

g 64 .5 Multiplet

h 51.0 8 lines, hfs 7.5 G

i 48.0 7 lines, hfs 7.5 G

je 50.0 Multiplet

mb? 72.0 9 lines, hfs 8. 6 G
¢ g value = 2,0025. ?1,4-Dimethyl-2,6-diphenyl-1,4-di-

hydropyrazine.

the recent announcement that stable pyrazine radical cat-
ions may be generated under mild conditions by the ac-
tion of daylight,13 point to the 7-r-electron radical cation
structure (7) for these species.

It was possible by employing lower reaction tempera-
tures to isolate the very reactive 1,4-dibenzyl-2,6-diphe-
nyl-1,4-dihydropyrazine (la) as an orange, crystalline
solid. This permits confirmation of the previously postula-
ted mechanism®® and an examination of this unusually
facile [1,3] alkyl shift.

Examples of thermally induced [1,3] shifts involving
heteroatoms at the migration origin or terminus have been
reported in several cases.1*15 However, in very few of
these cases has it yet been established whether the rear-
rangements are concerted or proceed vie a radical mecha-
nism.1® Thus we hoped to contribute to the general prob-
lem of [1,3] shifts. The 1,4-dibenzyl-2,6-diphenyl-1,4-dihy-
dropyrazine rearranges smoothly in benzene in the tem-
perature range of 40-80° to 2 (R = PhCHs) in a yield of
295 + 2% as determined spectroscopically. Because of the
photosensitivity and propensity of 1,4-dialkyl-1,4-dihydro-
pyrazines to air oxidize to stable odd-electron species?»13
it was necessary to degas carefully and protect the solu-
tion from the light.

To establish whether the reaction is intramolecular or
intermolecular we performed a crossover recombination
experiment with differentially deuterium-labeled 1,4-dial-
kyl-1,4-dihydropyrazines. The ring-labeled compound 12
was formed readily by deuterium exchange (eq 1) with

! .
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il ?Hz
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>80% incorporation as shown by nmr, which showed the
diminution of the 2 H singlet at § 6.25. Rearrangement of
12 in benzene gave a quantitative yield of the 2,6-dideu-
terio-1,2-dihydropyrazine 13, which allowed assignment of
the methine and vinyl nmr absorptions in 2a as § 4.76 and
6.55, respectively. The isotopic labeling isomer of 12, com-
pound 14, was prepared by treating 11 with PhCD.NH>
and contained 100 % 2% deuterium incorporation at the
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1-benzyl methylene positions. Thermal rearrangement of
14 to 15 proceeded smoothly and permitted assignment of

Th Ph Ph
5, i =,

]
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Ph N Ph Ph T
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/J[ :If}crgph
N py

15

Ph Ph

the methylene group nmr signals at the 1 and 2 positions
of 2a as ¢ 3.96 (J = 15.5 Hz) and 2.70 (J = 14.0 Hz), re-
spectively.

Additional assignments of the vicinal coupling con-
stants were readily accessible by rapid catalytic hydroge-
nation of compounds 12 and 14. Under these conditions
1,4-dihydropyrazines add only 1 equiv of hydrogen® and no
deuterium scrambling was observed, giving compounds 16
and 17 trom 12 and 14 respectively. An intimate mixture

Th Ph
CH, éHQ
D # D H & i
PO SIS
pp” N\ H pp” N7XH
| Ph | Ph
T I
Ph Ph
16 17

of 12 and 14 in a ratio of 5:4 was heated in benzene at 55°
until the rearrangement was completed and the product
mixture was examined by mass spectrometry. The isoto-
pic content was consistent only with 12% being formed by
crossover recombination.t?

The results therefore indicate a largely intramolecular
reaction with a small intermolecular component. Since
free radicals are implicated in the extra cage reaction by
scavenging experiments (which see), the crossover recom-
bination evaluates the extent to which the initially formed
radicals in the intermediate are independent (i.e., escape
the solvent cage). Similar crossover experiments in hexane
(14%) and tetrahydrofuran (12% crossover) indicate that
the somewhat higher figure for the former solvent may re-
flect its lower viscosity.’® Combination of pyraziny! radi-
cals to form a dimer was not detected. The 10% or so of
free pyrazinyl radicals formed may tend to scavenge ben-
zyl radicals rather than permit the formation of detecta-
ble quantities of bibenzyl. The measured M + 4 peak,
after correction for the *3C isotope peak,1® represents % of
the rearrangement product formed outside the solvent
cage. In agreement with this interpretation it was found
that, when the rearrangement of the mixture of 12 and 14
was performed in the presence of the radical scavenger
butanethiol, crossover recombination, represented by the
M + 4 peak, was prevented completely, and with the for-
mation of butane disulfide. Since the yield of 2a in the
presence of the scavenger was 75 = 3%, corresponding
fairly well to a 95 £ 2% yield diminished by the extra-
cage yield, this would tend to rule out a free-radical chain
mechanism. A competing slow addition of the butanethiol
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to the 1,4-dihydropyrazine is evident when a large excess
of the thiol (20 equiv) is used, resulting in the formation
of  1,4-dibenzyl-2,6-diphenyl-3,5-di(butylthiol)-1,4-dihy-
dropyrazine (20) in 36% yield.2° The loss of hydrogen from
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Table IIL
Dielectric
Rates (65.4°) Solvent constant
6.44 X 10—¢ CeHe 2.28
7.95 X 10—¢ Tetrahydrofuran 7.95
11.80 X 104 O-ClzCeH4 9.93

ll’h Ph
\ §
H
N N
/[ ]\ + 2BuSH = /[ SBu
P~ N° Tpp C o N Ph
I | H
C‘Hz CH
Ph Ilah
la 18
]l:"h Ph
TH2 (le2
H B H

BuS N By BuS_ N _SBu
e JIX
PR/ "N Ph T Ph

H | H
I s
Ph Ph
19 20

18 or 19 to form 20 may be due to disproportionation or
air oxidation. This ready reversion of adducts of 1 to the
1,4-dihydrostructure, particularly when they bear five or
more ring substituents, is surprising but common and at-
tests to the unexpected stability of this new heterocyclic
system.

With firm evidence for the intervention of free radicals
in the rearrangement an estimate of their lifetime was
sought using CIDNP. The experimental conditions were
established first by a control with picoline N-oxide-acetic
anhydride system.2! Rearrangement of the latter in ben-
zene at 83° gave a strong CIDNP emission signal. How-
ever, in the present system no sign of a CIDNP effect was
detected under a variety of conditions. In view of recent
caveats concerning the conclusions to be drawn from such
experiments?? this negative result does not rule out the
possibility of a rapid intramolecular rearrangement in-
volving a tight radical pair. Closs?3 recently estimated the
limiting lifetime of a free radical detectable by CIDNP at
1010 sec. Owing to the tendency of benzyl groups to
cleave as benzyl radicals, additional migrating alkyl
groups were examined, namely cyclohexyl and cyclo-
pentyl. The corresponding 1,4-dihydropyrazines rear-
ranged smoothly to the 1,2-dihydropyrazines, both in good
yield.

