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Sisomicin, the principal antibiotic produced in the fermentation of Micromonospora inyoensis, has been
shown to be 0-2,6-diamino-2,3,4,6-tetradeoxy-a-D-gfycero-hex-4-enopyranosyl(l->-4)-0-[3-deoxy-4-C-inethyl-3-

(methylamino)-d-L-arabinopyranosyl(l—6)]-2-deoxy-D-streptamine (1).

Sisomicin contains a novel unsatu-

rated sugar unit, not previously encountered in any aminocyclitol antibiotic.

Submerged fermentations of Micromonospora inyoensis
(NRRL 3292) produce sisomicin,1 a novel unsaturated
aminocyclitol antibiotic2'3 having broad spectrum anti-
bacterial activity.4 Sisomicin is the major component of
the crude antibiotic complex, which was isolated from the
fermentation broth by ion-exchange chromatography.3
Column chromatography of the crude antibiotic on silica
gel afforded pure sisomicin, which was crystallized from
ethanol. Chemical and physical studies have established
structure 1for sisomicin.5

LR=H

5 R= Ac

2, R- Cbz

NRR,
OH

3 R,R = H OH;, R3= H 4R =R =H
1, R, R2= H, OH; R3= Ac 6, R = A R=H
15 R = OCH3 R, = Ra= H 26, R = Ac, R9= OCHJ
16, R, = R3= H; R, = OCH3

The molecular composition of sisomicin (1) was shown
to be C19H37N507 by high-resolution mass spectrometry,
and microanalyses were in agreement with a monohydrate

1451

of the above composition. The molecular weight and com-
position of sisomicin suggested that it was a dehydro de-
rivative of gentamicin Cia (2),6-10 or an isomer thereof.
The ir spectrum of sisomicin showed an absorption at
1690 cm* 1 consistent with the presence of a vinylic ether
group in the molecule. Further evidence for the presence
of unsaturation in the molecule and for the location of the
site of the unsaturation was obtained from a detailed
study of the high-resolution mass spectrum. The latter ex-
hibited prominent peaks at m/e 160 and 127 due to the
ions1l a and b formed by glycosidic cleavage of the sugar
moieties in the molecule. Subsequent losses of water from
the ion a gave rise to ions ¢ and d at m/e 142 and 124, re-
spectively. Loss of ammonia from the ion b gave rise to
ion e at m/e 110. The formation of the ions f and g at m/e

a b c d
chzhh?2 nh2
NH2 OR
f, R = CH=CHOH + +
g, R = CH=C(OH)CH=NHCH3

330 and 372 due to cleavages adjacent to the 3"-amino
group was consistent with structure 1 for sisomicin. Con-
clusive evidence for the location of the double bond at the
4'5' position in sisomicin was obtained by the presence of
a prominent peak at m/e 362 for the ion h formed by
retro-Diels-Alder cleavage of the enopyranoside moiety.
The characteristic protonated formyl ions formed in the
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Figure 1

mass spectra of aminoglycoside antibiotics12 by initial
cleavage of the C1-C2 bonds in the sugars followed by

h

losses of carbon monoxide and water were also observed
and are shown in Scheme 1.

The 100-MHz nmr spectrum (Figure 1) of sisomicin (1)
was consistent with the proposed structure and revealed
the presence of one C-methyl group at 6 1.18 and one N-
methyl group at 0 2.48. The anomeric proton of the satu-
rated sugar moiety occurred as a doublet at 6 5.04 with
Jv. 2" = 4 Hz consistent with an axial glycosidic linkage
for that sugar. Proton H2" gave rise to a doublet of dou-
blets at5 3.76 with J2",3" = 10.0 Hz, while H3= occurred
as a doublet at 5 2.53. These assignments confirmed the
relative stereochemistry of C1-C3 of this unit. The Hs -a
and Hg"e signals occurred as doublets at 6 3.28 and 4.00,
respectively, with Js"as"e = 12.2 Hz. Irradiation of the
H5'e signal caused the doublet at 6 3.28 to collapse to a
singlet. The above assignments were consistent with the
presence of garosamine (3)7 as one of the sugar compo-
nents of sisomicin. The anomeric proton of the enopyra-
noside moiety gave rise to a doublet at 6 5.30 having Jr,r
= 2 Hz, consistent, with an axial glycosidic linkage. A
multiplet at 5 3.13 due to H2 was in agreement with the
presence of a 2'-equatorial amino group in the enopyra-
noside. Irradiation of this signal caused the signal due to
Hr to collapse to a singlet. The 3'-methylene protons oc-
curred as a complex multiplet at ca. 8 1.6. Irradiation of
this signal caused the multiplet due to H2' to simplify and
at the same time collapsed the multiplet at 8 4.83, due to

Reimann, et al.

Scheme |
i, mfe 332
i, m/e 299
iii, m/e 173
i, me 322 i, me 34
ii, mv/e 289 i, me 271
iii, m/e 163 iii, m/e 145

the vinylic 4' proton, to a singlet. The 6'-methylene group
appeared as a broad singlet at6 3.12. Long-range coupling
between the G'-methylene group and the vinylic 4' proton
was demonstrated by irradiating the signal at 6 3.12,
which sharpened the multiplet at 6 4.83. The above nmr
observations established the essential structural features
and relative stereochemistry of the novel enopyranoside
unit of sisomicin. The presence of deoxystreptamine (4)
was supported in the nmr spectrum by a doublet of a dou-
blet Of doublets at6 1.19 having Jia,22a = Jla,3a = clea,2e =
13 Hz due to H2a and at 8 1.92 having J2a,2e = 13 and
Jla,2e = ~2e,3a = 4 Hz due to H ze-

The CD spectra of sisomicin (1) recorded in cuprammo-
nium A and in TACu gave values for [0]2% of —5890 and
-8500, respectively. These were consistent with a 4,6
linkage of the sugar units, the 3-aminopentopyranoside



Structure of Sisomicin

being in the /3-L-arabino configuration, thus confirming
that it is garosamine.

Acetylation of sisomicin (1) using acetic anhydride in
methanol gave a penta-1V-acetate (5). Mercaptolysis of the
AT-acetate 5 using ethanethiol and concentrated hydro-

1453
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chromatographic examination. The absence of a vinylic
ether band in the ir spectrum of 8 and the presence of an
M+ + 1 peak at m/e 450 in the mass spectrum indicated
that the double bond had been reduced. The expected ions
a, ¢, and d derived from garosamine were present in the

chloric acid gave I,3-di-7V-acetyl-2-deoxystreptamine (6), NHR
which was identical with an authentic sample,8 and
(2R)-2,6-diacetamido-5-ketohexanal diethyl dithioacetal
(7). The ir spectrum of the latter revealed the presence of
keto and amide groups in the molecule. The nmr spec-
trum of 7 showed the presence of two ethyl groups and
two TV-acetyl groups. The chemical shifts of the 6- and 4-
methylene groups were consistent with the location of the
keto group at Cs and of one of the amino groups at C6-
The occurrence of Hi as a doublet and the chemical shift
of the 2-methine proton at ca. 5 4.30 confirmed that the
second amino group was situated at C2. The mass spec-
trum of 7 showed the expected molecular ion at m/e 334 OH
and a prominent ion at m/e 275 due to elimination of 8. R=H
acetamide (M — 59) clearly supported the location of an % R=Ac
amino group at C2.13 Subsequent cleavage of the C3-C4 CH(SCH5)2 CH(SCHS)2
bond to give an ion at m/e 161 confirmed the presence of H cl NHA ACNH c,! H
a methylene group at C3. These and other prominent ions _ I_ ¢ e I_
are shown in Scheme 11. CH2 CH2
Hydrogenation of sisomicin (1) was expected to give | |
gentamicin Cia (2), thus affording a complete proof of CH, ch?
structure, including stereochemistry and linkages to the RO— cl— H H C'_ OR
2-deoxystreptamine ring. However, when the catalytic re- |
duction was carried out, an isomeric compound, dihydro- CHANHACc CHANHAC
sisomicin (8), was obtained and no gentamicin Cia (2) 10,R = H 2 R=H
could be demonstrated in the reduction product on careful 13, R = Ac 14, R = Ac
Scheme |1
c,h> s CH=NHAc
\ / I
CH CH2 " g mk1ss
H— C— NHAc C'H,
| _CHTONH2 8, m/e 142
CH, SCoH Rr -C—R, —59 1, n/e 184
| CH 1
ch2 CH,NHAC
5, My/e 199
8, m/k 201
11, m/e 243
eHs.  scH, CHB, . SCH5
CH CH V V
H— C— NHAc H— C— NHAc CH CH
| | -CHjCONH,
ch2 CH2 oo CH, CH2
i
ch2 ch2 ch2 e 161
|
c=0 R—C— R I—C—Rj
| |
5, m/e 262 CHANHAG CHANHAC
5, m/e 334 5, mfe 275
8, m/e 337 8, mke 277
11, my/e 379 11, m/k 319
5 RLIR, =0
8 R2= H; R2= OH
11, Rj = H; R, = OAc
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spectrum, while the new sugar moiety gave rise to the ions
i and j at m/e 129 and 112, respectively. The prominent

i i

ion h formed by retro-Diels-Alder cleavage of the enopy-
ranoside in sisomicin was absent in the spectrum of 8.
lons corresponding to saturated derivatives of f and g were
observed in the spectrum of 8, at m/e 332 and 374, re-
spectively. The characteristic ions in Scheme | for series i
and iii were identical with those of sisomicin (1), while
the series ii was shifted to higher mass by two mass units,
corresponding to the saturated ions at m/e 319, 301, 291,
and 273. The nmr spectrum of 8 showed the anomeric pro-
ton of garosamine as a doublet with J = 4 Hz at 8 5.10.
The anomeric proton of the remaining sugar occurred as a
doublet at 8 4.78 with J = 1.7 Hz. The chemical shift of
the latter clearly indicated that Hi- was not in an equato-
rial orientation, which would have resulted if reduction
had occurred from the lower face of the enopyranoside to
give gentamicin Cia. Instead, reduction had taken place
exclusively from the top face of the enopyranoside to give
an 1 sugar having an axial CH2NH2 substituent at C5
and an axial glycosidic linkage at Ci-. The chemical shift
of the anomeric proton may now be explained by a confor-
mational inversion from the 4C1 to the 1C+ conformation,
in order to relieve excessive 1,3-diaxial interaction. This
resulted in an axial orientation for Hi- causing an upfield
shift for Hi- relative to the corresponding proton in the
isomeric gentamicin Cia (2).6 The signal due to Hi- in
the latter .occurred as a doublet at ca. 8 5.10 with J = 4
Hz, consistent with an Hi-e, H2-a orientation in"gentami-
cin Cia (2).6 The coupling constant of 1.7 Hz observed for
Hi-a,H2-e in the spectrum of 8 was consistent with the
above observations. Dihydrosisomicin (8) and gentamicin
Cia (2) could be distinguished by tic on silica gel plates
using chloroform-methanol-7% ammonium hydroxide
(1:2:1) as the eluent. The compounds could also be distin-
guished by the color produced on spraying with ninhy-
drin.3 Dihydrosisomicin (8) is inactive as an antibacterial
agent.

Acetylation of dihydrosisomicin (8) in methanol afford-
ed the penta-W-acetyl derivative 9. Mercaptolysis of the
latter with ethanethiol and concentrated hydrochloric acid
gave, after re-N-acetylation, 2,6-diacetamido-2,3,4,6-tetra-
deoxy-L-threo-hexose diethyl dithioacetal (10), 1,3-di-N-
acetyl-2-deoxystreptamine (6), and 3-W-acetylgarosamine
(anomeric mixture) (11). The nmr spectrum of the di-
thioacetal 10 supported the assigned structure and was
identical with that of the D-threo enantiomer (12) which
had been prepared by unambiguous synthesis.14 The di-
thioacetals 10 and 12 were identical on tic. The L-threo
enantiomer (10) showed a rotation of +32° in methanol
while the D-threo enantiomer (12) had a rotation of
-30°.14 Acetylation of 10 gave the N,N, O-triacetyl deriva-
tive (13) as a syrup having a rotation of +21.6° in metha-
nol. The corresponding N, N, O-triacetyl-D-threo enantio-
mer (14)14 had a rotation of -19° in the same solvent. The
mass spectrometric fragmentation patterns of 10 and 13
supported the assigned structures and are given in
Scheme Il

Methanolysis of dihydrosisomicin (8) gave methyl garo-
saminide (15 and 16)7 and 5'-epigentamine Cia (17),
which was characterized as the hydrochloride salt. The
spectroscopic and analytical data were in accord with the
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17,R, = = H

18R, = Rj = Ac

19 R = A R'= H
NHR
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assigned structure. The free base 17, obtained from the
hydrochloride salt by passage over Amberlite IR 45 resin,
was acetylated to give the N, O-peracetyl derivative (18),
which on saponification with sodium methoxide in metha-
nol gave the tetra-JV-acetyl derivative (19). The CD spec-
trum of 19 run in cuprammonium A showed a negative
extremum at 290 nm and a positive extremum at 575 nm
consistent with a negative dihedral angle for the glycol
system.15-16 The above observation demonstrated that the
sugar moiety is located at the 4 position of the deoxys-
treptamine ring in 5-epigentamine Cia (17). It follows
that the enopyranoside moiety in sisomicin (1) is glycosid-
ically linked to the 4-hydroxy group of deoxystreptamine.

Methanolysis of penta-Af-acetyldihydrosisomicin (9) fol-
lowed by re-N-acetylation gave I,3-di-N-acetyl-2-deoxy-
streptamine (6), methyl 3-iV-acetylgarosaminide, and
methyl 2,6-di-,'V-acetyl-5-epipurpurosaminide C as an ano-
meric mixture (20). The two anomeric protons in 20 gave
rise to doublets in the nmr spectrum at 8 4.50 with -Jy, 2
= 1.5 Hz due to the a-1 anomer and at 8 4.40 with Jin,2
= 2 Hz due to the -1 anomer. Both signals were consis-
tent with a 1C+ configuration for this sugar, and with the
assigned stereochemistry at C2.

Sisomicin (1) was converted into the penta-A’-carboben-
zoxy derivative (21), which was found to be extremely la-
bile to mildly acidic conditions. Thus hydrolysis of 21
with sulfuric acid in tetrahydrofuran, or with Amberlite
IR 120 (H+) resin in tetrahydrofuran at ambient tempera-
ture, gave 1,3,3'-tri-N-carbobenzoxygaramine (22), a novel
pseudodisaccharide derivative, in high yield. Hydrogenol-
ysis of tri-iV-carbobenzoxygaramine (22) over 10% palladi-
um on carbon gave the underivatized pseudo-disacchar-
ide, garamine (23). The nmr and mass spectra were in ac-
cord with the assigned structure. Methanolysis of gar-
amine (23) gave 2-deoxystreptamine (4) and methyl a- and
)3-garosaminides (15 and 16) which were identical with au-
thentic samples obtained from the gentamicins.7

Garamine (23) was converted into the tri-JV-acetyl de-
rivative (24) in the usual manner. The CD spectrum of a
cuprammonium A complex of 24 showed a positive extre-
mum at 290 nm and a negative extremum at 560 nm con-
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sistent with a positive dihedral angle for the 45-gly-
col.15'16 The garosamine moiety is therefore located at the
6 position of*deoxystreptamine in sisomicin (1).

Further confirmation of the location of the enopyrano-
side at the 4 position and of garosamine at the 6 position in
sisomicin was obtained chemically as follows. Permethyla-
tion of penta-iV-acetylsisomicin (5) gave the permethylat-
ed derivative 25, which on vigorous acidic hydrolysis gave
the symmetrical 1,3-di-1V-acetyl-1,3-diJV-methyl-5-0-
methyl-2-deoxystreptamine (26), which was identical with
an authentic sample.8 The latter showed a prominent ion
at m/e 270 due to loss of water from the molecular ion,
which is characteristicl7 of a deoxystreptamine derivative
containing hydroxyl groups at the 4 and/or 6 positions. If
the O-methyl group had been at the 4 or 6 position a loss
of methanol would also have been evident from the molec-
ular ion, which was not the case. The CD spectrum of 26
in cuprammonium A showed only base-line absorption,
indicating that the molecule contained no vicinal glycol
system.

The total structure and absolute stereochemistry of
sisomicin may therefore be represented by the structure 1
The 13C magnetic resonance spectrum of sisomicin ob-
tained subsequentlyl8 was in full accord with this struc-
ture.

Experimental Section

Optical rotations were measured at c 0.3. Ir spectra were re-
corded either on a Perkin-Elmer Model 221 or on an Infracord 137
spectrometer. Nmr spectra were obtained at 60 or 100 MHz on a
Varian A-60A or on an XL-100-15 spectrometer, respectively.
Chemical shifts in D20 solution are reported in parts per million
downfield from internal or external DSS. All other chemical shifts
are reported in parts per million downfield from internal TMS.
CD spectra were run on a Cary 61 spectrometer. Mass spectra
were recorded on a Perkin-Elmer RMU-6D instrument, a Varian
MAT CHS5 instrument, or on an AElI MS 902B spectrometer.

Isolation and Characterization of Sisomicin (1). Chromatog-
raphy of the crude antibiotic complex produced by submerged
fermentation of Micromonospora inyoensis2 on silica gel using the
lower phase of a chloroform-methanol-concentrated ammonium
hydroxide (1:1:1) system as the eluent gave sisomicin (1), which
after passage over Amberlite IRA 401S (OH~) resin, crystallized
as needles from ethanol: mp 198-201° [a]26D +188.9° (H20);

J290 -8500 (TACu), -5800 (Cupra A); iimax (KC1) 3370 (NH,
OH), 1690 (CH=COC), 1065 cm' 1 (COC); nmr (D20) 6 1.18 (s,
3, 4"-CHJ), 248 (s, 3, 3"-NCHJ), 2.53 (d, J2",3" = 10.0 Hz, 1,
H3'), 3.12 (broad s, 2, 6'-CH2), 3.28 (d, J5 a,5-e = 12.2 Hz, 1,
H5'a), 3.76 (dd, Ji",2" = 4, J2.,3.= 10 Hz, 1, H2"),4.00 (d,
N5'ab’e = 122 Hz, 1, H5'e), 4.83(broad t, 1, H4), 5.04 (d,
Jy',2 = 4Hz, ., Hr-) and 530 (d,Jv,2. = 2Hz, ., Hr); m/e
447.262 (M =+) (calcd for CI9H37N507, m/e 447.269).

Anal. Calcd for Ci9H37N50 7-H20: C, 49.01; H, 8.46; N, 15.04.
Found: C, 49.56; H, 8.26; N, 14.89.

1,3,2" fi",3"-Penta-iV-acetylsisomicin (5). Sisomicin (1, 500 mg)
was dissolved in a mixture of methanol (25 ml) and acetone (25
ml) containing acetic anhydride (8 ml) and the solution was al-
lowed to remain at 25° for 30 min. The solution was evaporated in
vacuo and the residue, after azeotroping with toluene, was chro-
matographed on a silica gel column (110 x 2.5 cm) using the
lower phase of a chloroform-methanol-concentrated ammonium
hydroxide (1:1:1) system as the eluent to give the acetate 5: 660
mg (90%); mp 188-198° dec; [a]2® +194.6° (CH30H), +200°
(H20); iw (Nujol) 3240 (OH, NH), 1650, 1550 (NCOCH3J), 1025
cm“1 (COC); nmr (CD30D)19 5 1.01, 1.10 (s, 3, 4"- CH3), 1.90,
1.96, 1.99, 2.15 (s, 15, NCOCH3J), 3.01, 3.13 (s, 3, 3"-NCHJ), 5.19
(d,Jy,y = 4Hz 1Hi"), 554 (d, IJv,2 = 25 Hz, 1, Hr), b
(DMSO, at 140°) 0.97 (s, 3, 4"-CHJ), 1.76, 1.79, 1.82, 1.86, 1.99 (s,
15, NCOCH3), 2.97 (s, 3, 3'-NCH3), 5.09 (broad d, Jy,2" = 4 Hz,
1,Hrm),532(d,Jr,2 = 25Hz, 1,Hrj.

Anal. Calcd for C20H47N50i2: C, 52.95; H, 7.20; N, 10.65.
Found: C, 52.45; H, 7.26; N, 10.44.

Mercaptolysis of 1,3,2',6',3"-PentaJV-acetylsisomicin (5).
1,3,2',6',3"-Penta-Aracetylsisomicin (5, 3 g) was added to a solu-
tion of ethanethiol (6 ml) and concentrated hydrochloric acid (6
ml) and the mixture was stirred at 7° for 24 hr. The solution was

1455

J. Org. Chem., Vol. 39, No. 11, 1974

diluted with water (500 ml), neutralized with an excess of basic
lead carbonate, filtered, and lyophilized. The solid was dissolved
in methanol (100 ml), acetic anhydride (3 ml) was added, and the
solution was allowed to remain at 25° for 1 hr. The solution was
evaporated, the residue was triturated with chloroform (50 ml),
and the insoluble 1,3-di-Af-acetyl-2-deoxystreptamine (6), 1.07 g
(96%), was filtered off. Trituration of the latter with chloroform
gave colorless crystals which were identical (melting point and
mixture melting point) with an authentic sample.8 The filtrate
was evaporated to dryness and the residue (1.75 g) was recrystal-
lized repeatedly from benzene-methanol and then from ethanol to
give (2R)-2,6-diacetamido-5-ketohexanal diethyl dithioacetal (7):
930 mg (61%); mp 153-154°; [a]260 +33.7° (CHC13); j/max (CHCL13)
3380 (NH), 1740 (0=0), 1670, 1500 cmrl (NHCOCH3); nmr
(CDCI3) 5 1.28 (t, J = 7 Hz, 3, CH3CH2S), 1.30 (t, J = 7 Hz, 3,
CH3CHZ2S), 1.98 (s, 3, NHACc), 2.02 (s, 3, NHACc), ca. 250 (m, 2
4-CH2), 2.69 (g, J = 7 Hz, 2, CH3CH2S), 2.70 (g, J = 7 Hz, 2,
CH3CH2S), 392 (d, J = 4 Hz, 1, Ha), 411 (d, J = 5 Hz, 2, 6-
CH2), 6.00 (broad d, J = 9Hz, 1, 2-NHAc), and 6.38 (broad m, WV2
s 9Hz, 1, 6-NHAc; m/e 334 (M-+).

Dihydrosisomicin (8). Sisomicin (1, 1.79 g) in methanol (40
ml) was hydrogenated over 10% palladium on carbon (400 mg) at
25° (1 atm) for 23 hr. The catalyst was filtered off and washed
with methanol and the combined filtrates were evaporated. The
solid was chromatographed on a silica gel column (160 X 1 cm)
using the lower phase of a chloroform-2-propanol-concentrated
ammonium hydroxide (2:1:1) system as the eluent to give, after
passage over Amberlite IRA 401S (OH- ) followed by lyophiliza-
tion, the dihydrosisomicin (8), 1.05 g (58%), as a colorless solid:
M 26d +145.0° (H20); rmex (CHCI3) 3550, 3200 cm' 1 (NH, OH);
nmr (D20) b 1.21 (s, 3, 4"-CH3), 2.52 (s, 3, 3"-NCH3), 4.78 (d,
Jr 2' = 1.7Hz, 1, Hi") and 510 (d, Jy 2' = 4 Hz, 1, Hi"); m/e
450 [(M + 1)+].

Anal. Calcd for Ci9H39N507-%C02:20 C, 49.67; H, 8.33; N,
14.85. Found: C, 50.12; H, 8.47; N, 14.32.

1,3,2',6',3"-Penta-A'-aeetyldihydrosisomicin (9). Dihydrosiso-
micin (8, 400 mg) was dissolved in methanol (10 ml), and acetic
anhydride (1 ml) was added. After standing at 25° for 5 hr the
mixture was poured into ether and the precipitate was filtered off
and washed with ether to give the acetate 9 as a colorless, amor-

phous solid: 440 mg (75%); mp 192-200° [a]26D +98.0°
(C2H50H); iw  (Nujol) 3250 (NH, OH), 1640, 1540 cm-1
(NCOCH23).

Anal. Calcd for C20H49N50i2-H20: C, 51.39; H, 7.59; N, 10.33.
Found: C, 51.49; H, 7.43; N, 10.20.

Mercaptolysis of 1,3,2',6',3"-Penta-1V-acetyldihydrosisomi-
cin (9). 1,3,2',6',3"-Penta-1V-acetyldihydrosisomicin (9, 600 mg)
was dissolved in a mixture of 6 N hydrochloric acid (3 ml) and
ethanethiol (3 ml) and the reaction mixture was stirred at 25° for
48 hr. The reaction mixture was worked up as before to give 1,3-
diJV-acetyl-2-deoxystreptamine (6), 210 mg (94%), which was in-
soluble in chloroform. The chloroform-soluble material was chro-
matographed on a silica gel column (110 X 2.5 c¢cm) using 15%
methanol in benzene as the eluent to give 2,6-diacetamido-
2,3,4,6-tetradeoxy-L-fhreo-hexose diethyl dithioacetal (10) as a
low-melting crystalline solid: 235 mg (77%); mp 81-84°; [a]26D
+32.0° (CH30H); vmiLX (CHCI3) 3400, 3300 (OH, NH), 1650 cm-1
(NCOCHDJ); nmr (pHsjpyridine) 6 1.19 (t, J = 7.5 Hz, 3,
CH3CH2S), 1.26 (t, J = 7.5 Hz, 3, CH3CH2S), 2.05 (s, 3, NAc),
212 (s, 3, NAc), 2.74 (q, J = 7.5 Hz, 2, CH3CHZ2S), 2.78 (g9, J =
7.5 Hz, 2, CH3CHZ2S), 4.09 (m, 1, H5), 440 (d, JI2 = 4 Hz, 1,
Hi), and 4.70 (dt, Ji,2= 4,323= 9Hz, 1, H2); m/e 337 [(M + 1)+].

Anal. Calcd for Ci4H28N2S263: C, 49.97; H, 8.39; N, 8.33; S,
19.06. Found: C, 49.85; H, 8.44; N, 8.39; S, 18.22.

The more polar fractions from the column afforded 3-M-acetyl-
garosamine (11), which crystallized from methanol-benzene, 17
mg (9%), mp 183-185°, m/e 220 [(M + 1)+] and was identical with
an authentic sample.

5-0-Acetyl-2,6-diacetamido-2,3,4,6-tetradeoxy-L-t/ireo-hexose
Diethyl Dithioacetal (13). 2,6-Diacetamido-2,3,4,6-tetradeoxy-
L-threo-hexose diethyl dithioacetal (10, 48 mg) was dissolved in
dry pyridine (0.5 ml), and acetic anhydride (0.05 ml) was added.
The mixture was allowed to remain at 25° for 16 hr. The solution
was evaporated and the residue was chromatographed on a silica
gel column (110 X 1 cm) using 15% methanol in chloroform as the
eluent to give the acetate 13 as a colorless syrup: 32 mg (59%);
[a]2D +22.0° (CH30H); »max (CHCIs) 3450 (NH), 1740, 1240
(CH3COO0), 1660 cm- 1 (NCOCH3); nmr ([2Hs]pyridine) 5 1.20 (t,
J = 7.5 Hz, 3, CH3CH2S), 1.25 (t, J = 7.5 Hz, 3, CH3CH2S), 1.88
(s, 3, OAc), 2.02 (s, 3, NAc), 2.11 (s, 3, NAc), 2.72 (q, J = 7.5 Hz,
2, CH3CHZ2S), 2.77 (9, J = 7.5 Hz, 2, CH3CHZ2S), 3.52 (dd, J66
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= 14, J5e = 6 Hz, 1, H6), 3.73 (dd, Jt,e = 14 Hz, J56- = 5 Hz, 1,
He-), 4.37 (d, Ji 2 = 4 Hz, 1, Hi), 470 (m, 1, H2), and 5.30 (m, 1,
Hs); m/e 379 [(M + 1)+].

Methanolysis of Dihydrosisomicin (8). Dihydrosisomicin (8,
1.25 g) was heated under reflux with 6 N hydrogen chloride in
methanol (125 ml) for 8 hr. The reaction mixture was cooled to 7°
and the crystalline 5'-epigentamine Cia (17) hydrochloride pre-
cipitate was filtered off, washed with cold methanol, and dried:
591 mg (49%); mp 270-275°; [a]26D +24.5° (H20); i/mex (Nujol)
3350-3320 (OH, NH), 1975cm "1 (NH+ CI*).

Anal. Calcd for Ci2H26N40 4-4HCI-H20: C, 31.72; H, 7.10; N,
12.33; Cl, 31.22. Found: C, 31.41; H, 7.11; N, 12.30; ClI, 30.82.

The hydrochloride (350 mg) was converted to the free base by
passage over Amberlite IR 45 resin followed by lyophilization to
give 17: 255 mg; [0]26d +31.0° (H20); nmr (D20) 5487 (d, J =
15 Hz, 1, Hr); m/e 291 [(M + 1)+], 191,173, 163,145,129.

The mother liquors after crystallization of 5'-epigentamine Cia
(17) hydrochloride on evaporation followed by chromatography on
silica gel using the lower phase of a chloroform-methanol-concen-
trated ammonium hydroxide (1:1:1) system as the eluent, gave
additional 5'-epigentamine Cia (17), 415 mg (51%), and methyl
garosaminide (15 and 16) as a syrup, 400 mg (76%), which was
identical with an authentic sample (tic, ir, nmr, and mass spec-
trum).

1,3,2',6'-Tetra-iV-acetyl-5,6-di-0-acetyl-5'-epigentamine Cia
(18) . 5'-Epigentamine Cia (17, 90 mg) in pyridine (2 ml) was
treated with acetic anhydride (0.5 ml) and the mixture was
stirred at 25° for 24 hr. The solution was evaporated and the resi-
due was dissolved in acetone and filtered. The hexaacetate 18
crystallized as a monohydrate, monoacetone solvate: 76 mg
(45%); mp 161-164°; [<26d +8.1° (H20); (Nujol) 3440, 3290,
3100 (NH), 1755, 1720, 1690, 1240, 1225 (OAc), 1650 cm*“ 1 (NAc);
nmr (D20) 6 1.91 (s, 3, OAc), 1.97-2.00 (s, 12, NAc), 2.09 (s, 3,
OAc) and 2.18 (s, 6, acetone); m/e 542 (M-+), 483 (M - 59), 359,
313, 212.

Anal. Calcd for C24H38N40i0-H20-C3H60: C, 52.41; H, 7.50;
N, 9.06. Found: C, 52.68; H, 7.42; N, 9.41.

1,3,2',6'-Tetra-IV-acetyl-5'-epigentamine Cia (19)- 1,3,2".6'-
Tetra-N-acetyl-S™-di-O-acetyl-S'-epigentamine Cia (18, 40 mg)
was dissolved in methanol (1.5 ml) and a catalytic amount of so-
dium metal was added to the stirred solution. After stirring at 25°
for 1 hr, Dry Ice was added, the solution was concentrated, and
the residue was triturated with ethanol. The sodium carbonate
was filtered off and the filtrate was concentrated to give the crys-
talline tetra-N-acetate 19: 21 mg (62%); mp 250-260° dec; rmax
(Nujol) 3500, 3450, 3300, 3100 (OH, NH), 1640, 1600 cm '1 (NAc);
nmr (D20) b 1.98-2.01 (s, 12, NAc) and 4.80 (d, J = 1.5 Hz, 1,
Hi-); m/e 441 (M - 17), 399 (M - 59), 381 (M - 17 - 59), 275
(191 + 2CH2CO), 229 (145 + 2CH2CO), 257 (275 - 18), 239 (257
- 18), 211 (229 - 18), 213 (129 + 2CH2CO).

Methanolysis of 1,3,2',6',3"-Penta-N-acetyldihydrosisomicin
9). 1,3,2',6,3"-Penta-Aracetyldihydrosisomicin (9, 2.5 g) was
heated under reflux with 6 N hydrogen chloride in methanol (125
ml) for 7 hr and then allowed to remain at 25° for 16 hr. The reac-
tion mixture was evaporated to dryness and the residue was chro-
matographed on a silica gel column (160 X 2.5 cm) using the
lower phase of a chloroform-2-propanol-concentrated ammonium
hydroxide (2:1:1) system as the eluent. The least polar compo-
nent, methyl 3-N-acetylgarosaminide, was isolated as a crystal-
line solid, 190 mg (22%), mp 198-201°, 126a +206.0° (H20), m/e
233 (M =+), which was identical with an authentic sample.

The remaining fractions from the column were re-N-acetylated
and then rechromatographed on a silica gel column (110 X 2.5
cm) using the same eluent as before to give additional methyl 3-
IV-acetylgarosaminide, 386 mg (44%), and methyl 2,6-di-iV-acetyl-
5'-epipurpurosaminide C (20) as a syrup: 628 mg (68%); [o126d
-34.6° (H20); iw (CHCI3) 3450 (NH), 1670 cm' 1 (NAc); nmr
(CDCI3) 5 2.00 (s, 6, NAc), 3.35, 3.48 (s, 3, a- and /M-OCH3),
4.40 (d, Jia.ae =2 Hz, 0.3, H”) and 4.50 (d, Jie 2 = 1.5 Hz, 0.7,
Hle); m/e 245 [(M + 1)+], 213 (M - 31), 185 (M - 59, 184 (M -
60), 154 (M - 59 - 60), 153 (M - 60 - 31).

1,3,2,,6',3"-Penta-Af-carbobenzoxysisomicin (21). Sisomicin
(1, 25 g) and sodium carbonate (13 g) were dissolved in distilled
water (625 ml). Carbobenzoxy chloride (100 ml) was added to the
stirred solution at 25° and the mixture was stirred for 16 hr. The
solid was filtered off,’ washed thoroughly with water, dried in
vacuo, and then washed with hexane to give 25, 62 g (99%), as a
colorless, amorphous solid. Preparative tic on silica gel plates
using 40% acetone in benzene as the eluent gave an analytically
pure sample of 21: mp 165-173° dec; [a]26D +96.2° (CH30H);
»max (CHCI3) 3400 (OH, NH), 1720, 1515, 1215 (NHCOO), 1050
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(COC), 695 cm' 1 (C6H5); nmr (CDCI3)19 b 1.03 (broad s, 3, 4"-
CHa), 3.02 (broad s, 3, 3"-NCH3), 5.02 (broad s, 10, -CH2C6H5),
3.28, 3.30 (broad s, 25, -CH2C6H5).

Anal. Calcd for CjgHerNsOiz:
Found: C, 63.53; H, 6.23; N, 6.28.

1,3,3'-Tri-N-carbobenzoxygaramine (22). 1,3,2'6'.3"-Penta-
A'-carbobenzoxysisomicin (21, 436 g) was dissolved in tetrahydro-
furan (3 1), and Amberlite IR 120 (H+) resin (1 kg) was added.
The mixture was allowed to stand at 25° for 3 days and was then
filtered and the resin was washed with tetrahydrofuran. The com-
bined filtrates were evaporated in vacuo in the presence of a few
milliliters of water to give the crude product as a gum. Chroma-
tography on a silica gel column (200 X 10 cm) using 10% metha-
nol in chloroform as the eluent gave 22, 200 g (71%), as a color-
less, amorphous solid: mp 104-112°: [0]26d + 69.6° (C2H50H);
Xmax (CH30H) 206 nm (e 28,000) and 258 (538); jw (CHCI3)
3350 (OH, NH), 1700, 1525 (NHCOO), 694 cm' 1 (C6H5); nmr
(CDCI3)19 5 0.99 (broad s, 3, 4'-CH3), 3.00 (broad s, 3, 3'-NCH3),
5.00 (broad s, 6, -CH2C6H5), 7.20 (m. 15, -CH2C6H5), b (DMSO,
at 120°) 0.96 (s, 3, 4'-CHJ3), 2.99 (s, 3, 3'-NCH3), 5.02 (s, 2,
-CH2C6H5), 5.05 (s, 2, -CH2C6H5), 5.11 (s, 2, -CH2C6H5), 3.31 (s,
15, -CH2C6H5).

Anal. Calcd for C3/H4N30i2-H20 : C, 59.92; H, 6.34; N, 5.67.
Found: C, 60.12; H, 5.83; N, 5.63.

Garamine (23). 1,3,3'-Tri-jV-carbobenzoxygaramine (22, 2.02 g)
was dissolved in methanol (100 ml) and hydrogenated over 10%
palladium on carbon (1.0 g) at 25° (50 psi) for 16 hr. The catalyst
was filtered off and rinsed with methanol and the combined fil-
trates were evaporated and chromatographed on a silica gel col-
umn (160 X 2.5 cm) using the lower phase of a chloroform-meth-
anol-concentrated ammonium hydroxide (2:1:1) system as the el-
uent to give 23. The latter, after passage over Amberlite IRA 401S
(OH ) resin followed by lyophilization, was obtained as a color-
less amorphous solid: 750 mg (84%); mp 89-99°; [aP6eD +135.4°
(H20); pKa 8.5; [0]20 -15,600 (TACu); rmax (Nujol) 3300 (OH,
NH), 1060 cm '1 (COC); nmr (D20) b 1.19 (s, 3, 4'-CH3), 2.51 (s,
3, 3-NCH3J), 257 (d, J2 3 = 10.5 Hz, 1, H3), 3.30 (d, J5a se =
125 Hz, 1, H5a), 3.79 (dd, J2,3 = 105 Jr,2- = 4 Hz, 1, H2),
4.03 (d, J5as-e = 125 Hz, 1, H5e), 5.06 (d, Jy.z = 4 Hz, 1, Hi-);
m/e 322 [(M + 1)+], 246,191,173,163,145,160.

Anal Calcd for Ci3HZ/N306: C, 48.60; H, 8.41; N, 13.08.
Found: C, 48.31; H, 8.54; N, 12.87.

Methanolysis of Garamine (23). Garamine (23, 484 mg) was
dissolved in 6 N hydrogen chloride in methanol (30 ml) and the
solution was heated on a steam bath for 6 hr. The insoluble 2-
deoxystreptamine dihydrochloride, 223 mg (63%), mp 281-286°
dec, was filtered off. The latter was dissolved in water and passed
over Amberlite IR 45 resin and the eluate on evaporation gave 2-
deoxystreptamine (4) which crystallized from ethanol, mp 220°
dec, and which was identical (tic, ir, nmr, melting point, analy-
sis) with an authentic sample.

The filtrate after removal of 4 was passed over Amberlite IR 45
resin and the eluate was evaporated to give an oil. The latter was
chromatographed on a silica gel column (110 X 1 cm) using the
lower phase of a chloroform-methanol-17% ammonium hydroxide
(2:1:1) system as the eluent to give a mixture of methyl a- and
d-garosaminide (15 and 16), 225 mg (78%), as a colorless gum,
which was identical (tic, ir, nmr) with authentic samples.7

1,3,3'-Tri-A'-acetylgaramine (24). Garamine (23, 500 mg) was
dissolved in methanol (17 ml) containing acetic anhydride (2.5
ml) and the solution was allowed to remain at 25° for 20 min. The
solution was evaporated to dryness and the resulting solid was
chromatographed on preparative tic plates using the lower phase
of a chloroform-methanol-concentrated ammonium hydroxide
(1:1:1) system as the eluent. The acetate 24 was extracted from
the silica gel with 25% methanol in chloroform, which on evapora-
tion gave a colorless, amorphous solid, 450 mg (65%), which crys-
tallized from ethyl acetate-methanol-acetone: mp 190-195°
M 260 +106.6° (C2H50H), +108.2° (H20); [0]2% +1970 (Cupra
A); emax (Nujol) 3240 (OH, NH), 1650, 1550 (NHCOCH3), 1050
cm' 1 (COC); nmr (CD30D)19 5 1.02, 1.12 (s, 3, 4'-CH3), 1.93,
198, 2.18 (s, 9, NCOCH3), 3.05 3.17 (s, 3, 3'-NCH3), 5.22 (d,
“N\ 2 = 4Hz, 1, Hi-).

Anal. Calcd for Ci9H33N309-H20: C, 49.02; H, 7.58; N, 9.03.
Found: C, 49.48; H, 7.51; N, 9.47.

Methylation and Acid Hydrolysis of 1,3,2',6'3"-Penta-iV-
acetylsisomicin (5). 1,3,2',6',3"-Penta-N-acetylsisomicin (5, 102
mg) was dissolved in dry DMF (5 ml) and sodium hydride (hex-
ane washed, 214 mg) was added. The mixture was warmed to 50°
and stirred for 1 hr. The mixture was cooled, methyl iodide (1.4
ml) was added, and the mixture was stirred at 25° for 24 hr. The

C, 63.41; H, 599; N, 6.27.
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solids were filtered off and washed with tetrahydrofuran and the
combined filtrates were evaporated to dryness. The residue was
taken up in chloroform and washed with water. The chloroform
extract was dried (MgS04) and evaporated to give 1,3,2',6',3"-
penta-IV-acetyl-1,3,2',6'-tetra-iV-methyl-5,2", 4"-tri-0-methylsiso-
micin (25) as a clear gum, m/e 755 (M-+), 614, 509, 500, 271, 239,
230. '

The pseudotrisaccharide 25 was heated under reflux on a steam
bath with 6 N hydrochloric acid (30 ml) for 2 hr. The solution was
cooled and passed over Amberlite IR45 resin and the eluate was
evaporated to dryness. The latter was taken up in methanol (5
ml), and acetic anhydride (1 ml) was added. After 25 min at 25°
the mixture was evaporated to dryness and the residue was azeo-
troped with toluene and then chromatographed on a silica gel col-
umn (50 X 1 cm) using the lower phase of a chloroform-metha-
nol-7% ammonium hydroxide (2:1:1) system as the eluent to give
1,3-di-iV-acetyl-l,3-di-iV-methyl-5-0-methyl-2-deoxystreptamine
(26) as a colorless, amorphous solid, 11 mg (25%), m/e 288
(M-+), 270 (M — H20), which was identical (melting point,
tic, mass spectrum, ir) with an authentic sample.9 The deoxys-
treptamine derivative (26) showed no CD in Cupra A solution.
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The elaboration of two synthetic routes to methyl 4-acetamido-4-deoxy-a-D-galactopyranoside (15) is de-
scribed, involving the displacement of the sulfonyloxy group by azide in methyl 4-O-methanesulfonyl-a-D-glu-
cosides, in which the hydroxyl functions are blocked by benzoyl groups (4, route A) or by benzyl and trityl
moieties (6, route B). With respect to yields and crystallinity of products, route A (4 “m5—»8 — 15) proved to
be the more efficient. Free 4-amino-4-deoxy-D-galactose, characterized in the form of its hydrochloride (18), its
highly crystalline N-acetate (20), and its a- and (3-pentaacetyl derivatives (19), was readily obtained by acetol-
ysis of methyl tri-O-acetyl-4-azido-4-deoxy-«-D-galactoside 9 and subsequent hydrogenation. Nmr data and
rotations unambiguously confirm the assigned structures and configurations, and are in excellent agreement
with those of the respective 2-amino-2-deoxy and 3-amino-3-deoxy derivatives of D-galactose.

As a prelude to the synthesis of 4-aminogalactosyl nu-
cleosides,2 required for further assessing structure-activity
relationships in the aminoacyl aminohexosyl cytosine
group of antibiotics,3-4 the elaboration of an adequate pre-
parative sequence was considered essential, that not only
would make 4-amino-4-deoxy-D-galactose accessible in a
form suitable for subsequent nucleosidation, but also
would be applicable to simple hexopyranosyl nucleosides
without major modifications. We have, by consequence,
initiated work on synthetic routes meeting these require-
ments,13 and herein report the details of these investiga-
tions. The preliminary published portions thereofl0 al-
ready had sufficed to disprove an earlier structure of the
nucleoside antibiotic gougerotin, the sugar part of which
had erroneously been assigned the 4-aminogalacto config-
uration.5

Of the conceivable synthetic approaches to 4-aminoga-
lactose or its derivatives, the oxidation of readily available

methyl 2,3,6-tri-O-benzoyl-a-D-galactopyranoside6 to its
4-hexuloside followed by oximation, reduction of the
oxime, and removal of the protecting groups appeared to
be the most propitious. Although this procedure has
proved effective with hex-4-uloses carrying alkylidene pro-
tecting groups,7410 including a synthesis of 4-amino-4-
deoxy-D-galactose from open-chain sugar derivatives,10 its
success appeared doubtful with an acylated glycopyra-
nosid-4-ulose owing to extreme sensitivity toward /? elimi-
nation under acidic and basic conditions.11'12 Hence, an-
other approach was deemed more promising, involving
azide displacement of a 4-sulfonyl ester group in a suit-
able protected glucopyranoside. This route, which, at the
outset of this work,1 had been utilized in preparing 4-
amino-4,6-dideoxy-13  4,6-diamino-4,6-dideoxy-,14  and
2,3,4,6-tetramino-D-galactose derivatives,15 was also used
with two methyl 4-O-methylsulfonylglucopyranosides, in
which the hydroxyl functions at C-2, C-3, and C-6 were
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protected by benzoyl groups (4, route A) or by benzyl and
trityl moieties (6, route B), respectively.

l,4-Amino-4-deoxy-a-D-galactosides. Route A. The
more efficient synthetic sequence with respect to yields
and crystallinity of products, proved to be route A. In the
readily accessible methyl 2,3-di-0-benzoyl-4,6-di-0-meth-
ylsulfonyl-a-D-galactopyranoside (3), the primary C-6
mesyloxy function can be displaced selectively by azide.16
An analogous displacement on 3 with sodium benzoate in
iV.iV-dimethylformamide (5 hr, 80°) gave methyl 2,3,6-tri-
O-benzoyl-4-O-mesyl-a-D-glucoside (4), which, under some-
what more forcing conditions (60 hr, 100° or 5 hr, 150°),
was readily converted to the syrupy azido tribenzoate 5 in
85% vyield. Deesterification afforded crystalline 8, which in
turn gave methyl 4-acetamido-4-deoxy-a-D-galactopyran-
oside (15) in 64% yield in the form of well-shaped needles.
All attempts, however, by various methods of acetylation
and purification, to obtain the tetraacetyl derivative 16 in
crystalline form were unsuccessful. The product (16) was
characterized as a syrup of [aj2sp +119°, which was suffi-
ciently different from reported values of a gougerotin deg-
radation product (mp 193° [0]a +87°)17 as to disprovelc
structure 16 that had been assigned.5

Route B. The alternate procedure to the 4-aminogalac-
tosides 15 and 16 started from methyl 2,3-di-O-benzyl-n-
D-glucopyranoside (2),18 which by tritylation and subse-
guent mesylation was converted in 79% vyield into the
fully protected derivative 6, suitable for an ensiling azidol-
ysis. When heated with sodium azide in N,N-dimethyl-
formamide for 30 hr at 100°, the 4-azido-galactoside 10
was readily obtained (93%). In 10, the azido function as
well as the trityl and benzyl protecting groups are sensi-
tive toward hydrogenolysis conditions; yet its conversion
into methyl 4-aminogalactoside could not be accom-
plished in one step. On hydrogenolysis of 10 over 10% pal-
ladium on carbon in methanol, only the azido function
was reduced with partial detritylation, while methanolic
hydrochloric acid—conditions that proved effective for the
debenzylation of methyl 2,3-di-0-benzyl-4-amino-4,6-di-

10 ITR=H
12, R=Ac

Lichtenthaler and Heidel

deoxy-ff-D-galactopvranosidel3—removed only one of the
benzyl groups, presumably the one located at C-3. The re-
sulting product was characterized as its benzylidene de-
rivative formed on treatment with benzaldehyde, which
appeared to be the 4,6-N, O-benzylidene compound 719
rather than the expected Schifi base. Owing to these dif-
ficulties, the conversion 10 — 16 was made stepwise: de-
O-tritylation by acid afforded syrupy 11, which was char-
acterized as its crystalline 6-O-acetyl derivative 12; subse-
quent treatment with lithium aluminum hydride gave the
2,3-dibenzyl-4-aminogalactoside 13, similarly characteri-
zable as its 4-N,6-O-diacetate (14); the removal of the
benzyl groups was finally effected by sodium in liquid am-
monia, giving on subsequent acetylation in 43% yield
methyl  tri-O-acetyl-4-acetamido-4-deoxy-a-D-galactoside
(16), indistinguishable from a sample prepared by route
A.

4-Amino-4-deoxy-D-galactose. Attempts to obtain re-
ducing sugars from methyl 4-acetamido-4-deoxy-a-D-ga-
lactoside (15) or its tri-O-acetate 16 by hydrolysis were
unsuccessful. Even short heating in 4 Al hydrochloric acid
at 80° resulted in extensive decomposition, as indicated
by a black solution and the detection of at least four com-
pounds by tic. Less forcing acetolysis conditions,20 which
favor formation of acetyliminofuranose derivatives with
4-acetamido-4-deoxyaldosides,21'2 were employed with
the azido-tri-O-acetate 9 and gave tetraacetate 17 as a
10:1 a//3-anomeric mixture in 81% yield. De-O-acetylation
of 17 with sodium methoxide in methanol followed by hy-
drogenolysis over 5% palladium on carbon in methanol
containing hydrochloric acid gave the hydrochloride of 4-
amino-4-deoxy-D-galactose (18) as an amorphous solid, ex-
hibiting data, e.g., [a]25D +51°, that are practically iden-
tical with those observed for the same product from a dif-
ferent synthetic route.10

On conversion of the azido function in 17 into an acet-
amido group by hydrogenolysis and subsequent acetyla-
tion, a pentaacetyl derivative 19, [«]254 +82°, is obtained,
comprising an approximate 10:1 anomeric mixture in

1
8 R=H
9, E=Ac
OR
13, R=H 15, R=H
14, R=Ac 16, R=Ac

Bn = CEHECH2 B2 = CBH5CO; Tr =(CEHHT
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Table 1
Nmr Data in CDC13and Rotations of Peracetylated a-o-Galactopyranoses

Peracetyl derivative of Registry
a-D-hexopyranose no. H-1 H-2
a-D-Galactose 4163-59-1 3.64 4.65d
2-Amino-2-deoxy-a-D- 10385-50-9 3.75 5.34
galactoseb
3-Ammo-3-deoxy-a-D- 23743-53-5 3.72 4.80
galactose’
4-Amino-4-deoxy-a-D- 3.65 4.70d
galactose (19)
Methyl «-D-galactoside 5019-22-7 5.054 5.05*
Methyl 3-amino-3-deoxy- 51015-64-6 5.07d 5.07d
«-D-galactoside
Methyl 4-amino-4-deoxy- 5.03' 5.05'

a-D-galactoside (16)

° Coupling constants observed are J22 = 2.0-3.8, J23 = 10-11, J

4.65d

4.75
5.36

4.70*

4.93
5.31

4.73

-Chemical shiftsG

e-OAc [a]D
a-NHAc in CHClIs,
H-3 H-4 a-OAc 6-OAc e-NHAc deg
448 785 (2) 7.97 + 107/
7.99
8.00
459 781 () 797 (2) 805 + 102
456 783 () 7.96 () 8.03 ~119
520  7.84 7.95 (2) + 8o
7.97
7.99
458  7.86 7.95 (2) + 133
8.01
4.49 7.87 7.93 8.09 + 91»
7.95
5.27 7.91 + 119
7.94 (2
8.01

= 3.0-4.1, 545 = 1.0-1.5 Hz. 6Nmr data from T. D.

Inch, J. R. Plimmer, and H. G. Fletcher, J. Org. Chem., 31, 1825 (1966).' Data from F. W. Lichtenthaler, G. Bambach, and
U. Scheidegger, Chem. Ber., 102, 986 (1969). dUnresolved 2 H multiplets. ' Calculated values on the basis of an AB system
with Ji,2= 3.8 and J2s = 10.5Hz. 1C. S. Hudson and P. O. Parker, J. Amer. Chem. Soc., 37,1589 (1915).3M. Stacey, J. Chem.
Soc., 272 (1944). hCalculated value; cf. ref 23. *F. Micheel and O. Littmann, Justus Liebigs Ann. Chem., 466, 115 (1928).

1H. H. Baer, J. Amer. Chem. Soc., 84, 83 (1962).

AcHN 0

OR
19 R=Ac
20,R=H

favor of the a anomer on the basis of its rotation and nmr
data {cf. Table I). The most suitable derivative for char-
acterization appears to be the 4-acetamido-4-deoxy-D-
galactopyranose, readily isolated in crystalline form from
a de-O-acetylation of 19. Expectedly, it shows mutarota-
tion in water from +45 to +65°, which is interesting inso-
far as 4-acetamido-4-deoxy-D-glucose, although having a
different initial rotation, features the same rotational
value for the anomeric equilibrium ([«]20d +91 — +66°,
in water10). On treatment with pyridine-acetic anhydride,
the 4-acetamido-4-deoxy-D-galactose 20 is converted to a
syrupy pentaacetyl derivative 19, in which now the 0 ano-
mer preponderates by an approximate ratio of 9:1, as indi-
cated by nmr data and its rotation of [u]25d +15°.23 It is
interesting to note that no product corresponding to
1,2,3,5,6-penta-0-acetyl-4-acetamido-4-deoxy-D-galactofu-
ranose2 or to dimeric forms thereofl0 could be detected
by either tic or nmr in this tetra-0-acetyl-4-acetamido-4-
deoxy-/3-D-galactopyranose 19, containing 10% of the a
anomer.

Structural and Configurational Assignments. While
the mode of preparation in itself is conclusive proof for

the galacto configuration of compounds 5 and 7-20, corro-
borative evidence is readily furnished by nmr data. In
contrast to the respective gluco derivatives 3, 4, and 6, in
which coupling constants of 9-10 Hz (J3i4 and J45) are
observed for the proton at C-4, in the galacto derivatives
H-4 consistently appears as a quartet with 334 = 3-4 and
M5 = 1-1.5 Hz. In the acetamido derivatives 14, 16, 19,
and 21, this quartet is further split by coupling with the
NH proton (J4iINH = 9 Hz), which, however, is eliminated
on deuteration or on addition of trifluoroacetic acid.

These configurational assignments are further substan-
tiated by the chemical shifts of the acetyl resonances of
the peracetylated amino galacto derivatives 16 and 19,
which nicely comply with the empirical principles laid
down in the “acetyl resonance rule” for cyclitols24 and
hexopyranoses,25 as well as with the data for the other
galactopyranose peracetates collected in Table I. Accord-
ingly, 16 and the two anomers of 19 exhibit no acetyl reso-
nances (in CDCI3) attributable to an equatorial acetamido
group (around r 8.07), the signal at highest field ap-
pearing at « 8.01. Similarly, a low-field resonance around
r 7.85 is only observed in the case of the a anomer of 19,
as expected for the C-I acetoxy group.

Equally distinct configurational proof is provided by the
nmr characteristics of the ring protons H-1-H-4 cf 16 and
19, particularly when juxtaposed with the corresponding
derivatives of galactose, 2-aminogalactose, and 3-aminoga-
lactose (Table I). In the pentaacetyl compounds the axial-
ly oriented anomeric proton appears within the narrow
range of 3.64-3.75 ppm, while in the glycosides H-la is
shifted toward higher field by approximately 1.3 ppm. An-
other obvious relationship appears to be the consistent
upfield shift of the ring protons by 0.7 ppm when replac-
ing an acetoxy group at C-2, C-3, or C-4 in pentaacetyl-,
a-D-galactopyranose by an acetamido function.

Since replacement of an acetoxy by an acetamido group
does not substantially affect rotational values,26 their sign
and magnitude should also be indicative of configuration.
Indeed, all peracetylated a-D-galactopyranoses in Table |
exhibit a high positive rotation in chloroform, the some-
what scattered values being within the limitations of this
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type of comparisons. Thus, the [«]25d of +119° observed
for 16 compares well with those for other peracetylated a-
D-galactosides (c/. Table I). For the respective $ anomer
of 16, as yet unknown, a small negative or at best a small
positive rotation must necessarily be predicted on the
basis of [«]d —14° for methyl tetra-0O-acetyl-/3-D-galacto-
pyranoside,27 -17° for the 2-acetamido-2-deoxy,28 and
—b5° for the 3-acetamido-3-deoxy compounds,25 respective-
ly. Nevertheless, Fox, et al.,2 pretended that the tetra-
acetate of methyl 4-amino-4-deoxy-/3-D-galactopyranoside
could well have a rotation of +87°.

Experimental Section

Melting points were determined on a Bock Monoskop, and are
uncorrected. Spectral measurement were effected with Perkin-
Elmer 125 (ir), Perkin-Elmer 137 (uv), and Varian A-60A (nmr)
instruments. Thin layer chromatography on Kieselgel F2%4 plastic
sheets (Merck, Darmstadt) was used to monitor the reactions and
to ascertain the purity of the reaction products; preparative tic
was done on 20 X 40 cm glass plates coated with a 1.5-mm layer
of Merck Kieselgel HF. Developers employed (A) benzene-ethyl
acetate (10:1); (B) chloroform-ethyl acetate (10:1); (C) ethyl ace-
tate-ethanol-water (15:2:1). The spots were visualized by uv
light, by iodine vapor, or by spraying with 80% aqueous sulfuric
acid and charring at 110° for 5 min. Column chromatography was
carried out on silica gel 70-230 mesh (Kieselgel 60, Merck, Darm-
stadt).

Route A. Methyl 2,3,6-Tri-0-benzoyl-4-0-methylsulfonyl-a-
D-glucopyranoside (4). To a solution of methyl 2,3-di-O-benzoyl-
4,6-di-O-mesyl-a-D-glucopyranosidel6 (3, 9.3 g, 16.7 mmol) in
N.N-dimethylformamide (50 ml) was added sodium benzoate (2.7
g, 18.5 mmol), and the mixture was heated for 5 hr at 80° with
stirring, followed by evaporation to dryness in vacuo. A chloro-
form solution of the residue was washed with water, dried, and
concentrated to a syrup, that was purified via elution from a sili-
ca gel column (2 x 50 cm) with solvent system B. An 8.7-g (89%)
yield of a colorless, uniform (tic in A) syrup was obtained: [a]25D
+139° (c 1, CHCI3); nmr (CDCI3) £ 1.9 and 2.5 (broad m, 6 and 9,
3 C6éH5), 4.88 (t, 1, J34 = Ji.5 = 9 Hz, H-4), 5.2-5.8 (m, 3, H-5
and 6-CH2), 6.55 (s, 3, OCH3), 7.10 (s, 3, OMs); H-I, H-2, and
H-3 give an ABX spectrum, the AB part (seven lines centered
around « 4.7) and X portion (11 lines around « 3.86) indicating
e/1,2 = 3.5 and J23 = 9-5 Hz as well as the chemical shifts for H-I
(4.75) and H-2 (4.71); a spectrum calculated on the basis of these
data was in excellent agreement with the observed one.

Anal. Calcd for C20H28011S: C, 59.58; H, 4.83; S, 5.49. Found:
C, 59.56; H, 4.80; S, 5.25.

Methyl  4-Azido-2,3,6-tri-0-benzoyl-4-deoxy-a-D-galactopy-
ranoside (5). A mixture of mesylate 4 (9.5 g, 16.3 mmol) and so-
dium azide (3.3 g, 3 molar equiv) in N.Af-dimethylformamide
(100 ml) was heated at 150° for 5 hr, followed by evaporation to
dryness in vacuo. A chloroform solution of the residue was fil-
tered, washed with water, and taken to dryness, leaving a syrup
that was purified by elution from a silica gel column with solvent
system A: 7.4 g (85%) of 5 as a chromatographically uniform
syrup of [a]25D+17° (c 1, CHC13).

Anal. Calcd for C28H25N308: C, 63.27; H, 4.74; N, 7.91. Found:
C, 63.18; H, 4.78; N, 8.02.

Methyl 4-Azido-4-deoxy-a-D-galactopyranoside (8). De-O-
benzoylation of tribenzoate 5 (7.0 g, 13.2 mmol) was effected by
standing overnight in methanol (50 ml) containing 1 N sodium
methoxide (2 ml), followed by deionization with an acidic resin
(Merck IV, H+ form) and evaporation to dryness. The residue was
dissolved in water and extracted twice with ether for removal of
methyl benzoate, to give, on evaporation of the aqueous phase to
dryness, a residue that crystallized on gradual addition of ben-
zene to a 2-propanol solution. Recrystallization from methanol-
benzene afforded 1.99 g (69%) of azidogalactoside 8 as colorless
crystals: mp 153-155°; [0]25d +120° (c 0.5, CH30H); ir (KBr)
2130 cm*“1 (N3); nmr (D20) r 5.18 (d, 1, J1>2 = 3.5 Hz, H-I), 6.61
(s, 3, OCH3); CDmex 277 nm, $ in dioxane, +0.13, in methanol
+0.09, in water +0.08.

Anal. Calcd for C7THi3N305: C, 38.35; H, 5.98; N, 19.17. Found:
C, 38.77; H, 6.03; N, 19.13.

Methyl 4-Azido-2,3,6-tri-0-acetyl-4-deoxy-a-D-galactopyran-
oside (9). A mixture of 25 g (11.4 mmol) of azidogalactoside 8
was kept in 2:1 pyridine-acetic anhydride (60 ml) for 24 hr at
room temperature, followed by concentration to dryness and sev-
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eral reevaporations from water. The residue was purified by elu-
tion from a silica gel column with solvent system A, to give on
evaporation and drying (50°, 0.1 mm) 2.8 g (72%) of a syrup, uni-
form by tic (C): [«]25d +93° (¢ 1, CHC13); nmr (CDCI3) r 4.56 (q,
1,323 - 10 and ¢/34 = 3.5 Hz, H-3), 4.84 (q, 1,Jit2 = 3 Hz, H-2),
5.05 (d, 1, H-I), 581 (m, 4, H-4, H-5, and 6-CH2), 6.62 (s, 3,
OCH3), 7.88 (s, 3, 3-OAc), 7.92 (s, 6, 2- and 6-OAc).

Anal. Calcd for Ci3HION308: C, 45.21; H, 555; N,
Found: C, 44.99; H, 5.57; N, 11.97.

Methyl 4-Acetamido-4-deoxy-a-D-galactopyranoside (15). A.
From 4-Azidogalactoside 8 by Hydrogenation and N-Acetyla-
tion. A methanolic solution of 8 (1.0 g in 200 ml) was hydrogenat-
ed over 10% Pd/C for 6 hr, followed by removal of the catalyst
and concentration of the filtrate to a volume of about 50 ml. Ace-
tic anhydride (5 ml) was added, and, after being kept overnight at
ambient temperature, the mixture was evaporated to dryness.
Several reevaporations of the residue from benzene gave a prod-
uct which slowly crystallized from a 2:1 ethanol-benzene solution
on standing. Recrystallization from ethanol-acetone afforded 830
mg (76%) of 15 as needles: mp 203-205°; [«]25a +182° (c 1,
CH30H); nmr (DMSO-d6) r 2.40 (d, 1, nnh = 9 Hz, NH), 6.70
(s, 3, OCH3), 8.08 (s, 3, NHAC).

Anal. Calcd for COH17NOG: C, 45.95; H, 7.28; N, 5.96. Found:
C, 45.86; H, 7.21; N, 6.00.

B. De-O-acetylation of Tetraacetate 16. A solution of 16 (2.5
g, 7 mmol) in methanolic ammonia (100 ml) was kept at room
temperature overnight, followed by evaporation to dryness and
trituration of the residue with methanol-benzene, which resulted
in crystallization of 1.38 g (82%) of needles, indistinguishable
from 15 prepared by method A.

Methyl 4-Acetamido-2,3,6-tri-0-acetyl-4-deoxy-a-D-galacto-
pyranoside (16) by Acetylation of the JV-Acetate (15). A solu-
tion of 15 (900 mg) in 2:1 pyridine-acetic anhydride (20 ml) was
kept overnight at ambient temperature and subsequently evapo-
rated to dryness followed by repeated coevaporations with water.
The syrupy residue was applied to a silica gel column (2 X 30
cm) and eluted with solvent system C. The appropriate fraction
was evaporated and dried (0.1 mm), affording 16 as a syrup:
[a]25D +119° (c 1, CHCI3); 100-MHz nmr in CDC13, cf. Table I; in
DMSO-d6 t 1.85 (d, 1, J4NH = 10 Hz, NH), 4.94 (m, 3, ABC sys-
tem of H-1, H-2, and H-3), 5.44 (m, 1, H-4), 5.95 (m, 3, H-5 and
6-CH2), 6.64 (s, 3, OCH3), acetyl resonances at 7.96, 7.98, and
8,08(2).

Anal. Calcd for Ci5SH23NO9: C, 49.86; H, 6.42; N, 3.88. Found:
C, 50.02; H, 6.58; N, 3.89.

Route B. Methyl 2,3-Di-0-benzyl-4-0-methylsulfonyl-6-0-
trityl-a-D-glucopyranoside (6). To a solution of methyl 2,3-di-
O-benzyl-a-D-glucopyranosidel8 (2, 10.0 g, 27 mmol) in dry pyri-
dine (125 ml) was added triphenylchloromethane (9.0 g, 32
mmol). The mixture was kept at ambient temperature overnight,
followed by the addition of mesyl chloride (6 ml, 77 mmol) with
cooling (0°), standing for 10 hr at room temperature, and evapo-
ration to dryness in vacuo. The syrupy residue was dissolved in
chloroform, which was washed with water and, after treatment
with charcoal, dried (MgS04), followed by evaporation to dry-
ness. Trituration of the residue with ethanol resulted in crystalli-
zation, amounting after recrystallization from the same solvent to
14.8 g (79%), as needles, mp 146-147°, [q]254 +24° (c 0.5, CHC13).
Two recrystallizations of this product, which was used for further
experiments, from acetone-methanol raised the melting point to
152-153° without change in rotation.

Anal. Calcd for C4iH4208S: C, 70.78; H, 6.09; S, 4.62. Found:
C, 70.78; H, 6.12; S, 4.64.

Methyl 4-Azido-2,3-di-0-benzyl-4-deoxy-6-0-trityl-a-D-
galactopyranoside (10). The mesyl glucoside 6 (6.0 g, 8.7 mmol)
and sodium azide (2.3 g, 4 molar equiv) were heated with
stirring for 30 hr at 100° in dry iV,iV-dimethylformamide (60 ml).
After cooling, the mixture was poured into ice-water and the
solid, separated, was filtered off and recrystallized from methanol
to give 5.3 g (93%) of azide 10 as colorless crystals: mp 50-52°;
[a]250 +13° (c 2, CHCI3);ir (KBr) 2145cm*“ 1 (N3J).

Anal. Calcd for C40H39N305: C, 74.63; H, 6.13; N, 6.55. Found:
C, 74.73; H, 6.10; N, 6.40.

Methyl  4-Amino-2-0-(3-0-)-benzyl-4-/V, 6-0-ben/.ylidene-4-
deoxy-a-D-galactopyranoside (7). To a prehydrogenated suspen-
sion of 10% Pd/C (500 mg) in methanol (75 ml) and 3.6 ml of con-
centrated hydrochloric acid was added 1.2 g (1.87 mmol) of azido
galactoside 10 in 75 ml of methanol, and the hydrogenation was
continued. After the uptake of H2 had ceased (24 hr), the catalyst
was filtered off and the filtrate was deionized by stirring with a
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strongly basic ion-exchange resin (Merck I1l, OH- form). On con-
centration of the solution, triphenylmethane crystallized and was
removed (0.35 g, mp 87-89°). Evaporation to dryness in vacuo af-
forded a syrup, which, being not amenable to crystallization, was
allowed to react with benzaldehyde (1.0 ml) for 2 hr at 80°. The
excessive benzaldehyde was distilled off (0.1 mm) and the syrupy
residue was dissolved in ethyl acetate and washed consecutively
with saturated sodium bicarbonate solution and water. Evapora-
tion of the solvent and trituration of the residue with methanol
gave 0.31 g (44%) of 7 as needles: mp 204-206°; ir (KBr) OH and
NH around 3530 cm-1, no absorption in the 1690-1630-cm*“ 1 re-
gion (C=N); nmr (CDCI3) r 2.3-2.7 (m, 10, 2 CeHs), 3.05 (s, 1,
NH), 3.92 (s, 1, benzylidene CH), 4.64 (d, 1, e/12 = 2 Hz, H-I),
5.15 (m, 2, H-2 and H-3), 5.85 (broad m, 1, H-4), 6.25 (m, 5, H-5,
6-CH2 and ArCH2), 6.51 (s, 3, OCH3), 7.18 (s, 1, OH); the signals
at £3.05 and 7.18 disappear on treatment with D20.

Anal. Calcd for C21H25NO5: C, 67.90; H, 6.78; N, 3.77. Found:
C, 68.01; H, 6.60; N, 3.86.

Methyl 4-Azido-2,3-di-0-benzyl-4-deoxy-a-D-galactopyrano-
side (11). The trityl derivative 10 (16.4 g, 25.6 mmol) was heated
for 30 min at 100° in 100 ml of 4:1 acetic acid-water. On cooling,
triphenylmethanol crystallized and was removed (5.7 g), and a
second crop (0.7 g, total 95%) was obtained on concentration of
the solution to a small volume. Evaporation to dryness in vacuo,
followed by repeated coevaporations with water, afforded crude 11
as a syrup (9.1 g, 89%), which contained traces of triphenylcarbi-
nol (tic in B), yet was used for further experiments. For the ana-
lytical sample, 0.35 g was applied to a preparative tic plate and
developed with solvent system B. The zone containing 11 (Rt 0.3)
was scratched off and thoroughly eluted with chloroform-ethanol
(1:1), followed by evaporation of the extract to dryness in vacuo
to give 230 mg of a chromatographically uniform (tic in A and B)
syrup, [a]25D +3° (¢ 1, CHC13), ir (film) 2150 cm-1 (N3).

Anal. Calcd for C2iH2gN305: C, 63.14; H, 6.31; N, 10.52.
Found: C, 62.89; H, 6.26; N, 10.38.

Methyl 6-0-Acetyl-4-azido-2,3-di-0-benzyl-4-deoxy-a-D-
galactopyranoside (12). The azido derivative 11 (140 mg) was
kept in a mixture of pyridine (4 ml) and acetic anhydride (2 ml)
overnight at ambient temperature. Concentration to dryness, sev-
eral reevaporations from water to remove traces of solvents, treat-
ment of an ethanolic solution with charcoal, and evaporation left
a syrup, which crystallized on trituration with 2-propanol to give
72 mg (52%) of 12 as colorless needles: mp 76-78°; [a]25D +8° (C
0.7, cHci3); nmr (CDC13) r 6.65 (s, 3, o c H 3), 7.95 (s, 3, OAC).

Anal. Calcd for C23H27N306: C, 62.57; N, 6.16; N, 9.52. Found:
C, 62.53; H, 6.15; N, 9.56.

Methyl 4-Amino-2,3-di-0-benzyl-4-deoxy-a-D-galactopyran-
oside (13). To a suspension of lithium aluminum hydride (2.5 g)
in ether (100 ml) was added a solution of 11 (8.6 g, 21.5 mmol) in
200 ml of ether. After the reaction had ceased the mixture was re-
fluxed for 1 hr. After cooling down, the excessive LiAlIH4 was de-
stroyed by the addition of ethyl acetate, followed by evaporation
to dryness. Suspension of the residue in ether (200 ml), gradual
addition of water until coagulation occurred, decantation, and ex-
traction of the residue with ether gave upon evaporation of the
combined ether solutions a syrup (8.0 g), which was used for de-
benzylation although traces of triphenylcarbinol could be detect-
ed (tic in B). For the analytical sample, 400 mg was applied to a
preparative tic plate and developed with solvent system B, fol-
lowed by elution of the appropriate zone with ethyl acetate-
methanol (1:1) and evaporation of the eluate to dryness in vacuo
(finally 0.1 mm) to give 270 mg of a syrup, [a]25D +54° (c 1,
CHCI3).

Anal. Calcd for C21IH27NO5: C, 67.54; H, 7.29; N, 3.75. Found:
C, 67.32; H, 7.36; N, 3.68.

Methyl 4-Acetamido-6-0-acetyl-2,3-di-0-benzyl-4-deoxy-o!-
D-galactopyranoside (14). Acetylation of 13 (300 mg) in 2:1 pyri-
dine-acetic anhydride (15 ml) overnight at room temperature and
evaporation to dryness gave a syrup, which was dissolved in chlo-
roform and thoroughly washed with water. The residue either as
such or after preparative tic (as described for 11) was not amena-
ble to crystallization, affording 250 mg (68%) of a colorless syrup:
H 25D +51° (¢ 1, CHCI3); nmr (CDCI3) r 4.27 (d, 1, J,.nh = 10
Hz, NH), 6.62 (s, 3, OCH3), 7.95 and 7.98 (two s, 3-, 6-OAc and
4-NHAGC).

Anal. Calcd for C25H3iINO 7: C, 65.62; H, 6.83; N, 3.06. Found:
C, 65.67; H, 6.83; N, 2.98.

De-O-benzylation of 13 with Liquid Ammonia. To a stirred
suspension of 2,3-di-O-benzylgalactoside 13 (6.5 g, 17.4 mml) in
liguid ammonia was added, in small portions, 3.0 g of sodium.
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After 3 hr, the excessive sodium was decomposed by the addition
of ammonium chloride and the ammonia was allowed to evapo-
rate. The residue was dissolved in water, followed by washing
with chloroform and evaporation to dryness, leaving a uniform
(tic in C), ninhydrin-active syrup that was subsequently acetyl-
ated by standing overnight in 2:1 pyridine-acetic anhydride (100
ml). The mixture was concentrated to a syrup, which was repeat-
edly coevaporated with water and purified by elution frcm a silica
gel column (3 x 50 cm) with solvent system C. The appropriate
eluate was evaporated to dryness and dried (0.1 mm), giving 44 g
(70%) of the tetraacetyl-4-aminogalactoside 16 as a syrup, indis-
tinguishable with respect to nmr and rotational data from a sam-
ple of the same compound prepared by route A {cf. above).

Derivatives of 4-Amino-4-deoxy-D-galactose. 1,2,3,6-Tetra-
0-acetyl-4-azido-4-deoxy-a-D-galactopyranose (17). To a cooled
(0°) solution of azido galactoside 16 (2.0 g, 5.8 mmol) in acetic an-
hydride (40 ml) was slowly added with stirring acetic acid (20 ml)
containing 2 ml of concentrated sulfuric acid, and the mixture
was kept at 6- 10° overnight, followed by pouring into ice-water
(300 ml). After decomposition of excess acetic anhydride (20 min)
the solution was extracted with chloroform (3 x 100 ml) and the
combined extracts were washed with water, treated with charcoal,
and subsequently evaporated to dryness in vacuo. The residue
was applied to a silica gel column (3 x 50 cm) and eluted with
1:1 benzene-ethyl acetate, to afford after evaporation of the ap-
propriate fraction and drying at 55° (0.1 mm) 1.75 g (81%) of 17
as a colorless foam, uniform by tic (C), which was used for further
experiments, although analytical data were somewhat too low:
[a]2sD +56° (¢ 1, CHC13); nmr (CDCI3) r 3.68 (narrow m, H-I),
7.88 s, 6, C-1 and C-3 OAc), 7.93 and 8.00 (two s, 3, C-2 and C-6
OAC); the content of the (3anomer was below 10%.

4-Acetamido-1,2,3,6-tetra-0-acetyl-4-deoxy-D-galactopyran-
ose (19). A. a Anomer (Containing 10% 0). To a prehvdrogenat-
ed suspension of 10% Pd/C in ethyl acetate (200 mg in 50 ml) was
added 1.0 g (2.7 mmol) of syrupy azido tetraacetate 17, and the
hydrogenation was continued. After 6 hr the catalyst was re-
moved, and the solution was evaporated to dryness followed by
addition of 1:1 pyridine-acetic anhydride (10 ml). Standing over-
night, concentration to a syrup with several coevaporations with
water, and elution from a silica gel column (3 X 50 cm) with 1:1
benzene-ethyl acetate gave 0.68 g (65%) of a syrup, [«]254 +82° (C
1, CHCI3),Z nmr (CDC13) cf. Table I.

Anal. Calcd for Ci6H23NOi0: C, 49.35; H, 5.95; N, 3.60. Found:
C, 49.22; H, 6.21; N, 3.61.

B. d Anomer (Containing 10% a). The ¢V-acetate 20 (150 mg)
was kept in 1:1 pyridine-acetic anhydride (6 ml) at room temper-
ature overnight, followed by concentration to a syrup which was
reevaporated repeatedly from water and methanol. Treatment of
a methanol solution with charcoal, evaporation to dryness, and
drying (55°, 0.1 mm) left 220 mg (86%) of a colorless syrup: [a]25D
+15°23 nmr (CDC13) r 3.79 (d, 1, J4nh = 9 Hz, NH), 4.34 (d,
Ji,2 = 8 Hz, H-I); acetyl resonances at 7.90 (1-OAc), 7.95 (2-,
6-OAc and 4-NHAc), 8.01 (3-OAc); the intensity of the acetyl res-
onance at r 7.84 (axial 1-OAc) indicated approximately 10% of
the a anomer.

Anal. Calcd for C16H23NO10: C, 49.35; H, 5.95; N, 3.60. Found:
C, 49.19; 5.90; N, 3.67.

4-Acetamino-4-deoxy-D-galactopyranose (20). To a methanol
solution of pentaacetate 19 (450 mg in 20 ml) was added 1 N sodi-
um methoxide (2 ml) and the mixture was kept at ambient tem-
perature for 12 hr. Deionization by stirring with an acidic resin
(Merck 1V, H+ form), evaporation to dryness in vacuo, and tritu-
ration of the residue with 2-propanol-benzene gave a solid mass
that was recrystallized from ethanol to give 240 mg (47%) of 20 as
colorless crystals: mp 193-195° dec; [a]25D +45° (3 min) —»+65°
(2 days) (¢ 1, H20); nmr (100 MHz, in D20) r 4.72 and 5.39 (two
d of total integration 1, Jie,2 = 3.8 and J\a,2 = 7.5 Hz, H-le and
H-la), 5.63 (q, 1, J3.4 = 4.0 Hz, H-4), 7.94 (s, 3, NHAC).

Anal. Calcd for CsHisNOe: C, 43.43; H, 6.84; N, 6.33. Found:
C, 43.47; H, 7.03; N, 6.28.

4-Amino-4-deoxy-D-galactopyranose Hydrochloride (18). The
4-azido tetraacetate 17 (500 mg) was subjected to de-O-acetyla-
tion by 1 N sodium methoxide (1 ml) in 10 ml of methanol (3 hr,
25°), and after deionization with an acidic resin (Merck IV, H+
form) was taken to dryness. The syrupy residue was dissolved in
10 ml of 0.1 N hydrochloric acid and hydrogenated over 5% Pd/C
(50 mg) for 3 hr. Removal of the catalyst and evaporation to dry-
ness in vacuo (bath temperature below 30°), followed by repeated
reevaporations from water, afforded a syrup which was precipi-
tated from a methanol-ether solution in an amorphous form to
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give 185 mg (64%), melting gradually with decomposition from
110° on (after drying at 30°, 0.1 mm), [a]25D +51° (¢ 1, H20)
(1it.10 [0]20d +48.2°).

Anal. Calcd for C6H13N 05-HC1: C, 33.41; H, 6.55; N, 6.50; Cl,
16.49. Found: C, 33.20; H, 6.70; N, 6.40; Cl, 16.04.

Registry No.—2, 17791-36-5; 3, 22435-33-2; 4, 19877-45-3; 5,
51015-65-7; 6, 19877-37-3; 7 2-O-benzyl derivative, 51015-66-8; 7
3-0O-benzyl derivative, 51015-67-9; 8, 21395-67-5; 9, 51015-68-0; 10,
19877-38-4; 11, 19887-42-4; 12, 19877-39-5; 13, 19877-40-8; 14,
19877-41-9; 15, 19877-43-1; 16, 19877-42-0; 17, 51015-69-1; 18,
24558-85-8; 18 hydrochloride, 51015-70-4; 19 a anomer, 51015-71-5;
19R anomer, 51015-72-6; 20, 51015-73-7.
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The di-O-isopropylidene derivative (2) of 3,4-anhydro-D-talitol on reaction with potassium methyl xanthate
gave a mixture of two diastereomeric trithiocarbonates. One of these, mp 117°, was assigned the D-manno con-
figuration (7), the other, mp 127°, the D-ido configuration (1), primarily on the basis of optical rotation studies.
The yellow trithiocarbonate 7 was hydrolyzed to the tetrol 8, which was converted to its tetraacetate 9. The
compound 7 was only partially reduced by lithium aluminum hydride, giving the mercaptodithiolane 3. When
oxidized, the trithiocarbonate 7 gave the corresponding dithiocarbonate 6. The latter on hydrolysis gave the te-
trol 4, which was converted to its tetraacetate 5. The dithiocarbonate Gon reaction with hydrogen bromide in
acetic acid gave the 1,6-dibromide dithiocarbonate diacetate 10. The trithiocarbonate 7 similarly gave the 1,6-
dibromide dithiocarbonate diacetate 14. The compound 10 on reaction with potassium thiolacetate gave the
1,6-dithiol dithiocarbonate tetraacetate 11. Reduction of the latter finally gave the desired 1,3,4,6-tetrathio-D-
mannitol (12), mp 124° (hexaacetate mp 165°). Evidence for the constitution, configuration, and conformation
of the various products was obtained by a variety of physical methods.

In the course of a project for synthesis of perthio carbo-
hydrates (all oxygen atoms to be replaced by sulfur), we
recently prepared a large number of hexitol and cyclitol
analogs and their derivatives, in which from two to four of
the oxygen atoms were replaced by sulfur.2

Since it has, unfortunately, been necessary to discontin-
ue the perthio carbohydrate project, we are now reporting
on some of these partially thiolated products. A literature
survey indicates that very few carbohydrates (or other or-

ganic compounds) containing three or more mercapto
groups are known.45 We are hopeful that some of the
compounds now reported will have valuable physical,
chemical, and especially biological properties.

The 3-benzoate-4-mesylate derivative6-7 of 1,2;5,6-di-
O-isopropylidene-D-mannitol was prepared by an im-
proved method and converted to the di-O-isopropylidene
derivative, 2 (Chart 1), of 3,4-anhydro-D-talitol7 (equally
well named 3,4-anhydro-D-altritol). This epoxide on reac-
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Chart 1
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D-ido
1
c=0
c=0
_S”
—OR'
R
10, R = Br; R' = Ac 2 R=H 14
11, R = SAc; R'= Ac 13 R = Ac

tion with potassium methyl xanthate gave the expected
mixture of diastereomeric trithiocarbonates, 1 and 7, sep-
arated by crystallization.8

The reduction of a trithiocarbonate with lithium alumi-
num hydride usually produces a dithiol. However, reduc-
tion of 7 proceeded only to the mercaptodithiolane 3, pre-
sumably because of steric hindrance.

We have encountered similar behavior with certain cy-
clitol trithiocarbonates.9

The trithiocarbonate diketal 7 was next hydrolyzed to
the tetrol 8, which was converted to its tetraacetate 9.
Both of these derivatives were also yellow and crystalline.
It was hoped that the tetrol 8 could be converted via the
1,6-ditosyl derivative into the 1,2,:5,6-diepoxide, from
which a hexathio (or at least a tetrathio) alditol should be
obtainable. Since this approach was unsuccessful, we next
prepared the trithiocarbonate 1,6-dibromide diacetate
(14). The tetrol tetraacetate 9 was intended for use in this
preparation; however, direct reaction of the trithiocarbon-
ate 7 with hydrogen bromide in acetic acid was found
more convenient.

Since the trithiocarbonate dibromide, 14, was obtained
only as an impure syrup, attention was shifted to the use
of dithiocarbonate derivatives. Permanganate oxidation10
of the trithiocarbonate 7 gave the expected product, 6,
which was converted to the corresponding tetrol and te-
traacetate, 4 and 5, both also crystalline. Compounds con-
taining a trithiocarbonate ring have a pronounced yellow
color; the dithiocarbonates are colorless.11

The dithiocarbonate diketal 6 on reaction with hydro-
gen bromide in acetic acid gave the dithiocarbonate di-
bromide diacetate 10. This was a syrup, but on reaction
with potassium thiolacetate it gave the crystalline tetra-
acetate, 11, of the dithiocarbonate 1,6-dithiol-2,5-diol.

The latter intermediate on reduction gave the desired
product, 1,3,4,6-tetrathio-D-mannitol (12) in the form of
colorless needles, mp 123° (hexaacetate mp 165°). Even
the analytically pure product has a slight odor (perhaps
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Table |
Optical Rotations of Some Derivatives of
D-Mannitol and D-lditol

Molecular rotation,® deg

Derivative D-Manno D-ldo
3,4-O-lsopropylidene + 52" —93c'd
3,4-0-1sopropylidene-1,6-di-O-methyl + 65« —33
3,4-0-1sopropylidene-1,2,5,6-tetra-0- + 58 -84«.a

tosyl
1,2;3,4;5,6-Tri-O-isopropylidene + 381 —37¢c'd
1,2;5,6-Di-0-isopropylidene-3,4-S- + 1082» -1105'*
thiocarbonyl-3,4-dithio
1,2;5,6-Di-0-isopropylidene-3,4-S- + 226» -628'*
carbonyl-3,4-dithio
1,6-Di-S-acetyl-2,5-di-0-acetyl-3,4- + 800» -460'*

S-carbonyl-1,3,4,6-tetrathio

“ (Specific, rotation * molecular weight/IQQO); sodium d
line; for other conditions, see references. 6J. C. Irvine and
B. M. Paterson, J. Chem. Soc., 105, 988 (1914). “Negative of
rotation reported for the L-iditol derivative. i E. J. Bourne,
G. P. McSweeney, and L. F. Wiggins, J. Chem. Soc., 1408
(1952). «L. Vargha and E. Kasztreiner, Chem. Ber., 92,
2506 (1959). tE. Fischer, Ber., 28, 1168 (1895). "This
article. ftG. E. McCasland, A. Zanlungo, and L. J. Durham,
to be published.

owing to traces of impurities). It is quite stable, at least in
the crystalline state. The tetrathioldiol and its acetate
were characterized by microanalysis, optical rotation, and
infrared and nmr spectra.

Efforts to convert the dithiocarbonate dibromide diace-
tate 10 into a 1,2;5,6-diepoxide, from which hexathio-D-
mannitol might be obtainable, have so far been unsuc-
cessful.

Previous work has shown that in the transformation of
an epoxide to a trithiocarbonate, one but not both of the
carbon-oxygen bonds undergoes inversion of configuration.
The expected product from a “cis” or erythro epoxide is
thus a mixture of two “trans” or threo trithiocarbonates
(diastereomers),12

The expected product from the 3,4-anhydro-D-talitol
derivative, 2, would then be a mixture of the D-manno
and D-ido trithiocarbonates, 7 and 1, since positions 2 and
5would be expected to retain their configurations.13

We have assigned the D-manno configuration to the tri-
thiocarbonate of mp 117° (7) and to all of the related se-
ries of compounds here reported (3-6 and 8-14), because
of striking regularities in their optical rotations. Such de-
rivatives of d-mannitol and their sulfur analogs, and espe-
cially those derivatives having a heterocyclic ring attached
at positions 3 and 4, have a strong tendency to be dextro-
rotatory (see Table I).

The other trithiocarbonate, 1, mp 127°, and its numer-
ous derivatives (to be described elsewhere)l4 have an
equally strong tendency to be levorotatory, and thus we
have assigned them the D-ido configuration.

Some theoretical support for these configurational as-
signments may be found in the optical rotation theories of
Whiffen and of Brewster.15 Derivatives of D-mannitol and
D-iditol having a five-membered heterocyclic ring at-
tached to positions 3 and 4 should be roughly comparable
to the 1,2-trans disubstituted cyclopentanes shown in
Chart Il. Each substituent R+ is assumed to be a dissym-
metric group, e.g.,-CHOHCH20H. For this reason the
two cyclopentane isomers shown in Chart Il are not mirror
images, because the mirror image of R+ would be R~. The
two isomers in fact would be diastereomers, which should
tend to have opposite signs of rotation, but not equal
magnitudes of rotation.

