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Polyphosphoric Acid Catalyzed Cyclization of Aralkenyl-Substituted
Quaternary Ammonium Salts
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A simple method of wide scope for the synthesis of substituted indolium, quinolinic m, isoquinolinium, and hen -
zoazepinium salts has been developed from readily available starting materials. Quaternary ammonium compounds
possessing a /l-alkenyl substituent and an arylmethyl group readily cyclized in the presence of 115% polyphosphoric
acid (PPA) at 300 °C for 1 h to furnish the substituted isoquinolinium and benzoazepinium salts in respectable
yields (55-67% ). On the other hand, alkenylanilinium salts cyclized at 130-140 °C for ! h to give indolium and
quinolinium salts in modest yields (18-38% ). However, workup simply involved addition of the reaction mixture
to ice-water to produce a homogeneous solution followed by the treatment with saturated aqueous KPFj and ex-
traction of the salt formed with HCCI3or CH2Cl2. Spectral and elemental analyses supported the structures of the
heterocyclic derivatives. A plausible mechanism involving the alkylation of a cation intermediate by the arene in
atypicalelectrophilic substitution process is suggested for the salts carrying an arylmethyl group. In the case of the
alkenylanilinium salts, the mechanism is not clear but rearrangements of the Claisen type appear to be operative.

lune 24,1977

Recently we reported2a facile ring closure of alkenylphos-
phonium salts containing an aryl or an arylmethyl group in
the presence of 115% polyphosphoric acid (PPA) to furnish
certain rare, difficultly accessible carbon-phosphorus het-
erocycles3 in modest to good yields (24-82%). Likewise,
treatment of arylmethylphosphonium salts having a /1-car-
boxyl group produced functionalized C-P heterocycles in
respectable yields.4 The method appeared synthetically at-
tractive from simplicity of experimental procedure alone
which involved addition of the reaction mixture to ice-water
followed by the treatment with aqueous saturated KPF@ to
precipitate the cyclic phosphonium salts often in a high state
of purity.24 Despite the widespread use of PPA as a cyclizing
agent in organic synthesis for the obtention of avariety of ring
systems,5-7 quarternary ammonium compounds, via reaction
with PPA, have not been fully explored as precursors to het-
erocyclic derivatives. However, related species may be ex-
pected to form from precursors containing heteroatoms in the
cyclization reactions with PPA.7 These considerations coupled
with the observation89 that arylphosphine oxides, with an
appropriately oriented functionality, also cyclized smoothly
in the presence of commercial 115% PPA10 to give cyclic
products, prompted us to extend the study to a few alkenyl
substituted ammonium salts. We herein report the successful
application of the technique to the synthesis of derivatives of
indole, quinoline, isoquinoline, and benzoazepine from readily
available, inexpensive reagents.

Allylbenzyldimethylammonium bromide (la), the starting
synthon, was prepared in near-quantitative yield by the
guaternization of benzyldimethylamine with allyl bromide
in benzene (Table 1).11 In the presence of 115% PPA at 300 °C
for 1h (Scheme 1), salt 1a cyclized to afford, after workup, the

Scheme |

R'CH=CHCH.Br

la, R =CH3;R' = H; X =Br

b, R=C,H5R' =H; X =Br

¢, R=CH,; R" =CH,; X = Bi-

e, R=C2Hs;R' =CH,; M = K; X = PF,

PFr
1.300°C, 1h
115% PPA + la (or Ib)
2.H,0
3. KPF6
2a, R =CH,
b, R=C,HS

crystalline 1,2,8,4-tetrahydro-2,2,4-trimethylisoquinolinium
hexafluorophosphate (2a), mp 114.5-116.5 °C, in moderate
yield (s6%). 44 NMR spectral analysis of the product 2a,
which containec the characteristic doublet for the (’-methyl
group athi.41 (3nccnh =6 Hz), anchored the site of cyclization
in la at the f3position (in relation to >N +< group). A gas,
presumably HBr,12was evolved during the addition of the salt

2195
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la to PPA. Conceivably, the explusion of Br~ by PPA oc-
curred during the reaction with simultaneous protonation of
the olefinic bond in a preferred manner so as to produce a

cation at the 3 position.2Alkylation of the cation by the arene
in @ manner typical of an electrophilic substitution process
followed by rearomatization would account for the observed
product. Likewise, Ib gave 2b in good yield (67.6%). Inter-
estingly, a seven-membered heterocyclic compound was not
formed as judged from 'H NMR analysis of the crude cyclized
product obtained from la or Ib. In contrast, ammonium salts
Ic and Id possessing a crotyl chain, prepared by standard
techniques (Table 1) under identical reaction conditions,
furnished the seven-membered cyclic salts 2c and 2d, re-
spectively (Scheme IlI). No six-membered ring system was

Scheme Il

found. Here again, the position at which cyclization occurred
was determined via 'H NMR spectroscopy. Apparently,
protonation of the olefinic bond must have occurred so as to
produce acation at the 7 carbon (in relation to >N +<) rather
than a cation at the alternate 3 position. The results imply that
(lIa cation intermediate is probably more stable at the 7
position than a cation at the s position (hyperconjugative
effect2); or (2) protonation is favored at the 7 position in order
to place the positive centers at the most remote positions.
Unfortunately, lack of kinetic data with such ammonium salts
or with related systems containing sulfur or phosphorus makes
predictions extremely difficult.22An additional consideration
must include the >N +< group which, although insulated from
the aryl ring by the adjacent methylene, has been reported to
deactivate the aromatic ring in electrophilic substitution re-
actions.}4 Nevertheless, the ring closure occurs in our sys-
tems.

Very surprisingly the process was also found adaptable
(although in low yields) for cyclization of anilinium salts
possessing an alkenyl substituent. For example, treatment of
allyldimethylanilinium bromide (3a)15in the presence of 115%
PPA at 130-140 °C (Scheme I11) gave the indolinium salt 4a
(after separation from a dark, viscous reaction mixture by
column chromatography) only in low yield (18%). *H NMR
analysis strongly suggested several components in the residual
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Table Il
Yield, Molecular
Compd R R' n Mp, "C % formula C H N P
2a  ch3 ch3 1 114.5-116.5 56 c12h,sFbnp Caled 44.87 5.65 4.36 9.64
Found 45.02 5.71 4.40 9.46
2b  c2n5 ch3 1 131-132 67.6 c,4h22F6np Caled 48.14 6.30 4.01 8.88
Found 48.41 6.31 4.01 8.76
2c ch3 ch3 2 122-123 62.5 c13h20F6np Caled 46.61 5.97 4.18 9.25
Found 46.26 6.05 3.96 9.18
2d C2Hs ch3 2 128-129 55 c 15n 24F6np Caled 49.59 6.61 3.86 8.54
Found 49.32 6.72 3.60 8.22
Table 111
R
Quaternizing solvent Equiv of
Compd R R' Mp, °C (reaction time, h) halide0 Yield, %b
3ac ch3 H 123-124 Benzene(24) 1.32 96
3bd C2Hs H 148-150 Neat (5 days) 1.24 75
3ce ch3 ch3 123-125 Benzene(24) 1.00 54
3d C2Hs ch3 105-107 Neat (5 days) 1.26 90

aBased on 1 equiv of amine. bYield based on starting amine. ¢ Previously reported in ref 15 and 25. [The 1"and (C6H5),B"
salts are reported in ref 19.] d Reported in ref 26 but no physical data were included. e Previously reported in ref 19 and 25
as the trans isomer, mp 143—144 °C. Our material is a mixture of cis and trans isomers in the ratio of 1:3.

Scheme Il

3a, R=CH3R =H
b, R=CH5R =H
¢, R=CH3 R =CH3
d, R=C2H5 R =CHS3

ported from a quaternary salt, however. Solubility of the entire
PPA reaction mixture in water and formation of the PFg salts
upon addition of saturated aqueous KPFg to the resulting
homogeneous solution is suggestive of stabilization of a cation
R intermediate by PPA anion (OPPA"~). Recent mechanistic
studies carried out in our laboratoryl6with structurally similar
phosphonium salts via 3IP NMR spectroscopy support this
hypothesis for the phosphorus system. In the present cases,

1.130-1407€C, 1 h the driving force for the reaction is probably the rapid loss of

2. H,0 hydrogen from intermediate 5 (facilitated by the presence of
e 4a, R = CH3 the electron-deficient >N+< group)1417to give 6 which cy-
b, R=C2H5 clizes to 4a or 4b. Since salt 4a was previously unreported, it

was converted to the iodide, the properties of which were
identical with those of that prepared by an alternative route
(see Experimental Section).

Anilinium salts 3c and 3d with a crotyl substituent also

mixture which, however, could not be readily separated. Re-
peated experiments aimed at improving the yield of the in-
dolium salts utilizing the more abundant salt 3b in the tem-

perature range 150-300 °C gave only tarry material. At 100
°C, however, the starting material was recovered as the PF6
salt, anion metathesis having occurred during the workup.
Isolation of the cyclic products 4a and 4b, though in a low
yield, is reasonable since the formation of the suspected in-
termediate 5 is like that found from an acid-catalyzed sig-
matropic shift (Claisen type rearrangement) of allylaniline
observed previously.7 No such rearrangement has been re-

cyclized at 130 °C for 1 h in the presence of 115% PPA
(Scheme 1V) to give, surprisingly, the corresponding 4-alk-
ylquinoline derivatives 7a and 7b as crystalline solids in low
yields (21 and 29%). The position of the methyl group at C-4
rather than at C-2 in 7a was confirmed by IR, NMR, ele-
mental analysis, and by conversion to the iodide. The 4-iso-
meric iodide melted at 172-174 °C while the 2 isomer, which
might result from 3c by fragmentation and recombination of
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Table IV. Physical Data for Indolium and Quinolinium Salts

Molecular Anal., %
Compd R Mp, °C Yield, % formula C H N P
4a@ CH ;i 140-141 18 cuh 16f6n p Calcd 43.01 5.21 4.56 10.08
Found 43.39 5.32 4.66 9.97
4b c,h5 85-86 38 c 13h 20f 6n p Calcd 46.61 5.97 4.18 9.25
Found 46.67 6.10 4.16 8.98
7ab ch3 108-109 21 c 12h 18f 6n p Calcd 44.87 5.65 4.36 9.64
Found 44.68 5.68 4.29 9.73
7b c2h 5 150-152 29 CuH22F6NP Calcd 48.14 6.30 4.01 8.88
Found 48.10 6.39 4.04 8.80

“ lodide; mp 208-210 °Cc. Anal. Calcd for CnH 16N 1: C, 45.71; H, 5.54; N, 4.84. Found: C, 45.65; H, 5.72; N, 4.90. blodide; mp 172-174
°C. Anal. Calcd for C12H 18N 1: C, 47.56; H, 5.94; N, 4.62. Found: C, 47.50; H, 6.12; N, 4.56.

Scheme IV

3c (orsd) + 115% PPA CH,

7a, R = CH3
b, R = C2H5

the crotyl group, was reported to meltat 204 °C 18 and to have
an 'H N M R spectrum different from thatcfour isomer. Iso-
lation and identification of 7a was surprising in view of the
predicted acid-catalyzed Claisen rearrangement of crotyla-
niline,7-19 although adm ittedly the protonated form of the
latter is not a quaternary salt. Since a complex mixture was
formed from the PPA-catalyzed cyclizations leading to 7a and
7b, we cannot exclude the possibility that a Claisen-type in-

termediate (such as 8) and product (such as 9) are present in

low yields in the mixture. In fact, heating r.he B(CeH 5)4 salt
of3c to 105 °C in HM PA has reportedly given 8,19 and heating
crotylaniline in concentrated HC1lreportedly gave the related
product 10.7-19 In similar fashion, we cannot eliminate po-
tential products 1la or 1lb which, if present, are certainly in
low yield in the mixture obtained from 3a or 3b, respective-
ly.

CH,

CH,

10 lia, R = CH,
b, R = C,HS

In summ ary, the cyclization of allyl type, benzyl-substituted
amines 1 proceeds well to give tetrahydroisoquinolines in
modest yield but from stable, readily prepared synthons and

under simple conditions. Although our approach does not

supersede such methods as the classic Bischler-Napieralski,20
Pictet-Spengler,2l and Pomeranz-Fritsch22 reactions, the use
of quaternary salts does have the advantage that the imme-
diate precursor can be made in large quantity and safely stored
for long periods. On the other hand, the related quaternary
anilinium salts 3 suffer some skeletal rearrangements during

cyclization.

Experimental Section

General Data. Melting points were obtained with a Thomas-
Hoover melting point apparatus and are uncorrected. Infrared spectra
were recorded on a Beckman IR-5A unit as KBr pellets. JHH NMR
spectra were recorded on a XL-100(15) Varian spectrometer equipped
with a Nicolet TT-100 FT accessory and obtained with tetrameth-
ylsilane as the internal standard. Elemental analyses were carried out
by Galbraith Laboratories, Knoxville, Tenn. Anhydrous solvents such
as ether, petroleum ether (bp 40-60 °C), and benzene were dried over
sodium and filtered prior to use. Neutral alumina (Brinkmann, ac-
tivity 1) supplied by Merck was employed for column chromatogra-
phy.

starting M aterials. Allyl bromide, crotyl bromide, and the tertiary
amines were all purchased from commercial sources and were purified
by distillation prior to use. 2-Methylindole was purchased from Al-
drich Chemical Co. The 115% PPA was obtained from FMC
Corp.i0

Allylbenzyldimethylammonium bromide (i1a) was prepared from
benzyldimethylamine and allyl bromide in benzene by the literature
method.11 Salt 1b was prepared by a similar procedure. Anilinium
salts 3a16 and 3c19-25 were prepared by known methods while the
preparations of salts 3b and 3d followed a similar procedure and are
reported in Table III.

Benzyl-2-butenyldimetfaylammonium Bromide (lc). A solution
of benzyldimethylamine (13.5 g, 0.10 mol) and crotyl bromide (15.0
g, 0.11 mol) in dry benzene (175 mL) was boiled for 24 h (Nja). Ro-
toevaporation of the solvent left a viscous, brown oil which was boiled
with ether (ca. 100 mL) for 3 h. The precipitated solid was filtered,
washed with ether, and dried over P20s in vacuo (65 °C, 48 h) to give
25.2 g (93.3%) of ic, mp 128-129.5 °C. Infrared, :H NMR, and ana-
lytical data are given in Tables I and V.

Benzyl-2-butenyldiethylam monium Hexafluorophosphate
(1d). A solution of benzyldiethylamine (8.0 g, 0.05 mol) and crotyl
bromide (7 g, 0.05 mol) in dry benzene (150 mL) was boiled for 24 h
(N'e) with the formation of a light brown oil. Benzene was removed
in vacuo and the residual oil was boiled with ether (12 h) without so-
lidification. The ether layer was decanted, the oil was dissolved in
water (50 mL) and extracted with ether (2 X 100 mL), and the aqueous
layer was treated with cold saturated solution of KPFg (50 mL). The
cloudy solution was extracted with chloroform (4 X 200 mL), and the
combined organic layers dried (MgSCL). Evaporation of the solvent
left an oil which, upon trituration with ether (200 mL), crystallized
on standing. The filtered solid was dried over P:Gs in vacuo (70 °C,
72 h) to give 12.2 g (67%) of salt 1d, mp 101-102 °C. Infrared, >H
NMR, and analytical data are given in Table I and V.

Ring Closures to Produce the Isoquinolinium and Ben-
zoazepinium Salts. The general procedure will be illustrated with
the preparation of 2a.

1,2,3,4-Tetrahydro-2,2,4-trimethylisoquinolinium Hexafluo-
rophosphate (2a). In a 100-mL beaker was placed 60 mL of 115%
PPA which was stirred with a mechanical stirrer and heated to 300
°C. Compound 1a (2.0 g, 7.8 mmol) was added to the PPA in small
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Table V. Spectral Data for the Starting Ammonium Salts and Reaction Products

IR absorption spectra in

Compd KBr,0selected bands, cm-1 ‘H NMR spectral assignments, chemical shifts, £b
la 1482 (m), 952 (m), 868 (vs), 3.26 [s, (CH3)2N+<, 6 H], 4.48 [d (Jhcch = 6 Hz), >SN+CH2CH =, 2 H],
782 (vs), 742 (vs), 703 (vs) 5.12 (s, ArtCH2N+<, 2 H), 5.56-6.40 (m, -CH=CHo, 3 H), 7.30-7.90 (m, ArH, 5 H)
ib 1460 (m), 972 (m), 760 (vs), 1-47 [ (Jhceh = 7 Hz), (CH3CH22N+<, 6 HI,
722 (m), 708 (s) 3.34-3.58 [q (Jhceh = 7 Hz), (CHCH22N+<, 4 H],

418 [d (Jhceh = 6 Hz), >+NCH,CH=, 2 H), 4.84 (s, ArCH2N+<, 2 H),
5.48-6.38 (M, -CH=CH2 3 H), 7.22-7.82 (m, ArH, 5 H)
Ic 1478 (m), 978 (m), 858 (s), 1.82 (d, CH3CH=, 3 H), 3.22 [s, (CHgLN+C, 6 H],
768 (m), 732 (M) 442 (d, >*NCH2CH=, 2 H), 5.06 (5, ArCH2N+<, 2 H),
5.52-5.92 (m,-CH=, 1H), 6.06-6.52 (m, -CH=, 1H),
7.26-7.58 (m, ArH, 3 H), 7.60-7.88 (m, ArH, 2 H)
Id' 1460 (m), 982 (m), 1.40 [t (Jhcch = 7 Hz), (CH3CH22N+<, 6 H],
835 (vs), 764 (s), 712 (9) 1.83 [d (Jhceh = 6 Hz), CH3CH=, 3 H], 3.03-3.28 [q (Jhcch = 7 Hz),
(CH3CH22N+<, 4 H], 3.68 [d (Jhcch = 6 Hz), >+NCH2CH, 2 H], 4.28 (s,
ArCH2N+<, 2 H), 5.38-5.80 (m, -CH =, 1H), 5.80-6.36 (m, -CH=, 1H),
7.22-7.60 (m, ArH, 5H)
2a 1490 (s), 835 (vs), 768 (s), 141 [d (Jhceh = 6 Hz), CH3CH, 3 H], 3.06 and
736 (M) 3.29 [s, (CHgLN+C, 6 H], 3.12-3.54 (m, >N+CHSCH, 2 H),
3.60-3.84 (M, ArCHC, 1 H), 42AM.68 (m, A:CH2N+<, 2 H),
7.02-7.50 (m, ArH, 4 H)
2b’ 1485 (s), 838 (vs), 768 (s) 1.24-1.56 [m, (CH3CH,)2N+< and >CHCH:, 9 H],
2.90-3.58 [m, (CH23N+<, 6 H], 3.58-3.84 (m, ArCHCH3, 1 H),
4.20 (M, ArCH2N+<, 2 H), 7.00-7.46 (m, ArH, 4 H)
2c 1482 (s), 838 (vs), 764 (5) 1.40 [d (Jhceh = 6 Hz), CH3CH, 3 H], 1.60-2.32 (m, >CHCHY, 2 H),
2.82 and 3.17 [s, (CH32N+<, 6 H], 2.50-3.80 (m, >CHCH3and >+NCH,, 3 H),
4.10-4.80 (m, ArCH2N+<, 2 H), 6.98-7.56 (m, ArH, 4 H)
2d" 1475 (m), 836 (vs), 768 (M) 1.06-1.56 [m, (CHCH22N+<, 6 H], 1.43 [d (Jhceh = 7 Hz),
CH3CH, 3 H], 1.62-2.36 (m, ring CH2, 2 H), 2.80-3.66 [m, (CH2)3N+< and
ArCH<, 7 H], 4.20-4.70 (m, ArCHNN+<, 2 H), 7.10-7.60 (m, ArH, 4 H)

3ad 1464 (m), 962 (M), 766 (S), 40 [s, (CH32N+<, 6 H], 5.18 (m, >N+CH2. 2 H),
694 (s) 5.36-5.96 (M, -CH=CH 2 3 H), 7.40-7.78 (m, ArH, 3 H),
8.04-8.24 (m, ArH, 2 H)
3b 1485 (s), 1460 (s), 960 (S), 1.26 [t (Jhcch = 7 Hz), (CHCH22N+<, 6 H],
768 (s), 710 (s), 692 (5) 4.00-4.44 [m, (CHICH22N+<, 4 H], 4.82 (m, >N+CH2, 2 H),

5.48-5.94 (m,-CH=CH2, 3 H), 7.40-7.82 (m, ArH, 3 H),
8.10-8.36 (m, ArH, 2 H)
3cd 1486 (s), 965 (m), 850 (m), 1.62 [d (Jhcch = 6 Hz), trans CHJ
760 (m), 692 (s) 1.80 [d (Jhcch = 7 Hz), cis CHJ
(trans 66.7% and cis 33.3%),
3.94,4.07 [s, (CH32N+<, 6 H], 511 (m, >N“CH2 and -CH=, 3 H),
6.22 (m,-CH=, 1H), 7.38-7.76 (m, ArH, 3 H),
7.98-8.20 (m, ArH, 2 H)
3d 1482 (s), 972 (m), 895 (m), 1.22 [t (Jhech = 7 Hz), (CH3CH2)2N+<, 6 H],
848 (m), 780 (s), 772 (s), 696 (s) 1.74 [d Ohcch = 6 Hz), CH3CH=, 3 H],
3.94-4.46 [m, (CH3CH22N+<, 4 H], 4.56-4.86 (m, >N+CH2, 2 H), 5.20-5.60
(m, CH=, 1H), 6.04-6.46 (m, CH=, 1 H), 7.34-7.80 (m, ArH, 3 H),
8.04-8.36 (m, ArH, 2 H)

4at 1465 (s), 838 (vs), 765 (M), 1.70 [d (Jhech = 7 Hz), >CHCH3, 3 H], 3.12 and 3.48 [s, (CH32N+<,
724 (m) 6 H], 2.94-3.62 (m, benzylic CH2, 2 H), 4.14-4.40 (m, CH3CH, 1 H),
7.40-7.62 (M, ArH, 4 H)
4b* 1476 (s), 840 (vs), 770 (m), 1.10-1.30 [t of t (Jhech = 7 Hz), (CH3CH22N+<, 6 H], 1.70 [d
722 (m) (Jhceh = 6 Hz), >CHCH3, 3 H], 2.94-4.04 [m, (CH3CH2)2N+< and benzylic CH2,
6 H], 4.30-4.60 (m, CHCH3, 1H), 7.32-7.58 (m, ArH, 4 H)
7ac 1474 (s), 840 (vs), 766 (s), 1.40 [d (Jhceh = 8 Hz), CH3CH, 3 H], 1.78-2.62 (broad m, ring CH2
764 (m) 2 H), 3.04-3.30 (m, >CHCH3, 1H), 3.52 anc 3.58 (s, (CH32N+<, 6 H),
3.76-3.92 (m, >N+CH2, 2 H), 7.36-7.66 (m, ArH, 4 H)
7bc 1462 (m), 842 (vs), 762 (s) 1.25-1.48 [m, (CH3CH2)2N+< and CH3CH, 9 H], 1.80-2.66 (m, ring CH2,

2 H), 3.06-3.30 (m, >CHCH3, 1 H), 3.56-4.C4 [m, (CHCHY2N+< and benzylic
CH,, 6 H], 7.30-7.54 (m, ArH, 4 H)

0  The spectra were obtained on samples (2-4 mg) with KBr (400 mg) pellets. All the PF6 salts showed very strong absorption in
the region 830-840 cm-1; see L. C. Thomas, “ Interpretation of the Infrared Spectra of Organophosphorus Compounds”, Heyden,
London, 1974, Chapter 7. b Spectra obtained on DCCI3solution of each compound with Me4Si as internal standard; peak positions
quoted in the case of doublets are measured from the approximate center, and relative peak areas are given as whole numbers. ¢ lH
NMR spectra obtained in DCCI3with added trifluoroacetic acid to give a clear solution. d IR and 'H NMR of (CeH5)4B salt reported
in ref 19.

portions over a 10-min period followed by additional heating and filtrate was treated with saturated KPFg (75 mL) in the cold to the
stirring for 1 h. During the addition, a gas (presumably HBr12 was formation of cloudiness. This mixture was concentrated in a rotary
evolved. The dark brown solution was cooled to 90-100 °C and slowly evaporator to about 200 mL until excess KPF« precipitated and re-
poured onto 300 mL of ice-water with swirling, a process which re-  peatedly extracted with chloroform (6 X 200 mL). The organic layer
sulted in formation of a homogeneous solution upon stirring for 15 Was dried (MgSO04), filtered, and treated with carbon black which,
min. The solution was filtered to remove black particles and the brown when filtered hot, left a colorless filtrate. Evaporation of the solvent
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gave a brown oil which, when triturated with ether (100 mL), solidi-
fied. The solid was collected and recrystallized twice from CH 2C19-
ether to afford 1.4 g (56%) ofsalt 2a, mp 114.5—-16.5 °C. Infrared, 'H
N MR, and analytical data are given in Tables Il and V.

Ring Closures to Produce the Indolium Salts. The general
procedure will be illustrated with the preparatior of 4a.

2,3-Dihydro-I,I,2-trimethylindolium Hexafluorophosphate
(4a). To 60 mL of115% PPA mechanically stirred and heated to 140
°C, salt 3a (2.0 g,7.41 mmol) was added during a 10-min period, fol-
lowed by an additional period of heating for 1 h. Workup was as de-
scribed for 2a to afford a dark brown oil (1.9 g). The oil was dissolved
in a minimum amount of CH2CI2 and eluted through an alumina
column (60 g) with CH2CIl9. Evaporation of the solvent to a small
volume, followed by the dropwise addition of ether to produce tur-
bidity. afforded, upon standing in the refrigerator, salt 4a. Crystal-
lization (twice) from CH-jClo-ether afforded pure 4a (430 mg, 18%)
as a white, crystalline solid, mp 140-141 °C. The identity of 4a was
established by conversion to the known iodide, mp 208-210 °C
(methanol-ethyl acetate, 1it,23208-210 °C), by metathesis of the anion
of4a with potassium iodide in CH3CN/H 20. A more direct proofthat
the product isolated in the above reaction was the 2-methylindolium
salt rather than the 3-methylindolium hexafluorophosphate was
obtained as follows.

2-Methylindole was reduced by the known method24 to 2,3-dihy-
dro-2-methylindoline which gave the following spectral data: |
(film) V3330, 1640, 1448, 1435, 1250, 752 cm "1; M R (DCCL)Rb
1.14 [d (Jhooh = 6 Hz), CH3CH, 3 H], 2.38-3.15 (pair of quartets,
benzylic CH2,2 H),3.62 (s,>NH, 1 H,which disappeared on shaking
with D20), 3.66-3.88 (m, -CH, 1 H), and 6.45-7 04 (m, ArH, 4 H).
Alkylation with methyl iodide by the reported procedure23 gave the
methiodide as a white, crystalline solid, mp 208-210 °C (methanol-
ethyl acetate, 1it.23208-210 °C), with the following spectral properties:
IR (KBr) v 1475, 1450, 1230, 1024, 982, 762, 718 ¢cm 'l; >H NMR
(F3CCO2D) S1.81 [d (Jhcch = 7 Hz), >CHCH3,3H], 3.28 and 3.64
[s, >N +(CH;)2,6 H], 3.00-3.70 (m, benzylic CH2,2 H), 4.34-4.60 (m,
>CHCH3,1 H), and 7.55-7.76 (m, ArH, 4 H). The iodide was trans-
formed to the PFfisalt, mp 140-141 °C (CH jCL-ether), by the same
procedure in CH30H/H20 with KPFg. The melting points of the PFs
salt and the iodide from the PPA cyclization reaction were not de-
pressed on admixture with authentic samples of the PFg salt and the
iodide, respectively. Furthermore, infrared and '"H NMR of both the
PFfi salt,and the iodide were identical with those ofauthentic samples.
Infrared, *H N MR, and analytical data are given in Tables Il and
V.

Ring Closures to Produce Quinolinium Salts. The general
procedure will be illustrated with the preparation of 7a.

1,2,3,4-Tetrahydro-I,I,4-trimethylquinolin:um Hexafluoro-
phosphate (7a). To a well-stirred sample of 115% PPA maintained
at 130 °Csalt 3c (2 g, 7.80 mmol) was added during a 10-min period
and heating was continued for 1 h. Workup of the reaction mixture
was carried out as described previously for 2a. The resulting dark-
colored gum (1.65 g) was chromatographed over neutral alumina (45
g). Elution with hexane and subsequent purification by short-path
distillation afforded a light brown oil (0.49 g), bp 85 °C (0.25 mm),
which appeared to be a mixture ofseveral products on analysis by 'H
NMR. Further elution with HCCljiand CH 2CI2 afforded a white solid,
after solvent evaporation, which was crystallized
CHjCL-ether to afford the crystalline salt 7a (0.53 g, 21%), mp
108-109 °C. Infrared, IH NMR, and analytical data are given in Ta-
bles Il and V. The corresponding iodide, prepa‘ed by the general
metathesis reaction, melted at 172-174 °C (CHaCL-ether), and had
the following spectral data: IR (KBr) v1495,1440,1052,948, 850,772
cm“1.'HNMR (F3CC02D) h1.50 [d {Jhcch = 7 Hz, >CHCH3,3 H],
1.86-2.72 (broad m, ring CH >2 H),3.10-3.32 (m benzylic >CH -, 1
H), 3.62 and 3.66 [s, >N +(CH3)2,6 H], 3.88-4.10 (m,>N+CH2,2H),
and 7.48-7.74 (m,ArH, 4 H). Areporti8ofthe 2 isomer givesa mp of
204 °C along with an '"H NMR spectrum different from that of our
product.
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Product analysis and partial rate coefficients have been obtained for the reaction of five- and six-membered cy-

clicammonium ions with sodium methoxide in methanol. The overall process consists ofthree com peting reactions,

two of which involve ring opening and are controlled by steric and stereochem ical factors as functions of ring struc-

ture and reaction type; related data for the dibutyldimethylammonium ion nave also been obtained for compari-

son.

The olefin-forming decomposition of quaternary ammo-
nium salts and of the related amine A'-oxides has drawn the
attention of several groups¥™and owes much of its importance
to the structure elucidation of alkaloids by the well-known
Hofmann exhaustive methylation procedure.5

The reaction is generally accompanied by nucleophilic
substitution at the nitrogen-bonded saturated carbon.56
Starting from cyclic ammonium ions both olefin-forming /3
elimination and endocyclic substitution lead to ring opening.
The relative importance of the competitive changes is ex-
pected to depend on the conformational and other structural
features of the ring as well as on the anionic reagent, reactant
concentrations, and other experimental conditions. Although
several studies have dealt with the product composition of
these reactions under varying conditions, no rate study is
available for use in reactivity-structure correlations.

Knowledge of the diverse response of ring opening to
competitive reactions having different mechanistic require-
ments should throw light on the nature of the major factors
involved in reactivity parameters. In connection with our
current interest in ring-forming and ring-opening reactivity,78
we have undertaken quantitative investigations on the deg-
radation of cyclic quaternary ammonium salts. In this paper
we wish to report on the product analyses and partial rate
factors for the reaction of A,A-dimethylpyrrolidinium (1) and
A,./V-dimethylpiperidinium (Il) iodides and, for comparison,
the open-chain dibutyldimethylammonium iodide (I11) with
sodium methoxide in methanol.

Results and Discussion

The reactions were carried out in 0.05-0.10 M solution and
followed to complete conversion at 130 °C in sealed ampules.
Product analyses were performed by a VPC method and re-
action rates measured by acid-base potentiometric titration
of the total amine product formed. The results are reported
in Table I. The overall process for the cyclic substrates consists
of three competing reactions, A, B, and C, that are shown
typically for compound | in Scheme I. The reactions observed

Scheme |
ch3
1

AV o

Bf  mHoH®HHEHNHR

A VO gi-giocmNas +

for the open-chain compound are the déméthylation (A), the
débutylation (B), and the olefin-forming elimination (C) (see
Experimental Section). The observed product composition
data are in agreement with known trends caused by the in-
fluence of reactant concentrations59and of the base/solvent

system.51011 At concentrations as low as those used in this
work /3-elimination from compounds | and Il and sodium
methoxide occurs to a much lesser extent than from the cor-
responding hydroxides under typical Hofmann exhaustive
methylation concentrations.1 In contrast, when the PhS-/
HMPT system is used12 no /3-elimination product is formed
atall.

The degradation followed second-order Kinetics and was
assumed to consist of three bimolecular components (A, B,
and C) whose rate constants were calculated by combining the
overall rate constant value (k-y) with the composition data
(Table 1). The /sa, &3, kc are partial rate coefficients that are
related to free energies of activation for changes having sub-
stantially similar ground states and differing by their transi-
tion states. The diverse factors13related to the ring structure
of substrates | and |1, such as ring strains and ease of approach
of the reagent, are expected to influence such transition states
in different ways and, therefore, to yield useful information
on their relative importance.

The reactivities of compounds | and Il toward the exocyclic
displacement (A) are essentially the same and similar to that
of the open-chain compound Ill. It is of interest that the
quaternization of cyclic amines by methyl iodide,13 which
involves a reversal of the change experienced at the nitrogen
atom and an increase in coordination number from 3 to 4,
shows some selectivity when the five- and six-membered rings
are compared, the five-ring/six-ring reactivity ratio be-
ing about 4. In both reactions a transition state of the type
[Ns+— CH3— Xs-] is involved. Apparently C-N bond
breaking for the demethylation reaction (X = CHsO) is less
important than C-N bond making for the quaternization re-
action (X = 1), largely as a consequence of the nature of X.

The strain energy is known to be higher for a five-membered
than for a six-membered ring.14 Consequently, the ease of ring
opening should be greater in the former case. This is consistent
with the fact that the endocyclic displacement (B) is faster
than reaction A for compound I, whereas it is markedly slower
for compounds Il and 111, by factors of 24 and 32, respectively.
In the former case the rate-depressing steric effect expected
for the “more branched” alkyl group (fee) is presumably more
than offset by ring strain relief. However, the relatively high
kQvalue for | may also be partly caused by a reduced steric
requirement of the transition state for reaction B due to the
different geometry of the five-membered ring as compared
to the six-membered ring.12

The results on reaction C show a major point of stereo-
chemical interest; the reaction rate for compound I is 75-fold
lower than that of reaction B, whereas it is 3- and 15-fold
higher for compounds Il and Il1, respectively. As models in-
dicate, compound Il is expected to attain a more closely
anti-periplanar conformation than the five-membered ring
in the transition state of the E2 mechanism, whereas syn
elimination can be excluded. As a result of the competition
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Table I. Product Analysis and Second-Order Rate
Constants (M_I s-1) for the Reaction of Some Quaternary
Ammonium lodides with Sodium Methoxide in Methanol

at 130 °Ca

| ll 11
Loant 3.80 0.702 1.40
Reaction A, % 164 86.0 67.0
104* a 0.623 0.604 0.938
Reaction B, % 825 3.6h 21
104Ab 314 0.0251 0.0294
Reaction C, % 1.11 104 309
104&¢ 0.0418 0.0729 0.433

° The precision in the product analysis was better than +3%
unless stated otherwise; that in the overall rate constants was
better than £2%. b +6%. ¢ +7%.

between the ring-opening reactions B and C elimination is
more important than substitution for the more flexible
structures Il and 111, whereas the opposite is true for com-
pound 1. Also, the more flexible structure Il (open chain) is
more prone to elimination than Il (six-ring) by a rate factor
of about 6. A still more marked drop in rate of elimination
would be expected in going from Il to I (five-ring). A rate de-
pression of only 1.7 is found, however, and can be consistently
explained by the intervention of some steric strain relief which
would accompany the opening of the five-membered ring in
both reactions C and B.

It should be noted that, although conclus: ons similar to the
above discussion can be drawn from the composition data of
Table I, on comparing different substrates tney are fortuitous
unless reaction rates are obtained. Such information has been
provided here for the first time. Another example of compo-
sition data which can be correctly interpreted in terms of re-
activity comes from the decomposition of the spiro-JV.IV-
tetramethylenepiperidinium ion1516 where five- and six-
membered rings compete for the same reaction in the same
molecule. The results, though qualitative, are in essential
agreement with the present data since only the five-membered
ring of the spiro ion is reported to undergo cleavage for the
endocyclic displacement whereas for the /3-elimination reac-
tion both rings are cleaved in approximately equal
amounts.

We plan to extend this investigation to other cyclic am-
monium ions in the small- and medium-r ng region and to
other base-solvent media.

Experimental Section

Proton magnetic resonance spectra were obtained in CDC13solution
on a JEOL JNM-C60HL spectrometer, using Me4Si as the internal
standard. Mass spectra were performed either on a AEI MS12 at 70
eV or Varian MAT 111 spectrometer at 80 eV. T ne preparative VPC
experiments were carried out on a Carlo Erba Fractovap Model B
instrument. For the VPC analyses and the potentiometric microti-
trations see the appropriate section.

Materials. A-Methylpyrrolidine (Schuchardt), I\V-methylpiperi-
dine (Schuchardt), butyl methyl ether (Fluka), re-butylamine (Erba),
and dibutylamine (Fluka) were commercial samples.

NV ./V-Dimethylpyrrolidinium iodide (1) and A,./V-dimethylpiperi-
dinium iodide (11) were prepared as described in the literature,17in
96 and 92% yields, respectively. lodide ion content was checked by
ggltentiometric titration and indicated a purity of 100% for both

ts.

Dibutyldimethylammonium iodide (I11) was prepared according
to the procedure used for the preceding salts. It was purified by re-
crystallization from ethanol-ethyl acetate to give white crystals in
76%yield, mp 148-149 °C (lit.18149-150 °C). lodide ion analysis in-
dicated a purity of 99%

4-Dimethylamino-I-butene and 5-dimethylamino-I-pentene were
prepared as described in the literature,19in 26 and 57% yields, re-
spectively.

Illuminati and Lillocci

Butyldimethylamine was obtained in 86% yield by méthylation of
butylamine by the Clarke-Eschweiler method,2bp 93-95 °C (lit.2L
94 °C). Dibutylmethylamine was similarly obtained in 80%yield, bp
56-57 °C (18 mm) [lit.1849-51 °C (10 mm)].

The purity and structure of the synthesized amines were thoroughly
checked by gas chromatography and 'H NMR spectrometry.

Kinetics. The overall rates were measured by acid-base poten-
tiometric titration of the total amine product formed. A solution of
dried (Adberhalden) ammonium iodide in anhydrous methanol was
mixed with the required volume of a stock solution of sodium meth-
oxide in the same solvent. The resulting mixture, 0.1 M in methoxide
and 0.05 M in the ammonium salt, was transferred in 1.3-mL aliquots,
by an automatic pipet, to dried ampules which were flushed with dry
nitrogen and sealed. Two ampules were kept for blank determination.
A set of 15-20 ampules was placed in athermostat at 130 °C, and zero
time started 5 min after immersion. A 1-mL aliquot of solution was
transferred with a pipet from the ampule to a titration vessel con-
taining 20 mL of acetone and an excess of p-toluenesulfonic acid (1
mL, added from a stock methanolic solution), and titrated with 0.05
M tetrabutylammonium hydroxide in MeOH/i-PrOH using Radi-
ometer glass G202C and calomel K401 electrodes. Microtitrations
were performed with a Radiometer SBR2c-TT Tlc-ABUIb apparatus,
fitted with a 2.50-mL microburet. End points were determined
graphically from the recorded titration curves. Blank determinations
were carried out by the same procedure and the value of the actual
determination was corrected accordingly. The extent of reaction at
infinity time was determined either by potentiometric titration or by
VPC measurement (with an internal standard) and found to be no
less than 92% for a reaction range wider than 2 half-lives.

Runs were made on the ammonium salts in the absence of sodium
methoxide, in order to check the occurrence of solvolyses and of any
attack by iodide ion. All such reactions were negligibly slow in com-
parison with the reaction wdth methoxide (VPC analysis).

The rate constant of the overall process, kr, has been evaluated
from the integrated second-order rate equation. A least-squares
treatment, as carried out with the aid of a Hewlett-Packard 9820A
calculator, gave the slope (&t).

Product Analysis and Partial Rate Coefficients. A. Preparative
scale experiments were carried out for the identification of the reac-
tion products. A methanolic solution, 0.5 M in methoxide and 0.25
M in the ammonium iodide, was prepared in a 200-mL Carius tube
by adding the required volume of stock methanolic sodium methoxide
to a solution of dried ammonium iodide. The tube was sealed and
heated in anoven at 130 °C for 48-72 h, than cooled and opened. The
content was transferred into aflask, acidified with concentrated HC1,
and evaporated to dryness on a rotary evaporator. The solid residue
was dissolved in water and the organic bases set free with 18 M NaOH.
The aqueous layer was extracted with pentane, and the extract was
separated, dried over anhydrous Na20C3 and concentrated. The
latter was shown to consist of three compounds by TLC, which were
purified by column chromatography on grade 11-HI alumina (Merck)
using petroleum ether (bp 40-60 °C) with an increasing concentration
of ether. The three bases thus separated were recovered by removal
of the solvents, purified by preparative gas chromatography, and
identified by IH NMR, mass spectrum, and C, H, N analysis, unless
direct VPC comparison was made possible with the aid of an authentic
sample.

In the reaction of | two of the components were identified as 4-
dimethylamino-1-butene and A-methylpyrrolidine by VPC com-
parison with authentic samples. The third component was identified
as 4-dimethylamino-I-butyl methyl ether from the following data:
IH NMR i 3.2-3.5 (m, 5 H, CH2OCHS3 protons), 2.1-2.4 [m, 8 H,
CH2N(CH32protons], 1.3-1.8 (m, 4 H, “central” methylene protons).
In the mass spectrum the product showed a molecular peak at m/e
131 (calcd 131) together with a base peak at m/e 58, probably due to
the fragment (CH32tN=CH2

Anal. Calcd for CTHINO: C, 64.07; H, 13.06; N, 10.67. Found: C,
63.91; H, 13.00; N, 10.64.

In the reaction of Il two of the components were identified as 5-
dimethylamino-I-pentene and iV-methylpiperidine by comparison
with authentic samples. The third component was identified as 5
dimethyiamino-I-pentyl methyl ether from the following data: ‘H
NMR B3.2-35 (m, 5 H CH20CHS3 protons), 2.0-24 [m, 8 H,
CH2N(CH32protons], 1.2-1.8 (m, 6 H, “central” methylene protons).
In the mass spectrum the product showed a molecular peak at m/e
145 (calcd 145), together with a base peak at m/e 58, probably due to
the fragment (CH32+N=CH2

In the reaction of 111 all the components were identified by VPC
comparison with authentic samples as butyl methyl ether, butyldi-
methylamine, and dibutylmethylamine.
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B. The rate constants for the individual reactions A, B, and C
(Table 1: were calculated from the overall rate constant and the
composition data. To this end the product composition was deter-
mined under kinetics conditions. Four ampules from each set of rate
measurements were kept at 130 °C for a time interval corresponding
to 80-100% reaction. The content of the ampules (5 mL) was trans-
ferred into a 10 ml. flask, acidified with 0.2 M HC1, and evaporated
to dryness on a rotary evaporator at 40 °C. The solid residue was
treated with 5 M NaOH (2 mL) and the organic bases extracted with
pentane (3 mL). The pentane extract was analyzed by gas chroma-
tography which was carried out with a Carlo Erba Fractovap Model
Gl instrument, fitted with a 20% Carbowax 20M on a firebrick (pre-
treated with sodium hydroxide) column operating in the range 70-180
°C. In the case of compound 111 a portion of the content (2-3 nL) of
the ampules was directly injected into the gas chromatograph. The
peaks were identified by comparison with authentic specimens of the
compounds. The areas were measured and the molar ratios among
the various components were determined by internal calibration based
on the analysis of “synthetic” mixtures. Correction factors used for
the quantitative evaluation of peak areas were obtained by subjecting
standard mixtures of the three reaction products (prepared by ac-
curately mixing weighed amounts of the three products) to the op-
erations involved in the actual isolation procedure. For the cyclic
ammonium salts 1 and 11, the percentage found for each tertiary amine
in the reaction mixture was the actual percentage of the corresponding
reaction; for the open-chain ammonium salt 111, the tertiary amine
CHuUCFLCHsCHLNICHaL was produced by both reactions B and C.
The contribution of reaction B was evaluated by the VPC determi-
nation of the content of CH3CH2CH2CH20CHs.

Registry No.— I, 872-44-6; 11, 3333-08-2; 111, 61134-94-9; sodium
methoxide, 124-41-4; methanol, 67-56-1; 4-dimethylamino-I-butene,
55831-89-5; /V-methylpyrrolidine, 120-94-5; 4-dimethylamino-I-
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butylmethyl ether, 33962-95-7; 5-dimethylamino-I-pentene, 1001-
91-8; JV-methylpiperidine, 626-67-5; 5-dimethylamino-I-pentylme-
thyl ether, 58390-18-4; butyl methyl ether, 628-28-4; butyldimeth-
ylamine, 927-62-8; dibutylmethylamine, 3405-45-6.
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Various alloxazine 5,10-dioxides (7-9) have been synthesized by direct FLCVtrifluoroacetic acid oxidation and
their structures proven to consist preferentially in the 1H tautomeric lactam conriguration. The three methyl
blocked tautomeric forms 12-14 of 3-methylalloxazine 5,10-dioxide (8) could be obtained by diazomethane méthyl-
ation of 8. Comparisons of the UV spectra are used for the structural assignments.

The first alloxazine N-oxide was prepared by Petering,12
who oxidized 8-chloroalloxazine with 30% H902in 88% formic
acid at 65-95 °C and believed that the 5,10-dioxide was syn-
thesized. In trying to repeat this procedure Berezovskii et al.3-5
claimed to have obtained only the 10-oxides when oxidizing
alloxazine and its methyl derivatives with H202in formic acid,
with peracetic acid, and with monopersulfuric acid. However,
Gladys and Knappe6were unable to confirm this.

There is some agreement that the conditions used by Pe-
tering will lead to mono-N-oxides, specifically the N-10-oxide
if the N -1 is unsubstituted and the fV-5-oxide if there is an
alkyl substituent in the 1-position. This sensitivity toward
steric (peri) hindrance parallels the findings with lumazine
N-oxides by Pfeiderer and Hutzenlaub.7 In related studies,
alloxazine 5-oxides were prepared by the “indirect” cyclization
methods8Y4 which permitted unambiguous placement of the
1V-oxide grouping in the 5-position. Alloxazine 5,10-dioxides
have not yet been synthesized via this route.

Since close relationships can be expected between the
published structures of lumazine 5,8-dioxides and its alloxa-
zine analogues, we decided to study the structure of alloxazine

5,10-dioxides. These compounds can exist mainly in two en-
ergetically favored tautomeric forms, where A would be con-

R = H, CH3
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Table 1. 90-MHz NMR Spectra of Alloxazine Arr-Oxides in CDCRO

0-CH3
Arom atic protons (3) N-CH3
1,3-Dimethylalloxazine 5-oxide (11) 8.29 m (1), 7.86 m (2),7.64 m (1) 3.79 s (3)
3.50 s (3)
1,3-Dimethylalloxazine 5,10-dioxide (13) 8.55 m (2),7.84 m (2) 4.00s (3)
3.44 s (3)
3,2-O-Dimethylalloxazine 5,10-dioxide (12) 8.69 m (2),7.82 m (2) 4.35 s 3.57 s (3)
3-Methyl-10-methoxyalloxazine 5-oxide (14) 8.49 m (1), 7.89 m (2),7.60 m (1) 4.31s 3.45 s (3)
abvalues in parts per million, M e4Si internaistandard; s = singlet, m = multiplet, number of protons in parentheses.
sidered as a true di-N-oxide and B as a vynclogous cyclic hy-
droxamic acid. The lactim form, C, is another disfavored
tautomer of less importance. It was necessary to prepare in
addition to the alloxazine di-N-oxides their methyl blocked
tautomers for spectral comparison in order to differentiate
between these forms.
When alloxazine (1), its 3-methyl (2), and 7,8-dimethyl
derivative (lumichrome) (3) were oxidized et room tempera-
ture with a large excess of H92 in trifluoroacetic acid for
several days, the corresponding 5,10-dioxides 7-9 were formed
via the AMO-monooxides 4-6. We then prepared 1,3-di-
methylalloxazine 5-oxide (11) using the procedure of Goldner
0
R. 210 250 300 350 400 450
“V ywvr INE S . >
Figure L uv spectra of 3-methyl- (8) —, 1,3-dimethyl- (13)-—,
o' H R' U H | R 2,3-O-dimethylalloxazine 5,10-dioxide (12)---, and 3-methyl-10-
methoxyalloxazine 5-oxide (14) - ........in methanol.
1L,R=H;R =H o)
2, R=CH3R =H
3, R=H; R =CH3 4, R = H;R' = H
5 R =CH R =H et al.9 and when this was treated with the H202 (in trifluo-
oR ZHIRT=CH, roacetic acid) only unchanged starting material was recov-
ered.
An alternative pathway to 13 appeared to be through the
méthylation of 3-methylalloxazine 5,10-dioxide (8), which was
0 obtained by H202 oxidation of 3-methylalloxazine (2) and its
HG 5-oxide (10), respectively, in trifluoroacetic acid: Treatment
of 8 in methanol with ethereal diazomethane gave a complex
mixture of at least six compounds which were separated by
thick layer chromatography on silica gel with CHCU/acetone
(9:1). The well separated bands were eluted and the sub-
10, R f H stances isolated and crystallized. The fastest moving com-
11, R =CH, 7R =H;R'=H ponent was 1,3-dimethylalloxazine 4-oxide (11), which must
8, R =CH,R"=H have been formed by deoxygenation at N-10 and subsequent
9, R = H; R"=CH.

méthylation. The other three compounds which were purified
appeared to be isomeric dimethyl derivatives on the basis of
C, H, and N elementary analysis. Two also showed the pres-
ence of methoxy group by Zeisel determination under condi-
tions where the main product of the reaction was almost inert.
We therefore assigned the 1,3-dimethylalloxazine 5,10-dioxide
structure (13) to the main reaction product. The structural
assignment of the two other methoxy derivatives has been
based on NMR studies where one shows in analogy to 13 a
symmetrical splitting of the aromatic protons is two multiplets
of 2 H each. The other isomer is characterized by a more
complicated pattern illustrating a unsymmetrical neighbor-
hood of the benzene ring. This information supports the
structure 12 for the former isomer and 14 for the latter isomer
(Table I).

A comparison of the UV spectra of 3-methylalloxazine
5,10-dioxide (8) with the 3-methyl blocked tautomers 12-14
in methanol (Figure 1) clearly demonstrates that the pre-
dominant tautomeric form of alloxazine 5,10-dioxides is
represented by the 1H,311-2,4-dioxotetrahydro structure (7-9)
and not a N-10 or C-2-OH tautomer.
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Table Il. Physical Data of Alloxazine IV-Oxides

Molec-
pKavalue UV absorption spectra“ ular
inHD frrej nm Log e pH formé
3-Methylalloxazine 831 £ 0.08 212,42, [252], 331, 377, 219, 258, 4.53, 4.54, [4.47], 3.93, 3.87, 4.49, 4.66, 6.0
2) [280], 330, 420 3.72, 3.89 11.0 -
3-Methylalloxazine 795+ 01 [238], 263, 296, 305, 338, 402, [243], [4.17], 4.49, 3.73, 3.73, 3.77, 3.60, 22 0
5-oxide (10) 266, [305], [313], 342, 455 [4.07], 4.59, [3.77], [3.73], 3.68, 3.58  10.0 -
1,3-Dimethylallox- 266, [305], 323, 337, 402 4.62, [3.81], 3.88, 3.91, 3.68 MeOH 0
azine 5-oxide
(11)
3-Methylalloxazine 6.00 + 0.1 226, 262, [330], 345, 395, 228, 270, 4.11, 4.77, [3.89], 4.06, 3.79, 4.14, 4.56, 4.0 0
10-oxide (5) 285, [338], 352, 447 4.49, [3.75], 3.86, 3.87 9.0 —
Alloxazine 5,10- 530+ 0.05 228, 253, 283, (344], 367, 440, 222,  4.22, 4.01, 4.70, [3.77], 3.76, 3.78, 4.07, 3.0 0
dioxide (7) 1142 + 0.1 234, 257, 294, [350], 363, 495, 235,  4.08, 4.17, 4.59, [3.79], 3.81, 3.78, 8.0 -
286, [352], 367, 503 3.98, 4.71, [3.84], 3.94, 3.85 14.0 2-
7,8-Dimethylallox- 5.60 + 0.1 232, 287, [359], 371, 440, 232, 258,  4.21, 4.69, [3.81], 3.89, 3.71, 4.08, 4.11, 30 0
azine 5,10-dioxide  11.54 + 0.1 301, [362], 375, 492, 236, 255, 292,  4.65, [3.75], 3.82, 3.72, 4.02, 3.92, 8.0 -
9) [360], 374, 500 4.85, [3.83], 3.93, 3.82 11.0 2-
3-Methylalloxazine 502 + 0.1 230, 254, 282, 343, 358, 442, 223, 235, 4.21, 4.00, 4.72, 3.79, 3.83, 3.81, 4.02, 20 0
5,10-dioxide (8) 257, 286, [351], 365, 503, 233, 4.03, 4.09, 4.58, [3.78], 3.85, 3.79, 8.0 -
[253], 288, 344, 358, 462 4.13, [3.97], 4.58, 3.66, 3.64, 3.69 MeOH 0
1,3-Dimethylallox- 239, 296, 351, [362], 460 4.28,4.59, 3.71, [3.67], 3.71 MeOH 0
azine 5,10-dioxide
(13)
3,2-O-Dimethylallox- 237, 260, 269, 304, 358, [373], 468 4.24, 4.22, 4.20, 4.56, 3.56, [3.52], 3.82 MeOH 0
azine 5,10-
dioxide (12)
3-Methyl-10-meth- 265, [325], 340, [355], 440 457, [3.88], 3.97, [3.87], 3.81 MeOH 0
oxyalloxazine 5-
oxide (14)
0 Values in brackets denotes a shoulder. b 0 = neutral form, —= monoanion, 2—= dianion.

A determination of the pKavalues of the different alloxa-
zine jv -oxides showed (see Table Il) that all compounds with
the (V-10-oxide function are stronger acids than the IV-5-
oxides. (This is in good agreement with observations with the
lumazine series.7) These observations can be explained by the

hypothesis that the anion of the 1VV-10-oxide can be stabilized
through a mesomeric effect, while in the case of the 5-oxides
only an inductive influence is possible.

The UV spectra indicate that the introduction of a/V-oxide
function in position 5or 10 is associated with a bathochromic
shift of the longwave absorption band of 30-40 nm and the
monoanion formation, by deprotonation at N-1, causes in all
mentioned compounds another red shift of about 50 nm in-
dependent of their oxidation state.

Experimental Section

N M R spectra were determined in deuteriochloroform with a Bruker
HFX-90 spectrometer and the UV spectra with a Cary recording
spectrometer, Model 1115/15 (Applied Physics Corp.). The pKavalues
are based on the spectrophotometric method.16 Chromatographic
studies were carried out using precoated cellulose and silica gel plates
(Schleicher and Schull). Merck silica gel P F 254 thick plates (2 mm)
were used for the preparative separations. All melting points are
uncorrected.

Alloxazine 5,10-Dioxide (7). Alloxazine (1) (1 g) was dissolved
by warming in 60 mL of trifluoroacetic acid. H202 (30%, 4 mL) was
added dropwise (with stirring) atroom temperature and stirring was
continued for 24 h. An additional 4 mL of30% H202was then added

and the mixture stirred for another 24 h. The deep yellow solution was
then poured onto ice and the resulting orange precipitate filtered by
suction and washed with water and ethanol. After drying at 100 °C
0.6 g (52% yield) of yellow crystalline powder with mp 300 °C was
obtained. Recrystallization from dimethyl sulfoxide/water solution
gave a yellow powder which dissolves in 0.1 N NaOH to give a deep
red color and shews a positive dark blue color with 1% FeCL solution
in water/methanol mixture.

Anal. Calcd for CioH6N 40 4. C, 48.79; H, 2.46; N, 22.76. Found: C,
48.60; H, 2.54; N, 22.42. Mol wt 246.18 (mass spectrum m/e 246).

3-Methylalloxazine 5,10-Dioxide (8). A mixture of3-methylal-
loxazine (2) and its 5-oxide (10) (2 g) prepared according to the
Goldner et al. procedure9was dissolved in 30 mL oftrifluoroacetic
acid and treated with three 3-m L portions of30% hydrogen peroxide
as described above to give 1.8 g of yellow crystalline powder of mp
320-325°C dec. The chromatographically pure material can further
be purified by recrystallization from Me2SO/water or glacial acetic
acid.

Anal. Calcd for C ,H 8N 40 4:C,50.77; H, 3.10; N, 21.53. Found: C,
50.68; H, 3.07; N, 21.06. Mol wt 260.2 (mass spectrum m/e 2601.

7,8-Dimethylalloxazine 5,10-Dioxide (9). 7,8-Dimethylalloxazine
(1 g)in35 mL oftrifluoroacetic acid was treated in four portions with
atotalof12 mL of30% peroxide in the same way as described for 8.
Recrystallization of the crude reaction product from glacial acetic acid
gave 0.8 g (71% ) ofyellow crystalline powder of mp 330 °C.

Anal. Calcd for Ci2H 10N 404:C,52.56; H, 3.78; N, 20.50. Found: C,
52.37; H,3.68; N, 20.43. Mol wt 274.2 (mass spectrum m/e 274).

Methylation of 3-Methylalloxazine 5,10-Dioxide (8). To a
suspension of0.3 goffinely ground 8 in 20 mL ofabsolute methanol
was added with stirring an ethereal solution of diazomethane (pre-
pared from 5 g of A’'-nitroso-N-methylurea). The yellow solution
changed gradually to an orange-red precipitate after stirring for 1 day
at room temperature. The reaction mixture was evaporated to dry-
ness, the residue dissolved in asmallamountofchloroform, and ap-
plied to five preparative silica gel plates (40 X 20 X 0.2¢cm) for sepa-
ration. The plates were developed twice, first with a chloroform/
acetone mixture 9:1 and the second time with a 9:2 mixture. There
was good separation into four main bands ofyellow and orange fluo-
rescence which consisted of increasing Rf values of 14,12,13, and 11.
The bands were cut out and eluted with acetone and evaporated to
dryness to give chromatographically pure amorphous solids.
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1,3-Dimethylalloxazine 5-Oxide (11). Crude product of the ahove
separation (30 mg) was recrystallized from 5 ml. of water/ethanol (1:1)
vielding 12 mg of vellow needles with mp 216 °C (lit. mp 237 °C)?
(authentic sample mp 218 °C, no depression).

Anal. Caled for CoH gNOy: C, 55.81: H. 3.90: N, 21.70. Found: C,
55.79; H. 3.88: N, 21.39. Mol wt 258.2.

2,3-Dimethylalloxazine 5,10-Dioxide (12). Oirange colored eluate
(40 mg) was purified by recrystallization from 10 nl. of ethanol to give
20 mg of orange crystals with mp 236-238 °C.

Anal. Caled for CoH;oNgOg: C, 52.55; H, 1.68; N, 20.43; OCH,, 11.3.
Found: C. 52.85; H, 3.67; N, 20.20; OCH;, 9.8.

1,3-Dimethylalloxazine 3,10-Dioxide (13). Crude reaction
product (0.1 g) was recrystallized from a mixture of 5 mL of water and
2 mL of ethanol to give 0.076 g of shiny crystals, mp 194 °C.

Anal. Caled for CoH,oNO4: C, 52.55: H, 3.68 N, 20.43. Found: C,
52.81: H.3.67: N, 20.10. Mol wt 274.2.

3-Methyl-10-methoxyalloxazine 3-Oxide (14). Crude material
(40 mg) was recrystallized from 10 ml. of ethancl to give 20 mg of or-
ange crystals with mp 196-198 °C.

Anal. Caled for CoH N,Oy: C. 52.55: H. 3.68; N. 20.43; OCH,;, 11.3.
Found: C, 52.39; H, 3.71: N, 20.22; OCH,. 11.7.

Biological Activity of Alloxazine Di-N->xide. Assavs were
performed under the supervision of the Drug Fesearch and Devel-
opment Section, Division of Cancer Treatment, National Cancer
Institute, U.S. Public Health Services by the p ‘vcedures described
in Geran et al.'"® A compound is considered to show significant in vivo
activity against the Walker 256 tumor svstem _{ it causes reduction
of tumor weight in the treated rats to 42% or less of Lhe tumor weight
in the control animals. In this test system the al*oxazine di-N-oxide
at 60 mg/kg showed an 80% reduction in tumor weight. In other tests
using mouse leukemia [.-1210 no life prolongation was noted. The
alloxazine di-N-oxide inhibited the growth of Lactobacillus caset
(ATCC 7469) growing in [olic acid limited mediur at 20 mcg/mL, and

Frieze, Hughes, Merrill, and Evans

this inhibition was not reversed by citrovorum factor, thymidine, or
riboflavin.

Registry No.—-1, 490-59-5; 2, 2891-59-0; 3, 1086-80-2; 5, 22525-
79-7; 7, 50628-74-5; 8, 54011-43-7; 9, 39132-80-4; 10, 4897-17-0; 11,
2962-89-2; 12, 62015-56-9; 13, 32706-14-2; 14, 62015-57-0.
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trans-Hexahydro-1,4-henzoxanthiane and the 4-oxides have heen prepared and the stereochemistry of the sul-
finyl derivatives determined. Acid-catalyzed equilibration of the sulfoxides indicate that the axial sulfoxide is more
stable than the equatorial by 0.85 4 0.07 kcal/mol. Application of the /-value method indicates that the axial sulf-
oxide is severely flattened when coripared to the equatorial diastereomer.

In a recent report! we had established the preferred con-
formation of the sulfinyl oxygen atom in the 1,4-oxathiane
system 1 in the absence of other substituents? as predomi-
nantly axia/ by low temperature '*C NMR techniques. This
result was found to be in keeping with a number of previous
reports describing sulfinyl oxygen conformations with other
heteroatoms within the six-membered ring o- as substituents,?
but yet contrary to a number of other studies describing the
conformational characteristics of sulfoxides. We reasoned
that the calculated conformational free energy difference,
AAG?® ~ 0.4 keal/mol, for the sulfinyl oxygen atom in thiane
1-oxide (2) and 1,4-oxathiane 4-oxide (eq = ax; AG® = —0.17
kcal/mol for thiane 1-oxide? and AG® = —).68 kcal/mol for
1,4-oxathiane 4-oxide’) results, in part, fror: the presence of
an attractive intramolecular electrostatie interaction in
1,4-oxathiane 4-oxide which is absent in the pentamethylene
sulfoxide, 2. This may be viewed as a 1,4-attractive interaction
between the negatively charged oxygen of the sulfoxide and
the positive carbon atoms (and perhaps hydrogens) at C2 and

}

C6.5 Intramolecular dipole-dipole interactions appear to be
dominant features in a number of heterosubstituted sulfox-
ides. In fact, a recent report describing the results of empirical
force field (molecular mechanics®) calculations on six-mem-
bered ring sulfoxides’ suggests that the conformations of the
sulfinyl oxygen atom are controlled largely by dipolar con-
siderations which exist between a ring heteroatom and the
sulfinyl oxygen atom.

An attractive or repulsive interaction, which might result
in a decrease or increase in the distance between the axial
sulfinyl oxygen and the C2, C6 carbons and hydrogens, would
be expected to induce either mild puckering or flattening of
the central ring of 1 when compared to a system without an
axial sulfiny] oxygen.8 This distortion could be identified from
precise determinations of vicinal coupling constants which
could ultimately be translated into torsional angles.*10

In this report, we have examined the conformational dis-
tortions caused by the sulfinyl and sulfonyl oxygens in the
4-oxides of trans-hexahydro-1,4-benzoxathiane (6). We view

br ot



trans-Hexahydro-I,4-benzoxathiane S-Oxides

6 and its 4-oxides as excellent choices since the trans ring-
fused decalin analogues would ensure conformational rigidity
of the chair conformation of the basic 1,4-oxathiane ring thus
preventing conversion to boat or twist-boat conformations but
providing allowances for minor conformational distortions.
We, of course, recognize that the sulfoxides, 13 and 14, do not
exactly simulate the chair conformations of sulfoxide 1 be-
cause there is one additional 1,3-syn-axial sulfinyl oxygen-
carbon hydrogen interaction in 13 involving C5.11 However,
we have assumed that this interaction is effectively neutralized
by an essentially equivalent interaction involving the equa-
torial sulfinyl oxygen atom and the C5 carbon and hydrogen
in 14.

13 14

Results and Discussion

Syntheses. We prepared the model systems, 6,13,14, and
15, by the series of reactions described in Chart I. As reported
in previous studies,12trans-2-mercaptocyclohexanol (3) was
obtained from the reaction of cyclohexene oxide with thiourea
in acidic media. This mercapto alcohol 3 was reacted with
bromoacetaldehyde diethyl acetal and potassium hydroxide
to give the open-chain acetal1l3which spontaneously cyclized
on standing or could be condensed with boron trifluoride
etherate to afford a ca. 1:1 mixture of the cyclic acetals, 4 and
5. Attempted reductive cleavage of the ethoxyl group in the
mixture of 4 and 5 with lithium aluminum hydride-aluminum
chlorideldgave essentially starting material and small quan-
tities of saturated and unsaturated oxathianes, 6 and 7, re-
spectively. trans-Hexahydro-l,4-benzoxathiin (7) was easily
hydrogenated with hydrogen over palladium on carbon in
ethanol15to give pure 6 after sublimation. The yields of 7 and
eventually 6 could be significantly improved by converting the
acetals 4 and 5 into lactols (9 and 10) with 4-6% sulfuric acid
at reflux for 48 h.16 The lactols, 9 and 10, were acylated with
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acetic anhydride in pyridinel7to give a mixture of acetates (11,
12) which was pyrolyzed17 (180 °C) to give 7 in nearly quan-
titative yield. Oxidation of 6 with m-chloroperoxybenzoic acid
(MCPBA)3nhor sodium metaperiodate (Nal04)3h gave good
yields of the sulfoxides 13 and 14 but significantly different
isomeric distributions (see Experimental Section). Sulfone
15 was prepared by oxidation of 6 with excess hydrogen per-
oxide in acetic acid at reflux or with 2 equiv of MCPBA at
ambient temperature. The sulfone was also prepared by oxi-
dation of 7 with H202HOAC6 followed by reduction with
hydrogen over palladium on carbon in ethanol.16

Stereochemical Assignments. The stereochemistry of
sulfoxides 13 and 14 was determined by 4H and 13C NMR
spectroscopy and from the degree of stereoselectivity resulting
from oxidation of 6 to 13 and 14.

Recently, considerable interest has centered on the appli-
cation of 13C NMR as a tool for stereochemical assignments
of cyclic organosulfur compounds. A useful feature of 13C
NMR is the substantial upfield shifts observed for carbons
which are syn-clinal23811819and ant.i-periplanar2to a sub-
stituent on sulfur. In the syn-clinal arrangement, the upfield
shifts are thought to arise from steric interactions resulting
from congestion of atoms involving carbon,21-:22 while the
upfield shifts in the anti-periplanar array may be best viewed
as a hyperconjugative transfer of charge from the free-electron
pairs on a second-row heteroatom (e.g., N, 0, or F) to the
anti-periplanar carbon2) or a a-inductive effect when am-
monium and sulfonium ion substituents are 7-anti to the
carbon.20-3

The initial assignments of the C2, C3, C9, and CIO atoms
in 6 were based on the expected electronegative influence of
the heteroatoms (oxygen and sulfur)24 a to the carbons and
off-resonance decoupling which served to unequivocally assign
the bridgehead carbons (C9, C10).25The C2 atom in sulfoxide
13 (5 57.14 ppm) is 5.96 ppm to higher field than C2 of sulf-
oxide 14 and C9 of 13 (s 70.12 ppm) also experiences an upfield
shift of 7.16 ppm relative to C9 in 14 (6 77.28 ppm). See Table
I for the relevant 13C NMR data. Similar observations de-
scribing this upfield shift effect of carbon when proximal
(syn-clinal) to the sulfinyl oxygen have been reported for a
number of conformationally homogeneous systems26 and

Chart |

fiTM I *
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Table I. Carbon Chemical Shifts of frcms-Hexahydro-l,4-benzoxathiane and S-O xidesa
X
Axial Equatorial
Sulfide 6 sulfoxide 13 Sulfone 15 sulfoxide 14
Carbon atom (X =lone pair) (X = oxygen atom) (X = 01 (X = oxygen atom)
2 68.78 57.14 65.03 63.10
3 32.74 45.99 52.61 51.77
10 43.96 57.30 65.75 66.58
9 82.57 70.12 78.94 77.28

al3C NMR shifts are reported in parts pe:- million (6 )downfield from internal tetramethylsilane and are considered accu-

rate to +0.01 ppm. See Experimental Section for details.

Table Il. *H NMR Data of trans-Hexahydro-1,4-
benzoxathiane and 4-Oxides a

Axial Equatorial

N MR sulfoxide Sulfone Sulfice sulfoxide
parameter*’-I' (13) (15) (6) (14)
A 2e3a 4.0 5.30 3.43 4.08
noe,3e 2.50 2.60 2.10 3.00
A 2a3a 9.0 10.90 11.55 12.20
‘n2a,3e 5.00 2.83 2.20 1.30
2ae 12.70 12.80 11.6 0 13.30
£ 3ae 11.0 13.60 13.60 12.15
6e 3.98 4.28 4.18 4.20
i2a 4.43 4.12 3.7¢ 3.71
ile 2.87 3.07 2.35 3.38
3 2.82 3.28 305 2.96

aSee Experimental Section for additional NM R data. 6 Cou-
pling constants are given as hertz. r Proton chemical shifts are
given in parts per million (5) downfield from tetramethylsilane
(Me4si).

based on comparison with these observations we assign sulf-
oxide 13 as the one possessing the axial sulfinyl oxygen and
14 with the equatorial one.

It is noteworthy that the C2 and C9 atoms in 6 are de-
shielded relative to the same atoms in 14 by 568 and 5.29 ppm,
respectively. These are among the largest -y-anti-periplanar
shifts currently known198and their magnitudes indicate that
they are comparable to the -y-gauche or syn-clinal effect in
other systems. The relatively large differerces between the
two sets of carbons in 6 and 14 may arise from a composite
effect involving hyperconjugative transfer of charge20 and a
cr-inductive effectZ3to the y-anti carbons since the sulfur atom
has both residual positive character and an oxygen substituent
with electron pairs.

The configurational assignments are further corroborated
by the observed downfield shifts of the axial C2 and C9 pro-
tons on the introduction of an axial oxygen at sulfur (e.g., 6 —»
13). See Table 1l for the appropriate proton chemical shifts.28
This paramagnetic shift is presumably due to an anisotropic
deshielding effect,28 van der Waals steric effect, and/or an
electric field effect@of the S-0 group on the C2 and C9 pro-
tons in the 1,3-diaxial conformation.

Oxidation of 4-teri-butylthiane with a number of oxidants
including Nal04and MCPBA has been extensively investi-
gated31and a useful degree of selectivity per oxidant has been
established.3138 For instance, oxidation of 4-terf-butylthiane
with Nal04give 75% cis (axial sulfoxide) and 25% trans while
oxidation with MCPBA affords only 36% cis and 64% trans
isomer. For trans-hexahydro-l,4-benzoxathiane (6), we have
assumed that the ring oxygen is sufficiently removed from the

immediate environment of the sulfur so as not to influence the
mode of oxidation and the subsequent product distribution.
Oxidation of 6 with NalO4gives a mixture of sulfoxides con-
taining 65% of 13 (axial sulfoxide) and 35% of 14 while oxi-
dation with MCPBA gives 26% of 13 and 74% of 14 (equatorial
sulfinyl oxygoen). These results are in good agreement with
those previously reported for 4-ferf-butylthiane3h3a and
serve to confirm by extrapolation the stereochemistry of sul-
foxides 13 and 14.

Conformational Distortions. All of the *H NMR pa-
rameters have been determined for all of the frans-hexahy-
dro-1,4-benzoxathiane derivatives by comparison of computer
simulations with experimental spectra. Thus, excellent use
could be made of the R-value method9with proper extensions
to torsional angle determinationsl0 to assess the relative
magnitude(s) of any conformational distortions. It has been
previously demonstrated that the ratio, R, of the average
3 trans to 3 Gs couplings in six-membered rings is a direct
function of conformational distortions within the ring,9 but
relatively independent of the electronegativities of the sub-
stituents.3L Thus, for molecules in the perfect chair confor-
mation, R s 2.0, while R values greater than 2.75 characterize
puckered chair forms and those values approximating 1.2
describe molecules in the flexible or flattened conformation.9
The qualitative nature of the R-value method has largely been
removed by the demonstration of a satisfactory correlation
between dihedral angles determined by x-ray methods10and
those calculated from R values. The calculated R values and
torsional angles are given in Chart Il. From the data it is ap-
parent that the torsional angles for sulfide 6 and equatorial
sulfoxide 14 are quite similar, suggesting (as perhaps ex-
pected) that the 1,4-oxathiane ring in both systems is not
appreciably distorted. The relatively large torsional angle
about 0-C2-C3-S in 6 is virtually equivalent to that found
in 1,4-oxathiane, <>= 60°.9 However, in the axial sulfoxide 13
and the sulfone 15 the relatively smaller torsional angles in-
dicate that these molecules are slightly flattened about O-
C2-C3-S with 13 experiencing the greatest perturbation. This
distortion may be viewed as an attempt to relieve repulsive
1,3-syn-axial (nonbonding) interactions between the sulfinyl
oxygen (or sulfonyl oxygen) and the C2, C9 carbons and hy-
drogens. The difference in torsional angles between the sul-
fone and the axial sulfoxide (ca. 5°) is due, at least in part, to
different degrees of hybridization and the effective steric
demands of the S~*0 bond in each compound while the dif-
ference in the diastereoisomeric sulfoxides (ca. 10°) is largely
due to their respective steric environments.

The conformational free energy of the sulfinyl group
(AGs”™o0) was determined from acid-catalyzed (HCI-diox-
ane-water) equilibration32-33 of both the axial and equatorial
isomers. The equilibrium composition obtained from at least
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Chart Il. R Values and Calculated Torsional Angles of
frans-Hexahydro-l,4-benzoxathiane Derivatives

S aSo, eSO, S0

R = 243 0
<$= 59.6° R =129
$ =50.1°
R = 2.83
$ =61.7°
be - 3
028 =5 |

five determinations from each side gave AG°so0.0 = 0.85 + 0.07
kcal/mol for the axial  equatorial sulfinyl oxygen equilib-
rium favoring the axial S —mO group which is in good agree-
ment with the low temperature determination (AG- - so = 0.68
kcal/mol)1involving 1,4-oxathiane 4-oxide considering the
slight differences in the system and the solvent media. From
this it is clear that energy minimization in the axial sulfoxide
is accompanied by flattening; however, 13 still assumes a
ground-state energy considerably lower than that of 14. These
observations, in some respects, support the recent conclusions
drawn from molecular mechanics calculations7 where the
suggestion is made that there is only minor repulsion in the
axial form of thiane 1-oxide when compared to the major re-
pulsive nonbonding interactions between the equatorial sul-
finyl oxygen and the four vicinal hydrogens. The design and
results of our experiments do not allow for an assessment of
steric perturbations which might be evident in 14. It is con-
ceivable that severe flattening of the ring in 13 is partially
attenuated by an intramolecular electrostatic attraction
without which one might expect an even larger perturbation
in the form of ring deformation.

Experimental Section

Melting points were obtained in a Mel-Temp melting point appa-
ratus with an open capillary tube and are uncorrected.

Microanalyses were performed by Galbraith Laboratories, Inc.,
Knoxville, Tenn., and Integral Microanalytical Laboratories, Inc.,
Raleigh, N.C.

'H NMR spectra were recorded on JEOL Model C-60 HL and
Varian Model XL-100-12 NMR spectrometers. 13C NMR FT spectra
were recorded on a Varian Model XL-100-12 NMR spectrometer
controlled by a620/f computer. All FT spectra were obtained at am-
bient temperature (ca. 30 °C) and Fourier transforms were based upon
8K data points with off-resonance and noise decoupling. The proton
and carbon chemical shifts of samples as 5-15 (w/w %) deuter-
iochloroform (CDCL) solutions are presented in parts per million (5)
downfield from internal tetramethylsilane (Me4Si) and these values
are considered accurate to £0.01 ppm unless otherwise indicated. The
coupling constants are given in hertz and are accurate to +0.1-0.2 Hz
unless otherwise specified. All relevant experimental proton signals
were simulated with an in-house modification of LaAocooN 111 capable
of handling eight spins. *H NMR coupling patterns are designated
as s = singlet, d = doublet, m = multiplet, g = quartet, and t = trip-
let.

Infrared spectra were obtained from samples as neat films and
solutions and were recorded on Perkin-Elmer Models 257 and 421
spectrophometers with polystyrene (1601.4 cm-1) as reference. Ab-
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sorption intensities are shown as s = strong, w = weak, m = medium,
Vs = very strong, and vw = very weak.

Gas-liquid partition chromatography (GLC) analyses were per-
formed on Hewlett-Packard Models 5750 and 5754 research gas
chromatographs. A Varian Aerograph Series 2700 instrument was
used for preparative separations, trans-2-Mercaptocyclohexanol (3)
was prepared from the procedure described by Bordwell and Ander-
sen.2

trans-2-(Thioacetaldeh.vde diethyl acetal)cyclohexanol. A
solution of trans-2-mercaptocyclohexanol (11.75 g, 90.0 mmol) in 30
mL of 95% ethanol was added to a solution of potassium hydroxide
(7.0 g, 125 mmol, assuming 85% purity) in 200 mL of 95%ethanol and
stirred at ambient temperature for 15 min. A solution of bromoacet-
aldehyde diethyl acetal (18.0 g, 90.0 mmol) in 30 mL of ethanol was
added to the mereaptide solution and the resulting orange solution
was refluxed for 22 h. Potassium bromide was removed by filtration
and the resulting ethanolic solution was concentrated to dryness
(rotary evaporator) to afford ared residue. This material was dissolved
in 100 mL of ether and the ethereal solution was washed with water
(100 mL), dried (anhydrous magnesium sulfate), and concentrated
(rotary evaporator) to give a yellow ail. Distillation under reduced
pressure gave 12.9 g (58%) of a colorless oil: bp 113-117 °C (0.125
Torr); IR (neat film) 3442 (broad band, OH), 2990 (m), 2940 (s), 2860
(m), 1450 (m), 1351 (w), 1128 (s), 1068 (vs), 1018 (m), and 917 cm-1
(w). This material slowly cyclized to give a mixture consisting of a 1:1
ratio of 4 and 5.

2-Ethoxy-trans-hexahydro-l,4-benzoxathianes (4 and 5). A
solution of trans-2-(thioacetaldehyde diethyl acetal)cyclohexanol
(12.9 g, 52.0 mmol) in 100 mL of dry ether was treated with 1 mL of
boron trifluoride etherate at room temperature for 48 h. The resulting
solution was washed with water (100 mL) and twice with asaturated
solution of sodium carbonate (100 mL). The ethereal solution was
dried (anhydrous magnesium sulfate) and concentrated to dryness
(rotary evaporator) to afford an oil. Distillation under reduced pres-
sure gave 5.95 g (57%) of a clear oil of two components which was
otherwise homogeneous by GLC: bp 65-72 °C (0.02 Torr); IR (neat
film) 2979 (m), 2940 (s), 2870 (M), 1456 (m), 1378 (w), 1343 (m), 1210
(m), 1160 (m), 1132 (s), 1076 (s), 1018 (M), 990 (M), and 856 cm" 1(w).
Anal. Calcd for CIH1802S: C, 59.37; H, 8.97. Found: C, 58.90; H,
9.07.

trans-Hexahydro-l,4-benzoxathiane (6). trans-Hexahydro-
1,4-benzoxathiin (7,10.0 g, 64 mmol) in 50 mL of absolute ethanol was
reduced with hydrogen (50 psi) over 10% palladium on carbon (10.0
g) for 13 h. The catalyst was removed by filtration and the ethanol
solution was concentrated to dryness (rotary evaporator) to give an
oily material which gave after sublimation (37 °C, 0.25 Torr) 87 g
(71%) of an oily, crystalline substance. Recrystallization of this ma-
terial from petroleum ether (bp 30-60 °C) gave 5.7 g (47%) of a col-
orless, crystalline solid: mp 40.5-41.5 °C; IR (CC14) 2940 (s), 2860 (m),
1450 (m), 1302 (m), 1196 (m), 1109 (s), 1062 (m), and 1018 cm*“ 1(m);
HNMR (CDCI3) 60.93-2.08 (m, 8 H, CH2). 2.35 (d oft, J gem = 136,
Jea=22,Je =21 Hz, 1H, SCHe), 2.65 (m, 1H, SCH), 3.05 (t of d,
Jgem= 136, Jaa= 1155, Jee = 343 Hz, 1 H, SCHg), 3.28 (m, 1 H,
OCH), 3.74 (tof d, Jgan= 116, Jea= 11.55, Jae= 2.2 Hz, 1H, OCHa),
and 4.18 ppm (dofq, Jgem= 11.6,Jea= 343, Jee= 21 Hz, 1H, OCHe).
Anal. Calcd for C8Hi4SO: C, 60.71; H, 8.92. Found: C, 60.94; H,
8.84.

2-Hydroxy-trans-hexahydro-1,4-benzoxathianes (9 and 10).
The 2-ethoxy-trans-hexahydro-1,4-benzoxathiane mixture of 4 and
5 (41.6 g, 200 mmol) was poured into a solution of 4-6% sulfuric acid
(300 mL) and refluxed for 40 h, cooled to ambient temperature, and
neutralized with sodium bicarbonate. The solid material was dissolved
in ether and the solution dried (magnesium sulfate), then concen-
trated to dryness (rotary evaporator) to afford a solid. Recrystalli-
zation from a methylene chloride-hexane solution gave 12.5 g (36%)
of colorless crystals, mp 97-100 °C. Anal. Calcd for CgHi4S02 C,
55.14; H, 8.09. Found: C, 55.25; H, 8.88. The mother liquor from the
recrystallization contained unreacted starting material (4 and 5).

2-Acetyl-trans-hexahydro-1,4-benzoxathianes (11 and 12).
The mixture of acetols 9 and 10 (18.0 g, 103 mmol), 75 mL of acetic
anhydride, and 75 mL of pyridine was heated to reflux for ca. 20 min
and then reduced in volume to about 30 mL (rotary evaporator). The
remaining solution was cooled to ambient temperature and 150 mL
of water was added to hydrolyze the residual anhydride. The mixture
was neutralized with a saturated solution of sodium bicarbonate and
extracted with ether (2 X 100 mL) and the ethereal solution was dried
(magnesium sulfate) and concentrated to dryness (rotary evaporator).
The product wes distilled under reduced pressure to afford a colorless
oil (20.1 g, 90%), bp 75-76 °C (0.04 Torr). Anal. Calcd for C,0H1650;,:
C, 55.57; H, 7.40. Found: C, 55.49; H, 7.76.
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trans-Hexahydro-1,4-benzoxathiin (7). The mixture of 11 and
12 (19.2 ¢, 128 mmol) was heated in an oil bath to 180 °C at atmo-
spheric pressure. The heating was continued until acetic acid had
ceased distilling over. The resulting oil was distilled under reduced
pressure {0.04 Torr) to afford essentiallv quantitative vield of the
olefin 7 (14.0 g, 99.20): bp 36-37 °C (0.04 Torr; ¥*C NMR 4 139.31
(=CHO)and 93.52 ppm (=CHS): '"H NMR 4 5.05(d. 1 H.J = 6.3 Hz,
(=CHS)and 6.56 ppm (d. 1 H. -/ = 6.3 Hz. =CHO).

trans-Hexahydro-1,4-benzoxathiane 4,4-Dioxide (15). A so-
lution of trans-hexahvdro-1.4-henzoxathiane (300 mg. 2.84 mmol)
in 5 ml, of lacial acetic acid and 3 mL of hvdrogen peroxide (excess)
was heated to reflux tor 20 min. then cooled to amlnent temperature.
The cooled solution was diluted with water (3C mL) and extracted
with chloroform (2 X 20 mL). The chloroiorm solution was washed
with a saturated solution of sodium bicarbonate (2 X 20 mL), water
(20 ml.). and {inally with a saturated sodium chloride solution (20
ml.). The resulting solution was dried (magnesium sulfate) and con-
centrated to dryness (rotary evapoartor) to give 308 mg (86%) of a
coloriess. crystalline powder which was recrystallized from hexane:
mp 120-121 “C: IR (CHCl.:) 2946 (). 2363 (m) 1444 (m), 1308 (s),
1292 1m). 1278 (m). 1270 (m), 1172 (m). 1126 (vs), 1110 (s), 1024 (m),
1008 (m). and 960 em™! (w): 'H NMR (CDCly) 4 0.97-2.45 (m, 8 H,

CH.). 2.85 (m. 1 H. SCH), %.0 (doft.dpem =13.6,Jp, = 2.83.Jec =
2.6 Hz. 1 H.SCH,), 3.28 (d of q. / yern = 13.6. . = 10.9. /. = 5.3 Hz.
1 H.8CH,).3.67 (m.1 H.OCH). 4.12(d of t. ]y, = 12.8,J 5, = 10.9,
Jae = 2.83 Hz. 1 H. OCH,). and 4.28 ppm (d of q. o/ yern = 12.8. e =
2.6.J., = 3.3.1 H.OCH,). Anal. Calcd for CxH,;0.5: C, 50.43; H. 7.45.

Found: C. 50.50: H. 7.42.

trans-Hexahydro-1.4-benzoxathiane 4-Oxides (13 and 14)
from NalO,. A solution oftrans-hexahvdro-1.4-benzoxathiane (3.0
¢. 19 mmol) in 50% methanol (200 mL) and cioxane (3 mL) was
reacted with sodium metaperiodate (4.0 g. 19.0 mmol) at 0-5 °C (ice
bath) for 6 h and at room temperature overnight (14 h). Sodium jodate
was removed by filtration and the resulting aqueous laver was ex-
tracted with chloroform (3 X 100 mL). The organic laver was dried
(anhvdrous magnesium sulfate) and concentrated to dryness (rotary
evaporator) to afford 2.96 g (909) of a colorless. crystalline solid: mp
89-92 °C: IR (CHClL:) 1448 (m). 1092 (s). 1038 (s), 1012 (vs), and 997
em~! x). TLC (silica zel. chloroform-petroleum ether as eluent) in-
dicated the presence of starting sulfide 6 and two other components.
The crude mixture was separated by column chromatography (silica
gel with chloroform-petroleum ether as eluent) tc give a pure mixture
of sulfoxides (2.46 g, 75%) with the axial sulfoxide 13 predominating
in the mixture (axial. 65%: equatorial 33" as determined by GLC.

trans-Hexahydro-1,4-benzoxathiane 4-Oxides (13 and 14)
from MCPBA. A solution of mCPBA (400 mg. 2.0 mmol) in 25 mL
of anhvdrous methylene chloride was added dropwise over a period
of 1 h to a solution of trans-tetrahvdro-1.4-benzoxathiane (330 mg,
2.10 mmol) in anhvdrous methyviene chloride (25 mL) at 0-5 °C (ice
bath). The solution was stirred for 12 h. then allc wed to come to am-
bient temperature overnight (ca. 15 h). The solution was ccoled (ice
water). filtered to remove the chlorobenzoic acid, washed with a sat-
urated solution of sodium bicarbonate (3 X 25 m_). and finelly dried
(ma:mesium sulfater. Remon a2l of the solvent (rotary evaporator) gave
296 myg (827 of a colorless product, mp 74-76 °C. GL.C indicated the
presence of 6 and the sulfoxides 13 and 14. The mixture of sulfoxides
contaired 74% equatorial isomer and 26" axial.

Sceparation of the Diastereoisomeric Sulfoxides. Separation
of 13 and 14 was accomplished on a silica gel column (1 X 18 in.,
T0-325 mesh, EN Reagents) eluting with a 6%40 (v/v %) chloro-
form-petroleum ether solution and collecting 4C-mL fractions. The
diastereoisomeric sulfoxides were obtained anairtically pure by this
procedure.

{a-trans-Hexahydro-1,4-benzoxathiane :-Oxide (13): mp
105.5-107.0 °C: 'H NMR (CDCly) 6 1.04-2.2 (m. 8 H. CH.). ca. 2.28
(m. 1 H. SCH), 2.82 (m, /ey = 11.0, J4, = 9.0. J e = 4.0 Hz. 1 H,
SCH, )..2.87(1710];_”"—110&/91):'-) vee = 2.5 leSC—l)'i98
(M. Jgem = 12,70, Jea = 3.5. Jee = 2.9 Hz 1 H, OCH.). .03 (m. 1 H.
OCH). and 4.43 ppm (d of @. Jem = 12.70. Jaa =9.0.J,e = 5.0Hz, 1
H, OCH,). Anal. Caled for CsH,50.S: C, 55.14; H, 8.09. Found: C,
54.99; H. 8.25.

de-trans-Hexahydro-1,4-benzoxathiane {-Oxide (I4): mp
116.0-117.0 °C; 'H NMR (CDCl3) 6 1.04-2.25 (m, 8 H, CHa), 2.53 (m,
1 H.SCH), 2.96 (t of q, Jyem = 12.15, J 50 = 12.2, J 2. = 4.08 Hz, 1 H,
SCH,), 3.27 (m, 1 H, OCH). 3.38 (d of q. /yem = 22.13. Jea = 1.3, Je
=3.0Hz, 1 H,SCH.), 3.71 (t of d, J gem = 13.3,J 4z = 12.2, J e = 1.3 Hz,
1 H, OCH,), and 4.20 ppm (d of q, J yem = 13.3, sea = 4.08, Jee = 3.0
Hz, 1 H, OCH,). Found: C, 55.00; H, 8.20.

Equilibrations. Equilibrium concentrations of 13 and 14 were
obtained by equilibrating weighted mixtures of 13 and 14 from both
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sides at 300 K in a hydrochloric acid-dioxane-water solution.?® The
reaction mixtures were dilted with water and extracted with meth-
vlene chloride and the methvlene chloride solutions were neutralized
with a saturated solution of sodium bicarbonate, dried (sodium sul-
fate). and concentrated to dryness (rotary evapoartor) to give crys-
talline material. Gas-liquid partition chromatographic analyses were
performed on samples of the solid material dissolved in chloroform
on 6.and 12 ft X 0.125 in. (i.d.) stainless steel columns with 10% XE-60
nitrile on Chromosorb W-HP-AW-DMCS (100-120 mesh) at 200-210
°C. Response ratios were measured from the areas obtained from
weighed samples. Equilibrium compositions were usually attained
after 2 h and after 8-22 h major decomposition (or rearrangement)
products were obscrved by GLC.
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the carbons shown as darkened circles.) The chemical shift difference
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Treatment of 2-amino-1,4-benzcdiazepines with acylating agents such as oxalyl chloride, ethyloxalyl chlorooxa-

late, and phosgene gave a variety cfcondensed ring products depending on the reagent used and the substituents

present on the diazepine ring.

A major thrust in benzodiazepine chemistry in recent
years has centered on compounds possessing an additional
heterocyclic ring fused to the heterocyclic nucleus.2 As part
of this widespread research effort, we have investigated the
reaction of 2-amino-1,4-benzodiazepines with bifunctional
acylating reagents and found that a variety of condensed ring
systems can he obtained.

The presence of reactive substituents at the 3 position of
the diazepine ring can markedly influence the reaction course.
Thus, while treatment of 1 (Scheme 1) with oxalyl chloride
gave the expected imidazolinedione 2,3 treatment of the N-

Scheme 1

m-CIPBA = m-chloroperbenzoic acid

oxide derivative 3 gave a mixture of two products, compounds
4 and 5, both of which, while containing the anticipated new
ring formed between the 1and 2 positions of the benzodiaze-
pine ring, were further modified as indicated by the structures
shown. Treatment of the 3-acetoxy benzodiazepine 6 under
the same conditions also gave a mixture of two products,
compounds 5and 7.

The formation of the imidazole ring in compounds 2, 4, 5,
and 7 is straightforward and it is readily apparent that the
4-chloro substituent in compounds 4 can be derived from a
type of Polonovski rearrangement of the nitrone followed by
a displacement of the resulting -OCOCOC1 group by chloride
ion.4The formation of compound 5 almost certainly proceeds
via the tautomeric structure 8 since 5 can also be prepared
from 2 by oxidation with m-chloroperbenzoic acid. In fact, on
the basis of spectral data, we were unable to distinguish be-
tween structures 5 and 8 and therefore the compound was
submitted for single crystal x-ray analysis. Figure 1 shows a
stereodrawing for structure 5.

A possible mechanism for the formation of 8 (i.e., 5) is
shown below.

C1CocoCt

Initial attack of the acid chloride on the amidine would lead
to the imidazolinedione intermediate A. In a reverse of the
allylic rearrangement observed in the Polonovski, the acetate
could migrate to the 6 position as shown in B which could then
undergo attack by chloride ion to give the oxaziridine 8, tau-
tomeric with compound 5.

Treatment of 5 with ethanol leads to the hydroxy ether 9,
probably formed by the addition of ethanol to the Schiff base,
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Figure 1 Stereodrawings of the two independent molecules of5. Two different views are shown because the conformations of the two in-
dependent molecules are essentially the same. The molecule in the lower view has been rotated 90° about the vertical axis from the orientation

shown in the upper drawing.

followed by opening of the ether. The structure of 9 was es-
tablished by ammonolysis of the imidazolindione ring to give
the known 3-ethoxy compound 104 (Scheme I1). When com-
pound 9 was treated first with thionyl chloride and then with
ethanol, the diether, compound 11, was obtained.

When 5 was treated with ammonia, the only product iso-
lated was the diamide, compound 14. The structure of 14 was
assigned as shown, based on the NMR signal obtained for the
NHCH3 group (3 H doublet which collapses to a singlet in
D:0), and on the UV spectrum. Subsequently the structure
of 14 was confirmed by single crystal x-ray analysis. Once
again ammonolysis of the diamide would lead to an interme-
diate such as 12, which could then give the tricyclic interme-
diate 13. As in the case of compound 9 the hydrated amidine
in 13 would cleave under the reaction conditions to afford the
observed product, compound 14.

A rather unusual rearrangement was observed when the
oxaziridine 5 was treated with base. In this instance the
quinoline derivative 15 was isolated. The same product was
also prepared by treatment of the amidine 1 with phosgene.
The structure of 15 was confirmed by an alternative synthesis
from the known carbostyril 16.6 Treatment of 16 with titanium
tetrachloride and methylamine7 afforded the 2-methylami-
noquinoline 17 which was then cyclized to 15 using phos-
gene.

The formation of compound 15 from 1 is readily explained
on the basis of the mechanism described in an earlier publi-

cation which reported the rearrangement of a benzodi-
azepin-2-one to a related oxazoloquinoline.9 The mechanism
for the formation of 15 from 5 is not so readily apparent, but
might possibly be explained as indicated in Scheme I11. Attack
of hydroxide ion on the amide as shown, with concomitant
formation of the amidine, cleavage of the oxide, and ring
opening, would lead to an intermediate such as 18. Cyclization
could then occur to give the five-membered ring, structure 19.
Decarboxylation of 19 to the anion followed by an aldol type
of cyclization would lead to 20, dehydration of which would
afford the observed product, compound 15.

Treatment of compound 3 with ethyloxalyl chloride
(Scheme 1V) afforded a mixture of 4 and the interesting N-
demethylated product, compound 21. Compound 21 was also
obtained either directly from 22 or again with N-demethyl-
ation from 23 by treatment with ethyloxalyl chloride. De-
acylation of 21 with hydrazine gave compound 24. Both 21 and
and 24 gave compound 22 on treatment with aqueous sodium
hydroxide. Treatment of compound 23 with phosgene af-
forded the expected oxazolone 25.

A possible common intermediate in the cyclization of
compounds 3,11, and 23 to compound 21 could be the diester
26. Whether or r ot a mono- or diamide is then formed is not
significant since the next important intermediate would be
a quaternary salt such as 27. Where R = CH3 and in the
presence of chloride ion, 27 would readily demethylate to give
compound 21, after amide formation at the ! nitrogen. Apart
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from the déméthylation step the reaction products shown in
Scheme 1V are similar to those obtained by the acetylation of
compound 22 with acetic anhydride.9

Treatment of the 3-chloro benzodiazepine, compound 4,
with ammonia (Scheme V) afforded a mixture of the three
compounds 28, 29, and 30. The stereochemistry of the two
spiro compounds is unknown and the structures are arbitrarily
assigned. The mass spectra of 29 and 30 were identical and
both exhibited a molecular ion indicative o: loss of ammonia
and a parent ion of m/e 241 which corresponds to 6-chloro-
4-phenylquinazoline. It was not surprising, therefore, that
both compound 29 and compound 30 underwent a thermal
rearrangement with ring contraction to give the single quin-
azoline 31 whose mass spectrum was indistinguishable from
those of compounds 29 and 30. In order to exclude the possi-
bility that compound 31 was a six-seven-six ring system, its
structure was confirmed by single crystal x-ray analysis. Such
a six-seven-six ring system, related to compound 34, could be
derived from spiro ring opening, loss of ammonia, and recy-

Table I. Crystal Data

Compd 5 14 31
Formula c 18 12 Ci18H15 CisHia-
N303 CIN403 C1N40 2
Formula weight 353.76 370.80 352.78
Space group Pl Pbca P2i/n
a, A 8.865 (3) 9.570 (5) 9.598 (2)
b, A 12.524 (3)  10.028 (7) 18.562 (4)
c, A 15.352 (4)  37.449 (14) 9.264 (3)
a, deg 79.93 (2)
(3 deg 74.10 (2) 101.55 (2)
7,deg 85.94 (2)
z 4 8 4
dcalcd, gem -1 1.455 1.370 1.448
m(Cu K «), cm-1 23.1 21.2 22.8

Fryer, Earley, and Blount

clization of the diamide onto the 3 position of the benzodi-
azepine.

With the definitive assignment of structure 31 as a quin-
azoline, doubts existed as to the authenticity of the unusual
ortho-amide structures 29 and 30. Spectral data were, at best,
equivocal and therefore it was decided to prepare a related
compound in which stereoisomers were eliminated and which
would contain a methylene group at the 3 position of the
benzodiazepine. Such a derivative would be amenable to 13C
NMR spectroscopic analysis and would distinguish the spiro
benzodiazepine from the alternate dihydroquinazoline

Table Il. Experimental Details

Compd 5 14 31
Crystal size, 0.05 X 0.20 X  0.03 X 0.10 X 0.03 x 0.10 :
mm 0.35 0.60 0.30
Maximums, 76 53.5 76
deg
Number of 6735 2128 3050
reflections
Absorption  Yes Yes Yes
correction
Least-squares block diagonal Full matrix  Full matrix
refinement  (two blocks)
Heavier Anisotropic Anisotropic  Anisotropic
atoms
Hydrogen Iso (fixed) Iso (fixed) Iso (fixed)
atoms
Final r 0.049 0.056 0.052
Rinal wr 0.075 0.051 0.045
Final <%0.2 <%0.1 <+0.1
difference
map—
largest
peak

A~
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Scheme 111

18

structure A. For this reason then, compound 2 was treated
with methylamine and afforded, after workup, a mixture of
the hydrolysis product, compound 1, together with the ex-
pected spiro derivative 32. The 13C NMR spectrum of 32
shows a singlet for the quaternary carbon and a triplet for the
methylene carbon. This excludes structure A as a possibility
and is compatable with the spiro structure as shown.

A related type of ammonolysis of compound 4 was observed
when ethylenediamine was substituted for ammonia in the
reaction. In this instance the two products isolated were the
spiro derivative, compound 33, and the piperazinobenzodi-
azepine, compound 34. Compound 33 was converted to 34 in
high yield by treatment with an organic base in methanol so-
lution. Compound 34 exhibited the characteristic UV spec-
trum of a 3H-1,4-benzodiazepine and there was no fragmen-
tation observed in the mass spectrum which could be attrib-
utable to a quinazoline structure.

Crystallography. Crystals of 5, 14, and 31 were obtained
from acetone and dichloromethane/methanol, respectively.
All intensity data were measured on Hilger-Watts four-circle
diffractometers (Ni filtered Cu K a radiation, 6-28 scans, pulse
height discrimination). The crystal data are given in Table I.
A multiple solution procedurel0 was used to solve the three
structures. The experimental details are summarized in Table
1.
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Scheme IV

Experimental Section1l

8-Chloro-3-methyl-6-phenyl-3if-imidazo[l,2-a][l,4]beiizo-
diazepiee-l,2-dione (2). A solution of 40 g (0.141 mol) of 7-chloro-
2-methylamino-5-phenyl-3H -l1,4-benzodiazepine (I1)1-in 500 m | of
dry benzene was treated with 21.5 g (0.17 mol) of oxalyl chloride. The
reaction mixture was refluxed and stirred for 5 h, and then cooled and
filtered. The filtrates were concentrated and crystallized from a
mixture ofdichloromethane and ether to give 11.4 gof product. The
initial precipitate was extracted with a mixture of 100 mL ofdichlo-
romethane and dilute potassium carbonate solution and filtered. The
organic layer was separated, dried, and added to the mother liquors
from the firstcrop. The solution was concentrated, cooled, and filtered
to yield 4 g of starting m aterial. The filtrates were evaporated, dis-
solved in dichloromethane, and chromatographed through 200 g of
Florisil. Elution with 1.5 L ofdichloromethane gave, after evaporation
and crystallization from a mixture of dichloromethane and ether, an
additional 5 g (combined yield 16.4 g) of product. A sample was re-
crystallized from a mixture of dichloromethane and ether to give 2
as orange rods, mp 200-202 °C.

Anal. Calcd for CigH”~CINaO ,: C, 64.01; H, 3.58; N, 12.44. Found:
C,63.98; H, 3.43; N, 12.47.

4,8-Dichloro-3-methyl-6-phenyl-3il-imidazo[l,2-a][i,43-
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Scheme V

benzodiazepine-1,2-dione (4) and 8-Chloro-3a,6-epoxy-
1,2,3a,6-tetrahydro-3-methyl-6-phenyl-3H-imidazo[l,2-a]-
[l,4]benzodiazepine-l,2-dione (5). A suspension of 40 g (0.133 mol)
of 7-chloro-2-methylamino-5-phenyl-3//-1,4-benzodiazepine 4-oxide
(3)12 in 500 mL of benzene was treated with 40 g (0.315 mol) of oxaly!l
chloride. The reaction mixture was refluxed for 3.5 h, and then
evaporated to dryness. The residue was dissolved in 300 mL of di-
chloromethane, washed with 150 mL of 10% potassium carbonate
solution, dried over sodium sulfate, and concentrated to 200 mL. This
solution was filtered through 600 g of Florisil in a sintered glass funnel
and eluted with 2 L of chloroform. The eluert was concentrated,
cooled, and filtered to give 19.4 g of 4 as orange prisms, mp 252-260
°C. A second crop of 20 g was obtained from the mother liquors to give
acombined yield of 39.4 g (79%). An analytical sample (mp 258-262
°C) was obtained by recrystallization from a mixture of dichloro-
methane and ether.

Anal. Calcd for C18H,,C12N3 ?: C, 58.08; H, 2.98; N, 11.29; Cl, 19.05.
Found; C, 57.82; H, 2.81; N, 11.27; Cl, 19.23.

In a reaction carried out as described for the preparation of com-
pound 4, using 5.0 g of 3 as starting material, the residue obtained after
extraction, washing, and drying was carefully chromatographed over
150 g of Florisil. Using benzene as the eluent removed all of 4. The
eluent was then changed to a mixture of 10% ether in benzene. Re-
moval of solvent from these fractions afforded 0.8 g of an oil. The oil
was crystallized from ether and the product was recrystallized from

amixture of dichloromethane and ether to give 0.5 g (8%) of 5 as white
needles, mp 165-175 °C, resetting to needles, mp 238-242 °C.

Anal. Calcd for C18LL2CIN303. C, 61.10; H, 3.42; N, 11.88. Found:
C, 61.00; H, 3.03; N, 11.97.

8-Chloro-3a,6-epoxy-1,2,3a,6-tetrahydro-3-methyl-6-phe-
nyl-3ff-imidazo[l,2-a][l,4]benzodiazepine-l,2-dione (5) and
4-Acetoxy-8-chloro-3-methyl-6-phenyl-3f/-imidazo[l,2-a]-
[l1.4]benzodiazepine-l,2-dione (7). A solution of 10 g (0.0293 mol)
of 3-acetoxy-7-chloro-2-methylamino-5-phenyl-3.fi-1,4-benzo-
diazepine (6)13in 200 mL of benzene was treated with 8 g (0.064 mol)
of oxalyl chloride, and the reaction mixture was refluxed for 5 h and
then evaporated to dryness. The residue was dissolved in 75 mL of
dichloromethane and filtered through 100 g of Florisil in a sintered
glass funnel. Elution with dichloromethane followed by 10% ether in
dichloromethane gave, after removal of solvents, 5 g of an oil. This was
crystallized from a mixture of dichloromethane and ether to give 3.3
g (32%) of 5 as white needles, mp and mmp 238-243 °C.

The filtrates were concentrated and cooled. The precipitate was
collected and recrystallized from a mixture of dichloromethane and
ether to give 0.6 g (5%) of 7 as orange rods, mp 206-208 °C.

Anal. Calcd for C20HI4CINBO4: C, 60.69; H, 3.57; N, 10.62. Found:
C, 60.41; H, 3.49; N, 10.55.

From Compound 2. A cold solution of 16 g (0.0473 mol) of 2 in 400
mL of dichloromethane was treated with 11.5 g (0.057 mol) of 85%
m-chloroperbenzoic acid. After 18 h at room temperature the reaction
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mixture was wasned with dilute ammonium hydroxide (2 X 150 ml),
dried over anhydrous sodium sulfate, and filtered through 100 g of
Florisil in a sintered glass funnel. The product was eluted with 500
mL of dichloromethane and then 500 mL of a 10% solution of ether
in dichloromethane. The eluents were combined and concentrated
to give 14 g of crude oil. Crystallization from ether and recrystalliza-
tion from a mixture of dichloromethane and ether gave 9.7 g (58%)
of 5 as white prisms, mp and mmp 237-241 °C.

8-Chloro-4-ethoxy-3a-hydroxy-3-methyl-6-phenyl-2,3,3a,4-
tetrahydro-l.H-imidazo[l,2-a][l,4]benzodiazepine-l,2-dione (9).
A solution of 0.3 g (0.848 mmol) of 5 in 25 mL of absolute ethanol was
heated under reflux for 18 h and then evaporated to dryness. The
residue was dissolved in 10 mL of dichloromethane and filtered
through 25 g of Florisil. The column was eluted with 100 mL of di-
chloromethane and then with 300 mL of ethyl acetate. The ethyl ac-
etate fraction was evaporated, and the product was crystallized from
ether and recrystallized from a mixture of tetrahydrofuran and hexane
to give 0.2 g (60%) of 9 as white prisms, mp 190-198 °C.

Anal. Calcd for C20Hi8CIN304: C, 60.08; H, 4.54; N, 10.51. Found:
C, 60.03; H, 4.35; N, 10.37.

7- Chloro-3-ethoxy-5-phenyl-1,3-dihydro-2iM,4-benzodi-
azepin-2-one (10). A solution of 0.1 g (0.25 mmol) of 9in 20 mL of
dioxane was added to 80 mL of liquid ammonia, and after 18 h the
solution was evaporated under vacuum. The residue was dissolved
in 20 mL of dichloromethane, washed with 10 mL of water, dried with
sodium sulfate, and evaporated to dryness. The residue was crystal-
lized from ether and recrystallized from a mixture of dichloromethane
and ether to give 40 mg (44%) of 10 as off-white prisms, mp and mmp
with an authentic sample prepared as described in the literature4
222-225 °C: UV Arex (Me2CHOH) 230 nm U 40 800), 318 (2830), infl
250 (16 000).