The kinetic order of the rearrangements was established
conveniently by measuring the rate of disappearance of 1
by absorption spectrophotometry at 500 nm at which
wavelength there was no overlap with the product. Com-
pounds la, li, and 1j obeyed Beer’s law. The rearrange-
ment of la to 2a strictly obeyed first-order kinetics over
80% of the reaction and at 55.4° gave B = 6.44 X 104
sec” 1. Measurement of the reaction rate in the tempera-
ture range 40.4-75.3° allowed the evaluation of Arrhenius
parameters of AE* = 15.6 kecal mol~1 and AS* = —-16.3
eu.?* The cyclopentyl and cyclohexyl analogs 1i and 1j
similarly rearrange at somewhat higher temperatures but
again strictly according to first-order kinetics.

These examples indicate that relief of steric compres-

sion of the groups at the 1, 2 and 6 positions may contrib-
ute to the driving force of the migration, since the direc-
tion of migration is such as to favor formation of less sta-
ble migrating radical and migration terminus. By compar-
ison the analogous rearrangement of the symmetrical 2,5-
diphenyl substituted 1,4-dihydropyrazines 21 is regiospe-
cific, giving exclusively migration to the substituted car-
bon in 22. In view of the proposed intermediacy of ion

R
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pairs in certain rearrangements of analogous 1,2-dihydro-
pyridines?® and of ostensibly antiaromatic 2-azirines,?®
the effects of changes in solvent dielectric constant on the
rate of rearrangement of la to 2a at 55.4° was examined
(Table III). A slight trend toward higher rate at higher di-
electric constant was observed but was clearly insufficient
to warrant consideration of the intervention of charged
species. The rate of a concerted [1,3] sigmatropic shift or
of a stepwise reaction involving radical intermediates
where no significant charge build-up develops should be
relatively independent of solvent polarity.2” As remarked
upon above, unless care is exercised to exclude air from
solutions of 1,4-dialkyl-1,4-dihydropyrazines, strong and
persistant epr signals are detected.! Thus the possibility
of a molecule-induced homolysis mechanism must be con-
sidered.?® However, the rate of rearrangement of 1 in the
presence of 2.5 equiv of the scavenger butanethiol (mea-
sured by the rate of disappearance of the dihydropyrazine)
at the midrange temperature was comparable with that
observed in the absence of the scavenger. The small rate
difference is probably not due to a solvent effect, since a
slight rate enhancement should have been anticipated on
the basis of the study of solvent dielectric constant on
rate. We rather attribute the rate reduction to the slow
competing reversible addition of the scavenger to 1 dis-
cussed in the preparative experiment.

The above data point to an unusually facile unimolecu-
lar rearrangement which proceeds to the extent of =88%
in an intracage process with a 12% contribution from in-
termolecular extracage free-radical pathway. Orbital sym-
metry theory recognizes two thermally allowed pathways
for a [1,3] sigmatropic shift in an allylic moiety,2? inver-
sion at the migrating center with suprafacial allylic utili-
zation and retention at the migrating carbon with antar-
afacial allylic participation. The latter alternative is ex-
cluded by geometrical constraints. Recently interest has
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Melting polats wera deternired on a Fishar-Johns apparatus and are uncor-
rected. Infrared spectra were recordsd on a PerkinwElmer Model 421 spectro-
photometer, and anly Che principal sharply defined pesks are reportad. Nuclear
sagnetic resonance spactra were recorded on Varian A-6C and a-100 rnalytical
spectrometers. The spectra were measured on approkimately 10-13% (w/v) solutions
in CDCL, with tetramethylsilane as a standsré, Line positicns are teporred in
parts per millicn fron the reference. Absorption spectra were recorded n
"spectro” grade solvents on a Seckman DB racordiag spectrophotameter. Mase

spectra vers on an ted Electrical Indusities M$-12 double-
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anine at a resolving power of 15,000, Eastman Kodak precoated sheets were used
for thin layer chromatcgraphy. Micreanalyses were carried out by Mra. D, Mahlow
of this deparcuert.

§,¥-Diphenacylienzylanine

To a suspension of 8.5 § (20 maole) of diphenylacylbenzylamine hydro=
bromide in cold wetex was added dropviss a 10% sodiun bicarbonate soluttan (50
al). The free base was eutracced with ether and dried (M350}, Removal of tne
solvene in vaguo gave & yellow oil 6.2 g (91%) of §,¥-diphenylacylbenzylavire;
©IC1 ) 4,01 G, 2,
5K, avomatics); ir(CHCi,)

which turne dark on standing at room temperature; mmr &,
GRBRY, .25 (5, 4, ~CHmCOPR). and 7.25 - £.35 (m,
16757 (c=0).

anal. Caled. fox Cygi, NG, (mol. wei 343.1736). Found (343.1751, mass
spectrun) .

L,4-Dislkylel,i-dinydropyrazinss
& veprasentative prepararion of ome cf the ore statle axanples de given,
thereafter the physizal data on other compounds aimilerly prepared are surmar-

iead in Table i,
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To & solution of &.25 g (10 muole) of diphenacyibenzylamire hydrodromide in
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ture was heatec urder nitrogen in an o1l bath at 100  1° for & h, The thizk
€1l was treated with benzene And vashed rwice with cold water, The dark red

s0lution was dries {Ne,50,), Remcval of the solvent in vacuo geve an oii

108-109.5°, amr Sp
2; 3 aad 5 proton); 7.13-7.92 {, 20, aromatic procons). The disappearance of

(pyridine-d,): 8 3.87 (s, 2;u~benzyl mechy

the 3.96 absorprion represents 10U incovporacion of dueterium, Mess spectrum
(70 e¥) 416,2217 (caled. for Gyl D N,y 415,2221).

1-Benzyl-2- (enzyl-a, -1, ) -1, 2-dihydro-3, S-eiphenylpyrarine

The theraal rearangerert of compound 14 carrfed cut in the usual mannes
gave cospound 13 o 80% yleld, m.p. 103-106.3, mar S (CICLy)1 3086 (adq,
Jyp T 130 ey 2i1-vensyl meihylenes); 4178 (s, 12 methire), 6.61 (¢, I, = L5

s 6-ptoton) and 6.87-7,97 (R, 2C aromatic protona).