According to the Whiffen and Brewster theories,15 the
left-hand cyclopentane diastereomer (Chart Il) should be
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Chart Il
Optical Rotation Prediction™1

Less dextro or more levo More dextro or less levo

D-ido (diketal -196°) D-manno (diketal 71°)

0 See ref 15.

levorotatory, because of the (—-synclinal conformation of
its substituents. The right-hand isomer should be dextro-
rotatory because it is (-I-)-synclinal. Similar arguments
should apply to the two dithiocarbonate diastereomers
shown in Chart II.

It would have been very difficult to make the D-manno/
D-ido configurational assignments on the basis of pmr
spectra alone. However, after making these assignments
on the basis of optical rotations, it was noted that our
compounds of the D-manno series tend to have distinctly
higher values of the coupling constants ;23 (= J45) than
those of the D-ido series.16

When we inspected molecular models, each oriented in
what appeared to be one of the most favored conforma-
tions, a tendency was noted for H-2 and H-3 (or H-4 and
H-5) to be antiperiplanar in the D-manno series, but syn-
clinal or gauche in the D-ido series. These findings are
gualitatively consistent with the observed pmr data, but
do not, of course, permit any precise predictions of the
torsional angles or coupling constants. Details of the nmr
spectra are given in the Experimental Section.17

It might be expected that the (as yet unknown) perthio-
or hexathiohexitols will have considerably different prop-
erties from ordinary hexitols, because of nonpolar charac-
ter and inability to form hydrogen bonds.

Our tetrathiohexitols, however, have properties which
are not greatly different from ordinary hexitols. The d-
manno and D-ido isomers, at least, are crystalline, and
have melting points typical of ordinary hexitols. They
have very little of the well-known “mercaptan” odor—
perhaps none if completely pure. They are less soluble in
water and more soluble in organic solvents than ordinary
hexitols. For example, they are soluble in boiling (but not
cold) isopropyl ether. They are stable in the solid state,
but may need to be protected from oxygen in solution.
The characteristically weak infrared S-H stretching ab-
sorption at about 2550 cm-1 is relatively strong in our
products having four free -SH groups. Compounds con-
taining the thiocarbonyl (C=S) group gave a characteris-
tic strong stretching absorption at about 1080 cm* 1, as
previously noted for other thiocarbonyl compounds by
Haszeldine and Kidd.18

Experimental Section

All melting points (corrected) were measured on a Nalge-Axel-
rod micro hot stage. Microanalyses were performed by the Micro-
Tech Laboratories, Skokie, 11 Nmr spectra were recorded and in-

McCasland, Zanlungo, and Durham

tegrated using Varian A-60D and/or HA-100 spectrometers;
chemical shifts are expressed as parts per million (;) unless eth-
erise noted. Field sweep was used for 60-MHz and frequency
sweep for 100-NHz nmr spectra. Infrared spectra using potassium
bromide pellets were measured on a Perkin-Elmer Model 337 re-
cording spectrometer.

3-0-Benzoyl-1,2;5,6-di-0-isopropylidene-D-mannitol. The fol-
lowing procedure was found much better than one previously re-
ported.6 A solution of 44.9 g of the mannitol diketalld (mp 120°)
in 90 ml of dry pyridine was cooled to 0-5°, and 24.9 g of benzoyl
chloride was added dropwise with stirring during 1 hr.

After 24 hr at 25°, the mixture was slowly poured into 900 ml of
saturated sodium bicarbonate solution, with vigorous stirring.
The syrup which separated was washed repeatedly with water by
decantation, causing it to crystallize, dry weight 50.1 g.

By using isopropyl ether for recrystallization, we were able to
omit the previously reported6 column chromatography. The prod-
uct was obtained as colorless crystals, 35.6 g (57%), mp 104-105°
(reportedé mp 104-107°, yield 46%).

3-0-Benzoyl-4-0-methanesulfonyl-1,2;5,6-di-O-isopropyli-
dene-D-mannitol. This compound was prepared from the above
3-O-benzoate diketal (mp 105.5°) in the manner reported by
Baker and Haines,7 giving 47.3 g (96%) of a syrup, which was
used directly in the next step (reported7yield 96%).

3.4- Anhydro-1,2;5,6-di-0-isoprof>ylidene-D-talitol  (2). The

following procedure gave a much higher yield than one previously
reported.7 To a solution of 42.6 g of the 3-0-benzoyl-4-0-methane-
sulfonyl diketal of D-mannitol7 in 100 ml of dry chloroform, a so-
lution of 2.34 g of sodium in 140 ml of absolute methanol was
added dropwise with stirring during 1 hr.

After stirring for 38 hr at 25°, the mixture was boiled under re-
flux for 2 hr. The cooled, filtered mixture was evaporated, and
the residue was dissolved in 70 ml of chloroform. The solution was
washed with water, dried, and evaporated, giving a syrup, from
which methyl benzoate was removed by distillation (0.2 Torr, 90°
bath).

The cooled residual syrup crystallized on seeding, giving 21.6 g
(92%) of colorless crystalline product, mp 53-55° (reported7 mp
53-55°), yield 59%. A sample was further purified by high-vacu-
um distillation: mp 56-57°; nmr (CDC13) 6 1.34, 1.39, 1.45, and
1.48 (each s, 3, isopropylidene methyl), 3.05 (m, 2, H-3 and H-4),
3.8-4.3 (m, 6, H-l. H-I', H-2, H-5, H-6, H-6"); nmr (C6F6) 5 1.30
(s, 3), 1.36 (s, 6), 1.42 (s, 3), 3.87 (m, 2), 3.6-4.3 (m, 6).

1,2;5,6-Di-0-isopropylidene-3,4-S-thiocarbonyldithio-D-iditol
(1). To a solution of 25.0 g of the above 3,4-anhydro-D-talitol di-
ketal (mp 55°) in 50 ml of methanol was added a solution of 25.0 g
of potassium hydroxide and 63.0 g of carbon disulfide in 300 ml of
methanol, and the mixture was boiled under reflux for 18 hr.

The solution was evaporated, and the residual brown solid was
crystallized from aqueous methanol, giving 11.1 g of a yellow
solid. This material was extracted with 20 ml of boiling chloro-
form. The filtered extract was evaporated, and the crystalline
residue was recrystallized from n-hexane, giving 4.50 g of crystals,
mp 122-124°. A second crop, 1.0 g, mp 120-124°, was obtained.

The combined crops (5.50 g) were recrystallized again, giving
4.60 g (17%) of the pure D-ido stereoisomer, yellow plates, mp
126-127°. The further characterization and reactions of this ste-
reoisomer will be described elsewhere.14

1,2;5,6-Di-0-isopropylidene-3,4-S-thiocarbonyldithio-D-man-
nitol (7). The combined mother liquors from the D-ido stereoiso-
mer (see above) were evaporated to about half volume and
cooled, causing separation of crystals, which were recrystallized
from petroleum ether, giving 1.15 g of product, mp 113-115°.

This product was recrystallized, giving 650 mg (2.3%) of the d-
manno stereoisomer, yellow plates, mp 116-117°. A portion was
again recrystallized for analysis, giving yellow plates: mp 116—
116.5°; [a]2D 322° (c 2, CHC13); ir (KBr) 1080 (0=S), 1060, 1125,
and 1145 cm“ 1 (dioxolane C-O); nmr (CDCI3) 6 1.37, 1.48 (each
s, 6, isopropylidene methyl), 3.80 (q, 2, J12 = J5 - 3.4, Jlv =
J66 = 9 Hz, H-lI and H-6), 422 (q, 2, Jvi = Jsv = 55, JIr =
J66 =9 Hz, H-I'and H-6").

Anal. Calcd for C13H2004S3: C, 46.40; H, 5.99; S, 28.59. Found:
C, 46.30; H, 5.99; S, 28.40.

3.4- Thiocarbonyldithio-D-mannitol (8). A stirred mixture of

1.2 g of the above diisopropylidene derivative (mp 117°) with 160
ml of 95% ethanol and 5.2 ml of 6 N hydrochloric acid was boiled
under reflux until complete dissolution (15 min), then for 3 hr
more.

The solution was evaporated, giving a syrup. Portions of ethyl
acetate were repeatedly added and evaporated. The final residue,
still a syrup, was dissolved in boiling ethyl acetate. The solution
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on cooling gave 400 mg of crystals, mp 112-115°. This product was
recrystallized, giving 250 mg (27%) of crystals as yellow plates:
mp 116-117.5°; [a]2D 284° (¢ 0.7, CHCI3); ir (KBr) 1065 (C"S)
and 3400 cm-1 (broad, OH); nmr (100 MHz, D20 with DSS) 6
448 (d, 2,J = 8.5Hz, H-3 and H-4).

Anal Calcd for C7TH1204S3: C, 32.80; H, 4.72; S, 37.52. Found:
C, 32.90; H, 4.93; S, 37.16.

1.2.5.6- Tetra-0-acetyl-3,4-thiocarbonyldithio-D-mannitol (9).
A solution of 70 mg of the tetrol in 0.5 ml of anhydrous pyridine
and 0.5 ml of acetic anhydride was kept at 25° for 24 hr. The so-
lution was then evaporated in a vacuum desiccator over sulfuric
acid and sodium hydroxide. The residual solid (110 mg) was crys-
tallized from isopropyl ether, giving 65 mg (56%) of crystals, mp
67.5- 69°.

A portion recrystallized for analysis gave yellow plates: mp
67.5- 68.5°% [a]2o 271° (c 0.5, CHCIJ); ir (KBr) 1060 (C=S) and
1750 cnrl (0=0); nmr (CDCI3) 5 2.18 (s, 6, acetate methyl at 1
and 6, or 2 and 5), 2.24 (s, 6, acetate methyl at 2 and 5, or 1 and
6), 443 (q, 2Jlv + J66- = 13,In = Jse = 5 Hz, H-l and H-6),
454 (d, 2,323 = Ji5 = 9 Hz, H-3 and H-4), 4.80 (q, 2, Jy2 —J56'
=3,Jn- =J66,H-I'and H-6"), 5.67 (m, 2, H-2 and H-5).

Anal. Calcd for C15H2008S3: C, 42.44; H, 4.75; S, 22.66. Found:
C, 42.90; H, 4.77; S, 21.89.

1.6-
thio-D-mannitol (14). A 200-mg portion of the above trithiocarbo-
nate diketal (mp 117°) was dissolved in 2.0 ml of a 30% solution
of hydrogen bromide in anhydrous acetic acid. The solution was
kept at 25° for 6 hr, then poured with stirring into 20 ml of satu-
rated sodium bicarbonate solution. The resulting mixture was ex-
tracted with chloroform (two 50-ml portions) and the combined
chloroform extracts were washed, dried, and evaporated.

The resulting syrup was purified by column chromatography on
Woelm silica gel (20 x 1 cm), using benzene as solvent and el-
uent. The product was obtained as 150 mg (55%) of a yellow
syrup, which could not be crystallized, but showed only one spot
on thin layer chromatography, nmr (CDCI3) 5 2.18 (s, 6, acetate
methyl).

1,2;5,6-Di-0-isopropylidene-3,4-dithio-D -mannitol 3,4-Tri-
thioorthoformate (Mercaptodithiolane Diketal) (3). A solution
of 150 mg of the above trithiocarbonate diketal (mp 117°) in 25 ml
of dry tetrahydrofuran was added dropwise to a slurry of 45 mg of
lithium aluminum hydride in 2.5 ml of dry ether. After disap-
pearance of yellow color, the mixture was stirred for 1 hr more.

Excess hydride was destroyed by careful addition of water at
0°, and the mixture was adjusted to pH 4 and immediately ex-
tracted with ether. The ether extract was immediately washed
with sodium bicarbonate solution, and further processed in the
usual manner.

The solid residue obtained by evaporation was crystallized from
n-hexane, giving 50 mg of crystals, mp 86-92°. This product was
recrystallized, giving 30 mg (20%) of material, mp 96-97°. A por-
tion recrystallized for analysis gave colorless needles: mp 97-98°;
[«]2d 105° (c 0.6, CHCI3); ir (KBr) 1040, 1060, and 1150 (dioxo-
lane C-0), 2520 cm*“1 (SH); nmr (CDCI3) &1.33 (s, 3), 1.37 (s, 3),
and 1.44 (s, 6), isopropylidene methyl groups, 2.93 (d, 1, -SH),
5.67 (d, 1,J = 7Hz, -CHSH).

Anal. Calcd for C13H2204S3: C, 46.13; H, 6.55; S, 28.42. Found:
C, 46.16; H, 6.46; S, 28.30.

1,2;5,6-Di- 0-isopropylidene-3,4-carbonyldithio-D -mannitol
(6). To a cooled solution of 1.50 g of the above trithiocarbonate
(mp 117°) in 50 ml of reagent-grade acetone, 3.7 g of powdered
potassium permanganate was added in portions with stirring at
25° during 2 hr. After 1 hr more, the precipitate was collected and
washed with acetone (three 10-ml portions).

The combined filtrates were evaporated, and the solid residue
was extracted with boiling benzene (three 10-ml portions). The
combined benzene extracts on evaporation gave 1.25 g (87%) of
crystalline product, mp 73-74.5°.

A portion was recrystallized for analysis from methanol-water,
giving colorless plates: mp 73-73.5° [a]2D 71° (c 0.6, CHC13); ir
(KBr) 1025, 1070, and 1150 (dioxolane C-O), 1650 cm“1 (C=0);
nmr (CDC13) 6 1.38 (s, 6) and 1.48 (s, 6), isopropylidene methyl
groups, 3.34 (m, 2, H-3 and H-4).

Anal. Calcd for C13H2005S2: C, 48.73; H, 6.29; S, 20.01. Found:
C, 48.83; H, 6.20; S, 20.91.

3,4-Carbonyldithio-D-mannitol (4). A stirred solution of 400
mg of the above diisopropylidene derivative (mp 74°) in 8.0 ml of
40% aqueous acetic acid was heated at 100° for 11 hr. The solu-
tion was evaporated, and the residual syrup was vacuum dried
(0.5 Torr, 70°). The dried syrup was crystallized from ethyl ace-
tate, giving 110 mg of product, mp 121-124°. This material was
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recrystallized, giving 70 mg, mp 122-123.5°. A second crop of 100
mg, mp 122-124°, was obtained from the first crystallization fil-
trate, total yield 210 mg (70%).

A portion of the recrystallized first crop was again recrystal-
lized for analyses, giving colorless needles: mp 122-123°; [a]23D
62° (c 2.4, methanol); ir (KBr) 1650 (0=0) and 3400 cm“1
(broad, OH); nmr (D20 with DSS) 5 4.38 (d, 2, J23 = J45 = 85
Hz, H-3 and H-4).

Anal. Calcd for C7H1205S2: C, 34.99; H, 5.03; S, 26.69. Found:
C, 35.02; H, 4.95; S, 25.79.

1.2.5.6- Tetra-0-acetyl-3,4-carbonyldithio-D-mannitol
solution of 150 mg of the above tetrol (mp 123°) in 0.5 ml of anhy-
drous pyridine and 0.5 ml of acetic anhydride was kept at 25° for
24 hr. The solution was evaporated in a vacuum desiccator over
sulfuric acid and sodium hydroxide. The residual syrup was crys-
tallized from a mixture of benzene and re-hexane, giving 220 mg
(88%) of colorless needles: mp 84-85°; [a]23D 132° (c 1.6, CHC13);
ir (KBr) 1655 (carbonyldithio 0=0) and 1750 cm- 1 (acetate
0=0); nmr (CDCI3) &2.08 (s, 6) and 2.15 (s, 6), acetate methyl
at 1,6 and 2,5, respectively.

Anal. Calcd for C15H2009S2: C, 44.11; H, 4.94; S, 15.70. Found:
C, 44.01; H, 4.90; S, 15.19.

1.6-

diketal (mp 74°) was dissolved in 7.0 ml of an anhydrous 32% so-
lution of hydrogen bromide in acetic acid. After 4 hr at 25° the
solution was poured with stirring into saturated sodium bicarbon-
ate solution. The syrup which separated was washed repeatedly
with water by decantation, then dissolved in chloroform. The
dried solution on evaporation gave the product as a syrup which
could not be crystallized, but had an appropriate spectrum: nmr
(CDCI3) 5 2.23 (s, 6, acetate methyl), 432 (d, 2,323 = Ji5 = 9
Hz, H-3 and H-4), 3.85 (m, 4) and 5.32 (m, 2), second-order pat-
tern attributed to H-1, H-I', and H-2, and to H-6, H-6', and H-5.

1.6-
thio-D-mannitol (11). A stirred mixture of 500 mg of the above
dibromide diacetate (syrup), 600 mg of potassium thiolacetate,
and 20 ml of reagent-grade acetone was boiled under reflux for 24
hr. The cooled, filtered mixture was evaporated, and the residual
syrup was partitioned between chloroform and water. The suit-
ably processed chloroform phase on evaporation gave a deep-
brown syrup.

Since charcoal decolorization using ethyl acetate as solvent was
ineffective, the decolorization was repeated using isopropyl ether.
The latter solution on cooling gave 200 mg (42%) of colorless,
crystalline product, mp 100-102.5°.

A portion was recrystallized for analysis, giving colorless nee-
dles: mp 102-103°; [a]23D 182° (c 1.9, CHCI3); ir (KBr) 1655 (di-
thiocarbonyl 0=0), 1702 (thioacetate C=0), and 1745 cm*“ 1 (ac-
etate 0=0); nmr (CDCI3) &2.10 (s, 6) and 2.37 (s, 6), 0- and S-
acetate methyl, respectively.

Anal. Calcd for C15H2007S4: C, 40.89; H, 4.58; S, 29.11. Found:
C, 40.86; H, 4.61; S, 29.47.

1.3.4.6- Tetrathio-D-mannitol (12). A 250-mg portion of
above tetrathiomannitol dithiocarbonate tetraacetate (mp 103°)
dissolved in 2.0 ml of anhydrous tetrahydrofuran was added drop-
wise to a slurry of 800 mg of lithium aluminum hydride in 10 ml
of anhydrous ether. The reaction was conducted under dry nitro-
gen.

After 4 hr at 25°, excess hydride was destroyed with water in
the usual manner, and the slightly acidified (pH 4) aqueous
phase was extracted repeatedly with ether. The combined ether-
eal extract was washed with 5% sodium bicarbonate solution,
dried, and evaporated.

The residual solid was crystallized from isopropyl ether, giving
32 mg (23%) of crystalline product, mp 118-120°. A portion was
recrystallized for analysis, giving 9 mg of colorless needles: mp
122.5-123.5°%; ir (KBr) 2520 (SH) and 3300 cm“1 (broad, OH);
nmr (CDCI3) 6 2.17 (s, 6) and 2.43 (s, 6), 0- and S-acetate meth-
yl, respectively, 3.28 (q, 2, J12 = Jse = 6-5, J\v = Jfv = 15 Hz,
H-l and H-6), 3.65 (q, 2, Jr2 = J5S = 3.5, Jtr = 766 = 15 Hz,
H-1' and H-6'), 4.28 (d, 2, J28 = 545 = & Hz, H-3 and H-4), 5.39
(m, 2, H-2 and H-5).

1.3.4.6-
mannitol (13). Attempted preparation of a second crop of tetra-
thiomannitol from the combined mother liquors (see above) gave
only a syrup. This material (62 mg) was dissolved in a mixture of
0.5 ml of anhydrous pyridine and 0.5 ml of acetic anhydride.
After 24 hr at 25°, the mixture was evaporated in a vacuum des-
iccator over sulfuric acid and sodium hydroxide.

The yellow, solid residue was purified by column chromatogra-

(5).

Dibromo-l,6-dideoxy-2,5-di-0-acetyl-3,4-carbonyldithio-
Dibromo-I,6-dideoxy-2,5-di-0-acetyl-3,4-thiocarbonyld-mannitol (10). An 800-mg portion of the above dithiocarbonate

Di-S-acetyl-2,5-di-0-acetyl-3,4-S-carbonyl-I,3,4,6-tetra-

the

Tetra-S-acetyl-2,5-di-O-acetyl-1,3,4,6-tetrathio-D-
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phy using Woelm silica gel (250 X 10 mm) and ethyl acetate as
solvent. The column was eluted with 100 ml of rc-hexane-isopro-
pyl ether (2:1) and then with 50 ml of pure isopropyl ether. The
latter eluate on evaporation give 40 mg (32%) of slightly yellow
product, mp 162-164°. The chromatographic purification was re-
peated in the same manner, giving 30 mg of colorless crystals, mp
163-164°.

A portion was recrystallized for analysis from ra-hexane, giving
colorless needles: mp 163.5-164.5°; [a]23D 94° (c 1.2, CHCIJ); ir
(KBr) 1690 and 1705 (S-acetate 0=0), 1750 cm' 1 (O-acetate
0=0); nmr (CDCI3) 5 2.07 (s, 6) and 2.32 (s, 6), O-acetate meth-
yl and S-acetate methyl, respectively.

Anal. Calcd for CishhsOsSd: C, 43.36; H, 5.26; S, 25.72. Found:
C, 43.42; H, 5.20; S, 25.50.
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Scission of the Sulfur-Sulfur Bond in Dipurinyl and Dipyrimidinyl
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Bis(l-/3-D-ribofuranosyl-4-thiouracil) disulfide, its methyl analog, and bis(9-methyl-6-thiopurine) disulfide are
decomposed quantitatively into the corresponding thiocyanato and thio derivatives by CN~ buffered at pH 7.
4-Thiocyanatouridine and its methyl analog decompose quantitatively in alkali to the corresponding thio and
oxo compounds in 2:7 and 1:1 ratio, respectively. 9-Methyl-6-thiocyanatopurine decomposes in alkali to 9-
methyl-6-thiopurine. The reaction of the three above-mentioned disulfides in unbuffered CN_ apparently pro-
ceeds through the intermediate formation of the thio and thiocyanato derivatives, the latter decomposing in
situ under alkaline conditions in the same manner. Synthesis and properties of 4-thiocyanatouridine, its methyl
analog, 9-methyl-6-thiocyanatopurine, and bis(I-methyl-4-thiouracil) disulfide are described.

The extreme susceptibility of the disulfide bond in bis(l-
d-D-ribofuranosyl-4-thiouracil) disulfide and its methyl

analog to nucleophilic attack by OH” reported earlier
from this laboratory3 led us to extend this study to the
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Figure 2. Decomposition of bis(l-/3-D-ribofuranosyl-4-thiouracil)
disulfide (Ir) by NaCN at pH 7. The uv absorption spectra of Ir
at pH 7 (me<), Ir after treatment with NaCN at pH 7 (------ ), Hr at
pH 7 normalized at 350 nm (------ ), and Illr at pH 7 normalized at
310 nm (-=-). Addition spectrum of Hr and Illr (#).

Figure 5. The uv absorption spectra of 4-thiocyanatouridine (lllr)
at pH's 2 and 7 (=~ and 12 (----- ) (decomposes), and spectral
correlation of its hydrolysis products at pH 12. The uv absorption
spectra of Hr at pH 12 normalized at 320 nm (-----), IVr at pH 12
normalized at 260 nm (--—---- ), and thiocyanate at pH 12 normal-
ized at 230 nm (O - O). Addition spectrum of the last three (Hr +
IVr+ SCN“)(=).

cleavage of the disulfide bond in these compounds and
bis(9-methyl-6-thiopurine) disulfide by CN-. The first
step in the reaction of all three purine and pyrimidine di-
sulfides with CN  was very similar. All three quantita-
tively decomposed into the thiocyanato and thio deriva-
tives when the reaction was carried out with NaCN buff-
ered at pH 7. In each case, the spectra of the disulfides
treated with CN" can be shown to be the addition spectra
of the two products formed in stoichiometric amounts
(Figures 1-3).4 In unbuffered CN-, however, the interme-
diate thiocyanato derivatives were degraded owing to al-
kaline conditions.

In order to demonstrate that the reaction with unbuf-
fered CN- proceeded through the intermediate formation
of the thiocyanato derivatives, we synthesized all three of
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Table |
Spectral Properties

pH or ---Spectral characteristics, X, nm (e X 10-3)—>
Compd solvent Maxima Minima
Ir 7 309 (19.60) 279 (10.50)
261 (11.70) 236 (7.70)
Ethanol6 311 (18.15) 280 (9.46)
262 (12.38) 237 5 (7.70)
Im 7 307.5 (18.12) 277 (8.70)
257 (12.10) 236 (8.30)
v 7 290 (26.10) 287 (26.48)
283 (25.69) 239 (5.94)
215 (28.60) 208 (28.13)
> 6.5 331 (21.00) 274 (1.65)
245 (4.00) 225 (2.60)
11.8 316 (19.70) 268 (2.40)
Im 2,6 334 (20.19) 278 (0.90)
242 5 (4.04) 225 (2.31)
12 315 (17.05) 257 (2.65)
VP 0 326 (18.5)
5.1 321 (26.1)
229 (12.7)
11.1 309 (21.4)
234 (13.0)
Iir 2,6 309 (8.41) 275 (2.74)
251 (6.83) 233 (4.15)
IHmM 2,6 307 (7.79) 271.5 (1.99)
245 (6.35) 232 (4.56)
217 5 (12.72)
EthanoR 312 (6.5)
245 5 (5.4)
Vil 2,6 277 (12.73) 237.5 (2.40)
IVm 2,6 267 (9.48) 232 (1.32)
12 264 (6.74) 241 (3.43)
NaCNS 2 €240 250, €230 1500, €220 2950, €210
3350
12 c240 250, €230 1500, e220 4000

° Reported max 309, 261; min 278, 236 (ref 12).6Reported
max 320 (29.75), 260 (6.50); min 280 (5.40) (ref 7). 'Data
from N. K. Kochetkov, E. I. Budowsky, V. N. Shibaev, and
M. A. Grachev, Biochim. Biophys. Acta, 59, 749 (1962).
dData from J. H. Lister in “Fused Pyrimidines,” Part II,
D. J. Brown, Ed., Wiley-Interscience, New York, N. Y.,
1971, p 485. ' Reported max 310 (8.00), 250 (7.80); min 280
(4.00) in ethanol (ref 7). 1Reported, in ethanol, max 318.5
(7.78), 256 (6.7) (ref6).

them (lllr, Him, and VII) independently and studied their
spectral properties and decomposition in alkali (Table I,
Figures 4-6). The spectra of all three thiocyanates are es-
sentially the same at pH 2 and pH 7. Compounds film
and Illr decomposed in alkali to Ilm and IVm, and Hr and
IVr, in 1:1 and 2:7 ratio, respectively (Figures 4 and 5).
The decomposition of the thiocyanates Him and Illr takes
place according to the following equations.

(IHmM) 2R'SCN + 40H* =
RCT + R'S" + SCN' + OCN" + 2R,0

(11lr) 9R'SCN + 180H* =
7 R'O- + 2R'S~ + 7SCN" + 20CN" + 9H,0

Titration of IHm with alkali to pH 11 indicated the con-
sumption of 2 equiv of alkali per mole of IHM. The
amounts of R'O-, R'S-, and SCN- formed were calculat-
ed from the spectra; the spectral correlation is shown in
Figures 4 and 5. We were unable to obtain any direct evi-
dence for the formation of CNO- ; its extinction in the ul-
traviolet range is negligible at the concentrations used in
these experiments. The compound VII, on the other hand,
was transformed in alkali to VI to the extent5 of 85% with
no evidence for the formation of any oxo compound, for VI
could be recovered completely by treatment of the reac-
tion mixture with Na2S. This indicates that the stability
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Table 11*
Cleavage of the Thiocyanates and Disulfides by H+, OH-, HS-, and CN-
Reaction
Compd conditions Reagent Products
Ir (31.4) 1hr CN- (pH 7) HIr (34), Hr (29.7)
Ir (35.7) 2 hr CN~ (unbuffered) IVr (26.2), Hr (43.3), CNS~ (26.2)
Im (33.7) 3hr CN- (pH 7) Him (33), IIm (36)
Im (33.9) 2 hr CN - (unbuffered) IVm (18.1), Ilm (51.8), CNS- (18.1)
V (33.3) 3.5 hr CN- (pH 7) V1 (32.6), VII (31.4)
V (32) 72 hr CN" (unbuffered) V1 (61.8)
Hir (82) Immédiate OH- Hr (18), IVr (64), CNS- (64)
48 hr H+ IVr (81)
Immeédiate HS- Hr (82)
IHIm (59) Immeédiate OH- I1Im (29), IVm (29), CNS~ (29)
48 hr H+ IVm (59)
Immeédiate HS- IIm (59)
VIl (71.6) 5 days OH* V1 (60.8)
1 day H+ No reaction
Immédiate HS- V1 (71)

“ Numbers in parentheses indicate one-third the number of nanomoles of the compounds in a 3-ml cuvette. All reactions

were carried out at 25°.

of the ring-S bond in these compounds decreases in the
order VII > Ilim > Illr. Compounds Him and IllIr are con-
verted into IVm and IVr quantitatively in acid, while VII
is unaffected in acid. All three thiocyanato derivatives are
readily reduced to thio compounds by SHr. The decom-
position of the thiocyanato derivatives in alkali is parallel
to the decomposition of the thiocyanato derivatives
formed in situ as a result of the nucleophilic attack of the
unbuffered CN~ (pH 10.2) on the disulfides. The amounts
of products formed were in exactly the same ratio as pre-
dicted on the basis of the formation of the thiocyanates as
intermediates (Table Il, Figures 7-9).

The compounds Him and VII were prepared, in good
yield, by the action of CNBr on the solution of IIm and VI
in equivalent amounts of alkali. We were unable to pre-
pare Him by the published method.6 The spectral proper-
ties of the compound prepared by us also do not agree
with the data reported earlier6 (c/. Table 1). The prepara-

Scheme |
SCN
CN~. pH 7,
I CN”, unbuffered
0
n+ v~ m n+iv
|1
11
Ir, Hr, Hlr, IVr, R = ribosyl
Im, Ilm, Him, IVm, R = methyl
s" SCN
I CN , unbuffered HS /OH

VI

tion of HlIr, however, was difficult owing to its lability.
Although reports on the preparation of this compound
have appeared in the literature,6'7 it has not been charac-
terized rigorously. We found that the best way to prepare
this compound is to use the cyanide cleavage reaction of
the disulfide Ir. In the first step, the disulfide Ir was
treated with NaCN buffered at pH 7. When completion of
the reaction was indicated by the uv absorption spectrum
of the reaction mixture, the solution was treated with
CNBr to convert the thiol Hr to the thiocyanato derivative
IIr (Scheme 1). This method was also successful with the
methyl analog (Figures 10 and 11).

Degani and Patchornik8 used a similar method for the
synthesis of 2-nitro-5-thiocyanatobenzoic acid from 5,5'-
dithiobis(2-nitrobenzoic acid). Cyanogen bromide has pre-
viously been shown to oxidize thiols to disulfides when 0.5
mol of reagent is used per mole of the thiol.9 Compound
Hr has also been reported to form a disulfide when treated
with 0.5 mol of CNBr per mole of reactant. In addition,
we found that Ilm, on treatment with even 1.1 mol of
CNBr in ethanol containing 1 mol of triethylamine, forms
the disulfide Im instead of the expected thiocyanato de-
rivative Him. Paralleling the experience of Degani and
Patchornik,8 we found that, to obtain a quantitative yield
of the thiocyanate from the disulfide by cyanide cleavage
(step 1) followed by cyanogen bromide treatment (step 2),
the presence of cyanide is necessary in the second step to
decompose any disulfide that may be formed in this step.
The disulfide formation from the thiouridine by cyanogen
bromide probably proceeds via the intermediate sulfenyl
bromide.7 We have examined and eliminated the alter-
nate possibility involving the intermediate formation of
thiocyanate, since attempts to prepare Im by reaction of
Him with IIm were not successful. The thiocyanate Ilir
was characterized by its quantitative conversion to IVr in
acid and to Hr in sodium bisulfide (Figure 12). Moreover,
the similarity of its uv absorption spectrum with that of
its methyl analog characterizes IlIr to be 4-thiocyanatouri-
dine (Figures 4 and 5).

Contrary to earlier observation,7 we found that the
spectra of Ir and Illr are very similar (Figures 2 and 5).
Both of them have their higher absorbancy peak at 309
nm, although the lower absorption peak position of Ilir
shows a comparative blue shift of about 10 nm. However,
the two can be distinguished by their spectra in alkali. In
alkali, Ir forms sulfenic acid3 which shows an absorption
maximum at 360 nm, whereas IlIr in alkali does not show
appreciable absorbance at 360 nm (Figure 5). The pre-
viously reported spectral data of Ir do not agree with our
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results7 (Table 1). The use of commercial preparations
without purification might have led to this anomaly.

We have thus established that the disulfides Ir, Im, and
V are initially cleaved by the cyanide to form the thiocy-
anato and thio derivatives quantitatively in 1:1 ratio, the
former undergoing further degradation under alkaline con-
ditions. Thiocyanatopyrimidines Illr and Him form Hr and
IVr, and IIm and IVm, in 2:7 and 1:1 ratio, respectively.
Thiocyanatopurine VII, however, is quantitatively convert-
ed into VI resembling the behavior of 6-thiopurine itself.11
Our results support the findings of Walker and RajBhand-
aryl0 that 4-thiocyanatouridine, like its methyl analog, is
degraded under alkaline conditions partly to thiouridine
and partly to uridine, instead of its complete degradation
to uridine as earlier reported.6

Experimental Section

Melting points were observed in a Thomas-Hoover apparatus
and are uncorrected. Thin layer chromatography was carried out
by use of E. Merck tic plates and Cellulose F and with the fol-
lowing solvent systems: A, 1-butanol-water, 86:14 (v/v); B, iso-
butyric acid-ammonia-water, 66:1:33 (v/v/v); and C, 0.1 M phos-
phate buffer (pH 6.8)-ammonium sulfate-l-propanol, 100:60:2
(viwlv). Bis(l-/3-D-ribofuranosyl-4-thiouracil)  disulfide,12 its
methyl analog,3 and I-methyl-4-thiouracill2 were synthesized by
published methods. 9-Methyl-6-thiopurine was obtained from
Cyclo Chemical Corp., Los Angeles, Calif. All other chemicals
were reagent-grade commercial products. The uv absorption spec-
tra at different pH’s were recorded on a Cary recording spectro-
photometer Model 14 PM on the same solution in the same cu-
vette using small amounts of acid, alkali, or buffer solutions to
alter the pH. The ir spectra were recorded on a Perkin-Elmer 257
grating spectrophotometer with KBr disks. Elemental analyses
were by Galbraith Laboratories, Knoxville, Tenn.

Bis(9-methyl-6-thiopurine) Disulfide (V). 9-Methyl-6-thiopu-
rine (VI1), 166.2 mg (1 mmol), was brought into solution in 25 ml
of water by adding 1 N NaOH to a pH of 10.5. The solution was
cooled in ice water and treated with 1 ml of 1 N iodine solution.
The pH fell to 9.5. The precipitate was filtered and washed with
water, crude yield 136 mg. It was washed with dilute ammonia in
the cold to remove traces of starting material, and recrystallized
from 50% ethanol. Yield of chromatographically homogeneous
material was 90 mg (27% of theory), mp 232-233°.

Anal. Caled for Ci2HION8S2: C, 43.62; H, 3.05; N, 33.92.
Found: C, 43.41; H, 3.09; N, 33.78.

Bis(l-methyl-4-thiouracil) Disulfide (Im). A suspension of 1-
methyl-4-thiouracil, 142.2 mg (1 mmol), in 10 ml of ethanol was
treated with triethylamine (1 mmol) and cyanogen bromide (1.1
mmol) at 25° with stirring. A white precipitate was formed in
about 10 min. The reaction mixture was chilled in ice and fil-
tered, yield, 100 mg (71% of theory). It was identified as the di-
sulfide by comparing its melting point, uv spectra, and tic in sol-
vents A and B with those of an authentic specimen.

9-Methyl-6-thiocyanatopurine (VII). A solution of 9-methyl-
6-thiopurine, 83.1 mg (0.5 mmol), in a mixture of 0.5 ml of 1 N
NaOH and 2.5 ml of water was treated with 1 M ethanolic CNBr,
0.55 ml, at 25°. A white precipitate appeared almost immediately.
The reaction mixture was allowed to stand at room temperature
for 30 min, then cooled in ice, filtered, washed with ice-cold
water, and dried in vacuo over P20s: yield 81 mg (85% of theory);
mp 181.5-182°; ir 2180 cm- 1 (-SCN).

Anal. Calcd for C7TH5N5S: C, 43.97; H, 2.64; N, 36.63. Found:
C, 43.72; H, 2.48; N, 36.45.

I-Methyl-4-thiocyanatouracil (Him). A solution of 1-methyl-
4-thiouracil, 142 mg (1 mmol), in 5 ml of 0.2 N NaOH was treated
at once with 1.1 ml of 1 M ethanolic CNBr while stirring at room
temperature. The reaction mixture was allowed to stand for 1 hr,
cooled in ice, filtered, and washed with a little ice-cold water:
yield 110 mg (66% of theory); white, glistening plates; mp 145-
146° dec; chromatographically homogeneous (solvents A. C).

Anal. Calcd for C6H5N30S: C, 43.10; H, 3.10; N, 25.13. Found:
C, 43.19; H, 2.93; N, 25.22.

4-Thiocyanatouridine (l1lr). One milliliter of freshly prepared
1M NaCN was added dropwise to a suspension of bis(l-/3-D-ribo-
furanosyl-4-thiouracil) disulfide (Ir), 5.2 mg (0.01 mmol), in 5 ml
of 0.05 M phosphate buffer (pH 7). The pH of the reaction mix-
ture was maintained by simultaneous addition of 0.5 M KH2PO4
in a pH stat. The disulfide gradually went into solution. After
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standing for 1.5 hr, the A325A 275 was found to be 5.9. It is neces-
sary to attain this ratio to ensure complete conversion of the di-
sulfide. One milliliter of 1 M ethanolic solution of CNBr was
added and the reaction mixture was allowed to stand for 10 min.
It was then run through a column of Sephadex G-10 (25 x 2 cm),
eluting with- oxygen-free water and collecting 5-ml fractions. The
appropriate fractions were combined and evaporated in a rotary
evaporator under high vacuum at room temperature to half the
original volume. The yield of chromatographically homogeneous
4-thiocyanatouridine was practically quantitative. The aqueous
solution deteriorated slowly on standing, as judged by its uv spec-
trum.

The above preparation has been spectrophotometrically dupli-
cated (Figure 10). Three milliliters of an aqueous solution of Ir
containing 50 /;1 of 0.5 M phosphate buffer, pH 6, was treated
with 10 ill of 1 M freshly prepared NaCN. The spectra were re-
corded before, and 2 hr after, addition of NaCN. Then 10/d of 1
M ethanolic CNBr was added and the spectrum of the thiocy-
anate Illr formed was recorded. For characterization of the thio-
cyanate Illr, the solution was transferred from the cuvette to a
flask and weighed. The solution was then evaporated at room
temperature in a rotary evaporator under high vacuum to about
half its volume to remove excess CNBr. It was then reconstituted
by adding water to compensate for the loss in weight, after which
it was treated with 10 /d of 1 M Na2S and the spectrum was re-
corded after addition of 25 /d of 10 N NaOH. Another sample of
thiocyanate Illr, prepared in identical manner, was treated with
50 ju of 20 N HC1 and the spectrum was recorded. The results are
shown in Table Il and Figure 12. The spectral properties are re-
corded in Table I. The molar extinction of 4-thiocyanatouridine
was calculated on the basis of its quantitative conversion to 4-
thiouridine in sodium sulfide.

Action of Acid, Alkali, and Sodium Sulfide on 4-Thiocyana-
touridine (Illr), Its Methyl Analog (Him), and 9-Methyl-6-
thiocyanatopurine (VI1). Three milliliters of a solution of each
thiocyanate in oxygen-free water was treated separately with 25
M of 10 N HC1, 25 ml1 10 N NaOH, and 10 fil of 1 M Na2S at 25°.
The results are shown in Table Il and Figures 4-6 and 12.

Reaction of Bis(l-/3-D-ribofuranosyl-4-thiouraeil) Disulfide
(Ir), Its Methyl Analog (Im), and Bis(9-methyl-6-thiopurine)
Disulfide (V) with Cyanide. Three milliliters of a solution of
each disulfide in oxygen-free water was treated with 50 ml of 0.5
M phosphate buffer followed by 10 ml of 1 M freshly prepared
NaCN at 25°. For studying the reactions of unbuffered NaCN,
the phosphate buffer was omitted. The results are shown in Table
Il and Figures 1-3 and 7-9.

Attempted Preparation of Bis(l-methyl-4-thiouracil) Disul-
fide (Im) from the Thio (llm) and Thiocyanato (Him) Deriva-
tives. A mixture of I-methyl-4-thiouracil, 2.84 mg (0.02 mmol),
I-methyl-4-thiocyanatouracil, 3.34 mg (0.02 mmol), ethanol, 0.5
ml, and triethylamine (0.02 mmol) was stirred at room tempera-
ture for 1 hr. It was centrifuged and, after removal of the super-
natant, the residue was taken up in water and the uv absorption
spectrum in alkali was recorded. Absence of any appreciable ab-
sorbance at 360 nm indicates absence of formation of any disul-
fide. In alkali, the uv absorption spectrum of Im shows a peak at
360 nm due to the formation of sulfenic acid.3

Titration of I-Methyl-4-thiocyanatouracil (Him) with Alka-
li. Compound Him, 11.55 mg, was suspended in 5 ml of water
containing 2 drops of thymolphthalein indicator solution [0.04
9/100 ml of ethanol-water (1:1)] and titrated with 0.1 N NaOH
solution. The amount of alkali consumed was 1.35 ml or 1.95 mol/
mol of Him.
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Ultraviolet- and 7-ray-induced reactions of caffeine, adenine, and guanosine with tetrahydrofuran, tetrahy-
dropyran, dioxane, tetrahydrofurfuryl alcohol, and dioxolane are described. The reactions lead to the appropri-
ate 8-substituted purines in yields of up to 90% when performed in the presence of photoinitiators. A free-radi-

cal mechanism is proposed for these reactions.

Ultraviolet and 7-ray-induced reactions of purines with
alcohols or amines have been described recently.1l These
reactions resulted in the substitution of the appropriate
moiety for the 6- or 8-hydrogen atom in the purine sys-
tem. Thus, in reactions of purines with alcohols the sub-
stituent was usually the a-hydroxyalkyl group, while with
amines it was the a-aminoalkyl group. The reactions
could be induced directly with ultraviolet light (X >260
nm) or by the use of photosensitizers (with light of X >290
nm), which increased the yields of the photoproducts.

The aim of the present study is the investigation of the
photochemical reactions of purines with a variety of sub-
strates, mainly with those present in living systems. This
will contribute to a better understanding of the photo-
chemical reactions of purines, and subsequently to the de-
velopment of selective photochemical reactions for these
moieties in nucleic acids. In addition, it is anticipated that
this study will shed further light on the interaction under
irradiation of nucleic acids with their environment. The
photoreactions of purines with ethers2 and acetals serve as
models for the interaction of purines with sugars and
might lead to the discovery of new, so far unknown, irra-
diation-induced modifications in nucleic acids. The pres-
ent publication includes full details of the photochemical
and 7-ray-induced reactions of purines and purine nu-
cleosides with a variety of ethers, hydroxy ethers, and
dioxolane. An attempt was made to carry out the reac-
tions under conditions in which purine moieties in nucleic
acids would react selectively; therefore, photosensitizers
which have been shown previously to induce selective
reactions of purines,3e.g., peroxides, were employed.

Results and Discussion

Irradiation with ultraviolet light or exposure to 7 rays of
caffeine, adenine, or guanosine with ethers, hydroxy
ethers, or dioxolane led to the substitution of the appro-
priate moiety for the hydrogen atom at the 8 position of
the purine. The site of binding to the purine in the ether
moiety is at the carbon atom a to the ether oxygen,2
whereas with dioxolane it is at the acetalic carbon. The
reactions studied can be presented as shown in Scheme I.

Scheme |

1 R, =CH2R,=R3=H

O; R2=R3=H

3a, Rj = CH2 R = H; Rj = CH2H

3b, R, = CH2 R, = CHjOH; R, = H

4a, R, = CH2 Rs = H; R3 = CH20COCH3
4b, R = CH2 Rs = CH20COCH3; R3= H
5 Rj=CH20;R2=R3=H

6, R, =(CH,).; R, =R3=H

N
3
I

X =H; Y =NH2;, Z = H (adenine) 7, R=CH2
8, R=0
9, R=CHD
10, R = (CH.X
X = NH,; Y = OH; Z = ribose 11, R= CH2
(guanosine) 12, R=(CH»

The reactions could be either induced directly by ultra-
violet light (X >260 nm) or through photochemical initia-
tion with peroxides (with light of X >290 nm) with higher
yields of the photoproducts. Products were isolated by col-
umn chromatography using a modified “dry column”
technique4 followed by elution with acetone-petroleum
ether mixtures for the caffeine derivatives, and methanol-
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Table 1
Photochemical and 7-Ray-Induced Reactions of Caffeine, Adenine, and Guanosine with Ethers,
Hydroxy Ethers, and Dioxolane
Purine Substrate Reaction conditions Product Product mp, °C  Yield, %"
Caffeine THFG6 Caffeine (0.5 g), water (10 ml), THF 1 128-129 90
(140 ml), DBP« (6 ml); 6 hr
THF1 Caffeine (0.5 g), water (10 ml), THF 1 50
(200 ml), DBP (8 ml); 8 days
THFE" Caffeine (1 g), water (20 ml), THF 1 50
(120 ml); 48 hr
Tetrahydro- Caffeine (3 g), water (10 ml), 6 160-161 74
pyran6 tetrahydropyran (110 ml), ieri-butyl
alcohol (30 ml), DBP (8 ml); 21 hr
Dioxane/ Caffeine (1 g), water (10 ml), dioxane 5 201-202 43
(140 ml); 168 hr
Dioxane6 Caffeine (2 g), water (15 ml), dioxane 5 73
(120 mi), DBP (8 ml); 24 hr
Dioxane” Caffeine (1 g), water (20 ml), dioxane 5 50
(120 ml); 48 hr
Tetrahydro- Caffeine (2 g), water (20 ml), 3a 90-91 58
furfuryl tetrahydrofurfuryl alcohol (120 m1),
aleohol6 DBP (6 ml); 24 hr 3b 191-192 23
Tetrahydro- Caffeine (3.2 g), water (15 ml), 4a 89-90 60
furfuryl tetrahydrofurfuryl acetate (120 ml), 4b 187-180 22
acetate6 DBP (10 ml); 24 hr
Dioxolane6 Caffeine (0.4 g), water (10 ml), 2 215-216 55
dioxolane (50 ml), DBP (6 ml); 4 hr
Dioxolane' Caffeine (0.5 g), water (10 ml), 2 67
dioxolane (100 ml), DCP» (6 9);
8 days
Adenine THF/ Adenine (1 g), water (30 ml), THF 7 290-291 40
(120 ml); 48 hr
THF6 Adenine (1 g), water (30 ml), THF 7 90
(120 ml), DBP (6 ml); 20 hr
THF1 Adenine (0.5 g), water (20 ml), THF 7 80
(200 mi), DCP (6 g); 16 days
THF« Adenine (2.03 g), water (50 ml), THF 7 60
(360 mi); 64 hr
Tetrahydro- Adenine (1 g) water (30 ml), 10 305-306 44
pyrané tetrahydropyran (70 ml), ieri-butyl
alcohol (50 ml), DBP (8 ml); 28 hr
Dioxane6 Adenine (2 g), water (100 ml), dioxane 9 328-329 58
(600 mi), DBP (10 ml); 60 hr
Dioxolane6 Adenine (1 g), water (30 ml), 8 267-268 90
dioxolane (120 ml), DBP (8 ml);
14 hr
Guanosine THF6 Guanosine (1.5 g), water (100 ml), 11 190-191 67
THF (650 ml), DBP (15 ml); 52 hr dec
Tetrahydro- Guanosine (1.3 g), water (90 ml), 12 264-265 60
pyran tetrahydropyran (500 ml), ieri-butyl dec

(0]

Based on reacted purines (conversions usually ranged from 50 to 90%). 6 Hanovia 450-W high-pressure mercury vapor

alcohol (150 ml), DBP (10 ml);
168 hr

lamp (Pyrex filter). cDBP, di-ieri-butyl peroxide. dIn sunlight. * With 7 rays. 8Co source Gammacell 220 (Atomic Energy
of Canada Ltd., Ottawa, Canada); dose rate 12,000 rads/min. 1 Corex filter.» DCP, dicumyl peroxide.

chloroform for the other purine derivatives. Progress of
the reactions was followed by thin-layer chromatography
and more quantitatively by nmr measurements. In the
latter, the disappearance of the H-8 absorption band of
the purine with the simultaneous appearance of the ab-
sorption of the protons of the substituent at C-8 could be
followed. Our results are summarized in Tables I and II.

All new photoproducts gave correct analytical data for
the proposed structures and were characterized by their
uv, nmr, and mass spectra. The nmr spectra of the caf-
feine photoproducts exhibited the three characteristic sin-
glets of the IV-methyl groups at the r 6-7 region. The sub-
stitution at the C-8 position of the caffeine was indicated
by the absence of the H-8 absorption in the photoprod-
ucts. Determination of the site of attachment in the ether
or acetal moieties to the C-8 position of caffeine was also
made through the nmr spectra of the products. The ab-
sorption at lowest field (r 4.82 for the hydroxy ether or its
acetate, and r 3.95 for dioxolane) is attributed to the pro-

ton attached to the carbon atom of the ether or the acetal
moiety which is bound to the C-8 position of caffeine. It
appears as a multiplet in the hydroxy ethers and as a sin-
glet in the dioxolane photoproduct, which is in agreement
with the proposed structures. The absorption bands of the
other protons in the ether or acetal moiety are similar to
those of the starting ether or acetal. Substitution in ade-
nine also occurred at the C-8 position, as the photoprod-
ucts possessed only one band (singlet) at the r 2 region,
which was not changed by treatment with D20 at 105°.5
The site of binding in the ether or acetal moiety was also
determined by nmr spectra as described above and was
shown to be the carbon atom a to the ether oxygen or at
the acetalic carbon, respectively. All guanosine photo-
products do not possess the absorption band of the H-8
proton in the nmr, thus indicating that the hydrogen
atom at C-8 was substituted. The absorption of the sugar
moiety in the photoproduct is very similar to that of the
starting nucleotide, except for the anomeric proton.lb The
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Table 11
Analytical and Nmr Data of 8-Substituted Purines

Compound Elemental analysis“

2 Caled for CnHAN®D 4 C, 49.62; H, 5.31; N,
20.25; mol wt, 266. Found: C, 49.62; H,
5.30; N, 21.04; mol wt, 266

3a Caled for CBHIND 4 HD: C, 50.0; H, 6.40;
N, 17.93; mol wt, 294 + 18. Found: C,
50.15; H, 6.47; N, 17.93; mol wt, 294

3b Caled for CI3HIBN®D 4 C, 53.05; H, 6.16; N,
19.04; mol wt, 294. Found: C, 53.06; H,
6.28; N, 18.81; mol wt, 294

4a Caled for CBH2NA 5 C, 53.56; H, 5.99; N,
16.66. Found: C, 53.80; H, 6.12; N, 16.82

4b Caled for CBHZN 405 C, 53.56; H, 5.99; N,
16.66. Found: C, 53.43; H, 6.16; N, 16.43

7 Caled for CH4AN®: C, 52.47; H, 5.56; N,
34.03; mol wt, 205. Found: C, 52.67; H,
5.40; N, 34.13; mol wt, 205

8 Caled for CHND 2«HD: C, 42.66; H, 4.92;
N, 31.1; mol wt, 207 + 18. Found: C,
42.37; H, 5.05; N, 31.34; mol wt, 207

9 Caled for CH ,N® 2 C, 48.70; H, 4.99; N,
31.46; mol wt, 221. Found: C, 48.86; H,
5.01; N, 31.66; mol wt, 221

10 Caled for C,HIIN5: C, 54.78; H, 5.93; N,
31.95; mol wt, 219. Found: C, 55.02; H,
5.80; N, 32.2; mol wt, 219

11 Caled for CMHIIN®D 6 HD: C, 45.28; H,
5.70; N, 18.86. Found: C, 45.42; H, 5.67;
N, 18.95

12 Caled for CisFLiINsCV. C, 49.04; H, 5.76; N,
19.07. Found: C, 48.82; H, 5.92; N, 18.97

-Nmr spectrum---—---

Solvent0 Tvalues

A 395 (s, 1H, O-CH-0), 582 (m, 4 H,
-CHZXH2), 595 (s, 3 H, N-7 CHY, 6.45
(s, 3 H, N-3 CHj), 6.64 (s, 3 H, N-1 CHJ3

A 4.82 (m, 1 H, caffeine CH-0O), 57 (m, 1 H,
-CHCH2H) 6 (d, 3H, N-7 CH3 J = 3.6
Hz), 6.28 (m, 2 H, -CH2H), 6.46 (s, 3
H, N-3 CH3, 6.64 (s, 3H, N- CH3, 7.68
(brm, 4 H, -CH2ZXH2)

A 5.8 (s, 3H, N-7 CH3, 6.02 (m, 2 H, CH,0),
6.2 (s, 2H, CH2H), 6.47 (s, 3 H, N3~
CH3J3, 6.63 (s, 3H, N-1 CH3, 7.75 (br m,
4 H, CHXH2)

A 483 (m, 1 H, -CHO), 5.78 (m, 3 H, -CHO
+ CH2Z2O0~), 594 (s, 3 H, N-7 CH3, 6.42
(s, 3H, N-1 CH3, 7.47 (brm, 7 H,
-COCH3+ -CHZXH2)

A 5.84 (s, 3 H, H-7 CH3, 6.02 (m, 2 H,
-CH®), 6.21 (m, 2 H, -CHoOCO-), 6.5
(s, 3H, N-3 CH3, 6.67 (s, 3H, N-1 CH3J3,
8 (brm, 7H,-COCH3+ -CH,CH?2)

B 1.73 (s, 1 H, C-2 H), 273 (5, 2 H, -NH ),
4.1 (t, 1 H, OCH,J = 6.5 Hz), 6.02 (m,
2 H,CHX), 792 (brm, 4 H, -CH2CH?2)

B 1.77 (s, 1 H, C-2 H), 269 2 H, -NH 2, 4.0
(s, 1H,-CHO), 587 (d, 4 H, -CHaPH,-)

B 1.82 (s, 1H, C-2 H), 2.86 (s, 2 H, -NH 2,
512 (m, 1 H,-CHO), 6.15 (m, 6 H,
-CH®D)

B 1.85 (s, 1 H, C-2 H), 2.95 (s, 2 H, -NH 2,

54 (m, 1H, CHO), 6.07 (m, 2 H, CHD),
8.3 (brm, 6 H, -CH2XH2XH?2)

B 3.58 (s, 2 H, -NHj), 4.11 (apparentd, 1 H,
H-1'), 483 (brm, 4 H, OH-3', OH-2",
OH-5', -CHO), 582 (m, 2 H, CHD), 6.2
(m, 4 H, H-3', H-4', 2H-5"), 8 (brm, 4 H,
-CHZXH2)

B 3.65 (s, 2 H, -NH2, 412 (apparent d, 1 H,
H-1'), 473 (m, 1 H, OH-3"), 5.05 (m, 2 H,
OH-2', OH-5"), 5.45 (m, 1 H, CHO), 5.78
(m, 2 H, CHX), 6.32 (m, 5 H, H-2', H-3",
H-4', 2H-5"), 8.26 [broad m, 6 H, (CH23]

“ Molecular weights were determined by mass spectrum.6AisCDCI3 Bis (CD3X0.

presence of an absorption of a single proton in the te-
trahydropyranyl derivative at r 5.54 indicates that substi-
tution in tetrahydropyran occurred at the carbon atom a
to the ether oxygen. In the tetrahydrofuranyl side chain
the absorption of the methine proton was hidden by that
of the hydroxylic protons of the sugar moiety (at r 4.83).
All other tetrahydropyranyl and tetrahydrofuranyl protons
exhibited absorption bands similar to those of the parent
ethers.

All caffeine photoproducts exhibited a strong molecular
peak in their mass spectra, except 4a and 4b. In these
compounds the ester was decomposed to the appropriate
alcohol and to ketene.6 Their mass spectra are similar,
therefore, to those of 3a and 3b, respectively. A fragment
common to all caffeine photoproducts is that of m/e 194,
which is the fragment of the caffeine moiety. Other typi-
cal fragments of ether or acetal entities attached to the
C-8 position, and of other caffeine moieties, were also ob-
served.2'7 Adenine photoproducts exhibited the appropri-
ate molecular peaks and a common fragment of the ade-
nine moiety at m/e 135. Other fragments are typical of
ether or acetal and of adenine fragmentations.5 The gua-
nosine photoproducts did not exhibit molecular peaks in
their spectra. It is interesting to note that guanosine itself
does not show a molecular peak under the same condi-
tions of recording. A typical fragmentation pattern of ri-

bose nucleosides was observed in these spectra, i.e., peaks
of B+ H, B+ 24, B+ 30, and M + 89 (B represents the
mass of the free base with the ether or the acetal moiety
attached at the C-8 position minus one).8

The reported reactions could be induced by light of X
>260 nm (Corex filter) or X >290 nm (Pyrex filter) in the
presence of photosensitizers. In the former case, the pu-
rine serves as the light absorbing system and the excited
purine abstracts a hydrogen atom from the hydrogen
donor forming a free radical of the latter. This radical is
scavenged by a neighbor purine molecule which subse-
guently yields the appropriate photoproduct. In the perox-
ide-initiated reactions, most of the incident light (X >290
nm) is absorbed by the photoinitiatorle which decomposes
to oxy radicals which subsequently abstract a hydrogen
atom from the a position of the ether or the acetal. The
resultant free radicals are

X =(CHj), (n - 0or 1

« Q chdr Q .chdr

R = H or COCH3
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The next step involves the attack of an ether or acetal free
radical on the carbon end of the C-8=N-7 bond of a
ground state purine molecule leading to a radical which
by further hydrogen atom abstraction yields the N-7, C-8
adducts (“dihydro” type). These are then oxidized to
yield the appropriate C-8 substituted purine.10 The free
radical nature of the reactions is indicated by the possible
induction of the reactions with peroxides, either photo-
chemically or thermally. Further evidence for such a
mechanism is derived from the formation of dehydro di-
mers, of the ethers, such as dioxanyl-dioxane in the reac-
tion mixture. The quantum vyields of the peroxide-induced
reactions of caffeine were measured by the ferrioxalate
method9 and were found to be ca. 5 X 10“ 2.

The reactions described in this publication can serve as
models for the interaction of purines and sugars in photo-
chemical reactions. They also have an implication on the
possible cross linking of nucleic acids and sugars through
the purine moieties. In addition, the reactions of the ace-
tal can serve as a means for the introduction of an aldehy-
dic group at the C-8 position of the purines in nucleic
acids. The resulting aldehyde may be useful for the cross
linking with other functional groups (e . g amino groups)
in the nucleic acid chain or in proteins.

Experimental Section

Caffeine (Schuchardt, Minchen) was recrystallized from water
prior to use. Other purines (Fluka, CHR grade) were used without
further purification. Ethers (Frutarom), tetrahydrofurfuryl alco-
hol (Fluka), and dioxolane (Fluka) were freshly distilled before
use. Kieselgel (0.063-0.2 mm Merck) was used for column chro-
matography. Progress of the reactions were followed by ascending
tic on aluminum plates (Riedel-de-Haen, Kieselgel SIF). Acetone
-petroleum ether mixtures were used as eluents for the caffeine
derivatives, and methanol-chloroform for the adenine and gua-
nosine derivatives. Spots were detected by mineralight lamp. Col-
umn chromatography was performed on silica gel (Kieselgel 60,
Merck) using a modified “dry column” technique.4 Nmr spectra
were determined with a Varian A-60 instrument in the appropri-
ate organic solvent using TMS as internal standard. Mass spectra
were recorded with a MAT Atlas CH4. Uv spectra were recorded
on a Cary 14 spectrophotometer.

Irradiations were carried out in an immersion apparatus with
internal water cooling using Hanovia 450-W high-pressure mercu-
ry vapor lamps as the light source. The irradiation vessel was
flushed with oxygen-free nitrogen for 15 min prior to irradiation,
and nitrogen bubbling, as well as mechanical stirring, were sus-
tained throughout the irradiation. Quantum yields were mea-
sured by ferrioxalate actinometry.9 7-Ray irradiation was con-
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ducted in a Gammacell 220 apparatus (Atomic Energy of Canada
Ltd. Ottawa, Canada), with an internal air cooling device, and at
a dose rate of 12,000 rads/min. Oxygen-free nitrogen was bubbled
through the solution.

Typical experiments are described. Other experiments were
conducted under similar conditions and are summarized in Ta-
bles I and Il. Unless otherwise stated, Pyrex filters were em-
ployed.

Reaction of Caffeine and 1,3-Dioxolane (with DBP). A mix-
ture of caffeine (0.4 g), dioxolane (50 ml), and water (10 ml) was
irradiated for 4 hr, while DBP (total amount 6 ml) was added pe-
riodically in small portions. Excess reagent was removed under
reduced pressure, and the residue was chromatographed on silica
gel (100 g). Acetone-petroleum ether (3:17) eluted 2 (0.25 g), mp
215-216° (from acetone-petroleum ether).

Reaction of Adenine and THF (with DBP). A mixture of ade-
nine (1 g), water (30 ml), and THF (120 ml) was irradiated for 20
hr, while DBP (6 ml) was added in small portions. The usual
work-up and chromatography led to 7 [0.56 g; eluted with metha-
nol-chloroform (1:9)], mp 290-291° (from chloroform-methanol).

Reaction of Guanosine and THF (with DBP). A solution of
guanosine (1.5 g), water (100 ml), and THF (650 ml) was irradiat-
ed for 52 hr. DBP (15 ml) was added periodically in small
amounts. The usual work-up led to 11 [0.91 g; eluted with metha-
nol-chloroform (1:9)], mp 190-191° dec (from methanol-chloro-
form).

Registry No.—1, 27077-61-8; 2, 51015-44-2; 3a, 51015-45-3; 3b,
51015-56-6; 12, 51015-57-7; caffeine, 58-08-2; adenine, 73-24-5; gua-
nosine, 118-00-3; 1,3-dioxolane, 646-06-0; tetrahydrofuran, 109-
51015-56-6; 12, 51015-57-7; caffeine, 58-08-2; adenine, 73-24-5; gua-
nosine, 118-00-3; 1,3-dioxolane, 646-06-0; tetrahydrofuran, 109-
99-9; tetrahydropyran, 142-68-7; dioxane, 123-91-1; tetrahydrofur-
furyl alcohol, 97-99-4; tetrahydrofurfuryl acetate, 637-64-9.
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The mercuric trifluoroacetate promoted intramolecular addition of trichloroacetaldehyde (chloral) hemiacetal
derivatives of unsaturated alcohols to carbon-carbon double bonds is reported. This process results in the intra-
molecular delivery of an oxygen nucleophile by the hydroxyl group. The chloral acetal products are converted to
the corresponding diols by reduction. In several cases this overall process results in a highly specific conversion
of a cyclic or acyclic unsaturated alcohol into a single diol product. For example, the equatorial allylic cyclohex-
enols la, Ib, and 10 are transformed in overall yields of 60-80%, and >99% isomeric purity, into the corre-
sponding ci's-1,2-diols 3a, 3b, and 12, respectively. The scope and limitations of this process for the directed hy-
dration of cyclic and acyclic unsaturated alcohols is described.

The importance of the alcohol function as a handle for
directing the stereospecific establishment of new asym-
metric centers and for controlling regiochemistry in stere-
orational organic synthesis is well recognized.1 The secon-
dary alcohol group is particularly useful in this sense since
its stereospecific introduction by reduction is one of the
best studied of all organic synthetic reactions.2 We began
a few years ago studies aimed at using the alcohol func-
tionality as a handle to direct the addition of “com-
plexed” nucleophiles to neighboring electrophilic centers.3
We wish at this time to report our studies of the addition
of hemiacetal derivatives of unsaturated alcohols to neigh-
boring carbon-carbon double bonds, a process which re-
sults in the intramolecular delivery of an oxygen nucleo-
phile (a “water equivalent”) by the hydroxyl group. In
several cases this process results in a highly specific con-
version of a cyclic or acyclic unsaturated alcohol into a
single diol product.

Results

Owing to its high propensity for forming hemiacetals,4
trichloroacetaldehyde (chloral) was chosen for our prelim-
inary work. The addition of 2 equiv of chloral to a solution
of a primary or secondary alcohol in an aprotic solvent
such as tetrahydrofuran (THF) resulted in quantitative for-
mation of the hemiacetal derivative, e.g., eq 1. Hemiace-

tal formation was easily monitored by observing the ap-
pearance of the characteristic singlet, in the nmr spec-
trum, near r 5 for the methine hydrogen attached to the
trichloromethyl-bearing carbon (see Table 1).5To promote
addition of the hemiacetal hydroxyl group to the neigh-
boring double bond, mercuric trifluoroacetate was chosen,
since it is both soluble in the aprotic solvents necessary
for hemiacetal formation and is known to promote the ad-
dition of a variety of nucleophiles to carbon-carbon dou-
ble bonds.8'7 Treatment at room temperature of a THF
solution of 2-cyclohexen-l-ol (la, 0.5 M) and chloral (1.0
M) with mercuric trifluoroacetate (0.5 M) for 48 hr fol-
lowed by demercuration8 with alkaline sodium borohy-
dride afforded the known9 cyclic chloral adduct 3a in 62%
distilled yield (see Scheme 1). The observation of two sin-
glets (total of one hydrogen) in the nmr spectrum at r
459 and 4.76 indicated that 3a was a 92:8 mixture of ep-
imers at the trichloromethyl-bearing carbon. The alter-
nate possibility, that a mixture of cis-trans or positional

Scheme |

X = OCOCF3
a, Rl1= R2=H
b, R1= i-Bu; R2= H
¢, R1= H; R2=i-Bu

isomers was formed, was ruled out by removal of the
CC13CH< group.

Although acetal 3a was extremely resistant to cleavage
by acids,10 it could be cleaved in nearly quantitative yield
by either of two reductive methods: (a) treatment for 24
hr with excess zinc dust in refluxing acetic acid (the di-
acetate is isolated)1l or (b) treatment for 12 hr with ex-
cess sodium dispersion in ether.12 The two reductive steps
have quite different rates, since treatment of 3a with zinc
for 2 hr at 40° afforded cleanly vinyl ether 6 characterized

Cl

6

by OH stretching absorption in the ir at 3400 cm“ 1 and a
one-hydrogen singlet for the olefinic hydrogen at t 3.33 in
the nmr. The diol (or diacetate) formed by either reduc-
tive method was shown to be the cis-1,2-diol 4a, uncon-
taminated (gc) by other isomers.

The time course of cyclic acetal formation was studied
in detail for la. Build-up of 2a (characterized after de-
mercuration to 3a) occurred slowly and reached a maximum
only after 50 hr (see Figure 1). On the other hand, hemi-
acetal 5 disappeared rapidly and was present to the extent
of only 22% 15 min after the addition of mercuric trifluo-
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Table |
>H Nmr Chemical Shifts of Hemiacetals

tCHOCHCCI$

Hemiacetal Solvent 7CHCGU“ OH
15 CCh 5.14 5.77
22 cth 6 5.23 6.25
23 cth 6 5.27 6.42
5 cc14 5.11 5.97
1-Hexanol* c bt 6 5.34 6.33
I-HexanoU CCh 4.53 6.47
“Singlet. 6Center of multiplet. “ Chloral hemiacetal.

dBenzaldehyde hemiacetal.

roacetate. Change of the solvent to a mixture of THF and
cyclohexane (1:1)13 or the use of mercuric acetate in di-
methylformamide did not improve the rate or yield of 3a
formation.

Our studies of the scope of the chloral cyclization reac-
tion are summarized in Table Il. For cyclic alcohols ad-
duct formation occurs readily with equatorial allylic alco-
hols la, Ib, and 10, and fails completely for the axial al-
lylic alcohol Ic, the homoallylic alcohol 3-cyclohexen-I-ol,
and 2-cycloocten-I-ol. A serious limitation is that the dou-
ble bond cannot be trisubstituted, since a competing oxi-
dation reaction predominates.7 For example, treatment of
the cyclic enols (-)-carvotanacetol (13), (-)-carveol (14),

R
13, R = CH(CH3),
14, R = C(CH3=CH 2

or cholest-4-en-3d-ol with chloral and mercuric trifluo-

roacetate resulted within 4-8 hr in the formation of a gray
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Figure 1. Rate of formation of cyclic acetal 3a in THF (=) and in
1:1 THF-cyclohexane (O) as determined by gc, and the rate of
disappearance of hemiacetal 5 in THF (X) as determined by the
disappearance of the olefinic hydrogens in the nmr. Initial condi-
tions were [5] = Hg(OCOCF3)2=05M.

precipitate [presumed to be Hg2(OCOCF3)2].& The occur-
rence of an oxidation reaction is well documented in sol-
vomercuration of tri- and tetrasubstituted olefins.7 8c-1516
As with 3a the structure of the chloral adducts 3b, 8, and
11 was confirmed by reductive cleavage to afford the cor-
responding 1,2-diols (Table II).

Formally cyclization of the hemiacetal derivatives of
unsaturated acyclic alcohols can occur to afford products
of two ring sizes. Mercuric trifluoroacetate treatment of
the hemiacetal derivative of (E)-2-hexen-l-ol (15) in THF
followed by demercuration affords a mixture of cyclic ace-
tals 18 and 21 (Scheme Il). The nmr spectrum of this
mixture shows three singlets at r 5.29, 4.79, and 4.72
(total of one hydrogen) for the >CHCC13 methine hydro-

Table 11
Chloral Mediated Conversion of Unsaturated Alcohols into Cyclic Trichloroacetals and Diols

Unsaturated =~ -------- Mercuration®--------- * Cyclic trichloroacetal,
alcohol Time, hr Solvent % yield6 Diol products0
la 60 THF 3a, 62 (80) 4a
Ib 48 THF 3b, 74 (94) 4b
H
oy Ox
°H A P
y/lixi >O><
A 28 THE [ J 750 n
c a o, 66 THF e ¢ ¢ ¢ c a |
10 U 12
(E) -2-Hexen-I-ol 23 THF 18 and 21, 79 (94) 1,3-Hexanediol (56% ), 1,2-hexanediol (44%)
24 Benzene 18, 72 1,3-Hexanediol (83%), 1,2-hexanediol (17%)
(JE)-Cinnamyl 60 THF 19, 63 CEHSCHCH2XHOH
alcohol |
OH _
(E)-3-Hexen-l-ol 60 THF 25 and 27, 32 (44)¢ 1,3-Hexanediol (45%), 1,4-hexanediol (55%)
Benzene 25 and 27, 32¢ 1,3-Hexanediol (92%), 1,4-hexanediol (8%)
(Z)-3-Hexen-l-ol 48 THF 25 and 27, 72 (92) 1,3-Hexanediol (65%), 1,4-hexanediol (35%)
Benzene 25 and 27, 75 1,3-Hexanediol (91%), 1,4-hexanediol (9%)
(E)-3-Hepten-l-ol 48 THF 26 and 28, 55 (68)' 1,3-Heptanediol (40%), 1,4-heptanediol
(60%)
2,4-Hexadien-l-ols 36 THF 20, 43 1,2-Hexanediol (13%), 1,3-hexanediol (87%)*
“In THF at 25°, [enol], Hg(OCOCF32 = 0.5M, [CChCHO] = 1.0 M. bDistilled yield. Yields in parentheses were deter-

mined by gc analysis using internal standards.' For reactions in TH F this is the kinetic product ratio while in benzene equili-
bration occurs (see Experimental Section). dPrepared in >85% yield by reduction method b and analyzed as the diacetates by
gc.“50% unreacted alcohol by nmr analysis.f 32% unreacted alcohol by nmr analysis.0A mixture of isomers. hAnalyzed after

hydrogenation.
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Scheme 11
1 Hg2+
2 BH"
QC13
15 R=n-CH7
16, R= CdH6
17, R= CHH=CH
RY, ,1 RCH;
O+ /0 0- 'CC1,
H'ACCL H
18 R=n-CH7 21, R=/i-CH7
19 R=Ctb

20, R=CHXH=CH

OH OH

gens of three of the four possible isomers of 18 and 21. The
composition of this isomer mixture remains constant up to
24 hr, but changes thereafter. As a result the kinetic prod-
uct ratios for this and other cyclic acetal mixtures were
determined at short reaction times (see Experimental
Section). Confirmation of the gross structure of this iso-
mer mixture was achieved by reductive removal of the
CCI3CH< group to afford a 44:56 mixture of 1,2-hexane-
diol and 1,3-hexanediol, implying a similar ratio for the
1,3-dioxolane isomer 21 and the 1,3-dioxane isomer 18 re-
spectively. Equilibration to afford the more stable cyclic
adduct is apparently more rapid in benzene, as acetal 18
is the predominant product formed after 24 hr in this sol-
vent. Related work in the literature on mercurative cycli-
zation of unsaturated alcohols (4-en-l-ols) indicates a Ki-
netic preference for cyclization to afford the five-mem-
bered ring (tetrahydrofuran) rather than the six-mem-
bered (tetrahydropyran) product.17
Mercuration-demercuration of the homoallylic alcohol
hemiacetals 22-24 also affords a mixture of cyclic acetals
(Scheme 111). Again the gross structure was confirmed by
reduction to afford a mixture of 1,3- and 1,4-diols
(Scheme 11l and Table ). Surprising is the large amount
of the seven-membered ring 1,3-dioxepane isomer (27 or
28) which is formed in the Kinetic product mixture. In
fact, for the trans isomers 22 and 24 there is an apparent
kinetic preference for formation of the dioxepane isomers.
This kinetic preference for formation of the seven-mem-
bered ring adducts is unprecedented. For example, the E

Scheme 111
1 Hg2
HO !
N R
22, (E>R = G35
23, (ZIR- C.Hi LY
24, (£)-R = n-CH °oX°
H/ & o3 n X3
18 R=C25 27, R=C25
26, R=n-CH7 28, R=n-CH7
Na
RCH.
+
OH OH oH

Overman and Campbell

and Z isomers of octadec-5-en-1-ol (29) are reported to af-
ford only the tetrahydropyran derivative 30 upon treat-

29 100%
30
R=CHH5

ment in dimethylformamide with mercuric acetate.17 A
small amount (1-4%) of a seven-membered ring product,
2,7-dimethyloxepane, has, however, been reported by
Brown from mercuration-demercuration of 1,7-octadiene
with mercuric acetate in THF-H~O.8

Several control experiments were performed to confirm
that the seven-membered ring acetals were formed during
mercuration and not during the alkaline demercuration
step. (1) Treatment of 1,4-hexanediol for 24 hr with chlo-
ral (2 equiv) and mercuric trifluoroacetate (1 equiv) fol-
lowed by alkaline borohydride treatment afforded no cy-
clic acetal and resulted in near-quantitative recovery of
the diol. (2) Similar treatment of a 1:1 mixture of (E)-3-
hexen-l-ol and 1,4-hexanediol resulted in formation of no
more 27 than is formed in the absence of the diol. (3)
Treatment of 1,4-hexanediol sequentially with chloral (1
equiv) and trifluoroacetic anhydride (1 equiv), to prepare
in situ 31 (40% by nmr), followed by alkaline borohydride

treatment, afforded no cyclic acetal 27. As in the allylic
case, change of the solvent to benzene resulted in a clean-
er product mixture, and both 22 and 23 afforded after 24
hr an acetal mixture rich in the 1,3-dioxane isomer.

The stereochemical relationship between the trifluo-
roacetoxymercuri group and the chloral-derived oxygen
atom is of interest. Most often a trans relationship, result-
ing from the usual anti addition mechanism, is observed
between HgX and X of the kinetically formed olefin-
HgX2 adduct;7'18 however, examples of the kinetic forma-
tion of cis adducts are known.19 Several examples also
exist in the cyclohexane series of thermodynamically con-
trolled isomerization of the initially formed trans-diaxial
adduct.20 The nmr spectrum of the chloromercuri adduct
32 allows the assignment of a cis relationship between the

H

32

HgCl group and the oxygen atom at C-2. The chloromer-
curi adduct was isolated (crude yield 46%) by quenching
the mercuration of la with sodium chloride, rather than
sodium borohydride, and was purified by recrystallization
from benzene. The hydrogen bonded to the chloromercuri-
bearing carbon appeared as a multiplet centered at r 7.23
with a half-height bandwidth of 19 Hz. This hydrogen is
therefore clearly axial2l and thus the two possible chair
cyclohexane structures (ignoring for the moment the
>CHCC13 group) are 33 and 34 (Scheme 1V). Although Hi
and H2 appear as overlapping multiplets in deuteriochlo-
roform, they are clearly resolved in pyridine.19d-22 In pyri-
dine H2 appears as the four-line X portion of an AMX
system centered at r 4.92 and Hi as a complex multiplet
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Scheme IV

centered at r 5.38. The observed coupling constants for H2
(Ji,2 and J2,.3 of 4.6 and 5.8 Hz are most consistent with
the two axial-equatorial coupling expected for the cis iso-
mer 34, and, except for the possibility that there are
major distortions caused by the fused five-membered ring,
are inconsistent with structure 33 and its expected axial-
axial coupling.21

Stereochemical assignments for the >CHCCI3 group of
the 3a and 3b epimer mixture were tentatively made by
assuming that the major isomer would have the bulky
CCI3 group oriented exo, isomer 37. This assignment has

been confirmed by lanthanide-induced nmr shift experi-
ments. If one makes the reasonable assumption that the
shift reagent will complex with the acetal oxygens only
from the less hindered exo side23 (see 35 and 36 of Scheme
1V), then one predicts that a major effect expected upon
adding the lanthanide is a pronounced shift for the meth-
ine hydrogen Ha of isomer 35 and a correspondingly small
shift for isomer 36. Such behavior was observed when the
3a epimer mixture was treated with YbldpmH; Ha of the
minor isomer experienced a downfield shift of 4 ppm
mol- 1 mol-1, while the corresponding shift for the major
isomer was only 0.1 ppm mol- 1mol- 1(see Figure 2).
Changes in the aldehyde portion of the hemiacetal in-
termediate were briefly studied. The trifluoroacetaldehyde
(fluoral) hemiacetal of (i?)-2-hexen-I-ol (38) could be pre-

39, R=CF3

40, R = CeH5
H
41, r = cf3
42, R = CeH5

pared in situ by adding 1 equiv of 38 to a 1 M solution of
fluoral (2 equiv) in diethyl ether at —78°. Ether solutions
of hemiacetal 39 were stable at 25° for at -least 24 hr, al-
though excess fluoral rapidly degassed from solution at
this temperature. Mercuration with mercuric trifluoroace-
tate for 90 hr followed by demercuration afforded in 52%
yield the 1,3-dioxane fluoral adduct 41, contaminated
with 4% of the isomeric 1,3-dioxolane adduct.24 As with
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[Yb(dpm)3]/[3 a]

Figure 2. Ytterbium tris(2,2,6,6-tetramethylheptanedionate) in-
duced shifts for the CHCCI3 methine hydrogen of the major (O)
and minor (=) epimers of acetal 33, in CCU with [3a] = 0.4 M.

the corresponding chloral adducts, 41 was characterized
by removal of the CF3CH< group with sodium in ether.
Similar treatment of fluoral hemiacetals of secondary al-
cohols proved unsuccessful since, owing to the lower hem-
iacetal formation constants, fluoral was lost by degassing
more rapidly than cyclization occurred.25 For this reason
and the difficulty we experienced (see Experimental Sec-
tion) in storing and handling fluoral, no further work with
fluoral hemiacetals was attempted.

Although benzaldehyde does not readily form hemiace-
tal intermediates,4 treatment of a benzaldehyde solution
of 38 with mercuric trifluoroacetate for 140 hr, followed by
reductive demercuration and purification by distillation
and chromatography, afforded the cyclic 1,3-dioxane
benzaldehyde adduct 4224 in 18% yield (crude yield 35%).
Nmr experiments indicated that 40% of the starting alco-
hol 38 was bound as hemiacetal 40 under these conditions
and this fact is undoubtedly responsible for the modest
yield of adduct which was formed.

Discussion

Although the intermediacy of reversibly formed carbon-
yl addition intermediates (e . g hemiacetals) is well
known in a variety of hydrolytic reactions,26 this report
constitutes one of few examples of their participation in
stereospecific reactions of synthetic interest.27 The two-
step hemiacetal mediated hydration reaction described
here is most useful for converting equatorial allylic cyclo-
hexenols into the corresponding cis-1,2-diols. By this pro-
cedure la, Ib, and 10 are transformed in overall yields of
60-80%, and >99% isomeric purity, into the corresponding
ci's-1,2-diols 3a, 3b, and 12, respectively. No alternate hy-
dration method exhibits this high degree of regio- and
stereospecificity. For example, the conventional oxymer-
curation-demercuration sequence is reported for la to af-
ford a mixture of all four possible diols with the major iso-
mer (80%) being trams-1,3-cyclohexanediol and with the
cis-1,2 isomer 4a comprising only 1% of the isomer mix-
ture.28 Similarly, the corresponding trans-1,3-diol is re-
ported to be the major product formed when Ib is treated
with mercuric acetate in THF-H20.29

For acyclic unsaturated alcohols the hemiacetal mediat-
ed hydration reaction shows little regiospecificity in THF.
The reaction in benzene, however, is much more reg'ospe-
cific. Even so the reaction appears of little synthetic use.
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Scheme V

R = CC13, X=OCOCF3

since the conventional oxymercuration-demercuration
reaction is reported to afford equally high yields of the
corresponding 1,3-diol. For example, Brown reports that
2-buten-l-ol is converted in 84% yield into a diol mixture
containing 95% 1,3-butanediol by treatment with mercu-

ric acetate in THF-H20.30 The hemiacetal mediated
reaction does, however, appear useful for hydration of
homoallylic alcohols, since conventional oxymercura-

tion-demercuration affords mainly cyclized tetrahydrofur-
an products.17°30 In contrast, by the method reported here
(2)-3-hexen-l-ol is converted in 70% overall yield into a
mixture of diols containing 91% 1,3-hexanediol.

The mercuration-demercuration of chloral hemiacetals
will in some cases be a useful route for preparing chloral
acetals themselves. Acetals of chloral are not easy to pre-
pare and have generally been synthesized by either the
two-step route of eq 231 or in some cases from the direct

0
ROCHC1  ----mev *

PCI
ROCHOH — 7 ROCHOR' )

CC13 CC13 CC13

acid-catalyzed condensation of alcohols with chloral.2
The later method is most successful for 1,2- and 1,3-
diols.32 For example, 3a was prepared in 43% yield from
diol 4a by this route.9 Previous to this report no seven-
membered ring chloral acetal, a 2-trichloromethyl-I,3-
dioxepane, had been reported. Chloral acetals are useful
intermediates for the preparation of dichloroketene acet-
als sic, s&>

The mechanism for the hemiacetal cyclization reaction
which we prefer is illustrated for the case of 2-cyclohexen-
I-ol in Scheme V. Addition of mercuric trifluoroacetate to
hemiacetal 5 is postulated to form initially adducts 43 and
44 of which the kinetically preferred isomer should be 44
with X axial (trans to the oxygen atom at C-1).28 These
adducts are, however, formed reversibly and, if thermody-
namically favored, capture at C-2 of an intermediate mer-
curinium ions, e.g., 45 or its equivalent,33 by the hemiace-
tal hydroxyl group to afford 2a can ultimately dominate.
This proposed mechanism follows from earlier reports by
Brown and coworkers that in THF and other aprotic sol-
vents adduct formation between an olefin and mercuric
trifluoroacetate is both rapid and reversible.133 The
strongest evidence in favor of the proposed mechanism is
the observed rapid disappearance of hemiacetal 5 when
mercuric trifluoroacetate is added, and the corresponding
slow build-up of the cyclic adduct 2a. Consistent also
with this mechanism is the observed cis stereochemistry
of the cyclic chloromercuri adduct 32.

Overman and Campbell

Of particular mechanistic interest is the unprecedented
kinetic preference for formation of the seven-membered
ring 1,3-dioxepane adducts 27 and 28 when hemiacetals 22
and 24 are treated with mercuric trifluoroacetate in THF.
Presumably these adducts do not result from external
capture by the hemiacetal hydroxyl group of intermediate
46,33 since it is well established that kinetic formation of

six-membered rings is faster than that of seven-membered
rings by several orders of magnitude.3 Although the in-
ductive effect of the hemiacetal group should, to some ex-
tent, favor nucleophilic addition at C-4,30 it seems unlike-
ly that this effect would be large enough to reverse the
usual large kinetic preference for six-membered ring for-
mation. One explanation for this unusual observation is
that the hemiacetal hydroxyl group is not an external nu-
cleophile, but rather is coordinated to mercury. Collapse
of such an internally solvated intermediate, e.g., mercuri-
nium ion 47, would not have the kinetic bias for six-mem-
bered ring formation expected of an external nucleophile
and could result in formation of significant amounts of the
seven-membered ring adduct 48. The internal addition of
anions in the coordination sphere of a solvated mercuri-
nium ion intermediate has recently been suggested by
Bachl1ad to account for the large amount of cis addition
observed when bicyclo[2.2.2]octene is oxymercurated in
nonpolar solvents. Studies aimed at clarifying this pro-
posed mechanism for the case of the presumably analo-
gous but simplier 5-alken-I-ols are in progress.

Experimental Section36

The solvents used were analytical reagent grade. No increase in
yield resulted if THF was freshly distilled from LiAIH4. Mercuric
trifluoroacetate was prepared by Brown’'s procedure.8® 2-Cyclo-
hexen-l-ol, (F)-2-hexen-l-ol, (E)-3-hexen-l-ol, (Z)-3-hexen-l-ol,
(£)-3-hepten-l-ol, 2,4-hexadien-l-ol, and cinnamyl alcohol were
purchased from Aldrich Chemical Co. or Chemical Samples Corp.
cis- and trans-4-£erf£-butyl-cis-l,2-cyclohexanediol (Ib and Ic)37
and I-hydroxymethylcyclohexan-l-0136 were prepared by litera-
ture procedures. 1,2a,4a/3,5,6,7,8,8aa-Octahydro-2-naphthol (10)
was prepared from the isomeric axial alcohol38 by oxidation39 fol-
lowed by reduction with LiAIH4 at -78°. Authentic samples of
aliphatic diols were prepared as follows: 1,3-hexanediol by LiAIH4
reduction of ethyl 3-hydroxyhexanoate;40 1,4-hexanediol by hydro-
boration4l of I-hexen-4-ol; 1,3-heptanediol by hydroboration4l of
I-hepten-3-ol; 1,4-heptanediol by hydroboration4l of I-hepten-4-ol.
cis-1,2-Diols were prepared from the corresponding alkenes by the
procedure of Woodward and Brutcher.42 The diols were converted
to the diacetates by treatment with acetic anhydride in pyridine
and the diacetates were purified by preparative gc on a 5 ft X
0.25 in. column of 5% QF-1 on 60/80 Chromosorb B. For the de-
termination of gc yields, internal standards (naphalene, p-dichlo-
robenzene, or diethyl adipate) were added to the crude reaction
mixture before the isolation368 procedure.