Anal. Calcd for Ci7TH15N20 2C1: C, 64.87; H, 4.80. Found: C, 64.76;
H, 4.67.

8- Chloro-3a,4-diethoxy-3-methyl-6-phenyl-2,3,3a,4-tetrahy-

dro-1J3-imidazo[l,2-a][l,4]benzodiazepine-l,2-dione (11). A
solution of 0.1 g (0.25 mmol) of 9 in 20 mL of dichloromethane was
treated with 1 mL (0.0134 mol) of thionyl chloride, and heated under
reflux for 10 min. The solution was evaporated under reduced pressure
and the residue was immediately dissolved in 10 mL of absolute
ethanol and heated under reflux for 3 h. The ethanol was removed
under reduced pressure and the product was dissolved in 20 mL of
dichloromethane. The solution was washed with 10 mL of dilute
ammonium hydroxide and brine, dried over sodium sulfate, filtered,
and evaporated. The residue was crystallized from ether and recrys-
tallized from a mixture of dichloromethane and ether to give 50 mg
(47%) of 11 as white prisms, mp 259-262 °C.

Anal. Calcd for C2H2CIN304: C, 61.75; H, 5.18; N, 9.82. Found:
C, 61.95; H, 5.13; N, 9.83.

(7-Chloro-l,3-dihydro-2-oxo-5-phenyl-2.H-1,4-benzodiaze-
pin-3-yl)oxamic Acid IV-Methylacetamide (14). A solution of 1.0
g (0.0028 mol) of 5in 50 mL of dichloromethane was added to 50 mL
of liquid ammonia. After standing for 4 h, 40 mL of water was added
and the precipitate was recovered by filtration. Recrystallization from
a mixture of dichloromethane and methanol gave 0.2 g (20%) of 14 as
white prisms, mp 307-313 °C: NMR (Me2S0-de) 511.19 (s, 1, NH),
891 (d, 1, J = 8 Hz, OH), 8.84 (b, 1, NH), 5.26 (d. 1,J = 8 Hz, CH),
2.76 (d, 3,3 = 5Hz, NCH3), 5.26 and 2.76 collapse to singlets on ex-
change with D20; UV \nex (Me2CHOH) 229 nm (e 39 600), 316 (2330),
infl 250 (15 800); mass spectrum m/e 370 (M +).

Anal. Calcd for C184H 15CIN403: C, 58.31; H, 4.08; N, 15.11. Found:
C, 58.17; H, 3.89; N, 14.88.

7-Chloro-3-methyl-9-phenyl-1,3-dihydro-2if-imidazo[4,5-
b]quinolin-2-one (15). A. From Compound 5. A solution of 0.8 g
(2.26 mmol) of 5in 20 mL of dioxane was treated with 5 mL (0.015
mol) of 3 N sodium hydroxide. After standing for 2 h at room tem-
perature, the reaction mixture was poured into 100 mL of water. The
solution was extracted with 150 mL of dichloromethane, which was
washed with brine, dried over sodium sulfate, and evaporated to
dryness. The residue was crystallized from a mixture of dichloro-
methane, methanol, and ether to give 0.5 g (71%) of 15 as white nee-
dles, mp 312-313 °C: NMR (Me250-d6) $11.2 (s, 1, NH), 3.49 (s, 3,
NCH3); UV Arex (Me2CHOH) 205 nm (c 23 300), 235 (50 600), 310
(9500), 325 (13 000), 340 (16 700); mass spectrum m/e 309 (M+).

Anal. Calcd for C17H12C1N30: C, 65.90; H, 3.90; N, 13.57. Found:
C, 66.11; H, 3.88; N, 13.82.

B. From Compound 17. A solution of 0.1 g (0.353 mmol) of 17 in
10 mL of dry benzene was treated with 0.32 mL (0.4 mmol) of a 12.5%
solution of phosgene in benzene. The mixture was refluxed for 2 h and
evaporated and the residue crystallized from methanol. Recrystalli-
zation from a mixture of dichloromethane and ether gave 40 mg (36%)
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of 15 as white plates which reset to needles at 290-300 °C and melted
at 310-313 °C, mmp with asample obtained from A 310-313 °C.

C. From Compound 1. A suspension of 6.0 g (0.0211 mol) of 1in
100 mL of dry benzene was treated with 30 g (0.0375 mol) of a 12.5%
solution of phosgene in benzene and the reaction mixture was refluxed
for 7 h. The mixture was filtered and the filtrates were evaporated to
dryness. The precipitate and the residue obtained from the filtrates
were each dissolved in 100 mL of dichloromethane, washed with 40
mL of 10% potassium carbonate solution, dried over sodium sulfate,
and evaporated to dryness. The fraction obtained from the precipitate
was recrystallized from a mixture of dichloromethane and ether to
give 1.5 g of starting material. The mother liquors were evaporated
and the residue was combined with that obtained from the original
filtrates. The oil was dissolved in 50 mL of dichloromethane and
chromatographed through 200 g of Florisil. Elution with a 10% solu-
tion of ether in benzene, followed by ether and finally by ethyl acetate,
gave, after removal of solvents, fractions of 0.5 and 1.0 g, respectively.
The ethyl acetate fraction was crystallized from a mixture of dichlo-
romethane and ether to give 0.8 g (12.3%) of 15 as white prisms, mp
and mmp with the product obtained from A 310-313 °C.

3-Amino-6-chloro-2-methylamino-4-phenylquinoline (17). A
solution of 3.0 g (11.1 mmol) of 3-amino-6-chloro-4-phenylcarbostyril
(16)6in 250 mL of dry xylene was saturated with methylamine, and
then 3.8 g (20 mmol) of titanium tetrachloride in 20 mL of xylene was
added. After stirring and refluxing for 18 h, an additional 3.8 g of ti-
tanium tetrachloride was added, and the reaction mixture was again
saturated with methylamine. The reaction mixture was then refluxed
for 24 h, and the same amount of the two reagents was again added
followed by 80 h 0: refluxing and stirring. After the reaction mixture
was cooled to room temperature, concentrated ammonium hydroxide
was added until the precipitate turned almost white. The precipitate
was removed by filtration and washed with ethyl acetate, and the
combined filtrates were dried with sodium sulfate and concentrated
to dryness.

The residual oil was crystallized from ether to give 1.2 g of starting
material. The filtrates were concentrated and dissolved in dichloro-
methane and the solution was chromatographed through a column
of Florisil, eluting with 1L of benzene, 1.5 L of dichloromethane, and
1L of ether. From the combined dichloromethane and ether fractions,
atotal of 0.6 g of crude product was obtained. Recrystallization from
a mixture of ether and petroleum ether gave 0.4 g (21%) of 17 as off-
white prisms, mp 118-120 °C.

Anal. Calcd for CiBHuC1N3: C, 67.72; H, 4.97; N, 14.81. Found: C,
67.85; H, 5.09; N, 14.95.

7-Chloro-2-ethoxycarbonyl-9-phenyl-4f/-oxazolo[4,5-b]-
[l,4]benzodiazepine-4-glyoxylic Acid Ethyl Ester (21). A. From
Compound 3. A solution of 5.0 g (16.7 mmol) of 3 in 200 mL of ben-
zene was treated with 5.0 g (36.5 mmol) of ethyloxalyl chloride and
heated under reflux for 16 h. The reaction mixture was evaporated
to dryness and the residue was dissolved in 100 mL of dichloro-
methane. The solution was washed with 50 mL of 10% potassium
carbonate solution, dried over sodium sulfate, and evaporated to
dryness. The residue was recrystallized from a mixture of dichloro-
methane and ether to give 4.2 g (54%) of 21 as yellow rods, mp 198-207
°C.

Anal. Calcd for C23HJ8CIN306: C, 59.05; H, 3.88; N, 8.98. Found:
C, 58.69; H, 3.85; N, 8.91.

B. From Compound 22. A solution of 0.2 g (0.7 mmol) of 2-
amino-7-chloro-3-hydroxy-5-phenyl-3H-1,4-benzodiazepine (22)12
in 20 mL of benzene and 0.4 g (2.8 mmol) of ethyl oxalyl chloride was
heated on the steam bath for 1 h and evaporated to dryness and the
residue was crystallized from ether. Recrystallization of the product
from a mixture of dichloromethane and ether gave 0.2 g (60%) of 21
as yellow rods, mp and mmp with the product obtained from A
195-205 °C.

C. From Compound 23. A mixture of 5.0 g (0.0167 mol) of 7-
chloro-2-methylamino-3-hydroxy-5-phenyl-3H-1,4-benzodiaze-
pine (23)13in 200 mL of benzene was treated with 5.0 g (0.0365 mol)
of ethyloxalyl chloride and the reaction mixture was refluxed for 18
h and then evaporated to dryness. The residue was dissolved in 75 mL
of dichloromethane, which was washed with a 10% solution of potas-
sium carbonate, dried over sodium sulfate, and concentrated. The
residue was crystallized from a mixture of dichloromethane and ether
to give 4.1 g (53%) of 21 as yellow rods, mp and mmp 197-207 °C.

7-Chloro-9-phenyl-4ff-oxazolo[4,5-i](l,4]benzodiazepine-
2-carboxylic Acid Ethyl Ester (24). A solution of 1.0g (2.13 mmol)
of 21 in a mixture of 40 mL of tetrahydrofuran and 10 mL of methanol
was treated with 2 g of an 85% solution of hydrazine hydrate in water,
and after 1 h the solvent was removed under vacuum. The residue was
warmed with 50 mL of methanol and filtered and the precipitate was
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recrystallized from a mixture of IV,IV-dimethylformamide, methanol,
and water to give 0.6 g (75%) of 24 as reddish-brown rods, mp 244-249
°C.

Anal. Calcd for C"HuCINgOa: C, 62.05; H, 3.83; N, 11.43. Found:
C, 61.78; H, 3.73; N, 11.56.

2- Amino-7-chloro-3-hydroxy-5-phenyl-3H-1,4-benzodiaze-
pine (22). A. From Compound 21. A solution of 1.0 g (2.13 mmol) of
21 in 100 mL of methanol was treated with 10 nL of 10 N sodium
hydroxide and the mixture was heated under reflux for 15 min. Sol-
vents were removed by evaporation and the residue was dissolved in
100 mL of dichloromethane. The solution was washed with 50 mL of
dilute acetic acid. The organic layer was separatee, dried over sodium
sulfate, and filtered through 100 g of Florisil. The Florisil was eluted
first with 600 mL of a mixture of 10% ether in dichloromethane and
then with 800 mL of ethyl acetate. Evaporation of the ethyl acetate
fractions gave 0.5 g of an oil which was crystallized from a mixture of
dichloromethane and ether and then recrystallized from a mixture
of dichloromethane and methanol to give 0.4 g (37%) of 22 as white
rods, mp and mmp with an authentic sample 17r7185 °C dec.

B. From Compound 24. A solution of 0.1 g (0.27 mmol) of 24 in 10
mL of ethanol and 2 mL of 3 N sodium hydroxide was refluxed for 14
min and then evaporated to dryness. The residue was dissolved in 50
mL of dichloromethane, which was washed with 30 mL of water, dried
over sodium sulfate, and evaporated to dryness, Recrystallization of
the residue from a mixture of dichloromethane and ether gave 40 mg
(50%) of 22 as white rods, mp and mmp with an authentic sample
178-182 °C dec.

7-Chloro-3-methyl-9-phenyl-10aff-oxazolo[4,5-b][l,4]ben-
zodiazepin-2(3H)-one (25). A solution of 5.0 g (3.0167 mol) of 23 in
20 mL of pyridine and 40 mL of tetrahydrofuran was cooled in an ice
bath and was treated with 26.1 g (0.033 mol) of a 12.5% solution of
phosgene in benzene. After 20 h at room temperature, the solution
was evaporated to dryness and the residue was dissolved in 100 mL
of dichloromethane which was washed with 75 mL of a 5% solution
of sodium bicarbonate, dried over sodium sulfate, and filtered through
100 g of Florisil. The Florisil was eluted with 500 mL of benzene and
750 mL of dichloromethane which were combined and concentrated.
The residue was crystallized from a mixture of e;her and petroleum
ether and recrystallized from a mixture of dichkromethane and pe-
troleum ether to give 3.9 g (72%) of 25 as white rods, mp 208-212
°C.

Anal. Calcd Ci7H12C1IN30 2: C, 62.68; H, 3.71; N, 12.90. Found: C,
62.58; H, 3.54; N, 12.88.

3- Amino-7-chloro-2-(IVl-methyloxamido)-5-phenyl-3H-
1,4-benzodiazepine (28), 3-Amino-7-chloro-5-phenyl-2,3-dihy-
dro-3'-methylspiro[Ifl-1,4-benzodiazepine-2,2'-imidazoli-
dine]-4',5'-dione (29), and 3-Amino-7-chloro-5-phenyl-2,3-di-
hydro- I'-methylspiro[ 1H -1,4-benzodiazepin3-2,2'-imidazoli-
dine]-4',5'-dione (30). A solution of 15 g (0.0402 mol) of 4 in 400 mL
of dry dichloromethane was added to 300 mL of lie uid ammonia. After
standing for 2 h, 200 mL of water was added, and the reaction mixture
was filtered. The filter cake was refluxed in a miiture of chloroform
and ethanol (50/50) for 5min, cooled, and filtered to give 9.1 g (61%)
of 30 as pale yellow prisms. An analytical sample was recrystallized
from a mixture of dichloromethane and methanol to give 30 as pale
yellow prisms, mp 186-187 °C: IR (KBr) 3400, 3385,3370 (NH, NFL),
1740 cm“1(C=0); NMR (Me2S0-d6) A9.73 (s 1, NH), 6.65 (s, 1,
NHC=0), 5.27 (s, 1, CH), 3.19 (s, 2, NH2), 2.85 (s 3, NCH3); UV Arax
(Me2CHOH) 232 nm (e 33 000), 395 (1300); mass spectrum m/e 352
(M+ —17), 240 (base peak).

Anal. Calcd for CjgHieCINsCL: C, 58.46; H, 4.36; N, 18.94. Found:
C, 58.41; H, 4.30; N, 19.18.

The dichloromethane/water filtrates from above were separated
and the organic layer was dried over sodium sulfate, filtered, and
concentrated to 100 mL. The solution was cooled and filtered. The
solid residue was recrystallized from a mixture of dichloromethane
and methanol to give 2.5 g (17%) of 29 as yellow rods, mp 183-187 °C:
IR (KBr) 3420, 3315 (NH, NH2), 1758, 1720 cm"l (C=0); NMR
(Me2S0-d6) $9.75 (s, 1, NH), 6.57 (s, 1, NHC=0), 5.36 (d, 1,J = 2
Hz, CH), 2.98 (s, 2, NH2), 2.87 (s, 3, NCH3); UV Anax (Me2CHOH) 230
nm (« 34 200), 397 (1300); mass spectrum m/e 352 (M+ —17), 240 (base
peak).

Anal. Calcd for CisHieCINsCL: C, 58.46; H, 4.36; N, 18.94. Found:
C, 58.47; H, 4.05; N, 19.00.

The filtrates from 29 were concentrated and the residue was crys-
tallized from dichloromethane. The solid was recrystallized from a
mixture of dichloromethane and finally from a nixture of dichloro-
methane and ether to give 0.3 g (2%) of 28 as white prisms, mp 280-284
°C: IR (KBr) 3380 (NH,), 1720,1675cm" 1(C=0>; NMR (CF,COOD)
AB6.85 (s. 1, CH), 3.50 (s, 3, NCH3); UV Amex (Me,CHOH) 240 nm (e
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28 000), 265 (20 000), 350 (2500); mass spectrum m/e 369 (M+).

Anal. Calcd for Ci8H16CINS02: C, 58.46; H, 4.36; N, 18.94. Found:
C, 58.52; H, 4.46; N, 18.69.

I- Methyl-2-(6-chloro-4-phenyl-2-quinazolinyl)-4,5-imida-
zolidinedione (31). A. From Compound 29. A 1-g (0.0027 mol)
sample of 29 was heated to 200 °C under nitrogen in an oil bath for
5 min. After cooling, the residue was dissolved in 25 mL of dichloro-
methane which was then washed with 20 mL of dilute ammonium
hydroxide, dried over sodium sulfate, and chromatographed through
100 g of silica gel. The column was eluted with dichloromethane, di-
chloromethane and ether (10/1), and then with ether. The ether
fraction was evaporated and the residue was crystallized from ethyl
acetate and recrystallized from a mixture of dichloromethane and
ether to give 0.35 g (37%) of 31 as white prisms, mp 205-235 °C: IR
(KBr) 3395,3330 (NH), 1750,1720 cm“ 1(C=0); NMR (Me2S0-d6)
AB6.09 (s, 1, CH), 2.88 (s, 3, NCH3); UV Arex (Me2CHOH) 237 nm (e
54 000), 273 (9300), 328 (6500); mass spectrum m/e 352 (M+), 240
(bsisG pGsk)

Anal. Calcd for Ci8Hi3C1N40,: C, 61.28; H, 3.71; N, 15.88. Found:
C, 61.12; H, 3.50; N, 15.76.

B. From Compound 30. Compound 31 was also prepared by
heating 0.1 g (0.27 mmol) of 30 at 205 °C for 10 min under nitrogen
in an oil bath. The residue was crystallized from a mixture of dichlo-
romethane and ether and recrystallized from methanol to give 30 mg
(32%) of 31 as white prisms, mp and mmp with a sample prepared as
in A 205-238 °C.

7-Chloro-2,3-dihydro-I',3'-dimethylspiro-5-phenyl[ | ff-1,4-
benzodiazepine-2,2'-imidazolidine]-4,5'-dione (32). A solution of
1.2 g (0.00355 mol) of 2in 20 mL of dry tetrahydrofuran was treated
with a saturated solution of methylamine in dry tetrahydrofuran
cooled in an ice bath. After 2.5 h at room temperature the mixture was
concentrated to a small volume and hexane was added. The precipi-
tate was filtered and recrystallized from the same solvents to give 0.5
g (38%) of 32 as white rods, mp 340-342 °C: IR (KBr) 3390 (NH), 1750,
1720 cm“1(C=0); NMR (Me2S0-d6) 6 6.96 (s, 1, NH), 4.02 (s, 2,
CH2), 2.80 (s, 6,2 NCH3); 13C NMR (Me,SO-d6) A95.7 (s, 1,CN 1), 56.1
(t, i, CH2), 26,5 (g, 2, 2 NCH3); UV Arex (Me,CHOH) 221 nm (c
29 000), 234 (31 300), 332 (2610).

Anal. Calcd for C19H17CIN40O2 C, 61.87; H, 4.65; N, 15.19. Found:
C, 62.03; H, 4.91; N, 15.02.

The mother liquors obtained from the above reaction were con-
centrated to dryness. The residue was crystallized from methanol, and
recrystallized from a mixture of dichloromethane and petrol to give
0.2 g of 1 as white prisms, mp and mmp with an authentic sample
246-249 °C.

11- Chloro-1,5-6,7,7a,14-hexahydro-I-methyl-9-phenylimi-
dazo[l,2-fi][l,2]pyrazino{2,3-/)][l,'Ilbenzodiazepine-2,3-dione
(33) and 8-Chloro-2,3,4,4a-tetrahydro-6-phenyl-Iff-pyra-
zino[2,3-b][l,4]benzodiazepine (34). A suspension of 10 g (0.0269
mol) of 4in 400 mL of dry benzene was treated with 4 g (0.0667 mol)
of ethylenediamine and the reaction mixture was stirred at room
temperature for 18 h. The solution was then warmed to 60 °C for 1
h and cooled in an ice bath and 100 mL of water was added. The so-
lution was filtered, and the layers were separated. The organic layer
was dried over anhydrous sodium sulfate and evaporated to dryness
under reduced pressure. The residue was dissolved in benzene and
chromatographed through 600 g of Florisil using benzene (1.5 L), ether
(1.5 L). ethyl acetate (2 L), and methanol (1 L) as the eluents. The
ethyl acetate fraction was evaporated to give 1.5 g of oil which was
crystallized and recrystallized from a mixture of dichloromethane and
ether to give 0.8 g (7.5%) of 33 as white prisms, mp 290-292 °C: IR
(KBr) 3300 (NH), 1750 cm- 1(C=0); NMR (CDC13) 54.86 (d, 1, CH),
293 (s, 3, CH3), 2.00 (s, 1, NH); UV Amex (Me2CHOH) 241 nm (e
32 000), 265 (14 800), 350 (2800); mass spectrum m/e 395 (M+),
241

Anal. Calcd for C20H 18CIN60O>; C, 60.68; H, 4.58; N, 17.69. Found:
C, 60.60; H, 4.60; N, 17.60.

The methanol fraction was evaporated to give 4 g of oil which was
crystallized from a mixture of dichloromethane and ether and re-
crystallized from methanol to give 0.3 g (3.6%) of 34 as pale yellow
rods, mp 194-198 °C dec: IR (KBr) 3250 (NH), 1620cnrl (C=N);
NMR (Me2S0-d6) 64.04 (s, 1, CH), 2.80-3.65 (m, 6, CH,CH.> + 2 NH):
UV Anex (Me2CHOH) 229 nm (e 27 200), 273 (16 000) 347 (2500); mass
spectrum m/e 310 (M+).

Anal. Calcd for C17H15CIN4: C, 65.70; H, 4.87; N, 18.03. Found: C,
65.32; H, 4.94; N, 17.81.

A solution of 0.1 g (0.271 mmol) of 33 in 40 mL of methanol and 2
mL of diethylamine was heated under reflux for 7 h. Solvents were
evaporated, and the residue was dissolved in 25 mL of dichloro-
methane, which was washed with 15 mL of water, dried over sodium
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sulfate, and evaporated to dryness. Crystallization from methanol
gave 0.05g (60%) of 34 as pale yellow rods, mp and mmp with asample
prepared as above 192-195 °C.
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Ethyl 5-acetyl-2,4-dimethylpyrrole-3-carboxylate (Sa) reacted with concentrated nitric acid to give pyrrolinone
6aand nitropyrrole 7.Several pyrroles related to 5a were also oxidized to pyrrolinones. Diethyl 2-acetyl-3-met.hyl-
succinate reacted with ammonia to give a mixture of ethyl 4,5-dihydro-2,4-dimethyl-5-oxo0-l/i-pyrrole-3-carboxyl-
ate (13b) and its A3 isomer (14b). Acylation of 13band its A-methyl analogue 13awith various reagents was stud-
ied. The reaction products were formulated as pyrrolinones or 5-acyloxypyrroles on the basis of spectral RH and

13G NM R, UV, and IR) properties.

Wasserman and Liberies have described the oxidation
of tetraphenylpyrrole (1) to pyrrolinone 2;1 related reactions

a, R, = R2=C6H5
b, R, = COOC2H5; R2= CH3

leading to indolinones 4a and 4b have also been described.2-4
In this paper we report additional examples of this oxidative
rearrangement in which the migrating group is acetyl, car-

boalkoxy, or dialkylcarbamoyl. We have found that pyrroles
5a-i react rapidly with concentrated nitric acid to give pyr-
rolinones 6a-i. We have synthesized related 4,4-disubstituted
pyrrolinones by acylation of 13a and 13b and also report iso-

R. =OC2H5 r2=ch3
R, =OCH3; r2=ch3

a
b
¢, R, ~ CH3; r2=0C2Hs
d. R. =OCH,; r2= och3
e, R, = OCH3; r2=0C2H5
f, R, = OC2H5; r 2= OC2Hs
g, R, = OCHj; r2=N(CH,)2
CH,
h, R, =OCHS3; r2=
c 2H5
R

= OCH3; r 2= N(C2H5)2
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Table I. Substituted Pyrrolinones and 5-Hydroxypyrroles"

Registry Mp or bp, *H chemical shifts (CPC13)
Compd no. °C (mm) Yield. % 2-CH3 4-CHs Ring H Xex (EtOH) (t) IR (CHCI3),cm" 1

A2-Pyrrolinones*

6a  62264-77-1 81-84 26¢ 248 155 9.35 282 (10 250) 1740, 1690, 1625
6b  62264-78-2 100-102 10d
6c 62264-79-3 93.5-96.5 32e 247 160 9.25 224 (2650), 295 (12 400) 1740,1710,1610
6d 62319-73-7 146-147 13 245 161 9.00
6e 62264-80-6 104-107 42
6f 62264-81-7 126-128 45 243 161 9.10 283 (12 400) 1755,1720,1700,
1650
69 62264-82-8 203-206 44 231/ 138/ 10.8/ 281 (10 000) 1735, 1695, 1645
6h 62264-83-9 154-157 42 247 163 9.55 282 (10 450) 1725,1690,1635
6i 62264-84-0 184-188 80
8 62264-85-1 162 (0.2) 32 290« 157 9.30
13a 23657-69-4 115 (0.2) 74 242 1.38' 3.0/ 220(4750), 289 (10 000) 1700,1680, 1625
13b  4030-28-8 120-125 59 2.38* 140 3.27,/ 218 (4150), 281 (11 850) 1720, 1685, 1640
9.40
15a 62264-86-2 115 (0.2) 29* 247 130 284 (11 400)' 1710, 1680,1625
15b  62264-87-3 96-101 35 251 165 1730,1695, 1635
15c  62264-88-4 46-49 48m 254 151 1745, 1700, 1640
15d  62264-89-5 34-37 71" 253 156 285 (10 200)' 1740,1710, 1685,
1630
17 4027-37-6 163-165 15 240 135 9.40 272(10 900) 1715,1680, 1630
A’-Pyrrolinones
14a 62264-90-8 95 (0.05) 20 1500 2.19* 4.20/ 228 (12 300), 271 (2350) 1700, 1680
14b  62264-91-9 94-97 6 144 221* 4.30,/ 228 (13 500), 288 (1000) 1700
8.40
18 62264-92-0 130 (0.1) 26 154 216* 4.75/ 231 (14 450) 1785,1730
5-Hydroxypyrroles
16c  62264-93-1 81-83 40 243 203 1765. 1700, 1525
16d 62264-94-2 54-56 61 244 206 226 (9000), 253 (4550)' 1750,1680,1525
16e 62264-95-3 125-127 18 246 207 227 (10 200), 256 (5000)' 1730, 1690,1530
19a 62264-96-4 150 (0.2) 32 270 205 215 (16 650), 232 (8300), 1760, 1700, 1550
260 (2150)'
190 62264-97-5 84-86 16 267 197 226 (20 300)' 1780, 1730, 1700,
1550
20 62264-98-6 115-118 o 237 202 217 (13 700), 256 (7400)' 1750, 1680, 1530

" Satisfactory chemical analyses (+ 0.3%) were obtained for all compounds and are presented in the supplementary material for
this article. * The pyrrole intermediates usee in the preparation of compounds 6a-i and 8 had the following melting points (°C): 5a,
142-143;"-° 5b, 161-163; 5¢, 143-144;2 5d, 175-176;25¢e, 130-132;215f, 127-130;25g, 149-151;235h, 115-119;2a5i, 135-136;2 intermediate
for 8, mp 117-119.7 c Nitropyrrole 7 (36%) wa,; also isolated in this reaction. d Methyl 2,4-dimethyl-5-nitropyrrole-3-carboxylate (31%,
mp 183-186 °C) was also obtained in this reaction. p Ethyl 3,5-dimethyl-4-nitropyrrole-2-carboxylate (18%, mp 202-204 °C) was also
obtained in this reaction. | Me2SO-ds used as solvent. « Multiplet for 2-CH9. * Doublet, J = 2 Hz. ' Doublet, J = 7 Hz. / Multiplet.
* Isolated yield from the méthylation of 13b; a.so obtained in 85% yield by méthylation of 13a. 1UV spectra taken in hexane. mPrepared
from 6a; also obtained in 23%Yyield by acetylation of 13a. " Prepared from 6e; also obtained in 6% yield by reaction of 13a with ethyl
chloroformate. " Yield from 13b; also obtained in 43% yield by heating 13b with acetic anhydride.

lation of the hitherto unreported pyrrolinones 14a and 14b,
the double bond isomers of 13a and 13b.

Fischer and Zerweck5have reported that nitropyrrole 7 was
formed when 5a was dissolved in concentrated nitric acid. In
repeating this work we found that two products were formed
in the reaction. Compound 7 precipitated when the reaction
mixture was diluted with ice/water, while extraction of the
diluted reaction solution with chloroform afforded the pyr-
rolinone 6a.

Pyrrole ketones 5b and 5c also reacted rapidly with con-
centrated nitric acid to give mixtures of nitropyrrole and
pyrrolinone, while pyrrole esters (5d-f) and amides (5g-i)
gave pyrrolinones as the only isolated products (Table 1).6
Diethyl 3-methyl-5-propylpyrrole-2,4-diearboxylate7 was
oxidized to 8 by concentrated nitric acid.

Pyrrolinone 6f has already been prepared in low yield (19%)
by chromium trioxide/acetic acid oxidation of Knorr’s pyrrole
(5f), but the product has been incorrectly formulated as 9 by 6a
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Table Il. 13C Chemical Shifts for Ring Carbon Atoms in
Substituted Pyrrolinones

Compd C-2 C-3 C-4 C-5
A2-Pyrrolinones
6a 153.7 1117 64.5 163.4
6c 152.7 1225 57.6 168.9
6f 1534 1116 575 1635
69 153.0 1101 56.4 163.2
6h 151.8 112.2 57.3 163.7
8 157.8 111.8 57.6 163.3
13a 153.6 109.3 41.8" 164.3
13b 1517 110.2 43.1" 164.4
15a 1525 1138 459 164.3
15b 154.4 112.6 59.8 163.1
15¢ 1555 1108 63.3 163.3
15d 154.9 111.0 56.3 163.3
17 150.1 114.6 47.3 164.3

A3-Pyrrolinones

l4a 58.3“ 141.61 143.65 163.2
14b 53.8" 143.45 143.96 163.4
18 56.6“ 141.25 144.36 162.8

“ Doublet in the off-resonance decoupled spectrum. b Assign-
ments for C-3 and C-4 may have been inverted.

Fischer and Triebs,8and as 10 by Triebs and Grimm.9 That
compounds 6a-i and 8 are pyrrolinones is supported by
spectral and chemical data. All of the compounds show a signal

0

for the C-4 methyl group near 5 1.6 in the NMR spectrum
(Table 1); in the intermediate pyrroles the signal for this group
is displaced downfield by about 0.9 ppm. Similar chemical
shifts were found for the ring carbon atoms in these pyrroli-
nones (Table I1).

The structure of 6a was further indicated by its conversion,
through N-methylation and hydrolytic removal of the acetyl
group, to an isomeric mixture of 13a and 14a. This mixture
of isomers was also prepared by allowing diethyl 2-acetyl-3-
methylsuccinate (11) to react with methylamine to give 12a,10
which was then cyclized by heating at 190 °C. Only 13a, the
major isomer (75%) in this reaction, has been previously re-
ported.11-13 Two groups have described the related synthesis
of 13b from 11 and ammonia;1415again, the isomeric pyrrol-
inone 14b and intermediate 12b were not isolated. We have
found that cyclization of 12b also gives a mixture of double
bond isomers 13b (85%) and 14b (15%). Both isomer mixtures
were readily separated into their components by chromatog-
raphy on silica gel, and the isomers could be further purified
by distillation (13a and 13b) or by crystallization (14a and
14b). While the compounds were stable to chromatography
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and distillation, brief treatment of 13a or 14a with base re-
generated the isomer mixture in which 13a predominated. The
greater stability of the A2isomer (13a) is consistent with the
findings of Atkinson et al.15 The structures for the isomers
have been assigned from spectral information. Compounds
13a and 13b have ultraviolet maxima near 285 nm and show
a signal for the C-4 ring hydrogen near o 3.3 in the NMR
spectrum.1315The pyrrolinone ring 13C resonances for these
compounds (Table 11) are similar to those found for 6a-i. The
signal for C-4 is shifted upfield (ca. 15 ppm) as expected, for
this position no longer bears an exocyclic carbonyl function.
The isomeric pyrrolinones 14a and 14b show a lower wave-
length UV maximum (Xmex 228 nm) and an NMR signal for
the C-2 ring hydrogen near 54.2.13The 13C chemical shifts for
the ring carbon atoms (Table ) are consistent with the pro-
posed structures and readily allow the compounds to be dis-
tinguished from their A2isomers.

We have investigated the alkylation and acylation of 13a
and 13b in an attempt to find alternate procedures for the
synthesis of pyrrolinones of structure type 6. Various struc-
tures, a result of C-, 0-, or N- (13b only) acylation, can be
proposed for the products formed in these reactions. Products
of all the possible structure types have been isolated (Table
1) and their structures have been assigned from spectral
considerations. The acylation reactions occasionally gave a
single product, but more often mixtures containing two major
products were formed. To ensure that all products formed in
significant amount in these reactions were identified, the
crude product was analyzed by TLC and VPC, and the major
components were identified after purification on silica gel.

The anion of 13a, formed from 13a and lithium diisopro-
pylamide, reacted with methyl iodide and benzoyl chloride
to give 15a and 16a, respectively. C- and O-acylation products
were formed in the reaction of 13a with acetyl chloride (15c
and 16c, 1:2 mixture) and ethyl chloroformate (15d and 16d,
1:9 mixture); compounds 15c and 15d have also been prepared
in high yield by reaction of pyrrolinones 6a and 6f with methyl
iodide. Dimethylcarbamoyl chloride reacted with 13a to give
a low yield of the O-acylated product 16e.

Mixtures of mono- and diacylated products were formed
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15 16
a, R =CH3
b, R = COC6H5
¢, R = COCHj
d, R = COOCjHj
e, R = CON(CH3)2

when the anion of 13b, formed from 13b and sodium hydride,
was treated with various reagents. In the reaction with methyl
iodide 13a, 17, and 15a were the major products, while with
ethyl chloroformate 18 and 19a were obtained. Acetyl chloride
reacted with 13b to give a mixture of 19b end 20; compound

0

17 18

20 has also been prepared by refluxing 13b in acetic anhy-
dride.1617

The 13¢ NMR spectra for compounds 20,16c-e, 19a, and
19b resemble those of other pyrroles,18and show four reso-
nances between 8 105 and 135 for the ring carbon atoms. An
IR band near 1550 cm-1 also is characteristic of the pyrrole
structure and is not found for any of the pyrrolinones (Table

1) .The structures assigned to pyrrolinones 15a-d, 17, and 18

are in agreement with their spectral properties (Tables I and
n .
)Thus, 4,4-disubstituted pyrrolinones may be prepared by
alkylation of 13a and 13b or by acylation of 13a. The value of
the acylation approach, however, is limited owing to formation
of O-acylated products in several of the reactions. Acylation
of 13b did not afford 4,4-disubstituted pyrrolinones, but gave
5-acyloxypyrroles as the major reaction products.

Experimental Section1®

General Procedure for Pyrrole Oxidation 6The pyrrole (5) was
added with stirring to concentrated nitric acid (10 mL/g of pyrrole)
at 10 °C. The reaction was kept at 10-20 °C until TLC (4:1 benzene/
ethyl acetate) showed complete conversion of the pyrrole to the slower
moving pyrrolinone; once the pyrrole had completely dissolved in the
acid, reaction was usually complete in 5-15 min. The reaction mixture
was diluted to four times its volume with ice/water, and any precipi-
tate was removed by filtration and washed with water. The filtrate
was extracted three or four times with chlorcform, the combined
chloroform layer was washed with water, and the chloroform was

Moon

evaporated to give the pyrrolinone (6). This was purified by crystal-
lization or by chromatography on silica gel followed by crystallization
to constant melting point.

Oxidation of diethyl 3,5-dimethylpyrrole-2,4-dicarboxylate
(5f)2l gave diethyl 4,5-dihydro-2,4-dimethyl-5-oxo-Lfi-pyrrole-
3,4-dicarboxylate (6f, 45%): mp 126-128 °C from ethyl acetate; NMR
51.22 (t, 3, CH3), 1.28 (t, 3, CHJ3), 1.61 (s, 3, CH3), 2.43 (s, 3, CH3), 4.17
(g, 2, OCH2), 4.20 (q, 2, OCH2) and 9.10 (s, 1, NH); 13C NMR 8134
(9), 14.1 (9). 14.3 (q), 19.2 (q), 57.5 (s), 60.0 (s), 61.8 (t), 111.6 (s), 153.4
(s), 163.5 (s), 168.6 (s), and 177.9 (s); IR 1755,1720,1700, and 1650
cm-1; \nmex (EtOH) 283 nm (f 12 400).

Anal. Calcd for CI2H1/NOS5: C, 56.46; H, 6.71; N, 5.49. Found: C,
56.14; H, 6.79; N, 5.60.

Ethyl 2-Acetyl-3-[(methylamino)carbonyl]butyrate (12a),
Aqueous methylamine (10 mL of 40% solution) was added to astirred
solution of diethyl 2-acetyl-3-methylsuccinate (20 g, 0.088 mol) in
ethanol (20 mL). After 20 h the solution was partitioned between
chloroform and water, the chloroform was evaporated, and the re-
sidual oil was recrystallized from ethyl acetate/Skellysolve B to give
8.1 g (43%) of 12a, mp 101-104 °C. The analytical sample was re-
crystallized from ethyl acetate: mp 104-107 °C; NMR 5 1.20 (d, 3,
CH3), 1.32 (t, 3, CHJ), 1.69 (s, 3, CHJ3), 2.67 (d, 1,J = 10 Hz, CH), 3.08
(m, 1, CH), 4.26 (g, 2, OCH2), and 4.59 (s, 1, NH); IR 1690 cm-1.

Anal. Calcd for CI0H1/NO4: C, 55.80; H, 7.96; N, 6.51. Found: C,
56.04; H, 8.27; N, 6.63.

The reaction was repeated using 11 (69 g), anhydrous methylamine
(30 mL, liquid), and ether *50 mL) as solvent to give 40.8 g (63%) of
12a.

Cyclization of 12a. Compound 12a (40.0 g, 0.185 mol) was heated
at 190 °C for 15 min and then cooled. The oil obtained was dissolved
in benzene and chromatographed on silica gel. Elution of the column
with benzene/ethyl acetate (4:1) gave 27.5 g (74%) of ethyl 4,5-dihy-
dro-1,2,4-trimethyl-5-oxo-IH-pyrrole-3-carboxylate (13a). The an-
alytical sample was distilled: bp 115-120 °C (0.2 mm); NMR S1.28
(t, 3, CH3), 1.38 (d, 3, CH3), 2.42 (d, 3,J = 2Hz, CH3), 3.0 (s, 3, CH3),
3.0 (m, 1,CH), and 4.20 (g, 2, OCH2); 13C NMR 512.4 (q), 14.5(q), 15.4
(9), 26.2 (q), 41.8 (d), 59.5 (t), 109.3 (s), 153.6 (s), 164.3 (s), and 179.8
(s); IR 1700,1680, and 1625 cm-1; Anmex (EtOH) 220 nm (e 4750) and
289(10 000).

Anal. Calcd for CiOH15NO3: C, 60.89; H, 7.67; N, 7.10. Found: C,
61.00; H, 7.79; N, 7.11.

Continued elution of the column gave 7.6 g (20%) of ethyl-2,5-
dihydro-1,2,4-trimethyl-5-oxo-IH-pyrrole-3 carboxylate (14a). The
analytical sample was distilled: bp 95 °C (0.05 mm); NMR 8 1.37 (t,
3, CH3), 1.50 (d, 3, CHJ), 2.19 (d, 3,J = 2 Hz, CHJ), 3.02 (s, 3, CH3),
4.20 (m, 1, CH), and 4.32 (g, 2, OCH2); 13C NMR 011.1 (q), 14.3 (q),
16.7 (q), 26.9 (q), 58.3 (d), 60.8 (t), 141.6 (s), 143.6 (s), 163.2 (s), and
169.5 (s); IR 1700 and 1680 cm*“ 1; Amex (EtOH) 228 nm (e 12 300) and
271 (2350).

Anal. Calcd for CioHi5NO 3: C, 60.89; H, 7.67; N, 7.10. Found: C,
61.02; H, 7.94; N, 7.27.

Ethyl 2-Acetyl-3-(aminocarbonyl)butyrate (12b). Liquid am-
monia (30 mL) was added to a stirred solution of diethyl 2-acetyl-
3-methylsuccinate (69 g, 0.3 mol) in ether (200 mL). After 6 h the
precipitate of 12b (39.5 g, mp 92-98 °C) was filtered off and washed
with ether. The analytical sample was recrystallized from ethyl ace-
tate: mp 99-106 °C; NMR 81.18 (d, 3, CH3), 1.32 (t, 3, CHJ3), 1.68 (s,
3, CHJ), 2.75 (d, 2,J = 10 Hz, CH), 3.06 (m, 1, CH), 4.22 (q, 2, OCHA,
4.92 (s, 1, NH), and 7.62 (s, 1, NH); IR 1715cm*"1

Anal. Calcd for CO9HiI5N04: C, 53.72; H, 7.51: N, 6.96. Found: C,
54.01; H, 7.74; N, 6.93.

Cyclization of 12b. Compound 12b (128 g, 0.64 mol) was heated
at 190 °C for 15 min. The solid obtained on cooling was recrystallized
from ethanol (100 mL) to give 75 g (59%) of ethyl 4,5-dihydro-2,4-
dimethyl-5-oxo-1//-pyrrole-3-carboxylate (13b), mp 120-125 °C. A
sample was recrystallized twice from ethyl acetate for analysis: mp
125-128 °C; NMR b 1.30 (t, 3, CH3), 1.40'(d, 3, CHJ3),2.38(d, 3,J =
2 Hz, CH3), 3.27 (m, 1,CH). 4.22 (q, 2,0CH2), and 9.4 (s, 1, NH); 13C
NMR b13.6 (q), 14.5(q), 15.2 (9), 43.1 (d), 59.7 (t), 110.2 (s), 151.7 (s),
164.4 (s), and 182.8 (s); IR 1725,1685, and 1640 cm* 1; Arex (EtOH)
218 nm (t 4150) and 281 (11 850).

Anal. Calcd for COHI3N 03 C, 59.00; H, 7.15, N, 7.65. Found: C,
59.13; H, 7.16; N, 7.50.

Evaporation of the ethanol mother liquors gave 35 g of a mixture
of 13b and 14b. This was dissolved in ethyl acetate and chromato-
graphed on silica gel. Elution of the column with ethyl acetate gave
additional 13b (12.2 g) followed by ethyl 2,5-dihydro-2,4-dimethyl-
5-oxo-IH-pyrrole-3-carboxylate (7.2 g, 6%). The product was re-
crystallized from ethyl acetate/Skellysolve B to give 5.1 g of 14b, mp
90-94 °C. The analytical sample was recrystallized twice from ethyl
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acetate: mp 94-97 °C; NMR 51.37 (t, 3, CH3), 1.44 (d, 3, CHJ3), 2.21
(d, 3,3 = 2Hz, CH3), 4.37 (q, 2, OCH2), 4.3 (m, 1, CH), and 8.40 (s, 1,
NH); 13C NMR 10.8 (q), 14.3 (q), 18.8 (g), 53.8 (d), 60.9 (t), 143.4 (s),
143.9 (s), 163.4 (s), and 172.9 (s); IR 1700 cm“ 1; Amex (EtOH) 228 nm
(« 13 500) and 288 (1000).

Anal. Calcd for COH13N 03 C, 59.00; H, 7.15; N, 7.65. Found: C,
59.28; H, 7.24; N, 8.07.

Equilibration of 13aand 14a. The purified compound (13aor 14a,
1.0 g) was dissolved in ethanol (10 mL) containing sodium methoxide
(10 mg). After 5 min the product was partitioned between benzene
(200 mL) and water (50 mL). Evaporation of the benzene layer gave
0.95 g of product, which by TLC and NMR analysis was a mixture of
13a (75%) and 14a (25%).

General Procedure for Acylation of Pyrrolinones Using So-
dium Hydride. Sodium hydride (1.3 g, 0.027 mol, 50% in oil) was
added to a stirred solution of the pyrrolinone (0.025 mol) in tetrahy-
drofuran (50 mL) at 25 °C. After 5 min the acylating reagent (0.03
mol) was added and the reaction mixture was stirred for 30 min. The
product was partitioned between benzene and water. Evaporation
of the benzene gave an oil which was analyzed by TLC and VPC,19and
purified by column chromatography on silica gel (initial eluent 9:1
benzenel/ethyl acetate). The purified compound was then distilled
or recrystallized to constant melting point.

Ethyl 4-acetyl-4,5-dihydro-1,2,4-trimethyl-5-0x0-1H-pyr-
role-3-carboxylate (15c) was prepared from 6a and methyl iodide;
VPC of the crude product showed 88% conversion to 15c, retention
time 7.1 min.19Recrystallization from Skellysolve B gave 48% of 15c:
mp 46-49 °C; NMR 51.25 (t, 3, CHJ3), 1.51 (s, 3, CH3), 2.00 (s, 3, CH3),
254 (s,3,CH3J), 3.14 (s, 3, NCHJ3), and 4.18 (q, 2, OCH2); IR 1745,1700,
and 1640 cm-1.

Anal. Calcd for C*"HANO.*: C, 60.24; H, 7.16; N, 5.85. Found: C,
60.52; N, 7.40; N, 5.73.

Hydrolysis of 15c. Compound 15c¢ (250 mg) and sodium methoxide
(10 mg) were dissolved in ethanol (5 mL). After 5 min acetic acid (15
mg) in ethanol (1 mL) was added and the product was partitioned
between benzene and water. Evaporation of the benzene gave an oil
(190 mg), identified as a mixture of 13aand 14aby TLC, NMR, VPC,
and IR analysis.

General Procedure for Acylation of 13a Using Lithium Di-
isopropylamide. Compound 13a (0.025 mol) in tetrahydrofuran (25
mL) was added to a stirred solution of lithium diisopropylamide (0.03
mol) in hexane/tetrahydrofuran (1:4, 100 mL) at —40 °C. The re-
sulting slurry was allowed to warm to room temperature, the acylating
reagent (0.05 mol) was added, and the solution was stirred for a further
30 min. Workup, analysis, and purification were carried out as de-
scribed above for acylation reactions using sodium hydride as base.

Registry No.—b5a, 6314-22-3; 5b, 62264-99-7; 5¢, 2386-26-7; 5d,
5448-17-9; 5e, 21898-57-7; 5f, 2436-79-5; 5g, 40593-29-1; 5h, 40593-
32-6; 5i, 40593-54-2; 7,23314-05-8; 11,1113-77-5; 12a, 62265-00-3; 12b,
62265-01-4; ethyl 3,5-dimethyl-4-nitropyrrole-2-carboxylate,
5463-44-5; diethyl 3-methyl-5-propylpyrrole-2,4-dicarboxylate,
27093-52-3; 4,5-dihydro-2,4-dimethyl-5-oxo-IH-pyrrole-1,3,4-
tricarboxylate triethyl ester, 62265-02-5; methyl iodide, 74-88-4; ethyl
chloroformate, 541-41-3; acetic anhydride, 108-24-7; benzoyl chloride,
98-88-4; acetyl chloride, 75-36-5; dimethylcarbamoyl chloride, 79-44-7;
methyl 2,4-dimethyl-5-nitropyrrole-3-carboxylate, 62265-03-6.

Supplementary Material Available. Information on the prepa-
ration and purification of the remainder of the compounds described
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in the paper and their elemental analyses and full spectral information
(8 pages). Ordering information is given on any current masthead

page.
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Irradiation of a mixture of /3,/3,/>-trichloroethyl 6-diazopenicillanate (3) with either thiol acids or mercaptans
leads predominantly to /i-thiolpenicillanates in which the side chain nitrogen in the natural penicillins has been
replaced with a sulfur atom. Evidence is presented for the formation of an azo intermediate which photochemically
looses nitrogen giving rise to the aforementioned thiol derivatives. Sulfoxidation and thermal rearrangement afford
deacetoxythiolcephalosporanates ir. good yield. In the case of the phenoxyacetyl or chloroacetyl derivatives 10 and
16 or 31 and 32, the side chain can be cleaved under basic conditions giving the mercaptans 21 and 33 which were

acylated by standard procedures.

The use of esters of 6-diazopenicillanic acid as a source
of new antibacterial agents has recently been described;1
however, the potential for these readily available, highly re-
active intermediates has not been fully realized. As part of a
general program to further investigate the properties of these
esters, the irradiation of a mixture of 8,/3,/3-trichloroethyl 6-
diazopenicillanate (3) and either mercaptans or thiol acids was
undertaken. We wish to report here the stereoselective con-
version of 3to analogues of penicillins and cephalosporins in
which the side chain nitrogen has been replaced by a sulfur
atom. We would also like to demonstrate their use as potential
antibiotics.

Results and Discussion

The effect of the thiazolidine ring in penicillins in directing
attack to the a face of the /3-lactam ring is illustrated by the
reaction of the diazo acid 1with HC1.2Protonation takes place

predominantly from the a face to give ar, intermediate in
which the hydrogens at C-5 and C-6 of the 3-lactam ring are
cis (for numbering see figure 19, Scheme IlI). Nucleophilic
attack by the chloride ion, again from the a face, gives the
product in which the hydrogens at C-5 and C-6 are now
trans.

This directive effect can be an advantage. In the reaction
of amercaptan or thiol acid with a diazo ester such as 3, if the
sulfur attacks the nitrogen of the diazo moiety,3an azo in-
termediate will be formed in which the /3-lactam hydrogens
are cis. Loss of nitrogen with retention of configuration at C-6
will lead to a product with the desired cis stereochemistry4
(Scheme 1). Evidence suggesting that the sulfur will react at
the nitrogen was observed in the reduction of 3 with hydrogen
sulfide. Treatment of a THF solution of the diazo ester 3 with
HaS gave 66% yield of the hydrazone 5. A possible mechanism
is outlined in Scheme 1.

A mixture of /3,/3,/3-trichloroethyl 6-diazopenicillanate (3)
and an excess of either thiobenzoic acid, phenylthiolacetic
acid, or phenoxythiolacetic acid was irradiated in carbon
tetrachloride with a medium-pressure Har ovia light source
(Pyrex filter). Removal of the excess thiol acid with aqueous
sodium bicarbonate and chromatography of the crude mixture
on silicic acid gave the cis thiol esters 6, 8, and 10, in 45-51%
yield. In addition small quantities of the corresponding trans
isomers 7, 9, and 11 were also isolated (Scheme I1).
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Irradiations were carried out below 20 °C. Above this
temperature, there was significant to complete destruction
of the acid-sensitive /3-lactam ring. This lower temperature
also diminishes the thermal reaction between 3 and the thiol
acids leading to the undesired trans thiol esters (vide
infra).

Structural assignments of the thiol esters are in complete
agreement with the spectroscopic data (see Experimental
Section). The stereochemistry at C-6 was assigned on the basis
of the coupling between the C-5 and C-6 protons of the 18
lactam ring.5The cis thiol esters had coupling constants of 4
Hz whereas the trans isomers had coupling constants of 2
Hz.
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A mixture of 3 and thiophenol was irradiated. Chroma-
tography on silicic acid gave the sulfides 12 and 13 as a mixture
from which the cis sulfide 12 crystallized. Continuous crys-
tallization of the mother liquors gave 12 in 56% yield. NMR
analysis of the residual oil showed it to be the pure trans sul-
fide 13 (23%). In the same manner irradiation of amixture of
3 and benzyl mercaptan gave, after extensive chromatography
on silicic acid, the cis and trans sulfides 14 and 15 in 28 and
7% yields, respectively (Scheme II).

Attempts to prepare either 22 or 24 (Scheme I111) by the

Scheme 111
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”?
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method just described were unsuccessful. Apparently irra-
diation of a mixture of 3 and a thiol acid which contains an
additional functional group (and is therefore competitive in
its nucleophilic character with the sulfur of the thiol acid)
interferes with the reaction. A number of effective /3-lactam
antibiotics in the natural series (nitrogen analogues) contain
such side chains so it was necessary to find a general route to
these compounds.

The most obvious method of preparing either 22 or 24 is by
acylation of the mercaptan 21. In general, the hydrolysis of
a thiol ester under basic conditions would be expected to
proceed smoothly. However, owing to the sensitivity of the
d-lactam ring toward nucleophilic cleavage, it was anticipated
that a thiol ester activated in the a position with an elec-
tron-withdrawing group might be required. An attempt to
remove the phenylacetyl side chain from 8 by methanolysis
at low temperature showed this to be the case. An NMR of the
crude reaction mixture showed a complex mixture of com-
ponents. However, with the phenoxy derivative 10, which is
activated relative to 8, the reaction proceeded smoothly to give
a mixture of the mercaptan 21 and methyl phenoxyacetate;
the latter by-product had to be removed by chromatography
(Scheme I11). An activated thiol ester whose methyl ester
could be removed under standard workup procedures was thus
desired. For this reason, the chloroacetyl derivative 16 was
prepared (Scheme I1).

Irradiation of a mixture of 3 and chlorothiolacetic acid gave
the thiol esters 16 and 17 in 49 and 4% yields, respectively. In
addition, the trans chloride 18 was isolated in 9% yield as a
crystalline material (Scheme Il). This product arises from the
reaction of 3 with HC1, a contaminant in chlorothiolacetic
acid.6

Methanolysis of 16 gave the mercaptan 21 as a clear oil in
80% vyield.7 Acylation with D-a-ierf-butoxycarboxami-
dophenylacetic acid8 and thiophene-2-acetic acid in meth-
ylene chloride containing 1 equiv of N.M'-diisopropylcarbo-
diimide and pyridine gave, after column chromatography, the
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thiol esters 22 and 23 in 82 and 89% vyields, respectively
(Scheme II1).

Oxidation of the cis thiol esters with m-chloroperbenzoic
acid gave a mixture of sulfoxides9in high yield (Scheme 1V).

Scheme IV

In the case of 25 and 26 the less polar sulfoxide (by TLC)
crystallized from the crude mixture. Rearrangement of either
the pure sulfoxide or the crude reaction mixture by the
method originally described by Morin and co-workers10gave
the deacetoxythiolcephalosporanates 29-32 in 40-90% yields.
Methanolysis of either 31 or 32 gave the mercaptan 33 in 80%
yield. Acylation as previously described for 22 and 23 gave the
thiol esters 34 and 35 in 82% yield (Scheme V).

The photochemical and thermal decomposition of diazo
compounds has been studied extensively.11 Bethell and co-
workers12 have shown that in the thermal decomposition of
diphenyldiazomethane in aqueous acetonitrile an interme-
diate carbene reacts with the oxygen of water, giving an ylide
which subsequently rearranges to diphenylmethanol. Inser-

PhjCN2 —7"-»Ph2C: - 2°> Ph2C-0;" - 5-Ph2CPOH

tion into an S-H bond has been reported13in the photolysis
of bis(phenylsulfonyl)diazomethane in the presence of n-butyl
mercaptan. Such a carbene “insertion” reaction, although
possible, was considered unlikely in the case of 3.

Light-induced formation of a carbene in 3 in the presence
of either a mercaptan or thiol acid would lead to the corre-
sponding sulfides and thiol esters. However, if a sulfonium
ylide was formed it was believed that an intramolecular proton
transfer,l4giving rise to the thermodynamically more stable
trans isomer, would be favored over an intermolecular proton
transfer from the a face of the /3-lactam ring which would give
the cis isomer.

Further evidence against the formation of a carbene was
observed in the irradiation of a carbon tetrachloride solution
of 3 under an atmosphere of helium in the absence of any
nucleophile. If a carbene were formed, such conditions should
give rise to products which no longer contain the diazo group.
After irradiation, NMR analysis of the crude reaction showed
3 as the only identifiaDle material.

There is evidence supporting the mechanism outlined in
Scheme V. The cis stereochemistry of the /3-lactam hydrogens
is consistent with attack of the sulfur on the nitrogen with
protonation at C-6 occurring from the a face of the /3-lactam
to give the cis azo ester 4. Photochemical elimination of ni-
trogen with retention of configuration at C-6 will give the cis
isomer.15The trans isomer can result from epimerization prior
to combination of the diradical 36 or related species, (Scheme
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V) or from athermal reaction between 3 and the thiol acid or
mercaptan. In control experiments (no light) small amounts
of the trans isomers were detected in an NMR of the crude
reaction mixture.

Although isolation of an azo ester was not possible, its ex-
istence has been demonstrated. A TLC taken immediately
after mixing 3 and phenylthiolacetic acid16in carbon tetra-
chloride showed two new components in addition to 3 and the
thiol acid. One component, which is less polar than 3, was
identical with diphenylacetyl disulfide 38 (Scheme V1) iso-
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lated as a crystalline material in a large-scale photolysis. The
other component, more polar than 3, was identical with the
hydrazone 5, previously prepared by the reduction of 3 with
hydrogen sulfide (vide supra). After removal of the thiol acid
from the aforementioned solution of 3and phenylthiolacetic
acid with aqueous sodium bicarbonate, conditions which were
shown not to destroy either the disulfide or the hydrazone, a
TLC showed only one spot corresponding to the diazo ester
3 and no detectable amounts of either the disulfide or the
hydrazone.

An explanation for the above observation is outlined in
Scheme V1. An equilibrium exists between the diazo and azo
esters which react on the surface of the silica gel (TLC sheets)
giving the hydrazone 5 and the disulfide 38. Removal of the
thiol acid with base destroys the equilibrium leaving only the
diazo ester 3. It was not possible to observe 17 by either NMR
or UV, showing that the equilibrium is largely in favor of 3.

Benzoyl disulfide, diphenylacetyl disulfide, and diphe-
noxyacetyl disulfide were isolated in large-scale photolyses
of 3 and the corresponding thiol acids. The formation of these
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disulfides is not entirely clear.17 Reduction of 3 is catalyzed
by silica gel (vide supra). During the photolyses (10-20 h)
reduction may still occur but at a slower rate, giving the di-
sulfides and the hydrazone 5, the latter of which has been
shown to be very sensitive to the conditions of the reaction and
is presumably destroyed.

After removal of the protective group(s) (see Experimental
Section) the free acids were tested in vitro for bioactivity.
Minimum inhibitory concentrations (MIC) values in pg/mL
for 6, 8, and 10 against Bacillus subtilis ATCC 6051 were 50,
<0.4 and <0.4, respectively; 31 against Staphylococcus aerus
A 100, Staphylococcus pyogenes Pen R, and Aerobacter
aerogenes (50); 29 against Staphylococcus aerus A 100,
Staphylococcus pyogenes Pen R, Streptococcus fecalis, and
Proteus mirabilis (50) and against Bacillus subtilis ATCC
6051 (25).

Experimental Section

Melting points and boiling points are uncorrected; melting points
were determined on a Fisher-Johns melting point apparatus. Nuclear
magnetic resonance (NMR) spectra were recorded with a Varian
Associates T-60 spectrophotometer and are reported in parts per
million (6) relative to tetramethylsilane as an internal standard. In-
frared spectra (IR) were recorded on a Perkin-Elmer 237 spectro-
photometer. Microanalyses were performed by Galbraith Laborato-
ries, Inc., Knoxville, Tenn. Routine thin layer chromatographies were
run on Baker-flex silica gel 1B-F TLC sheets. For analytical TLC work
solutions were applied with Drummond “microcaps” disposable mi-
cropipets. Preparative thick layer chromatographies were performed
on EM Reagents precoated silica gel 60 F-254 (2-mm thickness).
Column chromatography was performed with Mallinckrodt silicic acid
(100 mesh). Irradiations were carried out in Pyrex flasks in an enclosed
28 x 38 x 87 cm wood box with the Hanovia 450-W medium-pressure
lamp suspended horizontally above the flask. Solutions were flushed
for 30 min with a slow stream of helium which was continued
throughout the irradiations.

d,/3,/S-Trichloroethyl 6-diazopenicillanate (3) was prepared by
the method of Sheehan and co-workers.18

Phenylthiolacetic acid, phenoxythiolacetic acid, and thio-
phene-2-thiolacetic acid were prepared by the method of
Sjoberg.19

Chlorothiolacetic acid was prepared by the method of Arndt and
Bekir.6

Thiophene-2-acetic acid was obtained from Research Organic/
Inorganic Chemical Corp., Belleville, N.J.

Thiophene-2-acetyl chloride was prepared according to the lit-
erature.2

D-a-/3,d,d-Trichloroethyloxyearboxamidophenylacetic acid8
and D-a-tert-butoxycarboxamidophenylacetic acid2l were pre-
pared according to the literature.

Photolysis of d,d,d-Trichloroethyl 6-Diazopenicillanate (3)
with Thiobenzoic Acid. A solution of 2.00 g (5.58 mmol) of 3 and 3.48
g (27.8 mmol) of thiobenzoic acid in 150 mL of carbon tetrachloride
was irradiated with a Hanovia 450-W medium-pressure lamp (Pyrex
filter) under an atmosphere of helium at 18 °C for 8 h. The solution
was washed with 5% aqueous NaHCO03 and dried (MgS04), and the
solvent was removed under reduced pressure. The residual oil was
submitted to column chromatography on silicic acid using methylene
chloride as an eluent. Isolation of the fastest moving fraction gave
benzoyl disulfide (163.8 mg) as a white, crystalline material. Tritu-
ration with ether gave the pure disulfide: mp 130.0-132.0 °C (lit.2
mp 129-130 °C); NMR (CDCI3) 57.0-8.2 (m, 10 H).

Isolation of a slower moving fraction gave the trans thiol ester 7 in
4% yield as a light brown oil. Upon standing the oil crystallized. Re-
crystallization from ether-petroleum ether gave an analytical sample:
mp 69.0-72.0 °C; IR (CHCI3) 1780 and 1675cm -1, NMR (CDCI35 1.65
(s,3H), 1.82(s,3H),4.65 (s, 1H), 475 (s, 2H), 5.02 (d, 1H,J = 2.0
Hz), 5.20 (d, 1H, J = 2.0 Hz), 7.0-8.0 (m, 5 H).

Anal. Calcd for C1H 16N0 4C1352 C, 43.56; H, 3.44; N, 2.99; Cl, 22.69;
S, 13.68. Found: C, 43.80; H, 3.45; N, 2.93; Cl, 22.61; S, 13.40.

Isolation of the slowest moving fraction furnished a light brown oil
in 51% yield which crystallized on standing. Recrystallization from
ether gave the analytically pure cis thiol ester 6 as a white, crystalline
material: mp 103.5-104.0 °C; IR (CHC13) 3010,2960,1780, and 1675
cm“ 1, NMR (CDCI13) 51.58 (s, 3H), 1.73 (s, 3H), 4.53 (s, 1 H), 4.68 (s,
2H), 547 (d, 1H,J = 4.0 Hz), 5.60 (d, 1H, J = 4.0 Hz), 7.0-8.0 (m,
5 H).
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Anal. Calcd for C17H 16N 0 4C1352:C, 43.56; H,3.44; N, 2.99;Cl,22.69;
S, 13.68. Found: C, 43.20; H, 3.81; N, 2.84;Cl, 22.46; S, 13.66.

Photolysis of /S,/5,/?-Trichloroethyl 6-Diazopenicillanate (3)
with Phenylthiolacetic Acid. In the same manner as described
above diphenylacetyl disulfide (115 mg) was isolated as a crystalline
m aterial. Recrystallization from ether-petroleum ether gave the pure
disulfide: mp 61.0-62.0 °C (lit.23 mp 62 °C); IR (CHCI13) 1710 cm*“1;
NMR (CDCI3)53.90 (s, 4 H), 7.10 (s, 10 H).

Isolation of a slower moving fraction gave the trans thiolester 9 in
3% yield as a light brown oil: IR (CHCI3) 1780 and 1700 cm-1;NMR
(CDCI3) $1.60 (s, 3 H), 1.73 (s, 3 H), 3.83 (s, 2 H), 4.58 (s, 1 H), 4.70
(s,2H), 480 (d, 1 H,J=20Hz),505(d 1H,J=20H2z),7.13 (s, 5
H).

Isolation of the slowest moving fraction furnished a light brown oil
in 50% yield which crystallized on standing. Recrystallization from
ether-petroleum ether gave the analytically pure cis thiol ester 8 as
a white, crystalline solid: mp 83.0-84.0 °C; IR (CHCI3) 3005, 2955,
1770, and 1700 cm*“1;NM R (CDCI3)<$1.60 (s,3 H), 1.70 (s,3 H), 3.83
(s,2H), 453 (s, 1 H),4.73 (s,2 H), 5.33 (d, 1 H,J = 4.0 Hz), 5.55 (d,
1H ,=7= 40HZz), 7.18 (5,5 H).

Anal. Calcd for C18H 18N O4C1352:C,44.78; H,3.76; N, 2.90;Cl, 22.03;
S, 13.28. Found: C, 44.70; H, 3.60; N, 2.86; Cl, 22.10; S, 13.59.

Photolysis of /3,/3,jS-Trichloroethyl 6-Diazopenicillanate (3)
with Phenoxythiolacetic Acid. in the same manner as described
above diphenoxyacetal disulfide (58 mg) was isolated as a crystalline
material. Recrystallization from methylene chloride-petroleum ether
gave the analytically pure disulfide: mp 105.5-107.0 °C; IR (CHCI3)
3010 and 1725 ¢cm -1; NMR (CDCI3) 54.83 (s, 4 H), 6.7-7.7 (m, 10
H).

Anal. Calcd for C16H 1404S2: C, 57.47; H, 4.22;S, 19.18. Found: C,
57.36;, H, 4.22; S, 19.23.

Isolation of a slower moving fraction furnished a light brown oil in
5% vyield which crystallized on standing. Recrystallization from
methylene chloride-ether-petroleum ether gave the analytically pure
trans thiol ester 11: mp 90.0-91.0 °C; IR (CHCI3) 1775 and 1700 cm~-1;
NMR (CDCI3)51.63 (s,3H), 1.77 (s, 3 H),4.63 (s, 1 H), 4.70 (s, 2 H),
473 (s,2H). 487 (d, 1 H,J=20Hz),5.12 (d,1H,J=20Hz),6.7-7.7
(m,5 H).

Anal. Calcd for CigHxgNOsClsSa: C, 43.34; H,3.64; N, 2.81;Cl, 21.32;
S, 12.86. Found: C, 43.31; H,3.70; N, 2.83; Cl, 21.47; S, 12.83.

Isolation of the slowest moving fraction furnished the cis thiol ester
10in 45% yield as a light brown oil: IR (CHCI3) 1775 and 1695 cm-1;
NMR (CDCI3)<51.60 (s, 3 H), 1.67 (s,3H), 4.60 (s, 1 H), 4,73 (s, 2 H),
480 (s,2H), 543 (d,1 H,J =40Hz), 570 (d, 1 H,J=40Hz) 6.8-7.6
(m,5 H).

Anal. Calcd for Cx8H i8N 05C1352: C,43.34; H,3.64; N, 2.81;Cl, 21.32;
S, 12.86. Found: C, 43.04; H, 3.68; N, 2.90; Cl, 21.60; S, 13.12.

Photolysis of ;3,5,3-Trichloroethvl 6-Diazopenicillanate (3)
with Thiophenol. A solution of 1.00 g (2.79 mmol) of 3in 65 mL of
CCl4was cooled to 8-10 °C before 1.4 mL (13.7 mmol) ofthiophenol
in 10 mL of CCl4was added dropwise over 5 min. The solution was
irradiated with a Hanovia 450-W medium-pressure lamp (Pyrex filter)
under an atmosphere of helium at~10 °C for 20 h. The solvent was
removed under reduced pressure and the residue chromatographed
on silicic acid using mixtures of methylene chloride-carbon tetra-
chloride as an eluent. After removal of the excess thiophenol the cis
and trans sulfides 12 and 13were isolated as a mixture from which the
cis sulfide crystallized. Continuous crystallization of the mother li-
quors from methylene chloride-ether gave 56% yield of the cis sulfide
12 and 23% yield of an oil which was shown by NM R analysis to be the
pure trans sulfide 13.

Recrystallization of 12 from methylene chloride-ether gave an
analytically pure sample: mp 122.0-123.0 °C; IR (CHCI13) 1780 cm-1;
NMR (CDCI3)51.63 (s,3H), 1.73 (s,3 H),4.60 (s, 1 H), 4.73 (s, 2 H),
477 (d,1 H,J = 4.0 Hz), 557 (d,1 H,J = 4.0 Hz), 7.0-7.7 (m, 5
H).

Anal. Calcd for Ci6H 16N 0 3CI352:C, 43.60; H,3.66; N, 3.18; Cl, 24.13;
S, 14.55. Found: C, 43.53; H, 3.88; N, 3.20; Cl, 24.30; S, 14.46.

Trans Sulfide 13: IR (cHC13) 1775 and 1765 cm*“ 1; NMR (cD C13)
61.63 (s,3H),1.78 (s,3H),4.53 (d,1 H,J =2.0H2z),4.70 (s,1 H), 4.80
(s,2H),528 (d, 1 H,J = 2.0 Hz), 1.2-1.1 (m, 5 H).

Photolysis of /j,/3,d-Trichloroethyl 6-Diazopenicillanate (3)
with Benzyl Mercaptan. A solution of 2.00 g (5.58 mmol) of 3and
3.25 mL (27.6 mmol) of benzyl mercaptan in 150 mL of carbon tet-
rachloride was irradiated with a Hanovia 450-W medium-pressure
lamp (Pyrex filter) under an atmosphere of helium at 38-40 °C for
22 h.The solventwas removed under reduced pressure and the residue
chromatographed on silicic acid using mixtures of methylene chlo-
ride-carbon tetrachloride as an eluent. Isolation of the faster moving
fraction furnished the trans sulfide 15 as a light brown oil: IR (CHC13)
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1770 cm -1;NM R (CDC13)51.57 (s,3 H), 1.70 (s, 3 H), 3.83 (s, 2 H),
412 (d,1H,J=20Hz), 463 (s, 1 H) 4.73 (s,2H),4.92(d,1H,J =
2.0 Hz), 7.22 (s, 5 H).

Isolation of the slower moving fraction furnished an oil which
crystallized on standing. Recrystallization from methylene chlo-
ride-petroleum ether gave the analytically pure cis sulfide 14: mp
82.0- 83.0 °C; IR (CHCI3) 1770 cm "I; NMR (CDC13) i 1.60 (s, 3 H),
1.80 (s,3H),3.87 (s,2H),4.30 (d,1 H,J = 40Hz), 453 (s,1H), 4.73
(s,2H),5.33 (d, 1 H,J = 4.0 Hz), 7.22 (s,5 H).

Some ofthe fractions collected between pure 14 and 15 were m ix-
tures. The total yield of the trans sulfide 15 (weight in mixtures de-
termined from NM R integration) was 7%. The yield ofthe cis sulfide
14 was 28%.

Photolysis of ftftjS-Trichloroethyl 6-Diazopenicillanate (3)
with Chlorothiolacetic Acid. A solution 0f 2.0 g (5.58 mmol) of 3
in 180 mL ofcarbon tetrachloride was cooled to ~3 °C before chlo-
rothiolacetic acid (3.08 g, 27.9 mmol) in 20 mL of carbon tetrachloride
was added dropwise over 30 min. The solution was irradiated with a
Hanovia 450-W medium-pressure lamp (Pyrex filter) under a helium
atmosphere at 3-5 °C for 15 h. The solution was washed with 5%
aqueous NaH C03and dried (M gS04) and the solventremoved under
reduced pressure. The residual oil was subm itted to column chro-
matography on silicic acid using methylene chloride as an eluent.
Isolation of the fastest moving fraction gave the trans chloride 18 (84.2
mg, 8%) as a crystalline material. Recrystallization from methylene
chloride-petroleum ether gave an analytically pure
110.0- 111.0 °C; IR (CHC13) 1775 cm“1;NMR (CDC13)51.67 (s,3 H),
1.73 (s,3H),4.67 (s,1 H),4.81(s,3H .-CH2CC13+ 1d-lactam H),5.53
(d,1 H,J = 2.0 Hz).

Anal. Calcd for CioHnN O 3Cl4S: C, 32.72; H,3.02; N, 3.82;Cl, 38.63;
S, 8.74; Found: C,32.77; H,3.01; N, 3.81; Cl, 38.45; S, 8.66.

Isolation of a slower moving fraction gave the trans thiol ester 17
(106 mg, 4%) as an oil: IR (CHC13) 1775 cm b NMR (CDC13)51.60
(s,3H), 1.75 (s, 3 H), 4.18 (s,2H),4.62 (s, 1 H), 4.73 (s,2 H), 4.82 (d,
1H,J=20Hz),5.13 (d,1 H,J = 2.0 Hz).

Isolation of the slowest moving fraction gave 1.20 g (49%) of the cis
thiol ester 16 as an oil: IR (CHC13) 1780 cm-1;NMR (CDC13)51.63
(s,3H),1.73 (s,3H),4.22 (s,2H),4.53 (s,1 H),4.73 (s,2 H), 5.30 (d,
1H,J =40Hz),558 (d,1 H,J = 4.0 Hz).

Synthesis of D-a-/3,/3,/3-Trichloroethyloxycarboxamido-
phenylthiolacetic Acid. A mixture of 547 mg (1.67 mmol) of D-«-
/3,j8ii8-trichloroethyloxycarboxamidophenylacetic acid, 250 pL (3.44
mmol) of thionyl chloride, and 10 mL of dry benzene was refluxed

sample: mp

overnight. Removal ofthe solventand excess thionylchloride under
reduced pressure gave D-a-d,d>/?-trichloroethyloxycarboxami-
dophenylacetylchloride as a lightbrown oil: IR (CHC13) 1790 and 1735
cm“1;NMR (cDcC13)04.70 (s, 2H),5.50 (d, 1 H,J = 7.0 Hz), 5.6-6.1
(m, 1 H), 7.23 (s, 5 H).

The acid chloride in 13 mL of methylene chloride was added
dropwise to a hydrogen sulfide saturated solution of pyridine at0 °C.
The solution was stirred at 0 °C for 1.5 h and atroom temperature for
2 h. The solution was partitioned between methylene chloride and
ice water. The aqueous layer was acidified with concentrated HC1. The
organic layer was separated and extracted with aqgueous NaH CO03.
Separation of the organic layer, partitioning the aqueous layer with
methylene chloride, acidification with concentrated HC1, separation
of the organic layer, drying (M gS04)and removal ofthe solventunder
reduced pressure gave D-a-/3,0,/8-trichloroethyloxycarbox-
amidophenythiolacetic ac.d as a clear oili. NMR (CDC13)64.67 (s, 2
H), S.2-55 (m, 2 H, -SH and PhH-), 5.8-6.5 (m, 1 H), 7.17 (s, 5
H).
Synthesis of /3,/3,/3-Trichloroethyl 6/3-Mercaptopenicillanate
(21). sodium methoxide (43 mg, 0.80 mmol) in 20 mL ofanhydrous
methanol was added dropwise over 2 h to a stirred solution at —78 °C
(CCL-acetone) of 346 mg (0.79 mmol) of /3,d,3-trichloroethyl 6/3-
(chloroacetylthio)penicillanate (16) in 30 mL of anhydrous methanol.
After the addition the stirring was continued at —78 °C for 5.5 h. The
Co02-acetone bath was replaced with a CCL-acetonitrile bath and the
stirring continued at-50 to -65 °C for 3.5 h. Methylene chloride was
added and the solution washed with ice-cold 10% HC1 and 5%
NaHCO0.3The organic solution was dried (M gS04) and the solvent
removed under reduced pressure. The residual oil was subm itted to
column chromatography on silicic acid using a 1:1 mixture (v/v) of
methylene chloride- carbon tetrachloride as an eluent. The mercaptan
21 (229 mg, 80%) was isolated as an oil: IR (neat) 2955,2550, and 1775
cme1;NMR (CDCI3)01.67 (5,3 H), 1.80 (5,3 H),2.48 (d, 1 H,J = 21
Hz), 4.40-7.73 (m, 2 H, H-3 and H-6),4.79 (s,2 H), 5.60 (d, 1 H,J =
4.0 Hz).

Synthesis of |]3,/?,/3-Trichloroethyl 6/3-(Thiophene-2-acetyl-
thio)penicillanate (22). A solution of 120 pL (0.76 mmol) of N,N-
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diisopropylcarbodiimide in 10 mL of methylene chloride was added
dropwise over 30 min to an ice-cold solution of 108 mg (0.76 mmol)
of thiophene-2-acetic acid, 61 /iL (0.76 mmol) of pyridine, and 273 mg
(0.75 mmol) of the mercaptan 21 in 50 mL of methylene chloride. After
the addition the solution was stirred overnight at room temperature.
Extraction of the solution with ice-cold 10% HCl1 and aqueous
NaHCOs, drying (MgS04) of the organic solution, and removal of the
solvent under reduced pressure gave an oily solid (solid due to urea
formed as by-product) which was chromatographed on silicic acid
using methylene chloride as an eluent. Isolation of the major fraction
gave the thiol ester 22 as an oil (325 mg, 89%) which crystallized on
standing. Recrystallization from ether-petroleum ether gave an an-
alytically pure sample: mp 86.0-87.0 °C; IR (CHCI3) 1775 and 1700
cm“ L NMR (CDC13)i 1.63 (s, 3H), 1.73 (s, 3 H), 4.07 (s, 2 H), 4.55 (s,
1H), 4.75 (s,2H),5.32 (d, 1H,J = 40Hz),5.67 (d, 1H,3 = 4.0Hz),
6.7-7.3 (m, 3 H).

Anal. Calcd for Ci6H 16N 0 4CI3S3: C, 39.31; H, 3.30; N, 2.86; Cl, 21.76;
S, 19.68. Found: C, 39.49; H, 3.36; N, 2.78; Cl, 21.72; S, 19.58.

Synthesis of d.ftjS-Trichloroethyl 6/?-(D-a-tert-Butoxycar-
boxamidophenylacetylthio)penicillanate (23). In the same manner
as described for 22 the thiol ester 23 was isolated as an oil (839 mg,
88%) after purification by column chromatography on silicic acid using
1% ether-methylene chloride (v/v) as an eluent: IR (neat) 3350, 2975,
1775,1720, and 1700 cm-'; NMR (CDC13) S1.57 (s. 9 H), 1.60 (s, 3 H),
1.70 (s, 3 H), 450 (s, 1 H), 4.72 (s, 2 H), 5.2-5.6 (m, 4 H), 7.17 (s, 5
H).
Synthesis of d.d.d-Trichloroethyl 6jS-(Phenylcarbothio)pen-
icillanate 1-Oxide (25). A solution of m-chloroperbenzoic acid (454
mg, 2.63 mmol) in 20 mL of chloroform was added dropwise over 30
min to an ice-cold solution of the sulfide 6 (1.24 g, 2.64 mmol) in 50
ml of chloroform. After the addition the solution was stirred at 0 °C
for 2 h, washed with aqueous NaHCOs and dried (MgS04) and the
solvent removed under reduced pressure. Trituration of the residual
oil with ether gave the sulfoxide 25 (1.04 g, 81%) as a crystalline ma-
terial which was shown by NMR analysis to be predominantly one
isomer (less polar isomer by TLC on silica gel-CH2CI2). Recrystalli-
zation from methylene chloride-petroleum ether gave the analytically
pure sulfoxide 25 (less polar) as white needles: mp 178.0-179.0 °C; IR
(CHCI3) 3005,1805,1760, and 1660 cm ', NMR CDC13)51.37 (s, 3
H), 1.80 (s, 3H), 4.63 (d, 1H,J = 12.0Hz), 4.77 (s, 1 H), 5.03 (d, 1 H,
J = 12.0Hz),5.30(d, 1H,3 = 4.0Hz),6.03(d, 1H,J = 40Hz), 7.2-8.2
(m, 5 H).

Anal. Calcd for Ci7H16N 05CI3S2 C, 42.12; H, 3.33; N, 2.89; Cl, 21.94;
S, 13.23. Found: C, 42.12; H, 3.26; N, 2.87; Cl, 21.37; S, 13.21.

Synthesis of /3,d,/9-Trichloroethyl 6(I-(Phenylacetylthio)-
penicillanate 1-Oxide (26). A solution of m-chloroperbenzoic acid
(180 mg, 1.04 mmol) in 25 mL of chloroform was added dropwise over
2 h to an ice-cold solution of the sulfide 8 (483 mg, 1.04 mmol) in 50
mL of chloroform. After the addition, the solution was stirred at0 °C
for 2 h, washed with aqueous NaHCOs, and dried (MgS04) and the
solvent removed under reduced pressure. Crystallization of the re-
sidual oil from methylene chloride-petroleum ether gave the sulfoxide
26 (139 mg, 27%, less polar isomer by TLC, (CH2CI2) as white needles:
mp 164.0-166.0 °C; IR (CHC13 1805, 1760, and 1700 cm"“1 NMR
(CDCI13 51.30 (s, 3H), 1.77 (s, 3H), 3.87 (s, 2H), 461 (d, 1H, 3 = 12.0
Hz), 4.70 (s, 1H), 5.00 (d, 1H,J = 12.0Hz),5.15 1d, 1H, 3 = 4.0 Hz),
5.70 (d, 1H, 3 = 4.0 Hz), 7.30 (s, 1 H).

Anal. Calcd for Ci8H18N0 6CI3S2 C, 43.34; H, 3.64; N, 2.81; Cl, 21.32;
S, 12.86. Found: C, 43.42; H, 3.50; N, 2.74; Cl, 21 49; S, 12.83.

The mother liquor from the aforementioned crystallization was
chromatographed on silicic acid using methylene caloride as an eluent.
Isolation of the faster moving fraction gave an additional 189 mg of
the sulfoxide 26 (total yield of 26 was 63%). Isolation of the slower
moving fraction gave the isomeric sulfoxide 26 (144 mg, 28%) as a
crystalline material. Recrystallization from CH”I”petroleum ether
gave the analytically pure sample as white needles: mp 125.0-126.5
°C; IR (CHCI3) 1800,1775,1710, and 1705 cm*“ 1, NMR (CDC13) h 1.40
(s,3H), 1.67 (s,3H),3.90 (s, 2H), 4.52 (s, 1H),4.63 (d, 1H, 3 = 12.0
Hz), 4.80 (d, 1H,J = 4.0Hz),4.97 (d, 1H,J = 12.0Hz),5.30 (d, 1 H,
J = 4.0 Hz), 7.32 (s, 5 H).

Anal. Calcd for Ci8Hi8NOsC1352 C, 43.34; H, 3.64; N, 2.81; Cl, 21.32;
S, 12.86. Found: C, 43.27; H, 3.55; N, 2.83; Cl, 21.38; S, 12.75.

Synthesis of d,/S,/5-Trichloroethyl 7/3-(Phcnylcarbothio)de-
acetoxyeephalosporanate (29). A solution of 963 mg (1.98 mmol)
of the sulfoxide 25 (mixture of a and 0 isomers), 32 mL of dry benzene,
24 mL of Ai,Af-dimethylacetamide, and 3 drops of methanesulfonic
acid were refluxed under a Dean-Stark trap, protected from moisture
with adrying tube, for 19 h (temperature of external heating bath was
maintained between 110 and 120 °C). Remova. of the solvent by
distillation under reduced pressure (temperature of bath ~50 °C, 2-3
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mm) and chromatography of the dark brown residue on silicic acid

using methylene chloride as an eluent gave the thiol ester 29 (659 mg,

71%) as a white solid. Recrystallization from methylene chloride-

petroleum ether gave the analytically pure sample as thin, white

needles: mp 175.5-176.0 °C; IR”(CHC13) 3005,1780,1740, and 1670

cm-LNMR (CDCI13) S2.23 (s, 3H), 3.13 (d, 1H,J = 18.0 Hz), 3.53 (d,

1H,3 = 18.0Hz), 4.70 (d, 1H, 3 = 13.0Hz),5.03 (d, 1H,J = 13.0 Hz),

510 (d, 1H,J3 = 4.0Hz),564 (d, 1H,J = 40 Hz), 7.1-82 (m, 5
H).

Anal. Calcd for C17H14N0 4C1352 C, 43.74; H, 3.02; N, 3.00; Cl, 22.78;
S, 13.74. Found: C, 43.66; H, 3.04; N, 3.01; ClI, 22.73; S, 13.64.

Synthesis of /9,/3,j3-Trichloroethyl 7/S-(Phenylacetylthio)de-
acetoxycephalosporanate (30). In the same manner as described
for 29 (pure less polar sulfoxide 26 used) the thiol ester 30 (232 mg,
91%) was isolated as an oil which crystallized on standing. Recrys-
tallization from methylene chloride-petroleum ether gave the ana-
lytically pure sample: mp 103.0-104.5 °C; IR (CHC13) 3005,1780, and
1730cm -1 NMR (CDC13) 0 2.20 (s, 3 H), 3.10 (d, 1 H, J = 18.0 Hz),
3.43(d, 1H,J = 18.0Hz), 3.83 (s, 2H), 4.77 (d, 1H, J = 12.0 Hz), 4.95
(d, 1H,J = 120 Hz), 495 (d, 1H,J = 4.0 Hz),5.33 (d, 1H,J = 4.0
Hz), 7.10 (s, 5 H).

Anal. Calcd for C18H16N 04C1352 C, 44.96; H, 3.35; N, 2.91; Cl, 22.12;
S, 13.34. Found: C, 44.97; H, 3.38; N, 2.84; Cl, 22.10; S, 13.16.

Synthesis of dAd-Trichloroethyl 7/3-(Phenoxyacetylthio)-
deacetoxycephalosporanate (31). A solution of m-chloroperbenzoic
acid (357 mg, 2.06 mmol) in 20 mL of chloroform was added dropwise
over 30 min to an ice-cold solution of the sulfide 10 (1.025 g, 2.05
mmol) in 50 mL of chloroform. After the addition, the solution was
stirred at 0 °C for 3.5 h, washed with aqueous NaHCO03, and dried
(MgS04), and the solvent was removed under reduced pressure. The
residual oil (1.05 g) was dissolved in 32 mL of dry benzene. N,N-
Dimethylacetamide (24 mL) and 3 drops of methanesulfonic acid were
added and the mixture refluxed under a Dean-Stark trap, protected
from moisture with a drying tube, for 19 h (temperature of external
heating bath maintained at 110-120 °C). Removal of the solvent by
distillation (temperature of heating bath 50-60 °C, 2-3 mm) and
chromatography of the dark brown residue on silicic acid using
methylene chloride as an eluent gave the thiol ester 31 (716 mg, 70%)
as a crystalline material. Recrystallization from CH2CI2-petroleum
ether gave the analytically pure sample: mp 148.5-149.5 °C; IR
(CHC13) 3005,1780, and 1735cm*“ :-NMR (CDC13) b2.23 (s, 3 H), 3.17
(d, 1H,3 = 18.0Hz), 3.53 (d, 1H, 3 = 18.0 Hz), 4.70 (s, 2 H), 4.70 (d,
1H,3 = 12.0Hz), 5.00 (d, 1H, J = 12.0 Hz), 5.05 (d, 1H, J = 4.0 Hz),
545 (d, 1H,-3=4.0Hz), 6.7-7.4 (m, 5 H).

Anal. Calcd for Ci8H16NOsC1352 C, 43.52; H, 3.25; N, 2.82; Cl, 21.41;
S, 12.91. Found: C, 43.57; H, 3.58; N, 2.77; Cl, 21.40, S, 12.66.

Synthesis of d,j3,/3-Trichloroethyl 7/9-(Chloroacetylthio)de-
acetoxycephalosporanate (32). In the same manner as described
for 31, the thiol ester 32 (396 mg, 39%) was isolated as a crystalline
material. The product was recrystallized from ether-petroleum ether:
mp 134-137 °C; IR (CHCI3) 1780 and 1735cm -1, NMR (CDC13) b2.28
(s,3H),3.20(d, 1H,J= 17.0 Hz), 3.57 (d, 1 H,J = 17.0 Hz), 4.27 (s,
2 H),4.77 (d. 1H,J = 12.0 Hz), 5.00 (d, 1 H,J = 12.0Hz), 5.10 (d, 1
H,J = 4.0 Hz), 5.46 (d, 1H, 3 = 4.0 Hz).

Synthesis of /JAd-Trichloroethyl 7/3-Mercaptodeacetoxyce-
phalosporanate (33). The same manner as described for 21 (starting
from either the phenoxyacetyl or chloroacetyl derivatives 31 or 32)
the mercaptan 33 was isolated in 75-80% yield as an oil (in the case
of 31 methyl phenoxyacetate had to be removed by chromatography:
silicic acid-methylene chloride): IR (neat) 2550,1770, and 1735 cm-1;
NMR (CDCI13) b2.32 (d, 4 H,J = 4.0 Hz, -CH3and -SH), 3.20 (d, 1
H,J = 18.0 Hz), 3.57 (d, 1H,J = 18.0Hz), 4.4-5.2 (m, 3H,-CH,CC13
and H-6), 5.01 (d, 1 H, 3 = 4.0 Hz).

Synthesis of dAd-Trichloroethyl 7d-(Thiophene-2-acetyl-
thio)deacetoxycephalosporanate (34). In the same manner as de-
scribed for 22, the thiol ester 34 was isolated as an oil (352 mg, 82%)
after chromatography on silicic acid using methylene chloride as an
eluent: IR (CHCI3) 1780,1735, and 1700 cm-'; NMR (CDC13) b2.30
(s,3H),3.20 (d, 1H,J = 18.0 Hz), 3.60 (d, 1H, J = 18.0 Hz), 4.17 (s,
2H), 483 (d, 1H,J = 12.0 Hz), 5.07 (d, 1H, 3 = 12.0Hz), 5.13 (d, 1
H,J = 4.0 Hz), 557 (d, 1H, 3 = 4.0 Hz), 6.8-7.4 (m, 3 H).

Synthesis of 0,/3,/3-Trichloroethyl 7/3-(D-a-tert-Butoxycar-
boxamidophenylaeetylthio)deacetoxycephalosporanate (35).
In the same manner as described for 22, the thiol ester 35 was isolated
as an oil (316 mg, 82%) after chromatography on silicic acid using 1%
ether-methylene chloride (v/v) as an eluent: IR (neat) 3350,1780, and
1705 cm“ L NMR (CDC13) b1.55 (s, 9 H), 2.23 (s,3 H), 3.15(d, 1H,J
= 18.0 Hz), 3.43 (d, 1H, J = 18.0 Hz), 4.73 (d, 1H, 3 = 12.0 Hz), 5.00
(d, 1H,3 = 12.0Hz), 5.03 (d, 1H, 3 = 40Hz), 5.2-5.5 (m, 3H), 7.25
(s, 5 H).



Conversion of /2,/},/3-Trichloroethyl 6-Diazopenicillanate

Synthesis of 5,/3,/3-Trichloroethyl 7-Hydrazonopenicillanate
(5). A solution of 3.04 g (8.5 mmol) of the diazo ester 3 in 250 mL of
THF was saturated with H2S and then stirred (stoppered) at room
temperature overnight. After removal of the solvent (no heat) under
reduced pressure, a yellowish-white solid remained. Trituration with
ether gave the hydrazone 5 (2.02 g, 66%) as a white solid: mp 167-168
°C dec; IR (CHC13) 1775cm“ 1, NMR (CDCI3) &1.60 (s, 3H), 1.67 (s,
3H), 453 (s, 1 H), 4.67 (s, 2H), 5.60 (s, 1 H), 5.7-6.2 (m, 2 H).

Anal. Calcd for CioH~NgOsClaS: C, 33.30; H, 3.35; N, 11.65; Cl,
29.49; S, 8.98. Found: C, 33.34; H, 3.52; N, 11.61; Cl, 29.60; S, 8.72.

General Procedure for the Removal of the Protective Group.
The ester (100-200 mg) was dissolved in 90% HOAc (1-2 mL of DMF
was added if ester did not dissolve) and the solution cooled to 0 °C
before 1-1.5 gof zinc dust was added. The mixture was stirred at 0 °C
for 3-5 h. Removal of the zinc by filtration through Celite into a flask
containing 100 mL of ice water and washing of the zinc with methylene
chloride (50 mL) yielded a two-phase system. Separation of the or-
ganic layer, extraction of the aqueous layer with several methylene
chloride-zinc washings, drying (MgSCL), and removal of the solvent
under reduced pressure (no heat) afforded the free acid. For purifi-
cation (if required) the acid was dissolved in methylene chloride and
extracted with agueous NaHCOg. The aqueous layer, after being ex-
tracted several times with methylene chloride, was cooled with ice and
acidified with dilute HC1. Extraction with methylene chloride, drying
(MgS04), and removal of the solvent under reduced pressure (no heat)
gave the pure acid.

For 23 and 35 after removal of the trichloroethyl group as described
above, the acid was dissolved in 1 mL of anisole and the solution
cooled to 0 °C before 7 mL of trifluoroacetic acid (previously cooled
to 0 °C) was added. After stirring at 0 °C for 1 h, the solvent was re-
moved under reduced pressure (2-3 mm keeping the solution at 0 °C
during the process). Freeze drying of the residual oil from benzene
afforded the acids as solid compounds which were bioassayed without
purification.
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In order to study the effects of the neteroatoms, the photoelectron spectra of thieno[2,3-6]selenophene (3), selen-
olo[2,3-6]selenophene (4), thieno[3,2-6]selenophene (5), selenolo[3,2-6]selenophene (G), thieno[2,3-6]pyrrole (7),
selenolo[2,3-6]pyrrole (8), pyrrolo[2,3-6]pyrrole (9), thieno[3,2-6]pyrrole (10), and selenolo[3,2-6]pyrrole (11) have
been measured and analyzed. Replacement of sulfur by selenium can be considered as a minor perturbation, i.e.,
simple perturbation theory is valid. The effect on the irelectronic system of a replacement of sulfur or selenium by
an NH group is governed by a balance between the influence of the increase of the resonance integral for the bonds
involving the heteroatom and a strongly destabilizing inductive effect due to the polarity of the N-H bond. The ef-
fective electronegativity of the NH group is found to be not too different from that of a sulfur atom.

A description of the electronic effects associated with the
heteroatom in a heterocyclic compound is of fundamental
importance in chemistry and biology. Heterocyclic chemistry
is a rich field for the application of perturbation theoretical
arguments, and qualitative descriptions of the influence of the
heteroatom are in most cases based directly or indirectly on
simple perturbation theory.5A prominent example of a series
of heterocycles is the compounds C4H4X, where X may be O,
S, Se, NH, etc. In Figure 1we have indicated the positions of
the first two ionization potentials67 of the compounds furan,
pyrrole, thiophene, and selenophene, arranged in the order
of decreasing electronegativity of the heteroai.om. Within the
validity of Koopmans' theorem (see later), the first and the
second ionization potential correspond to removal of an
electron from the highest and the second highest molecular
orbital, a2(?r) and biM, respectively. The general shape of
these orbitals is indicated below. According to simple per-

K > Q

aqr) bi()

turbation theory, the energy of the 82(1) level should be much
less affected by a change of heteroatom than the energy of the
bi(#) level. Inspection of Figure 1 shows that this expectation
holds excellently for the series furan, thiophene, and seleno-
phene, but pyrrole is a striking exception. Consider for in-
stance the passing from thiophene to pyrrole: the shift of the
a2(t) level is much larger than the shift of the biM level, and
both shifts are toward lower binding energies, which is ap-
parently inconsistent with an increase of electronegativity of
the heteroatom.

In order to obtain a better understanding of the effects
operating in these systems, we have studied the PE spectra
of thieno[2,3-6]selenophene (3),8 selenolo[2,3-6]selenophene
(4),9 thieno[3,2-6]selenophene (5),10 selenolo[3,2-6]seleno-
phene (6),11 thieno[2,3-6]pyrrole (7),12selenclo[2,3-6]pyrrole
(8),13 pyrrolo[2,3-6]pyrrole (9),13 thieno[3,2-0]pyrrole (10),13
and selenolo[3,2-6]pyrrole (11).13 The PE spectra of
thieno[2,3-6]thiophene (1) and thieno[3,2-6]thiophene (2)
have been measured previously.14

In the first section of the paper we discuss the compounds
1- 6, where simple perturbation theoretical arguments appear
to be valid. In the second and largest part of the paper we
discuss the compounds 7-11 in order to describe the effects
leading to the breakdown of simple perturbat.on theory when

9 10 n

sulfur or selenium is replaced by NH. We use the results of
current semiempirical methods and refer to recent ab initio
results, but the emphasis has been put on a conceptual anal-
ysis in terms familiar to most organic chemists.

I. PE Spectra of 1-6

The PE spectra of 3-6 are shown in Figure 2 and the vertical
ionization potentials of the first four bands are listed in Table
I. The PE spectra of 1and 2 have been published previously,14
and the vertical ionization potentials are included in Table
I. The PE spectra of the series 1-3-4 all look very similar, as
do the PE spectra of the series 2-5-6. This is not surprising,
since sulfur and selenium have very similar electronegativi-
ties,10and substitution of sulfur by selenium can be expected
to be a minor perturbation of the valence electronic system.
In the following section is given a more detailed discussion of
this matter in connection with adescription of the effects due
to the NH group.

In our interpretation of these spectra we assume the validity
of Koopmans’ theorem.16 In this approximation, the negative
value of the orbital energy, y, is set equal to the vertical ion-
ization potential, 7v,j:

-« = A\j (1)

As in the case of 1and 214we take the steep onset of the first
few PE bands as an indication that the bands correspond to
ionizations from # orbitals. From the similarity of the PE
spectra mentioned above, the correlation diagram given in
Figure 3 can be drawn. T 0 check this diagram we have carried
out semiempirical calculations using a parametrized Hiickel
(HMO) procedure,5 and the EWMO,1718 CNDO/2,19 and
MINDO/320methods. The results of the HMO and MINDO/3
calculations are summarized in Table I, and a correlation di-
agram based on the HMO results is presented in Figure 4.
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Figure 1. Correlation of the observed first and second ionization
potentials of the compounds furan, pyrrole, thiophene, and seleno-
phene.

HMO Model. The parameters for the HMO calculations
were chosen in a straightforward way. ax and fox values for
X = Sand Se were taken as those used previously: as = —9.4,
ase = 8.5,fos = —1.8,and fose= —1.5eV.2L The foe value was
also kept in accordance with the previous work: dec = —3.0
eV.2l The ac value was then adjusted to reproduce the ob-
served first ionization potential of thiophene (8.87 eV6) and
selenophene (8.80 eV7). The HOMOs of these compounds
have a node through the position of the heteroatom X, and are
thus independent of the choice of ax and fox parameters in

Figure 2. PE spectra of the compounds 3-6.

J. Org. Chem., Voi 42, No. 13,1977 2231

the HMO model. A good agreement is found for ac = -7.0 eV,
which yields a common value of —8.85 eV for the energies of
these levels. The results for thiophene and selenophene are
then (eV)

Thiophene Selenophene
a2(7r) -8.85 —8.85
biM -9.64 -8.93
biM -12.56 -12.23

The agreement with the observed energies6,7 is satisfactory;
in particular, the consistency with the recent analysis of the
PE spectrum of thiophene by Niessen et al.2is gratifying.
Results and Discussion. The results of the HMO calcu-
lations on the compounds 1-6 agree reasonably well with the
experimental energies; see Table I. The results support the
assignments suggested previouslyl4 for 1 and 2; this assign-
ment is furthermore supported by the MINDO/3 results for
1 and 2 given in Table I. Comparison of the correlation di-
agrams in Figures 3 and 4 shows that the HMO calculations
reproduce the significant trends in the PE spectra for this
series of compounds. Most of the observed shifts of the bands
can be understood in terms of simple first-order perturbation
theory applied to the HMOs of 1 and 2 (see Figure 4). The
HOMO of 1has a small amplitude on the sulfur atoms, while
the next MO has a large amplitude in these positions. These
orbitals are thus destabilized to different extents by re-
placement of sulfur by selenium, and a reversal of the ordering
of these two closely spaced levels is predicted in the series
1-3-4. Similar shifts are shown by the two highest occupied
orbitals in 2, which have the same symmetry (auin C2,). At
first glance it may appear strange that the energy of the second
highest MO approaches the energy of the HOMO in the series
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Table I. Measured Vertical lonization Potentials, 1yj, and Orbital Energies, ej, for 1—6. All Values in eV

Registry
no. Compd Baid w,f
Q 8.32
250-84-0 1 © 8.41
(C2v) © 10.08
© 11.27
® I
23787-71-5 3 ©1J 8.28
(c)) 9.88
© 11.12
® 1 8.16
250-85-1 4 ©3J
(C2v) © 9.66
© 10.82
D 8.10
251-41-2 2 © 8.61
(C21;) 0 10.04
11.5
©/
8.08
20503-37-1 5 © 8.39
(c) © 9.86
®\
11.3
©J
® 8.05
251-49-0 6 © 8.20
(C2h) © 9.63
® 1 11.1
© f

aThe ionization potentials and assignments reported for 1 and 2 are taken from ref 14. b Some Oorbitals between the iV

Assignment0 ej (HMO) ej (MINDO/3)6
4b, O) -8.48 -8.27
3a, (™ -8.60 -8.47
3b, (i) -10.28 -9.76
2a2 (it) -11.10 -11.50
8a” (it) -8.32
7a” (iT) -8.49
6a” fir) -9.87
5a” (i) -10.91
4a2 (i) -8.16
5b, (n)1 -8.45
4b, (1.1 -9.51
3a2 (i) -10.59
4au (il -8.25 -8.15
3au (iM)1 -8.94 -8.57
3bg (i i -10.25 -9.67
2bg (i1)i -11.11 -11.53
15ag (o) -9.33
8a" (i) -8.19
7a" (i) -8.61
6a" (iT) -9.97
5a" (i) -10.93

32a' (a)
5au(it) -8.09
4au (1)1 -8.50
4bg (1 -9.47
3b,(m1 -10.84
18ag (0)

orbitals have been omitted. The calculations were based on geometries derived from the experimental structure of thio-

phene; see ref 25.
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Figure 3. Correlation of the observed first four ionization potentials
in the series 1-3-4 and 2-5-6; see Table I.

2-5-6 without shifting the latter much. The shapes of the
orbitals shown in Figure 4, however, indicate that the inter-
action is considerable, corresponding to ths initial stages of
an avoided crossing.

We finally briefly mention a few results regarding the
highest occupied alevel in these compounds According to the
results of an extended Hiickel calculation reported pre-
viously,14the highest occupied aorbital in 1and 2 transforms
according to Ai and Ag, respectively. The ccrresponding am-
plitudes are indicated schematically below.

These results are confirmed by the CNDO/2 and MXNDO/3
methods, and by the results of EWMO calculations for 1-6.
The calculations predict a destabilization of the ag(o) orbital

H oo 1
03 s

1<g.0 &
__u I 1
N r f Q04
G& 0 0 O | Q02
ityf m C Q0 «
Q0 6

-8 -9 -10 -11 12 6(cev)

Figure 4. Correlation of the calculated energies of the four highest
occupied HMO levels for the series 1-3-4 and 2-5-6; see Table 1. The
shape of the most important orbitals is indicated schematically.

H@©) ag)

relative to the ai(cr) orbital due to a very strong antibonding
interaction between the n+ “lone pair” combination and the
central C-C abond in the series 2-5-6. Our assignment of the
overlapping bands @ and (5) in the spectra of this series of
compounds to ionization out of a #and a a level is consistent
with this result.
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Figure 5. PE spectra of the compounds 7-11.

Il. PE Spectra of 7-11

Replacement of sulfur or selenium in the compounds 1-6
by an NH group yields the compounds 7-11. The PE spectra
of these compounds are shown in Figure 5, and the vertical
ionization potentials are given in Table Il. The assignment of
the first broad peak in the spectra of the compounds 1-6 to
two overlapping transitions (band 0 and (2)) is immediately
supported by the comparison with the spectra of 7-11: the
peak is clearly split into two components.

Electronic Effects of the NH Group. The discussion of
the PE spectra of 1-6, was simplified by the circumstance that
replacement of sulfur by selenium can be considered as a
minor perturbation. Replacement of sulfur or selenium by an
NH group, however, is not a small perturbation, and simple
perturbation theory is no longer valid. As indicated in the
introduction, this is easily seen by a comparison of the PE
spectrum of pyrrole with the PE spectra of thiophene and
selenophene (see Figure 1). Usual welectron theory will fail
to describe this phenomenon properly, since the dominant
interactions in pyrrole take place through the a system; while
the pyrrole nitrogen is a ir electron donor, it isa much stronger
aelectron acceptor.23An all-valence electron model with in-

J. Org. Chem., Voi. 42, No. 13,1977 2233

clusion of electron interaction terms is appropriate for an
understanding of these effects. In closed-shell SCF theory the
orbital energy ej can be considered as a sum of two terms,24
Q=Hjj+uv2sm - Kjky=H, +G,, 2
K

where the summation is over the occupied orbitals. The first
term, Hjj, represents the kinetic energy of an electron in the
orbital J plus its potential energy due to the attraction by the
nuclei. The second term, G jj, represents an average value of
the repulsion between the electron in the orbital J and all
other electrons in the molecule. The orbital energy cj is thus

the sum of two large contributions with opposite sign.
Consider now the HOMO of furan, a*M. This orbital is
localized in the butadiene fragment with zero amplitude on
the heteroatom, as mentioned before (see Figure 6). Replacing
the oxygen atom by a sulfur atom or an NH group leads to an
increase of H jj and a decrease of Gjj for this orbital, as illus-
trated in the top of Figure 6 where the results of a CNDO/2
calculation are shown. This can be explained by the change
of geometry taking place; 5 part of the attracting core, as well
as part of the repulsing electron density, is moved away from
the region of the aaM orbital. The shifts are particularly large
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Table Il. Measured Vertical lonization Potentials, iy j, and Orbital Energies, ej, for 7—11. All Values in eV

Registry
no. Compd Band iv,j
7.97
8.31
9.89
11.45

7.74
8.09
9.48
11.13

7.46
7.91
9.73

11.47

250-79-3 7
(€)

42425-03-6 8
(€)

®° © $O ©60°

58326-34-4 9
(Cav)

>

7.70

8.24

9.66
11.3

7.67
8.10
9.60
10.95

250-94-2 10
(Cs)

58326-29-7 11
(€.

O®0° @ O

Assignment 6j (HMO) ej (MINDO/3)“

6a" Grl -7.99

53" (v -8.11

4a" (77) -10.09

3a” () -11.30

7a" (77) -7.89

6a" (77) -8.04

5a’" wr) -9.53

4a" (1) -11.16

2a20) -7.60 -7.53

3b, fir) -7.97 -7.51

2b, -9.96 -9.61
J g, |r? -11.33 -11.89
116a, (a -10.11

6a" (77) -7.81

5a" () -8.41

4a" () -9.97

3a" () -11.24

7a" () -7.77

6a" () -8.22

5a" (77) -9.66

4a" () -10.88

aSome o orbitals between the Torbitals have been omitted. The geometry of 9 was derived from the experimental

geometry of pyrrole; see ref 25.

in going from furan to thiophene; the decrease of ¢ ; ;. however,
is found to practically compensate the increase of H jj. so that
the orbital energy cj stays constant; see the bottom of Figure
6. This can be observed throughout the series furan, thio-
phene, selenophene, and tellurophene.67,% Ir. the case of going
from furan to pyrrole the increase of H jj is found to be larger
than the decrease of ¢ ; ;. leading to a net destabilization of the
a2(7r) level; see Figure 6. This is a direct consequence of the
high polarity of the N-H bond, which tends tc increase the Gjj
value by increasing the electron density in toe ring: ab initio
Hartree-Fock calculations2,27 show that the total excess
charge on the five ring atoms is ca. 25% larger in pyrrole than
in furan or thiophene. Substitution of the NH hydrogen atom
by an electron-donating methyl group leads to further de-
stabilization of the s2 (+7) level.2829 We may thus summarize
that although the individual shifts ofH;; and ¢ ;; are much
larger in the case of going from furan to thiophene than in the
case of going from furan to pyrrole,30 the destabilizing and
stabilizing effects tend to cancel in the first case, but not in
the second case.