Caralvbis B of 1,t-Dibenzyi-2,6-diphenvl-3, Sndidevearion] budihydre-

pyrazine 12 and 14

(1) & soluticn of $.6C g (1.4l wmoke) of 12 in BO ml of echy} acerats wes hydro-

senated over 100 mg <f 10% palladiun on sharcoal at atmospheric pressure for 45
h, The residual cil, obtained by filtretion =hrough Celite and removal of che

solvene in vagse, was chrorasogTaphed on 40 g of B.D.H, alumina, Eleien with

save 1,2,3, 1,4-¢4benzyL=2, b-dipnenyl-
razine 16 as an ol O, ; amr £ 5.05 (4, 10 - 2.0 ks
pyrarine 18 410,302 g (50%); pig (001500 5.95 (4L 1R, Typ - 0.0 Ke,
M}, 355 and 4,33 (wo dovhlecs, 2, J = 115 Us, N-CHPh), 3.85 (A3q, 2%, 1~
12,5 Ha, -WH-gEPR), L1 (d, 1, J = 2.0 Ha, O,0) and 6,00 - 7.78 (x, 20H,
aromstica).
Azal. Caled, for C,oH, BN, (Rol. wt. 420,2304). Foun:i (420.230%, mass
spectrunl,
(11) & simifar catalyeic of 1-(s,x-di - Jbm

diphanyl-l,4-dihydropyzazine 14 gave 1.2,3,4-tecrahydro-1-(s,3-dideutsriobanzyl)-

1-2,6-diphenyl-1, veazine 17 a8 s0 oil in 521 ylelds mw £y
(€DC1;) 2.35-3.25 (m, 24, C,), 3.87 (center of ABc, 28, J = 12.5 Hz), ~NECH,PH),
L (e, 1, 2= 2.0 He, €D, €.07 (s, M, CgH) and 6.34=7.81 (m, 20H, azomat~
ies).
Anal. Caled. for Gy DN, (mel. wi. 420.2304). Foundi (42C.Z51L, mass
apaceruz) .

wich Deuteriym Labelled 1,4~Divenzvle,§=ci-

A solucion of 0,104 g (0.25 amol) of i2 (99% deuterium incorpovation) and
©.131 g (0.31% mmel) of 1¢ (80% deuterivr inccvporation) in 25 rl of the solvent

(benzene, hexane, or tetrahydrofurar) was heated under reflux for 6 h. Removal

Rearransement of (§) g

the Pressnce of Butanethlol. -

A golution of €.415 g (1 mmole) of Lre dihyizcpyrazine (£) 2% and 0,032 §

mole) of butanethiol i Senzene was hestec under reflux {n a m

t
pheve for 8 k. Removal of the sc.

open atncs-

in vacup gave & Yed Ol Wiich was sus-
Jected to chromatography cn 4D g of B,J.H. aiumina. EIuCion WIEh denzene;bex-
and (1:2) gave a light yaliow 0il 0.279 & (674} of the l-berzyl-i-{u=d=benzyl}-
3,5-diphenyle1,2-dthydropyrazing (-3 (R) 75 wa

save yellow cryssals mip, 226-109.5° fa] ° =075 (s, 3.75. Cd ).

1 on erituration with athanol

=)= (R)=3~Pheayi=Indgutariosrent

The title compound was prepaved by the follcwing secuence of react

(8) ()~ (8)-o-t-Renzylomine 23 (30¢) = [ald? % 0.73 (21, neas)s (127 + 0,72
(i3, FT0L ¥, s BTEFRTEd 57 The prescrived procedure.”
(6) ()=()-K,i-Divechyl-a-d-benzylanine 2§ (30X}, b.p

73 /17, (85%
T R SISl o TR e
vield), o]}’ - 194 (i1, 7.9, C ) vas prepared by the mettylation of

(#)~{5)=a-d-beazylamine by trearzent with fermic acid and formaldehyie

) 5 . Zyp = 17 Hz=THD
nmr fpyg (CDCL)0 2098 (s, €3, N(CH,))), 3.57 (5, T.20H, Zyp = L7 HeeTHDS,
aad 7.23 (s, SR, sroratic),

(&) (#)=(8)-§,F-Dinethyl-N-phenacyl-a-d-benzylanmondun bromide 27, inis come-

pound was prapared From the (~)- (8)-,3-dimethyl-a-d-benzylanine by reaction

Lar seiid mop. 166-2° 4% (83

of phenscylbromide in benzene, as a wilte gra:
3400 1, 7. '8
[a]” * 0.50 (11, 7.52 CE,0H)

(&) (=054 1 ro-g-ot 23, This compound

was obtzined by eating tne quaterary sait

107 excess of 1N sodiun hyd-
roxtde The precpiophencre was crystallized from hat methanol as reedles m.p.
67-68° (80%). laJD 3,34 (&1, 1.1, Csh(’)v Sy \CDCl]) 2.43 [a, 6H,

-N(GH,) )1, 2.80-3,20 (b, L.2¢, ~CHD), 4.2i-4.31, {5, 1K, ~G-), and 7.17-

7.97 (m, 1C%, aromatice),

Aral. Cale. for Cp H) DNO: €, 82.63 ¥, 7.50; ¥, 5,33, Faund: €, 30,36
By 70793 8, 5.65.
(&) {1 (R)-B-Deutarorf-sh A 29, A magnacicaily stirrad sclu-

tion o 2.509 g (2 amole) of rhe aminoketome in 25 nl of glacial acetle acid

was heated urder veflux wich 0.4% & (5.1 mmole) of 2inc dust fov 45 min. The

act solucioa was filtered frow the in excess zinc. The

aric prezipitate a

f1lerace was diluted with an fce-water mixture (125 mi) to yield a vellow aemi-

801id which was caken up in ether ried (Mz80,) and the solvent removed to give

£30-06m2
which on trituration with 95% etharol deposited the dlhydropyrazine 1b as a dark
red solid 3.89 g (90X) m.p. 135-7°. Mass spectrum (70 aV) 428.22L5 (caled. fer
Cytagye 428.2253).
Anal. Calcd. for Oy
6,30 b, 6,75,

gVp C» 86,881 K, 6.58; N, 6.54, Found: C, 86.74, H,

L ~dihydro-2

To a suspension of 4.25 g (10 mmoie) of dipheracylbenzylamine nydrobromide *

in 5 ml of benzene 4 vas sdds¢ 2.15 g (20 umole) of benaylanins. The mixture,
i a pressure bottls uas kept ia an ofl batk maintalned at L0 % 1° for 18 h. Tae
raaction mixzure was cooled te room temperaturs, diluted with 200 @l of srher
The file-
rate was vashed vith 30 nl of cold water aad dried (Na,80,). Remcval of tne
solvent 1n vacuo at ambient temperature ylelded a ved semi-solic which was puri-

ard the precipirared benzyl vamaved by filtratd

fled by chrocatography on 100 g of B.D.E. alunina using benzereihexane {1:3) as
eluant. The initia]l coloriess eluant was discarced then further elution gave a

red solution. Removal of the solven: €row the first L0 ml of tre coloved solu-

tion in vacuo at 35 # 1° gave 1a as a red seiid, 2.45 g (59%) m.p. 109-110.5°
(95% echancl) *%; nmr Sryg (PYTidine=dg)s 3.85 (s, 2, 4-benayl CHy); 3.%6 (s,
2, 1~benzyl C,),
tone)i X (CgHgd 442 (log © 3.33) and 338 (log € 3.84); m
424.2106 (ssied for Cyghy.,, £16.2008).