Mercuration-Demercuration of Chloral Hemiacetal Deriva-
tives of Cyclic Alcohols. cis-4-ter£-Butyl-cis-1,2-(2-trichloro-
methylethylenedioxy)cyelohexane (3b). A mixture of Ib (0.979
g, 6.36 mmol), chloral (1.3 ml, 13 mmol), and THF (20 ml) was
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treated with mercuric trifluoroacetate (2.72 g, 6.36 mmol) and the
resulting solution was stirred under nitrogen at room temperature
for 48 hr. The solution was then cooled to 0° and reduced by add-
ing 20 ml of 2.0 M NaOH, followed by 20 ml of 0.5 M sodium bor-
ohydride in 2.0 M NaOH. After stirring for 2 hr at 25°, the water
layer was saturated with K2CO3 and the product was isolated3¢
with ether to afford 1.88 g of a white solid. Sublimation at 50°
(0.1 Torr) yielded 1.20 g (74%) of 3b, mp 84-88°, 99% pure by gc.
Two singlets in the nmr spectrum at r 4.77 and 4.87 in a 95:5
ratio indicated that this sample was a mixture of epimers at the
CCl3-bearing carbon.

The analytical sample was prepared by recrystallization from
ethanol-water to afford white needles: mp 91.5-92.5°; vmax
(Nujol) 1133 (CO) and 803 cm~1 (CCl); nmr 7 4.77 (s, 1 H,
CHCCls), 5.32-5.85 (m, 2 H, CHOR), 9.12 [s, 9 H, C(CH3)3).

Anal. Caled for C12H1902Cl3: C, 47.78; H, 6.35. Found: C,
47.84; H, 6.48.

cis-1,2-(2-Trichloromethylethylenedioxy)cyclohexane (3a). In
a similar manner a mixture of 1a and chloral was treated for 60
hr with 1.0 equiv of mercuric trifluoroacetate to afford after dis-
tillation in 62% yield 3a: bp 70-73° (0.1 Torr); vmax (film) 1138
(CO) and 809 cm~1* (CCl); nmr (€DCl3) 7 4.59 and 4.76 (singlets
in 92:8 ratio, 1 H, CHCC]; epimers), 5.28-5.83 (m, 2 H, CHOR).

Crystallization from hexane at —78° afforded a pure sample of
the major epimer, mp 32.0-34.5° (lit.? mp 34.5-35°).

Anal. Caled for CgH1;:Cl302: C, 39.13; H, 4.52; Cl, 43.32.
Found: C, 38.91; H, 4.31; Cl, 43.28. i

Addition of ytterbium tris(2,2,6,6-tetramethylheptanedionate)
[Yb(dpm)s] to the epimer mixture resulted in shifts for the
CHCCl; hydrogens shown in Figure 2.

1-Hydroxymethylcyclohexan-1-o0l Trichloroacetaldehyde Ac-
etal (8). In a similar manner a mixture of 7 and chloral was
treated for 28 hr with 1.0 equiv of mercuric trifluoroacetate to af-
ford after distillation in 71% yield 8, bp 96-97° (0.5 Torr).

The analytical sample was prepared by preparative gc (5% SE-
30): ymax (film) 1342 (CO) and 812 cm-1 (CCl); nmr 7 4.80 (s, 1
H, CHCCl3) and 6.20 (s, 2 H, CH;0R).

Anal. Caled for CgH1302Cl3: C, 41.65; H, 5.05. Found: C, 41.55;
H, 5.12.

Reductive cleavage of 8 with sodium in ether afforded in 96%
yield diol 9 which was identical (ir, melting point, mixture melt-
ing point) with the diol obtained by conventional® mercuration-
demercuration of alcohol 7.

1,22,3,4,4a3,5,6,7,8,8aa-Decahydro-2,3-(2-trichloromethyl-
ethylenedioxy)naphthalene (11). In a similar manner a mixture
of 10 (containing 80% of the equatorial hydroxyl isomer) and
chloral was treated for 66 hr with 1.05 equiv of mercuric trifluo-
roacetate to afford after sublimation (70°, 0.1 Torr) in 67% yield
(based on the equatorial isomer) 11, mp 101-106°, 85% pure by
gc.

The analytical sample was prepared by preparative gc (5% SE-
30) and was recrystallized from hexane at —78°: mp 109.5-112°;
vmax (Nujol) 1338 (CO) and 808 cm—1 (CCl), 4.77 and 4.92 (sin-
glets, 1 H total, CHCCl3 epimers), and 5.13-5.80 (m, 2 H,
CHOR).

Anal. Caled for C12H17Cl302: C, 48.10; H, 5.72; Cl, 35.50.
Found: C, 47.81; H, 5.51; Cl, 35.72.

Reduction of 11 with sodium in ether afforded in 85% yield diol
12, which was identical (ir, melting point, mixture melting point)
with an authentic sample*3 prepared#? from trans-2-octalin.

Reductive Cleavage of Chloral Acetals. A. Cleavage of Ace-
tal 3b with Sodium in Ether. Sodium dispersion (300 mg, 5.2
mmol, Alfa, 40% in mineral oil) was washed three times with hex-
ane and added to a solution of 3b (255 mg, 0.843 mmol) in anhy-
drous ether (15 ml). After stirring for 12 hr at 25°, the excess sodi-
um was destroyed by carefully adding wet ether. Brine solution
(20 ml) was added and the product was isolated3% with ether and
crystallized (hexane-ether) to afford 137 mg (94%) of 4b, mp
105-111°, 95% pure by nmr.

The analytical sample was prepared by two recrystallizations
from CClg: mp 115-116.5°;%% ypax (KBr) 3400 cm~! (OH); nmr
(CDCls) 7 6.13 (m, 1 H, Wy,3 = 7.5 Hz, equatorial CHOH), 6.47
(m, 1 H, Wy,2 = 18 Hz, axial CHOH), 6.94 (broad s, 1 H, OH),
9.14[s, 9 H, C(CHj3)s].

Anal. Caled for C10H2002: C, 69.72; H, 11.70. Found: C, 69.90;
H, 11.96.

B. Cleavage of Acetal 3a with Zinc and Acetic Acid. A mix-

ture of 3a (3.60 g, 14.6 mmol) and zinc dust (5.0 g, 76 mmol) in -

acetic acid (30 ml) was refluxed with stirring for 12 hr. The acetic
acid was removed in vacuo and the product was isolated3® with
ether to afford after distillation 2.18 g (75%) of cis-1,2-diacetoxy-
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cyclohexane, bp 72-73° (0.05 Torr), 95% pure by gc. Removal of
the acetyl groups with NaOMe in methanol afforded after subli-
mation cis-1,2-cyclohexanediol (4a) in 85% yield, mp 96.5-98.5°,
mmp 96-98° (lit.48 96-98°).

Mercuration-Demercuration of Hemiacetal Derivatives of
Acyclic Alcohols. Cyclization of Hemiacetal 15. A mixture of
(E)-2-hexen-1-ol (1.00 g, 10 mmol), chloral (2 ml, 20 mmol), and
THF (10 ml) was treated at 25° with mercuric trifluoroacetate
(4.28 g, 10 mmol). After 23 hr this solution was reductively
worked up as described for 3b to afford 2.4 g of a yellow oil. Bulb-
to-bulb distillation afforded 1.93 g (79%) of a mixture of 4-n-pro-
pyl-2-trichloromethyl-1,3-dioxane (18) and 4-n-butyl-2-trichloro-
methyl-1,3-dioxolane (21), bp 70-76° (0.1 Torr). The nmr spec-
trum showed three CCl3CH < methine hydrogen singlets at 7 5.29,
4.79, and 4.7 in a 47:11:42 ratio. The peak at 7 5.29 is assigned to
18 by comparison with the nmr spectrum of the acetal mixture
formed from 22. An identical isomer ratio was observed at 6 hr.

Anal. Caled for CgHi3Cl3O2: C, 38.82; H, 5.29; Cl, 42.96.
Found: C, 39.01; H, 5.43; Cl, 42.71.

The diacetate mixture obtained by reductive cleavage (Na) of
this acetal mixture followed by acetylation is described in Table
I

Cyclization of Hemiacetal 22. In a similar manner a mixture
of (E)-3-hexen-1-ol and chloral was treated with 1.0 equiv of mer-
curic trifluoroacetate. The build-up of the cyclic trichloroacetal
was followed by gc and reached a maximum (44%) at 60 hr and
began to slowly decline thereafter. Reductive work-up at 60 hr af-
forded in 32% yield a mixture of 4-n-propyl-2-trichloromethyl-
1,3-dioxane (18) and 4-ethyl-2-trichloromethyl-1,3-dioxepane (27),
bp 78-79° (0.2 Torr). The nmr spectrum showed two large
CCl3CH methine hydrogen singlets at 7 5.29 and 5.11 in a 53:47
ratio. At shorter reaction times (1-24 hr) four isomers were appar-
ent: singlets at 7 5.29, 5.11, 5.18, and 5.07 in a 39:51:3:7 ratio. The
major peaks at 7 5.29 and 5.11 are assigned to 18 and 27, respec-
tively.

Aryal. Caled for CgH13Cl303: C, 38.82; H, 5.29. Found: C, 39.15;
H, 5.50.

The mixture of diacetates obtained by reductive cleavage (Na)
of the kinetic acetal mixture (9 hr) followed by acetylation is de-
scribed in Table II. The gc assignment was confirmed by isolation
of the 1,3- and 1,4-diacetoxyhexanes by preparative gc (10%
QF-1) and comparison (ir and nmr) with authentic samples.

Cyclization of Hemiacetal 23. In a similar manner (Z)-3-
hexen-1-o0l and chloral were treated for 48 hr with 1.0 equiv of
mercuric trifluoroacetate to afford after distillation a mixture of
18 and 27 in 72% yield, bp 76-78° (0.1 Torr). The nmr spectrum
showed singlets at 7 5.29 and 5.11 in a ratio of 65:35 for 18 and 27,
respectively. The isomer ratio was identical at 22 hr.

The mixture of diacetates obtained by reductive cleavage of
this acetal mixture followed by acetylation is described in Table
1II.

Cyclization of Hemiacetal 24. In a similar manner (E)-3-hep-
ten-1-ol and chloral were treated for 48 hr with 1.05 equiv of mer-
curic trifluoroacetate to afford, after distillation, in 45% yield a
mixture of 4-n-butyl-2-trichloromethyl-1,3-dioxane (26) and 4-n-
propyl-2-trichloromethyl-1,3-dioxepane (28). The nmr spectrum
showed two trichloromethyl methine hydrogen singlets at 7 5.30
and 5.12 in a 60:40 ratio. Since at 6 hr the ratio of these peaks is
40:60 (50:50 at 24 hr), the 7 5.30 peak is assigned to 26 and the 7
5.12 peak to 28.

The mixture of diacetates obtained by reductive cleavage (Na)
of this acetal mixture followed by acetylation is described in
Table II.

Cyclization of Hemiacetal 17. In a similar manner 2,4-hexa-
dien-1-0l (a mixture of isomers) was treated with 1.0 equiv of
mercuric trifluoroacetate for 48 hr to afford after distillation 4-

_propenyl-2-trichloromethyl-1,3-dioxane (20) in 37% yield, bp 70-

74° (0.1 Torr). The nmr spectrum showed one major absorption
for the >CHCCIl3 methine hydrogen at 5.20.

Hydrogenation (Pd/C) followed by reductive cleavage (Na) and
acetylation afforded the mixture of diacetates described in Table
1.

Cyclization of Hemiacetal 40. A solution of (E)-2-hexen-1-ol
(1.06 g, 10.6 mmol), benzaldehyde (25 ml, 245 mmol), mercuric
trifluoroacetate (4.53 g, 10.6 mmol), and THF (10 ml) was stirred
under nitrogen for 6 days at 25°. Demercuration as described for
3b and isolation3® with ether afforded the crude acetal, which
was dissolved in dry THF and reduced with LiAlH4 (to convert
any benzaldehyde to benzyl alcohol). Distillation afforded 2-phe-
nyl-4-n-propyl-1,3-dioxane (42), bp 73° (0.01 Torr).

The analytical sample was prepared by preparative tlc on silica
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gel using hexane-ethyl acetate (9:1) as eluent: pmax (film) 1105
(CO), 749, and 696 cm '1; nmrr 2.4-2.9 (m, 5 H, {( 6H5), 468 (s, 1
H, >CHPh), and 5.4-6.5 (m, 3H, CHOR).

Anal. Calcd for C13H180 3: C, 76.06; H, 8.35. Found: C, 76.00;
H, 8.54.

Hydrolysis with 1 M HC1 in refluxing THF-H20 followed by
acetylation afforded 1,3-diacetoxyhexane (94%) contaminated
with 6% or 1,2-diacetoxyhexane.

Cyclization of Hemiacetal 39. A solution of trifluoroacetal-
dehyde49 (20 ml, 0.9 M) in ether at -78° was treated with (E)-2-
hexen-l-ol (0.929 g, 9.3 mmol). Upon warming to room tempera-
ture excess fluoral was lost by degassing and the nmr spectrum
showed a complex multiplet centered at r 5.2 for the >CHCF3
methine hydrogen of 39. Mercuric trifluoroacetate (4.28 g, 9.3
mmol) was added and the solution was maintained at 25° for 90
hr and demercurated as described for 3b. Isolation36* with ether
afforded 1.207 g (52%, 80% pure by gc) of crude 4-n-propyl-2-tri-
fluoromethyl-1,3-dioxane (41). The nmr spectrum indicated the
predominant formation of a single cyclic acetal isomer, as only
one quartet centered atr 5.25 [J(19F-H) = 3.5 Hz] was observed
for the >CHCF3 methine hydrogen. At shorter reaction times
(24-36 hr) two isomers were apparent—quartets centered at ¢ 5.25
and 4.87 in a ratio of 85:15. Preparative gc (5% QF-1) afforded 41
(96% pure by gc): i/max (film) 1299 and 1183 cm' 1 (CF); nmrr
5.25(g, 1H, CHCF3,J = 35Hz) and 3.9 (m, 3H, CHOR),S3

Reductive cleavage of 41 with sodium in ether followed by acet-
ylation afforded 1,3-diacetoxyhexane (96%) contaminated with
4% of 1,2-diacetoxyhexane.

c¢s-3-Chloromercuri-cis-1,2-(2-trichloromethylethylenedi-
oxy)cyclohexane (32). A solution of la (1.96 g, 20 mmol), chloral
(4.0 ml, 40 mmol), and mercuric trifluoroacetate (9.32 g, 22 mmol)
in THF (20 ml) was stirred for 48 hr at 25°. The addition of 10% so-
dium chloride solution (40 ml) produced an oily precipitate,
which was isolated36* with CHC13 to afford 6.4 g of a white semi-
solid (70% 32 by nmr). Crystallization from ethanol-H20 and re-
crystallization from 1:1 ethanol-hexane afforded 1.56 g (16%) of
32, mp 142.5-143.5°.

The analytical sample was prepared by two recrystallizations
from benzene to afford fine white needles: mp 142.5-144°; »max
(Nujol) 1131 (CO) and 830 cm' 1 (CC1); nmr (CDCI3) r 453 (s, 1
H, CHCC13), 5.05-5.60 (m, 2 H, CHOR), 7.23 (m, 1 H, W12 = 19
Hz, axial CH-HgCI).

Anal. Calcd for CsHioC~ACLHg: C, 19.99; H,
20.17; H, 1.89.

2.10. Found: C,
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Pyrolysis (ca. 500°) of a number of structurally different amino acids has been studied to determine the ef-
fects on mechanisms and product distribution exerted by geometrical isomerism. Aliphatic protein amino acids
decompose predominantly by decarboxylation and condensation reactions as primary steps. /3-Amino acids lose
ammonia to give unsaturated acids. c.-Amino acids containing a-alkyl substituents undergo a novel Sivi reaction
losing ammonia and forming an intermediate a-lactone that subsequently yields a ketone upon decarbonylation.
y- and ¢-amino acids give 2-pyrrolidinone and 2-piperidone, respectively, as major pyrolysis products. The e-
amino acid, while producing some lactam, yields several chain-shortened amines and nitriles with no single pre-

dominant product.

The use of pyrolysis for the analysis of complex mole-
cules and polymers has grown steadily in recent years.
Modern techniques utilize pyrolysis methods in conjunc-
tion with gas chromatography (gc) and mass spectrometry
(ms) or, in many instances, both for the analysis of com-
plex systems.

Applications are increasingly growing ir. the fields of
synthetic polymers2 and biological research.3 Pyrolysis has
been used to study nucleotides,45 mycolic acid,6 ste-
roids,7 and acetycholine,8 and for amino acid9 and peptide
identification.10

Recently, the field has grown to include attempts to
characterize strains or species of microorganisms by pyrol-
ysis coupled with gc, ms, and gc-ms.11,12 While the use of
this technique for analytical purposes is possible without
a detailed understanding of the mechanisms involved, the
full potential for pyrolysis can only be realized when the
fragmentation products can be related to smarting materi-
als via logical mechanisms.

One important class of compounds is the amino acids.
In addition to their obvious biological significance, a suite
of amino acids has been found in the Murchison1314 and
Orgueill5 meteorites that are considered to be of extrater-
restrial origin. Since NASA plans to include a pyrolysis
gc-ms experiment aboard a Viking spacecraft (scheduled
to land on Mars in mid-1976), a knowledge of thermally
induced fragmentation processes of this apparently impor-
tant class of compounds would assist the interpretation of
any results forthcoming from that experiment.

We have previously reported on the thermal fragmenta-
tion of a selected group of protein amino acids.16 Our
studies have been expanded to include additional homo-
logs to that series and labeled substrates which provide
evidence for the mechanisms proposed. In addition, a va-
riety of positional isomeric monoamino monocarboxylic
acids have been investigated. From these data, a more
consistent scheme can be developed to describe the path-
ways by which amino acids thermally decompose.
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Table |
Products Obtained from the Pyrolysis of
a-Amino Acids

Yieldo Alanine a-Amino-n-butyric acid Norvaline
DKP DKP DKP
NHs nhs NH3
c ch,
C *
CN
‘CN
NH,
0
CHjCHO
'CHO
D co cha CcOo
CH, co CH,
< A(t) chXxn c*
CHsNH: (t) CA
CHICN
*NCN
/ CN

®

“Yield ranges (per cent of total pyrolysate): A, 20% or
more; B, 5-20%; C, 0.5-5%; D, 0.05-0.5% . &Trace
amounts (t), <0.05%.

Experimental Section

Methods. A detailed description of the pyrolysis gc-ms appara-
tus used in these experiments has previously been reported.17 In
brief, approximately 0.5-1 mg of each crystalline amino acid was
carefully weighed into a 2.5-cm (0.158-cm i.d.) stainless steel tube
attached directly to the front of the chromatographic column. A
small furnace that fits snugly around the pyrolysis tube was used
to raise the temperature of the sample to 500° in approximately
10 sec. Chromatographic columns, 2.4 m long with a 0.158-cm o.d.
and a 0.127-cm i.d., were packed with either Chromosorb 103
(Johns-Manville) orTenax-GC (Applied Science Laboratories).

The majority of experiments, however, were conducted using
the Tenax column, which proved to be particularly useful in re-
solving the wide range of products found in the pyrolysates. Typi-
cally, columns were temperature programmed from 25 to 285° at
7.5°/min. Mass spectra were obtained directly from the effluent
of the gc column, after enrichment through a single-stage jet sep-
arator, on an EAIl Quadrupole 300 mass spectrometer (Palo Alto,
Calif.).

Where possible, individual thermal fragments were identified
by comparing their mass spectra with published spectra.18 Where
spectra were unavailable, tentative identification was confirmed
by synthesis and comparison of the mass spectra fragmentation
pattern of the synthesized compound with that of the pyrolysis
product.

Relative yields of products were determined by calibrating the
ion current with standard mixtures. The compounds listed as
products from the pyrolysis of the substrates studied are those we
observed or inferred from our results. The possibility remains that
some compounds might have been formed which were either too
large or too polar to permit chromatographic analysis under our

Ratcliff, Medley, and Simmonds

experimental conditions. These, of course, would not have been
detected. Since the nature of a pyrolysis gc-ms experiment makes
mass balance extremely difficult, we cannot be sure what per
cent of our starting material is represented by the products.
While we are confident that we have accounted for the majority
of the products, and certainly the major ones, the possibility re-
mains that the techniques employed have resulted in the loss of
minor constituents.

Reagents. Neutral amino acids were obtained from a number
of commercial sources. 2-Methylalanine, isovaline and jS-amino-
isobutyric acid were purchased from K and K Laboratories. /3-
Amino-ra-butyric acid was supplied by Aldrich Chemical Co. and
a-amino-n-butyric acid by Nutritional Biochemicals Corp. The
alanine polymers and norvaline were obtained from CalBiochem
Corp. All amino acids were dl and of the highest purity available.
Alanine-15V was obtained from Prochem with 95% enrichment.

Results and Discussion

a-Amino Acids. Both a-amino-n-butyric acid (1) and
norvaline (2) represent homologs of the group of protein
amino acids studied previouslyl6 and should therefore
yield products predictable from earlier results. Table |
lists the thermal fragments formed from these two com-
pounds; previous results for alanine are included for com-
parison. The data are listed in terms of yield ranges to fa-
cilitate discussion. For purposes of this study, it is more
critical to establish major and minor products and ap-
proximate yields than to determine whether a substance
represents 1 or 5% of the total pyrolysate. Discussion of
the general pathways leading to the observed products
would not be altered by a more precise determination of
product yields. Where discussion warrants, relative yields
within groups will be presented. When absolute yields are
presented, they indicate per cent yield based on total
product.

Throughout this paper, reactions are depicted as arising
via the zwitterion form of the amino acids. While the
equilibrium constant favors the zwitterion by 105 at room
temperature, the free acid-base form is favored at pyroly-
sis temperatures (co. 500°).19 Since no data are available
on the rates for either the equilibration process or the de-
composition reactions, speculation regarding the nature of
the species decomposing is difficult. Only when one of the
structures is suggested by the mechanistic arguments
being presented is the nature of the substrate important.

As expected from our previous study, the a-amino acids
1 and 2 (Table 1) undergo a decarboxylation reaction to
produce n-propyl- and n-butylamine, respectively, as the
major organic products.

rchXZh2nh?2 (1
rchZhco?2

+nh3 |\ ., o
N " [dipeptide]----

3

A second process (eq 2), also considered to be a primary
decomposition mode, involves a double dehydration reac-
tion yielding first a dipeptide and subsequently a diketo-
piperazine 3 (DKP). The presence of the dipeptide is only
inferred, since its analysis under our experimental condi-
tions is precluded. The presence of water and the diketo-
piperazine, however, provide strong evidence for its in-
volvement.

In our previous report,16 deamination was suggested to
be a primary, although minor, pathway. The absence of
the corresponding carboxylic acids (eq 3), however, always
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RCHXHCOr RCHZZHZZOZH
| -X — +
+nh3 rch= chcox

NH3 (3

presented interpretative problems, and more recent work
(vide infra) indicates that ammonia is formed predomi-
nantly as a product from secondary reactions. The possi-
bility of a minor pathway in which ammonia may be
formed as a primary product, however, cannot be elimi-
nated. Aldehydes containing one carbon less than the par-
ent amino acid are present in the pyrolysate of all mem-
bers of this class. Although these compounds represent
minor products here (0.1-0.5%), their presence is signifi-
cant. We originally proposed16 an intramolecular reaction
involving an intermediate a-lactone followed by decarbon-
ylation (eq 4) to account for the observed aldehydes, and,

RCHXHCOr —*

+NH3
+—1
RCH,CHC=0 RCTLCHHD=0 + NH3 (4
A
+nh3

RCHZHO + CO

in light of our studies on «-amino acids containing a-alkyl
substituents (vide infra), this process appears more firmly
established. Therefore, while representing only a minor
pathway for this class of compounds, aldehyde formation
via eq 4 seems to represent a primary decomposition step.

A fourth mode of decomposition, possibly representing
primary fragmentation, involves chain homolysis and
leads to a series of both saturated and unsaturated hydro-
carbons. Homolysis, however, even for the longer chain
homologs, represents at most a minor part of the reaction,
since total hydrocarbon yields never exceed 3%. In addi-
tion, olefins might arise from secondary decompositions of
several products, particularly those susceptible to the for-
mation of six-membered transition states such as am-
ides20 (eq 5). The presence of amines and N-alkylaldim-

0

1
rchzhZhZnh2 —*

HAM\
R—(m” ¢ — NH2 RCH=CH24+CHXNH2 (5
ines of chain length shorter than that expected from the
parent amino acid also indicate the presence of some
chain homolysis, particularly methyl group cleavage, but
these processes remain minor.

Following these primary processes, a significant number
of products arise from secondary decompositions. Major
among these secondary products are IV-alkylaldimines and
nitriles containing one carbon less than the parent amino
acid. The imines are always a significant product and nor-
mally represent 8-12% of the total product yield, although
on some occasions even greater amounts were produced.
The nitrile yields are generally less than those of the im-
ines, varying between 5 and 10%, and are comparable to
the yields of diketopiperazines.

Both the nitriles and IV-alkylaldimines represent secon-
dary products that may arise from simple aldimines. The
aldimines, in turn, may result from the decomposition of
either amines9'2l or diketopiperazines.

Methylamine, for example, undergoes pyrolysis at 500°
to yield HCN and hydrogen as major products.22 The
HCN was proposed to result from the decomposition of
methyleneimine, formed in a radical chain process.
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Diketopiperazines of valine, alanine, and glycine were
prepared and pyrolyzed under our conditions. For valine
and alanine DKP, nitriles corresponding to cleavage
through A (eq 6) followed by dehydrogenation were major

RCHZZHZNH,

rchZh= nh (6)

o N O&R

rcA A o
H

products. For glycine DKP, HCN was a major product,
again conforming to the proposed pathway.

An additional process may also be involved, giving rise
to nitriles via aldimines. When valine and alanine-15Ar
(1:1) were pyrolyzed together, isobutyronitrile containing
15N (15-30%) was found. This, of course, necessitates a
bimolecular process between valine and alanine which
also allows for carbon-chain reduction. A diketopiperazine
again offers a reasonable possibility.

The diketopiperazine 4 can cleave either through A (eq
7) or B. Cleavage through A will produce the necessary

(CH3THCH— c=0

"V

H

(CHZCHCH=NH (7

imine intermediate but with no label. If cleavage through
B, however, is accompanied by a concomitant ring closure
to the a-lactam 5, decarbonylation, similar to that for al-
dehyde formation (vide supra) would produce the labeled
imine directly. The nitrile product, therefore, would be
expected to contain labeled nitrogen. At present, it is not
possible to estimate accurately the relative extent to
which each pathway occurs; however, the low yields of CO
indicate that pathways leading to nitriles involving the
diketopiperazine are of minor importance.

In the present system, a large quantity of amine is pres-
ent following decarboxylation and a transalkylidenation
reaction (eq 8) represents a pathway that provides for the
formation of both ammonia and the A'-alkylaldimines.

rch2ch2nh?2

RCHTH=NH RCHTH=NCHZTHR + NH3(8)

Further, preliminary studies suggest that the yields of N-
alkylaldimine and ammonia are directly correlated when
conditions to reduce or increase their yields relative to the
nitrile are introduced.

A second nitrile always present in these reactions con-
tains the same carbon number as the parent amino acid.
Their presence can best be explained by the dehydration
of an amide (eq 9). Amides containing the same carbon
number as the parent amino acid are present in all reac-
tions, varying in yield from 0.5 to 2%. Since carboxylic
acids are absent, the amides cannot be accounted for from
a bimolecular reaction between acid and ammonia. Origi-
nally,16 we proposed three other sources for the formation
of amides and the corresponding nitriles (eq 9). The a-lac-
tam, while offering conceptual simplicity, can now be
eliminated, since pyrolysis of a mixture of valine and ala-
nine-151V resulted in the formation of 3-methylbutyramide
containing the 15N label, thus necessitating a bimolecular
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Scheme |
+NH3

rch2hco?2

nitriles

“ Compounds in brackets were not found, but inferred from other information. bThese may result from chain homolysis, particularly for

the longer chain precursors.

process. While reductive fragmentation of diketopiperaz-
ines was expected to yield amides, the pyrolysis of both
alanine and valine DKP failed to produce any detectable
amide products. Peptides, on the other hand, produce
large yields of amides when pyrolyzed under conditions
similar to those for the free amino acids. Cleavage through
the bonds indicated in eq 9 for the dipeptide accounts not
RCH.CH— C =0
\ / X 0

*

N ] -
H RCH:CH.CNH. ----- » RCH:CHZCN

©

& U Jg-Lco,- -
[ |1
I ch2r lch2r
only for the formation of amides, but also for the observed
label incorporation.

The peptide may also be an additional source for aldi-
mines and, consequently, the chain-shortened nitriles pre-
viously discussed. Alanylalanine, for example, gives signif-
icant yields of acetonitrile in addition to the amide and
nitrile homologs mentioned above.

The major products resulting from the pyrolysis of alan-
ylalanine are shown in eq 10. Of some interest is the fact

0
ch3hZXZnh?2 chXhZXn
0
+ H CHaCH=NH CHsCN
HsNCHCNCHCO,
| | ! ch3ch2nh?2
ch3 ch. (10)

rS,O‘

ch3x H

that pyrolysis of a series of alanine polymers with two to
five residues and polyalanine gave nearly identical prod-
uct yields with a few exceptions.

Scheme | summarizes the reactions we feel are largely
responsible for the products observed from the pyrolysis of
this class of amino acids. Simple decarboxylation is cer-
tainly the major process that occurs. The importance of
the peptide formation and the extent to which it or the
diketopiperazine give rise to secondary products is largely
speculative, although the use of labels and mixed reac-
tants suggests that each is involved to some extent.

The complexity of the secondary processes makes an
understanding of the extent to which each reaction is in-
volved very difficult to obtain.
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Amino Group Isomerism. To provide a contrast to the
a-amino acids and to study the effects exerted by posi-
tional isomerism of the two functional groups, a series of
amino acids with the amino group in the 0, 7, 5, and e po-
sitions was studied.

Table Il lists the results for a group of /3-amino acids.
Results for /3-alanine (8) were reported previously,16 but
additional information has been obtained pertinent to this
study. The pyrolytic decomposition of the new members
of the group, O-amino-rc-butyric acid (6) and 0-aminoiso-
butyric acid (7), is similar to that of /3-alanine. The most
striking difference between the thermal decomposition of
the a- and /3-amino acids is the almost total distinction
between their primary modes of decomposition. Whereas
the a-amino acids undergo decarboxylation with at most
very minor deamination, the /3-amino acids produce un-
saturated acids and ammonia as major products. In addi-

rchZzhchZzo2 —- RCHXH=CHCOH + NH3 (11

+NH3

tion, where more than one olefinic acid can form, all are
observed. /3-Amino-n-butyric acid, for example, produces
both cis- and irans-crotonic acid as well as 3-butenoic
acid. While the a,/3-unsaturated acids are the more abun-
dant products, the ratio of these to the /3,7-unsaturated
acid is not necessarily indicative of their relative rates of
formation.

Propene, also a significant pyrolysis product, is proba-
bly the result of decarboxylation of the 3-butenoic acid.

CH=CHCHZ0OH —»

CH2=CHCH3+ C02 (12)
o]

The formation of 0,y unsaturation appears to be required
for facile decarboxylation of an unsaturated carboxylic
acid. Acrylic acid, for example, decomposes only slightly
at 500°,23 and /3,/3-dimethylacrylic acid resists decarboxyl-
ation at least to 300°.24 Here, apparently no mechanism
for isomerization was available.

These data further reinforce our suggestion that direct
deamination to form acids does not occur in the a-amino
acids. Were this process involved, acrylic acid should have
been produced from alanine pyrolysis and valine should
have yielded /3,/3-dimethylacrylic acid.

Among secondary products resulting from the /3-amino
acids, nitriles of the same carbon number as the parent
amino acid predominate. This contrasts again with the
a-amino acids, where, of the nitriles present, those re-
duced by one carbon were the major product. Only in the
case of 6 were nitriles of reduced carbon number observed
and even here the yields were very low (<0.5%). The ni-
triles are most reasonably accounted for through dehydra-
tion of an amide, similar to the a-amino acids.

Once again, providing an unequivocal pathway for
amide formation is difficult. The major products from 0-
alanine pyrolysis are shown in eq 13. Taking the amide

CHXECHCOH  (20%)
HANCHZHX02 —» CH2=CHCONH2 (3%) (13)
CH2=CHCN (2%

and nitrile yields to represent original amide production,
we find amide formation approximately 75% of the acid
produced, which is significantly larger than that observed
in the a-amino acids and certainly represents a major pro-
cess. In all the 0-amino acids studied, the combined yield
of nitrile and amide was 60-80% of the observed acid

yield.
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Table 11
Products Obtained from the Pyrolysis of
0-Amino Acids

Yield“ /7-Amino-n-butyric acid  /?-Aminoisobutyric acid 1?-Alanine
'Y AcO " ircor
+NH, +NHj +nhs
6 7 8
A NH nhs hd
COH hd nhs
! ~Ncoh ~'COLH <Nv coh
coh
B coz ACN ACN
hd
(0]
co2 co2
/= Y N2 Jy ™
0 0 0
o ¥l
0 CN co
GH, aH, CA
ACN c*
/-y N H,
chZzoh A
(0]
>=0
AN (t) 3%
CH6(t) X -"NH,
CHJCN

aYield ranges are the same as those in Table I.

Three possible sources for amide production are shown
in eq 14. The O-lactam intermediate was ruled out by la-

CH2=CHCOZH + NH,

A
/
HENCH,CH,CO, -*> a ch2= chcnh2
\ 0
+ lih
h3hichZhZnchZhZo2

CH2=CHCN (14)

beling studies involving alanine-15A. When a 5:1 mixture
of alanine-1%* and 0-alanine was pyrolyzed, both the ac-
rylamide and acrylonitrile contained the 15N label.

Of the remaining pathways, the bimolecular reaction
between acrylic acid and ammonia is more acceptable.
The presence of large yields of both acid and ammonia in
the initial products indicates that the substrates necessary
for bimolecular amide production are readily available.
This is in contrast to the a-amino acids, where no acid
was detected in the product mixture. Secondly, if the
peptide were responsible for the amide formation, the sig-
nificantly increased yields of amide and nitrile, by com-
parison with the a-amino acids, would indicate that pep-
tide formation is greatly enhanced in the O-alanine sys-
tem. That the yields of amide and nitrile were not sub-
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Table 111
Products Obtained from the Pyrolysis of
u-Amino-n-alkanoic Acids

Yield“ 4-Amino-n-butyric acid 5-Amino-n-valeric acid &-Amino-n-hexanoic acid®

c
9 CH,CN
(0] Y
N nh2
(e0] /~C N
0, Ax/CO,H
NH,

nh3 60 NH,
CO, NH,
NH;,

°Yield ranges are the same as those in Table I.bN o single
product was predominant from 11. Yields of all products
are of the same order of magnitude.

stantially diminished when alanine and /3-alanine (1:1)
were run together makes peptide formation even less like-
ly as a significant pathway to amide formation.

These results indicate, therefore, that with minor ex-
ceptions /3-amino acids decompose almost exclusively by
deamination with the remaining products arising via sec-
ondary processes.

The formation of saturated products, chiefly propionic
acid and propionamide, suggests that some hydrogen is
available for reduction, although the predominance of un-
saturation would indicate that it is minor.

The results for the remaining members of the series, the
7-, 8-, and «-amino acids, are listed in Table Ill. Both the
4-amino-rc-butyric (9) and the 5-amino-n-valeric acid (10)
yielded five- and six-membered cyclic lactams, respective-
ly. For 6-amino-n-hexanoic acid (11), the corresponding
seven-membered lactam was formed, although not as a
major product.

The minor and secondary products for each compound
differed and produced an interesting trend. The 7-amino
acid 9 produced two products similar to those from ~-ala-
nine. Both 3-butenoic acid and the corresponding amide
were formed, presumably via processes similar to those
occurring for /3-alanine. In addition, small yields (co. 1%)
of 7-butyrolactone were formed and most likely resulted
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from an intramolecular nucleophilic attack by oxygen.
Clark2s found a similar process occurring for a series of

h3hchZhZh2Zo02 — »
~1
C=0 (15)
0

7-amino acids. When pyrolyzed at only 225°, for example,
13 produced diethylamine and 7-butyrolactone while 14
gave a 73% vyield of the corresponding phenyl-substituted
lactone.

+ H
EtNCHXHXH2C02 o -9 * EtNH
3
Ph (16)
+ H
PhCHCHjCHaNEt2 —+ 0 + EtNH
co2
14

In contrast, the minor products from 5-amino-n-valeric
acid (10) were one chain shortened carboxylic acid and a
series of both saturated and unsaturated nitriles of vary-
ing chain length. Pyrolysis of 2-piperidone (12) under sim-
ilar conditions produced small amounts of the correspond-
ing nitrile series and, consequently, may be*their source in
asecondary process.

The «amino acid 11 (as mentioned previously) pro-
duced only small quantities of the seven-membered lac-
tam, but a large series of nitriles, amines, and hydrocar-
bons, all of similar yield. Chain fragmentation seems to be
more significant here than in the shorter chain homologs.

The origins of the products are not well understood for
this series (9-11), but may be discussed in terms of eq 17.

*

K. lactam — = nitriles (17a)
+ >
HaN(CH2,C02 —p acids + NH3 (17b)
9 n=3 Q" amines nitriles (17¢)
10’e=4
ne=-s

The absence of acids in 11 and the minor occurrence of
a single carboxylic acid in 10 indicate that the deamina-
tion pathway so prominent for /3-alanine becomes less im-
portant as the amino group is moved farther from the acid
group.

It is interesting that no unsaturated amines were found
in 11, while the nitrile series was formed with both satu-
rated and unsaturated members of each carbon number.
Further, the unsaturated nitriles from both 10 and 11
were exclusively unsaturated at the terminal end. In addi-
tion, compound 10 gave no detectable amines, suggesting
therefore that the amines and nitriles found in 11 arise
from different sources.

If, as in eq 17c, nitriles are considered to result from
amine decomposition, three difficulties arise. First, the
presence of nitriles in 10 yet the absence of amines must
be explained. Second, in the dehydrogenation of an amine
to a nitrile an intermediate aldimine results (eq 6). These
aldimines would be expected to react with the free amines
available (similar to the «-amino acids) to give JV-alkylal-
dimines. None were observed. Third, in 11 the nitriles all
contain unsaturated members, while the amines were fully
saturated.

These data suggest, therefore, that the nitriles may
arise by secondary decomposition of the lactam (eq 17a),
this process occurring to a greater extent for 11 than for
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Table 1V
Products Obtained from the Pyrolysis of «-Amino
Acids Containing «-Methyl Substituents

Yield* 2-Methylalanine Isovaline
+NH3 +nhs
X « 02 ° < co
13 14
A (ca.75» (o] (ca. 75%)
A A
Cco Cco
NH, nh3
/o~ cozh
B A ok
COH
NHj
nh2
DKP
c
€02
H,0
ON
®
DKM hd
NH DKP
DKM
NH
AA (B
0
)
0
D A "~ nh>

Nfc

“Yield ranges are the same as those in Table I. 6Com-
pounds not positively identified.

The formation of amines in 11 probably results from a
direct decomposition of the parent compound.

With the increased chain length in 11, the relative rates
Ai and kz (eq 17) are more nearly equal; consequently
products from both processes occur. In 10, however, the
facile formation of the six-membered lactam makes Ai >
k2 to an extent that products from eq 17c are not ob-
served.

«-Methyl-a-amino Acids. To determine what effects
might be exerted by alkyl substitution at the a-carbon po-
sition, two amino acids containing «-methyl groups were
pyrolyzed. The results for the thermolysis of a-methylala-
nine (15) and isovaline (16) are listed in Table IV.

The additional methyl substitution at the C-2 position
substantially alters the primary decomposition of «-amino
acids. The major organic product (co. 75%) is a ketone of

R'
R’ RCHX =0 (18a)
1 condensation products (18b)
rchZco, R'
u [
+nh3 rch2hnh?2 (18C)
15, R=H;R'=CH3 R
16,R = CHi;R'= CH) |
RCH=C— COH (18d)
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one carbon less than the parent amino acid. Other pri-
mary but minor pathways include decarboxylation, deam-
ination, and condensation reactions.

The formation of acetone from 15 and 2-butanone from
16, while surprising from the standpoint of yield, can be
viewed as analogous to the aldehyde formation from sim-
ple «-amino acids (see eq 4).

The formation of these ketones is best described by an
intramolecular reaction involving an intermediate «-lac-
tone (eq 19). Other routes, while conceptually reasonable,

ch3
ch3— C—COIr —p

+nh3

r"o
(1 A
(CH3X— c= o (CHjtf-——-C=0 + NH3 (19)
\Y
+nh3
(CH3ZX =0+C 0
are less appealing. Ritchie26 observed ketones and CO
during the pyrolysis of both acrylic and crotonic acids.
During the pyrolysis of the /3-amino acids, where acids of
the type Ritchie, et al., studied were major products, we
found ketones in only trace quantities. This rules out
acids as a significant source for ketone formation.

From the thermal decomposition (in solution at 250°) of
the diphenyl amino acid 17, McGee and Ritchie27 found
benzophenone to be a major product and suggested lactide
18 as an intermediate (eq 20). Subsequently, Golomb and

(Ph)2 — cOr

+NHPh

17 18 (PR)X =0 + CO (20)

Ritchie28 prepared lactide 19 from the corresponding «-
hydroxy acid and pyrolyzed it. While acetone and CO
were the major products, only 69% decomposition oc-
curred. Lactide 19 is a possible intermediate from the py-
rolysis of a-methylalanine, arising by the following se-
guence (eq 21). The high yields of ketone in our system,

(CH3xc— COr —*

+nh3

however, suggest that the lactide is not a major contribu-
tor, since Golomb and Ritchie28 found decomposition to
be incomplete, and we observed no trace of the lactide.
While some lactide formation remains a possibility, the
intramolecular process (eq 19) appears more reasonable to
account for the majority of the ketone. Confirmation of
this point, however, could be obtained only through the
use of a doubly labeled substrate.

Two bimolecular condensation products are formed
from each amino acid. These represent additional primary
processes, although the total yields of both remain low
(ca. 5%). In addition to the formation of diketopiperazines
(eq 22a), diketomorpholines (DKM) are formed (eq 22b).
Both could arise via a common intermediate dipeptide;
however, the amino acid might also first undergo a bi-
molecular displacement reaction to yield an ester followed
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H
0.,jir Wi

(22a)

I (CHa)z% HA\)

(CHs).C— co02

4 h, Vv o, °y y <h)! (22b)

(CHs)2 0 0

20

by a subsequent dehydration to yield the diketomorpho-
line.

0
(CH32— C— C— N— C— (CHy2—2* dkp
o NH, ¢o; “NHj
DKM
(CHs),C—co2 ho
+NHsz - nnN
(CHa —_ C— C— O —_— C— (CH3)2 (23)

em co2

From 2-methylalanine the DKP to DKM ratio was ap-
proximately 4, whereas from isovaline the yields of the
corresponding products were nearly equal.

The formation of diketomorpholines from amino acids is
not a new observation, as McGee and Ritchie27 found
them in the low-temperature pyrolysate of a number of
amino acids containing a-alkyl substituents.

The formation of both ketones and diketomorpholines
suggests that a quasi-heterolytic process is occurring. This
concept has been growing for many years and has been re-
viewed by Maccoll and Thomas.29 For example, in the
gas-phase pyrolysis of a series of alkyl chlorides,30 the
trend in reactivity follows that of the same compounds
undergoing solvolysis in polar solvents. Ingold,3l in fact,
has formulated a mechanism for these reactions involving
halogen heterolysis with no hydrogen loosening as the
rate-controlling step. Consequently, the formation of al-
dehydes from the protein amino acids16 and their homo-
logs (Table 1) indicates the occurrence of a pathway that
becomes prominent through alkyl substitution at the reac-
tion center.

The formation of ketones can therefore be described by
a transition state where partial heterolytic bond cleavage
of the ammonia-a-carbon bond has occurred, thereby
placing a partial positive charge on the «-carbon atom.
This charge and, consequently, the transition state are
stabilized by the inductive effect of the alkyl substituent
and the concomitant formation of the carbon-oxygen
bond. When this bond is intramolecular, the initial stage
of reaction is formally analogous to an Sisii process occur-
ring in solution and ketones result from subsequent de-
composition of the «lactone. When the bond is intermo-
lecular, the diketomorpholines result. The preponderance
of the ketone is not unreasonable, since, even though the
formation of an a-lactone is energetically less favorable
than the formation of the morpholine derivative, entropy
considerations for the two processes greatly favor the in-
tramolecular formation of a three-membered ring.

A decomposition pathway similar to that for the simple
a-amino acids is seen in the formation of amines from
both 2-methylalanine and isovaline. In addition, JV-alkyl-
aldimines are present in both systems and represent
products whose formation have been discussed in detail
previously.

Two pathways, however, are probably responsible for
the presence of /V-alkylaldimines from these compounds.

Ratcliff, Medley, and Simmonds

Amines can undergo condensation reactions with either
the ketones or the simple ketimines. The large yields of
ketones make condensation reactions with amines quite
likely. The low yields of aldehydes and CO in the pyroly-
sates of the simple a-amino acids compelled us to suggest
the involvement of aldimines in the formation of the N-
alkylaldimines from those systems. In the present system,
however, ketones are abundant. In addition, acetone keti-
mine and butanone ketimine were found in small yields
from the pyrolysis of 2-methylalanine and isovaline, re-
spectively. The formation of these compounds lends fur-
ther support to the suggestion that aldimines are the im-
portant intermediates in the a-amino acid pyrolysis.

In the present system, however, no further dehydrogen-
ation can occur as in the formation of nitriles from aldi-
mines. Consequently, any ketimine not undergoing a trans-
alkylidination reaction remains as a reaction product.

The fourth primary mode of decomposition seems to re-
flect that of /3-alanine. Carboxylic acids resulting from
deamination are formed in yields equivalent to those of
the aliphatic amines (co. 2-5%). The simple a-amino
acids, it will be recalled, do not undergo deamination
reactions to produce acids. The addition of the a-methyl
group apparently provides enough stability at the a car-
bon to allow deamination to be competitive.

Although amides were not positively identified, nitriles
of chain length equivalent to the parent amino acid were
present, and amide involvement is assumed. Diketopi-
perazines, however, also remain a possible source for the
nitriles. In addition, acids and nitriles were formed as
both saturated and unsaturated isomers. In all cases, how-
ever, the unsaturated isomer exceeded the saturated
counterpart by a factor of approximately 2.

A summary of the important reactions occurring during
the pyrolysis of the a-alkyl-substituted a-amino acids is
provided in Scheme II.

Comparison of Results

The most obvious dichotomy resulting from this study
involves the differences in the major primary decomposi-
tion steps of the a-amino acids (i.e., alanine) and the O-
amino acids {i.e., 0-alanine). For the former, decarboxyla-
tion is the predominant process, while, for the latter,
deamination appears to be the predominant reaction.

Brown32 has reviewed data which show that, in general,
decarboxylation of heterocyclic systems containing nitro-
gen is increased when the zwitterion is present. Further-
more, Baddar and Sherif33 found that, for decarboxylation
of amino acids in the presence of substituted aryl ketones,
electron-withdrawing substituents in the aromatic ring in-
creased the rate of decarboxylation which was suggested
to occur from the intermediate imino acid 21. Here, how-

X \ c= nchcoh
| |
R R'
21

ever, resonance interaction of the developing negative
charge is possible with the aromatic ring. For simple a-
amino acids, no resonance interaction between the nitro-
gen and the developing charge is possible; however, the
ammonium group is at the a carbon and can aid decar-
boxylation by inductive charge neutralization. Inductive a
values for the -NR3+ species have been calculated to be
approximately +0.9.34 Experimentally, a value of +0.60
was found for a{ of -NH3+.35 In light of this relatively
large inductive a value, it is not unreasonable for decar-
boxylation to occur readily for the simple aliphatic amino
acids.
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Scheme |1

R

rch2= ccn

“ Compounds in brackets were not found, but inferred from other information.

The d-amino acids, on the other hand, contain an addi-
tional methylene bridge between the reactive centers,
thereby greatly reducing the rate enhancement provided
the a-amino acids. The /3-amino acids therefore do not de-
carboxylate. Deamination becomes dominant, perhaps
partly owing to the product stability provided by the for-
mation of the a,/3-unsaturated acid. Furthermore, deami-
nation most likely proceeds by an El-like mechanism
from the zwitterion. If ammonia were lost from the free
acid-base molecule through a four-centered reaction, no
charge would develop in the transition state and some
deamination would be expected from the a-amino acid.
The fact that significant deamination occurs for 0- and
not a-amino acids further strengthens the concept that
the zwitterion is important.

The effect of the a-methyl group in 2-methylalanine is
consistent with the foregoing discussion. In this case, both
deamination and decarboxylation occur. The deamination
must be aided by the inductive effect of the additional
methyl group (o\ ~ 0.0 to —0.3),3 which would provide
additional stabilization to the developing positive charge.

The major reaction, however, involves ketone formation
by a similar process, albeit one where the carboxyl group
is involved in an Sm-like reaction. The intermediate a-
lactone then loses CO to form the ketone. There are anal-
ogous data in the solvolysis literature. The relative rate
for the solvolysis of 22 and 23 (kz*/k”z) was found to be

chs
|
CHICCO, CHsCHCOz
|
Br Br
22 23

~250.36 For both cases carboxyl assistance was said to be
operative. While both alanine and a-methylalanine appar-
ently undergo this type of decomposition, other pathways
compete.
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Benzeneboronic acid reacts readily with the cis-related 1,3-diols present in 14-membered macrolide aglycones.
These cyclic phenylboronates were found to be useful protecting groups of the C-3 and C-5 hydroxyls of erythro-
nolides, allowing the esterification of the C-Il hydroxyl. Removal of the phenylboronate from the erythronolide
11-esters was not possible under the usual hydrolytic conditions, so the protecting group was removed by treat-
ment with dilute peroxide and hydrolysis of the presumed borate ester intermediate. Attempts to prepare 11-
acetylerythromycin by microbial conversion of 11-acetylerythronolide B or its 6-deoxy analog were unsuccessful.
The major product in both cases was 3-0-(a-L-mycarosyl)-ll-acetylerythronolide B.

In our studies of the chemistry and conformation of
erythromycin aglyconesl we had need for monoacetyl de-
rivatives of the three secondary hydroxyls in the erythro-
nolide and 6-deoxyerythronolide molecules (1 and 6).
Such compounds might also serve as potential substrates
for microbial transformation in the study of blocked mu-
tants of S. erythreus.2 We were successful in obtaining
monoacetylation of the hydroxyls at C-3 and C-5 as well
as diacetylation at these positions using reaction condi-
tions less strenuous than that necessary for triacetyla-
tion.13 Mixtures of these compounds could be separated
conveniently by chromatography on Sephadex LH-20. The
relative reactivity of the C-Il hydroxyl prevented selective
acetylation at this position, however; so a cyclic phenylbo-
ronate ester was selected as a possible means of protecting
the C-3 and C-5 hydroxyls during acetylation.

Cyclic phenylboronates have been used for protecting
glycoside hydroxyls during acetylation3 because of their
facile formation from 1,2- and 1,3-diols4 and their easy re-
moval with water or polyalcohols.3'4 Cyclic phenylboro-
nate esters have also proven to be useful derivatives in the
macrolide aglycone serieslc’2 because of their selective
and nearly quantitative reaction with the cis-related or
1,3-syn-periplanar diols present in these compounds. The
preparation of erythronolide B 3,5-phenylboronate (11)
occurred readily by refluxing an equimolar mixture of the

macrolide and benzeneboronic acid in acetone for a short
time. Other macrolide aglycones were similarly reactive.
The aglycone of lankamycin,5 11-acetyllankolide, reacted
with benzeneboronic acid to give the 3,5-phenylboronate
16 in good yield. This compound was prepared to study
the conformational similarity among macrolide aglycones.
The nmr analysis of phenylboronates has been discussed
in detail in a separate communication.6

The formation of the ll-acetyl-3,5-phenylboronates of
erythronolide B (12) and 6-deoxyerythronolide B (15) with
acetic anhydride in pyridine proceeded smoothly using the
fairly lengthy times necessary for acetylating the unreac-
tive C-Il hydroxyl. Acetylation of this hydroxyl could also
be accomplished with other acid anhydrides or acid chlo-
rides. For instance, 11-benzoylerythronolide B 3,5-phenyl-
boronate (13) could also be prepared in good yield. When
attempts were made to hydrolyze the phenylboronate
ester of these derivatives, however, using hydrolytic condi-
tions normally successful for removing this group,3'4 no
reaction occurred. The presence of an ester function at
C-Il apparently was responsible for preventing hydrolysis,
since a 3,5-phenylboronate group on erythronolide B was
easily removed under these conditions. It thus became
necessary to find another mild method for removing phen-
ylboronate protecting groups without destroying the
macrolide ring.
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Earlier studies of the chemistry of benzeneboronic acid
had shown that this compound reacts quite readily with
dilute hydrogen peroxide, the products being boric acid
and phenol resulting from insertion of an oxygen between
boron and the aromatic carbon followed by hydrolysis.7 It
seemed reasonable to expect that phenylboronate esters
would react in the same manner with peroxide. If this oc-
curred with the erythronolide phenylboronates, the result-
ing borate esters might be more readily hydrolyzed than
their precursors (Scheme I).

Treatment of 11-acetylerythronolide B 3,5-phenylboro-
nate with hydrogen peroxide in aqueous ethanol did in-
deed produce detectable amounts of phenol. The product
obtained from the reaction, however, was not the desired
11-acetylerythronolide B (4) but its 6,9-enol ether deriva-

J. Org. Chem., Vol. 39, No. 11, 1974 1491

Scheme |

+ H3BC3
+ QftOH

tive 17. The formation of the enol ether apparently re-
sulted from the presence of the boric acid formed in the
reaction, since acidic conditions are known to catalyze the
formation of enol ethers in the erythronolide and erythro-
mycin series.la-8 To overcome this problem the reaction
was conducted with suspended NaHCOa as a buffering
agent. In this manner 1l-acetylerythronolide B (4) was
obtained. The presence of phenol sometimes prevented
crystallization of the product; so the most convenient
method for obtaining the 11-acetyl derivative was by chro-
matographic purification. A similar procedure was used to
prepare ll-acetyl-6-deoxyerythronolide B (9).

The nmr chemical shifts for the acetate esters of eryth-
ronolide B and 6-deoxyerythronolide B are shown in
Table 1. These compounds proved to be valuable for the
conformational analysis of the erythronolide ring. Detailed
examination of the nmr spectra and circular dichroism
spectra of these compounds has been discussed by Egan in
a separate communication.6

The 11-acetylerythronolides 4 and 9 were used as poten-
tial substrates for microbiological conversion to 11-acetyl-
erythromycins A or B (18 and 19) by addition of these

18OH
9 H

compounds to fermentations of early blocked mutants of
S. erythreus capable of converting known erythromycin
progenitors to the complete antibiotic. While there was
evidence for conversion of each of these substrates to a
mixture of basic antibiotics, the major product in both
cases was the neutral glycoside 3-0-(a-L-mycarosyl)-ll-
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Table |
Chemical Shifts of Acetyl Esters of Erythronolide B and 6-Deoxyerythronolide B

Compd
Compel no.

3-Acetylerythronolide B
5-Acetylerythronolide B
11-Acetylerythronolide B

3.5- Diacetylerythronolide B

3.5.11- Triacetylerythronolide B»
3-Acetyl-6-deoxyerythronolide B

5- Acetyl-6-deoxyerythronolide B
I1-Acetyl-6-deoxyerythronolide B

3.5- Diacetyl-6-deoxyerythronolide B 1
3.5.11- Triacetyl-6-deoxyerythronolide Bt
6- Deoxyerythronolide B

abrhwnN

[@N{oNeJEN]

(o))

“ Reference la. bReference 2b.

acetylerythronolide B (20). The elemental analysis of this
compound indicated an empirical formula of C30H52011,
and the high-resolution mass spectrum contained peaks at
m/e 570, corresponding to the loss of water from the par-
ent, and at m/e 443 and 427 due to cleavage of mycarose
(with and without the glycosidic oxygen)9 from the parent
molecule. The appearance of a fragment ion due to loss of
H20 at the highest mass is a common occurrence in the
mass spectrum of neutral macrolides.10 The uv spectrum
of this compound contained a normal peak at 285 nm due
to the carbonyl at C-9, and the nmr spectrum showed a
close correspondence with those of other mycarosyleryth-
ronolides.2a'c Particularly important was the resonance at
5.05 ppm (CDCI3) due to the anomeric proton of mycar-
ose, and the coupling constants of this proton (Ji,2 = <1,
3.0) provided evidence for the a configuration.2a-2c

The inability to produce major amounts of 1l-acetyl-
erythromycins by a combination chemical-microbiological
synthesis was a disappointment. Subsequently, a chemi-
cal route was found to produce these compounds in good
yield. 11

Experimental Section

Melting points were determined with a microscope hot stage. Ir
spectra were obtained as CHCI3 solutions by Mr. W. H. Wash-
burn and associates on a Perkin-Elmer Model 521 instrument. Uv
spectra were recorded for 95% EtOH solutions with a Cary Model
Il spectrophotometer. Nmr spectra were determined in CDCI3 on
a Varian HA-100 instrument. High-resolution mass spectra were
obtained by Mrs. S. Mueller with an AEI MS-9 instrument. CD
data (EtOH) were provided by Dr. L. A. Mitscher, The Ohio State
University.

Acetylation of Erythronolide B (1). Erythronolide B (2.0 g)
was dissolved in 30 ml of pyridine and 3.0 ml of acetic anhydride
was added. The reaction mixture was allowed to stand at room
temperature for 6.5 hr, then poured into ice-water and extracted
with ethyl acetate. The extracts were washed with water, dried
(MgS04), and evaporated. Residual pyridine was removed by az-
eotroping with benzene, giving 2.25 g of oil. Tic examination of
the oil showed starting material and three faster moving compo-
nents. The oil was chromatographed on a column (2.5 x 35 cm) of
silica gel prepared in CHCI3. Elution with increasing concentra-
tions of CH30H in CHCI3 gave fractions examined by tic. Those
fractions containing a single component were pooled and evapo-
rated to dryness. The first component eluted (233 mg) was 3,5-
diacetylerythronolide B (5). Crystallization from ethyl acetate-
hexane gave colorless needles: mp 204-205°; [9)292 -11,103; [9)216
+3170.

Anal. Calcd for C25H4209: C, 61.71; H, 8.70. Found: C, 61.44;
H, 8.71.

The second component eluted (546 mg) was 5-acetylerythrono-
lide B (3). The compound was obtained as a glass which resisted
crystallization, [9)288 -10,750, [9]2i6 -1234.

Anal. Calcd for C23H4008: C, 62.13; H, 9.07. Found: C, 61.95;
H, 9.34.

The third component eluted (479 mg) was 3-acetylerythrono-

............................. 8 (CDCls, ambient)

CHCO H-3 H-5 H-1I
2.09 5.07 3.54 3.84

2.10 3.79 4.52 3.79

2.02 3.96 4.05 4.89
2.02,2.08 5.23 4.60 3.83
2.02,2.05,2.07 5.40 4.70 5.13
2.08 5.19 3.49 3.67

2.08 3.73 4.68 3.37

2.00 3.92 4.07 4.91
2.00,2.10 5.19 4.71 3.58
2.02,2.03,2.07 5.20 4.79 4.89
3.90 3.98 3.69

lide B (2). Crystallization from ethyl acetate-hexane gave needles,
mp 187-189°, [9]2% -11,626.

Anal. Calcd for C23H4008: C, 62.13; H, 9.07. Found: C, 61.98;
H, 9.13.

Acetylation of 6-Deoxyerythronolide B (6). 6-Deoxyerythro-
nolide B (1.0 g) was acetylated in 15 ml of pyridine with 3.0 ml of
acetic anhydride for 6 hr at ice-bath temperature. Work-up as
above gave 977 mg of oily residue. Tic examination showed the
presence of starting material and three faster moving compo-
nents. The mixture of three products was separated from starting
material by chromatography on silica gel prepared in CHCI3.
Elution with 0.3% CH3OH in CHCI3 gave 469 mg of glassy resi-
due. The glassy residue was fractionated by passage through a
column (2.0 x 90 cm) of Sephadex LH-20 prepared in CHCI3.
Elution with CHCI3 first gave fractions containing 3,5-diacetyl-
6-deoxyerythronolide B (10). Crystallization from ethyl acetate-
hexane gave 172 mg: mp 130-131°; [9)291 —16,260; [9)230 —1305.

Anal. Calcd for C25H4208: C, 63.81; H, 9.00. Found: C, 64.08;
H, 9.23.

The second component eluted was 5-acetyl-6-deoxyerythro-
nolide B (8). Crystallization as above gave 124 mg: mp 142-143°;
[9)289 -16,371; [9)212 -5300.

Anal. Calcd for C23H4007: C, 64.46; H, 9.41. Found: C, 64.22;
H, 9.34.

The third component eluted was 3-acetyl-6-deoxyerythrono-
lide B (7). Crystallization gave 102 mg: mp 160-162°; [9)289
-17,128; [9)220 -2320.

Anal. Calcd for C23H4007: C, 64.46; H, 9.41. Found: C, 64.51;
H, 9.19.

Erythronolide B 3,5-Phenylboronate (11). A solution of 10.0 g
(25 mmol) of erythronolide B (1) and 3.0 g (25 mmol) of benzene-
boronic acid in 500 ml of anhydrous acetone was refluxed for 3-5
hr. The solution was then concentrated to a volume of about 75
ml and cooled to room temperature, yielding 8.4 g of crystalline
product, mp 160-165°. Further concentration gave an additional
3.2 ¢. The total yield was 86% as the acetone solvate. The acetone
could be removed by drying under vacuum at 140°. The ir spec-
trum contained a band at 1310 cm -1 characteristic for phenylbo-
ronates;38 [9]292 -15,690.

Anal. Calcd for C27H4107B: C, 66.39; H, 8.46; O, 22.93; B, 2.22.
Found: C, 66.50; H, 8.49; O, 23.14; B, 2.03.

The phenylboronate group of 11 could be removed easily by re-
fluxing in a 1:1 acetone-water solution containing mannitol and
sodium bicarbonate.48

11-Acetylerythronolide B 3,5-Phenylboronate (12). A solution
of 3.0 g of 11 (as the solvate) and 3.0 ml of acetic anhydride in 30
ml of anhydrous pyridine was allowed to stand at room tempera-
ture under a drying tube for 2 days. The solution was then poured
into ice water and the precipitate was collected, washed with
water, and dried, giving 2.3 g, mp 142-147°. A recrystallization
from ethanol-water gave 1.9 g (65%): mp 150-153°; ir 1315 cm-1
(B-0O); nmr 62.03 (CH3CO); [9]292 - 33,290.

Anal. Calcd for C29H4308B: C, 65.66; H, 8.17; B, 2.04. Found:
C, 65.48; H, 8.38; B, 1.78.

11-Acetyl-6-deoxyerythronolide B 3,5-Phenylboronate (15).
The procedure above was used to prepare 15 from 5.0 g of 6-deox-
yerythronolide B 3,5-phenylboronate2b (14), giving 4.0 g (74%) of
crystalline product: mp 133-134°; ir 1315 cm-1 (B-O); nmr 5 2.00
(CH3CO); [9)294 - 24,060.

Anal. Calcd for C29H4307B: C, 67.71; H, 8.42; B, 2.10. Found:
C, 67.78; H, 8.49; B, 2.30.



Synthesis of Monoesters of Macrolide Aglycones

11-Benzoylerythronolide B 3,5-Phenylboronate (13). A solu-
tion of 2.0 g (4 mmol) of 11 in 20 ml of anhydrous pyridine was
cooled in ice while 1.15 ml (10 mmol) of benzoyl chloride was
added. The solution was kept at 0° for 1 hr, then at room temper-
ature for 24 hr, after which it was poured into ice water. The
gummy solid obtained was allowed to stand in the aqueous solu-
tion overnight until it became crystalline. The solid was filtered,
washed with water, and suspended in 5% NaHCO3 solution for a
few hours, then filtered, washed with water, and dried, giving 2.5
g of product. A recrystallization from 95% ethanol gave 1.6 g
(74%), mp 191-193, ir 1315cm-1(B-0).

Anal. Calcd for CaikKUsOgB: C, 68.92; H, 7.65; B, 1.83. Found;
C, 68.81; H, 7.71; B, 2.08.

11-Acetyllankolide 3,5-Phenylboronate (16). A solution of 50
mg of Il-acetyllankolide5a and 12 mg of benzeneboronic acid in
benzene was refluxed for 2 hr. The benzene was removed by dis-
tillation and the oil obtained was crystallized from CHCI3-hex-
ane, giving 27 mg, mp 150-155°.

Anal. Calcd for C31H4709B: C, 64.81; H, 8.25. Found: C, 64.61;
H, 8.30.

11-Acetylerythronolide B (4). A solution of 12 (6.7 g) in 200 ml
of 95% ethanol was stirred with suspended NaH CO03 while 4.5 ml
of 30% H202 was added. Stirring was continued for 23 hr and
then a small amount of platinum oxide was added and the sus-
pension was stirred for 7 hr more. The solid was filtered and 100
ml of water was added to the filtrate. The clear solution was re-
duced in volume in vacuo until a solid began to precipitate. The
product which crystallized from the solution was filtered, giving

4.4 g: mp 163-165° (79%); uv Xmax 285 nm (e 46); [0]292 -17,875;

[0]2i8 -3200.

Anal. Calcd for C23H4008: C, 62.13; H, 9.07; 0, 28.80. Found:
C, 62.29; H, 8.95; O, 28.84.

The presence of phenol in the reaction solution sometimes pre-
vented crystallization of the product. In this case the aqueous so-
lution was extracted with ether and the oil obtained from the
evaporated extract was chromatographed on Sephadex LH-20
prepared in CH30H. The product was crystallized from EtOH-
H20.

When the reaction was conducted under the same conditions
but without adding bicarbonate to control the pH, the product
obtained was 8,9-anhydro-ll-acetylerythronolide B 6,9-hemi-
acetal (17): mp 215-218°; nmr 52.06 (CH3CO), 1.56 (CH3C=C);
uv no Xmax at 260-350 nm.

Anal. Calcd for C23H3807: C, 64.76; H, 8.98; O, 26.26. Found:
C, 64.89; H, 8.96; O, 26.08.

I1-Acetyl-6-deoxyerythronolide B (9). The procedure used to
prepare 4 was followed. From 5.2 g of 15 was obtained 3.3 g of 9:
mp 155-157° (76%); [0]290 -17,400; [0]222 - 3815.

Anal. Calcd for C23H4007: C, 64.46; H, 9.41; O, 26.13. Found:
C, 64.71; H, 9.71; O, 26.14.

Fermentation of Il-Acetyl-6-deoxyerythronolide B (9) by a
Blocked Mutant of Streptomyces erythreus (Abbott 2NU153).
Streptomyces erythreus (Abbott 2NU153) was grown in complex
fermentation medium as previously described.2 Finely divided 9
(900 mg) was evenly distributed among 36 500-ml Erlenmeyer
flasks each containing 50 ml of a 24-hr fermentation culture. In-
cubation was continued for 144 hr, then the flask contents were
pooled and clarified as described previously. The clarified fer-
mentation broth at pH 7.2 was extracted with one-half volume of
ethyl acetate. The ethyl acetate extract was partitioned two
times with one-half volumes of 0.1 M phosphate buffer at pH 4.5,
washed with water, and dried (Na2SO.i). Removal of the ethyl
acetate in vacuo left 1.23 g of yellow oil. The oil was chromato-
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graphed on a column of silica gel (3.0 x 35 cm) prepared in chlo-
roform. Elution with increasing concentrations of methanol in
chloroform gave fractions containing only a material with R,
0.35-0.39. These fractions were combined and the solvent was re-
moved, leaving 598 mg of light yellow oil. The oil was dissolved in
methanol and treated with Darco G60. Crystallization from ethyl
acetate-hexane gave 310 mg of 3-0-(a-i,-mycarosyl)-ll-acetyler-
ythronolide B (20) as colorless needles. An analytical sample had
mp 212-214°; ir 3605, 3500, 1733, 1705 cm “1; uv Xmax 285 nm (t
41.5); [0]29 -12,950; [0]2i8 -2340.

Anal. Calcd for C30H52011: C, 61.20; H, 8.90. Found: C, 61.06;
H, 8.98.

Fermentation of 11-Acetylerythronolide B (4) by .a Blocked
Mutant of Streptomyces erythreus (Abbott 2NU153). 11-Acetyl-
erythronolide B (1.2 g) was incubated with S. erythreus (Abbott
2NU153) as described above. Ethyl acetate extraction of the clar-
ified broth gave 1.52 g of yellow oil. Chromatography of the neu-
tral fraction gave 862 mg of light yellow oil which was treated
with Darco G60 in methanol. Crystallization from ethyl acetate-
hexane gave 521 mg of 3-0-(a-L-mycarosyl)-ll-acetylerythronolide
B (20), mp 208-210°. The identity of this compound with that
from the previous fermentation was confirmed by all physical and
spectroscopic data.
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Stable IV-cyano-IV,IV,.ZV-trialkylammonium fluoroborates have been prepared and their reactivity examined.
With nucleophiles there are at least two types of reactions—the alkylation reaction observed by von Braun and
the cyanation reaction observed for the first time on stable iV-cyanoammonium salts. The alkylation reaction
proceeds with arylamines such as /V-methylaniline and some other weak nucleophiles such as DMF. With
strong nucleophiles such as isobutylamine, benzenethiol, and triphenylphosphine the reaction proceeds by cy-
anation, giving a variety of NUCN derivatives which react further in different ways.

N-Cyanoammonium bromides have been postulated as
reactive intermediates in the von Braun reaction of terti-
ary amines and cyanogen bromide.2 The reaction, discov-
ered by von Braun2 and independently by Scholl and
Noerr,3 has been extensively studied as a method of de-
grading tertiary amines to secondary cyanamides.4’5 In his
pioneering work on the cyanogen bromide reaction, von
Braun2 proposed that the nitrogen atom of a tertiary
amine attacks cyanogen bromide to form bromide ion and
/V-cyano-N, Ar7V'-trialkylammonium ion. The cation of the
intermediate is subsequently attacked by bromide ion to
form a dialkylcyanamide and an alkyl bromide.

RN + CNBr RIN— CN RN—CN + RBr

Br~

Concurrent with our report of the preparation of N-
cyano-_/V jV,7V-trialkylammonium  fluoroborates,6 Fodor
and Abidi reported the characterization of the 1:1 adducts
of cyanogen bromide and tertiary amines stabilized as tos-
ylates.7 It was also reported that the N-cyano-N,N,N-tn-
alkylammonium hexachloroantimonates were prepared
using antimony pentachloride-cyanogen chloride complex
as shown below.

RjN: + CNCX sbcL, —* R,N—C=N
sbcle

Fodor and Abidi subsequently reported an nmr spectro-
scopic kinetic study of the reaction of excess cyanogen
bromide and N-methyldecahydroquinoline.7 The Kkinetic
data were explained by the fast formation of the interme-
diate Af-cyanoammonium ion followed by its rate-deter-
mining decomposition to the cyanamide and methyl bro-
mide.

The data available led us to believe that the primary
reason for the instability of this class of compounds is the
nucleophilic attack by the anion to regenerate the original
reactants or to cleave an alkyl group. To stabilize the un-
stable cations, halide ion was replaced by other, less nu-
cleophilic, anions such as fluoroborate anion.8 To provide
a source of fluoroborate under anhydrous conditions, a
forcing anion exchange reaction was devised whereby the
undesired anions were removed by alkylation with triethyl-
oxonium fluoroborate.9 Using an equivalent amount of
triethyloxonium fluoroborate, the fluoroborate salts were
obtained in pure forms, and were further purifiable by re-
crystallization. Some of the compounds prepared by this

+ (CH3CH )30 +BF4" +
R " + CN& ~ RN ~ CN -CH3CH2Br ‘ RN- CN
Br~ -(ch3ch2)?2o BF4-

method have been previously reported in preliminary
form.6 In all cases the compounds had structures 1 or 2,

RN—CN C< BF/
BFT CN
1
R = Et,Bu, Hex R = Me,Et,Pr,Bu

showed sharp melting points, and were readily soluble in
polar organic solvents. The compounds showed weak ab-
sorptions at 2260-2270 cm-1 which were different from
those of cyanogen bromidel0 and, based on the increased
frequency and decreased intensity, were consistent with
the presence of a iV-cyanoammonium fluoroborate.1l 15
The nmr spectra differed from those of the corresponding
tertiary or quaternary ammonium fluoroborates. The com-
bined physical and spectral data suggested that the com-
pounds were N-cyanoammonium fluoroborates.

The use of triethyloxonium fluoroborate was not univer-
sally applicable and met with failures when too reactive or
too unreactive tertiary amines were used. Trimethylamine
and /V,N-dimethylcyclohexylamine reacted very rapidly to
give only tetraalkylammonium salts as the sole solid prod-
RR'N—CH3 + CNBr —

RR'N— CH, +
RRN—CN + CH®Br - vV RRN(CH32
Br~
+ .CH3
rr'nC'
CN Bre_

ucts. This type of reaction has been observed with tertiary
amines having iV-methyl groups in the von Braun cyano-
gen bromide reaction.16 Although the quaternization reac-
tion has been assumed to occur by the alkylation of the
formed methyl bromide, it may also proceed by the alkyl-
ation of the intermediate /V-cyanoammonium bromide. In
the other extreme, when the tertiary amine was not reac-
tive enough at low temperature, neither an increase of the
reaction temperature nor the addition of triethyloxonium
fluoroborate to the partially formed adducts gave any de-
sired products. This type of failure was observed with hin-
dered tertiary amines such as diisopropylethylamine or di-
cyclohexylethylamine or with aromatic amines such as
Al.iV-dimethylaniline. N-Benzylpiperidine and pyridine
failed to give the expected products.

It is theoretically possible that a nucleophile can attack
either on the alkyl groups (path a) or on the cyano group
(path b). Since path a is similar to the originally suggest-

RN—CN + R—Nu: + HF/BF3

path a

RN—CN + HNu: path b

RNHBF4 + :Nu—CN



N-Cyano-7V,Ar,AT-trialkylammonium Salts

ed mechanism of the von Braun cyanogen bromide reac-
tion, the iV-cyanoammonium salts were expected to be
good alkylating reagents. Path b might also be quite pos-
sible considering that the cyano group is bonded to a
highly electron-withdrawing tertiary ammonium group.

To test the reactivity of AT-cyanoammonium fluorobo-
rates a small amount of a nucleophilic reagent, dimethyl-
formamide or some other reagent, was added to an nmr
sample tube containing a solvent and the 7V-cyanoam-
monium fluoroborate; this was placed in a spectrometer;
spectral changes were observed during the first 1 or 2 hr.
For dimethylformamide a quartet was observed at about 8
4.02 ppm which disappeared as the time proceeded, and a
new quartet gradually appeared at about 5 4.75 ppm. The
reaction was explained as being due to the attack of the
nucleophile on the ethyl group of the AT-cyanoammonium
fluoroborate as shown below. The half-lives of some N-

DMF

(CHTHIN—CN %
BF4
CH<

AN=CHOCHZH3
ch3

BF 4.75 ppm (q)

(CHTH3N—CN  +

cyanoammonium fluoroborates obtained by this method
were as follows: A/-cyano-A/,.A,AAtriethylammonium fluo-
roborate, 35 min with 8 equiv of D20 in CH3CN, 11 min
with about 4 equiv of DMF in CH3CN; N-cyano-N,N,N-
tri-n-butylammonium fluoroborate, 12 min with about 4
equiv of DMF in CH3CN, about 10 min in dimethyl sulf-
oxide-d6-

The nmr spectra of the ether-soluble products of reac-
tion of TV-cyanoammonium salts with I1V-methylaniline
showed principally the presence of dialkylcyanamides de-
rived from the AAcyanoammonium fluoroborates. A very
small peak at 8 3.24 ppm, assigned to the AAmethyl group
of TV-methylcyananilide, was detected and calculated to
be less than 5%. The reaction thus occurred by nucleo-
philic attack on the alkyl groups of the IV-cyanoammon-
ium fluoroborates, which is in agreement with the pattern
observed in the von Braun cyanogen bromide reaction. Di-

RZN—CN +

RN—CN +
la, R = ethyl
b, R = r-butyl

rdhh bf4

ethylcyanamide (R = ethyl) and di-n-butyleyanamide (R
= n-butyl) were obtained by distillation in 82 and 89%
yield, respectively. The minor product, A-methylcyanani-
lide, was obtained in low yields and identified by compar-
ison with an authentic sample. The dialkylanilines were
obtained in comparable yields to further substantiate the
alkylation reaction.

The exothermic reaction of the AT-cyanoammonium flu-
oroborates with primary and secondary aliphatic amines
proceeded to give exclusive cyano group cleavage. Thus
the reaction of AAmethylcyclohexylamine and isobutyl-
amine gave in high yield with AAcyanoammonium salts the
expected cyanamides, iV-methylcyclohexylcyanamide
and isobutylcyanamide, and the tertiary amine salts. It
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R3AN—CN + RR'NH —»
BF4' R'R"N—CN + RNH BF"
la, R = ethyl
b, R = r-butyl

2c, R3N = jV-n-propylpjperidine

has been reported that cyanogen bromide, the only readily
available cyanating reagent, could not be efficiently used
for the cyanation of secondary and primary amines be-
cause of the formation of the amine hydrobromide salts,
which often react with the cyanamides formed to yield
guanidines.17 The use of AAcyanoammonium fluoroborates
as cyanating reagents for amines seems highly promising.
When a 1:1 molar ratio of AAcyano-Al.ATJV-triethylam-
monium fluoroborate and thiophenol were allowed to
react, a small amount of phenyl disulfide and 67% of phe-
nyl thiocyanate were obtained. When the AAcyano-

I'N—CN + Ph—SH —— T —
—RsNH  BF,
BH i
R = ethyl Ph— SCN - » Ph— S—S—Ph
R = re-butyl

AT, Af,A/-tri-n-butylammonium fluoroborate and thiophenol
were allowed to react in 1:2 molar ratio the yield of phenyl
disulfide was 83% and the rest (11%) was phenyl thiocy-
anate. The reaction of N-cvanoammonium fluoroborates
with thiophenol can be explained by the nucleophilic at-
tack of thiol group on the cyano group only. The forma-
tion of phenyl disulfide can be ascribed to further reaction
of the thiocyanate with unreacted thiol. The formation of
disulfide by this scheme has been proposed as a very fa-
vorable path,18 and recently alkyl disulfides were reported
to be prepared by the reaction of thiols and cyanogen bro-
mide directly.19 Among other known methods alkyl thio-
cyanates have been prepared by the use of cyanogen bro-
mide on lead or alkali metal mercaptides,20 on thiols with
an equivalent of tertiary amines,2l or on dialkyl sul-
fides.22’23

Sodium thiophenolate reacted with Al-cyano-A,Al,.A-tri-
rc-butylammonium fluoroborate in 2:1 molar ratio to give
94% of relatively pure phenyl disulfide.

The reaction of A'-cyanoammonium fluoroborate with
triphenylphosphine in 1:1 molar ratio gave difluorotri-
phenylphosphorane in 51% yield. The yield was increased
to about 93% when the A-cyanoammonium salt was used
in 2:1 molar ratio. The reaction was exothermic at room
temperature, and, since the product was not soluble in the
reaction medium, it was obtained in good crystalline
forms when the reaction mixture was allowed to cool to
room temperature. The 19F nmr spectrum of difluorotri-
phenylphosphorane agreed with that reported:24 19 nmr
(acetone, internal CFCI3) 8 38.72 ppm (doublet), JPF =
665.2 Hz [19F nmr (CHCI3, internal CFCI3) 8 40.4 ppm,
t/pF = 660 Hz]. The mass spectral fragmentation pattern
could also be explained by the assigned structure.

The reaction mechanism for the formation of difluoro-
triphenylphosphorane was not studied but a plausable
pathway through the intermediacy of cyanotriphenylphos-
phonium  fluoroborate,25 fluorocyanotriphenylphospho-
rane, and fluorotriphenylphosphorium26 cyanide can be
devised. This pathway, as shown below, requires that di-
cyanogen and amine-BF3 complex be major products in
the reaction. We did not attempt to isolate dicyanogen
but we did identify an amine-BF3 complex as expected.

Difluorotriphenylphosphorane has been prepared in low
yields (40-50%) by using sulfur tetrafluoride on triphenyl-
phosphine or triphenylphosphine oxide in a pressurized
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Ph® + rh—ecn Ph3— CN
3N: -BF,
BF4- BF4
+
ran—cn bf,;
PhP—F
-(CN)2
BF4-
- bf3]
Ph®PF2 + 2RN:BF3 + (CN)2
PhP— F
CN-

bottle at elevated temperature,2/8 or by fluorination of
triphenylphosphine with tetrafluorohydrazine.2/

The reaction of IY-cyanoammonium fluoroborates with
dimethylformamide yielded only the alkyl group cleaved
products. The dialkylcyanamides (R = ethyl and R = n-
butyl) and dimethylammoniun fluoroborate obtained by

0
+ 1 N ch3
RIN—CN + HC— Nf" —*
R - ethyl CH°
R = rebutyl
CH3 +
RN—CN + ""'n=CH—OR
CH3
BF4

hydrolyses were isolated in about 80% yield. No cyanation
products of DMF were detected.

When iV-cyano-iV-n-propylpiperidinium  fluoroborate
was used in the reaction the alkyl group cleavage occurred
in two ways as shown below. About 30% of piperidine ey-

rePr

<A—N—CN +

anamide and 52% of 5-hydroxypentyl-n-propylcyanamide
were obtained. This ratio corresponds to about 37% of the
former and 63% of the latter, assuming that the alkyl
group cleavage products were isolated in 100% yield. In
the von Braun cyanogen bromide reaction of iV-n-propyl-
piperidine the ratio of the propyl group cleavage product
to the ring-cleavage product was 40:60.28
With water the cyano group cleavage product is cyanic
acid. The detection of the formed cyanic acid was not at-
tempted, but its hydrolysis product was obtained in about
15 and 14% yields, respectively, with the N-cyanoammon-
ium salts (R = Et, R = Bu). The tertiary amine salts (R
= ethyl and R = re-butyl) were obtained in 84% vyields, in-
dicating that the cyano group cleavage occurred at least to
the extent of 84%. The dialkylcyanamides (R = ethyl and
R = re-butyl) were obtained in 12 and 9% yields, respec-
tively, from the alkyl group cleavage of the IV-cyanoam-
monium salts. Ethanol was tentatively identified (nmr ev-
idence) in the distillate of the reaction solvent of N-
cyano-A,A, A-triethylanimonium fluoroborate.
RANH bf4

+ (KOCN) N  NHBF4

RN—CN + H,0

RiN—CN + ROH + HF/BF3

Paukstelis and Kim

In summary, the cyanation reaction (path B) was ob-
served with most strong nucleophiles such as aliphatic
amines, thiophenol, sodium thiophenolate, triphenylphos-
phine, and water. The potential use of N-cyanoammon-
ium salts as cyanating reagents in the reaction with car-
boxylic acids has been reported.29 Alkyl-group cleavage
(path A) was observed with dimethylformamide and N-
methylaniline. The reasons for the highly selective reac-
tions, either path A or path B, are not at all clear and re-
quire further study. It seems that A-cyanoammonium flu-
oroborates might not be useful as alkylating agents, con-
trary to original expectations, but may serve as versatile
cyanating agents in a variety of reactions.

Experimental Section30

Preparation of A-Cyano-A, A, A-triethylammonium Fluo-
roborate. To a solution of 15 g (0.014 mol) of cyanogen bromide
in 50 ml of ether cooled at -78° were added in small portions 10.1
g (0.10 mol) of triethylamine in 50 ml of ether cooled at -78°.
Colorless crystals began to form immediately. The solution was
stirred for 2 hr at -78° and 18.9 g (0.01 mol) of triethyloxonium
fluoroborate in 50 ml of dry methylene chloride cooled to —78°
was added at once. After stirred for several minutes the reaction
mixture was allowed to warm up until room temperature was
reached. The supernatant solvent was decanted from the colorless
crystals under a dry nitrogen atmosphere and washed with 2:1
ether-methylene chloride mixed solvent three times. Drying in
vacuo gave 20-21 g (93-98%) of A-cyano-A, AA-triethylammon-
ium fluoroborate. The product was recrystallized from acetonitrile
by adding ethyl acetate: mp 63-64°; ir (Nujol mull) 2270 (weak,
CN) and 1050-1100 cm-1; nmr (acetone-de) 5 1.67 (t, CH3, 9 H)
and 4.30 (g, CH2N+,6H).

Anal. Calcd for C7THAANZ2BF4 (214.02): C, 39.28; H, 7.06; N,
13.09. Found: C, 39.12; H, 7.01; N, 13.27.

A-Cyano-A, V,A-tri-re-butylammonium fluoroborate was pre-
pared by the same procedure as that of A-cyano-A, A, A-triethyl-
ammonium fluoroborate with the extension of the time for the
adduct formation to about 5 hr (97% yield) and was recrystallized
from ethyl acetate by adding petroleum ether: mp 79-80°; ir
(Nujol mull) 2265 (weak, CN) and 1050-1100 cm-1; nmr (ace-
tone-de) S 1.01 (t, CH3 9 H), 1.27-1.77 (m, CH2, 6 H), 1.83-2.40
(m, CH2, 6 H), and 4.15-4.27 (m, CH2N+, 6 H); uv tail (acetoni-
trile) 240 nm (E 40).

Anal. Calcd for CI3HZIN2BF4 (298.19): C, 52.36; H, 9.13; N,
9.40. Found: C, 52.50; H, 9.17; N, 9.30.

A-Cyano-A-methylpiperidinium fluoroborate was prepared
by the same procedure as that of A-cyano-A, A A-tri-re-butylam-
monium floroborate (86% yield): mp 83-85°; ir (Nujol mull) 2260
(weak, CN) and 1000-1100 cm"1; nmr (acetonitrile) S 3.81 (s,
CH3N+, 3H), and 3.70-4.76 (m, CH2N+, 4 H).

Anal. Calcd for CHiIIN2BF4 (212.01); C, 39.65; H, 6.18; N,
13.22. Found: C, 39.80; H, 5.91; N, 13.50.

A-Cyano-A-ethylpiperidinium fluoroborate was prepared by
the same procedure as that of A-cyano-A, A A-tri-re-butylammo-
nium fluoroborate (91% yield): mp 108-110° ir (Nujol mull) 2263
(weak, CN) and 1000-1100 cm-1; nmr (acetone-dg) 5 1.63 (t, CH2
3H), 1.33-2.60 (br, CH2 6H), and3.74-4.73 (br, CH2N+, 6H).

Anal. Calcd for C8HISNZBF4 (226.02): C, 4251; H, 6.69; N,
11.65. Found: C, 42.45; H, 6.76; N, 12.10.

A-Cyano-A-re-propylpiperidinium fluoroborate was prepared
by the same procedure as that of A-cyano-A,A, A-tri-re-butylam-
monium fluoroborate (86% yield): mp 83-85°; ir (Nujol mull) 2260
(weak, CN) and 1000-1100 cm-1; nmr (acetone-d6) 5 1.11 (5,
CH3, 3 H), 1.40-2.50 (br, CH2, 8 H), and 3.74-4.4 (m, CH2N+, 6
H).

Anal. Calcd for COHITNZBF4 (240.05): C, 45.03; H, 7.14; N,
11.76. Found: C, 44.85; H, 7.40; N, 11.45.

A-Cyano-A-re-butylpiperidinium fluoroborate was prepared
by the same procedure as that of A-cyano-A, A, A-tri-ra-butylam-
monium fluoroborate (85% yield): mp 68-69°; ir (Nujol mull) 2270
(weak, CN) and 1000-1100 cm-1; nmr (acetone-dg) 5 1.00 (t, CH3,
3H), 1.10-2.50 (m, CH2 10H), and3.74-4.73 (br, CH2N+, 6H).

Anal. Calcd for CI0HIONZ2BF4 (253.29): C, 47.27; H, 7.54; N,
11.03. Found: C, 47.20; H, 7.40; N, 11.10.