We then turn briefly to the second highest occupied orbital
in these compounds, bx(7r). This orbital has a high amplitude
on the heteroatom and it would appear reasonable to expect
that the shifts of this level can be predicted by simple per-
turbation theory. One would thus predict a stabilization of this
level when the heteroatom is replaced by a more electroneg-
ative atom. Calculated22,27 and observed (Figure 1) energies
support this prediction in the case of going from thiophene
to furan, but not in the case of going from thiophene to pyrrole.
The calculations by Niessen et al.22.27 predict essentially the
same energy of this orbital in thiophene and pyrrole, and the
measured binding energies show a destabilization of 0.3 eV
of the level in pyrrole relative to the level ir thiophene (see
Figure 1); the increase in electronegativity of the heteroatom
is thus not able to outweigh the destabilizing inductive effect
discussed in the preceding paragraph. This is largely due to
the circumstance that although nitrogen is clearly more
electronegative than sulfur,15 the effective electronegativity
of the NH group is probably not too different from that of a
sulfur atom. The nitrogen atom in pyrrole gains approximately

0.4 electron, but ca. three-quarters of that is withdrawn from
the hydrogen atom bonded to it;27 the capacity to withdraw
electrons from the neighboring carbon atoms is thus strongly
deactivated, and the effective electronegativity of the NH
group is much less than that of the nitrogen atom.

Contrary to the two highest occupied orbitals discussed
above, az(?r) and biM, the third and most bonding ir orbital
in these compounds has large C-X bond contributions, and
is thus quite sensitive to the strength of this ir bond as mea-
sured by the value of the resonance integral /?cx- In the case
of going from thiophene to furan, the large stabilizing effect
due to the large magnitude of dco relative to dcs cooperates
with the increase of electronegativity of the heteroatom to
yield a very large stabilization of the third ir level, ca. 3eV.2
When passing from thiophene to pyrrole, it turns out that the
stabilizing effect due to the bond contributions dominates over
the destabilizing inductive effect of the NH group, and the
level is stabilized by ca. 1 eV.227 In this paper, however, we
deal primarily with levels related to the two first ir orbitals,
az(ir)and biM .

So far we have not considered the effects due to a possible
deviation from Koopmans' approximation (1). Niessen et
al.227 have recently calculated “Koopmans’ defects” for
furan, pyrrole, thiophene, and others, by means of highly so-
phisticated many-body perturbation theory. They obtained
very small corrections for the aom levels, in agreement with
the close correspondence between calculated ab initio orbital
energies and measured ionization potentials shown in Figure
6. This means that the analysis based on (2) is valid. The
corrections obtained for the inner ir levels were not negligible,
but the shifts of the calculated ionization potentials were in
all cases well predicted by the shifts of the corresponding or-
bital energies. This indicates that a description of the trends
in the PE spectra of these compounds in terms of MO theory
is reasonable.

HMO Model. The discussion given in the preceding para-
graph of this section attempts to explain why the effects of
replacement of sulfur or selenium atoms in compounds like
1-6 by NH groups cannot be described by simple perturbation
theory. Any reasonable model must include the large inductive
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Figure 6. Top: Correlation of the calculated values of Hjj and Gjj
(see the text) for the aoM orbitals in thiophene, furan, and pyrrole.
The results were obtained by the CNDO/2 method and are based on
the experimental geometries given in ref 25. Note that the values for
H,; are negative. Bottom: Correlation of the measured ionization
potentials 1N\ij and of the calculated orbital energies ej = H; , + Gjj
for the a2(ir) levels in thiophene, furan, and pyrrole. The ab initio
results are taken from ref 22 and 27; the CNDO/2 results correspond
to the results mentioned above.

effect of the NH group on the carbon frame. Eland6has pro-
posed a parametrization of the HMO model which leads to
good agreement with the first few PE bands of pyrrole, indole,
and aniline. This parametrization employs ac values of
smaller magnitude than the value —7.0 eV derived for thio-
phene and selenophene in the preceding section: ac = —6.37
eV and acadi = «¢ —0.27 eV.3l This is consistent with the
destabilizing tendency described above (Elands’s choice was
not based on this argument, however; he was unable to obtain
a good agreement for thiophene). The remaining parameters
proposed by Eland are dec = dcN = —2.70eV and «n = «C +
dec = —9-07 eV. It is interesting to note that this «n value is
not very different from the value —9.4 eV obtained for as,2
indicating that the effective electronegativities are in fact
quite similar (see also ref 5c, p 127).

We have performed a calculation using Eland’s parameters
on pyrrolo[2,3-6]pyrrole (9), and the results are in good
agreement with experiment; see Table 11.32 We take this as an
indication that the parametrization may be adequate for the
series 7-11. We apply Eland’s parameters in the following way:
for all atoms and bonds in a pyrrole fragment in 7-11 we use
Eland’s values, and in the remaining portions we keep the
parameters derived in the previous section. It should be noted
that the parameters lead to an underestimation of the binding
energy of the third w level in the PE spectrum of pyrrole
(~13.7 eV27); accordingly, we limit our attention primarily to
the first three levels in 7-11 which are related to the first two
levels in pyrrole.

Results and Discussion. The results of the calculations
are listed in Table Il, where also the results of a MINDO/3
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calculation on 9 are included. The comparison of the observed
and calculated energies shows that the HMO model, being
pushed that far, is able to yield a very reasonable agreement
with experiment. A correlation diagram of the first three PE
bands in the series of [2,3-6]-fused compounds 1,7, 9, 8, and
4 is presented in Figure 7, and the corresponding diagram
based on the HMO results is given in Figure 8. It is apparent
that a number of significant trends are reproduced by the
calculation, as discussed in the following. Successive re-
placement of sulfur atoms in 1 by NH groups to yield 7 and
9 is predicted to lead to a destabilization of the three highest
occupied ir levels, consistent with the destabilization of the
two highest occupied ir levels of pyrrole relative to the corre-
sponding levels in thiophene. This is due primarily to the
general shift toward lower binding energies introduced by the
use of smaller ac magnitudes for the pyrrole fragments. The
two highest occupied near-degenerate 7 levels of 1 are pre-
dicted to experience very different shifts, leading to a con-
siderable split of the levels as observed in the PE spectra
(Figures 5 and 7). The ao level is destabilized more than the
bi level, which means that the order is being reversed in the
series 1-7-9. A similar crossing was predicted in the series
1-3-4 (see Figure 4), although mainly for a different reason.
The different shifts of the two levels are in the present case
largely due to the difference in C-X bonding characteristics;
the C-X bond contributions of the b] orbital are small and
tend to cancel, while the a- orbital is significantly C-X anti-
bonding. The large increase (0.90 eV) of the magnitude of dcN
relative to des does thus produce a destabilization in the case
of the a2 level. Another factor contributing to the predicted
splitting is the circumstance that the magnitude of the on
value employed is actually somewhat less (0.34 eV) than the
magnitude of as; this destabilizes the a: level relative to the
bi level due to the large difference in amplitude on the het-
eroatoms; see Figures 4 and 8. The results of the MINDO/3
calculations listed in the tables also correspond to a larger
destabilization of the az level than of the bi level, although the
difference is small. We thus tend to assign the ordering of
these levels as indicated in Figures 7 and 8 and in Table II.

The fourth and fifth 7 levels are significantly C-X bonding,
and a stabilization of these levels due to the increase of the
magnitude of /3n relative to des is predicted to dominate over
the destabilizing effects. As mentioned above, the predicted
stabilization of these levels is expected to be underestimated
as in the case of the third 7 level of pyrrole. The shifts of band
@ in the PE spectra are nevertheless quite accurately pre-
dicted by the shifts of the calculated fourth 7 level; see the
tables. We consider it likely that this 7 level is involved in the
ionization process corresponding to band (3), probably over-
lapping the onset of the < levels.

The results for the series 4-8-9 can be understood in similar
terms as the results for the series 1-7-9. The increase of the
magnitude of dc n relative to dcse is very large (1.30 eV) and
the increase of the magnitude of aN relative to ase is also
considerable (0.57 eV). This means that a domination of the
stabilizing contributions is predicted already for the third ir
level; see Figure 8. The observed shifts of this level are not
monotonie, however; see Figure 7. Successive replacement of
the selenium atoms in 4 by NH groups to yield 8 and 9 shifts
band (3) in the PE spectrum first toward lower, then toward
higher binding energies, yielding a small overall shift toward
higher binding energies. Such a behavior is hinted by the
calculated results, and can be explained by a large distortion
of the third ir orbital in 8 which introduces a C-N antibonding
contribution; see Figure 8.

Concluding Remarks

The results of the simple model not only describe a number
of qualitative trends, but are also in satisfactory numerical
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Figure 7. Correlation of the observed first three ionization potentials
in the series 1-7-9-8-4; see the tables.

agreement with the PE data. This is illustrated by the linear
regression of the measured ionization potentials on the cal-
culated orbital energies for all the compounds 1-11; see Figure
9 (the linear regression coefficient is 0.993 and the standard
deviation is 0.158 eV). The overall satisfactory performance
of the model invites further confidence in the basic concepts
behind it.

We may thus conclude that a description of the effects of
the heterogroup NH relative to heteroatoms from group VI
requires specific attention to the interactions taking place in
the aelectron system. In particular, the large polarity of the
N-H bond tends to increase the electron density on the ring
atoms, implying a large destabilizing inductive effect on the
carbon atom frame and a large reduction of the effective
electronegativity of the NH group compared with the nitrogen
atom. These effects can be described in terms of simple MO
theory, which yields a good agreement with the PE data for
the series 1-11. It appears that little evidence for these effects
can be found from a study of electronic absorption spectra,
since the influence on the excited states is similar to the in-
fluence on the ground state; this is indicated by the result that
calculations with no representation of the effects described
above give reasonable excitation energies.33 We wish fur-
thermore to point out that no direct conclusions regarding the
“aromaticity” or “reactivity” of these compounds should be
drawn from the present results, since these questions are
probably much too complex to be meaningfully discussed in
terms of one-electron properties. 34

111. Experimental Section

The compounds 3-11 were prepared according to the prescriptions
in the literature.8-13

The PE spectra were recorded on a PS 18 piotoelectron spec-
trometer (Perkin-Elmer Ltd., Beaconsfield) equipped with a heated
probe. In the case of 9 the sample was heated to 105 °C; in the re-
maining cases the temperature was close to 30 °C. The spectra were
calibrated with argon, and a resolution of about 20 meV on the argon
line was obtained. Each spectrum was recorded several times to ensure
the reproducibility of the results.

Calculations. The HMOS5 calculations were carried out on a
Hewlett-Packard 9800-30 computer. The parameters applied are
discussed in detail in the paper. The EWMO,1718 CNDO/2,19 and
MINDO/32 calculations were performed on the IBM 370/168 com-
puter at the computing center of the TH Darmstadt, using double
precision versions of computer programs published by QCPE, Indiana
University. The standard parameters inherent in the programs were
employed.18-20

For the calculations on furan, pyrrole, and thiophene the geometries
determined by microwave spectroscopyzwere employed. In case of
the compounds 1-11 the geometries were estimated from the exper-

Gleiter, Kobayashi, Spanget-Larsen, Gronowitz, Konar, and Farmer
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Figure 8. Correlation of the calculated energies of the three highest
occupied HMO levels for the series 1-7-9-8-4; see the tables. The
shape of the important orbitals is indicated schematically.

Figure 9. Linear regression of the experimental ionization potentials
on the calculated HMO orbital energies for the compounds 1-11; see
the tables. The crosses correspond to the compounds 1-6, and circles
correspond to the NH containing species 7-11.

imental geometries of thiophene, 25 selenophene,3 and pyrrole2 by
simple fusion of the constituent rings. For the “mixed” compounds
3,5,7, 8, 10, and 11 the length of the central C-C bond was taken as
137 A
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Novel Aromatic Systems. 9.la Proton and Carbon-13 Nuclear Magnetic

Resonance Spectroscopic Study of the Heteroaromatic 67r 1,3-Dioxolium
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The Fr heteroaromatic character of protonated (HSOsF-SbFs-SCb) and methylated (CHjF-SbFs-SC”) viny-
lene carbonate (la) and its trithio analogue (Ib) is investigated by *H and 13C NMR spectroscopy. The 10ir hetero-
aromatic character of the benzo derivative of la in addition to the parent 1,3-benzodioxolium ion (4) and 1,3-benzo-

dithiolium ion (5) has also been studied.

Aromatic character has been frequently attributed to
molecules in which lone pair electrons on heteroatoms enter
into conjugation with unsaturated bonds forming stable
Hiickel-type aromatic systems.2 Heterocyclic compounds
containing oxygen and sulfur represented by the 1,3-dioxolium
and 1,3-dithiolium ions (as well as parent compounds) should,
as 6/r-electron systems, be quite stable. Few examples of
substituted 1,3-dioxolium cations3 have been reported in
contrast to extensive reports concerning the 1,3-dithiolium
salts.4 The reactivity and electronic spectra of “pseudoaro-
matic” sulfur compounds have been studied using simple
MO-LCAO methods.5We therefore thought it of interest to
examine the ionic systems resulting from protonation and
methylation of vinylene carbonate (la) and I,3-dithia-2-
thione (Ib). In addition, we have extended our studies to in-
clude 10w electron systems, 2-hydroxy-1,3-benzodioxolium
ion (2-H+), the parent 1,3-benzodioxolium ion (4), and 1,3-
benzodithiolium ion (5).

Results and Discussion

Protonated and methylated ions, respectively, were pre-
pared from their corresponding precursors with the general
methods developed previously.6ab’H and 13C NMR data, for
the precursors and the ions studied, are summarized in Tables
I and I1, respectively.

6/r Heteroaromatic lons. Stable ions result from proton-
ation (la-H+, Ib-H+) using FSO3H-SbF5 S 02 solution and,

la, X
b, X

I
n O

methylation (la-CH 3+) using CH3F-SbFs “complex” in SO2
solution at -60 °C. Methylated ion (Ib-CH 3+) was studied
as the stable iodide salt7 in SO2solution. Methylation of Ib
with CH3F-SbF7, “complex” in SO2solution resulted in, as yet,
unidentifiable species in the NMR spectrum.

We consider the carbon-13 chemical shifts of ring carbons
to be quite informative concerning trends of charge delocali-
zation since extensive evidence has resulted indicating the
sensitivity of charge and 13C NMR shifts.8 The assignment
of resonances was made by the now familiar procedure of
Grant and co-workers.910 When needed, “off-resonance”
proton decoupled spectra were obtained to assure correct peak
assignments.

Vinylene carbonate (la) in 1:1 M/M FSOsH-SbFs in SO2
solution was found to be protonated on the carbonyl oxygen.
The ‘H NMR spectrum at —60 °C consisted of two peaks, one
at 68.2 ppm of relative area 2, and one at &13.2 ppm of area
1. In addition, the olefinic protons are deshielded by 1.3 ppm
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Table I. ‘“H NMR Parameters of Heteroaromatic lonsO

Precursor Heteroaromatic ion
A .0 4.95
7.2 (°>=0 8'2 0 _0_1,31i2 8.2[© /—0—H
™ o
75 (V s 85Kty—s—hb 8.1 Kiy>—S—Gc
S S \sx
7.2-7.25 (m)
CcCo-0" “0OV -
7.1 3.62 8.1-8.2
10.4
CcCOO GV"™
7.95-8.9

0In parts per million (5) from external Me,Si (capillary).
Protonated in FSO3H—SbFs—S02at —60 °C. Methylated
with CHjF—SbFs“complex”—SO, at —40 ¢0. b Not observ-
able. c Methylated species studied as stable iodide salt in
S02solution at —40 °C. dIn S02C1F at —10 °C. e Proto-
nated in FSO3H—SbF5-S02C1F at-80 °C./In CC14, ambi-
ent probe temperature, ilon prepared in FSO3H—SO. at
—70 °C. hIln CD3XN, ambient probe temperature.

when compared to the neutral molecule in SO2solution. This
additional deshielding suggests the presence of a significant
ring current, the resulting ion being a 67r-eleetron heteroaro-
matic system. Methylation of la resulted only by using
CH3F-SbF5*“complex” in SO2solution while other methyl-
ating agents [HC(0 CH3)2+PF6~-S02, (CH3I30+BF4~-S02,
CH30S02F-S0OZ proved unsuccessful. The I1H NMR spec-
trum of la-CH 3+ at —60 °C consisted of two signals, one at 5

8.2 ppm with relative area 2, and one at 54.95 ppm of area 3.

Again one observes the same downfield absorption of the
olefinic protons due to significant charge delocalization into
the ring.

13C NMR parameters for vinylene carbonate (la) show
significant shielding of the carbonyl carbon (513C 154.8) due
most probably to the proximity of lone pair electrons on the
adjacent heteroatoms. The carbonyl shift is very similar in
ethylene carbonate, the saturated analogue of la.11 The ole-
finic carbons appear at 513C 132.2, a resonance value typical
of sp2carbons of substituted alkenes and arcmatics.11 Upon
protonation, the carbon-13 chemical shifts fcr the 1,3-dioxo-
lium ion formed are deshielded by 6.1 ppm for the olefinic
carbons and 9.5 ppm for the carbonyl carbon. Carbon-13
chemical shifts for methylated vinylene carbonate (la-CH 3+)
show striking shift differences for the carbonyl carbon when
compared to la and la-H+, while the olefinic carbon shift is
the same as that of la-H +. Carbon-13 chemical shifts for the
1,3-dioxolium ion formed are deshielded by 3.1 ppm for the
olefinic carbons and 27.0 ppm for the carbonyl carbon.

Protonation of I,3-dithia-2-thione (Ib) in 1.1 M/M
FSOsH-SbFs in SO2solution occurred on the thiocarbonyl
sulfur. The IH NMR spectrum at —60 °C consisted of only one
peak at 58.5 ppm assigned to the olefinic protons, while the
protonated sulfur resonance could not be observed even at the
lowest accessible temperatures. Methylatior. of Ib with io-
domethane yielded a stable iodide salt soluble in an SO2so-
lution. Methylated species (Ib-CH 3+) at —40 °C showed two
NMR signals, one at 58.1 ppm with relative area 2, and one
at $2.8 ppm of area 3.

Olah and Grant

13C NMR parameters for 1,3-dithia-2-thione (Ib) show
significant shielding of the thiocarbonyl group appearing 14.1
ppm upfield of the carbonyl carbon contained in the oxygen
analogue. Protonated species (Ib-H +) resulted in downfield
shifts of 6.3 ppm for olefinic carbons and 4.5 ppm for the
thiocarbonyl carbon. The downfield shifts observed for ole-
finic carbons (4.0 ppm) and the thiocarbonyl carbon (8.8 ppm),
along with protonation parameters, indicate greater ability
of sulfur to accept a positive charge when compared to oxygen
in this aromatic series.12

107r Heteroaromatic lons. When catechol carbonate (2)
in SO2CIF is added to a SCCIF-FSOsH-SbFs solution at —78
°C an amber-colored solution results which gave a H NMR
spectrum consisting of two singlets, one at 58.0 of relative area
4 corresponding to aromatic ring protons and 513.2 of area 1
assigned to the protonated carbonyl (C =+OH). The aromatic

FSO.H-SbF5SO,CIF

2

protons of 2-H+ are deshielded approximately 0.8 ppm from
precursor 2. The protonated carbonyl was observed only at
low temperatures (<—80 °C), presumably a result of rapid
exchange with the superacid solvent system. To verify the
structure of 2-H+, the 13C NMR spectrum was obtained. The
aromatic carbons C-l (;,13C 113.6) and C-2 (513C 130.3) are
deshielded by A5Ci 2.0 and AsC: 4.2, respectively. The pro-
tonated carbonyl 513C 165.1 ppm is deshielded by 12.6 ppm
from the precursor.

The 13C NMR data obtained for 2-H+ (a 10rr system) are
useful for comparison to the 13C NMR data obtained for 2-
hydroxy-1,3-dioxolium ion (1-H+) (a 6 system). The pro-
tonated carbonyl of 2-H+ is only slightly deshielded from that
of 1-H+, A5C 0.8 ppm.

The parent 1,3-benzodioxolium ion (4) was prepared in
FSO:H-SO: from 2-methoxy-1,3-benzodioxole (3).1314

3 4

The "H NMR spectrum of 4 consists of two singlets at 58.1
and 8.2 deshielded approximately 1.0 ppm from the precursor
(3) and asharp singlet for the methine H, 510.4. The 13 NMR
spectrum of 4 confirms the assigned structure since only four
13C NMR peaks are observed for this symmetrical ion. Aro-
matic ring carbons C-2 (513C 114.8) and C-3 (513C 132.3) are
deshielded 6.8 and 10.6 ppm from corresponding carbons of
precursor 3. The 513C 170.4 for C+ is deshielded by 51.9 ppm
from the precursor 13C NMR value.

We also studied the sulfur analogue of 4, the parent 1,3-
benzodithiolium ion (5). lon 5 was studied as the stable per-
chlorate saltl5which proved to be readily soluble in CD3CN.

5
The 3H NMR spectrum of 5 consists of a series of multiplets
57.95-8.9 of relative area 4 and a sharp singlet at 511.5 of area
1 assigned to the methine proton. The 13C NMR data for 5
may be compared to those of the all-oxygen analogue (4) as
an indication of the extent of relative charge delocalization
into the aromatic ring. Ring carbon C-2 (613C 127.7) is de-
shielded by 12.9 ppm from the C-2 13C NMR value for 4
whereas ring carbon C-3 (013C 131.8) is slightly shielded, A5C
0.5. The C+ 13C NMR value (513C 184.9) for 5 is deshielded by
14.5 ppm compared to the C+ value for ion 4, indicating rela-
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Table Il. I3C NMR Parameters of Heteroaromatic lons3

Precursor
154.8
132.2

140.7
C-1 144.4
C-2 111.6
C-3 126.1

48.3
C-1 146.0
C-2 108.0
Cc-3 121.7

118.5

3 In parts per million from external Me,Si (capillary). Protonated in FSO03H—SbF5-S02at —60 °C. Methylated with CH3F—

Heteroaromatic ion

181.8

rO\/ 76.8
138.4 [<£i>-0—cH,

149.5

137.7 Kipt-s 33 v
vs'

C-1 144.4
C-2 1148
C-3 1323
C-1 1455
Cc-2 127.7
i C-3 131.8

SbFs“complex”-S 02at—40 °C. 6 Methylated species studied as stable iodide salt in SO02solution at—40 °C. c In CDC13
ambient probe temperature. d Protonated in FS03H—SbF5-S02C1F at —80 °C. e In S02C1F at —70 °C. / lon prepared in
FS03H—S02at—70 °C. #Iln CD3CN, ambient probe temperature.

tively more charge localized on the carbenium center in the
all-sulfur analogue 5.

The protonated carbonyl of ethylene carbonate (6) and of
carbonic acid (7) is analogous to that of protonated vinylene

51 156.7 +OH
* I S 1663
re \\/._
=0
—o
6

carbonate (la-H+) and protonated catechol carbonate (2-H+).
In fact, the 13C NMR shifts B13C 156.7 and 513C (Me4Si) 166.3
of 6 and 7 are similar to that of la-H+ and 2-H+19 which at
first would seem to indicate that la-H+ and 2-H+ are only
simple protonated carbonates. However, in this case, it is not
expected that there would be any charge delocalization into
the « bond or the aromatic ring of la-H and 2-H+H respec-
tively. Such deshielding, however, evident from the 13C NMR
spectra of la-H+ and 2-H+ clearly indicate that la-H + and
2-H+ are, indeed, 6ir and 10waromatic systems.

Conclusions

Stable oxygen and sulfur heteroorganic ions such as the
1,3-dioxolium ion (67¢), 1,3-dithiolium ion (67¢), and the 1,3-
benzodioxolium ion (104) result from the protonation in su-
peracid [FSO3H-SbF5S 02 (SO2CIF)] of their carbonyl pre-
cursors. Vinylene carbonate is methylated with CH.jF-SbFs
complex in SO2solution, whereas 1,3-dithia-2-thione forms
a stable iodide salt upon methylation with methyl iodide.

The parent 1,3-benzodioxolium and 1,3-benzodithiolium
ions were also prepared and studied by X4 and 13C NMR
spectroscopy. The NMR data indicate significant delocali-
zation of charge over the 6- and 10m systems, respectively.
However, at this stage of our understanding of chemical shifts
vs. charge distribution relationships, no conclusion can be
reached as to the exact nature of the ring currents involved
and relative contribution of resonance forms.

Experimental Section

Materials. Starting materials used were commercially available
of the highest purity (Aldrich and Strem Chemical Co.).

2-Methylthio-1,3-dithiolium lodide (Ib-CH3+). The stable io-
dide salt was prepared according to the procedure of Klingsberg.6

Catechol Carbonate (2). The carbonate was prepared according
to the procedure of Huismann.16

Preparation of lons. The protonated ions were prepared by
adding the precursor (0.5 mL) to a stirred solution of 1:1 M/M
FSOsH-SbFs (1.5 mL) in an equal volume of SO2or SO2CIF at -78
°C. Samples prepared in this manner gave spectra which showed no
appreciable chemical shift differences with temperature or small
concentration variations. The acid was always in excess as indicated
by an acid peak at about &10.9 in the 'H NMR spectrum. The 13C
NMR spectra of heteroorganic ions were recorded only if the 'H NMR
data matched the reported values in the literature. For ions not yet
reported, the structure of the protonated forms could be established
from the XH NMR spectral data (chemical shifts, multiplicity pat-
terns, and peak area integration). After obtaining the 13 NMR
spectrum, the sample was checked again by XH NMR spectroscopy
to determine if any decomposition had occurred. Samples studied in
FSO3H-SO2solution were prepared by dissolving the precursor (0.5
mL) in SO2(0.5 mL). This solution was added dropwise to a rapidly
stirred solution of FSO3H (2 mL)-SC>2(1 mL) at —78 °C. The acid was
always in excess as indicated by an acid peak at about <510.8 in the XH
NMR spectrum.

The methylated ions were prepared by reacting the precursors with
the “methyl fluoride-antimony pentafluoride complex” in SO2so-
lution, under conditions previously described.63

NMR Spectroscopy. *H NMR spectra were obtained on a Varian
Associates Model A56/60-A spectrometer equipped with a variable
temperature probe. 13C NMR spectra were obtained in part on a
modified Varian Associates Model HA-100 spectrometer equipped
with a FT-100 Fourier transform accessory (V-4357 pulsing and
control unit); a broad-band proton decoupler of 25.14 MHz was de-
rived from a gated power amplifier capable of putting out approxi-
mately 80 W into the transmitter coils. The pulse width used was 35
lis, and the pulse interval, 1.5 s. The available computer memory (4000
input channels) and the need to provide multichannel excitation over
the region of interest (sweep width 6800 Hz) limited the data acqui-
sition time to 0.2 s.

The free induction signal derived after each pulse is signitized and
accumulated in a Varian 620/i computer (8K). Approximately
5000-7000 accumulations were made to obtain each spectrum.
Field/frequency regulation was maintained by a homonuclear internal
lock system. The lock used was the proton decoupled carbon-13 res-
onance of a 60% carbon-13 labeled methyl iodide sample contained
in a precision coaxially spaced capillary (o0.d. ca. 0.2 and 0.4 mm) in-
serted in the sample NMR tube (5 mm o.d.).

Fourier transformation of the accumulated free induction signal
gave the frequency spectrum1718 from which was measured the
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chemical shift of each signal, relative to the reference methyl iodide
signal. All the chemical shifts reported here have been corrected to
a Me.(Si reference by the relationship

. H2 (obsd) - 977 - T(°C) X 0,70
ppm (Me4Si)
25.2

The !3C NMR spectra for the remaining heteroorganic ions and
precursors were obtained on a Varian Associates Model XL-100
spectrometer equipped with a broad decoupler and variable tem-
perature probe. The instrument operates at 25.2 MHz for carbon-13,
and is interfaced with a Varian 620L computer. The combined system
was operated in the pulse Fourier transform mode, employing a
Varian Fourier transform accessory. Typically 3000-5000 pulses, each
of width 20-30 gs, needed to be accumulated in order to give a satis-
factory signal to noise ratio for all signals of interest. Field frequency
stabilization was maintained by locking on the fluorine-19 external
sample of fluorobenzene. Chemical shifts were measured from the
carbon-13 signal of 5% carbon-13 enriched tetramethylsilane in a
1.75-mm capillary held concentrically inside the standard 12-mm
sample tube.
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The 2IC NMR spectra of several bicyclo[3.3.1 (nonanes, 9-met hyl-9-azabicyclo[3.3.1 jnonanes, 9-oxabicyclo[3.3.1]-
nonanes, and 9-thiabicyclononanes with bridgehead substituents are interpreted. Heteroatom bridgehead substitu-
ents cause downfield shifts of the resonances for 7-anti carbons 3, 5, and 7 in agreement with previous results for
bridgehead substituents and in contrast to the upheld 7 -anti shifts induced by heteroatoms in monocycles. Equato-
rial tertiary hydroxyl groups in cyclohexanols cause downfield shifts of the 7-anti carbons.

Within the last several years, 1,C NMR spectroscopy has
emerged as a very powerful tool for structural analysis in or-
ganic chemistry.1The power of this technique derives in large
measure from several empirically determined, rather well-
ordered types of effects exerted by substituents on the
chemical shifts of the various carbon atoms in a particular
molecule. For example, it has been demonstrated on numerous
occasions that a carbon atom disposed 7-gauche to a methyl
group resonates at a relatively higher magnetic field than when
it is located y-gauche to a hydrogen or y-anti to a methyl
group.2 Steric interactions are usually cited as being respon-
sible for such upfield shifts. Interestingly, it has also been
found that downfield shifts are observed when the encum-

bered carbon is separated from its steric antagonist by four
bonds."1While the experimentally obtained y and b “steric”
shifts are opposite in direction (thus indicating that the
shielding mechanisms include significant contributions from
terms of other than a steric nature), their individual consis-
tencies render them very valuable in stereochemical assign-
ments.

Recently, Eliel and co-workers have disclosed their in-
triguing findings related to the upfield chemical shifts ob-
served for carbon nuclei y to a heteroatom.4Briefly, their data
have confirmed that a gauche heteroatom (N, O, F, S, Cl)
produces an upfield (steric) shift of a IfC NMR signal greater
than the upfield shift caused by a gauche carbon group
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Table I. Carbon-13 Chemical Shifts for 1-Substituted Bicyclof 3.3.1 Jnonanesaft

Nucleus Substituent C-I
654 8a, X = H 28.2
\ >9/3 8b, X = OH 69.2
8c, X =Cl 71.8
X 8d, X =co0 2 41.0
<‘t> 9a, X = H 52.3
9b, X = OH 82.5
Xl 9c, X =ClI 90.6
10a, X = H 66.5
Q 10b, X = OH 94.0
X1 10c, X =ClI 99.9
I VACI lia, X = H 65.0
lib, X =CI 93.8
X

/ S\ 12a, X = H 33.2
12b, X = OH 76.9

X
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c-2(8) c-3(7) C-4(6) c-5 c-9
31.9 22.8 31.9 28.2 35.2
39.7 23.1 30.3 32.3 43.6
42.1 24.5 29.8 32.9 46.0
33.2 22.0 30.4 28.0 36.0
26.4 20.4 26.4 52.3 40.9d
33.8 22.0 25.6 57.6 34.2d
37.6 23.1 25.3 58.9 37.6d
29.3 18.8 29.3 66.5
36.3 20.6 28.4 72.4
40.2 21.7 27.8 74.2
27.2 18.4 27.2 65.0 53.0d
38.8 22.0 26.6 73.3 50.2d
32.1 21.6 32.1 33.2
41.1 23.4 30.8 40.8

aExpressed in parts per million. b Compounds 8—10 measured in CDC1, with internal Me4Si; compound 11 measured in

D20 with externa] Na03S(CH2)3Si(CH3)3. ¢ Signal for C02H, 185.9. d Chemical shift for NCH3.

(methyl or methylene); moreover, their investigation has
demonstrated that a carbon atom situated 7-anti to a second
row heteroatom (N, 0, F) generally resonates at a significantly
higher field than a carbon nucleus located 7-anti to a methyl
or methylene group or to a third row heteroatom (S, Cl). As
pointed out by Eliel et al., the only exceptions at that time5
to the shielding 7 -anti effects occurred in systems having the
heteroatom attached to a bridgehead carbon as reported by
Maciel and co-workers for the bicyclo[2.2.2]octane (1) and
adamantane (2) frameworks.8Subsequent to Eliel’'s survey,4

the 13C NMR spectra of some bridgehead functionalized de-
rivatives in the bicyclo[2.2.1]heptane nucleus [i.e., norbor-
nanes (3),9 tricyclenes (4),9b camphenes (5a),9c camphors
(5b).8d and camphenilones (5c)9] have been studied; both
downfield and upfield 7 -anti shifts were observed with these
substrates. Also, the conversion of «-isospartein (sa) to 7-

hydroxy-a-isospartein (s b) results in a 1.3-ppm upfield shift
of the bridgehead carbon (9).10-11

Significantly, all the compounds in Eliel's survey4 have the
heteroatom attached to primary or secondary carbon atoms.
By necessity, all bridgehead substituents are attached to
tertiary carbons. The following data indicate that changing
from primary or secondary substrates to tertiary compounds
reverses the direction of the 7 -anti effect for monocyclic sys-
tems also.

In order to gain additional information pertaining to the
directions and magnitudes of the 7 -anti effect of bridgehead
substituents we have measured the magnetic resonances of
the carbon atoms of a few 1-substituted bicyclo[3.3.1]nonanes.
In addition, we have studied the 13C NMR of several sub-
strates with a heteroatom (N, 0, S) incorporated into the
molecular framework at the 9 position of the bicyclo[3.3.1]-
nonane system.6'12The heterobicyclic materials were chosen
for study in order to ascertain whether or not the ring het-
eroatom (which is part of the antiperiplanar arrangement; see
formula 7a) would alter significantly the 7 -anti effects found

7a 7b

for the parent carbobicyclic counterparts. Furthermore, the
bicyclo[3.3.1]nonane geometry contains a second 7-anti ar-
rangement (see structure 7b) which, because of differences
in bond angles and lengths,13could give rise to 7 -anti effects
different from those exhibited by 7a.

Results and Discussion

Table | collects the chemical shift data for the various 1-
substituted bicyclo[3.3.1]nonanes we have examined. The
assignments of the chemical shifts are based on the relative
intensities of certain signals, splitting patterns observed with
fully coupled spectra, and general, well-documented sub-
stituent effect trends.1 Table Il lists the specific effects of
bridgehead substituents on the chemical shifts of the carbon
atoms.

Carbobicyclic Compounds. The conversion of hydro-
carbon sa to bridgehead alcohol s b results in carbon 5 being
deshielded by 4.1 ppm while carbon 3(7) is shifted downfield
by only 0.3 ppm. Likewise, the transformation ofsa to chloride
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Table Il. Bridgehead Substituent Effects for Bicyclo[3.3.1]Jnonanes“'6

Compd Function C-1 C-2(8)
8b OH 41.0 7.8
8c Cl 43.6 10.2
8d CO,H 12.8 1.3
9b OH 30.2 7.4
9c Cl 38.3 11.2

10b OH 275 7.0
10c Cl 334 10.9
lib Cl 28.8 11.6
12b OH 43.7 9.0

C-3(7) C-4(6) c-5 c-9
0.3 - 16 41 8.4
17 -21 4.7 10.8

-08 -1.5 - 0.2 0.8
16 -08 5.3 -6.7"
2.7 - 11 6.6 —3.3¢
18 -0.9 5.9
2.9 1.5 7.7
3.6 - 06 8.3 2.60
18 -1.3 7.6

“Chemical shifts for substituted compound minus chemical shifts for parent, expressed in parts per million. b Negative values indicate

upfield shifts. c For NCH3.

Table Ill. Survey of 7-Anti Effects of Bridgehead Substituents” 6

Type I¢é
Compd Carbon X = OH X =Cl X =CO02H

1

2 3(5,7) 4.1 4.7 - 0.2
3 4 - 16 - 16 14
4 1 35 1.2 17
4 2(6) -1.4 -1.3 - 10
5a 4 -2.9 -21 04
5a

5b 1 11 0.5 -0.9
5b

5¢c 4 -4.1 - 26 -0.9
5¢c

8 5 4.1 4.7 - 0.2

Type lle

Carbon X = OH x =0 X = CO2H Ref

3(5,8) 0.4 2.2 -1.5 8
8

3(5) 0.5 11 0.2 %a
9b

3 0.3 1.0 1.2 9c

5 11 1.9 0.7

2 -2.7 -5.6 -2.7 ad

6 - 20 -1.3 - 0.8

3 - 0.6 0.4 1.2 9

5 5.2 8.7 3.7

3(7) 0.3 1.7 - 0.8

“ Expressed in parts per million. 6 Negative values indicate upfield shifts. 1 See text for explanations of types.

s ¢ produces downfield shifts of 4.7 and 1.7 ppm for carbons
5 and 3(7), respectively. Thus, it appears that the type of 7-
anti arrangement (i.e., 7a or 7b) can be important. For con-
venience the 7-anti effect produced by the arrangement de-
picted in 7a is classified as type | (the 7-anti carbon is a
bridgehead carbon) while the 7 -anti effect corresponding to
7b is defined as type Il (the 7-anti carbon is not a bridgehead
carbon). To help visualize how the two types of 7 -anti effects
found for alcohol sb and chloride sc relate to the results of
previous reports dealing with bridgehead substituted carbo-
bicyclic systems, Table Il has been assembled. First of all, it
is interesting to note that the type 17-anti effects for the very
similar frameworks adamantane (2) and bicyclo[3.3.1]nonane

(8) are identical (as are the corresponding a and j3substituent

effects88). Perhaps this fact indicates that the small differ-
ences in the pertinent corresponding bond angles or bond
distances are inconsequential in the transmission of the 7 -anti
substituent effect. The other type I effects shown in Table 111
are mostly shielding. Perhaps the change in direction of the
7 -anti effects of the bicyclo[2.2.1]heptane substances (3-5)
compared to the bicyclo[3.3.1]nonane substrates (2 and s)
reflects the substantial difference in CCC angle at the carbon
joining the bridgehead carbons: 93.1° in the case 0f 3 (X = H)
and 111.3° for sa.:s However, the tricyclene system (4) re-
mains anomalous even though it is geometrically similar to
the norbornane skeleton.13b Clearly, more data are needed
before a general explanation of the type | 7 -anti effect can be
advanced reliably. On the other hand, there does seem to be
a unifying trend for the type Il 7 -anti effects: for the hydroxy
and chloro substituents the shifts are generally deshielding,
with a chlorine producing a shift about 1 ppm greater in
magnitude than a hydroxyl group.

Heterobicyclic Materials. Previous reports on 9-het-

erobicyclo[3.3.1]nonanes have not considered the effects of
bridgehead functionality on the chemical shifts of the carbons
comprising the bicyclic systems.6'12ac'e Examination of the
data contained in Tables I and Il reveals some interesting
trends. Again, the type | 7-anti effects are substantially
greater in magnitude than the type Il 7-anti effects. For the
bridgehead hydroxy derivatives the differences between the
type | and type Il 7-anti effects are 3.7 ppm for the 9-aza
skeleton (9), 4.1 ppm for the 9-oxa skeleton (10), and 4.8 ppm
for the 9-thia skeleton (12). These values compare favorably
with the related difference of 3.9 ppm found for the carbobi-
cyclic system (8). For the bridgehead chloro substrates the
differences between the type | and type Il 7 -anti effects are
slightly larger than those found for the hydroxy derivatives
(3.9 ppm for 9c and 4.8 ppm for 10c) and are somewhat greater
than that found for the carbobicyclic system (3.0 ppm for sc).
An attractive rationalization of the observed differences in
the magnitudes of the type | and type Il 7-anti effects is based
upon the geometrical freedom of the bicyclo[3.3.1]nonane
framework: the type | arrangement (7a) allows only for bond
angle and/or bond length changes, but no changes in the di-
hedral angle formed by the two planes X-C(l)-C(9) and
C(I)-C(9)-C(5) which must remain near 180°. However, for
the type Il arrangement (7b), the dihedral angle formed by
the planes X-C (1)-C(2) and C(l)-C(2)-C(3) can vary. In fact,
for most of the compounds we report this angle is probably less
than 180° due to flattening of the six-membered rings to re-
lieve the C(3)-C(7) steric interactions.13® Interestingly, the
cationic nature of the /V,7V-dimethylazonia derivative lib
appears to have little effect on the difference between the type
I and type Il effects relative to the parent iV-methylamine
derivative 9c (4.7 vs. 3.9 ppm, respectively).

Analysis of the data on the type | and type Il 7-anti effects
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Table IV. Differences in Bridgehead Substituent Effects between Corresponding 9-Heterobicyelo[3.3.1]Jnonanes and
Bicyclo[3.3.1]Jnonanes®

c-l C-2(8) C-3(7) C-4(6) C-5

Entry Comparison (a) 08) (T-11) (5) (7-1)
9b-8b - 10.8 -0.4 1.3 0.8 1.2

9c-8c¢ -5.3 1.0 1.0 0.5 19

1ob-sb -13.5 - 08 15 0.7 18

10C-8C - 10.2 0.7 12 0.6 3.0

Ilb-sc -14.8 14 19 15 3.6

12b-sb 2.7 1.2 15 0.3 3.5

a Substituent effects for the 9-heterobicyclo[3.3.1]Jnonanes minus the substituent effects for the bicyclo[3.3.1]Jnonanes expressed
in parts per million.

Table V. 7-Anti Effects for Tertiary Hydroxyl Groups

Reference 7 effect
Compd 8a S(CH3ref)* 5(H ref)c CH, reftf HreF Item
C-3 32.2/ 31.9? 32.1? 0.3 0.1
C-5 24.3/ 23.4? 24.3? 0.9 0.0
C-3 30.(V 28.9? 27.6? 1.7 3.0
C-5 23.8f 23.2? 21.3? 0.6 2.5
C-3,532.4/ 31.5* 0.9
C-3,5 25.1/ 22.6* 2.5
C-3 45.at 43.4* 2.4
C-5 24.0f 22.3* 1.7

aChemical shift, parts per million from Me4Si, of designated carbon. * Chemical shift, parts per million from Me4Si, of
designated carbon in reference compound wherein the OH group is replaced by CH3.c Chemical shift, parts per million from
Me,Si, of designated carbon in reference compound wherein the OH group is replaced by H. d 7-Anti effect, parts per million,
relative to CH3 reference compound. e 7-Anti effect, parts per million, relative to H reference compound. / Reference 15.
? From Table 3.5, p 65, ref 1, based on primary data reported in ref 2b. * Calculated values for standard compounds ob-
tained as described in ref 4, footnote 24. 'The 7-anti effects relative to CH3are not entered in the table for items 5-8. The
calculated resonances of the pertinent carbons in the CH3reference compounds would be the same as for the H reference
compounds since the effect of an equatorial methyl group on the 7 ring methylene is negligible. Accordingly, the calculated

7-anti effects will be the same for both reference series.

from the viewpoint of comparing directly the heterobicyclic
and carbobicyclic materials indicates that the heterobicyclic
compounds show consistently greater deshielding effects than
the corresponding carbobicyclic substrates (Table 1V). The
other comparisons assembled in Table IV show that the a
effects of the carbobicyclics are substantially more deshielding
than the heterobicycles, except for sulfur; the d effects are
slightly more deshielding in the case of a bridgehead hydroxy
substituent and slightly less deshielding with a bridgehead
chloride atom; the &effects of the carbobicyclic compounds
are all slightly less deshielding than those of the heterobicyclic
substances.

Conclusions and Comparisons with Monocyclic Com-
pounds. The consistency of our results for the substituent
effects in these bicyclic compounds is quite good. In particular,
replacement of a bridgehead hydrogen with chlorine or hy-
droxyl causes a downfield shift in the resonances of carbons
3,5,and 7. In asingle example a bridgehead carboxyl group
causes a slight upfield shift of the resonances of these car-
bons.14

Since the shifts caused by bridgehead hetero substituents
are opposite in direction to those caused by the same functions
in monocyclic systems, we must inquire of the reasons for the
difference. The key parameter seems to be the degree of

substitution of the carbon bearing the hetero substituent.
Every example in the survey of 7 -anti effects in monocyclic
systems4 has the hetero substituent placed on a primary or
secondary carbon. By necessity all examples of bridgehead
substituted compounds have the hetero function on atertiary
carbon. Recently, Senda et al. have analyzed the 13C NMR
spectra of some tertiary cyclohexanols. Selected compounds
from their study form the basisof Table V. The chemical shifts
of carbon atoms 7-anti to an equatorial hydroxyl group are
compared to the chemical shifts of the analogous carbons in
hydrocarbons wherein the hydroxyl function is replaced by
hydrogen or methyl.

The 7 -anti effects recorded for items 1-4 are based entirely
on measured literature values. Those in items 5-8 are based
on literature values for the alcohols15 but calculated values
for the reference compounds, as was the practice in the earlier
survey of 7-anti effects.4 The alcohols are drawn in their
predominant conformations.15

The 7-anti effects for the set of alcohols in Table V are
uniformly downfield, except for item 2 (H reference), which
is zero. Accordingly, the degree of substitution of the func-
tionalized carbon is an important factor in determining the
direction of the 7-anti effect for hydroxyl. Hydroxy groups in
tertiary cyclohexanols and chloro and hydroxy groups at the
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bridgeheads of bicyclic and tricyclic ring systems usually cause
downfield shifts of the the resonances of 7-anti carbon atoms.
Further examples will be required to determine the generality
and reliability of this phenomenon.2)

Experimental Section

13C NMR spectra were measured at 25.15 MHz with a JEOL JNM
PS-100 spectrometer interfaced with a Nova 1200 computer.is
Compounds 8-10 were run in CDCLl:i solution with internal Me,iSi;
compounds 11 were run in D20 solution with external NaOaS-
(CHjlIsSIICH;Y);,. With the exception of 8c,1713 all of the materials
employed in this study were available from previous studies or pre-
pared according to literature procedures.19
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and for his assistance in obtaining the ,3C NMR spectra of 8c and 10c.
W. G. Dauben and C. D. Poulter, J. Org. Chem., 33, 1237 (1968).

(a) J. R. Wiseman and W. A. Pletcher, J. Am. Chem. Soc., 92, 956 (1970);
(b) C. B. Quinn, Ph.D. Thesis, University of Michigan, Ann Arbor, Mich.,
1973; (c) H. O. Krabbennoft, Ph.D. Thesis, University of Michigan, Ann
Arbor, Mich., 1974; (d) F. O. Krabbenhoft, J. R. Wiseman, and C. B. Quinn,
J. Am. Chem. Soc., 96, 258 (1974).

Note Added in Proof. Since submission of this report two related reports
have been published: F. Duddeck and P. Wolff, Org. Magn. Reson., 8, 593
(1976); J. A. Peters, J. M. van der Toorn, and F. van Bekkum, Tetrahedron,
33, 349 (1977).
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N-Benzoylnorecgonine methyl ester, N-benzoylpiperidine, and !V,jV-diethylbenzamide exhibit one set of ™
NMR signals for aromatic protons whereas cocaine and seven other benzoate esters, acetophenone, a,a,a-trimeth-
ylacetophenone, a,a,«-trichloroacetophenone. benzamide, and N-ethylbenzamide have two sets separated by ca.
60.6. The observed unusual magnetic equivalence of the first three compounds is attributed to the steric interaction
of the dialkylamine and the phenyl group with the resultant loss of coplanarity between the phenyl and carbonyl

functional groups.

During the course of our investigations on the photo-
chemical behavior of cocaine (1),1 its photoproducts,2 and
related compounds,3 the aromatic protons of cocaine were
observed to occur as two groups of multiplets in the 'H NMR
spectrum at 8 7.93 (m, 2 H) and 7.36 (m, 3 H), whereas the
aromatic proton resonances of N-benzoylnorecgonine methyl
ester (1), cocaine’s0 —=N benzoyl migration-demethylation
product, appear as asharp singlet at 87.45, Table I. This in-
vestigation examines the reasons for the surprising proton

I, R, =COPh; R2=CH3;R3=CH3
I, H; R2= CHS3; R3= COPh
11, COPh; R2=CH3;R3=H

IV, R, =COPh; R2= H; R3=CH3

R,
R,
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Table I. 'H NMR Chemical Shifts of Aromatic Protons of
Cocaine and Related Compounds*®

Chemical shifts of aromatic protons,

No. Compd ¢

1 7.93 (m,2H,0),7.36 (M, 3H, m,p)

1 7.45 (s, 5 H)

1 7.96 (m, 2 H,0), 730 (M, 3H, m ,p)

v 7.90 (m, 2 H, 0), 7.36 (M, 3H, m,p)

\% Cyclohexyl 8.03 (m, 2H,0), 7.40 (m, 3H, m,p)
benzoate

VI iV-Methyl-3- 8.03 (m, 2H, 0), 7.40 (m, 3H, m,p)
piperdinyl
benzoate

VIl N-Methyl-4- 8.03 (m, 2H, 0), 7.40 (M, 3H, m,p)
piperdinyl
benzoate

Vili  Methyl 8.00 (m, 2H, 0), 7.40 (m, 3H, m,p)
benzoate

IX /V-Benzoyl 7.30 (s, 5 H)
piperidine

X a,a,a-Tri- 7.71 (m, 2H, 0), 7.33 (M, 3H, m,p)
methylaceto-
phenone

X1 ar,a,a-Tri- 8.20 (m, 2H,0), 750 (m, 3H, m.p)
chloroaceto-
phenone

X1l Acetophe- 7.85 (m, 2 H, 0), 740 (m, 3H, m,p)
none

X1 A/N-Diethyl-  7.30 (s, 5 H)
benzamide

XIV  A-Ethylbenz-  7.80 (m, 2H,0), 7.26 (m, 3H, m ,p)
amide

XV  Benzamide 8.00 (m, 2H, 0), 7.50 (m, 3H, m,p)

XVI  Atropine 7.20 (s,5H)

“ All spectra were recorded in carbon tetrachloride, and the
temperature of the A-60 NMR probe was 36 °C.

magnetic equivalence of 1l and complements earlier studies
on the IH NMR signal nonequivalence of IV-alkyl groups in
relation to ortho, meta, and para substituents on the phenyl
ring.4-6 The dual set of resonances for the aromatic protons
is associated with the direct linkage of the carbonyl group with
the phenyl ring. In the model compound atropine (XVI) where
the carbonyl group and the phenyl ring are not conjugated,
all the aromatic protons appear as a singlet at s 7.20.

Under ordinary circumstances, carbonyl substituents on
aromatic rings cause the ortho protons to be shifted further
downfield in the 4H NMR spectra than the meta and para
ones.7 There is excellent deuterium labeling work which
demonstrates this in an unambiguous fashion.7 Consequently,
the proton resonance of I in the downfield shift position from
“normal” aromatic proton resonances is caused by the ortho
aromatic protons of the phenyl ring which are in an unusual
magnetic environment. The positioning of the ortho proton
resonance has been attributed to the magnetic anisotropy of
the carbonyl group. Logically then, the aromatic protons of
Il which appear at 5 7.45 are of the “normal” type with no
unusual magnetic effects on the ortho aromatic protons.

For routine benzoyl ester groups, nonequivalence of the
aromatic protons is expected,8i.e., the ortho protons are dif-
ferentiated from the meta and para ones, in accord with this,
all seven benzoate esters examined, I, 111-¥111, exhibit two sets
of IH NMR signals for their aromatic protons, cf. Table I.

The critical changeover point occurs among the amides.
Benzamide and IV-ethylbenzamide exhibit two sets of 'H
NMR proton signals at s 8.0 and 7.4 as do the benzoate esters,
whereas n , N - diethylbenzamide has one set of aromatic pro-
ton signals at 5 7.30. The latter observation focuses attention
on the iV-ethylbenzamide and n ,n - diethylbenzamide model
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compounds because these are the borderline set of compounds
for the observed 4H NMR phenomenon. The 4H NMR spec-
trum of IV-benzoylnorecgonine methyl ester (I1), one of the
two compounds responsible for causing the investigation, has
one set of aromatic proton signals in agreement with that of
N, N - diethylbenzamide and IV-benzoylpiperidine (1X).

Though benzamides show some tendency for cluster for-
mation at higher concentrations, the observations recorded
herein are not due to this phenomenon. First, the XH NMR
spectra of ;V-ethylbenzamide and ~ ,n -diethylbenzamide
were obtained at room temperature in concentrations of 1,1
X 10_1,5X 10~2 1 X 10-2,5 X 1(T3 and 2 X 10~3M in carbon
tetrachloride to study the effect of solute concentration in
relation to cluster formation. n ,~ - Diethylbenzamide gives
an aromatic proton singlet at 57.30 at all concentrations while
1\V-ethylbenzamide shows two sets of signals at 5 7.80 and 7.26
in a 1 M solution whereas at lower concentrations (1 X 10_1,
5X 10-2,1 X 10-2,5 X 10-3 M) the signals appear at $7.63 and
7.33. Second, in polar solvents where cluster formation is less
likely, the room temperature X4 NMR spectra of N-ethyl-
benzamide in deuterated acetone and dimethyl sulfoxide
exhibit two sets of aromatic proton signals (s 7.70, 7.30 and
7.83, 7.40, respectively) and n N - diethylbenzamide a singlet
(5 7.30 in both).

The magnetic equivalence of aromatic protons of the more
bulky amides is not due to simple steric requirements alone.
a,a,a-Trimethylacetophenone was synthesized and its 1H
NMR spectrum observed in order to evaluate the steric hin-
drance effect of a large substitution on one side of the car-
bonyl. Interestingly, the tert-butyl ketone also had two aro-
matic 4H NMR proton signals centered at &7.71 and 7.33
similar to the TV-ethylbenzamide and the parent compound,
acetophenone. Thus the steric interaction of the bulky tert-
butyl group did not change the nonequivalence of the aromatic
protons. To demonstrate that this observation was not caused
by a fortuitous canceling of factors originating in the elec-
tron-releasing property of the methyl groups, the sterically
hindered a,a,a-trichloroacetophenone was synthesized; and
it, too, exhibited two sets of aromatic proton signals in the 'H
NMR spectrum albeit with shifts downfield.

By using a combination of resonance and steric arguments,
an explanation consistent with the data can be obtained. For
optimum resonance interaction of benzamide, the phenyl ring,
the carbonyl, and the disubstituted amide should be coplanar.
There is a cross conjugation of the amide with the carbonyl
group which is absent or minimized in benzoate esters and
phenyl ketones. Whereas the barriers to rotation about normal
carbon-carbon and carbon-nitrogen double bonds are in ex-
cess of 40 kcal/mol,9 the carbon-nitrogen bond in amides
possesses sufficient double bond character to provide a re-
markable barrier to rotation, i.e., 10-25 kcal/mol.

The coplanarity which gives rise to the dual set of aromatic
proton resonances can be achieved readily in benzamide (XV)
and iV-ethylbenzamide (X1V), but for n,~ - diethylbenzamide
(X1, 11, and 1X, the nitrogen-carbonyl resonance is main-

(@]
N N— CHA
. |
H a ch5
XIV, R=C 25
XV, R= H A

tained but the phenyl ring is forced out of conjugation with
the carbonyl group. The effect of the lack of the coplanarity
between the phenyl ring and amide carbonyl is the equivalence
of the aromatic protons as well as the differentiation of the two
sets of methylene protons of the ,/V-ethyl groups.10
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If the explanation is correct, the observation that a,a,a-
trimethylacetophenone and a,a,o:-trichloroacetophenone
exhibit two sets of aromatic protons whereas IV,Ardiethyl-
benzamide gives one must again be reviewed. The rationali-
zation for the observed results is that the second alkyl group
of N,IV-diethylbenzamide more directly sterically interferes
with the phenyl ring due to the partial double bond character
of the C-N bond than does the non-cross-conjugated, more
freely rotating alkyl group of a,a,a-trimethylacetophenone.
Furthermore, the reduction in resonance between the aro-
matic ring and the carbonyl of 1V,./V-diethylbenzamide pre-
sumably is compensated for by an increase in the double bond
character of the nitrogen carbonyl linkage.53

Experimental Section

The melting points were obtained on a Fisher-Johns melting point
apparatus. The infrared spectra were taken on a Beckman Model
IR-12 spectrophotometer. The proton magnetic resonance spectra
were taken at room temperature on aVarian Associates A-60 instru-
ment using tetramethylsilane as an internal standard. The chemical
shifts of various compounds are given in &units.

Cocaine hydrochloride was purchased from Merck and Co., Inc.,
St. Louis, Mo. Atropine, trimethylacetyl chloride, piperidine, 1-
methyl-3-piperidinol, and I-methyl-4-piperidinol were obtained from
Aldrich Chemical Co., Inc., Milwaukee, Wis. Trichloroacetvl chloride
was purchased from Eastman Kodak Co., Rochester, N.Y. All alcohols,
acid chlorides, and benzoyl chloride were freshly distilled before
use.

Cocaine (I). Free cocaine was obtained by neutralizing cocaine
hydrochloride with 10% NH40H solution followed by extraction with
ether and recrystallization from ethanol: mp 98 °C (lit.11np 98 °C);
NMR (CC14) 57.93 (m, 2 H, C6H5), 7.36 (m, 3H, C6H6), 5.10 (m, 1 H,
-CHOCOC®6H5), 3.60 (s,3H,-COOCH3),3.50 (1 H, Ci H), 3.20 (1 H,
C5H), 2.90 (1 H, C2H), 2.20 (NCH3J), and 1.70-2.10 (m, ring CH2
protons).

iV-Benzoylnorecgonine Methyl Ester (I1), Norcocaine (I11),
and O-Benzoylecgonine (1V). Norcocaine was obtained by oxida-
tion of cocaine by potassium permanganate at controlled pH 2: mp
78-80 °C (lit.122mp 80-82 °C); NMR (CC14) 57.96 (m, 2 H of C6H5),
7.30 (m, 3 H of C6H5), 5.00 (m, 1 H, CHOCOPNhi, 3.60 (s, 3H, OCH3),
3.10 (s, 1H,CHCO02CH3), and 1.60-2.30 (m, 8 H, ring CH2and CH).
0O-Benzoylecgonine (IV) was also obtained in the above reaction:2mp
196-197 °C (lit.13mp 197-201 °C); NMR (CC14) d7.90 (m, 2 H of
C6H5), 7.36 (m, 3H of C6H5), 5.13 (m, 1H, CHOCOPh), 3.15 (m, 1 H,
CHCO2), 2.40 (s, 3H, NCHJ), and 1.80-2.20 (m, 8 H, ring CH2and
CH protons). N-Benzoylnorecgonine methyl ester (I1) was obtained
by KMnC>oxidation of cocaine in basic medium:14mp 141 °C; NMR
(CCl4) 87.45 (s, 5 H, aromatic), 3.6 (s, 3H, OCH3J).

Cyclohexyl Benzoate (V). Equimolar quantities of benzoyl
chloride and cyclohexanol in dry benzene were stirred vigorously for
2 h. The reaction mixture was extracted with sodium carbonate so-
lution. The organic layer was washed with water and dried over an-
hydrous sodium sulfate. A yellowish liquid was obtained after removal
of benzene. The cyclohexyl benzoate was collected at 192 °C (61 mm)
[lit.15bp 192-193 °C (61 mm)]; IR (CC14) 1705 cm“1(C=0); NMR
(CC14) 8 8.03 (m, 2 H, C6H5), 7.40 (m, 3 H, C6H5), 5.00 (m, 1 H,
CHOCOCG6H5), and 1.6 (br m, 10 H, ring CH?2).

N-Methyl-3-piperidinyl Benzoate (VI). This compound was
prepared by stirring equimolar quantities of benzoyl chloride and
N-methyl-3-piperidinol in dry benzene at room temperature for 2 h
and worked up as usual. The pure IV-methyl-3-piperidinyl benzoate
was collected at 94-95 °C (0.05 mm) [lit.1694-97 °C (0.05 mm)]: IR
(CCl4) 1710cm*“1(C=0); NMR (CC14) 68.03 (m, 2H, C6HS), 7.40 (m,
3 H, C6H6), 5.00 (m, 1 H, -CHOCOCG6H5), 2.25 (s, 3 H, NCHJ), and
1.70- 3.00 (m, 8 H, ring CH2).

IV-Methyl-4-piperidinyl Benzoate (VI1). Following the proce-
dure of VI, iV-methyl-4-piperidinyl benzoate was prepared and dis-
tilled at 161-163 °C (10 mm). The melting point of iV-methyl-4-pip-
eridinyl benzoate hydrochloride was 200 °C (lit.17 219-220 °C): IR
(CCD 1710cm*“1(C=0); NMR (CC14) 88.03 (m, 2 H, C6H5), 7.40 (m,
3 H, C6H6), 5.00 (m, 1 H, -CHOCOCEH5), 2.25 (s, 3 H, NCH3J), and
1.70- 2.90 (m, 8 H, ring CH2).

JV-Benzoylpiperidine (IX). A mixture of piperidine and benzoyl
chloride in dry benzene in a 2:1 molar ratio was stirred for 2 h. The
workup of reaction mixture yielded N-benzoylpiperidine: bp 195 °C
(25 mm) [lit.18195 °C (25 mm)]; NMR (CCD «7.30 (s, 5 H, C6H5), 3.40
(m,4H,-CH2NCH2), and 1.60 (m, 6 H, ring CH2).
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a,a,a-Trimethylacetophenone (X). a,a,a-Trimethylacetophe-
none was prepared by Friedel-Crafts reaction using trimethylacetyl
chloride, dry benzene, anhydrous aluminum chloride as reagents: bp
104 °C (13 mm) [lit.19bp 103-104 °C (13 mm)]; IR (CC14) 1675cm* 1
(C=0); NMR (CCD 07.71 (m, 3H, C6H5), 7.33 (m, 2 H, CaH5), and
130 (s, 9H, CH3.

a,a,a-Trichloroacetophenone (X1). This was also prepared by
Friedel-Crafts reaction using trichloroacetyl chloride, dry benzene,
and anhydrous aluminum chloride as reagents. a,a,a-Trichloroace-
tophenone was distilled as a colorless liquid: bp 145 °C (25 mm) [lit.20
145 °C (25 mm)]; IR (CCD 1715cm" 1(C=0); NMR (CC14) 88.20 (m,
2H, caH5 and 7.50 (m, 3 H, CaH5).

JV,IV-Diethylbenzamide (X111). A mixture of diethylamine and
benzoyl chloride in molar ratio of 2:1 in dry benzene was stirred for
1hand worked up to yield N.N-diethylbenzamide: bp 280 °C (lit.2L
bp 280-282 °C); NMR (CC14) 8 7.30 (s, 5 H, C6H5), 3.30 (g, 2 H,
-CH2ZCH3), and 1.10 (t, 3H, -CH2CHS3).

JV-Ethylbenzamide (X1V). This was prepared by passing dry
ethylamine into the ethereal solution of benzoyl chloride. After sat-
uration and standing for 2.5 h, the ether layer was extracted with so-
dium carbonate solution, washed with water, and dried over anhy-
drous sodium sulfate. Removal of ether resulted in a white solid which
was recrystallized from alcohol: mp 60 °C (lit.2Lmp 68-69 °C); NMR
(CCD 57.80 (m, 2 H, CaH5), 7.26 (m, 3 H, C6H5), 3.30 (g, 2 H,
-CH2CH3). and 1.13 (t, 3H, -CH2CH3).

Atropine (XVI1). Atropine: NMR (CC14) 87.20 (s, 5 H, aromatic),
490 (t,J =5Hz, 1H, C3HI, 4.00 (m, 1H, COCHPhCH20H), 3.63 (m,
2H, CHDH), 2.80-2.90 (br, 2H, C5Hand Ci H), 2.10 (s, 3 H, NCH3),
and 1.30-2.15 (br, s, 9 H, C4, C6 C7CH2protons, OH).
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The nitrogen-15 nuclear magnetic resonance spectra of some 2-amino-2-deoxy-D-hexose hydrochlorides and 2-
acetamido-2-deoxy-D-hexoses and 1V-benzoyl-D-glucosamine are reported. The differences in chemical shifts for
the various hexopyranose structures are discussed in terms of steric, stereoelectronic, and hydrogen-bonding ef-
fects. These model compounds were used to study substituent effects related to amino sugar containing polysaccha-

rides and antibiotics.

In recent years, the number of amino sugars which have
been isolated from natural products has increased tremen-
dously. In fact, the number of amino sugars characterized in
living organisms is greater than that of all other sugars. This
rapid development of knowledge in the field of amino sugar
containing substances has inspired a rather comprehensive
review2 which surveys their chemistry and biological func-
tions.

We are interested in the application of nitrogen-15 NMR
spectroscopy for structural analysis of nitrogenous sugars,
particularly polysaccharides and oligosaccharides such as
heparin, and the neomycin-related antibiotics which contain
deoxystreptamine and various other amino sugars. Recent
improvements in the sensitivity of NMR instrumentation
provide an opportunity to investigate these substances at their
natural-abundance 16N levels, and, with this end in mind, we
have undertaken a study of a number of simple amino sugars.
In particular, the chemical shifts and resonance-line intensi-
ties have been obtained for the pyranose anomers present at
equilibrium for 25% aqueous solutions for the 2-amino-2-

R =H, GA HC1 R = H, GalA-HCI
R = COCH3, NAG R = COCH,, NAGal
R = COPh, NBG

6

R = H, MA-HC1
R = COCH3 NAM

deoxy derivatives of D-glucose (GA-HC1), D-galactose
(GalA-HCI), and D-mannose (MA-HCL1), and for the respective
2-acetamido-2-deoxy derivatives (NAG, NAGal, NAM). The
spectrum of N-benzoyl-a-D-glucosamine (NBG) in dimethyl
sulfoxide (Me2S0) has also been determined. Published data
concerning the equilibrium composition of the aminohexo-
pyranose anomers34 have been correlated with the peak in-
tensities in our spectra to corroborate the assignments.

The nitrogen-15 chemical shifts of the a- and d-amino-
hexoses are shown in Table I. In general, the 15N signal in-
tensities allow estimates of the anomer concentrations at
equilibrium, which are in qualitative agreement with ratios
previously determined by proton nuclear magnetic resonance

OH NMR)3 The 15N spectra of the 2-acetamido-2-deoxy-
D-hexoses have not indicated the presence of additional
configurational isomers as a consequence of restricted rotation
about the N-CO bond. Analogous studies by Bundle and co-
workers5have shown that the 13C chemical shifts of the methyl
and carbonyl groups of the 2-acetamido function in 2-
deoxy-D-hexoses are sensitive to the anomeric configuration
and have established that the relative 13C signal intensities
allow estimation of the anomer ratios at equilibrium.

The influence of axial substituents on 13C shifts in various
hexopyranose systems has received considerable attention in
recent years.57 Much less is known concerning the effects of
substituents on the 19N chemical shifts in nitrogen-containing
hexopyranoses.8Lichter and Roberts9 have established that
shifts of simple, substituted amines are subject to the same
kinds of steric and electronic influences as 13C shifts. They
demonstrated that yn substituent effects are upfield shifts
which increase with increasing substituent electronegativity
and can be attributed to stereoelectronic perturbations of the
15N shielding. Similar arguments have been used previously
to account for 13C shieldings in substituted norbornanes.10
However, there are other factors which can influence 15N
chemical shifts. For example, shift effects arising from inter-
or intramolecular hydrogen bonding are well established.11'12
Molecular association in neat liquids or in solvents where
hydrogen bonding is expected to be extensive can result in
either upfield or downfield shifts, depending on the type of
nitrogen and the type of interactions involved.13 Shift effects
induced via stereoelectronic perturbations and/or those em-
anating from hydrogen bonding may contribute to the ap-
preciable differences between the nitrogens of the a and 3
forms of NAM and MA-HC1, 6.7 and 7.4 ppm, respectively.
Similar observations have been made in the 19N spectra of cis-
and trans- 1,2-diaminocyclobutane;9however, both the elec-
tronegativity and the spatial arrangement of the adjacent
amino group attached to the cyclobutane ring differ from
those of the analogous hydroxyl group in the pyranose sys-
tems. In the d anomers, the anomeric hydroxyl and axial 2-
amino function are gauche, and a considerable portion of the
upfield shift observed for the ammonium (or acetamido) ni-
trogen relative to its shielding in the corresponding a isomer
can be attributed to the 7 effect associated with the gauche
form. Thus, although the difference between the two amino-
mannose anomers will reflect a composite of steric, stereoe-
lectronic, and hydrogen-bonding effects, the simplest inter-
pretation is a predominant steric effect in the d anomer. A
similar trend is found for aminopyranoses containing equa-
torial 2-amino functions, but A5 between the anomers is much
less pronounced. The d anomers of aminoglucose and ami-
nogalactose derivatives are shielded by 0.7-1.6 ppm. The
1-OH and equatorial 2-ammonium (acetamido) groups are
gauche in both -he a and d forms. Consequently, it does not
seem likely that an increase in the steric crowding of 7 sub-
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Table 1.15N Chemical Shifts of Aminohexopyranoses in

W ater”

Anomer

ratio”

Sugar  Sa(intensity) be B (intensity)7 AS,ppm a
GA-HC1 340.3 (61) 341.9 (39) 16 63 37
NAG 252.4 (69) 253.1 (31) 0.7 68 32
GalA-HCI 341.6 (55) 343.0 (45) 14 47 53
NAGal 252.6 (56)d 253.4 (44) 0.8 65 35
MA-HC1 344.2 (40) 351.6 (60) 74 43 57
NAM 255.6 (60) 262.3 (40) 6.7 57 43

NBG 260.8 (90) 261.2 (10) 0.4

* In parts per million upfield from external nitric acid. b Re-
lative peak height. ¢ Determined by 'H NMR. Data from ref 3.
d If the integrated peak area is used, a ratio of 63:37 is obtained.
e Registry no. are, respectively, 14131-62-5, 10036-64-3, 14131-
59-0, 14215-68-0, 14131-65-8, 14131-64-7, 61949-16-4. f Registry
no. are, respectively, 14131-63-6, 14131-68-1, 14257-79-5,
14131-60-3,14131-67-0, 7772-94-3, 6847-14-9.

Table Il. 15N Shielding Differences (ppm) between
Epimeric 2-Aminohexoses Derivatives”

a-GalA-HCl-a-GA-HCI +1.3
d-GalA-HCI-d-GA-HCI +11
a-NAGal-a-NAG +0.2
,3-NAGal-/3-NAG +0.3
a-MA-HCl-a-GA-HCI +3.9
/3-MA-HC1-3-GA-HC1 +9.7
a-NAM-a-NAG +3.2
(3-NAM-3-NAG +9.2

“ Obtained from data in Table I; positive values correspond to
upfield shift differences in parts per million.

stituents in 3 relative to a anomers is responsible for these
shielding effects. Moreover, a number of different modes of
hydrogen bonding are possible and the stereoelectronic effects
that influence 15N shifts of aminohexopyranoses are compli-
cated and not well understood.

Table Il illustrates the effect which results from the intro-
duction of an axial substituent to the 2-amino-2-deoxy-D-
hexose derivatives, using GA-HC1 and NAG epimers as ref-
erence compounds. Shielding effects of +1.3 and +1.1 ppm
are observed in the comparison with the analogous anomers
of GalA-HCI. We assume that the orientation of the hydroxyl
group is responsible for these upfield shifts, because the C-2
ammonium group remains unchanged with respect to the re-
maining substituents on the oxane ring, at least as a first ap-
proximation. However, there may be slight differences in bond
angles in the galactosamine derivatives as a consequence of
ring flattening to relieve 1,3-nonbonded interactions with the
axial C-4 hydroxyl group. The shielding effects associated with
change in stereochemistry of a C-4 hydroxyl group (5 sub-
stituent), although opposite in direction, are comparable in
magnitude to those involving 7 substituents, as can be seen
from the shifts of the anomeric aminoglucose and aminoga-
lactose derivatives in Table I. This is a large effect for a sub-
stituent far removed from the nitrogen in question. The ori-
entation in space of the 4-OH group should not affect the
steric environment of the equatorial C-2 ammonium function
directly, and thus should have very little influence on its
chemical shift. Furthermore, hydrogen bonding from the
ammonium group in these 2-deoxyhexopyranoses to 0-4 is
sterically impossible.14 These shielding differences may reflect
some distant stereoelectronic perturbation of the 15N chemical
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Table Ill. Nitrogen-15 Shieldings of the 4-teri-
Butylcyclohexylamines and Their Derivatives”

Derivative (solvent) Transd Cise ASb

-N H 2C(cyclohexane) 334.6 3434 8.8
-NHACc (chloroform) 240.5 248.8 8.3
-NH3+C1- “ (CH30H) 329.5 3354 5.9

“ In parts per million from external nitric acid. b AS = ®\dis -
¢Nrars. ¢ Unpublished research by Dr. R. Duthaler. d Registry
no. are, respectively, 2163-34-0, 2163-33-9, 31023-36-6. e Registry
no. are, respectively, 31023-35-5, 54572-02-0, 61886-14-4.

a- GA-HC1 (a-NAG) - 1217 t43' 2>m*  a-MA-HCI (or-NAM)

Figure 1 Nitrogen-15 chemical shift (ppm) relationships between
aminoglucose and aminomannose derivatives.

shift, and it is conceivable that the spatial configuration be-
tween the hydroxyl substituent, C-4 and C-2, has an important
bearing on the mechanism of these shift changes. The 19
chemical-shift data for 4-substituted 1,1-difluorocyclohex-
anesl5and 4-substituted I-fluorobicyclo[2.2.2]octanes16 have
similar downfield shifts of the 19 shieldings when polar
substituents are oriented in a W arrangement. When the 15N
shifts of a- and /3-NAGal are compared with those of analo-
gous anomers of NAG, considerably smaller AS values are
derived. If such shift effects are inductive effects of the
electronegative C-4 hydroxyl group, then these smaller dif-
ferences may, in part, reflect a change in polarization of the
C-2-N bond for the change in substituent -N H 3+Cl1~ -*
-NHCOCH3.

Considerably larger shielding differences are observed be-
tween derivatives of mannosamine and glucosamine. To
evaluate 15N shielding differences for axial and equatorial C-2
amino groups for amino sugars in the absence of any addi-
tional perturbations caused by the changing relationships of
7-OH groups, experimental shifts of the /3-mannosamine de-
rivatives can be compared with expected shifts derived from
the anomeric aminoglucose derivatives. Axial-equatorial
differences of +12.9 and +10.6 ppm were obtained for the
amino sugar hydrochlorides and their acetyl derivatives.17
Analogous shift comparisons are reported in Table 111 for the
amine nitrogen in cis- and trans-4-tert-butylcyclohexylam -
ines as well as the hydrochloride salts and IV-acetates, for
which values are +8.8, +5.9, and +8.3, respectively. In every
case, the axial nitrogen absorbs at higher field. For the cy-
clohexyl series, nonbonded interactions of the axial hydrogens
at C-3 and C-5 are sufficient to perturb the electron distri-
bution about the axial nitrogen nucleus such that its shielding
is increased. The larger shielding differences between epimeric
aminohexopyranose structures are not likely to arise solely
from an interaction of a single axial hydrogen, and conse-
quently, it seems likely that a substantial part of this effect
can be ascribed to the gauche interaction of the ring oxygen
in the axial compounds.

In Figure 1, data from Tables | and Il are combined to il-
lustrate the various chemical-shift relationships among ano-
meric aminomannose and aminoglucose derivatives. Much
larger AS values are observed between /3-mannosamine and
/3-glucosamine derivatives—+9.7 (+9.2) ppm compared with
+3.9 (+3.2) ppm for the a derivatives. As noted previously,
AS between anomers of either 2-deoxymannose derivative il-
lustrates the pronounced 7-shielding effect associated with
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Table IV. I3C Chemical Shifts of NBG in Me2So a

Anomer (rel

signal inten) Ci c2 C3 C4 C5 C6 C=0
a (90) 913 46.2 719 710 729 621 1674
3 (10) 96.3 58.6 75.0 b 777 621 167.4

aln parts per million from external Me4Si. 6 This signal must
coincide with another reported.

the gauche form. The relief of this gauche interaction accounts
for the smaller ASvalues between the a-aminomannoses and
their epimeric gluco brethren. That is, the shielding effect
associated with the change in the bonding relationship of the
C-2 amino group with respect to the ring is partially cancelled
by a concomitant (but opposing) effect resulting from the
relief of the gauche interaction with the 1-OH substbuent.

To observe both anomers of NBG in dimethyl sulfoxide
solution, the original sample was maintained at room tem-
perature for a period of 2 months, at which time the a-D
anomer was preponderant. The 13C NMR spectrum confirmed
the 19N NMR results which indicated that both anomers were
present in an a:f) ratio of 90:10. The 15N chemical-shift dif-
ference between anomers of NBG is 0.4 ppm, compared with
values of 1.6 and 0.7 ppm, respectively, for anomers of GA-HC1
and NAG; thus A5 nh3+> A5 NHAc> A<S NHOOPH

The shielding differences in these 2-amino-2-deoxy-D-
hexoses could well be a function of the orientation of the ni-
trogen about the N-C-2 bond and, because the shielding dif-
ferences are often larger than 1 ppm, they could be a source
of stereochemical information.

Experimental Section

All the 2-amino-2-deoxy-D-hexose derivatives were purchased from
Sigma Chemical Co., Inc., and were used without further purification.
The ISN NMR spectra were recorded in 25-mm sample tubes at
temperatures of ca. 30-40 °C on a Bruker WH-180 spectrometer
equipped with a Nicolet B-NC 12 computer with 24K memory (16K
for spectrum accumulation), operating at 18.25 MHz in a pulsed
Fourier transform mode with complete broad-band, proton noise
decoupling. The computer allowed acquisition of 8192 data points for
aspectrum having a sweep width of 10 000 Hz. A typical experiment
required 1-2 h of data acquisition, using a pulse width of 20 fis (20°
flip angle) at pulse intervals of 2.0 s. Chemical shifts are reported in
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parts per million (ppm) upfield from external nitric acid (1 M 98%
15N-enriched nitric acid in deuterium oxide) capillary in which deu-
terium oxide was used to produce the field lock signal. Spectra of 25%
solutions of the 2-aeetamido-2-deoxy-D-hexoses and the 2-amino-
2-deoxy-D-hexose hydrochlorides in water were recorded after
reaching their mutarotational equilibria. A 20% solution of N-ben-
zoyl-2-amino-2-deoxy-a-D-glucose in dimethyl sulfoxide mutarotated
to ca. 10% of the d anomer after standing at room temperature for 2
months.

The ,3C NMR spectrum of NBG was recorded for the same sample
used for the 19N spectrum with the Bruker WH-180 spectrometer
operating at 45.28 MHz. The chemical shifts of the skeletal carbons
of the pyranose ring and the carbonyl carbon in both anomers are
reported in Table IV.
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The 15N chemical shifts of 18 cyclic enamines have been determined at the natural-abundance level of IoN using
the Fourier transform technique. The shifts depend on the size of both the cycloalkene and nitrogen-containing
rings. Methyl substituents on the cycloalkene ring also influence the chemical shifts of enamines. Tertiary amines
formed on hydrogenation of cyclic enamines are found to have 15N chemical shifts 3.9-19.7 ppm upfield of the shift
for the corresponding unsaturated compound. A carbonyl group in conjugation with an enamine group results in
a large downfield shift of approximately 30-40 ppm for the nitrogen resonance of the enamine.

The nitrogen lone-pair electrons of an enamine can inter-
act with the 7 electrons of the enamine double bond, en-
hancing the electron density of the /3-alkenic carbon and
making this position available for introduction of a substituent

by a wide variety of electrophilic reagents.2 The reactivities
of enamines formed from cyclic ketones depend on the ring
size and substitution pattern of both the ketone and amine
parts.3-7
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Table I. BN Chemical Shifts of Cyclic Enaminesa

9 9 9 v RN
R R R R R
3 4 5 6 7
-0 304.1 300.7 299.3 301.2 317.6 302.9
-y 0 304.0 301.1 298.6 319.9 307.4
-O 306.5 305.7
- Nw ° 3088 305.4 303.2
—N(EY,  304.5 304.0

Upfield with respect to external 1.0 M D,5N 03for 20
mol % solutions in cyclohexane.

The conformation and the degree of p-Tr overlap in cyclic
enamines have been studied by 1H and 13C NMR spectros-
copy.5 91t has been postulated579that the chemical shifts of
the alkenic proton and jj-alkenic carbon reflect the degree of
p-7r overlap in these molecules, i.e., the relative contributions
of resonance forms la and Ib to the structure.

In principle, an indication of the relative contributions of
these canonical forms should also be available through con-
sideration of 159N chemical shifts for these compounds. For this
reason, we have studied the natural-abundance 15N NMR
spectra of 18 cyclic enamines and a number of closely related
compounds. We have also obtained 15N NMR spectra of the
16 tertiary amines formed on hydrogenation of the above
enamines, to ascertain how the removal of p-x overlap influ-
ences the 15N chemical shifts.

Experimental Section

The cyclic enamines were synthesized and purified by the method
of Stork and co-workers.10Physical properties and 4H NMR spectral
parameters were consistent with reported data.581011 N,N-Di-
ethylenamines were prepared as described by Blanchard.12

Cyclic enamines were hydrogenated in ethanol at room temperature
and 50 psi pressure of hydrogen, over 5% palladium on charcoal.
Uptake of hydrogen was complete after 20 min, at which time shaking
was discontinued and the catalyst removed by filtration. The solvent
was evaporated and the residue distilled under reduced pressure.
Physical and spectral properties for each tertiary amine were con-
sistent with reported values.413

Cyclic enamino ketones were prepared by the method of Panouse
and Sannie.14 All other compounds used were commercial materi-
als.

Proton noise-decoupled 15N NMR spectra were recorded at the
natural-abundance level with a Bruker WH-180 NMR spectrometer
operating at 18.25 MHz. Measurements were made on large sample
volumes (25-mm o.d. tubes, using 15-22-mL samples) with quadrature
detection and Fourier-transform mode operation. Each spectrum was
obtained with a repetition rate of 4.5 s, an acquisition time of 0.819
s, and a total accumulation of 2000 transients. The pulse angle was
20° (20-ms pulse width) at a decoupling power of 4 W. The chemical
shifts are reported in parts per million upfield from external 1.0 M
H15NC8in D20 (5-mm o.d. NMR tube).

Results and Discussion

The 19N chemical shifts of cyclic enamines for cyclohexane
solutions are reported in Table I. The results show that the
15N shifts for cyclic enamines occur in the range 298.6-319.6
ppm upfield of D15NO03. If the compounds with a methyl ring
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substituent are excluded from consideration the range is much
smaller (10.2 ppm).

That the alkenic proton and /3-alkenic carbon-13 chemical
shifts in pyrrolidine enamines are upfield by approximately
0.3 and 4-6 ppm, respectively, of the corresponding shifts in
piperidine enamines has been attributed to a greater contri-
bution of canonical form Ib in the resonance hybrid of the
structure of pyrrolidine enamines compared with piperidine
enamines. This explanation is consistent with the greater re-
activity of the pyrrolidine enamines in electrophilic substi-
tution at their /3-alkenic carbons. Comparison of the 15N
chemical shifts in pyrrolidine enamines with the shifts in the
corresponding piperidine enamines reveals no systematic
trends. For compounds 2a and 2b as well as 3a and 3b there
are no significant chemical-shift differences while for 4a and
4b a small downfield shift is observed. Ofsa and s b, and 7a
and 7b, the piperidine enamines have shifts at higher field.

The relative degree of nitrogen lone-pair overlap with the
alkene group has been estimated for ketone enamines corre-
sponding to a-e by the 13C carbonyl chemical shifts,9but the
values so obtained do not correlate with the 15N chemical
shifts for the analogous compounds of either series 2 or 3.

Table I shows that there is an upfield shift of about 3 ppm
for enamines of cyclopentanone compared with the corre-
sponding enamine of cyclohexanone. Because a double bond
exo to a five-membered ring is more stable than the related
double bond which is exo to a six-membered ring, we might
have predicted that the dipolar resonance form Ib of the
enamines would have a greater contribution in the cyclopen-
tanones compared to the cyclohexanones examined. The up-
field shifts of both the /3-alkenic carbon9and alkenic proton7
signals in the former series are in agreement with this notion,
but the upfield shift of the 15N signals is not.

For 15N chemical shifts, a decrease in electron density at a
particular atom does not necessarily result in a downfield shift
as is generally the case for 44 and 13C chemical shifts. Upfield
shifts in the resonances of sp2-hybridized nitrogens and
downfield shifts for sp3-hybridized nitrogens are well estab-
lished for protonation of nitrogen atoms in organic mole-
cules.15 Apparently with sp2-hybridized nitrogens carrying
a lone pair, the second-order paramagnetic effect which is
associated with the energy of the n —air* transition is an im-
portant influence on the shift and will usually dominate simple
electron density effects.

The data of Table | show that the shifts in cycloheptanone
enamines are generally downfield by 1.4-2.5 ppm of the shifts
in related cyclohexanone enamines. Again the relative order
of the alkenic proton chemical shifts7 corresponds to that of
nitrogen shifts. It has been argued? that the maximum con-
formational hindrance to form Ib in five- to seven-membered
cycloalkanone enamines is offered by the seven-membered
ring and consequently the cycloheptanone enamine should
have the lowest field signal for the alkenic proton. If the res-
onances of sp3-hybridized nitrogens move downfield with
decreasing electron density, then the observed order of ni-
trogen shifts in Table | is not consistent with this rea-
soning.

The nitrogen resonances of I-(pyrrolidino)cyclooctene is
upfield of the corresponding cycloheptene derivative by 1.9
ppm. The relative alkenic proton shifts are the same for these
two compounds.

The 1SN shifts in morpholine enamines are upfield of the
shifts in related piperidine enamines by about 4 ppm. The
oxygen in the morpholine ring probably should not greatly
affect the degree of interaction of the nitrogen with the double
bond in the enamine and the Xd and 13C NMR data support
this assertion.79 If so, then the observed upfield shifts must
have a different origin. The same shift difference is in fact
displayed by morpholine (342.7 ppm) and piperidine (336.2
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ppm), both measured in cyclohexane under comparable
conditions (20 mol %). A similar upfield shift is observed16in
butylamine on replacement of the 7-methylene group with
an oxygen atom. It is possible that the observed shift differ-
ence for these enamines is a consequence of the inductive
effect of the substituted 3-oxapentamethylene group
[((CH2CH220, a*= +0.67] compared with the pentamethy-
lene group [-(CH2)5, a* = —0.18], although again the relative
order isthe opposite of that anticipated on the basis of simple
electron-density considerations. Irrespective of its origin, there
is a counterpart in the upfield 13C shift which occurs through
replacement of a 7-methylene or methyl group with a7-oxy-
gen or nitrogen of the same spatial disposition (Chart | of ref
17).

CH30CH2CH2NH2 ch3h2h2h2nh?2
361.7 ppm 352.3 ppm

In Table Il we have summarized methyl-substituent pa-
rameters for I-(cycloalkylamino)-6-methylcyclohexenes and
I-(cycloalkylamino)-2-methylcyclohexenes. The assignment
of resonances in the two isomeric I-(pyrrolidino)ir.ethylcy-
clohexenes was made on the basis of the relative signal in-
tensities and the reported isomer ratios.59 The two piperidine
isomers are present in approximately equal amounts,59so by
analogy with the relative order of the signal in the pyrrolidine
case, it was assumed that the upfield signal resulted from 1-
(piperidino)-2-methylcyclohexene.

The data in Table Il show that a 2- or 6-methyl substituent
on the cyclohexene ring causes an upfield shift in the 15N
resonance of I-(cycloalkylamino)cyclohexenes. The greater
shifts are found for piperidine than pyrrolidine compounds,
and much larger for a 2-methyl than a 6-methyl substituent.
The steric and electronic factors which influence the isomer
ratio of these four compounds have been discussed on the basis
of 13C and XH NMR data.59 It has been argued5 that in 2-
methyl substituted 1-UV,N-dialkylamino)cyclohexenes 8, the
large steric interactions between R and R' and the methyl
substituent precludes their coplanarity and any substantial
high degree of p-toverlap in the molecule. Consequently, the

replacement of the alkenic proton by a 2-methyl group should
result in an increase in steric interactions and a twisting of the
R and R' groups out of plane, thus increasing the proportion
of conformations such as 9. Because the nitrogen atom in 9 is
more like an ordinary tertiary amine nitrogen (cf. Table Il1),
the observed upfield shift caused by a 2-methyl substituent
is expected. The larger shift changes for piperidine derivatives
compared to pyrrolidine derivatives on 2-methyl substitution
results from greater steric interactions in structures such as
8 with six-membered rings.

The methyl group of the 6-methyl derivatives of Table Il
is pseudoaxial59and relatively free from the steric interactions
described above, so a large degree of overlap can oe main-
tained on changing R = H to R = CH3in structure 10. Con-

10
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Table Il. Methyl Effects on BN Chemical Shifts in
Cyclic Enamines

ex-oe

oh3
3 7 3 6
R AGEN
a —nQ 2.2 16.9
b —N~> 6.3 18.5

«A515n = [6(6 or 7) —6(3)].

sequently, a smaller change in 15N chemical shifts takes place
when a 6-methyl is introduced.

This analysis of enamine shifts is supported by the 15N
spectra of several aniline derivatives (11-14). The effect of
introducing two iV-methyl substituents on the shift of p-
toluidine (that is, 11 — 13) is a diamagnetic shift of 11.8 ppm.

The same substitutions change the 15N shift of o-toluidine (12
— 14) upfield by 19.6 ppm. This larger upfield shift results
from steric interactions preventing nonplanarity of the
N(CH?J3)2group with the benzene ring in 14. It is unlikely that
there is any corresponding steric inhibition of resonance in
either 11 or 13. Comparison of the shifts in 11 and 12 show the
equality of 0- and p-methyl substituent effects in the 15N shift
of aniline. The 13C shifts of o-toluidine and N,N-dimethyl-
o-toluidine also support these conclusions.9

The 159N shifts of enamino ketones 15 and 16 occur at 265.1
and 283.1 ppm, respectively, in agreement with earlier 14N

Q

N 9881 ppm Q127l.9 ppm
,CH,
(@]

15 16 17

measurements of compounds containing the same functional
group.18 Thus, a carbonyl group in conjugation with the
double bond of an enamine induces alarge downfield shiftin
the 1SN resonance of an enamine (compare Sibnin 3a and 3b
with 6in in 15 and 16, respectively). The observed shift can
be associated either with (1) increased electron withdrawal
of the nitrogen lone-pair electrons by the strongly electron-
withdrawing carbonyl group or (2) the expected decrease in
the n — ir* transition energy associated with introduction of
the carbonyl group thus increasing the second-order para-
magnetic effect at the nitrogen, and (3) a possible change in
geometry of the nitrogen from pyramidal in enamines to
planar in enamino ketones. Whatever the relative importance
of each factor, there are corresponding X4 and 13C chemical
shift differences between enamines and enamino ketones.69
The 15N shift of 17 shows that the effect of a 2-methyl sub-
stituent on the shift of 15 is smaller than the effect of a 2-
methyl group on the shift of the enamine 3a. The upfield shift
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Table I11. ISN Chemical Shifts of Cyclic Tertiary AminesO

R 18 19 20 2 22
a -0 308.0 (3.9) 313.2 (12.5) 313.3 (14.0) 311.5 (10.3) 312.9 (-4.7)
b - » 0 314.3 (10.3) 320.8 (19.7) 317.9 (19.3) 319.6 (-0.3)
c 320.9 (14.4) 325.3 (19.6)

-0
d -0 ° 318.5 (9.7) 323.9 (18.5) 322.5 (19.3)
e — NEY, 321.1 (16.6) 321.0 (17.0)

aSee corresponding footnote in Table I. Numbers in parentheses are the shift differences between tertiary amines and the

related enamines. AS = S(amine) —S(enamine).

produced by a 2-methyl group in 15 could result from both
torsional distortion about the C (alkene)-N bond, smaller than
that postulated in the corresponding enamine, or a change in
the nitrogen configuration from planar to pyramidal.

The 15N chemical shifts for tertiary amines resulting from
hydrogenation of cyclic enamines are summarized in Table
I1l. This table shows that chemical shifts for compounds 18-21
occur in the range 308.0-325.3 ppm or 3.9-19.6 ppm upfield
of shifts in the corresponding enamines. The increased
shielding, although not large, is in the direction expected for
an increase in electron density in the nitrogen atom as a result
of the removal of p-ir overlap of the nitrogen lone pair with
the double bond. For two cases, 22a and 22b, the resonance
of the tertiary amine is downfield of the shift in the corre-
sponding enamine. Comparisons of shifts for 22a,b and 19a,b
show that the 2-methyl substituent has little influence on the
shifts for 19a and 19b. The downfield shift changes thus result
from the unusually high-field resonances of enamines s a and
s b and hydrogenation removes the factors responsible for
these high-field shifts. It is evident from Table 11l that the
cycloalkyl group and the heterocyclic ring size influence the
15N chemical shifts of compounds 18-21, as can be seen from
the following diagram:

1

Introducing a 7-methylene group into either ring of 1-cy-
clopentylpyrrolidine (18a) produces an upfield shift of 5-6
ppm. The effect is additive so that a 7-methylene group in
each ring causes an approximately double upfield shift (12.8
ppm). Two adjacent methylene groups added to the five-
membered ring of pyrrolidine in either 18a or 19a move the
nitrogen shift upfield by 12.9 and 12.1 ppm, respectively.

The 15N shifts in the tertiary amines of Table 111 which are
morpholine derivatives are upfield of the shifts in their pi-
peridine analogues by 3-4 ppm.

One difference between tertiary amines and enamines is the
large shift difference between diethylamine derivatives and
the related pyrrolidine compounds. Conversion of an N,N-

diethylamino group to afive-membered ring causes 13.1 and
7.8 ppm downfield shifts in the 15N signals of compounds 18e
and 19e, respectively, but no change in the corresponding
enamine compounds. The explanation for this observation and
others noted above awaits further clarification of the confor-
mations of compounds 18-21, as well as increased under-
standing of the other factors which might influence 15N
chemical shifts.

Registry No.—2a, 7148-07-4; 2b, 1614-92-2; 2C, 7374-91-6; 2d,
936-52-7; 2e, 34969-48-7; 3a, 1125-99-1; 3b, 2981-10-4; 3C, 23430-63-9;
3d, 670-80-4; 3e, 10468-24-3; 4a, 14092-11-6; 4b, 19353-04-9; 4d,
7182-08-3; 5a, 942-81-4; 6a, 5049-40-1; 6b, 6128-00-3; 78, 5049-51-4;
7b, 6127-99-7; 18a, 18707-33-0; 18D, 7335-04-8; 18c, 5024-91-9; 18d,
39198-78-2; 18e, 34969-56-7; 19, 7731-02-4; 19b, 3319-01-5; 19c,
19797-11-6; 19d, 6425-41-8; 19, 91-65-6; 20a, 18707-34-1; 20b,
62059-30-7; 20d, 39198-79-3; 21a, 18707-36-3; 22a, 18707-25-0; 22b,
55905-10-7.
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A series of N-protected di- and tripeptides containing the dehydroalanine unb has been prepared from the corre-
sponding serine-containing peptides by a sequence of chlorination, using phosphorus pentachloride in chloroform,
followed by base-catalyzed elimination. In two instances where A-benzyloxycarbonyl-L-phenylalanine was the N-
terminal unit of a tripeptide, oxazoline hydrochlorides were obtained in the chlorination step. The chlorinated pep-
tides also were obtained by direct incorporation of a/3-chloro-L-alanine residue into the peptide by use of the carbo-

diimide method.

The dehydroalanine moiety has been and is of current
interest in peptide chemistry. Dehydroamino acids are im-
portant constituents of the peptide antibiotics nisin,12sub-
tilin,2 thiostrepton,3 tentoxin,3b and alternariolide,3c for
which the activity of the former two antibiotics has been
proposed4 to be related to the presence of unsaturated amino
acids. Studies have been made to convert existing amino acids
to dehydroalanine units with subsequent cleavage at the po-
sitions of the unsaturated residues.5The conversion of a serine
to a dehydroalanine unit was used in a study6of the active site
in chymotrypsin.

Dehydroalanine derivatives have been prepared by con-
densation of pyruvic acid with amides7 and alkyl-a-haloni-
triles.8 Azlactones, prepared by treatment of an IV-acylglycine
with an aromatic aldehyde, yielded dehydroamino acids upon
hydrolysis;9more recently, oxidation of azlactones has led to
the formation of dehydroamino acids.10Elimination reactions
involving sulfonium1l and sulfinyl12 derivatives of cysteine
and O-tosyl derivatives of serinel3have found general use for
preparation of dehydroalanine and peptides containing this
unsaturated unit. Application of elimination reactions on
/3-chloroalanine derivatives for preparation of dehydroalan-
ines has been reported.14

We were interested in the preparation of di- and tripeptides
containing a dehydroalanine residue. We have found that
reaction of serine-containing peptide derivatives with phos-
phorus pentachloride in chloroform readily effected chlorin-
ation of serine to yield a /3-chloroalanine unit. Subsequent
elimination, using a tertiary amine as base, gave the unsatu-
rated peptide derivative in good yield (eq 1, Table I). An al-

RNHCHCOR® RNHCHCCbR1 RNHCCCbR1 (1)
| CHC13 | EtOAC i
chdh chZi ch2
1 2 3

ternative, but related, method is to introduce directly into the
peptide the /3-chloroalanine unit,15 either as 1V-benzyloxy-
carbonyl-d-chloro-L-alanine or /3-chloro-L-alanine methyl
ester, followed by elimination.

The conversion of alcohols to alkyl halides by use of phos-
phorus halides is a common reaction; indeed, serine and
threonine ester hydrochlorides have been reportedi6to give
the corresponding /3-chloro derivatives upon treatment with
phosphorus pentachloride. From our experience, the advan-
tages of the above method are manifest in the consistent yields
and clean nature of the reactions. We have successfully ap-
plied the method on protected serine as on di- and tripeptide
derivatives containing serine or /3-chloroalanine in various
positions of the peptide. The amino protective groups used
were benzyloxycarbonyl and, in two instances, trifluoroacetyl,
while methyl and ethyl esters were employed as carboxyl
protective groups. We have observed that dipeptides having

a,'V-benzyloxycarbonyldehydroalanine unit in the N-terminal
position are prone to undergo polymerization. Triethylamine
effected elimination when the /J-chloroalanine residue was at
the C-terminal position in the peptide; when the above residue
was at an internal or N-terminal position, it was necessary to
employ l,4-diazabicyclo[2.2.2]octane (Dabco) as base. The
dehydroalanine group was readily characterized by the pres-
ence of vinyl proton absorptions in the NMR spectrum of the
olefinic products.

The di- and tripeptides containing serine employed in this
study were prepared by coupling the appropriate /V-benz-
yloxycarbonyl-L-amino acid or dipeptide, using the carbodi-
imide procedure, with L-serine methyl ester or a peptide
containing L-serine; new compounds prepared are listed in
Table 11

The peptides containing /J-chloroalanine (Table I11) were
prepared by chlorination of the seryl hydroxyl group using
PCI5 in chloroform or by the direct incorporation of /3
chloro-L-alanine into the peptide. Chlorination of serine
methyl ester appears1517 to occur without racemization. In
this study, chlorination of Z-Gly-Ser-OMe gave product with
a specific rotation of -7.0° (lit. —7.5°), while the specific
rotations for Z-Gly-Phe-/3ClAla-OMe, prepared by chlorina-
tion of the tripeptide or by introduction of H-/3CIAla-OMe,
were the same. Thus, racemization in the chlorination step
does not appear to be occurring to a significant extent.

Comparison of the NMR spectra of the serine peptides with
that of the corresponding /3-chloroalanine derivatives in tri-
fluoroacetic acid showed, upon chlorination, a downfield shift
of approximately 0.3 ppm for the seryl a hydrogen and an
upfield shift of similar magnitude for the seryl /3hydrogens
(see Tables Il and Il1I).

Chlorination of Z-Phe-Gly-Ser-OMe and Z-Phe-Ala-Ser-
OMe gave products that were shown to be oxazoline hydro-
chlorides19 (eq 2). In these two instances, the products pre-
cipitated from the reaction solution in contrast to the homo-
geneous nature of those reactions that yielded the desired
/3-chloroalanine derivatives. The oxazolines gave a positive

0
1
z Phe— N— CH— C— Ser— OMe
H |
R
CO,Me
4 Cl H 1"
+N-
=s~ Z— Ph N @
=S — e— H- ( « - V
R
5
R = H or Me 1 PC15 CHC13 R = H or Me

2 Et3N, H2
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Table I. Preparation of Dehydroalanine Derivatives from /3-Chloroalanine Derivatives via Elimination”

Registry

Registry Yield, Recrystn M d
Reactant no. Product6* no. %  solvent* Mp, °C NMR, 5° (concn)f

Z-/3ClAla-OMe 62107-38-4  Z-AAla-OH* 39692-63-2 68 A 108-109 5.92, 6.356
TFA-/?ClIAla-OMe 62076-45-3 TFA-AAla-OMe 58137-35-2 91 Qil 6.12, 6.676
TFA-Gly-/3CIAla- 62085-24-9 TFA-Gly-AAla- 62076-54-4 83 Qil 5.96, 6.556

OMe OMe
Z-Gly-/I?ClAla-OMe 14131-96-5 Z-Gly-AAla-OH' 62076-55-5 55 B 188-189 6.46, 6.74
Z-Ala-/3ClAla-OMe 19525-94-1  Z-Ala-AAla-OH 62076-56-6 52 C 118-119 6.40, 6.70 -17.9 (2.2)
Z-Phe-/3CIAla-OMe 62076-46-4  Z-Phe-AAla-OH 62076-57-7 49 A 149-150 6.36,6.65 -8.4 (2.3)
Z-Val-] SClAla-OMe 62076-47-5 Z-Val-AAla-OMe 62076-58-8 90 A 116-117 5.92,6.626 +3.6 (2.1)
Z-/3ClAla-Gly-OEt 7625-66-3 Z-AAla-Gly-OEC 55477-82-2 63 E 76-78 5.25,6.136
Z-/3ClAla-Ala-OEt 62076-48-6  Z-AAla-Ala-OEt 62076-59-9 80 oilé 5.25, 6.106
Z-/3ClAla-Leu-OMe 62076-49-7 Z-AAla-Leu-OH 62076-60-2 40 Qil 5.32, 6.106
Z-Gly-Gly-/3ClAla- 62076-50-0 Z-Gly-Gly-AAla- 62076-61-3 86 D 156-157 6.36, 6.64

OMe OMe
Z-Gly-Phe-dClAla- 62076-51-1 Z-Gly-Phe-AAla- 62076-62-4 90 A 159-160 6.31, 6.58 -9.0 (2.2)

OMe OMe
Z-Phe-Gly-/3ClAla- 62076-52-2  Z-Phe-Gly-AAla- 62076-63-5 60 A 114-115 6.37,6.61 -23.1 (1.3)

OMe OMe
Z-Gly-/?ClAla-Gly- 7678-33-3  2-Gly-AAla-Gly- 36935-08-7 50 F 129-131 5.45,6.476

OEt OEt'
Z-Phe-/3CIlAla-Gly- 62076-53-3  Z-Phe-AAla-Gly- 62076-64-6 91 Oil 5.43, 6.456

OEt OEt

“ See Experimental Section for general reaction conditions. 6 Acceptable analytical data (+0.4% for C, H, N) were obtained for
all new compounds except the oils listed (entries 2, 3, 9, and 10). Satisfactory NMR and TLC data were obtained on all compounds.
Literature references are given for known compounds. 0The acids listed were obtained by alkaline hydrolysis (1 N NaOH in EtOH)
of the corresponding ester. d A = EtOAc-petroleum ether (bp 30-60 °C), B = EtOH, C = benzene-petroleum ether, D = EtOAc, E
= ethyl ether-petroleum ether, F = CHCI3petroleum ether. e Chemical shift values for vinyl protons recorded in trifluoroacetic acid
with an internal Me4Si standard, unless noted otherwise, f Optical rotations recorded in DMF at 24 °C. g Reference 13a. h Recorded
in CDCI3. 1Reference 28. 1Reference 13a. h Oil polymerized upon attempted purification. 1Reference 13b.

Table Il. Data on Serine-Containing Peptides” 6

Registry Yield, Recrystn M d
no. Peptide % solventO Mp, °C NMR, 5d (concn)e
34078-88-1 Z-Val-Ser-OMe 57 A 162-163 4.90, 4.22/ +10.4 (1.5)
62076-41-9 Z-Phe-Gly-Ser-OMe 41 B 136-137 491, 4.24 -18.3(1.7)
62076-42-0 Z-Phe-Ala-Ser-OMe 37 B 176-177 4.93, 4.26 +7.5 (2.5)
62076-43-1 Z-Gly-Gly-Ser-OMe 58 B 69-70 4.90, 4.25 +1.8 (1.4)
62076-44-2 TFA-Gly-Ser-OMe 80 C 136-137 4.95, 4.31/

“ Only new compounds are listed in this table. References to known compounds used in this study are given in the Experimental
Section. Acceptable analytical data (x0.4% for C, H, N) were obtained on all new compounds except for entry 5 above. Satisfactory
NMR and TLC data were obtained on all compounds. 6 See Experimental Section for general reaction conditions.c A = EtOAc-pe-
troleum ether (bp 30-60 °C), B = EtOAc, C = diethyl ether. d Chemical shift values for «-methine and /3-methylene protons, respectively,
in trifluoroacetic acid with internal Me4Si, unless noted otherwise. e Measured in DMF at 24 °C. / Chemical shift values in CDCI3.

silver nitrate test for ionic chlorine, while treatment with
triethylamine followed by aqueous workup gave the original
serine-containing tripeptide.19% Chlorination of Z-Gly-Gly-
Ser-OMe and Z-Gly-Phe-Ser-OMe proceeded normally to
yield the desired /3-chloroalanine tripeptides. The reasons for
obtaining oxazoline derivatives when phenylalanine is at the
N-terminal position are not clear. The desired tripeptide,
Z-Phe-Gly-d-ClAla-OMe, was obtained by coupling the ap-
propriate protected dipeptide with /3-chloroalanine methyl
ester using (V.iV'-dicyclohexylcarbodiimide. The above
chlorotripeptide underwent elimination in the normal fashion
to yield the corresponding dehydroalanine tripeptide deriv-
ative.

Experimental Section

All new compounds reported in this paper gave satisfactory ana-
lytical data for C, H, and N to within +0.4% of the calculated values,
except as noted in tables. NMR spectra were obtained for all com-
pounds with Varian EM 360 or XL-100-12 spectrometers; partial data
are given in the tables. Recrystallized products were shown to be
homogeneous by TLC on Brinkmann silica gel F24 plates developed
in chloroform-methanol-acetic acid (85:10:5). Evaporations in vacuo

were carried out with a Buchler rotary evaporator. Melting points were
determined on a Thomas-Hoover capillary apparatus and are un-
corrected. Elemental analyses were performed by M-H-W Labora-
tories, Garden City, Mich. The N-benzyloxycarbonyl-L-amino acids
and L-serine methyl ester used were from commercial sources.