Anal. Caled. for C. 1, 86.9%; ¥, 6,323 ¥, 6.76; Fo
6.20; K, .96,

Centinued elutlon and follewing the procedure described above gave & mix-

)
2
+23 {8, 2,3 ard § protons)j 7,16 = 7.9 (m, 20, arcmatic pro-

s epectrum (70 ev)

a2

ture af 1a and the reavranged product 2a, 0,900 g (80:20) as estimated by nar,
The pure 1,4-dinvdropyrazine la was stable indefinitely ar 0° and in the dark,
ptherwise it became gummy and discolored either by oxidation ot due io a zhote-
chexfcal process,

Thermal Rearvargamant of 1,4-Dibenayl-1,4-dinpdve-),6-dipheny L

A eolutien of €.725 g {1.75 mmol) of la ir 50 ml of benzene was heated undar
reflux for & h. Removal of the solvent in vacuo geve a rad ofl, trlturation of

waien with 957 ethanol gave 1,2-dibanz:

1,2-d4hyéro-3,S-diphenylayrazire 4 as

an orange solid 0.543 & (89%) m.p. 105-196.5° [lit. m.p. 94-98" *'"]. The omr

avectrun of 2a was {dentical with that rerortec by Chen and Fowler.® dbsorption

spectrun d (Col )i 3427 s (leg € = 3.735), and 327 (log ¢ 4.08).

nax
In a separare concrol experiment tiae yleld of 3a as deternined specrroscopi-
cally vas 92 = 3

CBCeZ5S

of the solvent in vscun and trituratisn of tha residval oil with 957 ethanoi re~

sulted {n the crystallization of the rearranged ladelled prodscts 1.p. 105-106.5°
The product was exawtned by high resalution nass spectrometry as sumrarized in
Table IIT.

Beazsion of 1,4-Dipenzyl-2,€-cisranyl-l it

4 solution of 0.83 p ( mole) of 1a ant 1.38 g (15 mmole) of butanethicl
1o 5 ml of benzene was ser aside at room temperature Zor ¢ days, Removal of the

solvent iq vacuo gave a red il wilch was sudlected fo Chromasoss

y on 63 g
of B.D.H. alumina, Elurioz With hexaneidenzene (2:1) gave a Light yellew oil,
C.5CL g (42%) (of 1,4-dibenzyl-2,&-¢iphenyl-3,5-dibutyithic-1,4-diryiropyrazine
20); 7t § pyg (SICL,) 0,31 €3y 64, Oy, 1.12-0.83 (m, 6y ~(CHp)p-), 1.85 ()
Gy =C8,78-), §.24 (53, 2R, ~SHgPh), .64 (bs, M, ~CH\Ph) and 6.96-7.96 (m,
208, aromatics),

Anal, Caled. for C, 0K

o 2 am .
fagt,Sy (@0l ut. 590.2790}. Found: (3%.2813, rass

specirum).

Chemigally Induced Dynamic Muclear Polazizevion (SIDNP) Esperdments

i i

4)_Contrel

s
newk-oxide © m.p. 180-182° 1n

4 degassed solution of 100 mg of ¥=P
250 i1 of acetie anhydride and 100 UL of benzene-d, was selaec in
In 35 sec after tha sample tube had been placed in the heatee (83%) cavity of

anr tube.

the Varian 100 ¥z nrr spectrometer, tiera zppeared emission signals at 64,97
ané 2.38 yaien reached a maximup in 123 sec and gradually ¢isappeared.

(21)_1,4-Dibenzyl-2,€-ipheayizd,bnd

Sindlariy a desassad solation of 125 ng of 1a
saaled in ap nor tube aad placed in the nmr cavity ac 83°. The speatral date

a 0.7 ul of tenzere-d wes

vare storsd ir a computer at 5 sec latervals for & perdci of 10 min, The repro-
gustior 0f rhese ¢atz dld Mot show aay emission and enhancement signals. How-
ever, at the ead of zne 13 min period adfromimateiy 85k of la had been corverted
tnto 22

-2 4-dipheqvl-1, 4udi

Thermal £ i-Betzvl-1-avelol
4

A golution of 1.05 g (1 mmole) of 1j in 30 ml of pexylene was heated under

zeflux in an atamosphere of nitragen for 10 . Removal of the solvent in vacuc

gave an crange oil which was aubjedted to caromatography on 3G g of 304 alunina.

120-26n1
28 0.315 g (75%). Repeaced resrystallization fron ethar-pazroleur ctier gave &
1387

pure sampie as whice needles, m.p. 67-63,5° (lit. m,p. 63-71°), [m];
(1, e, 3.3 CHY
(33

Attenpred dcid Catalvzeq Fvdrolysts of 1,2-Diberzyl=3,5-dipharyi=l,2-dinydvo:

o 0f 0,63 g (1,5 mole) of the 1,2~dihydropyraaiae 23 in 50 ml of
cetratycrofuran and 20 ml of cencentrated hydrockloric acid was heatsd under Fe-
£1
The organt
dried (Mg50,), concentrated in vagw to give a Light Yellow oil, 0,35 g wnich
d:fied on standing,
colozed solic mp. 145-146.5%, S0 (CDCL 3¢ 423 (s, Ly CHPO. 7223 (s, 108,

Sor 18 h. The rad sclution was diluted with water and extrazied wirn etter,
solution,

leyer was wasked twise with 5% sodiun hyérogen carbos

icuration with mechanol-petroleun ether gave & light

s

ot
arcmatic) end 7.26 - 7.55 (m, LON, avomat{c).