Reaction of A-Methylaniline with A-Cyanoammonium Fluo-
roborates. 1 A-Cyano-AA A-triethylammonium Fluorobo-
rate. To a solution of 214 g (0.01 mol) of A-cyano-AA,A-
triethylammonium fluoroborate in 10 ml of acetonitrile was added
1.07 g (0.01 mol) of A-methylaniline. The solution was allowed to
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stand for 1 day. It was refluxed for 5 min, the solvent was re-
moved by azeotropic distillation with isopropyl ether (bp 63.5-
68°), and the residue was extracted with ether (4.50 ml) to sepa-
rate the ammonium salt. The ether layer was washed with water
(15 ml), dried (Na2S04), and evaporated on a rotary evaporator
at room temperature to give a pale yellow oil. The oil was dis-
solved in 200 ml of ether and washed with 30 ml of 1 N HC1 solu-
tion to remove unreacted IV-methylaniline. The ether layer was
washed with a small amount of water, dried (Na2S04), and dis-
tilled to give 0.89 g (88%) of diethylcyanamide. The distillation
residue contained IV-methylcyananilide as the major component
which was further purified by column chromatography on deacti-
vated silica gel using 10:1 cyclohexane-ethyl acetate as solvent.
IV-Methylcyananilide was identified by comparison of nmr spec-
tra with those of an authentic sample prepared by the reaction of
cyanogen bromide with /V,iV-dimethylaniline.l The nmr signal of
an impurity appeared at6 0.8-1.9 ppm in CC14. The ether-insolu-
ble products were dissolved in 30 ml of water and treated with
1.50 g of sodium hydroxide under 200 ml of ether. The ether-ex-
tracted portion was distilled to give 1.10 g (82%) of N-methyl-IV-
ethylaniline. Diethylcyanamide was analyzed as follows: ir (thin
film) 2213 cm-1 (strong, CN); nmr (CC13) 5 1.25 (t, CH3, 6 H)
and 3.20 (q, CH2, 4 H); mass spectrum m/e (rel abundance) 98
(M+, 34), 87 (6), 85 (42), 84 (6), 83 (6), 70 (11), 69 (12), 58 (25), 56
(6) , 55 (100), 53 (6), 49 (9), 48 (10), 47 (22), 44 (9), 43 (98), 42
(20), 41 (6).

Anal. Calcd for C5HiON2 (98.15): C, 61.18; H, 10.27; N, 28.55.
Found: C, 61.30; H, 10.42; N, 28.02.

2. N-Cyano-2V, IV,/V-tri-n-butylammonium Fluoroborate.

Three grams (0.01 mol) of AT-cyano-iV,IV,IV-tri-ra-butylammomum
fluoroborate and 1.07 g (0.01 mol) of JV-methylaniline were al-
lowed to react in 10 ml of acetonitrile as in 1 to give 1.50 g of
ether-soluble product mixture which was shown to contain di-n-
butylcyanamide as the major component and a minor component
which had a singlet at 5 3.24 ppm in CC14. The crude product was
purified by column chromatography on silica gel using 10:1 cyclo-
hexane-ethyl acetate as solvent to give 0.87 g (56.5%) of di-rt-
butylcyamide as the second fractions. The first fractions con-
tained most of the IV-methylcyananilide and weighed about 0.05
g. The ether-insoluble portion gave, after base treatment, 1.40 g
(83%) of Af-methyl-IV-rc-butylaniline, which was purified by col-
umn chromatography on silica gel using 10:1 cyclohexane-ethyl
acetate as solvent. The nmr spectrum (CC14) had signals at5 0.91
(t, CH3, 3 H), 1.07-1.80 (br, CH2, 4 H), 2.85 (s, CH3, 3 H), 3.17
(t, CH2, 2 H), 6.43-6.63 (m, phenyl ring, 3 H), 6.91-7.23 (m, phe-
nyl ring, 2 H). Di-ra-butylcyanamide was characterized as follows:
bp 70-71° (0.5 mm); ir (thin film) 2205 cm" 1 (strong, CN); nmr
(CC14) 5 0.97 (t, CH3, 6 H), 1.20-1.90 (m, CH2, 8 H), 2.97 (t,
CH2, 4 H); mass spectrum m/e (rel abundance) 154 (M +, 23), 139
(7) , 125 (9), 112 (10), 111 (44), 98 (9), 97 (7), 86 (8), 83 (7), 70
(11), 69 (100), 57 (44), 55 (19), 43 (13), 42 (10), 41 (41), 39 (8).

Reaction of IV-Methylcyclohexylamine with [V-Cyanoam-
monium Fluoroborates. 1. N-Cyano-7V,Af,iV-triethylaminoniuin
Fluoroborate. To a solution of 2.14 g (0.01 mol) of N-cyano-jV,N,N-
triethylammonium fluoroborate in 10 ml of acetonitrile was added
1.13 g (0.01 mol) of iV-methylcyclohexylamine. The reaction mix-
ture was allowed to stand at room temperature for several hours.
The solvent was removed on a rotary evaporator at room temper-
ature, and the residue was extracted with ether (3 x 100 ml),
which was washed with 15 ml of water, dried (Na2S04), and
evaporated at room temperature to give 1.13 g (85%) of crude N-
methylcyclohexylcyanamide. The nmr spectrum of this product
in CC14 showed small peaks at around & 3 ppm, but the impurity
was not characterized. Distillation, bp 72° (0.32 mm), of this
product gave an analytically pure sample which was character-
ized as follows: ir (thin film) 2200 cm" 1 (strong, CN); nmr (CC14)
5 1.75 (br, CH2, 10 H), 2.83 (br, CH, 1 H), 2.85 (s, CH3, 3 H);
mass spectrum m/e (rel abundance) 138 (M+, 55), 137 (11), 123
(8), 121 (5), 111 (5), 110 (11), 109 (15), 105 (8), 98 (8), 97 (8), 96
(17), 95 (88), 84 (11), 83 (93), 82 (26), 81 (15), 77 (6), 71 (6), 70
(15), 69 (26), 68 (13), 76 (38), 58 (6), 57 (98), 56 (15), 55 (100), 54
(22), 53 (18), 44 (11), 43 (68), 41 (87), 40 (6), 39 (32).

Anal Calcd for C8Hi4N 2 (138.21): C, 69.52; H, 10.21; N, 20.27.
Found: C, 69.54; H, 10.00; N, 20.10.

2. jV-Cyano-N./V.jV-tri-n-butylammonium  Fluoroborate.
Three grams (0.01 mol) of N-cyano-NN, N-tri-n-butylammonium
fluoroborate and 1.13 g (0.01 mol) of N-methylcyclohexylamine
were allowed to react as in 1in 10 ml of acetonitrile to give 1.40 g
(99%) of crude I1V-methylcyclohexylcyanamide, which was dis-
tilled in a Hickman still (80°) to give an analytically pure sample
ofiV-methylcyclohexylcyanamide.
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3. N-Cyano-iV-rc-propylpiperidinium Fluoroborate. Three
grams (0.0125 mol) of IV-cyano-IV-propylpiperidinium fluoroborate
and 1.50 g (0.13 mol) of IV-methylcyclohexylamine were allowed
to react as in 1 in 10 ml of acetonitrile to give 1.67 g (97%) of
crude iV-methylcyclohexylcyanamide, which gave, after distilla-
tion in a Hickman still (80°), a clear oil whose ir and nmr spectra
were identical with those obtained previously.

Reaction of Isobutylamine with N-Cyanoammonium Fluo-
roborates. 1 N-Cyano-N.iV,N-triethylammonium Fluorobo-
rate. To a solution of 2.14 g (0.01 mol) of N-cyano-N,N,N-
triethylammonium fluoroborate in 10 ml of acetonitrile was added
0.75 (0.01 mol) of isobutylamine. The solution was allowed to
stand at room temperature for several hours, and the solvent was
removed on arotary evaporator at room temperature. The residue
was extracted with ether (3 X 100 ml) and the ether layer was
washed with 15 ml of water, dried (Na2S04), and distilled to give
0.8 g (81.5%) of crude isobutylcyanamide as a residue whose nmr
spectrum in CC14 did not show any peaks, at around S 3 ppm.
Distillation at 73° (0.35 mm) gave a clear oil of isobutylcyanam-
ide which was characterized as follows: ir (thin film) 3166 (strong,
NH) and 2218 cm" 1 (strong, CN); nmr (CDC13) 5 0.92 (d, CH3, 6
H), 1.83 (m, CH, 1 H), 2.83 (d, CH2, 2 H), and 4.68 (br, NH, 1
H). This cyanamide was trimerized on standing to a solid, which
was characterized as follows: mp 86-90°;, ir (thin film) 3346
(strong, NH), 1613, and 1492 cm-1; mass spectrum m/e (rel
abundance) 294 (M+, 3), 279 (7), 237 (6), 223 (6), 182 (12), 181
(9), 167 (12), 140 (22), 127 (20), 126 (20), 99 (5), 98 (40), 97 (6), 84
(7), 83 (53), 70 (14), 69 (16), 58 (6), 57 (15), 56 (13), 55 (100), 53
(5), 44 (4), 43 (14), 42 (14), 41 (12).

Anal. Calcd for Ci5SH30N6 (294.45): C, 61.18; H, 10.27; N, 28.54.
Found: C, 61.30; H, 10.10; N, 28.60.

2. IV-Cyano-IV, IV, IV-tri-rc-butylammonium Fluoroborate. To a
solution of 1.50 g (0.005 mol) of N-cyano-fV,N,TVitri-n-buty[am-
monium fluoroborate in 10 ml of acetonitrile, 0.38 (0.005 mol) of
isobutylamine was added. The solution was allowed to react and
worked up as in 1 to give 0.47 g (99%) of isobutylcyanamide,
which was short-path distilled [82° (0.45 mm)] to give a clear oil
whole irand nmr spectra were identical with those obtained in 1.

Reaction of Thiophenol with N-Cyanoammonium Fluorobo-
rates. 1. jV-Cyano-N, TV.A'-triethylammonium Fluoroborate. To
a solution of 0.88 g (0.041 mol) of !'V-cyano-TV,IV,iV-triethylammo-
nium fluoroborate in 10 ml of acetonitrile was added 0.49 g
(0.0045 mol) of thiophenol. The mixture was allowed to stand at
room temperature for several hours and refluxed briefly, followed
by removal of the solvent by azeotropic distillation with isopropyl
ether (bp 63.5-68°). The residue was extracted with ether (3 x
100 ml), and the ether portion was evaporated on a rotary evapo-
rator without heating to give a pale yellow oil whose nmr spec-
trum showed only phenyl groups. The oil was dissolved in 300 ml
of ether, and the ether solution was washed with 10 ml of 2 N
NaOH solution and 15 ml of water, dried (Na2S04), and distilled
in a short-path distillation column to give 0.45 g (67%) of phenyl
thiocyanate. The residue was a small amount of phenyl disulfide,
which was identified by comparison with an authentic sample by
ir and nmr spectroscopy. Phenyl thiocyanate was characterized as
follows: ir (thin film) 2156 cm" 1 (strong, SCN); nmr (CDC13) 5
7.37 (m, phenyl ring); mass spectrum showed molecular ion at
m/e 135.

Anal. Calcd for C7TH5NS (135.18): C, 62.19; H, 3.73; N, 10.36.
Found: C, 62.15; H, 3.82; N, 10.48.

2. N-Cyano-N, N.A'-tri-n-butylammonium Fluoroborate. A
solution of 3.00 g (0.01 mol) of /V-cyano-/V,/V ,A'-tri-re-butylammo-
nium fluoroborate in 20 ml of acetonitrile and 2.30 (0.021 mol) of
thiophenol were allowed to react and worked up as in 1 to give 2.0
g of ether-soluble product mixture. Distillation [130° (0.20 mm)]
in a short-path distillation column gave 0.15 g (11%) of crude
phenyl thiocyanate and 1.80 g (82.5%) of phenyl disulfide as resi-
due. Phenyl disulfide was recrystalized from ethanol and charac-
terized as follows: mp 59-59.5° (lit.31 mp 61-62°); ir (Nujol mull)
1517, 1432, 1375, 1069, 1022, 896, 834, 737, and 685 cm "1, nmr
(CDC13) §7.25 (m, phenyl ring); mass spectrum showed molecu-
lar ion at m/e 218.

Anal. Calcd for C12Hi0S2 (218.33): C, 66.01; H, 4.62. Found: C,
65.75; H, 4.77.

3. (V-Cyano-IV-n-propylpiperidinium Fluoroborate. A solu-
tion of 3.00 g (0.0125 mol) of AT-cyano-IV-rc-propylpiperidinium
fluoroborate in 20 ml of acetonitrile and 1.65 g (0.015 mol) of thio-
phenol were allowed to react and worked up as in 1 to give 1.25 g
of crude phenyl thiocyanate, bp 116° (0.15 mm), and 0.61 g of
phenyl disulfide. (The minimum yield of the formed thiocyanate
was calculated to be 92%.)



1498 J. Org. Chem., Vol. 39, No. 11, 1974

Reaction of Sodium Thiophenolate with iV-Cyanoammonium
Fluoroborates. 1. N-Cyano-<V,N,/Vrtriethylammonium Fluo-
roborate. A solution of 1.58 g (0.0074 mol) of N-cyano-N,N,N-
triethylammonium fluoroborate in 20 ml of acetonitrile was added
to 1.78 g (0.0135 mol) of sodium thiophenolate (prepared from so-
dium and thiophenol in ethanol). The reaction mixture was al-
lowed to stand at room temperature for several hours. The solvent
was removed on a rotary evaporator and the residue was extract-
ed with ether (3 X 100 ml). Distillation gave 1.32 g (89.5%) of
phenyl disulfide as residue.

2. iV-Cyano-ArA' JV-tri-ra-butylammonium Fluoroborate. A
solution of 3.00 g (0.01 mol) in 10 ml of acetonitrile was added to
2.80 g (0.021 mol) of sodium thiophenolate. The solution was al-
lowed to react and worked up as in 1 to give 2.09 g (95%) of phe-
nyl disulfide, which gave, after recrystalization from ethanol,
identical ir and nmr spectra with those obtained in the previous
experiment.

Reaction of Triphenylphosphine with JV-Cyanoammonium
Fluoroborates. 1 N-Cyano-A’A/A'-triethylammonium Fluo-
roborate. To a solution of 2.14 g (0.01 mol) of N-cyano-N,N,N-
triethylammonium fluoroborate in 20 ml of acetonitrile, 1.31 g
(0.005 mol) of triphenylphosphine was added. The reaction mix-
ture was allowed to stand at room temperature for several hours.
The precipitated colorless crystals were collected, washed with
ether, and dried under vacuum to give 0.76 g (51%) of a com-
pound eventually identified as difluorotriphenylphosphorane. The
mother liquor was evaporated on a rotary evaporator at room
temperature, and the residue was extracted with petroleum ether
(2 X 100 ml) to give, by distillation of the solvent, 0.07 g of di-
ethylcyanamide. The unextracted material could not be purified
by continuous extraction with ether. It was treated with decolor-
izing carbon in 100 ml of ethyl acetate and the addition of ether
precipitated 1.40 g of very unstable, colorless crystals which were
dried under vacuum for several days. The crystals gave very simi-
lar ir and nmr spectra to those of the adduct of triethylamine and
boron trifluoride formed in ether, but satisfactory elemental anal-
ysis could not be obtained owing to the instability. Difluorotri-
phenylphosphorane was characterized as follows: mp 147-149°
(lit.28 mp 158-162°); nmr (acetone-de) 5 7.50, 7.90, and 8.10 (m's
in 2:1:1 ratio); 19F nmr (acetone, internal CFCI3) ¢ 38.72 (dou-
blet, Jp-F = 665.2 Hz (lit.24 0 40.4, JP.F = 660 Hz in CHC13);
mass spectrum m/e (rel abundance) 300 (M +, 0.4), 281 (3), 279
(3), 223 (21), 205 (11), 204 (100), 203 (22), 202 (4), 183 (5), 154
(17), 152 (5), 127 (23), 77 (24), 51 (12).

Anal. Calcd for Ci8Hi5PF2 (300.275): C, 71.99; H, 5.04. Found:
C, 72.10; H, 5.06.

2. ,'V-Cyano-ArArjV-tri-n-butylammonium Fluoroborate. To a
solution of 3.00 g (0.01 mol) of N-cyano-N.A/Af-tri-n-butylammo-
nium fluoroborate in 20 ml of acetonitrile was added 1.31 g (0.005
mol) of triphenylphosphine. The solution was allowed to react
and worked up as in 1 to give 1.46 g (93%) of difluorotriphenyl-
phosphorane.

Reaction of Water with iV-Cyanoammonium Fluoroborates.
1. IV-Cyano-iV,N,iV-triethylainmonium Fluoroborate. To a so-
lution of 2.14 g (0.01 mol) of AT-cyano-iV,iV,Af-triethylammonium
fluoroborate in 20 ml of acetonitrile was added 0.20 ml of water.
The reaction mixture was allowed to stand at room temperature
for 3 days. It was refluxed briefly and the solvent was removed by
distillation. The distillate showed a quartet at $3.47 ppm (in ace-
tonitrile). The distillation residue was extracted with ether (3 X
100 ml) and the ether layer was evaporated on a rotary evapora-
tor at room temperature to give 0.12 g (11%) of crude diethylcy-
anamide, which was distilled in a Hickman still as a clear oil
whose nmr and ir spectra were identical with those obtained ear-
lier. The ether-insoluble product mixture was dissolved in 100 ml
of acetonitrile and filtered to give the undissolved colorless crys-
tals of ammonium fluoroborate weighing 0.19 g (15%). The aceto-
nitrile solution was evaporated to give crude triethylammonium
fluoroborate weighing 1.50 g (84%), whose ir and nmr spectra
were identical with those of an authentic sample. Elemental
analysis of ammonium fluoroborate was as follows.

Anal. Calcd for NH4BF4 (129.07): H, 3.85; N, 13.40. Found: H,
4.04; N, 13.15.

2. A'-Cyano-N.Ai.A-tri-rc-butylammonium Fluoroborate. To a
solution of 1.50 g (0.005 mol) of Arcyano-.IV, IV Af-tri-rc-butylam-
monium fluoroborate in 20 ml of acetonitrile, 0.20 ml of water was
added and the solution was allowed to react and worked up in 1;
0.14 g (9.1%) of di-re-butylcyanamide, 0.09 g (14%) of ammonium
fluoroborate, and 1.14 g (83.5%) of tri-n-butylammonium fluo-
roborate were obtained. Di-n-butylcyanamide was purified by col-
umn chromatography on silica gel using 1:1 hexane-ethyl acetate
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as solvent. The three products gave ir and nmr spectra identical
with those of authentic samples obtained earlier.

Reaction of Dimethylformamide with N-Cyanoammonium
Fluoroborates. 1. N-Cyano-IV, IV, IV-triethylammonium Fluo-
roborate. To a solution of 2.14 g (0.01 mol) of N-cyano-N,N,N-
triethylammonium fluoroborate in 20 ml of acetonitrile was added
0.75 g (0.01 mol) of dimethylformamide. The solution was allowed
to stand for 2 days at room temperature and refluxed for 2 hr, fol-
lowed by the addition of 0.20 ml (0.011 mol) of water. The solu-
tion was refluxed for an additional 2 hr and the solvent was re-
moved by azeotropic distillation with isopropyl ether (bp 63.5-
68°). The distillation residue was extracted with ether (3 x 100
ml), and the ether portion was washed with 15 ml of water, dried
(Na2s0,i), and evaporated on a rotary evaporator at room tem-
perature to give 0.79 g (80.6%) of diethylcyanamide, which was
short-path distilled to give a clear oil whose ir and nmr spectra
were identical with those obtained earlier. The ether-insoluble
product was 1.10 g (82.5%) of crude dimethylammonium fluo-
roborate as determined by nmr spectroscopy.

2. A-Cyano-TV,N, N -tri-n-butylammonium Fluoroborate. To a
solution of 1.50 g (0.005 mol) of N-cyano-N,.N,N-tri-n-butylam-
monium fluoroborate in 20 ml of acetonitrile was added 0.37 g
(0.005 mol) of dimethylformamide. The solution was allowed to
react and worked up as in 1 to give 0.62 g (82%) of di-n-butylcy-
anamide, which was distilled in a Hickman still to give a clear oil
whose ir and nmr spectra were identical with those obtained ear-
lier.

3. N-Cyano-TV-n-propylpiperidinium Fluoroborate. To a solu-
tion of 3.0 g (0.0125 mol) of N-cyano-N-re-propylpiperidinium flu-
oroborate in 20 ml of acetonitrile, 0.95 g (0.013 mol) of dimethyl-
formamide was added. The solution was allowed to react as in 1.
The. reaction mixture was distilled, and the distillate was exam-
ined by nmr spectroscopy to show two different triplets at about5
4.08 and 3.40 ppm in acetonitrile. (The former triplet was as-
signed to the methylene protons of the expected n-propyl for-
mate.) The distillation residue was extracted with methylene
chloride (3 X 100 ml) and distilled to give 0.41 g (30%) of piperi-
dine cyanamide and 1.10 g (52%) of 5-hydroxypentyl-n-propylcy-
anamide. Piperidine cyanamide contained a small amount of di-
methylformamide, which was removed by washing with water.
The methylene chloride insoluble portion was crystalized and
washed with ether in a continuous-extraction column to give 1.61
g (97%) of dimethylammonium fluoroborate. Piperidine cyanam-
ide was characterized as follows: bp 41° (0.65 mm); ir (thin film)
2203 cm-1 (strong, CN); nmr (CDCI13) 5 1.60 (br, CH2, 6 H) and
3.17 (br, CH2N, 4 H); mass spectrum m/e (rel abundance) 110
(M+, 100), 111 (8), 109 (78), 95 (6), 83 (5), 82 (10), 81 (5), 69 (64),
67 (10), 58 (12), 57 (28), 56 (13), 55 (44), 54 (13), 53 (10), 44 (22),
43 (40), 42 (99), 41 (39), 40 (5), 39 (15).

Anal. Calcd for C6HiON2 (110.16): C, 65.41; H, 9.15; N, 25.44.
Found: C, 65.45; H, 9.25; N, 25.00.

5-Hydroxypentyl-n-propylcyanamide was characterized as fol-
lows: bp 140° (0.65 mm); ir (thin film) 2203 cm" 1 (strong, CN);
nmr (CDCI3) 6 0.97 (t, CH3, 3 H), 1.40-1.90 (m, CH2, 8 H) 2.90-
3.40 (m, CH4, 4 H), and 3.60 (t, CH2, 2 H); mass spectrum m/e
(rel abundance) 170 (M+, 4), 155 (15), 142 (4), 141 (10), 128 (19),
127 (8), 126 (5), 125 (10), 123 (6), 114 (16), 113 (6), 112 (7), 111
(10), 110 (4), 105 (8), 100 (11), 99 (9), 98 (22), 97 (35), 88 (6), 96
(8), 88 (5), 86 (6). 85 (51), 84 (7), 83 (13), 82 (7), 81 (43), 80 (15),
79 (8), 77 (17), 75 (39), 72 (22), 71 (5), 70 (25), 69 (48), 58 (8), 57
(21), 56 (14), 55 (100), 54 (16), 53 (11), 51 (7), 45 (6), 44 (18), 43
(68), 42 (22), 41 (85), 39(28).

Anal. Calcd for C9Hi8N20 (170.25):
16.46. Found: C, 63.60; H, 10.40; N, 16.25.

C, 63.49; H, 10.65; N,

Registry No.—1 (R = Et), 30684-36-7; 1 (R = Bu), 30684-37-8; 2
(R = Me), 30759-79-6; 2 (R = Et), 51108-21-5; 2 (R = Pr), 51108-
23-7; 2 (R = Bu), 30759-80-9; cyanogen bromide, 506-68-3; trieth-
ylamine, 121-44-8; triethyloxomium fluoroborate, 368-39-8; tri-rc-
butylamine, 102-82-9; AT-methylpiperidine, 626-67-5; N-ethylpip-
eridine, 766-09-6; N-propylpiperidine, 5470-02-0; JV-n-butylpiperi-
dine, 4945-48-6; N-methylaniline, 100-61-8; diethylcyanamide,
617-83-4; iV-methyl-IV-n-butylanilme, 3416-49-7; N-methylcyclo-
hexylamine, 100-60-7; N-methylcyclohexylcyanamide, 49677-01-2;
isobutylamine, 78-81-9; isobutylcyanamide, 13519-17-0; isobutyl-
cyanamide trimer, 51056-91-8; thiophenol, 108-98-5; phenyl thio-
cyanate, 5285-87-0; phenyl disulfide, 882-33-7; sodium thiopheno-
late, 930-69-8; triphenylphosphine, 603-35-0; difluorotriphenyl-
phosphorane, 845-64-7; water, 7732-18-5; ammonium fluoroborate,
13826-83-0; dimethylformamide, 68-12-2; piperidine cyanamide,
1530-87-6; 5-hydroxypentyl-re-propylcyanamide, 51056-92-9.
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A variety of N-alkoxycarbonyl-AT,iV,N-trialkylammoniuni fluoroborates have been synthesized from tertiary
amines and alkyl chloroforméates. The salts are stable and can be used in the mixed anhydride method of pep-
tide synthesis. The yields of peptides are similar to those observed previously but the amount of racemization is
apparently reduced as determined by the Anderson test. The salts also react readily with primary and secondary

amines to give urethanes.

The occurrence of simple N-alkoxycarbonyl-iV,Al Al-tri-
alkylammonium salts has been postulated many times38
but stable salts have been isolated only rarely.9-11 The
highly stabilized derivatives of 4-(N,fV-dimethylamino)py-
ridinel0 and N-methylimidazolell may not even be in a
strict sense N-alkoxycarbonylammonium salts. Thus there
remains only the report of simple iV-alkoxycarbonylam-
monium salt preparation by reaction of urethanes with
methyl fluorosulfonate9followed by rearrangement.

Our interest in preparing the IV-alkoxycarbonylammon-
ium salts required preparation of wide variety of struc-
tures and high vyields for use in the mixed anhydride
method of peptide synthesis. We felt that if such salts can
be made and used then the mixed anhydride method
would be completely free of excess bases (in the formation
of the mixed anhydride) that might lead to racemiza-
tion.12 Currently the N-alkoxycarbonylammonium salts
are prepared by mixing tertiary amino and alkyl chloro-
formétes.12-16 Chloride ion is a fairly good nucleophile;

o 0
R
R \+
R— N + Cl— C— OR' R— N— C— OR'
R7

r/ cr

thus the reaction can never be completely free of base be-
cause the reaction is always somewhat reversible. If the
reagents can be readily formed then it also may be useful
in the formation of N, O, and S protecting groups.

To eliminate the problem of reversibility we chose to
exchange the chloride for fluoroborate. The fluoroborate

ion is less nucleophilicl7 and in our experience yields sta-
ble, nonhydroscopic salts.1819

The adducts of tertiary amines and alkyl chloroforméates
were obtained by mixing the two reactants in ether at
-78°. The addition compounds were generally observed as
colorless crystals and appeared stable at room tempera-
ture under ether. Detailed examination by nmr spectros-
copy and elemental analysis indicated that the substances
were usually a mixture.

The anion exchange reaction was facile when the HF/
BF3 mixture was added to the adducts of tertiary amines
and alkyl chloroforméates at -78°. Stirring until room
temperature was reached gave colorless crystals of N-al-
kyloxycarbonylammonium fluoroborates (1-12) in 89-99%
yield. Most salts showed sharp melting points and varied
in their stability. The pyridine derivatives were very un-
stable, and among those derived from aliphatic amines
the stability increased as the alkyl groups became bulkier.
The derivatives of N.N-dimethylcyclohexylamine and iso-
propyl, sec-butyl, or isobutyl chloroformate were the most
stable N-alkyloxycarbonylammonium salts, allowing easy

0

+
(CHXHYN --C — OEt
BF4'
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H,C [e]
/I—\ 1 1
A N — C— OR
CH3 bf; OZC,\ BF«“
5, R=Et OR
8, R = CHZh- 6, R=Et
9, R = i-Bu 7, R = CHZPh
11, R = s-Bu 10, R = i-Bu
12, R = (-Pr

handling under ordinary available anhydrous experimen-
tal conditions.

The reaction scheme of the anion exchange reaction is
formulated as shown below. The adduct of a tertiary

RjN— COOR

cr bf4_

RA: + ROCOC1

amine and an alkyl chloroformate is assumed to be the
ionic intermediate from which the iV-alkyloxycarbonylam-
monium fluoroborate is formed upon the addition of HF/
BF3 mixture by losing one HC1 molecule.

The main feature of the infrared spectra of N-alkyloxy-
carbonylammonium fluoroborates (1-12) is that each has
a strong carbonyl bond absorption at around 1812-1822
cm 'l (except the salt 8). Since alkyl chloroformates usu-
ally absorb strongly at around 1760-1880 c¢cm 'l owing to
the carbonyl bonds,20 the carbonyl absorptions of N-al-
kyloxycarbonylammonium fluoroborates are higher by
about 10-20 cm '1. This is a trend similar to that observed
in the infrared spectra of iV-cyanoammonium fluorobo-
rates.18

Nuclear magnetic resonance spectra of iV-alkyloxycar-
bonylammonium fluoroborates were consistent with the
proposed structures. The alkyl groups derived from alkyl
chloroformétes appeared in a chemical shift region similar
to those of alkyl chloroforméates. The protons adjacent to
the nitrogen atom showed a drastic change in chemical
shifts when comparing the iV-alkyloxcarbonylammonium
salts with ordinary tertiary ammonium salts. The chemi-
cal shifts (5) were about 3.8 ppm for methylene protons,
3.2-3.45 ppm for methyl protons, and 4.0-4.3 ppm for
methine protons in acetone-de. For tertiary ammonium
salts the values are about 3.0, 2.95, and 3.1 ppm, respec-
tively.

The present method of preparation of JV-alkyloxycar-
bonylammonium fluoroborates using HF/BF3 mixture re-
sulted in several failures. The products obtained from N-
methylpiperidine, trimethylamine and quinuclidine, and
isobutyl chloroformate were crystalline substances, but
too unstable to be characterized. In the other extreme, the
reactions of most hindered tertiary amines and alkyl chlo-
roforméates were too slow at the low temperatures em-
ployed to give crystalline products. Thus, the reaction of
N,N-dimethyl-iert-butylamine,  tri-n-butylamine, and
N.N-diethylcyclohexylamine with ethyl or isobutyl chloro-
formate did not give the desired products.

It was apparent that the alkyl groups of the alkyloxy-
carbonylammonium fluoroborates could be cleaved by the
attack of a nucleophile as observed in several intermedi-
ates3-912 16 but the cleavage of the alkyloxycarbonyl
groups was also expected as in the reaction of N-cyanoam-
monium fluoroborates.18'19 The present study dealt only
with the acyl group cleavages, especially the suitability of
these ammonium salts as mixed anhydride and urethane
forming reagents.

The reaction of N-isobutyloxycarbonyl-N, AT-dimethylcy-
clohexylammonium fluoroborate (9) with N-methylcyclo-
hexylamine gave a 93% yield of the carbamate 13. N-Eth-
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yloxycarbonyl-iV.N-dimethylcyelohexylammonium fluo-
roborate (5) reacted with cyclohexylamine to give a 99%
yield of the carbamate 14. From the two examples it is
clear that urethanes can be formed in high yield using re-
agents. The use as selective urethane-forming reagents is
being explored.

+/ CHS

mmN— COO-i-Bu +
X CH3
BF4

NHCH,

+ /ch3
N— H
X CH3
BFf

ICH 3
N— H
X CH3

n NHCOOEt. +

14

b f4

The attempted peptide synthesis using N-alkyloxycar-
bonylammonium fluoroborates proceeded to give moder-
ate yields of oligopeptides. The carboxyl group of the N-
protected amino acid attacks on the alkyloxycarbonyl
group of the ammonium salt to form the mixed anhydride
15, which is attacked by the added N-terminal amino acid
to form the dipeptide derivativel6 accompanied by the
liberation of carbon dioxide and an alcohol. The procedure

RjN— COOR + ZNHiCHRCOOH ----- p— *
-r3nh bf4-
(6]
1 NHjCHRCOOR.
ZNHCHRCOCOOR  ---=-===m=mmmmmmmanam » ZNHCHRCONHCHRCOOR
15 -CO,, -ROH 16

of this peptide synthesis was that of the generally known
“mixed anhydride method” using directly tertiary amines
and alkyl chloroforméates. Thus, the reaction was done at
about -10°, and the solution was kept overnight after the
addition of the N-terminal amino acids. In most cases
crystallizable products were obtained, and the best yields
were observed with the isobutyl (9), isopropyl (12), and
sec-butyl (11) derivatives of iV,iV-dimethylcyclohexyl-
amine. The results are recorded in Tables I and II.

Table | lists the coupling reagents, solvents, and yield
of the indicated products. The first four entries constitute
a limited test of various coupling reagents keeping the
same solvent. Entries 7 and 8 constitute the Anderson test
using two coupling reagents. In general there does not
seem to be any advantage to use of IBAF or EPAF, the two
most promising reagents, as they give similar yields in all
cases. Table Il is a test for coupling of Z-Gly-OH and H-
Gly-OEt under identical conditions in a variety of sol-
vents. Since the yields are 71-90% and no effort has been
made to optimize the yield, there does not seem to be any
significant advantage in any solvent. The yields are gener-
ally comparable with those of original mixed anhydride
method where the alkyl chloroformates are used direct-
ly.14 The similar yields can probably be explained as
being due to similar or essentially the same reaction
mechanism.
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Table |
C-Terminal N-Terminal Coupling Yield,
Amino Acid Amino Acid reagent Solvent Peptide product %
1 Z-Gly-OH Gly-OEt IBAF (9) DMF Z-Gly-Gly-OEt 90
2 Z-Gly-OH Gly-OEt SBAF (11) DMF Z-Gly-Gly-OEt 83
3 Z-Gly-OH Gly-OEt EAF (5 DMF Z-Gly-Gly-OEt 60
4 Z-Gly-OH Gly-OEt IBPF (10) DMF Z-Gly-Gly-OEt 34
5 Z-DL-Val-OH Gly-OEt IBAF (9) DMF Z-DL-Val-Gly-OEt 80
6 Z-DL-Val-OH Gly-Gly-OEt HOAC/TEA« IBAF (9) DMF Z-DL-Val-Gly-Gly-OEt 76
7 Z-Gly-L-Phe-OH Gly-OEt IBAF (9) THF Z-Gly-L-Phe-Gly-OEt 89
anp
8 Z-Gly-L-Phe-OH Gly-OEt IPAF (12) THF 1-Gly-Phe-Gly-OEt 97
(3% diI, the rest 1)
9 Z-Gly-OH L-Phe-OEtHCI/TEA« IBAF (9) CH30EL Z-Gly-L-Phe-OEt 74
10 Z-Gly-OH Gly-OEt-HC1/TEA« IPAF (12) CHO0ZEL Z-Gly-Gly-OEt 69
11 Z-Gly-OH Gly-OEt HC1/TEA« IPAF (12) CHaCN Z-Gly-Gly-OEt 73

“TEA: triethylamine.

Table 11

IBAF
Z-Gly-OH + HGIly-OEt — > Z-Gly-Gly-OEt

Solvent Yield, %
DMF 90
CHCI5 81
THF 83
CHCI2 78
CHaCN 71
CHXO0ZEL 77

The use of /V-alkyloxycarbonylammonium fluoroborates
in peptide synthesis was expected to give low racemiza-
tion owing to the presence of reduced amounts of excess
base. Excess base may arise from several sources if chlo-
ride is the anion: (1) inexact stoichiometry in weighing of
the components; (2) reaction of iV-alkyloxycarbonylammo-
nium chlorides to give free base and chloroformate, i.e.,
the reverse of the formation reaction; (3) ionization of the
tertiary ammonium salt formed during the formation of
the mixed anhydride. In all three cases the use of stable
iV-alkyloxycarbonylammonium fluoroborates will reduce
the amount of free base that is present. Under ideal con-
ditions as described by Kemp, Bernstein, and Rebek, the
mixed anhydride method may show as little as 0.01% ra-
cemization.12b Departure from exact stoichiometry results
in a greater than tenfold increase in racemization.12b To
test the degree of racemization of this method, Anderson’s
method2l was chosen among other methods.22-24 This
method has been known to be able to detect at least about
2% of racemization.242 According to the procedure,2l
carbobenzoxyglycyl-L-phenylalanine was coupled with gly-
cine ethyl ester using 7V-isobutyloxycarbonyl-./V,/V-di-
methylcyclohexylammonium fluoroborate (9) and yielding
89% of the tripeptide; racemized product could be ob-
tained from this tripeptide by fractional crystallization.
However, when isopropyloxycarbonyl-A', A'-dimethylcyclo-
hexylammonium fluoroborate (12) was used the yield of
crude product was 97%, from which about 3% of the ra-
cemized product crystallized out. The differences ob-

Z— Gly— L— Phe— OH +
Z— Gly— L— Phe— Gly— OEt

NHZXZH2C O O E t»
N Z— Gly— d— Phe— Gly— OEt

served for the two reagents are barely significant consid-
ering the sensitivity of the test. However, it is highly sig-
nificant that the overall amount of racemization was very
low.25

More sensitive tests for racemization will be needed to
determine if in fact Ai-alkoxycarbonyl-A/A', A'-trialkylam-
monium fluoroborates have any advantages in decreasing

racemization. The first results reported here look very
promising. Because the reagents are readily prepared in
high yield and can be stored for months at room tempera-
ture with a little care to keep them dry, the mixed anhy-
dride reactions will be much easier to run on a routine
basis. Finally, the possibility of introducing benzyloxycar-
bonyl and tert-butyloxycarbonyl protecting groups with
the same reagents adds considerably to the utility of the
reagents. All aspects of the chemistry of V-alkoxycar-
bonyl-jV, Af. TV-trialkvammonium fluoroborate are still
under study.

Experimental Section2®

General Procedure for the Preparation of N-Alkoxycar-
bonyl-A,,.A A-trialkylammonium Fluoroborates. To a solution
of chloroformate (0.02 mol) in 50 ml of ether cooled to -78° was
added in drops a solution of tertiary amine (0.01 mol) in 50 ml of
ether while stirring. It was allowed to stand for 5 hr at -78° and
for 2 hr at -10 to 20°. The adduct was cooled to -78°, and a 1:1
mixture of condensed hydrogen fluoride which had been added to
boron trifluoride etherate (0.015 mol) was added at once. (A stock
solution of HF/BF3 in ether could be prepared and kept in a
polyethylene bottle.) After the cooling bath was removed the so-
lution was stirred until room temperature was reached. Precipi-
tated colorless crystals were collected, washed with ether three
times, and dried under vacuum.

A'-Ethyloxycarbonyl-A, A.A'-triethylammonium Fluorobo-
rate (Yield 92%). The crystals were very unstable, and their ir
and nmr spectra showed some decomposition: ir (Nu;ol mull)
1822 (strong, C=0) and 1000-1100 cm-1; nmr (acetonitrile) &
1.35 (t, CH3, 9 H), 3.70 (g, CH2N+, 6 H), and 4.65 (q, CH20, 2
H).
N-Ethyloxycarbonyl-IV-ethylpiperidinium fluoroborate
(yield 86%) had mp 34-35° ir (Nujol mull) 1817 (strong, G=0)
and 1000-1100 cm-1; nmr (acetone-de) S 1.54 (t, CH33H), 1.50-
2.20 (br, CH2, 6 H), 3.84 (q, CH2N+, 2 H), 3.22-4.37 (br, CH2N+,
4H), and 4.75 (q, CH20, 2H). =

Anal. Calcd for CIOH20NO2BF4 (273.09): C, 43.89; H, 4.39; N,
5.13. Found: C, 43.70; H, 7.40; N, 5.40.

iV-Ethyloxycarbonyl-V, n-propylpiperidinium  fluoroborate
(yield 91%) had mp 32-33°; ir (Nujol mull) 1812 (strong, 0=0)
and 1000-1100 cm-1; nmr (acetone-d6) S 0.98 (t, CH3, 3 H), 1.48
(t, CH3, 3 H), 1.70-2.24 (br, CH2. 6 H). 3.40-4.40 (br, CH2N+, 6
H), and 4.75 (q, CH20,2H).

Anal. Calcd for CuH 22N 02BF4 (287.04): C, 46.03; H, 7.70; N,
4.88. Found: C, 46.30; H, 7.90; N, 4.97.

A-Ethyloxycarbonyl-1V-ra-butylpiperidinium fluoroborate
(yield 96%) had mp 65-66°; ir (Nujol mull) 1812 (strong 0=0)
and 1000-1100 cm-1; nmr (acetone-de) 5 0.95 (t, CH3, 3 H), 1.48
(t, CH3, 3 H), 1.60-2.24 (br, CH2, 6 H), 3.40-4.40 (br, CH2N+, 6
H), and 4.75 (q, CH20, 2H).

Anal Calcd for C12H24N 02BF4 (301.14): C, 47.86; H, 8.03; N,
4.65. Found: C, 48.10; H, 8.00; N, 4.53.

A-E thyloxycar bony I-jv, A-dimethylcyclohexylammonium
fluoroborate (yield 99%) had mp 108° ir (Nujol mull) 1812
(strong, C=0) and 1000-1100 cm- nmr (acetone-d6) 5 1.47 (t,
CHa, 3 H), 1.60-2.40 (br, CH2, 10 H), 3.42 (s, CH3N+, 6 H),
3.80-4.15 (br, CHN+, 1 H), and 4.67 (q, CH20, 2 H).
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Anal. Calcd for CIIH2Z2NO2BF4 (287.10): C, 46.02; H, 7.73; N,
4.88. Found: C, 46.00; H, 7.60; N, 4.80.

iV-Benzyloxycarbonylpyridinium fluoroborate (yield 98%)
had mp 100-100.5° ir (Nujol mull) 1822 (strong, 0=0) and
1000-1120 cm-1; the compound decomposed when dissolved in
most usually available organic solvents and on storing.

A'-Ethyloxycarbonylpyridinium fluoroborate (yield 95%) had
mp 62-63° ir (Nujol mull) 1822 (strong, 0=0) and 1000-1100
cm-1; nmr (acetone-de) & 1.50 (t, CH3, 3 H), 4.80 (q, CH20, 2 H),
8.38 (t, 3-H, 2 H), 9.07 (t, 4-H, 1 H), and 9.67 (d, 2-H, 2 H).

Anal. Calcd for C8HioN02BF4 (238.99): C, 40.20; H, 4.22; N,
5.86. Found: C, 40.40; H, 4.43; N, 5.76.

(V-Be nzyloxycarbonyl-A7Ardimethylcyelohexylammonium
fluoroborate (yield 98%) had mp 90-91° ir (Nujol mull) 1796
(strong, 0=0) and 1030-1100 cm "1; nmr (CDCI3) 6 0.92-2.10 (br,
CH2, 1 OH), 3.44 (s, CH3N+, 6 H), 3.44-3.96 (br, CHN+, 1 H),
5.55 (s, CH20, 2 H), and 7.43 (m, phenyl ring, 5 H).

Anal. Calcd for Ci6H24N 0 2BF 4 (349.18): C, 55.03; H, 6.93; N,
4.01. Found: C, 55.30; H, 7.27; N, 3.96.

iV-Isobutyloxycarbonyl-iV,A’-dimethylcyclohexylammonium
fluoroborate (yield 96%) had mp 50-50.5°; ir (Nujol mull) 1812
(strong, 0 =0) and 1000-1100 cm "1; nmr (CDCI3) 5 1.00 (d, CH3,
6 H), 1.20-2.35 (br, CH2 and CH, 11 H), 3.33 (s, CH3N+, 6 H),
3.45-4.0 (br, CHN+, 1H), and 4.33 (d, CH20, 2 H).

Anal. Calcd for C13H26NO2BF4 (315.17): C, 49.54; H, 8.32; N,
4.45. Found: C, 49.80; H, 8.50; N, 4.49.

mV-Isobutyloxycarbonylpyridinium fluoroborate (yield 98%)
had mp 69.5-70° ir (Nujol mull) 1822 (strong, C=0) and 1020-
1130 cm-1; nmr (acetone-dg) 5 1.08 (d, CH3, 6 H), 2.30 (m, CH, 1
H), 457 (d, CH20, 2 H), 837 (t, 3-H, 2 H), 9.02 (t, 4-H, 1 H),
and 9.61 (d, 2-H, 2 H). The nmr spectrum showed some decompo-
sition.

Anal. Calcd for CIOH14NO2BF4 (267.02): C, 44.95; H, 5.28; N,
5.25. Found: C, 44.60; H, 5.39; N, 5.45.

.'V-sef-Butyloxycarbonyl-ACV-dimethyleyclohexylammonium
fluoroborate (yield 98%) had mp 81.5-82° ir (Nujol mull) 1822
(strong, 0 =0) and 1000-1130 cm "1; nmr (CDC13) 6 0.97 (t, CH3,
3 H), 1.46 (d, CH3, 3 H), 1.77 (4, CH2, 2 H), 1.20-2.30 (br, CH2,
10 H), 3.28 (s, CH3N+, 6 H), 3.50-4.0 (br, CHN+, 1 H), and 5.16
(m, CHO, 1H).

Anal. Calcd for C13H26 N02BF4 (315.17): C, 47.86; H, 8.02; N,
4.65. Found: C, 47.80; H, 7.90; N, 4.76.

A'-1sopropyloxycarbonyl-N, Azdimethylcyclohexylammonium
fluoroborate (yield 99%) had mp 91-92.5° ir (Nujol mull) 1812
(strong, 0=0) and 1000-1100 cm "1; nmr (acetone-de) 5 1.50 (d,
CH3, 6 H), 1.40-2.18 (br, CH2, 10 H), 3.40 (s, CH3N+, 6 H),
3.70-4.20 (br, CHN+, 1 H), and 5.33 (m, CHO, 1 H); uv (acetoni-
trile), no absorptions between 240 and 400 nm.

Anal. Calcd for C12H24NO2BF4 (301.14): C, 47.86; H, 8.02; N,
4.65. Found: C, 47.80; H, 7.90; N, 4.76.

Reaction of A-Flthyloxycarbonyl-A', Ardimethylcyclohexyl-
ammonium Fluoroborate with Cyclohexylamine. To a solution
of 0.55 g (0.0019 mol) of iV-ethyloxycarbonyldV,IV-dimethylcyclo-
hexylammonium fluoroborate in 10 ml of methylene chloride was
added 0.17 g (0.0017 mol) of cyclohexylamine. The solution was
allowed to stand for 1 hr at room temperature, and the solvent
was removed on a rotary evaporator. The residue was extracted
with ether (3 X 20 ml) and the ether portion was washed with a
small amount of water. Evaporation of the solvent gave 0.29 g
(99%) of crude iV-cyclohexylcarbamic acid ethyl ester, mp 54-
56.5° (lit.27 mp 57°); ir and nmr spectra were in agreement with
the structure.

Anal. Calcd for COH17N 02 (171.24): C, 63.12; H, 10.00; N, 8.18.
Found: C, 62.85; H, 9.90; N, 8.27.

Reaction of A'-Isobutyloxycarbonyl-A', A*-dimethyleyclohexyl-
ammonium Fluoroborate with JV-Methylcyclohexylamine. To
a solution of 1.65 g (0.0053 mol) of N-isobutyloxycarbonyl-1V,N-
dimethylcyclohexylammonium fluoroborate in 10 ml of acetoni-
trile was added 0.57 g (0.005 mol) of iV-methylcyclohexylamine at
-10°. The solution was allowed to stand for several hours at room
temperature, and the solvent was removed on a rotary evaporator
without heating. The residue was extracted with ether (3 X 100
ml), and the ether portion was washed with a small amount of
water, dried (Na2SC)4), and distilled to give 1.01 g (93%) of oil as
residue. Hickman still distillation [87° (0.35 mm)] gave 0.88 g of a
clear oil of iV-methylcyclohexylcarbamic acid isobutyl ester: ir
(thin film) 1665 c¢cm "1 (strong, C =0); nmr (CCI4) 50.91 (d, CH3,
6 H), 1.17-2.03 (br, CH2, 10 H), 2.70 (s, CH3, 3 H), 3.75 (d, CH2,
2H), and 3.80 (br, CH, 1H).

Anal. Calcd for CjsHsaNOa (213.31): C, 67.56; H, 10.87; N,
6.57. Found: C, 67.78; H, 10.60; N, 6.45.
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Reaction of iV-Alkyloxycarbonylammonium Fluoroborates
with iV-Benzyloxycarbonyl Amino Acids. Synthesis of A-Ben-
zyloxycarbonylglycylglycine Ethyl Ester. To a cooled (-10°),
stirred solution of 2 09 g (0.01 mol) of JV-benzyloxycarbonylglycine
in 20 ml of dimethylformamide was added in small portions 4.20
g of N-isobutyloxycarbonyl-N,Ai-dimethylcyclohexylammonium
fluoroborate. The mixture was stirred for 15 min at -10° and for
15 min at room temperature, and cooled to -10°. To this 1.31 g
(0.013 mol) of ethyl glycinate was added in small portions while
stirring. The solution was allowed to stand for 1 day at ordinary
temperature followed by the removal of the solvent on a rotary
evaporator. The residue was dissolved in 75 ml of ethyl acetate
and washed with 25 ml of water, 25 ml of 5% NaH CO03 solution,
25 ml of 1 N HC1 solution, and 25 ml of water. It was dried
(Na2sC)4) and evaporated to give a syrupy residue which was
crystallized when triturated with petroleum ether. The yield was
2.64 g (90%) of Ai-benzyloxycarbonylglycylglycine ethyl ester
whose ir and nmr spectra were in agreement with those reported,
mp 78-90° (lit.28mp 77-85°).

Anal. Calcd for C14H18N 205 (294.30): C, 57.13; H, 6.16; N,
9.52. Found: C, 57.30; H, 6.31; N, 9.45.

The same procedure was followed using different solvents to
give the yields indicated in Table I.

Synthesis of N-Benzyloxycarbonyl-DL-valylglycine Ethyl
Ester. The same procedure was followed with 1.25 g (0.005 mol)
of N-benzyloxycarbonyl-DL-valine, 2.10 g (0.0066 mol) of N -iso-
butyloxycarbonyl-N.IV-dimethylcyclohexylammonium  fluorobo-
rate, and 0.77 g (0.006 mol) of ethyl glycinate in 20 ml of di-
methylformamide to give 1.40 g (80%) of iV-benzyloxycarbonyl-
DL-valylglycine ethyl ester: mp 147-150° ir (Nujol mull) 1742
(strong, c0O), 1690 (strong, C =0), and 3240 cm "1 (strong, NH);
nmr (CDC1S) 5 0.93 (br, CH3, 6 H), 1.23 (t, CH3, 3 H), 2.03 (m,
CH, 1 H), 359 (d, CH2, 2 H), 359 (br, CH, 1 H), 417 (q, CH2, 2
H), 5.09 (s, CH2, 2 H), 5.83 (d, NH, 1H), 7.10 (br, NH, 1 H), and
7.30 (m, phenyl ring, 5H).

Anal. Calcd for C17H24N 205 (336.38): C, 60.70; H, 6.98; N, 8.17.
Found: C, 60.70; H, 6.90; N, 8.20.

Synthesis of ATBenzyloxycarbonyl-DL-valylglycylglyeine
Ethyl Ester. The same procedure was followed with 1.25 g (0.005
mol) of JV-benzyloxycarbonyl-DL-valine, 1.80 g (0.0057 mol) of N-
isobutyloxycarbonyl-AfJV-dimethylcyclohexylammonium fluo-
roborate, and 1.20 g (0.0055 mol) of ethyl glycylglycinate [pre-
pared by hydrogenolysis of iV-benzyloxycarbonylglycylglycine
ethyl ester using Pd/C (10%) as catalyst29] with 0.55 g (0.0055
mol) of triethylamine in 20 ml of dimethylformamide to give 1.50
g (76.2%) of Af-benzyloxycarbonyl-DL-valylglycylglycine ethyl
ester, recrystallized from ethanol: mp 119-120° ir (Nujol mull)
3321, 3000, 1753, 1737, 1692, 1667, 1646 cm"1 (all sharp); nmr
(CDCla) d 0.97 (two d, CH3, 6 H), 1.23 (t, CH3, 3 H), 3.93 (t
CH2, 4 H), 413 (g, CH2, 2 H), 3.93-4.13 (br, NH, 1 H), 5.83 (s,
CH2,2H), 6.03 (d, NH, 1H), and 7.30 (m, phenyl ring, 5H).

Anal. Calcd for Ci9H27N 306 (393.43): C, 58.00; H, 6.92; N,
10.68. Found: C, 58.33; H, 6.80; N, 10.48.

Synthesis of N-Benzyloxycarbonylglycyl-L -phenylalanine.
The same procedure was followed with 4.10 g (0.0196 mol) of IV-ben-
zyloxycarbonylglycine, 6.52 g (0.021 mol) of A-isobutyloxycar-
bonyl-N,iV-dimethylcyclohexylammonium fluoroborate, and 4.0 g
(0.02 mol) of ethyl L-phenylalaninate hydrochloride with 2.02 g of
triethylamine in 100 ml of ethyl acetate to give 5.50 g (74%) of an
amorphous product. It was dissolved in 50 ml of 1 N NaOH solu-
tion containing 10 ml of methanol, and stirred for 2 hr to hydro-
lyze. The solution was acidified with 1 N HC1 solution (Congo
Red), and the solvent was removed to give an amorphous residue
which was crystallized from 1:5 acetone-water mixture. The yield
was 4.50 g (90%) of N-benzyloxycarbonylglycyl-L-phenylalanine:
mp 126-127° (lit.21 mp 127.5"); ir (Nujol mull) 3326, 1735, 1690,
1650 cm-1 (all sharp); nmr (acetone-de) 5 3.03-3.25 (m, CH2, 2
H), 3.83 (d, CH2. 2 H), 4.78 (m, CH, 1 H), 5.10 (s, CH2, 2 H),
6.40-6.80 (br, NH, 1 H), 7.23 (m, phenyl ring, 5 H), 7.33 (m, phe-
nyl ring, 5 H), 7.33 (br, NH, 1 H), 916-9.66 (br, COOH, 1H),

Anal. Calcd for CI19H20N205 (356.37): C, 64.03; H, 5.66; N,
7.86. Found: C, 63.83; H, 5.66; N, 7.73.

Synthesis of 1V-Benzyloxycarbonylglycyl-L-phenylalanylgly-
cine Ethyl Ester. The same procedure was followed with 3.60 g
(0.0101 mol) of N-benzyloxycarbonylglycyl-L-phenylalanine, 3.45
g (0.011 mol) of IV-isobutyloxycarbonyl-iV,IV-dimethylcyclohexyl-
ammonium fluoroborate, and 1.15 g (0.011 mol) of ethyl glycinate
in 30 ml of tetrahydrofuran (dried over lithium aluminum hy-
dride) to give 3.93 g (89.2%) of an amorphous product. It was dis-
solved in 192 ml of absolute ethanol (2% solution) and kept in a
refrigerator at about -5°.21 After about 2 weeks the crystalliza-
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tion of the I tripeptide began: the small fraction was collected,
which melted at 119.2-119.7° (lit.21 mp 116.5-119.5°). Continuous
refrigeration gave more crystals of the same material. The residu-
al peptide was obtained by reducing the volume of the solution
amounting to 3.50 g, and about 0.26 g of oil was left uncrystal-
lized: ir (Nujol mull) 3225, 1750, 1715, 1688, 1665, 1650 cm -1 (all
sharp); nmr (CDC13) 5 1.20 (t, CH3, 3 H), 3.05 (d, CH2, 2 H),
3.70-3.93 (two d, CH2 4 H), 4.10 (q, CH2, 2 H), 483 (d, CH, 1
H), 5.05 (s, CH2, 2 H), 5.85 (br, NH, 1 H), 7.15 (br, NH, 1 H),
7.15 (s, phenyl ring, 5 H), and 7.30 (s, phenyl ring, 5H).

Anal. Calcd for C23H2/N305 (441.47): C, 62.57; H, 6.17; N,
9.52. Found: C, 62.80; H, 6.04; N, 9.40.

The above procedure was followed with 3.56 g (0.01 mol) of N-
benzyloxycarbonylglycyl-L-phenylalanine, 3.30 g (0.011 mol) of
1V-isopropyloxycarbonyl-1V.iV-dimethylcyclohexylammonium fluo-
roborate, and 1.15 g (0.011 mol) of ethyl glycinate in 30 ml of tet-
rahydrofuran. The yield of the amorphous tripeptide derivative
was 4.30 g (97%). A 2% solution of the peptide in absolute ethanol
gave, after about 3 weeks of refrigeration, the first fraction of
crystals amounting to 0.13 g (3%) of dI tripeptide melting at
129-130° (lit.21 mp 132-133°). After 2 days 0.07 g of crystals was
obtained melting at 120-121°, and soon the I tripeptide began to
appear amounting to 3.12 g, melting at 119-120.5°. The residue
was obtained in crude crystals. The elemental analysis of this
product was identical with that of the product in the first part of
this synthesis.

Registry No.—1, 51157-30-3; 2, 51056-73-6; 3, 51108-18-0; 4,
51056-75-8; 5, 51056-77-0; 6, 51056-79-2; 7, 51056-81-6; 8, 51056-
83-8; 9, 51056-85-0; 10, 51056-87-2; 11, 51108-20-4; 12, 51056-89-4;
triethylamine, 121-44-8; JV-ethylpiperidine, 766-09-6; N,N-di-
methylcyclohexylamine, 98-94-2; pyridine, 110-86-1; A-n-propyl-
piperidine, 5470-02-0; iV-n-butylpiperidine, 4945-48-6; ethyl chlo-
roformate, 541-41-3; benzyl chloroformate, 501-53-1; isobutyl chlo-
roformate, 543-27-1; sec-butyl chloroformate, 17462-58-7; isopropyl
chloroformate, 108-23-6; cyclohexylamine, 108-91-8; IV-methylcy-
clohexylamine, 100-60-7; iV-benzyloxycarbonylglycine, 1138-80-3;
iV-benzyloxycarbonyl-DL-valylglycine ethyl ester, 7801-65-2; N-
benzyloxycarbonyl-DL-valine, 3588-63-4; AT-benzyloxycarbonyl-
di-valylglycylglycine ethyl ester, 51056-90-7; A-benzyloxycarbon-
ylglycyl-L-phenylalanine, 1170-76-9; 1V-benzyloxycarbonylglycyl-
L-phenylalanylglycine ethyl ester, 2073-59-8.
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Stable A-acyl-A.A.lIV-trialkylammonium fluoroborates have been prepared from tertiary amines and acyl ha-
lides followed by exchange of anion to fluoroborate with HF/BF3. The stable salts react with various nucleo-
philes such as amines, acids, alcohols, and thiols to form the acylated derivatives. The primary alcohols react
rapidly, the secondary alcohols only partially, and tertiary alcohols do not react at all.

IV-Acyl-Ar N, A'-trialkylammonium salts have been ex-
amined extensively for a variety of purposes.3‘6 The salts
that have been examined have been highly reactive and
quite frequently impure, precluding detailed examination
of their structure and properties.7-13 The best evidence
was obtained by ir from adducts prepared at liquid nitro-
gen temperatures.14 However, even these showed adsorp-
tions at around 2300-2700 ¢m '1, indicating that the hy-
drohalides were present.15 Preparation by alkylation of
amides was only partially successful.16 Thus while the
compounds have been prepared in impure form many times
and have been assumed as intermediates in many other

reactions,17-20 very little can be accepted without some
reservations.

Our interest in N-cyano- and IV-alkyloxycarbonyl
N,N, N-trialkylammonium salts2 as reagents in peptide
synthesis led us to consider N-acylammonium salts as
possible reagents for preparation of protecting groups. In
IV-acylammonium salts the size of the tertiary amine can
be readily varied, thus allowing the possibility of stereo-
selective acylating reagents. We assumed from our previ-
ous experience2 that the major cause of instability was the
nucleophilic nature of the anion, which could regenerate
the tertiary amine, thus allowing dehydrohalogenation
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reactions.4 We chose to convert the unstable salts to the
considerably more stable fluoroborates.

0 0

« Rx r+ 1
Cl—C—CHa =*= R—Inh — C—CH3

] R cr

R\
R—N +

R\
R—N+—H + CH2=C =0
R
cl
The use of triethyloxonium fluoroborate as the exchange
reagentl was satisfactory when the tertiary amine was
IV,iV-dimethylcyclohexylamine, giving 87% of iV-acetyl-
IV,iV-dimethylcyclohexylammonium  fluoroborate. How-

ever, the treatment of the adducts of other tertiary
amines, such as triethylamine, JV-ethylpiperidine, and
pyridine, gave mixtures containing the hydrohalide salts.
When a mixture of HF/BF3 was used as the anion ex-
change reagent,2 colorless crystals of iV-acetylammonium
fluoroborates were obtained. They were stable under ether
or as solids in a dry atmosphere at room temperature. The
compounds 1-6 were recrystallizable from anhydrous or-
ganic solvents and were obtained in 85-98% yield except
acetylpyridinium fluoroborate (6), where a large amount
of pyridinium hydrofluoroborate was removed by washing
with dry acetone, giving only 19% vyield.

CH3 o 0
EtjN— C— CHi
+

ch3
bf; bf4

"c— CH3
]
0 bf;
3,R=Et 6
4, R =rePr
5 R = n-Bu

The ./V-acetylammonium fluoroborates decomposed
rather rapidly in open air. The apparently most stable salt
was iV-acetyl-iV,iV-dimethylcyclohexylammonium fluo-
roborate (1), and the pyridinium salt 6 was the least sta-
ble. All of the salts were soluble in acetonitrile and all ex-
cept the salts 2 and 6 were soluble in acetone. The salt 6
was soluble in trifluoroacetic acid, but reacted slowly to
form unidentified products as observed by nmr spectros-
copy.

The infrared spectra of the /V-acetylammonium fluo-
roborates showed a strong carbonyl bond absorption at
around 1806-1826 cm-1, somewhat higher than that of
acetyl chloride, which occurs at 1807 cm '1.21 This is in
agreement with the observation made by Cook,14 and ex-
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plainable as being due to the presence of the positive
charge on the nitrogen atom in the obtained compounds.
Nuclear magnetic resonance spectra of /V-acetylammon-
ium fluoroborates 1-6 exhibited signals for the acetyl
groups appear at about 8 2.85-2.90 ppm in acetone-d6 and
at around 8 2.70-2.80 ppm in acetonitrile. These chemical
shifts are generally lower by about 0.1 ppm than that of
acetyl chloride in similar solvents. The acetyl group of N-
acetylpyridinium fluoroborate (6) appeared at 8 3.13 ppm
in trifluoroacetic acid and at 8 3.01 ppm in acetonitrile.
The presence of the acetyl group in IV-acetylammonium
fluoroborates also produced a considerable downfield shift
of methine, methylene, and methyl protons adjacent to
the nitrogen atom. The chemical shifts of the methine and
methyl protons of compounds 1 and 7 are indicative,

+ CH3 3.33 ppm + y CH3 295 ppm
N— COCH3 k /p N —H
X CH3 H CH3
4.0 ppm 3.1 ppm
1 7

where the presence of the acetyl group on the nitrogen
atom is apparent. The methylene protons of /V-acetylam-
monium fluoroborates appeared at around 8 3.4-4.4 ppm
in acetone-dg, and these values are about 0.5-0.6 ppm
lower than that of methylene protons of the corresponding
ammonium salts. The ring protons of N-acetylpyridinium
fluoroborate (6) appeared in three groups, and the C2 pro-
tons are assigned to the doublet at 8 9.47 ppm in trifluo-
roacetic acid. The similar protons of pyridinium hydroflu-
oroborate salt appeared at about 0.6 ppm higher, indicat-
ing that the acetyl group on the nitrogen atom shifted the
adjacent hydrogens. (The C2 protons of /V-acetylpyridin-
ium hexafluoroantimonate appeared at 8 8.17 ppm in lig-
uid sulfur dioxide at -60°.22)

Although the ionic nature of the /V-acetylammonium
fluoroborates was not tested by a more direct method, the
infrared and nmr spectroscopic results and physical prop-
erties such as solubility are those of ionic compounds.
Thus it seems certain that the structural assignment of
the /V-acetylammonium fluoroborates is correct.

It is noteworthy that the addition of HF/BF3 mixture to
the adducts of acetyl chloride and tertiary amines did not
bring about the formation of the tertiary amine hydrofluo-
roborates. This indicates that the adduct-forming equilib-
rium is complete to the side of the /V-acetylammonium
chlorides. The general similarity of some pertinent ab-
sorptions in the infrared spectra of the /V-acetylammon-
ium fluoroborates and the adducts of acetyl halides and
tertiary amines observed by Cook14 indicates that the ad-
ducts 8 are ionic. The general course of reaction can be
represented as shown below.

CHXTONR3 HF/BPi

cr -HC1

RAN: + CH3COCI CH3ONR3

b f4-
8

Tri-n-butylamine, /V,/V-dimethyl-ieri-butylamine, other
hindered amines, and N,TV-dimethylaniline appeared to
react with acetyl chloride but on addition of HF/BF3 gave
only the ammonium salts. The same result was observed
with triethylamine and benzoyl chloride, pivaloyl chlo-
ride, or n-butyryl chloride. With trimethylamine and N-
methylpiperidine the adduct formation of the amines and
acetyl chloride appeared to be complete but the /V-acetyl-
ammonium fluoroborates never formed or if formed were
too reactive for isolation.
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Reactions to test the acylating ability of the iV-acetyl-
ammonium fluoroborates were tried to determine if the
pure products differed in any form from the addition com-
pounds of tertiary amines and acyl chloride. The reaction
of water with the adduct of pyridine and acetyl chloride
has been known to give acetic acid and acetic anhydride.7
The same adduct was found to be a good acetylating
agent for alcohols and phenols,23 and suggested to be an
analytical reagent for the determination of active hydroxyl
groups.24 The same adduct also has been known to acety-
late hydrogen sulfide2sand primary amides.26

To test the reactivity of Af-acetylammonium fluorobo-
rates the nmr spectral changes were followed after adding
a small amount of deuterium oxide. In all cases spectral
changes could be observed instantly in N-acetyl-AT-n-
propylpiperidinium fluoroborate (4). The singlet of the
acetyl group at 5 2.85 ppm disappeared, and a new peak
appeared at about 5 2.3 ppm which is very similar to that
of acetic anhydride. Also the multiplet at about d 3.8 ppm
moved to about 5 3.3 ppm, which corresponds to the
change of the methylene protons adjacent to the nitrogen
atom of the compound 4 to those of the tertiary amine hy-
drogen ion salt. The observed changes can-be explained as
being due to rapid hydrolysis of the AT-acetylammonium
salt 4 by deuterium oxide to give acetic acid, which react-
ed further to give acetic anhydride.

The most stable AT-acetylammonium fluoroborate (1)
was chosen as the model compound for a large-scale prod-
uct study. The nucleophiles examined were amines, thio-
phenol, amides, and acids.

The reaction of 25% excess of the model compound with
dl-a-phenethylamine gave a nearly quantitative yield of
crude d/-«-phenethylacetamide. /V-Methylcyclohexylam-
ine was acetylated similarly to give the acetamide in 91%
yield. With TV-methylaniline the yield of the amide was
only 51%, apparently owing to some side reactions as was
indicated by the appearance of a blue color in the reaction
medium. Thiophenol was acetylated to give 88% of thio-
phenyl acetate. 1V-Benzyloxycarbonylglycine was allowed
to react with the model compound, and the expected acid
anhydride reacted with ethyl glycinate to give a 65% yield
of the dipeptide.

The reaction of the model compound with alcohols pro-
ceeded to some extent, the degree of which depended
upon the nature of the hydroxyl groups. Thus benzyl alco-
hol reacted to give 97% of benzyl acetate under strenuous
conditions, but cyclohexanol gave only a mixture of the
acetylated product and the unreacted alcohol in 68:32
ratio (by glpc) under similar reaction conditions, tert-
Butyl alcohol could be recovered unreacted from a similar
reaction. The reaction of salicylamide gave the diacetylat-
ed product as shown below.

OH OCOCHa

--0C

CONHCOCH,

Methylglycinate hydrochloride did not react with the
model compound 1 in acetonitrile in the presence of 1
equiv of triethylamine or pyridine. Methyl benzyl ketone
did not react with the model compound 1in acetonitrile.

There might be several advantages or disadvantages in
using this type of TV-acetylammonium salts as acylation
reagents. Possible disadvantages will be the low solubility
in less polar organic solvents and their general instability.
Although they seemed to be good acetylation reagents for
strong nucleophiles, the instability did not permit the use
of more strenuous reaction conditions such as high tem-
perature for weak nucleophiles. The decreased reactivity
of some Af-acetylammonium fluoroborates toward hin-

CONH,
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dered alcohols may be attributed to the bulky ammonium
groups. This fact might be usefully employed for selective
acetylation of less hindered hydroxyl groups.

Experimental Section27

Preparation of N-Acetyl-N./V-dimethylcyclohexylammonium
Fluoroborate Using Triethyloxonium Fluoroborate. To a solu-
tion of 1.50 g (0.02 mol) of acetyl chloride in 50 ml of ether cooled
to -78° was added in drops 1.27 g (0.01 mol) of N.N-dimethylcy-
clohexylamine in 50 ml of ether while stirring vigorously. After
the completion of the addition the mixture was allowed to stand
at —76° for 5 hr and at —10 to —20° for 2 hr. It was cooled again
to —78°, and 1.89 g (0.01 mol) of triethyloxonium fluoroborate in
50 ml of methylene chloride cooled to -78° were added at once.
After the cooling bath was removed, the solution was stirred until
room temperature was reached. Precipiated colorless crystals
were collected and washed with 2:1 ether-methylene chloride
mixed solvent several times under a dry nitrogen atmosphere,
and dried under vacuum. The yield was 2.24 g (84%); mp 64.5-
66°; ir (Nujol mull) 1829 (strong, 0 =0 and 1000-1100 cm-1; nmr
(acetone-de) a 1.20-2.35 (br, CH2, 10 H), 2.90 (s, CH3CO, 3 H),
3.33 (s, CH3N+, 6H),and 3.85-4.35 (br, CHN+, 1H).

Anal. Calcd for O (H20NOBF4 (257.09): C, 46.72; H, 7.84; N,
5.45. Found: C, 46.70; H, 8.10; N, 5.60.

General Procedure for the Preparation of N-Acetyl-N,N,N -
trialkylammonium Fluoroborates. To a solution of acetyl chlo-
ride (0.02 mol) in 50 ml of anhydrous ether cooled to -78° was
added in drops a solution of tertiary amine (0.01 mol) in 50 ml of
anhydrous ether while stirring. It was allowed to stand for 5 hr at
-78° and for 2 hr at -10 to 20°. The adduct was cooled to —78°,
and a 1:1 mixture of hydrogen fluoride and boron trifluoride
(0.015 mol) was added at once. After the cooling bath was re-
moved, the solution was stirred until room temperature was
reached. Precipitated colorless crystals were collected, washed
with anhydrous ether three times, and dried under vacuum. (Mois-
ture was kept low by using a reaction system closed by calcium
chloride-sodium hydroxide drying tubes where the reagents and
solvents were transported by pressurized dry nitrogen. Analytical
samples were prepared in adrybox.)

IV-Acetyl-Af.Af.JV-triethylammonium fluoroborate (yield 98%)
was recrystallized from 1:10 acetonitrile-ethyl acetate mixed sol-
vent by adding anhydrous ether: mp 60-61°; ir (Nujol mull) 1814
(strong, C=0) and 1000-1120 cm-1; nmr (acetonitrile) 5 1.21 (t,
CH3, 9 H), 2.72 (s, CH3CO, 3 H), and 3.57 (g, CH2N+, 6 H); uv
tail (acetonitrile) 240 nm (e 70).

Anal. Calcd for C8Hi8ONBF4 (231.05): C, 41.58; H, 7.85; N,
6.06. Found: C, 41.10; H, 8.14; N, 6.08.

N-Acetyl-N-ethylpiperidinium fluoroborate (yield 90%) was
recrystallized from 1:10 acetonitrile-ethyl acetate by adding an-
hydrous ether: mp 92-93°; ir (Nujol mull) 1817 (strong, 0=0)
and 980-1120 cm-1; nmr (acetone-de) 6 1.28 (t, CH3, 3 H), 1.50-
2.20 (br, CH2, 6 H), 2.86 (s, CH3CO, 3 H), 3.85 (g, CH2N+, 2 H),
and 3.40-4.15 (br, CH2N+, 4 H).

Anal. Calcd for COHiIBONBF4 (243.06): C, 44.47; H, 7.46; N,
5.76. Found: C, 44.50; H, 7.35; N, 5.76.

N-Acetyl-A-n propylpiperidinium fluoroborate (yield 87%)
was recrystallized from 1:10 acetonitrile-ethyl acetate mixed sol-
vent by adding anhydrous ether: mp 68-69.5° ir (Nujol mull)
1818 (strong, 0=0 and 990-1120 cm-1; nmr (acetone-de) 5 0.98
(t, CH3, 3 H), 150-2.25 (br, CH2 8H), 2.85 (s, CH3CO, 3 H), and
3.40-4.35 (br, CH2N +,6 H).

Anal. Calcd for CIOH200NBF4 (257.09): C, 46.72; H, 7.84; N,
5.45. Found: C, 46.95; H, 7.95; N, 5.58.

jV-Acetyl-/V-nbutylpiperidinium fluoroborate (yield 99%)
was recrystallized from 1:10 acetonitrile-ethyl acetate mixed sol-
vent by adding anhydrous ether: mp 76-77°; ir (Nujol mull) 1808
(strong, 0=0) and 1000-1100 cm-1; nmr (acetone-de) 6 0.95 (t,
CHS3, 3 H), 1.22-2.25 (br, CH2, 10 H), 2.86 (s, CH3CO, 3 H), and
3.35-4.35 (br, CH2N +,6 H).

Anal. Calcd for C11H220NBF4 (271.12): C, 48.73; H, 8.18; N,
5.17. Found: C, 48.50; H, 8.05; N, 4.93.

A-Acetyl-Ai, Ardimethylcyclohexy lammonium  fluoroborate
(yield 97%) had ir and nmr spectra identical with those obtained
earlier using triethyloxonium fluoroborate as the anion exchange
reagent.

N-Acetylpyridinium Fluoroborate. The reaction product was
shown to contain about 40% of pyridinium fluoroborate salt as
examined by nmr spectroscopy. The impurity was removed by
washing with dry acetone (5 X 10 ml for 0.01 mol of product mix-
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ture): mp 105-106° dec; ir (Nujol mull) 1806 (strong, 0=0) and
1000-1100 ¢cm -1; nmr (CF3COOH) b 3.13 (s, CH3CO, 3 H), 8.30
(t, 3-H, 2H), 8.91 (t, 4-H, 1H), and 9.46 (d, 2-H, 2 H).

Anal. Calcd for C7TH8ONBF4 (208.96): C, 40.23; H, 3.86; N,
6.70. Found: C, 39.90; H, 3.83; N, 7.04.

Reaction of iV-Acetyl-iV,/V-dimethylcyclohexylammonium
Fluoroborate with N-Methylcyclohexylamine. To a solution of
1.15 g (0.0045 mol) of iV-acetyl-1V,jV-dimethylcyclohexylammon-
ium fluoroborate in 20 ml of acetonitrile was added 0.60 g (0.005
mo!) of N-methylcyclohexylamine. (Heat evolution!) The solution
was allowed to stand for several hours at room temperature, and
the solvent was removed on a rotary evaporator at room tempera-
ture. The residue was extracted with ether (3 X 100 ml), and the
ether layer was washed with 10 ml of 1 IV HCL1 solution and 10 ml
of water, dried (Na2S04), and evaporated on a rotary evaporator
without heating to give 0.71 g (91%) of crude N-methylcyclohexyl-
acetamide as residue. Short-path distillation [88° (0.9 mm)] gave
0.51 g of clear oil whose ir and nmr spectra were identical with
those of 1V-methylcyclohexylacetamide.

Reaction of iV-Acetyl-TV,iV-dimethylcyclohexylammonium
Fluoroborate with N-Methylaniline. To a solution of 2.30 g
(0.009 mol) of JV-acetyl-N,iV-dimethylcyclohexylammonium fluo-
roborate in 20 ml of acetonitrile was added 0.90 g (0.0084 mol) of
Af-methylaniline. The solution was allowed to stand overnight at
room temperature. (Deep blue color appeared.) The solvent was
removed on a rotary evaporator, and the residue was extracted
with ether (3 X 100 ml).-The ether layer was washed with 10 ml
of 1 N HC1 and 10 ml of water, dried (Na2S04), and evaporated
to give 0.64 g (51%) of IV-methylacetaniiide, recrystallized from
ethanol: mp 99.5°; ir (Nujol mull) 1658 cm-1 (strong, C=0); nmr
(CC14) d 1.78 (s, CH3 3 H), 3.20 (s, CH3>3 H), and 7.00-7.37 (m,
phenyl ring, 5H).

Reaction of [IV-Acetyl-iV,IV-dimethylcyclohexylainmoniuin
Fluoroborate with d/-a-Phenethylamine. To a solution of 3.20 g
(0.0125 mol) of Af-acetyl-/V,N-dimethylcyclohexylammonium fluo-
roborate in 20 ml of acetonitrile was added 1.20 g (0.01 mol) of
di-a-phenethylamine. The solution was allowed to stand for 1 hr,
and the solvent was removed on a rotary evaporator without
heating. The residue was extracted with ether (3 x 100 ml), and
the ether layer was washed with 20 ml of 1 N HC1 solution and 20
ml of water and dried (Na2S04). Evaporation of the solvent gave
1.63 g (99%) of crude di-a-phenethylacetamide, which was dis-
tilled [125° (0.5 mm)] to give a clear oil which crystallized later:
mp 73-75° ir (thin film) 3220 (strong, NH) and 1680 cm-1
(strong, 0=0); nmr (CC14) b 1.35 (d, CH3, 3 H), 1.77 (s, CH3, 3
H), 493 (m, CH, 1 H), 7.15 (m, phenyl ring, 5 H), and 8.33 (d,
NH, 1 H).

Anal. Calcd for C10Hi3NO (163.21): C, 73.59; H, 8.03; N, 8.58.
Found: C, 73.31; H, 8.14; N, 8.39.

Reaction of N-Acetyl-iV,Ardimethylcyelohexylammonium
Fluoroborate with Thiophenol. To a solution of 1.15 g (0.0045
mol) of Af-acetyl-!V,iV-dimethylcyclohexylammonium fluoroborate
in 20 ml of acetonitrile was added 0.60 g (0.0054 mol) of thiophe-
nol. The solution was allowed to stand for 1 day at room tempera-
ture, After refluxing for a few minutes the solvent was removed
by azeotropic distillation with isopropyl ether (bp 63.5-68°), and
the residue was extracted with ether (3 X 100 ml). The ether
layer was washed with 20 ml of 2 N NaOH solution and 20 ml of
water and dried (Na2S04). Evaporation on a rotary evaporator at
room temperature gave 0.60 g (88%) of crude thiophenyl acetate,
which was distilled [70° (0.9 mm)] in a Hickman still to give a
clear oil: ir (thin film) 1706 cm-1 (strong, 0=0); nmr (CC14) 5
2.28 (s, CH3 3 H) and 7.30 (m, phenyl ring, 5 H); mass spectrum
showed molecular ion at m/e 152.

Anal. Calcd for C8H8S0 (152.21): C, 63.12; H, 5.30. Found: C,
63.35; H, 5.24.

Reaction of Af-Acetyl-l1V,IV-dimethylcyclohexylammonium
Fluoroborate with Benzyl Alcohol. To a solution of 3.45 g
(0.0133 mol) of Af-acetyl-A/TV-dimethylcyclohexylammonium fluo-
roborate in 20 ml of acetonitrile was added 1.26 g (0.01 mol) of
benzyl alcohol. The solution was allowed to stand for 1 day at
room temperature and refluxed for 30 min followed by removal of
the solvent by distillation. The residue was extracted with ether
(3 X 100 ml), and the ether portion was washed with water (4 x
10 ml), dried (Na2S04), and evaporated on a rotary evaporator
without heating to give 1.38 g (92%) of crude benzyl acetate,
which was distilled in a short-path distillation column [90° (1.20
mm)] to give a clear oil: ir (thin film) 1839 (strong, 0=0) and
1250 cm- 1 (strong, CO); nmr (CC14) 5 1.97 (s, CH3, 3 H), 4.97 (s,
CH2, 2 H), and 7.23 (m, phenyl ring, 5 H); mass spectrum
showed molecular ion at m/e 150.

Paukstelis and Kim

Anal. Calcd for C9H1002 (150.17): C, 71.98; H, 6.71. Found: C,
72.20; H. 6.62.

Reaction of N-Acetyl-A'jV-dimethylcyclohexylammonium
Fluoroborate with Cyclohexanol. To a solution of 3.20 g (0.0125
mol) of iV-acetyl-IV,IV-dimethylcyclohexylammonium fluoroborate
in 20 ml of acetonitrile was added 1.0 g (0.01 mol) of cyclohexa-
nol. The solution was allowed to stand for 1 day at room tempera-
ture and for 5 hr at about 60-70°. The solvent was removed on a
rotary evaporator without heating, and the residue was extracted
with ether (3 X 100 ml). The ether layer was washed with a small
amount of water, dried (Na2S04), and evaporated to give 1.10 g
of oil. Glpc analysis indicated 68% of cyclohexyl acetate and 32%
of unreacted cyclohexanol (6 ftx 0.25 in., 15% Carbowax 20M on
Chromosorb P, 125° 180 ml/min). The acetate was collected and
identified by ir and nmr spectra, which were in agreement with
those of authentic material.

Reaction of iV-Aeetyl-.V.iV-dimethylcyclohexylammonium
Fluoroborate with Salicylic Amide. To a solution of 7.71 g (0.03
mol) of iV-acetyl-iV,./V-dimethylcyclohexylammonium fluoroborate
in 50 ml of acetonitrile was added 1.30 g (0.0095 mol) of salicylic
amide. The solution was allowed to stand at.room temperature
for 1 day followed by refluxing for about 30 min. The solvent was
removed by distillation, and the residue was extracted with ether
(2 X 100 ml). The ether portion was washed with a small amount
of water, dried (Na2S04), and distilled in a Hickman still [150°
(1.4 mm)] to give 1.54 g (72.6%) of JV-acetylsalicylic amide ace-
tate as a clear oil which later crystallized as a low-melting solid:
ir (thin film) 1779 (strong, C=0), 1718 (strong, 0=0), and 1701
cm- 1 (strong, 0=0); nmr (CC14) 5 2.23 (s, CH3, 3 H), 2.43 (s,
CH3, 3 H), and 6.97-7.43 (m, phenyl ring, 4 H); mass spectrum
showed molecular ion at m/e 221.

Anal. Calcd for CuHUNO04 (221.21): C, 59.72; H, 5.01; N, 6.35.
Found: C, 60.05; H, 5.05; N, 6.56.

Reaction of A-Acetyl-iV,A'-dimethylcyclohexylammonium
Fluoroborate with N-Benzyloxycarbonylglycine. To a solution
of 2.30 g (0.09 mol) of N-acetyl-A/Af-dimethylcyclohexylammon-
ium fluoroborate in 20 ml of acetonitrile was added 2.09 g (0.01
mol) of 1V-benzyloxycarbonylglycine in small portions while stir-
ring at about -10°. The solution was swirled for 15 min at -10°
and for 15 min at room temperature, and cooled again to -10°.
To this a solution of 1.40 g (0.01 mol) of ethyl glycinate hydro-
chloride and 1.01 g (0.01 mol) of triethylamine was added in
drops while stirring. The reaction mixture was allowed to react
and worked up as usual (as in the mixed anhydride method of
peptide synthesis) to give 1.70 g (65%) of crude JV-benzyloxycar-
bonylglycylglycine ethyl ester, which was recrystallized from eth-
anol. The final product gave identical ir and nmr spectra with
those of authentic material.l

Registry No.—1, 51051-39-9; 2, 51051-41-3; 3, 51051-43-5; 4,
51051-45-7; 5, 51051-47-9; 6, 51051-48-0; triethyloxonium fluorobo-
rate, 368-39-8; acetyl chloride, 75-36-5; /V.N-dimethylcyclohexyla-
mine, 98-94-2; triethylamine, 121-44-8; N-ethylpiperidine, 766-
09-6; Af-n-propylpiperidine, 5470-02-0; iV-n-butylpiperidine, 4945-
48-6; pyridine, 110-86-1; JV-methylcyclohexylamine, 100-60-7; N-
methylaniline, 100-61-8; iV-methylacetanilide, 579-10-2; dl-a-
phenethylamine. 300-62-9; dl-a-phenethylacetamide, 36065-27-7;
thiophenol, 108-98-5; thiophenyl acetate, 934-87-2; benzyl alcohol,
100-51-6; benzyl acetate, 140-11-4; cyclohexanol, 108-93-0; salicyl-
ic amide, 65-45-2; IV-acetylsalicylic amide acetate, 51051-49-1;
/V-benzyloxycarbonylglycine, 1138-80-3.
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Cyanogen bromide was treated in a 1:1 ratio with a variety of tertiary amines (e.g., iV-methylpiperidine, N-
methyl-traras-decahydroquinoline) to give IV-cyanoammonium bromides (1), which have been trapped at tem-
peratures of -50 to -10° for the first time, in crystalline form, and analyzed. Spontaneous decomposition of the
bromides (1) led to methyl bromide and a secondary cyanamide (2). A low-temperature nmr kinetic study of
step 1—»2 in a variety of solvents yielded first-order rate constants. This two-step, low-temperature technique
gave sec-cyanamides and, in turn, amines in yields superior to previous ones. In addition, no protection of hy-
droxyl groups is needed. Replacement of bromide by nonnucleophilic anions gave a number of stable cyanoam-
monium salts. N diastereoisomers (92:8) of iV-cyano-A-methyl-trans-decahydroquinolinium fluoroborate (3b and
4b) have been separated and their configurations determined by combined pmr, 13C nmr, and X-ray crystallo-
graphic studies, whereby equatorial preference of N-cyanation was established. These stable cyanoammonium
salts were then reconverted into the epimeric bromides (3a and 4a), and relative reaction rates of axial cyano
vs. equatorial cyano epimers in the step 1-m 2 were determined. Furthermore, the decomposition of the chiral
intermediate, (S)-(+)-1V-cyano-1V-sec-butyl-4-methylpiperidinium bromide (15a), gave (R)-(-)-sec-butyl bro-

mide (16) with inversion. Some synthetic aspects of the cyanoammonium salt intermediates are outlined.

The von Braun cyanogen bromide reactionl (illustrated
in Scheme 1) has been extensively applied2 over the
past 70 years, but no mechanistic study has been under-
taken, except some early unsuccessful approaches based
on analogies with triphenylphosphine-cyanogen bromide3
or with arsines.4 The first circumstantial evidence for the
mechanism was presented by Harper, et al.,5 and Casy, et
al.,6 respectively. Methadone, a tertiary amine containing
a carbonyl group, gave with cyanogen bromide no incorpo-
ration of bromide ion, but an unexpected cyclic, nitrogen-
free compound: a tetrahydrofuran derivative. Therefore,
an iV-cyanoammonium salt structure was suggested for
the first time as a possible intermediate, which underwent
cleavage by carbonyl oxygen as an internal nucleophile.
Along similar lines Albright and Goldman7 recently suc-
ceeded in converting different alkaloids into cyclic ethoxy
cyanamides with cyanogen bromide, using ethanol as a
protic solvent. The incorporation of ethoxide instead of
bromide occurred, and the overall steric course was one of
inversion. This is further circumstantial evidence for the
same type of intermediate, with no carbon-bromide bond;
displacement by alkoxide ion should have otherwise re-
sulted in a double inversion, equaling overall retention.