General Procedure for Preparation of Di- and Tripeptides
Containing Serine. New compounds prepared in this work are listed
in Table Il. Known compounds employed are listed below with lit-
erature references: Z-Gly-Phe-OH,20 Z-Phe-Gly-OH,20 Z-Phe-Ala-
OH,21 Z-Gly-Gly-OH,2 Z-Gly-Ser-OMe, 2324 Z-Ala-Ser-OMe, 24 Z-
Phe-Ser-OMe,13a Z-Gly-Phe-Ser-OMe, 5 TFA-Gly-OH,26 TFA-
Ser-OMe.27

The 1V-benzyloxycarbonyl or N-trifluoroacetylamino acid or di-
peptide (5-15 mmol) and 1 equiv of L-serine methyl ester hydro-
chloride in chloroform were treated with 1equiv of triethylamine and
N,1V'-dicyclohexylcarbodiimide. The reaction mixture was stirred
at room temperature for 8-12 h. The dicyclohexylurea was removed
by fdtration and the filtrate was washed with dilute HC1,5% NaHCO03,
and water. The organic phase was dried over Na2S0 4. Evaporation
in vacuo gave the peptide product which was recrystallized from the
appropriate solvent (see Table Il or appropriate literature reference).
TFA-Gly-Ser-OMe proved to be water soluble; therefore, the above
washing procedures were omitted.

General Procedure for Chlorination of Serine Peptide De-
rivatives. The /3-chloroalanine peptide derivatives were prepared
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Table Il1l. Data for 0-Chloroalanine Peptide Derivatives
Yield Hd
Product” %b Solvent* Mp, °C NMR, bd (concn)e
Z-Gly-[?ClAla-OMef 81 A 123-125 5.12, 3.96
Z-Ala-/3CIAla-OMe 76 A 131-133 5.14, 3.96 +1.7 (1.5)
Z-Phe-/3CIAla-OMe 73 B 127-129 4.88, 3.97« -11.1 (1.4)
Z-Val-dClAla-OMe 55 B 151-152 5.01, 3.97 +7.6 (1.5)
Z-/13ClAla-Gly-OEt (78) C 131-132.5 4.73, 4.051«
Z-dClAla-Ala-OEt 50 (87) D 149-150.5 4.78, 4.08« -4.1 (1.5)
Z-dClAla-Leu-OMe (88) B 87-88.5 4.63, 3.86« -7.3 (1.5)
Z-Gly-Gly-/3ClAla-OMe 78 (37) B 147-148 5.01, 3.91 - 6.6 (1.8)
Z-Gly-Phe-dCIAla-OMe 63 (63) B 140-141 5.08, 3.95 -5.5 (1.9)
Z-Phe-Gly-/3ClIAla-OMe 0(51) B 148-149 5.08, 4.00 -12.1 (2.3)
Z-Gly-/3ClAla-Gly-OEt/ (68) c 116-119 5.02, 4.001«
Z-Phe-dClAla-Gly-OEt (50) E 184-186 5.00, 4.001 -6.7 (1.4)
TFA-/3ClAla-OMe 37 Oil 4.96, 4.00«
TFA-Gly-dClAla-OMe 77 A 133-134 5.23, 4.04«

~JhSee Experimental Section for general reaction conditions. Acceptable analytical, NMR, and TLC data were obtained on all com-
pounds except for the last two entries. 6 Numbers in parentheses refer to yields obtained by DCC condensation with appropriate fl-
chloroalanine moiety.c A = benzene-petroleum ether (bp 30-60 °C), B = EtOAc-petroleum ether, C = EtOAc, D = CHCI3petroleum
ether, E = CHCIs-EtOH-petroleum ether. d Chemical shift values in trifluoroacetic acid for a and 0 protons, respectively, unless
otherwise noted. Values given correspond to center of multiplet for each set of protons.e Recorded in DMF at 24 °C. f Reference 18.
« Chemical shift values in CDCI3. h Reference 15. 1Approximate value as multiplet superimposed upon peaks due to glycyl methylene

and ethyl ester methylene.

from the corresponding serine derivatives (0.2-20 mmol) by treatment
with 1 equiv of PCI5, added in portions, to a solution of the peptide
in CHCI3. The reaction mixture was stirred at room temperature for
12-16 h, washed with water, and dried over sodium sulfate. Evapo-
ration in vacuo yielded the product as an oil which normally solidified
upon standing. The solid product was recrystallized from the ap-
propriate solvent listed in Table IlI.

Preparation of Di- and Tripeptides Containing/J-Chloroala-
nine by Carbodiimide Method. The tripeptides, Z-Phe-Gly-
dClAla-OMe, Z-Gly-Gly-/3CIAla-OMe, and Z-Gly-Phe-/3CIAla-OMe,
were prepared by condensation of the appropriate iV-benzyloxycar-
bonyldipeptide (5 mmol) with 1equiv of /3-chloro-L-alanine methyl
ester hydrochloride28in 30 mL of chloroform-dimethylformamide
(2:1) containing 1 equiv each of triethylamine and V,Af'-dicyclohex-
ylcarbodiimide. After 8 h, the urea was removed by filtration. The
filtrate was diluted with chloroform, washed successively with dilute
HC1, 5% NaHCOa, and water, and dried over Na2S04. Evaporation
of the solvent in vacuo gave the tripeptide (see Table I11).

The dipeptides (entries 5,6,and 7, Table I11) were prepared by the
above procedure by condensation of N-benzyloxycarbonyl-jf-
chloro-L-alaninel5 with the appropriate amino acid ester in chloro-
form. The tripeptides (entries 11 and 12, Table 111) were prepared in
a similar fashion by condensation of the appropriate N-benzyloxy-
carbonylamino acid with /3-chloro-L-alanylglycine ethyl ester hy-
drobromide.16

General Procedure for Preparation of Peptides Containing
Dehydroalanine. The /3-chloroalanine peptide derivative (1-5 mmol)
in EtOAc was treated with 1equiv of triethylamine or Dabco and the
reaction mixture was stirred for 8-12 h at room temperature. The
precipitated solid was removed by filtration and the filtrate was
washed with water and dried over Na2S04- The solvent was removed
in vacuo to yield the dehydroalanine derivative (see Table I).

For those cases in Table | for which the acid is listed rather than
the methyl ester, the ester was hydrolyzed according to the procedure
of Photakil3’ in a mixture of alcohol and 1 N sodium hydroxide.

Formation of Oxazoline Derivatives upon Chlorination. To
asuspension of Z-Phe-Gly-Ser-OMe (4, R = H) (0.91 g, 2.0 mmol) in
10 mL of CHCI3was added PCI5 (0.42 g, 2.0 mmol). A slightly exo-
thermic reaction soon subsided whereupon a white solid was depos-
ited. The mixture was stirred for 6 h and the solid was removed by
filtration, washed with ether, and dried. Recrystallization of the solid
from acetone yielded 0.75 g (75%) of oxazoline 5 (R = H), mp 159-160
°C, [a]24D -18.7° (c 1.0, DMF). This material gave an immediate
precipitate with silver nitrate solution.

To asuspension of 5 (500 mg, 1 mmol) in 5 mL of ethyl acetate was
added 1 equiv of triethylamine and the resulting mixture was stirred
overnight at room temperature. The solid material was removed by
Filtration and the filtrate was washed with water, dried over Na2S 04,
and removed in vacuo to yield 250 mg of a solid, mp 135-137 °C. This

material was shown to be Z-Phe-Gly-Ser-OMe by comparison of
melting point, NMR spectra, and TLC data.

In a similar manner, Z-Phe-Ala-Ser-OMe (4, R = Me) gave the
oxazoline 5 (R = Me), mp 172-174 °C from acetone-ether, [a]2p
-6.2° (c 2.0, DMF), in 31% yield. 5, upon treatment with triethyl-
amine followed by aqueous workup, gave 4 (R = Me).

Acknowledgment. Appreciation is expressed to the Na-
tional Institutes of Health (Grants CA 10653 and Al 11978)
for support of this work.

Registry No.—Z-Gly-Phe-OH, 1170-76-9; Z-Phe-Gly-OH,
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DL-Threonine methyl ester was converted by chlorination with phosphorus pentachloride followed by N-acyla-
tion to erythro-a-acylamino-/?-chloro-DL-butyric acid methyl esters, which upon elimination with Dabco as base
yielded 2-acylaminocrotonates as a mixture of E and Z isomers. Elimination with DBU as base furnished predomi-
nantly the E isomer. The Z isomers formed from the above erythro compounds were shown to arise by isomeriza-
tion of the corresponding E isomer. In comparison, 1V-acyl-O-tosyl-DL-threonine methyl esters (threo configura-
tion) yielded only the Z isomer upon elimination. IV-Tosylthreonine derivatives, regardless of configuration, under-
go elimination to give N-tosylaminocrotonates of Z configuration. Evidence is given that aziridines are intermedi-
ates in the formation of olefin from 1V-tosylthreonine derivatives.

Dehydroamino acids are constituents of certain peptide
antibiotics.1 Considerable attention2 has been given recently
to the preparation of dehydroamino acids, particularly of the
dehydroalanine unit, which unit is generally derived from
serine or cysteine derivatives. In this paper, we report studies
on elimination reactions of threonine to give 2-acylamino-
crotonate derivatives.

Threonine derivatives have been converted to 2-acylami-
nocrotonates by dehydration3and tosylate elimination.4Other
methods not directly involving threonine for preparation of
2-acylaminocrotonates have been by elimination reactions of
sulfonium salts,2b sulfoxides,21V-chloro-a-amino acid esters,2L
a-(IV-acylhydroxyamino) acid esters,2®and by amide con-
densation with a-keto esters.2zh We recently have prepared
peptides containing dehydroalanine by conversion of serine
to a/3-chloroalanine unit with subsequent elimination.2 In this
paper, we report application of this method, and also elimi-
nation reactions of tosylate derivatives, for preparation of
dehydroamino acids from derivatives of threonine.

DL-Threonine methyl ester hydrochloride (1) was trans-
formed to erythro-/3-chloro-DL-a-aminobutyric acid methyl
ester hydrochloride (2)5 by chlorination with phosphorus
pentachloride, a reaction known to occur with inversion of
configuration.5 Acylation of 2 gave the N-acy\-erythro-fi-
chloro-DL-a-aminobutyrates 4.

Treatment of the erythro-d-chlorobutyrates 4 with 1,4-
diazabicyclo[2.2.2]octane (Dabco) in ethyl acetate effected
elimination to yield the 2-acylaminocrotonates 5. In all cases,
a mixture of geometrical isomers was obtained, though the
relative amounts of the E and Z isomers varied depending
upon the IV-acyl group (Table 1). The proportion of geomet-
rical isomers formed and assignment of configuration were
determined by NMR spectroscopy6 (see Table 1V). The E

COMe CO,Me
Cl han-  -H PCL a -H
H- -OH CHC1, Cl- -H
CH, CH,
1. RCOCI

RCOCI or (RCO)jO
2. TsCl, pyridine

C0o2Me CO02Me
RCONH-------— H RCONH------ H
[N E— OTs o] Re— H
CH, CH,
3 4

isomer would be the product expected to be formed from the
eryf/iro-d-chlorobutyrates if a trans E2 elimination was oc-
curring. The Z isomer formed in these reactions likely arises
from isomerization of the E isomer. Evidence for this was
obtained by treatment of an 87:13 E:Z mixture of 5a under
the conditions of elimination for an additional 16 h, where-
upon NMR analysis showed the composition to be 75:25 E:Z.
Likewise, 4c and 4e each gave predominantly the Z isomer
upon elimination, a result consistent with enhanced E to Z
isomerization due to the electron-withdrawing effects of the
N-benzyloxycarbonyl and trifluoroacetyl groups, respectively.
Poisel and Schmidt2l have reported that, under acidic con-
ditions, the Z isomer of 2-acylaminocrotonates is the ther-
modynamically controlled product, a result consistent with
our observations.
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Table I. Elimination Reactions Using Dabco as Base

Reactant Product 5 Ratio
4 R yield, % E z
a cbh5 20 66 3
b cbhbch?2 79 59 41
c cbh5ch2o 80 43 57
d ch3 46 7 23
e cf3 81 13 87
f z-nhch?2 81 66 33
co2vie
RCONH- —H HW NHCOR
Cl- —H
CHi CE, CO,Me
4 5-E
CH3 NHCOR
+ /| C=C
H CO,Me

5-7

Interestingly, treatment of the /3-chlorobutyrate 4a with
1,5-diazabicyclo[5.4.0Jundec-5-ene (DBU) effected elimina-
tion to give, as measured from the NMR spectrum of the
product mixture, a 95:5 E.Z ratio; similar results were ob-
tained for 4c (entries 3and 5, Table II). Thus, use of DBU as
base affords a synthetically useful method for preparation of
2-acylaminocrotonates of E configuration. The elimination
reactions with DBU proceed at a much faster rate than with
Dabco and were complete within 1 h. In comparison, reaction
of 4a with Dabco was only 75% complete after a reaction pe-
riod of 6 h. Treatment of 4a with DBU for 72 h led to a 64:36
mixture of E and Z isomers; this result again is consistent for
isomerization of the E to the Z isomer.

N-Acyl-O-tosyl-DL-threonine methyl esters (3a-d) of
natural threo configuration underwent elimination to yield
only N-acylaminocrotonates 5 of Z configuration, as expected
for atrans E2elimination leading directly to the more stable
Z isomer. IV-Benzyloxycarbonyl-f/ireo-/3-chloro-DL-a-ami-
nobutyric acid methyl ester (3e), prepared by chlorination of
alio-threonine methyl ester, also yielded only the z isomer
upon elimination. The tosylates 3a-d were prepared by to-
sylation of the corresponding IV-acyl-DL-threonine methyl
ester. Yields of the z crotonates 5 obtained in the elimination
reactions are given in Table III.

CH. NHCOR
RCONH----——- H
Hreeeeee X Jc=en
CHi e
3a, R = Ph; X= OTs 5-7a, R = Ph
b, R = PhCH2: X = OTs b, R = PhCH2
¢, R = PhCH20: X = OTs ¢. R = PhCHD
d. R = Z-NHCH2 X = OTs f R = Z-NHCH2

e, R =PhCHjO; X =Cl

Oxazolines are known78 to be formed from serine and
threonine derivatives upon chlorination. The possibility exists,
therefore, that tosylate 3 and /3-chlorobutyrate 4 could form
oxazolines as intermediates in the elimination reaction leading
to olefin. The formation of olefin from oxazolines has been
reported.9We prepared the oxazoline hydrochloride 7 from
6 according to the procedure of Tishler and co-workers;8
however, when 7 was treated to the conditions for elimination,
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Table Il. Variation of Isomer Distribution with Reaction
Time and Base Used

Reaction Product 5, %

Reactant Base time, h E z
4a Dabco 16 87 13
4a Dabco 32 75 25
4a DBU 1 95 5
4a DBU 72 64 36
4c DBU 1 85 15

Table Il1l. Elimination Reactions of IV-Acyl-O-

tosylthreonine Derivatives
Product
Reactant  Z isomer Yield, % Mp,°C Solvent*

3a 5a 8l 78-79 A
3b 5b 76 79-81 A
3c 5¢c 85 65.5-67 B
3d 5f 89 56-59 A
3e 5¢c 64 65.5-67 B

“ A = ethyl acetate-petroleum ether, B = benzene-petroleum
ether.

no elimination to yield crotonate occurred and only the neu-
tralized oxazoline 8 was obtained.

CO,Me
PhCONH--—-- H
- OH
Me
6

8

The elimination reaction of iV-tosyl-DL-threonine methyl
ester (9) appears to proceed by a diferent mechanism than the
above elimination reactions, in that the aziridine 10 is impli-
cated as an intermediate leading to at least a portion of the Z
crotonate 11 formed in the reaction. Nakagawa et al.4 have
reported obtaining a mixture of 10 and 11, as ethyl esters,
when the ditosylate 9 was treated with jV-ethylpiperidine in
benzene. When a 40:60 mixture of 10 and 11, which we pre-
pared according to Nakagawa,4 was treated with Dabco in
ethyl acetate for 6 h, the only product obtained was the Z
crotonate 11, thus establishing that under these conditions
the aziridine 10 is converted to crotonate 11. The ring opening
of the aziridine anion has been discussed.10When ditosylate
9 was caused to react with Dabco, only 11 was obtained.
Treatment of eryfhro-1V-tosyl-/3-chloro-DL-a:-aminobutyric

CO,Me
TsNH u
)
o 10
CO,Me
CK,W NHTs TSNHes H
Clee—e- H
Vi \ '0,Me CH3
u 12
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Table IV. NMR Data of 2-Acylaminocrotonatesa'*

H NHCOR
/ C=C\
HX C02Me
5E
R group
ompd Confign Ph ch?2
5a E 7.3—7.9
5a z 7.3-7.9
5b E 7.32 3.57
5b Zz 7.32 3.65
5c E 7.30 5.15
5c Zz 7.30 5.15
5d E
5d z
5e E
5e z
5f E 7.32 5.12, 3.90"
5f z 7.32 5.12, 3.85d

ch3

2.00
2.00

H / NHCOR
c=cXx
H CO,Me
5-Z
lvieuiy
NH Vinyl /3-Methyl ester
8.31 7.18 2.05 3.77
7.80 6.80 1.78 3.67
7.10 7.03 1.97 3.62
6.90 6.68 1.65 3.66
7.30 6.71 2.05 3.73
7.30 6.68 1.77 3.67
7.62 6.90 2.02 3.75
7.40 6.72 1.71 3.68
c 7.15 2.07 3.93
9.74 6.92 1.73 3.87
8.12, 5.95 6.99 2.03 3.78
7.87, 5.95 6.83 1.71 3.70

aSpectra were recorded in CDC13with shift values given in parts per million relative to Me4Si. b Multiplicities for the vari-
ous proton groupings in the order listed above are as follows: Ph (s or m), CH2(s), CH3(s), NH (brd), vinyl (q), /3-methyl

(d), methyl ester (s). c Intensity too weak to observe,

acid methyl ester (12) with Dabco also furnished only Z cro-
tonate 11. Attempts to observe formation of an aziridine in
these reactions with Dabco as the base were not successful; if
an aziridine intermediate is formed, it must rapidly undergo
ring opening to form olefin. We also did not observe formation
of the E crotonate from 12; however, if the E isomer were
formed, either by direct elimination or via an aziridine, it may
be rapidly isomerized to the Z isomer 11, though this isom-
erization would have to occur at a much faster rate, as might
be expected, than for isomerization of the less acidic N-acyl-
crotonates 5.

The Z configuration was assigned to crotonate 11 on the
basis that N-methylation of 11 with methyl iodide-sodium
hydride in DMF gave a single product in which the vinyl
proton showed a small downfield shift as compared to the
vinyl proton position in 11. This result is consistent for a Z
isomer of an AT-acylaminocrotonate; in contrast, the corre-
sponding E isomer would be expected to have undergone a
substantial upfield shift upon N-methylation.6

Experimental Section

All new compounds that were crystalline gave satisfactory analytical
data for C, H, and N to within £0.4% of the calculated values. NMR
spectra were obtained for all compounds with a Varian XL-100-12
spectrometer. Recrystallized products and products obtained as oils
were shown to be homogeneous by TLC on Brinkmann silica gel F24
plates developed in chloroform-methanol-acetic acid (85:10:5), ethyl
acetate-ligroin, bp 60-90 °C (1:1), or chloroform. Evaporations in
vacuo were carried out with a Buchler rotary evaporator. Melting
points were determined on a Thomas-Hoover capillary apparatus and
are uncorrected. Elemental analyses were performed by M-H-W
Laboratories, Garden City, Mich.

Preparation of erythro-a-Acylamino-0-chloro-DL-butyric
Acid Methyl Esters 4a-e. For the preparation of 4a-c, erythro-a-
amino-0-chloro-DL-butyric acid methyl ester hydrochloride (2,55-10
mmol) in water-NaHCC>3(2 equiv) was treated with the appropriate
acid chloride (1 equiv) and the reaction mixture was stirred at room
temperature for 4-6 h. The mixture was extracted with ethyl acetate,
and the extracts were washed with 5% NaHCO03 and water and dried
(Na2s0,i). In the case of 4a, the product precipitated during the re-
action and was collected by filtration.

4a: mp 77-78 °C from ethyl acetate-petroleum ether (bp 60-90 °C);
91% yield; NMR (CDCI3 51.67 (d, 3 H, /3-methyl), 3.80 (s, 3 H, methyl
ester), 4.41 (m, 1H, 0 hydrogen), 491 (m, 1 H, a hydrogen), 6.98 (brd,
1H, NH), 6.30-6.81 (m, 5 H, phenyl).

4b: oil; 62% yield; NMR (CDC13) 6 1.47 (d, 3 H, 0-methyl), 3.56 (s,

Shift values for glycine methylene.

2 H, benzyl), 3.70 (s, 3 H, methyl ester), 4.22 (m, 1 H, 0 hydrogen), 4.81
(m, 1 H, a hydrogen), 6.71 (brd, 1 H, NH), 7.30 (s, 5 H, phenyl).

4c: mp 53.5-55.5 °C from ether-petroleum ether; 74% yield; NMR
(CDCls) 6 1.51 (d, 3H, 0-methyl), 3.70 (s, 3 H, methyl ester), 4.26 (m,
1H, 0 hydrogen), 4.80 (m, 1H, a hydrogen), 5.17 (s, 2 H, benzyl), 6.70
(brd, 1 H, NH), 7.31 (s, 5 H, phenyl).

Compounds 4d and 4e were prepared by treatment of 2 (5-10
mmol) with 1 equiv of triethylamine in ethyl acetate, followed by
addition of 1.2 equiv of acetic anhydride and trifluoroacetic anhydride,
respectively. The reaction mixture was stirred at room temperature
for 6 h and filtered, and the filtrate was washed with saturated NaCl
solution and dried over Na230<i.

4d: oil; 56% yield; NMR (CDC13) 6 1.55 (d, 3 H, 0-methyl), 2.00 (s,
3 H, acetyl), 3.72 (s, 3 H, methyl ester), 4.24 (m, 1 H, 0 hydrogen), 4.79
(m, 1 H, a hydrogen), 6.88 (brd, 1 H, NH).

4e: oil; 81% yield; NMR (CDC13) 51.70 (d, 3 H, 0-methyl), 3.88 (s,
3 H, methyl ester), 4.37 (m, 1 H, 0 hydrogen), 4.91 (m, 1H, a hydro-
gen), 7.55 (brd, 1 H, NH).

AT-Benzyloxycarbonylglycyl-erythro-0-chloro-DL-a-amino-
butyric Acid Methyl Ester (4f). To asolution of 2 (1.88 g, 0.01 mol)
and Z-Gly-OH (2.09 g, 0.01 mol) in chloroform-dimethylformamide
(2:1) were added equimolar amounts of triethylamine and N,NI-
dicyclohexylcarbodiimide and the reaction mixture was stirred for
8 h. Following filtration, the filtrate was washed with 2 N HC1, 5%
NaHCOa, and water and dried over Na2SO,(. Removal of the solvent
in vacuo furnished 4f as a viscous oil: 50% yield; NMR (CDCI3) 51.54
(d, 3 H, 0-methyl), 3.78 (s, 3 H, methyl ester), 3.95 (d, 2 H, glycyl
methylene), 4.31 (m, 1 H, 0 hydrogen), 4.73 (m, 1 H, a hydrogen), 5.21
(s, 2 H, benzyl), 5.80 (brd, 1H, NH), 7.21 (brd, 1H, NH), 7.31 (5,5 H,
phenyl).

Preparation of IV-Acyl-DL-threonine Methyl Esters. The
IV-acyl-DL-threonine methyl esters used in the tosylation reactions
described in the following section were prepared from DL-threonine
methyl ester hydrochloride (1)5 by acylation using the procedure
described above for preparation of 4a-c. The following compounds
were prepared: N-benzyloxycarbonyl-DL-threonine methyl ester, oil,
80%; iV-benzoyl-DL-threonine methyl ester, mp 83-84 °C (lit.8 mp
82-84 °C), 73%; N-phenylacetyl-DL-threonine methyl ester, oil, 61%
yield.

(V-Benzyloxycarbonylglycyl-DL-threonine methyl ester was pre-
pared from N-benzyloxycarbonylglycine and DL-threonine methyl
ester hydrochloride using the carbodiimide procedure described above
for 4f, mp 104-105 °C from benzene, 50% yield.

Preparation of O-Tosyl-DL-threonine Derivatives 3a-d. The
appropriate N-acyl-DL-threonine methyl ester (2-5 mmol) was dis-
solved in dry pyridine and the resulting solution was cooled to -5 °C.
p-Toluenesulfonyl chloride (2 equiv) in dry pyridine was added
dropwise at a rate to maintain the temperature below -5 °C. The
reaction mixture was kept at 0 °C for 2 h and then was allowed to
stand overnight in the refrigerator. The reaction mixture was poured
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into water and the product, which precipitated as a solid, was collected
by filtration and air dried. 3d was an oil, which was isolated by ex-
traction of the aqueous phase with chloroform.

3a: mp 89-90 °C from benzene-petroleum ether; 51%yield; NMR
(CDCI13) 51.26 (d, 3 H, /3-methyl), 2.33 (s, 3 H, tolyl methyl), 3.50 (s,
3 H, methyl ester), 4.86 (m, 1 H, a hydrogen), 5.09 (m, 1 H, /3hydro-
gens), 6.70 (brd, 1 H, NH), 7.18-7.80 (m, 9 H, phenyl hydrogens).

3b: mp 74-75 °C from ethyl acetate-petroleum ether; 40% vyield;
NMR (CDCI3) b 1.21 (d, 3 H, /3-methyl), 2.43 (s, 3 H, tolyl methyl),
3.53 (s, 3 H, methyl ester), 3.61 (s, 2H, PIICH2), 4.73 (m, 1 H, a hy-
drogen), 5.06 (m, 1 H, d hydrogen), 6.14 (brd, 1H, NH), 7.30 (s, 5 H,
phenyl), 7.17-7.71 (A2B2,4 H, tolyl).

3c: mp 74-75 °C from benzene-petroleum ether; 71% yield; NMR
(CDCI13) b 1.33 (d, 3 H, d-methyl), 2.40 (s, 3 H, tolyl methyl), 3.55 (s,
3 H, methyl ester), 4.51 (m, 1H, a hydrogen), 5.12 (s) superimposed
upon m at5.13 (3 H, benzyl and d hydrogen), 5.51 (brd, 1 H, NH), 7.30
(s, 5 H, phenyl), 7.15-7.80 (A2B2, 4 H, tolyl).

3d: oil; 57%yield; NMR (CDCI3) b 1.41 (d, 3 H, d-methyl), 2.49 (s,
3 H, tolyl methyl), 3.66 (s, 3 H, methyl ester), 4.01 (d, 2 H, glycyl
methylene), 4.81 (m, 1 H, a hydrogen), 5.19 (s) superimposed upon
m at 5.20 (3 H, benzyl and d hydrogen), 5.71 (brd, 1 H, NH), 6.98 (brd,
1H, NH), 7.40 (s, 5 H, phenyl), 7.20-7.78 (A2B2, 4 H, tolyl).

A-Benzyloxycarbonyl-tbreo-d-chloro-DL-a-aminobutyric
Acid Methyl Ester (3e). £hreo-/3-Chloro-EL-a-aminobutyric acid
methyl ester hydrochloride5(0.75 g, 0.4 mmol) was treated with car-
bobenzoxy chloride as described above for 4c. The product was ob-
tained as a viscous oil in 57% yield: NMR (CDCI3) &1.41 (d, 3 H, d-
methyl), 3.65 (s, 3 H, methyl ester), 4.57 (m, 2 H, a and d hydrogens),
5.18 (s, 2 H, benzyl), 5.70 (brd, 1 H, NH), 7.32 (s, 5 H, phenyl).

General Procedure for Elimination Reaction of Threonine
Derivatives. The respective 1V-acyl-O-tosylthreonine esters 3a-d
and A-acyl-eryihro-d-chloro-a-aminobutyrates 4a-f were dissolved
in ethyl acetate and 2 equiv of 1,4-diazabicyclo[2.2.2]octane (Dabco)
was added. The reaction mixture was stirred overnight at room tem-
perature. Water was added to the reaction mixture and the organic
phase was separated, washed with water, and dried over Na2S04. The
solvent was removed in vacuo to yield the dehydroamino acid deriv-
atives 5. The erythro derivatives 4 yielded a mixture of E and Z iso-
mers of 5 (see Table I); the product mixture of E and Z isomers was
analyzed by use of reported NMR spectral data;6 complete NMR data
are given in Table IV. The threonine derivatives 3 gave only the Z
isomers of 5 (see Table I11).

For the elimination reactions using |,5-diazabicyclo[5.5.0Jundec-
5-ene (DBU) as base, the A-acyl-eryEhro-/3-chloro-a-aminobutyrates
4a and 4c were dissolved in chloroform, DBU was added, and the re-
action mixture was stirred for 1 h. The mixture was washed with 2 N
HC1, saturated NaHCC>3, and water. The solvent was dried over
MgS04and removed in vacuo to yield product (Table II).

Reaction of Oxazoline 7with Dabco. The oxazoline hydrochlo-
ride 7 (1.27 g, 5 mmol), prepared according to Tishler,8was treated
with Dabco according to the general procedure described above. After
the usual workup, 1.0 g (90%) of the neutral oxazoline 8 was obtained
as an oil: NMR (CDCI3) 51.32 (d, 3 H, methyl), 3.73 (s, 3 H, methyl
ester), 4.90 (m, 2 H, H-4 and H-5), 7.22-8.00 (m, 5 H, phenyl).

The oxazoline 8, upon treatment with ethereal HC1, furnished the
oxazoline hydrochloride 7, mp 117-119 °C (lit. 117-119 °C),8mixture
melting point undepressed.

iV,0-Ditosyl-lI)L-threonine Methyl Ester (9). pL-Threonine
methyl ester hydrochloride (3.4 g, 0.02 mol) in 20 mL of dry pyridine
cooled to —5 °C was treated with 15.2 g (0.08 mol) of tosyl chloride
in 30 mL of pyridine at a rate to maintain the temperature below -5
°C. The reaction mixture was kept at 0 °C for 2 h, stored overnight
in the refrigerator, and poured into water. The solid was collected by
filtration and air dried to yield 7.0 g (79%) of 9: mp 120.5-122 °C from
benzene-petroleum ether; mp of L isomeril 146-149 °C; NMR
(CDCI3) b 1.41 (d, 3 H, d-methyl), 2.50 (s, 6 H, tolyl methyl), 3.51 (s,
3 H, methyl ester), 4.02 (m, 1 H, a hydrogen), 5.06 (m, 1 H, d hydro-
gen), 5.46 (brd, 1 H, NH), 7.21-8.00 (m, 8 H, tolyl aromatic).

N-Tosyl-crythro-d-chloro-DL-a-aminobutyric Acid Methyl
Ester (12). A solution of 2s (3.4 g, 0.02 mol) in pyridine was treated
with 1 equiv of tosyl chloride as described above. The reaction mixture
was poured into crushed ice, and the solid was collected by filtration,
washed with water, and air dried. Recrystallization from benzene-
petroleum ether gave 4.9 g (81%) of 12: mp 95-97 °C; NMR (CDCI3)
b1.49 (d, 3 H, d-methyl), 2.36 (s, 3 H, tolyl methyl), 3.48 (s, 3 H, methyl
ester), 4.60 (m, 2 H, a and d hydrogens), 5.51 (brd, 1H, NH), 7.18-7.62
(m, 4 H, tolyl aromatic).

Elimination Reactions for IV-Tosyl Threonine Derivatives.
The ditosyl derivative 9 (2.2 g, 5 mmol) was treated with A-ethylpi-
peridine according to the procedure of Nakagawa4 to yield a mixture
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of aziridine 10 and (Z)-A-tosyl-a-aminodehydrobutyric acid methyl
ester (11) in aratio of 40:60. In other experiments, the percentage of
aziridine 10 varied from 40 to 91%; similar erratic yields have been
reported by Atherton and Meienhofer.11 The above mixture of 10 and
11 was treated with Dabco (1 equiv according to the amount of aziri-
dine) in ethyl acetate at room temperature for 6 h. Workup of the
reaction mixture in the usual manner yielded 1.12 g (81%) of the
dehydrobutyric acid 11, mp 117-119 °C (lit.4mp 118-120 °C).

A,0-Ditosyl-DL-threonine (9) was treated with Dabco (2 equiv)
in ethyl acetate and the reaction mixture stirred overnight at room
temperature. Workup in the usual manner gave the Z isomer 11in 85%
yield.

Treatment of N-tosyl-eryE£hro-/3-chloro-a-aminobutyric acid
methyl ester (12) with Dabco as above gave the Z isomer 11 in 79%
yield. Reaction of 12 with A-ethylpiperidine also yielded only 11; the
aziridine 10 was not detected even when shorter reaction periods were
used.

IV-Methyl-JV-tosyl-a-aminodehydrobutyric Acid Methyl
Ester. To asolution of 11 (270 mg, 1.0 mmol) in 2 mL of dimethyl-
formamide was added 30 mg (1.2 mmol) of sodium hydride. After the
evolution of hydrogen had ceased, 0.2 mL of methyl iodide was added.
The mixture was stirred at room temperature for 2 h, poured into
water, and extracted with chloroform. The extract was washed with
water and dried over Na2S 04. Removal of the solvent in vacuo gave
an oil that solidified upon standing. Recrystallization from petroleum
ether gave 170 mg (60%) of product: mp 54-55 °C; NMR (CDCI3) b
191 (d, 3 H, (3-methyl), 2.36 (s, 3 H, tolyl methyl), 2.94 (s, 3 H, N-
methyl), 3.46 (s, 3 H, methyl ester), 7.09 (s, 1H, vinyl), 7.18-7.60 (m,
4 H, tolyl aromatic). The position of the vinyl proton in 11 (ethyl ester)
occurs at b6.93.4
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Displacement Reactions of Cyclic Sulfites and Phosphates
by Salts of Weak Acids Applicable to the Synthesis of Phospholipids

and Other Natural Substances

John S. Baran,* Donna D. Langford, and Ivar Laos

Department of Chemistry, Searle Laboratories, Skokie, Illinois 60076

Received November 19, 1976

Six-membered ring cyclic sulfites 7a derived from 2-0-benzylglycerol react in Me2SO with salts of weak acids
such as carboxylate and p-chlorophenoxide to yield 1-acyl- or I-O-p-chlorophenoxy-2-O-benzylglycerols 8a, 8b,
8¢, and 8d in good yields. In an analogous manner, the cyclic phenylphosphate 7b reacts with carboxylate or phen-
ylphosphate to yield the 1-acyl- or I-phosphoryl-2-O-benzylglycerol 3-phosphates 8f and 8h. The potential appli-
cability to the synthesis of glycerolphospholipids, e.g., the 2-arachidonoylphosphatidyldimethylethanolamine 2c,

and dinucleotides is demonstrated or discussed.

The structural feature present in glycerol (la), i.e., the
1,3-diol system having at least one primary alcohol group, is
present in natural products such as the glycerolphospholipids,
sphingolipids, and also in carbohydrates that are found in
oligosaccharides, glycolipids, and nucleotides. This paper
describes a method which adds to other known and useful
methods,1for the esterification and phosphorylation of the
glycerol moiety.2

One of the purposes of this investigation was to facilitate
the large-scale synthesis of glycerolphospholipids which would
be esterified at C-1 and C-2 with a saturated and a polyun-
saturated fatty acid, respectively. Such glycerolphospholipids
play an important functional role in cell membranes in max-
imizing the activity of enzymes.3 In addition, certain gly-
cerolphospholipids, e.g., 2b, esterified at C-2 with arachidonic
acid, have been postulated as the immediate precursors of the
fatty acids which are subsequently converted to prostaglan-
dins.45
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Another purpose of this study was to find a model reaction
which may serve to indicate the potential that a nucleotide
monophosphate ester may have in displacing a second cyclic
3',5'-phenyltriphosphate ester to form a dinucleotide under
relatively neutral conditions. This reaction which is under

investigation may formally be represented by the general
equations in Scheme .

Scheme |

R,, R2= appropriate protecting
group

The result of this investigation is a new method for the se-
lective acylation or phosphorylation of the 1,3-diol system,
typified by glycerol (Ia). The method involves a new ring
opening reaction of cyclic esters, which are derived from sul-
furous and phenylphosphoric acid and 2-O-benzylglycerol
(Ib), by salts of weak acids, such as carboxylic acids, p-chlo-
rophenol, and phenylphosphoric acid.

Synthesis and Stereochemistry of Cyclic Sulfite and
Phosphate Esters from 2-O-Benzylglycerol. For the
purpose of this study, 2-O-benzylglycerol (Ib), which pos-
sesses a suitably protected secondary hydroxyl group, was
utilized to study the formation of the corresponding cyclic
esters derived from sulfurous, phenylphosphoric, and sulfuric
acid.

When 2-O-benzylglycerol was heated with dimethyl sulfite
it was converted to a mixture of diastereomeric cyclic sulfite
esters which were separated by chromatography into the
1,3,2-dioxathiane 2-oxides 3 and 4. A comparison of the NMR
spectra of the isomers indicated that the predominant isomer
and conformer, present as 67% of the mixture, was 3 in which
the bulkier 5-benzyloxy group is in the axial position. In
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OCH2 H
Ph
3 4

contrast to the values for the absorption frequencies in the
NMR spectra for equatorial and axial hydrogen atoms in a
cyclohexane ring, equatorial hydrogen atoms in 1,3,2-dioxa-
thiane 2-oxides absorb at higher fields than their axial coun-
terparts.6 The C5hydrogen atom in the predominant isomer
3 exhibits a pentet centered at b 3.46, which is at higher fields
than its axial counterpart in 4. The small coupling constant
(J = 2 Hz) for the pentet of Hse in 3 is that expected of an
equatorial hydrogen coupled to the axial and equatorial hy-
drogens at C4and Cg. The results and assignment of config-
urations are also consistent with earlier observations that the
S=0 bond prefers the axial configuration in cyclic sulfite
esters in the solution and the solid state, even when the 5 po-
sition of a 1,3,2-dioxathiane 2-oxide is occupied by a bulky
substituent such as tert-butyl.7

Preparation of the cyclic sulfate ester from the corre-
sponding sulfite by methods known to convert sulfites to cyclic
sulfates,89 e.g., by oxidation with peroxide or calcium per-
manganate, failed. For this reason, the reactions of the cyclic
sulfate were not studied.

The phenylphosphates 5 and 6 were obtained as a mixture
when 2-O-benzylglycerol was esterified with phenyl phos-
phodichloridate in pyridine. When the diastereomeric cyclic
phosphates were separated by chromatography, the 5-ben-
zyloxy-l,3-dioxa-2-phosphorinanes 5 and 6 were obtained in

OPh OPh

Ph
5 6

a ratio of 2:1, respectively. Their stereochemistry was assigned
on the basis of spectral evidence. It has been established that
in 2-oxo-2-phenoxy-I,3,2-dioxaphosphorinanes, unlike the
sulfite (S=0) counterpart, the P =0 bond is more stable in
aconformation in which it is equatorial. 1011 The NMR spec-
trum of the phosphate 5 parallels the spectrum of the analo-
gous sulfite 3 and shows the absorption of the C-5 hydrogen
at higher fields than its diastereomer. The shift (5 3.60) to
higher fields and the small coupling constants for the sextet
{J = 1.5 Hz) are those expected of an equatorial proton in a
six-membered ring cyclic phosphate having a chairlike con-
formation.12

The derived cyclic sulfite and phosphate esters described
above were then studied in regard to their nucleophilic dis-
placement by salts of carboxylic acids and p-chlorophenoxide
in order to achieve a reaction represented formally by 7 —a
8.

Reaction of Carboxylate and p-Chlorophenoxide with
the Cyclic Sulfite Esters. The reaction of acyclic and cyclic
aliphatic sulfites with nucleophiles such as hydroxide and
alkoxide anions is known to take place with S-0 bond cleav-
age.130n the other hand, nucleophiles such as tertiary amines,
chloride and sulfide ions, and phosphines react with sulfites
to give products of C-0 cleavage.89

In our studies with carboxylate anions as nucleophiles, when
the mixture of cyclic sulfite esters 7a was heated in Me2SO at
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130 °C with potassium acetate, palmitate, or stearate, the
esters were converted in high yield to rac-1 -acetyl-, 1-pal-
mitoyl-, and I-stearoyl-2-O-benzyl-src-glycerol, 8a, 8b, and
8c, respectively. No reaction occurred when the sulfites were
heated with lithium stearate in THF solution.

Two mechanisms were considered for the ring opening of
the cyclic sulfites. In the reaction with acetate ion, nucleophilic
attack on the carbon atom could proceed with C-0 cleavage
and form an unstable sulfite as illustrated by mechanism A.
Alternatively, attack by acetate could occur on the sulfur atom
with S-0 cleavage. An intermediate mixed anhydride would
then form and internally acylate the resulting anion as rep-
resented by mechanism B.

In order to establish the mechanism of the reaction, isoto-
pically labeled 8a (9) was prepared from the sulfite 7a using
acetate in which both oxygen atoms were labeled with 18). The
fragmentation patterns in the mass spectra of unlabeled and
labeled acetate 8a and 9 were studied, focusing on fragments
resulting from the cleavage of the oxygen-acyl bond In the
unlabeled acetate 8a these are fragments m/e 181 and 43. In
the product obtained with labeled acetate 9, the fragment m/e
45 should be obtained regardless of which mechanism is op-
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erating. However, the second fragment m/e 181 appears as
fragment m/e 183 in the product only when mechanism A
operates, i.e., when C-0 bond cleavage occurs. This is true
regardless of whether scrambling of the acetyl group occurs
during the reaction or mass spectral analysis. The results show
that the ratio of the mass peaks 183 and 181 in the labeled and
unlabeled product is about 66:1. Thus, fission of the sulfite
ester with carboxylate anion must occur predominantly by
C -0 cleavage, possibly with the assistance of the polar solvent
Me2SO.

In analogous manner to the reaction with carboxylate ion,
p-chlorophenoxide ion reacted with the cyclic sulfites 7a and
gave 8d in high yield.14 When subjected to hydrogenolysis 8d
yielded chlorophenesin (8e),15a suppressor of humoral anti-
body response.

Reaction of Carboxylate and Phenylphosphate with
the Cyclic Phosphate Esters 7b. Studies on the reaction of
nucleophiles and cyclic phosphate triesters have shown that
displacement with hydroxide or alkoxide occurs on the
phosphorus atom.1617 Cyanide ion is known to attack the
five-membered ring ethylene phosphate at the carbon atom
with subsequent elimination of acrylonitrile.18 Only recently
has the displacement of a cyclic phosphate with trimethyl-
amine been observed.19 Nucleophilic displacement by car-
boxylate anion on cyclic phosphates has not been reported.

In our experiments when a mixture of 1,3-dioxa-2-phos-
phoranes 7b was heated with potassium stearate in Me2S0,
the acyl and phosphoryl group were introduced in the desired
positions in a single step to yield potassium I-stearoyl-2-O-
benzyl-3-phenylphosphorylglycerol (8f), isolated in 70% yield
as the crystalline silver salt 8g.

A second type of nucleophile which was prepared and uti-
lized in a reaction with the cyclic phosphates 7b was the bis-
tetramethylammonium salt of phenylphosphoric acid (10).
This substance was chosen because of its solubility in organic
solvents. Also, being a salt of the weak acid, it would be ex-
pected to be a superior nucleophile when compared with a salt
derived from diphenylphosphoric acid and, therefore, a more
suitable model for the nucleophile in the reaction Scheme 1.
When the phosphate salt 10 was reacted with the cyclic
phosphate 7b in Me2S0, a glycerol diphosphate was obtained
which was isolated as the bistetramethylammonium glycer-
oldiphosphate 8h. It was then converted by ion exchange
chromatography to the cyclohexylammonium salt 8i. A 13C
NMR spectrum of 8h confirmed its symmetrical structure.
A phosphorus analysis, 31IP NMR, and *H NMR spectra were
consistent with the structural assignment for 8i.

0 H H

+
Ph0F1>oz-[N(CH34]2 [CH:XCHQS(CHEIzIC)AI(CHZK:O]Z)
10 n

Synthesis of the 2-Arachidonoylglycerolphospholipid
2c. Compounds 8b and 8c were demonstrated by others22022
to be useful intermediates in the synthesis of glycerolphos-
pholipids, possessing a saturated fatty acyl group at C-1 and
polyunsaturated fatty acyl group at C-2. The I-stearoyl-2-
O-benzylglycerol (8c) was converted by way of the monoto-
sylate 8j to the lysophosphatidyldimethylethanolamine (2b),
and arachidonic acid was converted to its anhydride 11 with
dicyclohexylcarbodiimide in carbon tetrachloride. Reaction
of 2b with 11 in the presence of pyridine and a small amount
of 4-dimethylaminopyridine, to facilitate the acylation,
yielded the rac-2-arachidonoylglycerolphospholipid 2c.

Experimental Section

Microanalyses were performed by Mr. Emmanuel Zielinski and
associates, and spectra were run by Mr. John Damascus and associates
of Searle Laboratories.
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TLC runs were on 7.6-cm microscope slides covered with a 0.25-mm
thickness of Woelm F silica, with a magnesium aluminum silicate
binder. Visualization of spots was by phosphomolybdic acid, 5% in
EtOH (w/v), followed by heat. Column chromatography used Mal-
linckrodt SilicAR CC-4 or CC-7 silicic acid. The weight ratio of ad-
sorbent to material was 100:1. Materials were applied as benzene so-
lutions and, unless indicated otherwise, eluted with benzene con-
taining increasing amounts of EtOAc.

NMR spectra were taken on a Varian A-60A, T-60, or XL-100. All
spectra are 60 MHz unless specified otherwise. Location of peaks are
in parts per million using Me4Si as an internal standard. The 31P
NMR spectrum was obtained through the courtesy of J. N. Shoolery
of Varian Associates.

The mass spectral analyses were performed by J. Hribar and W.
Aksamit using an AElI MS-30 mass spectrometer (70 eV, 4 kV accel-
erating volts) by direct insertion probe (source 220 °C).

Dimethyl sulfoxide (distilled in glass) was obtained from the Bur-
dick-Jackson Laboratories, Inc. Melting points were taken on a
Fisher-Johns hot-stage apparatus and are uncorrected. Hydrogena-
tions were done by Mr. M. Scaros and Ms. J. Serauskas and chroma-
tography by B. Smith and R. Nicholson and their associates at Searle
Laboratories.

2d-Oxo-5a-benzyloxy-I,3-dioxa-2-thiane (3) and 20-Oxo-
5(3-benzyloxy-l,3-dioxa-2-thiane (4) or 7a. A mixture of 50 g (0.29
mol) of 2-0-benzylglycerol2; and 32.5 g (0.33 mol) of dimethyl sulfite
was heated so that the temperature of the mixture was brought up
slowly to 128 °C over a period of 3 h. The reaction was followed by
using TLC plates and elution of the plates with ethyl acetate-benzene
(30:70). The mixture was heated for an additional 4 h at 128 °C and
then distilled slowly to yield product 7a, bp 148-152 °C (0.7 mm),
which was a mixture of two isomers, in average yield of 40.5 g (61%).
An NMR spectrum of the product indicated a ratio of 3and 4 to be
2:1. The mixture of diastereomers (530 mg) in ethyl acetate-benzene
(3:7) was separated by dry column chromatography on CC-7 silica gel
(150 g) equilibrated with 12 mL of water on a 3.7 cm (width) column
and developed with 200 mL of ethyl acetate-benzene (3:7). The col-
umn was divided into four fractions of silica gel after sampling by
TLC. The first fraction was extracted with 125 mL of methylene
chloride and yielded 118 mg of 3:53.46 (pentet, J5ede~ J%,6e ~ Jse,da
~ Joe.ea= 2 Hz, 1 H, Cse H), 3.93 (Jgem = -12.5 Hz, broad doublets,
445,55 ' ’4Ge,Se N "743,oe 463,5e 15 HZ, 2 H, C4e,6e H), 491 {4gem
-12.0 Hz, broad doublets, J4a5e~ J6Ga5e~ Jdebe~ J6ese = 1-5Hz, 2
H, C4a6aH), 4.67 (s, 2, OCH2), and 7.34 (s, 5, Ph).

Anal. Calcd for CiOH1204S: C, 52.67; H, 5.27. Found: C, 52.97; H,
5.25. The fourth fraction was extracted with 125 mL of methylene
chloride andyielded 16 mg of 4: d3.80-4.10 (m, 3, CseH and C4e6eH),
4.35-4.75 (m, 2, ChaH, C4a6aH), 458 (s, 2, OCH2), and 7.32 (s, 5,
CeHs); the C.jaH in 4 was too difficult to resolve and its absorption
band was found overlapping, at higher fields than the CseH in 3, with
bands for the C4and C6 hydrogen atoms.

Anal. Calcd for CiOHi204S: C, 52.67; H, 5.27. Found: C, 53.01; H,
5.44.

Attempts at oxidation of cyclic sulfite ester 7a with calcium per-
manganate in acetic acid-chloroform (1:1), with 30% aqueous hy-
drogen peroxide in acetone, or with chromium trioxide-sulfuric acid
yielded mostly starting material as evidenced by TLC.

2a-0Oxo0-2d-phenoxy-50:-benzyloxy-1,3-dioxa-2-phosphorane
(5) and 2a-Oxo0-2/3-phenoxy-5/S-benzyloxy-1,3-dioxa-2-phos-
phorane (6) or 7b. To a solution of 11.25 g (61.8 mmol) of 2-O-ben-
zylglycerol,21 75 mL of acetone (AR grade which was distilled from
molecular sieves), and 7.6 g of pyridine, which was cooled in an ice
hath, was added in 25 min a solution of 12.7 g of dichlorophenyl
phosphate. A precipitate of pyridine hydrochloride appeared and the
mixture stood at room temperature for 18 h. A TLC on silica gel de-
veloped with ethyl acetate-benzene (30:70) indicated that the reaction
was complete. The mixture was filtered and the collected solid was
washed with acetone. The filtrate was distilled to dryness under re-
duced pressure and the residue was dissolved in ethyl acetate-ben-
zene. The solution was washed with three 150-mL portions of water,
dried over magnesium sulfate, and distilled to dryness. Recrystalli-
zation of the crude product 7b by removal of the ethyl acetate by
distillation at low temperatures and pressure gave 5.8 g (45%) of 5.
Crystallization of the product from ethyl acetate gave pure 5. mp
120-123 °C; 53.60 (sextet, Jrede~ J —A4seda~ 41~N Jhep=2
Hz, 1H, Cse H), 4.33, measured from center of band (Jgem= —12, J dei~¢
~ 46ebe~ Jta%e~ Jfmfx = 1.5Hz, 2 H, C4c6eH), 4.72, measured from
center of band {4gem 12, J4ese 46e5e”™ Jdare 46a%e —1*5Hz,
2 H, Cda6aH), 4.67 (s, 2, OCH2), and 7.30,7.37 (2 s, 10, 2 C6H5).

Anal. Calcd for CiéH 170 5P: C, 60.00; H, 5.35. Found: C, 59.96; H,
5.37.
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The mother liquor from the recrystallization of 5, which was rich
in 6, was evaporated to dryness. The 2.5 g of the mixture was dissolved
in ethyl acetate-benzene (1:7) and separated by dry column chro-
matography on CC-7 silica gel (150 g) equilibrated with 12 mL of water
and developed with 150 mL of ethyl acetate-benzene (1:7). The col-
umn was divided into six parts. The third fraction containing 6 was
extracted with ethyl acetate and methylene chloride to yield 818 mg
of product 6, mp 40-45 °C: 53.91-4.67 (m, 5, CsaH, C4and CsH2), 4.50
(s, OCH2), and 7.30, 7.34 (2 s, 10, 2 CgHs). The CsaH in 6 was too
difficult to resolve and its absorption band was found overlapping,
at higher fields than the C%H in 3, with bands for the C4and C5hy-
drogen atoms.

Anal. Calcd for C16Hi70 5P: C, 60.00; H, 5.35. Found: C, 59.95; H,
5.37.

rac-1-Acetyl-2-O-benzyl-sn-glycerol (8a). When 73.8 g (0.32
mol) of 7a was reacted with 32 g (0.326 mol) of anhydrous potassium
acetate in Me2SO at temperatures of 132-145 °C according to the
procedure outlined for the preparation of 8b, 67 g of crude acetate 8a
was obtained containing traces of sulfite ester or 2-O-benzylglyeerol.
The substance was purified by column chromatography on CC-7 silica
gel and elution with methylene chloride-hexane (1:1) with increasing
amounts of ethyl acetate. The pure acetate was obtained when the
column was eluted with ethyl acetate-methylene chloride-hexane
(15:42.5:42.5): IR 3600 (OH) and 1745 cm-1 (Ac); $(D20 exchanged)
2.07 (s, 3,COCH3), 3.65-3.78,4.20-4.28 (m, 5H,-0CH2CHCH2-),
4.67 (s, 2, 0OCH?2), and 7.35 (s, 5 H, -CgHs); mass spectrum m/e 224
(M+), 183/181 (M - 43/M - 45) (16:1), 165 (M - acetoxy), 167 (no
peak), and 43/45 (CH3C0O/CH3CI80) (11:1).

rac-1-Di180-Acetyl-2-0-benzyl-sn-glycerol (9). To a solution
of 250 mg (3.9 mmol) of [1®0]acetic acid (90%, Bio-Rad Laboratories)
in 25 mL of anhydrous toluene was added 438 mg (3.9 mmol) of po-
tassium tert-butoxide. The mixture was heated at reflux for 1 h and
then distilled to dryness at 120 °C under reduced pressure. Me2SO
(15 mL) was added to the potassium acetate in an atmosphere of ni-
trogen and the mixture was heated to 104 °C. Then 890 mg (3.9 mmol)
of sulfite ester was added and the mixture was stirred at 130-135 °C
for 3.5 h. The Me2SO was removed by distillation and the residue was
extracted with methylene chloride. The mixture was filtered and the
filtrate was distilled to dryness. The crude product was purified by
dry column chromatography on CC-7 silica gel (150 g) equilibrated
with 12 mL of water for 16 h and developed with 200 mL of ethyl ac-
etate-benzene (3:17). The second of four fractions upon extraction
with ethyl acetate and removal of solvent yielded 125 mg of pure 9.
An NMR (CDCI3) was identical with that of 8a; mass spectrum m/e
183/181 (M - 43/M - 45) (1:4.1), 165 (M - acetoxy) 167 (no peak),
and 43/45 (CH3C0/CH3C180) (1:4.5).

rac-I-Palmitoyl-2-O-benzyl-sn-glycerol (8b). Potassium
palmitate was prepared by adding 33.7 g (0.3 mol) of potassium
tert-butoxide to 76.9 g (0.3 mol) of palmitic acid in 3.5 L of dry toluene
in adrybox. The mixture was heated at reflux for 1 h in an atmosphere
of nitrogen and then concentrated by distillation to 2 L in 2 h. The
potassium palmitate, which was collected by filtration, washed with
toluene, and dried in an atmosphere of nitrogen, weighed 83.3 g
(93%).

A mixture of 83.3 g of potassium palmitate and 1250 mL of Me2S0
was heated to 105 °C in an atmosphere of nitrogen and then 63.7 g
(0.28 mol) of the unseparated mixture 7a was added in 15 min. The
potassium palmitate dissolved as the reaction proceeded. The mixture
was heated at 130 °C for 4-6 h, and then concentrated by distillation
at 80 °C (<1 mm) to remove the Me2SO. The residue was dissolved
in 4 L of methylene chloride. Some insoluble material was removed
in aslow filtration through a layer of Supercel. The methylene chloride
solution was washed with three 400-mL portions of water, dried over
amixture of sodium and magnesium sulfate, filtered through a layer
of Supercel, and distilled to dryness. The crude product, which
weighed 102.2 g (86%), was purified by crystallization from 500 mL
of methanol cooled in a dry ice-isopropyl alcohol bath for 1 h. The
product was collected in an insulated glass sintered funnel and then
heated at 40 °C under reduced pressure to remove residual methanol.
The product 8b20 remained solid when stored at 0 °C and was ana-
Ivtically pure: 50.83-0.90, 125 [m, 35, (CH2)14CH3], 2.20-2.47 (m,
CH2CO, OH), 3.48-3.55 and 4.18-4.27 (m, 5, 0CH2CHCH0), 4.65,
4.67 (d, 2, OCH2Ph), and 7.37 (s, 5, C6H5).

Anal. Calcd for C26H4404: C, 74.24; H, 10.54. Found: C, 74.20; H,
10.31.

rac-1-Stearoyl-2-O-benzyl-sn-glycerol (8c). When 63.2 g (0.277
mol) of 7a was treated with 87.2 g (0.3 mol) of potassium stearate in
1.2 L of Me2SO according to the procedure outlined for the prepara-
tion of 8b, 121 g (100%) of crude 8c and 104.4 g of pure 8c20were ob-
tained after crystallization from very cold methanol (—20 to —60 °C).
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The product 8c was converted with excess p-toluenesulfonyl chloride
in pyridine at 0 °C to its tosylate 8. The NMR spectra of 8c and 8j,
like 8b, were consistent with the assigned structures reported pre-
viously. 20224

rac-1-O-p-Chlorophenyl-2-O-benzylglycerol (8d). A solution
of 4.1 g (0.018 mol) of the cyclic sulfite 7a, 50 mL of Me2S0O, and 3.25
g (0.0194 mol) of the potassium salt of p-chlorophenol was heated with
stirring in an atmosphere of nitrogen at 127-130 °C for 1 h. The
mixture was concentrated by distillation under reduced pressure (0.1
mm) and then added to 250 mL of an ice-water mixture. The aqueous
mixture was extracted with two 100-mL portions of methylene chlo-
ride. The methylene chloride solution was washed with 30 mL of water
and 30 mL of 3% aqueous sodium bicarbonate, dried over sodium
sulfate, and distilled to dryness. The crude product weighed 4.6 g. It
was purified by lew-pressure column chromatography utilizing 250
g of Woelm silica gel under 200 psi pressure and a flow rate of 10
mL/min. Elution with ethyl acetate-benzene (3:17) gave fractions
which when combined yielded 2.28 g of analytically pure 8d: 53.7-4.1
(m, 5, 0CH2CHCH), 4.70 (s, 2, OCH2Ph), 6.71-7.2 (m, 4 H, -
C6H4C1), and 7.3S (s, 5 H, C6H5).

Anal. Calcd for Ci6Hi7C103: C, 65.64; H, 5.85. Found: C, 65.32; H,
5.83.

1-O-p-Chlorophenylglycerol (8e). A mixture of 2.58 g of 8d, 140
mL of benzene, 260 mg of 10% Pd/C, and 0.5 mL of a saturated solu-
tion of HC1 in isopropyl alcohol was shaken in an atmosphere of hy-
drogen (atmospheric pressure). After 8.5 h an additional 260 mg of
catalyst was added and the hydrogenation was continued for 1.5 h.
The mixture was diluted with 100 mL of benzene and separated by
filtration. The benzene solution was washed with aqueous sodium
bicarbonate solution and water, dried over sodium sulfate, and
evaporated to dryness. The crude product weighed 1.58 g. It was pu-
rified by column chromatography on Woelm silica gel (250 g) under
200 psi pressure and a flow rate of 10 mL/min. Elution with ethyl
acetate gave fractions which yielded 501 mg of crude 8e. Crystalliza-
tion of the crude product from hexane yielded 365 mg of 8e, mp 80-81
°C.

Anal. Calcd for CO9H 1ICIO3: C, 53.34; H, 5.47. Found: C, 53.41; H,
5.41.

Silver rac-l-Stearoyl-2-O-benzyl-sn-glycerol 3-Phenyl-
phosphate (8g). A crude mixture of 1.38 g (4.3 mmol) of cyclic
phosphates 7b in 25 mL of Me2SO was added dropwise with stirring
to a mixture of 1.49 g of potassium stearate and 40 mL of Me2SO
maintained at 124 °C. The mixture was heated at 130 °C for 2 h and
then concentrated by distillation at 80 °C (0.3 mm) to remove Me2SO.
The residue, a yellow-brown solid, was dissolved in ether. A small
amount of remaining precipitate was removed by filtration and the
filtrate was evaporated to dryness. An NMR of the product, which
weighed 2.3 g, was consistent with the structure of 8f: 50.831-1.33 [m,
35, (CH2i6CH3], 1.93-2.13 (m, CH2CO), 3.67-4.16 (m, 5,
0CH2CHCH), 4.43 (s, 2, PhCH20), and 7.07-7.28 (m, 10, 2 C6H5).
The salt was dissolved in 137 mL of acetone and the slightly hazy
solution was filtered and warmed to about 50 °C. To this solution,
protected from light, were added a warm solution of 663 mg (3.9
mmol) of silver nitrate, 19 mL of water, and 38 mL of acetone. A
precipitate appeared which on further warming to 53 °C dissolved.
The solution upon cooling in an ice-salt mixture yielded colorless
crystals, 2.3 g (74%), of analytically pure 8g.

Anal. Calcd for C3#H520 7AgP: C, 57.43; H, 7.37. Found: C, 57.31;
H, 7.37.

Tetramethylammonium and Dicyclohexylammonium Salts
of 2-O-Benzylglycerol 1,3-Bisphenylphosphate (8h and 8i). The
bistetramethylair.monium salt of phenylphosphoric acid was prepared
in the following way. To a cold solution of 500 mg (2.87 mmol) of
phenylphosphoric acid23in 3 mL of distilled water was added a so-
lution of 2.1 mL of 2.69 N tetramethylammonium hydroxide in
methanol. The solution was evaporated to dryness at 35 °C (0.1 mm)
to yield 918 mg of the amorphous salt 10, which was used without
further purification. When 1 equiv of base was used to neutralize the
phenylphosphoric acid, a crystalline monoammonium salt was ob-
tained. The NMR spectrum of the monoammonium salt exhibited
maxima which indicated the presence of one tetramethylammonium
group for each phenyl group.

A solution of 860 mg (2.68 mmol) of 10 and 780 mg (2.44 mmol) of
cyclic phosphates 7b in 25 mL of Me2SO was heated at 125-130 °C
for 1.8 h. The Me2SO was removed at 75-80 °C (0.1-0.3 mm). The
residue was extracted with four portions of 30 mL of ether and then
dissolved in 25 mL of distilled water. A small amount of precipitate
(37 mg) which remained was the cyclic phosphate ester. The aqueous
solution containing the product was distilled to dryness at 45 °C (0.1
mm) to yield 990 mg of the crude product 8h: 'H NMR (MeZS0) $3.10
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[s, 24 +N(CH3)4], 4.50 (s, 2, OCH2Ph), and 7.10-7.27 (m, 15,3 C6H5);
13C NMR [D20-dioxane (67:41)] decoupled, 5 56.1 (CH3), 65.7
(OCH?2), 72.7 (OCHZ2Ar), 77.8 (OCH), 120.8,121 (C-2, 6 of PhO), 1.8
(C-4 0f PhO), 128.8,129,129.2 (C-2,4,6 of Ph), 130.5 (C-3 of Ph), 138.2
(C-I of Ph), and 152.9 (C-I of PhO).

Anal. Calcd for C0H46N)0 gP2 H, 7.24; N, 4.37. Found: H, 7.49; N,
4.25.2

A 3-mL sample of Dowex 50 W-X8 (1.7 mg/mL resin bed, 20-50
mesh) hydrogen form was exchanged with cyclohexylamine and then
washed with distilled water. A solution of 500 mg of 8h, obtained
above, in 5 mL of water was passed through a column of the cyclo-
hexylamine treated resin. The column was eluted with an additional
amount of water to collect the salt 8i. The aqueous fractions con-
taining the product were collected and evaporated to dryness under
reduced pressure. Crystallization of the residue from methanol and
acetone yielded crystals, mp 174-178 °C: R/ 0.26 [NaOAc-EtOH-H2
(0.05:1:1)]; *H NMR 5 1.13-2.18 [m, 20, 2(CH2)5], 3.78-4.20 (m, 5,
0CH2CHCH), 4.62 (s, 2, OCH2Ph), and 7.07-7.35 (m, 15,3 C6H5);
3IP NMR (D20) (H3PO4, 556.46) €54.94 (1400 transients with proton
decoupling), a partially resolved triplet was found when decoupler
was turned off.

Anal. Calcd for CAHON209P 2 C, 58.95; H, 7.28; N, 4.04; P, 8.95.
Found: C, 56.60; H, 7.38; N, 4.30; P, 8.79.4

rac-1-Stearoyl-2-arachidonoyl-sn-glycerol-3-phosphoryl-
(AT,]V-dimethyl)ethanolainine (2c). Arachidonic acid anhydride
was prepared in the following way. A solution of 10.7 g (35 mmol) of
arachidonic acid (90% purity from Hormel Institute) in 200 mL of dry
carbon tetrachloride was added, with stirring over a period of 5 min
and in an atmosphere of nitrogen, to a solution of 3.72 g (18 mmol) of
dicyclohexylcarbodiimide in 110 mL of carbon tetrachloride. After
stirring in the dark for 6 h, the mixture was filtered through a Celite
filter pad. The filtrate was distilled to dryness under reduced pressure
at 50 °C. The oil 11 which remained weighed 10.7 g [Rf 0.89, MeOH-
CHC13(1:19)] and was utilized without further purification.

A mixture of 3.90 g (8.1 mmol) of the lysolipid 2b, prepared from
8j by the method of Van Deenan,224 10.7 g (17 mmol) of freshly
prepared 11, 29 mL of pyridine (distilled over CaH), and 290 mg of
4-dimethylaminopyridine was stirred at 23 °C for 18 h. ATLC indi-
cated that the reaction was complete. The solution was poured into
250 mL of toluene and concentrated by distillation to remove the
pyridine. The concentrated solution was evaporated to dryness at 50
°C (0.3 mm). The crude product weighed 16.1 g. It was dissolved in
methanol-chloroform (1:19) and purified by chromatography on 1400
g of CC-7 silica gel. Elution with methanol-chloroform (1:19) gave a
forefraction which was discarded. Elution with methanol-chloroform
(1:9) yielded 2c weighing 4.38 g (70%); TLC R/ 0.47 on CC-7 silica gel;
95 CHC13 35 MeOH:6 H20 d0.80-1.02 (t, 6, 2 CH3), 1.30 [s, broad
(CH2)i3, <CH2)4, (CH23J], 1.67-2.41 (m, 10, C=CCH?2, 2 CH2CO),
4.43".64, [m, s, 12, (C=CCH2C=C)3 N(CH3?Z2], 3.20-3.33 (m, hidden
with D2, NCH2), 3.97-4.43 (m, 7,0CH2CHCH20, OCH00), and 5.33,
5.41, 5.50 (m, 8,4 cisCH=CH).

Anal. Calcd for C45H8NO0 8P: H, 10.24; N, 1.82. Found: H, 10.03;
N, 1.66.24
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Structures of four new sesquiterpene lactones isolated from Eupatorium perfoliatum L. were determined by a
combination of chemical and physical techniques. Three are esters of tiglic acid with the lactone ring closed to C-6.
Two, euperfolin and euperfolitin, are 8-tigloyl-4,5-epoxy-I(10)-germacranolides with hydroxyl groups at the 3 and
the 2 and 3 positions of the ring, respectively. The third, eufoliatin, is a 3-tigloyl-4,5,9,10-diepoxyguianolide with
the lactone ring closed to C-6. The fourth, eufoliatorin, is a novel dilactone of the guaiane series whose stereochem-

istry was established by x-ray crystallography.

In the present paper we continue our reports on the con-
stituents of Eupatorium species sensu stricto,5which have

produced a number of cytotoxic and antitumor sesquiterpene
lactones,6 and describe the isolation of four polar new
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sesquiterpene lactones in rather small quantity from Eupa-
torium perfoliatum L.7Two of these were the germacranolide
euperfolitin (1a), of interest as a possible precursor of the
secogermacradienolide pycnolide (7) from Liatris pycnosta-
chya Michx.,8and the related germacranolide 4a (euperfolin).
The other two substances were the diepoxyguaianolide eu-
folitin (5a) and the interesting dilactone eufoliatorin (6),
which appears to represent a new type of sesquiterpene di-
lactone.

We discuss first the structure elucidation of euperfolitin

b, R,R, = Ac;R3sameas inla

¢, RbR5R3=H
d RbR, = — C— Ph;R3sameasin la
0
¢,RbR,= H
6 7

* Assignment dubious. Methyl may be 3 by analogy with 6.8
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(la), C2H2807 (kigh-resolution mass spectrum and elemental
analysis), mp 190-192 °C (amorphous), [o]a —5.81°, which
we have so far been unable to convert to a substance suitable
for x-ray analysis. It was a 7-lactone of the type partially
shown in A (IR band at 1765 cm-1, presence of a methyl
doublet at 0.95 ppm instead of the usual two doublets char-
acteristic of an exocyclic methylene group). The remaining
part structure shown in A (where m represents a quaternary

A

center) was evident from spin-decoupling experiments in
Me2S0O-c% (Table 1). Hd was conveniently located at 4.57 ppm
as a doublet of doublets. Irradiation at the frequency of Hd
converted adoublet at 3.05 ppm (Hh) to a singlet and a slightly
broadened triplet at 2.80 ppm (Hc) to a broadened doublet.
In the reverse experiment, irradiation at the frequency of Hh
collapsed Hd to a doublet. Irradiation at the frequency of Hc
converted Hd to a doublet, affected a multiplet at 2.81 ppm
(Ha), and sharpened a broadened doublet at 5.28 ppm (He);
conversely, irradiation at the frequency of Hareduced Hc to
abroadened doublet and collapsed the methyl doublet at 0.95
ppm to a singlet. Irradiation at the frequency of He slightly
sharpened the signal of Hcand simplified what was obviously
the AB partofar. ABX system at 2.58 (Hf) and 2.22 ppm (Hg)
(Jax - 6, Jbx < 1,Jab - 14 Hz), as could be demonstrated
further by the results when Hf and Hg were irradiated.
Chemical shift and multiplicity of Hh suggested that it was
on carbon vicinal to a quaternary center and carrying an
epoxidic oxygen; similarly, the behavior of the ABX system
indicated that H and Hgrepresented a methylene group next
to a quaternary center and that Hewas on carbon carrying an
ester function which, because of the empirical formula, the
NMR spectrum (vinyl multiplet at 6.87 ppm, two superim-
posed methyl multiplets at 1.74 ppm), and the mass spectrum
[prominent peak at m/e 280 (M+ —C5H802), base peak at m/e
83 (C5H70)], was a tiglate. The presence of a five-carbon ester
was also established by hydrolysis of la (NaOMe, MeOH)9to
Ic, C15H2206.

The assignments of H(],He, and Hh were confirmed by single
frequency decoupling of the off-resonance 13C NMR spectrum
of la (Table Il) which displayed the doublets of Cj, Ce, and
ch at77.5,72.8, and 83 ppm, respectively. The other terminus
of the epoxide group attached to Ch was represented by a
carbon singlet at 64.2 ppm.

The 'H NMR spectrum of euperfolitin also displayed a
doublet at 5.39 ppm (Hj of partial structure B). Irradiation at

OH OH
B

this frequency sharpened a somewhat broadened methyl
resonance at 1.57 ppm and collapsed a doublet of doublets at
4.08 ppm (Hu) to a doublet. Conversely, irradiation at the
frequency of Hk collapsed the doublet of Hj to a broad singlet
and adoublet at 2.90 (Hi) to asinglet which must be adjacent
to aquaternary center. Since acetylation of la gave a diacetate
Ib (new double strength IR band at 1740 cm-1, new 3-proton
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Table I. '"H NMR Spectra of Sesquiterpene Lactones from Eupatorium perfoliatum and Derivatives*

Compd H-I

la* 5.39
dor

(CXY

Ib 530
dor
(10,1)

Ilcc 5.80
dor
(CHY)

(©)

2 5.80

®
s 542
me

4a  5.20
dor
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Sesquiterpene Lactones of Eupatorium perfoliatum

Table I11. 13¢ NMR Spectra of Lactones from E.
perfoliatum

Carbon
atom la* 4a6 6%
1 130.6 d 125.1d 165.9
2 726d 330t 81.5d
3 65.6 d 64.9d 29.81
4 64.2 65.1 83.1
5 83.0 77.0d 38.8d
6 775d 76.2d 75.8d
7 47.9d 47.4d 48.2 d
8 72.8d 72.0d 66.9 d
9 44.11 435t 456t
10 133.3 133.2 128.3
11 40.9 d 40.3d 56.9 d
12 178.5 178.3 177.7
13 12.0 q 11.1q 11.6 q
14 20.5q 19.7 q 175.0
15 12.8q 122 q 26.2 q
1 166.8 166.3 166.7
2 129.1 128.3 122.7
3 139.3d 138.8d 138.8d
4 145 q 145¢q 144 q
5 123¢q 11.8q 120q

0 Run in Me2SO-d6on aBruker HFX-270 instrument operating
at 67.905 MHz. Unmarked signals are singlets. Assignment of all
multiplets made by single frequency off-resonance spin decou-
pling. Assignments of C-4, C-5, C-10, and C-21based on predicted
shifts and other spectra in our files. hRun in CDCI3. Assignments
based on comparison with spectrum of la and predicted shifts.

NMR signals at 2.00 and 2.10 ppm) in whose NMR spectrum
the resonances at 4.08 and 2.90 ppm were shifted downfield
to 5.60 and 4.82 ppm, the presence of partial structure B was
inferred and confirmed by the single frequency off-resonance
decoupled 13C NMR spectrum, which showed Cj and Cj as a
singlet and a doublet at 133 and 131 ppm, respectively, and
Ckand Ci as two doublets at 72.6 and 65.6 ppm.

The remaining signal in the NMR spectrum of la was a
methyl resonance at 1.21 ppm. Combination of A and B with
this information led to gross structure la.

As for the stereochemistry, if it be assumed that H-7 of
euperfolitin is a as in all sesquiterpene lactones of established
absolute stereochemistry, the large values of Jep (9 Hz) and
J56 (8 Hz) require that H-6 be d- and that H-5 be u-oriented.
Hence the lactone ring is trans fused. The magnitude of 37,11
(9 Hz) is somewhat more appropriate for H-11d (models), but
does not completely exclude a orientation of H -11.10The very
small value of (<1 Hz) requires that the tigloyl side chain
be /? oriented.

We now consider the stereochemistry of the 1,10 double
bond and the 4,5-epoxide. Oxidation of la with sodium me-
taperiodate in methanol yielded a dialdehyde 2a, thereby
furnishing chemical proof for the presence of the vicinal diol
system. The NMR spectrum of 2a exhibited a doublet at 9.92
ppm due to the aldehyde proton of C-2 and the resonance of
H-I now appeared at 5.80 ppm. Furthermore, the C-14 methyl
resonance was shifted downfield to 2.28 ppm due to de-
shielding by the aldehyde carbonyl; hence the 1,10 double
bond is trans.11 As for the stereochemistry of the epoxide ring,
Dreiding models demonstrated that the large value of J56
cannot be satisfied by a cis epoxide whereas the values of 356
and Jej are appropriate for atrans 4,5-epoxide derived from
a trans,trans germacradiene as shown in the formulas.

In discussing the remaining problem, i.e., the configurations
of euperfolitin at C-2 and C-3, we assume first that, as has
been shown in numerous instances,12those conformations of
trans-1(10),trans-4,5 germacradienes or the corresponding
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naked by

Figure 1. Application of dibenzoate rule to Id.

4,5-epoxides are preferred in which the 1,10 double bond is
crossed with the 4,5 bond so that the C-4 and C-10 methyl
groups are syn to each other. Support for this inference was
the absence of an NOE between H-5 and the C-14 methyl
group; other experiments along this line confirmed that the
1,10 double bond was trans (no NOE between H-1 and H-14)
and suggested that H-3 was a oriented (no NOE between H-3
and H-15).

If this last bit of evidence be neglected, four possible ar-
rangements, C, D, E, and F, are possible for the diol moiety.

C D E F

Preparation of the dibenzoate la, determination of the CD
curve (Figure 1), and application of the dibenzoate rule13show
that the glycol system possesses negative chirality. Inspection
of the Dreiding models then eliminated partial formulas C and
D which give rise to positive chirality. Lastly, while the model
of E displays negative chirality, the H-2, H-3 dihedral angle
approximates 90° which clashes with the observed large value
of J23 (9 Hz). Consequently, the correct stereochemistry is
that of F which gives rise to negative chirality and an H-2, H-3
dihedral angle of ~170° as well as satisfying all the other re-
guirements.

Treatment of la with SOCI2pyridine surprisingly effected
transformation zo a 2,3-epoxide 3 which c¢/23 and inspection
of Dreiding models required to be a-cis.14We suggest that this
is the result of Snl displacement of C-3 hydroxyl by SOCI2
pyridine followed by intramolecular displacement of the /3
oriented halogen by the «-oriented hydroxyl group on C-2.

The C-2, C-3 stereochemistry deduced for euperfolitin (1a)
is identical with that of 2<3,3a-dihydroxy-1(10),4,5,11,13-
germacatriene, a stress metabolite isolated15 from Datura
stramonium infected with various fungi. The observed cou-
pling constants for the diol systems are remarkably similar
and further support our assignments. Unfortunately, the
crystals of euperfolitin or its derivatives were unsuitable for
x-ray analysis which is needed to settle the stereochemistry
atC-11.

The second substance euperfolin (4a), C20H2806 (high-
resolution mass spectrum, elemental analysis), mp 173 °C,
[a]D- 13.9° exhibited IR, UV, and NMR absorption similar
to that of la, thus suggesting a close structural relationship.
Spin-decoupling experiments (Table 1) reinforced this con-
clusion, partial structure A being established in the manner
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discussed for euperfolitin. On the other hand, the C-2 hydroxyl
group of euperfolitin was missing in 4a: the vinylic proton
(H-1) of 4a appeared as a broad doublet at 5.20 ppm which was
allylically coupled to avinyl methyl group and vicinally cou-
pled to a two-proton multiplet centered at 2.40 ppm (H-2a and
H-2b). These in turn were coupled to a doublet of doublets at
3.46 ppm which moved downfield to 4.52 ppm on acetylation
of 4a to 4b. Hence 4a contains partial structure G where C-3
is again joined to a quaternary carbon atom.

th, H H

Comparison of the 13C NMR spectrum of 4a with that of
la (Table I1) confirmed the absence of the 2-hydroxyl group
(A C-2 = 4.26 ppm).16 Since the various coupling constants
of la and 4a were very similar (Table 1), the stereochemistry
of euperfolitin and euperfolin at the various centers must be
the same. The C-3 hydroxyl group of euperfolin was deduced
to be 0 as in 1a because of the absence of an NOE between H-3
and H-15,11 by analogy with la, and by the correspondence
ofJ2a3and J 2,3 (10, 7 Hz) with those of 11,13-dihydronova-
nin, which has a/3-oriented acetate function at C-3.10f 17 Hy-
drolysis (NaOMe, MeOH)9 furnished 4c which exhibited the
expected spectroscopic properties; but further work was ne-
gated by lack of material.

The third substance, eufoliatin (5a) from E. perfoliatum,
C20H2608 (high-resolution mass spectrum, elemental analy-
sis), mp 227-229 °C (amorphous), [a]Jo —27.5°, was available
in small quantity only. Like euperfolin, it contained a hydroxyl
group, a 7 -lactone, and atigloyl ester (IR bands at 3420,1765,
1700, and 1640 cm“ 1, NMR signals typical of tiglate—see
Table I—and mass spectrum which exhibited significant
peaks at m/e 311 (M+—CBH70), 294 (M+ —CsHgCL), and 83
(base peak, C5H70). However, two methyl singlets at 1.44 and
1.05 ppm suggested that at least one of the methyl groups was
attached to carbon carrying an ether or hydroxyl; of two pro-
tons in the 4.8-5.3 ppm region, the one at lower field, a
somewhat broadened singlet at 5.30 ppm, was provisionally
assigned to the proton under the ester and the one at higher
field, adoublet of doublets at 4.81 ppm, to hydrogen under the
lactone.

Acetylation yielded a diacetate 5b whose NMR spectrum
in benzene-d6 afforded excellent separation of signals and
permitted deduction, by spin decoupling, of the sequence
shown in partial structure H, where Ha, Hb, Hc, Hd, He, and
Hf could be located at 4.14, 3.77, 2.41, 2.98,4.66, and 2.95 ppm,
respectively. Haand Hb represented the AB part of an ABX
system whose chemical shift, when compared with those in
5a, indicated that the carbon atom to which they were at-
tached carried one of the two new acetate groups. Hd, which
was next to Hc, and He, the lactonic proton, was next to a
quaternary center as was Hf whose chemical shift (compare
with shift of Hc and Hf in CDCIJ3) indicated that it was at-
tached to carbon carrying an oxygen atom. A second sequence
determined by spin decoupling was |, where Hj, Hj, Hi,, and
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Hewere found at 5.47 (hydrogen under tigloyl ester), 1.88,1.09
(two geminate-coupled protons each coupled to Hj and He),
and 2.41, respectively, the last apparently to two quaternary
centers.

Since hydroxyl groups, double bonds, and carbonyl groups
other than those represented in the ester and lactone functions
were absent, the molecular formula of eufoliatin required a
bicyclic carbon skeleton and the incorporation of two ether
functions, one of which is included in H. In view of the
chemical shift of the two methyl singlets, these requirements
could be met most satisfactorily by writing gross structure 5b
for the diacetate, although scarcity of material prevented
further verification by chemical methods. The tentative
stereochemistry assigned to 5a and 5b is based on the usual
assumption that the C-11 side chain is equatorial and 0. In
that case, the large coupling constants J78and Js,9 require
that H-8 be 0 and H-9 be a. The large coupling constant 3 7,11
suggests but does not prove that H -1l is 010and the lack of
coupling between H-6 and H-7 requires that H-6 be 0 oriented.
In this arrangement the dihedral angle between H-6 and H-7
would be about 105°.

The further assumption can be made that H-l isa as in all
naturally occurring guaianolides produced by cyclization of
a trans-1(10)-trans-4,5 germacradiene precursori8 (this seems
likely because of the cooccurrence of la and 4a) where sub-
sequent epimerization due to the presence of a ketone at C-2
or avinylogous ketone at C-3 is not possible.19 However, the
observed coupling constants Ji,2a, Ji,zb, ¢ 26,3, and J2b,3 (~4,
3,3, and 2 Hz) leave uncertain the orientation of the C-3 ester
function even after the knotty question of the configuration
of the two epoxide rings has been considered.

Models incorporating a trans-9,10- or an a-cis-9,10-epoxide
did not satisfy the requirement for a large value of J89; hence
the 9,10-epoxide must be 0-cis. Models incorporating a trans
4,5-epoxide could not be constructed; biogenetic consider-
ations suggest that the 4,5-epoxide is a-cis, which satisfies the
requirement that Jf¥ vanish, whereas models with the 4,5-
epoxide d-cis display a H-5, H-7 dihedral angle such that Jqj
should be appreciable. Consequently we prefer the stereo-
chemistry shown in 5a and 5b, where the stereochemistry at
C-3 remains in doubt. Unfortunately, we have so far been
unable to obtain crystals suitable for x-ray analysis.

Only a small amount of the crystalline fourth substance
eufoliatorin (6), C20H2407, mp 224 °C, was isolated. It had a
7 -lactone function of the type present in la and 4a (IR band
at 1780 cm-1, methyl doublet at 1.14 ppm) and a tigloyl ester
(IR bands at 1685 and 1640 cm-1, typical NMR signals at 1.61
and 1.74 ppm (two vinyl methyl multiplets), significant mass
spectral peaks at m/e 277 (M+ - CBH702), 276 (M+ —
C5H802), and 83 (base peak, C5H70)]. The IR spectrum sug-
gested the presence of another a,d-unsaturated 7-lactone
(band at 1753 cm-1), especially since there was significant UV
absorption at 219 and 210 nm (e 26 100 and 24 600).

Spin decoupling experiments on eufoliatorin demonstrated
the pattern shown in partial structure J. Hd was located as a
doublet of doublets at 4.62 ppm. Irradiation at this frequency
collapsed adoublet at 3.19 ppm (He) to a singlet and affected
a two-proton multiplet at 2.70 ppm. Conversely, irradiation
at the frequency of He collapsed the Hd signal to a doublet;
hence Hemust be adjacent to two quaternary carbon atoms.
Irradiation at the frequency of the 2.70-ppm multiplet col-
lapsed Hd to a doublet and the methyl doublet (Hb) at 1.14
ppm to asinglet and affected a multiplet at 5.54 ppm (Hf),
obviously the proton under the tiglate. Consequently, it be-
came evident that the signals of Haand Hcoverlapped at 2.70
ppm. Irradiation at the frequency of Hf simplified what ap-
peared to be the AB part of an ABX system where A, gemi-
nate-coupled to B, was a doublet of doublets at 2.98 ppm (Hg)
and B a multiplet at 2.44 ppm (Hh). The reverse experiments
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Figure 2. Stereoscopic view of 6.

confirmed these conclusions and showed that the methylene
group including Hgand Hh was next to a quaternary center.

The 13C NMR off-resonance spectrum of 6 (Table I1) dis-
played, as surmised, three carbonyl frequencies in the region
characteristic of lactone and ester carbonyls, two of these
being identifiable with the carbonyl groups of J; the third was
assigned to the a,/?-unsaturated lactone partially shown in K,
since the off-resonance spectrum also displayed two vinylic
carbon singlets at 128 (a) and 165.9 (3) in addition to the vi-
nylic carbons of the tigloyl residue (122.7 and 138.8 d). Three
doublets at 81.5,75.8, and 66.9 ppm and a singlet at 83.1 ppm
represented carbons carrying ethereal, alcohol, and ester
oxygen. Failure to achieve acetylation by the acetic anhy-
dride-pyridine method indicated that the hydroxyl group was
tertiary and therefore attached to the carbon represented by
the singlet at 83.1 ppm. Furthermore, since the '"H NMR
spectrum contained a methyl singlet at 1.61 ppm, the tertiary
hydroxyl group was incorporated in partial structure L. Two
of the three CHO doublets could be identified with Cd and Cf
of J; hence K was closed to a secondary carbon as shown.

The NMR spectrum displayed three additional signals
not so far accounted for. A multiplet at 5.40 ppm was logically
assigned to H; of K. Irradiation at the frequency of H, changed
amultiplet at 2.39 ppm (Hj) to a broad doublet and collapsed
the third remaining signal, a doublet of doublets at 1.36 ppm
(HK), to a doublet. Conversely, irradiation at the frequency
of Hj converted the Hj and Kk signals to doublets, while irra-
diation at the frequency of Hk affected the multiplets of H,
and Hj.

The molecular formula of eufoliatorin required that it must
be bicyclic apart from its two lactone rings. A structure which
incorporates J, K, and L and satisfies all requirements was 6,
exclusive of stereochemistry. If H-7 is a as usual, the large
coupling constants J(,.i and J56 require that H-6 be (i and H-5
be a oBiented. Again w 'Iei 741 is large, a decision in favor of
a or Norientation of \U~1ld was difficult and could not be
achieved by attempts to ss the effect of paramagnetic shi1it
reagents on the shift of éfig The very small value of 73(<
Hz) showed that the tigloyl ester was 3- On biogenetic&r unds,
it was assumed that H-5 and the hydroxyl group at were
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Table I11. Crystal Data for 6

Formula: C20H207
Orthorhombic
Space group P2i2i2i z =4

a=8124 (5) A
b = 13.041 (7) A
¢ = 17.840 (10) A
dcalcd 1.322 g cm

a oriented, but since determination of the configuration at the
various centers was limited by the amount of material avail-
able and since ".he structure was novel, eufoliatorin was sub-
mitted to x-ray analysis.

Crystal data for 6 are listed in Table Ill. Figure 2 is a ste-
reoscopic drawing of the molecule which represents the ab-
solute configuration if our inference about the absolute
stereochemistry at H-7 is correct. It confirms our conclusions
about the gross structure, the seven-membered ring being a
deformed chair with C-6 as apex, and about the configurations
at C-6, C-7, and C-8, supports our speculative assignment of
stereochemistry on biogenetic grounds to C-4 and C-5, and
establishes the previously unknown configurations at C-2 and
C-11. Because of the cooccurrence of la, 4a, 5a, and 6 in the
same plant it is conceivable that the stereochemistry of la, 4a,
and 5a is the same as that of 6. Tables 1V, V, and VI containing
bond lengths, bond angles, and torsion angles are available as
supplementary material.

Experimental Section20

Extraction of Eupatorium perfoliatum. Above-ground parts of
E. perfoliatum L., collected by Mr. R. Lazor (Lazor no. 1218) on Sept
20,1968 at the intersection of Florida State Road 20 with a side road
7 miles east of Hosford, Fla., wt 45 Ib, was extracted with CHCI3and
worked up in the usual manner.2L The dark brown gum, wt 180 g, was
chromatographed over a column of 1.2 kg of silicic acid (Mallinckrodt
100 mesh) packed in benzene, the column being eluted with fractions
of increasing polarity, 200-mL fractions being collected. Fractions
15-26 (CHCI3), 27-54 (CHCI3MeOH, 49:1), and 55-67 (CHCI3
MeOH, 19:1) eluted a complex mixture (TLC), mixed and evaporated
to give agum. This gum (80 g) was rechromatographed over a column
of 1.2 kg of silicic acid, the column being eluted with solvent of in-
creasing polarity beginning with benzene. The CHC13 eluates on
preparative TLC (solvent system benzene-ethyl acetate, 1:2) gave
solid euperfolir. (4a) which was recrystallized from ethyl acetate-
hexane to give colorless material: wt 0.40 g; mp 173 °C; [a]2D -13.9°
(c 0.0228, MeOH); CD curve [9)2900, [9]260 + 554, [9)250 +998, [9)240
+ 1164, [9]23i +44 (last reading); IR bands (KBr) at 3410 (-OH), 1775
(7-lactone), 1708 and 1642 cm-1 (a/i-unsaturated ester); strong UV
end absorption. Elemental analysis consistently indicated what was
probably stubborn retention of solvate, but the high-resolution mass
spectrum and the derivatives (vide infra) confirmed the proposed
empirical formula.

Anal. Calcd for C20H2800: mol wt, 364.1884. Found: mol wt (MS),
364.1896.
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The high-resolution mass spectrum showed other significant peaks
at m/e (composition, %) 349 (M+ —CH3,3.2), 346 (M+- H20,3.0),
334 (M+ - CH20, 3.6), 333 (ChslfeOs, 10.5), 281 (M+ - CBH70 , 1.6),
265 (M+- CBHT02 3.3), 264 (M+ - C5H800, 14.9), 247 (M+ - C5H70 2
- H>0,6.2), 246 (M+ - C6H82 - H20 ,13.4),236 (M+- C5H802-
CO, 1.4), 231 (M+- C5H8CL- HoO, CH3, 6.7), 221 (M+ - C5H8& 2-
CO - CH3 17.9), 203 (M+ - CsH82 - H2 - CO, 1.4), 191
(C13H1503, 52.7), 100 (C5H80 2, 24.4), and 83 (C.gHJO, base peak).

The CHCI3MeOH (19:1) eluate yielded a gum which showed a
major spot on TLC. This component (eufoliatorin) was separated by
repeated preparative TLC (solvent system benzene-ethyl acetate,
1:1) as a gum which eventually solidified and was recrystallized from
ethyl acetate-hexane as colorless needles (6) which were suitable for
x-rav analysis: wt 0.15 g; mp 224 °C; CD curve [0]3is 0, [0]300 +677,
[fl12%0 +1692, [0]280+2370, [0]269 +2540, [0]265+ 6770, [0]245+11 340,
[0]237 0, [fl]230 —54 950, [fl]20 —116 100, [8)210 —63 400 (last reading);
IR bands (KBr) at 3490 (-OH), 1780 (7-lactone), 1753 (a,/3-unsatu-
rated 7-lactone), 1685 and 1640 cm-1 («,d-unsaturated ester); UV
spectrum (MeOH) Amex 282 nm (e 2990), 250 (6840), 219 (26 100), and
210 (24 600). As in most other compounds encountered in this work,
the carbon analysis remained consistently low.

Anal. Calcd for COH2407: C, 63.82; H, 6.43; 0, 29.75; mol wt,
376.1521. Found: C, 63.06; H, 6.42; O, 29.71; mol wt (MS),
376.1525.

The high-resolution mass spectrum showed other significant peaks
at m/e (composition, %) 277 (M+ —CgH70 2. 8.4), 258 (M+ —CsH®&0 2
- HO, 13.4), 249 (M+ - C5H702- Co, 3.6), 100 (C6H80 25.5), 99
(C5H700, 5.6), and 83 (base peak, CBH70).

Fractions 68-70 of the original chromatogram (CHCI3MeOH, 19:1)
gave 10g of a gum which showed two major spots on TLC. This was
rechromatographed over 300 g of silica gel. CHCIg-MeOH (3%) eluted
solid material (eufoliatin) which was recrystallized from MeOH-
CHCI3to give a colorless powder (5a): wt 0.10 g; mp 227-229 °C; [o]d
- 27.5° (¢ 0.0121, MeOH); IR bands (KBr) 3420 (-OH), 1765 (7 -lac-
tone), 1700 and 1640 cm-1 (a,d-unsaturated ester); UV spectrum Arex
220 nm (r 12 800). The carbon analysis was consistently low.

Anal. Calcd for CooHogOs: C, 60.90; H, 6.64: O, 32.45; mol wt,
394.1627. Found: C, 60.18; H, 6.57; O, 33.02; mol wt (MS),
394.1618.

The high-resolution mass spectrum also exhibited significant peaks
at m/e (composition, %) 311 (M+—C5H70,1.7), 295 (M+ —CB5H702,
3.1), 294 M+ - C5H80 2 2.4), 277 (M+ - CsHM 2- HoO, 1.7), 276 (M+
- C5H802- HX ,1.4),248 (M+- C5H802- HD - HXD - CO, 2.3),
100 (CBH8&0 2, 6.8), and 83 (C5H 70, base peak).

Fractions 71-73 of the original chromatogram (CHCI3MeOH, s %)
gave a gum which was rechromatographed over 200 g of silica gel. The
CHCR-MeOH (5%) eluates gave euperfolitin (la) as a solid which was
recrystallized from ethyl acetate-hexane to give la: mp 190-192 °C;
H 8d-5.81° (c0.0119, MeOH); CD curve [0]2900, (0j265 +490, [0 255
982, [0243 +1470, [o]23s +1150, [0]2300, [0]220-982, [0}iO-1310 (last
reading); IR bands (KBr) 3450 (-OH), 1765 (7 -lactone), 1700 and 1650
cm-1 (jv,d-unsaturated ester); UV spectrum 220 nm (t 7600). The
carbon analysis remained consistently low.

Anal. Calcd for C0oH20 7: C, 63.14; H, 7.42; O, 29.44; mol wt,
380.1835. Found: C, 61.85; H, 7.49; O, 29.77; mol wt (MS),
380.1856.

Other significant peaks in the high-resolution mass spectrum which,
except for the molecular ion (1%), showed only rather weak peaks
above m/e 200 were at m/e (composition, %) 362 (M+- H2,0.1), 280
(M+ - CBH8& 2 0.3), 262 (M+ - C5H800 - HoO, 1.1), 244 (M+ -
C5H302 - 2H20, 0.5), 100 (C5H802, 2.5), and 83 (C5H70, base
peak).

Preparation of Acetates lIb, 4b, and 5b. A. Acetylation of 0.1 g
of la in 1 mL of pyridine and 0.5 mL of acetic anhydride at room
temperature overnight followed by the usual workup gave a gummy
diacetate which was purified by preparative TLC (silica gel, solvent
system CHCI3MeOH, 6%), but could not be induced to crystallize:
IR bands (film) 1780,1740 (very strong), 1640,1375, and 1240 cm-1.
The low-resolution mass spectrum exhibited no parent peak, but other
significant peaks at m/e 422 (M+ —C2H20), 379 (M —C2H20 -
C2H), 364 (M+ —CBH80 2), and 83 (base peak, C5H70). The carbon
analysis was consistently low.

Anal. Calcd for C24H30 9. C, 62.06; H, 6.94; O, 31.00; mol wt,
422.1941. Found: C, 60.31; H, 6.96; O, 31.87; mol wt (MS),
422.1946.

B. Acetylation of 0.050 g of 4a in the above manner and purification
of the crude product by preparative TLC (silica gel, solvent system
benzene-ethyl acetate, 1:2) followed by recrystallization from ben-
zene-hexane gave 4b: mp 130 °C; IR bands (KBr) 1778, 1738,1709,
1640, 1255,1190, and 1040 cm“ 1
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Anal. Calcd for C2H307: C, 65.01; H, 7.44; O, 27.55; mol wt, ,
406.1990. Found: C, 64.13; H, 7.55; 0, 28.04; mol wt (MS),
406.1995.

Other significant peaks in the high-resolution mass spectrum were
at m/e (composition, %) 364 (M+ —C2H20,5.5), 346 (M+ —C2H40 2,
1. 1),306 (M+ - C5H802 1.3),264 (M+ - C2H20 - C5H&0 2, 2.5), 246
(M+ - C2H402—CgH80 2, 10.4), and 83 (C5H70, base peak).

C. Acetylation 0f 0.030 g of 5a in the above manner and purification
of the crude product by preparative TLC (silica gel, CHCI3MeOH,
5%) gave 5b as a gum, wt 0.020 g, which had IR bands (film) at 1785,
1741, 1440, 1370, 1240, and 1015 cm*“1 The low-resolution mass
spectrum exhibited significant peaks at m/e 436 (M+ —C2H20), 394
(M - 2C2H), 376 (M - C2H402- C2H202),294 (M - 2C2HO -
CgH80 2), and 83 (base peak, CsH70).

Anal. Calcd for C24H30 ja mol wt, 478.1830. Found: mol wt (MS),
478.1839.

Hydrolysis of la and 4a. A. A solution of 0.1 g of la in 10 mL of
MeOH was stirred with 80 mg of NaOMe at room temperature (N2
atmosphere) for 4 h. The reaction remained incomplete (TLC). The
solution was acidified with dilute acetic acid, the methanol removed
at reduced pressure, and the residue diluted with water. The mixture
was extracted with ethyl acetate; the washed and dried extract was
evaporated and the residue separated by preparative TLC (silica gel,
CHCI3MeOH, 15%). The more polar band yielded a solid (Ic) which
was recrystallized from acetone-hexane to give a colorless powder:
yield 10 mg; mp 210-211 °C; IR bands (KBr) 3400,1760,1640,1445,
1380,1180,1000, and 850 cm*“ 1

Anal. Calcd for C15H2206: mol wt, 298.1415. Found: mol wt (MS),
298.1392.

Other significant peaks in the high-resolution mass spectrum were
m/e (composition, %) 280 (M+ —Ho0, 9.3), 265 (M+ —CH3—H20,
1. 9), 262 (M+ - 2H>0, 24.5), 247 (M+ - 2H20 - CH36.1), 244 (M
- 3H20,9.7), 219 (M+- CH3- CO - 2H2, 36.6).

The less polar band (wt 50 mg) represented starting material.

B. Hydrolysis of 0.050 g of 4a in the above manner, purification of
the crude product by preparative TLC (silica gel, benzene-ethyl ac-
etate, 1:2), and recrystallization from acetone-hexane gave 8 mg of
4c as an amorphous powder: IR bands (KBr) 3496,3392,1755,1435,
1240, and 1125 cm-1. The low-resolution mass spectrum exhibited
the molecular ion at m/e 282 (C15H020) and other significant peaks
at m/e 264 (M+ - H2 ,246 (M+ - 2H2), and 221 (M+- H2 - CH3
-CO).

Anal. Calcd for C"H”Os: mol wt, 282.1467. Found: mol wt (MS),
282.1494.

Periodate Cleavage of la. A solution 0f0.10g in 2 mL of MeOH
was stirred with a solution of 0.1 g of sodium metaperiodate in 2 mL
of MeOH and 3 mL of water overnight, diluted with water, and ex-
tracted with ethyl acetate. The washed and dried extracts were
evaporated at reduced pressure and purified by preparative TLC
(silica gel, CHCI3-MeOH, 10%) to give 46 mg of gummy 2 which had
IR bands (film) at 1770, 1750,1700 (br), 1645,1450, and 1380 cm-1.
The low-resolution mass spectrum exhibited the molecular ion at m/e
378 (C20H2607) and other significant peaks at m/e 349 (M+ —CHO),
295 (M+ - C5H70), 249 (M+ - CHO - CBH&0 2), and 83 (base peak,
C5H70).

Anal. Calcd for C20H280 7: mol wt, 378.1678. Found: mol wt (MS),
378.1684.

Dibenzoate of la. A solution 0f0.025 g of la in 0.5 mL of pyridine
and 0.2 mL of benzoyl chloride was allowed to stand at room tem-
perature for 24 h and worked up in the usual manner. The crude
gummy product solidified on triturating with hexane. The amorphous
product was filtered, washed with hexane, and dried, yield 0.020 g,
mp 145-147 °C. The CD curve is reproduced in Figure 1. The low-
resolution mass spectrum exhibited the molecular ion at m/e 588
(C3#H360 9) and other significant peaks at m/e 505 (M+ —C5H70),
488 (M+ - C6H802), 483 (M+ - C7H), 383 (M+ - C5H802 -
C?HgO), and 83 (C5H70). The 270-MHz NMR spectrum was practi-
cally superimposable on that of Ib (chemical shifts, coupling con-
stants), except for additional signals due to the ten aromatic pro-
tons.

Anal. Calcd for C34H360 9: C, 69.37; H, 6.16; O, 24.46. Found: C,
69.98; H, 6.29; O, 24.23.

Reaction of la with Thionyl Chloride. A solution of 0.10 g of la
in 2mL of pyridine was cooled to 0 °C, mixed with 0.2 mL of thionyl
chloride, and stirred, the reaction being monitored by TLC. After 2.5
h the mixture was decomposed with ice water and extracted with
CHC13. The washed and dried extract was evaporated and purified
by preparative TLC (silica gel, CHCI3MeOH, 10%). The gummy
product 3, wt 21 mg, had IR bands (CHC13) at 1770,1705,1640,1380,
and 1085 cm-1. The high-resolution mass spectrum did not exhibit

+
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the molecular ion, but a peak (1.5%) at m/e 279.1231 (calcd for
C20H2606, C5H70, 279.1243). Other significant peaks were at m/e
(composition, %) 263 (M+ - CsH ", 22.8), 262 (M+ - C6H80 2 26.8),
245 (M+- C5HM 2- H,0,3.4), 244 (M+ - C6H80 2- HX ,49.6), 229
(M+—C5H802- H20 - CH3,6.3), 100 (CsH80 2, base peak), and 99
(C6H70 2, 31.3).

X-Ray Analysis of Eufoliatorin. Intensify data were measured
on a Hilger-Watts diffractometer (Ni filtered Cu Ka radiation, 0-20
scans, pulse height discrimination). A crystal measuring approxi-
mately 0.15 X 0.4 X 0.5 mm was used for data collection; no absorption
correction was made (p = 8.4 cm-1). A total of 2210 reflections were
measured for 6 < 76°, of which 1992 were considered to be observed
[/ > 2.5cr(/)]. The structure was solved by a multiple solution proce-
dure2 and was refined by full-matrix least squares. In the final re-
finement anisotropic thermal parameters were used for the heavier
atoms and isotropic temperature factors were used for the hydrogen
atoms. The hydrogen atoms were included in the structure factor
calculations but their parameters were not refined. The final dis-
crepancy indices are R = 0.055 and wR = 0.076 for the 1992 observed
reflections. The final difference map has no peaks greater than +0.3
eA-3.
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Grisabine and grisabutine, new bisbenzylisoquinoline alkaloids from Abuta grisebachii, Triana & Planchon,
have been assigned structures 1and 2, respectively, on the basis of spectroscopic and chemical evidence.

Recent studies from our laboratory have led to the isola-
tion of a number of new alkaloids from plants of the tropical
American genus Abuta (Menispermaceae).1We now wish to
report the isolation and structure determination of two new
bisbenzylisoquinoline alkaloids, grisabine (1) and grisabutine
(2), from the Amazonian species Abuta grisebachii.2

Grisabine (1) was obtained as white needles, mp 148-149
°C. The composition C37H42N 206 was determined by high-
resolution mass spectrometry.

The infrared spectrum (KBr) of grisabine showed a band

at 3400 cm-1, attributable to a nonassociated phenolic group.
The NMR spectrum of grisabine showed the presence of three
superimposed aromatic methoxyls at 5 3.83, two nonequiva-
lent methylimino groups at 8 2.43 and 2.48, and a band of 11
unresolved aromatic protons in the range of 8 6.38-7.01.

The mass spectrum of grisabine is typical of that of a bis-
benzylisoquinoline alkaloid containing only a single tail-to-tail
ether bridge. Thus, the molecular ion at m/e 610 was quite
weak (4%), while the two identical head fragments 13 formed
the base peak at m/e 192.
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13, R=H
14, R = Me
15, R =CD3

The ultraviolet absorption band of grisabine at 287 nm
underwent a bathochromic shift to 305 nm, indicative of the
presence of phenolic functionality. The presence of two phe-
nolic functions in grisabine was revealed by its reaction with
excess diazomethane, which afforded the amorphous 0,0-
dimethylgrisabine (3). The composition C3OH46N206 was
determined by high-resolution mass spectrometry. The NMR
spectrum of 3 showed the presence of three resolved methoxyls
at 0 3.59, 3.62, and 3.77 and two superimposed methoxyls at
8 3.80; of the 11 aromatic protons of 3, two were resolved as
singlets at 86.10 and 6.16 (H-8 and H-8") and two as singlets
at 66.56 and 6.57 (H-5 and H-5").

The corresponding reaction of grisabine with diazo-
methane-d2 in dioxane-deuterium oxide yielded the corre-
sponding 0,0-bistrideuteriomethyl derivative (4). A com-
parison of the NMR spectra of 3 and 4 clearly indicated that
the two methoxyls introduced into grisabine in 3 are repre-
sented by the signals at 83.59 and 3.62. The mass spectra of
3 and 4 show base peaks at m/e 206 (14) and 209 (15), re-
spectively, confirming the presence of a phenolic hydroxyl in
each of the head units of grisabine.

The structure and stereochemistry of 0,0-dimethylgrisa-
bine (3) were established chemically by treatment of 3 with
sodium in liquid ammonia, which cleanly cleaved the molecule
into phenolic and nonphenolic portions. The nonphenolic
product was identical with authentic (S)-O-methylarmepa-
vine (6), while the phenolic product was identical with au-
thentic (R)-armepavine (9).

The location of the phenolic functions of grisabine in the
isoquinoline units was shown by sodium-ammonia cleavage
of its bistrideuteriomethyl ether 4, which afforded the frag-
ments (S)-7-0-trideuteriomethyl-12-0-methyl-N-methyl-
coclaurine (7) and (/?)-7-trideuteriomethyl-/V-methylco-
claurine (10). The structure of 10 was confirmed by deuter-
iomethylation to give (ft)-0,0-bis(trideuteriomethyl)-.1V-
methylcoclaurine (12), which was identical with an authentic
sample. The structure of 7 was established by reaction of 10
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with diazomethane to give the ether 11, which differed from
7 only in the opposite sign of its rotation.

The above observations establish the structure of grisabine
as 1 It is therefore the SR diastereomer of the known alkaloid
cuspidaline3 (1, RR).

Grisabutine (2), mp 192-193 °C, formed white needles from
methanol, and had the molecular composition C36H40N 206,
as shown by mass spectrometry. Its mass spectrum showed
a fairly weak (15%) molecular ion at m/e 598, the base peak
appearing at m/e 192, as in the case of grisabine. The methyl
region of the NMR spectrum of 2 was remarkably simple,
consisting only of two superimposed methoxyls at 83.71 and
two superimposed methylimino groups at 82.32.

Treatment of grisabutine with excess diazomethane af-
forded an O-trimethyl derivative which proved to be identical
in all respects with O-dimethylgrisabine (3). The structure
determination of 2 consequently required only a proof of the
location of the three phenolic hydroxyl groups.

Deuteriomethylation of grisabutine afforded the tristri-
deuteriomethyl derivative 5, which was reductively cleaved
by sodium in liquid ammonia. The nonphenolic cleavage
product was shown to be (S)-0,0-bis(trideuteriomethyl)-
N-methylcoclaurine (8) by comparison with an authentic
sample; the phenolic product was identical with the phenol
10 derived from the grisabine derivative 4.