An €, 87.35 B, 5.82; N, 6.79. Fourd: T, B7.41 B,
5.73: K, 8.51.
Possinie structurss for tals product ars 2,6-cibemayl~?,5-diphenylpyrazine

map. 246-7° ' ax 3,6-dzbenzyl-2,5-¢iphesyl pyrazine m.p. 1&5-1L7°,

Calec. for Cy N

of 3, 3-Dipenzyl-3,5-diokenyl-1,2-dihyydreoyrazine et =53 = 2°

A slow scream of ozcne was paszec ints a solution of 1.0 g (2.3 mmole) of
tre dihydropyrazine 2a 4 40 ml of ethyl scecace placed in a dry lce-acetene

bath until moistencd perassfum iodide-scarch paper gave a pasitive fodine test

(approximarely 9-10 mir}, Tre reactisa mixture uas then poured inta 153 ml of

water contedodng 2 § of 2inc dust, Tae Mixzure wae stivred at reom terperature

for 24 h. The Filtersc solution was extracted with ather o give an oil, which

was purified by chromatography on BDK alurina. Eluticn with benzene!hexans
(7:3) gave 0,483 g of an oil Jla ner 3, (CDCLy) 2067-3.37 (m, 24, -CH PA),
4.1 (aBa, J = 145 Ha, N-CE,PHY, 407275045 (n, O.51), 5.33 (r, C.3E, 5= 8.3

Hz), 7.09-3.03 (m, 154, atomazics) 8.23 (s, 0.3K, ~CHC) and 8,00 (s, D.4H, CHO).

W, 343.1862, Tound: (3¢3,1871, masz

anal, Cale. for Gyl NG, (et
spectran).
Compounc 31 was take: up ia dry tetrasydrefurar ard treated wit? sctassium car-
onate end deutarium oxide ang the mixcure tested under reflex for 0 h allowed

to cool and extractad wich ether. The extract was dried (MzSOy) and the sol-

vent remaved te give an oil 3¢ wnr Sp

{m, 2K, =CH,PhI

441 (ABq, T % 1405 Kz, <NCH,Pn), 7.05-6.0% (m, 13K, evomacies), 8.23 (s, 0.64)
end 8.40 (s, D.4%) (~CHO}.
Similarly, the ozonolysie of 1,2-dibenzyl-3,5-cipheayi-2,6-didexteriorl,2~

Lown, Akhtar, and McDaniel

$50=26m3
Thermal of 1 tmDibenzyl-l,f-dihydros2,6-¢ ia the

Rresence of Byanethiol

A sciution of 0,734 g (1.75 amol) of la ard 0,183 g (2 mmol) of butanechiol

in 50 ml of benzene was heated under reflux fo¥ 4 h, Removal of the solvent in

vaguo affordsd a ved oil, Tne yleld of 2a determined spectrossopically was

found te be

+ 3%, Chromatography of the red ofl on 50 g of B.D.H. aluzing
and elution with benzensihexane (115) gave first e colorless fraction which pra-
vided >utans disulfide 0.055 g, m/e = 176 (mass spactrum). Further elucion with
beanzenehexans (1:5) gave pure 2a as an orange ail 0.436 g (67%) which solidified
o standing to give an orange solid m.p. 108-109.5%.

L,4=0ihenzyl=3, 5=d2 -1, 4-dihydros.

To a auspension of 6.3 g (15 mol) of diphenacylbenzylamine hydrobromide in
5 3l of tetrahydrofuran (freshly dfstilled from lirhiuz aluninum hydride) vas
added 3.8 g (35 mmol) of benzylamine in 25 ul of deuterium oxide (99,7%, Merck,
Sharp ard Dohme of Canada). The mixture was stirred at room temperature for 7
days. The usual work-up procedure and chrozatography on B.D.H, alunina gave the
labelled 1,4-dhydropyrazine 12 as a dark ted solid, 3,26 g (36%) m.p. 107.5
109°, nar bpye {pyridine-d.): 3.86 (s, 2,4-benzyl CHy); 3.97 (s, ?,l-benzyl oH,y)y
6.25 (s, 0.4, 3 and 5 protons, 80X ring deuteriun incorporation); 7.17-7.9¢ (m,
20, aromatic prozans). Mass spectrum (70 o¥) 416,2219, (caled. fox Gy, Dyl
416.2221).

1 1,2-d1nydro-3

To a solutlen of €6 g (20 T@ol) of diphenacyl-l-d,)-benzylasine (80X dautsrium

incorporacion, preparad by treating diphenacylbenzylamine with deuteriunm oxide

in dry tesrahydzofuran solution with a trace of ssdium hydrexide as catalyst),
in 50 ml of cecrahydrofuran was added 4.5 g (45 muul) of benzylamine fn 40 ml of

a. The reaction mixtura was heated under reflux for 2¢ h. The

deuteriun oxi
ueual workup procedure gave compound L3 5.75 (702) m.p. 205-106.5°, nmr Sy
(€2C1,)t 2.69 (A3q, 3,5 = 24.0 Kz, 1;2-banzyl methylenee)t 3.85 (aBq, J,p = 15,0
Hiz, 2:1-beneyl methylenee), 6,85-8,01 (m, 20, arcmatic procons). Hass spectrum
(70 a¥) 416.2918 (caled. for Cygh, D N, 416.2221).

A~ (3enzyl &) a-d,)--benzyl-2, s-diphenyl-1, 4-dihydropyrasine

To a solucion cf 3.3 (10 mmol) of diphenacylbenzylamine in § 1l of bemzene
was added 1.1 g

50 mmal) of ,3-d)-baneylanine prepared by & literaturc pro=
cedure.*® The solution uas set aside at 40 % 2° for 18 h. The uaual workup
pracedurs gave the beneyl ladelled 1,4-dlhydropyrazine 14 2.63 g (60% yield) m.p.

J30n268
12} gave a light yellow ofi 0,468 g (45, 5%) which

Flutien with benzene:hexane {
or trizuration with ethanol ard on cooling deposited yellow crystals of I-bemzyl-
2-cyclohexyl-3, S-diphenyl=1,2-dinyiropyrazine 2§, mps 127-6.3%, mur Sy
(€C1,)¢ 0.51-2,01 (m, 118, C(Hy)y §32 (dd) 1My J = 8.5, Jy0 = 1.3 Bz, Gy
452 (g, 28 Jpg = 325 Hay ~CHPHY, 6.53 (¢, L, Iy, = 1.5 Hz, CD, end
€.98-7.31 (=, 154, aromatics).

Anal. Caled. for O N, (nol. ut. 4D6.2409) C, 85,68 W, 7.42; M, 6.92.
Found: (405.2413, mags spectrum)t C, 84,91} H, 7,33} ¥, 7.17.