Preparation of N-Cyanoammonium Salts. We have
undertaken a different study83% with the aim of finding
direct evidence by trapping the postulated cyanoammon-
ium salts for the first time. The present paper gives a full
account of the experiments we have done in this field dur-
ing the last 3 years. As a preliminary approach a stable
cyanoammonium salt was sought, because any nucleophil-
ic ion would very easily result in the breaking of the rath-
er weakened iV-methyl or other TV-alkyl carbon bond.

Scheme |
CH3
r2=n_ cn —y R2=N—CN
Br CH3Br 2
1

a R, = -<CH24
b, R2= -(CH2D(CH22
¢, R,.- -(CH)LTH(CH22

ch3

There was no reagent known that would contain a cyan-
ium cation compensated by any of the known nonnucleo-
philic anions, such as fluoroborate. However, a complex
salt of cyanogen chloride and antimony pentachloride, de-
scribed by Woolf9 in the 1950's, gave cyanogen at the
cathode upon electrolysis. It thus seemed an appropriate
cyanium cation donor. In the meantime 13C nmr studies
were undertakenl0 on this complex salt, which showed
that it is certainly not a cyanium hexachloroantimonate,
but has the antimony coordinated with the nitrogen, not
the chlorine, of cyanogen chloride. Nonetheless, the crys-
talline complex salt still held the promise of being a po-
tential CN cation donor.

Therefore, we treated CNCI-SbCI5 with triethylamine
in nitromethane; the ir spectrum of the product showed a
strong C=N stretch around 2200 cm 'l. The nmr spec-
trum indicated a strong downfield shift (by 0.8 ppm) of
the methylene protons adjacent to nitrogen, indicative of
the conversion of the amine nitrogen into a quaternary
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Scheme 11

7

a, X = Br

b, X=BF4

¢, x =o03ch3

d, X = 03B-CHACH3p"
e, X = ShCI<f

a Z=CO
b, Z= CH(OH)ax
¢, Z = CH(OH)eq

ammonium ion. Similarly, the chemical shift of the N-
methyl signal of N-methylpiperidine, in its addition com-
pound with the CNCI-SbCIs complex, moved downfield
by 0.82 ppm. Those shifts were of the same order of mag-
nitude as those in the general quaternization of tertiary
nitrogen into an ammonium ion center.120 Thus, we have
indeed isolated N-cyanoammonium salts, e.g., 5e (Scheme
H) .

)Although a variety of cyanoammonium hexachloroanti-
monates have now been prepared and analyzed (Tables I
and Il), these stabilized salts were not suitable for further
study on any nucleophilic displacements of cyanoammon-
ium salts because of solubility reasons. Therefore, as the
next step, we intended to isolate the actual intermediates
of the cyanogen bromide reaction. In ethereal solution at
temperatures ranging from —10 to —50° we succeeded in
isolating a white precipitate8ab which could be filtered
and dried. These cyanoammonium bromides were white,
crystalline solids that have been kept for several days
under vacuum at —16°. However, depending on their alkyl
group, they decomposed between -10 and 10° and gave
the cyanamides in very high yields. Thus, they proved to
be the real intermediates in the von Braun reaction. They
were immediately analyzed. Elemental analyses gave car-
bon, hydrogen, and nitrogen values close to the calculated
ones for these unstable cyanoammonium bromides (Table
1) . On the other hand, IV-cyano-A/-methylpiperidinium
bromide (5a) gave only the final displacement products,
IV-cyanopiperidine (6) and methyl bromide, the latter of
which was trapped and quantitatively analyzed as N-
ethylpiperidine methobromide. The cyanoammonium bro-

mides, although sensitive, could be converted at -20° into
“stabilized” salts, by ion exchange with silver methane-
sulfonate, p-toluenesulfonate, hexafluoroantimonate, or
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fluoroborate. Shortly after these experiments8 a different
and independent approach was published in a communi-
cation by Paukstelis and Kim,11 who converted the reac-
tion mixtures of a few tertiary amines with cyanogen bro-
mide into Af-cyanoammonium fluoroborates with triethyl-
oxonium fluoroborate, i.e., the Meerwein salt.

The cyanoammonium bromides, e.g., la-c, 3a, 4a, 5a,
7a-c, etc., we have prepared were derived from 1V-methyl-
and A'-ethylpiperidine, 4-hydroxy-Armethylpiperidine,
AAmethylmorpholine, tropine, pseudotropine, tropinone,
lupinine, AAmethyl-frarcs-decahydroquinoline, 1,4-diazabi-
cyclo[2.2.2]octane, and quinine. Most of these bromides
were converted into the stable salts via ion exchange.

Table | indicates most physical and analytical proper-
ties of a number of both unstable and stabilized cyanoam-
monium salts. Table Il contains the spectral data. In-
frared spectra are consistent with their structure, the
G=N bond appearing as a sharp, medium-intensity band
between 2200 and 2280 cm-1.

Structure and Stereochemistry. Our technique of low-
temperature precipitation of the cyanoammonium bro-
mide with subsequent conversion into the stabilized cy-
anoammonium salt gave near-quantitative yields of the
latter. With these stable salts we were in the position to
determine the preferred steric course of cyanation. The
model we have used was (+)-Af-methyl-trans-decahydro-
quinoline because of its configurational and conformation-
al rigidity. Cyanation thereof by cyanogen bromide (addi-
tion of cyanide ion is now known as cyanylation13) was
immeasurably fast and nearly quantitative. No traces of
the tertiary amine could be detected by spectral methods,
at as low as -65°, in a variety of solvents (after adding 1
mol of cyanogen bromide per mole of the tertiary amine).
Cyanation may be regarded as a special case of quaterni-
zations of nitrogen. Al-Methyl-irans-decahydroquinoline in
ethereal solution gave a very high yield of a crystalline
product, which, based upon integration of the two pmr
methyl signals (at 5 3.63 and 3.74 ppm; see Table Il and
Scheme Il1), consisted of the two N-epimeric bromides 3a
and 4a in a ratio of 92:8. Those were separated by frac-
tional crystallization after conversion into the fluorobo-
rates 3b and 4b (Scheme I11).

The crude product melted at 127-130° after recrystalli-
zation. The purified major product had mp 156°. The cT
diagram of mixtures of the pure isomers showed a eutectic
point at 100° and 50% composition; thus they gave a defi-
nite mixture melting point depression.

These cyanoammonium fluoroborates could also be pre-
pared in situ, if the reactions were done in acetonitrile
with subsequent addition of silver fluoroborate; removal of
silver bromide and freeze drying (or vacuum evaporation
at low temperature) afforded the mixture of the stereoiso-
meric fluoroborates 3b and 4b. The Meerwein salt tech-
nique did not allow isolation of the minor isomer. The in-
dividual isomers, as well as their mixture, gave correct el-
emental analysis data (Table I). Both have been subjected
to detailed spectroscopic study. Moreover, the major ste-
reoisomer was analyzed by X-ray crystallography.la>

Nuclear Magnetic Resonance Studies. Extensive pmr
measurements at 250 and 100 MHz enabled unequivocal
determination of relative configurations about the chiral
nitrogen atom. Only the most important and pertinent
data are given in Table Il and Scheme Ill. The major ste-
reoisomer (3b) showed three deshielded protons at 8 4.13,
4.25, and 4.34 ppm. The minor isomer (4b) contained the
equivalent protons at 5 3.87, 3.96, and 4.36 ppm, respec-
tively. The difference is striking regarding the first two
chemical shifts. Therefore, the 8 4.13 and 4.25 ppm signals
were assigned to H-9 and to H-2 axial, these protons being
deshielded by an adjacent electronegative (i.e., CN) group
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Scheme 111

>n363

413
Ame2-nax — 0.4Hz
3b

4b

8b

AKy2-Hax = 1-6Hz

J wx.me = 0.85Hz

j ux. ny= 16.5Hz
9b

10b

in the major product. The signals at 8 3.87 and 3.96 ppm
were assigned to H-9 and H-2 axial in the minor stereoiso-
mer, these being shielded by the adjacent equatorial N-
methyl group. The two low-field signals at 5 4.34 and 4.36
ppm, in practically the same position in the two epimers,
were attributed to the less affected equatorial protons at
C-2. This by itself is evidence that the cyano group is
equatorial in the major product, hence it must be axial in
the minor product. In addition a long-range W coupling (J
= 0.4 Hz) between N-methyl and H-2 axial of the major
isomer could be decoupled by double irradiation of either
signal at 5 3.63 or 4.25 ppm. There was no appreciable
coupling between NCH3 and H-9 protons.

In addition, methoxycarbonylmethylation of the same
amine resulted in a 4:1 ratio of two N stereoisomers (8a
and 9a). The fluoroborate of the major and the minor
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products, 8b and 9b, respectively, indicated two di-
astereotopic methylene signals of the methoxycarbonyl-
methyl group at 8 4.29 and 4.09 ppm (J = 16.5 Hz) and at
8 4.24 and 3.87 ppm (J = 16.5 Hz), respectively. Also in
the minor product the protons at C-3 have been located
at approximately 8 1.75 ppm, by decoupling of the H-2
signals at 8 4.10 and 3.15 ppm. Furthermore, 14N decou-
pling resulted in significant change in signal shape about
8 1.75 ppm, in agreement with results that O protons are
more strongly coupled14 to 14N than are other protons. Ir-
radiation at 8 1.75 ppm resulted in a 10% nuclear Ov-
erhauser effect (NOE) in the 8 3.87 ppm signal, which we
assigned as Hx. Therefore, the methoxycarbonylmethyl
group is axial in the minor product. The two C-2 proton
assignments were made on the basis of their splitting pat-
terns. It should be noted that, in accordance with the con-
figuration derived from the NOE, W-type couplings were
observed on the one hand between Hy and H-2 axial, and
on the other between Hx and N-methyl. The two cou-
plings show that rotation of the axial methoxycarbonyl-
methyl group is restricted in 9.

A further reference compound, N,N-dimethyl-trans-
decahydroquinolinium fluoroborate (10b), showed a differ-
ence in chemical shift between the two methyl signals of 8
2.85 and 3.01 ppm, respectively, and there was a consider-
able difference in half-height peak width (1.85 and 1.55
Hz). The greater half-height width is due to the W cou-
pling of the higher field protons with H-2 axial and H-9
axial, which can only be the case if that methyl group was
itself axial. The chemical shifts of the axial methyl group
and methylene protons appeared at higher field than
those of their equatorial counterparts in a number of other
irans-decahydroquinoline derivatives.12*

In conclusion, evidence based on pmr spectra point to
the fact that cyanation of N-methyl-trarcs-decahydroquin-
oline took place preferentially in the equatorial position.
In addition an extensive 13C nmr spectroscopic study of
compounds 3b, 4b, 8b, 9b, and 10b was also undertaken.
Details of that work will be published.15 Wenkert, et al.ls
have shown that the N-methyl carbon atom of the major
product of cyanation of the same base resonated at 8.7
ppm higher field than the one in the minor product. Fur-
thermore, the C-3 and C-10 signals appeared at 3.4 and
4.1 ppm higher field than in the minor product, respec-
tively. The conformational effect, in particular the 1,3-
diaxial interaction of the two protons at C-10 and C-3
with axial N-methyl, would result in considerable
shielding of carbons 10 and 3, while the axial cyano group
in the major epimer does not as greatly affect those 13C
nmr shifts (similar to related cyclohexane derivatives16).

X-Ray Crystallography. X-Ray measurements were
made at room temperature using a Picker four-circle dif-
fractometer with Cu Ka radiation, proving structure 3b
for the major product of cyanation. Details of that X-ray
crystallographic study will be published elsewhere.17

Thus, the combined pmr, 13C nmr, and X-ray crystallo-
graphic studies12* have confirmed the complete geometry
of the N-epimeric N-cyano-N-methyl-trarcs-decahydro-
qguinolinium fluoroborates, and are in complete agreement
with other quaternization studies carried out with the
same type of compound.

Reactions of N-Cyanoammonium Salts. Interionic
Reaction. The reaction we studied most extensively is nu-
cleophilic displacement of one of the alkyl groups from
the chiral (or pseudo-chiral) nitrogen of the N-cyanoam-
monium salts. Two models in particular have been studied:
N-methyl-N-cyanopiperidinium bromide (5a) and N-
cyano-N-methyl-trans-decahydroquinolinium bromide (3a
and 4a). In addition, preliminary studies have been un-
dertaken with N-cyano-N-methylpyrrolidinium bromide
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Scheme IV

CH3

(11a). For solubility reasons most of our kinetic studies
were carried out with 3a and 4a. All IV-cyanoammonium
bromides we have isolated or prepared in situ are sponta-
neously decomposed at temperatures >0°. None were sta-
ble above 25° (see Kinetic Studies).

The bromides were attacked by other nucleophiles as
well, such as alcohols or pyridine. The stable cyanoam-
monium methanesulfonates, p-toluenesulfonates, fluo-
roborates, or hexafluoroantimonates were decomposed in
solution upon the addition of lithium bromide, whereby
the bromide ion displaced the N-methyl group in most
cases. With JV-ethyl-N-cyanopiperidinium salts, however,
ring cleavage occurred to a considerable extent concomi-
tantly with ethylation. Similarly, N-methyl-1V-cyanomor-
pholinium bromide (Ib) also underwent ring cleavage. In
the case of A'-cyano-TV-methylpyrrolidinium bromide
(11a), the fluoroborate lib could be isolated. However,
the major pathway was that of ring cleavage of the bro-
mide 1la (Scheme 1V) into 4-f/V-cyanodV-methylbutyl)
bromide (12).18 Most likely, in the cyanoammonium ion
that forms in the course of the reaction, the strongly ec-
lipsed C-2 and C-5 hydrogens interfered with the cis-posi-
tioned cyano or methyl groups attached to the ring nitro-
gen. Therefore, these additional nonbonded interactions
may considerably weaken a ring C-N bond, ultimately re-
sulting in ring cleavage. In addition, steric factors in the
transition state may have a definite effect on the course of
this reaction, but at present we are unable to assess their
relative importance. N-Cyano-Al-sec-butyl-4-methylpiper-
idinium bromide (13a) (Scheme V) prepared in situ was
decomposed by mild heating into the expected cyanamide
(6) and sec-butyl bromide (14). A mixture of 1- and 2-bu-
tenes and some ATsec-butyl-4-methylpiperidinium bro-
mide were also isolated, as identified by their nmr spec-
tra. The possible mechanism for olefin and amine salt for-
mation could involve removal of a proton from the sec-
butyl group of the cyanoammonium ion by the unchanged
tertiary amine, i.e., a Hofmann-type elimination instead
of a nucleophilic attack of bromide upon the secondary
butyl carbon atom.

Reactions with Other Nucleophiles. When the cy-
anoammonium bromide from either /V-methylpiperidme
or N-methyl-irans-decahydroquinoline was dissolved in
acetone and sodium iodide was added, an instant colora-
tion appeared, which upon titration showed that about
30% iodine had formed, by oxidation. Since the cyanoam-
monium cation cannot be an oxidizing agent, while cyano-
gen bromide is known to be, one reasonl9 for this reaction
was the dissociation of the cyanoammonium bromide into
the tertiary amine and cyanogen bromide. The latter
would then oxidize the iodide. One may object that there
is no spectral evidence for any free base in the presence of
cyanogen bromide. However, even if present in infinitesi-
mally small amounts, rapid oxidation of iodide by cyano-
gen bromide could result in a shift of the equilibrium, in
addition to the “normal” interionic reaction leading to the
cyanamide and methyl bromide.

Reduction of the cyanoammonium salt 3b with sodium
borohydride (in methanol) at 0° leads to an 80% yield of
IV-methyl-trans-decahydroquinoline. No other product
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Scheme V

(f?)-13a

could be isolated. Solvolysis of a 92:8 mixture of 3b and
4b with methanol-d4 at 26.5 and 28.5°, respectively, re-
sulted in the formation of N-methyl-iran.s-decahydroquin-
oline, characterized by its nmr spectrum. It showed no
infrared stretch in the 2200-cm ‘1 region. That reaction
was also monitored by pmr Kinetics.

Action of sodium methoxide [0(CH3) 3.2 ppm] upon the
salt 3b gave a product with a V-methyl signal at rather
high field (6 2.15, s) which can be assigned to N-methyl-
trans-decahydroquinoline. However, no signal indicating
the presence of dimethyl ether was detected. It is appar-
ent that reduction of the cyanoammonium salt competed
with alkylation. In spite of this, IV-cyanotrialkylam-
monium salts can be used in synthesis as potential alkyl
cation donors.

Reactions with Electrophiles. N-Cyano-W-methylpip-
eridinium fluoroborate reacts with trifluoroacetic acid. As
shown by its pmr spectrum the N+-methyl signal at 8 3.3
ppm slowly disappeared, giving rise to a new doublet of
increasing intensity at 5 2.95 ppm. This product was iden-
tified as the trifluoroacetate of N-methylpiperidine. The
fate of the CN group remains unclear. However, in the
light of recently published experiments,20 trifluoroacetic
acid may react with the cyanoammonium salts to form
CF3COOOMN and/or (CFsCOhO. The cyano group is
thus removed, and the resulting tertiary base can subse-
guently form the salt with additional trifluoroacetic acid.
A similar experiment with trifluoroacetic acid was carried
out in acetonitrile-d3. The major methyl signal appeared
at 5 3.8 ppm. Upon addition of a drop of D20 a doublet
appeared in the 5 2.72 ppm region. The intensity of that
signal increased while the one of the N+-methyl signal
decreased. At the end of addition of D20 that signal
became predominant. The doublet was again typical of
the trifluoroacetate of the tertiary base. It is not easy to
interpret that reaction; however, the product indicates an
acidolytic or hydrolytic removal of the cyano group. Such
a reaction would not be unexpected in the case of a cy-
anoammonium bromide, because dissociation thereof
should lead to cyanogen bromide and the tertiary amine,
the latter being protonated; hence the equilibrium slowly
shifted. However, an analogous reaction with the fluorobo-
rate leading to cyanium tetrafluoroborate was unlikely.
The latter was not accessible from cyanogen bromide and
silver fluoroborate.

Kinetic Studies. Kinetic data were obtained by mea-
suring the decrease in intensity of the Armethyl signal in
the pmr spectrum of the various cyanoammonium com-
pounds under the appropriate reaction conditions. N-
Cyano-N-methyl-irons-decahydroquinolinium bromide (3a
+ 4a) was found to be reasonably soluble in chloro-
form-d, acetonitrile-d.3, and nitromethane-ds, and, in ad-
dition, the trans-decahydroquinoline skeleton is conforma-
tionally more rigid than that of piperidine. Thus, the
greater part of the Kinetic measurements were carried out
in the irans-decahydroquinoline series.12a’b

The kinetic studies were essentially in three parts: (A)
on mixed axial and equatorial N stereoisomers (3a + 4a)
in the above three solvents (Figures 1 and 2); (B) on the
separated N stereoisomers (3b or 4b) in the same three sol-
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time (min.)
Figure 1. First-order plots for the decomposition of 3a + 4a in
CDCI3 at various temperatures.

vents; and (C) on the separated N stereocisomers (3b or
4b) in CH3O0D. No difference was observed in the kinetic
behavior whether the cyanation was carried out in one of
these solvents or whether the cyanoammonium bromide
(3a + 4a) was precipitated at -40 to -50° from ethereal
solution and subsequently dissolved in the precooled reac-
tion solvent. In addition to the molecularity of the reac-
tion, these kinetic studies have allowed supporting conclu-
sions to be drawn regarding the preferred steric course of
the first step of cyanation, and of the configurational ef-
fect of substituents about the quaternary nitrogen upon
the rate of decomposition of the cyanoammonium inter-
mediate.

The decomposition rate of V-cyano-1V-methyl-trans-
decahydroquinolinium bromide (3a + 4a) is ten times
greater in chloroform-d than in acetonitrile-d3 but only
2.5 times greater than in nitromethane-d3. The decrease
in rate tends to follow the order of increasing basicity and
increasing Z value2l (chloroform < nitromethane < aceto-
nitrile) rather than an increase in the dipole moment
(chloroform < acetonitrile < nitromethane).22 The ener-
gies of activation are calculated to be 19 kcal mol 1 in
chloroform and 22 kcal mol- 1 in acetonitrile. Increase in
the overall concentration of the salt or of the original cy-
anogen bromide did not affect the reaction rates. Added
common ion (e . g from lithium bromide) to the acetoni-
trile solution only resulted in “salting out” the crystalline
cyanoammonium bromide. However, the addition of 0.3
mol of lithium perchlorate per mole of cyanoammonium
salt produced a considerable (ca. fivefold) rate attenua-
tion, indicating a negative kinetic salt effect. These re-
sults can be explained by assuming a less polar transition
state in the step 1—2, and that the reactant ions are sol-
vated to a greater degree in acetonitrile.

The entropy of activation in chloroform-d was calculat-
ed to be +1.5 £ 3.0 eu, and in acetonitrile-d3 it was +9.5
+ 3.0 eu (see Table Ill, Figures 1 and 2). The posi-
tive value in both of the above-mentioned cases is con-
sistent with the above assumption of a transition state
which is less polar (less strongly solvated) than the reac-
tant ions in the step 1-» 2. In addition, the small positive
AS* in chloroform and the relatively larger value in aceto-
nitrile suggests an intimate ion pair for the cyanoammon-

ium bromide in chloroform, while in acetonitrile the more
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Figure 2. First-order plots for the decomposition of 3a + 4a in
CD3CN at various temperatures.

strongly solvated individual ions may give it a more “nor-
mal” salt structure. This conclusion is reached on the
basis that an ion pair requires less reorganization of the
solvent shell and loss of fewer solvent molecules in going
from reactant to transition state than does a salt which is
solvated as free, individual ions.

Conductance measurements taken at room temperature
and at -42° in these solvents clearly show that there are a
greater number of conducting species in the acetonitrile
solution, there being a 1000-fold difference in conductivity
between the two solvents; the conductivity is almost neg-
ligible in chloroform (Table 1V).

We have followed Ross’s analysis23 in fitting the raw
kinetic data to various rate laws. This analysis shows that,
if the reacting salt is present in solution as all ion pairs,
first-order Kinetics will be observed; if free ions are pres-
ent, second-order kinetics will be expected; if triple ions
are present two-thirds-order kinetics will follow; and if
quadruples are the predominant aggregates, one-half-order
kinetics will be obtained. Intermediate reaction orders
may indicate mixtures of species.

Our preliminary Kinetic studies indicate that, in chloro-
form and in nitromethane at all temperatures investi-
gated, first-order Kinetics were followed. In acetonitrile at
the relatively higher temperatures first-order Kinetics were
also observed, but both first-order and second-order plots
became nonlinear below -20°. Taken together all of these
physical data indicate that there is extensive ion pairing
under the experimental conditions which we have used.
However, the deviation from linearity below —20° in ace-
tonitrile indicates that neither first- nor second-order ki-
netics are valid. Therefore, we interpret this as indicating
in acetonitrile at these lower temperatures that the react-
ing species are most probably higher aggregates, i.e., tri-
ple ions. We would suggest that the ion pair in chloroform
is a tight ion pair and that in nitromethane and in aceto-
nitrile it could be considered a solvent-separated ion
pair.24 The exact nature of the solvent cage about the ion
aggregates is expected to be different in nitromethane and
acetonitrile.

The influence of configuration about the ammonium ni-
trogen atom on reaction rates can be seen in the following
data. The rate constant for the axial methyl derivative of
W-cyano-1V-methyl-irans-decahydroquinolinium fluorobo-
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Table 111
First-Order Rate Constants“ of the Decomposition of 3b and 4b into
Ar-Cyano-trams-decahydroquinoline and Methyl Bromide at Different Temperatures

Solvent -30° - 22°

*

Chloroform-d 3.0 X 10-4 1.1 X 10-
Acetonitrile-eA 3.0 X 10 1.0 X 10«4

N itromethane-cA

- 20° -17° -15°
1.2 X 10-* 2.0 X 10-» 3.0 X 10-»
1.4 X 10 2.0 X 10“4 3.3 X 10%4
6.5 X 10%4 1.2 X 10-*

Calculated Activation Parameters

Solvent E& kcal mol-1
Chloroform-d 19
Acetonitrile-cA 22

AG* kcal mol-1 AH*b kcal mol-1 AS*, ev
18.1 18.5 + 1.5
19.2 21.5 +9.5

“In reciprocal seconds. b AH* calculated at —30 and —15°. For CDChb: 18.52 kcal mol lat —30°, 18.49 kcal mol 1lat
-15°. ForCD3XN: 21.52kcalmol'at -30°, 21.49 kcal mol“lat -15°.

Table 1V
Equivalent Conductance of Various
IV-Cyano-frcms-decahydroquinoline Salts
in Three Solvents

Temp,
R X Solvent "C A, Mho/cm
CN BF4 CHaCN 22.8 131.1
CN b f4 CHaCN -41.9 61.32
CN Br CHXN -42.0 23.80
CN b f4 chiho? 22.7 78.17
CN b f4 CHCla 22.7 2.712 X
10 -*
CN Br CHCla -42.0 “0”
CAc*" Br CHCla 22.7 14.07 X
10 -*
(ra-Pr)4+NBr*“ b CHCla 22.6 28.42 X
10-*

° Registry no., 51075-63-9.6Registry no., 1941-30-6.

rate (reacts as the bromide) is 2.1 X 10'4 secl, while
that of the minor product, the equatorial Af-methyl iso-
mer, is 2.9 x 10'4sec'l; thus keg/kax = 1.38. This may
be interpreted by assuming that the axial methyl group is
somewhat hindered, or at least the equatorial methyl
group is more easily attacked by the bromide ion.

Steric Course of the Decomposition of a Chiral Cy-
anoammonium Salt. Further insight into the mechanism
of the interionic reaction was gained from the synthesis
and decomposition of a cyanoammonium salt with a chiral
Aralkyl group. 4-Methylpiperidine was butylated with
(S)-(+)-2-butyl p-toluenesulfonate2s of 59% optical purity
to form (R)-(-)-Af-sec-butyl-4-methylpiperidine, [a]204359
-26.97° (neat). This is similar to the preparation of (R)-
(+)-Af-sec-butylpiperidine.25 The optical purity of this
product could only be estimated at 27% [comparison with
optically pure (R)-(+)-Al-sec-butylpiperidine, [a]25439
+99° (neat)], since we have not yet completely resolved
4-methyl-Af-sec-butylpiperidine. Reaction of the latter
with cyanogen bromide led to isolation of the cyanoam-
monium bromide 13a, which was characterized as the flu-
oroborate 13b. Upon decomposition the chiral bromide
13a gave rise to (S)-(+)-sec-butyl bromide (14), [a]204359
+7.3° (ether); optically pure (S)-(+)-butyl bromide26-27
shows [a]204360 +70.5° (neat). On the other hand (S)-(+)-
sec-butyl tosylate of 80% optical purity gave CR)-(-)-sec-
butyl bromide, [a]204359 —58.2° (ether). That value was
corrected to an optically pure bromide, [a]204359 -72.7°.
Therefore, the optical purity of the bromide from 13a was
only 10%. The steric course of the N-debutylation, how-
ever, corresponds to 36% inversion, if the low optical pu-

rity of our Al-sec-butyl-4-methylpiperidine is taken into
account. This warrants the statement that the interionic
dealkylation step leading to sec-butyl bromide occurred
with inversion, which thus implies an SN2-type displace-
ment of the nitrogen from the sec-butyl carbon 2.

The product of this reaction was the expected AAcyano-
4-methylpiperidine (15) in high yield. In addition a mix-
ture of 1- and 2-butenes, probably formed by the action of
unchanged N-butylpiperidine upon the cyanoammonium
bromide, i.e., by Hofmann elimination, was detected.
Furthermore, a 10% vyield of AAsec-butyl-4-methylpiperi-
dine hydrobromide (16) was isolated, in agreement with
the elimination mechanism. Compound 16, or rather its
bromide ion, was responsible for considerable racemiza-
tion of the (S)-(+)-sec-butyl bromide formed in the reac-
tion 13a — 14 + 15. This was proven by distilling added
optically pure sec-butyl bromide from the same salt in a
control experiment, which resulted in complete racemiza-
tion thereof. That undesirable process was somewhat min-
imized by precipitating the hydrobromide with ether im-
mediately following the von Braun reaction of 13a carried
out at 10°, and subsequently distilling the (S)-(+)-sec-
butyl bromide, now practically free of bromide ions.

Experimental Section

General. Nmr spectra were recorded on a Varian HA-60, HA-
100, or T-60 spectrometer unless otherwise specified; chemical
shifts are given in parts per million (5) downfield from TMS as
internal reference. Ir spectra were recorded on a Beckman IR-8
spectrophotometer. Melting points were taken on an Electrother-
mal Model 1A 6304 apparatus. Optical rotations were measured
at 25° with a Perkin-Elmer Model 141 M electric polarimeter. El-
emental analyses were partly carried out on F & M Model 185 C,
H, N Analyser by Mr. R. Dulude, and partly by Galbraith Labo-
ratories, Knoxville, Tenn.

All solvents employed in the preparation of W-cyanoammonium
salts were carefully purified before use. Acetonitrile was dried
over phosphorus pentoxide overnight and then distilled. Commer-
cial anhydrous ether was refluxed with lithium aluminum hy-
dride for 2 hr and then distilled directly into the reaction flask.
Cyanogen bromide was distilled from calcium carbonate-magne-
sium oxide (1:1). Other liquid reagents were distilled and solid
reagents were recrystallized to ensure purity.

General Procedure for the Preparation of Quaternary N-
Cyanoammonium Bromides (for Details See Tables | and I1).
A solution of 1.9 g (0.018 mol) of cyanogen bromide in 15 ml of
anhydrous ether was cooled to -50°, and 0.016 mol of the tertiary
amine in 20 ml of anhydrous ether was added dropwise over a pe-
riod of 30 min with efficient stirring. The reaction mixture was
stirred for an additional 3 min, and the temperature was main-
tained between -50 and -60°. At the end of this period the volu-
minous precipitate was transferred as rapidly as possible to a sin-
tered glass funnel equipped with an evacuated cooling jacket and
suction filtered, first at the water aspirator and then with an oil
pump. The yield of the dry solid was in the range of 95-98%. At-
tempts to dissolve either IV-cyano-N-methylpiperidinium bromide
(5a) or M-cyanotropinonium bromide (7a) in available nmr sol-
vents at temperatures below -40° were unsuccessful. N-Cyano-
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iV-methyl-traras-decahydroquinolinium bromide (3a + 4a), on the
other hand, dissolved readily in chloroform-d, acetonitrile-d3 or
nitromethane-d3. For physical and spectral data see Tables | and

General Procedure for the Thermal Decomposition of N-
Cyanoammonium Bromides. All experiments were carried out
under strictly anhydrous conditions. For example, 6.15 g (0.03
mol) of 1V-cyano-IV-methylpiperidinium bromide, which had been
kept at -80°, was placed in a 100-ml round-bottom flask being
immersed in a Dry Ice-acetone bath. The flask was connected to
a short-path distillation unit equipped with a cold finger con-
denser; the receiver was cooled in a Dry lce-acetone bath. Upon
warming gradually to room temperature, the solid mass began to
appear deliquescent on the surface. When gentle heating was ap-
plied with a hot air gun, the solid disintegrated completely, yield-
ing a gas, which was condensed into the cold receiver, and a lig-
uid. The gas was identified as methyl bromide (2.47 g, 88%), a
sample of which had superimposable nmr and ir spectra and
identical chemical properties with authentic material. The liquid
was distilled, yielding 3 g (92%) of iV-cyanopiperidine: bp 104° (10
mm) [lit.28 bp 102-104° (10 mm)]; ir 2200 crerl (s, O~N); nmr
spectrum was identical with that of an authentic sample. Ther-
mal decomposition of A'-cyanotropinonium bromide (7a) by the
same method gave 85 and 86% yield of methyl bromide and N-
cyanotropinone, respectively. Similarly N-cyano-iV-methyl-irarcs-
decahydroquinolinium bromide (3a + 4a) was thermally decom-
posed to give methyl bromide (91%) and Y-cyano-trans-decahy-
droquinoline (98%). The latter cyanamide boiled at 102-103° (0.09
mm) and showed no difference from the compound obtained by
direct N-cyanation of trans-decahydroquinoline with cyanogen
bromide.

General Procedure for the Preparation of Stabilized N-Cy-
anoammonium Salts. The IV-cyanoammonium bromide was pre-
pared by the method described above. To a very well stirred sus-
pension of that salt in ether at -50° a solution of an equivalent
amount of silver tetrafluoroborate (or silver p-toluenesulfonate)
was slowly added in acetonitrile. The mixture was stirred at -50°
for another 1 hr and then allowed to warm to room temperature.
The solvents were evaporated at reduced pressure and room tem-
perature; the remaining solid was then thoroughly triturated with
acetonitrile. The silver bromide was removed by filtration, leav-
ing behind a clear solution of the stable iV-cyanoammonium salt.
Reduced-pressure evaporation of the solvent at 10-20° affored the
crude product, which was analyzed by nmr. Recrystallization,
usually from acetonitrile-ether, gave the pure iV-cyanoammonium
tetrafluoroborate (or p-toluenesulfonate). The yields and melting
points of some products were as follows: Af-cyano-N-methylpiperi-
dinium methanesulfonate, 75%, mp 78-80°; N-cyano-iV-ethylpip-
eridinium methanesulfonate, 64%, mp 75-75°; N-cyanopseudotro-
pinium tetrafluoroborate, 95%, mp 142° JV-cyanotropinonium
tetrafluoroborate, 90%, mp 158-159°; iV-cyanolupininium tetraflu-
oroborate, 88%, mp 162-163°.

W-Cyano-Af-methylpiperidinium Hexachloroantimonate (5e).
The cyanogen chloride-antimony pentachloride complex salt was
prepared according to the method of Woolf.9 The pure crystalline
material was obtained as colorless prisms by sublimation (10_3
mm) at room temperature: mp 124-125° dec; ir 2220 cm- 1
(G=N); Xmax (CH3CN) 268 nvx. A solution of IV-methylpiperi-
dine (0.74 g, 7.5 mmol) in 5 ml of dry nitromethane was added
dropwise to a cold, stirred solution (-10°) of the fresh sublimed
complex salt (2.7 g, 7.5 mmol) in 10 ml of dry nitromethane.
Freeze-drying of the reaction mixture left a solid product (3 g,
94%), mp 79-80°.

A'-Methyl-trans-decahydroquinoline. The Eschweiler proce-
dure was used as modified by Clarke, Gillespie, and Weisshaus.29
fram'-Deeahydroquinoline (25 g, 0.18 mol) was heated308 to 95-
100° with 45 ml of 91% formic acid and 45 ml of 37% aqueous
formaldehyde for 10 hr. The cooled reaction solution was evapo-
rated to dryness after addition of 100 ml of 4 N hydrochloric acid,
and the tertiary amine was liberated by subsequent addition of a
20% potassium hydroxide solution. The crude product was puri-
fied by vacuum distillation. The yield of iV-methyl-trares-decahy-
droquinoline was 21.4 g (78%); bp 73° (3 mm) [lit.30b bp 204° (721
mm)]; ir 2750 cm~1; nmr (CDC13)52.01 (NCH3,3H, s).

Preparation and Separation of N Stereoisomers 3b and 4b,
A,-Cyano-/Y-methyl-ircms-decahydroquinolinium  Tetrafluoro-
borate. The crude cyanoammonium salt was obtained in 95%
yield from the reaction of iV-methyl-trarcs-decahydroquinoline
with cyanogen bromide at -30° in ether or acetonitrile (see gener-
al procedure). Subsequent treatment of the resulting intermedi-
ates with silver tetrafluoroborate and integration of the +NCH3
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nmr signals of the stabilized salt indicated a mixture consisting of
95% major product (3b) and 5% minor product (4b). The epimers
were separated by fractional crystallization. Anhydrous ether was
added gradually to a solution of 11 g of the crude product (3b and
4b) in 150 ml of acetonitrile until the solution became faintly tur-
bid and kept at 0-5° for a few hours. The CN-equatorial epimer
(Bb) had crystallized out as colorless needles (2.3 g, 21%), mp
135°.

Repeated recrystallization by the same procedure afforded two
more crops of pure major compound 3b from the mother liquor,
yielding a total of 3.9 g (35.4%) of monoclinic crystals. The inter-
mediate fractions contained mixtures (50:50 mixture, mp 100°)
while the final two fractions contained a total of 0.2 g (1.8%) of
the pure CN-axial epimer (4b). The latter melted at 156°.

Reaction of an N-Cyanoammonium Tetrafluoroborate with
Lithium Bromide. Anhydrous lithium bromide (1.15 g, 0.013
mol) was dissolved in 25 ml of acetonitrile, and a solution of 2.44
g (0.0091 mol) of Af-cyano-JV-methyl-iraras-decahydroquinolinium
tetrafluoroborate (3b) in 10 ml of acetonitrile was added. A white
precipitate formed immediately, the mixture was diluted with
ether, and the precipitate was filtered and washed with ether.
The filtrate and the ethereal solution were combined. Removal of
the solvents followed by vacuum distillation yielded 1.33 g (89%)
of IV-cyano-trans-decahydroquinoline which was spectrally identi-
cal with an authentic specimen.

Optically Active 2-Butyl p-Toluenesulfonate. (S)-(+)-2-Bu-
tanol), [a]254359 +16.15°, was supplied by Professor J. L. Wolfha-
gen of the University of Maine. However, later a product of higher
optical purity, [a]254359 +22.08°, was obtained from Norse Labo-
ratories and used for most of our experiments. By a method re-
ported elsewhere25 the latter alcohol (15.33 g, 0.27 mol) was treat-
ed with p-toluenesulfonyl chloride (89.5 g, 0.4 mol) in 300 ml of
pyridine at 0° to give 27.3 g (73%) of sec-butyl p-toluenesulfonate,
[0]25439 +10.35° (neat). The (S)-(+)-2-butanol of lower rotation
gave a tosyl ester: [a]254359 +7.76° (neat); bp 80° (0.01 mm) [lit.5
bp 95° (0.1mm)]; ir 668, 820, 910, 1190, 1360, 1605, 3000, 3050
cm-1, Kenyon, Phillips, and Pittman25 reported [a]204359 +12.98°
(neat).

Optically Active N-sec-Butyl-4-methylpiperidine. A mixture
of 33.66 g (0.34 mol) of freshly distilled 4-methylpiperidine and of
(S)-(+)-sec-butyl p-toluenesulfonate, [0]254359 +7.76?, was stirred
at 85° overnight. As the reaction proceeded, the clear solution
separated gradually into two layers. At the end of the reaction,
the bottom layer solidified upon cooling. The solid, 4-methylpip-
eridine hydrobromide, was separated by filtration, washed thor-
oughly with several portions of ether, dissolved in water, and fi-
nally treated with 20% aqueous KOH solution, and dried
(K2CO03). The ether was evaporated on a rotary evaporator, and
the residual oil was fractionally distilled to yield 20.2 g (77%) of
(R)-(-)-iV-sec-butyl-4-methylpiperidine, bp 82° (22 mm),
[a]254359 - 26.96° (neat). This was approximately 27% optically
pure; ir and nmr spectra of this material matched perfectly those
of the corresponding optically inactive compound which had been
previously prepared. For analytical data see Table I.

Cyanogen Bromide Reaction of Optically Active N-sec-
Butyl-4-methylpiperidine. A solution of 7.75 g (0.05 mol) of (S)-
(+)-)V-sec-butyl-4-methylpiperidine in 10 ml of anhydrous ether
was added with constant stirring to a precooled solution (-60°) of
6.36 g (0.06 mol) of cyanogen bromide in 10 ml of anhydrous
ether, similar to the general preparation of quaternary N-cy-
anoammonium bromides. After the NCH3signal in the pmr spec-
trum of the free tertiary amine had completely disappeared the
reaction mixture was kept at -60° for 2 hr. The solution of 13a
was then allowed to warm to room temperature. After 30 min, 20
ml of dry ether was added to precipitate IV-sec-butyl-4-methylpip-
eridine hydrobromide, mp 211° (4.7 g, 50.6%). Also isolated was
0.85 g (14.55%) of (S)-(+)-sec-butyl bromide (16), bp 90-92°,
[a]254359 +7.3° (ether, ¢ 0.85). The optical purity of the latter
compound was 10% relative to the optically pure (S)-(+)-sec-
butyl bromide, [a]2543%9 +7.05° (neat27), +72.9° (ether). A part of
the butyl residue was detected by pmr as a mixture of 1- and 2-
butene. The residue afforded 2.9 g (48%) of IV-cyano-4-methylpip-
eridine (15), bp 75-76° (0.5 mm) [lit.31 bp 78° (1 mm)]. The above
experiment, when repeated with 155 g (0.1 mol) of (R)-(-)-N-
sec-butyl-4-methylpiperidine and 10.6 g (0.1 mol) of cyanogen
bromide in bromobenzene, gave 1.1 g (8%) of sec-butyl bromide,
M 274350 +1.22° (neat), corresponding to 1.74% optical purity,
and about 6.4% inversion. The considerable loss of optical purity
is due to secondary racemization by bromide ion as shown by the
following control experiment.

Racemization of (/?)-(-)-sec-Butyl Bromide by Bromide



1516 J. org. Chem., Vol. 39, No. 11, 1974

lon. Optically active (R)-(-)-sec-butyl bromide (1.37 g, 0.01
mol), [a]254359 - 56° (neat), prepared25 from (S)-(+)-sec-butyl
tosylate, and 2.35 (0.01 mol) of racemic A-sec-butyl-4-methylpip-
eridine were dissolved in 30 ml of bromobenzene and then dis-
tilled to give 1 g (73%) of sec-butyl bromide, bp 90-91°, [a]254359
0°, completely racemized.

Kinetic Measurements. Decomposition of A-Cyano-A-
methyl-frans-decahydroquinolinium Bromide. All of the solu-
tions for low-temperature nmr studies were 2 M concentration of
the sample in chloroform-d, acetonitrile-d3, or nitromethane-d3.
Sample temperatures were maintained by a Varian V-4340 low-
temperature probe and were calibrated by recording the tempera-
ture as a function of the difference in chemical shifts of the hy-
droxyl proton and methyl protons of methanol. The rates of de-
composition of the A-cyanoammonium bromide were measured at
-30, -22, -20, -17, and -15 + 0.05° by following changes in in-
tensity of the +NCH3 signal at5 4.0 ppm in chloroform-d (5 3.67
ppm in acetonitrile-d3 5 3.86 ppm in nitromethane-d3). In a typi-
cal run, solutions of A-methyl-ircms-decahydroquinoline (0.122 g,
0.8 mmol) in 0.4 ml of the deuterated solvent and cyanogen bro-
mide (0.085 g, 0.8 mmol) in 0.4 ml of the same solvent, in sepa-
rate vials, were thermally equilibrated and then mixed in a ther-
mally equilibrated nmr tube. The tube was then sealed with a
torch. The mixture was analyzed by integration (mean of three
runs) of the nmr signals in the +NCH3 region of the spectrum.
The extent of reaction was normally followed to 90% completion.

Rate constants were obtained by standard procedures from the
slopes of logarithmic plots. Activation parameters were also de-
termined. All analyses were performed in duplicate and the data
were reproducible within the limit of experimental error.

N Stereoisomers (3b and 4b) of A-Cyano-A-methyl-trarcs-
decahydroquinolinium Tetrafluoroborate. The pure N stereo-
isomer (either the major or the minor product) of A-cyano-A-
methyl-trans-decahydroquinolinium tetrafluoroborate (0.093 g,
0.35 mmol) in 0.5 ml of CD3CN at -9° was converted in situ into
A-cyano-A-methyl-irans-decahydroquinolinium bromide (3a or
4a) upon mixing, in a thermally equilibrated nmr tube, with an
equivalent quantity of A,A-dimethyl-frarcs-decahydroquinoli-
nium bromide in 0.5 ml of chloroform-d at -9°. The rate of de-
composition of the isomeric A-cyanoammonium bromide at that
temperature (-9°) was followed spectroscopically by nmr and the
rate constant was computed as before. In cases of both the major
and the minor isomer there was observed a good linear relation-
ship between the logarithms of concentrations of the A-cyanoam-
monium bromide and the reaction times.
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iV-Benzhydryl-IV-nitrosobenzamide and the 4-chloro- and 4-methoxybenzhydryl analogs were prepared and
decomposed in benzene, acetonitrile, and acetic acid solvents. The rates of decomposition were all fairly similar,
suggesting that a direct ionization to give benzhydryl carbonium ions is not occurring. Instead, these nitrosoam-
ides appear to react by the normal pathway involving a rearrangement to the corresponding diazo ester in the

first step.

N-Nitrosoamides of primary amines (1) decompose in
both polar and nonpolar solvents to yield the correspond-
ing esters (eq 1).1-2 Various studies have shown that, for

N=0

RNCR' —* RN=NOCR' — »—» ROCR' + N2 (1)

1 2

nitrosoamides of simple alkylamines (1, R = alkyl, ben-
zyl, etc.), the first step in the reaction is a rearrangement
of 1 into an isomer, the diazo ester 2; subsequent reac-
tions lead to the corresponding ester (eq 1).1'2 The rate-
determining step, the rearrangement,2 has a relatively
nonpolar transition state as shown by the following obser-
vations: (1) the nitrosoamide reaction of simple alkyl-
amines proceeds readily in nonpolar solvents such as hex-
ane, 1,2 (2) only a small solvent effect has been noted,3
and (3) only a small electronic effect of substituents on
the rates of decomposition has been observed.4

The purpose of the present work was to investigate the
possibility that a direct ionization mode of decomposition
(eq 2) might be competitive under certain circumstances.

N =0 NCT

| e
RNCR' — - R+ CR'" — » R+N2 ~0XR' —

ROZR + N2 (2)

Alkyl groups, R, that form stable carbonium ions could
conceivably change the course of the decomposition to
favor an Sn 1 mode of reaction (eq 2). The benzhydryl sys-
tem was chosen for the present study in this context be-
cause it has been used in studies relating the deamination
reaction to solvolysis,5 and because the benzhydryl carbo-
nium ion is the most stable of the carbonium ions studied
in an alkyl nitrosoamide decomposition to date2 (the tri-
phenylmethyl system has not yet been examined). This
paper covers the preparation of the nitrosobenzamides of
benzhydrylamine (3a) and the 4-chloro (3b) and 4-me-
thoxy (3c) derivatives, and the measurement of their rates

f5 0

xcth4— c— tji— c—cth6

H N=0
3a, X=H
b X = 4C1
¢, X = 4-CHYD

of decomposition. The reactions were followed in benzene,
acetonitrile, and acetic acid, and the results show that
these nitrosoamides also follow the pathway outlined in eq
1

Results

N-Benzhydryl-, Ar(4-chlorobenzhydryl)-, and JV-(4-
methoxybenzhydryl)benzamides were nitrosated with di-
nitrogen tetroxide6 to yield compounds 3a-c. These nitro-
soamides were not subjected to purification procedures
because of their instability. The changes in the infrared
spectra on nitrosation are large,6,7 however, and the most
reasonable impurities can be readily detected. The nitro-
soamides used in the rate studies were pure as shown by
their infrared spectra; these showed no detectable
amounts of the starting amides or the product esters. The
rates of decomposition were followed by the decrease in
intensity of the visible absorption band of the nitroso
group at ~425 nm.7,8 A concentration of 10" 2M was cho-
sen to give a convenient optical density for a cell of 1-cm
path length. A commercial Haake circulator and tempera-
ture controller was used as a constant-temperature bath.
With this apparatus it was possible to maintain a given
temperature in the bath to within 0.01°; the thermometer
could be read to 0.1° and estimated to within 0.01°. All
runs were conducted at 25 + 0.01°. For each run, the cell
and the solvent were equilibrated at 25° in the constant-
temperature bath, the nitrosoamide was quickly dissolved
in the solvent of choice, and the spectra were taken on a
Cary spectrometer Model 14, the cell chamber of which
was connected to the Haake circulator. The initial optical
density A0 was obtained by extrapolation of the optical
densities to time zero.

Runs varied from 2 to 3 half-lives and 7-14 points were
used to establish the linearity of the first-order plots. The
rate constants were determined from these by graphical
methods.9 The nitrosoamides proved not to be very solu-
ble in acetic acid. In the acetic acid runs, they were first
dissolved in a small amount of methylene chloride and
then the acetic acid was added; the final concentration of
methylene chloride in the acetic acid was 2-7%.

The data for a typical run are given in Table I. In all of
the cases, linear plots of log AO/A vs time were obtained
and from these, the first-order rate constants were calcu-
lated; the data are given in Table II.

Discussion

In all of the solvents used, the 4-methoxybenzhydryl
compound (3c) decomposed faster than the 4-chlorobenz-
hydryl analog (3b). The rate enhancement factor was 1.5
in benzene, 1.7 in acetonitrile, and 1.4 in acetic acid. This
effect of the methoxy group is small relative to that to be
expected if the reaction were to proceed via eq 2, however.
For example, the rates of methanolysis of benzhydryl
chlorides with the same suite of substituents increase in
the order 4-C1 (0.47), 4-H (1.0), 4-CH30 (-5000).10 Fur-
ther, the rate constants for the solvolysis of the corre-
sponding benzhydryl 4-nitrobenzoates in 90% aqueous ac-
etone fall in the order 0.5, 1.0, and >1300.11
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Table |
Decomposition of N-Nitroso-A-benzhydrylbenzamide
(38 in Benzene

Time, sec Aa Log Ao/A kij* min 1
0 0.720c 0.000
235 0.620 0.065 3.8 X 10“2
480 0.535 0.129 3.6 X 10“2
710 0.470 0.185 3.4 X 10%2
930 0.410 0.245 3.7 X 10-2
1140 0.367 0.293 3.2 X 102
1385 0.320 0.352 3.4 X 10“2
1610 0.280 0.410 3.6 X 10~2
1825 0.250 0.459 3.2 X 10-2
2445 0.175 0.614 3.4 X 10~2
3030 0.130 0.743 3.0 X 10-2
Av 3.44X 10“2
°A = optical density. bFirst-order rate constant calcu-

lated for each point. cObtained by extrapolating the experi-
mental points to time zero.

The small rate increase noted upon substitution of a
methoxy group into a benzhydrylnitrosoamide shows that,
even for benzhydryl groups, the nitrosoamide reaction is
not diverted from the normal path outlined in eq 1 to the
ionization mode outlined in eq 2. Of course, nitrosoamides
bearing groups that would yield more stable carbonium
ions (e .g 1, R = triphenylmethyl) might follow eq 2. It
appears, however, that all the nitrosoamides prepared to
date decompose via the pathway outlined ineq .12

The small rate enhancement that was observed for se-
ries 3a ¢ (Table II) is probably a result of inductive and
resonance interactions (4) influencing the nucleophilicity
of the oxygen atom in the nitroso group.

N=0

NCT

4
Experimental Section

Instrumentation. Infrared spectra were obtained on a Perkin-
Elmer Model 337 grating spectrophotometer. A Cary 14 recording
spectrophotometer was used to obtain uv spectra. Proton magnet-
ic resonance spectra were obtained with a Varian Model A-60.
Chemical shifts are reported in 5 units using tetramethylsilane as
internal reference. Melting points, obtained on a Thomas-Hoover
apparatus, were uncorrected.

4-Methoxybenzophenone Oxime. 4-Methoxybenzophenone
oxime was prepared on 70% yield from 4-methoxybenzophenone
and hydroxylamine hydrochloride.13 A mixture of syn and anti
oximes was obtained: mp 115-139° (lit.13a mp 115-116° for anti
and 137-138° for syn isomer); ir (CDC13) 3590, 3300 (broad), 2910,
1615, and 990 cmr 7; nmr (acetone-d) $§ 3.32 and 3.37 (3 H, s,
OCH3), ~6.70 (9.1 H, m, CeHs and C6H4), impurities at 1.6 (m),
and 2.6 (s).

4-Methoxybenzhydrylamine Hydrochloride. Reduction of 6.0
g (26.4 mmol) of 4-methoxybenzophenone oxime with sodium in

White and Dzadzic

Table 11
First-Order Kate Constants for the Decomposition of
the A-Nitrosobenzamides of Three Benzhydrylamines
[3, RN(NO)COCea6] at 25°

Half-
life,
Solvent R Registry no. Kk min 1 min
Benzene 4-Chlorobenz- 16469-42-4 2.7 X 26
hydryl 10-2
Benzhydryl 16469-41-3 3.5 X 20
10“2
4-Methoxybenz- 51271-73-9 3.9 X 18
hydryl 10“2
Acetonitrile  4-Chlorobenz- 3.0 X 23
hydryl 10-2
4-Methoxybenz- 5.2 X 13
hydryl 10%2
Acetic Acid 4-Chlorobenz- 3.8 X 18
hydryl 10-2
4-Methoxybenz- 5.4 X 13
hydryl 10%2

ethanol and formation of the hydrochloride yielded the salt;14
5.30 g (21.3 mmol, 82%); mp 218-220° (lit.14a mp 190°, lit.15 mp
229°); ir (KBr) 2900 (broad), 1600, 1500, and 1030 curl; nmr
(DMSO-d6) a 3.35 (25 H, s, NH3+), 3.75 (3 H, s, OCH3), 6.90
and 7.50 (10 H, m, C6H5, C6H4, CH).

A-Benzhydrylbenzamides. A-Renzhydrylhenzamide, A-4-
chlorobenzhydrylbenzamide, and A-4-methoxybenzhydrylbenz-
amide were prepared from the corresponding amines and benzoyl
chloride using pyridine as a solvent. The corresponding melting
points follow: A-benzhydrylbenzamide, 174-175° (lit.16 172°); N-
4-chlorobenzhydrylbenzamide, 178-180° (lit.17 180-181°); and N-
4-methoxybenzhydrylbenzamide, 180-181° (lit.18 174°).

A-Nitroso-A-benzhydrylbenzamides. A-Nitroso-A-benzhy-
drylbenzamide, A-nitroso-A-4-chlorobenzhydrylbenzamide, and
A-nitroso-A-4-methoxybenzhydrylbenzamide were prepared by
nitrosating the corresponding amides. A procedure slightly modi-
fied from that reported in the literature6'l7 was used. The amides
were dissolved in methylene chloride, sodium acetate (~35-fold
molar excess) was added and the mixture was cooled to -70°. Di-
nitrogen tetroxide (~20-fold molar excess with respect to the
amide) was added and the temperature was raised to about -15
to —5°. The reaction mixture was stirred for about 2.5 hr and
then worked up in a cold room. The final solution of the nitro-
soamide in methylene chloride was washed with ice-cold 5% sodi-
um carbonate solution and with saturated sodium chloride. The
solution was dried over anhydrous sodium sulfate and the solvent
was removed at -10° (ca. 0.05 Torr). Because of their instability,
the nitrosoamides were not purified. The course of the nitrosation
could be readily followed in the ir by the loss of the amide car-
bonyl band at 1675 cm*“ 1 and the growth of the nitrosoamide car-
bonyl band at 1710 cm’ 1 as well as the double-bond stretch of
the nitroso group at 1510 cm’ 1. The samples used for the Kinetic
studies were free of amide and the corresponding ester (formed on
decomposition). Two absorptions in the uv are associated with
the A-nitroso group: 405-409 (e 70-73) and 423-426 nm (e 71-75).7'8
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A general and convenient method for the synthesis of 1,2,3,4-tetrahydropyrazino[l,2-albenzimidazoles has
been developed. Evidence is presented for the existence of the 1,2,3,4,10,10a-hexahydropyrazino[l,2-albenzim-

idazole system.

It was the purpose of this work to develop a general and
convenient  synthetic route to 1,2,34-tetrahydro-
pyrazino[l,2-a]lbenzimidazole and its derivatives. Saun-
dersl prepared N-carbethoxy-l1,2,3,4-tetrahydropyrazino-
[I,2-a]benzimidazole in low yield by pyrolyzing 2-(4,-car-
bethoxypiperazine)phenyl azide. This method has been
improved and extended by Garner, Garner, and Suschitz-
ky.2 Schmutz and Kunzle3 prepared the ring system by
treating 1-(8-chloroethyl) -2-chloromethylbenzimidazole
with secondary amines. When one of the alkyl groups was

benzyl, hydrogenolysis gave the corresponding 2-alkyl de-
rivative. A similar but more direct synthesis involved
treating I-(/3-chloroethyl)-2-chloromethylbenzimidazole
with primary amines. This leads directly to the 2-alkyl
derivative.4

Freedman5 explored a new synthetic pathway to this
ring system which is shown in Scheme I. In this work,5
difficulties were encountered in the conversion of 7 into 8.
This scheme, at this stage, was not very efficient. It ap-
peared, however, to have one advantage, namely ease of
procurement of starting materials. It was decided there-
fore to restudy the procedure, with special emphasis on
the conversion of 7 into 8. This has now been completed
and we now have a convenient general method for the
preparation of 1,2,3,4-tetrahydropyrazino[l,2-albenzim-
idazoles in good yields.

The starting compound, dibenzimidazo[l,2-a, I',2'-a]tet-
rahydropyrazine-6,13-dione (4), was prepared by a known
method.6 We found that the conversion of 6 into 7 pro-
ceeded in higher yield than the conversion of 5into 7. Ini-
tially the reduction of 7 with lithium aluminum hydride
gave air-sensitive products from which only small
amounts of 8 could be isolated. Suspecting the overreduc-

Scheme |

7

tion of 7, we investigated the LiAItG reduction of the
more easily reducible 2-benzyl-I1,2,3,4-tetrahydropyrazino-
[I,2-a]benzimidazol-l-one (10). Compound 10 was prepared
by the synthesis outlined in Scheme I, using 2-benzylami-
noethanol in place of 2-aminoethanol. An analytical sam-
ple of the reduction product could not be obtained be-
cause of its instability. The product was shown to be 2-
benzyl-1,2,3,4,10,10a-hexahydropyrazino[l,2-a]benzimida-
zole (11). The nmr and ir assignments agreed with this
structure, and the product formed a stable thiourea deriv-
ative (12) in high yield when 10 was treated with phenyl
isothiocyanate.



1520 J. Org. Chem.., Vol. 39, No. 11, 1974

Dehydrogenation of 11 at room temperature over Pd
on carbon gave 2-benzyl-1,2,3,4-tetrahydropyrazinofl,2-
o]benzimidazole (13) which was converted into 8 by de-
benzylation. Reexamination of the lithium aluminum hy-
dride reduction of 7 showed that good yields of 8 were ob-
tained when the crude reduction product was treated im-
mediately with palladium on carbon. It would appear,
from these observations, that the benzimidazole nucleus is
reduced by lithium aluminum hydride to a benzimidazo-
line that is difficult to isolate in analytically pure form
and that reverts to a benzimidazole in the presence of air
(low conversion) or in the presence of palladium (high
conversion).7

The following 2-substituted derivatives of 8 were pre-
pared for biological testing purposes: 2-ethyl (14), 2-pro-
pyl (15), 2-cyanomethyl (16), 2-aminoethyl (17), and 2-
(p-methoxybenzyl (18).

Experimental Section

All melting points were taken in a Thomas-Hoover capillary
melting point apparatus and are uncorrected. The nuclear mag-
netic resonance spectra were determined with either a Varian
Model HA-60EL or Model A-60A spectrometer. Infrared spectra
were measured on a Perkin-Elmer Model 521 spectrophotometer.
Ultraviolet spectra were obtained with a Cary Model 14 spectro-
photometer.

Af-(2-Hydroxyethyl)-2-benzimidazolecarboxamide (6). To a
cooled solution of 147.5 g (0.246 mol) of 2-aminoethanol in chloro-
form was added, with stirring, 50 g (0.1732 mol) of dibenzim-
idazo[l,2-a,I',2'-a]tetrahydropyrazine-6,13-dione (4). The mixture
was refluxed for 2 hr. The chloroform was removed in vacuo and
the residual oil was poured into 400 ml of water. After cooling
overnight, the solid was removed and recrystallized from ethanol,
yield 80%, mp 219-220°.

Anal. Calcd for CioHuNaOa: C, 58.53; H, 5.40; N, 20.49.
Found: C, 58.55; H, 5.35; N, 20.53.

1,2,3,4-Tetrahydropyrazino[l,2-albenzimidazol-l-one (7). A
solution of 19.1 g (0.1 mol) of Af-(2-hydroxyethyl)-2-benzimidaz-
olecarhoxamide (6), in 180 ml of dry dimethylformamide, was
cooled to 0-5°. Thionyl chloride (12.6 g, 0.105 mol), in 80 ml of
dry DMF, was added dropwise with stirring. A solid separated.
The mixture was heated under reflux for 2 hr. The resulting solu-
tion was treated with decolorizing carbon and filtered hot. The
DMF was removed in vacuo and the residual gummy solid was
washed with 10% sodium hydroxide solution and then with cold
water. The product was recrystallized from water: yield 65%; mp
292-294°; ir (KBr) 1680 cm*" 1.

Anal. Calcd for CIOH9N30: C, 64.15; H, 4.86; N, 22.44. Found:
C, 64.24; H, 4.82; N, 22.35.

This compound (7) was obtained in lower yield by treating
ethyl 2-benzimidazolecarboxylate (5) with ethylenimine. A solu-
tion of 4.4 g (0.023 mol) of (5), 1.3 ml (0.023 mol) of ethylenimine
and 1 drop of ethanolic hydrogen chloride in 50 ml of ethanol was
placed in a pressure flask and heated on a steam bath for 8 hr.
After cooling, the solid was removed and recrystallized from
water, yield 28%, mp 292-294°.

IV-Benzyl-/V-(2-hydroxyethyl)-2-benzimidazolecarboxamide
9). Dibenzimidazol[l,2-a,l',2'-a]Jtetrahydrapyrazine-6,13-dione
(50 g) was added with stirring to a solution of 165 g (1.17 mol) of
2-benzylaminoethanol in 400 ml of benzene. A clear solution was
obtained in about 1 hr. The benzene was removed in vacuo and
the residual oil was solidified by washing with water. The solid
was recrystallized from benzene: yield 55%; mp 143.5-145°; ir
(KBr) 1620 cm-1; nmr (DMSO) complex multiplet at 67.28-7.69 (9
H, aromatic protons), singlet at 5.70 (1 H, amino), singlet at 4.88
(2 H, benzylmethylene), multiplet at 3.97 (4 H, ethane protons),
multiplet at 3.61 (1 H, hydroxyl proton). The absorptions at 5.70
and 3.61 disappeared on deuteration.

Anal. Calcd for Ci7H17N302: C, 69.14; H, 5.80; N, 14.23.
Found: C, 69.28; H, 5.97; N, 14.34.

2-Benzyl-1,2,3,4-tetrahydropyrazino[l,2-a]lbenzimidazol-1-
one (10). Compound 10 was prepared by the method used for
making compound 7, using A' benzyl-iV-(2-hydroxyethyl)-2 benz-
imidazolecarboxamide as the starting material. The product was
recrystallized from ethanol: yield 79%; mp 200-201°; ir (KBr)
1660 cm '1; nmr (DMSO) multiplet at 6 7.30-7.79 (9 H, aromatic
protons), singlet at 4.76 (2 H, benzyl methylene), multiplet at
3.96 (4 H, ethane protons).

Edwards and Day

Anal. Calcd for C17Hi5N30: C, 73.63; H, 5.45; N, 15.15. Found:
C, 73.66; H, 5.30; N, 15.32.

1,2,3,4-Tetrahydropyrazino[l,2-a]lbenzimidazole (8). Method
A. Reduction of 1,2,3,4-Tetrahydropyrazino[l,2-albenzimidaz-
ol-l1-one (7). To a cooled mixture of 2.42 g (0.08 mol) of lithium
aluminum hydride in 100 ml of dry tetrahydrofuran was added,
portionwise with stirring, 3.74 g (0.02 mol) of 1,2,3,4-tetrahydro-
pyrazino[l,2-albenzimidazol-l-one (7). The solution was heated
under reflux for 68 hr and cooled to —78°. Water was added with
stirring until all of the excess lithium aluminum hydride and its
salts were destroyed. The solution was filtered directly into a
mixture of 0.37 g of 10% palladium on carbon in 25 ml of ethanol,
placed under nitrogen atmosphere, and stirred overnight. The so-
lution was filtered free of catalyst, and excess dry hydrogen chlo-
ride gas was added. The resulting insoluble salt was collected by
filtration, dissolved in water, and made basic (pH 9) with sodium
bicarbonate. The water solution was continuously extracted with
chloroform for 24 hr. The chloroform was dried (MgSO” and re-
moved under reduced pressure to give 2.50 g (72.5%) of 8, mp
129-130°. Recrystallization from benzene afforded an analytical
sample: mp 130-131.5°; yield 60%,; ir showed no carbonyl absorp-
tion; nmr (CHC13) multiplet at S 7.63 (1 H, for the 9 proton),
multiplet at 7.20 (3 H, for the 6, 7, and 8 protons), singlet at 4.00
(2 H, methylene protons), triplet at 3.04 (2 H, J = 5.7 Hz, ethane
protons), triplet at 3.64 (2 H, ethane protons), and a singlet at
2.32 (1 H, NH proton, disappeared on deuteration).

Anal. Calcd for CIOH1IN3: C, 69.34; H, 6.41; N, 24.25. Found:
C, 69.26; H, 6.23; N, 24.11.

Method B. Two-Step Reduction of 2-Benzyl-l,2,3,4-tetrahy-
dropyrazinol[l,2-a]lbenzimidazol-l-one (10). Preparation of 2-
Benzyl-1,2,3,4-tetrahydropyrazinol[l,2-albenzimidazole (13). To
a mixture of 1.14 g (0.03 mol) of lithium aluminum hydride in 150
ml of dry ether was added 4.11 g (0.015 mol) of 2-benzyl-I1,2,3,4-
tetrahydropyrazino[l,2-albenzimidazol-l-one (10). The mixture
was refluxed for 70 hr and cooled at 0°, and 5 ml of water was
added dropwise, with stirring. The solid was removed and washed
with cold ether. The filtrate, plus washings, was dried (MgSCU).
The ether was removed in vacuo. Ethanol (50 ml) and 0.4 g of
10% Pd on carbon was added to the residue. The mixture was
stirred for 24 hr in a nitrogen atmosphere. The mixture was fil-
tered and the filtrate was saturated with hydrogen chloride. The
solution was concentrated to 20 ml, cooled, and filtered. The hy-
drochloride (mp 290-294°) was dissolved in water, and the solu-
tion was neutralized with sodium bicarbonate to yield the free
base. The free base was recrystallized from cyclohexane: yield
76%; mp 124-124.75° ir showed no carbonyl absorption; nmr
(CDC13) multiplet at 5 7.70 (1 H, the 9 proton), complex multi-
plet at 7.28 (8 H, benzyl aromatic protons and 6, 7, and 8 pro-
tons), two triplets at 2.86 and 3.92 (2 H, represent the 3 and 4
methylene protons), singlet at 3.66 (2 H, benzyl methylene pro-
tons), singlet at 3.87 (2 H, one methylene protons).

Anal. Calcd for Ci7Hi7N3: C, 77.53; H, 6.51; N, 15.96. Found:
C, 77.45; H, 6.49; N, 16.10.

Debenzylation of 2-Benzyl-l,2,3,4-tetrahydropyrazinoll,2-
a]benzimidazole (13) to 1,2,3,4-tetrahydropyrazinol[l,2-albenz-
imidazole (8). Dry hydrogen chloride was passed into a solution
of 1.38 g (0.005 mol) of 2-benzyl-I1,2,3,4-tetrahydropyrazino[l,2-
ajbenzimidazole in 30 ml of ethanol to form the hydrochloride.
Palladium (10%) on carbon (0.07 g) was added and the solution
was hydrogenated for 7 hr at 50° and 50 psi. The product precipi-
tated from the solution. It was removed and dissolved in water,
and the solution was neutralized with sodium bicarbonate. The
solution was continuously extracted with chloroform for 10 hr.
The extract was dried (MgSOd and the chloroform removed in
vacuo. The residue was recrystallized from benzene, yield 97%,
mp 130-131.5°. The ir and nmr spectra were identical with the
spectra of an authentic sample.

A better overall yield of 1,2,3,4-tetrahydropyrazino[l,2-a]benz-
imidazole was obtained by method B when it was made a one-
step method. An example of this method follows. A mixture of
4.56 g (0.12 mol) of lithium aluminum hydride and 16.58 g (0.06
mol) of 2-benzyl-1,2,3,4-tetrahydropyrazino[l,2-a]Jbenzimidazole
in 400 ml of dry tetrahydrofuran was refluxed for 60 hr. The mix-
ture was cooled to 0° and 15 ml of water was added dropwise with
stirring. The insoluble solutions were removed and washed with
cold ether. The ether solutions were dried (MgSOU at -15° and
the ether then removed under reduced pressure. To the resulting
oil was added 1.66 g of 10% Pd on carbon and 175 ml of ethanol,
and the mixture was stirred for 12 hr in a nitrogen atmosphere.
The catalyst was removed and hydrogen chloride was passed into
the filtrate to form the hydrochloride. Palladium (1.66 g of 10%
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Pd/C) was added and the mixture was hydrogenated at 55° and
58 psi for 7 hr. The product and catalyst were removed by filtra-
tion and the product was removed from the precipitate by extrac-
tion with water. The aqueous extract was neutralized with sodi-
um bicarbonate and the solution was then continuously extracted
with chloroform for 24 hr. The chloroform solution was dried
(MgSO.t) and the chloroform was then removed in vacuo. The
solid, so obtained, was recrystallized from benzene, yield 88%, mp
130.5-131.5°. It was identical in all respects with the previous
samples.

Evidence for the Formation of 2-Benzyl-1,2,3,4,10,10a-hex-
ahydlropyrazino[l,2-albenzimidazole (11). 2-Benzyl-l,2,3,4-tet-
rahydropyrazino[l,2-albenzimidazol-l-one (10) (411 g, 0.015
mole) was added to a stirred mixture of 1.14 g (0.03 mole) of lithi-
um aluminum hydride in 150 ml of dry ether. The mixture was
refluxed for 60 hr. After cooling to 0°, 5 ml of water was added
dropwise with stirring. The insoluble salts were removed and the
filtrate was dried (MgS04) at —15°. The ether was removed in
vacuo. Scratching the walls of the flask caused the oil to crystal-
lize. Because of its sensitivity to air, the product was collected
under nitrogen. It was washed with a small amount of cold ether
and sucked dry in a nitrogen atmosphere. It was sealed in a vial,
under nitrogen, and stored at -15°, yield 62%, mp 82-88°. Be-
cause of its instability a good analytical sample could not be ob-
tained. The ir spectrum (CC14) showed a band at 3390 cm' 1 (N-
H) and bands at 1600 and 1485 for aromatic C=C skeletal in-
plane vibrations but no band was observed for a C=N group. The
nmr (CDC13) showed a singlet at 57.29 (5 H, C6H5), multiplet at
6.54 (4 H, C6H4), quartet at 4.79 (1 H, 10a, X part of ABX with
Jax + Jox - 6 Hz), multiplet at 3.50 (3 H, NH and 1 CH?2), sin-
glet at 3.49 (2 H, CH2C6H5), multiplet at 2.73 (2 H, 4 CH2) and a
multiplet at 2.18 (2 H, 3CH2).8

Phenylthiourea Derivative of 2-Benzyl-1,2,3,4,10, |IOa-hexahy-
dropyrazino[l,2-albenzimidazole (12). To a solution of 0.14 g
(0.001 mol) of phenyl isothiocyanate in dry toluene (under nitro-
gen) was added 0.27 g (0.001 mol) of crude 2-benzyl-
1,2,3,4,10,10a-hexahydropyrazino[l,2-alJbenzimidazole (11 and
the solution allowed to stand overnight. The solid, which sepa-
rated, was recyrstallized from petroleum ether, yield 79%, mp
137° dec.

Anal. Calcd for C24H24N4S: C, 71.97; H, 6.04; N, 13.99; S, 8.00.
Found: C, 71.84; H, 6.04; N, 13.86; S, 8.14.

Alkylation Products of 1,2,3,4-Tetrahydropyrazinol[l,2-a]-
benzimidazole, 2-Ethyl-1,2,3,4-tetrahydropyrazino[l,2-albenz-
imidazole (14). A solution of 0.43 g (0.0025 mol) of 1,2,3,4-tet-
rahydropyrazinol[l,2-albenzimidazole (8), 0.27 g (0.0025 mol) of
ethyl bromide, and 0.25 g (0.0025 mol) of triethylamine in 25 ml
of acetone was refluxed for 138 hr. The volatile materials were re-
moved in vacuo. The triethylamine hydrobromide was removed
from the residue by extraction with water and the remaining solid
was recrystallized from cyclohexane, yield 36%, mp 107-108°.

Anal. Calcd for Ci2H15N3: C, 71.61: H, 7.51; N, 20.88. Found:
C, 71.77; H, 7.42; N, 21.02.

2-Propyl-1,2,3,4-tetrahydropyrazino[l,2-albenzimidazole
(15). This compound was prepared similarly to 14 using ra-propyl
bromide. It was recrystallized from hexane, yield, 26%, mp 75.5-
77°.

Anal. Calcd for C13H17N3: C, 72.52; H, 7.96; N, 19.52. Found:
C, 72.67; H, 7.83; N, 19.66.

2-Cyanomethyl-1,2,3,4-tetrahydropyrazino[l,2-a]lbenzimidaz-
ole (16). The alkylating agent was chloroacetonitrile in this case
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and the solution was refluxed for 48 hr. The product was recrys-
tallized from acetone, yield 70%, mp 176-176.5°.

Anal. Calcd for C12Hi2N4: C, 67.90; H, 5.70; N, 26.40. Found:
C, 68.06; H, 5.77; N, 26.58.

2-(2-Aminoethyl)-1,2,3,4-tetrahydropyrazino[l,2-alJbenzim-
idazole Trihydrochloride (17). 2-Cyanomethyl-1,2,3,4-tetrahy-
dropyrazino[l,2-albenzimidazole (0.53 g, 0.0025 mol) in 10 ml of
dry tetrahydrofuran was added slowly to a stirred suspension of
0.284 g (0.0075 mol) of lithium aluminum hydride in 40 ml of
THF. The mixture was refluxed for 72 hr. The mixture was cooled
to -78° and 2 ml of water in 20 ml of THF was added dropwise
with stirring. The cold mixture was then filtered into a mixture of
0.1 g of 10% Pd/C in 25 ml of ethanol. After stirring for 20 min,
the catalyst was removed by filtration and the solvent was re-
moved in vacuo. Ten milliliters of 20% ethanolic hydrogen chlo-
ride was added to the residual oil to convert it into the trihydro-
chloride. The salt was recrystallized from ethanol-concentrated
hydrochloric acid, yield 40%, mp 256° dec.

Anal. Calcd for Ci2Hi9C13N4: C, 44.16; H, 5.88; Cl, 32.66; N,
17.20. Found: C, 43.91; H, 6.08; Cl, 32.44; N, 16.99.

2-Benzyl-1,2,3,4-tetrahydropyrazino[l,2-albenzimidazole
(13). Benzyl chloride was the alkylating agent and the solution
was refluxed for 31 hr. The product was recrystallized from cyclo-
hexane, yield 66%, mp 124-124.75°. The product was identical in
all respects with the one previously prepared from 2-benzyl-
1,2,3,4-tetrahydropyrazino[l,2-albenzimidazol-I-one.

2-(p-Methoxybenzyl)-1,2,3,4-tetrahydropyrazino[l,2-alJbenz-
imidazole (18). p-Methoxybenzyl chloride was the alkylating
agent and the solution was refluxed for 18 hr. The compound was
recrystallized from cyclohexane, yield 57%, mp 150-150.25°.

Anal. Calcd for C18H19N30: C, 73.70; H, 6.53; N, 14.32. Found:
C, 73.96; H, 6.46; N, 14.16.

Registry No.—4, 14483-72-8; 5, 1865-09-4; 6, 14484-06-1; 7,
51052-05-2; 8, 4744-53-0; 9, 51052-06-3; 10, 51052-07-4; 11, 51052-
08-5; 12, 51052-09-6; 13, 51052-10-9; 13 HC1, 51052-11-0, 14,
51052-12-1; 15, 15052-13-2; 16, 51052-14-3; 17, 51052-15-4; 18,
51108-09-9; 2-aminoethanol, 141-43-5; ethylenimine, 151-56-4; 2-
benzylaminoethanol, 104-63-2.
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A series of C-amino-1,2,4-triazoles, substituted with methyl, dimethylamino, methoxy, and methylthio
groups, was prepared from the appropriate 1V-cyanoazomethines and either hydrazine or methylhydrazine (eq
1). C-Azido-1,2,4-triazoles were prepared from the corresponding amines by diazotization followed by reaction
with azide ion. When these diazotization reactions were carried out, the C-amino-1,2,4-triazoles derived from
methylhydrazine, unlike those derived from hydrazine, yielded varying quantities of products depending on the
acidity of the reaction media. Ir and proton nmr spectra of the C-azido-1,2,4-triazoles in various solvents indi-
cated that none of them participates in imidoyl azide-tetrazole tautomerism, even at -82°.

C-Amino- and C-azido-1,2,4-triazoles were synthesized
as part of an investigation of the possible imidoyl azide-
tetrazole tautomerism of the azides. The C-amino-1,2,4-
triazoles were prepared by the reaction of hydrazines with
N -cyanoazomethines containing at least one good leaving
group bonded to the azomethine carbon, an old but little-
used method.2-6 This reaction has been visualized as tak-
ing place by attack of the hydrazine, first on the azometh-
ine carbon, and then on the carbon of the cyano group (eq
1).2 We have used this method to obtain a series of C-
amino-1,2,4-triazoles because it facilitates the preparation
of 1,2,4-triazoles substituted with various groups, most of
which have not been previously reported.

NC=N
B -/ -RH
------- * Ri-C | —
(\2 \.
NHNHR3
HANNHR3
RLN V N2
— N—N
\
R3

Results and Discussion

C-Amino-1,2,4-triazoles. The reactants used and prod-
ucts formed when the method described above was imple-
mented are listed in Table I.

Either the primary or secondary amino nitrogen atom of
methylhydrazine can attack the azomethine carbon, giv-
ing rise to isomeric C-amino-1,2,4-triazoles. As indicated
in Table I, both isomers (6 and 7) were isolated from the
reaction of methylhydrazine with 1. Only 11 was isolated
from the reaction of methylhydrazine with 4, although
nmr spectra indicated the presence of two isomeric prod-
ucts.

Structures were assigned to isomers 6 and 7 on the basis
of a previous preparation of 614 and the assignments were
confirmed when the nmr spectrum of 17 (prepared from 6)
proved to be identical with that of 1,3-dimethyl-I1,2,4-tria-
zole.15

Assignments of 6 and 11 to the major products formed
in the reactions of methylhydrazine with 1 and 4, respec-

N—N /
ch3 ch3
6 7 n

tively, mean that the less hindered primary amino nitro-

gen preferentially attacks the azomethine carbon (eq 1),

consistent with the reactions of methylhydrazine with
simpler acylating agents.16 18

A change from polar to nonpolar solvents decreased the

reaction rates of methylhydrazine with both 1 and 4.

N— N
N ch3

Reactions of 4 in various solvents (acetonitrile, 95% etha-
nol, benzene) resulted in percentages of isomers which
changed little (94-100% 11); however, in reactions of 1the
per cent of 6 increased from 65 to 91% when the solvent
was changed from 95% ethanol to benzene. We suggest
that this increase in per cent of 6 may be due to a more
selective attack by the least sterically hindered nitrogen
atom of methylhydrazine with the decreased reaction rate.

Although the reactions of 1V-cyanoazomethines and hy-
drazines, indicated in Table I, proceeded readily, it is not
a completely general method for preparing C-amino-
1,2,4-triazoles. No reaction occurred when a solution of
AT-cyano-S-methylisothiourea (12), p-bromophenylhydraz-
ine, and dimethylformamide (DMF) was refluxed for 12
hr.

When 12 and 2,4-dinitrophenylhydrazine were refluxed
in DMF for 48 hr in an attempt to prepare 3,5-diamino-I-
(2,4-dinitrophenyl)-1,2,4-triazole, the only compound that
could be isolated from the reaction mixture was m-dini-
trobenzene. It is probable that this transformation oc-
curred by the action of atmospheric oxygen under the se-
vere reaction conditions, since m-dinitrobenzene has been
formed by the oxidation of 2,4-dinitrophenylhydrazine
with manganese dioxidel9 and by the oxidation of 2,4-din-
itrophenylhydrazones with ozone.20

Another method21-2 was used in a second attempt to
prepare  3,5-diamino-1-(2,4-dinitrophenyl)-1,2,4-triazole.
When a suspension of cyanoguanidine (13), 2,4-dinitro-
phenylhydrazine hydrochloride, and DMF was heated, a
solid precipitated which was formulated as 14 on the basis

NC/AN

// DMF
hzc +

\ &

nh2 15hr

13 no?2

of its elemental analysis and nmr spectrum. The attack of
amine salts on the cyano carbon of cyanoguanidine has
been observed previously.23-24

Unlike certain methylthio groups bonded to the 1,2,4-
triazine nucleus,25 27 the methylthio group of 10 could not
be displaced by hydrazine. Hydrazine and 10 were re-
fluxed in both 95% ethanol and acetonitrile for 22 hr with-
out any reaction whatever.
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Table |
C-Amino-1,2,4-triazoles Prepared from
IV-Cyanoazomethines

NC=N
RI— + HANNHR3 RLW - ND + RH
R2 InT n2
R:
iV-Cyanoazo R 3 (position Yield,
methine R1 R2 on ring) Triazole %
1 CH3 ocxis H" 5 59
1 ch3 0COH5  CH3(2) 61 g3
1 CH3 OC,Hs CH3(1) 7/
2 (CH3N sch3 H* 8 95
3 chd® och3 H* 9 79
4 ch3 SCHa H° 10 92
4 ch3 sch3 CH3(® 11 81

01,2,4-Tnazoles of this type exist as tautomeric mixtures
in which the hydrogen atom is bonded, primarily, to N-I or
N-2.7-13

C-Azido-1,2,4-triazoles.  5-Chloro-3-methylthio-I,2,4-
triazole (20) was prepared by a method28 in which the di-
azonium chloride formed from 10 was decomposed; how-
ever, the chloro group of 20, like the methylthio group of
10, proved to be unreactive toward nucleophilic substitu-
tion.20 Compound 20 was refluxed together with equimo-
lar quantities of sodium azide and ammonium chloride in
DMF for 24 hr30 and with equimolar quantities of hydra-
zine and triethylamine under the same conditions, but no
reaction occurred in either case.

Reports of the preparation of five-membered heteroaro-
matic (pyrazole3l and 1,3-thiazole32) azides by treating
the diazonium salts with azide ion suggested that C-
azido-1,2,4-triazoles could be obtained in the same way.
Table Il shows compounds, including the azides, that
were prepared from C-amino-1,2,4-triazoles via the uniso-
lated diazonium salts.

The diazotization reactions leading to 15 and 18-21
were relatively insensitive to the acidity of the media. In
contrast, Table El illustrates how the percentages of prod-
ucts varied with the acidity of the aqueous solution when
11 was treated consecutively with nitrous acid and azide
ion. In each reaction, in order to standardize conditions,
the temperature was maintained below 1° while first a so-
lution of sodium nitrite and then a solution of sodium
azide was added; also, the second solution was added
immediately following the first. The immediate addition
of sodium azide solution was necessary since 1,3-bis(l-
methyl-3-methylthio-1,2,4-triazol-5-yl)triazene (23) began

H

IN . I~ N\
CHaS—C V -N=N—N—s y-SCH,
N—-N. N—N
ch3 ch3
23

precipitating during the addition of sodium nitrite solu-
tion in the reaction carried out at lowest acidity.

When the acidity of the reaction medium was greatest,
the percentage of recovered amine starting material was
greatest. Since the free base and not its conjugate acid is
the species that is diazotized, at high concentrations of
acid less amine is diazotized and, upon neutralization of
the reaction mixture, most of it can be recovered.33 On the
other hand, when the acidity of the aqueous solution was
lowest, the percentage of triazene formed was greatest.
This is explained by the fact that the lower the hydrogen
ion concentration, the greater the concentration of free
base and the more likely it is to react with diazonium ion
to form the triazene.

J. Org. Chem., Voi. 39, No. 11, 1974 1523

Table 11
Compounds Prepared from the Diazonium
Salts of C-Amino-1,2,4-triazoles

N . H:_ 1.NaNoO,
RL-< Q V NH2 rY g~
NN oA Tiatn2’
R2 R2
R2 Yield,

Product R1 (position on ring) A Normality® %
15 ch3 H3 n3 2.0 76
16 ch3 CH3(2) n3 072 10
17 ch3 CH3(2) H 041 36
18 (CH3N H6 N3 0.28 72
19 chd H3 n3 0.54 80
20 ch3> H3 Cl 12 73
21 ch3 H3 N3 0.81 70
22 ch3 CH3(2) N3 0.71 28

° Normality of the acidic solution before the addition of
NaNO02 3See footnote a, Table I.

Table 111
Variation of Product Percentages with
Acidity of the Media in the Diazotization of
5-Amino-I-methyl-3-methylthio-I1,2,4-triazole (11)

R — Mol % of material recovered0—— - .

Normalitys Amine llc Azide 22c¢ Triazene 23d
10 70 30
2.1 57 30 13
0.71 69 31

“At least 80% of the weight of 11 was accounted for.
3Normality of the acidic solution before the addition of
NaNO02 cPercentages were determined by nmr spectros-
copy. dPercentages were determined by weighing the
isolated product.

Problems similar to those illustrated by Table IlI also
arose when the preparations of 16, 17, and the isomer of
16, 3-azido-l,5-dimethyl-1,2,4-triazole, were attempted. It
should be noted that in all of these cases a methyl group,
instead of hydrogen, is bonded to one of the ring nitrogen
atoms. When 3-amino-5-alkyl-4-aryl-1,2,4-triazoles were
diazotized, various products were formed depending on
the acidity of the reaction medium;34 however, other
workers did not report differences in the diazotization
reactions of N-substituted and unsubstituted C-amino-
1,2,4-triazoles.3

The Absence of Imidoyl Azide-Tetrazole Tautomer-
ism in C-Azido-1,2,4-triazoles. It has been found that
the tetrazole tautomer (24) is favored when (1) R1and R2

R'v. N

r %

24

are electron donating; (2) the solvent is polar; and (3) the
temperature is low.36-39 It was reported that, when tetra-
zolyl hydrazine halides (25) were dissolved in 95% etha-
nol, an intramolecular displacement occurred which did
not produce the expected triazolotetrazoles (26), but their
valence tautomers, 3-aryl-5-azido-l,2,4-triazoles (27).40
We have studied C-azido-1,2,4-triazoles with more varied
substituents in various solvents and at low temperature.

In addition to the sampling methods used to obtain the
ir spectra reported in the Experimental Section, solutions
of the C-azido-1,2,4-triazoles in CHCI3 and DMSO-d6
were examined by ir spectroscopy. Nmr spectra were ob-
tained of solutions of C-azido-1,2,4-triazoles in CDCI3 at
35°, acetone-dg at 25 and -82°,41 and DMSO-d6 at 35, 76,



1524 3. org. Chem., Vol. 39, No. 11, 1974

125, and 175°. Since all the nmr spectra (except those of
the samples in DM SO-d6 at 175°) displayed the number of
methyl group resonances (chemical shifts were constant
for a given solvent regardless of temperature) expected for
one of the tautomers, and all the ir spectra showed an
azide band between 2120 and 2140 cm”1, compounds 15,
16,18, 19, 21, and 22 all exist only as the azide tautomer.

X-r-C.

While the nmr samples were being heated to 175°, the
Teflon caps were blown off the tubes, with the loss of
sample, and the solutions became darker in color. The
spectra taken after temperature equilibration showed
peaks at the original chemical shifts along with a number
of others of varying intensities. That these observations
and spectra indicated decomposition of the azides, rather
than a reversible change in the tautomerism, was proved
since the spectra of the recooled samples were not identi-
cal with those taken before the sample had been heated.