Structure 2 is therefore established for grisabutine, which
is the SR enantiomer of the known alkaloid berbamunine4 (2,
RS).

Experimental Section

Melting points are uncorrected. NMR spectra were determined in
CDCI3solution (unless otherwise indicated) with tetramethylsilane
as internal standard using a Varian A-60 spectrometer; infrared
(KBFr), ultraviolet (EtOH solution), mass spectra, and optical rotations
were determined using Perkin-Elmer Models 137, 202,270, and 141
instruments, respectively. All preparative chromatography (PLC)
was carried out on silica plates using 10:1 CHCL-MeOH. Abuta gri-
sebachii (Schunke 5498) was collected in Loreto, Coronel, Portillo,
Peru, and identified by B. A. Krukoff. A voucher specimen has been
deposited at the New York Botanical Garden and at other institu-
tions.

Isolation of Grisabine (1) and Grisabutine (2) from Abuta
grisebachii. Six pounds of ground stems of Abuta grisebachii was
exhaustively extracted with agueous ammonia-ether (four times with
6 L of ether). The combined ether extracts on evaporation gave 48 g
of crude residue. This was extracted with 2 N HC1, the extract was
basified with NH4OH, and the free bases were taken up in CHCI3. The
dried bases obtained after evaporation of the CHCI3 (12 g) were
subjected to gradient pH countercurrent distribution between chlo-
roform and aqueous acid, starting with pH 6.5 citrate-phosphate
buffer and ending with 3 M phosphoric acid. The acidic aqueous layers
were basified, reextracted with chloroform, and combined into several
fractions (A-G) on the basis of TLC results.

Fraction D (4.4 g) crystallized from MeOH to give colorless needles
(2.9 g) of grisabutine (2): mp 192-193 °C; [a]D-50.0° (c 0.5, CHC13);
IR 3400 cm- 1(OH); UV (0 224 nm (17 282), 239 (17 670), 287
(10 131), 320 (sh) (1787); Amex (NaOH) (e) 224 nm (17 345), 242
(17 640), 305 (11 084), 343 (sh) (1311); NMR (Me250-d6) 52.32 (s, 6
H, 2 NMe), 3.71 (s, 6 H, 2 OCH?3); mass spectrum m/e (rel intensity)
596 (M+, 15), 404 (M - X, 13), 192 (X, 100), 175 (6); high-resolution
mass spectrum m/e 596.28509 (C36H40ON206 requires m/e
596.28863).

Fraction F (1.78 g) on crystallization from MeOH gave white nee-
dles of grisabine (1, 1.4 g), mp 145-146 °C. Recrystallization from
MeOH raised the melting point to 148-149 °C; [«]D-60.2° (c 0.5,
CHCD; IR 3400 cm-1 (OH); UV Amex («) 224 nm (17 875), 237
(18 250), 287 (15 000); Arex (NaOH) (e) 223 nm (18 300), 237 (19 200),
305 (3721); NMR &2.43, 2.48 (s, 3 H each, 2 NMe), 3.83 (s, 9 H, 3
OCHQJ); mass spectrum m/e (rel intensity) 610 (M +,4), 418 (M+ - X,
4), 192 (X, 100), 175 (15); high-resolution mass spectrum m/e
610.30206 (C37H42N 206 requires 610.30428).

0,0,0-Trimethylgrisabutine (3). To asolution of 2 in metha-
nol-ether was added ethereal diazomethane and the mixture was set
aside in the dark overnight. The usual workup gave 3 as an amorphous
solid. Further purification was carried out by PLC: [a]p-10° (c 1.0,
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CHCI3); NMR b2.47, 2.51 (s, 3 H each, 2 NMe), 3.59, 3.62, 3.77,3.80
(s,3H,3H,3H,and 6 H, 50Me), 6.10,6.16,6.56,6.57 (1 H, each),
6.70-7.11 (m, 7 H); mass spectrum m/e (rel intensity) 638 (M+, 20),
432 (M+- X, 20), 206 (X, 100), 190 (95); high-resolution mass spec-
trum m/e 638.33637 (C39H46N 206 requires 638.33558).

0,0,0-Tris(trideuteriomethyl)grisabutine (5). To a cooled
solution of excess diazomethane in dioxane (10 mL) and D20 (1 mL)
was added a solution of 2 (50 mg) in dioxane (2 mL) and D20 (1 mL).
After standing for 24 h in the dark, the usual workup afforded 5 as an
amorphous solid (45 mg) which was purified by PLC: NMR b2.46,2.51
(s, 3H each, 2NMe), 3.80 (s, 6 H, 20Me), 6.11,6.17 (s, 1 H each), 6.58
(s, 2 H), 6.73-7.15 (m, 7 H).

Sodium-Ammonia Cleavage of 3. To liquid ammonia (500 mL)
at —78 °C was added alternatively, with stirring, small pieces of so-
dium and portions of a solution of 3 (320 mg) in dry THF, allowing
the color to remain blue prior to each new addition of the alkaloid
solution. Finally, more sodium was added until the blue color persisted
for 30 min. The ammonia was allowed to evaporate overnight, and the
residue was dissolved in water and extracted with CHCI3to give the
nonphenolic fraction (120 mg). The aqueous layer, after saturation
with NHA4CI (pH 8-9), was extracted with CHCI3 (addition of some
NaBH4retarded air oxidation of the phenolic alkaloids) to give the
phenolic fraction (130 mg). Both phenolic and nonphenolic fractions
were purified by PLC.

From the nonphenolic fraction, 6 was isolated as an oil: [<«ja +83°
(c 1.0, MeOH); NMR b2.52 (s, 3 H, NMe), 3.56,3.76,3.82 (s, 3 H, each,
OMe), 6.10 (s, 1 H), 6.59 (s, 1 H), 6.80 (d, 2 H), 7.07 (d, 2 H). The
rotation and NMR values were identical with those of (S)-O-meth-
ylarmepavine (6) as reported. The oxalate of 6 crystallized from
ethanol-ether as white needles, mp 112 °C, [a]p +99.5° (c 0.05,
CHCI3). A mixture melting point of the oxalate with an authentic
sample gave no depression.

From the phenolic fraction 9 was obtained as an amorphous solid:
[c]D-81.9° (c 0.5, MeOH); NMR b2.54 (s, 3 H, NMe), 3.52, 3.80 (s,
3 H each, 20Me), 6.02 (s, 1 H), 6.60 (s, 1 H), 6.66 (d, 2 H), 6.80 (d, 2
H). The rotation and NMR values were identical with those reported
for (R)-armepavine (9). The oxalate was crystalline (EtOH-ether),
mp 207-208 °C, [a]n -84° (c 0.5, MeOH); its mixture melting point
with an authentic sample gave no depression.

Sodium-Ammonia Cleavage of 5. The sodium-liquid ammonia
cleavage was carried out on 5 (330 mg) exactly as described for 3, and
the products were separated into nonphenolic and phenolic fraction.
From the nonphenolic fraction 8 was obtained after PLC purification
as an oil (114 mg): NMR b2.53 (s, 3H, NMe), 3.81 (s, 3 H, OMe). 6.01
(s, 1H), 6.60 (s, 1H), 6.81 (d, J = 9 Hz, 2 H), 7.08 (d, I = 9 Hz, 2 H).
The oxalate of 8 was crystallized from EtOH-ether: mp 128-129 °C
[o1a +98° (c 0.5, CHCI3); mass spectrum m/e (rel intensity) 333 (M +,
<1), 332 (1), 209 (100), 124 (13). These values were identical with those
reportedlb for (S)-0,0-bis(deuteriomethyl)-A’-methylcoclaurine.
A mixture melting point of the oxalate with an authentic sample re-
sulted in no depression.

The phenolic fraction after PLC purification afforded 10 as an oil:
NMR b2.55 (s, 3H, NMe), 3.83 (s, 3H, OMe), 6.01 (s, 1 H), 6.61 (s, 1
H), 6.66 (d, J = 9 Hz, 2 H), 6.80 (d, J = 9 Hz, 2 H). The oxalate crys-
tallized from EtOH-ether: mp 210-212 °C, [a]p —95.6° (c 0.32,
MeOH); mass spectrum m/e (rel intensity) 316 (M+, 12), 285 (80), 209
(100), 194 (10), 191 (15).

Deuteriomethylation of 10. Compound 10 was trideuteriometh-
ylated as described for 2 to give the amorphous 12, the oxalate of
which crystallized from EtOH-ether, mp 130-131 °C, [o]d —98° (c
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0.5, CHCI_3). The mixture melting point of 12 oxalate with an authentic
sample gave no depression; furthermore, the NMR and IR of base 12
were identical with those of its enantiomer 8 (see above).

O.0O-Dimethylgrisabine (3). Treatment of 1with excess of dia-
zomethane and the usual workup afforded 3 which was identical in
all respects with the product obtained from the methylation of gri-
sabutine (2).

0,0-Bis(trideuteriomethyl)grisabine (4). About 300 mg of
grisabine (1) was trideuteriomethylated as described for 2 to give, after
PLC purification, the amorphous 4 (300 mg): NMR b2.48, 2.52 (s, 3
H each, 2 NMe), 3.78 (s, 3H, OMe), 3.80 (s, 6 H, 20Me), 6.10 (s, 1 H),
6.15 (s, 1H), 6.56 (s, 2 Hi, 6.73-7.25 (m, 7 H); mass spectrum m/e (rel
intensity) 644 (M+, 15), 626 (5), 435 (18), 420 (6), 209 (100), 193
25).
( S)odium-ArT‘monia Cleavage of 4. The sodium-ammonia cleavage
was carried out or. 4 (275 mg) exactly as described for 3 and the
products were separated into phenolic and nonphenolic fractions. The
nonphenolic fraction, after PLC purification, gave the amorphous 7
(120 mg): NMR b2.53 (s, 3H, NMe), 3.75 (s, 3H, OMe), 3.83 (s, 3 H,
OMe), 6.08 (s, 1H), 6.60 (s, 1H), 6.81 (d,J = 9Hz,2H), 7.08(d, J =
9 Hz, 2 H). The oxalate of 7 crystallized from ethanol-ether: mp
135- 136 °C; [cv]D +94° (c 0.80, CHC13); mass spectrum m/e (rel in-
tensity) 330 (M+, 4), 209 (100), 192 (50), 191 (40).

The phenolic fraction, after PLC purification, gave 10 (70 mg) as
a colorless oil, the oxalate of which was crystalline. It was identical
in all respects with (i?)-0 -(trideuteriomethyl)-N-methylcoclaurine
obtained as the phenolic product of the Na/NHs cleavage of 5.

Methylation of 10. Phenol 10was methylated with diazomethane
in the usual manner to give 11, which crystallized as the oxalate, mp
136- 137 °C, [aJo —95° (c 0.10, CHCI3). The NMR values and mass
spectral data for 11were identical with those of 7, although its rotation
was of the opposite sign.
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Isoquinoline-type alkaloids which undergo selective halogenation can be converted to analogues containing an
additional oxygen in the form of a phenolic hydroxyl by the sequence of bromination, metal-halogen interchange,
and reaction of the organometallic intermediate with nitrobenzene. Examples are reported using asimple benzylte-
trahydroisoquinoline (di-laudanosine, 1), an aporphine (nuciferine, 8), and a bisbenzylisoquinoline (tetrandrine,
15). The method makes possible overall oxidative transformations of a type hitherto not possible, i.e., the synthesis
of homomoschatoline (14) from nuciferine (8), and the synthesis of hernandezine (19) from tetrandrine (15).

Naturally occurring isoquinoline alkaloids cover a range
of structural subtypes, within which there is considerable
latitude in the degree of oxygenation of the aromatic rings. A
procedure for the introduction of an additional phenolic hy-
droxyl into a specific position of a known isoquinoline alkaloid
would be valuable for several reasons. It would allow not only
the preparation of unnatural alkaloid derivatives for phar-
macological evaluation, but also the partial synthesis of certain
rare natural bases from more readily available ones.

We now report the successful development of such a pro-
cedure, based upon the observation of Buck and Kobrich12
that phenol is produced when nitrobenzene is attacked by
phenyllithium at low temperatures. To our knowledge, the
only synthetic application of this reaction subsequently re-
ported has been the conversion of 5-lithio[3,3]paracyclophane
to the corresponding 5-hydroxy derivative.3 In our work, we
have explored the application of the Buck-Kobrich reaction
to examples of three different types of isoquinoline alkaloids:
the simple benzyltetrahydroisoquinoline laudanosine (1), the
aporphine nuciferine (8), and the bisbenzylisoquinoline te-
trandrine (15).

Results

In all of the three cases discussed below, hydroxylation was
carried out on lithiated alkaloids prepared from the corre-
sponding bromo derivatives, all of which were homogeneous
crystalline intermediates. Preliminary attempts to lithiate the
parent alkaloids directly were unpromising, since lithium-
hydrogen interchange was slow, and O-demethylation to
phenolic products was a serious side reaction.

Hydroxylation of Laudanosine (1). Direct bromination
of d(-laudanosine (1) takes place selectively to give the 6'-
bromo derivative 2 in good yield,4making 2 the most readily
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available halo derivative of a simple benzyltetrahydroiso

quinoline alkaloid. We have found that bromide 2 undergoes
avery clean halogen-lithium interchange when treated with
n-butyllithium; carbonation of the resulting 6'-lithiolauda-
nosine (3) results in the almost quantitative formation of the

crystalline 6'-carboxylaudanosine (4), further characterized
as its methyl ester 5.

Reaction of the lithio derivative 3 with excess nitrobenzene
at —60 °C afforded, as the major product (65%), 6'-hydroxy-
laudanosine (6), previously known only as a thalicarpine
degradation product.5The only significant by-product of the
reaction (30%) was laudanosine (1).

Since simple phenols have been prepared by the reaction
of aryllithiums with ferf-butyl perbenzoate,6followed by acid
hydrolysis, we also investigated this route to 6'-hydroxy-
laudanosine. Reaction of lithio derivative 3 with tert-butyl
perbenzoate, followed by direct acid cleavage of the tert- butyl
ether 7, did indeed afford phenol 6, but only in low yield
(13%).

Hydroxylation of Nuciferine (8). Whereas laudanosine
is brominated smoothly in an acetic acid-sodium acetate
medium,4 attempts to brominate (R)-nuciferine (8) under the
same conditions afforded a mixture of products as evidenced
by TLC. It was suspected that this result was due to a very
facile attack of the bromine on the basic nitrogen, leading to
a dehydroaporphine, a reaction known to be brought about
by iodine.7 In accord with this supposition, bromination of
nuciferine took place cleanly in the presence of the strongly
acidic trifluoroacetic acid, giving 3-bromonuciferine (9) in high
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yield (90%). Conversion of bromide 9 to the corresponding
lithio derivative 10, followed by reaction with excess nitro-
benzene, afforded 3-hydroxynuciferine (I1) in about 50%
yield, the major by-product being nuciferine.

Confirmation of the structure of phenol 11 was obtained not
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only from its NMR spectrum (loss of the C-3 nuciferine sin-
glet), but also by further chemical transformations. Thus,
diazomethane treatment of 11 afforded 3-methoxynuciferine
(12),8which on oxidation with lead tetraacetate9gave homo-
moschatoline (14),1011 the structure of which has been secured
by a total synthesis.11

Hydroxylation of Tetrandrine (15). Although the bis-
benzylisoquinoline alkaloid tetrandrine (15) contains eight
different aromatic sites which are activated by an ether sub-
stituent, only one of these sites (C-5) is doubly activated by
both an ortho and a para ether substituent. In fact, mono-
bromination of tetrandrine in the presence of trifluoroacetic
acid afforded, in high yield, the crystalline 5-bromotetrandrine
(16). The position of the bromine in 16 was not only consistent
with its spectroscopic properties, but was proven chemically
by the following reactions. Conversion of 16 to the corre-
sponding lithio derivative 17, followed by treatment with
excess nitrobenzene, afforded 5-hydroxytetrandrine (18) in

15, R =H
16, R =Br
17, R=1Li
18, R = OH
19, R = OCH3
(03 Br2/CHaCOOH n-BuLi L (tRsNO, CRN.
}
[¢] » Ib 17 » 18 » 19
CF3COOH 2 H+H/HD

good yield (57%), the major by-product consisting of tetran-
drine; diazomethane methylation of 18 gave 5-methoxytet-
randrine (19). Comparison with authentic samples showed 18
and 19 to be identical in all respects with the natural alkaloids
thalidezinel2and hernandezine,13 respectively. The conver-
sion of the antitumor alkaloid tetrandrine to the closely re-
lated rare base thalidezine (18) is especially interesting, since
it has permitted the preparation of the latter for the first time
in quantities sufficient for biological testing.

Discussion

As mentioned in the previous section, the major non-
phenolic products of the reaction of excess nitrobenzene with
the lithiated alkaloids 3,10, and 17 are the original alkaloids
(1,8, and 15). It seemed at first that this unwanted side reac-
tion was due simply to protonation of the lithio compounds
by traces of moisture, although the protonation reaction could
not be suppressed even under the most rigorously anhydrous
conditions. It then became evident that the observed products
would also be obtained if the lithiated alkaloid were to abstract
an ortho (or para) hydrogen from the nitrobenzene at a rate
comparable to its attack on the nitro group of the reagent.
o-Nitrophenyllithium is indeed a known species and is fairly
stable at low temperatures.12 Confirmation of this idea was
obtained by treatment of 3-lithionuciferine (10) with penta-
deuterionitrobenzene. The nuciferine recovered from this
reaction was shown by NMR to contain about 75% of 3-deu-
terionuciferine (13).

Several unsuccessful attempts were made to find a nitro
compound which would be superior to nitrobenzene as a hy-
droxylating agent, 3-lithionuciferine (10) being employed as
the test reagent. 2,4,6-Tri-ferf-butylnitrobenzene (20),14

J. Org. Chem., Voi. 42, No. 13,1977 2275

which should not be metalated, proved to be very unreactive
as an oxidant, only about 5% of phenol 11 being formed after
12 h at room temperature. 9-Nitroanthracene (21), which has
only afree para position, gave a fair yield (40%) of phenol 11,
but was still not as effective as nitrobenzene. The aliphatic
reagents 2-methvl-2-nitropropane (22) and 1-nitroadaman-
tane (23)15were totally ineffective, and produced only a trace
of phenolic product.

Experimental Section

Melting points are uncorrected. NMR spectra were determined
using a Varian A-60 instrument, with tetramethylsilane as internal
standard. Infrared spectra (KBr), ultraviolet spectra (EtOH), mass
spectra, and optical rotations were determined using Perkin-Elmer
instrument Models 137, 202, 270, and 140, respectively.

3-Bromonuciferine (9). To a solution of (—-nuciferine (2.95 g,
10 mmol) in trifluoroacetic acid (15 mL) and water (10 mL), a solution
of bromine in acetic acid (11 mL of 1.1 M solution, 12 mmol) was
added dropwise over a period of 5 min, while stirring and warming on
a steam bath. A precipitate formed, which quickly redissolved. After
the addition of bromine was complete, the solution was further stirred
for 45 min, then poured into a mixture of ice and water (150 mL) and
slowly basified with concentrated aqueous ammonium hydroxide.
Extraction with chloroform (300 mL) and evaporation of the extract
gave a brown oil which was passed through adry silica column (30g)
with chloroform elution. Evaporation of the eluent afforded 3-bro-
monuciferine as an oil which crystallized upon cooling. The crystals
(3.4 g, 90%) were recrystallized from methanol to give fine, pale yellow
needles: mp 117-118 °C; [0]28¢ —79.7° (¢ 1.0, chloroform); UV Amrex
(EtOH) 211 nm (i 31 100), 288 (sh, 16 100), 276 (18 800); NMR
(CDCI3) 52.15-3.43 (m, 7 H, aliphatic H), 2.48 (s, 3H, NCH3), 3.71
(s, 3 H, OCHJ3), 391 (s, 3 H, OCH3), 7.17-7.51 (m, 3 H, H89,i0),
8.20-8.47 (m, 1 H, Hu); mass spectrum m/e 375 (M+).

Anal. Calcd for CIBrH2NO02 C, 60.97; H, 5.39; N, 3.74; O, 8.55.
Found: C, 60.98; H, 5.35; N, 3.75; 0 ,8.58.

Bromotetrandrine (16). To asolution of tetrandrine (207 mg, 0.33
mmol) in trifluoroacetic acid (1 mL) and water(0.5 mL), a solution
of bromine in acetic acid (0.35 mL of 1.1 M solution, 0.385 mmol) was
added dropwise over a period of 5 min while stirring and warming over
a steam bath. The solution was stirred for a further 45 min, then
poured into a mixture of ice and water (20 mL) and slowly basified
with concentrated ammonium hydroxide. Extraction with chloroform
(2 x 50 mL) and evaporation of the extract gave a pale yellow oil which
crystallized upon addition of anhydrous ether. The crystals (220 mg,
94%) were recrystallized from methanol-ether mixture (1:1) to give
colorless needles of 16: mp 142-144 °C; [aj2sp +218.6° (¢ 1.0, CHC13);
UV (EtOH) Amex 209 nm (t 79 200), 238 (28 700), 285 (7700); NMR
(CDCI3) &2.26 (s, 3H, NCH3), 2.46-4.47 (m, 14 H, aliphatic H), 2.60
(s, 3H, NCH3), 3.20 (s, 3H, OCH3), 3.32 (s, 3H, OCH3J), 3.70 (s, 3 H,
OCH3J), 3.88 (s, 3 H, OCHJ), 6.02 (s, 1 H, ArH), 6.12-7.47 (m, 9 H,
ArH); mass spectrum (high resolution) M+ m/e 700.20734, 702.20702
(calcd for CssH~N”~OeBr, 700.21583).

General Procedure for Bromine-Lithium Exchange. Reactions
were carried out in a dry three-necked flask containing a magnetic
stirring bar. Two of the necks were fitted with rubber septums and
the third with an argon inlet. The flask was flushed with argon for 5
min while being heated with a Bunsen burner, and then kept under
argon until the reaction was completed. Tetrahydrofuran (freshly
distilled over lithium aluminum hydride) was introduced, then the
flask containing the solvent was cooled in an acetone-dry ice bath.
A solution of n-butyllithium (2.5 M in hexane) was introduced by a
syringe through one of the rubber septums, followed by dropwise
addition of the brominated starting material in tetrahydrofuran
(freshly distilled over lithium aluminum hydride), again by a syringe
through a rubber septum. The mixture was stirred in the acetone-dry
ice bath for 45 min before carrying out the subsequent reaction of the
lithiated alkaloid.

6'-Carboxylaudanosine (4). Bromolaudanosine (1.03 g, 2.35
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mmol) in THF (12 mL) was added to a mixture of n-butyllithium (2.9
mL, 7.05 mmol) in hexane and THF (10 mL), and the mixture was
allowed to stir for 45 min. The solution was then quickly poured into
adry ice-ether mixture. After evaporation of the solvent, the residue
was distributed between 2 N hydrochloric acid and ether. The aqueous
layer was washed once with ether, neutralized with sodium bicar-
bonate, then extracted five times with 100-mL portions of chloroform.
After drying (Na2SO,(), the chloroform extract was concentrated to
50 mL and diluted with anhydrous ether. Heavy white crystals formed
on cooling at 0 °C over aperiod of 48 h. The crystals (905 mg, 95.8%)
were recrystallized from benzene-ether to give the pure acid: mp
141-143 °C; UV (EtOH) Xmex 206 nm (f 51 700), 250 (sh, 10 000), 283
(8000); ir (KBr) v 1700 cm*“1(m, -COOH); NMR (CDCW 82.58 (s,
3 H, NCH?3), 2.58-4.45 (m, 7 H, aliphatic H), 3.66 (s, 3H, OCH3J), 3.76
(s,3H, OCH3), 3.86 (s, 3 H, OCH3J), 3.91 is, 3H, OCH3), 6.18 (s, 1 H,
ArH), 6.41 (s, 1H, ArH), 6.67 (s, 1H, ArH), 7.65 (s, 1 H, ArH). Several
attempts at elemental analysis gave erratic results. This compound
was then characterized as its methyl ester (5).

6'-Carbomethoxylaudanosine (5). A solution of 6'-carboxy-
laudanosine (100 mg, 0.25 mmol) in methanol (50 mL) was treated
twice with excess diazomethane (generated from 1.5 g of N-nitroso-
methylurea) at room temperature at 24-h intervals. After evaporation
of the solvent, the residue was shaken with a mixture of chloroform
(50 mL) and water (50 mL). The chloroform layer was separated, dried
(Naz2s0,i), and evaporated to a yellow oil, which crystallized upon
addition of anhydrous ether. The white crystals (101 mg, 97%) had
mp 130-131 °C; UV (EtOH) Xmex 207 nm (<35 500), 221 (sh, 3100),
256 (12 800), 286 (8900); IR (KBr) v 1730 cm' 1 (s, C=0); NMR
(CDCI13) 825 (s, 3H, NCH3), 2.45-3.7 (m, 7 H, aliphatic H), 3.62 (s,
3 H, OCH3J), 3.66 (s, 3 H, OCH3J), 3.83 (s, 3 H, OCH3), 3.85 (s, 3 H,
OCH3), 3.90 (s, 3H, OCH3), 6.19 (s, 1H, ArH), 6.52 (s, 1 H, ArH), 6.63
(s, 1H, ArH), 7.52 (s, 1 H, ArH); mass spectrum m/e 415 (M+).

Anal. Calcd for CZBH2NOs: C, 66.49; H, 7.04; N, 3.37. Found: C,
66.43; H, 7.11; N, 3.52.

6'-Hydroxylaudanosine (6). A. Using tert-Butoxyperbenzoate.
6'-Bromolaudanosine (437 mg, 1 mmol) in THF (7 mL) was added to
a solution of n-butyllithium (0.5 ml, 1.5 mmol) in hexane and THF
(2 mL), then allowed to stir as described in the general procedure. To
this mixture kept at the same temperature, a solution of ieri-butox-
yperbenzoate (316 mg, 1.63 mmol) in freshly distilled THF (10 mL)
was added dropwise over a period of 15 min. After the addition was
complete, the mixture was stirred for a further 3 h before being
brought to room temperature, then poured into 3 N hydrochloric acid
(50 mL). The mixture was heated on a steam bath until all THF had
evaporated, cooled to room temperature, and washed with ether ( 2
X 50 mL). The aqueous layer was basified with sodium bicarbonate
and then extracted with chloroform (3 X 50 mL). Evaporation of the
extract gave a brown oil which was subjected to thin layer chroma-
tography, eluting with chloroform-methanol (9:1). The band of rt
0.7 gave ayellow oil which crystallized upon cooling. Recrystallization
of the product (49 mg 13%) gave white needles of 6: mp 133-134 °C;
UV (EtOH) Xmex 210 nm (t 29 300), 230 (sh, 13 700), 289 (7800); NMR
(CDCL3) 82,51 (s, 3H, NCH3) 2.51-3.76 (m, 7 H, aliphatic H), 3.64
(s,3H, OCH3), 3.71 (s, 3H, OCH3J3), 3.73 (s, 3H, OCH3), 3.81 (s, 3 H,
OCH3), 6.34 (s, 1 H, ArH), 6.39 (s, 1H, ArH), 6.45 (s, 1H, ArH), 6.59
(s, 1 H, ArH); mass spectrum m/e 373 (M+).

Anal. Calcd for C2IH2705N: C, 67.54; H, 7.29; N, 3.75. Found: C,
67.56; H, 7.29; N, 3.71.

A small sample was converted to its HI salt, mp 183-185 °C (lit.6
monohydrate, 184-186 °C) and HBr salt, mp 208-210 °C (lit.16
209-210 °C).

B. Using Nitrobenzene. A solution of 6'-bromolaudanosine (437
mg, 1mmol) in THF (12 mL) was added to asolution of n-butyllith-
ium (1.2 mL, 3 mmol) in hexane and THF (4 mL) and the mixture was
allowed to stir as described in the general procedure. The solution was
then immersed in a liquid nitrogen bath and nitrobenzene (1 g, 8.1
mmol) was added quickly. The mixture turned brown when brought
up to —60 °C. After stirring at this temperature for 3.5 h the solution
was brought to room temperature. A 10% solution of sulfuric acid (20
mL) was added and the mixture was washed with ether (2 X 50 mL).
The aqueous layer was basified with concentrated ammonium hy-
droxide, then extracted with chloroform. Evaporation of the chloro-
form extract gave a brown oil which was separated by thin layer
chromatography eluting with chloroform-methanol (9:1). The band
of Rf 0.7 gave a yellow solid (251 mg, 65%) which was recrystallized
from ether to give white needles of 6'-hydroxylaudanosine, identical
in all respects with the sample obtained previously.

The band of Rf 0.5 afforded a slightly brown solid (107 mg, 30%)
which, after recrystallization from petroleum ether, gave white nee-
dles, identical in all respects with authentic laudanosine.
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3-Hydroxynuciferine (11). A. Using Nitrobenzene. A solution
of 3-bromonuciferine (330 mg, 0.88 mmol) in THF (10 mL) was added
to a solution of n-butyllithium (1.2 mL, 3 mmol) in hexane and THF
(3 mL), then the mixture was allowed to stir as described in the general
procedure. Addition of nitrobenzene (1 g, 8.1 mmol) followed by
workup as described for 6'-hydroxylaudanosine gave the basic fraction
which was separated by silica TLC eluting with chloroform-methanol
(96:4).

The band of rf 0.5 gave a yellow oil which crystallized upon addi-
tion of anhydrous ether. Recrystallization of the product (135 mg,
50%) from anhydrous ether afforded white needles of 3-hydroxynu-
ciferine: mp 150-152 °C; (01284 —83.7 (¢ 1.0, chloroform); UV (EtOH)
Xmax 215 nm (e 49 700), 240 (sh, 19 200), 283 (31 100), 292 (sh, 27 000);
IR (KBr) e 3200-3400 cm" 1 (weak, OH); NMR (CDCI3) 82.35-3.53
(m, 3H, aliphatic H), 2.59 (s, 3H, NCH?3), 3.77 (s, 3H, OCH3), 4.0 (s,
3 H, OCHDJ), 5.87 (broad s, 1 H, disappeared on addition of D20, OH),
7.22-7.55 (3 H, Hs910). 8.19-8.40 (m, 1 H, Hu); mass spectrum m/e
311 (M+).

Anal. Calcd for C19H2iN 03 C, 73.29; H, 6.80; N, 4.49. Found: C,
73.40; H, 6.82; N, 4.48.

The band of Rf 0.6 gave a yellow oil (123 mg, 47%) which, after
crystallization from petroleum ether, afforded needles identical in
all respects with nuciferine.

The yield of 3-hydroxynuciferine was improved to 53%, along with
26% of nuciferine, in a larger scale reaction (6 mmol of bromonucif-
erine).

B. Using Pentadeuterionitrobenzene. A similar reaction was
carried out using pentadeuterionitrobenzene in place of nitrobenzene.
The yields of 3-hydroxynuciferine and nuciferine were comparable
to those obtained from the previous reaction. The NMR of the nuci-
ferine, however, showed 75% deuterium incorporation at the 3 posi-
tion. Its mass spectrum showed M+ at m/e 296 and characteristic
peaks corresponding to the combination of nuciferine and 3-deuter-
ionuciferine.

C. Using Other Reagents. Reactions were repeated using reagents
20,21,22, and 23 under these conditions: (1) at-60 °C for 3h, (2) at
—60 °C for 1 h, then at room temperature overnight. Compounds 20,
21, and 22 gave a trace of 11 and nuciferine (8) as the major product,
while 23 gave approximately 40% of 11 and more than 50% of nuci-
ferine.

3-Methoxynuciferine (12). A solution of 3-hydroxynuciferine (160
mg) in methanol (30 mL) was treated four times in succession with
diazomethane generated from IV-nitrosomethylurea (1 g) at 24-h in-
tervals. The solvent was evaporated on a steam bath and the residue
redissolved in chloroform (50 mL), then washed with 5% sodium hy-
droxide (50 mL). After drying with sodium sulfate, the solution was
evaporated to give a pale yellow oil (120 mg, 72%). Crystallization from
hexane afforded pale yellow needles of 3-methoxynuciferine: mp
105-106 °C (lit.8dl 105-106 °C); [a]28D-112.149° (c 0.214, chloro-
form); UV (EtOH) Xmex 212 nm (« 43 000), 228 (sh, 25 100), 275
(21 400); NMR (CDC13) b2.42-3.48 (m, 7 H, aliphatic H), 2.66 (s, 3
H, NCH3), 3.87 (s, 3 H, OCH3), 4.05 (s, 3 H, OCH3), 4.08 (s, 3 H,
OCHg), 7.31-7.81 (m, 3 H, H83>10), 8.35-8.60 (m, 1H, Hn).

Anal. Calcd for COH23NO 3 C, 73.82; H, 7.13; N, 4.31. Found: C,
73.82; H, 7.21; N, 4.27.

A small sample was converted to its methiodide, which crystallized
from methanol-ether, mp 212-216 °C dec (lit.8214-216 °C).

Homomoschatoline (O-Methylmoschatoline, 14). A solution
of 3-methoxynuciferine (108 mg, 0.33 mmol) in acetic acid (5 mL) was
stirred with lead tetraacetate (492 mg of 90% reagent, 1.0 mmol) at
room temperature for 12 h, then poured into a dilute sulfuric acid
solution (20 mL) and the mixture was extracted with chloroform until
the extract was almost colorless. Evaporation of the extract gave a
dark brown oil which was separated by alumina thin layer chroma-
tography eluting with chloroform. The band of r f 0.7 gave an orange
oil (32 mg, 30%) which had an NMR spectrum identical with that of
homomoschatoline. Crystallization from methanol gave orange nee-
dles, mp 184-187 °C, alone or on admixture with an authentic sam-
ple.l

Thalidezine (Hydroxytetrandrine, 18). A solution of bromote-
trandrine (525 mg, 0.75 mmol) in THF (10 mL) was added to a solu-
tion of butyllithium (0.9 ml, 2.25 mmol) in hexane and THF (3 mL),
and the mixture was then stirred as described in the general proce-
dure. Treatment with nitrobenzene (720 mg, 6 mmol) and workup as
described for 6'-hydroxylaudanosine gave a brown oil which was
separated by silica TLC, eluting with chloroform-methanol (95:5,
saturated with concentrated ammonium hydroxide). The band of rf
0.6 gave an oil which crystallized on addition of ether. The crystals
(190 mg, 41%) were identical in all respects with tetrandrine. The band
of r f 0.5 gave an oil (270 mg, 57%) which was crystallized from acetone
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to give pale yellow needles of thalidezine, mp 155-159 °C and unde-
pressed on admixture with an authentic sample (lit.122mp 158-159 °C).
These crystals have identical NMR and UV spectra and similar TLC
behavior to the authentic sample.

Hernandezine (19). Treatment of thalidezine (110 mg) with dia-
zomethane was carried out as described for 3-methoxynuciferine.
Hernandezine (90 mg, 80%) was obtained which was identical in all
respects with an authentic sample.13
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Cannabinoids. 3.1Synthetic Approaches to 9-Ketocannabinoids.

Total Synthesis of Nabilone
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The 9-ketocannabinoid, nabilone (6), is of clinical interest as one of a new group of totally synthetic cannabinoids
that possesses interesting central nervous system properties. Synthetic approaches to 6 from the resorcinol 1 were
explored. Three unique approaches to 9-keto:annabinoids are reported (Schemes Ill, 1V, and V) as well as two
other approaches (Schemes | and Il) that have precedent in the literature. The most efficient synthesis of 6 pro-
ceeds through the cis isomer 7 which is isomerized to 6 with AICI3in CH2CI2 The optical antipodes, 6a and 6b, of
nabilone (6) can be prepared by two different synthetic routes (Schemes Il and I11). The most efficient method for
the preparation of the optical isomers 6a and 6b is from nopinone (14b) by the method outlined in Scheme III.

The natural products of marijuana, Cannabis sativa L.,
have been the subject of intensified synthetic endeavors
during the past decade.2db Undoubtedly, some of these efforts
were undertaken with the recognition of the therapeutic po-
tentials3 manifested by this group of interesting compounds.
Certainly, our synthetic efforts were motivated by the search
for a therapeutically effective drug in the cannabinoid area.

During the course of these studies, our interest focused on
agroup of compounds containing a keto group at the 9 position
of the dibenzo[b,d]pyran nucleus.4 One of these 9-ketocan-
nabinoids, nabilone (6), has been selected for clinical evalu-
ation5®Bon the basis of its preclinical pharmacology.5®

Because the original synthesis (Scheme 1) of 6 that we em-
ployed was low yielding and cumbersome, we looked for new
approaches to the synthesis of 9-ketocannabinoids. This paper
describes the results of this search for an efficient synthesis
of 6. Additionally, we report herein the application of a new
and shorter synthetic route to the synthesis of the 3-n-pentyl
analogue (26). Previously, 26 has been converted by others6
into racemic A8 and A9-tetrahydrocannabinol (THC). We also
report the preparation of the optical antipodes, 6a and 6b, of
the parent compound 6 by two different approaches.

Results and Discussion

Scheme | outlines our initial approach to the synthesis of
6. This reaction sequence follows the stepwise approach used
by Fahrenholtz et al.6for the synthesis of the 3-n-pentyl an-
alogues 25 and 26. The resorcinol 1 was converted into the
coumarin 2 by reaction with diethyl 2-acetylglutarate. Cy-
clization of 2 with NaH in Me2S0 7 gave the tricyclic ketone
3in 57%yield. Ketalization to 4 followed by Grignard reaction
and strong acid hydrolysis afforded the cqd-unsaturated ke-
tone 5. Reduction of 5with Li8in liquid NH3gave, after sep-
aration of the cis isomer 7, the desired trans isomer 6. The
overall yield from 1was 24% by this route. The cyclization of
2 to 3 was difficult to perform on ascale larger than 1 mol and
never gave greater than 70% yield. Additionally, the chro-
matographic (and/or crystallization) separation of the trans
isomer 6 from the approximately 20% impurity of the cis iso-
mer 7 was difficult. Thus, we sought a better synthetic ap-
proach to 9-ketocannabinoids of the type represented by na-
bilone 6.

The approach described in Scheme Il was chosen primarily
because it permitted the use of either (—)- or (-I-)-a-pinene as
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Scheme |

Scheme 11¢

CH3

84, 8b

R= Ac 12a, 12b

a The a and b refer to (-) and (+) optical isomers, respectively.

the starting point. The optically active pinenes could then be
converted into the verbenols 8a and 8b which would eventu-
ally lead to the optically active 9-ketocannabinoids (6a and
6b). Likewise, the choice of the (x)-a-pinene as the starting
material would, by this route, give the desired racemate 6.
Fixing the 6a,10a ring juncture trans early in the synthesis
avoided the separation of isomers that was a drawback in the
first synthesis (Scheme I). Additionally, all of the intended
synthetic conversions had a literature precedent in the syn-
thesis9of A8-THC and its conversion to the n-pentyl ketone
26.

The appropriate verbenol 8a or 8b was converted into the
A8 isomers 9a or 9b by reaction with the resorcinol 1in a
manner similar to that reported for the synthesis of A8-THC.9

6a (6aR,10aA)
6b(6aS,10as)

Acetylation to 10aor 10b followed by photolysis, in a manner
similar to that published for the preparation of AAU-THC,10
gave the A9'11 isomers 1laor lib. During the photolysis, the
1-acetate group was removed so that it was necessary to rea-
cetylate the A9'11 isomers to give 12a or 12b which were sub-
sequently ozonized to yield the keto acetates 13aor 13b. Hy-
drolysis of the 1-acetate afforded the desired optically active
ketones 6a or 6b. From (—-a-pinene was obtained the
6aR,10ai? isomer 6a; from (-I-)-a-pinene, the 6aS,10aS isomer
6b. The assignment of absolute stereochemistry rests upon
the fact that (—-verbenol has been converted9 into (—-A%
THC whose absolute stereochemistry has been shown1lto be
6aR,10aR.

Although this route from verbenol provided optically active



Synthetic Approaches to 9-Ketocannabinoids

aThe aand b refer to (-) and (+) optical isomers, respectively.

materials, it suffered from the low-yielding photolysis and
ozonolysis steps. Thus, in relation to the synthesis of 6, it was,
in fact, no better than the original synthesis shown in Scheme
I. Clearly what was needed was a shorter, more efficient syn-
thesis.

The experience gained from the above synthetic work led
us to believe that introduction of the oxygen function earlier
in the synthesis might alleviate some problems, especially
those associated with the low-yielding photolysis and 0zono-
lysis reactions needed to introduce the 9-keto group by the
reactions outlined in Scheme Il. Thus, we decided to start with
/3-pinene and introduce the oxygen function in the first step
by ozonolysis. The nopinone (14b) obtained by this procedure
was converted by bromination to 15b and dehydrobromina-
tion into (-I-)-apoverbenone (16b). Reaction of 16b with the
resorcinol | gave the optically active ketone 6a in 16% yield.
Attempts to improve this yield were unsuccessful. Alterna-
tively, nopinone (14b) could be converted into the enol acetate
17a which on treatment with lead tetraacetate in refluxing
benzene for 2 h gave the diacetate 20b in 41%yield. If the re-
flux time was extended to 18 h, the enol acetate 18a could be
isolated in 39% yield. Either of these acetates, 18a or 20b,
could be converted in 70% yield into the intermediate norpi-
nanone (19b) by the action of p-toluenesulfonic acid in chlo-
roform at room temperature.

The key intermediate 19b was then treated with p-tolu-
enesulfonic acid in refluxing chloroform to give the optically
active cis ketone 7a in 61%yield. Alternatively, the optically
active trans ketone 6a could be prepared in 82%yield from the
treatment of 19b with stannic chloride in chloroform at room
temperature.

Consequently, the synthesis of cis- and trans-9-ketocan-
nabinoids could be achieved from /3-pinene. The lead tetra-
acetate step (17a to 18aor 20b) proved to be low yielding and
therefore limiting in this approach. Likewise, the direct con-
version of 18a or 20b gave 6a in low yield (31%) and contam-
inated with terpene impurities which were difficult to remove
from the desired product. Nevertheless, this synthetic route
via the intermediate 19b provides optically active 6a in the
most convenient method that is presently available.

An optically active terpene (8a or 8b) or terpene-derived
moiety (16b, 18a, or 20b) is condensed with the resorcinol |
in the approaches outlined in Schemes Il and Ill. This same
general conceptual approach provides the basis for most of the
efficient syntheses of optically active THC's.12For the prep-
aration of racemic 9-ketocannabinoids, such as 6 or 7, the
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optically inactive diene 23 is a readily available starting ma-
terial. It can be prepared from p-methoxyacetophenone (21)
by Grignard addition to provide 2-(4-methoxyphenyl)-2-
propanol (22), then followed by Birch reduction to the desired
diene 23. The overall yield of 23 from p-methoxyacetophenone
is 55%.

The reaction of 23 with the resorcinol 1was studied under
a wide variety of acid catalysis conditions (see Scheme 1V).

Scheme IV
OCH3J

The products of the reaction showed a surprising dependence
on the nature of the acidic catalyst, solvent, temperature, and
reaction time. As an example, the ketal 27 was isolated in 37%
yield from the reaction of 1with 23 using 1 mol of BFg-EtsO
in benzene at room temperature. From asimilar reaction using
3 mol of BF3Et20 in CH2C12at 0 °C, the hemiketal 28 was
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isolated in 42% yield.13 (Conversion of the hemiketal 28 to
ketal 27 was accomplished with oxalic acid in methanol.) The
cis ketone 7 was obtained in 65% yield using SnCl4in CH2CI2,
although 28 was observed by TLC to be initially formed and
then disappear during the 7-h reaction period. If 1 mol of
water was added to the SnCl4 reaction, the yield of 7 dra-
matically improved to 89%. Conditions were not found under
which the trans ketone 6 was the major product, although it
was formed in 5-15% yield in the SnCl4 reaction.

The appearance and then disappearance of 28 in the reac-
tion mixture coupled with the observation that either 27 or
28 could be readily converted into 7 on treatment with SnCIl4
lead us to the hypothesis that 27 and 28 are intermediates in
the formation of 7 from 23. It follows that the ketal 27 is the
initial product of the condensation of 23 and 1, but is hydro-
lyzed, especially in the presence of an added mole of water, to
the hemiketal 28 which undergoes rearrangement to 7 in the
rate-determining step. This suggested mechanism would ex-
plain the observed stereoselectivity of the reaction if the ring
closure occurs before the hemiketal opening to the ketone.

Since our synthetic objective was the trans isomer 6, it was
necessary to either modify reaction conditions to change the
stereochemical course of the reaction or find some method to
isomerize the 6a,10a cis ring juncture. The isomerization of
cts-A9-THC to frarcs-A8-THC using BBr3in CH2C12 at low
temperature has been reported by Razdan and Zitko.-4Similar
treatment of the cis ketone 7 gave the hemiketal 28 instead
of the anticipated trans ketone 6.

The elusive conditions for isomerization of 7 to 6 were
eventually discovered to be AICI3in CH2C12at 0 °C. Similarly,
the cyclic hemiketal 28 can also be convened into 6 using the
same AlCI3isomerization procedure. An overall yield of 80%
from diene 23 to trans ketone 6 has been achieved using the
two-step approach outlined in Scheme IV. Itis our belief that
this process proceeds by way of isomerization of the 6a posi-
tion rather than the 10a position. Work is presently in progress
to definitely establish this point. The high yield of this ap-
proach (Scheme 1V) coupled with the ready availability of 23
from p-methoxyacetophenone makes this the most convenient
synthesis of 6 that we have discovered.

The generality of this approach to other 3-alkyl-9-keto
compounds was demonstrated in the preparation of the 3-
n-pentyl compounds 25 and 26 by the same procedure using
olivetol (24). The overall yield of 26 from olivetol was 25%.
Since 26 has been previously converted6into (+)-A9THC, this
approach (Scheme 1V) represents a new synthesis of the op-
tically inactive natural products.

Other ‘masked ketones” can be used in place of the diene
23. As examples, the ketals 31 and 33 (Scheme V) are con-

Scheme V
—\ o\

33
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verted by the SnCl4 procedure into 7 in 80% yield. Either of
these ketals can be prepared from the ester 29 by way of the
intermediate ketal esters 30 and 32. The ester 29 is available
from a Diels-Alder reaction described by Danishefsky and
Kitahara.15

Experimental Section

Instrumentation. Infrared spectra were obtained using a Per-
kin-Elmer Model 457 diffraction grating spectrophotometer. A Cary
15 spectrophotometer was used to obtain ultraviolet spectra. Proton
magnetic resonance spectra were measured with Varian Associates
T-60 and HA-100 spectrometers; chemical shifts are expressed in
parts per million (5) downfield from internal tetramethylsilane.
Low-resolution mass spectra were determined on a CEC 21-110
spectrometer at an ionizing voltage of 70 eV. For exact mass deter-
minations a Varian MAT 731 mass spectrometer was used. Optical
rotations were determined with a Perkin-Elmer 241 polarimeter.
Melting points and boiling points are uncorrected.

7-(1,1-Dimethylheptyl)-5-hydroxy-4-methyl-2-0x0-2iT-I-
benzopyran-3-propionic Acid Ethyl Ester (2). A mixture of 331
g (1.4 mol) of 5-(I,I-dimethylheptylresorcinol (1),1322 g (1.4 mol) of
diethyl 2-acetylglutarate (Aldrich Chemical Co.), and 214 g (1.4 mol)
of POCI3was stirred at room temperature for 11 days. Ethyl acetate
was added, and the solution was washed with 5% NaHCO03solution
and water, dried over Na2S 04, filtered, and concentrated to afford
548 g (97% yield) of crude 2 suitable for use in the following reaction.
A small sample, purified by column chromatography on Woelm
neutral alumina (activity Il) using CHCI3as the eluent, had the fol-
lowing physical and chemical characteristics: mp 78-85 °C; UV
(EtOH) Xnex 208,257, and 308 nm U 16 200,3900, and 5600); 4H NMR
(CDCI13) 57.2 (broad s, 1 H, exchanges with D), 6.70,6.80 (2d, 2 H,
J = 2 Hz, H6and Hg), 4.15(q, 2H,J = 7Hz,-COOCH2), 2.68 (s, 3
H, C-4 CHJ3), 1.25 (t, 3H, J = 7 Hz, -COOCH2CH3J), 1.25 (s, 6 H,
gem-di-CHa’s), and 0.82 (¢, 3 H, w-CH3).

Acidification of the NaHCO03extract gave (5-37% yield) the cor-
responding carboxylic acid: mp 164-167 °C; [H NMR (CDC13
Me250-d6) 5 10.1 (broad s, 2 H, exchanges with D20), 6.75 (m, 2 H),
and 2.60 (m, 9 H).

Anal. Calcd for C2H3005 C, 70.56; H, 8.08. Found: C, 70.35; H,
7.80.

3-(I,I-Dimethylheptyl)-7,8,10-dihydro-I-hydroxy-9ff-di-
benzo[b,<J]pyran-6,J3(1 0//)-dione (3). To asuspension ofNaH (136
g, 5.66 mol, 272 g of a 50% NaH dispersion in mineral oil, washed
several times with rc-hexane) in 1500 mL of Me2SO,u a solution of
548 g (1.35 mol) of 2 in 1 L of Me2SO was added dropwise, while
maintaining the temperature at 18-20 °C. After standing overnight,
the excess NaH was decomposed by dropwise addition of EtOH. The
mixture then was poured carefully onto ice and concentrated HCL.
The solid that formed was collected and washed with water. The wet
filter cake was dissolved in hot methyl ethyl ketone and washed with
5% NaHCO03 saturated NaCl solution, and water. Drying over Na2S04
and evaporating under reduced pressure afforded a light yellow foam.
This crude product was triturated with Et20, collected, and dried to
give 273 g (57% yield) of 3and a light yellow solid: mp 173-175 °C; UV
(EtOH) Arex 204,258, and 307 nm (e 12 200,2600, and 3700); :H NMR
(CDCI3Me250-d6) 06.9 (broad s, 1 H, exchanges with D20 ), 6.70,
6.80 (2d,2H,J = 2 Hz, H2and H4), 1.2 (s, 6 H,gem-di-CH3s), and
0.82 (t, 3H, 0-CH3).

Anal. Calcd for C2H20 4 C, 74.13; H, 7.92; 0, 17.95. Found: C,
74.34, H, 7.97; 0, 17.95.

3-(11-Dimethylheptyl)-7,8-dihydro-1-hydroxyspiro[9ff-di-
benzo[h,d]pyran-9-2'-[1.3]dioxalan]-6(10H)-one (4). A solution
of 310 g (0.87 mol) of 3, in 1500 mL of benzenel6containing 53 mL of
ethylene glycol and 200 mg of p-toluenesulfonic acid, was heated
overnight under reflux using a Dean-Stark water separator. After
cooling to room temperature, the mixture was poured into 5%
NaHCO03solution and extracted with ethyl acetate. The combined
organic extracts were washed with water, dried over Na2S04, and
concentrated to give 329 g (95%yield) of 4 as a light yellow solid: mp
55-58 °C; UV (EtOH) Arme>205,257, and 304 nm («11 500,2700, and
3400); IR (CHC13) no absorption at 5.75 jH NMR (CDC13
Me2S0-de) 56.70, 6.80 (2 d, 2H, J = 2 Hz, H2and H4), 4.05 (s, 4 H,
ketal CHZs), 1.25 (s, 6 H, «em-di-CH3s), and 0.82 (t, 3 H, w-CH3J).

Anal. Calcd for C24H30s: C, 71.97; H, 8.05; O, 19.97. Found: C,
71.68; H, 8.08; 0 , 19.77.

(£)-3-(1,I-Dimethylheptyl)-6,6a,7,8-tetrahydro-I-hy-
droxy-6,6-dimethyl-9ff-dibenzo[b,<flpyran-9-one (5). A solution
of 329 g (0.825 mol) of 4 in 1500 mL of anhydrous Et20 was added
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dropwise to 1780 mL of a 2.8 M CH3MgBr solution in Et20. After
overnight reflux the mixture was cooled ar.d poured slowly onto an
ice-HCI mixture, the resulting HC1 concentration being 6 N. The
mixture was then heated on a steam bath, whereupon the Et20
evaporated and a light yellow precipitate formed. Recrystallization
from ethyl acetate gave 195 g (64% yield) of 5 as a yellow solid: mp
194-196 °C; IR (Nujol mull) 6.1 n (a,d-unsaturated C=0); UV
(EtOH) Amex 206, 230, and 323 nm (e 25 600,13 200, and 23 200); 'H
NMR (CDCI3) 8 10.5 (s, 1 H, exchanges with D20), 8.05 (d, 1H. J =
2 Hz, H10), 6.36, 6.66 (2d, 2H, J = 2 Hz, H2and H4), 1.50,1.17 (25,
each 3H, CH3sat C-6), 1.25 (s, 6 H,gem-di-CH3s), and 0.83 (t, 3 H,
w-CH3).

Anal. Calcd for C24H340 3. C, 77.80; H, 9.25. Found: C, 77.98; H,
9.00.

(£)-trans-(1,I-Dimethylheptyl)-6,6a,7,8,10,10a-hexahydro-

I-hydroxy-6,6-dimethyl-9ii-dibenzo[h,(J]pyran-9-one (6) and
(£)-eis-3-(I,I-Dimethylheptyl)-6,6a,7,8,10,10a-hexahydro-I-

hydroxy-6,6-dimethyl-9fl-dibenzo[f>,<i]pyran-9-one (7). A so-
lution of 195 g (0.527 mol) of 5 in 2500 mL of anhydrous THF was
added dropwise to a solution of Li metal in 10 L of liquid NH3at —78
°C. The reaction vessel was kept under a stream of dry nitrogen to
prevent moisture from forming inside the reaction flask. More Li
metal was added when the blue color of the reaction mixture dissi-
pated. The end of the addition was determined when the blue color
persisted for 10 min, after which solid NH4C1 was added to decompose
the excess Li. The mixture was permitted to warm to room tempera-
ture overnight under a N2atmosphere; during that time most of the
excess NH3evaporated. The mixture was acidified with 4 N HC1 and
extracted with ethyl acetate. The combined organic extracts were
washed with water, dried over Na2S 04, and concentrated to give 194
g of ayellow solid containing both 6 and 7. Purification and separation
of the isomers were achieved in the following manner: The crude
product was recrystallized from EtOAc-n-hexane (1:1) to afford 125
g of solid which was chromatographed on 2200 g of Woelm neutral
A120 3 (activity Il) using EtOAc-benzene (1:1) as an eluent. The
combined fractions containing 6 were recrystallized to give 76 g of 6
(39%yield) as awhite, crystalline solid: mp 159-160 °c ;r 7 0.45 (silica
gel; 20% EtOAc-benzene); UV (EtOH) Anex 207, 280 nm (t 47 000,
250); IR (CHC13) 5.85n (C=0); H NMR (CDC13) 87.75 (s, 1 H, ex-
changes with D20), 6.34,6.36 (2d, 2H, J = 2Hz, H2and H4), 4.15 (d,
1H,J = 14.3,3 Hz, HiQ,), 3.08-0.70 (32 H) especially 1.47,1.13 (2's,
3 Heach, aand/3C-6 CH3s), 1.21 (s, 6 H,gem-di-CH3's), and 0.83 (t,
3 H, w-CH?3); mass spectrum m/e 372 (M +).

Anal. Calcd for C24H360 3; C, 77.38; H, 9.74; O, 12.88. Found: C,
77.59; H, 9.68; 0 , 12.99.

The combined fractions containing 7 were recrystallized to give 5
g (2.5% yield) as a white, crystalline solid: mp 163-165 °C; rj 0.38
(silica gel; 20% EtOAc-benzene); 7H NMR (CDC13) 06.98 (s, 1 H,
exchanges with D20), 6.36 (broad s, 2 H, H2and H4), 1.40,1.35 (2 s,
each 3H, aand dC-6 CH3s), 1.20 (s, 6 H,gem-di-CH3s), and 0.83 (t,
3 H, m-CH3); mass spectrum m/e 372 (M +).

Anal. Calcd for C24H3603: C, 77.38; H, 9.74; O, 12.88. Found: C,
77.61; H, 10.00; 0 , 12.57.

(-)- and (+)-trans-Verbenol (8a and 8b). The procedure of
Whitman17for the conversion of (+)-a-pinene to (+)-trans-verbenol
was followed.

(-)- or (+)-a-pinene (Aldrich Chemical Co.) was redistilled before
use: bp 152-155 °C; [a]2D-44.6° (¢ 1, MeOH) and +49.6° (c 0.27,
MeOH); H NMR (CDC13) 85.21 (m, 1 H), 2.4-0.80 (15 H), especially
167 (9,3H,J = 2Hz), 1.28 (s, 3 H), and 0.83 (s, 3 H).

(-)- or (-t-)-frans-verbenyl acetate had the following physical
characteristics: bp 73-75 °C (6 mm); [a]25D —139° (¢ 1, MeOH) and
+132° (c 0.44, MeOH); H NMR (CDC13) 85.4 (m, 1H), 2.4-0.80 (17
H), especially 2.03 (s, 3 H), 1.36 (s, 3H) and 0.93 (s, 3 H).

The optically active trares-verbenols, 8a and 8b, had the following
physical and chemical characteristics: [o]25¢ —118° (¢ 0.96, MeOH)
and +112° (c 1, MeOH); iH NMR (CDC13) 55.35 (m, 1 H), 4.28 (m,
1H), 2.50-0.80 (14 H), especially 1.70 (m, 3 H). 1.34 (s, 3 H), and 0.87
(s, 3H).

(-)-irans-3-(I,I-Dimethylfaeptyl)-6a,7,10,10a-tetrahydro-
6,6,9-trimethyl-6ii-dibenzo[b,tflpyran-I-ol (9a). A solution of 48.6
g (0.206 mol) of 1in 500 mL of CH2C12was cooled to —10 °C. To this
solution was added 31.3 g (0.206 mol) of 8a followed by dropwise ad-
dition of 28.4 mL (32.7 g, 0.230 mol) of freshly distilled BF3-Et20. The
red mixture was stirred for 2 h at —10 °C and then poured into a 5%
NaHCO03solution. The organic layer was separated and washed with
water and saturated NacCl solution, dried over Na2S04, and concen-
trated to afford 72.5 g of a dark, reddish brown gum. Chromatography
on 1500 g of silica gel (40% benzene-n-hexane) gave a 51% yield of 9a
as aclear resin: [a]25D—211.8° (¢ 0.41, MeOH); H NMR (CDC13) 8
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6.21, 6.40 (2d, 1H each. J = 2Hz, H2and H4), 5.42 (m, 1 H, H8), 5.26
(s, 1 H, exchanges with D20), 3.40-0.85 (34 H), especially 1.72 (broad
s, 3H, C-9 CH3), 1.42 (3, 3 H, 6fI-CH3), 1.37 (s, 6 H, gem-di-CH3s),
1.13 (s, 3H, 6«-CH3), and 0.85 (t, 3 H, w-CH3).

Anal. Calcd for C25H380 2 C, 81.03; H, 10.34; 0, 8.63. Found: C,
80.80; H, 10.10; 0, 8.78.

Similarly prepared in 49% yield from 8b was the (+) isomer, 9b,
which had the following physical and chemical characteristics: [a]20
+190.9° (c 1, MeOH); 'H NMR identical with that of 9a; an exact
mass determination gave m/e 370.2868 (calcd for C25H302
370.2871) .

(+)-trans-3-(I,I-Dimethylheptyl)-6a,7,10,10a-tetrahydro-
6,6,9-trimethyl-6fl-dibenzo[d,e?]pyran-l-ol Acetate (10b). A
mixture of 45.6 g (3.123 mol) of 9b, 456 mL of pyridine, and 456 mL
of Ac20 was stirred under a N2atmosphere for 2 h at room tempera-
ture. The mixture was then poured onto crushed ice and after warming
to room temperature, extracted with Et20. The organic extracts were
washed (five times) with 1 N HCL1 solution, water (five times), and
saturated NacCl solution, dried over Na2S 04, filtered, and concen-
trated to give 50.7 g (99% yield) of 10b as a tan gum which solidified
upon standing: [a]25D +193° (c 1, MeOH); H NMR (CDC13) 86.52,
6.68 (2d, 1H each,J = 2Hz, H2and H4), 5.45 (m, 1 H, H¥8), 2.90-0.75
(37 H), especially 2.28 (s, 3 H, acetate CH3), 1.68 (broad s, 3 H, C-9
CH3), 1.40 (s, 3H, 6/3-CH3), 1.23 (s, 6 H,gem-di-CH3s), 1.12 (s, 3 H,
6a-CH?3), and 0.83 (t, 3 H, u-CH?J); mass spectrum m/e 412 (M +).

Anal. Calcd for C2yH4003: C, 78.60; H, 9.77; O, 11.63. Found: C,
78.88; H, 9.69; 0,11.84.

Similarly prepared from 9a was the (-) isomer 10a which had the
following physical and chemical characteristics: [a]zsD—186.8° (c 1,
MeOH); *H NMR (CDC13) identical with the above spectrum for
10b.

Anal. Calcd for C2ZH4€03 C, 78.60; H, 9.77; O, 11.63. Found: C,
78.23; H, 9.52; 0,11.51.

(-)-trans-3-(1,I-Dimethylheptyl)-6a,7,8,9,10,10a-hexahy-
dro-G,6-dimethyl-9-methylene-6ff-dibenzol[b,i/]pyran-I-ol (11a).
A solution of 1.0 g (2.42 mmol) of 10a in 200 mL of 5% p-xylene-2-
propanol was photolyzed (450-W Hanovia, Vycor) for 2.5 h under a
helium atmosphere. The organic residue obtained by evaporation
under reduced pressure was chromatographed on 20 g of silica gel
(impregnated with 25% AgN03) using 10% EtOAc-benzene as an el-
uent to afford 0.3 g of 1la (34% yield) as ayellow gum: [a]25D-41° (c
0.24, MeOH); >HNMR (CDC13) 66.25, 6.40 (2d, each 1H, J = 2Hz,
H2and H4), 5.32 (broad s, 1 H, exchanges with D20), 4.80 (broad s,
2 H, exo-CH2), 4.3-0.75 (33 H), especially 1.40 (s, 3H, 6/J-CHJ3), 1.18
(s, 6 H, gem-di-CH3s), 1.07 (s, 3H, 6a-CH3), and 0.85 (t, 3 H, g-CH3J);
an exact mass determination gave m/e 370.2870 (calcd for C25H3%0 2,
370.2872) .

Similarly prepared from 10b was the (+) isomer lib which had the
following physical and chemical characteristics: [«]254 +33.6° (¢ 1,
MeOH); 'H NMr )cdcl3) identical with the above spectrum for 11a;
an exact mass determination for lib gave m/e 370.2868 (calcd for
C25H330 2, 370.3872).

(-)-trans-3-(1,I-Dimethylheptyl)-6a,7,8,9,10,10a-hexahy-
dro-6,6-dimethyl-9-methylene-6ii-dibenzo[0,d]pyran-1-ol
Acetate (12a). A mixture of 2.6 g (7.5 mmol) of 11a, 26 mL of pyri-
dine, and 26 mL of acetic anhydride was stirred at room temperature
under N2overnight. The mixture was then poured onto ice and ex-
tracted with Et20. The organic extracts were combined, washed with
1 N HC1 (3 X 100 mL) and saturated NaCl solution, dried over
Na2S 04, filtered, and concentrated to give 2.8 g (91% yield) of 12a as
a light tan resin: >H NMR (CDC13) 86.50, 6.67 (2d, i Heach, J = 2
Hz, H2 and H4), 4.72 (broad s, 2 H, exo-CH2), 3.40-0.75 (36 H),
especially 2.30 (s, 3 H, acetate CH3), 1.38 (s, 3 H, 6/8-CH3), 1.20 (s, 6
H,gem-di-CH3s), 1.05 is, 3 H, 6«-CH?J3), and 0.83 (t, 3 H, u>CH3); mass
spectrum m/e 412 (M +).

Anal. Calcd for C27/H4003: C, 78.60; H, 9.77; 0, 11.63. Found: C,
78.40; H, 9.81; O, 11.50.

Similarly prepared from Ilbwasthe (+) isomer 12b which had the
following physical and chemical characteristics: *H NMR (CDC13)
identical with the above spectrum for 11la.

Anal. Calcd for C27/H4003; C, 78.60; H, 9.77; 0, 11.63. Found: C,
78.38; H, 9.57; 0,11.92.

(+)-iraids-3-(l,I-Dimethylheptyl)-6,6a,7,8,10,10a-hexahy-
dro-1-hydroxy-6,6-dimethyl-9Ji-dibenzo[b,d]pyran-9-one Ac-
etate (13b). A solution of 1.0 g (2.43 mmol) of 12b in 100 mL of
CH2C12was cooled to -78 °C and treated with 1.1 equiv of 0 3from
a calibrated ozonizer (Matheson). One minute after the addition of
the 03, 1.7 mL of a 1.52 N solution of (CH3)2S in CH2C12was added
and the mixture permitted to warm to 0 °C. Evaporation of the sol-
vents under reduced pressure gave a crude product which was chro-
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matographed on 20 g of silica gel eluted with benzene followed by 1%
EtOAc-benzene elution. The desired product, 13b, was obtained as
a light orange resin, 402 mg (41% yield): [a]250 +55° (c 0.89, MeOH);
'H NMR (CDC13) b6.53, 6.71 (2 d, 1H each, 3 = 2Hz, H2and H4),
3.5-0.75 (36 H), especially 2.32 (s, 3 H, acetate CH3), 1.48 (s, 3 H,
6/3CH3J), 1.22 (s, 6 H,gem-di-CH3s), 1.12 (s, 3H, 6a-CH?3), and 0.85
(t, 3 H, w-CH3); mass spectrum m/e 414 (M+).

Anal. Calcd for C26H380 4: C, 75.32; H, 9.24; O, 15.44. Found: C,
75.11; H, 8.98; 0,15.34.

Similarly prepared from 12a was the (-) isomer 13awhich had the
following physical characteristics: [a]26D —48° (¢ 1.7, MeOH);
NMR (CDCIJ) identical with the above spectrum for 13b; an exact
mass determination for 13a gave m/e 414.2771 (calcd for C26H3804,
414.2770).

(+)-trans-3-(1,I-Dimethylheptyl)-6a,7,8,9,10,10a-hexahy-
dro-1-hydroxy-6,6-dimethyl-9ii-dibenzo[ b,d]pyran-9-one (6b).
To a solution of 3.56 g (8.6 mmol) of 13b in 100 mL of MeOH was
added, dropwise with stirring at room temperature, a solution of 10.0
gof K2C03in 50 mL of H20. After stirring for an additional 1h, the
mixture was concentrated, diluted with water, and extracted with
EtOAc. The combined organic extracts were washed with 1 N HC1,
water, and saturated NaCl solution, dried over Na2S 04, filtered, and
concentrated to give 3 g of a light yellow glass. Chromatography on
100 g of Woelm neutral alumina (activity I1) with Et20 as the eluent
gave 2.65 g (83%yield) of 6b as aclear glass: [«]2d +54.9° (c 1, CHCI3);
>HNMR (CDCI3) identical with that of the (+) racemate 6; an exact
mass determination gave m/e 372.2663 (calcd for C24H3603
372.2664).

Similarly prepared from 13awas the (-) isomer 6a which had the
following physical characteristics: [a]25D -55.7° (c 1, CHCI3); XH
NMR (CDCI3) identical with that of the (+) racemate 6; mass spec-
trum m/e 372 (M +).

Anal. Calcd for C24H360 3 C, 77.38; H, 9.74; O, 12.88. Found: C,
77.60; H, 9.50; 0 , 13.24.

(-1-)-Apoverbenone (16b) was prepared according to the litera-
turel8 procedure from (-)-/J-pinene (Aldrich Chemical Co.) which
was converted into nopinone 14b followed by bromination to 15b and
dehydrobromination to 16b: bp 52-55 °C (4 mm); 'H NMR (CDCI3)
b7.55 (q, 1H,J =9 Hz), 5.95 (d, 1 H,J = 9 Hz), 3.35-2.35 (m, 3 H),
215 (d, 1H,J = 9Hz), 1.55 (s, 3H), and 1.10 (s, 3 H).

Preparation of 6afrom 16b. To asolution of 16b (1.6 g, 12 mmol)
and 1(2.8 g, 12 mmol) in 50 mL of CH2C12at 0 °C was added 1.6 g (12
mmol) of anhydrous A1C13. After stirring for 3 days at room temper-
ature, the reaction mixture was poured onto ice and extracted with
Et2. The organic extracts were combined and washed with 2 N HC1,
water, and 5% NaHCO03 dried over NaZS 04, filtered, and concentrated
to afford 4.5 g of crude product. Chromatography on Woelm silica gel
(activity Il) with benzene as the eluent gave 720 mg (16% yield) of 6a:
[a]20D-40.2° (c 1, CHCIJ); 'H NMR (CDC13) identical with that of
6; mass spectrum m/e 372 (M +).

(—-Nopinone enol acetate (17a) was prepared according to the
literaturel9procedure: [0]20d -37.3° (c 1, CHCIJ) [lit. [cr]20D -18.6°
(CHCI3)]. We believe that the literature rotation value is in error by
a factor of 2.

(-)-6,6-Dimethyl-2,4-diacetoxy-2-norpinene (18a). To a so-
lution of 18.0 g (0.1 mol) of 17a in 250 mL of dry benzene under aN2
atmosphere was added 48.8 g (0.11 mol) of Pb(OAc)4 (previously dried
in vacuo over P205KOH). The mixture was refluxed for 18 h, then
cooled and filtered. The filtrate was washed with 10% NaHCO03and
water, dried over Na2S 04, filtered, and concentrated to afford 23.5
g of aclear liquid. Distillation gave 9.3 g (39% yield) of 18a: bp 115-118
°C (5 mm); [a]20D-89.7° (c 1, CHCI3); ‘H NMR (CDC13) 65.25 (m,
2 H), 24 (m, 4H), 2.1 (s, 3H), 2.0 (s, 3H), 1.35 (s, 3H), and 1.0 (s, 3
H); IR (CHCI3) 1730 and 1763 cm-1 (C=0);mass spectrum m/e 196
(M+ - CH2=C=0).

Anal. Calcd for C13H180 4 C, 65.53; H, 7.61. Found: C, 65.72; H,
7.43.

Using the above procedure with a reflux time of 2 h gave 9.8 g (41%
yield) of (+)-6,6-dimethyl-2,2-diacetoxv-3-norpinene (20b): bp
102-103 °C (5 mm); [a]20D + 33.2° (c 1, CHC13); 'H NMR (CDC13)
b6.4 (m, 2H), 3.15(m, 1H), 23 (m, 3 H), 2.1 (s, 6 H), 1.4 (s, 3H), and
11 (s, 3H); mass spectrum m/e 196 (M+ - 42); IR (CHC13) 1750 cm-1
(C=0).

Anal. Calcd for C13H180 4 C, 65.53; H, 7.61; COCH3, 36.12. Found:
C, 65.77; H, 7.32; COCH3, 36.56.

(+)-4-[4-(1,1-Dimethylheptyl)-2,6-dihydroxyphenyl]-6,6-di-
methyl-2-norpinanone (19b). A mixture of 1.19 g (5 mmol) of either
18aor 20b, 1.18 g (5 mmol) of 1,and 0.95g (5 mmol) of p-TSA-H20
in 50 mL of CHC13was permitted to stand at room temperature for
4 h, Ether was added and the organic extracts were washed with 10%
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NaHCO03and water, dried over Na2S04, and concentrated to give a
semicrystalline residue. The residue was triturated with 25 mL of
rc-hexane and filtered to provide 1.30g (70% yield) of 19b as awhite,
crystalline solid: mp 171-174 °C; [a]20D+55.8° (c 1, CHC13); IR (KBr)
1668 cm-1 (C=0); >H NMR (CDCI3Me250-d6) b8.05 (s, 2 H, ex-
changes with D20), 6.35 (s, 2 H), 4.05 (t, 1H), 3.65 (m, 1 H), 2.45 (m,
5 H), 1.35(s,3 H), 1.15 (m, 19 H), and 0.95 (s, 3 H); mass spectrum m/e
372 (M+).

Anal. Calcd for C24H30 3 C, 77.38; H, 9.74. Found: C, 77.59; H,
9.83.

(-)-cis-.3-(l,I-Dimethylheptyl-6,6a,7,8,10,10a-hexahydro-
I-hydroxy-6,6-dimethyl-9H-dibenzo[b,d]pyran-9-one (7a). A
solution of 372 mg (1 mmol) of 19b and 190 mg (1 mmol) of p-TSA-
H20 in 25 mL of CHC13was refluxed for 24 h. After cooling to room
temperature the mixture was extracted with Et20. The organic ex-
tracts were washed with 10% NaH CO03solution and water, dried over
Na2S 04, and concentrated to give 380 mg of a white foam. Purification
by chromatography (Woelm activity Il silica gel; 5% Et20-benzene)
afforded 228 mg (61% yield) of 7a as a white, crystalline solid: mp
139.5-141 °C; [a]20D-50.0° (¢ 1, CHC13); 'H NMR (CDC13) identical
with the spectrum obtained from the () racemate 7; an exact mass
determination gave m/e 372.2665 (calcd for C24H 30 3, 372.2664).

Also obtained from the above reaction mixture after chromatog-
raphy was 114 mg (31% yield) of 6a.

Conversion of 19b into 6a. To asolution of 372 mg (1 mmol) of 19b
in 25 mL of CHC13was added 1.0 mL of SnCIl4. The resulting mixture
was stirred at room temperature for 16 h and then poured onto ice and
extracted with Et20. The organic extracts were combined, washed
with 2 N HC1 solution, water, and 5% NaHCO03solution, dried over
Na2504, filtered, and concentrated to afford 378 mg of a foam.
Chromatography (Woelm activity Il, silica gel; benzene) yielded 305
mg (82%yield) of 6a, [a]20D-52.3° (c 1, CHC13), and 55 mg (14% yield)
of 7a, [or]20) -50° (c 1, CHC13). 'H NMR and other spectral data were
identical with those obtained for the racemates 6 or 7, respectively;
an exact mass determination for 6a gave m/e 372.2667 (calcd for
C24H 30 3, 372.2664).

Conversion of 7a into 6a. A mixture of 77 mg (0.2 mmol) of 7a, 5
mL of CH2C12, and 77 mg of AICI3was stirred at room temperature
for 4 h. The mixture was poured onto ice and extracted with Et2. The
organic extracts were washed with 2 N HC1 solution, water, and 10%
NaHCO03solution, dried over Na2S 04, and concentrated to yield 75
mg of an oil.

Purification by preparative TLC (silica gel; 80% benzene-20% ethyl
acetate) gave 54 mg (70% vield) of 6a as an oil, [0]20d —53.8° (e 1,
CHC13).

Conversion of 18aor 20b into 6a. To asolution of 2.38 g (10 mmol)
of either 18a or 20b and 2.76 g (10 mmol) of 1in 50 mL of CH2C12at
0°C was added 10.2g (12 mL, 0.1 mol) of BF3Et20. After stirring for
1hatO °C, the mixture was allowed to warm to room temperature
overnight, poured onto ice, and extracted with Et20. The organic
extracts were washed with 10% NaHCO03solution, dried over NaZS 04,
filtered, and concentrated to give 4.1 g of a brown oil. Column chro-
matography (Woelm activity Il silica gel; benzene) afforded 1.06 g
(31% yield) of 6a as a colorless oil, [0]20d —47.5° (c 1, CHC13) (90%
optical purity).

2-(4-Methoxyphenyl)-2-propanol (22). A solution of 128 g (0.85
mol) of 4-methoxyacetophenone (21) (Aldrich Chemical Co.) in 200
mL of dry Et20 was added dropwise to a solution of 1 mol of
CH3MgBr in Et20. The reaction mixture was heated under reflux for
3 hand cooled to 0-5 °C, and then 85 mL of HD was added carefully
dropwise. The organic layer was decanted from the solid phase,
washed with water and saturated NaCl solution, dried over K2C03,
and concentrated to give 132 g (94% yield) of 2220 which was suffi-
ciently pure for use in the next reaction: :H NMR (CDC13) b 7.09 (q,
4 H, aromatics), 3.77 (s, 3H, OCH3), 1.99 (s, 1 H, exchanges with D20),
and 1.53 (s, 6 H).

2-(4-Methoxy-l,4-cyelohexadienyl)-2-propanol (23). The
procedure of Birch2Lwas modified as follows. A solution of 130 g (0.78
mol) of 22 in 260 mL of anhydrous EtOH was added carefully to 1300
mL of liquid NH3. Lithium metal (26 g, 3.9 g-atoms) was added in
small pieces until the blue color persisted in the reaction mixture.
Then, 200 g (3.8 mol) of NH4C1 and 500 mL of toluene were added.
After the NH3had evaporated, 600 mL of HD was added. The organic
layer was separated, washed with H20 and saturated NacCl solution,
dried over K2C 03, and concentrated to give an oil. Crystallization from
125 mL of re-hexane at 0 °C gave 76.5 g (59% yield) of 2321'2as a white,
crystalline solid: mp 33-35 °C; |H NMR (CDC13) 65.70,4.67 (2 broad
s, 1 H each, H2and H5), 3.52 (s, 3H, OCH3), 2.84 (broad s, 4 H, -CH Zs
at C-3 and C-6), 1.78 (s, 1 H, exchanges with D20), and 1.33 (s, 6 H,
gem-di-CH3s).
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Anal. Calcd for C10H1602 C, 71.39; H, 9.59; 0, 19.02. Found: C,
71.31; H, 9.65; 0,18.72.

Preparation of 7from 23. A solution of 11.8 g (50 mmcl) of 1and
10.0 g (60 mmol) of 23 in 200 mL of CH2CI2was cooled to -10 °C. To
this solution was added, in one portion, 0.9 mL (50 mmol) cf H20 and
then 13 mL (111 mmol) of SnCL was added dropwise over a 30-min
period. After stirring for 7hat 0 °C H2 was added and the organic
layer was separated and washed with 1 N NaOH (twice) and water,
dried over MgS04, and concentrated to give a white solid. Recrys-
tallization from re-hexane gave 16.6 g (89% yield) of 7 which was shown
by GC analysis to contain 12% of 6: spectral data were identical with
those obtained from 7 prepared from 5; mp 163-165 °C.

Isomerization of 7 to 6. To a solution of 30 g (0.081 mol) of 7 in 300
mL of CH2CI2at 0 °C was added 37.5 g (0.28 mol) of AICI3 The mix-
ture was stirred at 0 °C for 4 h and then poured into ice water. The
organic layer was separated, washed two times with water, dried over
MgSCL, filtered, and concentrated to give asolid residue. Recrystal-
lization from methylcyclopentane (225 mL) gave 27.7 g (92% yield)
of 6.

(x)-cis-3-n-Pentyl-6,6a,7,8,10,10a-hexahydro-I-hydroxy-
6,6-dimethyl-9H-dibenzo[h,if]pyran-9-one (25). A. From Olivetol
(24) and 23. The same procedure was used as for the preparation of
7 from 23. From 1.8 g (10 mmol) of 24 there was obtained 0.38 g (12%
yield) of 25 which was shown by TLC to contain some of the trans
isomer, 26: mp 148-152 °C (lit.6 149.5-150.5 °C); 'H NMR (CDCI3)
67.28 (s, 1 H, exchanges with D), 6.20 (s, 2 H, H2and H4), 3.7-0.7
(25 H), especially 1.40,1.33 (2's, 3 H each, Cqj CH3and C6, CH3), 0.87
(t, 3H, U-CH3).

B. From 24 and 31. The same procedure was used as for the prep-
aration of 7 from 31. From 1.8 g (10 mmol) of 24 there was obtained
0.5g (16% yield) of 25 which was shown by TLC to contain only a trace
of the trans isomer 26, mp 152-154 °C.

(¢)-irans-3-n-Pentyl-6,6a,7,8,10,10a-hexahydro-I-hy-
droxy-6,6-dimethyl-9ii-dibenzo[b,(i]Jpyran-9-one (26). To aso-
lution of 400 mg (1.27 mmol) of 25 in 20 mL of CH2C12was added 0.6
g of AICI3 The mixture was stirred for 3 h and then poured into water.
The organic layer was separated, washed with water, dried over
MgS04, filtered, and concentrated to give a solid residue. This solid
was triturated with hot n-hexane and collected by filtration to afford
220 mg (55% yield) of 26: mp 146-150 °C (lit.6 mp 148-150 °C for the
lower melting polymorph); IH NMR (CDCI3) 6 7.74 (broad s, 1 H,
exchanges with D20), 6.26 (s, 2 H, H2and H4), 4.13 (d, 1 H, Hio,,),
3.3-0.7 (24 H), especially 1.45,1.10 (2 s, 3H each, Cgg and C$a CH3's),
and 0.87 (t, 3 H, 0,-CH?3).

(£)-9-(1,1-Dimethylheptyl)-3,4,5,6-tetrahydro-5-isopropyli-
dene-2-methoxy-2,6-methano-2Fi-l-benzoxocin-7-ol (27). To a
solution of 4.72 g (20 mmol) of 1and 4.0 g (24 mmol) of 23 in 100 mL
of benzene was added 2 mL of BF3-Et20. After stirring for 6 h, water
was added, and the organic layer was separated, washed with 1 N
NaOH and water, dried over MgS04, and concentrated to give an
off-white solid. Recrystallization from re-hexane gave 2.8 g (37% yield)
of 27 as a white, crystalline solid: mp 131-133 °C; rf 0.85 (silica gel;
20% EtOAc-benzene); 'H NMR (CDC13) 66.30, 6.51 (2 d, 1 H each,
J = 2Hz, Hgand HI0), 4.58 (s, 1 H, exchanges with D20), 4.33 (broad
s, 1H, H6), 3.45 (s, 3H, -OCH3), 2.80-0.70 (31H) especially 1.96,1.70
(2s, 3H each, isopropylidene CH3's), 1.20 (s, 6 H,gem-di-CH3s). and
0.83 (t, 3 H, 10CH3); mass spectrum mv/e 386 (M+).

Anal. Calcd for C25H3803 C, 77.68; H, 9.91. Found: C, 77.49; H,
9.71.

(£)-9-(I,I-Dimethylheptyl)-3,4,5,6-tetrahydro-5-isopropyli-
dene-2,6-methano-2JT-I-benzoxocine-2,7-diol (28). To a solution
of 4.72 g (20 mmol) of 1and 4.0 g (24 mmol) of 23 in 150 mL of CH2C12
at -5 °C was added 6.0 mL (72 mmol) of BF3-Et2. After stirring for
7 hat 0 °C, water was added. The organic layer was separated and
washed with H20 and 1 N NaOH, dried over MgS04, and concen-
trated to give an off-white solid. Crystallization from 25 mL of n-
hexane gave 3.1 g (42% yield) of 28 as a white, crystalline solid: mp
155-156 °C; rf 0.65 (silica gel; 20% EtOAc-benzene); H NMR
(CDCI3) 56.23,6.42 (2d, 1 H each, 3 = 2 Hz, H8and Hi0), 4.58, 2.87
(2's, 1H each, exchange with D20), 4.28 (broad s, 1H, He), 2.80-0.70
(31 H), especially 1.93,1.67 (2 s, 3 H each, isopropylidene CH3s), 1.18
(s. 6 H, gem-di-CH?3), and 0.83 (t, 3 H, g-CH3); mass spectrum mv/e
372 (M+).

Anal. Calcd for C24H360 3; C, 77.38; H, 9.74. Found: C. 77.33; H,
9.55.

Conversion of 28 to 27. A solution of 1g (2.7 mmol) of 28 and 0.1
g of oxalic acid in 50 mL of CH30H was heated under reflux for 5 h.
After evaporation of the MeOH, the organic residue was dissolved in
CH2C12, washed with water, dried over MgSO04, filtered, and con-
centrated to give a solid residue. The residue was triturated with re-
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hexane and collected to give 0.85 g (82% yield) of 27, identical with
that obtained from 23.

Preparation of 7 from 27. To asolution of 1g (2.6 mmol) of 27 and
0.05 mL of H20 22was added 0.6 mL of SnCl4. After 2 h the reaction
mixture was poured into H20. The organic layer was separated,
washed with 1 N HC1 solution and water, dried over MgSO04, filtered,
and concentrated to give 0.90 g (93% yield) of 7, identical with that
obtained from 5.

Preparation of 7from 28. To asolution of 1g (2.7 mmol) of 28 in
20 mL of CH2C12was added 1.5 mL of SnCl4. The resulting mixture
was stirred at 0-5 °C for 4 h and then poured onto ice. The organic
layer was separated, washed with 1 N HC1, NaOH solution, and water,
dried over MgS04, filtered, and concentrated to give a solid residue.
The residue was triturated with n-hexane and filtered to give 0.78 g
(78% yield) of 7 identical with that obtained from 5.

Preparation of 6 from 28. A mixture of 1g (2.7 mmol) of 28,20 mL
of CH2C12, and 1g (7.5 mmol) of AIC13was stirred at 0 °C for 2h. The
mixture was then poured onto ice and the organic layer was separated,
washed with water, dried over MgS04, filtered, and concentrated to
give a solid residue. The residue was triturated with re-hexane and
filtered to afford C.82 g (82% yield) of 6 identical with that prepared
from 5.

l,4-Dioxaspiro[4.5]dec-7-ene-8-carboxylic acid methyl ester
(30) was prepared according to the procedure of Danishefsky and
Kitahara:15mp 41-42 °C (lit.15mp 40-41 °C); ‘H NMR (CDC13) 66.9
(m, 1H, CH=C), 3.9 (s,4H,0CH2CH2), 3.7 (s, 3H, COOCH3). 24
(m, 4 H), and 1.8 (m, 2 H).

a,a-Dimethyl-l,4-dioxaspiro[4.5]dec-7-ene-8-methanol (31).
A solution of 11 g (55 mmol) of 30 in 100 mL of toluene was added
dropwise to a solution of CH3MIgBr (110 mmol) in Et20 at 15 °C. After
stirring for 2 h, the reaction mixture was cooled to 5 °C and then added
to 100 mL of an ice-cold 1.3 M NHA4CL solution. The organic phase was
separated, washed with water, dried over MgSO04, filtered, and con-
centrated to give 6.6 g (60% yield) of 31 as an oil: 3H NMR (CDC13)
55.6 (m, 1H, CH=C), 39 (s,4H, 0CH2CH20, 2.6 (s, 1 H, exchanges
with D20), 2.3 (m, 4 H), 1.8 (m, 2 H), and 1.3 [s, 6 H, C(CH3)2); mass
spectrum m/e 198 (M+).

Anal. Calcd for CiiHigOn: C, 66.64; H, 9.15; O, 24.21. Found: C,
66.68; H, 9.05; 0, 24.30.

3,3-Dimethyl-1,5-dioxaspiro[5.5]undec-8-ene-9-carboxylic
Acid Methyl Ester (32). Using the same procedure as for the prep-
aration of 30 except to replace ethylene glycol with 2,2-dimethyl-
1,3-propanediol gave 32 (10.6 g, 80% yield): mp 60 °C; :H NMR
(CDClg) d6.8 (m, 1H, CH=C), 3.7 (s, 3H, COOCH3), 3.5 (s, 4 H,
0CH2CCH20), 2.5 (m, 4 H), 21 (m, 2H), and 1.0 [s, 6 H, C(CH3)Z];
mass spectrum m/e 241 (M+).

Anal. Calcd for Ci3H>04: C, 64.98; H, 8.39. Found: C, 64.89; H,
8.18.

a,a,3,3-Tetramethyl-1,5-dioxaspiro[5.5]Jundec-8-ene-9-
methanol (33). Using the same Grignard procedure as for the prep-
aration of 31 gave 33 (50% yield): mp 114 °C; *H NMR (CDC13) 55.6
(m, 1H,CH=C), 3.5(s,4H,0CH2CCHX), 2.1-2.5 (m, 7H, 1H ex-
changes with D20), 1.3 [s, 6 H, C(CH3)20H], 1.0 [2's, 3 H each, C-
C(CH3)3,

Anal. Calcd for Ci4H240 3. C, 69.96; H, 10.07; 0, 19.97. Found: C,
70.17; H, 10.11; O, 20.07.

Preparation of 7 from 31. To a solution of 2.12 g (9 mmol) of 1and
2.18 g (10.1 mmol) of 31 at -10 °C was added 3.6 mL (31 mmol) of
SnCl4over a 5-min period. The reaction mixture was stirred for an
additional 4 h at 0 °C and then poured onto ice water. The organic
layer was separated, washed with water, 1 N NaOH solution, and
water, dried over MgS04, and concentrated to afford a white solid.
Recrystallization from 20 mL of re-hexane gave 2.66 g (80% yield) of
7 containing only a 1% impurity of 6 by GC.
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Catalytic hydrogenation of 5,6-trans-vitamin D3 (3a, 5£-D3) afforded the previously unknown Cio epimer of
dihydrotachysterol3 (2a, DHT3or 10S-b), 10/?,19-dihydro-5/i-vitamin D3 (10/?-b). Reaction of 3a with 9-borabicy-
clo[3.3.1]nonane (9-BBN) produced the 9-BBN/3a adduct, which upon treatment with acetic acid produced low
yields of equal amounts of 2a and its Cio epimer 10/?-b. When the 9-BBN/3a adduct was oxidized with basic hydro-
gen peroxide, good yields of the 19-hydroxy counterparts of 10S-b and 10/?-b, 7a and 7b, respectively, were pro-
duced. The 9-BBN/la adduct, produced similarly by treating vitamin D3(la) with 9-BBN, reacted with acetic acid
to afford 10S,19- (I0S-a) and 10/?,19-dihydrovitamin D3(10/?-a), which differ from 10S-b and 10/?-b, respectively,
in their A6-double bond configurations. Basic hydrogen peroxide treatment of the 9-BBN/la adduct gave good
yields of the 19-hydroxy derivatives of 10S-a and 10/?-a, 8a and 8b, respectively. The stereoisomeric 10S-a, 10/?-a,
10S-b (2a), and 10/?-b vitamin D analogues are also labeled DHV3-1l, DHV3-11l, DHT3,and DHV3-1V, respective-
ly, in this study. The stereochemistries and conformations of the A ring of the five analogues (5£-D 3, I0S-a, 10/?-a,
10S-b, and 10/?-b) have been studied by two IH NMR methods: correlation of the observed coupling constants with
the limiting values for the two conformers (coupling constant method) and computer analysis of the 300-MHz tris-
(dipivalomethanato)europium(l11) [Eu(dpm)3] shifted spectra (the lanthanide induced shift or LIS method). The
reduction products of vitamin D3 (la) are clearly identifiable by both methods as the 10S-a and 10/?-a isomers. By
contrast the LIS method only partially serves to distinguish the stereochemistries assigned to the reduction prod-
ucts of 5/?-D3(3a). The LIS method distinguishes DHT3as the 10S-b isomer but its epimer is equally well assigned
by this method to the 10S-b or 10/?-b diastereomers. Coupling constants do not help in the latter case either. Thus
NMR methods must be used with a great deal of care especially when only one epimer of a fluxional molecule is
available for study. Both epimers were fortunately available in this study. The A ring of these steroids is dynamical-
ly equilibrated between two chair conformers and both methods were in good agreement as regards their A-ring
chair population ratios. The 10S-a and 10/?-a isomers were strongly biased in single (~95%) but opposite chair con-
formers with the Cio methyl group axial in both cases. The clinically useful analogue 10S-b (DHT?3) also exists prin-
cipally (~90%) as only one conformer (Cio methyl and C3hydroxyl equatorial), while its epimer 10/?-b exists as an
approximately equimolar mixture of two A-ring chairlike conformers. Lastly, 5Z2?-D3 is biased (—70%) in favor of
the chair possessing the equatorial hydroxyl.

In order to evaluate further the structural requirements
necessary for optimal or minimal vitamin D activity and thus
obtain more information concerning its mode of action, we
have directed our attention toward the synthesis and biolog-

ical evaluation of analogues of vitamin D3(la) and its prin-
cipal metabolites, 25-hydroxyvitamin D3 (Ib) and la,25-
dihydroxyvitamin D3 (Ic).4 The latter, Ic, is considered to be
the active functional form of vitamin D3. Among the most



Studies of 5,6-frans-Vitamin D3

la, R, =R2=H
b, R, =OH; R2=H
¢, Rj = R2= OH

interesting vitamin D analogues are dihydrotachysterol3 (2a,
DHT3)5 and 5,6-frans-vitamin D3 (3a, 5.E-D3).6 Both sub-
stances are being used clinically and in fact dihydrotachyst-
erol2 (4, DHT2)7was marketed as early as 1934 under the trade
name A.T.10 by E. Merck (Darmstadt) as an antitetany
agent.8 The biological activity of DHT3(2a) and 5£-D3(3a)

in anephric animals has been attributed to the presence of a
pseudo-la-OH group.910The 3/3-OH of 2a and 3a are spatially
oriented in atopology similar to the key la-OH group of the
natural hormone Ic. Itis suggested that the 3/3-OH in 2a and
3a can mimic the function of the la-OH group of Ic. The
unusual importance of the la-OH group to the function of
vitamin D was recently emphasized by the observation of high
biological potency for 3-deoxy-la-hydroxyvitamin D3 (5a),11
which lacks both the 3j3- and 25-OH groups of Ic. It also ap-
pears that 5a as well 2a and 3a are 25-hydroxylated to 5b,12
2b,13and 3b,14 respectively, prior to their elicitation of a bi-
ological response (intestinal calcium absorption). In order for
analogues to retain significant biological properties, it seems
evident that a hydroxyl located in a position corresponding
topologically to the 33 positior of la is less important and that
the Cio(i9) bond can be located in an unnatural position as in
2and 3.

The preparation of DHT2 (4)7 appears to have been first
described by von Werder as a minor component of the so-
dium-propanol reduction of vitamin D2 (6). This reduction
involves not only the saturation of the 10,19 double bond of
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b, R=0H

6 but also the Z to E isomerization of its A5Sdouble bond. The
nature of this reduction is such that there remains stereo-

chemical ambiguity in the configuration at C10as well as in

the A5and A7double bonds. There are thus eight diastereo-

meric possibilities (shown in Figure 1 for the vitamin D3series)

for the stereochemistry of 4. The 10,19-dihydro products re-

sulting from the catalytic hydrogenation of 6 were labeled

dihydrovitamin D2T1 (DHV2-11, major) and dihydrovitamin

D2-1V (DHV2-1V, minor) by Schubert.15 The major isomer

DHV2-11 appears to differ from DHT2only in the configura-

tion of the A5double bond.7c The minor isomer DHV21V is

considered by vcn Werder to differ from DHT2only in the

configuration at Ci0.1617 However, Westerhof and Keverl-

ing-Buisman consider perhaps more logically that DHV2-11

and DHV2-1V are merely C10 configurational isomers.1718
Additional substances, DT 66 and dihydrovitamin D2-111,1518
both possessing the UV triplet centered near 250 nm charac-

teristic of DHT2 DHV2-1l, and DHV2-1V, have also been

described.

In the vitamin D3 side chain series, only DHT3 (2a) and
DHV3-11 (the major catalytic hydrogenation product of la)5
appear to have been described. It was of some interest that
DHTS3, which possesses the natural vitamin D3 side chain,
proved to be significantly more active than DHT2519 In a
recent preliminary communication, we suggested on the basis
of 'H NMR studies that the configuration of DHT3at C10is
S (the 10S-b isomer shown in Figure 1).2 It became apparent
that investigations of the other 10,19-dihydrovitamin D3
(DHV3s) would provide more rigorous evidence for the con-
figuration assigned to DHT3and that these DHV 3 would also
be of interest in their own right from a biological standpoint.
In Figure 1, we have categorized the eight DHV3s according
to their diene geometry (a, bZ,7E; b, 5E,7E; ¢, bZ,7Z; d,
5E,7Z) and their C10configuration (10S or 10R). DHT3and
DHV311 are the 10S-b and 10S-a stereoisomers, respectively.
In our studies, we have labeled DHV3 11l and DHV3-1V as the
IOR-a and Ittft-b isomers, respectively.17

Our interest in the stereocisomeric DHV 3 (Figure 1) also
stems from our recently proposed structure-function model.10
From JH NMR studies, we determined that the A ring of Ic
is partitioned between a ~55/45 equilibrium mixture of
chairlike conformers favoring the chair with the la-OH group
equatorially oriented.2021 Our model elaborates on the thesis
that only one of the two A-ring chair conformations of Ic binds
optimally to its receptor protein. One way to test this hy-
pothesis is through the study of a series of la-hydroxylated
(or pseudo-la-hydroxylated) analogues whose A rings are
biased in one conformation or the other. Such a series includes
DHT3(2a), its hitherto unreported C]0 epimer DHV 31V, and
5£-D3(3a). In this paper, we report on the detailed stereo-
chemical and A-ring conformational analysis of these (I0S-b,
10R-b, and 5£-D3) and related stereoisomers (I0S-a and
10R-a). Synthetic studies of these five substances and related
derivatives are also described.
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10,19-DIHYDRO STEREOISOMERS OF VITAMIN D3
a DOUBLE BONDS AS IN D3

b. ROTATION OF 5,6-DOUBLE BOND OF D3

C ROTATION OF 7,8-DOUBLE BOND OF D3

d. ROTATION OF 5,6-AND 7,8 -DOUBLE BOND OF D3

Figure 1. The eight possible stereoisomeric 10,19-dihydrovitamin
D3s (DHV3S) categorized according to configurational permutations
about Cs (Z ore), C7(z ore )and Cio (r ors) after reduction of the
10,19 double bond of vitamin Ds (la): a, 5Z,7£; b, 5£,7£; ¢, 5Z,7Z;
d, 5£,7Z. See footnote 17 for an important comment corcerning the
DHVs-11l and DHVa-IV labels.

Results

Catalytic hydrogenation (ethanol, 5% rhodium on carbon)
of the analogue 5.E-D3(3a), prepared in ~60% purified yield
by iodine-catalyzed isomerization of vitamin D3 (la),622 af-
forded the 10R-b isomer (DHV3-1V) in 28% yield along with
trace amounts of the 10S-b isomer (DHT3, 2a).23The latter
was characterized by TLC and UV spectroscopy, but it was
not isolated in pure form. Hydroboration (9-bora-
bicyclo[3.3.1]nonane, 9-BBN) 2 of 3a followed by acetic acid
treatment afforded a —1:1 mixture of the 10S-b and I0R-b
isomers isolated pure in ~ 6% yields each. The hydroboration
step appears to occur in high yield as determined by UV
analysis.5When the 3a/9-BBN adduct was reacted with basic
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hydrogen peroxide, a 64% yield of a 60/40 mixture of 7a and
7b, the 19-OH counterpart of the 10S-b and 10/J-b isomers,
respectively, was obtained. When the parent vitamin D3 (l1a)

7a, R" = CH20H; R
b, R = CHjOK; R’

H 8a, R"=CH20H; R =H
H b, R=CH20H; R' = H

was subjected to 9-BBN,2 an organoborane intermediate
again appeared to be formed (by UV analysis) in high yield.
Acetic acid decomposition of the 1a/9-BBN adduct afforded
a 31% yield of a mixture of the 10S-a (DHV3-11) and IOR-a
(DHV3I111) isomers. 5 Treatment of the borane adduct with
basic hydrogen peroxide afforded a 70% yield of a mixture of
their 19-hydroxy counterparts, 8a and 8b, respectively.

In all cases, separation of stereoisomers was achieved by
chromatography over silica gel and the homogeneity of each
stereoisomer could be ascertained by 4H NMR spectroscopy
or better by analytical thin layer chromatography. There was
no evidence to indicate that the hydroboration reactions led
to isomerization of either the A5or A7double bond. Only two
isomers could be isolated from each of the four hydroboration
sequences (acetic acid or peroxide treatment of the 9-BBN
adducts of 3a or la). All the 10,19-dihydrovitamins and their
19-hydroxy counterparts studied exhibited a characteristic
ultraviolet triplet (Amex 240, 250, 260 nm) as well as appro-
priate mass spectral and infrared data. It should be noted that
the conjugated diene is nearly planar as attested to by the
ultraviolet (Xmex 250 nm; calculated by Woodward’s rules, 245
nm) and NMR {J67~ 11.2 Hz)2l spectra. It is logical that all
of the DHVs reported be assigned the IE rather than the 1Z
geometry (Figure 1). Molecular models imply that the diene
component of the putative 7Z isomers (c and d isomers of
Figure 1) should be nonplanar as a result of steric congestion
between the C6and the C14protons. In line with the confor-
mational analysis results described below, the thin layer
chromatography Rf value for the C10epimeric pairs of ste-
reoisomers was always larger for the isomers whose A ring was
partitioned by a larger extent toward the chair possessing an
axial 3/3-hydroxyl (see below).

The conformations of the A rings of 5£-D 3 (3a) and the four
10,19-dihydrovitamin (10S-a, 10R-a, 10S-b, and 10/?-b, Figure
1) isomers were studied by the two 'H NMR methods de-
scribed earlier.213 They include correlation of the observed
averaged coupling constants with the limiting values for the
two chair forms of D;3 and computer analysis of the 300-MHz
tris(dipivalomethanato)europium(lll) [Eu(dpm)3] shifted
spectra. The 300-MHz high-resolution NMR spectra are
given in Figure 2 for the five analogues; a typical lanthanide
induced shift (LIS) titration curve, as exemplified by that for
the clinically important 10S-b (DHTS3, 2a) stereoisomer, is
shown in Figure 3; and finally, the NMR spectral parameters
for the five substances including the observed and calculated
LIS geometric shifts2 are given in Table I. The NMR
spectral parameters of the four 19-hydroxy forms (7 and 8) are
summarized in the Experimental Section.

Discussion

The 9-BBN/HOAC reductions in each case (la or 3a) gave
only two products. Therefore a complete and exhaustive
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T (ppm)

Figure 2. 'H NMR spectra at 300 MHz of (A) I0S-a (DHV3-11), (B)
10ff-a (DHVs-111), (C) 10S-b (DHTS3, 2a), ID) 5£-D3 (3a), and (E)
10/?-b (DHV3-1V) in deuteriochloroform solvent. Tetramethylsilane
and chloroform (CHCI3) (2180 Hz apart) appear as internal standards.
See Figure 3 for the lanthanide induced shift spectra for DHT3. The
observable chemical shifts and coupling constants are given in Table
l.

analysis of the structures requires that we test the four pos-
sible permutations of two compounds with two spectra. When
this is done, the spectra can be assigned to compounds as de-
tailed in Table Il at the 99.5% confidenceXlllevel for the 5E
series and at the 99.9% confidence2& level for the 5Z series.

Reduction of la gave two products having spectra A and B
(Figure 2). When spectrum A is analyzed, assuming structure
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20 30 40 50 60 70 80 90 100
T, ppm

Figure 3. A titration of dihydrotachysterol3 (I0S-b, 2a) with tris-
(dipivalomethanato)europium(lll) [Eu(dpm)3], The titration of
DHT3was carried out by adding small increments of solid (Eu(dpm)3
to DHT3 in deuteriochloroform until a near equimolar mixture of
steroid and shift reagent was obtained. '"H NMR spectra (300 MHz)
were recorded immediately after each incremental addition of
Eu(dpm)3. The vertical scale represents increasing amounts of shift
reagent and the dotted lines denote those shifts, which, among others,
could be unambiguously followed. The numbers refer to those reso-
nances followed listed in increasing field. The geometric shifts (ob-
served and calculated) are tabulated in Table I. The unshifted spec-
trum is given in Figure 2C.

10R-a (DHV3111), a 9.0% residual for fit of LIS data obtains.
Conversely, a 2.75% residual results assuming the 10S-a
(DHV3II) stereochemistry. Likewise when spectrum B is
analyzed based on 10S-a vs. 101?-a stereochemistries residuals
of 7.1 and 4.7% result. Assignment of stereochemistries to
spectra can now be made using the R-ratio test of Hamilton.26
Although the above cases are clear cut, the assignment to
spectra C and E present a more difficult problem. If LIS ti-
tration C is fit to the 10f?-b configuration, a residual of 4.2%
is obtained as against a residual of 2.2% for the 10S-b config-
uration. However, both configurations (I0S-b and 10/?-b) fit
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Table I. Summary of NMR Results0
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Table Il. Conformational Population Ratios for the A

Ring
Coupling
constant“'é LIS*'C
A. 10S-a isomer (DHV3-11) 100 (B), ax 94 (3), ax
B. IOfi-a isomer (DHV311) 6 (6), ax 8(5), ax
C. 10S-b isomer (DHTS3, 2a) 88 (6), eq 89 (2), eq
D. 5,6-frans-D3(5£-D3, 3a) 69 (5), eq 76 (3), eq
E. 10/?-b isomer (DHV31V) 50 (5), eq 42(6),eq

" The expression = XJee+ (1 —X)Jaawhere Xis the mole
fraction of the conformer with the A-ring hydroxyl axial (ax) or
equatorial (eq) and the values of Jee—3 Hz and Jaa~ 11 Hz taken
from the work of Anet (see ref 27). The conformational population
percentage refers to the orientation of the hydroxyl group (ax or
eq) as calculated by either method. b The values in parentheses
are standard errors computed by assuming linear propagation of
errors with a standard error of 0.5 Hz in Jeeand Jag, and 0.1 Hz
in J.3,4£ c The values in parentheses are standard deviations from
the LIS calculated pseupo least-squares fit (see Table | and ref
21a).

the LIS titration E to the same 5.6% residual. Clearly spectrum
C is representative of the 10S-b stereochemistry and further
the coupling constant parameter (33,4~ 10.1 Hz) is consis-
tent only with this assignment. By elimination the 10/?-b
configuration is assigned to spectrum E. Thus if we only had
isolated 10/?-b, structure analysis would not have been pos-
sible by our 'H NMR methods. The importance of examining
both epimers in studies of this kind cannot be overempha-
sized.

Figure 4 gives agraphical description of the two chair con-
formations available to 5£-D;(and to each of the four dihy-
drovitamin D3 stereoisomers. The population ratios deter-
mined by the LIS studies are in good agreement with those
estimated from correlating the observed coupling constants
(Table I). For the latter, the values of Anet27for cyclohexanol
(Jaa—11 Hz and Jee~ Jea™ 3 Hz) were used.

Of special interest is the observation that both the 10S-a
and 10/?-a stereoisomers exist in conformations which place
the methyl groups almost exclusively axial. As Schubert1s
originally hypothesized for DHV2-11, a side chain analogue
of the 10S-a isomer, this observation for both the 10S-a and
10/?-a stereoisomers can be attributed to the steric repulsion
between the C19 and C7 protons when the C19 methyl is
equatorially oriented. Thus, the 10S-a isomer, which possesses
a trans relationship between the C19 methyl and 30-OH, has
its OH group oriented almost entirely axially, just the opposite
of what would have been predicted from simple cyclohexane
models.2Z8The C19methyl and 3,fl-OH of the 10/?-a isomer are
cis to one another, which orients its 3/1-OH almost completely
equatorially.

The unusual significance of the A-ring hydroxyl (3d- or
pseudo-lo-OH) of 10S-b (2a, DHT?3), whose C10configuration
is definitively established to be S in this paper, and 5£-1)3(3a)
was emphasized earlier in this report. These previously known
substances, 2a and 3a, along with the new 10/?-b (DHV3-1V)
isomer reported herein constitute a series which exhibits de-
creasing equatorial 30-OH (pseudo-la-OH) character. They
contain —90, —70, and —50%, respectively, of the equatorial
3d conformer (Figure 4, Table II).