Kinetic Studies
(3,0 - 5:0) x 267

paTed in benzene or the other appropriate solvents et rsem temperature and

% Molax solucions of the 1,4-dinyéropyrzinas vere pra-

transferred in 5 ml aliquots to reaction tubes which ware sealed and protected

fvom the light wich alusinum foll. Tha reactlon tubee were placed in a Colara

constant temperaturs bath, and after thermal equilibrium was attained, one tube
wvas uithdvaws, quenched ia a metharol-ice bath snd the initlal absorbance re-
corded. Sevan or efght reaction tubee wara withdraun ar convenlent Intervals
and the concertraticn of the 1,4-diaydropyrazine establigned by absorptina
srectrophotometry using balanzed 1 om cells. The amalysis was performed at

500 2m reglon where the rearrangad 1.2-gihydropyrazine isomer had a negligivie
extitction coefficient, It was estadlistiec that the three 1,4-dihydropyrazines
scudiec obeyed Beez’a Law In che opcical demsity range of 0.04-3,2, The re-
actions followed good firs: order kinetics for the dissppearance of fhe 1,4-di-
hydropyrazing and showed a linear relacionship for 1o (E,/R,) yersus time,

where B, = tae inirisl optical demsity snd R, = the optical density av tims =,
A vepresentetive tua 1s shown 4n full in Teble I¥, and subeequent kinetic cata

are sumuarized in Table V.

Stereo

Lo[( v1]-4-benayl-2,5-dipnanyl=l, 4=dl

Tc a solution of 3.3 g (10 mnole) of diphenanylienzylauine in 5 ml of ben-
zene was addec 1.1 g (L0 mmol) of (§)(+)a~d-benzylamine [a)‘;o =:0,738 (neat)

3 Tne ntsture was set aside for 18 h a

prepared by the prescribed procedure,
40 % 1°. The workup procedure descrived previously afforded the chiral L,4-
dinydropyrazing ($)-24 2.50 § (60%) mip, 108.5-110% nar Syuo (pyridine~ds)
3.85 (s, 2;4-berzyluethylere), 3.97 (s, 1.2R, i-benzyl setnine, 30% deuterium
label), 6.24 (s, 23 an¢ 5 protons): 7.19-7 92 (m, 20, aromatic protons). Mass

apectrun (70 e¥) ils.2153 <(caled. for CyoHyoDN), 415.2159),

Coam2be3
dinydropyrazine uader the conditions given above gave 31b mmr S (CDCLy):
2,67-3.58 (7, 2H, ~CH,P3), 4,61 (83Q, 0 = 14,5 Hz, WGHPa), 4.72-5,45 (my O.5H),
5.33 (z, 0,38, J = 3.0 Hz), and 7.05-8.09 (3, 13§, aremesice),

: of 1,2-Dibenzyl-1,5-dinkar 2-44 a4 Ambient Terpera-

tures.

& slow stresm of orone was passed intc a solution of 1.0 g (2.36 omole) of

22 4n 40 &l of etryl acetate until mofstened potmesiun lodids-sterch paper gave
2 positive test. The Teaction mixture was then poured inte a flask centaining

rad ac

2 g of zino Gust and 30 mi of glacial acetic seid. The mixture was s
room tenperature for 2¢ h, filtered and the filirare diluted with 250 ml of
water, The solutlon waa extracted with ether and the extract washed with 5%

aqueous sa¢ium

ydrogen carbonate, ¢ried {MgS0,) ant the solvent remcved.
Cnromatograshy of the residual o1l on BUN alunina and elution with benzene gave
an o1, which cn crituration with Tethanol deposized 32 0.230 g as & white
sol4d m.p. 102-163,5%, o dpyg (CDCL1 356 (KBQ, 2, 3 = L0 M), 38
(AB3, 26, 3 = 16.0 Ha) and 7.15-8.01 (r, 15K, aroracics), ir (GHG1,) 1667 cof
€=,

4ral. Caled. for G, o Found: (313.1551), vass

spectrur) .
Evapcratien cf the filtraze afiorded 3l as ar oll identifled by its spactral

characterfstics.
Furtier eiution of the colura with benzenerethanol (9:1) gave benzolc acid
n.p. 119-120%, np with an euchencic sawple undepressed.

Reductlon Cleavagze of l-Benzyl-2(sd-banzyli=3,5-diphenyi-L.2-dihydrozvrazine

with Zine and Acec id
4 magnecically stirred solution of 0.830 2 (2 vmole) <f the dinydropyrazine

235 fn &) nl of glaclal acetic acid was heated vnder vefiux with 1.31 g (20

miole) of zinc dust for 2 n, during unie: time the solution becane colorless.

ot solurfon was filtered and the filtrate diluted with fce-water, The

soluzfon upon s:aading overnight deposited a yellow semi-solid whlch was taken
up in ather, The extract was washed twice witr 3% aqueous sodlum hydrogen car-
borate, dried (MgS0,} and the solvent removed to give a Mght yellow ofi, which
was sabiacted o chrematography on 60 2 of SDH alumina, Elution with heane!
ng {(+j-(5)-a-pheryi-a-

benzene (2:1) gave n oil Wileh soiidified om szan

deuteriopre m erher~perroleun

ophencre 33. Repeated recrystallizatior
scner afforded the pure ketome as whlte erysieis mp. 67-08.5°%, [all’ + 1,387
(%1, 1.85, Cé"lé].



Thermal [1,3] Alkyl Shift of 1,4-Dialkyl-1,4-dihydropyrazines

was undeprassed. 4 i

EEER

earrangement of 1,4-Iibenzyl-2,6-diphenyi-l.i-

a .
1a An Penzene at
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TABLE V.

Summery of tie Rate Constaats

L34 0.1

I4BLE TIT

Raze constant
ke 10° see™!