The nonexistence of tetrazole tautomer in the case of
C-azido-1,2,4-triazoles, regardless of the substituents, is
probably due to the electron-withdrawing effect of the tri-
azole ring itself. There are several instances in which the
absence of tetrazole tautomer is attributed to the elec-
tron-withdrawing effect of a heteroaromatic ring fused to
the ring bearing the azido group.42 44

Experimental Section

Melting points were determined on a Mel-Temp melting point
apparatus and are uncorrected. Boiling points are also uncorrect-
ed. Uv spectra were recorded on a Bausch and Lomb Spectronic
505 spectrophotometer. Ir spectra were determined using Beck-
man IR 8 and Perkin-Elmer Model 137-B spectrophotometers.45
Nmr spectra were obtained using Varian T-60 and HA-60-EL in-
struments employing tetramethylsilane as an internal standard.
The mass spectra were determined with a Nuclide 12-90-G single-
focusing instrument operating at 70 eV .46 Both the solids and lig-
uids were introduced via the direct inlet at the lowest tempera-
ture at which a spectrum could be obtained. The elemental anal-
yses were performed by Galbraith Laboratories, Inc., Knoxville,
Tenn.

Ethyl ;V-Cyanoacetimidate (1). A modification of the method
reported by Huffman and Schaefer6 was used to prepare this
compound in 66% yield: bp 33° (0.1 Torr) [lit.5 bp 95-96° (15
Torr)]; no 1.4512; uv max (95% EtOH) 232 nm (« 1500); ir (capil-
lary film) 3000 (m), 2205 (s), 1610 (s), 1410 (s), 1380 (s), 1320 (s),
1155 (m), 1040 (s), and 885 cm- 1 (m); nmr (CDC13) 5 1.34 (t, 3, J
= 7 Hz, CH2CH3), 240 (s, 3, CH3), 430 (g, 2, J = 7 Hz
CH2CH3J); mass spectrum (70 eV) m/e (rel intensity) 112 (13), 85
(15), 84 (12), 70 (18), 69 (15), 67 (17), 43 (100), 29 (18).

Dimethyl Cyanodithioimidocarbonate (4). A modification of
the procedure by Hantzsch and Wolvekamp47 was used to pre-
pare this compound in 72% yield: mp 52.5-53.5° (lit.47 mp 57°); ir
(KBr) 2190 (s), 1470 (vs), 1310 (m), 1035 (s), and 945 cm*“ 1 (s);
nmr (CDCI3) 6 2.66 (s, CH3); mass spectrum (70 eV) m/e (rel in-
tensity) 146 (91), 99 (100), 74 (73), 47 (48), 45 (64).

A,N-Dimethyl-N'-cyano-.S-methylisothiourea (2). This com-
pound was prepared from 4 by the method of Wieland48 in 100%
yield, nmr (CDC13)5 2.77 (s, 3, SCH3), 3.27 [s, 6, N(CH?J3)2].

Dimethyl JV-Cyanoimidocarbonate (3). A modification of the
procedure of Wieland48 was used to prepare this compound from
4 in 53% yield: mp 52-56° (lit.48 mp 58-59°); ir (CHC13) 2220 (m),
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1620 (s), 1485 (m), 1345 (s), 1035 (w), and 1000 cm“1 (w); nmr
(CDCI3) $64.00 (s, CHs).

N-Cyano-S-methylisothiourea (12). A procedure modeled
after that of Davidson49 was used to prepare this compound from
4 in 88% yield: mp 171-174° (lit.50 mp 175°); uv max (H20) 244
nm (e 9020); ir (fluorolube and Nujol mulls) 3310 (s), 3110 (s),
2200 (s), 2170 (s), 1660 (s), 1530 (s), 1480 (s), 1200 (s), and 985
cm-1 (s); nmr (DMSO-d6) 5 2.46 (s, 3, CH3), 850 (s, 2, NH2);
mass spectrum (70 eV) m/e (rel intensity) 115 (37), 68 (100), 60
(13), 48 (37), 47 (19), 45 (22), 43 (19).

Cyanoguanidine (13). A method similar to that described by
Haag51 was employed to prepare this compound in 88% yield: mp
209-211° (lit.51 mp 205°); uv max (H20) 230 nm (r 905); ir (fluo-
rolube and Nujol mulls) 3440 (s), 3400 (s), 3340 (s), 3160 (s), 2210
(s), 2160 (s), 1640 (s), 1565 (s), 1500 (s), 1255 (s), 930 (m), 720
(m), and 665 cm“1 (m); nmr (DMSO-de) 5 6.60 (s, NH2); mass
spectrum (70 eV) m/e (rel intensity) 84 (100), 68 (50), 44 (13), 43
(54), 42 (25), 41 (12).

C-Amino-1,2,4-triazoles (Table I). General Procedure. To a
magnetically stirred solution of the A'-cyanoazomethine (100
mmol) and acetonitrile (20 ml), surrounded by a cold water bath,
was added the appropriate hydrazine (100 mmol). After the ini-
tial exothermic reaction, a precipitate formed, the water bath was
removed, and the reaction mixture was stirred overnight. The
precipitate was collected by suction filtration and washed with
cold acetonitrile (10 ml) to give the following five compounds.

A. 3-Amino-5-methyl-1,2 4-triazole (5)5 as white crystals:
yield 59%; mp 149-150° (lit.52 mp 148°); uv max (H20) 222 nm (t
850); ir (fluorolube and Nujol mulls) 3420 (s), 3330 (s), 3220 (s),
3050 (s), 2700 (s, br), 1625 (s), 1595 (s), 1540 (s), 1475 (s), 1415 (s),
and 1065 cm' 1 (s); nmr (DMSO-de) 5 2.10 (s, 3, CHJ), 5.65 (s, 2,
NH2), 11.9 .. 1,NH).

B. 3-Amino-5-dimethylamino-l,2,4-triazole (8) as white crys-
tals in a yield of 95%, mp 187-189°. Sublimation (125°, 0.1 Torr)
of this hygroscopic material gave an analytical sample: mp 189-
191°; ir (fluorolube and Nujol mulls) 3200 (s, br), 1630 (s), 1555
(s), 1460 (s), 1405 (s), 1080 (m), 1050 (m), 930 (s), and 740 cm*“ 1
(m); nmr (DMSO-d6)52.78 (s, 6, CH3), 5.43 (s, 2, NH2).

Anal Calcd for C4H9N5S: C, 37.78; H, 7.13; N, 55.08. Found: C,
37.65; H, 7.07; N, 55.30.

C. 3-Amino-5-methoxy-l,2,4-triazole (9) as white crystals in a
yield of 79%, mp 172-174°. Sublimation (110°, 0.1 Torr) of this
hygroscopic material gave an analytical sample: mp 168-170°; ir
(fluorolube and Nujol mulls) 3530 (m), 3350 (s), 3180 (s), 1660 (s),
1570 (s), 1490 (s), 1400 (s), 1345 (s), 1100 (m), 1040 (m), 1025 (m),
and 980 cm 1 (m); nmr (DMSO-de) 5 3.75 (s, 3, CHJ), 5.90 (s, 2,
NH2), 11.15 (s, 1, NH).

Anal. Calcd for C3H6N40: C, 31.58; H, 5.30; N, 49.10. Found:
C, 31.48; H, 5.29; N, 49.27.

D. 3-Amino-5-methylthio-1,2,4-triazole (10)3 as white crystals
in a yield of 92%, mp 138-139°. Recrystallization from acetonitrile
gave an analytical sample: mp 139-140° (lit.3 mp 135°); uv max
(H20) 234 nm (e 1740); ir (fluorolube and Nujol mulls) 3450 (s),
3320 (m), 3150 (s), 1645 (s), 1590 (s), 1500 (s), 1480 (m), 1465 (m),
and 1280 cm' 1 (s); nmr (DMSO-de) 2.43 (s, 3, CH3) 5.98 (s, 2,
NH2), 11.94 (s, 1, NH).

Anal. Calcd for C3H6N4S: C, 27.68; H, 4.65; S, 24.63. Found: C,
27.75; H, 4.76; S, 24.56.

E. 5-Amino-I-methyl-3-methylthio-1,2,4-triazole (11) as light
yellow crystals in a yield of 81%, mp 103-106°. Recrystallization
from acetonitrile gave an analytical sample: mp 105-106°; uv max
(H20) 246 nm (t 3200); ir (fluorolube and Nujol mulls) 3420 (s),
3340 (s), 3230 (s), 1620 (s), 1545 (s), 1475 (s), 1350 (s), 1310 (m),
1140 (m), and 745 cm' 1 (m); nmr (CDC13) 6 2.60 (s, 3, SCHJ),
3.60 (s, 3, NCH3), 4.48 (s, 2, NH2).

Anal. Calcd for C4H8N4S: C, 33.32; H, 5.59; N, 38.86. Found:
C, 33.48; H, 5.74; N, 38.80.

The acetonitrile was evaporated from the original filtrate at re-
duced pressure to give 2.7 g of solid, the nmr (CDC13) spectrum of
which showed the peaks due to 11, listed above, as well as the fol-
lowing: 6 2.50 (s, 3), 3.57 (s, 3), 4.42 (s, 2). Assuming that the iso-
meric 3-amino-lI-methyl-5-methylthio-1,2,4-triazole was responsi-
ble for these peaks, it comprised 30% of the solid or 6% of the
total triazole produced in this reaction.

5-Amino-l,3-dimethyl-1,2,4-triazole (6). To a magnetically
stirred solution of 1 (16.0 g, 143 mmol) and benzene (700 ml), sur-
rounded by a cold water bath, was added methylhydrazine (8.0
ml, 153 mmol). The cooling bath was not replenished, and during
continued stirring the solution became increasingly yellow and
crystals precipitated. After 6 days, the reaction mixture was
heated to boiling, the solution was decanted, and, upon recrystal-
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lization, the yellow crystals (8.4 g) were collected by suction fil-
tration. Concentration of the filtrate produced a second crop (5.0
g) for atotal yield of 83% triazole.

The first crop consisted of 6 which was recrystallized from ben-
zene to give an analytical sample of white leaflets: mp 155-156°
(lit.14 mp 156°); uv max (H20) 222 nm (t 1070); ir (fluorolube
and Nujol mulls) 3320 (s), 3130 (s), 1650 (s), 1580 (s), 1535 (s),
1395 (s), 1350 (s), and 1115 cm“1 (m); nmr (CDC13) 5 2.20 (s, 3,
CCH3), 3.55 (s, 3, NCH3), 5.23 (s, 2, NH2).

Anal. Calcd for C4H8N4: C, 42.84; H, 7.19; N, 49.97. Found: C,
42.82; H, 7.20; N, 50.01.

An nmr (CDC13) spectrum of the second crop showed that it
consisted of 75% 6 and 25% 7. Therefore, the minor component, 7,
comprised 9% of the total triazole obtained in this reaction.

Isolation of 3-Amino-I,5-dimethyl-1,2,4-triazole (7). A 21
mixture (9 g) of 6 and 7 was placed on a column of silica gel (300
g). The mixture was eluted with 40% acetone-60% trichloro-
methane. Fractions containing the first 1.5 g of triazole were com-
bined and recrystallized from trichloromethane to give 7 (1.0 g).
Recrystallization from benzene afforded an analytical sample of
white crystals: mp 216-217° in a sealed tube; uv max (H20) 227
nm (¢ 1350); ir (fluorolube and Nujol mulls) 3S40 (s), 3190 (s),
1650 (s), 1560 (s), 1525 (s), 1425 (s), 1390 (s), and 655 cm"1 (s);
nmr (CDC13) S 2.32 (s, 3, CCH3), 3.62 (s, 3, NCHg), 4.10 (s, 2,
NH2).

Anal. Calcd for C4H8N4: C, 42.84; H, 7.19; N, 49.97. Found: C,
43.08; H, 7.18; N, 50.07.

5-Methylamino-Il,3-dimethyl-1,2,4-triazole Hydriodide (28).
A magnetically stirred solution of 6 (100 mg, 0.834 mmol), iodom-
ethane (1.0 ml, 16 mmol), and acetonitrile (5 ml) was heated at
87° for 22 hr. After the solution was allowed to cool, the crystal-
lized white crystals were collected by suction filtration to yield 28
(45 mg, 21%): mp 229-230° dec; ir (KBr) 3260 (m), 3080 (m), 1670
(vs), 1600 (m), 1440 (m), 1165 (m), and 760 cm~1 (s); nmr (D20)
5240 (s, 3, CCH3), 3.54 (s, 3, NCH3), 3.70 (s, 3, +NCH3J), 4.64 (s,
2, +NH2); mass spectrum (70 eV) m/e (rel intensity) 128 (71), 127
(33), 126 (100), 125 (32), 69 (29), 57 (84), 42 (33).

Anal. Calcd for C5H11IN4: C, 23.63; H, 4.36; N, 22.05. Found:
C, 23.80; H, 4.30; N, 22.13.

Reaction of M-Cyano-S-methylisothiourea (12) with 2,4-Di-
nitrophenylhydrazine. A magnetically stirred solution of 12 (1.00
g, 8.70 mmol), 2,4-dinitrophenylhydrazine (1.72 g, 8.69 mmol),
and DMF (10 ml) was refluxed for 48 hr. The reaction mixture
was diluted with water (70 ml) and the dark precipitate (1 g) was
collected by filtration. This material was boiled with acetonitrile
and the insoluble portion (0.2 g) was removed by filtration. After
the acetonitrile had been evaporated at reduced pressure, the res-
idue was recrystallized from acetone-cyclohexane to yield m-dini-
trobenzene (0.48 g, 33%). Recrystallization from ethanol-water
gave a sample which melted at 87-88° (lit.53 mp 89.5°). The ir
and nmr spectra were identical with the published spectra54 of
m-dinitrobenzene.

Reaction of Cyanoguanidine (13) with 2,4-Dinitrophenylhy-
drazine Hydrochloride. A magnetically stirred mixture of 13
(1.00 g, 11.9 mmol), 50% aqueous 2,4-dinitrophenylhydrazine hy-
drochloride (5.58 g, 11.9 mmol), and DMF (10 ml) was heated at
69°. As the temperature increased, the reaction mixture became
homogeneous, but within 1 hr a precipitate formed. After 17 hr,
the precipitate was collected by suction filtration and washed
thoroughly with acetone to give I-(2,4-dinitroanilino)biguanide
hydrochloride (14) as orange crystals (2.2 g, 58%), mp 246-247°
dec. Recrystallization with DMF-95% EtOH afforded an analyti-
cal sample of fine orange needles, mp 250-251° dec. Silver chlo-
ride was precipitated when aqueous solutions of 14 and silver ni-
trate were combined. Compound 14 has the following spectral
properties: ir (fluorolube and Nujol mulls) 3460 (m), 3420 (m),
3220 (m), 1680 (s), 1620 (s), 1575 (s), 1510 (s), 1490 (s), 1375 (s),
and 1355 cm- 1 (s); nmr (DMSO-d6) 5 7.35 (d, 1, J = 10 Hz), 7.45
(s, 2), 7.95 (s, 5), 831 (g, 1, J = 10 Hz), 887 (d, 1, J = 3 Hz),
10.30 (s, 1); mass spectrum (70 eV) m /e (rel intensity) 265 (50),
183(46), 38(37), 36(100).

Anal. Calcd for CgHUCINgOi: C, 30.15; H, 3.48; N, 35.16; CI,
11.13. Found: C, 30.34; H, 3.56; N, 34.99; Cl, 11.12

C-Azido-1,2,4-triazoles (Table Il1). General Procedure. A
magnetically stirred solution of the amine (50 mmol), water (500
ml), and 96% sulfuric acid (quantity necessary to give the con-
centration indicated in Table Il) was cooled to 0° by means of an
ice-salt water bath. Then, in succession, solutions of sodium ni-
trite (55 mmol) in water (10 ml) and sodium azide (55 mmol) in
water (10 ml) were added such that the temperature remained
below 1°. After the second addition, the resulting solution was
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stirred overnight at 10°. The reaction mixture was neutralized
with potassium bicarbonate, saturated with sodium chloride, and
extracted with ethyl acetate (10 x 20 ml). The combined extracts
were dried over anhydrous magnesium sulfate and the solvent
was evaporated at reduced pressure.

A. 3-Azido-5-methyl-1,2,4-triazole (15). The solid residue was
treated with activated charcoal and recrystallized from benzene
to yield feathery, white crystals (76%): mp 144-145° (lit.55 mp
143-145°); uv max (H20) 234 nm (e 4470); ir (fluorolube and
Nujol mulls) 3340 (w), 3170 (w), 3040 (m), 2930 (m), 2700 (m, br),
2430 (w), 2140 (s), 1500 (m), 1450 (m, br), 1420 (m), 1400 (m),
1375 (m), 1220 (w), and 1060 cm“1 (m); nmr (CDC13) 5 2.53 (s, 3,
CH3), 13.1 (s, 1, NH).

B. 5-Azido-1,3-dimethyl-1,2,4-triazole (16). The residual oil
(0.7 g) was purified by molecular distillation (bath temperature
65-75°, pressure 0.13 Torr) to yield several drops of 16 as a yellow
oil: ir (capillary film) 2140 (s), 1540 (s), 1505 (s), 1450 (s), 1410
(s), 1380 (s), 1340 (s), 1250 (s), 700 (m), and 690 cm- 1 (m); nmr
(CDC13)d 2.30 (s, 3, CCH3), 3.56 (s, 3, NCH3).

Continuous extraction of the aqueous phase with trichloro-
methane gave 4.7 g of the amine starting material.

C. 3-Azido-5-dimethylamino-I,2,4-triazole (18). The solid res-
idue (4.6 g, mp 153-154° dec) was treated with activated charcoal
and recrystallized from benzene to give an analytical sample of
yellow crystals: mp 153-154° dec; ir (fluorolube and Nujol mulls)
3330 (w), 2950 (m, br) 2410 (w), 2130 (s), 1640 (s), 1525 (s), 1430
(s), 1405 (s), 1350 (m), 1210 (m), 1045 (m), 930 (m), and 720 cm” 1
(m); nmr (CDC13) 53.00 (s, 6, NCH3), 11.7 (s, 1, NH).

Anal. Calcd for C4H7N7: C, 31.37; H, 4.61; N, 64.03. Found: C,
31.40; H, 4.50; N, 64.12.

Continuous extraction of the aqueous phase with trichloro-
methane gave 1.1 g of amine starting material. The overall yield
of azide was 72%.

D. 3-Azido-5-methoxy-l,2,4-triazole (19). The solid residue
(80%, mp 106-108°) was treated with activated charcoal and re-
crystallized from benzene to afford an analytical sample of yellow
crystals: mp 108-109°; ir (fluorolube and Nujol mulls) 3360 (w),
3200 (m), 3100 (m), 3020 (m), 2900 (m), 2850 (m), 2780 (m), 2720
(m), 2440 (w), 2130 (s), 1600 (s), 1535 (s), 1440 (s), 1395 (s), 1220
(m), and 1070 cm-1 (m); nmr (CDC13) &4.07 (s, 3, OCH3), 11.70
(s, 1, NH).

Anal. Calcd for C3H4ANGO: C, 25.72; H, 2.88; N, 59.99. Found:
C, 25.60; H, 2.87; N, 60.19.

E. 3-Azido-5-methylthio-l,2,4-triazole (21). The solid residue
was treated with activated charcoal and recrystallized from ben-
zene to yield an analytical sample of 21 (0.76 g, 70%) as light yel-
low crystals: mp 108-109° uv max (H20) 238 nm (e 6350); ir (flu-
orolube and Nujol mulls) 3360 (w), 3150 (m), 2940 (m), 2800 (m),
2440 (w), 2140 (s), 1490 (s), 1340 (m), 1315 (m), 1220 (m), and
1030 cm-1 (m); nmr (CDC13) 5 2.67 (s, 3, SCH3), 12,50 (s, 1,
NH).

Anal. Calcd for C3H4NG6S: C, 23.07; H, 2.58; N, 53.82. Found:
C, 22.92; H, 2.57; N, 53.84.

F. 5-Azido-I-methyl-3-methylthio-1,2,4-triazole (22). After
the reaction mixture was stirred overnight at 10°, a precipitate
was collected by suction filtration and washed with water to yield
61% of 1,3-bis(I-methyl-3-methylthio-1,2,4-triazol-5-yl)triazene
(23), mp 181-184° dec. This material was treated with activated
charcoal and recrystallized from trichloromethane to afford an
analytical sample of tan crystals: mp 191-192° dec; ir (fluorolube
and Nujol mulls) 3210 (m), 3110 (m), 3040 (m), 2940 (m), 1590
(s), 1475 (s), 1385 (s), 1360 (s), 1345 (s), and 1215 cm- 1 (s); nmr
(DMSO-de) 5 2.74 (s, 6, SCH3), 3.80 (s, 6, NCH3), 12.8 (s, 1,
NH); mass spectrum (70 eV) m/e (rel intensity) 299 (3), 271 (3),
156 (100), 128 (29), 82 (42), 43 (33), 15 (28).

Anal. Calcd for CgHi3N9S2: C, 32.10; H, 4.38; N, 42.11. Found:
C, 31.99; H, 4.43; N, 42.40.

The filtrate was neutralized, saturated, and extracted with tri-
chloromethane (7 x 20 ml). The dark oil obtained by evaporation
of the solvent from the dried, combined extracts was distilled to
yield 28% of 5-azido-l1-methyl-3-methylthio-1,2,4-triazole (22), bp
69-71° (0.12 Torr). Molecular distillation gave an analytical sam-
ple of yellow oil: ir (capillary film) 3340 (w), 2420 (w), 2120 (s),
1500 (s), 1425 (s), 1350 (s), and 1215 cm- 1 (m); nmr (CDC13) §
2.67 (s, 3, SCHJ), 3.67 (s, 3, NCH3).

Anal. Calcd for CiHeNgS: C, 28.23; H, 3.55; N, 49.38; S, 18.84.
Found: C. 28.34; H, 3.62; N, 49.15; S, 18.68.

Consecutive Treatment of 3-Amino-1,5-dimethyl-1,2 4-tria-
zole (7) with Nitrous Acid and Azide lon. The general proce-
dure for preparing the azides was employed using the following
reagents: 7 (90 mg, 0.80 mmol); water (10 ml); 96% sulfuric acid
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(78 mg, 0.76 mmol); sodium nitrite (97%, 65 mg, 0.91 mmol) in
water (1 ml); and sodium azide (55 mg, 0.85 mmol) in water (1
ml). After the reaction mixture has been stirred overnight at 10°,
a precipitate was collected by suction filtration and washed with
water to yield 16 mg (17%) of 1,3-bis(l,5-dimethyl-1,2,4-triazol-3-
ylhtriazene (29): mp 226-228° dec; nmr (DMSO-de) &2.37 (s, 3,
CCHD3), 3.74 (s, 3, NCHJ); mass spectrum (70 eV) m/e (rel inten-
sity) 253 (3), 207 (5), 124 (100), 96 (48), 55 (55), 42 (52).

The filtrate was neutralized, saturated, and extracted with tri-
chloromethane (6 X5 ml). Evaporation of the solvents from the
dried, combined extracts gave a yellow semisolid (60 mg). The
nmr (DMSO-de) spectrum of this material showed peaks due to
the triazene as well as the following: 5 2.51 (s, 3), 3.93 (s, 3). The
appearance of a strong band at 2140 cm- 1 in the ir (CDCI3) spec-
trum indicated the presence of 3-azido-1,5-dimethyl-1,2,4-triazole.

1,3-Dimethyl-1,2,4-triazole (17). To a mechanically stirred so-
lution of 6 (7.22 g, 64.5 mmol), 95% ethanol (400 ml), and 96%
sulfuric acid (4.60 ml, 82.8 mmol) was added a solution of sodium
nitrite (97%, 7.00 g, 98.5 mmol) and water (15 ml), whereupon a
solid precipitated. The reaction mixture was heated at 65° for 15
hr and the resulting solution was concentrated to 30 ml at re-
duced pressure. The concentrate was diluted with water (150 ml),
neutralized with potassium bicarbonate, saturated with sodium
chloride, and extracted with trichloromethane (6 X 30 ml). After
the combined extracts were dried over anhydrous magnesium sul-
fate and the solvent was evaporated at reduced pressure, the re-
sidual brown oil (5.5 g) was distilled to yield 17 (1.85 g, 36%), bp
25-27° (0.12 Torr) [lit.15 bp 83° (20 Torr)]. Molecular distillation
gave an analytical sample of colorless oil: ir (capillary film) 3120
(m), 2950 (m), 1525 (s), 1310 (s), 1195 (s), 740 (m), and 695 cm*“ 1
(m); nmr (CDC13) 5 2.39 (s, 3, CCH3), 3.86 (s, 3, NCH3), 7.93 (s,
1, CH) [lit.15 nmr (CDCI3)i 2.38 (s, 3, CCH3), 3.84 (s, 3, NCH3),
7.94 (s, 1, CH)].

Anal. Calcd for C4H7N 3: C, 49.47; H, 7.27; N, 43.27. Found: C,
49.26; H, 7.13; N, 43.17.

3-Chloro-5-methylthio-1,2,4-triazole (20). A procedure mod-
eled after that of Reilly and Drumm28 was used to convert 10 to
20 in 73% yield. Treatment with activated charcoal and recrystal-
lization from ethyl acetate gave an analytical sample of white
leaflets: mp 177-178° uv max (H20) 228 nm (e 2820); ir (fluo-
rolube and Nujol mulls) 3090 (s), 2900 (s, br), 2750 (s), 1445 (s),
1305 (s), 1290 (s), 1030 (s), and 705 cmrl (s); nmr (DMSO-de) i
2.64 (s, 3, SCHJ), 14.30 (s, 1, NH).

Anal. Calcd for C3H4CIN3S: C, 24.08; H, 2.70; N, 28.09; S,
21.43. Found: C, 24.40; H, 2.78; N, 28.36; S, 21.68.

Procedure for Variable-Temperature Nmr of C-Azido-1,2,4-
triazoles. Nmr spectra were obtained on a Varian HA-60-EL in-
strument equipped with a variable-temperature probe. Sample
temperatures above 35° were achieved by passing air over heating
coils in the probe accessory. Temperatures below 35° were ob-
tained by controlling the vaporization of liquid nitrogen from a
Dewar flask by means of an immersed heater. Probe temperatures
were monitored by measuring the difference in chemical shifts of
the two signals of ethylene glycol for high temperatures (35-175°)
and methanol for low temperatures (35 to —82°). For the high-
temperature study, the azidotriazoles were dissolved in DMSO-d6
(10% w/v); for the low-temperature study, solutions of acetone-d6
(5% w/v) were used.
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The dipole moments of phthalimide, phthalic anhydride, and 16 derivative compounds in dioxane solution
have been measured and compared. The predicted moments of the derivatives have also been calculated from
group moments. There is good agreement between the experimental and predicted dipole moments only for 3-
methylphthalic anhydride, 3-fluorophthalimide, 4-methylphthalimide, 3-fluorophthalic anhydride, and 4-meth-
ylphthalic anhydride. The Zhdanov-Minkin equation for calculating resonance interaction moments has been
applied for all of the derivative compounds. Arguments are presented for designating the numerical results of
this calculation as ring polarization moments. The results of these calculations show that interaction resonance
is significant only for 4-chlorophthalic anhydride. Steric and resonance effects are both small or absent as influ-
ences upon the dipole moments of 3-fluorophthalic anhydride, 3-fluorophthalimide, and of all methyl deriva-
tives. Steric interaction between ortho substituents appears to be large only in the cases of 3-nitrophthalimide

and 3-nitrophthalic anhydride.

The compilation of experimental dipole moments by
McClellan4 records data for a moderate number of cyclic
imides, including a portion of the results of two systemat-
ic studies of the dipole moments of these compounds. The
first of these studies, by Lumbroso and his coworkers,57
dealt primarily with N-substituted succinimides and
phthalimides. The second group of studies, by Lee and
Kumler,8-11 was concerned principally with nonaromatic
imides, both cyclic and acyclic. The dipole moments of
only the most common cyclic anhydrides have been deter-
mined, and no comparable systematic examination of
these results has been published.

In the course of a series of studies12-17 of the chemical
and spectrophotometric properties of 3-substituted
phthalimides 1 and 4-substituted phthalimides 2, it was
of interest to have dipole moment data for these com-
pounds as an aid in the interpretation of the experimental
results. Data for only three of these compounds could be
found in the literature, namely, the dipole moments mea-
sured by Lumbroso and Dabard5 for 3-chlorophthalimide
(1, R = H; X = CI), 4-chlorophthalimide (2, R = H; X =
Cl), and 4-nitrophthalimide (2, R = H; X = NO2), to-
gether with the moments for the iV-methyl (R = CHS3)
and iV-phenyl (R = C6H5) derivatives of these com-
pounds.

3 4

We have therefore measured the dipole moments of a
more extended series of 3- and 4-substituted phthalimides
and also of the pyridine analogs of phthalimide, quinolini-
mide (3), and cinchomeronimide (4). Since it was neces-
sary in most cases to prepare the corresponding anhy-
drides as precursors to the imides, it was convenient to
measure also the dipole moments of a number of 3-substi-
tuted phthalic anhydrides 5, 4-substituted phthalic anhy-
drides 6, and quinolinic anhydride 7.

5 6 7

The majority of these compounds are sufficiently solu-
ble in only two of the solvents suitable for dipole moment
measurements for such measurements to yield useful re-
sults. These solvents are benzene and dioxane. Neither of
these solvents possesses the inertness desirable in a sol-
vent for dipole moment measurements, since benzene acts
as a donor in charge-transfer interactions with phthalic
anhydridel8 and a number of its derivatives,19 while diox-
ane, in addition to its usual disadvantages,20 can presum-
ably be hydrogen bonded to the N protons of the imides.
Ultimately, dioxane was chosen as the solvent in order to
provide the best comparability of the results with those of
the previous studies.511

The method applied for the measurements was that of
Guggenheim,2L as presented by Oehme and Wirth.22 The
rapidity with which the measurements can be made by
this method provides a definite advantage for studies in-
volving a highly hygroscopic solvent like dioxane and the
moisture-sensitive anhydrides.

Experimental Section

Anhydrides and Imides. The majority of the compounds used
in this study were prepared from commercially available 3- and
4-substituted phthalic acids. These acids were converted to the
anhydrides either by the action of acetic anhydride or by thermal
dehydration in a sublimation apparatus. 3-Fluorophthalic anhy-
dride was prepared by dehydration of 3-fluorophthalic acid with
an excess of trifluoroacetic anhydride at room temperature.23
Phthalimide and the nitrophthalimides were purchased. The re-
maining imides were prepared from the anhydrides by heating
with an equimolar quantity of urea until gas evolution ceased. All
of the compounds were purified by recrystallization and sublima-
tion until published melting points or satisfactory microanalyses
were obtained. A final purification by sublimation at 1 Torr was
always done within 12 hr of the measurements, and the subli-
mates were kept under vacuum in the sublimator until time for
preparation of the solutions.

3-Fluorophthalimide. A mixture of 9 g of 3-fluorophthalic an-
hydride, 3.6 g of urea, and 50 ml of nitrobenzene was heated 3 hr
at 170-180°. The precipitate obtained from the cooled reaction
mixture was recrystallized twice from benzene and then sublimed
in vacuo to give fine, yellowish needles, mp 179.5-180.5°. The
yield was 81%. Anal. Calcd for CsSKLFNCL: C, 58.19; H, 2.44; N,
8.48; F, 11.51. Found:24C, 58.34; H, 2.28; N, 8.48; F, 11.44.



1528 3. org. Chem., Vol. 39, No. 11, 1974

Caswell, Soo, Lee, Fowler, and Campbell

Table 1
Dipole Moments of 3- and 4-Substituted Phthalimides and Phthalic Anhydrides in Dioxane

Compd Registry no.
Phthalimide 85-41-6
3-Methylphthalimide 7251-82-3
3-Fluorophthalimide 51108-29-3
3-Chlorophthalimide 51108-30-6
3-Nitrophthalimide 603-62-3
Quinolinimide 4664-00-0
4-Methylphthalimide 40314-06-5
4-Nitrophthalimide 89-40-7
Cinchomeronimide 4664-01-1
Phthalic anhydride 85-44-9
3-Methylphthalic anhydride 4792-30-7
3-Fluorophthalic anhydride 652-39-1
3-Chlorophthalic anhydride 117-21-5
3-Nitrophthalic anhydride 641-70-3
Quinolinic anhydride 699-98-9
4-Methylphthalic anhydride 19438-61-0
4-Chlorophthalic anhydride 118-45-6
4-Nitrophthalic anhydride 5466-84-2

-------—Dipole moment, D -------- — Ring polarization
Exptl Predicted moment, D
2.17"

2.39 2.21 + 0.4
2.60 2.65 -0.1
2.4D 2.72 -0.6
3.90 4.63 c
2.97 3.16 c
2.53 2.55 <0.0
2.96" 2.46 + 0.4
2.22 1.18 +1.0
5.34

5.46 5.36 + 0.2
5.44 5.56 -0.3
5.31 5.59 -0.6
5.95 6.73 c
5.54 5.80 c
5.66 5.72 -0.1
4.54 4.00 + 0.5
2.87 2.60 + 0.4

“ Reported values: 2.14 D,52.91 D .DbReported: 2.28 D.5c Imaginary. i Reported: 2.60D .5

Solvents and Apparatus. Spectrophotometric quality 1,4-diox-
ane2 was refluxed in contact with sodium metal until the float-
ing globules of molten sodium remained bright.20 The dioxane
was distilled through an 18-in. Vigreux column, and only the
middle third of the distillate was used in the measurements. This
distillation was always done on the same day on which the mea-
surements were made.

A minimum of five solutions of each of the freshly sublimed
compounds in the freshly distilled dioxane was prepared. Weight
fractions of solutes fell in the range 10" 3-10“ t The refractive in-
dices of the dioxane and'of the solutions were measured at 20.00°
with either a Bausch and Lomb Type 3L Abbé refractometer or
with a Bellingham and Stanley high-precision refractometer. The
dielectric constants of dioxane and of the solutions were measured
with a WTW Type DMO1 dipolmeter,26 using a Type DFL1 sam-
ple holding cell, also at 20.00°.

The dipolmeter was calibrated with spectrophotometric quality
cyclohexane, benzene, carbon tetrachloride, and ra-butyl ether, all
of which had been stored over Type 4A molecular sieve for at
least 1 week prior to the measurements. Dielectric constants for
these liquids at 20° were those quoted by Oehme and Wirth.2
This calibration was done six times at random intervals during
an 8-month period, using new stocks of reference liquids, and
found to be reproducible.

Results and Discussion

Calculations. The data from all of the calibration mea-
surements were combined, and the method of least
squares was applied to convert these measurements to a
calibration equation for translating the dipolmeter read-
ings to dielectric constants. The differences between the
dielectric constants of the solutions and the solvent, e2 -
ci, and the differences between the squares of the refrac-
tive indices, n2 — ni2, were plotted against weight frac-
tion of solute. If either of these plots showed curvature,
sharp breaks, or scatter or failed to go through the origin,
the entire set of measurements was repeated with fresh
materials.

The slopes, an and a*, of the two plots were determined
by the method of least squares. The dipole moment was
then calculated from the difference at —an by the equa-
tion27

M  4wN dfa + 2)2'(a< 1)

in which fi is the dipole moment in esu cm, k is the
Boltzmann constant, T is the absolute temperature, N is
Avogadro’'s number, M2 is the molecular weight of the so-
lute, di is the density of dioxane at 20°, and £i is the di-
electric constant of dioxane at 20°.

The precisions of a, and an were calculated from the
standard deviations of these slopes and the t factors at the
95% confidence level for the appropriate number of de-
grees of freedom. These limits were carried through the
final calculations, and dipole moment values having pre-
cision limits wider than +0.03 D were discarded. The re-
suits of the surviving measurements are presented in
Table I.

Sources of Error. Early in this study a few sets of solu-
tions were prepared on the night before the day on which
the measurements were to be made. These measurements
were later repeated with freshly purified materials and
with all of the manipulations being done within 3-4 hr.
The redeterminations gave dipole moments which were
from 0.1 D larger for imides to as much as 0.7 D larger for
anhydrides. The smaller values obtained in the earlier
measurements were attributable to the effects of atmo-
spheric oxygen and moisture on the dioxane and subse-
quent hydrolysis of the anhydrides by the absorbed mois-
ture. It is felt that these effects have been satisfactorily
minimized by the use of a short working time.

A source of difficulty inherent in the Guggenheim
method lies in the problem of determining refractive in-
dices with a sufficient degree of exactness.20 The choice of
dioxane as solvent has provided an advantage in this re-
spect, since its refractive index is smaller than those of
other suitable solvents, thereby giving larger values for n22
- ni2 than would otherwise have been obtained. The
compounds themselves provided a second minimization of
this source of error, in that the slope at was always one
order of magnitude larger than the slope an and two or-
ders of magnitude larger in the cases of the anhydrides.

Prediction of Dipole Moments. Predicted dipole mo-
ments of the imides and anhydrides were calculated by
vectorial addition of group moments. In making these cal-
culations, the assumptions made by Lumbroso and Da-
bard5 and by Bakhshiev,28 for predicting the dipole mo-
ments of phthalimides, were adopted and extended' to the
anhydrides. These assumptions are four in number. (1)
The phthalimide and phthalic anhydride molecules are
planar. (2) The vectors of the group moments, for the sub-
stituents used in this study, lie in the molecular plane. (3)
The imide and anhydride moieties are electron withdraw-
ing, and their group moment vectors bisect these groups.
(4) The benzene ring is a perfect hexagon and makes no
contribution to the total dipole moment. With these as-
sumptions, the dipole moments of the appropriate mono-
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substituted benzenes may be taken as the group moments
and added vectorially according to the equation20

p2= px2+ My2+ 2pxpY cosO (2)

in which p is the predicted moment, px is the group mo-
ment for the substituent X, py is the imide or anhydride
group moment, and < is the angle between the vectors of
px and py. On the basis of the assumptions, an angle 4
must be 90° for 1 and 5, regardless of the nature of X. In
the 4-substituted compounds, 2 and 6, ¢ is 30° for elec-
tron-donating groups (X = CH3) and 150° for electron-at-
tracting groups (X = F, Cl, NO2). Since the pyridine ring
is not a perfect hexagon, the fourth assumption must be
modified slightly for 3, 4, and 7. The geometry of the pyr-
idine ring0 gives 89° for $in 3 and 7, and, since the pyri-
dine nitrogen atom is electron-attracting,31 149° 10' for O
in 4.

The dipole moments of phthalimide, 2.17 D, and of
phthalic anhydride, 5.34 D, obtained in the current study,
were taken as the group moments for the imide and anhy-
dride groups. In order to avoid discrepancies which might
be introduced by differing solvent effects, or by differing
procedures for evaluating dipole moments, the values for
the group moments of the substituent groups were also
based on data obtained for dioxane solutions, using the
method and apparatus of this study to obtain the dipole
moments of the appropriate monosubstituted benzenes.
The resulting group moments were F, 1.53 D; Cl, 1.65 D;
NO2, 4.09 D; and the heterocyclic nitrogen of the pyridine
ring, 2.27 D. These values are in good agreement with the
values obtained by averaging the values listed by McClel-
lan4 for dioxane solutions of monosubstituted benzenes,
which gave the results F, 1.51 D; Cl, 1.65 D; NO2, 4.05 D,
and pyridine, 2.22 D.

The dipole moment of toluene could not be obtained for
a dioxane solution by the method and apparatus of this
study. Plots of the experimental values of 62 ~ (1 vs.
weight fraction for such solutions repeatedly gave sets of
random points with no recognizable linearity. Since no
published value could be found for the dipole moment of
toluene in dioxane, McClellan’s4 “best value” for the di-
pole moment of toluene, 0.43 D, was taken as the group
moment for the methyl group. The difficulty of measuring
the dipole moment of toluene in dioxane is apparently the
result of the closeness of the dielectric constants of these
two liquids, which have been reported® to be 2.209 for
dioxane and 2.379 for toluene, at 25°. The predicted dipole
moments are summarized in Table I for comparison with
the experimental values.

Discussion. Earlier studies5-10 have yielded values of
214 D and 291 D for the dipole moment of phthalimide
in dioxane solution. The current finding of 2.17 D is in
satisfactory agreement with the smaller of these values.
The paper which reported the higher value also comment-
ed upon the tan color of phthalimide, which leads to the
suspicion that the material used in that study was not
pure, since pure phthalimide is white. The dipole moment
of phthalimide in benzene solution has been reported4 as
212 D. There have been no previous measurements of the
dipole moment of phthalic anhydride in dioxane solution.
Values resulting from measurements with other solvents
are 4.71 D in benzene,18 5.29 D in benzene,4 and 5.87 D in
carbon tetrachloride.18

The dielectric constant data for all of the imides except
phthalimide and the methylphthalimides showed changes
in the slopes of the plots of f2 - 11 vs. weight fraction in
the vicinity of 10"2 weight fraction, and the measure-
ments for these compounds were not extended to concen-
trations above this inflection point. This effect was partic-
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ularly strong in the case of 4-nitrophthalimide, for which
the plot of n22 - n{2 us. weight fraction also curved at the
same point. The choice of concentration ranges upon
which to base the dipole moment measurement apparent-
ly accounts for the differences between the dipole mo-
ments obtained in a prior study5 and those of the current
study, for 3-chlorophthalimide and 4-nitrophthalimide.
The solutions utilized in the prior study fell in the con-
centration range 10" 210“ 1 weight fraction, above the in-
flection point in the dielectric constant curve.

In the case of 4-chlorophthalimide, the plot of t2 ~ ei
vs. weight fraction failed to go through the origin but was
linear, at least up to 2 x 10“ 2 weight fraction, while the
plot of n22 - n12 showed slight curvature at the higher
concentrations. These results were reproducible. The
slopes of the linear portions of the curves gave an appar-
ent dipole moment of 1.01 D for 4-chlorophthalimide,
which is smaller than the calculated value of 1.10 D, and
appreciably smaller than the previously reported5 value of
1.43 D, which was obtained from measurements made on
more concentrated solutions.

No similar deviations were observed in the measure-
ments made with the anhydrides or with the reference
compounds. It is thus probable that the deviations ob-
served with the phthalimide derivatives are the result of
hydrogen-bonding interactions, either between the imides
and dioxane, or between two imide molecules, or both. In
very dilute solution, the predominant H-bonded species
must be an association of one imide molecule with one
dioxane molecule, and it is actually this species whose di-
pole moment was measured in this study.

Examination of the results reported in Table | shows
that there is good agreement between the experimental
and predicted dipole moments only for the 4-methyl com-
pounds and for 3-fluorophthalimide and 3-methylphthalic
anhydride. Fair agreement is observed with 3-fluoro-
phthalic anhydride, 3-methylphthalimide, and quinolini-
mide. At the other extreme, agreement is very poor for 4-
nitrophthalimide and 4-chlorophthalic anhydride, and ex-
tremely poor for both 3-nitro compounds and for cinchom-
eronimide. The general lack of agreement between experi-
ment and prediction may indicate errors in the values
used in eq 2 or the presence of factors not accounted for
by this calculation.

The assumptions, upon which the predictive eq 2 is
based, might better be called approximations, and they
are not always good ones.33 The assumptions adequately
insert into the calculation the inductive effects of the sub-
stituent groups and the contributions to the dipole mo-
ment resulting from overlap of the welectron cloud of the
ring with x- or nonbonding electron clouds of individual
substituent groups, that is, the mesomeric moments of
these groups. The calculation does not allow for the trans-
fer of charge across the x system of the ring from one
group to another (the so-called interaction resonance), for
any distortions in the geometry of the ring resulting from
additional substitutions and probably not adequately for
any major reorientations of the x~electron distribution of
the ring resulting from the placement of two strongly elec-
tron-donating, or two strongly electron-attracting, substit-
uents on the ring at an angle to each other. In the cases of
compounds with substituents on adjacent carbon atoms,
the calculation should provide adequately for ortho induc-
tion, but not for ortho-resonance interaction, for steric or
electrostatic interactions through the space between the
groups, or for intramolecular hydrogen bonding.

Two of the compounds with best agreement between
predicted and experimental values are 4-methylphthalim-
ide and 4-methylphthalic anhydride. For these com-
pounds, all of the neglected factors must be absent, ex-
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Figure 1. Resonance interactions in substituted phthalic anhyd-
rides and phthalimides.

cept for the possibility of interaction resonance. Such in-
teraction in these cases requires a contribution from k-u
conjugation or hyperconjugation. This always has an ex-
tremely small effect, whose contribution, beyond that al-
ready provided for in the group moment of the methyl
group, must be less than the experimental error.

The remaining compounds with fair to good agreement
between the experimental and calculated values include
the 3-methyl and the 3-fluoro derivatives of phthalimide
and phthalic anhydride. For these cases, the principal fac-
tor not considered in eq 2 is steric interaction between the
substituent and the carbonyl group ortho to it. This inter-
action appears to have only a small effect.

The disagreements between the experimental and pre-
dicted moments can be treated quantitatively as an ap-
parent interaction resonance. The interaction effects can
be formally represented as depicted in Figure 1, which
shows transfer of nonbonding electron charge from the
substituent to a specific carbonyl oxygen. The interaction
is ortho in the cases of the 3-substituted compounds and
para for the 4-substituted compounds. No such formal
transfer of charge can be proposed for the nitro com-
pounds or the pyridine derivatives, since there is no basis
for supposing electron donation by the nitro group, by the
heterocyclic nitrogen, or by the carbonyl group in the
electronic ground energy state. The competing attractive
forces of these groups for electrons will, however, produce
a rearrangement of the electron density distribution in the
aromatic ring. There are probably also distortions in the
geometries of both rings accompanying all rearrangements
in electron distribution, but no estimates of this effect can
be made from existing data. Since the three effects con-
sidered in this paragraph cannot be separately estimated,
we propose to consider them together under the label of
ring polarization effects and to calculate these effects for
all of the compounds under consideration.

Minkin, et at,33 have proposed a relationship for calcu-
lating the interaction moments of para-disubstituted ben-
zenes. For the reasons given above, we will redefine the
values provided by this equation as ring polarization mo-
ments. This equation is

Mr + 2pi(px costx + pYcosdY) + Pc2~ M2=0 (3)

where pi is the ring polarization moment, pc is the pre-
dicted dipole moment, pe is the experimental dipole mo-
ment, px and py are group moments of the interacting
groups X and Y, and OX and dY are the angles the vectors
of these group moments make with the axis joining the
ring carbons to which the interacting groups are bonded.
Since resonance interaction involves only one of the two
carbonyls of the imide and anhydride groups, the group
moments of these moieties must be resolved into two
components to provide suitable values for use in eq 3.
Models of the phthalimide and phthalic anhydride mole-
cules showed that the angle between the two legs of the
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imide or anhydride groups is approximately 30°. Applica-
tion of eq 2 with this angle and the experimental dipole
moments of phthalimide and phthalic anhydride gave a
moment of 1.12 D along each leg of the imide group and a
moment of 2.76 D along each leg of the anhydride group.
These values were defined as py in eq 3, and the previous-
ly defined group moments were defined as px mThe angles
0X and 8y, respectively, were estimated as 0 and 15° for
the 4-substituted compounds and 60 and 45° for the 3-
substituted compounds. The ring polarization moments
calculated for these values are listed in the last column of
Table I. These results are felt to be meaningful only to the
nearest 0.1 D at best, as the result of the uncertainties in-
troduced in the values of 8X and 0Y, as well as in the cal-
culation of Pcm

True interaction moments are positive,33 since they
represent the transfer of charge across the ring, from a
donor group to an acceptor group, with resulting enhance-
ment of the dipole moment. Among the compounds con-
sidered in this study, this effect is certain only in the case
of 4-chlorophthalic anhydride but may be a contributor in
the cases of the 3-methyl compounds.

One possible interpretation of a negative ring polariza-
tion moment is that resonance interaction between a sub-
stituent and the ring has been reduced or suppressed.
This must be the explanation for the negative ring polar-
ization moments of the 3-fluoro and 3-chloro compounds.
Steric interference between the halogen atom and the o-
carbonyl reduces the interaction between the nonbonding
pair and the k cloud. This effect is naturally larger with
chlorine than with fluorine, since the larger chlorine atom
is more subject to steric hindrance.

The small negative ring polarization moments observed
for the 4-methyl compounds, on the other hand, are the
result of the lack of a satisfactory group moment for the
methyl group. If it is assumed that the ring polarization
moments of the 4-methyl compounds are actually zero,
then application of eq 2 with the experimental moments
gives an average value of 0.39 D as the group moment for
the methyl group for measurements made on aromatic
compounds in dioxane solution. This is not really a signif-
icant change from the value of 0.43 D, since it reduces the
calculated moments of the 3-methyl compounds by only
0.01 D.

Application of eq 3 to the data for the 3-nitro com-
pounds and for quinolinimide and quinolinic anhydride
gave only imaginary solutions for the ring polarization
moments of these compounds. We interpret this to mean
that values used for the angles p and 8 in eq 2 and 3 for
these compounds were in considerable error. Steric effects
in the 3-nitro compounds must force the nitro group out of
coplanarity with the ring to a sufficient degree as to sup-
press the resonance interaction of the nitro group with the
ring, producing substantially smaller dipole moments
than the predicted ones. The group moment of the nitro
group in this case also will be smaller than the one as-
sumed in this study. In the cases of the pyridine deriva-
tives, quinolinimide and quinolinic anhydride, the error
lies in the assumption that the geometries of these com-
pounds are similar to those of phthalimide and phthalic
anhydride. The available data are unfortunately not ade-
quate for the estimation of more accurate angles.

Erroneous geometry is also a contributing factor to the
very large positive ring polarization moment of cinchom-
eromimide. Other factors may be involved, however, with
this compound and with the 4-nitro compounds, which
also show positive ring polarization moments. All three of
these compounds have strongly electron-withdrawing
groups acting in opposition to each other, with neither
steric effects nor interaction resonance being possible. In
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such cases the aromatic ring becomes electron deficient
and may act as an acceptor in charge-transfer complexa-
tion. Whether or not this effect, with dioxane acting as
donor, accounts for the large dipole moments of these
molecules is problematical.

Early in this study it was speculated that an enolized
form of the imide might be stabilized by intramolecular
hydrogen bonding in 3-fluorophthalimide and 3-nitro-
phthalimide. There is no chemical evidence for such enol-
ization, however, and concurrent ultraviolet and infrared
studies by one of us (L. Y. S.) failed to reveal any spectral
evidence for it. Construction of models34 of the enol forms
showed that the enol hydrogen cannot be properly orient-
ed to permit hydrogen bonding, either to a fluorine atom
or to a nitro group in the 3 position.
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Synthesis of Phosphine Oxides from Phosphorus Esters and Alkyl Halides
Using Either Sodium Bis(2-methoxyethoxy)aluminum Hydride or Sodium
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Procedures are presented by which phosphorus esters (phosphates, phosphonates, and phosphinates) may be
converted to phosphine oxides by reduction with either sodium bis(2-methoxyethoxy)aluminum hydride or so-
dium aluminum diethyl dihydride followed by addition of an appropriate primary or secondary alkyl halide.
Yields are generally comparable to those obtained using a Grignard approach to the same conversions, but the
procedures described offer the advantages of greater convenience and experimental simplicity. A number of ex-
amples of the synthetic method are presented including the preparations of the phosphorus-containing hetero-
cycles, 1-phenylphospholane 1-oxide, and 1-phenylphosphorinane 1-oxide.

Only a few general approaches to the syntheses of phos-
phine oxides exist. The Arbuzov reaction of an alkyl ha-
lide with an ester of a phosphinous acid,4 while giving re-
spectable yields of phosphine oxides, is often rendered in-
feasible by the difficulty in obtaining the necessary phos-
phinate. Alkaline hydrolysis of quaternary phosphonium
salts5 likewise is only useful if an appropriate phosphoni-
um salt is readily available. The reaction of Grignard re-
agents with various phosphorus esters6 is generally more
viable than the above methods, but it too has some disad-
vantages: there is an extra step, the synthesis of the Gri-
gnard reagent, and this reagent usually must be employed
in large excess in the reaction with the phosphorus
ester.6-7

We would like to report a new general procedure for the
synthesis of phosphine oxides using the aluminum hydride

reagents NaAIH2(CH2CH3)2 and NaAllUIO-
CHzCHzOCHSsh. Since some workers have encountered
difficulties in attempting to carry out reactions with par-
ticular Grignard reagents or particular leaving groups on
phosphorus, this new procedure complements the proce-
dure using Grignard reagents. The procedure involves ini-
tial reaction of a phosphorus ester (phosphate, phospho-
nate, or phosphinate) with one of these two aluminum hy-
dride regents to form an intermediate which subsequently
reacts with an alkyl halide to form new carbon-phospho-
rus bonds. In Scheme I, R' may be alkyl or aryl, and R"
may be a primary or secondary alkyl halide.

Results and Discussion

Addition of either NaAIH2(CH2CH3)2 or NaAlFblO-
CH2CH20CH3)2 to a solution of a phosphinate
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Scheme |
] nNaAIHjL, 1
(RO),,PR,3.,,, nNR.,.x™ R".PR,.,, + «NaX

RR'P(0)OR™ in tetrahydrofuran in a 1:1 molar ratio gives
the evolution of 1 molar equiv of hydrogen gas. Subse-
quent addition of an alkyl halide to this solution gives an
opaque reaction mixture which, upon hydrolysis, yields a
phosphine oxide (Scheme 1). A number of examples of
such reactions using phosphinates, phosphonates, and
phosphates as starting materials are given in the Experi-
mental Section. Yields range from 11 to 52% of isolated
products. Additional examples have been reported else-
where.8

Scheme 11
0 (CH2),
1 NaAIH2Lj f
RPCHZCH2,CHX CH, CH,
OR'
0

RP(OR")2 + XCHZCH2,CH2X

The procedure is an especially convenient route to cer-
tain types of phosphorus-containing heterocycles, as
shown in Scheme Il. Both phosphorinanes (n = 3) and
phospholanes (n = 2) have been prepared by these ap-
proaches.

Scheme 111
0 0 0
IT + RZ— OR' RjP— H ~ BF:— Na+
H,0
0

R,P— R" + Na-X

This general behavior is consistent with a mechanism,
as shown in Scheme Ill, involving an intermediate sodium
alkylarylphosphine oxide, analogous to the sodium dial-
kylphosphates used in the Michaelis-Becker reaction.9
After initial displacement of alkoxide with hydride, a sec-
ond hydride, acting as a base, removes the new, relatively
acidic proton on phosphorus, forming the sodium dialkyl-
phosphine oxide. There is a precedent for both this and
the subsequent step in the reaction of R(R'0)P(0)H with
R"-X and sodium hydride in dimethylformamide to give
R(R'0O)P(0)R".10 Once formed, the sodium dialkyl-
phosphine oxide would be expected to react with the alkyl
halide in a nucleophilic substitution to give phosphine
oxide and sodium halide. Reactions involving attack by
R(R'0)P(0)Na on alkyl halides to give phosphinatesll
and by RR'P(0)Na to give phosphine oxides,12 for exam-
ple, are known.

The mechanism is further supported by the following
experiment. Quenching a reaction mixture of NaAIH2(0-
CH2CH20CH3)2 and a phosphinate with H20 gave secon-
dary phosphine oxide such as that proposed as an inter-
mediate above, and reaction of this secondary phosphine
oxide with additional reducing agent, followed by addition
of an alkyl halide, gave phosphine oxide (see Scheme Il1I).

The tremendous influence exerted by the cation in the
alkylation chemistry of enolates13 suggests that the sodi-
um cation of these aluminum hydride reagents is neces-
sary for the success of the phosphorus anion alkylation
reaction. It is known that phosphorus esters, when treated
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with LiA1H4, are generally reduced all the way to the
phosphine.14 The reaction can be stopped at the hydro-
gen phosphine oxide by conducting the reaction at 0°ls
and treatment at this stage with an aklyl halide gives at
least some alkylation as shown by examining a crude reac-
tion mixture by mmr spectroscopy. In our hands this
LiAIhU reaction is impractical as a synthetic route to
phosphine oxides. It is because the reaction with sodium
aluminum hydride proceeds completely to the sodium
phosphorus anion and is stable at that point toward fur-
ther reductionl6 that the new reaction is synthetically fea-
sible.

Scheme 1V
0
o RR'TOR'
|
RHOR'), oo - 0 o
ar | |
RPR"2 + RP(OR")2

The sequence of events leading to dialkylation of a
phosphonate to yield phosphine oxide (Scheme V) is not
so readily apparent. In our hands, many attempts to pre-
pare phosphinates from phosphonates, by controlling stoi-
chiometry and reaction conditions, have led only to a mix-
ture of phosphine oxide (dialkylation) and starting mate-
rial.17 Addition of 1 molar equiv of aluminum hydride re-
agent to a phosphonate gave hydrogen evolution as usual.
When bubbling had ceased, 1 molar equiv of alkyl halide
was added, and precipitation of sodium halide was imme-
diately noted, but no further evolution of gas was ob-
served. Work-up of the reaction after a reaction time suf-
ficient to give 90% of the theoretical amount of sodium
halide gave a 25% yield of the dialkylated product and
some starting material but no monoalkylated phosphi-
nate. This evidence suggests that the phosphinate is not
even formed as an intermediate, since no hydrogen evolu-
tion is observed after addition of the alkyl halide. At-
tempts to isolate an intermediate, by hydrolyzing the
reaction mixture instead of adding alkyl halide, gave no
recovery of any organic-soluble phosphorus-containing
species.

The chief advantages of the new method are the ready
availability and reasonable cost of the starting materials
and the experimental simplicity of the one-pot reaction.
All the solutions involved in the reaction are homogenous
and easily handled. The work-up is simple and fast, and
the conditions are very mild. In contrast to the Grignard
synthesis, the new reaction generally proceeds with a 1:1
molar ratio of reactants, although reaction time can be
cut down by using a 2-3 molar excess of alkyl halide.
Yields are similar to those obtained in the Grignard pro-
cedure.

The chief disadvantage of the procedure is the extreme-
ly unpleasant odor encountered, presumably due to the
presence of some reduced phosphorus species in the reac-
tion mixture. Even with the precaution of conducting all
aspects of the reaction in the hood, it is practically impos-
sible to prevent some spread of the odor.

The Grignard procedure remains the method of choice
in the preparation of optically active phosphine oxides.
Attempts to convert an optically active menthyl phosphi-
nate, prepared following the procedure of Mislow,7 to an
optically active phosphine oxide, led to racemized prod-
uct. Racemization could be occurring either during the
initial reduction, via stereomutation of the presumed in-
termediate phosphorane 1 (analogous to that proposed to
explain racemization of recovered starting material in the
LIAIFQ reduction of phosphine oxides)18 or after forma-



Synthesis of Phosphine Oxides

tion of the phosphine oxide.18 The present results cannot
distinguish among these possibilities.

O— menthyl /
= LJ
P— H
Me”n |
o— iLEH Na+
2

The aluminum hydride reaction failed to give alkylation
with tert-butyl bromide, giving, after work-up, the phos-
phinic acid of the starting phosphinate. Attempted alkyla-
tion of l-ethoxy-l-oxo-3-methyl-3-phospholeneld (2) gave
no isolable phosphorus compound. Since several similar
saturated phosphorus esters alkylated cleanly, it is likely
that the carbon-carbon double bond is interfering in the
phospholene reaction.

Attempts to alkylate a cyclic four-membered ring phos-
phinate were complicated by a great amount of apparent
polymerization. It may be that strain in the ring renders
the intermediate anion especially unstable. This may also
be a factor in the failure of the phospholene reaction,
since it appears to be a general rule that a double bond in
a phosphorus-containing five-membered ring increases the
strain in the ring.20

Although most of the examples described in the Experi-
mental Section use NaAIH2(0CH2CH20CH3)2 as the re-
ducing agent, the reagent of choice in these reactions
seems to be NaAIH2(CH2CH3)2. While it is much more
sensitive to air than the NaAIH2(OCH2CH20CH3)2, with
respectful handling the former presents no danger and
bestows the definite advantage of a cleaner hydrolysis
mixture. Hydrolysis of NaAIH2(OCH2CH20CH3J3)2 reac-
tions gives high-boiling 2-methoxyethanol, which must
generally be removed by vacuum distillation at some
point. The hydrolysis of NaAIH2(CH2CH3)2 reactions
gives ethane gas, so that removal of volatile solvents after
filtration of aluminum salts gives relatively uncontaminat-
ed product directly. Yields of final product, whenever di-
rect comparisons have been made, are unaffected by
choice of aluminum hydride reagent.

Experimental Section

General Methods. Microanalyses were performed by the Mi-
croanalytical Laboratory, Department of Chemistry, University of
California, Berkeley, Calif. Proton nmr spectra were measured
using either a Varian T-60 or A-60A spectrometer, with CCl4 or
CDCI3 as solvent and tetramethylsilane as internal standard, un-
less otherwise specified. Hydrogen gas was detected using a Con-
solidated Model 21-103c mass spectrometer. Accurate mass mea-
surements were determined on a Consolidated Model 21-110B
double-focusing high-resolution spectrometer. Melting points are
uncorrected.

Materials. Sodium bis(2-methoxyethoxy)aluminum hydride, a
70% solution in benzene, was obtained from Eastman. Sodium
aluminum diethyl dihydride, a 25% solution in toluene, was pur-
chased from the Ethyl Corp., Baton Rouge, La. Methyl methyl-
phenylphosphinate was the generous gift of Dr. J. A. Virgilio,
University of California, Berkeley. Diethyl benzylphosphonate,
diethyl phenylphosphonite, and triethyl phosphate were pur-
chased from Aldrich Chemical Co. Diethyl phenylphosphonate
was prepared by esterification of phenylphosphonic dichloride
(Aldrich) by the method of Kosolopoff and Huber.21

Aluminum Hydride Reductions—General Procedures. All the
aluminum hydride reactions were run under a nitrogen atmo-
sphere. It most cases no special precautions were taken to dry
glassware or solvents, since a slight excess of reducing agent effec-
tively removed water from the reaction. In some of the high-dilu-
tion cyclization reactions, however, the tetrahydrofuran (THF)
solvent was dried by several hours of heating at reflux over lithi-
um aluminum hydride followed by distillation from LiAIHi di-
rectly into a previously dried flask.

Both aluminum hydride reagents, NaAIH2(OCH2CH20CH?3)2
and NaAIH2(CH2CH3)2, have a tendency to lose potency over a
period of time after they are first opened. Satisfactory results
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were obtained by assuming freshly opened reagents to be of the
strength indicated on the bottle. The strength of old reagent can
be determined in a number of ways. Titration with a proton
source such as methanol, with collection of evolved hydrogen gas,
is one means. In most cases, a convenient alternative is to assume
that the reagent is at its maximum strength, and use it in the
reaction with the phosphorus ester. After initial addition is com-
plete, but before adding the alkyl halide, a small aliquot of re-
duced ester can be worked up as discussed below; an nmr spec-
trum of the crude oil will indicate the amount of unreacted phos-
phorus ester. Comparison of the integrated area of the remaining
ester protons with some other protons in the molecule gives an in-
dication of the amount of unreacted phosphorus ester, and thus
the amount of additional reagent necessary. Finally, since neither
reagent is very reactive toward alkyl halides2 or the product
phosphine oxides, there is no harm in using more hydride reagent
than necessary.

Hydrolysis is generally accomplished by adding water in small
increments to the stirring reaction mixture at 25°. In reactions in
which NaAIH2(CH2CH3)2 is the reducing agent, precautions
should be taken to avoid the consequences of frothing due to the
evolution of ethane. A reaction flask two-three times the volume
of the solvent used allows plenty of room for frothing. Near the
end of hydrolysis the aluminum salts polymerize and the solution
becomes very viscous. Addition of a little more water and contin-
ued stirring returns the mixture to a lower viscosity. At this point
the hydrolyzed mixture is filtered, and the aluminum salts are
washed with CHC13. Occasionally a second filtration is necessary
to remove all the aluminum salts.

When NaAIH2(OCH2CH20CH3J) is used, it is necessary to
evaporate the oily residue in vacuo to remove the high-boiling hy-
drolysis product, 2-methoxyethanol. Alternatively, this can be re-
moved as the forerun of a fractional distillation.

Benzylmethylphenylphosphine Oxide. To a stirred solution of
1.60 g (9.4 mmol) of methyl methylphenylphosphinate in 150 ml
of THF at 65° was added dropwise over a period of 25 min a solu-
tion of 11.3 mmol of NaAIH2(OCH2CH20CH3)2 in 50 ml of THF.
Vigorous bubbling due to the evolution of hydrogen, detected in
one case by a mass spectrometric analysis, occurred throughout
the addition. When all the hydride solution had been added, stir-
ring was continued several minutes until bubbling stopped; then
a solution of 1.42 g (11.3 mmol) of benzyl chloride in 15 ml of THF
was added. The solution, which became cloudy with NacCl after
several minutes, was stirred at 65° for 3 hr. Hydrolysis of the stir-
ring reaction mixture at 25° with a minimum amount of water
(1-2 ml), followed by filtration (and a wash of the aluminum salts
with 50 ml of CHCI3, which was added to the filtrate) and remov-
al of solvent, left an impure white solid which, upon crystalliza-
tion from hexane-benzene, gave 1.13 g (52% yield based on phos-
phinate) of benzylmethylphenylphosphine oxide, mp 136-141°
(lit.23 148-149°). Recrystallization raised the melting point range
to 142-144°. In an analogous reaction in which the NaAIH2(0-
CH2CH20CH3)2 was replaced by NaAIH2(CH2CH3J3)2, virtually
the same yield of this product was obtained. The nmr spectrum
showed peaks at 5 1.52 (3 H, d, Jpch = 13 Hz), 3.21 (2 H, d, Jpch
= 15Hz), 7.11 (5 H, broad s), and 7.40 (5 H, m).

Ethylmethylphenylphosphine Oxide. Using the same general
procedure as in the preparation above, but with toluene as sol-
vent, 6.2 g (0.0365 mol) of methyl methylphenylphosphinate, 12
ml (0.043 mol) of NaAIH2(OCH2CH20CH?3)2 solution, and 8 ml
(0.107 mol) of ethyl bromide were allowed to react; the reaction
mixture was heated at 55-60° for 17 hr. Hydrolysis, filtration, and
removal of solvent left a crude oil which, upon fractional distilla-
tion, gave 2.47 g (40.5% vyield) of ethylmethylphenylphosphine
oxide, bp 110-112° (0.3 mm). The product was characterized by
accurate mass measurement of its parent ion: calcd for
C9H130P, 168.0724; found, 168.0724. The nmr spectrum showed
peaks at 6 1.06 (3 H, m), 1.73 (3 H, d, Jpch = 13 Hz), -1.83 (2
H, m), and 7.64 (5H, m).

Dibutylbenzylphosphine Oxide. To 10.25 g (0.045 mol) of di-
ethyl benzylphosphonate in THF was added 15.6 g (0.054 mol) of
NaAIH2(OCH2CH20CH?3)2 solution. After bubbling had ceased,
12.3 g (0.09 mol) of n-butyl bromide was added, and the cloudy
reaction mixture was stirred at 55° under N2 for 10 hr. The oil ob-
tained on work up was fractionally distilled to give 1.0 g of start-
ing phosphonate, bp 108-111° (0.3 mm), and 1.72 g of dibutylben-
zylphosphine oxide, bp 145-154° (0.4 mm). This corresponds to a
17% vyield based on unrecovered phosphonate. The phosphine
oxide was crystallized from petroleum ether, giving long needles,
mp 57-60°. The product was analyzed by accurate mass measure-
ment of its mass spectral parent ion: calcd for C15H250P,
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252.1690; found, 252.1693. The nmr spectrum showed peaks at 6
091 6H, t,J = 6 Hz), 153 (12 H, m), 3.14 (2 H, d, J = 15 H2),
and 7.28 (5H, s).

Dibutylphenylphosphine Oxide. Using 8.0 g (0.037 mol) of di-
ethyl phenylphosphonate, 13 g (0.045 mol) of NaAIH2(0-
CH2CH20CH?J)2 solution, and 10.5 g (0.076 mol) of n-butyl bro-
mide, 1.25 g of dibutylphenylphosphine oxide was prepared by
the same procedure as that used for benzyldibutylphosphine
oxide. This corresponds to a 23% yield of phosphine oxide, based
on unrecovered phosphonate: bp 147-150° (0.7 mm); mp 50-52°,
The product was analyzed by accurate mass measurement of its
mass spectral parent ion: caled for Ci4H230P, 238.1509; found,
238.1515. The mmr spectrum showed peaks at 6 0.90 (6 H, t, J =
6 Hz), 1.66 (12 H, m), and 7.65 (5 H, m).

1-Phenylphosphorinane 1-Oxide. A 250-ml round-bottom flask
containing 100 g (0.43 mol) of 1,5-dibromopentane was fitted with
a reflux condenser, on top of which was placed a pressure-equaliz-
ing addition funnel containing 21.5 g (0.109 mol) of diethyl
phenylphosphonite. With stirring at 150-155° under nitrogen, the
phosphonite was added dropwise over a period of 30 min, and
stirring at 150° was continued for an additional 15 min. The ex-
cess dibromide was removed by vacuum distillation. A solution of
the residue in CCU was cooled for 6 hr, giving a clear supernatant
over a thick oil. The supernatant was concentrated to give 22 g of
95% pure ethyl (5-bromopentyl)phenylphosphinate, as judged by
nmr spectroscopy. The nmr showed peaks at 6 1.29 3 H, t,J = 7
Hz), 1.73 (8 H, m), 3.39 (2 H, m), 3.97 (2 H, m), and 7.62 (5 H,
m)

The phosphinate decomposed with evolution of ethyl bromide
on attempted vacuum distillation, but this partially purified oil
was sufficiently pure for the subsequent synthesis.

A three-neck, 2-1. round-bottom flask was fitted with two pres-
sure-equalizing addition funnels and a mechanical stirrer. In one
funnel was placed a solution of 10.6 g (0.033 mol) of the above-
prepared phosphinate in 90 ml of THF, and in the other 10.6 g
(0.037 mol) of NaAIH2(0 CH2CH20CH3)2 solution in 90 ml of
THF. These reactants were added simultaneously over a period of
1 hr to 500 ml of refluxing THF. The reaction mixture was heated
at reflux for an additional hour, then stirred at room temperature
for 6 hr. Work-up gave 7.7 g of oil, which upon fractional distilla-
tion started to sublime in the condenser after several forerun frac-
tions were collected. The distillation residue was transferred at
this point to a sublimation apparatus, and 1.80 g (28% yield) of
1-phenylphosphorinane 1-oxide was collected: bp 141° (0.2 mm);
mp 125-127° [lit. bp 140° (1.0 mm); mp 130°].21 The nmr spec-
trum showed peaks at6é 1.92 (10 H, m) and 7.72 (5 H, m).

1- Phenylphospholane 1-Oxide. Using a procedure analogous to

the synthesis of ethyl (5-bromopentyl)phenylphosphinate, 35 g of
diethyl phenylphosphonite and a fourfold excess of 1,4-dibromo-
butane were converted to 38 g of 90-95% pure ethyl (4-bromo-
butyl)phenylphosphinate, a yield of ca. 75%. The nmr spectrum
showed peaks at 6 1.25 (3 H, t, J = 7 Hz), 1.92 (CH, m), 3.39 (2
H, m), 3.95 (2 H, m), and 7.64 (5 H, m). This ester was not fur-
ther characterized and was used directly in the next step of the
synthesis.

The ester was treated with NaAIH2(OCH2CH20CH?3)2 as in the
above procedure to give a 27% yield of 1-phenylphospholane 1-
oxide, bp 140-150° (0.3 mm) [lit. bp 99-100° (0.15 mm)].22 The
nmr spectrum showed peaks até 1.95 (8 H, m) and 7.71 (5 H, m).

Ethyl (3-Bromopropyl)phenylphosphinate. Using 50.5 (0.255
mol) of diethyl phenylphosphonite and 250 g (1.24 mol) of 1,3-
dibromopropane, 56 g (76% yield based on phosphonite) of ethyl
(3-bromopropyl)phenylphosphinate was prepared by a Michaelis-
Arbuzov reaction analogous to that used to prepare ethyl (5-bro-
mopentyl)phenylphosphinate. The nmr spectrum showed peaks
até 1.23 3H, t,J = 7Hz), 207 (4 H, m), 3.45 (2 H, m), 3.94 (2
H, m), and 7.83 (5 H, m). The mass spectral parent ion was accu-
rately mass measured: caled for CiiH1679Br02P, 290.0062; found,
290.0048. This product was further characterized as described
below.

2- Phenyl-l,2-oxaphospholane 2-Oxide. In order to character-

ize ethyl (3-bromopropyl)phenylphosphinate, which like similar
compounds was too thermally unstable to be purified by distilla-
tion, 18 g (0.062 mol) of the slightly impure ester was heated at
200° for 1 hr. The residue was vacuum distilled to give 6.5 g (0.036
mol, 58% yield) of 2-phenyl-l,2-oxaphospholane 2-oxide, bp 157°
(0.7 mm). Anal. Caled for C9H1102P: C, 59.40; H, 6.05; P, 17.03.
Found: C, 59.26: H, 5.98; P, 16.96. The nmr spectrum showed
peaks at 62.10 (4 H, m), 4.38 (2 H, m), and 7.58 (5 H, m).
Attempted Synthesis of 1-Phenylphosphetane 1-Oxide. This
reaction was carried out starting with ethyl (3-bromopropylphen-
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ylphosphinate) exactly analogous to the procedure used to pre-
pare 1-phenylphosphorinane 1-oxide, with the exception that the
addition time was decreased to 45 min and the period of subse-
quent reflux was decreased to 45 min. After the usual work-up, a
viscous oil was obtained which did not distil at 0.35 mm up to a
temperature of 210°.

Isopropylmethylphenylphosphine Oxide. To 3.2 g (0.019 mol)
of methyl methylphenylphosphinate in 5 ml of benzene at room
temperature was added 18.4 ml of NaAIH2(0 CH2CH20CH3)2 so-
lution. Isopropyl bromide (7 g, 0.057 mol) was added, after bub-
bling had ceased, in 5 ml of benzene and the solution was heated
at reflux for 3 hr. The standard work-up followed by distillation
gave 0.56 g (16.5% yield) of isopropylmethylphenylphosphine
oxide, bp 88-91° (0.1 mm). The product was analyzed by accurate
mass measurement of its parent ion: ealed for ClOH150P,
182.0862; found, 182.0863. The nmr spectrum showed peaks at 5
1.06 (6 H, m), 1.63 3 H, d, JACH = 13 Hz), -1.75 (1 H, m), and
7.67 (5H, m).

Tribenzylphosphine Oxide. A solution of 3.8 g (0.021 mol) of
triethyl phosphate and 13.2 g (0.105 mol) of benzyl chloride in 5
ml of dry benzene was heated at reflux under N2, and to this stir-
ring solution was added 61 ml of NaAIH2(OCH2CH20CH3)2 solu-
tion over a period of 2 hr, after which heating at reflux was con-
tinued 14 more hr. The cooled reaction mixture was added to 300
ml of ether, and the ether solution was slowly hydrolyzed giving
insoluble aluminum salts. The supernatant was reduced to an oil
which was crystallized from ether-pentane to give 1.0 g (15.5%
yield) of tribenzylphosphine oxide, mp 211-214° [lit. 213°,24
214°25]. The nmr spectrum showed peaks at 6 3.08 (6 H, d, Jpch
= 14 Hz) and 7.28 (15 H, broad s).

Methylphenylphosphine Oxide. To a solution of 3.5 g (0.021
mol) of methyl methylphenylphosphinate in 35 ml of THF at 0°
was added dropwise over a 10-min period a solution of 7.4 g of
NaAIH2(OCH2CH20CH?3)2 solution in 10 ml of THF. After bub-
bling stopped, the mixture was hydrolyzed as usual and distilled,
giving 1.38 g (51.5% yield) of methylphenylphosphine oxide, bp
93-102° (0.2 mm). Accurate mass measurement of the mass spec-
tral parent ion confirmed its composition: ealed for C7H9OP,
140.0391; found, 140.0395. The proton nmr spectrum showed
peaks at5 1.92 (3 H, d ofd, Jpch = 15 Hz, Jhpch = 5 Hz), 7.58 (5
H, m), and 7.72 (1 H, d of q, JpH = 478 Hz, Jhpch = 5HZ).

Benzylmethylphenylphosphine Oxide from Methylphenyl-
phosphine Oxide. To 1.60 g (0.012 mol) of methylphenylphos-
phine oxide in 25 ml of THF at 25° was added 2.14 g of NaAl-
H2(OCH2CH20CH3J)2 solution in 10 ml of THF. After bubbling
had ceased, 3.1 g (0.025 mol) of benzyl chloride was added and
the solution was stirred overnight. Work-up as usual gave 1.43 g
(51% vyield) of benzylmethylphenylphosphine oxide, which had
identical spectral properties with those of the previously isolated
material.

Attempted Synthesis of Optically Active Benzylmethylphen-
ylphosphine Oxide. (S)-(-)-Menthyl methylphenylphosphinate
was prepared following the procedure of Mislow and coworkers,7
[a]23D -98.7° compared to the literature value of -94°. A solution
of 1.0 g (0.0034 mol) of this ester in 20 ml of THF was stirred vig-
orously at 35°, and to this stirring solution was added over a 45-
min period a solution of 1.0 g of NaAIH2(OCH2CH20CH3)2 solu-
tion in 20 ml of THF. Stirring was continued 15 min, after which
was added at 30° 0.9 g (0.007 mol) of benzyl chloride. This reac-
tion mixture was stirred at 25° for 43 hr and then worked up as
usual. The product was recrystallized from benzene-hexane to
give 0.256 g of (44% yield) benzylmethylphenylphosphine oxide,
mp 136-140°, [<*]234 -3.0°, in MeOH, which should be compared
to Mislow’'s value for (fl)-(+)-benzylmethylphenylphosphine
oxide of +51°. It is concluded that the phosphine oxide obtained
was essentially racemized, perhaps completely, since the small
optical rotation may be due to contamination by (—)-menthol
expected as a side product.

Registry No.—NaAIH2(CH2CH?32 17836-88-3; NaAlH2(0-
CH2CH20CH?3)2, 21608-56-0; benzylmethylphenylphosphine oxide,
33838-34-5; methyl methylphenylphosphinate, 6389-79-3; ethyl-
methylphenylphosphine oxide, 7309-49-1; ethyl bromide, 74-96-4;
diethyl benzylphosphonate, 1080-32-6; dibutylbenzylphosphine
oxide, 4042-81-3; n-butyl bromide, 109-65-9; dibutylphenylphos-
phine oxide, 10557-66-1; diethyl phenylphosphonate, 1754-49-0;
1-phenylphosphorinane 1-oxide, 4963-95-5; 1,5-dibromopentane,
111-24-0; ethyl (5-bromopentyl)phenylphosphinate, 51065-60-2;
1-phenylphospholane 1-oxide, 4963-91-1; 1,4-dibromobutane, 110-
52-1; ethyl (4-bromobutyl)phenylphosphinate, 51065-81-7; ethyl
(3-bromopropyl)phenylphosphinate, 51065-82-8; 1,3-dibromopro-
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pane, 109-64-8; 2-phenyl-l,2-oxaphospholane 2-oxide, 16324-19-9;
isopropylmethylphenylphosphine oxide, 36032-81-2; isopropyl bro-
mide, 75-26-3;-tribenzylphosphine oxide, 4538-55-0; triethyl phos-
phate, 78-40-0; benzyl chloride, 100-44-7; methylphenylphosphine
oxide, 19315-13-0; (S)-(-)-menthyl methylphenylphosphinate,
16934-92-2; (+)-benzylmethylphenylphosphine oxide, 51153-50-5.
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Three syntheses of irans-I,2-dimethylcyclopentane are described, viz., two syntheses of (17?,27?)-1,2-dimethyl-
cyclopentane (trans-12 = 20) and one of the racemic hydrocarbon. In the first synthesis (-F)-pulegone was con-
verted into (37?)-2,3-dimethylcyclopentanone, whose semicarbazone on Wolff reduction afforded a mixture of
trans-12 and cis-1,2-dimethylcyclopentane (cis-12). Formation of cis-12 cannot be prevented because epimeriza-
tion occurs during Wolff reductions of semicarbazones of a-alkyl ketones. In the second synthesis the title com-
pound (20) was prepared from resolved 4-cyclohexene-1,2-dicarboxylic acid. One of the steps in this route was the
LiAIFLt reduction of (17?,27?)-4-cyclohexene-1,2-dimethanol ditosylate. Use of 7V-methylmorpholine instead of THF
as a solvent saved labor and increased the yield considerably. 20 was found to have [ajp -51.5° (CHCI3), in dis-
agreement with a literature value of -35.2°. Racemic 2,3-dimethylcyclohexanone was used for the preparation of

racemic 1 (and 2) via 2,3-dimethylcyclopentanone.

Recently optically active trans-1,2-dimethylcyclopen-
tane has been discovered in a crude oil.1 The specific
rotation found was 5.8° but a theoretical estimate made
many years ago in this department resulted in a much
higher value.2 Therefore it became of interest to synthe-
size this substance. When we had completed the synthesis
from (+)-pulegone (Scheme 1) we became aware of a
paper by Hill, et al.,3 which we had overlooked before. In
their work on the absolute configuration of the antibioti-
cum sarcomycin they also prepared trans-1,2-dimethylcy-
clopentane from (+)-pulegone, but by a route different
from ours. Taking absolute values, the angle of rotation
we found was 45% higher than the highest value reported
by Hill.3 Therefore it became of importance to follow a
second route to the same substance. The absolute configu-
rations of the compounds are depicted in the schemes.4

The route we chose was an obvious extension of a syn-
thesis used by Walborsky, et al.,6 for the determination of
the absolute configuration of resolved 4-cyclohexene-l,2-
dicarboxylic acid (Scheme II). Both syntheses led to com-
pounds with nearly identical values of the angle of rota-
tion. Therefore it can be stated that the specific rotation

of optically pure (17?,27?)-1,2-dimethylcyclopentane is
[a]a -51.5° (CHCI3).

Dimethylcyclopentane from Pulegone (Scheme I).
Pulegone was hydrolyzed to give 3-methylcyclohexanone.
The 6 position in this ketone was blocked by condensation
with benzaldehyde, yielding a-benzylidene ketone.6 Méth-
ylation of this compound gave a mixture of mono- and di-
methylated product, together with unreacted a-benzyli-
dene ketone. Oxidation of this mixture and decarboxyla-
tion of the acids obtained yielded a mixture of 3-methyl-
cyclopentanone, 2,3-dimethylcyclopentanone, and 2,2,3-
trimethylcyclopentanone. The ketones were separated by
distillation. The semicarbazone of 2,3-dimethylcyclopen-
tanone gave on Wolff reduction a mixture of optically ac-
tive and meso dimethylcyclopentane (83.3:16.7). Correct-
ed to chemical purity, irons-1,2-dimethylcyclopentane
showed [a]D -51.2° (CHC13). Hill3 reported [a]D -35.2°
(cHc13). In the course of this investigation it became also
of interest to study possible epimerization during Wolff-
Kishner reductions. The results are described in the Ex-
perimental Section.

Dimethylcyclopentane from 4-Cyclohexene-1,2-dicar-
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Scheme |

| 5

boxylic Acid (Scheme I1). Two steps in Walborski’'s syn-
thesis of 3,4-dimethylhexanedioic acid5 could be im-
proved.

Scheme 11
,COOH A"CR,OH
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We recommend N-methylmorpholine7 as a solvent for
the preparation of low molecular weight hydrocarbons by
LiAIHi reduction of sulfonic esters because the hydrocar-
bon is easily obtained pure and in high yield when the
reaction mixture is worked up by steam distillation.8

The resolution of 4-cyclohexene-l,2-dicarboxylic acid
was reinvestigated. It was found that the best results are
obtained when quinidine is used.

The angle of rotation of 3,4-dimethylcyclopentanone,
[alo —241° (CHCI3), appeared to be much higher in abso-
lute value than was recorded by Carnmalm,9 [«]d -160°
(CHCI3); in contrast the angle of rotation of the corre-
sponding semicarbazone was found to be in reasonable
agreement with his results.

We also tried to resolve racemic 3,4-dimethylcyclopen-
tanone with the Woodward reagent menthydrazide,10 but
our efforts were not rewarding.

Experimental Section

Melting and boiling points are not corrected. Angles of rotation
were determined with a Bendix-NPL photoelectric polarimeter, or
with a Perkin-Elmer polarimeter (Model 141) at room tempera-
ture. Nmr spectra were recorded with a Jeol 100-MHz nmr spec-
trometer. The solutions used for the nmr measurements con-
tained 5-15% (by weight) of the solute. Nmr shifts are with re-
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spect to TMS. Concentrations are given in grams of solute per 100
ml of solution. New compounds gave satisfactory elemental anal-
yses.

Pulegone (1) was isolated from pennyroyal oil (Dragoco,
Holzminden, West Germany) as the sodium bisulfite adduct,11
prepared at pH 7. After distillation over an efficient column it
had [o]d +23.8° (c 2.8, MeOH); [a]D +24.1° (¢ 1.5, CHCI3) [lit.
[a]D + 22.8° (c 20, CHCI3);12 [oJd +31.6° (c 0.1, CHCI3)].3 This
latter value seems to be erroneous.

(3R)-3-Methylcyclohexanone (2), old +8.60° (c 1.9, MeOH),
was prepared by hydrolysis of 1 in 65% yield.13 Nmr data of 2
(CDCI3) include a doublet at S 1.02 ppm (J = 5.93 Hz, methyl
group).

(3/?)-3-\lethyl-6-benzylidenecyclohexanone (3) was prepared
by Wallachl4 by condensation of 2 with benzaldehyde in alcohol.
To prevent the formation of dibenzylidene ketone it is convenient
to use water instead of alcohol.15 A mixture of 2 (152 g), benzal-
dehyde (152 g), and 4% KOH solution (1520 g) was vigorously
boiled for 3 hr. After neutralization the unreacted ketone and al-
dehyde were removed by steam distillation. The yellow residue in
the steam flask crystallized on cooling in ice. The crude product
was distilled and the distillate was recrystallized from petroleum
ether to give 208 g (72.5%) of 3, mp 61.5-63.0° (lit.14 mp 62°), [o]d
-151.6° (c 0.45, MeOH), after recrystallization from THF-hex-
ane. Racemic 3, prepared in the same manner from racemic 2
(Fluka), had mp 38-41°. Nmr data of 3 (CDC13) include a quartet
at b 7.48 ppm (J\ = 261 Hz, J2 = 1.70 Hz, vinylic proton), a
multiplet at b 7.34 ppm (5 aromatic protons), and a doublet at b
1.00 ppm @ = 6.07 Hz, methyl group).

Methylation of 3. After various attempts on the basis of the
procedure of Johnson16 for the methylation of 2-methyl-6-benzyli-
denecyclohexanone it was found that the following procedure gave
the highest yield of distillable reaction product. In a 2-1. flask,
provided with an efficient stirrer,17 potassium (23.0 g) was dis-
solved in tert-butyl alcohol (1.5 1, dried on sieves) under nitro-
gen. This solution was placed in an ice-salt mixture, and when it
was cooled to 22° a solution of 3 (100 g) in methyl iodide (213 @)
was added at once. The temperature then rose to 31-34°. When
the mixture was cooled to 25° the bath was removed and the solu-
tion was refluxed for 1.5 hr; then the solvent was removed with
suction and water and ether were added to the residue. Part of
the reaction product crystallized. These crystals had mp 101.0-
102.5°, [o]d -70.5° (c 0.4, MeOH), after recrystallization from
hexane and ether. It was found to be (mass spectroscopy) almost
pure (3/f)-2,2,3-trimethyl-6-benzylidenecyclohexanone (5), the
impurity being (3R)-2,3-dimethyl-6-benzylidenecyclohexanone
(4). The part of the reaction product which dissolved in ether was
worked up by distillation. Yield (distillate + crystals) 68 g. Mass
spectroscopy showed 5 to be the main product; there was more
starting material 3 in the mixture than monomethylated product
4, which was not surprising because Conial8 has shown an a-alkyl
ketone to be more reactive in alkylation than a ketone without an
a-alkyl group. Nmr data of 5 (CDCI3) include a multiplet at b
7.31 ppm (5 aromatic protons + 1vinylic proton), complex multi-
plets at b 2.45-3.13 ppm (2 protons) and at 5 1.37-2.05 ppm (3
protons), singlets at b 1.20 and 1.03 ppm (methyl groups), and a
doublet at b 0.99 ppm (J = 6.52 Hz, methyl group).