In preliminary in vivo (chicks) intestinal calcium transport
assays,19the biological activities have been observed to follow
the order 5E-D34a 10S-b > 10/?-b while the 10S-a and 10/?-a
isomers exhibited no activity at all. The interpretation of the
biological activity results is complicated because the 10S-b
isomer (DHT?3) and 5/s-D3, and presumably the 10/?-b isomer
(DHV3-1V), are known to be metabolized (25-hydroxylated)
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Figure 4. Representations (top to bottom) of the dynamically equi-
librating pairs of chair conformers available to the A ring of 10S-a
(DHV31), 10«-a (DHV3-111), I0S-b (DHT32a), 10fl-b (DHV31V),
and 5£-D 3(3a). See Table Il for acomparison of the A-ring popula-
tion ratios as determined by the two *H NMR methods (coupling
constants and LIS).

prior to eliciting their physiological action at the intestine.1314
Thus the biological activity order observed for 5.E-D3, 10S'-b,
and 10« -b reflects rates of metabolism (and transport) as
well.29 It would be more meaningful to compare analogues
already possessing the 25-hydroxyl group. Further studies
from this laboratory are being directed toward the synthesis
of these 25-OH counterparts by the methods described in this
report and a detailed study of their biological activities.
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Experimental Section

General. Ultraviolet spectra (UV, ethanol) were taken on a
Beckman DBGT spectrophotometer; 4H nuclear magnetic resonance
spectra (NMR, deuteriochloroform with tetramethylsilane at r 10.00)
were taken on a Varian HR300 spectrometer unless otherwise indi-
cated; mass spectra were taken on a Finnigan 1015C mass spectrom-
eter at 70 eV (parent and base peaks and peaks with >10% intensity
at m/e >100 are given); infrared spectra (IR, carbon tetrachloride)
were taken on a Perkin-Elmer 621 spectrophotometer; melting points
(uncorrected) were taken on a Thomas-Hoover capillary apparatus.
Dry tetrahydrofuran (THF) refers to solvent freshly distilled from
lithium aluminum hydride; Ibpe refers to redistilled reagent 30-60
°C low-boiling petroleum ether; 9-BBN is a 0.5 M solution of 9-bo-
rabicyclo[3.3.1]nor.ane in THF (Aldrich Chemical Co.). Silica gel for
column chromatography was Baker Analyzed reagent (60-200 mesh).
Silica gel G (EM reagents, type 60) was used for thin layer chroma-
tography (TLC, 0.25 mm analytical plates).

Crystalline vitamin D3was purchased from Aldrich Chemical Co.
or obtained as a gift from Philips-Duphar (Weesp, the Netherlands).
The latter firm also provided the sample of dihydrotachysterol3used
in our initial NMR studies. Tris(dipivalomethanato)europium(l1l)
[Eu(dpm)3] was used directly as purchased from Ventron, Inc. Tris-
(dipivalomethanoto)lanthanum(l11) [La(dpm)3] was synthesized by
the method of Eisentraut and Sievers3 as modified by Selbin et al.3L
(in vacuo mp 237-245 °C, 1it.30238-248 °C).

Preparation of 5E-Vitamin D3 (5E-D3 5,6-trans-Vitamin D3
3a). A solution of iodine (5.7 mL of a stock solution containing 0.22
mg iodine/mL Ibpe) was added to Ibpe (500 mL). Vitamin D3(la, 503
mg, 1.31 mmol) was added to the above dilute iodine solution and the
mixture was allowed to stand for 1 h at ambient temperature. The
reaction was quenched by vigorous shaking with 1% aqueous sodium
bisulfite (100 mL). The separated organic layer was washed with water
(2 x 100 mL) and then dried (Na2S0 4). After filtering and concen-
trating under vacuum, the resulting residue was chromatographed
on a dry column of silica gel (60 x 2.5 cm column; isopropyl ether;
11-mL fractions); fractions 2-7 contained 5£-D 3 [3a, 317 mg (63%),
white foam]; fractions 8-13 consisted of starting material (la), con-
taminated by a small amount of 5£-D 3 (164 mg, 33%). The 5£-vitamin
D3 was sufficiently pure for subsequent reactions: TLC (isopropyl
ether, Rf 0.50) and NMR (see Table I and Figure 2) indicated that the
material was homogeneous.

Catalytic Hydrogenation of 3a. Preparation of 10fi(19)-Di-
hydro-5J3?-vitamin D3(IOR-b or DHV3-1V). A stirred suspension
of 5% rhodium on carbon (29 mg) in ethanol (23 mL) containing 5£-D;i
(3a, 227 mg, 0.59 mmol) was allowed to absorb 1.08 molar equiv of
hydrogen (25 min) at ambient temperature and pressure. Removal
of catalyst and solvent afforded a residue which was chromatographed
(silica gel, 20 g, linear gradient between 0-20% ether/lbpe, 10-mL
fractions). Fractions 32-38 were combined and concentrated to afford
TLC and NMR homogeneous 10«-b (DHV3-1V) in 28% yield (63 mg).
The product was identical with that described below. Later fractions
of the chromatography afforded material exhibiting a UV spectrum
and TLC Rf value identical with those of an authentic specimen of
DHT3 (10S-b, 2a). The DHTS3, however, was present in very small
amounts and it could not be isolated pure.

Hydroboration of Vitamin D3(la) and 5E-D3(3a). A solution
of 9-BBN (32 mL, 16 mmol) in THF was added dropwise (syringe)
to crystalline la (2.00 g, 5.21 mmol) (nitrogen atmosphere, room
temperature, magnetic stirring) whereupon immediate hydrogen
evolution was observed to occur. After 1.5 h, the resulting clear solu-
tion was quenched (methanol, 5 mL) and then allowed to stand for
15 min. UV analysis indicated that the 10(19)-boron adduct was
formed in essentially quantitative yield (solution A).

The 10(19)-boron adduct of 5£-D3 (3a) in THF after methanol
quench was prepared in an exactly analogous manner (solution B).
Again UV analysis indicated that the boron intermediate had been
formed nearly quantitatively.

Preparation of 19-Hydroxy-10S(19)- (19-OH-10S-b, 19-
OHDHTS3 7a) and 19-Hydroxy-10K(19)-dihydro-5£-vitamin D3
(19-OH-IOR-b, 19-OHDHV31V, 7b). Solution B (9-BBN in THF,
14 mL, 7 mmol; 3a, 530 mg, 1.38 mmol/4 mL of THF; 5 mL of meth-
anol) was cooled (ice) and then aqueous NaOH (6 M, 2 mL) and 30%
H202 (4 mL, dropwise) were added sequentially. The ice bath was
removed and then the mixture was heated (55 °C, 1 h). The cooled
mixture was transferred to a separatory funnel, diluted with saturated
aqueous K2C03 (50 mL), and then extracted with ether (2 X 50 mL).
The combined ether extract was dried (Na2S0 4) and then concen-
trated (vacuum) to afford a white, foamy residue. Chromatography
of the residue on silica gel (ether) afforded a pure mixture of 7a and
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7b (353 mg, 64%) in a 60/40 ratio (determined by NMR). Careful
chromatography (silica gel, 2.5 X 65 cm column, ether-lbpe, 10-mL
fractions) of the prepurified mixture afforded fractions containing
completely homogeneous 7a or 7b.

7a (19-OH-10S-b, 19-OHDHT3): noncrystalline, white foam, 91
mg; TLC, ethyl acetate, Rf 0.54; NMR r 3.72 and 4.10 (H67, AB q, J
~ 11 Hz), 6.15 and 6.37 (2 Hi9, AB q; A, dd, J ~ 10, 7.5 Hz; B, dd, J
~ 10,6 Hz), 6.21 (H3,, m), 7.20 (H4,, dd, J ~ 12, 4 Hz), 7.23 (H9,, d,
J ~ 12 Hz), 7.72 (Hio,, m), 7.78 (H4fl,d, J ~ 13.8 Hz), 9.08 (C2i CH3,
d,J ~ 6 Hz),9.13 (C26272CH3,d, J ~ 7 Hz), 9.45 (CIBCH3, s); UV
Xmex 242.5 nm (e 28 800), 251 (32 800), 261 (22 000); IR 3360cm*“ 1
mass spectrum m/e (rel intensity) 402 (M, 5.8), 384 (M —H30 , 1.4),
109 (18), 105 (12), 43 (base).

7b (19-OH-IOR-b, 19-OHDHV3-1V): noncrystalline, white foam,
52 mg; TLC, ethyl acetate, Rf 0.51; NMR r 3.66 and 4.12 (H67, AB q,
J ~ 11 Hz), 6.23 and 6.43 (2 H,19 AB q; A, .J~ 10,10 Hz; B,J ~ 10,
6 Hz), 6.33 (H3,, m) 7.15 (H4,, d, J ~ 11 Hz), 7.21 (H93 d,J ~ 11 Hz),
7.66 (HI103 m), 9.08 (C2iCH3,d, J ~ 6.5 Hz), 9.13 (C26272CH3,d, J
~ 6.5 Hz), 9.45 (Cis CH3, s); UV Xmax242.5 nm (t 32 800), 251 (37 000),
260.5 (25 000); IR 3380 cm-1; mass spectrum m/e (rel intensity)
402 (M, 4.7), 384 (M - H20, 0.2), 107 (12), 105 (11), 43 (base).

Preparation of 10S,19- (I0S-b, DHT3, 2a) and 10R,19-Dihy-
dro-5E-vitamin D3(IOR-b, DHV31V) by Hydroboration. Solu-
tion B (9-BBN in THF, 20 mL, 10 mmol; 3a, 946 mg, 2.46 mmol/5 mL
of THF; 5 mL of methanol) was concentrated under vacuum. Freshly
distilled acetic acid (15 mL) and acetic anhydride (5 mL) were added
to the residue and the mixture refluxed (2 h, nitrogen). The cooled
mixture was poured into water (50 mL) and then extracted with ether.
The ether layer was washed repeatedly with saturated aqueous
NaHCO03 (until the acetic acid was removed) and then water. After
dyring and concentrating the organic layer, a light green solid residue
remained which was taken up in lIbpe (25 mL). The resulting white
precipitate was removed by filtration. The filtrate was concentrated
and then the lbpe precipitation procedure was repeated until no
precipitate was observable upon dissolving the residue in lbpe. The
soluble residue was chromatographed (silica gel, Ibpe and 5% ether-
Ibpe) and fractions containing products (mainly as acetates; UV, TLC)
were pooled and concentrated. The residue was saponified (5%
KOH/methanol, 25 mL, and THF, 9 mL; overnight, nitrogen) and
then worked up conventionally with water and ether. The ether so-
lution was dried and concentrated to afford the product mixture
residue. Careful chromatography (silica gel, 2.5 x 64 cm, 250-mL
portions of 0, 2.5, 5, 7.5% ether-lbpe and 750 mL of 10% ether-lbpe,
15-mL fractions) of the residue afforded excellent separation of the
stereoisomers.

Fractions 67-77 were combined and concentrated to yield IOR-b
(DHV3-1V): clear, colorless oil, 60 mg (6.3%); TLC, isopropyl ether,
Rf 0.52; NMR, see Figure 2E and Table I; UV Xmes 241.5 nm («25 600),
250 (28 800), 259 (19 900); IR Knax3360cm-1; mass spectrum mv/e (rel
intensity) 386 (M, 22), 273 (12), 255 (10), 147 (12), 135 (14), 121 (19),
119 (13), 109 (11), 107 (17), 105 (13), 43 (base).

Fractions 80-90 upon similar treatment afforded 10S-b (DHT3,
2a): colorless solid, 64 mg (6.7%); TLC, isopropyl ether, r f 0.47; NMR,
see Figure 2C and Table I; UV Xmex 241.5 nm (c 25 900), 250 (29 800),
and 259 (20 400); IR Aex3360 cm-1; mass spectrum m/e (rel intensity)
386 (M, 11), 147 (11), 135 (16), 121 (13), 119 (13), 109 (10), 107 (22),
105 (14), 43 (base). Comparison of the sample to an authentic speci-
men obtained from Philips-Duphar proved that they were identi-
cal.

Preparation of 19-Hydroxy-10S(19)- (19-OH-10S-a, 19-
OHDHV3II, 8a) and 19-Hydroxy-10R(19)-dihydrovitamin D3
(19-OH-10fi-a, 19-OHDHVs-111, 8b). Solution A (9-BBN in THF,
10.4 mL, 5.2 mmol; la 500 mg, 1.3 mmol; 5 mL of methanol) was ice
cooled and then 6 M aqueous NaOH (1.1 mL) and 30% H20 2(2.2 mL,
dropwise) were added sequentially. The stirred mixture was heated
for 1 h (55 °C), cooled, diluted with saturated aqueous K2C03(25 mL),
and then extracted with ether. The ether extract was dried (Na2S04),
filtered, and then concentrated. The residue was taken up in ether
(50 mL) and then the solution cooled (freezer) to precipitate most of
the cyclooctanediol. The cold mixture was filtered and then the filtrate
was concentrated to afford awhite foam which was chromatographed
(silica gel, 2.5 X 60 cm; 250 mL each of 75, 85, and 95% ether-lIbpe
followed by 500 mL of ether, 15-mL fractions).

Combination and concentration of fractions 19-29 afforded pure
8a (19-OH-10S-a, 19-OHDHV311): white foam, 230 mg (44%); TLC,
ethyl acetate, rf 0.59; NMR r 3.64 and 4.12 (H6,7, AB ¢, J ~ 11 Hz),
5.94 (H3,, m), 6.29 and 6.38 (2 H19 AB g; A, dd, J ~ 10.3,9.2 Hz; B,
dd, J ~ 10.3,7.0 Hz), 6.87 (Hi0g, m), 7.21 (H9S d, J ~ 12.0 Hz), 7.43
(H4}j, br, d, J ~ 14.5 Hz), 7.82 (H4md, J ~ 14.5 Hz), 9.09 (C21CH3,d,
J ~ 6 Hz), 9.13 (Coe Z72CH3,d, J ~ 7 Hz), 9.48 (C1IBCH3,s); UV, Xmex
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243 nm (e 32 500), 251.5 (36 900), 261 (24 700); IR rmex 3340 cm*“ 1;
mass spectrum m/e rel intensity) 402 (M, 8), 121 (10), 119 (10), 109
(30), 107 (12), 105 (16), 43 (base).

Fractions 31-49 afforded 60 mg of pure 8b (19-OH-IOR-a, 19-
OHDHV3-11I). Fractions 50-90 were combined and concentrated to
a small volume and left in the cold overnight to allow precipitation
of additional cyclooctanediol. The decanted liquid phase was con-
centrated and then rechromatographed (silica gel, 2.5 X 64 cm; 1000
mL of ether, 15-mL fractions). Combination and concentration af-
forded additional (74 mg) pure product: white foam, 134 mg (25.6%);
TLC, ethyl acetate, Rf 0.43; NMR t3.72 and 4.20 (He,7, AB g, J AB~
12 Hz), 6.39 (H3y m), 6.34 and 6.39 (2 H19 AB q; A,dd, J~ 11.5,9.0
Hz; B. dd, J ~ 11.5, 7.8 Hz), 6.99 (H10,, m), 7.21 (H9J3 d, J ~ 12 Hz),
7.58 (H4,, dd, J ~ 13.0, 4 Hz), 7.81 (H4,, dd, J ~ 13.0,10.5 Hz), 9.08
(C2iCH3d,J ~ 6Hz), 9.12 (C%272CH3,d, J ~ 7 Hz), 9.45 (CiaCH3,
s); UV Xex 243 nm (t 27 800), 251 (32 200), 261 (21 400); IR Krex 3350
cm-1; mass spectrum m/e (rel intensity) 402 (M, 1.9), 127 (11), 109
(21), 108 (14), 107 (18), 57 (base), 43 (69).

Preparation of 10S,19- (10S-a, DHV31l) and 10if,19-Dihy-
drovitamin D3 (IOR-a, DHV3111) by Hydroboration. After so-
lution A (9-BBN in THF, 32 mL, 16 mmol; la, 2.00 g, 5.2 mmol; 5mL
of methanol) was concentrated under vacuum, acetic acid (60 mL)
and acetic anhydride (20 rr.L) were added to the residue and then the
mixture was heated (~135 °C, 2 h, nitrogen). The cooled mixture was
poured into water (200 mL) and then extracted with ether. The ether
phase was backwashed repeatedly with saturated aqueous NaHCO03
(until the acetic acid was removed) and then water. After drying
(Na2S04) and concentrating the ether solution, the resulting semisolid
residue was taken up in Ibpe (100 mL). The colorless, insoluble ma-
terial was removed by filtration and washed with additional Ibpe. The
filtrate and washings were combined, dried (Na2504), and concen-
trated to yield a viscous residue which was chromatographed (silica
gel, 2.5 X 63 cm; ~1000 mL of 0-10% ether-lbpe) to yield after pooling
and concentrating appropriate fractions (by UV, TLC) a colorless
residue consisting of acetates of the desired products. After saponi-
fication (5% KOH/methanol, 300 mL; overnight, ambient tempera-
ture, nitrogen) and conventional workup, a residue consisting mainly
of the desired alcohol mixture was obtained. The residue was chro-
matographed (dry silica gel column, 2.5 X 64 cm, isopropyl ether,
15-mL fractions) to afford a pure mixture of the 10S-a and 10fi-a
stereoisomers (629 mg, 31.3%). Rechromatography (dry silica gel
column, 2.0 X 170 cm, isopropyl ether, 10-mL fractions) of the product
mixture effected good separation.

Fractions 7-14 were pooled and concentrated to afford pure 10S-a
(DHV3-11): oil, 322 mg (16%); TLC, isopropyl ether, Rf 0.43; NMR,
see Figure 2A and Table I; UV Xmax241.5 nm (e 26 800), 250 (30 800),
259.5 (21 000); IR i'mes 3360 cm-1; mass spectrum m/e (rel intensity)
386 (m, 12), 121 (21), 109 (10), 105 (18), 43 (base).

Fractions 15-17 were found to contain 56 mg (3%) of a mixture of
the 10S-a and 10R-a isomers.

Fractions 18-28 upon similar treatment afforded pure IOR-a
(DHV3-111): oil, 202 mg (10%); TLC, isopropyl ether, Rf 0.32; NMR,
see Figure 2B and Table I; UV Xmex241.5 nm (c 28 100), 250 (32 400),
259 (21 700); IR rmax 3340 cm-1; mass spectrum m/e (rel intensity)
386 (M, 5), 121 (8), 110 (11), 43 (12).

Shift Reagent Titration. Titration of 10S-a (DHV31l), 10R-a
(DHV3I11); 10S-b (DHT], 2a), 5E-Da(3a), and 10fl-b (DHV3-1V)
was carried out by adding ~3-5-mg increments of solid Eu(dpm)3to
the NMR sample tubes containing ~20 mg of vitamin/0.5 mL of
deuteriochloroform. NMR spectra were recorded immediately after
each incremental addition of Eu(dpm)3.

Diamagnetic Correction. In order to test the possibility of com-
plexation shifts and whether the Eu(dpm)3magnetic probe influences
the conformational equilibria of the A ring, La (DPM)3, a diamagnetic
analogue of Eu(dpm)3, was introduced (0.3 molar equiv) to each of
the vitamin samples (ca. 20 mg in 0.5 mL of CDC13). No detectable
differences were noted for observable coupling constants. Very slight
diamagnetic shifts were noted only for the H3, and H4(, H4Jreso-
nances, and therefore no corrections to the data were made prior to
the LIS calculation.

Computational Procedures. The program PSEUDO, described
elsewhere,21“'2was used in the interactive mode for all calculations.
Parameters varied were the Eu-0 distance, the Eu-O-C angle, the
Eu-0-C-H 3, torsion angle, and the conformational populations. The
values obtained are listed in footnote c of Table I.
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The reaction of B-allyl derivatives of 9-borabicyclo[3.3.1]nonane with representative organic compounds con-
taining carbonyl groups occurs cleanly in the common organometallic manner with the allyl undergoing transfer
to the carbonyl carbon and the boron moiety to the carbonyl oxygen. This process evidently proceeds with total re-
arrangement of the allyl moiety; thus, the B-crotyl derivative yields a-methallyl products exclusively. Aldehydes
and ketones react in a 1:1 stoichiometry, while acid chlorides, esters, and /V.iV-dimethylamides react with 2 equiv
of the allylborane; acid anhydrides utilize 4 equiv. Simple protonolysis of the borinic esters thus formed, conve-
niently accomplished via transesterification with ethanolamine, affords excellent yields of the corresponding
homoallylic alcohols. In many instances, this allylboration reaction competes favorably with the familiar Grignard
allylations; however, for the higher B-allyl homologues, many of which are easily prepared via hydroboration, the
hydroboration-allylboration sequence offers significant advantages.

The chemistry of unsaturated organoboranes often differs
markedly from that of their saturated analogues. Both vinyl-
and allylboranes react readily with many substrates toward
which trialkylboranes are inert.2 Over the past decade Mi-
khailov and his co-workers have extensively examined the
chemistry of the simple triallylboranes.3-5 They have reported
that such allylboranes add smoothly to various carbonyl de-
rivatives in the usual organometallic fashion, transferring an
allyl group to the carbonyl carbon with boron going to the
oxygen (eqg 1). Such allylborations of aldehydes and ketones

R

"bch2ch=ch, +0=c¢
R

I
V i o—C—CHXH=CH2 (1)

R

proceed simply, utilizing all three allyl groups in the former
case, but only two allyl moieties in the latter. Hydrolysis of the
borate ester products affords the corresponding homoallylic
alcohols. The allylborations of other carbonyl derivatives, such
as nitriles and quinones, are not as straightforward, being
accompanied by subsequent reactions of the initial prod-
ucts.34

Recent studies have shown that the B -alkyl derivatives of
9-borabicyclo[3.3.1]Jnonane (9-BBN) possess unique advan-
tages over simple trialkylboranes in many synthetic applica-
tions.67Consequently, we undertook to study the chemistry
of the B-allyl derivatives of 9-BBN. We recently reported
simple preparations and described some of the basic chemistry
of these derivatives.8 In the present article, we report the re-
sults of our investigation into the reactions of the B-allyl de-
rivatives of 9-BBN with carbonyl compounds.

Results and Discussion

Allylboration of Aldehydes and Ketones. It was initially
reported that treatment of aldehydes with triallylborane leads
to mixtures of products containing cyclohexadiene.9 Mi-
khailov has established that these early reports are incorrect.
Triallylborane reacts with aldehydes to form esters of dial-
lylborinic, allylboronic, or boric acids, depending on the
stoichiometry of the reactants. Similarly, ketones afford esters
of either diallylborinic or allylboronic acids. The third allyl
moiety fails to react with ketones, presumably a result of the
severe steric crowding around boron atom (Scheme 1),4These

Scheme |
(CH2=CHCH2)38

1RCHQ (CH2=CHCH2)2BOCHRCHXH=CH?2
2 RCHQ CH2=CHCH2B(OCHRCH2CH=CH2)2
3 RCHQ B(OCHRCH2CH=CH?2)3
1 R2CO

(CH2=CHCH2)2BOCR2CH2CH=CH?2
2 R2CO

CH2=CHCH2B(OCRZCH2CH=CH2)2
3 R2CO

CH2=CHCH2B(OCR2CH2CH=CH2)2
+ 73R2CO

borate esters are easily hydrolyzed. Consequently, the allyl-
boration sequence provides a synthetically useful alternative
to the familiar Grignard synthesis of homoallylic alcohols. The
allylboration reaction appears to possess synthetically valu-
able characteristics, and Mikhailov has provided several ex-
amples of such applications. However, not much is known
about the full range of applicability and possible limitations
of this reaction. The ready availability of B-allyl derivatives
of 9-BBN suggested an examination of their utility in such
allylborations. Preliminary results revealed some significant
advantages of these reagents. Accordingly, a detailed study
of the full scope and possible limitations of the reaction of
B-allyl derivatives of 9-BBN with representative organic
compounds containing carbonyl groups was undertaken.
Analysis of the homoallylic alcohols is considerably easier
than analysis of their borinate ester precursors. Therefore,
effort was devoted in the initial stages of this study to achieve
a simple protonolysis procedure to convert the initial borinate
ester product into the corresponding alcohol. In his original
work, Mikhailov used triethanolamine to protonolyze the
borate esters produced in his allylborations. When this reagent
is used with the borinate esters of 9-BBN, the protonolysis is
readily achieved, but the homoallylic alcohol is difficult to
extract from the thick, sticky, air-sensitive, boron-containing
by-product. Hydrolysis may also be effected readily with
aqueous sodium hydroxide. Unfortunately, it is again difficult,
to extract the homoallylic alcohol free of boron-containing
materials. Fortunately, ethanolamine solved the problem.
Treatment of a pentane solution of a borinate ester of 9-BBN
with 1 equiv of ethanolamine results in the rapid formation
of a fluffy, white precipitate. VPC analysis of the supernatant
liquid reveals a quantitative yield of the corresponding alcohol
with no traces of boron-containing materials. The white pre-
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Table I. Allylboration of Aldehydes and Ketones with B-Allyl-9-BBN %

R

(E"BCH.,CH=CH2 + RCOR' —»— " HO— C— CHCH=CH2

R’
R R’ Product n20j) % yield (GLC)“ Registry no.
n-C5 H 1.4409 92 35192-73-5
f-Bu H 1.4379 97 19550-89-1
Ph H 1.5322 96 936-58-3
ch3ch=ch H 1.4535 91 5638-26-6
Me Me 1.4271 99 624-97-5
Me f-Bu 1.4467 101 1185-08-6
Me Ph 1.5271 101 4743-74-2
Ph Ph 1.5875 100 4165-79-1
I'-Pr I-Pr 1.4567 98 36971-15-0
f-Bu n-Pr 1.4551 97 61967-23-5
f-Bu i-Pr 1.4591 74 b 61967-24-6
f-Bu Ph 1.5178 82c 38400-74-7
f-Bu f-Bu 1.4663 < 25d 754-56-3
Cyclopentanone 1.4676 102 36399-21-0
Cyclohexanone 1.4772 100 1123-34-8
Cycloheptanone 1.4855 94 49564-90-1
4-ferf-Butylcyclohexanone 1.4756 100« 42437-24-1 (cis)
42437-23-0 (trans)
Norcamphor 1.4955 100/ 61967-25-7 (endo)
61967-26-8 (exo0)
Bicyclo[ 3.3.1 ] nonan-9-one 41.542# 85 61967-27-9
H2C=CH Me 1.4478 94 5903-40-2
ch3ch=ch Me 1.4578 96 919-98-2
(CH3)2C=CH Me 1.4616 94 926-20-5

aUnless otherwise stated, the reaction mixtures were allowed to stir for 2 h at 25°C before workup even though the allyl-
borations were generally complete in a few minutes. * Stirred for 1 week at 25 °C. « Stirred for 4 h at 25 °C. d Stirred for 5
days in refluxing n-octane. e 54.8:45.2 axial:equatorial alcohol./95.8:4.2 endo:exo alcohol. Anal. Calcd for C, OHj 60
(152.238): C, 78.90; H, 10.59. Found: C, 79.05;H, 10.87. m/e M+calcd for 12C, 04, 6'60: 152.1201. Found: 152.1210.
13C NMR (C3DsO)5 135.3 (d), 117.4 (t), 78.5 (s), 47.3 (t), 47.1 (d), 45.2 (t), 32.8 (t), 37.6 (d), 28.9 (t), 22.5 (t). (Melting

point.

cipitate is virtually insoluble in pentane, stable to air, and
readily removed by simple filtration or centrifugation-de-
cantation. This solid, mp 202-203.5 °C (with decomposition),
was isolated and characterized by spectroscopy and elemental
analyses as the ethanolamine ester of 9-BBN (1) (eq 2).10

BOCRs + HOCHZLH2NH2

[°NCH2
» (( 1

N"

H2

+ HOCR3 (2)

The stoichiometry of the allylborations of aldehydes and
ketones with B-allyl-9-BBN is 1:1. No secondary addition
reactions, such as those which sometimes accompany Grignard
allylations,11 were detected under our conditions. Represen-
tative aldehydes and ketones were allylborated with /i-allyl-
9-BBN. The results (Table I) reveal the significant charac-
teristics of this reaction (eq 3). First, the reaction is extremely

CHXH2=CH2 + RX =0

R
| /°-ch2

n-CsH)2
hocchzh= ch2+ ( ( / B>

HOCHZXCH2NHa
26 °C
R H*
(©)
clean. After transesterification with ethanolamine, the only
material left in solution is the homoallylic alcohol. In nearly

every case studied, the yield of homoallylic alcohol is essen-
tially quantitative. The allylboration of aldehydes and un-
hindered ketones is usually a very rapid process, being com-
plete in a matter of minutes at room temperature. However,
as the steric crowding around the carbonyl group becomes
greater, the reaction rate decreases. For example, moderately
hindered ketones such as diisopropyl ketone or tert-butyl
n-propyl ketone react readily, but the reaction with piva-
loylphenone is only 82% complete in 4 h. In the case of tert-
butyl isopropyl ketone, the allyboration is only 74% complete
after 1 week at room temperature, while di-tert-butyl ketone
affords less than 25% of the expected product even after 5 days
in refluxing n-octane. The steric sensitivity of these allylbo-
rations is in sharp contrast with the corresponding allylations
utilizing Grignard reagents.12 Even di-tert-butyl ketone is
completely allylated by allylmagnesium bromide within 6 h
in refluxing ether.

Unlike simple trialkylboranes, which add in a 1,4 manner
to a,/3-unsaturated carbonyl compounds,13allylboranes add
exclusively in a 1,2 fashion to these substrates.4The B-allyl
derivatives of 9-BBN behave similarly; in all cases, only the
products arising from 1,2-addition were detected. It should
be noted that allyl Grignard reagents also add exclusively in
a 1,2 manner to carbonyl derivatives containing conjugated
double bonds.12

The allylboration of 4-ferf-butylcyclohexanone with B-
allyl-9-BBN produces a 54.8:45.2 mixture of the axial and
equatorial homoallylic alcohols. This product distribution is
almost identical with that realized in the allylation of this
ketone with allylmagnesium bromide in refluxing ether.14
Similarly, the allylboration of norcamphor afforded a mixture
of homoallylic alcohols with an endo:exo alcohol ratio of
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Table Il. Allylboration of Aldehydes and Ketones with
B-Crotyl-9-BBN 24
(EABCHZXH=CHCH3 + RCOR'
R

—»—* HO— C— CHCH=CH2

R' CH,
Product % yield

R R' n D (GLC)d Registry no.
H H 1.4272 88 4516-90-9
n-C5 H 1.4436 896 52922-27-7

(threo)
52922-22-2
(erythro)
Ph H 1.5251 87 25201-44-9
Me Me 1.4358 100 19781-52-3
Ph Me 1.5250 97 61967-11-1
Ph Ph 51—-52¢ 96 61967-12-2

aReaction mixture allowed to stir for 2 h at 25 °C before
workup, even though the allylboration was generally com-
plete in a few minutes. b Threo:erythro = 60:40. c Melting
point.

Table Ill. Allylboration of Acetone with B-Allyl-9-BBN
Derivatives2

B-Allyl-9-BBN % yield
derivative Product u20d (GLC)°
Allyl 2-Methyl-4-penten- 14271 99
2-ol
2-Methylallyl 2,4-Dimethyl-4-pen- 1.4384 95
ten-2-ol
Crotyl 2,3-Dimethyl-4-pen- 1.4385 100
ten-2-ol
3,3-Dimethylallyl  2,3,3-Trimethyl-4- 1.4490 93
penten-2-ol
3,3-Dimethyl-l-iso- 2,3,3,6-Tetramethyl-  1.4520 856
propylallyl 4-hepten-2-ol
2-Cyclohexen-1-yl 2-(2-Cyclohexenyl)-2- 1.4833 86
propanol

“ Reaction mixture allowed to stir for 2 h at 25 °C before
workup, even though the allylboration was generally complete
in a few minutes. b Largely the trans isomer.

95.8:4.2. Allylation of norcamphor with ethereal allylmag-
nesium bromide at reflux produced the same mixture of
homoallylic alcohols (endo:exo 99:1).

Allylborations with the parent compound, B-allyl-9-BBN,
cannot detect one very important feature of this reaction: the
complete allylic rearrangement of the allyl moiety during the
allylation.4 However, the B-crotyl derivative shows this nicely
(eq 4). No evidence was obtained through GLC, 13C NMR, or

("BCHZXH=CHCH3 + RjCO

R
|
— —* HOC— CHCH=CH2 (4)

1 1
R CH2

4H NMR examination of any unrearranged products (Table
I1). Two products were detected in the allylborations of al-
dehydes with B-crotyl-9-BBN; however, these proved to be
diastereomers, not positional isomers. One interesting dif-
ference between the 9-BBN and the parent borane derivatives

Kramer and Brown

Table IV. In Situ Hydroboration-AUyboratioa Sequence
with Acetone

% yield
Diene“ Product (GLC)6
1,3-Cyclohexadiene 2-(2-Cyclohexenyl)-2- 68
propanol
3-Methyl-1,2-buta- 2,3,3-Trimethyl-4-pen- 80
diene ten-2-ol
2,5-Dimethyl-2,4- 2,3,3,6-Tetramethyl-4- 80
hexadiene hepten-2-ol

0 Diene was hydroborated with 9-BBN (1:1 stoichiometry) for
24 h at 25 °C in pentane; then 1 equiv of acetone was added, and
the mixture allowed to stir for 2 h at 25 °C before workup.

was observed. B-Crotyl-9-BBN reacts with monomeric
formaldehyde to give only the rearranged alcohol, 2-methyl-
3-buten-I-ol, after protonolysis. On the other hand, Mikhailov
has reported that treatment of tricrotylborane with mono-
meric formaldehyde gives only 15% of this alcohol accompa-
nied by 85% of the unrearranged alcohol.17

Several other B-allyl derivatives of 9-BBN were treated
with 1 equiv of acetone. Unsymmetrical allylboranes gave only
the rearranged homoallylic alcohol (Table I11). In several of
these cases, the allylboranes can be prepared directly via hy-
droboration of the appropriate aliene or conjugated diene. In
order to demonstrate the synthetic utility of this hydrobora-
tion-allylboration sequence, these allylboranes were prepared
with 9-BBN and the appropriate diene and then treated in
situ with acetone. The results (Table 1V) show that the desired
homoallylic alcohols are produced in good yield. Conse-
quently, the allylboration sequence offers a very simple
method for preparing relatively complex homoallylic alco-
hols.

The formation of rearranged homoallylic alcohols from
unsymmetrical allylboranes has been accounted for by Mi-
khailov in terms of a six-centered transition state mechanism
(eq 5).4The possibility of the six-centered mechanism, along

CH2 ¢ R
JNB CHR + 0=C~
R
/ H
HX =C~
J>B ~CHR ~B /ICHR (5)
0=C—R \)—C—R
T Me

with the enhanced Lewis acidity of the allylboranes, may ac-
count for their ability to add easily to carbonyl derivatives,
whereas normal trialkylboranes do not.18

The allylboration sequence offers certain advantages over
the more familiar Grignard route for the preparation of
homoallylic alcohols. First, certain functional groups are
better tolerated by the allylboration reaction. For example,
the presence of halide substituents in the substrate should
offer no difficulties, since the allylboration can be carried out
in carbon tetrachloride or chloroform without difficulty. In
addition, as pointed out later, the reactions with unhindered
aldehydes and ketones are far faster than those with esters and
amides. The former groups are readily allylborated in the
presence of the latter. Secondly, the intermediate boronic ester
is not strongly basic, as are the intermediates in the lithium
or magnesium allylations. Thirdly, the workup conditions are
extremely mild. Acidic hydrolysis agents are not required, and
there are no problems with gels, emulsions, or extractions from
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Table V. Allylboration of Carbonyl Derivatives with B-
Allyl- and B-Crotyl-9-BBN

fi-R-9-
BBN, Stoichio- Pro-  %yield
R Substrate metry* ducté (GLC)c
Ally]  Acetyl chloride 21 A 95
Benzoyl chloride 21 B 89
Acetic anhydride 41 A 95
Benzoic anhydride 41 B 82
Ethyl acetate 21 A 0
Ethyl benzoate 21 B 50d
N,N-Dimethyl- 21 A 50-57
acetamide
N,iV-Dimethyl- 21 B 9le
benzamide
3-Acetoxy-9-BBN 21 A 84
Crotyl Acetyl chloride 21 C 93
Acetic anhydride 41 C 97

0 Allylborane to substrate. 6 A = 4-methvl-I,6-heptadien-4-ol,
n2d 1.4518; B = 4-phenyl-1,6-heptadien-4-ol, n26 1.5290; C =
3,4,5-trimethyl-1,6-heptadien-4-ol (mixture of diastereomers),
n20d 1.4594. ¢ Unless noted otherwise, the reaction mixture was
stirred for 2 h at 25 °C before workup, even though the allylbo-
ration was generally complete in a few minutes. d After 50 h in
refluxing «-hexane. e After 3 h at 25 °C.

aqueous hydrolysis media. Finally, the greater sensitivity to
the steric environment should make possible more selective
reactions.

Allylboration of Acid Chlorides. B-Allyl-9-BBN reacts
vigorously with acid chlorides. The stoichiometry of the re-
action is two allylboranes to one acid chloride. The products
of this reaction are 1 equiv each of B-chloro-9-BBN (2) and
the 9-BBN borinic ester of the alkyldiallylcarbinol (3)
(Scheme I1).

Scheme 11
0

(D BCHXH=CH2 + RCCl
Cl
|

BO— C— CHXH=CH?2

R
RCCH,CH=CH2 + BC1

ch+:h= ch2
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chZzh= ch?2
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The presence of the chloroborane (2) necessitates a slight
modification of the usual protonolysis procedure (eq 2). If 2
equiv of ethanolamine is added to the mixture of 2 and 3, the
protonolysis is incomplete, and the boron-containing products
form a sticky gel. This is probably due to the formation of
hydrogen chloride from the protonolysis of the chloroborane
(2). To circumvent this difficulty, it is only necessary to add
1 equiv of lithium isopropoxide before adding the 2 equiv of
ethanolamine. The lithium isopropoxide, chosen because it
is soluble in hexane, reacts with the chloroborane forming
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lithium chloride and the isopropyl ester of 9-BBN borinic acid.
The 2 equiv of ethanolamine then transesterifies both borinic
esters liberating the alkyldiallylcarbinol and 2-propanol
(Scheme I11) (Table V).

Scheme 111
Uo-i-Pr
2 4+ 3 - » i-Pr + 3 + |IiCl
HO— CH,
1
h2n — ch?2
ch,ch= ch?2
/0'CH2
2 d 1 + HO—C—R + ¢ProH
X N-"CH2
H, CHXH=CH?2

If the mixture of products from Scheme 11 is not worked up
immediately after the reaction is complete, or if excess acid
chloride is used, an interesting side reaction occurs (eq 6). It

Y Reoct CHXH=CH2
100% in 5 h I
2+ 3 - ci— C—R
no RCOC1 I
40% in 8 h chZh= ch?2
od><i> &
4

should be emphasized that this side reaction can be entirely
avoided by short reaction times and use of the exact stoichi-
ometry.

Since the side reaction occurs only after long reaction times,
it is probably due to a reaction between the products of the
allylboration reaction (2 and 3). This was confirmed by the
formation of triethylcarbinyl chloride from the reaction of 2
and 5 (eq 7). This reaction appears to be catalyzed by the acid

(*X0CEts + ((*>C1— (JABOB~"J)
5 2 4
+ CICEts  (7)

chloride, for when 2 and 5 are mixed, no reaction occurs even
after 30 h. However, when 1 equiv of acetyl chloride is added,
the formation of the tertiary chloride is complete in a few
hours. Analyses by infrared and IH NMR show that the acetyl
chloride is not consumed to any significant extent during the
reaction. Furthermore, the chloride formation is only observed
when the borinate ester is tertiary. When similar experiments
were carried out with the n-butyl or sec-butyl esters of 9-BBN
borinic acid, no n-butyl chloride or sec-butyl chloride were
detected even after 15 days.

Although we did not carry out a detailed study of the ter-
tiary chloride formation, it is probably produced by the
cleavage of the borinate ester with hydrogen chloride formed
by trace hydrolysis of the acid chloride or chloroborane.
Lappert and Gerrard have shown that tertiary and benzylic
borinate esters undergo carbon-oxygen cleavage with hy-
drogen halides, whereas secondary and primary borinate es-
ters do not react under anhydrous conditions.2 In the present
case, such a cleavage can be a chain process (Scheme 1V).

B-Crotyl-9-BBN reacts with acid chlorides in the same
fashion as the parent B-allyl derivative. As noted earlier for
aldehydes and ketones, complete allylic rearrangement of the
crotyl moieties occur in the reaction with the acid chloride.
GLC analyses of the products after protonolysis revealed a
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Scheme IV

mixture. Fortunately, it was possible to isolate separately two
of the major components by preparative GLC. 'H NMR
showed them to be diastereomers due to the juxtaposition of
three asymmetric centers (6), not positional isomers.

H R H

H,C=CH— C— C— C— CH=CH2
I 11
ch3oh ch3

6

Some preliminary attempts were made to stop the allyl-
boration following the addition of but one allyl group. Un-
fortunately, these attempts failed. Even with reaction at low
temperature with a 1:1 stoichiometry, only the diallylated
product was observed.

Allylboration of Acid Anhydrides. B-Allyl-9-BBN reacts
vigorously with acid anhydrides. The stoichiometry of the
reaction is four allylboranes to one anhydride. The products,
determined by UB NMR, X4 NMR, and GLC, are 1 equiv of
oxybis-9-BBN (4) and 2 equiv of the 9-BBN borinic ester of
the alkyldiallylcarbinol (3). A possible reaction path leading
to these products is outlined in Scheme V. Transesterification
with 4 equiv of ethanolamine results in the formation of high
yields of the corresponding alkyldiallylcarbinols (Table V).
B-Crotyl-9-BBN reacts similarly; here again the addition
occurs with complete allylic rearrangement of the crotyl
moieties.

One step in our reaction mechanism (Scheme V) involves
the allylboration of B-acetoxy-9-BBN (7). We tested this
proposal by preparing this material (7) by an independent
route, and then treated it with B-allyl-9-BBN in a 1:2 stoi-
chiometry. The products anticipated were formed rapidly (eq
8). Attempts to stop the addition to acid anhydrides at the
monoaddition stage were unsuccessful.

Kramer and Brown

Allylboration of Carboxylic Acid Esters. B-Allyl-9-BBN
reacts much more slowly with carboxylic acid esters than with
the carbonyl derivatives discussed earlier. The stoichiometry
is two allylboranes per ester. The products are 1 equiv each
of the alkyldiallylcarbinyl ester of 9-BBN borinic acid (3) and
the B-alkoxy-9-BBN ester (8) (Scheme VI). The usual
transesterification with 2 equiv of ethanolamine affords good
yields of the corresponding alcohols. The allylboration reac-
tion is quite sluggish for aromatic carboxylic esters. For ex-
ample, the allylboration of ethyl benzoate is incomplete even
after 6 days at room temperature. In refluxing hexane, the
reaction is 50% complete in 50 h. At higher temperatures, in
n-nonane at reflux, the allylborane is consumed in 3 h. Un-
fortunately, side reactions occur, and the yield of the
homoallylic alcohol, following transesterification, is only 28%.
Attempts to stop the allylboration at the monoaddition stage
were not successful.

Allylboration of iV,iV-Dimethylamides. B-Allyl-9-BBN
reacts slowly with 7V,N-dimethylbenzamide in a 2:1 stoichi-
ometry. The products, as identified by nB NMR, 'H NMR,
and GLC, are 1 equiv each of B-N,iV-dimethylamino-9-BBN
(9) and the diallylphenylcarbinyl ester of 9-BBN borinic acid
(Scheme VII). Transesterification wth ethanolamine produces
the corresponding homoallylic alcohol and dimethylamine.

In contrast to the straightforward allylboration of N,N-
dimethylbenzamide, the reaction with N,N-dimethylacet-
amide is complex. The stoichiometry appears to be two al-
lylboranes to one amide. Analysis of the reaction mixture by
XH NMR shows evidence of several competing reactions. The
exact nature of these reactions, as well as the identities of all
of the products, is not known at present. Transesterification
of the reaction mixture affords only a 50% yield of the ex-
pected diallylmethylcarbinol.

Summary

The allylborations of carbonyl compounds with B-allyl
derivatives of 9-BBN, followed by transesterification with
ethanolamine, provides a simple, convenient method for the
synthesis of homoallylic alcohols. Unsymmetrical allylboranes
show complete allylic rearrangement of the allyl moiety during
addition. The tolerance of the allylboration reaction to certain
functional groups, as well as its very mild reaction and workup
conditions, make it competitive with the more familiar Gri-
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gnard allylations. Since many 8-allylderivatives of 9-BBN
may be readily prepared via hydroboration of the appropriate
allenes or conjugated dienes, the in situ hydroboration-al-
lylboration sequence provides a simple, one-pot synthesis of
many complex homoallylic alcohols.

Experimental Section

General Comments. The techniques described in Chapter 9 of ref
7 were used extensively. AH glassware was dried at 140 °C for at least
4 h, assembled hot, and allowed to cool under a purge of prepurified
nitrogen. The reaction flasks were fitted with side arms capped with
rubber septa and were flamed out under a nitrogen purge immediately
before use. All reactions were carried out under a static pressure of
prepurified nitrogen. The transfers of liquids and solutions of or-
ganometallics were done either with oven-dried, nitrogen-purged
hypodermic syringes fitted with stainless steel needles or by the
double-ended needle technique.7 All reactions were stirred magnet-
ically using oven-dried, Teflon-coated stirring bars.

Materials. The solvents, allylboranes, and other organoboron
derivatives used as standard samples for identification purposes were
prepared as described previously.8Most of the aldehydes and ketones
used in this study were commercial materials. All were purified by
distillation, recrystallization and vacuum drying, or preparative GLC
prior to use. The bicyclo[3.3.1]Jnonan-9-one was prepared as previously
described.2l Acetyl chloride, A/N-dimethylacetamide, ethyl acetate,
and benzoyl chloride were distilled under nitrogen from calcium hy-
dride. Acetic anhydride and ethyl benzoate were distilled under ni-
trogen from phosphorus pentoxide. The AriV-dimethylbenzamide
was recrystallized from pentane. Benzoic anhydride, triethanolamine,
and ethanolamine were used without purification. The simple B-
alkoxy-9-BBN derivatives were prepared by treatment of 1equiv of
9-BBN with 1 equiv of the corresponding alcohol (dried over 4 A
molecular sieves). Lithium isopropoxide in hexane was prepared by
the addition of the calculated quantity of 2-propanol (dried over 3A
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Table VI. 11B NMR Resonances of Pertinent
9-BBN Derivatives

Compd 11B resonance, 5
(EABCHJCH=CH2 -85.6
(E~BCH&CH=CHCH3 - 86.0

0"c||—|2
<CX 5.7
0=1 -82
O OR -56 to -52
O BEO) 55
(”rBOAC -16.4
(CBNiCfU -47.7

molecular sieves) to a standardized solution of n-butyllithium in
hexane.

Analyses. nB NMR spectra were recorded on a Varian XL-100-15
spectrometer (32.1 MHz) using a Nicolet 1080 data system. The
spectra were recorded in the CW mode using 'H, 2H internal, or 19
external locks; all chemical shifts are relative to BF3-OEt2 (50) with
the chemical shifts downfield from BF3-OEt2 assigned as negative
(Table VI). YH NMR spectra were recorded on Varian T-60 (60 MHz)
or Perkin-Elmer R-32 (90 MHz) machines, while 13C NMR spectra
were obtained on a Varian CFT-20 (20 MHz FT) spectrometer. Both
the XH and 13C NMR chemical shifts are relative to tetramethylsilane
(50).

GLC analyses were generally carried out on a Hewlett-Packard
5752B chromatograph fitted with a Disc integrator using 6 ft x 0.25
in. stainless steel columns filled with 10% loaded packing on AW
DMCS 60/80 Chromosorb W. Apiezon L and SE-30 were used for the
analyses of the organoboranes, while Carbowax 20M, XE-60, SE-30,
and DC-710 were used for the analyses of most of the homoallylic al-
cohols. The isomeric alcohols from the allylboration of 4-tert-butyl-
cyclohexanone were analyzed on either DEGS or QF-1 columns, while
the diastereomeric a-methallyl products were analyzed on DEGS or
Carbowax 1540. The GLC analyses for the endo and exo norbornyl
derivatives were carried out on a Perkin-Elmer 226 capillary chro-
matograph fitted with a 150 ft x 0.01 in. Golay column coated with
DEGS. Quantitation of all GLC analyses was done by the internal
standard method using appropriate normal hydrocarbons (usually
re-octane or re-decane) as standards. Preparative GLC was carried out
on a modified Wilkins A-100 instrument using 5 ft x 0.5 in. columns
filled with 10-20% loaded packing on AW DMCS 60/80 Chromosorb
W. The following liquid Uhases were used: SE-30, XE-60, DC-710, and
DEGS.

Mass spectra were obtained from Hitachi Perkin-Elmer RMUG6-D
(low resolution) or CEC 21-110 (high resolution) spectrometers. Exact
mass determinations were done by peak matching technique using
PFK standard.

In general the homoallylic alcohols products were identified either
by comparison of their GLC retention times (on at least two columns
of differing polarities) with those of commercial samples or samples
prepared by the Grignard allylation of the corresponding ketone, or
by isolation and characterization through their infrared, Xd NMR,
13C NMR, and mass spectra. The identification of the isomeric alco-
hols from the allylboration of 4-teri-butylcyclohexanone, as well as
the threo and erythro products from the crotylboration of aldehydes,
is based on the GLC retention time data of Abenhaim.16 The assign-
ments of the exo and endo homoallylic alcohols from norcamphor were
established as follows. The allylboration product was compared by
GLC retention times (spiked injection) with the product from the
Grignard allylation. It was assumed that the Grignard reaction would
give almost exclusively the endo alcohol.2The 13C NMR spectra of
the allylboration product, and the Grignard allylation product, were
identical and were consistent with the spectra expected for a single
isomer. A sample of the exo alcohol was prepared from the endo al-
cohol by conversion to the tertiary chloride followed by solvolysis in
an aqueous buffer 23

Isolation and Characterization of 1. The white solid remaining
after transesterification of a ketone allylboration was dissolved in
THF, then reprecipitated by the addition of cold pentane. The solid
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was filtered, washed twice with cold pentane, recrystallized from
pentane-THF, and vacuum dried at 25 °C (15 mm) for 6 h (mp
202-203.5 °C with decomposition in a sealed evacuated capillary).
Anal. Calcd for Ci0H20BNO (181.092): C, 66.32; H, 11.13. Found: C,
66.25; H, 11.19. nB NMR (THF) 6-5.7. *H NMR (C3D&0) 84.9
(broad, ~2), 3.75 (t, 2, J = 6 Hz), 3.0 (m, 2), 1.77 (methylene envelope,
—12), 0.51 (m, ~2, bridgehead hydrogens), m/e M+. Calcd
for 12CiolH201liB 14N 160 : 181.1638. Found: 181.1644. This material
underwent a partial reaction in the mass spectrometer: evidently two
molecules of 1 combine with the elimination of ethanolamine to
form

(~ ~ bochxzhhhbC 7))

which gives high mass ions containing two boron atoms. M+ calcd
for 12Ci81H3314N160n B2: 301.2748. Found: 301.2723. Calcd
for 12Ci81H 3314N 160 11B 10B: 300.2785. Found: 300.2762.

Allylboration of Aldehydes and Ketones. General Procedure
(5-mmol Scale). To an oven-dried, nitrogen-flushed, flamed-out,
25-mL flask fitted with a septum inlet, a magnetic stirring bar, and
topped with a connecting tube leading to a mercury bubbler, there
was added a weighed amount of neat B-allyl-9-BBN derivative (~5
mmol). About 15 mL of dry, olefin-free pentane was added and 0.5
mL of the n-alkane (GLC internal standard). Stirring was begun, and
the calculated amount of the neat carbonyl derivative (1 equiv) was
added dropwise from a syringe.24 The progress of the reaction was
monitored by GLC. In most cases the reaction appeared to be com-
plete in a few minutes, but the mixtures were generally allowed to stir
for 2 h to ensure completion. One equivalent of neat ethanolamine
was added from a syringe.2 After stirring for about 1 h, the super-
natant liquid was analyzed by GLC. The supernatant liquid was then
decanted and the precipitate washed (2 X 10 mL) with pentane. The
combined extracts were concentrated under a stream of nitrogen, then
bulb-to-bulb distilled. The distillate, consisting normally of the
homoallylic alcohol and the GLC internal standard, was subjected
to a preparative GLC separation. The alcohol fraction, which was
generally analytically pure, was used for the determination of spectra
and the GLC correction factors. Even with product losses due to the
small reaction scale and inefficiencies in the preparative GLC col-
lections, the isolated yields were always over 60%. In preparative re-
actions, where no GLC internal standard is employed, the products
are easily isolated in excellent yield by simple distillation. If the
precipitate (1) is carefully removed, the products are normally ana-
lytically pure after removal of the pentane.

Allylboration of Pivaldehyde (23.3-mmol Scale). Following the
general procedure given above, 3.775 g (23.3 mmol) of B-allyl-9-BBN
was dissolved in about 25 mL of dry, olefin-free pentane in a 50-mL
flask. This flask was immersed in a cold water bath where 2.60 mL
(23.3 mmol) of freshly distilled pivaldehyde was added dropwise from
asyringe to the stirred solution. The cooling bath was removed when
the addition was complete, and the mixture was stirred for 1 h at 25
°C. Neat ethanolamine (1.40 mL, 23.3 mmol) was added dropwise
from asyringe. After a few minutes, the thick, white precipitate of 1
had formed. This slurry was stirred for 0.5 h, then the contents of the
reaction flask were poured into a 50-mL centrifuge tube. The flask
was rinsed into the tube with ~10 mL of pentane. After centrifugation,
the supernatant liquid was decanted and ~15 mL of pentane added
to the tube. The solid was stirred, then the tube was centrifuged. This
washing procedure was repeated three times. The combined extracts
were concentrated under a stream of nitrogen and the residual oil
subjected to simple vacuum distillation. Only one fraction, 2.53 g
(85%), of aclear liquid, bp 55.5-56 °C (19 mm), was collected. GLC
analysis of the product (ra20p 1.4379) showed it to be 99.9+% pure. The
IR and 4H NMR spectra were consistent with the structure of 2,2-
dimethyl-5-hexen-3-ol. The allylic methylene protons are not mag-
netically equivalent; therefore the a-hydroxy methine hydrogen ap-
pears as a doublet. X4 NMR (CCl4) 80.96 (s, 9, t-Bu), 1.97 (s, 1, OH),
2.25 (m, 2, allylic methylenes), 3.28 (dd, 1, )\ = 8 Hz, J2= 2.5 Hz,
methine), 5.02,5.23,5.9 (m, 3, terminal alkene); IR 3448 (OH), 1642
(C=C), 1381,1368 (t-Bu), 995, 913 cm-1 (terminal double bond).

Allylboration of Acid Anhydrides, Esters, and N,N-Di-
methylamides. General Procedure (5-mmol Scale). These reac-
tions were carried out under essentially the same conditions as de-
scribed above with the reaction stoichiometries adjusted as necessary.
During the addition of the acid anhydrides, it was necessary to cool
the reaction flask in a cold water or ice bath to prevent the solvent
from boiling.

Allylboration of Acid Chlorides. General Procedure (5-mmol
Scale). These reactions were carried out as described above up
through the addition of the acid chloride. It was necessary to cool the
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reaction flask to prevent the solvent from boiling during this addition.
The reaction mixture was allowed to stir for 1 h, and then 1equiv of
lithium isopropoxide in hexane was added dropwise from a syringe.
After stirring for about 15 min, 2 equiv of ethanolamine was added
and the reaction mixture worked up and analyzed in the usual man-
ner.

In Situ Hydroboration-Allylboration Sequence. To an oven-
dried, flamed-out, nitrogen-flushed, 25-mL flask fitted with a mag-
netic stirring bar, septum inlet, and topped with a connecting tube
leading to a mercury bubbler, there were added 11.6 mL of 0.43 M
9-BBN in pentane (5.0 mmol), 0.5 mL of the GLC internal standard,
and 5.0 mmol of the aliéné or diene. Stirring was begun and the
progress of the hydroboration monitored by GLC. In all cases, the
amount of residual diene remained constant after 24 h. Then 0.37 mL
(5.0 mmol) of acetone was added. The mixture was worked up either
by the usual transesterification procedure with ethanolamine or by
the normal oxidative procedure using 3 M agueous sodium hydroxide
and 30% hydrogen peroxide.7
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Chlorotris(triphenylphosphine)rhodium has been shown to catalyze the selective rearrangement of many vicinal-
disubstituted epoxides to ketones between 150 and 210 °C. Kinetic measurements for various trarcs-I,2-diarylethv-
lene oxides and RhCI(PAr;j)3 catalysts were carried out. The reaction rate was shown to increase by introduction
of electron-donating substituents into either the catalyst ligands or the substrate. The catalysis is inferred to pro-
ceed in the following order: (a) dissociation of RhCUPArsB, (b) reversible nucleophilic cis addition of the epoxide
to the activated catalyst to give a Rh(Ill) hydride, (c) intramolecular hydrogen transfer from the rhodium atom to
the noncoordinated oxirane carbon, (d) reductive elimination to form the ketone and activated catalyst. The data
are compatible with the expression rate = &&2[S][C]o/(fe-i + & + &i[S]) where [Si and [CJo are substrate and ini-
tial catalyst concentration, respectively. Step c isconsidered rate determining on the basis of kinetic isotope effect
measurements. Complexes RhCI(PAr,d3have been shown to catalyze also an unusual carbon-carbon bond cleavage
in stilbene oxides having potent electron-attracting substituents to yield benzaldehydes and polymers. Epoxides
in which one aromatic ring is more electron attracting than the other form aldehydes with the least electronegative

groups.

Ring opening of epoxides by acids, bases, and salts has
been extensively studied and reviewed.2 In recent years some
transition metal complexes have been shown to cleave cata-
lytically C -0 bonds in the oxirane system.3However, only in
a few cases could the activities of the metal complexes be at-
tributed to other than their acidic properties.

In this paper we present a detailed investigation on the
transformation of vicinal-disubstituted ethylene oxides by the
nonacidic RhCI[P(C6H5)33, including Kinetic measurements
and mechanistic studies on a selective isomerization of some
stilbene oxides to deoxybenzoins. In addition we describe an
epoxide system in which the C-C bond is cleaved in addition
to the C-0 linkage.

Results

Conversion of Epoxides to Ketones. While both acid- and
base-catalyzed isomerization of trans-stilbene oxide gives
usually diphenylacetaldehyde as the main product,2045 the
RhCI[P(C6H53]3-promoted reaction affords 88% deoxyben-
zoin, simply by heating 1 mol of the epoxide under N2with 2
X 10-2 mol of rhodium complex for 2 h at 210 °C. The only
by-products in reaction 1 are diphenylmethane (7.9%),

H\ G5

=hA | % .

RhCITICeHsU

C,HECHLOG35

trans-stilbene (2.8%), cis-stilbene (0.3%), and benzene (1.0%).
Although RhCI[P(C6H5)3]3 has been assumed to liberate HC1
in some other catalyses,6 we could prove that no such de-
composition is taking place in our system. The addition of a

weak base to the reaction mixture that is able to remove any
HCL1 that might have been formed, but is refractory toward the
rhodium catalyst (e.g., 2,6-di-ierf-butylpyridine), has no effect
whatsoever on the results. On the other hand, addition of
minute amounts of gasous hydrogen chloride causes the stil-
bene oxide to rearrange mainly to diphenylacetaldehyde.7

The high selectivity in our catalysis is conditioned by the
existence of an absolutely inert atmosphere. Experiments
performed under 90% N2and 10% O2gave no more than 26.5%
of the ketone, cis-Stilbene oxide, which proved to undergo
different transformations than the trans isomer by bases and
acids,5gives the same yield of deoxybenzoin when the Wilk-
inson catalyst is employed.

The scope and potential synthetic application of the ca-
talysis for selective conversion of stilbene oxides into the
rearranged ketcnes are demonstrated by the examples listed
in Table I.

While stilbene oxides with electron-donating groups give
results similar to those with the unsubstituted parent com-
pound, 4-nitrosulbene oxide forms only little of the expected
ketone and 3,3'- as well as 4,4'-dinitrostilbene oxide give none
at all. The negatively substituted epoxides undergo catalytic
C-C bond cleavage which will be discussed below.

When two substituents of different electronic nature are
being attached to the phenyl rings (one to each) the C-0 bond
that is closer to the more electron-donating group is expected
to be the weaker oneZband to be cleaved preferentially. This
is in fact observed in expt 5and 6 (Table I): trans-4-chloro-
4'-methylstilbene oxide yields 4-CIC6H4COCH2C6H4-4-CH3
and 4-CIC6H4CH2COC6H4-4-CH3 in ratio 7:3, and trans-4-
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Table 1 Catalytic Transformation of Stilbene Oxides XC6H4CHOCHC,H4Y in the Presence of RhCI[ P(C,,HS)3]
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Figure 1. Concentration-time profile for deoxybenzoin formation:
0.382 M trans-stilbene oxide and 2.7 X 10-4 M RhCIfPiCeHrJsJa in
1-methylnaphthalene at 200 °C.

nitrostilbene oxide gives 4-NO2C6H4COCH2C6H5 and 4-
N 02C6H4CH2C0C6EHS5in ratio 13:4.

While many aromatic vicinal-disubstituted ethylene oxides
react as smoothly as stilbene oxide in the presence of
RhCI[P(C6Hs)33, cycloalkene oxides open up rather slowly.
Cyclohexene oxide, e.g., forms only 15, 22 and 36% of cyclo-
hexanone when heated with the catalyst at 210 °C for 2,3, and
15 h, respectively. (By-products in this reaction were 3.8-4.7%
cyclopentane and 0.3-0.5% cyclopentanecarboxaldehyde.)
This system, cleaves, however, more efficiently when
RuCL[P(CEH5)3]3 is employed. (After 2 h, 1 mol of epoxide
and 10-2 mol of catalyst give 67.8% ketone, 0.8% cyclopentane,
3.6% aldehyde, and 27.8% starting material.)

For kinetic measurements the isomerization of irons-stil-
bene oxide was chosen. A typical reaction curve for the
transformation of 0.382 M epoxide by 27 X 10-2 M
RhCI[P(C6H53]3in 1-methylnaphthalene at 200 °C is shown
in Figure 1. Changes in rate are shown to be very small in the
initial stages of the reaction but become significant when the
catalysis advances.

Dependence on Epoxide and Catalyst Concentration.
A plot of the initial rate against epoxide concentration is
shown in Figure 2. The rate is first order in the epoxide as long
as the concentration does not exceed 150 mM. At higher
concentrations the dependence of initial rate on concentration
decreases and approaches a constant value above 1 M. Such
a plot can be represented by the equation rate = A[S]/(B +
[S]), where [S] is epoxide concentration and A and B are
constants. (At high dilution [S] « B rate = A [S]/B, and when
[S] » B rate = A). The reciprocal function, i.e., rate-1 vs.
concentration-1, is linear and has a positive intercept (see, e.g.,
Figure 4). It can thus be concluded that no higher order than
lappear in the rate law (rate-1 = t*/[S]+ A =d-landB =
a/0).

The dependence on catalyst concentration (at 160 °C) is
shown in Figure 3. In typical experiments, in which 0.877 M
epoxide in 1-methylnaphthalene was treated with varying
amounts of catalyst, a linear rate increase was observed for low
catalyst concentration. Above 0.02 M the rate increase proved
to diverge from linearity. For a0.12 M solution the rate ap-
proached its maximum value but decreased on further addi-
tion of RhCI[P(C6H5)3]3to the reaction mixture. Similar rate
dependence was reported for several reactions in which rho-
dium- and ruthenium-phosphine complexes were used as
catalysts. In RhCI[P(C6H53]3-catalyzed hydrogenation of
olefins8or in RuCI2[P(C(H5)3]3-catalyzed transfer hydroge-
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Figure 2. Dependence of initial rate of ketone formation on the
concentration of from,-stilbene oxide in 1-methylnaphthalene at 200
°C. Catalyst concentration 1.125 X 10-4 M.

Figure 3. Rate dependence on the concentration of the rhodium
catalyst at 160 °C. Initial concentration of trans-stilbene oxide 0.88
M.

nation of a,/3-unsaturated ketones,9e.g., the relative slow in-
crease in rate at high catalyst concentration was attributed
to the low solubility of the catalystsl0and to their tendency
to form dimers and oligomers. Reaction 1 differs, however,
from the reported ones in its decrease in rate after the
maximum value has been reached. We assume that this phe-
nomenon is associated with stilbene formation as a by-product
(vide infra) which becomes of significance when the concen-
tration of the phosphine-containing catalyst increases. The
unsaturated hydrocarbon has been shown to react with the
dissociated catalyst to give (C6H5CH=CHCEHY)-
RhCI[P(C6H5)3)2 that has only low catalytic activity. (Cf. the
inhibition of allylbenzene in RuCI2[P(CeHb5)33-catalyzed
hydrogen transfer reactions.9)

Dependence on Catalyst’s Structure. The influence of
the electronic structure of the catalyst was studied by utilizing
complexes of the general formula RhCI[4-X-C6H4)3P]3 in
reaction 1. The initial rates for a large range of epoxide con-
centration were recorded. The results of one set of experi-
ments are listed in Table II.

Plots of the reciprocal of initial rate against the reciprocal
of epoxide concentration are shown in Figure 4. The linear
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Figure 4. Plots of 1l/initial rate against 1/epoxide 4-X-
C6H4ACHOQHCBH4-4 X concentration in the presence of 1.125 X 10-4
M catalyst in 1-methylnaphthalene at 200 °C ( , X = OCH3; m, X
= CH), A, X =H; =, X =Cl).

log [k-10]

Figure 5. Hammett plot for reaction 1 using RhCI[(4-X-C6H4)3P]3
as catalysts. The a values were taken from D. H. McDaniel and H. C.
Brown, J. Org. Chem. 23, 420 (1958).

Table Il. Initial Rates of trans-Stilbene Oxide

Rearrangement by Various Catalysts of Formula
RhCI[(4-X-C8H4)3P]3 at 200 °Ca

Registry no. Substituent X Initial rate, mmol L 1min 1
21481-17-4 OCH3 5.60
24554-70-9 ch3 4.67
16592-65-7 H 3.04
15008-65-8 a 1.89

“Reaction system was 0.877 M trans-stilbene oxide and 1.125
X 10-2 M rhodium catalyst in 1-methylnaphthalene.

dependence ir. all experiments suggests the same kinetics for
the different catalysts employed. The rate constants k (see
below) for the rate-determining step using 1.125 X 10-2 M
RhCI[(4-CH30C6H4)3P]13, RhCI[(4-CH3C6H4)3P]3, RhCI-
[P(C6H5)3]3, and RhCI[(4-CIC6H4)3P]3at 200 °C are 0.76,0.62,
0.39, and 0.27 min-1, respectively. A quantitative represen-
tation of this electronic effect is obtained from the Hammett
plot shown in Figure 5. The p value of —0.98 suggests partial
positive charge stabilization on the rhodium atom in the
rate-determining step.11
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Figure 6. Effect of addition of triphenvlphosphine on the initial rate.
Reaction system: 0.986 M frans-stilbene oxide and 1.125 x 10-4 M
catalyst in 1-methylnaphthalene at 200 °C.

Table Ill. Initial Rate of Rearrangement of Some Stilbene
Oxides at 180 °Ca

Initial rate,
mmol L-1
Epoxide min 1
trans-4,4'-Dimethylstilbene oxide 477
irons-Stilbene oxide 2.46
trans-4,4'-Dichlorostilbene oxide 1.06

° Reaction system was 0.877 M epoxide and 2.055 X 10 2M
RhCItPCCeHglaja in 1-methylnaphthalene.

Dependence on Structure of the Epoxide. The data
given in Table Il indicate an increase in rate by introduction
of electron-donating and decrease by electron-attracting
substituents into the epoxide molecule. (The three epoxides
listed were shown to have the same kinetics by virtue of the
linear plots of rate-1 vs. concentration-1.)

The rate constant for 4,4'-dimethyl-, unsubstituted, and
4,4'-dichlorostilbene oxide at (180 °C and 2.055 X 10-2 M
rhodium catalyst) of 0.35,0.18, and 0.07 min-1, respectively,
can be represented by a Hammett plot (log k vs. <) with p =
—1.65. This value suggests the formation of a partial positive
charge rather than a real carbonium ion.11

The reaction rate is also affected by the stereochemistry
of the substrate. For example, the initial ra*e of cis-stilbene
oxide (0.850 M) isomerization at 170 °C by RhCI[P(CeH5)3]3
(2.25 X 10-2 M) in 1-methylnaphthalene is 13.8 mmol L-1
min-1, while that of the trans isomer is only 1.50 mmol L-1
min-1 under the same conditions.

Kinetic Isotope Effect. The rates of isomerization of
trans-stilbene oxide and of trans-a,a'-dideuteriostilbene
oxide, CBH5CDOCDCG6H5, were compared at several concen-
trations. At 190 °C (substrate and catalyst concentration 0.85
and 1.125 X 10-2 M, respectively), e.g., the corresponding
initial rates for the deuterated and nondeuterated compounds
are 0.95 and 1.96 mmol L-1 min-1. The ratio of reaction con-
stants of the rate-determining step &/&d = 1-93 (fen = 0.27
and & = 0.14 min-1, drawn, as shown below, from plots of
rate-1 vs. concentration-1) is typical for a hydride transfer
reaction.12 (Cf. also our study on RuCI2[P(C6H5)3]3-catalyzed
transfer hydrogenation reactions.9) This value diverges from
those reported for proton transfer processes which usually
have larger kinetic isotope effects.1213

Milstein, Buchman, and Blum

Figure 7. Arrhenius plot of irarts-stilbene oxide rearrangement to
deoxybenzoin at 170-200 °C.

Inhibition by Triphenylphosphine. The effect of addition
of triphenylphosphine on the reaction rate is shown in Figure
6. The rate can be lowered to 0.56 of its original value but, in
contrast to some other RhCI[P(C6H5)3]3-catalyzed reac-
tions,814'15further addition of the phosphine has no effect on
the catalysis.

Dependence on Temperature. Reaction 1 proved to take
place under homogeneous conditions over a considerable
range of temperatures, in essentially the same degree of se-
lectivity. Initial rates were measured at 170,180,190, and 200
°C for several epoxide concentrations between 0.2 and 1 M.
From the Arrhenius plot of log k against 1IT X 10-3 (Figure
7) the activation energy E3= 17.1 kcal mol-1 is obtained; H*
(200 °C) = 16.2 kcal mol-1 and S* (200 °C) = -35.3 cal deg-1
mol-1. Hence the general expression for k = 5.14 X 105
e-\i.\IRT s-i rphg greatjy negative entropy of activation is
uncommon for reactions in which both the starting material
and the product are not polar. It may, therefore, be assumed
that substantial increase in polarity and in steric strain is
characteristic of the transition state of the catalysis.16

Side Reactions. Investigation of reaction 1with 13 typical
homogeneous catalysts (viz., RhCI[P(C6H5)3]3,
RhBr[P(C6H5)3]3, RhCI(CO)[P(C6H5)3]2, Rh[[(C6H5)2-
PCHZ22+C1-, Rh2(CO)4CI2, RhCI3[As(C6H5)al3, RhCI3
3H20, RuC22[P(C6H5)3]3, IrCI(CO)[P(C6H5)3|2,
PdCI2[P(CEH5)3]2, PdCI2, PtCI2[P(C6H5)32  and
Pt[P(C6H5)3]4) revealed that transformation of the epoxide
in high selectivity is limited to chloro- and bromotris(tri-
phenylphosphine)rhodium(l) and chlorocarbonylbis(tri-
phenylphosphine)rhodium(l). The other complexes gave a
variety of products as shown in our preliminary report.17

The side products obtained from irons-stilbene oxide in the
presence of RhCI[P(C6H5 33 are diphenylmethane (7.9%) and
trans- and cis-stilbene (2.8 and 0.3%, respectively). The for-
mation of the diphenylmethane is rationalized by assuming
initial rearrangement of the epoxide to diphenylacetaldehyde
followed by catalytic decarbonylation (eq 2).18

CHICH— CHCEH5 — »(CaH9)ZZHCHO —» (CaH52CH, + CO (2)
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Table IV. Conversion of Some Substituted trans-Stilbene Oxides XCeéH4CHOCHCeH4Y into Benzaldehydes in the
Presence of RhCIfPfCeHshls* * '

Registry Epoxide
no. Expt X Y
968-01-4 1 4-N02 4-N02
2 4-N02 H
13528-37-5 3 3-NO2 3-NOz
4 4-C1 4-C1
5 4-C1 4-CH3
6b H H

0 Reaction conditions: 2 mmol of epoxide and 0.04 mmol of catalyst heated under N2 (sealed pressure tube) at 210 °C for 2h. b The

Products, %

XC6H4CHO xcbhb5 YC6H4ACHO ycbth5
734 0.2
52 01 05 25.6
36.9 32
29 104
0.0 01 0.0 55
0.0 10

cis isomer gives neither benzene nor benzaldehyde under these conditions.

In the rearrangement the rhodium catalyst is assumed to
function as aweak Lewis acid. Therefore, it is not unexpected
that catalysts of greater acidity than RhCI[P(C6H5)3]3 lead
to higher vyields of (C6H52CH2 and/or its precursor,
(CeHs"CHCHO. For example, RhCI3[As(C6H5)3]3,
Rh2(C0O)4CI2, RhCI3-3H20, and PdCI219 give, under compa-
rable conditions, 32.2,36.4,40.1, and 61.4% of (C6H52CH2+
(C6H52CHCHO, respectively (see ref 17).

The formation of some stilbene along with the deoxyben-
zoin can be attributed to one or to several of the following
processes: Wittig deoxygenation (eq 3)20 may take place in the

A
CHZICH— CHCaH5 + PICAhN (CeHDH);,P— CHCeHj

O— CHQH.,_
CEHELH=CHCE5 + 0=P(CHH)j (3)

presence of free triphenylphosphine liberated upon disso-
ciation of the metal-phosphine complexes employed.21 2

The triphenylphosphine oxide formed may itself act as a
deoxygenation agent.23

The stilbene obtained by the Wittig deoxygenation is ex-
pected to have the cis configuration;24 however, the phosphine
causes then isomerization to the trans compound. In atypical
control experiment 1 mmol of cis-stilbene and 0.02 mmol of
P(CgHY3gave, at 210 °C (2 h, under N2), a mixture of 96.8%
trans- and 3.2% cis-stilbene. [Cf. also some other cis-trans
interconversion reactions by P(C6Hs)3.25)

Since some complexes that do not have phosphate or arsine
ligands prove also to deoxygenate stilbene oxide [Rh2-
(C0)4C12,17 RhCI33H20,17 and PdCI217 yield 12.4, 5.5, and
8.7% stilbene, respectively] it must be concluded that other
than the Wittig deoxygenation takes part in olefin production
as well. The formation of some CO2 in the reaction tube
suggests a mechanism which involves electrophilic attack of
the metal at the epoxide oxygen, stepwise cleavage of the C-0
bonds to give the olefin and a metal oxide, and oxidation of
the CO [from (CeHs*"CHCHO decarbonylation] by the lat-
ter.z6.27

Stilbene production by a few platinum metal complexes17
(not RhCI[P(C6H5)3]3) may be attributed to their acidic
properties28or to their ability to evolve hydrogen chloride at
elevated temperatures.6 (Cf. ref 7.)

By virtue of negative control experiments (at 210 °C) the
possibility of thermal deoxygenation2 in our catalysis must
be excluded.

The most interesting side reaction is obviously a carbon-
carbon bond cleavage in the oxirane ring.30 Aldehydes and/or
their decarbonylation products are formed in this process.

In stilbene oxides C-C cleavage is of significance only when
electron-attracting substituents are present (see Table 1V).
Experiments 2 and 5 indicate that the cleavage of asymmet-

+ polymers (4)

Q ftx chsy

rically substituted epoxide yields preferentially the aldehyde
with the less electronegative group. The nitrobenzaldehydes
proved to undergo least decarbonylation as expected from
previous studies.3L

In contrast to pyrolysis of trans-stilbene oxide,2Qthe ben-
zylidene residues formed in reaction 4 do notyield the corre-
sponding stilbenes but polymerize to macromolecular com-
pounds. Inexpt 2, e.g., a polymer of mp 350 °C results which
has the correct elemental analysis of (CHC6H4N 02)n.

Discussion

Following the mechanisms suggested for some other
RhCI[P(C6H5)j]3-promoted reactions, we assume that (a)
activation of the catalyst, (b) activation and reaction of the
epoxide substrate, and (c) release of products are the major
steps in our catalytic process.

Activation of the Catalyst. Controversial information on
the dissociation of RhCI[P(C8H53]3 has been reported in the
literature.2 While, e.g., Arai and Halpern33 found an equi-
librium constantif25= 1.4 X 10-4 M for reaction 5 in benzene,
Tolman et al.®reported that RhCI[P(C6H5)3]3does not dis-
sociate to RhC-[P(C6H5)3]2to a spectroscopically detectable
extent at 25 °C but forms the chlorine-bridged dimer
[RhCI[P(C6H5)3]22

RhCI[P(C6H5)3]3- RhCI[P(C6H5)32+ P(CEH53 (5)

In our system, in which the trisphosphine complex is heated
at ~170-220 °C in the presence of an epoxide, dissociation
is fast and complete. The liberated P(C6Hf,)3 is removed
continuously as the oxide by reaction 3. On careful analysis
of the reaction mixture of catalysis 1 nearly 1 mol of stilbene
isomers and 1 mol of 0=P P h 3could be detected per each mol
of RhCI[P(C6H5)33 employed. Owing to this phosphine-
epoxide interaction even substantial quantities of added
P(C6H5)3do not stop the catalysis (Figure 6) but cause for-
mation of increasing amounts of stilbene which competes with
the epoxide in occupying the active site in the catalyst. (Cf.
the interference of ethylene in RhCI[P(C6H5)3]3-catalyzed
hydrogenation8 and the inhibition of catalytic transfer hy-
drogenation of chalcone by allylbenzene.9)

The rhodium-containing complex formed on dissociation
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of RhCI[P(C6H5)3]3 was subjected to molecular weight de-
termination and found to be monomeric. We could show that
no appreciable amounts of [RhCI[P(C6H5)3]2]2 are formed.
This observation has been confirmed by kinetic measurements
which proved that in reaction 1 RhCI[P(CgH5)3]3 is a more
active catalyst than the dimer.

In the presence of large excess of 1-methylnapththalene
(solvent) the bisphosphine complex proved, by the mass
spectrum, to be asolvate. We assume, therefore, that the ac-
tive catalyst is—as originally proposed for other
RhCI[P(C6H5)3]3-catalyzed reactionsl4—the  solvate
RhCI[P(C6H532Solv, where “solv” represents either a mol-
ecule of the hydrocarbon or a non-fully coordinated epox-
ide.

Coordination and Activation of the Epoxide. Initial
coordination of the metal to the epoxide oxygen has been as-
sumed:Into take place in the rearrangement of oxiranes by the
Lewis acid [Rh(CO)2CI]2 (eq 6). The intermediary of a stable

\ I\
C—C. + Rh \ -c/
/M N\ N\ A v cl A N
0 0 0
1/
— Rh-

~N

\
—c—c— + Rh (6)
I\

carbonium ion and migration of the most electron-releasing
group to give an aldehyde can be regarded as a simple acid-
catalyzed epoxide transformation. Chlorotris(triphenyl-
phosphine)rhodium and the active solvated bisphosphine
complex are, however, Lewis bases and therefore are not ex-
pected to coordinate in this manner to the epoxide heteroa-
tom.

A second mechanism in which the relatively weak C-0
bond34 undergoes oxidative addition to the metal has been
suggested for some iron-,3 cobalt-,3land nickel-catalyzed30
transformations of the oxirane ring. Should RhCI[P-
(CeH5)3J2(solv) react in this way, one would expect a Rh(l11)
complex A to be formed that might in turn rearrange to
complex B by /3-hydrogen transfer. The ketone and regener-

(caHs

PC.H), P(C,1L).

A B
ated active catalyst would then result by reductive elimina-
tion. In fact our results cannot be explained by such amech-
anism. In consideration of the most probable intermediates
in oxidative addition shown in eq 7,36 the three-centered

i+ .r
M--X—Y
X—Y + M 7
N* =Y
m; ]
X

mechanism must be ruled out right away on account of the
observed electronic effect of substituents on the reaction rate.
In the dipolar pathway, substituents that increase the nu-
cleophilicity of the metal, or the electrophilicity of the sub-
strate, should enhance the reaction rate. Assuming
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0 - CHCEH.Y
cIr 7CHCIH.X
Rhi
WGHr) PL -'solv
P(CaH53
C

(X attracts electrons better than Y)

RhCUPCCfiH.ghMsolv) to be a nucleophile in the oxidative
addition of XC<;HACHOCH/TfiH4Y (X attracts electrons better
than Y), the expected Rh(Il11) complex should have structure
C and lead, upon reductive elimination, to XC6H4CH?2CO-
CeH4Y and not to XC6H4COCH2C6H4Y. We found, however,
that the major product in the rearrangement of an asym-
metrically substituted epoxide is the ketone which has the
electronegative group closest to the carbonyl function (see
Table I). Furthermore, Takegami et al.3xhave shown that the
C-0 bond in vicinal-disubstituted epoxides cannot undergo
oxidative addition to iron carbonylates, owing to steric effects.
It is thus obvious that C-0 insertion cannot be an important
step in our catalysis.

It is also improbable that insertion into the oxirane C-C
bond occurs. Such oxidative addition is assumed to be the
initial step in the cleavage of some stilbene oxides that form
benzaldehydes as shown below.

The most probable mechanism that explains our results
involves oxidative addition of an oxirane C-H bond to the
rhodium catalyst.37 Such addition to aliphatic and aromatic
C-H linkages has been shown to be a nucleophilic process and
to be promoted by electron-attracting groups.371An oxirane
C-H bond is by far a better electrophile than the corre-
sponding aliphatic, or even aromatic, one. It can be compared
in many respects to the C-H bond in aldehydes.38We suggest,
therefore, that in our catalysis the epoxide is activated by
reversible37anucleophilic attack of the rhodium at the oxirane
carbon atom having the lowest electron density as shown in
eq 8.

[°\
XCEHACH— CHCEHAY + RhCI[P(CaH5:;],s0lv

H cay
h c
Clr
!/ Rh"y (8)
(GAD).,PN----}— 4dolv
P(C8133
D

It should be noted, however, that while in such oxidative
addition reactions the rate is expected to be increased by
electron-attracting substituents, reaction 1is accelerated by
electron-releasing groups. Therefore, the epoxide activation
cannot be the rate-determining step in the catalysis.

The Hydrogen Transfer Step. The rhodium intermediate
D is now assumed to undergo aslow intramolecular /3-hydride
transfer from the metal to the noncoordinated oxirane carbon
to yield a dipolar structure E. The observed kinetic isotope

U U
/|
XC@H4— C— CH,CiHAY  (9)
i
D E

effect supports this suggestion. «-Hydride transfer seems less
probable as it would not account for the preferential formation

I A
XC@H4— C— CHCeHdY —
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of deoxybenzoin with the electronegative group X attached
to the aroyl moiety, and is also disfavored for steric reasons.
Neither can initial C-0 scission and formation of carbonium
ion F (eq 10) rationalize our results. In this case the electronic

1/ 1
7 rh— H — Rh— H
[ 1A+
XCH4— C— chcbhdy xcthd— C— chcthdy
VO n
0-
D

) \ Rhl
IV XceHacocHxaHar (10)
nature of the epoxide substituents is expected to affect pri-
marily the formation of F, while it has already been shown, by
virtue of the kinetic isotope effect (ku/ku = 1.93). that the
rate-determining step is associated with the cleavage of a
hydrogen linkage. Furthermore, the observed rate dependence
on the electronic nature of the catalyst indicates that at least
one ligand-rhodium bond is modified in the rate-controlling
step (which is not the case when F is being formed). Both the
calculated p value (—1.65) and the highly negative entropy of
activation (AS* = —35.3 cal deg-1 mol-1) are unccmmon in
reactions that involve oxirane cleavage to acarbonium ion in
the rate-determining step.2b'n
Acceleration of the catalysis by electron-donating groups
on the substrate could indicate a partial positive charge on
the activated complex of the hydrogen transfer step D —»E,
just as in the well-known “borderline sn2” (or “loose sn2")
mechanism in which bond breaking has progressed further in
the transition state than bond making.3 Such a mechanism
has often been suggested for nucleophilic substitution reac-
tions in epoxides,2»c and was attributed to the steric strain
in the oxirane ring. These activated complexes were found to
be always stabilized by incorporation of electron-releasing
substituents into the substrate.

(X attracts electrons better than Y)

Structure G is thus the proposed transition state in step D
—»E. The C-0 bond breaking is ahead of the C-H bond
forming and, therefore, causes accumulation of a partial
positive charge on the oxirane carbon atom. As expected, the
formation of G is promoted by electron-releasing groups X and
Y. This mechanism of hydrogen transfer in G is in full agree-
ment with the observed Kinetic isotope effect. It is known40
that this effect results from changes in the activation energy
of the process caused by differences in the zero-point energy
when the reactants are converted to the activated complex,
and it has been shown8that the zero-point energy of the C-H
bond is larger than that of the Rh-H linkage by ~1.43 kcal/
mol. Therefore, synchronous Rh-H breaking and C-H
forming would lead to gain in zero-point energy and a reverse
kinetic isotope effect (i.e., kw/kp, < 1). The value K\\k\) = 1.93
indicates that the C-H bond forming is less advanced than the
Rh-H bond breaking and causes a partial negative charge
location on the hydrogen. It is, however, unlikely that the
hydrogen is being completely removed as H- prior to some
C-H bond formation, as this would give rise to a kinetic iso-
tope effect of ~4 (as result of the difference of 0.86 kcal/mol
in zero-point energy in Rh-H and Rh-D bonds8). The ob-

J. Org. Chem., Voi. 42, No. 13,1977 2305

served values suggests parallel, but not synchronous, forma-
tion of the C-H bond.

The assumption that a partial positive charge is formed on
the rhodium atom in the rate-determining step is supported
by the observation that substituents which increase the
electron density on the metal accelerate the catalysis (p =
—0.98). These groups stabilize the positive charge and facili-
tate hydride transfer.

An alternative five-centered mechanism for which structure
H represents the transition state seems improbable. By this

route the product would result by a single step reductive
elimination coupled with nucleophilic attack on the oxirane
ring, and groups that increase the electron density would be
expected to decrease the reaction rate.

The highly negative entropy of activation (AS* = —35.3 cal
deg-1 mol-1) may be rationalized by a combination of two
factors: (a) increase in the polarity upon formation of the ac-
tivated complex G from the reactants,4l (b) the existence of
a substantial steric hindrance. It must be assumed that the
Rh-C bond is bent in the transition state, so that the heavily
substituted rhodium atom is able to transfer its hydrogen to
the oxirane carbon.

By comparison of AS* for trans- and cis-stilbene oxide
some interesting features of the stereochemistry of the cor-
responding activated complexes can be deduced. Since the cis
oxide rearranges to deoxybenzoin 9.2 times faster than the
trans isomer, it can be concluded that the activation entropy
of cis-stilbene oxide is less negative than that of the trans
compound, and the steric hindrance of the transition state of
the latter is the greater one of the two. This is illustrated in
structures G-c and G-t: in G-t hydrogen transfer from the
substituted rhodium atom is hindered by a phenyl group; in
G-c this interference does not exist. As G-c is derived from
cis-stilbene oxide and G-t from the trans isomer, it can be
concluded that the oxidative addition shown in eq 8 is cis
addition, viz., hydride D is formed rather than I.

\**/ r-
-Rh-—ff H —Rh-TFf \_/
IV N\
c—C<t
r X V
G-t
H
Clr yPiCetU
/' Rhm/
(COHYP ;------j— 4olv
C— CaH4X
A0
/X
ycti4 h

Release of the Product. In the final step E undergoes re-
ductive elimination. The active Rh(l) catalyst is being re-
formed along with the rearranged ketone (eq 11).
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+ RhCIjBiCsH”solv  (11)
(X attracts electrons better than Y)

The complete cycle of the catalytic rearrangement can thus
be summarized by (a) fast oxidative cis addition of the epoxide
to the active catalyst RhCI[P(C68H5)3]2, (b) slow intramolecular
hydrogen transfer in D to give E, and (c) formation of product
and active catalyst by fast reductive elimination.

Since under our experimental conditions RhCI[P(C6H5)3]3
dissociates completely in a practically irreversible fashion into
the active catalyst, we can apply the kinetic Scheme | for our
reaction.

Scheme |

fast)
C+sS (cs)1

&
(CS)1 (CS)2

fast)
(CS)2 —> C+P

C, S, and P are catalyst, substrate, and product, respec-
tively, and the rate law would be

d[P] [k 3 (k2+ k3)}[CHS]
di  [(ft-i + killkiftkzftkz + ft3)] + iS]

where [Clo represents the
RhCI[P(C6H5)3]3.

Since the first and final steps are much faster than the
second one, i.e, k2« ft3[though the relative rate of the reverse
reaction (CS)1—C + S cannot be estimated], the rate law
becomes

initial concentration of

rate = e2C10S]

(ft-! + ft2)/ftl + []]
and substituting (ft_i + k2JIk\ by K\ gives rate =
ft2[CJo[S)/(KA + [S]). When k2« fti, Ka represents the re-
ciprocal of the equilibrium constant of the first step. This
expression accounts for the observed rate dependence on the
epoxide concentration shown in Figure 2. For very low con-
centration of the substrate ([S] « Ka) rate = (/i2” a)[C]dS].
This indicates that under these conditions the reaction is first
order in the epoxide. When [S] increases ([S] » Ka) the rate
approaches the constant ft2[C]o (see Figure 2).

The rate expression is linear in the reciprocal form

rate“ 1= I(KA/K2[C]0)[S}-'] + (ftalCJo)“ 1

and Ka/~C lo and l//e2[C]o represent the corresponding
terms a and /? given above. The magnitude of k was thus ob-
tained from the intercepts of the plot of rate-1 vs. epoxide
concentration,42 and Ka can be deduced from the gradient
K AZ/k2[C\0.

Finally we wish to comment upon the mechanisms of the
main side reactions. As mentioned above the rearrangement
of trans-stilbene oxide to diphenylacetaldehyde (eq 2) may
be attributed to some Lewis acid character of the catalyst.
Thus the mechanism of Grigg3kInmay be adopted: in the first
step the active catalyst coordinates to the epoxide oxygen.
Then the C-0 bond that is closest to the electron-attracting
group X is cleaved and aryl migration toward the electro-
positive center takes place (Scheme I1).

Milstein, Buchman, and Blum

Scheme Il

L
(X attracts electrons better than Y)

Formation of the dipolar structure may also result via an
alternative route that includes oxidative addition to the C-0
bond coupled with ring opening (M -* N). However, since the
nucleophilic nature of the oxidative addition would take place
at the carbon atom that is closest to X and the resulting car-
bonium ion N is less stable than K, this mechanism is disfa-
vored.

0-CHCAY cinr ~AP(CEHH3
(CAtf> CHCEH4X Rh
BLh (CHK-)P 9 (12)
JATAN ) I=
solv 'Q P(C&H5j ycthdhchcbh s
M N

The data given in Table 1V indicate that the catalytic C-C
bond cleavage in stilbene oxides (eq 4) depends strongly on
the ability of substituents X and Y to withdraw electrons. A
Hammett p value of +1.76 is obtained from a plot of log per-
centage C-C breaking vs. the sum of the substituent constants
ax 4" <ry.

We have shown that reaction 4 is independent of reaction
1. The deoxybenzoins [e.g., 4-nitro-2-(4-nitrophenyl)aceto-
phenone, 4-NO2C6H4CH2COC6H4-4-NO2 formed by the
“normal” rearrangement of the epoxides, are not converted
to benzaldehydes by RhCI[P(C6H5)3]3.

Upon transferring stilbene oxides to benzaldehydes the
oxirane ring has to cleave both at the C-C and the C-0 link-
ages. Thus, the question arises which of the two bonds is the
first to break down. When it is the C-0 bond the reaction
follows route (a) in Scheme 11l and the resulting aldehyde

Scheme 111
/A \ C—C cleavage
[XCeHACH— CHCEH4Y] — ------mm- » XCEH4ACHO
C—Ocleavagea
xcthh4h— CHQIRY
C—C cleavage N*b
/A \ C—O cleavage
[XCeHLCH— CHOBHAY] —-mmmmmemmemm * YCEHCHO

contains the utmost electron-attracting substituent X. As in
fact the aldehyde with the least electron-attracting power is
formed preferentially (see Table 1V) it can be concluded that
route (b) dominates the catalysis.

The weakness of the oxirane C-C bond in nitrostilbene has
been explained by the mesomeric structures 0 and P.434



Transformation of Epoxides into Ketones

K 3*

-0 > O c<iXch~ 0

p

Since the analogue of P, in which a double bond is located
between 0 + and the second methine group, is of low proba-
bility, the C-0 bond that is closer to the nitrophenyl moiety
is expected to cleave preferentially. The role of the metal
catalyst in reaction 4 seems, therefore, to be associated pri-
marily with the “trapping” or “freezing out” of the noncyclic
epoxide mesomers, probably by formation of complexes of
type Q. A platinum(l1) analogue of Q has been isolated from
the reaction of Pt[P(CeH53]4 and tetracyanoethylene
oxide.45

\ 1/
Rh

/1IN
xcbhdch 1 chcthdy
Q
The C-0 bond breaking is assumed to follow next; however,

with the available evidence it seems premature to give the
mechanism of this step.

Experimental Section

Melting points were taken on a Thomas-Hoover capillary melting
point apparatus and are not corrected. Infrared and ultraviolet spectra
were measured with Perkin-Elmer spectrophotometers Models 257
and 402, respectively. Proton magnetic resonance spectra were run
using Varian EM-360 and HA-100 spectrometers. Mass spectra were
recorded with a Varian MAT-311 spectrometer or directly from a gas
chromatograph using a Varian MAT-111 instrument. Gas chroma-
tography was performed with F & M Model 810 and Hewlett-Packard
Model 7620A instruments (equipped with both thermal conductivity
and flame ionization detectors).

The catalysts RhCI[P(C6H5)3]3,8 RhBr[P(C6Hs)3]3,8 RhCI[P(4-
C1C6H4)3]3,47 RhCI[P(4-CH3C6H4)3]3,47 RhCI[P(4-CH30C6H4)3]3,47
RuCI2[P(C6H5)3]348 IrCI(CO)[P(C6H5)3]24S PtCI2[P(C6H5)3]250 and
Pt [P(C6H58)450 as well as the starting and reference compounds
irans-4-CIC6H5CH=CHC6H4-4-Cl,51  trares-4-CH3C6H4C H =
CHC,H44-CH322 irans-4-Cl-C6H4ACH=CH C6H4-4-CH3,53 trans-
4-NO2C6HACH=CHC6H4-4-N0254 4-N02C6H4COCH2C6H4-4-
N (V5 4-N02C6HACH2C0C6H55% 4-N02C6HACOCH2C6H55% (4-
C1C6H4)2CHCHO0,5% (4-CIC6H4)2CH257 (4-CH3C6H4)2CH2ft7 and
4-CIC6H4CH2C6H4-4-CH358 were prepared as previously de-
scribed.

The following stilbene oxides were prepared by 3-chloroperbenzoic
acid oxidation of the olefins.53 trans-Stilbene oxide: mp 69-70 °C
(1it.6069-70 °C); t-c-0 (Nujol) 840 cm*“ L, >H NMR (CDC13) b3.88 (s,
2), 7.38 ppm (s, 10). cis-Stilbene oxide: mp 38-39 °C (lit.6037-37.5
°C); ec-0 (Nujol) 892cm*“ 1, >SHNMR (CDC13) &4.37 (s, 2), 7.20 ppm
(s. 10). trans-4,4'-Dichlorostilbene oxide: mp 120-121 °C (lit.5l
123-124 °C); vG-o (Nujol) 840 cm“ 1 44 NMR (CDC14) b 3.67 (s, 2),
7.28 ppm (s, 8). trans-3,3'-Dinitrostilbene oxide: mp 157-159 °C
(lit.61 156-158 °C); rc-o (Nujol) 850 cm "1 >H NMR (CDCI3) b4.03
(s, 2), 7.67 (m, 4), 8.22 ppm (m, 4).

trans-4,4'-Dimethylstilbene Oxide. A solution of 2.08 g (10
mmol) of trans-4,4'-dimethylstilbene and 2.18 g (10.8 mmol) of 3-
chloroperbenzoic acid (85%) in 40 mL of methylene chloride was
stirred at 25 °C. TLC analysis [Si02, re-hexane-ethyl acetate (10:1)
as eluent] indicated that the oxidation was completed after 20 h. The
acids were extracted with 5% aqueous sodium bicarbonate; the organic
layer was washed with water, dried, and concentrated. The residue
was recrystallized (three times) from petroleum ether to yield 1.8 g
(76%) of colorless needles: mp 92-93 °C; i>c-0 (Nujol) 875cm-1; ‘H
NMR (CCD 52.35 (s, 6), 3.65 (s, 2), 7.13 ppm (s, 8). Anal. Caled for
C16H1M: C, 85.7; H, 7.1. Found: C, 85.4; H, 7.2.

trans-4-Chloro-4'-methylstilbene Oxide. A solution of 1.01 g
(4.42 mmol) of irans-4-chloro-4,-methylstilbene and 0.99 g (4.87
mmol) of 3-chlorobenzoic acid (85%) in 40 mL of CHC13and 5 mL of
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CHZC12was stirred at 25 °C for 52 h and worked up as above to give
0.92 g (85%) of colorless plates: mp 96-97 °C; rc-o (Nujol 878 cm-1;
4H NMR (CDCI3) 0 237 (s, 3), 3.83 (m, 2), 7.23 (s, 4), 7.33 ppm (s, 4).
Anal. Calcd for C15H13CIO: C, 73.6; H, 5.4; Cl, 14.5. Found: C, 73.9;
H, 5.4; Cl, 14.7.

trans-4,4'-Dinitrostilbene Oxide. To a solution of 12.8 g of 4-
nitrobenzaldehyde in 100 mL of benzene was added, at —70 °C, a
solution of 6.8 g of trisldimethylamino)phosphine in 15 mL of the
same solvent. The mixture was brought slowly to 23 °C and stirred
at this temperature for 18 h. The white precipitate (mp 203-204 °C)
was recrystallized from ethyl acetate to give 5.6 g (46%) of isomerically
pure trans epoxide (cf. ref 61) as colorless needles: mp 204-205 °C
(lit.61 202-203 °C); rc-o (Nujol) 855 cm*“ 1, 4H NMR (AsCI3) b4.05 (s,
2), 7.88 ppm (q AZT52, 8).

trans-4-Nitrostilbene oxide was prepared according to Bergmann
and Hervey6 from benzaldehyde and 4-nitrobenzyl chloride: mp
124.5-125.5 °C (lit.62 125-126 °C); i>c-0 (CHC13) 850, 880 cm-1; ‘H
NMR (CDCI3) b3.90 (d, 1,J = 2Hz), 4.03 (d, 1,J = 2Hz), 7.43 (s, 5),
7.93 ppm (q A2ZBZ, 4).

trans-a,a'-Dideuteriostilbene Oxide. A solution of 7.12 g (0.04
mol) of diphenylacetylene in 100 mL of n-hexane was converted into
cis-a,tv'-dideutericstilbene (95%) by 0.04 mol of D2in the presence
of 0.6 g of Pd/C (10%). The catalyst was filtered off, the solvent was
removed, and a crystal of iodine was added. The mixture was heated
at 200 °C for 10 min and cooled to room temperature and the solid
trans-a,a'-dideuteriostilbene was recrystallized from EtOH, yield
6.1 g (83%) of colorless prisms, mp 123-124 °C (lit.63 123.8-125 °C).
To asolution of 4 g (22 mmol) of this compound in 100 mL of CH2C12
was added 4.8 g (24 mmol) of 3-chloroperbenzoic acid (85%) and the
mixture left at 25 °C for 22 h. After neutralization with 5% aqueous
NaHCO03and the usual workup the residue was chromatographed on
Florisil (petroleum ether as eluent) to give 3.2 g (69%) of trans-
a,a'-dideuteriostilbene oxide (90% d2): mp 69-70 °C; i'c_o895cm-1;
'H NMR (CCl4) b”.30 ppm (s) (traces of *H compound showed up at
3.73 ppm); m/e 198 (M+). Anal. Calcd for Ci4H10D20: C, 84.8; H +
D,646.1. Found: C, 84.5; H + D, 6.2.

The catalytic transformation of the various vicinal-disubstituted
epoxides studied is illustrated by the following example.

Reaction of trans-Stilbene Oxide and RhCI[P(CsHs)3]3 A
pressure tube (wall thickness 5 mm) was carefully dried, washed with
N2, and charged with 196 mg (1 mmol) of freshly chromatographed
trans-stilbene oxide and 18.5 mg (2 X 10-2 mmol) of RhCI[P(C6H5)33
Any traces of oxygen were removed from the reaction tube with the
aid of a high vacuum line, and nitrogen was introduced at 1 atm,
sealed, and immersed into an oil bath thermostat at 210 °C. The clear
red-brown solution was cooled to room temperature and dissolved in
CC14 (total volume 5 mL). GLC analysis was carried out with a 2-m
long column packed with 15% stabilized DEGS on Chromosorb
ST-164 operated at 228 °C, carrier gas (He) 70 mL/min. The reaction
mixture proved to consist of 87.9% deoxybenzoin (retention time 490
s), 7.9% diphenylmethane (retention time 120 s), 2.8% trares-stilbene
(retention time 370 s), and 0.3% cis-stilbene (retention time 145 s).
The different products were isolated either by preparative GLC or
by PLC on silica gel [EtOAc-re-hexane (1:4) as eluent].

The following substituted deoxybenzoins were isolated on 1-m long
Apiezon L (20%) on Anakrom ABS (60-70 mesh) operated at 210-230
°C.

4-Chloro-a-(4'-chlorophenyl)acetophenone: mp 111-112 °C;
cc=0 (Nujol) 1688cm™’; IH NMR (CCD b4.10 (s, 2), 7.12 (m, 4), 7.68
ppm (q A./B./, 4). The compound was compared with an authentic
sample prepared according to Bergmann et al.66

4-Chloro-a-(4'-tolyl)acetophenone: mp 102-103 °C; i'c-0 (CC14)
1690 cm*“ 1; 4H NMR (CC14) $2.30 (s, 3), 4.19 (s, 2), 7.12 ppm (s, 4).
Anal. Calcd for CisH”~CIO: C, 73.6; H, 5.3; Cl, 14.5. Found: C, 73.3;
H, 5.1; Cl, 14.6. For comparison the ketone was prepared by the fol-
lowing procedure. 4-Chlorophenylacetyl chloride (prepared from 1.7
g of acid and 0.9 g of phosphorus trichloride at 100 °C) in 10 mL of dry
toluene was poured, with cooling and agitation, onto 1.9 g of powdered
anhydrous A1C13. The mixture was heated at 100 °C for 1 h, cooled,
decomposed with ice and hydrochloric acid, and worked up in the
usual manner. Upon recrystallization from MeOH (three times) there
was obtained 1.95 g (80%) of the pale yellow ketone.

4-Methyl-a-(4’-chlorophenyl)acetophenone: mp 111.5-112 °C;
ne e (CC14) 1685 cm*“ 1, !H NMR (CCD b2.39 (s, 3), 4.21 (s, 2), 7.20
(m, 6), 7.88 ppm (m, 2). Anal. Calcd for C15H13CIO: C, 73.6; H, 5.3; CI,
14.5. Found: C, 73.4; H. 5.3; Cl, 14.3. The compound was also prepared
by the Friedel-Crafts reaction described for the foregoing ketone from
chlorobenzene and 4-tolylacetic acid.
'-Dideuteriodeoxybenzoin: mp 59-60 °C; ec-=0 (CCD 1680
cm-1 >H NMR (CC14) b7.27 (s, 5), 7.37-7.60 (m, 3), 7.93-8.10 ppm
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(m, 2). An authentic sample was prepared for comparison according
to Corey and Schaefer.fiB

Kinetic Measurements. Typically there was prepared a 20-mL
solution of the epoxide (freshly chromatographed on Florisil) and the
rhodium catalyst in 1-methylnaphthalene (vacuum distilled over Na
and chromatographed on alumina). Each of 19 ampules was charged
with 1 mL of this solution, sealed under 1at Nj (purity 99.99%), and
immersed into an oil bath thermostat (accuracy +0.05 °C). During
the first 1 h one ampule was withdrawn each 10 min and immediately
frozen to -78 °C to await GLC analysis. The initial rate was calculated
in each case from the average of at least three experiments.
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It is shown that in the presence of Pd(Il) salts the carbon-halogen bond of aryl halides is cleavaged to give the
corresponding aryl compounds and hydrogen halides by hydrogen transfer from organic compounds. Secondary
cyclic amines have excellent hydrogen-donating ability, and the ability decreases in the order indoline > tetrahy-
droquinoline > pyrrolidine > fV-methylpyrrolidine > 3-pyrroline > piperidine > 2,5-dihydrofuran. The addition
of bases, such as potassium hydroxide, sodium acetate, sodium carbonate, cyclohexylamine, and n-propylamine,
promoted the hydrogenolysis. The addition of potassium halides, hydrogen halides, and triphenylphosphine re-
tarded the reaction. Several alcohols were examined as a solvent, and methanol was found to be an excellent one.
When chlorobenzene, indoline, and palladium chloride were heated in methanol, the initial rate of the formation
of benzene was independent of the concentration of chlorobenzene and can be expressed as r = k[indoline]

[PdCIZ].

There are few studies about the catalytic hydrogenolysis
of the carbon-halogen bond by hydrogen transfer from organic
compounds. In heterogeneous systems, cyclohexene, limonene,
and p-menthene have been reported to donate hydrogen to
halides in the presence of palladium carbon.1For homoge-
neous systems, polychloroalkyl compounds have been re-
ported to be hydrogenolyzed with alcohols in the presence of
RuCI2(PPh3)3.2 In this case, aryl halides were not hydroge-
nolyzed.2Further, it has been reported that in some reactions
of aryl halides in the presence of palladium3or nickel com-
pounds4the corresponding aromatic hydrocarbons were de-
tected, but in these reactions the sources of hydrogen were not
identified. So far as we know, no systematic studies of the
transfer hydrogenolysis seem to have yet been reported.

In the course of the transfer hydrogenation of olefins, we
found that aryl halides were hydrogenolyzed to the corre-
sponding aryl compounds and this study was undertaken to
examine the transfer hydrogenolysis of aryl halides in de-
tail.

Results and Discussion

Catalytic Activity. The catalytic activity of several tran-
sition metal salts and phosphine complexes was investigated.
In the reaction system in which chlorobenzene (0.5 M), in-
doline (0.5 M), and a catalyst (0.056 M) in methanol were
heated at 140 °C for 4 h, the activity decreased in the order
PdCI2(76%), (NH4)2PdCl4 (75%), RhCI3-3H2 (59%), PdBr2
(50%), IrCI3(32%), K2PtCl4 (12%), RuCI3-nH20 (3%), K2PtCI6
(3%). Here, the percentages shown in the parentheses are the
yield of benzene. Phosphine complexes, such as RhCI(PPh3)3,
RhH(PPh3)4, RuCI2(PPh3)3, RuH2(PPh3)4, PdCI2(PPh3)2
and PtCI2(PPhJ3)2 hardly catalyzed the hydrogenolysis, and
ReCls, FeCl22H2, NiCl26H2, and CoCl26H20 showed no
catalytic activity under these reaction conditions. The reason
why the catalytic activity of PdBr2 was lower than that of
PdCI2 may be that the retarding effect of HBr, which was
formed in the generation of Pd(0) species, was larger than that
of HC1, as described later.