Reactznc and Instial

L Concentration
(444} Tesk [% of Base Time {min} opricsl Density 107 sec .
vy ! 2
- 320 3m) 3
Compound Isotone Peat observed avetage Incresse oo (2.0-1.15) x 1072 PO Y .96
~felee — . 50.4 % 0.1 462
N 5 19 9.5 16 *
" (& 5.9 55.5 & 0a® £.37
N 5.6 €23} 58 5.9 20 a.te 6.0
N 60.1 # 2.1 8.02
(i1i) 6.9 3¢ 3.27 5.23 =
7.2 % 0 14,53
5 ) .20 €15 +
15 2 a8 o 8.3 % 0 1671
L . L e ES
5.6 (£8) €0 6.0 5 o
€5 €065 6.51 -
1y 6a et 99.8 £ 0.1 112
50 2.0 6.32 .55 x2070 x 10,1 % 0.l 1.78
Lrgss-over - 120.2 % O3 2.84
13 + -4 (3anzene) ) 9.5 19,6 + c2 2.59
5s o 5.7 9.63 61 s Initial comesmeratien » 1.0 x 16 M, Los s 52 .
9.6 150.1 *+ 2.2 7.05
(1) 65} 3 RETEABNGES TO EXPFRIMENTAL
2 e i e ot 1a H 01 4 0.1 2.95
36 a0 s 5.7 3.70 ) dze of lavger v L. .
quanrities (£.5-5.0) % 107 8 62 % 0.1 P
Wi 9.8 N
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been shown in the stereochemical consequences of intra-
cage radical processes.?? A stepwise reaction involving
cleavage of the C-N bond to give a pair of radicals should
lead to loss of optical acitivity only if the radical pair has
a sufficiently long lifetime to permit reorientation of the
planar radicals to occur.3? A completely free radical nec-
essarily results in racemization.3! Thus the stereochemis-
try of the rearrangement permits a sensitive test of mech-
anism. An optically active product showing partial or
total retention signifies a radical intracage mechanism
where the radical lifetime is short compared with the rate
of rotation, whereas overall inversion would only signify
participation of the sigmatropic pathway inside the cage.
The chiral 1,4-dibenzyl-1,4-dihydropyrazine 24 was pre-
pared from chiral benzylamine-a-d-(+)-{S)-benzylamine-
a-d 23 which has been prepared in 65% optical purity by
Streitwieser and Wolfe.32 and the absolute configuration
established by Gerlach.33 Upon heating compound 24 the
labeled rearrangement product 25 was obtained quantita-
tively and proved to be optically active, [«]2p —0.68 =+
0.01° (c 5.7, CgHg). To assess the degree of stereochemical

Il’h
CH,
Ph\ NH l
il * A, /[ ]\ A,
H / 38 + 1°
D P~ N7 Spp
(+)-(8)-23 o
+ ¢ N
+ (PhCOCH,),NHCH,Ph D o H
Br (8)-24
Ph
CH,
111 H _Ph
CL-H
| >
P
ph” N7 pp
(—)+(R)-25

integrity maintained inside the solvent cage, the rear-
rangement of 24 was examined in the presence of the bu-

tanethiol scavenger. From the crossover recombination ex-
periments this must remove that portion of the rearranged
product which is necessarily racemized by the extracage
reaction. The rearranged product 25 under these condi-
tions showed an increased specific rotation, [«]?%p =0.76
+ 0.02° (¢ 5.7, C¢Hg), in accord with this view. The con-
figuration of the «-d-benzyl group in 25 prepared in the
presence of butanethiol was related to that in chiral 3-

phenylpropiophenone-3-d by a Stevens rearrangement
(SchemelI).

Scheme I
Ph‘\ HCHO
_.-C—NH, —_—
H y HCO,H
D
(+)-(S)- 23
[@]”D +0.71° (¢ 4, C,H,)
Ph\ PhCOCH,Br
_.-C—N(Me), —_—
H 4
D
(—)-(8)-26
[«]®D —1.94° (¢ 7, C,H,)
Me
Ph\ retention
.C—N+—CH,COPh ——
H’/ I NaQOH
D Me B
(+)-(8)-27
[@]D +0.50° (¢ 7.6, MeOQH)
Ph N(Me),
Zn, HOAc™
H,_/.C—CH——COPh —_—
D
(+)-(S)-28
[«]”D-3.34° (¢ 10, C,H,)
Ph\
__-C——CH,COPh
H 4
D
(=)(R)-29

[2°p —1.387° (¢ 5.3, C,H,)
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The scheme is based on a procedure developed by
Brewster and Kline.?* N-Methylation of the chiral benzyl-
amine 23 afforded 26 in 85% yield, which was then quater-
nized with phenacyl bromide to give (—)-(R)-27 quantita-
tively and converted into (—)-(R)-29 as shown.35

Attempts were made to relate the configurations of 25
and 29 directly by degradation of the former. Acid-cata-
lyzed hydrolysis of 25 was found to be unsatisfactory,
leading only to a dibenzyldiphenylpyrazine. Ozonolysis
of 2a in ethyl acetate solution at —20° resulted in the de-
sired selective cleavage of the 5-6 bond and mild reduc-
tive work-up with sodium iodide and water (which was
accompanied by hydrolysis of the intermediate 30) afford-
ed compound 3la in about 65% yield. The nmr spectrum
revealed a concentration-dependent equilibrium between
the two possible geometrical isomers of 31a, showing typi-
cally two formyl signals at § 8.23 and 8.40 in a ratio of
60:40.

The ozonolysis must be carefully controlled, since at
ambient temperatures and with longer exposure to ozone,
further oxidative action affords 32. Structure proof of 31a

CH, x THZ
X IL * O 20°, 10 (I:/N *
1. Oy, —20° 10 min
I fCHQPh T s CHPh
N7 2. Nal, H,0 Q0
th X HPh \\c/‘\ "
a, A =
¥ = /
1B.X =D o |
30
Ph Ph Ph
CH, CH, CH,
J\I cEPr O I|\I Y N \|1 ¥
+ x 2 \C/ C/' .
I : CHPh _, CH,Ph
P
0 Ph X o7 - 0 o” Ph
32
3a, X =Y =H
bX=DY=H
¢cX=Y=D

was provided by a parallel low-temperature ozonolysis of
13, which gave 31b. Inspection of the nmr spectrum
showed that the formyl proton was completely exchanged
with deuterium whereas the methine position « to the ni-
trogen was completely exchanged for protium. That this
was due to base-catalyzed enolization of 31c during work-
up was confirmed by reverse exchange with potassium
carbonate and deuterium oxide when Y was exchanged for
deuterium. The formyl group in 3la proved resistant to all
attempts to convert it into the N-methyl compound, a
prerequisite to the projected zinc and acetic acid reduc-
tive cleavage. Instead carefully controlled zinc and acetic
acid cleavage of 25 afforded a mixture of the desired chiral
ketone 26 and the known isomeric 1,2-dihydropyrazine®
34. Compound 34 plausibly arises as shown in Scheme II.
Chromatographic separation of 33 and 34 on alumina gave
(+)-(S)-3-phenylpropiophenone-3-d (33), [«]?**p 137 =
0.02° (¢ 1.86, C¢Hg). Assuming 96% retention in the Ste-
vens rearrangement, then the specific rotation of (R)-29
with 42% enantiomeric excess would be —1.45 + 0.02°.
Therefore that part of the rearrangement of 1 to 2 that

Lown, Akhtar, and McDaniel

proceeds intramolecularly proceeds with =95% stereospec-
ificity and with inversion of configuration which demands
a [1,3] sigmatropic shift with suprafacial allylic utiliza-
tion.2?