Oxidation of the Methylation Products. The procedure of
Johnson19 for the oxidation of cls-2-benzylidene-9-methyldecalone
was used. In our case the isolation of the products was simple be-
cause the methyl-substituted adipic acids 6, 7, and 8 are much
more soluble in water than benzoic acid, and most of the latter
could be removed by filtration. 3 (450 g) gave after methylation
and oxidation a mixture of 6, 7, and 8 (175.5 g, adark brown oil).

A mixture of cyclopentanones 9, 10, and 11 (74.65 g) was pre-
pared by heating the crude mixture of dicarboxylic acids 6, 7, and
8 (175.5 g) with Ba(OH)2.20 The ketones were separated by distil-
lation, using a Nester-Faust spinning band column, to yield 9, 7.8
g, bp 106° (175 mm); 10, 3.6 g, bp 115-117° (175 mm); 11, 20.4 g,
bp 124-145° (175 mm).

(3R)-3-Methylcyclopentanone (9), bp 144-146°, [a|n +154.8°
(c 0.6, MeOH), was prepared by ozonization2l of 1 to give (3i?)-
3-methylhexanedioic acid (6), decarboxylation20 with Ba(OH)2
and purification via the semicarbazone, mp 177.5-178.5° after re-
crystallization (three times) from alcohol, [o]d +44.7° (c
0.82, CHCI3) (lit.2 mp 185-186°). Corroborating Tetry’'s resulté
we found for the methylcyclopentanone fraction of the distillation
of the mixture of 9, 10, and 11 physical constants in agreement
with the data of this reference compound, prepared by ozoniza-
tion of 1 etc. Nmr data of 9 (CDCls) include a doublet at b 1.13
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ppm (J - 6.17 Hz, methyl group). Nmr data of 9 semicarbazone
(CF3COOH) include a doublet at 5 1.25 ppm (3 = 5.09 Hz, meth-
yl group).

(3f?)-2,2,3-Trimethylcyclopentanone (11), bp 162-164°, [ajo
+79.6° (c 0.48, MeOH), which has not been described before, was
obtained by purification of the corresponding fraction of the dis-
tillation of the mixture of 9, 10, and 11 as the semicarbazone, [«]n
+24.1° (c 0.5, CHCI3). This semicarbazone (recrystallized from
alcohol) turns yellow at 210° on rapid heating mp 216-218° is
found. Nmr data of 11 (CDCI3) include singlets at 6 0.81 and 1.00
ppm (methyl groups) and a doublet at &1.00 ppm (J = 6.45 Hz,
methyl group). Nmr data of 11 semicarbazone (CF3COOH) in-
clude singlets at 5 1.46 and 1.26 ppm (methyl groups) and a dou-
blet at 51.10 ppm (J = 6.06 Hz, methyl group).

(2R)-1,1,2-Trimethylcyclopentane (13). Using the conditions
of Kohlrausch23 for the reduction of 3-methylcyclopentanone
semicarbazone, the semicarbazone of 11 gave 13 on Wolff reduc-
tion. We always isolated the reaction products of Wolff reductions
by steam distillation. The hydrocarbon layer of the distillate was
then shaken with an equal volume of concentrated H2SO4,
washed with water, dried on sodium, and distilled from sodium.
13 thus prepared was found to be contaminated with 2.32 mol %
of (“)-12 and 0.48 mol % of meso-12 (glc, SE-30 column), yield
66%. 13 was purified by preparative glc (OV-210 column). Pure 13
showed [ajp —7.14° (c 1.2, CHCI3). Nmr data of 13 (CDCI3) in-
clude two singlets at 5 0.72 and 0.94 ppm (methyl groups) and a
doublet at50.82 ppm (3 = 6.30 Hz, methyl group).

(IR,2R)-1,2-Dimethylcyclopentane [(—)-12]. The semicarba-
zone of 10, prepared from the corresponding fraction of the distil-
lation of 9, 10, and 11, after recrystallization from alcohol, had
[a]D +94.1° (c 0.43, CHCI3), mp 200-202°; the crystals turn yellow
between 195 and 200°. The chemical purity of this semicarbazone
was not 100% because on reduction23 it gave (—)-12, contaminat-
ed with 16.3 mol % of meso-12, 1.52 mol % of 13, and 0.40 mol %
of methylcyclopentane (glc, SE-30 column) in 59% yield. This im-
pure (—-12 showed [o]d -41.9° (¢ 1.3, CHCI3). Corrected to
chemical purity (—)-12 had [o]d -51.2° (CHCI3) [lit.3 [o]d -35.2°
(c 0.2, CHCI3)].

Racemic trarcs-4-Cyclohexene-l ,2-dicarboxylic Acid (Race-
mic 14). In a refrigerator at -15° an autoclave was filled with di-
ethyl fumarate (364 g, Merck) and butadiene (272 ml, excess).
The mixture was kept at 140-150° for 24 hr,24 yield 90% after dis-
tillation. This Diels-Alder adduct was saponified5 to give racemic
14, mp 166.0-168.5° after recrystallization from water (lit.25 mp
172°).

Resolution of trans-4-Cyclohexene-l,2-dicarboxylic Acid
(14). Walborsky’s procedure5 for the resolution of 14 is cumber-
some, and that was for us an inducement to reinvestigate the res-
olution. Bases used were ephedrine, quinine,26 strychnine, brucine,
cinchonidine, cinchonine, and quinidine. The latter gave the best
results.

A. Preparation of the Quinidine Salt. In a 1-1. flask were re-
fluxed until homogeneous anhydrous quinidine (Brocades, The
Hague, The Netherlands, or Lamers & Indeman, Bois-le-Duc,
The Netherlands) (81 g), 14 (21.2 g) (2 mol of base to 1 mol of
acid), and alcohol (500 ml). In case the mixture was not homoge-
neous after 30 min, it was filtered. The alcohol was removed with
a rotatory evaporator, and to the residue were added water (500
ml) and alcohol (150 ml); on heating a clear solution was ob-
tained which was left to cool. Every time it became turbid, the
turbidity was removed by the addition of some alcohol (about 60
ml of alcohol was necessary). Seeding is recommended. After
standing for 2 days at room temperature the crystals were re-
moved by filtration and recrystallized. We used water (6.5 1) and
alcohol (2.5 1) for the recrystallization of quinidine salt from 14
(292 g) and quinidine (1120 g), seeded the mixture and left it to
crystallize for 2 days, and obtained 486.25 g of salt.

B. Regeneration of the Quinidine Salt. Recrystallized quini-
dine salt (108 g) was stirred with CHCI3 (340 ml) and a solution
of NaOH (20 g) in water (120 ml) for 1.5 hr. Then the CHCI3
layer containing the alkaloid was separated from the alkaline
layer containing the sodium salt of (Ifi,2i?)-14. The latter solu-
tion was acidified with concentrated HC1, and the dicarboxylic
acid was isolated by ether extraction. From quinidine salt (486.25
g from 292 g of racemic 14) was thus obtained (IR,2R)-14 (98.0 g,
67.1% of one antipode), [o]d -161° (c 0.5, absolute EtOH) [lit.5
[a)d -161° (c 2.7, EtOH).

The mother liquor of the resolution of 14 (292 g) with anhy-
drous quinidine (1120 g) was evaporated to dryness to give an oil,
which was treated with NaOH solution and CHCI3, etc., as indi-

J. Org. Chem., Vol. 39, No. 11, 1974 1537

cated above to give optically impure (1S,2S)-14 (166.5 g), [a]D
+90° (c 0.5, absolute EtOH).

Quinidine can be recovered in high yield by evaporating its
CHCI3 solution to dryness and recrystallizing the residue from
MeOH (~ 30g of alkaloid to 11. of MeOH).

(Ifl,2R)-4-Cyclohexene-l,2-dimethanol (15) was prepared by
LiAIH4reduction of (H?,2f)-14 in THF in 94%.yield.

(IR,2i?)-4-Cyclohexene-l,2-dimethanol ditosylate (16) was
prepared from 15 with A.R. p-toluenesulfonyl chloride in A.R.
pyridine, yield 84% after recrystallization from alcohol, mp 107-
108°, [«]d -43.7° (c 1.1, CHC13).

(1R,2R)-1,2-Dimethyl-4-cyclohexene (17). A mixture of N-
methylmorpholine (Merck or EGA, 1630 ml) and LiAIH4 (77 g)
was heated to 60°. Caution: this starting temperature is necessary
because 16 is not reduced at room temperature (possibly as a con-
sequence of the low solubility of 16 in cold iV-methylmorpholine).
Then 16 (395 g) was added in few-gram portions at a time at such
a rate that the temperature was kept at <75°. Because the mix-
ture became viscous, an efficient stirrerl7 was necessary. After
the completion of the addition the mixture was kept at 70° for 1.5
hr, then heated to 100°, left to cool, and worked up by careful ad-
dition of water (500 ml) and steam distillation. The upper layer of
the distillate was washed with dilute HC1 and water, and dried
on sodium, yield 83.3 g (84.5%), [a]o -143.8° (c 0.52, CHCI3) [lit.5
[«]d - 138° (c 2.58, CHCI3).

Nmr data of 17 (CDCI3) include doublets at 5 5.61 ppm (J =
2.80 Hz, 2 vinylic protons) and at 6 0.93 ppm (J = 5.40 Hz, 2
methyl groups).

(3R,4/?)-3,4-Dimethylhexanedioic acid (18) was prepared
from 17 using Cope's procedure27 for the oxidation of bicyclo-
[6.1.0]nonene. The crude product, obtained in 57.3% yield, was an
oil which solidified on standing.

(3R,4f0)-3,4-Dimethylcyclopentanone (19). Crude 18 was de-
carboxylated20 with Ba(OH)2 to give crude 19 in 88.8% yield.
After purification as the semicarbazone, it had mp 205-208° (yel-
low melt); [«]d -73.4° (c 0.92, CHCI3) [lit.9 mp 203.0-204.5°, [a]D
-76° (c 0.74, CHCI3)]. 19 had [o]d -241° (c 0.46, CHC13) [lit.9
[ajo -160° (c0.7, CHCI3)], g factor 0.152 (cyclohexane).

Nmr data of 19 (CDCI3) include quartets at 5 2.44 ppm I\ =
22.3, J2 = 11.3 Hz, two protons) and at 6 1.82 ppm (Ji = 21.3,J2
= 10.0 Hz, 4 protons) and a doublet at 6 1.13 ppm (J = 5.55 Hz, 2
methyl groups).

Nmr data of 19 semicarbazone (CF3COOH) include doublets at
5 1.23 ppm (@ = 5.37 Hz, 2 methyl groups) and at 6 3.29 ppm (J
= 20.5 Hz, 2 protons), a singlet at 5 1.98 ppm (2 protons), and a
quintet até 2.59 ppm (Ji = 19.4, 2= J3 = 9.7 Hz, 2 protons).

(1/?,2R)-1,2-Dimethylcyclopentane (20) was prepared by re-
duction23 of the semicarbazone of 19 in 50% yield: [<jd = [a]589
-51.5°; [a]578 “ 53.6°; [a]™46 - 61.0°%; [a]436 “ 102.7°; [<}365 “ 158.0°
(c 1.1, CHCI3) [lit.3 [a]D -35.2° (c 0.1, CHC13)]. Nmr data of
20 (CDCI3) include a doublet at 6 0.95 ppm (J = 5.19 Hgz,
methyl groups).

Attempted Resolution of Racemic 19. Racemic 19, prepared
from racemic 14 in the same manner as (31?,4/?)-19, was treated
with “menthydrazide” 10 under conditions as used for the prepa-
ration of the corresponding derivative of a-ionone.28 The solution
was evaporated to dryness, and the residue was recrystallized
from n-heptane. Neither melting point nor angle of rotation
changed on further recrystallization. Regeneration of the deriva-
tive, mp 124.5-126.0°, [ajp “ 63.0° (¢ 1.25, MeOH), after the third
recrystallization then gave the ketone, small negative Cotton ef-
fect around 290 nm, g factor 0.0097 (cyclohexane), i.e., optical pu-
rity 6.4%. The semicarbazone of this ketone gave optically impure
20, [a]D -3.77° (c 1.25, CHCI3), on reduction.23

Epimerization during the Wolff Reduction. As already men-
tioned, Wolff reduction of the semicarbazone of 2,3-dimethylcy-
clopentanone yielded a mixture of (—)- and meso-dimethylcyclo-
pentane. We found it worthwhile to investigate whether the ob-
served cis-trans ratio was due to careless purification of the semi-
carbazone, or to epimerization during the reduction, or both. Ep-
imerization during Wolff-Kishner reductions has been frequently
observed,2 but in those cases a hydrazone was decomposed with-
out intermediate purification; so it has not been established
whether epimerization occurred during the preparation of the hy-
drazone or during its decomposition. Epimerization clearly is a
limitation of the Wolff reduction, for we found that menthone
semicarbazone (21), which is easily obtained free from its epimer
isomenthone semicarbazone (24),30 gave a 1:1 mixture of cis- and
trans-p-menthane (Scheme IQ) on reduction.23 After this experi-
ment it was not surprising that the semicarbazone of racemic
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Scheme 111

2,3-dimethylcyclopentanone gave on reduction23 the same cis-
trans ratio as was found when working with the corresponding op-
tically active compound.

Racemic 2,3-dimethylcyclopentanone was prepared according
to Scheme V.31

28 29

Menthone Semicarbazone (21). Menthone, prepared by oxi-
dation® of (-)-menthol (Fluka), was converted into its semicar-
bazone, mp 186-189° (lit,30 mp 188°), after two recrystallizations
from alcohol. Reduction23 then gave a 1:1 mixture of two com-
pounds (glc, SE-30 column), which were identified as 22 and 23
because the nmr spectrum of this mixture was a superposition of
the nmr spectra of pure 22 and 23, and because of gas chromato-
graphic identification. Nmr data of 21 (CF3COOH) include a
doublet at 5 1.15 ppm (J = 5.8 Hz, 3 methyl groups). The nmr
spectrum produces no evidence for the presence of a large per-
centage of 24 in 21.

trans-p-Menthane (22), for use as a reference, was made avail-
able by Mr. J. C. A. Windhorst in this department. He prepared
sterically pure 22 from menthyl tosylate33 by LiAIH4 reduction in
TV-methylmorpholine.7 Nmr data of 22 (CDCI3) include a multi-
plet at 5 1.68 ppm (4 protons), which looks like a doublet (J = 6.4
Hz) under low resolution, and a complex multiplet at b 0.70-1.05
ppm (16 protons). Two peaks of this latter multiplet have a high
intensity, which suggests that these peaks are caused by the three
methyl groups of 22 (b 0.85 ppm. J = 6.70 Hz).

cis-p-Menthane (23) was obtained for use as a reference. Redis-
tilled (-t-)-limonene (Fluka) was hydrogenated [125 g of limonene,
125 g of ethanol or methanol, 1.6 g of Pd/C (10% Pd, Fluka), 150
atm H2, no external heating (the reaction is exothermic34)] to
give a mixture of three components. Part of this mixture was
carefully distilled using a Nester-Faust spinning band column (20
cm/1 ml of distillate per hour). Boiling points of the components
were in the order 22 < 23 < unknown compound. The molar ratio
of 22 and 23 in the mixture after the hydrogenation was 75:25;
about 10% of this mixture (an average of two hydrogenation ex-
periments) consisted of the unknown compound. A comparison of
the mass spectrum of this unknown compound with literature
data® indicated that this compound probably was either p- or
m-cymene. Nmr data supported the p-cymene structure: a singlet
at b 7.14 ppm (4 aromatic protons), a quintet at b 2.78 ppm (J4 =
13.0 Hz, J2 = J3 = 6.5 Hz, proton attached to the quaternary car-
bon atom of the isopropyl group), a singlet at b 2.30 ppm (methyl
group), and a doublet at b 1.22 ppm (J = 7.20 Hz, two equivalent
methyl groups). Note: p-cymene was not an impurity of the limo-
nene used for the hydrogenation (glc, Carbowax column). Nmr
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ized to give 6 in high yield,21 it was worthwhile trying to prepare
27 from 26 in the same manner. 26 (55.0 g) dissolved in CC14 (300
ml) and cooled in ice was ozonized. To the solution of the ozonide,
water (300 ml) was added, and while vigorously stirring the CC14
was distilled off. The aqueous solution, made alkaline, was ex-
tracted with ether, then made acid, and 27 was isolated by ether
extraction. From 26 (159.9 g) was obtained in this manner crude
27 (149 g, 82.4%) as an orange-red oil.

2,3-Dimethylcyclopentanone (28). Crude 27 (149 g) was decar-
boxylated20 with Ba(OH)2 to give pure 28 (62.0 g, 64.6%) after
distillation. It was shown by glc that 28 was an 84:16 mixture of
two components. Nmr data of trans-28 (main component of this
mixture) include doublets at b 1.16 ppm (J = 5.28 Hz, methyl
group) and at b 1.05 ppm (J = 6.43 Hz, methyl group). Nmr data
of cis-28 (minor component of the mixture) include doublets at b
0.94 ppm (J = 6.22 Hz, methyl group) and at b 0.97 ppm (J =
6.62 Hz, methyl group).

1,2-Dimethylcyclopentane (29). 28 was converted into its
semicarbazone. Part of the crude semicarbazone was kept; the re-
mainder was recrystallized three times from n-butyl alcohol. The
purified semicarbazone had mp 210.0-214.5° dec on rapid heating.
Reduction23 of both crude and purified semicarbazone gave .a
mixture of cis-29 (16.5%) and trans-29 (83.5%). Nmr data of three
times recrystallized 28 semicarbazone (CF3COOH) include dou-
blets at b 1.25 ppm (J = 6.00 Hz, methyl group), b 1.46 ppm (J =
6.55 Hz, methyl group) and b 1.09 ppm (J = 7.0 Hz). The intensi-
ty of this latter doublet is ~ 2% of the intensity of the other dou-
blets, which suggests that the sterical purity of 28 semicarbazone
used for the reduction was ~98%.
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The photolytic addition of H2S to dimethyldiallylsilane yields I,I-dimethyl-I-sila-5-thiacyclooctane. Oxida-
tion of the sulfide yields the corresponding sulfone, which can be directly converted via a modified Ramberg-
Backlund reaction into I,I-dimethyl-I-sila-4-cycloheptene. This reaction sequence has also been used to prepare
I,I-diphenyl-I-sila-4-cycloheptene from diphenyldiallylsilane. An alternate synthesis of I I-dimethyl-I-sila-4-
cycloheptene and I,I-diphenyl-I-sila-4-cycloheptene is also reported.

We have been concerned with improving synthetic
routes to seven- and eight-membered organosilicon hetero-
cycles.1 The modified acyloin reaction2-3 on suitable orga-
nosilicon diesters has been the best entry into these ring
systems. For instance, dimethyl 4,4-dimethyl-4-sila-I,7-
heptanedioate can be cyclized to |,I-dimethyl-4,5-bis(tri-
methylsiloxy)-I-sila-4-cycloheptene in good yield.1 How-
ever, two problems remain. One is that the synthesis of
suitable organosilicon diester substrates for the acyloin
reaction often involves many steps from commercially
available dichlorosilanes. The second is that the heterocy-
cle formed after hydrolysis of the trimethylsilyl ether pro-
tecting groups contains an a-hydroxy ketone functionality
which requires several steps to transform into a carbon-
carbon double bond. To solve these problems we have de-
veloped a new synthetic entry into these heterocyclic sys-
tems.

There are several recent examples of the use of organo-
sulfur compounds to establish both carbon-carbon sin-
gle4-5 and carbon-carbon double bonds. The conversion of
a sulfide to a carbon-carbon double bond by a double Ste-
vens rearrangement is one example from the latter cate-
gory.6-7 The Ramberg-Backlund reaction, which converts
ana-chloro sulfone into an alkene, is another.8-12

We decided to attempt to prepare cyclic compounds
containing silicon and sulfur by addition of H2S to di-
methyldiallylsilane and to diphenyldiallylsilane owing to
the ready availability of these organosilicon com-
pounds.1-13 We find that H2S adds to dimethyldiallylsi-
lane in a dilute pentane solution at -78° upon irradiation
through a quartz photolysis well with a 450-W medium-
pressure Hanovia lamp to form I,I-dimethyl-I-sila-5-thia-
cyclooctane in 25% isolated yield.14 Similarly, H2S adds

to diphenyldiallylsilane upon irradiation at -78° to form
I,I-diphenyl-I-sila-5-thiacyclooctane in  10% isolated
yield.

This is remarkable considering the problems involved in
synthesis of medium-sized ring compounds from alicyclic
precursors. For instance, closure of w-chloro sulfides
RS(CH2),C1 to form cyclic sulfonium salts fails for n =
6-11.15 The fact that both C-Si (1.87 A) and C-S (1.82 A)
bonds are longer than C-C single bonds may make forma-
tion of I,I-dimethyl-I-sila-5-thiacyclooctane more like cy-
clization of a nine-membered than an eight-membered
all-carbon ring system.16 Ring closure reactions are usual-
ly most difficult to accomplish for ring sizes from C9 to
Cn. For example, the Ziegler ring closure reaction of
a ,0)-dinitriles with base fails for rings from Cg to Cn even
under high dilution conditions.17

Our yields are also remarkable considering the variety
of competing pathways open to a thiyl radical intermedi-
ate. A thiyl radical must be involved to account for the
anti-Markovnikov sense of the addition, since the addition
of H2S to diallyl ether under ionic conditions yields 2,6-
dimethyl-l,4-thioxane.18-19 Clearly the intramolecular

radical addition of the S-H bond of dimethylallyl-3-mer-
captopropylsilane (1) to the carbon-carbon double bond of
the allyl group is critical to the success of the reaction. To
substantiate this point we prepared 1 independently by
the photochemical addition of thiolacetic acid to di-
methyldiallysilane followed by hydrolysis of the thiolace-
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tate with aqueous base. Photolysis of 1 under similar con-

ditions gave comparable yields of I,I-dimethyl-I-sila-5-
thiacyclooctane.

In a related study Surzur has shown that the direction
of intramolecular addition of a thiyl radical to a terminal
carbon-carbon double bond is strongly influenced by tem-
perature.20-21 Thus I-mercapto-5-hexene was cyclized to a
mixture of I-thia-2-methylcyclohexane and 1-thiacyclo-
heptane in which the six-membered ring predominates at
high temperature while the seven-membered ring predom-
inates at low temperature (-65°). Surprisingly, in our sys-
tem in which six-, seven-, and eight-membered rings are
all possible the only volatile products detected were the
eight-membered rings and uncyclized 1. Clearly at low
temperature formation of the eight-membered ring prod-
uct must be under irreversible Kinetic control.

Successful oxidation of the sulfide to the corresponding
sulfone followed by a Ramberg-Backlund reaction afford-
ed |, I-dimethyl-I-sila-4-cycloheptene in a three-step reac-
tion sequence starting from dimethyldiallylsilane. This is
an economical solution to the synthesis of organosilicon
heterocycles containing a carbon-carbon double bond.

Thus |,I-dimethyl-I-sila-5-thiacyclooctane was oxidized
to the sulfone by reaction with m-chloroperbenzoic acid in
dichloromethane at 0° in 95% yield.2 Treatment of the
sulfone with aqueous NaOH in the presence of CCU, a
modification of the Ramberg-Backlund reaction devel-
oped by Meyers,8-23 led to a 50% yield of 1,1-dimethyl-
I-sila-4-cycloheptene. These results are noteworthy, since
this reaction usually leads to the corresponding vinylic
sulfonic acid when the carbon atoms on either side of the
sulfone are primary.23 Likewise, |I,I-diphenyl-I-sila-5-thia-
cyclooctane was oxidized to the corresponding sulfone
with m-chloroperbenzoic acid. The modified Ramberg-
Backlund reaction on the sulfone yields 1,1-diphenyl-I-
sila-4-cycloheptene in 40% isolated yield.

This reaction permits definitive structure proof that the
photoadducts of dimethyldiallylsilane and diphenyldial-
lylsilane with H2S are indeed eight-membered rings, since
we have prepared both I,I-dimethyl-I-sila-4-cycloheptene
and |,I-diphenyl-I-sila-4-cycloheptene by independent
synthetic routes. Hydrolysis of I,I-dimethyl-4,5-bis(tri-
methylsiloxyl-I-sila”-cycloheptenelyields I,l-dimethyl-5-
hydroxy-I-sila-4-cycloheptanone.24 Reduction of the acyl-
oin with LIAIH4 in ether leads to I,I-dimethyl-I-sila-4,5-
cycloheptanediol in 90% vyield. The diol was converted to
the dimesylate by reaction with 2 mol of mesyl chloride in
the presence of triethylamine.25 The dimesylate was not
purified but was converted directly to the alkene by treat-
ment with Nal in refluxing methyl ethyl ketone in 20%
yield.26'27 The structure of the I,I-diphenyl-I-sila-5-thia-
cyclooctane was likewise proved by independent synthesis
of the alkene resulting from the Ramberg-Backlund reac-
tion. Dimethyl 4,4-diphenyl-4-sila-1,7-heptanedioatel3 was
cyclized using the modified acyloin reaction2'3 to 1,1-di-
phenyl-4,5-bis(trimethylsiloxy)-1-sila-4-cycloheptene in
72% vyield. The bis silyl enol ether was hydrolyzed to the
acyloin in 95% yield. The acyloin was reduced to the diol
by treatment with LiAIH4 in THF in high yield. The diol
was converted to the dimesylate, which was treated di-
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1. CH3S02CI-Et3N
2. Nal-MEK

\ 1 peracid

/ chzci2

rectly with Nal in refluxing methyl ethyl ketone to yield
I,I-diphenyl-I-sila-4-cycloheptene in 37% yield.

Experimental Section

All reactions were carried out under a nitrogen atmosphere. All
operations were conducted in an efficient fume hood owing to the
toxicity of H2S and the vile smell of volatile organosulfur com-
pounds. Melting points are uncorrected. Ir spectra were deter-
mined as neat liquids or in CCI4 solution on a Perkin-Elmer 337.
They were calibrated against known peaks in a polystyrene film.
Nmr spectra were run on a Varian HA-100 using 10% solutions in
CS2. Chloroform, dichloromethane, or tetramethylsilane were
used as internal standards. Microanalysis was performed by Elek
Microanalytical Laboratory. High-resolution mass spectra were
run on an AE1 MS-902 instrument. Exact mass determination of
the composition of important ions were carried out at resolution
of at least 10,000 by peak matching with peaks of known mass of
perfluorokerosene: ionizing voltage 70 eV; filament emission 480
MA; source temperature 150°.

1.1- Dimethyl-I-sila-5-thiacyclooctane.
well was inserted into a 2-1. flask equipped with a Dry Ice-ace-
tone reflux condenser and a fritted gas inlet tube. In this appara-
tus were placed 50 g (0.36 mol) of dimethyldiallylsilane28 and 1.5
1 of olefin-free pentane. Purified nitrogen was bubbled through
the solution to purge it of air. The solution was cooled to -78° by
immersion of the entire apparatus in an isopropyl alcohol-Dry Ice
bath. H2S (10 g, 0.29 mol) was slowly bubbled through the solu-
tion while it was being illuminated with a 450-W medium-pres-
sure Hanovia lamp. The addition required 1 hr. Photolysis was
continued for an additional 1 hr. The solution was then warmed
to room temperature. After removal of pentane, the product was
fractionally distilled through a 15-cm Vigreux column. A fraction
of bp 115-130° (25 mm) was collected. Final purification was ac-
complished by glpc on an Apiezon L column (6 ft X 0.25 in.) at
225°. A 25% yield (approximately 6 g) based on recovered starting
material was obtained. Ir was characterized by two strong
Si(CH3)2 bands at 1245 and 790 cm- 1; nmr s (6 H) S -0.13, m (4
H) 0.49, m (4 H) 1.61, m (4 H) 2.31. Anal. Calcd for CgHigSiS: C,
55.09; H, 10.42. Found: C, 55.09; H, 10.21.

1.1- Dimethyl-I-sila-5-thiacyclooctane 5,5-Dioxide. In a 100-

ml three-necked round-bottom flask equ pped with a pressure-
equalizing addition funnel, a reflux condenser, a magnetic stirring
bar, and a thermometer were placed 30 ml of CH2C12 and 20 g
(0.116 mol) of m-chloroperbenzoic acid.22 The solution was cooled
to 0° by immersion in a salt-ice bath. 1,1-Dimethyl-I-sila-5-thia-
cyclooctane (6.5 g, 0.037 mol) dissolved n 5 ml of CH2C12 was
placed in the addition funnel and then added to the well-stirred
reaction mixture at a rate such that the temperature did not ex-
ceed 5°. After the addition was complete tne solution was warmed
to room temperature and then heated tr reflux for 1 hr. Five
grams of Na2S03 was added and stirring was continued for 15
min. The solution was filtered and the CH2C12 solvent was re-
moved by evaporation under reduced pressure. Final purification
was by gplc on an FFAP 2 ft x 0.25 in. column at 215° Its ir
spectrum was characterized by strong S02 absorption bands at

A quartz photolysis
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1330 and 1140 cm 1; nmr s (6 H) d 0.02, m (4 H) 0.86, m (4 H)
2.01, m (4 H) 3.04.

1.1- Dimethyl-I-sila-4-cycloheptene. In a dry one-neck 100-ml

round-bottom flask equipped with a reflux condenser and a mag-
netic stirring bar were placed 0.22 g (1.07 mmol) of 1,1-dimethyl-
I-sila-5-thiacyclooctane 5,5-dioxide, 3.0 g (0.065 mol) of powdered
KOH, 15 ml of dry teri-butyl alcohol, and 35 ml of dry CCI14.8'23
The mixture was heated for 12 hr at 50° while being stirred. The
reaction mixture was transferred to a separatory funnel and 100
ml of ether was added. The organic layer was extracted with
three equal volumes of water, dried over anhydrous MgS04, and
filtered, and the solvents were removed by evaporation under re-
duced pressure. The residue was bulb-to-bulb distilled. Final pu-
rification was by glpc on an Apiezon L column (18 ft X 0.25 in.)
at 130°. Its ir showed a weak C-C double-bond stretch at 1645
cm'l;, nmr (CHF2CI solvent) s (6 H) 5 0.06, m (4 H) 0.67, m (4
H) 2.3, m (2 H) 5.8. Its mass spectrum showed a weak parent ion
at m/e 140, a strong P - 15 ion at m/e 125, and a P - 28 ion at
m/e 112. Calcd for C7Hi3Si: 125.0786. Found: 125.0756. Calcd for
CeHnSi: 112.0708. Found: 112.0697. Anal. Calcd for C8Hi6Si: C,
68.49; H, 11.49. Found: C, 68.54; H, 11.19.

4,4-Dimethyl-4-sila-6-heptene 1-Thiolacetate. In a dry 500-ml
round-bottom flask equipped with a reflux condenser and a mag-
netic stirring bar were placed 167 g (1.15 mol) of dimethyldial-
lylsilane and 14 g (0.20 mol) of thiolacetic acid. While stirring,
the solution was illuminated with a sun lamp for 6 hr. The solu-
tion was fractionally distilled through a 15-cm vacuum-jacketed
Vigreux column. After removal of unreacted dimethyldiallylsi-
lane, bp 134° (760 mm), the distillation was continued at reduced
pressure. A fraction of bp 130-135° (25 mm) was collected. It
amounted to 34 g (68%) based on recovered dimethyldiallylsilane.
Final purification was accomplished by gplc using an FFAP col-
umn (2 ft X 0.25 in.) at 200°. Its ir was characterized by a car-
bonyl band at 1695 cm-1 and a carbon-carbon double-bond
stretch at 1640 cm-1; nmr s (6 H) 5 -0.17, m (2 H) 0.54, m (4 H)
146, s 3H) 219, t 2H) 273, 3 = 7Hz, m (2 H) 471, m (1 H)
5.65. Anal. Calcd for CioH20SiSO: C, 55.50; H, 9.31. Found: C,
55.33; H, 9.07.

Dimethylallyl-3-mercaptopropylsilane. In a 500-ml round-
bottom flask equipped with a reflux condenser and a magnetic
stirring bar were placed 23 g (0.106 mol) of 4,4-dimethyl-4-sila-6-
heptene 1-thiolacetate, 2 g (0.037 mol) of KOH, and 30 ml of 1:1
ethanol-water. The solution was refluxed for 3 hr after which it
was acidified to pH 4.0 using glacial acetic acid. Pentane was
added and the solution was extracted twice with water. The or-
ganic layer was dried over anhydrous MgSCU and filtered and the
pentane was removed by distillation through a 15-cm Vigreux col-
umn: nmr s (6 H) d -0.15, m (2 H) 0.55, m (5 H) 0.82, m (2 H)
2.38, m (2 H) 4.66, m (1 H) 5.65.

1.1- Diphenyl-I-sila-5-thiacyclooctane. A quartz
well was inserted in a 2-1. flask equipped with a Dry lce-acetone
reflux condenser and a fritted gas inlet tube at the bottom. In
this apparatus were placed 50 g (0.19 mol) of diphenyldiallylsi-
lane29 and 1.5 1 of olefin-free pentane. Purified nitrogen was bub-
bled through the solution to purge it of air. The solution was
cooled to -78° by immersion of the entire apparatus in an isopro-
pyl alcohol-Dry Ice bath. H2S (10 g, 0.29 mol) was slowly bubbled
through the solution while it was being illuminated with a 450-W
medium-pressure Hanovia lamp. The addition required 1 hr.
Photolysis was continued for an additional 2 hr. The solution was
then warmed to room temperature. After removal of pentane by
distillation, the product was fractionally distilled through a 15-cm
Vigreux column. A fraction of bp 180-220° (0.1 mm) was collect-
ed. This fraction was further purified by chromatography on a 10
X 0.5 in. alumina column. The product was eluted with pentane.
A 10% yield (approximately 6 g) based on recovered starting ma-
terial was obtained: nmr m (4 H) 8 1.27, m (4 H) 1.84, m (4 H)
2.50, m (10 H) 7.24. Anal. Calcd for Ci8H22SiS: C, 72.42; H, 7.43.
Found: C, 72.71; H, 7.54.

1.1- Diphenyl-I-sila-5-thiacyclooctane 5,5-Dioxide. In a 100-

ml three-necked round-bottom flask equipped with a pressure-
equalizing addition funnel, a reflux condenser, a magnetic stirring
bar, and a thermometer were placed 30 ml of CH2CI2 and 5 g
(0.0273 mol) of m-chloroperbenzoic acid.2 The solution was
cooled to 0° by immersion in a salt-ice bath. 1,1-Diphenyl-I-sila-
5-thiacyclooctane (1.45 g, 4.86 mmol) dissolved in 5 ml of CH2CI2
was placed in the addition funnel and was added to the well-
stirred reaction mixture at such a rate that the temperature did
not exceed 5°. After the addition was complete, the solution was
warmed to room temperature and was then heated to reflux for 1
hr. Five grams of Na2S03 was added to destroy excess peracid.

photolysis
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Stirring was continued for 15 min. The solution was filtered, and
the CH2CI2 solvent was removed by evaporation under reduced
pressure. The residue was chromatographed on a 10 x 0.5 in. alu-
mina column, eluting with CHCI3. Ir was characterized by strong
SO2 absorption bands at 1285 and 1100 cm 'l; nmr m (4 H) 5
150, m (4 H) 2.14, m (4 H) 2.98, m (10 H) 7.32. Anal. Calcd for
Ci8H22SiS0 2: C, 65.41; H, 6.71. Found: C, 65.70; H, 6.76.

1.1- Diphenyl-I-sila-4-cycloheptene. In a dry 100-ml round-

bottom flask equipped with a reflux condenser were placed 0.49 g
(1.5 mmol) of I,I-diphenyl-I-sila-5-thiacyclooctane 5,5-dioxide,
6.0 g (0.11 mol) of powdered KOH, 30 ml of dry terf-butyl alco-
hol, and 50 ml of dry CCU.823 The mixture was heated for 12 hr
at 50° while being stirred. The reaction mixture was transferred
to a separatory funnel, and 30 ml of CH2CI2 was added. The or-
ganic layer was washed with three equal volumes of water, dried
over anhydrous MgSO04, and filtered, and the solvent was re-
moved by evaporation under reduced pressure. The product was
then purified by glpc on an Apiezon L column (18 x 0.25 in.) at
200°, mp 63-63.4°. The ir showed a weak C-C double bond at 1650
cm'L nmrm (4 H) 6 1.23, m (4 H) 2.35, m (2 H) 5.72, m (10 H)
7.38. The mass spectrum showed a parent ion at m/e 264 and an
intense P - 28 ion at m/e 236. Calcd for SiCi8H20: 264.1334.
Found: 264.1277. Calcd for SiCi6Hi6: 236.1021. Found: 236.0997.
Anal. Calcd for Ci8H20Si: C, 81.76; H, 7.62. Found: C, 81.48; H,
7.54.

1.1- Dimethyl-5-hydroxy-I-sila-4-cycloheptanone.24 In a 300-

ml round-bottom flask equipped with a magnetic stirring bar were
placed 19 g (0.06 mol) of I,I-dimethyl-4,5-bis(trimethylsiloxy)-I-
sila-4-cycloheptene,1 50 ml of THF, and 40 ml of 2 N HC1. The
mixture was stirred overnight. The layers were separated. The or-
ganic layer was dried over anhydrous MgSC>4 and filtered, and
the solvent was evaporated. The yield of crude product was 10 g
(97%). The compound was purified by distillation through a
10-cm Vigreux column, bp 130° (25 mm) or 50° (0.2 mm). Ir
showed a broad OH band at 3450 cm*“ 1 and a carbonyl band at
1710 cm-1; nmr s (3 H) 6 —0.01, s (3 H) 0.01, m (4 H) 0.7, m (2
H) 1.9, m (2H) 2.5, t (1 H) 4.2, J = 5Hz.

1.1- Dimethyl-I-sila-4,5-cycloheptanediol.
round-bottom three-neck flask, equipped with a pressure-equaliz-
ing addition funnel, a magnetic stirring bar, and a reflux con-
denser was placed 2 g (0.53 mol) of LiAlH4 in 100 ml of anhydrous
ether. To this was added 12.2 g (0.07 mol) of crude 1,1-dimethyl-
5-hydroxy-I-sila-4-cycloheptanone24 in 50 ml of anhydrous ether.
After 2 hr the reaction was quenched by addition of 10 ml of H20.
The layers were separated. The ether layer was dried over anhy-
drous MgSC> and filtered and the solvents were removed under
reduced pressure. This reaction yields 11 g (90%) of crude prod-
uct. The cis isomer was recrystallized from pentane at -20°; mp
48-49°; nmr s (3 H) 5 -0.09, s (3 H) -0.07, m (4 H) 0.55, m (4 H)
1.68, m (2 H) 3.59, s (2 H) 4.0. The singlet at 5 4.0 disappeared after
treatment with D20 .

1.1- Dimethyl-I-sila-4-cycloheptene.
equipped with a magnetic stirring bar were placed 3.7 g (0.02
mol) of I,I-dimethyl-I-sila-4,5-cycloheptanediol, 8 ml (0.08 mol)
of triethylamine, and 4 ml (0.05 mol) of mesyl chloride in 50 ml of
CH2CI2.25 The mixture was stirred at room temperature over-
night. The solution was then poured into 50 ml of water. The
layers were separated. The organic layer was dried over anhy-
drous MgSC>4 and filtered and the solvent was removed under re-
duced pressure. The crude dimesylate (7 g) was dissolved in 100
ml of methyl ethyl ketone, and 11 g (0.8 mol) of Nal was placed
in a 250-ml flask equipped with a reflux condenser and a magnet-
ic stirring bar. The reaction was stirred at reflux for 48 hr.27 The
brown solution was cooled, poured into a separatory funnel, and
washed with two 50-ml portions of saturated Na2S5204 to remove
the 12 color. The organic layer was then dried over anhydrous
MgSCU and filtered and the solvent was removed by distillation
through a 10-cm Vigreux column. A fraction of bp 100-140° was
collected (1.6 g). It was further purified by chromatography on a
10 X 0.5 in. alumina column eluted with pentane. In this way
0.63 g (20% vyield) was obtained. An analytical sample was puri-
fied by gplc on a 15 ft X 0.25 in. Carbowax column at 100°. Its
physical and spectral properties were in agreement.

11 -Diphenyl-4,5-bis(trimethylsiloxy)- I-sila-4-cyeloheptene.

In a dry 11 three-necked round-bottom flask, equipped with a
high-speed stirrer, a pressure-equalizing addition funnel, and a
reflux condenser were placed 20.0 g (0.9 mol) of Na and 350 ml of
dry toluene. The toluene was heated to reflux, at which time stir-
ring was started. To the Na dispersion were added 120 ml (0.9
mol) of trimethylchlorosilane and 64 g (0.2 mol) of dimethyl 4,4-
diphenyl-4-sila-1,7-heptanedioatel3 over 2 hr. The reaction mix-

In a dry 500-ml

In a dry 100-ml flask
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ture was heated at reflux for 2 hr after the addition was complete.
The reaction mixture was cooled and filtered under a cone of N2.
The solvent was removed by distillation through a 10-cm Vigreux
column at atmospheric pressure. The residue was then distilled.
A central fraction of 57 g (72% yield), bp 130° (0.001 mm), was
collected. Ir showed a C-C double bond at 1680 curl;, nmr s (18
H)d0.29, m (4 H) 1.4, m (4H) 2.5, m (10 H) 7.48.

1.1- Diphenyl-5-hydroxy-I-sila-4-cycloheptanone. In a 300-ml

round-bottom flask equipped with a magnetic stirring bar were
placed 53 g (0.12 mol) of I,I-diphenyl-4,5-bis(trimethylsiloxy)-I-
sila-4-cycloheptene, 75 ml of THF, and 75 ml of 2 N HC1. The
mixture was stirred overnight. The layers were separated. The or-
ganic layer was dried over anhydrous MgS04 and filtered and the
solvent was evaporated. The yield of crystalline product was 35 g
(95%), mp 94-97°. Recrystallization from ra-hexane gave a white
solid, mp 96-98°. Ir showed a broad OH band at 3450 cur 1 and a
carbonyl band at 1710 cm-1; nmr m (4 H) $1.45 m (2 H) 21, m
(2 H) 2.65, broad s (1 H) 3.8, m (1 H) 4.25, m (10 H) 7.19. Anal.
Calcd for SiCi8H2002: C, 72.93; H, 6.80. Found: C, 72.73; H, 6.60.

1.1-Diphenyl-4,5-dihydroxy-I-silacycloheptane. In a dry
500-ml round-bottom three-necked flask equipped with a pres-
sure-equalizing addition funnel, a magnetic stirring bar, and a re-
flux condenser was placed 3 g (0.075 mol) of LiAIH4 in 100 ml of
ether. In the addition funnel was placed 35.0 g (0.12 mol) of crude
I,I-diphenyl-5-hydroxy-I-sila-4-cycloheptanone in 100 ml of anhy-
drous THF. This solution was added to the hydride suspension at
a rate to maintain reflux. After 2 hr the reaction was quenched by
the addition of water. The layers were separated. The organic
layer was dried over anhydrous MgS04 and filtered and the sol-
vent was removed at reduced pressure, resulting in 33 g of a thick
yellow oil which solidified on standing: nmr m (8 H) 5 1-2, m (4
H) 3.7, m (10 H) 7.3. Its ir showed two OH bands in CC14, one at
3300 cm~1 and the other at 3550 cm~ A

1.1- Diphenyl-I-sila-4-cycloheptene.
equipped with a magnetic stirring bar were placed 1 g (3.4 mmol)
of I,I-diphenyl-I-sila-4,5-cycloheptanediol, 1.4 ml (10 mmol) of
triethylamine, and 20 ml of CH2CI2. The solution was cooled to 0°
and 0.6 ml (7.5 mmol) of mesyl chloride was added.25 The mix-
ture was stirred for 2 hr and then poured into 50 ml of H20. The
layers were separated. The organic layer was dried over anhy-
drous MgS04 and filtered, and the solvent was removed under
reduced pressure. The crude dimesylate, 3.0 g (20 mmol) of Nal,
and 20 ml of methyl ethyl ketone were placed in a 50-ml flask
equipped with a reflux condenser and a magnetic stirring bar.27
The solution was stirred at reflux for 40 hr; 50 ml of ether was
added. The reaction mixture was washed with two 50-ml portions
of water and once with a saturated solution of Na2520 4 to dis-
perse the 12 color. It was dried over anhydrous MgS04 and fil-
tered and the solvents were removed at reduced pressure. The
residue, 610 mg, was then chromatographed through a 10 X 0.5
in. alumina column with n-hexane. In this way 330 mg (37%
yield) of crystalline olefin was collected. It was recrystallized from
95% ethanol, mp 63°.
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Pyridinium N-imine hydriodides (1-5) reacted with ethyl and methyl a-chlorocinnamates and methyl a-bro-
mocrotonate in the presence of alkali at room temperature to afford the corresponding |,9a-dihydro-2H-pyrido[l,2-
6]-as-triazine derivatives (11-17). Structural elucidation of these compounds was accomplished by physical
and spectral means and by the conversion of compounds 11 and 16 to the dehydrogenated 2H-pyrido[l,2-6]-as-

triazines 20and 21.

Pyridinium N-imine is a very useful and versatile pre-
cursor for preparations of various nitrogen-bridged hetero-

cyclesl and N-substituted iminopyridinium ylides2 as de-
scribed in many reports. In particular, increased attention
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Table |
Nmr Spectral Data of Pyridotriazines
Compd® NH« c-2 C-6 c-7 C-8 C9 C-9a r" R'
11 2.00 b 6.53 b 1.72 b b 7.16 4.13 1.27
b d s S q t
Ja7 = 7.0, cfit — 7.0
12 2.15 c 6.55 c 5.80 c c 7.15 4.13 1.25
b dd m s q t
<67 = 7.0, /68 = 1.5, vet = 7.0
13 2.10 d 2.10 d 5.77 d d 7.15 4.12 1.22
b S m S q t
Jet — 7.0
14 1.96 e 6.49 e 5.64 e e 7.16 4.19 1.27
b d bd s q t
dGa7 = 7.5, t/78 — 6.0, e/t = 7.0
15 1.80 4.75 6.36 1.68 5.53 1.68 4.85 7.15 4.13 1.28
b bd bs S bs s bs S q t
elEt = 7.0
16 1.90 f 6.49 f 1.72 f 7.12 3.65
b d S S s
ce7 = 7.5
17 1.65 3.65 6.47 4.72 1.77 5.00 5.21 1.26 3.69
b m d dd S bs bs d S
J2Me = 6.0, 7 = 7.0, ¢c/79 = 1.5
20 5.57 6.97 5.50 2.00 6.13 7.10 4.17 1.29
S d dd S bs S q t
«G7 = 7.5, ¢clzo = 2.0, eist “ 7.0
21 5.62 7.02 5.56 2.04 6.17 7.15 3.75
s d dd S bs S S

67 — 7.5, el79 — 2.0

“ All compounds were measured in carbon tetrachloride.bOverlapped with each other in the range 0f 54.6-5.1.c Overlapped
with each other in the range of 54.6-5.3. dOverlapped with each other in the range of S4.6-5.3. «Overlapped with each other
in the range of 54.6-5.3. * Overlapped with each other in the range of 54.6-5.4. 1 Overlapped with each other in the range of 6
4.6-5.1. 9Exchanged with deuterium oxide.
has been paid to the nitrogen-bridged heterocycles in re- Scheme 1
cent years, since their preparations by other methods are
difficult.

We recently reported that reactions of pyridinium N-
imines with d-haloacrylates gave mainly 1,5-dipolar N-
vinyliminopyridinium ylides, which react intramolecularly
to give dihydropyrazolopyridines3 and intermolecularly
with acetylenic compounds to give 7V-dienyliminopyridi-
nium ylide and vinylpyridine derivatives.4 In continuation
of this work, we attempted to carry out the reaction of
pyridinium TV-imines with some a-haloacrylates in the
presence of alkali and have found a one-step preparative
method for the novel 1,9a-dihydro-2fi-pyrido[l,2-6]-as-
triazines.

Ri Ri R3 R4
1H H Me H
2H H H H
3Me H H H
4 HMeH H

5 H Me H Me
Results and Discussion
COOR'

Reactions of Pyridinium IV-Imine Hydriodides (1-5)
with a-Haloacrylates in the Presence of Alkali. A 2:1
mixture of pyridinium IV-imine hydriodide (1) and ethyl
a-chlorocinnamate was treated with potassium carbonate
in chloroform at room temperature for 4 days to give a 18,19

yellow, crystalline product (11) in 84% vyield, together R R

with considerable amounts of y-picoline. Similar products R R"®C &8O 18 Me Et

(12-15) were obtained by the reactions of the hydriodides LEt PhH H Me H 19 H Et
2Et PhH H H H

2-5 with the same reagent in yields of 4-87%. Reactions of

the hydriodide 1 with methyl a-chlorocinnamate and 13Et PhMe H H H

methyl a-bromocrotonate gave compounds 16 and 17 in 85 14 Et PEH H H Me

and 36% vyields. With hydriodides 1 and 2, 1,3-dipolar cy- fé ,\EAZ ihﬂ 'V': '\'/*Ie '\ﬁf
i 1 0,

cloadducts 18 and 19 were also obtained in 5 and 38% 7Me MeH H Me H

yields. In these reactions no ylidic compound could be de-
tected. These results are shown in Scheme I.

The products 11-17 were very stable under neutral and
basic conditions, but were unstable in acid. The ir spectra
showed characteristic absorption bands of a secondary
amino group at 3290-3330 cm' 1and of an a,§ -unsaturated
carbonyl group at 1695-1713 cm' \ respectively. The nmr
spectrum (Table 1) of compound 17, for example, exhib-

ited signals® at 5 6.47 (1 H, d), 521 (1 H, bs), 5.00 (1 H,
bs), 4.72 (1 H, dd), and 1.77 (3 H, s) due to a dihydropyri-
dine moiety and at 5 3.65 (1 H, m), 1.26 (3 H, d), 3.69 (3
H, S), and 1.65 (1 H, b) attributable to the residual skele-
ton. The signal at 8 1.65 (1 H, b) was exchanged with deu-
terium oxide (active amino proton) and the signals at 5
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Scheme 11

R R
11 Me Et 20
16 Me Me 21

521 (1 H, bs) and 3.65 (1 H, m) were sharpened, indica-
tive of their adjacent situation with the amino group.
From these data the compounds 11-17 were assigned to be
1,.9a-dihydro-2f/-pyrido[l,2-f>]-as-triazine derivatives.

To obtain further evidence for the proposed structure,
we attempted the dehydrogenation of the compounds 11
and 16 to the corresponding pyridotriazine derivatives.
Treatment of compounds 11 and 16 with lead tetraacetate
gave intractable, tarry materials, but with palladium on
carbon or tetracyanoethylene, the expected pyrido[l,2-fc]-
os-triazines 20 and 21 were obtained in low yields
(Scheme 1I).

The ir spectrum of the compound 20 showed no absorp-
tion at the amino absorption region but a new band at
1660 cm-1 due to an unsaturated bond was present, and
the nmr signals attributable to a bridgehead proton and
an amino proton were absent. The large downfield shifts of
the protons on the pyridine ring suggested that these com-
pounds were not the 9a7i-pyrido[l,2-6]-as-triazine deriva-
tives but the alternative 2H isomers. Similar correlation
of the chemical shifts was observed between 3,3a-dihydro-
pyrazolopyridines3'4 and 2,3-dihydroindolizines7 described

R- X
COOR'
1-5 - > RT 'Q
HI \ W7
| 4 I
NH HN
6-10

29

Kakehi and Ito

in our previous papers. The nmr data of pyridotriazine
derivatives 11-17, 20 and 21 are summarized in Table 1.

In contrast with the stability of the dihydro compounds
11-17,the pyridotriazines 20 and 21 were unstable and de-
composed gradually even at room temperature.5

Reaction Mechanism. Tentative mechanisms for these
reactions are shown in Scheme IH.

The reactions may be initiated by Michael addition of
pyridinium IV-imine to the a-haloacrylate followed by
elimination of pyridine derivative. Nucleophilic substitu-
tion of another molecule of the IV-imine to the resulting
haloaziridine 23 (path a) or nucleophilic addition to the
azirine 24 (path b) would lead to the Ar(2-aziridinyl)imi-
nopyridinium ylide 25, which rearranges to dihydropyrido-
triazine via the 1,6-dipolar intermediate 26. The alterna-
tive course (path c) was negligible, since the product ex-
pected from the reaction via the 1,3-dipolar species 27 is a
different type of dihydropyridotriazine (29 and/or 30).
Nucleophilic substitution of haloaziridine has been re-
ported by Deyrup and Greenwald8 but the addition of
pyridinium N-imidine to the carbon-nitrogen double bond
is unknown. Pyridinium IV-imine also reacted with di-
methyl maleate to give dimethyl aminofumarate; this
reaction should proceed via Michael addition of the IV-
imine to the a,fi-unsaturated ester.9 An attempt to obtain
a pyridopyridazine from pyridinium IV-imine and halocy-
clopropanelOwas unsuccessful.11

Experimental Section

Melting points were measured with a Yanagimoto micromelting
point apparatus and are uncorrected. Microanalyses were per-
formed on a Perkin-Elmer 240 Elemental Analyzer. The nmr
spectra were determined with a JEOL JNM-4H-100 spectrometer
in carbon tetrachloride with tetramethylsilane as an internal
standard. The chemical shifts are expressed in 0 values. The ir
spectra were taken with a JASCO DS-301 spectrophotometer.

Reactions of Pyridinium N -Imine Hydriodides (1-5) with a-
Haloacrylates in the Presence of Alkali. General Method. A
mixture of pyridinium N-imine hydriodide (2 mmol) and a-halo-
acrylate (1 mmol) was treated with potassium carbonate (10 g) in
chloroform at room temperature for 4-8 days. The reaction mix-

Scheme 111

H
X
R" COOR'
23
-HX N,
- -
Py— NH N
R" COOR'
24
Py— NH /
J H
N N\
R'OOCy R"
25
path a
path b
11-17 «— path ¢



Reaction of Pyridinium N-Imines with a-Haloacrylates

Table 11
Results and Some Properties of
Dihydropyridotriazines

------Reactant------- S

a-Halo-

AT-Im- Yield, Mp, <Ir (KBr), cm —>
Compd& ine acrylate” % °C C=0 NH
11 1 ECC 84 112-115 1710 3330
12 2 ECC 4 125-127 1700 3310
13 3 ECC 27 91-93 1713 3290
14 4 ECC 64 136-139 1695 3320
15 5 ECC 87 106-109 1695 3290
16 1 MCC 85 143-145 1717 3320
17 1 MBC 36 74-76 1708 3290

°ECC, ethyl chlorocinnamate; MCC, methyl chlorocin-
namate; MBC, methyl bromocrotonate. b1l. Anal. Caled
for CHIND2 C, 68.66; H, 6.44; N, 14.13. Found: C,
68.92; H, 6.45; N, 13.92. 12. Caled for CitHIND 2 C, 67.82;
H, 6.05; N, 14.83. Found: C, 67.75; H, 6.15; N, 14.70.13.
Caled for CIHIND 2 C, 68.66; H, 6.44; N, 14.13. Found: C,
68.89; H, 6.55; N, 13.79.14. Caled for CiHIN3 2 C, 68.66;
H, 6.44; N, 14.13. Found: C, 68.62; H, 6.53; N, 13.87. 15.
Caled for CigH2N 3 2 C, 69.43; H, 6.80; N, 13.50. Found: C,
69.39; H, 6.91; N, 13.20.16. Caled for CEH,N3D 2 C, 67.82;
H, 6.05; N, 14.83. Found: C, 67.99; H, 6.17; N, 14.83. 17.
Caled for C,LHBEN® 2 C,59.71; H, 6.83; N, 18.99. Found: C,
59.90; H, 6.85, N, 18.81. cThe 7-methyl isomer could not be
detected.

ture was filtered to remove insoluble inorganic substances and the
filtrate was concentrated under reduced pressure. The residual oil
was separated by column chromatography (alumina) using ether
as an eluent. Recrystallization from ether-n-hexane gave the cor-
responding |,9a-dihydro-2/7-pyrido[l, 2-fa]-as-triazine derivatives
as yellow crystals. In these reactions considerable amounts of the
corresponding pyridine derivatives were formed, which could be
detected by thin layer chromatography and their odor. In the
cases of the hydriodides 1 and 2 with ethyl a-chlorocinnamate the
corresponding pyrazolo[l,5-alpyridine derivatives 18 and 19 were
also obtained in 5 and 38% yields. The structures of these com-
pounds (18 and 19) were determined by the spectral comparisons
with the methyl ester derivatives prepared by the reactions of
pyridinium A-imines 6 and 7 with methyl phenylpropiolate.
These results and some properties of these dihydropyridotriazine
derivatives (11-17) are listed in Table II.

3-Ethoxycarbonyl-5-me thyl-2-phenylpyrazolo[l,5-a]pyridine
(18) was obtained as colorless needles (from ether-n-hexane): mp
88-90°; vc-0 (KBr) 1719 cm-1; nmr (CC14) 6 1.22 3H, t,J = 7.0
Hz, OCH2CH3), 2.41 (3 H, s, C5CH3), 417 2 H, q, J = 7.0 Hz,
OCH2CH3), 6.55 (1 H, dd, J = 7.5, 1.0 Hz, C6 H), 7.25 (3 H, m,
meta and para protons of C2 phenyl), 7.62 (2 H, m, ortho protons
of C2 phenyl), 7.84 (1 H, bs, 64 H), and 8.20 (1 H, d, J = 7.5 Hz,
C7H).

Anal. Calcd for C17H16N202: C, 72.84; H, 5.75; N, 9.99. Found:
C, 72.84; H, 5.78; N, 9.68.

3-Ethoxycarbonyl-2-phenylpyrazolo[l,5-a]pyridine (19) was ob-
tained as colorless needles (from ether-n-hexane): mp 73-75°;
vc-o (KBr) 1718 cm-1; nmr (CC14) 5 1.25 3 H, t, J = 7.0 Hz,
OCH2CH?3), 419 (2 H, g, J = 7.0 Hz, OCH2CH3), 6.73 (1 H, t, J
= 7.0, 7.0 Hz, C6H), 7.20 (1 H, bt, J = 7.0, 8.0 Hz, C5H), 7.29 (3
H, m, meta and para protons of C2 phenyl), 7.67 (2 H, m, ortho
protons of C2 phenyl), 8.10 (1 H, dd, J = 8.0, 1.0 Hz, C4H), and
8.37 (1H, d, = 7.0 Hz, CTH).

Anal Calcd for C16H14N202: C, 72.16; H, 5.30; N,
Found: C, 72.40; H, 5.33; N, 10.30.

Dehydrogenation of Dihydropyridotriazines (11 and 16).
General Method. A. A mixture of dihydropyridotriazine (200 mg)

10.52.
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and palladium on carbon (5%, 1.0 g) was stirred in dry benzene
(30 ml) at room temperature for 4 days. The reaction mixture was
filtered and the filtrate was concentrated under reduced pressure.
The residue was separated by column chromatography (alumina)
using methylene chloride as an eluent. From this procedure 277-
pyridotriazine derivatives 20 and 21 were obtained in 30 and 25%
yields, respectively.

B. A equimolar mixture of dihydropyridotriazine and tetracy-

anoethylene was stirred in dry benzene at room temperature for 1
day. Similar treatment of the reaction solution gave 277-pyri-
dotriazine derivative. The yields of the compounds 20 and 21 were
50 and 45%.

3-Ethoxycarbonyl-8-methyl-2-phenyl-277-pyrido[l,2-fa]-as-tria-
zine (20) was obtained as orange crystals (from chloroform-n-hex-
ane), mp 108-110°, v (KBr) 1713 (C=0) and 1660 cm 1 (C=N);
its picrate, yellow crystals (from ethanol), had mp 178-181° dec,
yc =0 (KBr) 1736 cm -1.

Anal cCalcd for C23H20N609: C, 52.67; H, 3.84; N,
Found: C, 52.88; H, 3.82; N, 15.74.

3-Methoxycarbonyl-8-methyl-2-phenyl-277-pyrido[l,2-fa]-as-tria-
zine (21) was an amorphous substance; its picrate, yellow crystals
(from ethanol), had mp 189-192° dec, ?c=0 (KBr) 1740cm- F

Anal cCalcd for CjzHigNeOg: C, 51.77; H, 3.55; N,
Found: C, 51.65; H, 3.50; N, 16.40.

Reaction of Pyridinium IV-Imine (6) with Dimethyl Maleate.
A mixture of pyridinium AT-imine hydriodide (1, 0.24 g, 1 mmol)
and dimethyl maleate (0.14 g, 1 mmol) was treated with potassi-
um carbonate (5 g) in chloroform at room temperature for 4 days.
The reaction mixture was worked up by the procedure described
above to give dimethyl aminofumarate in 35% yield as a colorless
oil. The structure of this product was determined by comparison
with an authentic specimen.9 The reaction of the hydriodide 1
with ethyl cinnamate was unsuccessful.

16.03.

16.47.

Registry No.—1, 7583-92-8; 2, 6295-87-0; 3, 7583-90-6; 4, 7583-
91-7; 5, 7585-71-9; 11, 51065-68-0; 12, 51065-69-1; 13, 51065-70-4;
14, 51065-71-5; 15, 51065-72-6; 16, 51065-73-7; 17, 51065-74-8; 18,
51065-75-9; 19, 51065-76-0; 20, 51065-77-1; 20 picrate, 51065-78-2;
21, 51065-79-3; 21 picrate, 51065-80-6; ECC, 26880-33-1; MCC,
4519-51-1; MBC, 17642-18-1; dimethyl maleate, 624-48-6.
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The synthesis of a nitrogen analog of Al(6i-irons-tetrahydrocannabinol, a psychoactive component of Canna-
bis sativa L, is described. The condensation of 2,6-dimethoxy-4-n-amylbenzylidenemethylamine (9) with glutar-
ic anhydride in refluxing xylene provided trims-1-methyl-5-carboxy-6-(2,6-dimethoxy-4-n-amyl phenyl)-2-piperi-
done (11). Subsequent transformations yielded the desired tricyclic system 27 in which the C-2 methylene of
All6l-trans-tetrahydrocannabinol is replaced by an A'-methyl moiety. Configurational and conformational as-
signments of the intermediates were made by nmr spectroscopy. The diastereomeric mixture of amines 4 and 5
5obtained on catalytic reduction of 27 possesses both antidepressant and anticonvulsant activity.

Two psychoactive constituents of Cannabis have been
shown, Al-irans-tetrahydrocannabinol (A1-THC, 1)2 and
Al(6)-frans-tetrahydrocannabinol (A1(6)-THC, 2).3 We re-
cently reported the synthesis of a series of model nitrogen
analogs of the THC'’s, including 3.4 Since a phenolic group
and an alkyl side chain have been demonstrated to be
structural requirements for pharmacologic activity,6'6 our
model compounds did not appear to be promising candi-
dates for biologic evaluation. We now wish to report the
successful extension of our studies to the preparation of
the nitrogen analog of All6)-THC, compound 27. Catalytic
reduction of 27 gave a diastereomeric mixture of amines 4
and 5. Preliminary pharmacologic tests7 indicate that this
mixture possesses both antidepressant (modified dopa test
in mice; marked activity at 5 mg/kg) and anticonvulsant
(audiogenic seizure in mice; 60% protection at 30 mg/kg)
activity.

Metalation of olivetol dimethyl ether (6) with n-butyl-
lithium provided the phenyllithium intermediate 7, which
was converted to 2,6-dimethoxy-4-rc-amylbenzaldehyde (8)
with AT-methylformanilide.8 The Schiff base 9 was ob-
tained by stirring a solution of the aldehyde 8 and meth-
ylamine in benzene over molecular sieves.

8 9

Condensation of the Schiff base 9 with glutaric anhy-
dride in refluxing xylene gave an 86% yield of the diaste-
reomeric mixture of piperidones 10 and 11, which was sep-
arated by fractional crystallization. The minor cis dia-
stereomer 10 produced the expected axial-equatorial cou-
pling constant JAB = 5 Hz, which is identical with that of
the model cis diastereomer 12. The major diastereomer
was isolated in 45% yield and displayed an nmr coupling
constant JAB = 7 Hz. Since vicinal diaxial protons show
coupling constants of 8-13 Hz and vicinal diequatorial
protons 1-5 Hz in six-membered rings,9 evidently the
trans diastereomer 11 spends more time in the diequato-
rial conformation than the model trans compound 13 (J =
2.5 Hz), which appears to exist largely in the diaxial con-
formation. This change in conformational equilibrium of
the trans diastereomer 11 relative to 13 is also reflected in
the chemical shift value for the methoxycarbonyl proton
signal of the trans ester 14 (5 3.61 ppm) relative to the
model trans ester 15 (& 3.75 ppm). This is expected, since
the methoxycarbonyl protons can experience the shielding
effect of the aromatic 7 cloud in the diequatorial confor-
mation but cannot in the diaxial conformation. The corre-
sponding values in the cis methyl ester 16 and cis model
methyl ester 17 were 53.51 and 3.56, respectively.

Finally, the trans dimethyl ether 11 was demethylated
to the diphenol 18 with boron tribromide in methylene
chloride.10 Subsequent cyclodehydration to the rigid di-
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equatorial lactone 19 (JAb = 13 Hz) was accomplished with
dicyclohexylcarbodiimide in tetrahydrofuran.

Q
&
5B
0
I
oI

Méthylation of the trans ester 14 with méthylmag-
nésium bromide in ether gave the corresponding tertiary
alcohol 20 in 83% yield, which was demethylated with
boron tribromide in methylene chloride to form the terti-
ary bromide 21. The crude bromide was dehydrohalogen-
ated in boiling ethanol solution to form the terminal olefin
22, which was obtained as a glass.11 Although 22 could be
isolated as a crystalline solid in 29% yield from 20, higher
overall yields of the desired tricyclic lactam 25 were real-
ized when the glass was used without further purification.

We anticipated from our model studies that the termi-
nal olefin 22 could be cyclized to the trans tricyclic com-
pound 25 in the presence of trifluoroacetic acid. However,

27
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20, R1= OH;R2= CH3
2LR = Br; Rj=H

treatment of 22 with trifluoroacetic acid at reflux for 1 hr
gave exclusively the cis diastereomer 24 (JAob = 5 Hz) and
none of the trans isomer 25 could be detected when the
reaction was followed by nmr. From our model studies it
was apparent that the transformation of 22 to the cis tri-
cyclic system 24 proceeds via the resonance-stabilized
benzylic carbonium ion species 23. The much greater rate
of isomerization of 22 to 24 relative to the case of the cor-
responding model compounds must reflect the stabiliza-
tion of species 23 by the electron-donating phenolic and
alkyl substituents, and supports our earlier view that the
principal pathway for the trans to cis conversion in this
series involves epimerization at the benzylic carbon atom
rather than at the allylic center.4 It seemed reasonable to
anticipate that the formation of charged species 23 would
be discouraged by employing a less polar solvent. There-
fore, in an attempt to promote formation of the desired
trans lactam 25, cyclization of the terminal olefin was ef-

26
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fected in methylene chloride containing boron trifluoride
etherate. Overall yields of the trans lactam 25 (Jar = 10
Hz) of 25% from 20 were thus realized.

The nmr signal for proton HAof 22 in CDCI13 appears as
a doublet at 5 5.00 ppm, whereas for 24 it appears at 5
4.63 and for 25 at 5 4.45. Proton HA of the bicyclic system
22 is forced into the plane of the aromatic ring owing to
steric interactions between the two phenolic substituents
and the /V-methyl and isopropenyl groups, and is therefore
deshielded relative to the tricyclic systems 24 and 25 in
which Ha cannot be in the plane of the ring. Similar vari-
ations in field effects were observed in the cyclization of
cannabidiol to A1-THC.2

Methylation of the trans lactam 25 with methylmag-
nesium bromide in tetrahydrofuran led to a mixture of the
carbinolamine 26 and enamine 27. The carbinolamine 26
could be isolated in 14% yield. The corresponding amino
aldehyde and “enamine plus water” structures were ruled
out owing to the absence of aldehyde or enamine double-
bond absorbance in the solid-state ir spectrum. The spon-
taneous dehydration of 26 in CDCI3 to give 27 could be
followed by nmr. This facile dehydration was also evident
in the electron impact mass spectrum of 26, which was
essentially identical with that of the enamine 27. Pure 27
in practice was obtained by stirring the mixture of 26 and
27 in methylene chloride over molecular sieves. In this
way, the enamine 27 was prepared in 81% yield. Addition
of D20 to CDCI3 solutions of 27 resulted in the disappear-
ance of the olefinic proton Hri and olefinic methyl group
in the nmr spectrum.

The enamine 27 was subjected to catalytic hydrogena-
tion in acetic acid over 5% palladium on carbon. The nmr
spectrum, high-resolution chemical ionization mass spec-
trum, and combined gas chromatography-electron impact
mass spectrum indicated that the isolated oil was a 3:1
mixture of diastereomeric amines 4 and 5. The signals for
the C-methyl, A-methyl, and HA protons of the major di-
astereomer appeared upfield in the nmr spectrum relative
to the minor diastereomer. However, the relative configu-
rations of the major and minor diastereomers were not as-
signed. The ratio of the major to minor diastereomer in-
creased after crystallization from methanol, but complete
separation was not attempted.

Experimental Section

All reactions were performed under a nitrogen atmosphere, and
solvents were evaporated on a rotary evaporater under vacuum.
Melting points were taken on a Thomas-Hoover apparatus and
are uncorrected. Nmr spectra were recorded on a JEOL JNM-
4H-100 100-MHz instrument and, except where noted, in CDCI3
solvent. Chemical shift values are reported in parts per million
relative to TMS as internal standard. Ir spectra were recorded on
a Perkin-Elmer Model 337 spectrophotometer. Glpc analyses were
performed on a Varian Aerograph Model 2100 gas chromatograph
equipped with a flame ionization detector using a 6 ft x 0.125 in.
column of 3% SE-30 on Chromosorb W, 100-120 mesh. The elec-
tron impact mass spectra were recorded on an AEI MS-12 instru-
ment at 70 eV and the chemical ionization mass spectrum was
recorded on an AEIl MS-901 spectrometer modified for chemical
ionization. Microanalyses were performed by the Microanalytical
Laboratory, University of California, Berkeley.

Olivetol Dimethyl Ether (6). A solution of CH2N2 (ca. 12 g,
0.29 mol) in EtOH-Et20 (800 ml) was added to a solution of oli-
vetol (18.02 g, 0.10 mol) in Et20 (50 ml). After standing at room
temperature overnight, additional CH2N2 (ca. 6 g, 0.14 mol) in
EtOH-Et20 (400 ml) was added to the solution. The reaction
progress could be followed by glpc analysis (3% SE-30 on Chro-
mosorb W, 100-120 mesh, 150°, 37 ml/min) of the solution, which
gave the following retention times: olivetol dimethyl ether, 1 min
59 sec; olivetol monomethyl ether, 2 min 34 sec; olivetol, 3 min 13
sec. The solution was allowed to stand for 3 days before it was
concentrated to 100 ml by evaporation of solvent and unreacted
CH2N2. The solution was washed with 5% NaOH (100 ml) and
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the aqueous layer was extracted with Et20 (50 ml). The com
bined organic layers were washed with H20 (50 ml) and dried
(MgSO-t) and the solvent was evaporated. The residue was dis-
tilled at 103° (0.05 mm)-105° (0.06 mm) to yield olivetol dimethyl
ether (15.16 g, 73%): ir (CDCI3) 2920, 1605 (shoulder), 1595, 1460,
1200, 1148, 1067 cm-1; nmr (CDCI3) 5 6.30 (m, 3 aromatics), 3.71
(s, 2 OCH3), 2.52 (br t, benzylic CH2), 1.72-1.15 (m, 6 methy-
lene), 0.88 (brt, terminal CH3).

2.6- Dimethoxy-4-ra-amylbenzaldehyde (8).s n-Butyllithium (9

ml of a 9.7 M solution in hydrocarbon, 87 mmol) was added drop-
wise to an ice-cold, stirred solution of olivetol dimethyl ether
(13.54 g, 65 mmol) in Et20 (45 ml). After stirring at room tem-
perature for 16 hr a solution of A-methylformanilide (14.87 g, 110
mmol) in Et20 (45 ml) was added dropwise to the ice-cold reac-
tion mixture. The mixture was stirred at room temperature for 2
hr before dropwise addition of 3% aqueous H2S04 (45 ml) to the
suspension. The organic phase was separated and the aqueous
phase was washed with Et20 (2 x 45 ml). The solvent was evapo-
rated from the combined, dried (Na2S04) organic layers and the
residue was distilled. The aldehyde was collected at 149-153° (0.2
mm) [lit.8 bp 148-152° (0.3 mm)] as a yellow oil (12.78 g, 83%): ir
(CDCI3) 2950, 1675 cm*“1 (C=0); nmr 5 10.44 (s, CHO), 6.39 (s, 2
aromatics), 3.87 (s, 2 OCH3), 2.60 (br t, benzylic CH2), 1.80-1.10
(m, 6 H, amyl methylene), 0.92 (br t, terminal CH3).

2.6- Dimethoxy-4-n-amylbenzylidenemethylamine (9). Meth-

ylamine (4.29 g, 0.138 mol) was dissolved in a solution of the
aldehyde 8 29.48 g, 0.125 mol) in benzene (50 ml) in the presence
of molecular sieves (3A, 20 g) with occasional stirring. After 30
min, the sieves were filtered off and washed with benzene (2 x 50
ml). Evaporation of solvent from the filtrate left the imine (31.07
g, 100%) as a pale yellow oil. The analytical sample was prepared
by evaporative distillation at 80° (3 n)\ ir (thin film) 2915, 1645
cm-1 (C=N); nmri 858 (q, J = 1.5 Hz, imino H), 6.38 (s, 2 aro-
matics), 3.82 (s, 2 OCH3), 2.58 (br t, benzylic CH2), 2.52 (d, J =
15 Hz, NCH3), 1.80-1.10 (m, 6 H, amyl methylene), 0.90 (br t,
terminal CH3).

Anal. Calcd for CI5SH23NO 2: C, 72.25; H, 9.30; N, 5.62. Found:
C, 71.99; H, 9.16; N, 5.53.

irons-1-Methyl-5-carboxy-6-(2,(i-dimethoxy-4-n-amyl phenyl)-
2-piperidone (11). The imine 9 (15.91 g, 63.8 mmol) and glutaric
anhydride (7.28 g, 63.8 mmol) were heated in refluxing xylene (15
ml) for 30 min. The reaction mixture was cooled to room temper-
ature and extracted with 5% aqueous NaHCCH (200 + 100 ml).
The combined aqueous layers were acidifed to pH 1 with concen-
trated H2SC+ and the resulting suspension was extracted with
Et20 (2 x 100 ml). The combined, dried (MgSOU Et20 layers
were concentrated to 100 ml and the suspension was stored at 1°
overnight before filtration of the colorless solid (11.20 g, 48%).
The only detectible (by nmr) impurity proved to be a trace of
Et20 which could not be completely removed at 25° (0.04 mm)
overnight. The analytical sample was prepared by heating a sam-
ple (36.5 mg) at 98° for 10 min, during which time the sample
melted, Et20 vapor evolved, and the pure solid (34.8 mg) crystal-
lized from the melt: mp 144-145°; ir (CDCI3) 2925, 1710 (carboxyl
C=0) 1610 cm-1 (lactam C=0); nmr (CDCI3) 59.68 (s, COOH,
exchangeable with D20), 6.36 (s, 2 aromatics), 5.44 (d, J = 7 Hz,
Ha), 3.76 (s, 2 OCH3), 3,13 (m, HB), 2.67 (s, NCH3), 2.58 (m,
benzylic CH2 and COCH2), 2.13 (m, COCH2CH2), 1.80-1.16 (m,
6 H, amyl methylene). 0.91 (br t, terminal C.H3); electron impact
mass spectrum m/e (rel intensity) 363 (19), 318 (12), 307 (28), 261
(14), 260 (58), 250 (22), 249 (20), 248 (100), 234 (10), 219 (16).

Anal. Calcd for C20H2ONO 5: C, 66.09; H, 8.04; N, 3.85. Found:
C, 65.89; H, 7.94; N, 3.81.

cis-1-Methyl-5-carboxy-6-(2,6-dimethoxy-4-n-amy Iphenyl)-
2-piperidone (10). The solvent was evaporated from the solution
left after filtration of the trans diastereomer 11 and the residue
was recrystallized four times from Me2CO-Et20 to yield the pure
cis diastereomer (0.12 g, 0.5%): mp 155-155.5° ir (KBr) 2910,
1735 (carboxylic acid C=0), 1625 cm"1 (lactam C=0); nmr
(CDCI3) 5 10.28 (s, COOH, exchangeable with D20), 6.32 (s, 2
aromatics), 5.40 (d, J = 5 Hz, HA), 3.68 (s, 2 OCH3), 3.18 (m,
Hh), 274 (s, NCH3), 2.70-2.02 (m, benzylic CH2 and
COOCH2CH?2), 1.90-1.20 (m, 6 H, amyl methylene), 0.91 (br t,
terminal CH3); electron impact mass spectrum m/e (rel intensi-
ty) 363 (20), 307 (28). 261 (21), 260 (83), 250 (24), 249 (25), 248
(100), 234(10), 219(14).

Anal. Calcd for C20H2No 5: C, 66.09; H, 8,04; N, 3.85. Found:
C, 66.27; H, 7.88; N, 3.95.

trans-1-Methyl-5-methoxycarbonyl-6-(2,6-dimethoxy-4-n-
amylphenyl)-2-piperidone (14). An excess of CH2N2 in EtOH-
Et20 was added to the trans acid 11 (3.64 g, 10 mmol). Evapora-



Nitrogen Analogs of the Tetrahydrocannabinols

tion of solvent from the solution left the ester as a viscous oil
(3.78 g, 100%). The analytical sample was prepared by evapora-
tive distillation at 110° (75 m): ir (CDCI3) 2945, 1735 (ester C=0),
1625 cm-1 (lactam C=0); nmr (CDC13) 8 6.38 (s, 2 aromatics),
5.36 (d, J = 8 Hz, Ha), 3.78 (s, 2 OCH3), 3.61 (s, COOCH3), 3.13
(m, HB), 2.63 (s, NCH3), 2.49 (m, benzylic CH2 and COCH?2),
2.09 (m, COCH2CH2), 1.82-1.29 (m, 6 H, amyl methylene), 0.91
(br t, terminal CH3); electron impact mass spectrum m/e (rel in-
tensity) 377 (30), 321 (24), 318 (14), 260 (35), 250 (21), 249 (18),
248(100), 192 (23).

Anal. Calcd for C2iH3iNO5: C, 66.82; H, 8.28; N, 3.71. Found:
C, 66.77; H, 8.22; N, 3.49.

cis-1-Methyl-5-methoxycarbonyl-6-(2,6-dimethoxy-4-n-amyl-
phenyl)-2-piperidone (16). An excess of CH2N2 in EtOH-Et20
was added to the cis acid 10 (727 mg, 2 mmol). Evaporation of
solvent from the filtered solution left the cis ester as a colorless,
viscous oil (640 mg. 85%). The analytical sample was obtained by
evaporative distillation at 110° (10 n): ir (CDCI3) 2915, 1735 (ester
C=0), 1650 cm 1 (lactam C=0); nmr (CDCI3) 8 6.36 (s, 2 aro-
matics), 535 (d, 3 = 5 Hz, HA), 3.74 (s, 2 OCH3), 3.51 (s,
COOCH3), 3.19 (m, Hb), 2.73 (s, NCH3), 2.53 (m, benzylic CH2
and COCH2CH2), 1.92-1.20 (m, 6 H, amyl methylene), 0.92 (br t,
terminal CH3); electron impact mass spectrum m/e (rel intensi-
ty) 377 (30), 321 (25), 318 (10), 261 (14), 260 (63), 250 (28), 249
(19) , 248 (100), 235 (10), 219 (15), 192 (35).

Anal. Calcd for C21IH3INOS: C, 66.82; H, 8.28; N, 3.71. Found:
C, 66.52; H, 8.26; N, 3.78.

trarcs-1-Methyl-5-carboxy-6-(2,6-dihydroxy-4-rc-amylphenyl)-
2-piperidone (18). A solution of the trans acid 11 (6.00 g, 16.5
mmol) in CH2C12 (60 ml) was added dropwise to a stirred solu-
tion of BBr3 (25.10 g, 100 mmol) in CH2C12 (80 ml) at 0°. After
stirring for 48 hr at room temperature, H20 (250 ml) and Et20
(600 ml) were added slowly to the solution at 0°. The organic
phase was separated and dried (Na2SO.») and the solvent was
evaporated. The residue (6.24 g) was dissolved in acetone (10 ml),
and Et20 (20 ml) was added to the filtered solution. The diphenol
18 crystallized from the solution as a colorless solid (2.10 g, 38%),
mp 195° dec. The analytical sample was recrystallized from aque-
ous EtOH: mp 203° dec; ir (KBr) 2910, 1700 (carboxyl C=0),
1585 cm-1 (lactam C=0); nmr (CDCI3-pyridine-d5 3:1) 8 6.41
(s, 2 aromatics), 564 (d, J = 7 Hz, HA, 3.55 (m, HB), 2.88 (s,
NCH3), 3.20-2.00 (m, COCH2CH2), 2.40 (br t, benzylic CH2),
1.85-1.10 (m, 6 H, amyl methylene), 0.80 (br t, terminal methyl);
electron impact mass spectrum m/e (rel intensity) 335 (15), 317
(20) , 291 (22), 260 (14), 259 (38), 258 (100), 235 (10), 232 (14), 230
(14), 219 (20), 218 (18), 217 (26), 204 (21), 202 (42), 124 (88).

Anal. Calcd for C1I8H25NO5: C, 64.46; H, 7.51; N, 4.18. Found:
C, 64.53; H, 7.50; N, 4.24.

1-Methyl-2,5-dioxo0-1,2,3,4,4a, 10b-hexahydro-8-n-amyl-10-
hydroxy-iran.s-5/7-[I]benzopyrano[4,3-6]pyridine (19). A mix-
ture of the diphenol 18 (1585 mg, 4.73 mmol) and DCC (976 mg,
4.73 mmol) was heated in refluxing THF (20 ml) with stirring for
2.5 hr. The suspension was stirred under nitrogen for an addition-
al 24 hr before filtration of the DCU. Evaporation of the solvent
from the filtrate left the lactone as a colorless solid (1343 mg,
89%), mp 177-180°. The analytical sample was recrystallized once
from benzene and twice from Me2CO: mp 174-175° ir (CDCI3)
2920, 1775 (lactone C=0), 1620 cm-1 (lactam C=0); nmr
(CDCI3) 58.66 (br, OH), 6.65 (d, J = 1.5 Hz, 1 aromatic), 6.51 (d,
J = 15 Hz, 1 aromatic), 4.60 (d, J = 13 Hz, HA), 3.25 (m, HB),
3.20 (s, NCH3), 3.05-2.10 (m, COCH2), 2.55 (t, benzylic CH2),
192 (m, COCH2CH?2), 1.80-1.12 (m, 6 H, amyl methylene), 0.91
(br t, terminal CH3); electron impact mass spectrum m/e (rel in-
tensity) 317 (31), 259 (34), 258 (100), 202 (35), 201 (11), 188 (24).

Anal. Calcd for Ci8H23N04: C, 68.12; H, 7.30; N, 4.41. Found:
C, 68.35: H, 7.24; N, 4.62.

trans-1-Methy |-5-(2-hydroxyisopropyl)-6-(2,6-dimethoxy-4-
n-amylphenyl)-2-piperidone (20). A solution of the trans ester 14
(7.28 g, 19.3 mmol) in Et20 (100 ml) was added dropwise to a
stirred solution of CH3MgBr (26 ml of a 3 M solution, 78 mmol)
in Et20 at 0°. The mixture was allowed to stand at room temper-
ature for 2 hr before it was again cooled in an ice bath, following
which saturated aqueous NHA4CI (100 ml) was added to the sus-
pension. The white solid was filtered from the organic layer, the
organic layer was separated, and the aqueous layer was extracted
with Et20 (2 x 100 ml). The white solid was added to the com-
bined organic layers and the volume of the suspension was re-
duced to 25 ml. The suspension was stored at 0° overnight before
filtration of the tertiary alcohol 20, obtained as a colorless solid
(6.07 g, 83%), mp 111-113°. The analytical sample was recrystal-
lized from Me2CO-Et20: mp 114-114.5° ir (CDCI3) 2930, 1625

J. Org. Chem., Vol. 39, No. 11, 1974 1549

cm-1 (lactam C=0); nmr (CDCI3) 8 6.38 (s, 2 aromatics), 4.97
(d, 3 = 8 Hz, Ha), 3.81 (s, 2 OCH3), 2.90-2.38 (m, benzylic CH2
and COCH?2), 255 (s, NCH3J), 2.27 (s, OH, exchangeable with
D20, 2.05 (m, COCH2CH?2), 1.80-1.15 (m, 6 H, amyl methylene),
1.20 (s, gem-dimethyl), 0.90 (br t, terminal CH3); electron impact
mass spectrum m/e (rel intensity) 377 (15), 349 (20), 344 (39), 330
(99) , 328 (79), 323 (16), 321 (19), 318 (29), 316 (15), 274 (20), 261
(22), 260 (100), 250 (32), 248 (58), 219 (18), 200 (19).

Anal. Calcd for C2H35N04: C, 69.99; H, 9.34; N, 3.71. Found:
C, 69.84; H, 9.12; N, 3.76.

trans-1-Methy1-5-isopropeny1-6-(2,6-dihydroxy-4-n-amyl-
phenyl)-2-piperidone (22). A solution of BBr3 (12.53 g, 50 mmol)
in CH2C12 (40 ml) was added dropwise to a stirred solution of the
trans dimethyl ether 20 (3.77 g, 10 mmol) in CH2C12 (40 ml) at
0°. After stirring for 2 days at room temperature, H20 (150 ml)
was added dropwise followed by Et20 (300 ml). The organic layer
was separated and the aqueous layer was extracted with Et20 (2
x 150 ml). The solvent was evaporated from the combined, dried
(MgSO04) organic layers to leave a glassy residue (4.52 g) contain-
ing the tertiary bromide 21. This residue was boiled in EtOH (50
ml) for 30 min. The solution was cooled to room temperature be-
fore addition of H20 (50 ml) and Et20 (50 ml). The organic layer
was separated and the aqueous layer was extracted with Et20 (50
ml). Evaporation of solvent from the combined, dried (MgS04>
organic layers left the crude olefin 22 as a glassy residue (3.05 g).
Crystallization from Et20-pentane (15 + 5 ml) afforded a solid
(0.96 g, 29%), mp 177-183°. The analytical sample was recrystal-
lized from aqueous EtOH: mp 193-194°; nmr (CDCI3-pyri-
dine-d5, 1:1) 8 9.58 (br, 2 OH, exchangeable with D20), 6.45 (s, 2
aromatics), 5.31 (d, J = 9 Hz, HA), 4.83 (s, 1olefinic H), 4.73 (s, 1
olefinic H), 3.41 (m, HB), 2.93 (s, NCH3), 2.64 (m, COCH2), 2.41
(br t, benzylic CH2), 195 (m, CQCH20H2), 1.83 (s, olefinic
CH3), 1.72-1.10 (m, 6 H, amyl CH2), 0.79 (br t, terminal CHYS);
electron impact mass spectrum m/e (rel intensity) 331 (65), 317
(12), 316 (50), 259 (18), 258 (10), 246 (29), 245 (14), 231 (20), 222
(100) , 221 (62), 220 (19).