When a reaction mixture was cooled after hydrogenolysis,
a black precipitate was obtained in all the reaction systems
in which noble metal salts were used as a catalyst and a me-
tallic mirror was found in some reaction systems. The reac-
tions are inferred to proceed homogeneously, because the
precipitates and mirrors collected hardly catalyzed the hy-
drogenolysis. All the transfer hydrogenolyses described
hereafter were carried out using PdCl2as a catalyst.

Hydrogen-Donating Ability of Some Organic Com-
pounds. The hydrogen-donating ability of several organic
compounds to chlorobenzene was examined. When a methanol
solution of PdCI2 (0.056 M), chlorobenzene (0.5 M), and a
hydrogen donor (0.5 M) was heated at 140 °C for 4 h, the hy-
drogen-donating ability of several organic compounds de-
creased in the order indoline (76%), tetrahydroquinoline
(42%), pyrrolidine (28%), N-methylpyrrolidine (25%), 3-
pyrroline (24%), piperidine (16%), 2,5-dihydrofuran (7%),
.V-rnethylpiperidine (4%). Here, the percentages shown in the
parentheses are the yield of benzene. The high hydrogen-
donating power of these amines may be attributable at least
partly to the basic nature of the compounds. Methanol, eth-
anol, 1-propanol, 1-butanol, 2-propanol, 2-butanol, cyclo-
hexanol, cyclohexylamine, morpholine, tri-n-propylamine,
dioxane, tetrahydrofuran, tetralin, indan, and formic acid had
no hydrogen-donating ability. Except for amines, only 2,5-
dihydrofuran showed a weak hydrogen-donating ability. The
addition of bases promoted the reaction as described later, and
it was thought that the removal of the free HX formed was the
important step of the hydrogenolysis of halides. When sodium
carbonate (0.25 M) was added to the reaction systems in which
tetralin or 2-propanol was used as a hydrogen donor, the hy-
drogenolysis proceeded to give 16% or 3% yield of benzene,
respectively. However, in the case of 2,5-dihydrofuran the
addition of sodium carbonate hardly affected the yield of
benzene.

When chlorobenzene (0.5 M), indoline (0.5 M), and PdCI2
(0.056 M) were heated in methanol at 140 °C for 4 h, benzene
(0.38 M) and indole (0.44 M) were confirmed and some sub-
strate (0.12 M) and hydrogen donor (0.05 M) survived. This
result is summarized as follows. (1) The amount of indole was
equal to that which is needed to form benzene and to reduce
Pd(Il) to Pd(0) species within experimental error. (2) The
total amount of benzene formed and the surviving chloro-
benzene was equal to the amount of the charged chloroben-
zene. (3) The total amount of the surviving donor and indole
equaled the amount of the charged donor within experimental
error. This result shows that the following reactions proceeded
without remarkable side reactions.

Pd(Il) + indoline “mPd(0) + indole + 2H+
PhCI + indoline —==PhH + HC1 + indole

In this study, indoline was used as a hydrogen donor.
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Table I. Transfer Hydrogenolysis of Halides*

Registry
no. Substrate Product, % yield
108-90-7 Chlorobenzene Benzene, 76
591-50-4 lodobenzene Benzene, 53
100-44-7 Benzyl chloride Toluene, 45
108-86-1 Bromobenzene Benzene, 39
104-92-7 p-Bromoanisole Anisole, 38
104-83-6 p-Chlorobenzyl Toluene, 14; benzvl chloride,
chloride 24
622-24-2  [3-Phenethyl chloride Ethylbenzene, 37
106-41-2 p-Bromophenol Phenol, 34
106-43-4 p-Chlorotoluene Toluene, 34
672-65-1 a-Phenethyl chloride Toluene, 32
106-48-9 p-Chlorophenol Phenol, 28
106-39-8 p-Chlorobromoben- Chlorooenzene, 26
zene
106-46-7 p-Dichlorobenzene Benzene, 18; chlorobenzene,
2
106-37-6 p-Dibromobenzene Bromobenzene, 20
90-11-9 a-Bromonaphthalene Naphthalene, 20
541-73-1 m-Dichlorobenzene Benzene, 12; chlorobenzene,
3
95-50-1 o-Dichlorobenzene Benzene, 10; chlorobenzene,
2
104-88-1 p-Chlorobenzaldé- Chlorobenzene, 6
hyde
98- pe@®hloro Benzotrifluoride, 4
benzotrifluoride
106-47-8 p-Chloroaniline Aniline, trace
99- pl-Qhloroacetophen- Acetophenone, trace
one
111-85-3 n-Octyl chloride n-Octane, trace

Benzene, 74
Benzene, 40
Benzene, 46

Chlorobenzeneb
Bromobenzene5
lodobenzene5

“ The substrate (0.5 M), indoline (0.5 M), and PdCI2(0.056 M)
were heated in methanol at 140 °C for 4 h. 0 The substrate (0.5
M), indoline (0.5 M), PdCI2 (0.056 M), and cyclohexylamine (0.25
M) were heated in methanol at 140 °C for 1 h.

Transfer Hydrogenolysis of Halides. In the presence of
PdClo, aryl halides were hydrogenolyzed to give the corre-
sponding aryl compounds and hydrogen halides (Table I). The
susceptibility of substituted halobenzenes to hydrogenolysis
was influenced by the kind of substituents, but there seems
to be no clear relation between the susceptibility and the
electronic nature of the substituents. The yield of products
increased in the order for p-X-C6H4C1, X = COCH3< NH2
< CF3< Cl < OH < CH3< H, and for p-Y-C6H4Br, Y = Br
< Cl < OH < OCH3< H. Ithas been reported that oxidative
addition of aryl halides with electron-withdrawing substitu-
ents to Pd(0) species occurs faster than that of those with
electron-donating substituents.5In our reaction system, the
electronic nature of the substituents is considered to influence
the following steps: (1) the oxidative addition of the halo-
benzenes; (2) the reductive elimination of the products; and
(3) the coordination and the dehydrogenation of the hydrogen
donor. Moreover, it is also possible that the substrates coor-
dinate through the substituent group. The yield of products
may be affected by the total results of these effects and this
is the reason why the substituent effect is complicated. In the
case of p-chlorobenzaldehyde, decarbonylation occurred to
form chlorobenzene, and the chlorobenzene formed did not
undergo hydrogenolysis. p-Chlorobromobenzene was selec-
tively hydrogenolyzed to chlorobenzene and chlorobenzene
formed did not undertake further reduction. The affinity of
C-Br bond to palladium species seems to be larger than that
of C-Cl bond. The reactivity of benzyl chloride was lower than
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Table Il. Effect of Additives*

Additive Yield of benzene, %
None 27
Potassium hydroxide 64
Sodium acetate 61
Sodium carbonate 56
«-Propylamine 54
Cyclohexylamine 53
N,N- Dimethylcyclohexylamine 48
Sodium bicarbonate 46
Morpholine 45
Tri-n-propylamine 33
Water 31
Acetonitrile 30
Potassium chloride 24
Acetic anhydride 22
Pyridine 19
Potassium bromide 14
Hydrochloric acid 5
Dimethyl sulfoxide 5
Hydrobromic acid 2
Potassium iodide trace
Hydriodic acid trace
T riphenylphosphine 0

“Chlorobenzene (0.5 M), indoline (0.5 M), PdCI2 (0.056 M), and
the additive (0.25 M) were heated in methanol at 80 °C for 1 h.

that of chlorobenzene. The reactivity of chloro compounds
decreased in the order PhCl > PhCH2CI > PhCH2CH2CI >
PIICHCICHS3. The reactivity of a-phenethyl chloride, which
has a benzyl-substituted chloride, is inferior to that of fi-
phenethyl chloride. Aliphatic halides were hardly hydro-
genolyzed.

As to halobenzenes, PhX, the yield of benzene decreased
in the order X = ClI > | > Br. Fluorobenzene did not react
under these reaction conditions. The ease of oxidative addition
of PhX to palladium complex has been reported to be in the
order X = Cl < Br < 1.5The hydrogen halides formed poison
the catalytic species and deactivate indoline by salt formation.
The amine hydrochloride may be sufficiently acidic to deac-
tivate the catalytic species.6 The poisoning effect of the hy-
drogen halides is presumed to increase in the order HC1 < HBr
< HI, because the retarding effect caused by the addition of
HX and KX increased in that order, thatis, HC1 < HBr < HI
and KC1 < KBr < KI, as described later. Therefore, the yield
of benzene is inferred to be realized by the balance between
the ease of the oxidative addition of PhX to the palladium
species and the poisoning power of HX formed.

Unless otherwise noted, all the experiments discussed in
the following sections were carried out using chlorobenzene
as a hydrogen acceptor.

Effect of Additives. The effect of several additives on the
reaction system was examined at 80 °C (Table Il) and varies
with their concentration. Under conditions given in Table II,
the effectiveness of the additives was in the order potassium
hydroxide > sodium acetate > sodium carbonate > «-pro-
pylamine > cyclohexylamine > Af.N-dimethylcyclohexyla-
mine > sodium bicarbonate > morpholine. This result indi-
cates that the addition of bases promotes the hydrogenolysis.
The role of base is the removal of hydrogen halides formed,
which is the poison of the catalytic species and the hydrogen
donor, indoline, by salt formation.

Pd° + HC1 — HPdCI
HPdCI + base -* Pd° + base-HCI
indoline-HCI + base —amindoline + base-HCI

When amines, such as «-propylamine, cyclohexylamine,
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Figure 1 Dependence of the yield of benzene on the concentration
of additives. Chlorobenzene (0.5 M), indoline (0.5 M), PdCI2 (0.056
M), and the additive were heated in metha.'ol at 80 °C for 1 h: O cy-
clohexylamine; C AflV-dimethylcyclohexylamine; « n-propylam-
ine.

Table 11l. Effect of Reaction Solvents*

Solvent Yield of benzene, %
Methanol 76
Cyclohexanolb 68
N,N- Dimethylacetamide 45
2-Propanol 12
Ethanol 40
1-Propanol 37
2-Butanol 32
N, N- Dimethylformamide 20
1-Butanol 12

a Chlorobenzene (0.5 M), indoline (0.5 M), and PdCI2 (0.056
M) were heated in the designated solvent at 140 °C for 4 h. b Cy-
clohexene, 0.22 M, was obtained as the dehydration product of
cyclohexanol.

and N.IV-dimethylcyclohexylamme, were added to the reac-
tion system, the yield of benzene showed the maximum values
in the concentration range 0.2-0.3 M; that is, the concentra-
tion of the additives is 3.5-5.4 times as high as that of the
catalyst (Figure 1). The yield of benzene rapidly decreased
when more than 0.4 M of the amines were added. This shows
that at higher concentration amines themselves coordinate
on the catalyst to depress the hydrogenolysis. The promoting
power of TV.IV-dimethylcyclohexylamine was lower than that
of n-propylamine and cyclohexylamine, and the effective
range of the concentration of the first is narrower than that
of the latter two.

The addition of water hardly affected the hydrogenolysis.
The addition of hydrochloric acid, hydrobromic acid, and
hydriodic acid retarded the reaction in the order HC1 < HBr
< HI. The addition of potassium halides also gave the same
result; that is, the retarding effect on the reaction increased
in the order KC1 < KBr < KI. The inference based on this
result has been mentioned in the previous sections. The poi-
soning effect of triphenylphosphine, dimethyl sulfoxide,
pyridine, and acetic anhydride was also confirmed.

Reaction Solvents. Several alcohols and amides were ex-
amined as solvents (Table 111). When the reaction was carried
out in alcohols, the yield of benzene decreased in the order
methanol > cyclohexanol > 2-propanol > ethanol > 1-pro-
panol > 2-butanol > 1-butanol. This result suggests that long
chain or normal alcohols are less suitable solvents. In N,N-
dimethylformamide and N,IV-dimethylacetamide, a metallic
mirror was formed as the reaction proceeded. When the hy-
drogenolysis was carried out in aromatic hydrocarbons, such
as toluene and cumene, a Friedel-Crafts reaction occurred as
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Figure 2. Dependence of yield on reaction time. Chlorobenzene (0.5

M), indoline (0.5 M), and PdCh (0.056 M) were heated in methanol
at 70 °C: O benzene; = indole.

Figure 3. Dependence of the rate of hydrogenolysis of chlorobenzene
on catalyst concentration. Chlorobenzene (0.5 M), indoline (0.5 M),
and the catalyst were heated in methanol at 70 °C.

a side reaction. So, these solvents were not suitable for the
transfer hydrogenolysis of aryl halides. In this study, methanol
was used as a solvent.

The Measurement of Initial Rate. Chlorobenzene (0.5
M), indoline (0.5 M), and PdCI2 (0.056 M) were heated in
methanol at 70 °C, and the dependence of the yield of benzene
and indole on the reaction time is shown in Figure 2. Hydro-
genolysis of chlorobenzene hardly occurred until the yield of
indole became about 0.02 M. This suggests that the first step
of this reaction is the activation of PdCI2, that is, the reduction
of Pd(Il) to Pd(0) species. After the yield of indole became
more than 0.03 M, that of benzene increased linearly with time
until it reached 0.13 M. After 15 min, the amount of indole
equaled the total amount of benzene formed and the catalyst.
This result also suggests that indoline reduced the Pd(lI)
species to the Pd(0) species. The yield of benzene deviated
from the linear relationship in more than 0.13 M yield, and
this deviation is caused by the deactivation effect of the hy-
drogen chloride formed and by the consumption of the reac-
tants. The reaction rate of the hydrogenolysis of chloroben-
zene was derived from the gradient of the linear part.

The initial rate of the hydrogenolysis was found to be pro-
portional to the concentration of the catalyst, and the ex-
trapolation of the line to lower concentration passes through
the origin as shown in Figure 3. The reaction rate has a linear
relationship with the concentration of indoline over the range
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Figure 4. Dependence of the rate of hydrogenolysis of chlorobenzene
on the concentration of indoline (0.5 M chlorobenzene), =, and the
halides (0.5 M indoline), O, in methanol at 70 °C with 0.056 M
PdCI2

of 0-1.0 M. However, in higher concentration more than 1.0
M the linearity no longer held and the rate deviated upwards
(Figure 4). In higher concentration more than 1.0 M, the vol-
ume of indoline occupies more than 10% volume of the total
solution, and the deviation seems to be caused by the solvent
effect of indoline to stabilize palladium active species.

The reaction rate was independent of the concentration of
chlorobenzene in the range examined (Figure 4). As the con-
centration of chlorobenzene was increased, the induction
period became longer.

Reaction Temperature. The hydrogenolysis of chloro-
benzene proceeded even at 60 °C, but that of bromobenzene
and iodobenzene hardly occurred below 100 °C with or with-
out added base. The rate of the hydrogenolysis of chloroben-
zene was measured at 60, 70, 80, 90,100, and 110 °C, and those
of bromobenzene and iodobenzene were done at 110,120,130,
and 140 °C. In all cases, the plots of log (rate) vs. 11T showed
good linear relationship, indicating uncomplicated reaction
kinetics. From the plots, activation energies of 14.5,14.4, and
13.5 kcal mol-1 are obtained for chlorobenzene, bromoben-
zene, and iodobenzene, respectively.

Discussion of Kinetics

As can be seen from Figure 1and the result of quantitative
relation, the first step of this transfer hydrogenolysis was the
reduction of PdCI2to form the Pd(0) species (Scheme I).

Scheme |

indoline
PdCI2 PdCI2(indoline) —»Pd° + 2HC1 + indole

Since the initial rate of the hydrogenolysis was derived from
the linear part of time vs. conversion curve, the Kinetic dis-
cussion in this paper concerns the process after the activation
of PACI2 It has been reported that aryl halides oxidatively add
to the Pd(0) species.57 Based on this inference, the results
described earlier, and the comparison with the mechanism of
transfer hydrogenation of olefins,8 the following two catalytic
cycles are reasonably considered as the mechanism of the
transfer hydrogenolysis of chlorobenzene (Schemes Il and
).

Scheme Il

Ph.Cl, K\
Pd° ~  Pd(Ph)(CI)

indoline, k2

Pd° + HC1 + PhH + indole

Imai, Nishiguchi, Tanaka, and Fukuzumi

Scheme 111

indoline, k% PhCI, k
Pd° PdH2 —

—indole

t
Pd° + HC1 + PhH

From Scheme 11, the rate is expressed as

feoKJPhCI] [indoline] [PdCIZ]
1 +KjpPhCl]

where K\ is an equilibrium constant and k 2 is a rate constant,
respectively. Since the rate was independent of the concen-
tration of chlorobenzene, the following relation should be
satisfied in the numerator ofeq 1, 1« Ki[PhCI], that is, [Pd°]
« [Pd(Ph)(CI)]. Biphenyl was not obtained in the hydroge-
nolysis of chlorobenzene, and the concentration of the phenyl
palladium species was negligible in the reaction system. It has
been also reported that the rate of the oxidative addition of
chlorobenzene to the Pd(0) species was relatively slow.5
Therefore, Scheme Il is unreasonable for the catalytic cycle
of the hydrogenolysis of chlorobenzene.

From Scheme Ill, the rate expression becomes as follows

R = fe3[indoline][PdCIZ] 0]

where Kxis a rate constant. In order to derive this equation,
it is assumed that the indole formed was not hydrogenated.
This assumption was not so unreasonable because the indole
is an aromatized product and the addition of indole to the
reaction system did not reduce the reaction rate. Equation 2

is found to accommodate all of the other experimental ob-
servations described earlier. (1) The dependence of the rate
on the concentration of the catalyst should be linear and this
agrees with the result as shown in Figure 3. From this figure,
7.6 x 10~2mol-1 L min-1 was obtained as the value of k~. (2)
The rate should be proportional to the concentration of in-
doline, and this is in agreement with the result in Figure 4.
From this figure, the same value, 7.6 x 10~2 mol-1 L min-1,
was obtained as the value of k3. (3) The rate is independent
of the concentration of chlorobenzene, and this agrees with
the result shown in Figure 4. As the value of k3,7.6 x 10-2

mol-1 L min-1 was obtained. Then, the overall rate expression
at 70 °C is formulated as follows.

R = 0.076[PdCIZ[indoline] 3)

The oxidative addition of chlorobenzene may not be the
rate-determining step, because the coordinating power of
chlorobenzene was not so large and the rate of the hydroge-
nolysis was independent of the concentration of chloroben-
zene. As hydrogenolysis proceeded, hydrogen halide accu-
mulated to deactivate the catalytic species. When bases were
added to the reaction system, the induction period became
shorter, but the initial rate of the hydrogenolysis was scarcely
changed. The addition of bases promotes the activation of
PdCI2to Pd(0) species in the initial reaction stage, and did not
affect the rate-determining step. The rate-determining step
of the transfer hydrogenolysis of chlorobenzene seems to be
the dehydrogenation of the hydrogen donor, that is, the for-
mation of the palladium dihydride species. There is no evi-
dence to decide whether the hydrogenolysis proceeds via the
Pd(1V) species, H2Pd(Ph)(Cl), or the Pd(ll) species with
four-center transition state.

When chlorobenzene (0.5 M), bromobenzene (0.5 M), in-
doline (0.5 M), and PdCB (0.056 M) were heated at 70 °C in
methanol for 1 h, neither benzene nor indole was obtained. In
the case of chlorobenzene and iodobenzene, the same result
was confirmed. These results show that bromobenzene and
iodobenzene act as poisons at 70 °C. The reaction mechanism
of the hydrogenolysis of bromobenzene and iodobenzene may
be different from that of chlorobenzene.
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Experimental Section

Materials. Palladium chloride, ammonium palladous chloride,
rhodium trichloride, palladium bromide, iridium trichloride, pla-
tinum(l1) potassium chloride, ruthenium trichloride, and platinum-
(IV) potassium chloride were purchased and used without purifica-
tion. Alcohols and amines were purified by distillation. Aryl halides
were purified by distillation or recrystallization.

An Example of Transfer Hydrogenolysis. Chlorobenzene (28
mg, 0.25 mmol), indoline (30 mg, 0.25 mmol), and PdCI2 (5 mg, 0.028
mmol) were put into a Pyrex tube which had been sealed at one end,
and the total volume of the solution was made 0.5 mL by the addition
of methanol as a solvent. The tube was cooled with liquid nitrogen and
sealed under vacuum. The sealed tube was heated for 4 h in a poly-
ethylene glycol bath kept at 140 + 1 °C. The reaction mixture was
submitted to GLC analysis, which was performed at 90 °C using 2 m
X 6 mm stainless steel column packed with 15% of Silicone DC-11 on
Diasolid L and 30 gL of n-heptane as an internal standard. The
amount of indoline and indole was measured by the use ofa2m X 6
mm stainless steel column packed with 10% diethylene glycol succi-
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nate on Diasolid L and dibenzyl ether as an internal standard.
Other transfer hydrogenolyses were carried out in a similar way.
An Example of Kinetic Runs. Ten samples, prepared by the
method described above, were heated at 70 + 1 °C for 3,6,10,15,20,
30, 37, 45, 60, and 75 min. The reaction mixtures were submitted to
GLC analysis.
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The electrochemical oxidation of cyclohexene in methanol solution of sodium cyanide results in isocyanation as
well as cyanation and méthoxylation. The current efficiency of isocyanide increases outstandingly with increasing
electrode potential. Current-potential data suggest adsorption of aproduct o: the electrolysis on the electrode. The
current efficiencies of products are dependent on the cyclohexene concentration, whereas the product distribution
is found to be independent of the relative concentration of both electroactive species, i.e., CN_ and C(Hio, on the
electrode which changes with changing bulk concentration of cyclohexene. These observations indicate that a pri-
mary electron transfer from cyclohexene adsorbed while expelling an electrolysis product adsorbed is a key step

to derive organic products.

Cyanation of olefins or dienes has been thus far unsuc-
cessful. We previously reported on the products obtained from
the electrochemical reaction of methanol solution of cyclo-
hexene in the presence of mercuric cyanide and proposed si-
multaneous operation of both the substrate oxidation reaction
and the ion discharge reaction to account for low yields of
cyanated products.1Recently, however, several types of ex-
perimental evidence in favor of direct anodic oxidation of the
substrate have been presented.2-9

Anodic oxidation of cyclohexene has received a great deal
of recent attention.10-23 Much of the interest in this compound
has been due to the fact that it serves as an easily studied
model for both addition and allylic substitution reactions to
olefins. The present paper describes a careful study of the
products of cyclohexene oxidation in the presence of cyanide.
Some mechanistic experiments will also be reported and the
formation of isocyanide will be discussed.

Results

Products. The electrolyses were conducted in methanol
solution of sodium cyanide using a two-compartment cell
under a nitrogen atmosphere in the potential region 1.9-2.7
V vs. SCE at platinum electrode. The products formed were
identified as such from comparisons with the authentic sam-
ples prepared by other routes, and determined by VPC. Iso-
lation of the various products was performed using preparative
VPC techniques. Besides 3-methoxycyclohexene (1) and di-
methoxymethylcyclopentane (2), 3-isocyanocyclohexene (3),.
2-cyclohexene-I-carbonitrile (4), isocyanocyclohexane (5),

cyclohexanecarbonitrile (6), and trarcs-2-methoxycyclohex-
anecarbonitrile (7) were found together with bis-2-cyclo-
hexen-I-yl (8) and unidentified minor components. Traces
of methoxycyclohexane and trans-1,2-dimethoxycyclohexane
were also noted.

Current-Potential Data. Figure 1 presents current-
potential curves for oxidation of sodium cyanide in methanol
and for the same solution with added cyclohexene. As can be
seen in Figure 1, a methanolic solution of sodium cyanide is
discharged at about 1.5 V 4 whereas the addition of cyclo-
hexene results in a remarkable decreasing of the current in the
region of 1.6-1.9 V. Under experimental conditions cyclo-
hexene begins to be oxidized at about 2.0V (£ 1/2 = 1.89, 2.05,
and 2.16 V vs. Ag,Ag+,1017242.14 and 2.35 V vs. SCE1620).

Cyclic voltammograms were taken at a platinum electrode
in a solution of 0.1 M tetraethylammonium fluoroborate
within the range of 1.0-2.2 V vs. SCE at 0.1 V/s. The back-
ground current is not affected by added sodium cyanide
(concentration ~10-2 M). With cyclohexene added (concen-
tration ~10—2 M) the current decreases instantaneously at
essentially the same potential and the curve of current vs.
potential falls below that for the system without the substrate.
The trend does not change even when the order of addition
of the substrate and the cyanide is inverted. This suggests that
a product of the electrolysis would be adsorbed on the anode,
thus decreasing the area available for the normal electro-
chemical reaction.

Influence of the Concentration. Table | summarizes the
results of controlled potential electrolyses performed with
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Table 1. Anodic Oxidation of Cyclohexene in Methanolic Sodium Cyanide Solution a

[Cyclo-  Oxidation n
hexene], potential, Anode Electricity, Faradays/
M Vvs. SCE material Faradays mol 1

0.08 20 Pt 0.011 9.7 5.9
(28.6)

0.40 21 Pt 0.030 53 136
(36.0)

0.80 21 Pt 0.030 39 24.0
(46.8)

160 21 Pt 0.020 24 20.0
(24.0

240 21 Pt 0.015 17 196
(16.7)

0.80 24 Pt 0.035 37 251
(46.4)

0.80 27 Pt 0.025 32 244
(39.0

0.80 21 Cc 0.014 32 215
(34.9)

0.806 20 Pt 0.037 18 575
(51.8)

0.80r 14 Pt 0.028 138 0.6
41

Current efficiency and yield,d %

2 3 4 5 6 7 8 34
25 040 021 002 002 002 001 19
(121) (194 (102) (0.10) (0.10) (0.10) (0.10)

50 074 039 008 006 002 004 19
(133) (196) (1.03) (0.21) (0.16) (0.05) (0.21)
96 109 064 008 007 005 021 17
(187) (213) (1.25) (0.16) (0.14) (0.10) (0.82)
70 130 068 013 009 007 075 19
(84) (156) (0.82) (0.16) (0.11) (0.08) (1.80)
64 172 075 015 010 009 212 23
(54) (146) (064) (0.13) (0.09) (0.08) (3.60)
99 250 074 027 011 010 014 34
(183) (463) (1.37) (050) (0.20) (0.19) (0.52)
103 383 082 043 023 010 017 47
(165) (6.13) (1.31) (0.69) (0.37) (0.16) (0.54)
72 094 051 005 006 trace 009 18
(11.5) (150) (0.82) (0.08) (0.10) (0.29)
26.7

(24.0)

01

0.7)

° [NaCN] = 0.80 M; temperature, 25 °C. Minor products: methoxycyclohexane, trans-1,2-dimethoxycyclohexane. 6 Methanolic
sodium perchlorate solution (0.80 M). ¢ Methanolic sodium methoxide solution (0.80 M). d The value in parentheses represents the

chemical yield based on unrecovered cyclohexene.

Anode potential, V vs. SCE

Figure 1 Plots of current vs. anode potential for electrolyses of so-
lutions containing 0.8 M sodium cyanide in methanol at smooth
platinum (8 cm2) at 25 °C (solution magnetically stirred): O, without
cyclohexene; =, with 0.8 M cyclohexene.

various initial concentrations of cyclohexene. Each current
efficiency represents an average of three or more experiments
conducted at the same potential.

The data listed in Table I clearly show that the current ef-
ficiency of products increased with increasing concentration
of the substrate used; especially the current efficiency of
formation of 8 is increased conspicuously. The chemical yield
of products (based on unrecovered cyclohexene) increased
with increasing cyclohexene concentration. Coulombic n value
increases with decreasing cyclohexene concentration, whereas
the product distribution is relatively constant with cyclo-
hexene concentration from 2.40 M decreasing to 0.08 M (ex-
cept for 8, whose formation is second order in cyclohexene).
Hence cyanide ion discharges concurrently at the lower con-
centration of cyclohexene probably to produce cyano radical,
which does not enter into organic products but would attack
the coexisting cyanide ion to form cyanogen anion radical5or
dimerize to cyanogen.5 The current efficiency for the reaction
at the lower concentration of cyclohexene was 10% or so and

the remainder of the current would be consumed with these
inorganic electrode processes.

Influence of the Anode Potential. Comparative experi-
ments were also carried out at different anode potential. The
initial concentrations of sodium cyanide and cyclohexene were
both fixed at 0.80 M. It is seen from Table I that the current
efficiency of each product again increased with increasing
potential. This observation taken together with the influence
of bulk concentration of cyclohexene supports adsorption of
the substrate on the electrode.826 The current efficiency for
the production of isocyanide increased outstandingly.

Influence of the Anode Materials and the Solvent. The
electrooxidations were carried out at carbon and gold anodes
in methanolic sodium cyanide solution to compare the role of
anode materials. The current efficiencies for the production
of the products are as shown in Table I. It is seen that at a
carbon anode all the products are formed in almost the same
current efficiencies as at a platinum anode. At gold, the elec-
trode itself began to dissolve in the solution with the passage
of a current. A trace amount of isocyanide 3 was detected,
along with the methoxylated products (1 and 2).

To study the influence of solvent, the anodic oxidation of
cyclohexene was performed in acetonitrile containing tetra-
ethylammonium cyanide. Neither cyanation nor isocyanation
was observed, but a significant amount of tarry products was
obtained.

Discussion

The observed products are formally a 2-equiv change. A
mechanism involving direct anodic oxidation of the substrate
is reasonable to account for the electrochemical behavior of
cyclohexene and the relation between products and the cy-
clohexene concentration. Some of the current is consumed via
electron transfer from the cyanide ion and this process does
not produce isolable cyanated products.

According to the proposed mechanism in Scheme I, three
types of intermediates are conceivable: cyclohexene cation
radical 9 produced by an initial one-electron oxidation, 3-
cyclohexenyl radical 10 produced by deprotonation of initially
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Scheme |

generated cation radicals, and 3-cyclohexenyl cation 11
formed by further anodic oxidation.

The anodically generated cation radical 9 is attacked by the
cyanide ion to produce the radical 12, followed by hydrogen
atom abstraction from cyclohexene or the solvent methanol.
lonization energy of cyclohexene is moderately low27-32 and
the cyclohexene cation radical 9 has clearly been recognized
in the gas phase.3334 Intervention of 9 has also been proposed
to account for the products obtained from the oxidation re-
action by means of cobaltic acetate35 as well as anodic pro-
cess. 1720

The radical 12 could be oxidized to the cation 13, followed
by proton release, thus leading to the allylic substitution

Scheme 11

products.120 This possibility is ruled out from the fact that
the solvolysis of frarcs-2-cyanocyclohexyl tosylate in metha-
nolic cyanide solution produces 1-cyclohexene-1-carbonitrile
at 25 °C exclusively. Under these conditions, the rate of
isomerization of 2-cyclohexene-l-carbonitrile (4) to 1-cyclo-
hexene-l-carbonitrile is extremely slow. The conjugated iso-
mer was not detected in the electrochemical experiment.
Anodically generated 2-methylcyclohexyl cation produces
1-methylcyclohexene.36

Neutral radicals can couple with nucleophiles such as cya-
nide ion.37 3-Cyclohexenyl radical 10 was generated from cy-
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Table Il. Product Ratio in Allylic Substitution of Various

Reactions
Reaction 3/4 1/4
Cyclohexene-NaCN-CH30H, 2.7V 4.7 30
3-Bromocyclohexene-NaCN-CH30H, reflux 04 40
3-Bromocyclohexene-AgCN, room temp 9.2

clohexene by irradiation of a solution containing di-teri-butyl
peroxide and sodium cyanide. In this case, the allylic hydrogen
abstraction is effected by tert-butoxy radicals from the pho-
todissociation of the peroxide. A Pyrex filter was used in all
experiments to ensure that direct excitation of alkene and/or
adduct did not occur.3841 Bis-2-cyclohexen-l-yl (8) was
formed effectively, whereas no cyanated or isocyanated
product was observed.

The reaction of the various cations with the cyanide nu-
cleophile has been studied extensively.42-44 3-Cyclohexenyl
cation 11 combines with cyanide ion to form the isocyanide
3 or the cyanide 4. For comparison, the reaction of 3-bromo-
cyclohexene with metallic cyanides was examined. The results
are shown in Table Il, together with the result of a poten-
tiostatic experiment conducted at a higher potential. With
sodium cyanide in methanol, cyanation surpassed isocyana-
tion. On the contrary, with silver cyanide, isocyanation was
brought about predominantly. Of interest are the results ob-
tained with increased anode potential. The data listed in
Table I clearly show that the relative ratio of two products (3
and 4) significantly increases as the electrode potential is made
positive. The predominance of isocyanation in the present
anodic reaction performed at relatively high electrode po-
tentials would be ascribable to the interaction of cyanide ion
with electrode surface (with a covalent bond character such
as that in silver cyanide) and the different reactivity of ano-
dically excited species.

In the anodic addition4689or the substitution74345-48 in-
volving aromatic cation radical intermediates, the carbon
atom of cyanide ion acts as the nucleophilic center. A few re-
ports have mentioned the coexistence of isocyanide in the
reaction mixture from IR data.49-51 The hard-soft acids-bases
(HSAB) principle has been used with considerable success in
rationalizing the reactivity pattern of ambident anions.52-54
From the general experience the carbon nucleophiles are soft,
as are carbanions, and nitrogen nucleophiles are hard, al-
though the hardness is less pronounced when the nucleophilic
nitrogen atom is part of a polarizable aromatic system as in
pyridine. One may consider the carbon end the softer end, and
the nitrogen end the harder end of the cyanide ion. In addi-
tion, cyclohexene cation radical 9 as well as #-3-cyclohexenyl
cation 11 in question is harder than are the aromatic cation
radicals concerned in cyanation, in which positive charge
spreads over the whole molecule.

Scheme |11 is an attempt to describe the anodically gener-

Scheme 111
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ated cationic species-cyanide anion combination reaction in
more detail. The cationic species, 9 and 11, would combine
with cyanide anion directly or via an electron-transfer pro-
cess.5b In practice, a stable cation radical such as tri-p-an-
isylamine can oxidize cyanide ion to cyano radical,75whereas
cyano radical can couple with cyclohexene or 3-cyclohexenyl
radical 10.55 The reaction of perylene perchlorate with cyanide
ion may be via the electron-transfer reaction in view of the
stability of the former compound.57 The cation radical-nu-
cleophile combination reaction has attracted continuous at-
tention.583

As in the cyanation and isocyanation reactions, methoxy-
lation would proceed via the substrate discharge mechanism.
There are some mechanistic works concerning the anodic
methoxylation of cyclohexenel520 and consequently, an at-
tempt was made to avoid repetition. The cation 11 combines
with methoxide ion or the solvent methanol. Since an ion-
ization potential of 2-methoxycyclohexyl radical 14 is lower
than that of 2-cyanocyclohexyl radical 12, the former radical
would mainly be oxidized to the cation 15, followed by a re-
arrangement of the carbon skeleton.14152060 trans-2-

Scheme IV
OCH,

Methoxycyclohexanecarbonitrile must come from the com-
bination of the cation 15 and cyanide ion, because the fore-
going solvolysis of irans-2-cyanocyclohexyl tosylate did not
yield the cyanomethoxylation product. Unfortunately, the
reaction between the cation 15 and cyanide ion could not be
observed directly, since irans-2-methoxycyclohexyl tosylate
did not undergo solvolysis in methanolic sodium cyanide so-
lution.

The product 8 arises from the dimerization of the radical
10. This reaction competes with that of cationic species, 9 and
11, with the electrolyte or the solvent. The second-order re-
action is affected to a greater extent by an increase in the cy-
clohexene concentration on the electrode; thus a relatively
high current efficiency for the formation of 8 is favored by the
use of a concentrated solution of cyclohexene and a higher
anode potential.

In conclusion, the anodic oxidation of cyclohexene in
methanolic cyanide solution results in isocyanation as well as
cyanation and methoxylation. Isocyanation is highly potential
dependent. Current-potential data show that a product of the
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electrolysis is adsorbed on the anode. The substrate discharge
mechanism can account well for the electrochemical behavior.
of cyclohexene and the observed products.

Experimental Section

Controlled potential electrolyses were performed by using a divided
cell with aplatinum wire electrode in the cathode compartment and
the saturated calomel reference electrode, a platinum plate electrode
having an area of 8 cm2 and a magnetic stirrer bar in the anode
compartment. Anode potential was controlled by means of a Yanaco
Model VE-3 controlled potential electrolyzer.

Coulometry was carried out with a Hokuto Denko Model HF 108A
current integrator.

Cyclic voltammetry was performed in a two-compartment cell in
which the calomel reference electrode with an agar bridge was sepa-
rated from the platinum anode and the cathode by a glass frit. The
working electrode was a 1-cm platinum wire. A Hokuto Denko HB-
107A voltage scanner, HA-104 potentiostat, and Yokogawa Type 3083
XY recorder were used. All measurements were carried out at 25
°C.

Materials. Methanol was purified by fractional distillation from
magnesium methoxide. Reagent grade sodium cyanide was used with
no purification other than drying. Tetraethylammonium cyanide was
prepared according to the method given by Andreades and Zahnow.5
Cyclohexene was prepared from cyclohexanol by dehydration with
concentrated sulfuric acid6l and was purified by distillation over so-
dium. trans-2-Methoxycyclohexyl tosylate was obtained from the
standard procedure.& trans-2-Cyanocyclohexyl tosylate was also
prepared from trans-2-hydroxycyclohexanecarbonitrile6364and re-
crystallized from petroleum ether, mp 50-54 °C.

The following reference materials were prepared according to the
literature: methoxycyclohexane,66 1-methoxycyclohexene,66 cyclo-
pentanecarboxyaldehyde,67 cyclohexanemethanol,68 dimethoxy-
methylcyclopentane,® cyclohexanecarbonitrile,70 1-cyclohexene-
1-carbonitrile,71 and isocyanocyclohexane.72

3-Methoxycyclohexene was obtained from 3-bromocyclohexene73
by a modification of the method of Vogel,66bp 46 °C (27 mm) (lit.24
bp 139-141 °C).

cis- and trarcs-l,2-dimethoxycyclohexane were prepared from the
corresponding 1,2-diol7475 by the procedure of Hanze, Conger, Wise,
and Weisbalt.7

2- Cyclohexene-I-carbonitrile was obtained by the reaction of 3-

bromocyclohexene and potassium cyanide in acetone-water by the
method of Mousseron, Winternitz, Jullien, and Jacquier.77 The nitrile
was obtained together with cyclohex-2-enol787 and 3-isocyanocy-
clohexene (product ratio 7:11:1).

3- Isocyanocyclohexene was prepared by the reaction of 3-bromo-

cyclohexene and silver cyanide according to a modification of the
method of Jackson and McKusick.80 Relative ratio of 3-isocyanocy-
clohexene and 2-cyclohexene-I-carbonitrile was 9:1. This isocyanide
has not been reported previously.

irorcs'-2-Methoxycyclohexanecarbonitrile was prepared from
irarcs-2-hydroxycyclohexanecarbonitrile,6364 which was made by
cyanation of frares-2-bromocyclohexanol,8L according to the known
procedure.8283

Bis-2-cyclohexen-I-yl was obtained by the reaction of 3-bromo-
cyclohexene and metallic sodium in ether by stirring at room tem-
perature for several days, bp 120-125 °C (25 mm) [lit.14bp 106-107
°C (10 mm)].

Potentiostatic Oxidations of Cyclohexene. The anolyte (50 mL)
was made up of various amounts of cyclohexene in 0.80 M methanolic
sodium cyanide solution. The catholyte was a methanolic solution of
sodium cyanide. The anode and cathode compartments were crudely
purged with nitrogen in most experiments. This did not affect the
electrode process. The reaction was carried out at a controlled anode
potential at 25 °C. During the electrolysis, the solution was stirred
magnetically. To the electrolyzed mixture were added internal stan-
dards for VPC analyses, the mixture was treated with water, and the
organic material was extracted with ether. The ethereal solution was
analyzed by VPC using a PEG 6000 column.

Each product was separated in pure form by preparative VPC and
the IR and NMR spectra of the products were compared with those
of the corresponding authentic sample. These products are listed
below in order of increasing retention time: methoxycyclohexane,
3-methoxycyclohexene (1), dimethoxymethylcyclopentane (2),
fnms-1,2-dimethoxycyclohexane, isocyanocyclohexane (5), 3-isocy-
anocyclohexene (3), cyclohexanecarbonitrile (6), 2-cyclohexene-1-
carbonitrile (4), bis-2-cyclohexen-I-yl (8), frans-2-methoxycyclo-
hexanecarbonitrile (7), and unidentified minor components.
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Solvolysis of irans-2-Cyanocyclohexyl Tosylate in Methanolic
Cyanide Solution. Solvolysis of fraras-2-cyanocyclohexyl tosylate
(0.28 g, 0.001 mol) was carried out in 20 mL of methanolic sodium
cyanide solution (0.1 M) at room temperature for several days. The
reaction mixture was treated with water and the organic material was
extracted with ether. The ether was removed by distillation under
reduced pressure. VPC analysis showed only the presence of 1-cy-
clohexene-I-carbonitrile. Neither 2-cyclohexene-I-carbonitrile nor
irarcs-2-methoxycyclohexanecarbonitrile was detected.
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7-Radiolysis of liquid carbon dioxide in the presence of cyclohexane, methylcyclohexane, and cis- or trans-decal-
in has been studied at 0 °C. The main products were corresponding alcohols and carbonyl compounds. The oxidiz-
ing species from carbon dioxide apparently shows selective attack on C-H bonds of alkane in the order tertiary >
secondary > primary. The observed tendency could be rationalized in terms of the reaction of ground state triplet
oxygen atoms, 0 (3P), with alkane in liquid carbon dioxide. In the case of cis- and trans-decalin, highly configura-
tional retention of decalol-9 was observed. The formation of a dimer of alkane was negligibly small. The rapid re-
combination of radical pairs initially formed by the reaction of 0(3P) atoms with alkane in a solvent cage is pro-
posed. In addition, the production of cyclohexanone from cyclohexanol is described.

Reactions of ground state 0 (3P) atoms, generated by the
mercury photosensitized decomposition of nitrous oxide, with
organic molecules, such as alkenes, larenes,2 alkynes,3 and
alcohols,4 have been extensively studied by Cvetanovic et al.,
by other workers,If2c:3 and recently by Havel et al., in gas
phase. However, the reactions of 0 (3P) atoms in condensed
phase have drawn little attention, possibly owing to the ab-
sence of a convenient method of producing oxygen atoms in
condensed phase.5

On the other hand, the radiolysis of carbon dioxide has been
extensively studied and carbon monoxide is known to be
produced from liquid and solid carbon dioxide.6 Baulch,
Dainton, and Willix reported G(CO) = 5.0-3.5, G(C2) =
0.2-0.6,and G(Os) < 0.7 for 60Co 7 -irradiation on liquid car-
bon dioxide.63 The production of O2 and O3 suggests that
atomic oxygen is an intermediate. We recently investigated
the radiolysis of liquid carbon dioxide in the presence of an
alkene and observed the formation of the corresponding oxi-
rane and carbonyl compounds.7 The similarity of the products
to that of the gas-phase reaction of photochemically produced
0(;,P) atoms with alkenelwas observed and we suggested that
the most appropriate, main oxidizing species from liquid
carbon dioxide is a ground state 0 (3P) atom. Further, for-
mation of a phenylketene on 7-radiolysis of a phenylacetylene
in liquid carbon dioxide indicates that the reaction of 0 (3P)
atoms with a phenylacetylene has occurred via a ketocarbene
intermediate.89 Recently, Wojnarovits, Hirokami, and Sato
also indicated the formation of 0(3P) atoms in 7-radiolysis
of a cyclohexene-liquid carbon dioxide mixture.10Therefore,
it seems that the 7 -radiolysis of liquid carbon dioxide is the
most convenient method to approach the reactivity of 0 (3P)
atoms with avariety of organic molecules in liquid phase. This
paper attempts to obtain the available information on the
behavior of the oxidizing species from carbon dioxide, such
as 0 (3P) atoms, in the reaction with an alkane.

The reaction of 0 (3P) atoms with alkane in liquid phase has
been attempted by photolysis of nitrous oxide and ozone.
However, competitive reactions of 0(3P) and 0 (!D) atoms
were unavoidable in the case of nitrous oxidell and the reac-
tion of 0 (3P) atoms with alkane was hardly observed in the
case of ozone,1213presumably by the effective scavenging of
0 (3P) atoms by oxygen molecules which is the by-product in
the photolysis of ozone.

Results

Cyclohexane. 7-Radiolysis of liquid carbon dioxide (1.4
mol) in the presence of low molar concentrations of cyclo-
hexane (lower than 0.32) was carried out in a stainless steel

autoclave using a 60Co (7000 Ci) source at 0 °C for 0.5-2 h.
Products were cyclohexanol, cyclohexanone, cyclohexene
oxide,}4 and bicyclohexyl, of which G values were 2.0-3.1,
0.5-1.3, less than 0.4, and less than 0.3, respectively. The total
G value of oxygenated product is 2.9-4.7 (molecule/100 eV),
which agreed with that of oxygen atoms estimated from
G(CO) obtained by Baulch et al. in 7-radiolysis of liquid
carbon dioxide.63 These data are summarized in Table I. The
relative yield of cyclohexanol was about 65% of the products
and almost independent of irradiation time and concentration
of cyclohexane.

Methylcyclohexane. The products in the radiolysis of
liquid carbon dioxide (1.4 mol) in the presence of methylcy-
clohexane (7.1-9.7 mmol) were methylcyclohexanols and cy-
clohexylcarbinol (their combined G value was 2.8-3.2) and
three isomers of methylcyclohexanone (G = 0.5-1.0). The total
G value of product was 3.4-4.2 (molecule/100 eV). These data
and the distribution of alcohols are shown in Table Il. A pro-
nounced selectivity of the attack of 0 (3P) atoms on three types
of C-H bonds of methylcyclohexane was observed.

cis- and trans-Decalin. Radiolysis of liquid carbon
dioxide (1.4 mol) in the presence of cis-decalin (6.6 mmol)
produced isomers of decalol (G = 2.5) and decalone (G = 0.2),
and in the presence of trans-decalin (9.4 mmol) produced
isomers of decalol (G = 2.5) and decalone (G = 0.7). The total
G values of product in the case of cis- and trans-decalin were
2.8 and 3.2, respectively. From the proportion of cis- or
irans-decalol-9 in produced cis- and trans -decalol-9, reten-
tion of configuration at the tertiary position has been calcu-
lated. The distribution of alochols and retention of configu-
ration are summarized in Table Il. Formation of decalol-9
occurs with predominant stereoselectivity on the reaction of
0(3P) atoms with frans-decalin.

Cyclohexanol. By the radiolysis of cyclohexanol (2.2 mmol)
in liquid carbon dioxide (1.4 mol), cyclohexanone (G = 6.0)
was obtained as a sole product (Table 1V).

Discussion

Alcohol Formation. As described above, alkanes were
easily oxidized to the corresponding alcohols. Our previous
reports78indicate that the oxidizing species produced from
liquid carbon dioxide by 7-irradiation should be ground state
0(3P) atoms. The data of Table Il shows the distribution of
alcohols by the attack of the 0(3P) atoms on C-H bonds of
alkane. The distribution per C-H bonds for methylcyclo-
hexane and decalin apparently shows greater preferential
attack of 0 (3P) atoms on C-H bonds in the order tertiary >
secondary > primary. The relative reactivity among the three
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Table I. Products of Y-Radiolysis of Cyclohexane in Liquid Carbon Dioxide at 0 °C
Irradiation Product G value, molecule/100 eVa
mmol time, h Cyclohexanol Cyclohexanone Cyclohexene oxide Bicyclohexyl
8.9 0.5 2.71 (65.9) 0.93 (22.6) 0.32 (7.8) 0.15(3.6)
8.8 1 3.14 (65.6) 1.18(24.6) 0.40 (8.4) 0.07 (1.5)
8.7 2 2.19 (63.3) 1.27 (36.7) b b
2.0 1 2.01 (66.3) 0.53 (17.5) 0.37 (12.2) 0.12(4.0)
18.9 1 2.37 (68.1) 0.56 (16.1) 0.30 (8.6) 0.25 (7.2)
a Relative yields are shown in parentheses. 6 Not detected.
Table I1. Products of y-Radiolysis of Alkanes in Liquid Carbon Dioxide at 0 °C
Re-
ten-
tion
of
Irra- con-
dia- Product G value Alcohol distribution, Alcohol distribution fig-
tion % per C—H bonds ura-
Registry time, Aleo- tion,
no. Alkane mmol h hols Ketones  Prim Sec Tert Prim Sec Tert %
108-87-2 Methyl- (7.1 1 3.22 0.95“ 0.6 47.8 51.6 0.05 1 10.8
cyclohexane 6.6 2 2.97 0.48“ 2.0 52.2 45.8 0.13 1 8.78
19.7 3 2.81 0.56 2.1 55.2 42.7 0.13 1 7.74
493-01-6 eis-Decalin 6.6 3 2.54 0.21* 28.7 71.3 1 19.8 83
493-02-7 irans-Decalin 9.4 3 2.54 0.656 39.0 61.0 1 12.5 93
“Three isomers of methylcyclohexanone. b Isomers of decalone.
Table I111. Relative Reactivity of C-H Bonds by the Attack of Active Species
Relative reactivities
Active per C-H bonds
species Substrate Condition Prim Sic Tert Ref
0(3P) Methylcyclohexane Lig CO2 y ray. at0 °C 1 9 80)
0(3P) cis-Decalin Liqg CO2 y ray, at0 °C 1 20 This work
0(%) frans-Decalin Liqg CO2 Y ray, at0 °C 1 13/
f-BuO- «-ButaneOand 2,3-dimethylbutane6 f-BuOCI, hr, at 0 °C in several solvents 1 11-14 69-89 15
O('D) Propanecand isobutane6 Ozone, 2537 A, at 87 K in lig argon 1 0.9 1.0 17
OCD) Methylcyclohexane N20, 1849 A, at0 °C 1 11 14 1
0- Aliphatic alcohols and Aqueous solution, at high pH, pulse 1 4.8 18
monocarboxylic radiolysis
acids

0 Registry no., 106-97-8. 6 Registry no., 79-29-8. ¢ Registry no., 74-98-6. d Registry no., 75-28-5.

types of C-H bonds of methylcyclohexane can be presented:
primary C-H bond:secondary C-H bond:tertiary C-H bond
= 1:9:80 (Table I11). Similar results were obtained by cis- and
trans-decalin. The relative reactivity of the three types of C-H
bonds on hydrogen abstraction by ierf-butoxy radical in
several solvents (n-butane and 2,3-dimethylbutane) at the
same temperature as our experimentwere reported by Walling
and Jacknowl15 (see Table I11). Our result is in excellent
agreement with that obtained by the hydrogen abstraction of
ieri-butoxy radical from alkane. Therefore, the present al-
cohol formation would be caused by hydrogen abstraction and
followed by the recombination of radical pair. In contrast to
this, excited singlet state 0 (YD) atoms are well known to ex-
hibit little discrimination in their attack on the primary,
secondary, and tertiary C-H bonds of alkane in gas phasel6
and condensed phase.11'17 Hydrogen abstraction by oxygen
radical anion, 0 “, from saturated compounds shows prefer-
ential attack on C-H bonds in the same order by the attack
of tert-butoxy radical, but the relative reactivity of secondary
C-H bond against primary C-H bond for hydrogen abstrac-
tion with 0 ~ anion is about half as high as the relative reac-
tivity with tert-butoxy radicals.18 Further, it seems that alkyl
radical and OH- anion thus formed do not take part in alcohol

formation. Thus, these results exclude the possibility of 0 “
anion as well as 0(]D) atoms from the precursor of alco-
hols.

There are reports of carbon trioxide, CO3, formation by the
reaction of singlet O('D) atoms with carbon dioxide in gas
phase and condensed phase.19 Excited carbon trioxide sta-
bilizes either by collisional deactivation forming ground state
CO3or by decomposition producing carbon dioxide and 0 (:,P)
atoms. In liquid phase, excited carbon trioxide may be effec-
tively deactivated by collision. It would be difficult to dem-
onstrate the possibility of the participation of CO3 in the
present reaction without the knowledge of the reactivity of
CO3with organic compounds, such as alkane.

It seems likely that hydrogen abstraction from an alkane
by 0 (3P) atoms results in the formation of an alkyl radical and
OH radical. In the case of cyclohexane, only a trace amount
of bicyclohexyl was obtained. Any dimer was not detected
even in the case of methylcyclohexane or decalin. Therefore,
we assume that the rapid recombination of radical pair in a
solvent cage may occur and result in the formation of the
corresponding alcohol.

RH + 0(3P) — (R- + -OH]cage — ROH
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Table IV. 7-Radio|ysis of Cyclohexane and Cyclohexanol in Liquid Carbon Dioxide*

Cyclohexane, Cyclohexanol,
mmol mmol Cyclohexanol
2 2.7
2 0.2
2

Product G value

Cyclohexanone Cyclohexene oxide Bicyclohexyl
0.9 0.3 0.2
25 b b
6.0 b b

“ Irradiation; 0.5 h, in liquid carbon dioxide (1.4 mol) at 0 °C. 6 Not detected.

With regard to further details of the alcohol formation, it
would be interesting to know the recombination process of the
radical pair in liquid carbon dioxide. It was observed in the
radiolysis of liquid carbon dioxide with decalin that the dis-
tribution of tertiary alcohols shows excellent retention of
configuration at the tertiary positions of cis- and trans-de-
calin. On the hydrogen abstraction of 0 (3P) atoms from the
tertiary position of cis-decalin, cis-9-decalyl radical must be
formed initially. 9-Decalyl radicals were examined by various
methods, and conformational conversion from cis-9-decalyl
radical to the more stable frans-9-decalyl radical has been
known to occur easily.2 It seems likely that «.s-9-decalyl
radical which formed initially from cis-decalin may recombine
with OH radical in a solvent cage to give cis-decalol-9. The
recombination of cis-9-decalyl radical with OH radical may
compete with the conversion of cis-9-decalyl radical to
irons-9-decalyl radical to some extent. In the case of trans-
decalin, 9-decalol was obtained with higher retention of con-
figuration as the equilibrium between the two 9-decalyl rad-
icals lies to trans-9-decalyl radical.

frans-decalol-9

Ketone Formation. In all runs, small amounts of ketones
were formed as a by-product. The G values of the formation
of cyclohexanone from cyclohexane are approximately con-

stant regardless of dose (Table I). It seems likely that ketones
were formed as a primary product from alkanes. Nevertheless,
a slight increase in G value of cyclohexanone as dose was ob-
served. We would like to suggest that a secondary reaction of
cyclohexanol with 0(3P) atoms might be involved. Actually,
radiolysis of a cyclohexane-cyclohexanol mixture (10:1) in
liquid carbon dioxide resulted in a remarkable increase in G
value of cyclohexanone formation (Table 1V). Further, radi-
olysis of cyclohexanol in liquid carbon dioxide gave cyclo-
hexanol as a sole oxidized product in high yield (G = 6.0). The
oxidation process of cyclohexanol can be accounted for by an
initial «-hydrogen abstraction by 0 (3P) atoms, followed by
the fast recombination of geminate radical pairs in a solvent
cage to form unstable gem-diol which was easily dehydrated,
or followed by disproportionation of the radical pairs in a
solvent cage producing cyclohexanone and water.

Experimental Section

General Procedure. y-Radiolysis of liquid carbon dioxide (1.4
mol) in the presence of 0.03-0.3 M concentrations of an alkane was
carried out in a stainless steel autoclave (65 mL) using a 60Co (7000
Ci) source at 0 °C for 0.5-3 h. Reactions were run to less than ca. 10%
completion to avoid secondary oxidation. The dose rate, measured
with the Fricke dosimeter solution, was 1.7 x 1019eV/g-h. The prod-
ucts were identified by comparison of retention times of GLC and
mass spectra (Hitachi RMS-4 GC/MS, Carbowax 20M, 6 m) with
those of authentic samples.

Air in an autoclave was replaced with about 20 g of carbon dioxide
three times in every experiment before the autoclave was filled out
with liquid carbon dioxide. The loss of alkane after this procedure was
negligible. The solubilities were checked by quartz autoclave (12
mL).

Materials. Carbon dioxide (99.99%, Fuji Koatsu Gasu Co. Ltd.)
from the tank was used without further purification. Cyclohexane and
methylcyclohexane used were of spectral grade and were purified by
distillation in aspinning band column (60 cm). Analysis by GLC in-
dicates less than 0.01% impurities, cis- and irons-decalin were ob-
tained commercially and were distilled. The purity of cis- and
irons-decalin, as determined by GLC, was 96 and 99%, respectively.
Cyclohexanol was obtained commercially, and was purified by dis-
tillation in a spinning band column followed by further purification
by preparative GLC. Analysis by GLC indicates about 0.05% cyclo-
hexanone.

Authentic Samples. Cyclohexanone, cyclohexene oxide, 2-, 3-, and
4-methylcyclohexanol, and 2-, 3-, and 4-methylcyclohexanone were
obtained commercially (Tokyo Kasei Kogyo Co. Ltd.). Bicyclohexyl
was prepared by hydrogenation of biphenyl over Raney nickel W-6
at 160 °C under 150 atm of hydrogen.2L Cyclohexylcarbinol was pre-
pared by the reaction of cyclohexylmagnesium chloride with form-
aldehyde.2 1-Methylcyclohexanol was prepared by the reaction of
cyclohexanone with methyl magnesium iodide in ether.23 cis- and
trans-decalol-9 were prepared by oxidation of cis- and trans-decalin
with ozone.2cis- and irans-decalol-1- and -2 were prepared by hy-
drogenation of 1- and 2-naphthol over Raney nickel W-7 at 170 °C
under 180 atm of hydrogen.2 1- and 2-decalone were prepared by
oxidation of 1- and 2-decalol with potassium dichromate and con-
centrated sulfuric acid.2 All the products were identified by those
boiling points and NMR and IR spectra or by elemental analysis.

Registry No.—Cyclohexane, 110-82-7; carbon dioxide, 124-38-
9.
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The Schmidt pyridazine synthesis2 formally involves the
base-catalyzed condensation of hydrazine, an a-diketone, and
an ester activated methylene compound yielding substituted
pyridazinones (1). In conjunction with this work, Schmidt, and

X =CO02R , COR", CN, etc.

DrueyZ2reported that, in the abscence of a basic catalyst, re-
action of benzil monohydrazone (7) with ethyl acetoacetate
(8a) yields the “azine” 9a which could not be converted into
aring-closed product (i.e., 10a) although no details were given.
There are, however, examples in the literature of similar cy-
clizations. Reaction of a-diketone monohydrazones (2) with
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dimethyl acetylenedicarboxylate (DMAD) vyields3 dicar-
bomethoxypyridazines 3, presumably via the azines 4 which
are also isolated along with several other products (reaction
1). In addition, we have shown4that the stabilized phospho-
rane 5 yields the pyridazinylmethyltriphenylphosphonium
salt 6 on heating (reaction 2).

In the course of another investigation we had occasion to
synthesize “azine” 9a. Azine is actually a misnomer since the
molecule exists completely (as determined by NMR and IR
spectroscopy) in the enamine tautomer, presumably stabilized
by intramolecular hydrogen bonding to the benzoyl carbonyl
oxygen. To our knowledge, this represents the first example
of preference for the enamine tautomer in an azine, although
the intermediacy of the enamine form has been postulated5
in the a-alkylation of aliphatic ketazines by electron-deficient
dienophiles (e.g., maleic anhydride). Throughout this dis-
cussion, we will refer to these molecules as azines, although
their tautomeric structure should be kept in mind.

Our original intention was to carry out a series of transfor-
mations involving the carboethoxy moiety of 9a beginning
with saponification. When 9a is heated in aqueous ethanol
containing potassium hydroxide a deep red color develops
which fades to a very pale yellow after 10 min. The single,
colorless product formed retains the carboethoxy group and
spectral (IR, NMR, mass spectrum) and elemental analyses
indicate that the product is the pyridazine carboxylic ester
10a. The rapidity and efficiency (>90% isolated yield of 10a)
of this reaction stands in marked contrast to the earlier reports
of the inertness of 9a toward ring closure.2

It is not necessary to isolate 9a and, in fact, considerable
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losses result during purification. We have adopted a one-pot
procedure consisting of initial formation of the azine by
heating the reactants in benzene with azeotropic removal of
water, removal of benzene in vacuo, and treatment of the
crude azine with a catalytic amount of KOH in hot ethanol.
The isolated yield of 10a based on 7 by this method is 93%.
Following the same procedure we have prepared 3,4,6-tri-
phenyl-5-carboethoxypyridazine (10d) in 55% overall yield
from 7 and ethyl benzoylacetate (8b).

Further confirmation of the structures of 10a and 10d is
provided by their transformation into the known 5-unsub-
stituted pyridazines 10c and IOf. Saponification of the esters
10a and 10d yields the acids 10b and 10e which readily de-
carboxylate on heating. The physical and spectral parameters
for 10c and IOf prepared in this manner are identical with
those reported in the literature.6

In theory, any carbonyl activated methylene compound of
the type 8 (X = any carbanion stabilizing group) should be
readily convertible to the corresponding pyridazine 13 by

R’

R
13

dehydrative ring closure of its azine with an a-diketone
(R'COCOR')- To investigate the generality of the reaction, we
have examined the reaction of acetylacetone 8c with 7.
Complex, tarry reaction mixtures result from the attempted
one-pot reaction as outlined above. Thus, we prepared and
isolated the azine in an initial step prior to its ring closure. The
azine, 11, can be isolated in sufficient purity for further re-
action as an orange solid in 73% yield. As in the case of 9a, 11
is completely in the enamine form. However, it consists of a
mixture of two thermally interconvertible isomers (A and B)
in approximately a 1.5:1 ratio. The IR and NMR spectra are
very similar, suggesting the same gross structure. A reasonable
explanation is that A and B are syn and anti isomers about the
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C-N double bond (i.e., 11aand lib). In the anti isomer (lib)
hydrogen bonding is possible only with the acetyl carbonyl.
Similar interactions are possible with either the benzoyl or
acetyl carbonyl in the syn isomer 11a; however, the distinct
spectral differences in the methyl, vinyl, and N-H regions of
the NMR spectra suggest that the interaction is with the
benzoyl carbonyl in this case. We are unable to assign either
structure (11a or lib) unambiguously to either isomer A or
B on the basis of the data in hand. Synthetically, the existence
of the two isomers presents no difficulty since both yield the
same products in the next step.

The ring closure of 11 proves to be more interesting than
anticipated. Whereas the cyclizations of 9a and 9b to 10a and
10d require only a catalytic amount of base, nearly a full
equivalent is needed to convert 11 to products. Unlike 9,
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treatment of 11 with hydroxide under avariety of conditions
yields a mixture of two products. The expected 3,4-diphe-
nyl-5-acetyl-6-methylpyridazine (12) is the minor (10-15%)
product. The major (75-80%) product is the 5-unsubstituted
pyridazine 10c. Spectral and analytical data support the acetyl
pyridazine structure for 12. The mass spectrum is particularly
useful as a strong peak at m/e 245 (M - CH3CO)+ is observed.
Pyridazine 10c isolated from this reaction is identical in all
respects with 10c prepared above by decarboxylation of
10b.

There are several reasonable mechanisms to be considered
for the formation of 10c in this reaction. First, it is possible
that it arises from 12 by deacylation, a known reaction in py-
ridazine 1VV-oxide chemistry.7 However, neither shortening the
reaction time nor lowering the temperature leads to an in-
crease in the amount of 12 formed. Also, 12 is recovered un-
changed after heating with alcoholic KOH for an extended
period of time. Alternatively, 10c could be the result of
“deacylation” of 11 to 14, but 14 is also inert to the reaction

conditions. The evidence suggests a reactive intermediate as
the source of 10c. We believe the probable origin of the mix-
ture of products in this reaction to be competing eliminations
from an intermediate dihydropyridazine 15. Elimination of

Ph

10c

water (path a) gives the expected 12, while attack of hydroxide
at the acetyl carbonyl (path b) yields the “deacylated” product
11a by elimination of acetic acid and hydroxide. Steric
crowding coupled with the increased electrophilicity of the
ketone carbonyl carbon compared with that of an ester may
be responsible for the favorable competition of the “abnor-
mal” elimination in this system.

We have demonstrated that azines derived from a-dike-
tones and either /3-keto esters or j3-diketones exist predomi-
nantly in the unigue enamine tautomeric form and are useful
precursors for the pyridazine ring system. The ready avail-
ability of active methylene compounds of the type 8 should
make this an attractive route to a variety of pyridazine de-
rivatives.

Experimental Section

Benzilacetone azine (14) was prepared by heating benzil monohy-
drazone in acetone containing a catalytic amount of glacial acetic acid,
amodification of the method of Taylor et al.8 All other reagents were
commercial (Aldrich) products and used as received. Meking points
were determined with a Thomas-Hoover melting point apparatus and
are uncorrected. Infrared spectra were recorded on a Perkin-Elmer
337 instrument referenced to polystyrene film. A Perkin-Elmer R12b
nuclear magnetic resonance spectrometer was used to obtain the *H
NMR data. Spectra were recorded as 5-10% solutions in CDC13except
as noted and chemical shifts are reported as parts per million (6) vs.
Med4Si as an internal standard. Mass spectra were recorded on a Du
Pont CEC21-110D instrument with a resolution of 1000 (30% valley).
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Elemental analyses were performed by Micro-Analysis Inc., Wil-
mington, Del.

Preparation of Benzilethylacetoacetate Azine (9a). To 75 mL
of benzene is added 3.5 g (0.027 mol) of ethyl acetoacetate and 5.6 g
(0.0246 mol) of benzil monohydrazone and a catalytic amount (10-20
mg) of p-toluenesulfonic acid. A Dean-Stark water collector, con-
denser, and CaCl2drying tube are attached and the reaction mixture
heated at reflux until the theoretical amount of water has collected
(~2 h). The benzene is removed in vacuo and the residual golden oil
triturated with cold methanol to yield 6.2 g (75%) of a yellow solid, mp
85-100 °C.

The NMR spectrum indicates that this material is essentially pure
despite the wide melting point range and it can be converted in high
yield to the pyridazine 10a upon treatment with alcoholic KOH. Re-
peated crystallization from ethanol yields an analytical sample: mp
110.5-112.5 °C; IR 3190 (br), 1660,1615,1565,1350 cm "1 X4 NMR
51.10 (t,J =7Hz 3H,-OCH2CH3J),2.01 [s,3H, CH3C(NH)=CH-],
3.89 (q,J = 7Hz,2H,-OCH2CH3), 4.37 (br s, 1L H, C=CH), 7.3 (br
s, 8 H, aromatic), 7.8 (m, 2 H, aromatic ortho to C=0), 1142 (brs, 1
H, NH). Anal. Calcd for C20H2DN2 3 C, 71.41; H, 5.99. Found: C,
71.12; H, 6.05.

Preparation of 3,4-Diphenyl-5-carboethoxy-6-methylpyr-
idazine (10a). The crude oily azine (above) from 2.7 g (0.021 mol) of
ethyl acetoacetate and 4.5 g (0.02 mol) of benzil monohydrazone is
dissolved in 75 mL of hot ethanol and 0.2 g of potassium hydroxide
is added. A deep red color develops which fades on gentle boiling for
10 min to a pale yellow. The ethanol is removed in vacuo and the
residue is partitioned between 50 mL of ether and 10 mL of 5% NaOH.
The layers are separated and the ether layer extracted with 10 mL of
5% NaOH, 2X10 mL of 5% HC1, and 10 mL of H20, dried (Na2S04),
and evaporated in vacuo to yield 5.92 g (93%) of 10a, mp 78-80 °C.
Recrystallization from methylene chloride/heptane affords a colorless
analytical sample: mp 85.5-86.5 °C; IR (KBr) 1725,1490,1440,1370,
1305,1225cm*“ 1, HNMR &0.92 (t,J = 7Hz,3H,-OCH2CH?3), 2.74
(s,3H, ring CH3),4.02 (q,J = 7Hz, 2H,-OCH2CH3), 7.1 (br s, 10 H,
aromatic); mass spectrum m/e (%base) 318 (41.6) M+, 289 (100), 178
(49.2) .Anal. Calcd for C2Hi8N202 C, 75.45; H, 5.70. Found: C, 75.41;
H, 5.49.

Saponification of 10a. Preparation of 3,4-Diphenyl-6-
methyl-5-pyridazinecarboxylic Acid (10b). Ester 10a (1.5 g, 4.7
mmol) is heated fcr 15 h in 40 mL of 50% alcohol containing 0.6 g (—8.9
mmol) of potassium hydroxide. The bulk of the ethanol is removed
in vacuo and the residue acidified to pH ~2 with 5% HC1 and thor-
oughly extracted with methylene chloride. After drying (Na2S04) and
removal of the solvent in vacuo, the combined CH2C12extracts yield
1. 259 (86%) of 10b as a white solid. Crystallization from acetonitrile
yields an analytical sample: mp 180-181 °C dec (with gas evolution);
IR (KBr) 3500 (br), 1720, 1440, 1380 cm ', JH NMR (CDC13 +
Me2S0O-de) 52.74 (s, 3H, ring CH3), 7.16 (br s, 10 H, aromatic), 10.07
(br's, 1 H, -C 02H); mass spectrum m/e (% base) 290 (0.3) M+, 289
(1.2) , 246 (94.4), 245 (100), 178 (93.5). Anal. Calcd for CI8H14N20 2
C, 74.47; H, 4.86. Found: C, 74.27; H, 4.81.

Decarboxylation of 10b. Preparation of 3,4-Diphenyl-6-
methylpyridazine (10c). In a 10-mL round-bottom flask fitted with
a CaCl2drying tube is placed 400 mg of acid 10b. The flask is im-
mersed in an oil bath held at 200 °C for 30 min. As the sample melts
it darkens and gas is evolved. The crude tan residue (0.34 g, 99%, mp
119-122 °C) is dissolved in 15 mL of 95% ethanol, treated with Darco
G-60 activated carbon, and filtered and the solvent removed. The
resulting light yellow solid is recrystallized from methylene chlo-
ride/heptane to yield 10c as an off-white solid: mp 121-123 °C (lit.5
122-123 °C); IR (KBr) 1580,1565,1400 cm*“ 1, >HNMR 52.71 (s, 3 H,
ring CH3), 7.16 (m, 11 H, aromatic + pyridazine ring H); mass spec-
trum M/e (% base) 246 (62.0) M+, 245 (100), 178 (82.3).

Preparation of 3,4,6-Triphenyl-5-earboethoxypyridazine
(10d). The procedure is identical with that described above for the
preparation of 10a, except that 15 h is required to collect the theo-
retical amount of water in the initial step of the reaction. The crude
“azine” thus obtained from 2.25 g (0.01 mol) of benzil monohydrazone
and 2.3 g (0.012 mol) of ethyl benzoylacetate is heated in 40 mL of
ethanol containing 0.36 g of KOH for 20 min. Again a deep red color
which fades as the reaction proceeds is noted. Workup as above and
crystallization from ethanol yields 2.08 g (55%) of 10d as a pale yellow
solid, mp 120-124 °C. Recrystallization from ethanol yields a colorless
analytical sample: mp 124-125 °C; IR 1730,1380,1295 cm-1; *H NMR
6078 (t, J = 7 Hz, 3H, -OCH2CH3), 383 (q, J = 7 Hz, 2 H, -
OCH2CH3J), 7.2 (br m, 13 H, aromatic), 7.7 (br m, 2 H, ortho protons
in 6-phenyl ring); mass spectrum m/e (% base) 380 (36.5) M+, 351
(74.6), 178 (100). M+, calcd for C26H20N 202 380.09. Found: 380.15.

Saponification of 10d. Preparation of 3,4,6-Triphenyl-5-pyr-
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idazinecarboxylic Acid (10e). Saponification and workup as above
for the hydrolysis of 10ayields, from 1.0 g (2.64 mmol) of pyridazine
ester 10d, 0.75 g (81%) of acid 10e as an off-white solid, mp 214-215
°C dec (with gas evolution). Crystallization from ethanol yields a
colorless analytical sample: mp 215-215.5 °C dec (with gas evolution);
IR -3500 (br), 1710,1370,1280 (br), 1220 cm*“ 1, !H NMR (CDCI3+
Me250-d6) 57.3 (m, 13 H, aromatic), 7.8 (m, 2 H, ortho protons, 6-
phenyl), 9.09 (br s, 1 H, CO2H); mass spectrum m/e (% base) 352 (12.7)
M+, 308 (90.3), 307 (100), 178 (99.0). M+, calcd for CZ3HI6N20 2
352.12. Found: 352.15.

Decarboxylation of I0e. Preparation of 3,4,6-Triphenylpy-
ridazine (10f). In a 25-mL round-bottom flask fitted with a CaCl2
drying tube is placed 300 mg (0.855 mmol) of pyridazinecarboxylic
acid 10e. The flask is immersed in a 220 °C oil bath for 30 min. As the
sample melts, vigorous gas evolution is observed. The yield of slightly
yellow solid, mp 170-175 °C, is 0.26 g (99%). Recrystallization from
ethanol affords colorless material: mp 170-172 °C (lit.5171-172 °C);
IR (KBr) 1580,1560,1395 cm-1;1H NMR 87.2 (br m, 13 H, aromatic),
7.59 (s, 1H, pyridazine ring H), 7.97 (m, 2 H, ortho protons, 6-phenyl
ring); mass spectrum m/e (% base) 309 (54.0), 308 (99.6), 307 (100),
178 (99.4).

Preparation of Benzilacetylacetone Azine (11). A mixture of
4.5 ¢ (0.02 mol) of benzil monohydrazone and 4.0 g (0.04 mol) of ace-
tylacetone (8c) is heated at reflux in ethanol containing 100 mg of
benzoic acid for 60 h. On cooling an orange solid precipitates which
is isolated by filtration, yielding 4.48 g (73%) of 11, mp 122-159 °C.
'H NMR indicates that this is a 1.5:1 mixture of two isomers, A and
B. Careful fractional crystallization from ethanol or carbon tetra-
chloride allows the isolation of both isomers. Isomer A: light yellow
plates, mp 161-162 °C; IR (CHC13) 3100 (br), 3010,1635,1565,1490
cm-1;'H NMR S1.90 (s, 3H, CH3C=C), 1.99 (s, 3H, COCH3), 5.11
(s, 1H, C=CH), 7.3 (m, 8 H, aromatic), 7.8 im, 2 H, aromatic ortho
toC=0), 1291 (brs, 1 H, NH). Anal. Calcd for C:9H18N20 2 C, 74.49;
H, 5.92. Found: C, 74.25; H, 5.90. Isomer B: orange-yellow chunky
crystals, mp 146-149 °C; IR (CHC13) 3100 (br), 3020,1675,1620,1570
cm-1;'H NMR 51.88 (s, 3 H, CH3=C), 2.18 (s, 3H. CHX =0), 5.00
(s, 1H, C=CH), 7.3 (m, 8 H, aromatic), 7.8 (m, 2 H, aromatic ortho
to C=0), 13.47 (br s, 1 H, NH). Either pure isomer is converted to the
equilibrium mixture (—1.5:1, A:B) on heating in ethanol for several
hours.

Cyclization of 11. Preparation of 3,4-Diphenyl-5-acetyl-6-
methylpyridazine (12) and 3,4-Diphenyl-6-methylpyridazine
(10c). To agently boiling solution of 115 mg (—L1.78 mmol) of potas-
sium hydroxide in 15 mL of ethanol is added 0.46 g (1.50 mmol) of
azine 11 (mixture of isomers). A deep red color develops which fades
rapidly. After heating for 5 min, the bulk of the ethanol is removed
in vacuo and the residue partitioned between ether and 5% NaOH.
The layers are separated, the organic layer thoroughly extracted with
5% HC1, and the acid extracts reserved. The ether layer is dried
(Na2S04) and evaporated in vacuo to yield 50 mg (12%) of 12 as a pale
yellow solid. Purification by sublimation (140 °C, 1 mm) and recrys-
tallization (CHoCE/heptane) yields an analytical sample: mp
131.5-132.5 °C; IR (KBr) 1695,1440,1375cm ', H NMR 6 1.86 (s,
3 H,CH3X=0), 2.62 (s, 3H, ring CHJ), 7.2 (br s, 10 H, aromatic); mass
spectrum m/e (% base) 288 (87.9) M+, 287 (100), 245 (75.1), 178 (28.3).
Anal. Calcd for C19Hi6N20: C, 79.14; H, 5.59. Found: C, 79.17; H,
5.86.

Basification of the acid extracts (above) and extraction with
methylene chloride yields, after drying (Na2504) and removal of the
CH2C12in vacuo, 0.29 g (79%) of 10c, identical in all respects with the
material prepared by decarboxylation of 10b.

Registry No.—7,5344-88-7; 8a, 141-97-9:8b, 94-02-0; 8c, 105-45-3;
9a, 62139-81-5; 10a, 62139-82-6; 10b, 62139-83-7; 10c, 13340-82-4; 10d,
62139-84-8; 10e, 62139-85-9; 10f, 2272-58-4; 11a, 62139-86-0; lib,
62139-87-1; 12,62139-88-2.
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2-Phenylthio-2-cyclopentenone, a Useful Synthon
for 2,3-Disubstituted Cyclopentanones.
Synthesis of (//-Methyl Dehydrojasmonate
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Recently, there has been an increasing amount of research
devoted to the development of useful synthetic routes to
2,3-disubstituted cyclopentanones, mainly because of the
interest in the pharmacologically important prostaglandins.
However, most of the published routes either use as starting
material the commercially expensive 2-cyclopentenonel or
2-alkylated 2-cyclopentenones,2 which are not themselves
readily available. 2-Phenylthio-2-cyclopentenone (1) is ex-
pected to be a very useful synthon for the preparation of
several 2,3-disubstituted cyclopentanones, since it bears the
adequate functionalities for conjugate alkylations,1-3or Mi-
chael-type additions followed by a regiospecifically directed4
alkylation at the 2 position ensured by the thioether function.
The described5syntheses of 1are too laborious and expensive;
therefore, a facile preparation was sought.

Oki6described the formation of 2-methylthio-2-cyclohex-
enone by the reaction of phenylsulfenyl chloride with 2-
methylthiocyclohexanone, but did not exploit the preparative
aspects of this interesting transformation. We reasoned that,
since 2-phenylthiocyclopentanone is expected7to be the pri-
mary product from the reaction of phenylsulfenyl chloride
with cyclopentanone, 1could be prepared in a single step by
reaction of the ketone with an excess of the sulfenyl chloride.
Indeed, treatment of cyclopentanone with phenylsulfenyl
chloride in dry acetonitrile, followed by chromatography on
silica gel, afforded 55-65% yields of the pure unsaturated
ketone 1, based on cyclopentanone. The method8 is quite
economical, since the diphenyl disulfide formed in the reaction
can be recovered and reconverted into phenylsulfenyl chlo-
ride.

Initial alkylation experiments of 1with n-amylmagnesium

=H

, R = CHjCH=CHETt-Ci's 5,
R 6 CH2C=CEt

3 R
4, R = CH2C=CEt R

’

bromide without copper salt catalysis resulted in about a 45%
yield of 1,4-addition, as evidenced by spectroscopic analyses
of the reaction products. This large proportion of conjugate
addition may be possibly caused by the inductive or steric
effects of the 2-phenylthioether group.

On the other hand, alkylation of 1with lithium dimethyl-
cuprate followed by quenching of the enolate with 2-pentynyl
bromide, according to Coates’ procedure,38 afforded, after
preparative TLC, good yields of the ketone 2 as an epimeric
mixture. No 5-alkylated ketone could be detected among the
minor products, indicating that enolate equilibration14does
not take place under the reaction conditions.

To further test the synthetic potentialities of the ketone 1,
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and also encouraged by its ready availability, we turned our
attention to a practical synthesis of methyl jasmonate (3), a
useful raw material in the perfume industry.9

Michael reaction of 1with dimethyl malonate and sodium
methoxide in methanol, followed by acid hydrolysis and de-
carboxylation of the crude adduct, and subsequent esterifi-
cation of the resulting acid with methanol gave the expected
ester 5 in 84% overall yield. The phenylthioether group in 5
was ready to serve its purpose, which was to guarantee the
regiospecific alkylation4 at the sulfur bearing carbon atom.
Thus, alkylation of the keto ester 5 with 2-pentynyl bromide
and sodium hydride in glyme gave the expected ester 6, which
was isolated from polymeric and other, nonidentified, minor
products on preparative TLC, in 63% yield. Although com-
pound 6 appeared homogeneous on analytical TLC, its NMR
spectrum showed it to be a mixture of the two expected ep-
imers at the newly alkylated center in the approximate ratio
of 1.6:1. As the phenylthioether grouping was to be removed
in the next step, generating a new epimeric center susceptible
to equilibration, no endeavor was made to separate and fur-
ther characterize the isomers. Instead, the epimeric mixture
of 6 was treated with aluminum amalgam, a smooth cleavage
of the thioether function taking place to afford, after purifi-
cation on preparative TLC, a 92% yield of pure dZ-methyl
dehydrojasmonate (4), which was identical with the material
previously prepared by other workers.9®0®Since 4 can be
readily hydrogenated to dZ-methyl jasmonate (3),9ac®its
synthesis of the above procedure constitutes a new and effi-
cient route to that interesting substance, and exemplifies a
useful method of preparation of 2,3-disubstituted cyclopen-
tanones.

Experimental Section

General. All solvents were distilled before use. Melting points were
measured in a Kofler block and are uncorrected. Analytical and pre-
parative TLC were run on fluorescent (GF2s4) or Rhodamine G dyed
Merck silica gel plates. '"H NMR spectra were recorded on a Varian
A-60D spectrometer using carbon tetrachloride as solvent and tet-
ramethylsilane as internal standard. Infrared spectra were recorded
on a Perkin-Elmer 137 instrument. Mass spectra were obtained on
Varian MAT CH-5 and 731 spectrometers.

2-Phenylthio-2-cyclopentenone (1). Phenylsulfenyl chloride
(4.40 g, 33 mmol) was added to a solution of cyclopentanone (0.84 g,
10 mmol) in dry acetonitrile (15 mL), cooled by a water bath. After
stirring at room temperature for 2 h, the mixture, protected from
moisture, was filtered and the residue washed with acetonitrile. The
filtrate was evaporated under vacuum on the steam bath. To the
residue was added boiling methanol (20 mL), the mixture reevapo-
rated under vacuum, and the whole process repeated a second time.
Chromatography of the oily residue on a silica gel column (eluting
solvents: petroleum ether and petroleum ether-ether, 9:1) gave di-
phenyl disulfide (1.58 g) and 1 (1.07 g, 56.5%), identical with the au-
thentic material.s

2-Phenylthio-2-(2'-pentynyl)-3-methylcyclopentanone (2).
A solution of the ketone 1 (190 mg, 1.0 mmol) in anhydrous ether (5
mL) was added dropwise, under stirring and argon, to a chilled solu-
tion of lithium dimethylcuprate prepared from methyllithium (2.2
mL of 1.1 M ether solution, 2.4 mmol) and cuprous iodide (230 mg,
1.2 mmol) in dry ether (5 mL). After the addition, the bath was re-
moved and the solvent evaporated almost to dryness under vacuum.
The flask was again chilled, and the residue dissolved in dry glyme
(5 mL). 2-Pentynyl bromide (500 mg, 3.4 mmol) was then added, and
the mixture left stirring at room temperature for 2 h. After cooling
in an ice bath, the reaction was quenched with aqueous saturated
NHa4Cl and extracted with ether. The extract was washed successively
with brine and 5% NaOH, dried (Na2S04), and evaporated. Prepar-
ative TLC of the oily residue (eluting solvent: ether-petroleum ether,
1:9) yielded 2 (176 mg, 65%). An analytical sample was prepared by
bulb-to-bulb distillation at 0.005 mm (120 °C bath temperature): IR
(film) 1740 cm-1;'H NMR 0.95-1.40 (m, 6 H, CH3CH2 and CH3CH),
1.50-2.70 (m, 9 H), 7.10-7.60 ppm (m, 5 H, Ar). Anal. Calcd for
C17H200S: mse 272.1230. Found: mse 272.1242.

2-Phenylthio-3-methoxycarbonylmethylcyclopentanone (5).
Dimethyl malonate (393 mg, 2.98 mmol) was added to a solution of
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sodium (65 mg, 2.82 mmol) in methanol (5 mL). To this mixture,
under argon and chilled in an ice bath, was added a solution of 1 (500
mg, 2.63 mmol) in methanol (4 mL). After stirring for 1.5 h, the re-
action was quenched with 10 N HC1 (10 mL), the methanol distilled
off, and the aqueous mixture refluxed for 24 h. The cold reaction
mixture was extracted with ether, the ethereal extracts washed with
10% NaHCCL, and the basic washings acidified with 10 N HC1. Ex-
traction with ether, followed by washing of the organic phase with
brine, drying (Na2SC+), and evaporation under vacuum, gave the
crude acid. The residue was dissolved in dry methanol (6 mL) con-
taining adrop of concentrated sulfuric acid. After standing overnight
under argon at room temperature NaHCCL (200 mg) was added, and
the methanol removed under vacuum. The oily residue was taken into
ether, washed successively with 10% NaHCCL and brine, and dried
(Na2s04). Evaporation of the solvent left practically pure 5 (586 mg,
84%). An analytical sample was prepared by bulb-to-bulb distillation
at 0.005 mm (125 °C bath temperature): IR (film) 1740 cm*“ 1 !'H
NMR 1.17-3.22 (m, 8 H), 3.47 (s, 3H, CH30), 7.12-7.57 ppm (m, 5H,
Ar). Anal. Calcd for C14H1603S: m/e 264.0816. Found: m/e 264.0855.
Semicarbazone: mp 185-187 °C (from MeOH). Anal. Calcd for
Ci5H 19N 30 3S: m/e 321.1147. Found: m/e 321.1151.

2-Phenylthio-2-(2'-pentynyl)-3-methoxycarbonylmethyl-
cyclopentanone (6). Sodium hydride (89 mg, 3.70 mmol) was added
to a solution of 5 (890 mg, 3.37 mmol) in dry glyme (10 mL), kept in
an ice bath with efficient stirring under an argon atmosphere. After
the evolution of hydrogen subsided, 2-pentynyl bromide (660 mg, 4.50
mmol) was added, and the mixture left stirring for 2h at0 °C and 16
h at room temperature. The dark brown reaction mixture was then
chilled in an ice bath, quenched with saturated aqueous NH4C1, and
extracted with ether. The ether extracts were washed successively with
brine, 5% NaOH, and brine, and dried (Na2S04). Evaporation of the
solvent under vacuum gave a dark oil, which was extracted with hot
n-hexane. Evaporation of the hexane extract and preparative TLC
(eluting solvent: ether-petroleum ether, 3:7) gave 6 (696 mg, 63%).
An analytical sample was prepared by bulb-to-bulb distillation at
0.001 mm (125 °C bath temperature): IR (film) 2250,1740 cm*“ 1, 'H
NMR 1.12,1.17 (two overlappingt, 3H, J = 7Hz, CH3CH?2), 1.75-3.15
(m, 11 H), 3.67, 3.70 (two overlapping s, 3 H, CH30), 7.32 ppm (s, 5
H, Ar). Anal. Calcd for C*H~CLS: m/e 330.1284. Found: m/e
330.1261.

2-(2'-Pentynyl)-3-methoxycarbonylcyclopentanone (dl-
Methyl Dehydrojasmonate, 4). A solution of 6 (162 mg, 0.49 mmol)
in 10% aqueous THF (50 mL) was added to aluminum amalgam (1.75
g, 65 mmol) prepared according to Fieser and Fieser.10 The mixture
was stirred at room temperature until complete dissolution of the
metal. Saturated NH4Cl was added, the organic layer decanted, and
the aluminum hydroxide slurry further extracted with ether. The
combined extracts were washed with saturated NHA4Cl1, dried
(Na2s04), and evaporated. Preparative TLC (eluting solvent:
ether-petroleum ether, 2:8) afforded dZ-methyl dehydrojasmonate
(4, 100 mg, 92%). Bulb-to-bulb distillation at 0.01 mm (90 °C bath
temperature) gave an analytical sample: IR (film) 1740 cm*“ 1, *H
NMR 1.08 (t, 3H, J = 7 Hz, CH3CH2), 1.68-2.97 (m, 12 H), 3.63 ppm
(s, 3 H, CH30). Semicarbazone: mp 167-168 °C (from MeOH) (lit.
169-171,9168-169 °C%).
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62067-34-9; trans-6, 62067-35-0; phenylsulfenyl chloride, 931-59-9;
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We wish to report a convenient synthesis of dl-muscone
(7),1employing as its key step the FeCls induced ring expan-
sion of bis(trimethylsilyloxy)bicyclo[n.l.O]alkanes (e.g., 3 -*=
4) which was found by us.2 Our synthesis started from elec-
trolysis of methyl hydrogen suberate producing dimethyl te-
tradecanedioate (1),3 of which the silyl acyl condensation
according to the Ruhlmann procedure4 afforded 1,2-bis(tri-
methylsilyloxy)cyclotetradecene (2). Cyclopropanation of 2

4 5

with diethylzinc and methylene diiodide5 furnished a high
yield of 1,14-bis(trimethylsilyloxy)bicyclo[12.1.0]pentadecane
(3). But use of the conventional Simmons-Smith reagent,
zinc-copper couple and methylene diiodide,6 for cyclopro-
panation of 2 produced acomplex mixture including 3. A so-
lution of 3 (10 mmol) in DMF (5 mL) was added to astirring
solution of anhydrous FeClI3 (20 mmol) in DMF (25 mL) at
room temperature, and the mixture was heated at 60 °C for
3 h. Acid workup and column chromatography on silica gel
(benzene eluent) furnished cyclopentadecane-1,3-dione (4)
as a keto-enol tautomer mixture in 88% yield. Conjugate ad-
dition7 of lithium dimethylcopper to the enol acetate (5),

(CHJjCuLi

-78°C

which was readily derived by the reaction of 4 with isopropenyl
acetate in the presence of p-toluenesulfonic acid,8 followed
by the workup with agueous NH4C1 and the subsequent hy-

Notes

drogenation with Pd/C of the resulting 3-methyl-2-cyclo-
pentadecenone (6), yielded dl-muscone (7) as a light yellow
oil (78%). The overall yield of di-muscone from the readily
available methyl hydrogen suberate is about 23%.

Experimental Section

Materials. Anhydrous FeCl3was prepared by treating FeCI3-6H2
with thionyl chloride. Diethylzinc9was prepared by the reaction of
zinc-copper couple with ethyl iodide and ethyl bromide. Dimethyl
tetradecanedioate (1) was synthesized in 65% yield by electrolysis of
methyl hydrogen suberate according to the procedure3employed for
decarboxylative dimerization of methyl hydrogen sebacate producing
dimethyl octadecanedioate.

1,2-Bis(trimethylsilyloxy)cyclotetradecene (2). Under a ni-
trogen atmosphere, a solution of 13.7 g (48 mmol) of dimethyl tetra-
decanedioate (1) in 50 mL of xylene was added dropwise into a stirring
mixture of a fine dispersion of molten sodium (5.75 g, 0.25 g-atom)
and 28.2 g (260 mmol) of trimethylchlorosilane in 200 mL of xylene
at 40-50 °C over 3 h, and then the reaction mixture was heated at
reflux for 5 h. After cooling, the reaction mixture was filtered to re-
move sodium chloride and concentrated in vacuo. The residue was
subjected to Kugelrohr distillation to afford 11.2 g (63% yield) of
1, 2-bis(trimethylsilyloxy)cyclotetradecene (2): bp 100-110 °C (1 mm);
IR (neat) 1672,1250, 1210, 850 cm“ 1; NMR (CC14) 6 0.14 (s, 18 H),
1. 20-1.70 (m, 20 H), 1.80-2.20 (m, 4 H).

Anal. Calcd for COH420 2Si2 C, 64.80; H, 11.42. Found C, 64.92; H,
1. 38

Cyclopentadecane-l,3-dione (4). Under a nitrogen atmosphere,
8.61 g (32 mmol) of methylene diiodide was added dropwise to a
stirring mixture of 3.95 g (32 mmol) of diethylzinc9 and 5.92 g (16
mmol) of 1,2-bis(trimethylsiiyloxy)cyclotetradecene (2) in 50 mL of
benzene at room temperature and then the mixture was heated at
reflux for 3 h. The reaction mixture was worked up with aqueous
NH4C1 and extracted with benzene. The benzene extract was dried
over anhydrous Na2S04and concentrated in vacuo. Kugelrohr dis-
tillation of the residue afforded 4.98 g (81% yield) of 1,14-bis(tri-
methylsilyloxy)bicyclo[12.1.0]pentadecane (3): bp 110-120 °C (1 mm);
IR (neat) 3070, 1250, 1220, 840 cm“ 1 NMR (CC14) S0.12 (s, 18 H),
0.30-0.70 (m, 2 H), 0.70-2.00 (m, 24 H).

A solution of 3.84 g (10 mmol) of 3in 5 mL of DMF was added to
a stirring solution of 3.25 g (20 mmol) of anhydrous FeCl3in 25 mL
of DMF at room temperature, and the mixture was heated at 60 °C
for 3 h. The reaction mixture was poured into 10% aqueous HC1 and
extracted with chloroform. The chloroform extract was washed with
10% aqueous HC1 and with water and dried over anhydrous Na2S04.
After the chloroform solution was evaporated, the residue was
subjected to column chromatography on silica gel (benzene eluent)
to furnish 2.10 g (88% yield) of cyclopentadecane-1,3-dione (4) as a
keto-enol tautomer mixture. 4: IR (neat) 1700, 1600 cm*“ 1 (broad);
NMR (CDCI3with Me4Si) 51.44-2.00 (broad s, 20 H), 2.32-2.62 (m,
4 H), 3.68 (s) + 5.67 (s) + 15.72 (broad s) (2 H); mass spectrum M+
m/e 238.

Anal. Calcd for Ci5H260 2 C, 75.58; H, 11.00. Found: C, 75.71; H,
11.18.

d/-Muscone (7). A mixture of 2.38 g (10 mmol) of cyclopentade-
cane-1,3-dione (4) and 5 mL of isopropenyl acetate was heated at
reflux for 3 h with 100 mg of p-toluenesulfonic acid.8 The reaction
mixture was poured into ice-cold water and extracted with chloroform.
The chloroform extract was washed with aqueous NaCl and dried over
Na2S04. After the chloroform solution was evaporated, the residue
was subjected to column chromatography (silica gel-chloroform) to
produce 2.75 g of 3-acetoxy-2-cyclopentadecenone (5): IR (neat) 1770,
1700,1630 cm“ 1, NMR (CDCI3with Me4Si) S1.10-1.80 (broad s, 16
H), 2.25 (s, 3 H), 2.10-2.50 (broad m, 4 H), 5.85 (s, 1 H). Lithium di-
methylcopper,7prepared from 415 mg (2.3 mmol) of cuprous iodide
and 4.6 mmol of methyllithium in 10 mL of ether at 0 °C, was added
dropwise to astirring solution of 560 mg (2.0 mmol) of 5in 10 mL of
ether, which was kept at-78 °C. The reaction mixture was stirred for
an additional 30 min at -78 °C, and worked up with aqueous NH4CL,
followed by extraction with ether. The ether extract was concentrated
and subjected to the conventional hydrogenation with Pd/C. dl-
Muscone (7,372 mg, 78% yield) was isolated by preparative TLC on
silica gel (chloroform solvent) as a light yellow oil, which was identified
by comparison of its spectral data with those of an authentic sam-
ple.10

Registry No.—1, 5024-21-5; 2, 62078-79-9; 3, 62078-80-2; 4,
21173-90-0; 5, 62078-81-3; 7, 956-82-1; trimethylchlorosilane, 75-
77-4.
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/3-Elemenone (2) is a sesquiterpenoid isopropylidene cy-
clohexanone which has been isolated from Bulgarian zdravets
oil2and Rhododendron adamsii Rehd.3The principal com-
ponent of Bulgarian zdravet oil, germacrone |,4 undergoes

smooth thermal rearrangement to /3-elemenone.256 No re-
corded synthesis of /3-elemenone has been described. This note
details the total synthesis of racemic 2 which involves afacile
method for the construction of the frans-I1,2-divinylcyclo-
hexane unit.

The key intermediate diol 3 was prepared from 2-methyl-
4-ethylenedioxycyclohexanone (4) as outlined in Chart I. In-

Chart I. Synthesis of Intermediate Diol 3

a, NaH, THF, CH3CH2COCH2CH2C1; b, KOH, MeOH; c,
Li, NH3 i-BuOH, THF; d, LDA, THF, (EtO)2POCI; e, Li,
EtNH2;f, 03, MeOH; g, NaBH4
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termediate 3 possesses appropriate functionality for the in-
troduction of the two vinyl units as well as for construction of
the isopropylidene unit. The annelated product 5 has been
prepared on several previous occasions from compound 4 and
various ethyl vinyl ketone equivalents including ethyl vinyl
ketone.7-10 In all cases reported the overall yield of isolated
ring annelated material is less than 40%.

We have found that treatment of 4 with 1.3 equiv of sodium
hydride in tetrahydrofuran and 1.8 equiv of I-chloro-3-pen-
tanone followed by treatment with methanolic potassium
hydroxide gave reproducibly a 60% yield of 5 with only a trace
amount of 4 remaining (see Experimental Section).

Generation of the trans ring fusion was carried out in a
straightforward manner as indicated in Chart I. Introduction
of the double bond in compound 6 was established by kinetic
enolate formation followed by trapping of the enolate with
diethyl chlorophosphate. The enol phosphate was reduced
with lithium in ethylamine.1l Ozonolysis of 7 with a sodium
borohydride workup provided in very high yield intermediate
diol 3, mp 61-62°.

3

Construction of the trans-1,2-divinylcyclohexane derivative
9 was carried cut in a two-step process based on the method
for the direct conversion of alcohols to alkyl aryl selenides.12
Treatment of diol 3 with 2.4 equiv of o-nitrophenyl seleno-
cyanatel3 in tetrahydrofuran containing 2.4 equiv of tri-n-
butylphosphine at room temperature for 30 min gave a 94%
yield of bisselenide 8 which was directly converted to diene
9 in very high yield upon treatment with 50% hydrogen per-
oxide in tetrahydrofuran.14 Utilization of only 1.0 equiv of
o-nitrophenyl selenocyanate and 1 equiv of tri-n-butylphos-
phine during an attempted conversion of 3 — 8 resulted in
spontaneous formation of the seven-membered ring ether
10.

The conversion of compound 9 to /3-elemenone is detailed
below. Cleavage of ketal 9 under acidic conditions afforded
ketone 11 which was converted to the a-dithiomethylene de-
rivatives 12 and 13 in a ratio of 3:1 in disappointingly low
yield.15

Reaction of 12 with 2 equiv of lithium dimethylcuprate at
—78 °C produced /3-elemenone in 90% yield. The NMR spec-
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trum of synthetic /Lelemenone displayed a sharp singlet at
1.03 ppm (3 H), broad singlets at 1.80 (6 H) and 2.00 ppm (3
H), a multiplet located at 2.22-2.71 ppm (5 H), and protons
characteristic of the irans-1,2-divinylcyclohexane unit. The
NMR and infrared spectra of synthetic 2 were identical with
those of a sample of /3-elemenone obtained by thermolysis (165
°C, 20 mm) of natural germacrone (1). We are indebted to
Professor V. Herout (Institute of Organic Chemistry and
Biochemistry, Czechoslovak Academy of Science) for agen-
erous gift of “zdravets oil” (Geranium sp.) from which we
readily isolated germacrone.

Experimental Section

Melting points were determined on a Fisher-Johns hot stage
melting point apparatus. All melting points and boiling points are
uncorrected. Infrared (IR) spectra were determined on a Perkin-
Elmer 247 grating infrared spectrometer. Nuclear magnetic resonance
(NMR) spectra were recorded at 60 MHz (Varian A-60D or T-60
spectrometer). Chemical shifts are reported in parts per million (6)
relative to tetramethylsilane (Me4Si) (6\Me4S 0-00 PPm) as an internal
standard. Low-resolution mass spectra were recorded on an LKB-9000
instrument. High-resolution spectra were recorded on a Varian MAT
CH5-DF instrument. Microanalyses were performed by Galbraith,
Inc., Knoxville, Tenn.

Reactions were run under an atmosphere of nitrogen. “Dry” sol-
vents were dried immediately before use. Tetrahydrofuran was dis-
tilled from lithium aluminum hydride. Ether was distilled from so-
dium metal.

6.6- Ethylenedioxy-1,10/S-dimethyl-A:(s)-octal-2-one (5). 4
Ethylenedioxy-2-methylcyclohexanonel (8.31 g, 48.8 mmol) was
added dropwise at room temperature to a suspension of sodium hy-
dride (1.25 g, 63.4 mmol) in dry tetrahydrofuran (60 mL) under ni-
trogen. After refluxing for 2 h, the contents of the flask were cooled
to room temperature and freshly distilled I-chloropentan-3-one (8.19
g, 68.3 mmol) was added. The mixture was heated at 45 °C for 2 h
followed by an additional 2.34 g of I-chloropentan-3-one in 10 mL of
tetrahydrofuran. Heating at 45 °C was continued for an additional
1h. The reaction was quenched with 5% aqueous sodium carbonate
solution and the reaction mixture was concentrated in vacuo. The
product was isolated by ether extraction.17 The residue was treated
at 45 °C with ca. 7 g of solid potassium hydroxide in 150 mL of
methanol. After 6 h, the methanol was evaporated under reduced
pressure and the residue was taken up in ether and brine. The aqueous
phase was thoroughly extracted with ether. The combined ethereal
extracts were washed with water and brine, dried over anhydrous
sodium sulfate, and concentrated in vacuo, yielding 8.9 g of residue
which was chromatographed on 300 g of silica gel. Elution with
ether-hexanes (2:1) yielded 6.80 g (59%) of 5: mp 59-59.5 °C (lit.7
61-62 °C); bp 133-135 °C (0.2 mm) [lit.7 140-142 °C (0.3 mm)]; IR
(CHCL) 1670, 1613cm"1; NMR (CC14) b 1.32 (s, 3 H), 1.71 (s, 3 H),
3.90 (m, 4 H). Only atrace of compound 4 was recovered.

6.6- Ethylenedioxy-la,10/3-dimethyl-trans-2-decalone (s).
asolution of lithium (46 mg, 6.52 mmol) in 100 mL of liquid ammonia
(distilled from sodium) was added dropwise a solution of octalone 5
(770 mg, 3.26 mmol) in 15 mL of dry tetrahydrofuran containing
tert-butyl alcohol (213 mg, 2.60 mmol). The reaction mixture was
stirred at reflux for 2 h followed by quenching with 1,3-butadiene. The
liqguid ammonia was evaporated and the product was isolated by ether
extraction.1' Evaporation of the solvent in vacuo left 762 mg of crude
product which was chromatographed on 40 g of silica gel. Elution with
ether-hexanes (1:3) gave 657 mg (85%) of pure decalone 6 as an oil:
IR (CHC13) 1710cm 'L, NMR (CC14) b0.95 (d, 3H, J = 7 Hz), 1.20 (s,
3 H), 3.85 (m, 4 H); high-resolution mass spectrum m/e 238.1575
(calcd for Ci4H220 3, 238.1569). An analytical sample was prepared
by distillation [123-127 °C (bath temperature) (0.50 mmHg)].

Anal. Calcd for Ci4H2203: C, 70.56; H, 9.30. Found: C, 70.59; H,
9.22.

6.6- Ethylenedioxy-la,10/3-dimethyl-A:-trajis-octalin (7). A
solution of diisopropylamine (3.62 mg, 3.58 mmol) in 10 mL of dry
tetrahydrofuran was treated with 1.79 mL (3.58 mmol) of a2 M so-
lution of n-butyllithium in hexane at 0 °C. After 30 min, a solution
of decalone 6 (657 mg, 2.76 mmol) in 3 mL of dry tetrahydrofuran was
added dropwise. After an additional 30 min 1.8 mL of tetrameth-
ylethylenediamine was added followed by 617 mg (3.58 mmol) of
freshly distilled diethyl chlorophosphate in 1.0 mL of tetrahydrofuran.
The resulting solution was stirred at room temperature for 2 h. The
reaction was quenched by the addition of water and concentrated in
vacuo. Isolation by ether extraction17gave 1.13 g of crude enol phos-
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phate. Chromatography of the crude product on 46 g of silica gel
(elution with ether-hexanes, 3:1) gave 973 mg (94%) of enol phosphate
[IR (CHCI3) 1680,1270,1040 cm“ 1, NMR (CC14) b0.99 (s, 3H), 1.10
(d,3H,J = 7Hz), 1.25 (t, 6 H), 3.8-4.4 (m, 8 H), 5.40 (6 s, 1 H)] which
was used directly in the next reaction.

Following the general procedure of Muchmore,16lithium (51 mg,
7.32 mmol) was added in small pieces to 100 mL of dry ethylamine.
After ca. 1 h at reflux, a solution of enol phosphate (913 mg, 2.44
mmol) containing dry tert-butyl alcohol (600 mg, 7.32 mmol) in 20
mL of dry tetrahydrofuran was added dropwise. Stirring was con-
tinued for 30 min, during which time the blue color persisted. Excess
lithium was consumed by careful addition of a saturated aqueous
ammonium chloride solution. The ethylamine was evaporated and
the product was isolated by ether extraction.17 Chromatography of
crude 7 (597 mg) on 10 g of silica gel (elution with ether-hexanes, 1:3)
gave 474 mg (88%) of pure octalin 7 as an oil: IR (CHCI3) 1650cm-1;
NMR (CC14) b0.91 (s, 3H), 0.98 (d, 3H,J = 7Hz), 3.82 (m, 4 H), 5.41
(6 s, 2 H); high-resolution mass spectrum m/e 222.1620 (calcd for
C1H220 2,222.1618). An analytical sample was prepared by distilla-
tion [62-65 °C (bath temperature) (0.35 mmHg)].

Anal. Calcd for C14H220 2 C, 75.63; H, 9.97. Found: C, 75.86; H,
10.10.

Ozonolysis of Octalin 7. 6,6-Ethylenedioxy-la,10d-dimethyl-
A2-trans-octalin (249 mg, 1.12 mmol) was dissolved in 40 mL of ab-
solute methanol, cooled to -78 °C, and treated with 36 mL of a cooled
(-78 °C) saturated solution of ozone (1.45 mmol) in methylene
chloride. During a 1-h period, sodium borohydride (55 mg, 1.45 mmol)
was added in four equal portions every 15 min at -78 °C. After
warming to room temperature, the solvent was removed in vacuo and
the residue was dissolved in ethyl acetate and washed with brine. The
aqueous wash was extracted exhaustively with ethyl acetate. The
combined organic washes were dried over anhydrous sodium sulfate
and concentrated under reduced pressure. The crude diol 3 (301 mg)
was chromatographed on 18 g of silica gel. Elution with ether-hexanes
(3:1) gave 272 mg (94%) of pure diol 3 as an oil: IR (CC14) 3650, 3325
cm"L, NMR (CC14) b0.77 (d. 3H, J = 7 Hz), 0.95 (s, 3 H); high-reso-
lution mass spectrum m/e 240.1722 (calcd for Ci4H2604 - H20,
240.1726). An analytical sample was prepared by distillation [150-155
°C (bath temperature) (0.5 mmHg)]. Upon standing at 0 °C overnight,
diol 3 crystallized, mp 61-62 °C.

Anal. Calcd for Ci4H2604: C, 65.09; H, 10.14. Found: C, 64.98; H,
10.16.