Scheme I1
I|>h Th
CH, CH, /Ph
va H py ILH A
)I f{H Zn, HOAc /[ (I?Hz D
————. +
# D
Ph” N ph PR NH 3
25 | © o Dmy
1 33
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L T
NH NH
L7 K4
Ph 0 Ph \NH
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1l3h Ph
CH, (IJHg
:L Ph 11\1 Ph
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i ]/ + HO —»Ht )1 fCHZPh
Ph T pp” N
CHL 34
[ 2
Ph

As far as we are aware this represents the first clear-cut
example of a [1,3) sigmatropic shift with inversion involv-
ing nitrogen at the migrating center. The rearrangement
therefore proceeds by a combination of sigmatropic and
dissociative mechanisms and the contribution of the latter
would be expected to be a function of the nature of the
migrating group and reaction temperature. Baldwin and
coworkers have encountered several examples of dual
competing mechanisms in the rearrangement of ylides.3%

Nature of the 1,4-Dihydropyrazine System. Theoreti-
cal considerations suggest that 4n-7 cyclic systems in gen-
eral are antiaromatic,2-37 i.e., destabilized by increased
electron delocalization. Molecular orbital calculations by
Streitwieser on the 1,4-dihydropyrazine structure predicts
thermodynamic destabilization in that the last two elec-
trons must be placed in an antibonding orbital.2® How-
ever, this presupposes that the geometry of the 1,4-dial-
kyl-1,4-dihydropyrazine allows the nitrogen lone pairs to
interact conjugatively with the = electrons of the ring.
Some pieces of evidence suggest this may be so in certain
structures. In contrast to the relative stability of the 1,4-
dialkyl-1,4-dihydropyrazines described here, marked ther-
modynamic instability is inferred for the 1,4-diethyl-2,3-
diphenyl-1,4-dihydropyrazine (36) postulated as a product
of reduction of lithium aluminum hydride of the corre-
sponding 1,4-diacetyl compound 35.° While the electron-
withdrawing 1,4 groups in 35 appear to stabilize the 1,4-
dihydropyrazine system, compound 36 apparently under-
goes a spontaneous retro Diels-Alder reaction and the di-
imine 37 was isolated. This implies destabilizing conjuga-
tive interaction of the nitrogen lone pairs of the = elec-
trons of the ring. This instability of 36 may also be con-



Thermal [1,3] Alkyl Shift of 1,4-Dialkyl-1,4-dihydropyrazines

I
(’3=O C.H; %Hs
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trasted with complete stability of 38.° Evidently com-
pounds 1 owe their relative stability and insolability to

CH,
o |
X
Ph \|I

CH,

38

their substitution pattern, which imposes restrictions on
full = conjugation possibly owing to steric hindrance inter-
actions at the 1, 2 and 6 positions. Further indications of
this phenomenon follow from the regioselectivity of the
[1,3] sigmatropic alkyl shift from 1 to 2, implying relief of
steric compression. The further contrast between the
marked stability of 1 with the lability of the isomeric 1,4-
dialkyl-2,5-diphenyl-1,4-dihydropyrazines®® serves to em-
phasise this point. It is also tempting to suggest that de-
stabilization inherent in 1 is relieved by the rapid oxida-
tion to the 7-m radical cation structures 7 described above.
An assessment of the role of the enamine to imine
change of 1 to 4 must be made, however, Enamines are des-
tabilized relative to the isomeric imine and Wittig has es-
tablished a [1,3] shift in an acyclic example.40 It must be

Ph—C==CH, Ph—C—CH, Ph—C—CH,R
I |
/N N -« /N*’\ — N
R R R R 1|a

considered, therefore, that the unusual ease with which
the groups migrate in 1a could be due to the instability of
the enamine moiety in la compared to the imine in 2a.
Fowler points out that since 2a is also an enamine con-
taining and N-benzyl substituent its nonrearrangement
under the reaction conditions indicates that there may be
additional instability associated with enamine 1.5:2 How-
ever, the enediamine moiety of 1 may be different in char-
acter from a normal enamine. 1,4-Dihydropyridines show
no tendency to rearrange to the 1,2 isomer. In equilibra-
tion, the N-methyl-1,4-dihydropyridine 40 is 2.29 £ 0.01
kcal mol~?* more stable than the 1,2 isomer 39 at 91.6°.42

CH;, CH,
39 40

Compounds of structure similar to 40 show unexpected
stability which may be due to homoaromaticity or hyper-
conjugation.*! The fact that the enamine to imine
changes is not sufficient to account for the ease of rear-
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rangement of 1 to 2 is also indicated by a comparison of
the amino-Claisen rearrangement with the Claisen rear-
rangement. The former has an activation energy about 6
keal mol-1 higher than the latter and therefore is not so
generally observed.?2 In conclusion, the evidence on the

\N/\ \Nj
T~

nature of the 1,4-dihydropyrazine system suggests a sensi-
tive dependence of stability (determined by the extent of
conjugative interaction of the nitrogen lone pairs) on the
geometry of the heterocycle, which in turn is governed by
the positioning of the substituents on the ring. For exam-
ple, with two phenyl groups, 2,6 substitution confers sta-
bility! whereas 2,5%% and2,38-9 substitution confers insta-
bility.

In a recent paper Xohn and Olofson*® considered the ge-
ometry of the related 1,4-dimethyl-1,4-dihydro-1,2,4,5-
tetrazine (41). Among other evidence, preferential N-al-
kylation at the substituted nitrogen may indicate a non-
planar homoaromatic structure for 41. A similar nonpla-

nar structure 42 would appear to be plausible for the 1,4-
dihydropyrazine structure at this time.
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Synthetic and Mechanistic Aspects of the Sodium Hydride Promoted
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A series of representative a- and y-methylated heteroaromatic azines and diazines were acylated with benzo-
ate, trifluoroacetate, nicotinate, oxalate, and phthalate esters using sodium hydride as the condensing agent to
afford heteroarylmethyl ketones, ethyl heteroarylpyruvates, and 2-heteroaryl-1,3-indandiones, respectively.
Rates of acylation of quinaldine, as determined by hydrogen-evolution measurements, were shown to be inde-
pendent of alkoxide concentration, but dependent upon both the concentration and polarity of the carbonyl
group of the acylating ester. These results are attributed to accelerated ionization of a lateral proton from a

complex involving ester and heterocycle.

Acylations of methylated heteroaromatics to afford ke-
tones can be accomplished by initial lateral metalation of
the heterocycle with a strong base, followed by treatment
of the resulting carbanionic intermediate with an ester.?
Essentials of the generally accepted mechanism for such
reactions are illustrated in Scheme I by the acylation of
quinaldine (1) with methyl benzoate.® On the basis of ex-

tensive studies by Levine and coworkers, alkali amides or
alkali salts of certain dialkylamines currently appear to be

the

most satisfactory reagents for effecting these conden-

sations.? Organolithium reagents have found some utility
with heterocycles that are not susceptible to nucleophilic
addition,? while alkoxides have been used in several in-
stances where the acidity of side-chain protons is en-