Bis Aryl Selenide Formation. A solution of 184 mg (0.713 mmol)
of diol 3and 388 mg (1.71 mmol) of o-nitrophenyl selenocyanatel3in
6.0 mL of dry tetrahydrofuran under nitrogen was treated with tri-
n-butylphosphine (379 mg, 1.71 mmol) at room temperature. After
ca. 30 min the solvent was removed in vacuo and the residue (519 mg)
was chromatographed on 30 g of silica gel. Elution with ether-hexanes
(2:3) afforded 418 mg (94%) of crystalline bisselenide 8: mp 54-56 °C;
IR (CHCI3) 1595,1571,1521,1339,1308 cm“ 1, NMR (CC14) b2.81 (m,
4 H), 3.88 (bs, 4 H), 7.35 (m, 6 H), 8.18 (m, 2 H).

Anal. Calcd for C26H32N206Se2: C, 49.85; H, 5.15; N, 4.47. Found:
C, 50.03; H, 5.22; N, 4.44.

Preparation of trans-1,2-Divinylcyclohexane (9). A solution
of 400 mg (0.64 mmol) of bisselenide 8 in 5.0 mL of tetrahydrofuran
cooled to 0 °C was treated dropwise with 173 mL of 50% aqueous hy-
drogen peroxide (2.55 mmol). After addition was complete the reac-
tion mixture was warmed to room temperature. After 3.5 h the solvent
was removed under reduced pressure and the product was isolated
by ether extraction.17 The crude oil (271 mg) was chromatographed
on 18 g of silica gel. Elution with ether-hexanes (1:3) provided 134 mg
(95%) of pure 9 as an oil: IR (CHC13) 3090,1640 cm-1; NMR (CC14)
61.05 (s, 3H), 1.69 (s, 3H), 3.83 (m, 4 H), 4.55-5.08 (m, 4 H), 5.57-6.00
(g, 1 H); high-resolution mass spectrum m/e 222.1600 (calcd for
CidH20 2, 222.1618). An analytical sample was prepared by distilla-
tion [51-56 °C (bath temperature) (0.45 mmHg)].

Anal. Calcd for C14H220 2. C, 75.63; H, 9.97. Found: C, 75.51; H,
9.90.

trans-1,2-Divinylcyclohexanone (11). A solution of 130 mg (5.85
mmol) of ketal 9 in 14.7 mL of tetrahydrofuran containing 0.30 mL
of concentrated hydrochloric acid was stirred at room temperature
for 8 h. The reaction was quenched by the addition of solid sodium
bicarbonate and the solvent was removed under reduced pressure.
Isolation of the product by ether extraction17gave 113 mg of crude
ketone which was chromatographed on 8.0 g of silica gel. Elution with
ether-hexanes (1:3) yielded 96 mg (92%) of pure ketone 11: IR (CC14)
3090, 1720, 1641 cm“1; NMR (CC14) b 0.99 (s, 3 H), 1.78 (s, 3 H),
4.70-5.03 (m, 4 H), 5.62-6.10 (m, 1 H); high-resolution mass spectrum
m/e 178.1360 (calcd for Ci2H 180 , 178.1358).

/3-Elemenone (2). To a solution of 253 mg (1.12 mmol) of 4-
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methyl-2,6-di-ferf-butylphenol in 3.0 mL of anhydrous ether (cooled
to -10 °C) was added 560 gL of 2 M n-butyllithium in hexane. The
observed precipitate dissolved upon warming to room temperature.
To the homogeneous reaction mixture was added dropwise 95 mg (0.53
mmol) of ketone 11 in 1.0 mL of dry ether followed by addition of 214
mg (2.82 mmol) of carbon disulfide. After 14 h at room temperature,
196 mg (1.40 mmol) of methyl iodide was added and stirring was
continued for an additional 5 h. The reaction mixture was quenched
by the addition of brine and ether. The aqueous phase was extracted
with ether. The combined organic layers were washed with brine, dried
over anhydrous magnesium sulfate, and concentrated in vacuo. The
residue (391 mg) was chromatographed on 30 g of silica gel. Elution
with ether-hexanes (1:4) gave 45 mg (30%) of pure a-dithiomethylene
derivative 12: IR (CHC13) 3090,1690,1665,1641 cm“ 1, NMR b(CC1,)

1.04 (s, 3H), 1.80 (s, 3H), 2.30 (s, 3 H), 2.38 (s, 3 H). Continued elution

gave 14 mg of pure a-dithiomethylene derivative 13.

To astirred suspension of copper iodide (29.6 mg, 0.16 mmol) in
1.0 mL of anhydrous ether at 0 °C was added 132 gL (0.31 mmol) of
a 2.37 M solution of methyllithium in ether. After cooling to —78 °C,
22 mg (0.078 mmol) of compound 12 in 1.0 mL of dry ether was added
dropwise. The reaction mixture was stirred for 20 min at-78 °C fol-
lowed by quenching with methanol. Isolation of product by ether
extraction17 afforded 17 mg of crude /3-elemenone which was chro-
matographed in 5.0 g of silica gel. Elution with ether-pentane (1:5)
gave 15.4 mg (90%) of/3-elemenone: IR (CC14) 3080,2960,2930, 2902,
2855,1680,1635,1618,1442,1430,1408,1370,1300,1280,1271,1258,
1239,1210, 1198,1125, 1050,1018, 998, 910, 891 cm“ 1 NMR (CC14)
b1.03 (s, 3H), 1.80 (s, 6 H), 2.00 (s, 3H), 2.22-2.71 (m, 5H), 4.74-5.16
(m, 4 H, terminal vinyl), 5.61-6.07 (m, 1 H); high-resolution mass
spectrum m/e 218.1667 (calcd for C15H220, 218.1670).

Preparation of Seven-Membered Ring Ether 10. A solution of
15.0 mg (0.058 mmol) of diol 3 in 1.0 mL of tetrahydrofuran containing
13.2 mg (0.058 mmol) of o-nitrophenyl selenocyanate was treated with
11.7 mg (0.058 mmol) of tri-ra-butylphosphine at room temperature.
After 30 min the solvent was removed in vacuo and the residue was
chromatographed on 5 g of silica gel. Elution with ether-hexane (1:2)
afforded 12.1 mg (87%) of pure ether 10: IR (CHCI3) 2950,2890,1460,
1389,1365,1335,1300,1265,1220,1165,1145,1120,1100,1085,1070,
1064,1022,1015,995,955,900 cm“ 1, NMR (CC14) b0.95 (d, 3H,J =
7 Hz), 1.01 (s, 3 H), 1.1-2.3 (m, 10 H), 3.S-3.7 (m, 4 H), 3.83 (m, 4
H).
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The usefulness of specifically deuterated amino acids for
studying peptices and proteins is becoming more widely ap-
preciated.2-6 For example, with the deuterium labels providing
unique nuclei for observation using modern biophysical
techniques, information relevant to the conformation and
dynamics of peptides and to the binding of peptide hormones
to carrier proteins (or receptors) may be gathered.7One im-
pediment for such studies has been the limited availability
and/or high cost of specifically labeled amino acids.

Previous attempts to exchange the a proton of amino acids
have met with limited success.8-12 The most successful
methods require high pressure and long reaction times,13 or
preparation, separation, and reduction of cobalt(l11) com-
plexes of amino acids.14

We report here a rapid, inexpensive, and generally appli-
cable preparation of a amino acids starting from commercially
available amino acids. The reaction is an adaptation of a
method for racemization of amino acids which employs re-
fluxing acetic acid and acetic anhydride to give racemic N-
acetyl amino acids.15 In our procedure, a mixture of excess
acetic anhydride with D20 is used to give a solution of AC20
in AcOD. Treatment of amino acids with this solution at reflux
for a few minutes leads to acylation, racemization, and ex-
change at the a position. One possible mechanism for the re-
action is given by the following equations [other mechanism(s)
may also be used to account for the exchange].

H H(X)
I AcR -X,0
R— C— COOX ACOX R— C— COOX +Xjo
N X2 NX
X=H"™H u
H(X)
R (\ ° AcD, Acox R C=C—1
Neoo V
y tautomerization }
CH3 ch3
2 3

From examination of the suggested mechanism, several
points emerge. First, it is not necessary to use the more ex-
pensive stereopure L amino acids in this reaction since tau-
tomerization proceeds through a planar intermediate. Second,
this process is unlikely to affect the stereointegrity of asym-
metric sites other than the a position thus simplifying the
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Table I. Deutération of Amino Acids at the a Position

g-Deuteration, %

Amino acid One exchange Two exchanges Registry no.
Isoleucine 7 >95* 62076-83-9
Leucine 83 91 62076-84-0
Methionine 79 >95* 62076-85-1
Valine 81 >95“ 62076-86-2
Alanine 82 92 5046-58-2
Tyrosine 80 95 62076-87-3
S-Benzylcys- 67 89 57866-79-2

teine
Proline 73 86 62076-88-4

“ No measurable a protons were detected by *H NMR.

problem of stereoisomer resolution. The resolution scheme
for the four stereoisomers of isoleucine, for example, is quite
lengthy. Third, this process directly yields iV-acetyl-a-labeled
amino acids which are the starting compounds for enzymatic
resolution using hog renal acylase, carboxypeptidase, or other
enzymes capable of selective cleavage of an acetyl group from
one stereoisomer without a significant cleavage of the enan-
tiomeric compound. Fourth, if the D isomer is not desired, it
can be recycled. Fifth, the exchange efficiency is related to the
proportional excess of available deuterons to protons. To
achieve high levels of exchange, a high 2H /1H ratio is required.
This condition can be approached in several ways: (a) a high
molar excess of acetic acid-d relative to the amino acid can be
used; (b) labile hydrogens of the amino acid can be subjected
to prior exchange; (c) the exchange reaction can be repeat-
ed.

With the methods we have used thus far, one treatment
generally leads to 70-80% exchange. A second treatment raises
the level of exchange to 90-100% in most cases studied (Table

).
Experimental Section

Synthesis of IV-Acetyl-DL-[a-2H 1Jalanine. The following pro-
cedure exemplifies the experimental procedure used. AU-protio ala-
nine (0.89 g, 0.01 mol) was shaken with 3.7 mL of D20 to exchange
labile protons. The mixture was frozen and lyophilized to dryness.
Immediately, 21.7 mL of Ac20 and 2.5 mL of D20 were added to the
resulting powder and the flask was placed in a 170 °C bath. The so-
lution was refluxed for 2 min, then cooled (drying tube) and 2 mL of
D20 was added to destroy the remaining Ac2 and convert any
azlactone 2 back to the N-acetyl amino acid. The solvents were re-
moved by rotary evaporation. Crystals appeared as the evaporation
neared completion. The residue was recrystallized from ethyl acetate.
The crystals were filtered, washed with ether, and dried in vacuo over
KOH: yield 1.17 g (89%); mp 127-128 °C; NMR (Me2S0O-d6) 6 1.55
(s, 3 H), 2.15 (s, 1.1 H), 2.80 (Me2S0), 4.4-4.6 (a-CH. 0.18 H). After
the reaction was repeated, 0.08 a hydrogens were detectable by proton
nuclear magetic resonance spectroscopy, yield 1.06 g (80%). Similar
procedures were used for other amino acids and the results are sum-
marized in Table I.

There was exchange of deuterium into the acetyl methyl groups.
This fact effectively decreases the 2H/'H ratio and is undoubtedly
responsible for some, if not most, of the nondeuteration at the a car-
bon. Clearly, this method could also be used for the exchange of tri-
tium into the a position.

Registry No.—DL-Isoleucine, 443-79-8; DL-leucine, 328-39-2;
DL-methionine, 59-51-8; DL-valine, 516-06-3; DL-alanine, 302-72-7;
DL-tyrosine, 556-03-6; DL-S-benzylcysteine, 5680-65-9; DL-proline,
609-36-9.
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In an earlier paper the structures and relative stabilities
of the isomeric octahydronaphthalenes were discussed.3 It was
felt that the relative energies of the various isomers could be
accurately calculated, and simultaneous but independent
experimental work showed that this was indeed so0.4 In the
course of continuing studies on the isomers of perhydrophe-
nanthrene,5 various synthetic sequences were projected which
involved a dodecahydrophenanthrene with a trans,syn,trans
backbone as an intermediate. Because of the possibility of
rearrangement, it was desirable to know something about the
relative stabilities of some of these compounds. The previously
used calculational methods (molecular mechanics) were ex-
pected to yield reliable predictions here, so the calculations
were carried out (1973 force field6) and the results are reported
herein.

There are 25 isomers of dodecahydrophenanthrene which
were considered in this work. They are shown in Table I. The
calculated heat of formation (Hf, gas, 25 °C) is —29.60 kcal/
mol for the most stable compound (7). The valuesof AH f are
given for each conformation. Also, the values of AH for each
compound (conformational mixture) relative to the most
stable isomer are shown, together with the relative entropies
if nonzero, calculated by taking into account symmetry
numbers and entropies of mixing. The relative free energies
(80 °C) are also shown for isomers within 4 kcal/mol of the
most stable one.

A few experimental investigations of the relative stabilities
of some of the isomers of dodecahydrophenanthrene have
appeared in the literature, together with suggestions regarding
possible bond migrations in the course of a synthesis of a
perhydrophenanthrene?. Christol and co-workers, in a series
of papers,8carried out some equilibration studies, and isolated
what they believed to be the isomers indicated, in the yields
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Table I. Relative Enthalpies, Energies, Entropies, and Free Energies of the Conformations
of the Dodecahydrophenanthrenes3-6 1—25

Position of
Structure double bond AHf (25 °C) AH AS
4a,4b 3.17
3.17 -1.38
4a,4b 13.21
4a,4b 5.82 N\
4a,4b 3.81 3.12 -0.43
4a,4b 294 )
4,4a 7.23 '
4,4a 7.14
> 7.18
4,4a 14.49
4,4a 12.43 ,
4,4a 2.98
- 2.98
4,4a 9.23
4,4a 3.04
3.07 +1.37
4,4a 3.09
4,4a 7.02 ]
> 7.07
4.4a 9.18
4,10a 6.27
0.00 0
4,10a 0.00
4,10a 1.61
1.28 +1.19
4,10a 1.13
1,10a 3.97
> 4.03

1,10a 7.52
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Table 1
(Continued)
Position of
double bond AHf° (25 °C) AH AS AG (80 °C)
1,10a 1.64 1.64 0 1.64
1,10a 9.13
7.00
1,10a 6.98
1,10a 5.37
5.37
1,10a 11.93
10,10a 3.34
3.31 +1.37 2.83
10,10a 3.24
10,10a 1.36 1.36 0 1.36
10,10a 2.42 2.42 0 2.42
10,10a 4.98 '
4.99
10,10a 8.15
9,10 5.28 '
5.28
9,10 14.50
9,10 5.00
5.00
9,10 12.98
9,10 6.31
6.41
9,10 7.87
9,10 11.38 11.38
9,10 4.00 4.00
9,10 9.96 9.96

3,4 11.94 11.94
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Table 1
(Continued)

Position of

No. Structure double bond

AHf® (25 °C) AH AS AG (80 °C)
8.49 8.49
11.25 11.25

“The values for AHf° are the relative (to 7) values for the individual conformations. The values for AS allow for symmetry
and mixing, and together with AG, these are for compounds rather than conformations. All for the gas phase. * The symbol
(+) [or (-)] means that the carbon indicated is above (or below) the general place of the molecule. The symbols (++) and

(— ) mean the same thing to a greater degree.

shown: 8,40%; 7,30%; 3,30%. They obtained the same mixture
in several different ways, and hence concluded that it repre-
sented equilibrium. Their identification of the isomers was
by gas phase chromatography, and structure determination
with the aid of infrared, NMR (proton only), and Raman
sepctroscopy.

Our calculations are in moderate agreement with the ex-
perimental work of the French workers. We agree that isomers
7 and 8 are the most stable, but find that isomer 3 is quite
unstable, and therefore not likely to contribute significantly
to the equilibrium mixture. We believe that isomer 10 or iso-
mer 14, or possibly a mixture of the two, was the third com-
ponent which they obtained in the mixture. An unambiguous
distinction between isomers 10,14, and 3 does not seem pos-
sible on the basis of only infrared, Raman spectra, and X4
NMR.

The starting coordinates were generated in each case from
Fieser models by projection onto graph paper. About 3-6 min
of computer time (IBM 360/65) was required for each calcu-
lation.

Registry No.—1, 16041-60-4; 2, 17002-05-0; 3, 20480-70-0; 4,
62076-17-9; 5,62075-58-5; 6,62075-59-6; 7,20480-69-7; 8, 20480-68-6;
9, 62046-20-2; 10, 62046-21-3; 11, 62406-22-4; 12, 62046-23-5; 13,

62046-24-6; 14, 39142-79-5; 15, 62046-25-7; 16, 62046-26-8; 17,
62046-27-9; 18, 62046-28-0; 19, 62046-29-1;, 20, 62046-30-4; 21,
62046-31-5; 22,62046-32-6; 23, 62046-33-7, 24, 62046-34-8; 25,
62046-35-9.
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The characteristic odor of celery essential oil is due to a
series of phthalide derivatives, of which 3-n-butyl phthalide

(1) and sedanolide (4)12are reported to be the major odor
components. Several other phthalides (2, 3, 6-8)2-4 occur in

r217
R = HR = HHHH 4 = H R = nBu
Ry R2 = CHCICH3)2 5 Rv R = CHOHR)208
R R = CHIRCHCH3)2
n-Bu
6 R = CHOHCH3>2
9 R =H
7 r = chch2-ch;ch3)2
10 R =M

trace quantities along with an additional major component
which on base hydrolysis yields sedanonic acid (9). The sug-
gested identity of this secondary component, sedanonic an-
hydride (5), was proposed by Ciamician and Silberlbased on
their classical work with celery constituents. More recent re-
ports continue to suggest that sedanonic anhydride is a major
odor component of celery and other o0ils.5-7

Our work with certain biologically active components of
celery 0il8 has resulted in the isolation of the two major
phthalide compounds: the well-characterized 3-n-butyl
phthalide (1) and a second material which yields sedanonic
acid on treatment with aqueous base. We wish to report the
results of our work, which indicate that this secondary ma-
terial is not sedanonic anhydride, but an unreported com-
pound, 3-n-butyl 4,5-dihydrophthalide (sedanenolide) (11).

n 2

Chromatographic separation of the essential oil components
of celery seed led to the isolation of 3-n-butyl phthalide (1)
and sedanenolide in approximately equal quantities. Sedan-
enolide (li), C12H 1502 (high-resolution mass spectrum), [a]24p
-43.2°, shows absorption at Xmax280 nm (t 3790) in agreement
with the cross-conjugated 3,4-dihydrophthalide system.9The
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IR spectrum shows intense absorption at 1750 cm-1 in
agreement with the a,/3-unsaturated, 7 ,;j-saturated, 7-lactone.
The 'H NMR spectrum displays a one-proton doublet at 6.12
ppm (J = 10 Hz) and aone-proton multiplet at 5.85 (W12 =
8 Hz) for the vinyl protons, H-7 and H-6, respectively,10and
a one-proton multiplet at 4.86 (W12 = 8 Hz) for H-3.

The 13C NMR spectrum of sedanenolide is in accord with
the proposed structure and played a key role in positional
assignment of double bonds. Of primary importance in this
regard is the appearance in the off-resonance decoupled
spectrum of a doublet at 82.6 ppm, indicating saturation at
C-3. Double bond assignments of the type indicated in com-
pounds 13 and 5 are thus ruled out. Also appearing are two
doublets (128.4 and 116.8) and a singlet (124.5) consistent with
disubstituted and tetrasubstituted double bonds composed
of C-6 and C-7, and C-la and C-3a, respectively. In addition,
signals appear for the side chain (C-T thru C-4") as a series of
four multiplets in the range 13.8-22.4, for C-4 and C-5 as two
triplets (31.9 and 26.7, respectively), and for C-1 as asinglet
(161.5).

Catalytic hydrogenation of sedanenolide in acetic acid over
platinum oxide led to the formation of the known 3-n-butyl
hexahydrophthalide (8) (IR, NMR, MS, and mp).

Treatment of sedanenolide with aqueous base gives, in
quantitative yield, sedanonic acid (9) (IR, UV, NMR, MS, and
mp),11 which was readily converted to the corresponding
methyl ester 10 (IR, UV, MS, NMR) by treatment with dia-
zomethane. Similar facile keto ester formation from a sub-
stituted A2-butenolide has been observed by Takeda et al.12
in their work with linderalactone (12).

A reasonable mechanism for formation of sedanonic acid
from sedanenolide (Scheme 1) requires an initial proton ab-

Scheme |

n-Bu n-Bu

(13)

straction from C-3 with formation of the delocalized furanoid
system, followed by double bond rearrangement and hydrol-
ysis.

It is of interest to note that no evidence was obtained in the
present investigation for the presence of sedanolide in celery
essential oil. Barton and DeVries1l have also made this ob-
servation and they have suggested that 3-n-butyl phthalide
has been confused with sedanolide in the relatively recent
literature. Several reports have also appeared of the occur-
rence of sedanonic acid or sedanonic anhydride in various
plant extracts.45 These reports describe characterizations
based on treatment of crude extracts with aqueous base or
phthalazone formation. These procedures would not distin-
guish between sedanonic anhydride and sedanenolide. The
natural product may very well be the latter compound in these
cases.

Experimental Section

Melting points were taken in capillaries and are uncorrected. IR
sepctra were measured in chloroform on a Perkin-Elmer 137 spec-
trometer; UV spectra were measured in ethanol using Bausch and
Lomb Spectronic 505 and Cary Model 14 spectrometers; 'H NMR
spectra were taken in CCl14 (unless otherwise indicated) on a Varian
T-60 spectrometer; 13C NMR spectra were determined in DCC13at
25.144 MHz in the Fourier mode using a Nicolet TT-23 spectrometer
with Brucker 40 console in conjunction with a 8K memory computer;
chemical shifts are reported in 5units from internal Me4Si, and when
followed by parentheses give multiplicity of signal, coupling constant
if applicable, and assignment. Spin multiplicity is given by s = singlet,

Notes

d = doublet, t = triplet, m= multiplet. Mass spectra were obtained
on aCEC 103 (low resolution) or CEC 21-110B (high resolution] in-
strument. Optical rotations were measured on solutions in 95% EtOH,;
column chromatography wes performed on Merck silica gel 60 (>230
mesh). Thin-layer chromatography was carried out on silica gel pre-
coated 60 F-254 chromatoplates (5 x 10 cm, 0.25-mm thick, EM
Laboratories, Inc.).

Isolation of Phthalides from Celery Seed. Steam distillation at
atmospheric pressure of ground celery seed (1 kg) produced 27 L of
aqueous distillate, which was extracted consecutively with petroleum
ether (bp 30- 60 °C, 18L), ethyl ether (18 L), and chloroform (18 L).
Evaporation of the organic extracts in vacuo gave a combined yield
of 16.8 g of essential cil. This material was placed on asilica gel column
and nine fractions were eluted with 4.5 L of hexane-diethyl ether (1.1,
v/v). A tenth fraction was eluted with 500 mL of methanol. Solvents
were removed in vacuo and the oily residues were assayed for sedative
activity as described by Brodie.13Significant activity resided only in
the phthalide-containing fractions. 3-n-Butyl phthalide and sedan-
enolide were isolated from fractions 5and 6 by gas chromatography
under the following conditions: aluminum column (20 ft x % in.),
packed with 15% S.E. 30 on dimethylchlorosilane (DMCS)-treated
60/80 mesh gas Chromosorb W, helium flow rate of 200 mL/min; and
column, injector, and detector temperatures, 200, 218, and 235 °C,
respectively. 3-n-Butyl phthalide and sedanenolide had retention
times of 57 and 75 min, respectively, under these conditions.

3-n-Butyl phthalide (1) was obtained as a pale yellow oil with a
distinct odor of celery oil: UV absorptions at 228,275, and 282 nm (t
8190,1480, and 1480, respectively); IR band at 1750 cm-1 (7-lactone);
NMR signals at 57.23-7.84 (m, H-4, 5,6,7) and 541 (m, H-3), in ac-
cord with published data. 11

Sedanenolide (11) is a colorless oil with a distinct celery odor: [a]2p
-43.2°; IR bands at 1750 (7-lactone), 1650,1460, 1430, 1310, 1270,
1040, 960, and 915 cm 'L UV spectrum Xrax 280 nm (e 3790). The
high-resolution mass spectrum displayed the molecular ion peak
(22.9%); other major peaks were at m/e (composition, %) 163
(C,HI®, 3.6), 135 (C8HM 2 5.3), 108 (CHAD, 21.7), 107 (CHT,
100.0), 85 (C5H90, 9.7), 79 (CaH7, 24.3), 77 (CaHS, 24.2), and 57 (C4H9,
14.4).

Anal. Calcd for CiZHig02 mol wt, 192.1150. Found: mol wdt,
192.1158 (MS).

3-n-Butyl Hexahydrophthalide (8). A solution of sedanenolide
(20 mg) in glacial acetic acid (5 mL) was hydrogenated over 50 mg of
PtO-=2at atmospheric pressure for 48 h and filtered. The residue ob-
tained after evaporation of solvent was purified by gas chromatog-
raphy under the conditions described for the parent compound. The
reduced product (rentention time, 35 min) was obtained as a low
melting solid (mp 39-41 °C, lit,1148-49 °C): IR bands at 1765 (y-
lactone), 1440,1180,1165,1125,980, and 735 cm-1; NMR signals at
412 (m, W12= 10 Hz, H-3), and 261 (m, \F/2= 12 Hz, H-7a); UV
spectrum showed only end absorption. The high-resolution mass
spectrum exhibited the molecular ion (4.3%); other major peaks were
at m/e 180 (C12H2D0 ,4.3), 165 (CnHID,3.1), 152 (CnHA, 18.2), 139
(C8Hn02 37.6), 111 (CMHuO, 9.2), and 109 (CTHD, 34.8).

Anal. Calcd for CI2H20CL: mol wt, 196.1463. Found: mol wit,
196.1450 (MS).

Sedanonic Acid (9). Sedanenolide (50 mg) was treated with
aqueous potassium hydroxide and sodium carbonate solutions as
described by Barton and DeVries1for isolation of sedanonic acid from
celery oil. Crystallization of the acidic reaction product from ben-
zene/hexane afforded sedanonic acid (38 mg) as colorless needles: mp
109-110 °C (lit.,11110-111 °C); IR bands at 2500-3400 (-OH), 1710
(acyclic ketone), 1695 (a,/3-unsaturated carboxyl), 1650 (conjugated
double bond), 1530,1420, and 1260 cm ', NMR (DCCI3) signals at
7.34 (t, J = 4 Hz, H-1) and 3.62 (m, Wm = 10 Hz, H-3). The high-
resolution mass spectrum revealed a molecular ion peak (1.3%); other
major peaks were at m/e (composition, %) 125 (CTH0 2 2.7), 108
(CMgO, 59.3), 97 (CEHD , 3.0), 85 (CFHD , 57.2), 79 (CAH7, 21.6), and
57 (C4H9, 100.0).

Anal. Calcd for CiZHi83: mol wt, 210.1256. Found: mol wt,
210.1243 (MS).

Sedanonic Acid Methyl Ester (10). Methylation of 20 mg of 9
with excess diazomethane in the usual way and purification of the
crude product by preparative TLC (silica gel, solvent chloroform)
yielded 15 mg of 10 as a colorless oil: IR bands at 1710 (a.d-unsatu-
rated ester and acyclic ketone), 1430, 1250, and 1080 cm“ 1 UV
spectrum Anax 215 nm (e 15 300); NMR signals at 7.02 (m, 1Vi/2=5
Hz, H-1) and 3.64 (s, OMe). The high-resolution mass spectrum af-
forded the molecular ion peak 4.7% and other major peaks at m/e 192
(CiH1602 6.1), 140 (C8HiD 2 22.9), 108 (CTHAD , 15.5), 86 (C4HD,
7.5), 85 (C5H90,100.0), 79 (C6H7, 22.8), and 57 (C4H9, 85.3).
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Anal. Calcd for C13H2003 mol wt, 224.1412. Found: mol wt,
224.1392 (MS).

Registry No.—1, 6066-49-5; 8, 3553-34-2; 9, 6697-07-0; 10,
62006-38-6; 11,62006-39-7.
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In 1972 reactions of polycyanovinyl halides with metal
carbonyl anions were first reported3to give good yields of
stable polycyanovinyl transition metal derivatives.4 Subse-
guent work56 showed that further reactions of these polycy-
anovinyl transition metal derivatives gave a variety of unusual
and interesting cyanocarbon transition metal complexes in-
cluding compounds containing terminal78 and bridging34
dicyanovinylidene ligands, dicyanoketeneimmonium deriv-
atives,9 novel types of chelates,9 and new polycyano olefin
complexes.10

This extensive new area of transition metal chemistry
created by the discovery of polycyanovinyl transition metal
derivatives made of interest the preparation and reactions of
similar transition metal polycyanobutadienyl derivatives. This
suggested an investigation of reactions of halopolycyanobu-
tadienes with metal carbonyl anions. However, since halo-
polycyanobutadienes were completely unknown at that time,
it was first necessary to develop methods for their preparation.
This paper describes the methods for the preparation of 1-
halopentacyanobutadienes that we first developed in 1972 as
well as their reactions with certain metal carbonyl anions to
give pentacyanobutadienyl transition metal derivatives.

Experimental Section

Infrared spectra were determined on a Perkin-Elmer Model 621
spectrometer with grating optics. Mass spectra were determined using
a Perkin-Elmer Hitachi RMU-6 mass spectrometer. Relative inten-
sities are given in parentheses with the indicated relative intensities
for the ions containing chlorine and bromine being the sums of the
ions containing the two major isotopes (i.e., 33C1 and 37C1 for chlorine
and 79Br and 81Br for bromine). Melting points are taken in capillaries
and are uncorrected.

Tetracyanoethylene was purchased from Kay-Fries Chemicals Inc.,
New York, N.Y., and converted to tetraethylammonium pentacy-
anobutadien-l-olate via tetracyanoethanell and disodium hexacya-
nobutenediidel2 by the published procedure.13 Metal carbonyl de-
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rivatives were obtained by procedures similar to those used in previous
work.4

Preparation of 1-Chloropentacyanobutadiene. A solution of
10.0 g (30.8 mmol) of tetraethylammonium pentacyanobutadien-1-
olate in 150 mL of redistilled 1,2-dimethoxyethane was added to a
solution of 7.7 g (5.2 mL, 60.8 mmol) of redistilled oxalyl chloride in
50 mL of redistilled 1,2-dimethoxyethane. After stirring for 34 h at
room temperature, the reaction mixture was filtered to remove a tan
precipitate. Solvent was then removed at ~25 °C (40 mm). The resi-
due was extracted with dichloromethane. Excess diethyl ether was
added to the filtered dichloromethane extract to precipitate 3.22 g
of unreacted tetraethylammonium pentacyanobutadien-l-olate (32%
recovery), identified by its infrared spectrum. After removal of this
precipitate by filtration followed by evaporation of the filtrate at ~25
°C (40 mm), sublimation of the residue at 110-125 °C (0.2 mm) gave
191 g (29% conversion, 42% yield) of white, crystalline 1-chloropen-
tacyanobutadiene: mp 195 °C dec; infrared spectrum (KBr) 2245 (w),
1540 (m), 1524 (m), 1399 (vw), 1378 (vw), 1357 (m), 1315 (sh), 1277
(w), 1234 (m), 1226 (m), 1208 (w, sh), 1028 (w), 1000 (m), 978 (w), 924
(vw), 900 (m), 806 (vw), 778 (m), 771 (w, sh), 654 (vw), 623 cm-1 (vw);
ultraviolet spectrum (CH3CN) 329 nm (e 4700), 315 (6400), 264 (9200),
253 (11 400); mass spectrum CINECL+ (100), CsNiCl4 (6), CON5+ (13),
C8N4+ (9), CTN3+ (15), CEN3+ (7), C6N2+ (16), C3NC1+ (15), CAN2+
(33), C4AN+ (10), C3N+ (7), C2N+ (9).

In repeat experiments the yields of 1-chloropentacyanobutadiene
were erratic.

Anal. Calcd for C9CINS: C, 50.5; H, 0.0; N, 32.8. Found: C, 49.4,51.2;
H, 0.3, 0.8; N, 3S.1; 32.6.

Preparation of 1-Bromopentacyanobutadiene. A. From
[(C2Hs)aN][C4(CN)sO] and Oxalyl Bromide. A solution of 10.0g
(308 mmol) of tetraethylammonium pentacyanobutadien-l-olate in
100 mL of redistilled 1,2-dimethoxyethane was added to a solution
of 7.2 g (3.0 mL, 33.3 mmol) of oxalyl bromide in 150 mL of 1,2-di-
methoxyethane. After stirring for 22 h at room temperature solvent
was removed at 40 °C (40 mm). The residue was extracted with two
250-mL portions of benzene. Evaporation of the filtered benzene
extracts at ~40 °C (40 mm) gave a pale brown residue. Fractional
sublimation of this residue first gave 0.33 g of an unidentified sub-
stance at 110-125 °C (0.2 mm) which was not investigated further
since its infrared spectrum showed the absence of cyano groups. After
removal of this substance, further vacuum sublimation at 130-135
°C (0.2 mm) gave 0.56 g (7% conversion, 12% yield) of 1-bromopen-
tacyanobutadiene, identified by its infrared spectrum (see below).
The residue remaining from the benzene extraction was crystallized
from a mixture of dichloromethane and diethyl ether to give 4.1 g (41%
recovery) of unreacted tetraethylammonium pentacyanobutadien-
l-olate.

B. From Na;C4(CN)s and Bromine. A mixture of 10.1 g (~40
mmol) of disodium irams-hexacyanobutenediide [dried at 110 °C (0.1
mm) for 20 h], 4.0 mL (11.7 g, 73.1 mmol as Br2) of bromine, and 80
mL of hexane was stirred for 25 h at room temperature. The reaction
mixture was then evaporated to dryness at 40 °C (40 mm). Excess
bromine was removed by pumping at 25 °C (0.1 mm) for 12 h. The
dark brown residue was extracted with two 150-mL portions of ben-
zene followed by one portion of 1,2-dichloroethane. Evaporation of
the combined extracts at ~40 °C (40 mm) followed by vacuum sub-
limation at 135 °C (0.2 mm) gave 0.9 g (9% yield) of f-bromopenta-
cyanobutadiene: mp 228 °C dec; infrared spectrum (KBr) 2251 (w),
1549 (m), 1531 (m), 1401 (w), 1375 (m), 1348 (vw), 1276 (w), 1265 (m),
1220 (m), 1211 (vw), 1199 (vw), 1030 (vw), 1021 (w), 1002 (vw), 925
(vw), 911 (w), 872 (vw), 809 (vw), 784 (m), 777 cm-1 (w); ultraviolet
spectrum (CH3CN) 333 nm (c 3700), 313 (4400), 265 (9600), 253 (9700);
mass spectrum CgN5Br+ (100), CgNs4 (95), CsN4+ (5), C7TN3+ (40),
C5N3+ (19), C6N2+ (20), CAN2+ (42), CAN+ (13), C3N+ (7), C2N+
12).

Anal. Calcd for COBrN5: C, 41.8; H, 0.0; N, 27.1; Br, 31.0. Found: C,
41.9; H, 0.3; N, 27.1; Br, 30.6.

Preparation of 1-Ethoxypentacyanobutadiene. A mixture of
0.30 g (1.4 mmol) of 1-chloropentacyanobutadiene, 10 mL of absolute
ethanol, and 50 mL of tetrahydrofuran was boiled under reflux for
24 h. Removal of solvent at ~40 °C (40 mm) followed by crystallization
from a mixture of dichloromethane and hexane gave a total of 0.30
g (96% yield) of 1-ethoxypentacyanobutadiene. Sublimation of the
crude product at 110 °C (0.15 mm) gave the analytical sample as white
crystals: mp 133-132 °C; infrared K(CN) 2245 (w), x(C=C) 1570 (m)
and 1535 cm-1 (m); *H NMR spectrum CH2at r 5.28 (quartet, J =
7 Hz), CH3at r 8.44 (triplet, J = 7 Hz); ultraviolet spectrum (CH3CN)
347 nm (e 7500), 337 (6600), 270 (10 200).

Anal. Calcd for CIIHGNS0: C, 59.2; H, 2.2; N, 31.4. Found: C, 59.7;
H, 2.4; N, 30.4.
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Reaction of 1-Bromopentacyanobutadiene with NaMn(CO>s.
A solution of NaM n(C0>5 was prepared by stirring a solution of 1.0
g (2.55 mmol) of Mn2<CO)ioin 50 mL ofredistilled tetrahydrofuran
with an amalgam o0f0.2 g (8.7 mg-atoms) ofsodium metalin 5mL of
mercury for 1.5 h. This solution was treated at —78 °C with a solution
0f0.99g (3.5 mmol)ofl-bromopentacyanobutadiene in 100 mL ofre-
distilled tetrahydrofuran. After the resulting green mixture was
stirred for 1 hatroom temperature,solventwas removed at 25 °C (40
mm). The residue was extracted with dichloromethane. Addition of
hexane to the filtered dichloromethane extracts followed by slow
solvent removal at ~25 °C (40 mm) and addition of hexane gave 0.27
g (21% yield) ofyellow (NC)2C=C(CN)C(CN)=C(CN)Mn(CO)s.The
analytical sample was obtained by chromatography of the filtrate on
Florisil in dichloromethane solution followed by recrystallization from
mixtures of dichloromethane and hexane to give a yellow solid: mp
140 °C dec; infrared spectrum e(CO) frequencies at 2142 (s), 2090 (m),
and 2048 cm-1 (vs) in CH2C12; y(CN) frequencies at 2246 (w) and 2236
cm-1 (w)in KBr;and i/(C=C) frequencies at 1525 (s) and 1505 cm -1
(m) in KBr.

Anal. Calcd forCnMnNsOf,: C,45.0; H, 0.0; N, 18.8; 0, 21.4. Found:
C,45.0, H,0.0;, N, 18.4; 0, 22.0.

Reaction of 1-Bromopentacyanobutadiene with NawW(CO>3-
C5Hb5. A solution of Naw fC O LCjHs was prepared by boiling under
reflux a mixture of 1.41 g (4 mmol) of W(CO)e and 5 mmol ofsodium
cyclopentadienide (from NaH and cyclopentadiene) in 1,2-dime-
thoxyethane solution. This solution was treated at —78 °C with 1.03
g (4 mmol) of l-bromopentacyanobutadiene. After stirring for 2 h at
room temperature, the solvent was removed at ~40 °C (40 mm). A
concentrated solution of the purple residue in dichloromethane was
chromatographed on a Florisil column. Red-violet ([CsSHgW ICO),-"),
orange (CsHgW fCOLBr),and magenta (unidentified) bands were first
successively eluted from the chromatogram with mixtures ofdichlo-
romethane and hexane. Further elution of the nextyellow-brown band
with pure dichloromethane followed by evaporation of the eluate and
two successive crystallizations from mixtures of dichloromethane and
hexane gave 0.05 g (2.5% yield) of yellow (NCj2C=C(CN)C(CN)
=C(CN)W (CO)3C5H5: mp 185-190 °C dec; infrared spectrum iHCH)
frequency at 3121 cm-1 (w) in KBr; ¢c(CN) frequencies at 2245 (w) and
2230 cm-1 (w) in KBr; j'(CO) frequencies at 2050 (s) and 1955 cm-1
(vs) in CH2C12;ii(C=C) frequencies at 1523 (m) and 1500 cm-1 (m)
in KBr; '"H NMR spectrum in (CD;))2CO, t (C5H 5) 3.85.

Anal. Calcd for C17H5N.503W: C, 39.9; H, 1.0: N, 13.7; 0, 9.4. Found:
C,40.3; H, 1.4; N, 12.9; O, 10.1.

Results and Discussion

The reaction of tetramethylammonium tricyanoethenolate
with oxalyl chloride in 1,2-dimethoxyethane has been re-
portedl4 to provide a convenient synthesis of tricyanovinyl
chloride according to the following scheme:

Our syntheses of 1-halopentacyanobutadienes use the com-
pletely analogous reactions of tetraethylammonium penta-
cyanobutadien-l-olate with oxalyl halides in 1,2-dime-
thoxyethane according to the following schemes (X = Cl or
Br):

Notes

The yields of the 1-halopentacyanobutadienes from these
reactions were somewhat erratic for reasons that are not
completely clear. Alternative reagents for conversion of the
tetraethylammonium pentacyanobutadiene-l-olate to 1-
chloropentacyanobutadiene (I, X = CIl) are POCI3 in 1,2-
dimethoxyethane and thionyl chloride in dichloromethane,
but neither of these reagents appears to offer any advantages
over oxalyl chloride.

During the course of some work on hexacyanobutadiene,
an alternative synthesis of 1-bromopentacyanobutadiene (I,
X = Br) was discovered. The reaction of disodium hexacya-
nobutenediide with bromine vapor is reported12to result in
oxidation to give hexacyanobutadiene. However, in this work
the reaction of disodium hexacyanobutenediide with excess
bromine in hexane solution was found to proceed differently
resulting in replacement of one cyano group with bromine to
give l-bromopentacyanobutadiene. Speculation on the
mechanism of this interesting reaction appears premature.

The spectroscopic properties of the 1-halopentacyanobu-
tadienes (I, X = Cl and Br) are in accord with the proposed
structures. The infrared spectra exhibit the expected HCN)
frequencies at 2248 + 3 cm-1 as well as symmetric and an-
tisymmetric i»(C=C) frequencies at 1545 + 5 and 1528 + 4
cm-1, respectively. The mass spectra exhibit the expected
molecular ions. These molecular ions CgNr, X+ fragment most
readily by halogen loss to give CgNLC followed by successive
CN losses to give CsN4+, C7N 3+, and CEN2+. The last ion may
be derived from 1,4-dicyanobutadiyne, NCC=CC=CCN.
Another important ion is CAN2+ possibly derived from dicy-
anoacetylene. In the chloro derivative | (X = CI) cyano loss
from the molecular ion to give CsN4Cl1+ apparently can com-
pete with the more usual chlorine loss to give CgN5+, whereas
the analogous C8N4Br+ was not found in the corresponding
bromo derivative | (X = Br) apparently because of the lower
strength of carbon-bromine bonds relative to carbon-chlorine
bonds.

The halogen atoms in the 1-halopentacyanobutadienes were
found to be relatively reactive toward nucleophiles similar to
the halogen atoms in polycyanovinyl halides. Thus treatment
of 1-chloropentacyanobutadiene (I, X = CIl) with ethanol
readily leads to replacement of the chlorine with an ethoxy
group to form l-ethoxypentacyanobutadiene (I1). The com-

v

pound Il was also isolated when diethyl ether was used to
crystallize the crude product from tetraethylammonium
pentacyanobutadien-l-olate and oxalyl chloride.

The halogen atoms in the 1-halopentacyanobutadienes (1)
were also found to be reactive toward metal carbonyl anions
to give pentacyanobutadienyl transition metal carbonyl de-
rivatives. Thus the reaction of 1-bromopentacyanobutadiene
with NaMn(CO)5 gives the manganese pentacarbonyl deriv-
ative (NC)2C=C(CN)C(CN)=C(CN)Mn(CO)5 (111) identi-
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fied by elemental analyses and a pattern of infrared /(CO)
frequencies similar to those found in the previously reported4
polycyanovinylmanganese pentacarbonyl derivatives. A
similar reaction of 1-bromopentacyanobutadiene with Naw-
(CO)3CBH5 gives a complex mixture from which the corre-
sponding pentacyanobutadienyl derivative (NC)2C=C-
(CN)C(CN)=C(CN)W(CO)3C5H5 (IV, M = W) can be iso-
lated in low yield by chromatography. This pentacyanobu-
tadienyl derivative was identified by elemental analyses, the
expected pattern of infrared c¢(CO) frequencies for an
RW (CO)3C5H5 derivative, and the expected single C5H5 4H
NMR resonance. A similar attempt to prepare the molybde-
num analogue IV (M= Mo) gave a complex mixture from
which a pure product could not be separated.

The infrared r(C=C) frequencies of the pentacyanobuta-
dienyl transition metal derivatives 111 and IV (M = W) appear
at 1524 + 1and 1503 £ 3 cm-1 which are about 25cm-1 lower
than the i/(C=C) frequencies found in the corresponding 1-
halopentacyanobutadienes | (X = Cl and Br). This decrease
in the '(C=C) frequencies of acyanoolefin upon forming a a
bond to a metal carbonyl unit is a consequence of partial
donation of electrons from the filled metal d orbitals into the
antibonding orbitals of the carbon-carbon double bond. The
magnitude of this effect (—25 cm-1) in the pentacyanobuta-
dienyl transition metal derivatives lll and IV (M = W) is less
than that of the corresponding effect (90-100 cm-1) in the
previously reported4 polycyanovinyl transition metal deriv-
atives since only one of the two carbon-carbon double bonds
of the pentacyanobutadienyl system is adjacent to the tran-
sition metal system. The infrared spectra of pentacyanobu-
tadienyl transition metal derivatives Ill and IV (M = W) ex-
hibit two j/(CN) frequencies at 2245 + 1and 2233 + 3cm-1 in
contrast to the 1-halopentacyanobutadienes | (X = Cl and Br)
which exhibit only asingle i/(CN) frequency at 2248 + 1cm-1.
The lower of the j/(CN) frequencies in the metal complexes 111
and IV (M = W) can arise largely from the cyano group
bonded to the same carbon as the transition metal. Again this
lowering of the j/(CN) frequency by ~10 cm-1 can arise from
partial donation of the transition metal d electrons into the
antibonding orbitals of the carbon-nitrogen triple bond.

A characteristic property of cyano olefinsl5 and hexacy-
anobutadienel2is the formation of charge transfer complexes
with aromatic hydrocarbons. The 1-halopentacyanobuta-
dienes (I, X = CI and Br) form red solid charge-transfer
complexes with hexamethylbenzene in contrast to the re-
ported12 black solid charge transfer complex formed from
hexacyanobutadiene and hexamethylbenzene. 1-Ethoxy-
pentacyanobutadiene forms a yellow solid charge-transfer
complex with hexamethylbenzene. Qualitative inspection of
the colors of these hexamethylbenzene charge transfer com-
plexes suggests the following observations: (1) Replacement
of acyano group with a halogen weakens the charge transfer
complexes because part of the planar delocalized system is
lost. (2) Replacement of a cyano group with an ethoxy group
weakens the charge transfer complexes more than a halogen
atom because of the nonplanarity of the ethoxy groups.
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Lanthanide shift reagents (LSR) have been of considerable
use in a wide variety of structural problems, ranging from the
determination of relative configurations to the assessment of
enantiomeric purity.1The simplicity of this nuclear magnetic
resonance technique belies the complexity of the mechanisms2
responsible for observed shifts. This complexity has stimu-
lated investigations into the interactions of the shift reagent
and the substrate, especially for substances having two or
more sites3 capable of complexation.

We now report our observation that proton resonances of
quaternary ammonium halides are more strongly shifted by
Eu(fod)3than the corresponding resonances of related tertiary
amine functionalities.12 This is a striking finding in that
amines have been considered to be the strongest donors among
all the previously examined functional groups.3

N-Methylnicotinium iodide (1), of interest as a chemical4

and biological5analogue of nicotine, was examined in CDC13
solution with Eu(fod)3 (Figure 1). Two sites of complexation
can be a priori suggested for 1: at the pyrrolidine nitrogen’s
lone pair electrons and at the quaternary ammonium iodide
functionality. The induced shift gradients clearly indicate that
significantly larger shifts are observed for the pyridine ring
protons than for the pyrrolidine ring protons. The relative
order of lanthanide induced shift (LIS) observed (CgH >
+NCH3> C5H > C2H » N'CH3) implies that the Eu is lo-
cated near the quaternary center.

We propose that the quaternary ammonium iodide acts as
a LIS donor by Eu(fod)3 complexation with the counterion
of the quaternized nitrogen, I-; the resulting Eu(fod)31~
complex is in turn associated with the positively charged
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Figure 1 Lanthanide shift study of A-methylnicotinium iodide (1)
with Eu(fod>3 The relative LIS are shown in parentheses adjacent
to the corresponding proton position.

Figure 2. Lanthanide shift study of dimethylaminotrimethylpro-
pylammonium iodide (5) with Eu(fod)3

moiety.6 Chloroform, being a nonpolar solvent, probably en-
hances the LIS by forcing the Eu(fod)3-1~ complex close to
the positive charge distribution.8

Eu(fod)3 is a Lewis acid, and competitive LIS studies have
shown relationships between donor power and functional
group basicity (directly proportional)land steric hindrance
to complexation (inversely proportional).9Indeed, recent LIS
studies of nicotine (2)10aand trans-3'-methylnicotine (3)10b
have shown significantly greater shifts for the pyridyl ring
protons than the pyrrolidine ring protons for these com-
pounds, and steric inhibition to complexation at the more
basic pyrrolidine nitrogen was cited as causal. Similarly, one
might expect that the pyrrolidine nitrogen of 1 would be
sterically blocked.

An alternative explanation of our LIS results would involve
pyrrolidine nitrogen complexation and an unusual LIS angle
dependency. In order (1) to establish that complexation occurs
with the iodide counterion, and (2) to more accurately com-
pare the donor power of quaternary ammonium halides with
uncharged tertiary amines, two additional experiments were
performed.

Notes

Figure 3. Competitive lanthanide shift study of dimethyldodecyla-
mine (6) and trimethyldodecylammonium iodide (7) with Eu(fod): ].
The resonances of the N-CH3 groups are plotted as a function of
LSR/substrate.

Firstly, quaternary salt 5, the monomethiodide of
JVAT,V,iV/-tetramethyl-1,3-propanediamine (4), was exam-

no. . CHICH2IN(CH33 Cl
NMe2 N+Me3 |

5 7

ined in the presence of Eu(fod>3. As shown in Figure 2, sig-
nificantly greater LIS were observed for protons closer to the
quaternary nitrogen than to protons closer to the tertiary
amine. To completely eliminate ambiguities due to LIS in-
volving difunctional molecules, asecond type of competitive
complexing was examined. A 1:1 mixture of N.N-dimethyl-
dodecylamine (6) and N,iV,iV-trimethyldodecylammonium
chloride (7) in CDC13was treated with Eu(fod)3. As shown in
Figure 3, the IV-methyl groups in the quaternary salt 7 un-
derwent a LIS almost 25 times greater than the LIS of the
N-methyl groups in the tertiary amine 6. These two experi-
ments clearly establish that the quaternary ammonium halide
moiety is a more powerful LIS donor than the corresponding
tertiary amines.12

A closer examination of the relative LIS of the nicotinoids
1-3 reveals an interesting result. For 2 and 3, the shifts of the
pyridyl ring protons are somewhat symmetrical; i.e., the LIS
of C2H and C™H are very similar.10 It is likely that the LSR
complexes with the pyridine lone pair electrons of 2 and 3
along the C4 N axis; however, for 1, CgH has the largest shift
gradient and the order of LIS suggests complexation on (or
close to) the C6-C 3 axis para to the pyrrolidine ring. The
atomic bulk of the iodide counterion in 1 and consequently
the bulk of the Eu(fod)3- 1 _ must meet severe steric repulsions
due to the N-methylpyrrolidine ring in any attempt for
symmetrical complexation with the substituted pyridine ring.
In addition, charge is delocalized throughout the heterocyclic
ring, and, in part, onto the pyrrolidine ring. We have shown4
that through-space interactions between the pyrrolidine ni-
trogen and the pyridine ring occur in 1, and this interaction,
coupled with the delocalization phenomenon and the steric
hindrance considerations, serves in favor of nonsymmetrical
complexation.

The use of organic counterions, e.g., CH3CO2 or
C6H5C 02, will allow one to monitor the LIS of both the cat-
ion and the anion in these quaternary nitrogen salts. This
information, coupled with the McConnell-Robertson rela-
tionship,1 may allow the evaluation of ion-ion phenomena in
nonpolar solution. However, the relative contributions of
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contact and pseudocontact shifts at these relative concen-
trations and experimental conditions must be first deter-
mined.11,12

Experimental Section

All NMR spectra were recorded on either a Varian Associates
A-60A or XL-100 spectrometer and are referenced to internal tetra-
methylsilane. /V-Methylnicotinium iodide was prepared by iodo-
méthylation of nicotine in acetic acid as previously described.4 Di-
methyldodecylamine and trimethyldodecylammonium chloride were
obtained from Lachat Chemicals, Inc., MeQuon, Wis., and dried under
vacuum and stored over P20 5until used. Eu(fod)a was freshly sub-
limed immediately before use. All transfers of LSR were made under
dry nitrogen.

3-Dimethylaminotrimethylpropylammonium lodide (5). To
a solution of 10.0 g (77 mmol) of Af,iV,iV',N'-tetramethyl-I,3-pro-
panediamine in 150 mL of benzene was added all at once 5.5 g (38
mmol) of iodomethane (caution: cancer suspect agent). A precipitate
immediately formed. After 25 h, the precipitate was filtered, washed
with additional benzene, and dried under high vacuum giving 10.1 g
(98% based on iodomethane) of 5, mp 173.5-174 °C.

Anal. Calcd for C8H2iN2I: C, 35.30; H, 7.78; N, 10.30; I, 46.63.
Found: C, 35.13; H, 7.68; N, 10.36; 1, 46.42.

Representative Procedure of LIS Study. A solution of known
concentration of quaternary salt was prepared in an oven-dried NMR
tube. To this solution were added known volumes of a Eu(fod)3 so-
lution prepared to known molarity. NMR spectra were recorded after
each addition. The relative concentration of Eu(fod)3:substrate was
kept below 0.2:1. Replicate experiments were performed.
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Thermal allylic rearrangements have been a subject of
continuing syntheticland mechanistic2 interest. In relation
to acurrent project dealing with the mechanism of biotin ca-
talysis,3 N-acetyl-2-allylthioimidazoline (la) and iV-carbo-
methoxy-2-allylthioimidazoline (Ib) were prepared as po-
tential model substrates. In light of the molecular framework
of la and Ib it also became of interest to investigate the
thermal properties of each of these compounds.

Pyrolysis of la (145 °C, 72 h) gave the rearranged imida-
zolidinethione (2a) as the only product in 75% yield. Con-
version of la —»2a could be monitored by the characteristic

\ \
la, R = CH3 2a, R = CH,
b, R = OCH, b, R = OCH3

downfield NMR shift of the acetyl methyl protons from 62.20
t0 52.80.4

Mechanistically, the thermal allylic rearrangement of la
can be formulated in terms of a number of different disso-
ciative-recombination and concerted reaction pathways.
Additional insight into the mechanism operative in this sys-
tem comes from the thermolysis of compound 3. N -Acetyl-
2-crotylthioimidazoline (3) was readily prepared by the
treatment of N-acetylimidazolidinethione5with a commercial
mixture of I-bromo-2-butene (80%) and 3-bromo-Il-butene
(20%) and triethylamine. Despite the possibility of forming
a number of different positional isomers, a 91% yield of 3 (a
mixture of E and Z isomers) was obtained.

Thermolysis of 3 under comparable reaction conditions (145
°C, 30 h) gave a90% yield of IV-acetyl-./\V/-(3/-butenyl)imida-
zolidinethione (4) as the only isolated product. Support for

ch&ho e
N

N— CCHj
\

3

the indicated substitution pattern in the butenyl side chain
comes from three complementary NMR observations. First,
the lone methine proton resonance was identified as part of
the complex multiplet at &.10-6.04 by two successive proton
decoupling experiments. Double irradiation of the protons at
5 1.23-1.30 in compound 4 simplified the multiplet at 5
5.10-6.04. Correspondingly, when the multiplet at 55.10-6.04
was doubly irradiated, the doublet at 51.23-1.30 collapsed into
a singlet. Second, a comparison of the NMR spectrum of 2a
with that of 4 showed that the resonance associated with the
allylic methylene protons (5 4.22-4.40) in the former com-
pound was absent in the spectrum of compound 4. Third, an
upfield shift of the high-field methyl proton resonance from
51.60-1.82 in 3to 51.23-1.30 in 4 was noted. The resonance
at ca. S1.60 is a diagnostic peak for vinylic methyl protons,6
and the absence of this resonance in the spectrum of 4 is a
further evidence of structure. The thermal rearrangement can
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be conveniently monitored by NMR by observing the char-
acteristic downfield shift of the acetyl methyl protons4 as well
as the upfield shift of the methyl doublet associated with the
butenyl side chain. In a preliminary kinetic study, this rear-
rangement showed first-order behavior in benzene over 2
half-lives (k\ = 8.3 + 0.1 X 10~6s_1 at 141 + 0.5 °C}.

The high yield noted for the conversion of 3 —* 4, the ab-
sence of any other positional isomers, and the first-order Kki-
netic behavior of the reaction argue that the thermolysis of
3 as well as la proceeds by a [3,3] sigmatropic pathway. The
reaction, therefore, can be considered as an additional ex-
ample of a thio-Claisen rearrangement.27 It is of interest to
note that the [3,3] sigmatropic route is more favorable than
either a dissociative-recombination pathway or a thermal
Chapman-type four-center rearrangement for these com-
pounds. These results parallel those previously observed for
the thermal rearrangements of O-allyl imidates.8

When, however, compound Ib was subjected to similar
thermolysis conditions (170 °C, 72 h) the isomeric product
(2b) was not formed, but instead n -methyl-N'-allylimida-
zolidinethione (5) and N-allylimidazolidinethione9 (6) were
isolated in 65 and 25% vyields, respectively.

There are several intermolecular as well as intramolecular
mechanisms that can account for the formation of both 5 and
6. Precedent does exist for the loss of carbon dioxide in car-

S . S
A 4+ (A
N N—CH3 + N N— H
\__/ \—

5 6

bamates. Recently, Loozen, Drouen, and Piepers have shown
that thermolysis of 1V-alkoxycarbonylimidazoles yielded the
corresponding N-alkylated imidazoles,10 and have suggested
a four-center Chapman-type rearrangement for these reac-
tions.11 We are currently investigating the mechanism of this
reaction.4

Experimental Section

General. Melting points were determined with a Thomas-Hoover
melting point apparatus. Infrared spectra (IR) were run on Perkin-
Elmer Model 700 and 237B spectrometers and calibrated against the
1601-cm_1 band of polystyrene. Proton nuclear magnetic resonance
spectra were recorded on Varian Associates Model T-60 and EM-390
instruments. Carbon-13 nuclear magnetic resonance (13 NMR)
spectra were determined on a Varian Associates Model XL-100-15
spectrometer. The XL-100 was equipped with a Nicolet Technology
Corp. TT-100 data system. Chemical shifts are expressed in parts per
million relative to Me4Si. Mass spectra (MS) data were obtained at
an ionizing voltage of 70 eV on a Hitachi Perkin-Elmer Model
RMU-6H mass spectrometer. High-resolution mass spectra were
performed by Dr. R. Grigsby at the Department of Biochemistry and
Biophysics, Texas A & M University, on a CEC21-110B double fo-
cusing magnetic sector spectrometer at 70 eV. Exact masses were
determined by peak matching. Elemental analyses were obtained at
Spang Microanalytical Laboratories, Ann Arbor, Mich.

The solvents and reactants were of the best commercial grade
available and were used without further purification. All reactions
were run under nitrogen, and all glassware oven dried before use.

Thermolysis of 1V-Acetyl-2-allylthioimidazoline (la). Prep-
aration of JV-Acetyl-1V'-allylimidazolidinethione (2a). Compound
las (0.40 g, 0.002 mol) was sealed in a glass tube and heated at 145 +
2 °C for 72 h. The reaction product was then triturated overnight with
hexane (25 mL), the hexane layer filtered, and the filtrate allowed to
stand at 0 °C for 24 h. The hexane layer was refiltered and evaporated
in vacuo, and the resultant oil vacuum distilled to give 0.30 g (75%)
of 2a: bp 160 °C (0.4 mm); IR (neat, NaCl) 1680, 1510 cm“-; NMR
(CDC13) 82.80 (s, 3H), 3.40-4.14 (m, 4 H), 4.22-4.40 (d,J = 4Hz, 2
H), 5.10-5.40 (m, 2 H), 5.50-6.10 (m, 1 H); MS m/e (rel intensity) 184
(60), 169 (100), 141 (51), 127 (88), 70 (77), 43 (81); mol wt 184.0672
(calcd for C8HI2N20S, 184.0670).

Thermolysis of IV-Carbomethoxy-2-allylthioimidazoline (Ib).
The preceding reaction and workup was repeated using 0.40 g (0.002

Notes

mol) of Ib.4The bath temperature was maintained at 170 + 2 °C for
72 h. Distillation of the resultant oil gave 0.26 g (65%) of 5: bp 160 °C
(0.25 mm); IR (neat) 1700,1510cm 'L, NMR (CDC13) 83.11 (s, 3 H),
3.40- 3.55 (m, 4 H), 4.15-4.33 (d, J = 4 Hz, 2H), 5.00-5.40 (m, 2 H),
5.41- 6.20 (m, 1H); MS m/e (rel intensity) 156 (94), 141 (100), 113 (72),
69 (39); mol wt 156.0726 (calcd for C7TH 12N 2S, 156.0721).

Anal. Calcd for CTHI2N2S: C, 53.81; H, 7.74; N, 17.93. Found: C,
53.88; H, 7.80; N, 17.84.

The white solid recovered from the second filtration was recrys-
tallized from hexane to give 0.07 g (25%) of 6:9mp 81-82.5 °C; IR
(KBr) 1510 cm“ 1; NMR (CDCI3) 8 3.45-3.65 (m, 4 H), 4.12-4.25 (d,
</ = 4 Hz, 2 H), 5.00-5.35 (m, 2 H), 5.61-6.08 (m, 2 H); MS m/e (rel
intensity) 142 (100), 127 (87), 100 (9), 70 (48).

Preparation of N-Acetyl-2-crotylthioimidazoline (3). To a
stirred CH2CI12 solution (125 mL) containing N-acetylimidazoli-
dinethione5 (2.88 g, 0.02 mol) and triethylamine (4.04 g, 0.04 mol), 4.1
mL (0.04 mol) of a 80:20 mixture of I-bromo-2-butene and 3-
bromo-1-butene was slowly added. The solution was refluxed (16
days), then consecutively washed with aqueous 5% NaHCC>3(2 X 50
mL) and H2 (50 mL), and dried (Na23C+). The CH2C12 layer was
evaporated in vacuo, the residue triturated with hexane (250 mL), and
the hexane layer concentrated to give 3.60 g (91%) of 3: mp 81-82.5
°C; IR (KBr) 1680,1590 cm“ 1, NMR (CDC13) 81.60-1.82 (d, J = 4 Hz,
3 H), 2.20 (s, 3 H), 3.50-3.76 (m, 2H), 3.95 (s, 4 H), 5.50-5.75 (m, 2 H);
MS m/e (rel intensity) 198 (52), 183 (100), 155 (81), 141 (61), 123 (55),
102 (26), 70 (12); mol wt 198.0820 (calcd for CO9H1AN20S,
198.0827).

Thermolysis of IV-Acetyl-2-crotylthioimidazoline (3). Prep-
aration of JV-Acetyl-'V'-(3'-butenyl)imidazolidinethione (4).
Thermolysis and workup of 3 (0.04 g, 0.002 mol) under similar reaction
conditions (145 + 2 °C, 30 h) used for the preparation of 2a gave 0.36
g (90%) of 4 after vacuum distillation, bp 130 °C (0.4 mm). The
product was further purified by chromatography (silica gel, 70-230
mesh, 1.5 X 76 cm column) using a 5:95% mixture of Et20-CH 2CR2as
the eluent. Fractions 9-12 (10-mL fractions) after concentration gave
0.32 g of 4 (80%): IR (neat, NaCl) 1680 cm-1; NMR (CDCI3) 61.23-
130 (d,J =8Hz, 3H), 2.83 (s, 3H), 3.25-4.13 (m, 4 H), 5.10-6.04 (m,
4 H). Double irradiation of the protons at 5 1.23-1.30 simplified the
multiplet. at 8 5.10-6.04. Correspondingly, when the multiplet at 8
5.10-6.04 was doubly irradiated, the doublet at 8 1.23-1.30 collapsed
to asinglet. 13C NMR (CDC13) 15.0, 26.6,40.5,43.6,52.6,117.2,135.5,
171.9 ppm; MS m/e (rel intensity) 198 (100), 183 (84), 155 (87), 141
(82); mol wt 198.0833 (calcd for C9H 14N 20S, 198.0827).

Themolysis of 1V-Acetyl-2-crotylthioimidazoline (3). General
Kinetic Method. The kinetics were performed by immersing a sealed
NMR tube (Wilmad No. 501-PS) containing an 0.56 M solution of 3
in benzene-dg in a vapor bath of refluxing xylene (141 + 0.5 °C) for
specific time intervals. Thetreactions were quenched by removing the
tube from the bath. Runs were carried out in duplicate and followed
through over 2 half-lives.
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For many years molecular fluorine (F2) was considered to
be of limited value in organic synthetic applications owing to
its extreme chemical reactivity as well as difficulty in han-
dling.2More recently, however, the use of fluorine diluted with
an inert gas has led to some remarkably selective and con-
trollable transformations such as electrophilic additions to
double bonds34 and regioselective fhiorin/stlbstit™iion at
saturated carbon.5 5 '

In our work on the development of a labeled tracfer to serve
as a probe for local glucose metabolism in man,6we required
a convenient synthesis of 2-deoxy-2-fluoro-D-glucose (2-FDG)
that was adaptable-to labeling with readily available chemical
forms of fluorine-18 (18F)7such as 18~-labeled F2.

Previous synthetic routes to 2-FDG involve fluoride dis-
placement on an anhydro sugar89and electrophilic fluorina-
tion with trifluoromethyl hypofluorite (CF30F).10Since both
of these routes required starting materials that were not
readily available and neither could be readily adapted to la-
beling with 18, we investigated direct fluorination with F2

We report here the direct conversion of 3,4,6-tri-O-acetyl-
D-glucal (1) to 3,4,6-tri-0-acetyl-2-deoxy-2-fluoro-n-D-glu-
copyranosyl fluoride (2) and 3,4,6-tri-0-acetyl-2-deoxy-2-
fluoro-d-D-mannopyranosyl fluoride (3) by reaction with F2
(Scheme 1). Hydrolysis of 2 and 3 to 2-FDG and 2-deoxy-2-
fluoro-D-mannose has previously been described.10

Since this method can be used to prepare 2 and 3 in yields
of 35 and 26%, respectively, direct fluorination followed by
hydrolysis is a convenient synthetic alternative route to
deoxyfluoro sugars.

Experimental Section

Melting points are not corrected. NMR spectra were taken with a
JEOL JNM-MH-100 spectrometer using tetramethylsilane as an
internal standard.

Handling Fluorine. F2 is extremely reactive and highly toxic.
Those who work with it should be familiar with the potential hazards
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associated with the storage and use of compressed fluorine and the
proper techniques for the safe manipulation of small quantities of F2
in the laboratory. A detailed description of the reactivity of F2as it
applies to its safe use in the laboratory has appeared in the literature.1l
Systems for the remote handling of cylinders of compressed F2along
with technical bulletins are commercially available.12

In this synthesis F2was passed through a sodium fluoride trap to
remove HF, then diluted with argon in a nickel cylinder. Reaction
vessels and related equipment exposed to F2were dried prior to use
and were constructed of glass, Teflon, Kel-F, or passivated nickel or
Monel. Although F2is a strong oxidant and we have experienced no
difficulty when it is diluted with an inert gas prior to use in organic
synthesis, we recommend adherence to these safety precautions to
protect the chemist from explosion and exposure to F2

Reaction of 3,4,6-Tri-O-acetyl-D-glucal (1) with Fluorine. A
solution of 1 (272.4 mg, 1.0 mmol) in CFC12 (10 mL, dried over 4 A
molecular sieves) was cooled to -78 °C. F2 (3 mmol) diluted with
argon (1:40) was passed into the solution (4-5 mL/min) for 2 h. The
reaction mixture was allowed to warm to room temperature and the
excess F2and CFCI3were removed using a stream of He. The residue
was dissolved in CH2C12 and washed with saturated NaHCO.i. The
NaHCOnN layer was extracted with CH2C12and the combined organic
extracts were dried (NarSCb) and concentrated to give 288 mg of a
viscous oil. GLC analysis of the oil [XE60 nitrile (20%), 6 ft X 0.25 in.
column, 250 °C, 86 mL/min] showed peaks at 1.1,2.9, 3.8,4.6, 5.3,6.4,
and 9.1 min in an area ratio of 1.4:0.5:0.8:0.5:22.6:0.5:1.0. The three
peaks at 1.1, 5.3, and 9.1 min correspond to 1, 3,4,6-tri-O-acetyl-2-
deoxy-2-fluoro-n-D-glucopyranosyl fluoride (2),13 and 3,4,6-tri-O-
acetyl-2-deoxy-2-fluoro-/i-D-mannopvranosyl fluoride (3).13 Com-
pounds 2 and 3 were separated by column chromatography on 2 X 20
cm silicic acid (100 mesh) column and eluted with n-hexane, ether,
methylene chloride, and methanol, yielding 123 mg (39.7%) of 2 and
80 mg (25.8%) of 3. 4Further purification of 2 on a second column gave
108 mg (34.8%) of colorless crystals which were recrystallized from
hexane-ether (1:1): mp 69-70 °C (lit.10mp 91-92 °C); NMR spectrum
(CDCIl;d was identical with that of an authentic sample of 213 and
showed three singletsat 62.1 (9 H, CH.iC=0), amultipletat 4.1-4.4
(3 H, H-, and He) which is overlapping with another multiplet centered
at4.6 (1H, H2 multiplet,J niH2= 2.9,) h2n2= 9.5*/h2Fi = 23.8,] h2r2
= 46 Hz), a quasi-triplet at 5.16 (1 H, H4,J = 9.5 Hz), a multiplet at
5.25-5.8 (1 H, H}) which is overlapping with a doublet of doublets
centered at 5.9 (1 H, Hi, J hiF2= 2.9, J hiKi = 51 Hz). Compound 3 had
mp 114-115 °C (lit.10mp 113-114 °C); NMR spectrum (CDCI3) was
identical with that of an authentic sample of 313and showed three
singletsat h2.1 (9 H, CH;IC=0), adoublet at 4.3 (2 H, He, J = 7.5 Hz),
multiplets at 3.8-4.0 (1 H, Hr,), 4.3-4.8 (1 H, H2, JhZFi = 7.6, <h2F2=
34 Hz), 5.1-5.5 (1 H, He) which is overlapping with a doublet of dou-
blets (1 H, Hi, JHjR2= 12.8, J Hif, = 48 Hz). Coupling constants for
2 and 3 are in agreement with previously reported values.10

2-Deoxy-2-fluoro-D-glucose (4). The glucosyl fluoride 2 (108 mg,
0.35 mmol) was hydrolyzed according to the method of Adamson and
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co-workers,10to give 37 rag (58.4%) of 4 which had the same Rf (0.67)
on TLC [cellulose, isobutyric acid-ammonia-water (66:1:33)], on
high-pressure liquid chromatography [Waters wBondapak carbohy-
drate column, 30 cm X 4 mm, CH3CN-H20 (85:15), 1.5 mL/min, re-
tention time 6 min, refractive index detector] as an authentic sample
of 4.13The NMR spectrum was also identical with that of an authentic
sample of 4.

Registry No.—1, 2873-29-2; 2, 24679-90-1; 3, 24679-92-3; 4,
23094-77-1; fluorine, 7782-41-4.
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We are reporting a novel nitrogen to carbon transannular
rearrangement following a carbenoid insertion reaction.
Previously, we reported the formation of 3-phenyl-4-azatri-
cyclo[2.2.1.026)heptane (2) from 3-benzyl-6-exo-chloro-3-

azabicyclo[3.1.0]hexane (1) by a proposed intramolecular
carbenoid carbon-hydrogen insertion.2 In addition, it was
shown that the epimeric endo-chlorocyclopropane (3) did not
undergo the intramolecular insertion reaction.

Notes

To further explore the scope of this reaction, 6-exo-
chloro-3-phenethyl-3-a:zabicyclo[3.1.0]hexane (6) was pre-
pared3utilizing the procedure previously reported (Scheme
1). It was anticipated that reaction of 6 with butyllithium

'a
PhCH,CH,

Ja

Scheme |

PhCHZCH2NH,

4

would yield 3-benzyl-4-azatricyclo[2.2.1.026]heptane (7) or
3-phenyl-5-azatricyclo[3.2.1.027]octane (8) by intramolecular
carbenoid insertions into either the a or d C-H bonds, re-
spectively. Addition of phenethylamine to 1,1-dichloro-cis-
2,3-bis(chloromethyl)cyclopropane yielded 6,6-dichloro-3-
phenethyl-3-azabicyclo[3.1.0]hexane (4). Reduction of 4 with
zinc dust in glacial acetic acid4yielded the epimeric endo- and
exo-monochloro isomers 5 and 6. The exo isomer 6 was the
major product (63% yield), whereas 5 was isolated in 5%
yield.

When the reaction was carried out by addition of butyl-
lithium solution to an ethereal solution of the exo isomer 6 at
room temperature, a solid product having a molecular weight
of 185 was isolated in low yield after extensive column chro-
matography. Spectral data were not consistent with structures
7 or 8. On the basis of its XH NMR, IR, and UV spectral
characteristics, the substance was determined to be 6-trans-
styryl-3-azabicyclo[3.1.0 hexane (9). The IH NMR spectrum

9

of 9was characterized by asingletat 51.72 (N-H) which dis-
appeared on addition of DoO and by olefinic proton absorp-
tions ats 5.87 (1 H, d of d, 33\ = 8 Hz, 3] Oiefinic= 16 Hz) and
$6.45 (1 H, d, se/olefinic = 16 Hz). The large value of the olefinic
proton coupling constant suggests trans couplings.5A multi-
plet at 8 1.45 (3 H) in the spectrum of 9 indicated that the
cyclopropyl ring remained intact. Irradiation at 8 1.45 caused
the doublet of doublets at 85.78 to collapse to a simple dou-
blet. A singlet at 53.03 (4 H) was attributed to the four protons
on the carbons adjacent to the nitrogen, in contrast to the 'H
NMR spectrum of 2 which was characterized by two sets of
unequally coupled doublets of 82.28 and 82.70 for the protons
adjacent to the nitrogen due to the shielding effect of the
benzene ring.

The UV maximum of 9 occurred at 248 nm (f 22 900). This
comparatively large value for the extinction coefficient indi-
cated the presence of a strong chromophore which was not
seen in previous products and strongly supports the presence
of the styryl group. frarcs-d-Methylstyrene, for example, has
an absorption maximum cf 251 nm (« 17 000).6 In the infrared
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spectrum, absorptions were observed at 3400 and 2330 cm-1
which were attributed to free and associated N-H stretching
vibrations, respectively. There were also absorptions at 1637
and 1590 cm-1 assigned to the double bond conjugated with
an aromatic ring. A weak absorption at 1298 cm-1 and astrong
one at 960 cm-1 support the presence of a trans-substituted
double bond.7

It appears reasonable that 9 may be formed by hydrogen
abstraction and ring opening of the proposed tricyclic com-
pound 7 upon reaction with excess butyllithium present in the
reaction mixture (Scheme I1). The spectral evidence available

Scheme Il

10 9

does not permit unequivocal determination of the geometry
about carbon 6, but it seems likely that the trans-styryl group
is endo to the bicyclic ring system providing isomerization has
not occurred. The fact that insertion occurs into the C-H bond
a to the nitrogen rather than at the /? carbon is consistent with
the results of Baird and Kaura.8

No evidence by 'H NMR or mass spectral analysis was
found for the formation of 9 on reaction of the dichloro com-
pound 4 or the endo-chloro isomer 5 with n-butyllithium. In
the case of 4, mass-spectral analysis of the reaction mixture
indicated the presence of a product, probably 10, having a
mass corresponding to the replacement of the chlorine atoms
by two butyl groups. Unreacted starting material accounted
for the bulk of the material recovered from the reaction of the
endo isomer 5 with n-butyllithium. However, a peak at m/e
152 did indicate the presence of some material formed by re-
placement of the chlorine of 5 by a butyl group.

The fact that the exo-chloro isomers 1 and 6 yield an in-
tramolecular insertion product or substance resulting from
this process, whereas the epimeric endo-chloro isomers 3 and
5 do not react or yield butyl derivatives, is consistent with
results obtained by Taylor and co-workers9and by Goldstein
and Dolbier.10

Work is currently in progress to determine the mechanism
of this interesting rearrangement and to further elucidate the
factors influencing and controlling the carbenoid insertion
reactions.

Experimental Section

All compounds used as starting materials in the synthetic proce-
dures were obtained either from commercial sources or by known
procedures. Reagent grade solvents were used in reactions. Com-
mercial grade solvents were used for column chromatography and
extraction procedures. High-resolution proton NMR spectra were
recorded on a Varian Model A-60 high-resolution spectrometer.
Spin-decoupling experiments were performed on a Varian T-60
equipped with a frequency decoupler. The *H NMR spectra were
obtained in deuteriochloroform solutions using tetramethylsilane as
an internal standard. The NMR spectra of amine salts were ob-
tained in deuterium oxide (D20) solutions using sodium 3-trimeth-
ylsilylpropionate-2,2,3,3-d4 (TSP) as an internal standard. Mass
spectra were obtained with a Perkin-Elmer Model RMU-6H mass
spectrometer (ionizing voltage 70 eV, inlet temperature 200 °C). In-
frared spectra were recorded on a Perkin-Elmer Model 621 infrared
spectrophotometer. Liquid samples were run as films between salt
(NaCl) plates. Solid samples were run as KBr pellets. Ultraviolet
spectra were recorded on a Cary Model 15 spectrophotometer using
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methanol as the solvent. A Varian Aerograph Model A-700 equipped
with acolumn of 0.2% OV-1 on glass beads (6 ft x 0.25 in.) was used
for gas chromatographic analyses. Silica gel G precoated uniplates
(250 ftm thickness, 2.5 x 10 cm) from Analtech, Inc., were used for
thin-layer chromatographic (TLC) analyses. A short-wavelength ul-
traviolet lamp (2537 A) or iodine vapor was used for visualization of
zones. For column chromatography, either 60-100-mesh Florisil
(Floridin Co.) or 70-230-mesh silica gel 50 (E. Merck) was used.
Melting points were determined on a Thomas-Hoover capillary
melting point apparatus and are uncorrected. Compounds which were
isolated and purified were analyzed for carbon, hydogen, and ni-
trogen content using a Perkin-Elmer Model 240 elemental analyzer,
and analyses are within +0.3% of the theoretical values. Pertinent
spectral data are given on those compounds which were isolated and
characterized. Unless indicated, spectral data for amines are for the
free bases.

11 -Dichloro-cA>--2,3-bis(ehloromethyl)cyclopropar ;. A sodium

hydroxide solution (390-mL 50% aqueous solution, 7.5 mol) was added
dropwise over aperiod of 4 h to a stirred solution of 1,4-dichloro-cis-
2- butene (62.5 g, 0.5 mol), chloroform (600 mL, 7.5 mol), and cetyl-
trimethylammonium bromide (1.0 g, 2.75 mmol). The reaction mix-
ture was stirred at ambient temperature for about 60 h and then
poured into 2 L of wate -. The chloroform layer was separated, washed
with water, dried over lagnesium sulfate, and concentrated at re-
duced pressure. The residual oil was vacuum distilled through a 12
X 80 mm column packed with glass helices. The fraction distilling at
123-126 °C (22 Torr) was collected. In a typical reaction, 46.1 g (44.5%)
of product was obtained: 'H NMR (CDCI3) 52.22 (2 H, m), 3.67 (4 H,
m); IR (film) 1255 cm-1 (-CH2C1); UV Arex (methanol) 239 nm (e
87.5).

Anal. Caled for CrHfiCl4 C. 28.89; H, 2.91; ClI, 68.20. Found: C, 28.57;
H, 2.90.

6,6-Dichloro-3-phenethyl-3-azabicyclo[3.1.0]hexane (4).
Phenethylamine (6.1 g, 0.05 mol), I,I-dichloro-cis-2,3-bis(chloro-
methyDcyclopropane (10.4 g, 0.05 mol), sodium bicarbonate (12.6 g,
0.15 mol), and n-butyl alcohol (100 mL) were stirred together and
heated at reflux for 36 h. The mixture was cooled and filtered, and the
filtrate was concentrated at reduced pressure. The residual oil was
chromatographed on a column of Florisil (100 g) using petroleum ether
(30-60 °C), benzene, and acetone mixtures to elute the product. The
oily product was converted to the hydrochloride salt. Recrystallization
from isopropyl alcohol-isopropyl ether gave 4.5 g (35%) of gray-white
solid, mp 193-194.5 °C: >HNMR (CHCI3) 62.25 (2 H, m), 2.70 (4 H,
s), 2.86 (2 H, d), 3.15 (2, d of m), 7.25 (5, s); IR (film) 2800 (s, tertiary
alkylamine), 1015 cm-1 (cyclopropane ring deformation); UV (HC1
salt) Amex (methanol) 257 nm (e 179).

Anal. Caled for C13H16NC13 C, 53.36; H, 5.51; N, 4.79. Found: C,
53.29; H, 5.50; N, 4.92.

6-Chloro-3-phenethyl-3-azabicyclo[3.1.0]hexane, Endo Isomer
5and Exo Isomer 6. Zinc dust (14.3 g, 0.22 mol) was added in small
portions to a stirred refluxing solution of 6,6-dichloro-3-phenethyl-
3- azabicyclo[3.1.0]hexane (4) (11.0 g, 0.043 mol) in glacial acetic acid
(100 mL). Sufficient time was allowed between additions of zinc dust
for the foaming to subside. The reaction mixture was stirred at reflux
for 18 h and then allowed to cool. The acetic acid solution was de-
canted from the inorganic material and concentrated at reduced
pressure to yield a residue which was treated with 100 mL of 3 N
NaOH solution and extracted twice with 100-mL portions of ethyl
ether. The ether extract was washed with water, dried over magnesium
sulfate, and concentrated to give 8.0 g of crude product which was
chromatographed on Florisil using increasing portions of acetone in
benzene to elute the components. The first component eluted was
shown to be the exo isomer 6 (6.0 g, 63% yield). A second minor com-
ponent was not isolated or identified. The third component eluted
was shown to be the endo isomer 5 (0.5 g, 5.2% yield).

A small portion of each isomer was converted to the hydrochloride
salt and recrystallized from isopropyl alcohol-isopropyl ether for el-
emental analysis.

(a) 6-exo-Chloro-3-phenethyl-3-azabicyclo[3.1.0]hexane (6):
NMR (CDCI3) 51.70 (2 H, m), 2.37 (2 H, d of m), 2.67 (4 H, s), 3.15 (2
H, d), 3.23 (1 H, s), 7.25 (5 H, s); IR (film) 2790 (s, tertiary alkylamine),
1000 cm-1 (m, cyclopropane ring deformation); UV (HCL1 salt) Arex
(methanol) 257 nm (c 184); mp (HC1 salt) 201.5-202.5 °C.

Anal. Caled for C13H1/NC12 C, 60.48; H, 6.64; N, 5.43. Found: C,
60.40; H, 6.64; N, 5.42.

(b) 6-endo-Chloro-3-phenethyl-3-azabicyclo[3.1.0]hexane (5): 'H
NMR (CDCI3) $1.80 (2 H, m), 2.71 (4 H, s), 2.80 (2 H, d), 3.15 (2 H,
d of m), 3.40 (1 H, t), 7.25 (5 H, s); IR (film) 2790 (s, tertiary alk-
ylamine), 1005 cm-1 (w, cyclopropane ring deformation); UV (HC1
salt) Arex (methanol) 257 nm (e 180); mp (HC1 salt) 190-191 °C.
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Anal. Calcd for C13Hi7NC12 C, 60.48; H, 6.64; N, 5.43. Found: C,
60.46; H, 6.59; N, 5.45.

6-trans-Styryl-3-azabicyclo[3.1.0]hexane (9). A butyllithium
solution (18.9 mL of 2.4 M hexane solution, 0.045 mol) was added
dropwise to a stirred solution of 6-exo-chloro-3-phenethyl-3-azabi-
cyclo[3.1.0]hexane (6) (5.0 g, 0.023 mol) in 100 mL of ethyl ether under
a nitrogen atmosphere. During addition the reaction became exo-
thermic and mild reflux occurred. The reaction mixture gradually
became dark red-brown. Stirring was continued for 16 h and water
(50 mL) was then carefully added dropwise to hydrolyze the reaction
mixture. The ether solution was separated, dried over magnesium
sulfate, and concentrated at reduced pressure to give 4.6 g of oil which
was shown by TLC to contain several components. This oil was
subjected to molecular distillation at 150 °C (0.01 Torr). On standing,
partial crystallization occurred in the distillate. Trituration of the
distillate in petroleum ether (30-60 °C) gave an amorphous solid
which was collected by filtration. Trituration of this solid with iso-
propyl ether gave a white solid which was collected by filtration. TLC
of this solid shows a single spot (Rf 0.5,20% methanol in chloroform).
The filtrates were combined and evaporated to dryness, and the oily
residue was triturated with ethyl ether to give an additional quantity
of the white solid. The combined solids were molecularly distilled
twice at 150 °C (0.01 Torr) to give about 300 mg (7%) of a white
crystalline solid: 'H NMR (CDCI3) d 1.50 (3 H, m), 1.72 (1 H, s, re-
placeable by D20), 3.03 (4 H, s), 5.87 (1 H, d of d), 6.45 (1 H, d), 7.32
(5 H, s); IR (KBr pellet) 3400, 3230 (m, NH str), 1030 cm-1 (w, cy-
clopropane ring deformation); UV Anex (methanol) 259 nm (t 22 900);
mp 82-84 °C.

Anal. Calcd for C13Hi6N: C, 84.28; H, 8.16; N, 7.56. Found: C, 84.09;
H, 8.12; N, 7.54.

Reaction of 6,6-Dichloro-3-phenethyl-3-azabicyclo[3.1.0]
hexane (4) with n-Butyllithium. In a nitrogen atmosphere, an n-
butyllithium solution (2.4 mL of 2.4 M hexane solution, 0.006 mmol)
was added dropwise to a stirred solution of 6,6-dichloro-3-phen-
ethyl-3-azabicyclo[3.1.0]hexane (4) (0.5g, 0.002 mol) in an anhydrous
ether (15 mL) at 0 °C. After the addition was completed, the mixture
was stirred for 15 h at room temperature. Water was added and the
ether layer was separated, washed once with water, dried, and con-
centrated at reduced pressure to give a brown oil. Mass-spectral
analysis showed the presence of a product having a mass corre-
sponding to replacement of the chlorine atoms by butyl groups.

Reaction of6-endo-Chloro-3-phenethyl-3-azabicyclo[3.1.0]-
hexane (5) with n-Butyllithium. A solution of 6-endo-chloro-3-
phenethyl-3-azabicyclo[3.1.0]hexane hydrochloride (5) (0.12 g, 0.00047
mol) in 3 mL of water was made basic to litmus by addition of 6 N
NaOH solution. This mixture was extracted four times with 5-mL
portions of ether. The combined extracts were dried over anhydrous
sodium sulfate. Under nitrogen, an n-butyllithium solution (0.6 mL,
0.014 mol, 1.6 M hexane solution) was added dropwise with stirring
to the dried ether solution of 5 and the mixture was stirred at ambient
temperature for 16 h. Water was added and the ether layer was sep-
arated, dried (MgSCL), and concentrated at reduced pressure to yield
a small quantity of oil which was shown by IH NMR analysis to be
unreacted 5. Mass-spectral analysis showed, in addition to the parent
and fragment ions of the starting material 5, a peak at m/e 152 which
could be afragment arising from a product in which the chlorine was
replaced by a butyl group.
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Daunorubicin is an anthracycline antibiotic and is repre-
sented by structure 1. It consists of the tetracyclic quinoid
aglycone daunorubicinone 2 in a glycosidic linkage to the

NHC CHg

amino sugar daunosamine.3 Daunorubicin has both well-
demonstrated cytotoxic activity4 and interesting antitumor
properties.5

In our continuing effort to improve its therapeutic prop-
erties and to decrease the undesirable cardiac toxicity of
daunorubicin, modification by biotransformation of this an-
tibiotic has been undertaken at the Frederick Cancer Research
Center.

To understand the changes that occurred during bio-
transformation, it was thought that 13C NMR spectroscopy
might prove useful in structure elucidation. The 13C NMR
spectra of daunorubicin and daunorubicinone were studied,
and assignments to all carbons were made (Table I). Using the
above-mentioned data it was shown that one of our bio-
transformed molecules is IV-acetyldaunorubicinol, repre-
sented by structure 3.

Off-acquisition gated noise decoupling and single-frequency
experiments on 2 and chemical shifts reported in the litera-
ture6'9allowed us to distinguish C-14 (24.5 ppm, q, 1Jch = 130
Hz), C-15 (56.6 ppm, g, V ch = 155 Hz), C-8 (35.3 ppm, t, L/ch
= 120 Hz), C-10 (33.1 ppm, t, ‘o ch = 120 Hz), C-I (119.6 ppm,
d, bcn = 160 Hz), C-2 (135.3 ppm, d, L/cn = 160 Hz), C-3
(118.3 ppm, d, '3 cnh = 160 Hz), and C-7 (61.9 ppm, d, xJ ch =
160 Hz). Single-frequency decoupling experiments on all of
the protons of 2 also confirmed the above assignments. The
rest of the carbons show only small multiple bond C-H cou-
pling or are singlets. The assignment of carbons 5,12,5a, 11a,
6a, 10a, 12a, and 4a was based on published results.6-10

Single-frequency decoupling experiments on protons of C-7
and of the amino sugar, together with chemical shifts on model
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Table 1.13C Chemical Shift Assignments0
c 1 2 3 C 1 2 3
1 1195 119.6 119.5 12a 134.0 134.0 134.0
2 135.3 135.3 1353 da 120.2 1222 120.5
3 118.2 118.3 1181 5a 1105 1103 111.0
4 160.8 160.9 160.7 lia 110.7 1104 1115
5 186.0 186.0 186.0 10a 133.9 1335 1355
6 155.0 155.0 155.0 6a 133.6 1333 135.0
7 69.0 61.9 69.0 15 56.6 56.6 56.5
8 34.8 343 347 \% 100.7 100.2
9 78.8 785 735 2 323 299
10 334 331 324 3 46.2 454
u 156.4 156.0 156.0 4 70.5 70.2
1 186.0 186.0 186.0 5 66.0 66.0
13 2116 2116 716 6' 17.0 16.9
14 24.7 245 16.6 NHC(=0)CH3 169.0
NHC(=0)CH3 240

0 In parts per million (6), obtained from (0.03 M) CDCI3solutions containing MeiSi as internal standard.

compounds,9permit us to assign all the carbons in the amino
sugar in 1.

Using the assignments of 1and 2, we were able to attribute
all the carbons in our biotransformed molecule, N-
acetyldaunorubicinol (3). The assignments are summarized
in Table I. As expected, the 13C NMR of 3 is similar to that of
1, except at C-13 where the carbonyl (211.6 ppm) was reduced
to the alcohol (71.6 ppm); carbons 9 and 14, which are adjacent
to C-13, were slightly shifted upfield; two new peaks, which
belong to the N-acetyl, appeared at 169.0 [HNC(=0)CH3J]
and 24.0 ppm [HNC(=0)CH3]. Thus 13C NMR confirmed
that the structure of one of the biotransformed molecules is
3. Structure assignments have been made previously for this
biotransformed molecule.11

The 4-10 ppm differences in chemical shift for carbons 5,
6, 11, 12, and 13 between daunorubicinone and that of the
recently reported dataldon daunorubicin tetraacetate could
be attributed to the absence of hydrogen bonding in the latter.
In addition, there is disagreement in the assignment of carbons
8 and 10, but single-frequency experiments clearly place C-10
upfield from C-8. However, the above assignments are in good
agreement with recently published results12with the expected
minor shift differences. These differences are due to the fact

that Mondellil2et al. used Me2SO as solvent whereas CDCls
was used in the present study.

Registry No.—1, 20830-81-3; 2, 21794-55-8; 3, 62133-95-3.
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Communications

Reaction between Dithioacetic Acid and
Dicyclohexylcarbodiimide—Structure of Products.
Crystal and Molecular Structure of trans-2,4-
Dimethyl-2,4-bis(thioacetylthio)-l,3-dithietane

Summary: The reaction between dithioacetic acid and dicy-
clohexylcarbodiimide gives the unstable bis(thioacetyl) sulfide
(1) which dimerizes to the hexathiaadamantane (2) and both
isomers of 2,4-dimethyl-2,4-bis(thioacethylthio)-1,3-dithie-
tane (3); 4 is aminor product.

Sir: The reaction between monothioacetic acid and dicyclo-
hexylcarbodiimide (DCC) has recently been shown to give
dicyclohexylthiourea and bisacetyl sulfide—a symmetrical
monothioanhydride.1 The analogous reaction with dithio-

acetic acid should produce the hitherto unknown bis(thioac-
etyl) sulfide (1). In this context it is worthy of note that
1,3,5,7-tetramethyl-2,4,6,8,9,10-hexathiaadamantane (2)2-4
may be considered as a dimeric form of 1. Although this view
is in accord with the mass spectral fragmentation of 2,4there
is no direct experimental evidence supporting 1—* 2 conver-
sion.

We have now treated DCC with 2 mol of dithioacetic acid
in acetonitrile or ether at temperatures between —20 and 20
°C. In addition to the expected dicyclohexylthiourea (~90%
yield), a complicated mixture of products derived from di-
thioacid was obtained. By preparative TLC using a CCl./
hexane/benzene (20:6;1) we have isolated three products, 2,
3, and 4.

The first compound (Rf 0.06-0.13) has been identified as



2346 J. Org. Chem., Vol. 42, No. 13,1977

hexathiaadamantane 2 by NMR5 [ NMR 2.1 ppm (s, CH3);
13C NMR 29.2 (CH3), 58.5 ppm (>C<)], mass spectra4 (m/e
300), and comparison with an authentic sample of 2.2 It is
formed in ~40% yield in acetonitrile at room temperature.
However, in ether at —20 °C 2 is formed in a trace amounts
only.

The second isolated product (Rf 0.3-0.42) with a broad
melting point, 120-135 °C, when crystallized from ethanol or
hexane gave yellow crystals, CsH”Se, mp 145-147 °C. The
spect.-al data agree with structure 3 which is a new dimeric
form of 1L The '"H NMR spectrum shows two singlets of equal
intensity at 2.27 and 2.8 ppm. The 13C NMR spectrum showed
four signals at 34.4 and 38.0 (Jix_ih = 137 + 2 Hz) corre-
sponding to the methyl carbons, at 60.6 belonging to the di-
thietane ring carbon, and at 229.5 ppm (C==S). The IR spec-
trum showed thiocarbonyl absorption at 1180 cm-1. The mass
spectrum of 3 is very similar to that of 2.

150 150 (14)

CH3 CH,
3, Mt 300 (<1)

Since dithietane 3 may exist in two geometrical forms and
the 'H and 13C NMR spectra of the product having mp
120-135 °C showed two distinct sets of the above-discussed
signals, it was obvious that a mixture of both isomers was
obtained. This mixture is formed as a major product in 50-65%
yield when the reaction between dithioacetic acid and DCC
is carried out in ether. The spectral differences permitted an
easy estimation of isomeric ratio as 1:1 and permitted as-
signment of the spectral data to the second isomer [JH NMR
2.3 and 2.8 ppm (2s, CHJ3); 13C NMR 35 and 38 (CH?J3), 61 (ring
carbon), 230 ppm (C=S)]. An attempt to isolate the more
soluble isomer of 3 from the hexane mother liquor gave a
sample of 75% diastereomeric purity.

To obtain further information concerning the geometry of
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Figure 1 A view of irans-2,4-dimethyl-2,4-bis(thioacetylthio)-
1,3-dithietane (3) along the S(I)-S(2) (upper) and C(1)-C(2) (bottom)
axis.

the less soluble, diastereomerically pure dithietane 3, mp
145-147 °C, we determined its structure by x-ray analysis.6

Crystal Data. CgH”Se, M = 300; orthorhombic, a = 11.15
(7), b=5.945 (17),c = 19.91 (5) A,U = 1319.6 A3,Z = 4,dnead
= 1.506 g cm-3, dcaicd = 1.51 g cm-3; space group Pna2; 1399
reflections with / < 3<r(7) have refined to R = 0.0289. The
geometry of the molecule is shown in Figure 1. Bond lengths
and angles are listed in Table | and 11.7 Crystallographic
analysis revealed the trans geometry of the isomer investi-
gated. From the drawings and coordinates the molecule can
be seen to be almost perfectly centrosymmetric. An exception
is the greater length of the C (I)-S(1)8 compared to the re-
maining ring C-S distances. This appears to be genuine as an
idealized centrosymmetric set of coordinates returned to the
values given on further refinement. A consequence of the
approximate center of symmetry is the planarity of the four-
membered ring. Thus, dihedral angles between the two pairs
of planes—S(l), C(I), S(2) and S(I), C(2), S(2); and C(l), S(I),
C(2) and C(l), S(2), C(2)—are 0.85 and 0.79°, respectively.

Table I. Bond Lengths

Bond Length, A (esd) Bond Length, A (esd)
c(h-s() 1.851 (4) C(2)-s() 1.815 (4)
C(1)-S(2) 1.816 (4) C(2)-S(2) 1.819 (4)
c(h-s(3) 1.815(4) C(2)-S(4) 1.835 (4)
c(-C(3) 1501 (6) C(2)-c(6) 1512 (6)
C(4)-S(3) 1.705 (5) C(7)-S(4) 1722 (5)
C(4)-S(5) 1.631 (5) C(7)-S(6) 1.609 (5)
C(4)-C(5) 1.495 (8) C(7)-C(8) 1,540 (8)
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Table Il. Bond Angles

Angle, Angle,
degree degree
Bonds (esd) Bonds (esd)

c-s(hH-c(2) 854 (2) C(I)-S(2)-C(2) 86.3 (2)
S()-C(D)-S(2) 936 (2) S(I)-C(2)-S(2) 94.7 (2)
S()-C(1)-S(3) 1064 (2) S(1)-C(2)-S(4) 111.8 (2)
S()-C(I)-C(3) 1128 (3)  S(I)-C(2)-C(6) 116.7 (3)
S(2)-C(1)-S(3) 1127 (2)  S(2)-C(2)-S(4) 106.8 (2)
S(2)-C(1)-C(3) 1165 (3)  S(2)-C(2)-C(6) 1151 (3)
S(3)-C(1)-C(3) 1129 (3)  S(4)-C(2)-C(6) 110.6 (3)
C(1)-S(3)-C(4) 1049 (2) C(2)-S(4)-C(7) 105.2 (2)
S(3)-C(4)-S(5) 1254 (3)  S(4)-C(7)-S(6) 125.6 (3)
S(3)-C(4)-C(5) 1119 (4) S(4)-C(7)-C(8) 109.9 (4)
S(5)-C(4)-C(5) 1225 (4)  S(6)-C(7)-C(8) 1245 (4)

It is interesting to note that the nonbonded S* =-S and C- =-C
distances of the four-atom ring of trans-3 are 2.672 and 2.488
A, respectively.

As mentioned above TLC revealed the presence of a third
minor product (/?/ 0.19-0.29). Although we did not succeed
in purifying it to an analytical purity all of the spectral data
point to the structure of I,7-dimethyl-3,5-dimethylene-
2,4,6,8,9-pentathiabicyclo[5.1.1]nonane (4). The mass spec-
trum showed molecular peak at m/e 266 and the number of
the sulfur atoms present in the molecule was easily recognized

59 (100)

o1 (4 118 (24)
+H 92 (2) -H 117 (36)
175 (9) +H 149 (40)

from the pattern of isotopic peaks due to 34S. The *H NMR
spectrum showed two singlets at 2.08 and 5.84 ppm with the
intensity ratio 3:2 which have been ascribed to the methyl and
methylene protons, respectively. In 13 NMR four signals
appeared at 29 (Jix_ih = 137 Hz), 55.6, 126 (Ji3<_ih = 164
Hz), and 133.6 ppm attributed to the methyl, quaternary,
methylene, and thiomethylene carbon, respectively.

In summary, one may conclude that the reaction of di-
thioacetic acid with DCC results in the formation of tri-
thioanhydride (1) which owing to its instability undergoes
ready dimerization to give 2 and the mixture of trans-3 and
cis-3. The latter eliminates H2S giving rise to 4. Further ex-
periments to stabilize the monomeric structure of aliphatic
trithioanhydrides by steric hindrance are in progress.9
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Oxidation with Light and Electrochemistry.
An Apparently Selective Radical Forming Reaction

Summary: Catalytic amounts of various quinones have been
irradiated in the presence of a substrate and a graphite anode
charged at the potential of the quinone-hydroquinone couple.
The photochemical reaction yields hydroquinone (or
quinhydrone) and an oxidized substrate. The hydroquinone
is converted back to quinone electrochemically. With toluene
and similar materials as substrates, the products are bibenzyls
in clean high-yield reactions. With 2-propanol, the product
is acetone.

Sir: Although photochemical oxidations have been known for
a long time,1 their preparative use has been limited since
photochemical reactions in themselves do not involve any
change in oxidation state. Thus, some sort of disproportion-
ation (i.e., the benzophenone reactionsl) must be involved, or
an external oxidizing agent such as air, iodine, or more recently
Cu(l)2must be used. Frequently these secondary oxidizing
agents are not very specific. We have devised a method in
which the oxidizing “agent” is a suitably charged graphite
anode.3

The specific reactions involved are the photochemical re-
actions of quinones with alkylbenzenes to yield dehydrodimers
(e.g., bibenzyl from toluene)4 and the reaction of quinones
with alcohols to yield carbonyl products.5Poor yields are re-
ported in both cases. Since the quinone is regenerated elec-
trochemically, it serves as a catalyst only and can be used in
small amounts. There are two advantages in the system. First,
the electrochemical potentials needed to regenerate quinone
are quite low6 and are therefore fairly specific. Second, the
hydroquinone which is reported7to retard the photochemical
reaction is rapidly removed.

In our system, reactions 1-4 appear to take place.7 A similar
system has been described for analytical work by Zolotova,
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Table I. Preparative Photoelectrochemical Oxidations a

Substrate Product6
Toluene Bibenzyl
p-Xylene 1,2-Di-p-xylylethane

Ethylbenzene 2,3-Diphenylbutane
(meso and RR-SS)

2-Propanol Acetone

Oxidn Initial Product Current
time, h current, mA isold, mmol yield/ %
20 35 35 90
24 76 10 60
20 17 29 ~100

6 80 6.3 75d

aThe yields based upon catalyst were from 300 to 1000%. 6 The hydrocarbon products were isolated in a pure form, and their properties
agreed with literature values.c Current yield is calculated as product formed per coulomb of electricity passed (two electrons per mole
of product). The starting material was present in excess. d Acetone was isolated as a 2,4-dinitrophenylhydrazone.

Shelepin, and Vasil’ev8with the same equations for 1,2, and
3. No products were reported. The preparative data are
summarized in Table I.

hy
Q— >-Q* @
Q* + 2RH — 2R- + QH2 2
QH2- 2 - 2H+- Q ©)
2R- -* RR (4

The cell used was essentially a 450-W Hanovia source en-
closed in a Pyrex cooling sleeve placed in atall glass cell con-
taining a graphite felt9anode (75 cm2) and a similar graphite
cathode (22 cm2 placed in a small sack made of Du Pont
Nafion membrane).10A standard calomel reference electrode
was placed close to the anode, and the potential was controlled
at the anodic peak of the quinone (as deduced from a cyclic
voltammogram; generally about +0.6 V with aPAR Model 170
electrochemical system).11 Several quinones were investigated:
anthraquinone, anthraquinone-2-sulfonic acid, and anthra-
quinone-2,6-disulfonic acid. The data in Table | were obtained
using anthraquinone-2-sulfonic acid. The reaction mixture
consisted of 800 mL of CH3CN-H20 (4:1), containing LiC104
(0.2 M) and 0.2-2 g of quinone. The cell was deoxygenated
with N2, and the reaction was carried out under N2 About 20
mL of substrate was added. Yields are based upon the current
observed to flow through the cell.

All of the reactions, 1-4, are known to occur under various
conditions. However, the combined system as described in this
paper offers at least one unique feature. The benzyl radicals
formed from arylalkanes are produced in an environment
containing no oxidizing agent strong enough to oxidize them
to carbonium ions.12 Thus, they dimerize, and the reaction
appears to be without by-products. When the reaction is
carried out in the presence of air or oxygen, the products are,
as expected, benzoic acids. In the oxidation of 2-propanol, the
initially formed ketyl radical CH3COHCH3is apparently more
easily oxidized than the benzyl radical and is converted to

acetone, either electrochemically or by another molecule of
quinone.
The reaction is being further explored.
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Chlorosulfonyl Isocyanate

Chlorosulfonyl lIsocyanate (CSI) is probably the most
chemically reactive isocyanate known, yet it itself is stable at
temperatures up to 300°C. It was first reported by Grafl25

CISONCO  (CSI)

years ago and has been the subject of several reviews.2This
exciting reagent has enabled a variety of useful and often
novel transformations, some of which are described below.

CSI undergoes the expected nucleophilic additions by
alcohols and amines to produce the respective ,V-chloro-
sulfonyl carbamates and ureas (1), which may be subsequent-
ly functionalized.

R'OH . Y-S020R3
Csl Y-SOjCI

RtngH 1 Y-SO2NR3R4

Y = R*OCONH- or R"/R2NCONH-

The reactivity of CSI with alcohols is so great that alcohols
can be derivatized in the presence of other functional groups.
Work by Christensen3on synthetic cephalosporins provides
an example.

COH COiH

Aromatic compounds that readily undergo electrophilic
substitution (e.g., anthracene and 1,3-dimethoxybenzene)
react with CSI to produce the A'-chlorosulfonyl carbox-
amides 2, which can be subsequently converted to the cor-
responding nitriles in 70-90% overall yields by treatment with
DMF.4

ArH ArCONHSOIjCI D*F » ArCN
2 -HO
A related sequence converts carboxylic acids4and enolizable
ketones5 to nitriles in 60-90% overall yields.
A variation of the latter method provides either the poten-
tial “third generation” sweeteners63 or substituted uracils 4,

depending on the nature of the ketone substituents and the
solvent used.7

The ability of CSI to undergo cycloaddition to multiple
bonds adds another dimension to its usefulness. The most ex-
tensively studied case is the net [2 + 2] cycloaddition of CSI
to olefins, leading to /3-lactams in moderate to high yields.8
These additions are highly regio- and stereospecific, as the
following example9 illustrates:

t) est
2) N&jsOj

The use of sodium sulfite is a mild, convenientand apparent-
ly general methodD for reducing the initially formed N-
chlorosulfonyl /3-lactams to the corresponding N-unsub-
stituted compounds.

Heterosubstituted 0-lactams, comprising the fundamental
nucleus of the penicillin and cephalosporin antibiotics, may
be prepared by the reaction of CSI with vinyl esters (5).11.The
acyloxy substituent of the resulting lactam is readily displac-
ed by a variety of nucleophiles (e.g., RC02 RS025 N3,
RO~, and RS~) in good to excellent yields, leaving the 4-
membered ring intact.

In view of the cis addition of CSI to olefins and the facile
hydrolytic cleavage of 0-lactams, this versatile reagent also
provides a convenient route to erythro- and threo-/}-
aminoacids. 2

Use of the uniparticulate electrophilic character of CSI as
a mechanistic probe has been amply demonstrated by Pa-
quette in his studies of molecules such as bullvalenel3 and
barrelene. 4

Aldrich is pleased to make available chlorosulfonyl
isocyanate at new, low prices!
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Chem. Ber., 100, 2719(1967). (5) J.K. Rasmussen and A. Hassner. Synthesis,
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