Anal. Calcd for C20H2NO3: C, 72.47; H, 8.82; N, 4.23. Found:
C, 72.32; H, 8.44; N, 4.10.

1.5.5-
10-hydroxy-cis-5/7-(I]lbenzopyrano[4,3-i>Ipyridine (24). A solu-
tion of the olefin 22 (332 mg, 1 mmol) in CF3COOH (5 ml) was
heated at reflux for 1.5 hr. Evaporation of solvent left an orange
oil which was dissolved in Et20 (20 ml). The solution was washed
with 5% aqueous NaHCO03 (20 ml). Evaporation of solvent from
the dried (M gSO04) organic layer left a glass, which crystallized on
trituration with Et20 (2 ml) as a colorless solid (113 mg, 34%),
mp 158-160°. Recrystallization from MeOH (1 ml) provided the
analytical sample as colorless needles: mp 169-170°; ir (KBr)
2920, 1625 cm*“1 (lactam C=0); nmr 8 8.88 (s, OH), 6.37 (d, J =
15 Hz, 1 aromatic), 6.22 (d, J = 1.5 Hz, 1 aromatic), 4.63 (d, J =
5 Hz, Ha), 3.00 (s, NCH3), 2.62-1.90 (m, benzylic CH2 +
COCH2CH?2), 1.80-1.15 (m, 6 H, amyl methylene), 1.33 (s, CH3J),
1.19 (s, CH3), 0.87 (br t, terminal CHS3); electron impact mass
spectrum m/e (rel intensity) 331 (14), 317 (22), 316 (100).

Anal. Calcd for C20H2NO3: C, 72.47; H, 8.82; N, 4.23. Found:
C, 72.43; H, 8.73; N, 4.42.

1.5.5-
10-hydroxy-trans-5/7-[I]benzopyrano[4,3-5]pyridine (25). To a
solution of the crude, glassy olefin 22 [3.05 g, prepared from 3.77 g
(10 mmol) of 20] in CH2C12 (150 ml) was added BF3-Et20 (30
ml). The solution was left standing in a sealed flask for 21 hr be-
fore addition of H20 (150 ml). The organic layer was separated,
washed with 5% aqueous NaHCO03 (150 ml), and then dried
(MgSOi). Evaporation of solvent left a solid residue (3.00 g), mp
157-168°, containing 22 and 25 in a 1:4 ratio, respectively. The
solid was dissolved in 5% aqueous NaOH (150 ml) and the purple
solution was added to Et20 (150 ml) in a separatory funnel. The
mixture separated into three phases. The deep purple, oily mid-
dle layer was separated and dissolved in H20 (50 ml), and the so-
lution was acidified (pH 1) with concentrated H2S02. The solid
precipitate was filtered off and recrystallized from MeOH (8 ml)
to yield analytically pure product (0.82 g, 25% from 20): mp 227-
228°% ir (KBr) 2910, 1625 cm-1 (lactam C=0); nmr (CDCI3) 8
9.27 (s, OH, exchangeable with D20), 6.38 (d, J = 1.5 Hz, 1 aro-
matic), 6.29 (d, J = 1.5 Hz, 1 aromatic), 4.45 (d, J = 10 Hz, HA),
2.86 (s, NCH3), 2.68 (m, HB, COCH2), 2.47 (br t, benzylic CH2),
1.96 (m, COCH2CH2), 1.78-1.10 (m, 6 H, amyl methylene), 1.36
(s, CHJ), 0.88 (br t, terminal CH3); electron impact mass spec-
trum m/e (rel intensity) 331 (13), 317 (22), 316 (100); high resolu-
tion chemical ionization mass spectrum, 332.2219 (calcd for
C20H30N 03, 332.2226).

Trimethyl-2-o0xo0-1,2,3,4,4a,10b-hexahydro-8-re-amyl-

Trimethyl-2-0x0-1,2,3,4,4a, 10b-hexahydro-8-n-amyl-
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Anal. Calcd for C20H2ONO3: C, 72.47; H, 8.82; N, 4.23. Found:
C, 72.61; H, 9.02; N, 4.21.

1.2.5.5- Tetramethy1-2,10-dihydroxy-1,2,3,4,4a, |0Ob-hexahy-
dro-8-n-amyl-trans-57/- [I]benzopyrano[4,3-b] pyridine (26).
Methylmagnesium bromide (2 ml of a 3 M solution in Et20, 6
mmol) was added slowly to a solution of 25 (332 mg, 1 mmol) in
THF (10 ml). The solution was heated at reflux for 24 hr. The so-
lution was cooled to 0° before addition of saturated aqueous
NHA4CI (10 ml). The organic phase was separated and the aque-
ous phase was washed with Et20 (2 x 10 ml). Evaporation of sol-
vent from the combined organic layers left a semisolid residue
which was triturated with Et20 (2 ml). The colorless carbinolam-
ine (49 mg, 14%) was filtered and washed with H20 (2x1 ml)
and Et20 (1 ml): mp 101° dec; nmr (CDCI3) 6 6.23 (d, J = 1 Hz,
1 aromatic), 6.18 (d, J = 1 Hz, 1 aromatic), 4.67 (br, HA), 2.47 (hr
t, benzylic CH2), 2.25 (s, NCH3), 2.15-1.05 (br, HB, COCH2CH?2,
6 amyl methylene), 1.58 (s, C-2 CH3), 1.38 (s, C-5 CH3), 1.17 (s,
C-5 CH3), 0.88 (br t, terminal CH3); electron impact mass spec-
trum m/e (rel intensity) 329 (M+ - H20, 98), 328 (12), 315 (23),
314 (88), 301 (19), 283 (18), 259 (13), 243 (15), 232 (12), 231 (69),
174(19), 150 (22), 84 (100).

Anal Calcd for C2ZIH3BNO3: C, 72.58; H, 9.57; N, 4.03. Found:
C, 72.85; H, 9.81; N, 4.24.

Evaporation of solvent from the filtrate left the crude enamine
27 (199 mg, 60%) as a light amber oil.

1.2.5.5-
droxy-trans-5ff-[I]lbenzopyrano[4,3-b]pyridine (27). Methylmag-
nesium bromide (10 ml of a 3 M solution in Et20, 30 mmol) was
added slowly to a solution of 25 (1.66 g, 5 mmol) in THF (50 ml).
The solution was heated at reflux for 24 hr. The clear solution
was cooled to 0° before addition of saturated aqueous NH4CI (50
ml). The organic phase was separated and the aqueous phase was
extracted with Et20 (3 X 50 ml). Evaporation of solvent from the
combined, dried (Na2SO<i) organic phases left a semisolid residue
(1.65 g), which was dissolved in CH2CI2 (50 ml). The solution was
stirred over molecular sieves (3A, 10 g), for 4 hr. The sieves were
filtered off and washed with CH2CI2 (10 ml). Evaporation of sol-
vent from the filtrate left the enamine as a light amber oil (1.34 g,
81%). The analytical sample was evaporatively distilled at 108°
(0.1 mm): r24d 1.5379; ir (thin film) 1660 cm-1 (enamine C=C);
nmr (CDCI3) b 6.28 (d, J = 1.5 Hz, 1 aromatic), 6.23 (d, J = 15
Hz, 1 aromatic), 5.05 (m, HE ti/2 for D20 exchange ca. 11 hr),
392 (d, J = 10 Hz, Ha), 249 (br t, benzylic CH2), 2.25 (s,
NCH3), 1.99 (m, Hb.c.d), 1-84 (s, C-2 CH3, fi/2 for D20 exchange
ca. 40 min), 1.72-1.17 (m, 6 H, amyl methylene), 1.40 (s, C-5
CH3), 1.13 (s, C-5 CH3), 0.89 (br t, terminal CH3); electron im-
pact mass spectrum m/e (rel intensity) 329 (88), 328 (13), 315
(19), 314 (70), 301 (10), 300 (22), 283 (14), 259 (15), 243 (13), 232
(12), 231 (68), 174 (19), 150 (22), 84 (100).

Anal. Calcd for C2IH3INOZ2; C, 76.55; H, 9.48; N, 4.25. Found:
C, 76.64; H, 9.34; N, 4.26.

Tetramethy1-1,4,4a, 10b-tetrahydro-8-n-amyl-10-hy

Contreras, et al.

1,2,5,5-Tetramethy1-1,2,3,4,4a, 10b-hexahydro-8-n-amyl-1-
hydroxy-irans-5H-[I]lbenzopyrano[4,3-f>]pyridine (4 and 5). A
solution of the enamine 27 (637 mg, 1.93 mmol) in acetic acid (90
ml) was hydrogenated over 5% Pd/C (150 mg) at 35 psi for 24 hr.
The catalyst was filtered off and the solvent was sublimed at 16°
(0.1 mm) from the frozen solution; aqueous 5% NaOH (30 ml)
and Et20 were added to the residue. The organic layer was sepa-
rated and the aqueous layer was extracted with Et20 (30 ml).
Evaporation of solvent from the combined, dried (Na2S04> or-
ganic layers left a diastereomeric mixture of amines 4 and 5 as an
oil (537 mg, 84%). The ratio of major to minor diastereomer was
3:1 (by nmr). Recrystallization from MeOH (2 ml) gave a solid
(380 mg, mp 72-81°). The ratio of major to minor diastereomer in
the solid was 6:1 (by nmr). On glpc analysis (3% SE-30 on Chro-
mosorb W, 155°, 37 ml/min), the solid produced two peaks with
retention times of 425 (minor) and 45.0 min (major). When
subjected to glpc-mass spectrum, these glpc peaks corresponded
to the following mass spectra: minor diastereomer m/e (rel inten-
sity) 331 (100), 316 (38), 314 (19), 285 (19), 275 (35), 260 (19), 259
(92), 245 (37), 231 (67); major diastereomer m/e (rel intensity)
331 (99), 316 (38), 314 (22), 285 (22), 275 (27), 260 (22), 259 (100),
245 (36), 231 (60); high resolution chemical ionization mass spec-
trum, 322.2581 (calcd for C2iH 34N 0 2, 322.2589).

Registry No.—4, 51014-90-5; 5, 51064-86-9; 6, 22976-40-5; 8,
3410-84-2; 9, 51015-16-8; 10, 51014-91-6; 11, 51014-92-7; 14, 51014-
93-8; 16, 51014-94-9; 18, 51014-95-0; 19, 51014-96-1; 20, 51014-97-2;
22, 51014-98-3; 24, 51014-99-4; 25, 51015-00-0; 26, 51015-17-9; 27,
51015-01-1; olivetol, 500-66-3.
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The synthesis of the four £)-homo ketones from commercially available 17-oxo steroids is described. A key
step in an alternate synthesis of the 1-ketone is a selective silver carbonate oxidation of a 17/3-hydroxyl group in
the presence of 1-hydroxyl groups in the 5a-androstane series. Sodium borohydride reduction of the ketones
gives similar results to the analogs, while the almost exclusive la-alcohol formation can be explained in terms

of “steric intermediate control.”

Previous studies on monofunctional D-homoandrostanes
have been concerned with those possessing functional
groups in the expanded terminal ring.2 In connection with
other work we required the title compounds, thus exclud-
ing many D-homo rearrangements3 as potential synthetic

methods, as the products contain undesired groupings,
such as alkyl groups, in the D ring. The earlier method4 of
expanding androstan-17-ones (1) has several disadvan-
tages, discussed previously,5 such as the reversible forma-
tion of cyanohydrins 2, using potentially hazardous cya-
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Scheme |
b, Ri-3-OH;R, = H2
. R1= H2R2= ~-OH

d,R, = H2RJ= As-3/3-OH

nides, and the difficulties encountered in their reduction
to hydroxyamines 3. Kirk and Wilson5 also reported a
more convenient synthesis via C(17)-spirooxiranes 4 and
hydroxy azides 5, which we have adopted in our prepara-
tion of the desired ketones.

Although the spirooxiranes 4, formed from the 17-keto
compounds 1, were used directly for the subsequent step,
an attempt was made to determine the epimeric composi-
tion of the oxiranes 4c spectrographically, but overlapping
of the methyl signals in the nmr necessitated an oxidation
of the 3d-hydroxyl group under basic conditions6 to the
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epoxy ketone 12, in which it was estimated that the /3-spi-
rooxirane predominated in the ratio 3:1. The conversion of
the 1-hydroxy 17-ketones la and b could not be achieved
even by prolonged contact with an excess of reagents. The
reasons for this are not clear; in other work7 we found that
5a-androstan-17-one could not be converted completely.
The most reproducible method of reducing the hydroxy-
azides 5 utilized zinc-hydrochloric acid, but, in one case of
extended reaction time with zinc-acetic acid and 5d, co-
pious amounts of D-homo ketones were obtained together
with hydroxyamine 3d (Scheme I).

Huang-Minlon reduction and subsequent oxidation of
3/3-hydroxy-D-homo-5a-androstan-17A- and -17-one (6c)
gave D-homo-5a-androstan-3-one (13).

Like the 3-ketone, D-homo-5a-androstan-l-one (18) was
obtained by the same process from the ring expanded
products, 6a and b, derived from la- (la) or 1/3-hydroxy-
5a-androstan-17-one (Ib), the preparation of which we de-
scribed in an earlier communication.8 The ease of selec-
tive oxidation9 of the 17-hydroxyl group in 5a-androstane-
la,17/3-diol (11), prompted us to test it on the 1/3,17/3-diol
(10) where it proceeded smoothly.10

At the same time we considered obtaining the 1-ketone
from the 3-ketone by the established proceduresll (7c —»
18). We were unable to convert the A2-la-ol 16 directly
into the desired ketone by hydrogenation with 10% palla-
dium on charcoal; the A2I1,17-dione 8 likewise was un-
changed under the same conditions. As in the androstane
series (8 —* Ib + 9),8 the oxidation product 17 of the A2-
la-ol was hydrogenated, forming a 1:1 mixture of D-
homo-5a-androstan-l-one (18) and the corresponding 1/3-
alcohol 7b (Scheme II). Although variation in quantity of
catalyst and reaction time did not lead to increased alco-
hol formation, it appears to be one of the few methods of
obtaining reasonable amounts of 1/3-orientated alcohols.

The available methods of converting 3- to 2-keto ste-
roids have been summarized recently by authorsi2 inter-
ested in the transposition of oxo groups with adjacent
methylene groups. The intermediates were not purified
until the final stages of the synthesis (19 —m23), which is
an alternative to that previously reported,13 where the 3-
acetoxy 2-ketone 22 was obtained directly from 2a-ace-
toxy-D-homo-5a -androstan-3-one.

The first objective in the synthesis of D-homo-5a-an-
drostan-4-one (29b) was D-homoandrost-4-ene (27), and,
although lithium aluminum hydride-aluminum chloride
has been used for the reduction of androst-4-en-3-one,14
conversion to the thioketal 26 and desulfurization with
sodamide in liqguid ammonia was more effective. Hydrobo-
ration of 27 gave an alcohol mixture 28, which was oxi-
dized directly to a mixture of 29b and the 5/3-epimer 29a,
the former predominating as in the normal series.15

Scheme I
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Table |
Borohydride Reduction Products (%) from fl-Homo
Ketones: Comparison with Normal Series

Ketone - D-Homo alcohol-—--- . ~—-—-Androstane series-——- .
position Axial Equatorial Axial Equatorial Ref
1 ca. 100 None de- ca. 100 None de-
tected tected
2 66 34 68 32 a
3 20 80 14 86 b
4 83 17 90 10 a

<]. M. Clark, A. S. Clegg, W. A. Denny, E. R.H. Jones,
G. D. Meakins, and A. Pendlebury, J. Chem. Soc. Perkin
Trans., 499 (1972). 6Cholestane series: O. H. Wheeler and
J. L. Mateos, Can. J. Chem., 36, 1049 (1958).

Reduction of the Title Ketones. The results-of borohy-
dride reduction are presented in Table I; those for the 2-,
3-, and 4-ketones are very similar to the values for the
normal series. It is interesting to compare the metal hy-
dride reduction of 1-ketones with the similarly situated
D-homo 17A-ketones which yield the more stable 17A/3-
alcohol as the major product.2’ Inspection of models indi-
cates that the only appreciable difference between the
surroundings of the two carbonyl groups is the close prox-
imity of C(Il) to C(l). Since reagent approach occurs
from the a side of the molecule in the 17A-ketone, then it
should approach from that side in the 1-ketone, as access
is even more limited on the /3 side by the C(Il) hydrogens.
That the reagent evidently attacks from the (1 face must
be due to steric compression between the 1la hydrogen
and any bulky borohydride-carbonyl complex as it is
forced into the Id position. Hence a less desirable ap-
proach from the ;3 direction is aided by the relative ease
with which the intermediate complex can assume the la
configuration. Thus the 1-ketone is a special case, in
which the controlling factor is not “steric approach con-
trol” 16 but rather what we term “steric intermediate con-
trol.”

Experimental Sectionl7

Melting points determined with a Reichert apparatus are un-
corrected. Infrared spectra were obtained as chloroform solutions
with a Perkin-Elmer 257. Nmr spectra were run on a Varian S-
60T, as deuteriochloroform solutions containing tetramethylsil-
ane. Singlets are undesignated but the notation d = doublet, t =
triplet, g = quartet, sx = sextet, m = multiplet is used to de-
scribe the multiplicity of more complex signals, and V7y2 =
width at half peak height. Thin layer chromatography, tic, and
preparative layer chromatography, pic, employed Camag silica
gel type D, in thicknesses of 0.25 and 1 mm, respectively. In pic
the samples were applied by an automatic applicator,18 in
amounts of 50 to 80 mg per 20 X 20 cm plate, and developed with
mixtures of acetone-petroleum ether or ethyl acetate-benzene.
The products isolated are described in order of increasing polari-
ty. The elemental analyses were obtained with a Hewlett-Packard
185B, or determined by Dr. F. B. Strauss, Oxford. “Extraction”
indicates chloroform extraction, followed by washing with sodium
carbonate solution where appropriate, drying, etc., unless other-
wise indicated.

5a-Androstane-lo ,17/j-diol (11) and 5«-Androstane-1/317/3-
diol (10). 5a-Androstane-1,17-dione (9,19 174 mg) was stirred with
150 mg of sodium borohydride in 10 ml of methanol for 1 hr. Ad-
dition of water and extraction gave the diol 11 (163 mg): nmr r
9.25 (CH318), 9.18 (CH3-19), 6.30 (m, WV2 = 12 Hz, H-Il, H-17
overlapped).

The 1/3-hydroxy 17-ketone8 Ib (50 mg) was treated similarly
with 42 mg of sodium borohydride in 3 ml of methanol giving the
1/3,17/3-diol (47 mg): mp 186-188° from acetone-hexane; rmax 3610
cm-1;, nmrr 9.25 (CH3-18), 9.14 (CH3-19), 6.63 (q, J = 10, 5 Hz,
H-I), and 6.37 (t, J = 8, 8Hz, H-17) overlapped.

Anal. Calcd for C19H320 2: C, 78.0; H, 11.0. Found: C, 78.2; H,
111

k(-Hydroxy-5tt-androstan-17-one (la) and 1/3-Hydroxy-5a-
androstan-17-one (Ib). The crude diol 11 (160 mg) was refluxed

Contreras, et al.

with 8.5 g of silver carbonate on Celite9 in 25 ml of dry toluene for
1 hr, the reaction being monitored by tic. Filtration of insoluble
material, which was washed with acetone, and evaporation gave
an oil which was separated by pic into the diketone 9 (10 mg),
and hydroxy ketone la (112 mg), mp8152-153°.

Similarly the diol 10 (30 mg) was refluxed with 1.5 g of silver
carbonate on Celite in 10 ml of toluene for 30 min giving the hy-
droxy ketone Ib (22 mg), mp 168°, undepressed on admixture
with the hydrogenation product of the endione 8.8

Ring A Hydroxy-Z)-homoandrostan-17A- and -17-ones 6. So-
dium hydride (50% in oil, 12 g) was washed with dry benzene,
and added in portions to a stirred suspension of 25 g of trimethy-
loxosulfonium iodide in 120 ml of dimethylformamide under ni-
trogen. After hydrogen evolution, 10 g of 3/3-hydroxy-5a-andros-
tan-17-one (Ic) was added and stirring continued until tic analy-
sis by green spot formation in iodine vapor, and the lack of car-
bonyl absorption in the ir, indicated completion of the reaction.
Addition of water and extraction with ethyl acetate gave a quan-
titative yield of solid spirooxiranes 4c: j/max 3600, 3420, 1023
cm-1; nmr r 9.16 (CH3-19 and CH318 of 17a-oxirane), 9.11
(CH3-18 of 17/3-oxirane), 7.43 and 7.13 (2d, J = 5 Hz, H-20), 6.45
(m, Wy2 = 24 Hz, H-3).

Spirooxirane 4d was similarly prepared in ca. 98% yield, from
10 g of Id, while conversions of 132 mg of la and 167 mg of Ib re-
sulted in yields of ca. 70%, due to incomplete reaction, subse-
guent separation of product from starting material by pic, and re-
cyclization. 4a: nmr r 9.16 (CH3-19 and CH3-18 of 17a-epoxide),
9.10 (CH3-18, /3-epoxide), 7.40 and 7.10 (2d, J = 5 Hz, H-20), 6.30
(m, W2 = 7 Hz, H-I). 4b: nmr r 9.17 (CH3-18, a-epoxide), 9.14
(CH319), 9.10 (CH3-18, /3-epoxide), 7.43 and 7.10 (2d, J = 5 Hgz,
H-20), 6.61 (m, Wv2 = 18 Hz, H-l). 4d: "max 3600, 1615, 1050
cm-'; nmrr 9.09 (CH319), 8.95 (CH3-18), 7.30 and 6.90 (2d, J =
5 Hz, H-20), 6.50 (m, Wv2 = 20 Hz, H-3), 4.63 (m, W1/2 = Hz,
H-6).

The spirooxiranes 4c (10 g) were heated at reflux temperature
with 10 g of sodium azide and 10 g of boric acid for 4.5 hr. Dilu-
tion with water and extraction with ethyl acetate gave a 98%
yield of hydroxy azide 5c. The hydroxy azides 5a, b, and d were
similarly prepared. All showed the characteristic azide absorption
"mex 2100 cm- 1.

The crude hydroxy azide 5c obtained in the above reaction was
dissolved in 150 ml of acetone and 50 ml of concentrated hydro-
chloric acid, and zinc powder was added in small portions until
nitrogen evolution had ceased. The remaining zinc was filtered
out and washed with acetone. The combined filtrate and wash-
ings were diluted with 500 ml of water and extracted with ether to
remove neutral components. The stirred layer was cooled to below
5° and 24 g of sodium nitrite added in portions. The solution was
kept at this temperature overnight, before extraction gave 7.3 g of
3/3-hydroxy-D-homo-5a-androstan-17A- and -17-ones (6c): emax
3600, 1700 cm-1; nmr r 9.19 (CH319), 890 (CH3-18), 6.42 (m,
Wy2 = 22 Hz, H-3). Similarly obtained, with corresponding
guantities, were 3/3-hydroxy-D-homoandrost-5-en-17A- and -17-
ones (6d) [%al 3600, 1695, 1615 cm- nmr 7 8.99 (CH3-19), 8.87
(CH3-18), 6.42 (m, Wv2 = 19 Hz, H-3), 4.67 (m, WII2 = 8 Hz,
H-6) in comparable yield to 6c], 1/3-hydroxy-D-homo-5a-andros-
tan-17A- and -17-ones (6b, 26 mg) [vma\ 1710 cm-1; nmr r 8.93
(CH318), 9.15 (CH319), 6.53 (m, Wv2 = 16 Hz, H-I)], and la-
hydroxy-D-homo-5a-androstan-17A- and -17-ones (6a, 29 mg)
[rmex 1712 cm R nmr r 9.15 (CH3-18), 9.01 (CH3-19), 6.30 (m,
F/2 = 5Hz, H-I)].

17,20-Epoxy-21-nor-17-norpregnan-3-ones (12). A standard
Sarrett reaction converted 4c (1 g) into the epoxy ketones 12 (870
mg): fma, 1710, 1050 cm-1; nmr r 9.14 (CH3-18 of a-epoxide),
9.07 (CH3-18 of /3-epoxide), 8.94 (CH3-19), 7.37 and 7.13 (2d, J =
5Hz, H-20).

Huang-Minlon Reduction of Hydroxy Ketones 6. The usual
reaction conditions were used to convert hydroxy ketone 6a (24
mg) to D-homo-5a-androstan-la-ol (7a, 16 mg), hydroxy ketone
6b (24 mg) to D-homo-5a-androstan-1/3-ol (7b, 17 mg), and hy-
droxy ketone 6c (4 g) to D-homo-5a-androstan-3/3-ol (2.3 g). (See
Table Il for properties.) Similarly the enol 7d, recrystallized from
methanol (1.8 g), mp 137-138° (lit.5 137-139°), was obtained from
hydroxy ketone 6d (2.2 g).

D-Homo-5a-androstan-3-one (13). Oxidation of the 3)3-alcohol
7c (2.2 g) by Jones reagent gave 2.15 g 13, recrystallized from
methanol: mp 167-168° (lit.20 168.5-170°); "max 1700 cm -1, nmr r
9.14 (CH3-18), 8.98 (CH3-19).

D-Homoandrost-l-en-3-one (14). Bromine (284 mg) dissolved
in 2 ml of glacial acetic acid was added dropwise to a stirred solu-
tion of 445 mg of 3-ketone 13 in 6 ml of acetic acid and 3 drops of
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Table 11
-Anal, found, % ------ n Nmr, r,

Registry mo. C H Mp, °C c-19 c-18 H-C-OH Wm, Hz

Alcohol
51056-93-0 la 83.0 11.6 128-129 9.22 9.18 6.30 6
51056-94-1 id 82.7 11.6 109-112 9.18 9.17 6.60 13
51064-96-1 2a 82.6 12.0 145-148 9.21 9.19 6.33 22
51056-95-2 23 82.9 11.8 153-154 8.98 9.17 5.84 8
51056-96-3 3a 171-174° 9.17 9.22 5.97 7
51056-97-4 3d 141-144 9.19 9.19 6.40 24
51056-98-5 4a 82.6 11.9 167-169 9.20 9.19 6.60 18
51056-99-6 ad 82.4 11.5 123 8.95 9.20 6.20 6

Acetate
51108-11-3 la 79.7 10.7 65-67 9.16 9.19 5.16 5
51057-00-2 id 79.7 10.7 51-52 9.07 9.21 5.40 10
51057-01-3 2a 79.6 11.0 89-91 9.18 9.18 5.16 18
51057-02-4 2d 79.7 11.0 80-81 9.07 9.19 4.93 9
51057-03-5 3a 79.8 11.0 98-104 9.21 9.17 5.00 7
51064-97-2 3d 79.8 10.9 113-117 9.18 9.18 5.31 24
51057-04-6 4a 79.7 10.7 150-153 9.16 9.18 5.24 22
51057-05-7 4d 79.5 10.9 133-135 8.98 9.19 5.10 4

“ Calcd for c2oH340: C, 82.7; H, 11.8, and C2H3) 2 C, 79.5; H, 10.9. Acetate protons appear at ca. £8.0. bLit.D mp 168-

169°. ' Lit.Dmp 143.5°.

48% hydrobromic acid; dilution with water and extraction left 481
mg of a gum which was refluxed in 10 ml of dimethylformamide
with 300 mg of lithium carbonate-lithium bromide. Addition of
water and extraction gave a gum. Purification by pic yielded 14
(210 mg), recrystallized from methanol: mp 135-138°; i/max 1670
cm-1 nmrr 9.13 (CH318), 8.97 (CH319), 4.18 (d, J = 10 Hz,
H-1), 2.99 (d, «7= 10 Hz, H-2).

Anal. Calcd for C20H300: C, 83.9; H, 10.6. Found: C, 83.8; H,
10.6.

la,2ff-Oxido-D-homo-5«-androstan-.'l-one  (15). The AJ-3-
ketone (200 mg), in 5 ml of dioxane was treated with 5 ml of 5%
sodium hydroxide solution, and 3 ml of 35% hydrogen peroxide.
After 3 hr the solution was diluted with water and extracted con-
tinuously giving after pic, 191 mg of white solid, recrystallized
from methanol: mp 132-135° ismax 1710, 875 cm"1, nmr r 9.14
(CH3-18 and -19 superimposed), 6.80 (d, J = 4 Hz, H-2), 6.47 (d,
J = 4Hz, H-I).

Anal. Calcd for C20H3002: C, 79.4; H, 10.0. Found: C, 79.2; H,
9.9.

D-Homo-5«-androst-2-en-l«-ol (16). A mixture of 156 mg of
epoxide 15 in 3 ml of hydrazine hydrate was heated at 135° for 35
min. Dilution with water and extraction gave 152 mg of solid re-
crystallized from methanol: mp 96-97°; i/max 3605, 1610 cm-1;
nmrr 9.29 (CH319), 9.17 (CH3-18), 6.30 (m, W12 = 7 Hz, H-I),
4.20 (2d superimposed, s - 3Hz, H-2, and H-3).

Anal. Calcd for C20H320: C, 83.3; H, 11.2. Found: C, 83.6; H,
10.9.

D-Homo-5a-androst-2-en-l-one (17). Oxidation of allylic alco-
hol 16 (130 mg) with Jones reagent gave the enone 17, recrystal-
lized from methanol (123 mg): mp 106-108°; rmex 1673 cm '1;, nmr
r 9.15 (CH3-18), 8.93 (CH3-19), 4.25 (sx, J = 11, 2, 2 Hz, H-2),
3.35 (m, one coupling of 11 Hz discernible, H-3).

Anal Calcd for C20H320: C, 83.9; H, 10.6. Found: C, 83.6; H,
10.9.

Catalytic Hydrogenation of Enone 17. The enone (103 mg)
was hydrogenated in 8 ml of glacial acetic acid containing 40 mg
of Adams catalyst. Filtration and solvent evaporation gave a gum
which was separated by pic into the fd-alcohol 7b (39 mg), iden-
tical with that obtained previously, and D-homo-5a-androstan-I-
one (18, 37 mg): mp 100-102°; mex 1697 cm-1; nmrr 9.17 (CH3
18), 8.84 (CH3-19).

Anal Calcd for C20H300: C, 83.3; H, 11.2. Found: C, 83.3; H,
11.0.

2-p-Methoxybenzylidene-D-homo-5a-androstan-3-yl Ace-
tates (21). The anisylidene alcohols 20 (1.6 g) were acetylated with
dehyde, and 5 g of potassium hydroxide in 3 ml of water with 10
ml of ethanol was stirred for 6 hr at room temperature in the
dark. Filtration and recrystallization from ethanol gave 19 (1.8 g):
mp 206-207°; rmax 1670 cm-1; nmr r 9.24 (CH3-19), 9.20 (CH3
18), 7.20 (CH30-), 6.88 (d, J = 15 Hz, H-l), 2.86 (4 H, symmetri-
cal m, CéH4), 2.40 (m, H-olefinic).

Anal Calcd for C28H3802: C, 82.7; H, 9.4. Found: C, 82.8; H,
9.4.

2-p-Methoxybenzylidene-D-homo-5a-androstan-3-ols (20).
The anisylidene ketone 19 (1.8 g) was reduced with sodium bor-

ohydride as in the first experiment to the anisylidene alcohols (20
(1.6 g): Kmex 3570 cm"1; nmrr 9.33 (CH3-19), 9.22 (CH3-18), 7.03
(d, 3 = 13 Hz, H-I), 6.21 (s, CH30-), 583 (m, Wv2 = 18 Hz,
H-3), 3.43 (m, Wy2 = 8 Hz, H-olefinic), 3.06 (4 H, symmetrical
m, CéH4).

2-p-Methoxybenzylidene-D-homo-5a -androstan-3-yl Acet-
ates (21). The anisylidene alcohols 20 (1.6 g) were acetylated with
acetic, anhydride-pyridine under the usual conditions producing
the acetates 21 (1.6 g), rmex 1730 cm-1.

38-Acetoxy-D-homo-5a-androstan-2-one (22). Ozone was
passed through a solution of 0.5 g of anisylidene acetate 21 in 34
ml of methanol and 27 ml of ethyl acetate at —70° until a blue
color persisted, followed by nitrogen. Glacial acetic acid was
added, and after warming to 30°, 10 g of zinc dust was added
carefully. The zinc was filtered off and washed with ethyl acetate.
Pic of the concentrated filtrate and washings gave the 3d-acetoxy-
2-one 22 (186 mg), mp13188-191°.

Anal Calcd for C2H3403: C, 76.2; H, 9.9. Found: C, 76.5; H,
9.8.

D-Homo-5a-androstan-2-one (23). The acetoxy ketone 22 (80
mg) was refluxed for 3 hr with 6 g of activated zinc in 17 ml of
glacial acetic acid. The solution was filtered and the zinc washed
with acetic acid. After dilution with water, the combined filtrate
and washings were extracted. Separation by pic yielded material
of low polarity, probably hydrocarbons, starting material (41 mg),
and the ketone 23 (52 mg), mp13 160-163°.

Anal Calcd for C20H320: C, 83.3; H, 11.2. Found: C, 83.4; H,
11.3.

7)-Homoandrost-4-en-3-one (25). Solvent (40 ml) was distilled
from a solution of 1.64 g of 3/3-hydroxy-D-homoandrost-5-ene in
100 ml of dry toluene, using a Dean-Stark apparatus. Cyclohexa-
none (18 ml) was added and another 15 ml of solvent distilled off,
followed by the dropwise addition of 900 mg of aluminum isopro-
poxide in 20 ml of dry toluene, while simultaneously distilling off
20 ml of solvent. The mixture was cooled and treated with 20 ml
of saturated solution of sodium potassium tartrate. The resulting
yellow residue was steam distilled and extracted, leaving 142 g
A43-one 25, recrystallized from methanol: mp 145° vmex 1670,
1610cm-"; nmrr 9.12 (CH3-18), 8.79 (CH3-19), 4.34 (H-4).

Anal. Calcd for C20H300: C, 83.9; H, 10.6. Found: C, 83.8; H,
10.5.

Ethylene Thioketal of D-Homoandrost-4-en-3-one 26. Boron
trifluoride etherate (1 ml) and 2 ml of ethylene thioglycol were
added to 1.5 g of enone 25 in 40 ml of glacial acetic acid. After
30 min the precipitate was collected, washed with 80% acetic acid,
and dried under vacuum, giving 26 (1.75 g): mp 151° from
methanol; j/max 1640, 635 cm-1; nmr r 9.15 (CH3-18), 8.97 (CH3-
19), 6.66 [t, J= 2,2Hz, (SCH2)], 4.53 (H-4).

Anal Calcd for C2H34S2: C, 72.5; H, 10.0. Found: C, 72.4; H.
9.8.

D-Homoandrost-4-ene (27). The thioketal 26 (730 mg) in 25 ml
of dry tetrahydrofuran was added to a stirred solution of sodam-
ide in liquid ammonia during 1 hr at -70°. The usual work-up
gave 596 mg of alkene 27 recrystallized from methanol: mp 80-
82°% rmex 1640 cm-1; nmr r 9.17 (CH3-18), 8.97 (CH319), 4.72
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(m, W1/2 = 8 Hz, H-4).

Anal. Calcd for C20H32: C, 88.2; H, 11.8. Found: C, 88.3; H,
11.7.

Hydroboration of D-Homoandrost-4-ene and Subsequent
Oxidation. Diborane was bubbled into a solution of 500 mg of
alkene in 15 ml of tetrahydrofuran during 1.5 hr. After the excess
reagent was destroyed with ice, oxidation (as of 7c) produced 480
mg of oil separated by pic into D-homo-50-androstan-4-one (29a,
78 mg): mp 154-159° from methanol; i/max 1700 cm '1; nmr ¢ 9.18
(CH3-18), 8.88 (CH3-19); a portion sublimed for analysis had mp
166-167° (Anal. Calcd for C20H320: C, 83.3; H, 11.2. Found: 83.0;
H, 11.2) and D-homo-5a-androstan-4-one (29b, 105 mg), recrys-
tallized from methanol: mp 122-124°; nmr r 9.27 (CH3-19), 9.18
(CH3-18); pmex 1710 cm-1 (Anal. Calcd for C20H320: C, 83.3; H,
11.2. Found: C, 83.5; H, 11.2).

Borohydride Reduction of the Title Ketones and Acetylation
of the Alcohols. Similar reduction conditions to those of the first
experiment were employed. Except for the 1-ketone which yielded
the la-alcohol 7a, all gave mixtures, separated by pic into the
components shown in Table I. The acetates were formed under
standard conditions, and their properties together with those of
the alcohols are presented in Table Il. All were recrystallized from
methanol.

Registry No.—la, 29220-43-7; Ib, 42548-29-8; Ic, 481-29-8; Id,
53-43-0; 4a isomer A, 51057-06-8; 4a isomer B, 51057-07-9; 4b iso-
mer A, 51057-08-0; 4b isomer B, 51057-09-1; 4c isomer A, 51057-
10-4; 4c isomer B, 4503-01-9; 4d isomer A, 847-74-5; 4d isomer
B, 847-75-6; 6a 17-one, 51057-11-5; 6a 17A-one, 51057-12-6; 6b
17-one, 51057-13-7; 6b 17A-one, 51057-14-8; 6¢ 17-one, 51057-15-9;
6¢c 17A-one, 26729-16-8; 6d 17-one, 3278-90-8; 6d 17A-one, 3278-
99-7; 9, 10455-05-7; 10, 51153-08-3; 11, 7417-23-4; 12 isomer A,
51057-16-0; 12 isomer B, 51057-17-1; 13, 39851-65-5; 14, 51057-18-2;
15, 5X057-19-3; 16, 51057-20-6; 17, 51057-21-7; 18, 51057-22-8; 19,
51057-23-9; 3a-20, 51057-24-0; 30-20, 51057-25-1; 3a-21, 51057-26-
2; 30-21, 51057-27-3; 22, 39851-67-7; 23, 39851-68-8; 24, 51057-28-4;
25, 51057-29-5; 26, 51057-30-8; 27, 51057-31-9; 29a, 51057-32-0;
29b, 51057-33-1.
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Preparation of ethyl 4-hydroxy-2H-1,2-benzothiazine-3-carboxylate 1,1-dioxide (2c) is described. Treatment of
2c with ammonia gave carboxamide 8, whose reactions with ethyl chloroformate could be directed to afford ei-
ther 3-(ethoxycarbonyl)carbamoyl-4-hydroxy-2Ji-1,2-benzothiazine 1,1-dioxide (22), ethyl 3-(ethoxycarbonyl)-
carbamoyl-4-hydroxy-2R-l,2-benzothiazine-2-carboxylate 1,1-dioxide (25), or 2/i,5if-1,3-oxazino[5,6-c][l,2]ben-
zothiazine-2,4(3.fi)-dione 6,6-dioxide (24a). Alkylation reactions of 2c with methyl iodide and 1,2-dibromoethane
are compared with those of 3-acetyl-4-hydroxy-2H-I,2-benzothiazine 1,1-dioxide (2b). Mass spectral evidence is
presented for the assignment of structure 13 to the products of 2b with ammonia and primary amines.

In 1956, Abe, Yamamoto, and Matsuil reported the
base-induced rearrangement of N-phenacylsaccharin la
to 3-benzoyl-4-hydroxy-2if-1,2-benzothiazine 1,1-dioxide
(2a) (Scheme 1). Since then, rearrangements of a wide va-
riety of JV-/3-keto-substituted saccharins have been stud-
ied.2a’b

Our interest in the chemistry of ring system 2 was stim-
ulated by its apparent polydentate character, which of-
fered potential versatility for preparation of a variety of
novel derivatives for pharmacological testing.

We wish to report here and in an accompanying paper3
our findings with some alkylation and amination reactions
carried out on the known 3-acetyl derivative 2b and the
previously unreported ethyl 4-hydroxy-2/7-1,2-benzothia-
zine-3-carboxylate 1,1-dioxide (2c).4

Results and Discussion

Synthesis of ester 2¢ was carried out analogously to that
reported for ketones 2al and 2b;2a however, higher base
concentration and longer reaction times were required to
achieve satisfactory yields.5

Conventional alkylation reactions of 2a and 2b have
been shown to occur preferentially at sulfonamide nitro-
gen.23 Ester 2c behaves similarly, providing alkylated prod-
ucts 3c and 3d6 upon treatment with methyl iodide and
ethyl bromoacetate, respectively (Scheme I).

Ketone 2b and ester 2c both undergo cycloalkylation
when treated with 1,2-dibromoethane. However, the
course of these reactions differs, as illustrated in Scheme
Il. Formation of oxazine 4 from 2b and azetidine 6 from 2c
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Scheme 1
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reflects the enhanced nucleophilic character of the 3-keto
oxygen atom as compared to that of the ester carbonyl.
When 2c¢ was allowed to react with 1,3-dibromopropane,
pyrrolidine 7, analogous to 6, was obtained. Both products
6 and 7 gave negative ferric chloride tests and their uv
spectra, unlike that of 4 (Table I1), were virtually identi-
cal with the published spectrum of 2H-l,2-benzothiazin-
4(3H)-one 1,1-dioxide (5).7

Scheme 11

Reaction of ester 2c with agueous ammonia gave 3-car-
boxamide 8 in 90% yield (Scheme IIl). Treatment of 8
with methyl iodide gave in 56% yield 2-methyl derivative
9, whose structure was confirmed by ammonolysis of 2-
methyl-3-carboxylate 3c. Reaction of 3c with ammonia
was largely incomplete after 5 months, indicating severe
steric hindrance caused by the 2-methyl substituent.
When allowed to stand in the presence of excess aqueous
methylamine, ester 2c gave only ketone 57 in poor yield
along with unchanged starting material.

Employing the conditions of Zinnes2a for the conversion
of 2b to isopropyl ether 10a, amide 8 gave, in 35% vyield,
methoxyamide 10b (negative ferric chloride test). Treat-
ment of 8 in 1,2-dimethoxyethane with 2 equiv of diazo-
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Scheme 111

108, R = Me; R' =f-Pr
b, R= N2 R' = Me OH 0

methane gave amide 9 in 20% yield. No enol ether 10b
was isolated.

Alkylation of amide 8 with methyl bromoacetate afford-
ed 2-acetate 11, whose cyclization to imide 12 was effected
in warm sulfuric acid.

Agqueous solutions of ammonia, methylamine, and ben-
zylamine were found to react with 2b in excellent yields,
affording vinylogous amides 13a-c. Aniline failed to react
with 2b under agueous conditions; however, 13d was ob-
tained in 60% yield upon warming 2b neat with excess
amine (Scheme 1V). Compounds 13a-d were intensely yel-
low, generally retained solubility in dilute aqueous alkali,
and gave negative ferric chloride tests.

Scheme IV

Phenylhydrazone 13e has been reported8 but no struc-
ture proof was given. Published uv data for 13e are com-
pared with those of 13a-d and 2-methyl derivative 14 in
Table I.

Alternate structure 15, which could have conceivably
arisen from the reaction of 2b with primary amines, was
ruled out by mass spectroscopic examination of represen-
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a, R = Me
b, R=Ph
Scheme VI

Rasmussen

Scheme V

18, m/e 104, 105

17a, m/e 83
b, m/e 145

-HCN

'C=CH,

19a, m/e 56
b, m/e 118

tative compounds 13b and 13d. The salient features of
these results are shown in Scheme V and Table II.

Relatively abundant ions common to both 13b and 13d
were observed at m/e 157 and 158, indicating structural
similarity. In accordance with Spiteller's observations,9
13b and 13d primarily undergo loss of SO2.

We, therefore, favor structure 13 over 15 because (1)
ions assigned structures 17a and 17b are base and 89% of
base peaks, respectively, and (2) no significant peak at
m/e 43, corresponding to loss of CH3CO+, was observed in
either spectrum. It is expected that such a fragment
would be relatively abundant if 15 were the correct struc-
ture.10

Ethoxycarbonylation of amide 8 was carried out in
DMF containing 1 equiv of sodium methoxide in an at-
tempt to obtain 2-ethoxycarbonyl-3-carboxamide 21
(Scheme VI). The only product isolated from this reaction
in poor yield was the 3-TV-ethoxycarbonylamide 22. The
structure of 22 was confirmed by the transformations 9 —=
23 and 22 — 23.

At temperatures near 200°, 22 and 23 decomposed to
give new compounds. These decomposition products were
assigned oxazinedione structures 24a and 24b on the basis
of negative ferric chloride tests, solubility in aqueous al-
kali, uv spectra, and elemental analyses. Imide 26, which
could have conceivably arisen from 23, was ruled out be-
cause of the negative ferric chloride test.5

Treatment of aqueous alkaline solutions of either 8 or 22
with excess ethyl chloroformate gave the TV Ar-diethoxy-
carbonyl derivative 25 as a sodium salt which separated
from the reaction medium at pH values of ca. 8-10. Simi-
larly, 2-methylamide 9 afforded 23 as a sodium salt. Ex-
cess chloroformate and concentrated sodium hydroxide ef-
fected direct conversion of 8 to 24a in 70% yield.

Although occurring in the presence of substituted sul-
fonamide nitrogen (9 —a23), ethoxycarbonylation of 2-un-
substituted amide 8 may, like alkylation, take place at
the 2 position, affording intermediate 21. Under basic
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Table I
Physical Data of Vinylogs 4, 13a--e, and 14
Compd Mp, °C* R Yield, % *NH, cm+16 vC=0,cm-1 (MeOH), nm (t) Formula

4 157.5-158.5 35 1660 256 (8,450) CuH,NO0&S
330 (6,100)

13a 259-261 dec H 91 3380, 3140 1615 249 (9,800) C10H10N 203S
(KBr) (KBr) 358 (11,300)

14 199-201 42 3475,3400 1610 245 (10,500) 011H-12N 203S
351 (11,000)

13b 235-236 dec ch3 81 3300 1605 252 (9,800) CI1H12N203S
370 (13,700)

13c 196-199 CHZh 73 3305, 3220 1602 253 (11,100) G 17H 16-N203S
372 (15,000)

13d 163-165 Ph 63 3350 1608 256 (13,600) CHIMND S
382 (17,100)
13e 175-170° NHPh 239 (12,000)*

387 (13,500)

° Uncorrected. *Chloroform unless otherwise specified. ° Data taken from ref 8. dEtOH (95%). *Satisfactory analytical
values (x0.3% for C, H, N, S) were reported for all compounds in table: Ed.

Table 11
Fragmentation of 3-[(I-Methylamino)- and -(I-anilino)ethylidene]-2fi-l1,2-benzothiazine-4i3ff) -one
1,1-Dioxides at 70 eV

Assignment

m/e (intensity)“

13b 13d
m/e (intensity)“

M + 252 (31) ] 314 (100) ]

13 - HCN 225 (3) m*140.3t >m* 199.0*
13 - CH®N 224 (2)

16 (13 - S02 188 (13) 250 (38)

16 - H 187 (<5) 1 * 155 gj 249 (24) (s 2179w
16 - CH3and/or NH 173(16) 235 (12)

16 - NHj 171 (8) > 233 (18) »

16 - RNH 158 (11) 158 (11)

20 157 (26) 157 (45)

20 - CH3 132 (15) 132 (<5)

17 83 (100) 1m* Sc* 145 (89)

19 56(51) 118 (46)

18 + C,HMN 105 (75) » 105 (51)

18 - H + CH&N + CH®D 104 (8) 104 (12)

PhNH2 93 (33)

Ph 77 (22) 77 (59)

19 - CH2+ 18 - H 42 (31) 104 (12)

chXo 43 (1.4)° 43 (1.7)°

<Expressed as per cent of base peak. bMetastable peaks were observed for the transitions indicated.® See discussion.

conditions, rearrangement of the 2-ethoxycarbonyl group
to the 3-carboxamide nitrogen atom as a contributing
pathway leading to the formation of 22 can be envisioned.
Several unsuccessful experiments avoiding excess base
were carried out in an effort to obtain 21. Thin layer chro-
matograms of the reaction mixtures indicated materials
other than those attributable to 8, 22, and 25. The pres-
ence of 21 in these mixtures remains speculative.

Experimental Section

Melting points were obtained on a Thomas-Hoover apparatus
and are uncorrected. Infrared spectra were recorded on a Perkin-
Elmer Model 521 grating instrument. Uv spectra were obtained
from a Cary 14 spectrophotometer. Nmr spectra were recorded on
a modified Varian A-60. Chemical shifts are recorded in parts per
million (6) relative to tetramethylsilane as internal standard.
Mass spectra were obtained at 70 eV from Morgan-Shaffer Corp.,
Montreal, Canada, and from a Perkin-Elmer Hitachi RMU-6E.
Elemental analyses were obtained from Scandinavian Microana-
lytical Laboratories, Herlev, Denmark. Thin layer chromatograms
were generally carried out on silica gel GF plates with benzene-
acetone mixtures as developing solvents.

Starting Materials, Ib. This compound was prepared accord-
ing to the method of Eckenroth and Klein in 82% yield, mp 142-
144° (lit.11 mp 143°).

Ic. The preparation was carried out according to the method of
Eckenroth and Koerppen123 in 82% yield, mp 104-106° (lit.12a mp
104°, lit.12 mp 107°).

2b. Synthesis of 2b was carried out essentially as reported in
92% yield, mp (155) 157-158.5° (lit.2amp 158-159°).

Ethyl 4-Hydroxy-2fi-l,2-benzothiazine-3-carboxylate 1,1-
Dioxide (2c). To a solution of 57.5 g (2.5 g-atoms) of sodium in 1
I. of absolute EtOH was added 271 g (1.01 mol) of Ic. The rapidly
stirred mixture was warmed to 57-62° and maintained at these
temperatures for 2 hr. The orange slurry was poured onto ice-con-
centrated HC1 (260 ml). Extraction with methylene chloride (5 X
1 1), drying (Na2SO,t), solvent removal in vacuo, and trituration
of the residue with benzene gave 188 g (69%) of product (two
crops). Recrystallization from acetone-benzene afforded the ana-
lytical sample: mp 139.5-141°; ir (CHCI3) 3350, 3240 (OH, NH),
1660, 1608 cm“1 (HOC=CC=0); nmr (CDCI3) d 11.45 (s, enol,
OH or NH), 6.67 (broad singlet, NH or OH), 4.40 (g, J = 7 Hz,
-OCH2-), 1.38 (t, J = 7 Hz, CH2CH3); uv max (MeOH)13 241 nm
(r 4800), 284 (inflection, 3700), 301 (shoulder, 4800), 322 (6600).

Anal. Calcd for CuHNNOsS: C, 49.06; H, 4.12; N, 5.20; S,
1. 91. Found: C, 49.12; H, 4.18; N, 4.88; S, 11.89.

Conventional alkylation procedures gave the following deriva-
tives of 2c.

Ethyl 4-Hydroxy-2-methyl-2ff-1,2-benzothiazine-3-carboxyl-
ate 1,1-Dioxide (3c). Reaction of 2c with methyl iodide in DMF
containing NaOMe gave, after recrystallization from EtOH
(95%)-H 20, pure 3c in 71% yield, mp 136-138°.

Ethyl 3-Ethoxycarbonyl-4-hydroxy-2.fi-1,2-benzothiazine-2-
acetate 1,1-Dioxide (3d).6 This compound was prepared in 72%
yield by reaction of ethyl bromoacetate with 2c in ethanolic
NaOEt. After recrystallization from EtOH (95%), the melting
point was 97-98°.

Anal. Calcd for CI5SHi7N07S: C, 50.70; H, 4.82; N, 3.94. Found:
C, 50.50; H, 4.61; N, 4.09.

3,4-Dihydro-1-methyl-1Iff-1,4-oxazino[4,3-6][l,2]be nzothia-
zin-ll-one 6,6-Dioxide (4). To a solution of 2.3 g (0.1 g-atom) of
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sodium in MeOH (150 ml) was added 23.9 g (0.1 mol) of 2b and
60 ml of DMF. Most of the MeOH was removed in vacuo. To the
residue was,added 75.2 g (0.4 mol) of ethylene dibromide and the
mixture was warmed on the steam bath for 2 hr. Addition of H20
threw down the crude product, which was treated with aqueous
NaOH (10%) to remove base-soluble materials. Recrystallization
of the base-insoluble residue from acetone-MeOH gave 9.36 g
(35%) of pure 4, nmr (CDCI3) AZ2B2 pattern at &4.38 (m, 2,
-OCH2) and 3.87 (m, 2, -CH2N) and 2.51 (s, 3, CH3). See Table
11 for the other physical data.

Since this reaction was run only once, it is assumed that use of
2 equiv of base would substantially improve the yield.

Ethyl 9,9a-Dihydro-9-oxoazetidino[ 1,2-fe] [2H]-1,2-benzothia-
zine-9a-carboxylate 4,4-Dioxide (6). To a solution of 5.75 g (0.25
g-atom) of sodium in 100 ml of MeOH was added 100 ml of DMF.
The mixture was concentrated in vacuo to ca. 75 ml. A solution of
2c in 100 ml of DMF was then added and the orange solution was
cooled to 10°. 1,2-Dibromoethane (23.5 g, 0.125 mol) was added in
one portion with swirling. After heating on the steam bath for 2
hr, most of the solvent was removed in vacuo. After addition of
500 ml of H20, the brown oil was extracted into ether (4 X 250
ml). The combined extracts were washed with aqueous Na2C03
(10%, 5 x 50 ml) and aqueous NaOH (1 TV, 2 x 50 ml). Drying
(MgS04) and solvent removal in vacuo gave 15.3 g (52%) of a
syrup. Fresh ether (100 ml) was added to the residue. Cooling and
scratching gave crystals contaminated with yellow oil. Several re-
crystallizations from ether gave 7.6 g (26%) of pure 6: mp 86.5-
88.5°; uv max (MeOH) 251 nm (e 9660), 289 (1800), and 295 (in-
flection. 1540); ir (CHCI3) 1736 (ester C=0)-and 1684 cm' 1 (aro-
matic C=0); nmr (CDC13) 6 4.35 (g, 2, J = 7 Hz, -OCH2), 4.0
(m, 2, NCH2), 3.4 (m, 1, Hb),14 2.28 (m, 1, Ha), and 1.30 (t, 3, J
= 7Hz, -CH2CH3).

Anal. Calcd for C-3Hi3NO05S: C, 52.87; H, 4.44; N, 4.74; S,
10.86. Found; C, 53.07; H, 4.41; N, 4.89; S, 10.88.

Ethyl 10,10a-Dihydro-10-oxopvrrolidino[l,2-b][27/]-1,2-ben
zothiazine-lOa-carboxylate 5,5-Dioxide (7). The preparation
was carried out on a 0.05-mol scale in a manner analogous to that
described for 6. Several recrystallizations from ether gave 5.3 g
(34%) of pure 7: mp 80.5-83°; uv max (MeOH) 246 nm (e 9250),
288 (1880), and 296 (shoulder, 1540); ir (CHC13) 1735 (ester C=0)
and 1690 cm*“1 (aromatic C=0); nmr (CDCI3)54.28 (q, 2,J = 7
Hz, OCH2), 4.0-3.3 (m, 2, NCH2), 2.72 (m, 2, Ha, Hb),14 2.5-1.6
(m, 2, CH2CH2CH?2), 1.25 (t, 3, J = 7 Hz, OCH2CH3).

Anal. Calcd for C14H15NO5S: C, 54.36; H, 4.89. Found: C,
54.24; H, 4.93.

4-Hydroxy-27/-1,2-benzothiazine-3-carboxamide 1,1-Dioxide
(8). A solution of 53.85 g (0.2 mol) of 2c in 2 pints of aqueous NH3
(58%) was allowed to stand at room temperature for 2 days. Re-
moval of most of the excess NH3 in vacuo, pouring into ice-HCI,
and recrystallization of the resulting solid from acetone-MeOH
gave 43 g (90%) of 8: mp 244-247° dec; uv max (MeOH) 226 nm
(c 8000), 297 (shoulder, 6100), 313 (7300), and 361 (shoulder,

1450); ir (KBr) 3485 (NH), 1653 and 1645 cm“1 (HOC=C-
CONH2).
Anal. Calcd for COH8N204S: C, 45.00; H, 3.36; N, 11.66; S,

13.35. Found; C, 45.10; H, 3.32; N, 11.64; S, 13.35.
4-Hydroxy-2-methyl-27/-1,2-benzothiazine-3-carboxamide

1.1- Dioxide (9). Method A. The preparation was carried out by
reaction of methyl iodide (7.8 g, 0.055 mol) with 12.0 g (0.055 mol)
of amide 8 in the presence of NaOMe (0.055 mol) in DMF. Con-
ventional work-up and recrystallization from acetone gave 7.1 g
(56%) of pure product, mp 240-245° dec.

Anal. Calcd for CioHioN204S: C, 47.24; H, 3.96. Found: C,
47.22; H, 4.08.

Method B. Ester 3c (2.82 g, 0.01 mol) was dissolved in 100 ml
of aqueous NH3 (28%), tightly stoppered, and allowed to stand
for 5 months. Acidic work-up and recrystallization from acetone
gave 9 identical in all respects with that obtained from method
A.

4-Methoxy-2-methyl-27/-1,2-benzothiazine-3-carboxamide
1.1- Dioxide (10). A solution of 12.0 g (0.05 mol) of 8and 71 g (0.5
mol) of methyl iodide in 500 ml of acetone was allowed to reflux
for 6 hr in the presence of 85 g of anhydrous K2C 03. After stand-
ing overnight, filtration and solvent removal in vacuo gave a semi-
solid gum. Trituration with H20 followed by MeOH gave 6.2 g
(46%) of crystals (two crops). Recrystallization from acetone gave
4.7 g (35%) of pure 10: mp 208-218°; ir (KBr) 3445, 3335, 3260
(NH), 1675-1670 (CONH2), and 1590 cm*“1l (C—C); uv max
(MeOH) 230 nm (inflection, e 8450), 281 (shoulder 9000), 287
(9300), and 306 (8800); nmr (DMSO-d6) 5 3.75 (s, 3, OCH3) and
2.97 (s, 3, NCH3).

Rasmussen

Anal. Calcd for ChHi2N204S: C, 49.24; H, 451; N, 10.44; S,
11.95. Found: C, 4931, H, 459; N, 10.20; S, 11.92.

Methyl 3-Carbamoyl-4-hydroxy-2T/-1,2-benzothiazine-2-ace-
tate 1,1-Dioxide (11). A solution of 1.55 g (0.067 g-atom) of sodi-
um in absolute MeOH was evaporated to near dryness in vacuo.
To the residue was added 60 ml of dry DMF followed by 16.05 g
(0.067 mol) of amide 8. To the resulting solution was added, with
stirring, 10.4 g (0.067 mol) of methyl bromoacetate over 5 min.
After stirring overnight at ambient temperature, the solvent was
removed in vacuo and the residue was treated with H20. Recrys-
tallization of the resulting solid from acetone gave 15.5 g (74%) of
pure 11 as colorless crystals: mp 223-225° dec; ir (KBr) 1750
(CH2C 02Me), 1655 and 1607 cm“1 (HOC=CCONH?2).

Anal. Calcd for Ci2H12N206S: C, 46.12; H, 3.87; N, 8.97; S,
10.27. Found: C, 46.30; H, 4.00; N, 8.88; S, 10.23.

1,2,3,4-Tetrahydro-11-hydroxypyrazino[ 1,2-5] [1,2] benzothia-
zine-1,3-dione 6,6-Dioxide (12). A mixture of 13.08 g (0.042 mol)
of 11 and ca. 8 ml of concentrated H2S04 (98%) was warmed on
the steam bath with stirring until solution was complete. Heating
was continued for 1 hr, during which time the mixture crystal-
lized (sometimes scratching with a glass rod was necessary). The
reaction was quenched by pouring into ice water. Recrystalliza-
tion from acetone gave 6.6 g (56%) of pure product: mp 234-238°
dec; uv max (MeOH) 242 nm (e 7950), 254 (shoulder, 6600), and
350 (10,800); ir (KBr) 3450 (broad), 3225, 1755 (shoulder), 1728,
and 1650 cm*“1; nmr (DMSO-de) 5 12.3-11.6 (broad, ca. 1, OH
and/or NH) and 4.47 ppm (s, 2, NCH2). A dilute ethanolic solu-
tion of 12 gave a deep green ferric chloride test

Anal. Calcd for CnH8N205S: C, 47.14; H, 2.88; N,
Found: C, 47.06; H, 3.00; N, 9.85.

Preparation of 13a-d. The physical data for these compounds
are shown in Table I. Reaction conditions, work-up, and the sol-
vents used for recrystallization are described below.

3-[(I-Amino)ethylidene]-2//-1,2-benzothiazin-4(3//)-one  1,1-
Dioxide (13a). A solution of 10.7 g (0.045 mol) of 2b in 110 ml of
concentrated aqueous NH3 was allowed to stand for 2 days at
room temperature, during which time amber crystals formed. Re-
moval of most of the excess NH3 and H20 in vacuo gave the
crude solid, which was collected, dried, and recrystallized from
acetone.

The 2-methyl derivative 14 was prepared by the action of di-
methyl sulfate in aqueous NaOH (10%). The alkali-insoluble
product was recrystallized from acetone-EtOH.

3-[(I-Methyiamino)ethylidene]-2//-1,2-benzothiazin-4(3//)-
one 1,1-Dioxide (13b). A solution of 2.39 g (0.01 mol) of 2b in 11
ml of aqueous MeNH?2 (30%) was allowed to stand for 1 day at
room temperature. The work-up was essentially the same as for
13a except that aqueous HC1l was employed to remove the re-
maining MeNH2. The solid which was obtained after trituration
with MeOH was recrystallized from acetone.

3-[( 1I-Benzyl amino)e thylidene]-2//-1,2-be nzothiazin-4(3//)-
one 1,1-Dioxide (13c). A mixture of 2.39 g (0.01 mol) of ketone 2b
and 3.21 g (0.03 mol) of benzylamine in 10 ml of H20 was stirred
until 2b dissolved. The resulting mixture was allowed to stand for
1 day at room temperature. Work-up was identical with that de-
scribed for 13b. Recrystallization from acetone-MeOH gave pure
13c.

3-[(1-Anilino) ethylidene]-2//-1,2-benzothiazin-4(3//)-one
1,1-Dioxide (13d). A mixture of 12.0 g (0.05 mol) of 2b and 14.0 g
(0.15 mol) of aniline was heated on the steam bath overnight. Ex-
cess aniline was removed in vacuo. Trituration of the red oil with
EtOH and recrystallization from acetone gave pure 13d.

3-(Ethoxy carbonyl)carbamoyl-4-hydroxy-22/-1,2-benzothia-
zine 1,1-Dioxide (22). A solution of 2.76 g (0.12 g-atom) of sodium
in 50 ml of absolute EtOH was evaporated to near dryness in
vacuo; then 75 ml of DMF was added followed by 24.0 g (0.1 mol)
of amide 8. When solution had occurred, 12.96 g (0.12 mol) of
ethyl chloroformate was added dropwise with stirring and cooling.
The color of the solution changed to light yellow. After stirring at
room temp for 1 hr, most of the DMF was removed in vacuo. The
oily residue was treated with H20 and allowed to stand until
crystallization occurred. Recrystallization from acetone-H20 gave
the pure product: mp 192-193° dec (dependent on rate of heat-
ing); ir (KBr) 3350, 3120, 1745, and 1640 cm*“1; uv (MeOH, fresh-
ly prepared) 234 nm (shoulder, t 9150), 236 (9200), and 325
(10,000); uv (MeOH, standing overnight) 251 nm (« 5600), 252
(shoulder, 5600), and 285 (shoulder 2000) (see footnote 13). This
preparation gave erratic yields of 22.

Anal. Calcd for Ci2H12N206S: C, 46.15; H, 3.87; N, 8.97; S,
10.27. Found: C, 46.00; H, 3.88; N, 8.57, 9.11; S, 10.19.

3-(Ethoxy car bonyl)carbamoyl-4-hydroxy-2-methyl-2H-1,2-

10.00.
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benzothiazine 1,1-Dioxide (23). A. To a vigorously stirred solu-
tion of 7.62 g (0.03 mol) of amide 9 in 25 ml of aqueous NaOH
(10%) was added 6 ml of ethyl chloroformate. Repeated additions
of ethyl chloroformate and NaOH solution were carried out main-
taining the pH at 8-9 (pH paper) until solid no longer appeared
to be forming. Addition of brine (saturated), filtration, and wash-
ing with brine gave the crude sodium salt, which was taken up in
warm H20 and acidified with HC1. Recrystallization of the re-
sulting solid from dioxane gave 5.0 g (39%) of pure product: mp
(195) 196-197° dec (dependent on rate of heating); uv (MeOH,
freshly prepared) 235 nm (e 10,900) and 325 (10,900); ir (KBr)
3330, 1770-1760, 1730 (shoulder), 1650 (shoulder), and 1644-1640
cm“ 1.

Anal. Calcd for CisH~"0OsS: C, 47.85; H, 4.32. Found: C,
47.87; H, 4.49.

B. Via 22. To a solution of 0.34 g (0.005 mol) of NaOEt in 10 ml
of DMF was added 1.2 g (3.84 mmol) of 22. After solution was
complete, 2 ml of methyl iodide was added and the reaction mix-
ture was allowed to stir for 1 hr at room temperature. Addition of
H20 threw down a solid which was recrystallized as above, mp
201-202° dec (dependent on rate of heating). The ir and uv spec-
tra of the product indicated identity with 23 prepared via proce-
dure A. A mixture decomposition point of both products was un-
depressed.

2H,5H-1,3-Oxazino[5,6-c] [I,2]benzothiazine-2,4(3f7)-dione
6,6-Dioxide (24a). A. A test tube containing 1 g (3.2 mmol) of 22
was heated in an oil bath (preheated to ca. 200°) until gas evolu-
tion ceased. Trituration with acetone gave 0.4 g (47%) of crude
product. Recrystallization from acetone gave the analytical sam-
ple: mp 292-294° dec (dependent on rate of heating); uv (MeOH)
255 nm (broad, t 6000) and 360 (7600); uv (MeOH + 1drop of 0.1
N HC1) 237 nm (t 9000), 300 (shoulder, 8200), and 320 (11,200)
(traces of acid sometimes present in MeOH gave uv spectra
which appeared to be mixtures of both protonated and unproto-
nated 24a); ir (KBr) 3410, 3240, 1740, 1710 (shoulder), 1700, and
1630cm* 1.

Anal. Calcd for CiOHE6N205S: C, 45.12; H, 2.27; S, 12.04.
Found: C, 45.28; H, 2.50; S, 11.96.

B. Via 8. A solution of 12.0 g (0.05 mol) of amide 8 in 100 ml of
aqueous NaOH was treated with excess ethyl chloroformate (ca.
2-3 ml added at 5-10-min intervals over 1 hr). The solution be-
came warm and some cooling was necessary (H20 bath). Aqueous
NaOH 150%) was added as needed [in order to maintain a pH
>10 (pH paper)]. Two crops of sodium salt were removed by fil-
tration. The mother liquors were poured into excess ice-HCI. The
combined crops of sodium salt were dissolved in H20 and acidi-
fied. The resulting solid was combined with that obtained by
acidification of the alkaline filtrate, taken up in hot THF-dioxane
(1:1, ca. 200 ml), filtered through a pad of Filter-aid, and concen-
trated in vacuo to ca. 100 ml. Addition of acetone (100 ml) fol-
lowed by 500 ml of H20 gave 9.35 g (70%) of pure 24a which was
identical with that prepared by procedure A by melting point, ir,
and uv.

5-Methyl-2//,5H-1,3-oxazino[5,6-c][l,2]benzothiazine-
2,4(3fl)-dione 6,6-Dioxide (24b). Fusion of 8.4 g (0.026 mol) of 23
at 195-205° in the manner described for 24a (method A) gave 3.64 g
(50.5%) of pure product (from acetone): mp (262) 264-267°; uv
231 nm (shoulder, ¢ 7700), 241 (shoulder, 7100) 284 (shoulder
7000), 292 (7950), and 314 (9100) (the uv solutions of 24b did not
undergo significant change in the 314-nm region upon either acid-
ification or basification); ir (KBr) 3230, 3180, 1781 (shoulder),
1779, 1744,1705 (shoulder), 1700, 1692, and 1610 cm - 1.

Anal. Calcd for CnH8N2C5S: C, 47.14; H, 2.88; N, 10.00; S,
11.44. Found: C, 47.15; H, 2.92; N, 9.82; S, 11.55.

Ethyl 3-(Ethoxycarbonyl)carbamoyl-4-hydroxy-2ff-1,2-ben-
zothiazine-2-carboxylate 1,1-Dioxide (25). A solution of 4.8 g
(0.02 mol) of amide 8 in 25 ml of aqueous Na2CC=3 (10%) was
treated with excess ethyl chloroformate (ca. 2-ml portions added
at intervals of 10-15 min over 1 hr). Aqueous NaOH (10%) was
added in sufficient amounts to maintain a pH of ca. 8-10 (pH
paper). Brine (saturated) was added and the resulting sodium
salt was collected, washed with brine, and recrystallized from ace-
tone-EtOH (95%): mp 182.5-184° dec; uv (MeOH) 240 nm
(shoulder, t 9900), 266 (shoulder, 3600), and 350 (8900).

Anal. Calcd for Ci5Hi5NaN20sS-H20: C, 42.45; H, 4.05; N,
6.61; S, 7.55. Found: C, 42.43; H, 4.08; N, 6.45; S, 7.30.

The above sodium salt was dissolved in warm water and acidi-
fied with a slight excess of concentrated HC1. The resulting oil
crystallized upon scratching and cooling. Recrystallization from
acetone-MeOH gave 4.5 g (59%) of pure product: mp 159-160°; uv
(MeOH) 232 nm (broad, e 11,500), 266 (shoulder, 4000), and 337
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(9000); ir (CHC13) 3415, 1775-1770, 1750 (shoulder), 1660-1650,
and 1606 cm -1. The nmr spectra of the sodium salt (vide supra)
and the conjugate acid 25 (DMSO-de) indicated the presence of
two nonequivalent ethyl groups.

Anal. Calcd for Ci5Hi6N208S: C, 46.87; H, 4.20. Found: C,
46.72; H, 4.27.
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ascribe to be Hb in 6 appears at such low field (5 3.4). Protons
which we assign to Ha and Hb in 7 appear as a two-proton multiplet

COjEt 0
Ha
-Hb p Y
n-4 --Hr P P Ji
so02

Rasmussen and Shaw

centered at b 2.72. Protons assigned Hc and Hd in both molecules
are observed at b 4.0-3.5, which appears to be consistent with ad-
jacency to the electronegative nitrogen atom, it seems difficult to
invoke primary deshielding effects on Hb in 6 by the aromatic car-
bonyl group (Hb in 6 and Hb in 7 both approach coplanarity with the
aromatic carbonyl group) because the same large effect (deshield-
ing of Hb) is not observed in 7. If our aralysis of the molecular
models is correct, Hb In 6 Is about 0.8 A coser to the nearest sul-
fonamide oxygen than Hb in 7 which may account for its appear-
ance at lower field. Because the conformational preferences of 6
and 7 are not known, these chemical shift assignments should be
regarded as tentative.

3-Acyl-4-hydroxy-2H-1,2-benzothiazine 1,1-Dioxides.

1.1

Reaction with Aziridines. Nucleophilic Displacements on

(1,2,3,4-Tetrahydro-lI-hydroxy-l-oxopyrazino[l,2-6][l,2]benzothiazin-2-yl)ethyl
Methanesulfonate 6,6-Dioxide

C. R. Rasmussen* and David L. Shaw

Department of Chemical Research, McNeil Laboratories, Inc., Fort Washington, Pennsylvania 19034
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Ethyl 4-hydroxy-2HT,2-benzothiazine-3-carboxylate 1,1-dioxide (1) reacts with aziridines 2 to give 1,2,3,4-
tetrahydro-ll-hydroxypyrazino[l,2-b][l,2]benzothiazin-I(2//)-one 6,6-dioxides (3) in 60-95% yields. Reactions of
2-ethyl methanesulfonate 3g with various sulfur and nitrogen nucleophiles have been shown to proceed via the
intermediate 2,3,5,6-tetrahydro-13/i-oxazolo[2',3":3,4]pyrazino[l,2-6][l,2]benzothiazin-13-one 8,8-dioxide (6).
The different reaction pathways taken by either 3g or 6 with primary and secondary amines are described in

terms of a postulated mechanism.

Aziridines (ethylenimines) are known to undergo auto-
catalytic ring-opening reactions with a variety of acidic
nucleophiles.2 The availability of carboxylate 1 in these
laboratories prompted us to explore the apparently little-
investigated reactions of acidic sulfonamides3'4 with ethy-
lenimines 2.

Scheme |
OH OH
CO,Et R
s M rp Y v
8°’NH Z; A s02
1 3a,R=H
hR=Et
.. R= (CHJTN
d, R=(CH3®h
e, R=(CHYDH
0
R
RSO«Cl) f—f"N(CH2DSOR' 3f p-MePh
Py I— 3g Me

Treatment of ester 1 in DMF solution with 2 gave novel
piperazines 3 in 60-90% yields (Scheme I, Table I). These
compounds were acidic and completely enolic (nmr).
Reaction of 3-acetylbenzothiazine 4® with ethylenimine
(2a) afforded piperazine 5 in only 8% yield. Treatment of
4 with other aziridines was not attempted.

Further work was centered on reactions of ethanol 3e
and its sulfonate esters 3f® and 3g.

Treatment of 3g with either dimethylamine or sodium
methyl mercaptide led to isolation of a bright yellow
product which was assigned structure 6. The latter reac-
tion also afforded the expected product 7f in 28% yield.
Methanolic triethylamine, used preparatively, gave 6 in
83% vyield. The uv spectrum of 6 showed a reversible
21-nm hypsochromic shift in acid, indicating oxazolinium
ion formation (Scheme Il). Dilute aqueous hydrochloric
acid converted 6 to alcohol 3e.

Scheme 11
base

Formation of 7f in the reaction of 3g with methyl mer-
captide led us to investigate the possibility that 6 might
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Table |
Preparation of 1,2,3,4-Tetrahydro-ll-hydroxypyrazino [1,2-6 ][1,2] benzothiazin-1(211)-one 6,6-Dioxides (3)06
Compd R Method Yield, % Mp, °C Uvmex (MeOH), nm () Formula
3a H A 60 (260) 262-264° 246 (7,600) CuHIN2O4
C 22 339 (10,700)
3b Et c 41 (155) 156-159 249 (7,660) cih,ndsk
342 (11,700)
3c (CH2ZN B 95 190-191 248 (8,100) C14H 13N 304S
c 60 343 (11,200)
3d (CH2Zh C 43 163.5-165.5 250 (8,250) CiHBND &
343 (12,600)
3e (CH220H B 83 158-161 249 (8,000) ch U6

343 (12,300)

“ For other physical data, see Experimental Section. 6Satisfactory analytical values (+0.30% for C, H, N, S) were re-
ported for all compounds in table: Ed. cWith slight decomposition.

be a reaction intermediate capable of undergoing ring-
opening reactions in the presence of nucleophiles. Indeed,
when either 6 or 3g was allowed to react with secondary
amines and mercaptide ions, products assigned structure
7 were obtained in good yield (Scheme Il, Table II). Evi-
dence (tic) supporting the intermediacy of 6 was obtained
from those reactions in which 3g was employed as starting
material. The reaction of 3g with aniline, however, does
not proceed via 6 (vide infra).

Reactions of 3g with ammonia and primary amines
were also found to proceed via intermediate 6, affording
brilliant yellow products which were assigned eneamidine
structure 8 (Scheme IH). These compounds, in contrast
with those of structure 7, failed to show positive ferric
chloride tests, and their uv spectra underwent marked
hypsochromic shifts (40-66 nm) in acidified methanol.
These shifts indicated amidinium cation formation analo-
gous to the ion derived from 6. No evidence was obtained
for any products of structure 7 in these reactions.

As previously stated, 3g, when heated with aniline, does
not proceed through 6 to 7e (tic). Treatment of 6, how-
ever, with aniline under the same conditions resulted in a
sluggish reaction which was incomplete after 72 hr. A new
yellow product, 7e, 6, and at least five minor components
were present in the reaction mixture. Preparative tic, car-
ried out on a portion of this mixture, allowed isolation of
the yellow substance, which was assigned structure 8d on
the basis of uv (neutral and acid) and mass spectroscopy.

Apparently, 6 operates as a remarkably selective sub-
strate in its reactions with nucleophiles. To account for
these observations, we propose the following mechanism.

Scheme 111

8a, R = (CH2ZPh

bR=H
¢, R = Me
d,R=Ph
3g + PhNH2 —* 7e
6 + PhNH2 —* 7e + 8d

Inspection of the structures of final products 7 and 8
clearly shows that strongly H-bonded compounds are
formed in all cases. Formation of 7 results from displace-
ment of the ring oxygen atom of 6 as a resonance-stabi-
lized anion of the /3-ketoamide type 10. On the other
hand, products of structure 8 are derived from a Michael
addition. A postulated transition state for the reactions of
6 with ammonia and primary amines is represented by 9a.
Ammonia and primary amines have a proton in addition
to that required for H-bond formation. This additional
proton is available for transfer to the oxazolidine oxygen
atom, allowing its conversion to an oxonium-type leaving
group. Thus, 9a can collapse to 8.

Secondary amines may react reversibly via the Michael
pathway 9b. However, in this case, only one proton is
available and that, apparently, is utilized for incipient
H-bond formation. Since no additional proton is available
for transfer to ring oxygen, the only plausible route to 8 is
by expulsion of the relatively poor leaving group alkoxide
ion. Amine nitrogen, being more basic than oxygen, sim-
ply retains the only available proton and is rejected, per-
mitting reaction by the a route.

The reaction of aniline with 6 mainly by the a route can
be explained by steric factors and its lower basicity.

Experimental Section7

The following procedures are illustrative of the methods used
for the preparations of 3 (Table I).

Method A. Low-Boiling (<100°) Aziridines in DMF. 1,2,3,4-
Tetrahydro-ll-hydroxypyrazino[l,2-6][l,2]benzothiazin-
1(2JT)-one 6,6-Dioxide (3a). A solution of 13.46 g (0.05 mol) of 11
in 100 ml of DMF was cooled with stirring to 5° and then 2.32 g
(0.054 mol) of 2a was added dropwise. The reaction mixture was
allowed to stir at 3-5° for 1.5 hr and then overnight at room tem-
perature. Most of the solvent was removed in vacuo and to the
residue was added a solution of 20 ml of aqueous HC1 (10%) in
100 ml of H20. The resulting gummy solid was triturated with
acetone-MeOH, affording 8.0 g of 3a. Recrystallization from ace-
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Table Il
Physical Data for 2-(2-Substituted)ethyl Derivatives 7'

Compd X Mp, °C
7a 0 (181) 184-186 53
78
7b NMe2 105-107 53
7c N__NMe 165-166 41
7d N 152-153 80
7e NHPh 144-145 66.
47
7f SMe 122-123 65
79 SCH.Ph 113-115 70
7h SPh 141-142 80

Yield (method)

Uvmex (MeOH), nm (e) Formula

(A)» 248 (7,800) C 18H 23N 30 4S
° 342 (12,100)
?8p 243 (6,900) CiH 1IN D 45
343 (8,700)
©) 248 (7,700) cith 2 b &
342 (12,700)
(©) 248 (7,400) CIH2N 35S
347 (10,800)
(©) 248 (19,600) CIHINID S
(B) 300 (5,300)
347 (12,400)
(©) 250 (8,000) clh 16 20462
345 (12,000)
©) 250 (7,900) C 20H.20N 20452
345 (10,900)
(©) 251 (14,600) CI9H18N204S2
344 (9,200)

“ Satisfactory analytical data were reported for all compounds in table: Ed. 6Tosylate 3f. cIntermediate 6. d Mesylate 3Q.

tone gave the analytical sample: ir (KBr) 3290, 3180, 1650, and
1598 cm '1; nmr (DMF-NaOD) 6 3.60 (m, 4, NCH2CH2N).

Method B. High-Boiling (>100°) Aziridines in DMF.
1,2,3,4-Tetrahydro-ll-hydroxy-2-(2-hydroxy)ethylpyrazino[l,2-
6][l,2)benzothiazin-I(2H)-one 6,6-Dioxide (3e). To a warm
(steam bath), well-stirred solution of 73.5 g (0.273 mol) of 1in 120
ml of DMF was added dropwise over 1 hr 31.7 g (0.364 mol) of 1-
(2-hydroxy)ethylaziridine (2e) in 50 ml of DMF. Five minutes
after completion of the addition, the reaction mixture was poured
onto crushed ice. The resulting crystals were collected, dried, and
recrystallized from acetone-MeOH, affording 70.1 g of 3e: ir
(CHCla) 3620, 3440, and 1620 cm-1; nmr (DMSO-d6) 8 13.60 (s,
1, enol H), 7.92 (m, 4, aromatic), 3.75 (~9 H, NCH2CH2N +
NCH2CH20 + OH).

2-(2-Cyano)ethyl-1,2,3,4-tetrahydro-ll-hydroxypyrazinofl,2-
b][l,2,]benzothiazin-I(2f/)-one 6,6-Dioxide (3c). This prepara-
tion was carried out in a manner analogous to that described for
3e using a 1:1.5 molar ratio of 1 to 2c. The yield was 30.5 g, ir
(CHC13) 2245 (CN), 1623 and 1600 cm- 1 (shoulder).

Method C. Refluxing EtOH. 1,2,3,4-Tetrahydro-ll-hydroxy-
2-phenethylpyrazinoll,2-6][l,2]benzothiazin-I(2ff)-one 6,6-
Dioxide (3d). A solution of 13.46 g (0.05 mol) of 1 and 11.04 g
(0.075 mol) of 1-phenethylaziridine (2d) in 60 ml of absolute
EtOH was heated under reflux overnight. The resulting solid,
after recrystallization from acetone-EtOH (95%), gave 7.89 g of
pure 3d: ir (CHCI3) 1622 and 1600 cm- 1 (shoulder); nmr (CDC13)
8 13.28 (s, 1, enol H), 8.2-7.5 (m, 4, aromatic, 7.25 (s, 5, Ph),
3.82-3.28 (m, 6, NCH2CH2Ph + NCH2CH2N), 292 (t, 2,J = 7
Hz, -CH2CH2Ph).

2-Ethy1-1,2,3,4-tetrahydro-1 I-hydroxypyrazino[l,2-6][l,2]-
benzothiazin-1(2//)-one 6,6-Dioxide (3b). This preparation, car-
ried out on the same scale as that described for 3d, afforded 6.12 g of
pure product: ir (CHCI3) 1623 cm -1, nmr (CDCI3) 8 13.31 (s, 1,
enol H), 3.80 (m, 4, NCH2CH2N), 3.50 (g, 2, NCH2CH3, J = 7
Hz, overlapping part of the A2B2 system), 1.21 (t, 3, CH2CH3, J
= 7Hz).

3,4-Dihydro-lI-methylpyrazino[l,2-b][l,2]benzothiazin-
II(2H)-one 6,6-Dioxide (5). A solution of 23.9 g (0.1 mol) of 45 in
100 ml of DMF was stirred while 4.3 g (0.1 mol) of 2a was added
dropwise. Following the addition the mixture was heated for 1 hr
on the steam bath, after which time most of the DMF was re-
moved in vacuo. The resulting dark tar was triturated with ace-
tone and allowed to remain overnight. The solid was recrystal-
lized twice from DMSO-H20 to give 2.2 g (8.3%) of 5 as a yellow
solid: mp 285° dec; ir (KBr) 3270, 3240 (shoulder), 3220 (shoul-
der), 1620 (shoulder), 1595, and 1580 cm-1; uv max (CH3CN) 255
nm (e 9100) and 383 (10,700).

Anal. Calcd for C12Hi2N20 3S: C, 54.53; H, 4.58; N, 10.60; S,
12.13. Found: C, 54.09; H, 4.79; N, 10.41; S, 12.16.

(1,2,3,4-Tetrahydro-ll-hydroxy-l-oxopyrazino[l,2-6][l,2]-
benzothiazin-2-yl)ethyl Methanesulfonate 6,6-Dioxide (3g). A
solution of 27.93 g (0.09 mol) of 3e in 100 ml of dry (KOH) pyridine
was cooled to -5° in an ice-salt water bath. Methanesulfonyl
chloride (20.54 g, 0.18 mol) was added such that the temperature

did not rise above 0°. A heavy slurry of pyridinium chloride
formed. The reaction mixture was poured onto ice containing ex-
cess HC1. The resulting solid was filtered, washed well with H20,
and dried, yield 34.9 g (99%). Recrystallization from dioxane-
MeOH gave pure 3g: mp 172-174°; ir (KBr) 1622, 1600 cm-1
(shoulder); uv max (MeOH) 250 nm (e 7500) and 350 (8250); nmr
(DMF-d7) 8 13.42 (s, broad, enol H), 8.2-7.8 (m, 4, aromatic),
4.62 (t, J = 55 Hz, 2, NCH2CH20S02), 3.98 (m, 6, NCH2CH2N
+ NCH2CH20-), 1.98 (s, 3, S02CH3).

Anal. Calcd for C14H16N207S2: C, 43.29; H, 4.15; N, 7.21.
Found: C, 43.28; H, 4.15; N, 7.16.

3f. The toluenesulfonate ester was prepared in a manner analo-
gous to that described for 3g. Following acidic work-up, the oily
ester was extracted into methylene chloride, washed successively
with brine and brine (100 ml)-NaHCO03 (20 ml, saturated), and
dried (Na2S04). After solvent removal in vacuo, the oil was dis-
solved in sufficient dioxane-ethanol (ca. 1:1) to make 300 ml of a
stock solution. Aliquots of this solution were used for reactions
with piperidine and phenethylamine.

2,3,5,6-Tetrahydro-13Jé-oxazolo[2/,3":3,4]pyrazino[l,2-
6][l,2]benzothiazin-13-one 8,8-Dioxide (6). A. A suspension of
7.77 g (0.02 mol) of 3g in 150 ml of MeOH was treated with 4.05 g
(0.04 mol) of triethylamine. After heating under reflux for 20 min,
tic indicated complete reaction. Solvent removal in vacuo and
trituration with ice water gave crude 6. Recrystallization from
EtOH (95%) gave 5.15 g (83.1%) of pure 6: mp 196-198° dec; ir
(CHCI3) 1640, 1590, 1570, 1549-1542 cm -1; uv max (MeOH) 252
nm (e 11,300) and 377 (12,700); uv max (MeOH-HCI) 255 nm (e
8500) and 356 (14,700); nmr (CDCI3) 8 8.3-8.1 (m, 1, aromatic),
7.9-7.6 (m, 3, aromatic), 4.75 (t, 2, J = 8.5 Hz, OCH2CH2N),
4.0-3.45 (m, 6, NCH2CH2N + OCH2CH2N).

Anal. Calcd for CI3Hi2N204S: C, 53.43; H, 4.14; N, 9.59.
Found: C, 53.30; H, 4.18; N, 9.59.

B. From 3g and Dimethylamine. To a solution of 45 g (0.1
mol) of dimethylamine in MeOH was added 3.88 g (0.01 mol) of
3g. After stirring at ambient temperature for 1 hr, no 3g re-
mained as shown by tic [silica gel GF: benzene-acetone (1.5:1)].
Removal of solvent and excess amine in vacuo followed by tritu-
ration with water gave 6 identical in all respects with that ob-
tained by procedures A and C. No 7b was detected under these
conditions.

C. From 3g and Sodium Methyl Mercaptide. Methanol (25
ml) containing 0.9 g (0.04 g-atom) of dissolved sodium was con-
centrated in vacuo to a thick syrup which was taken up in DMF
(50 ml) and saturated with MeSH. To this solution was added 15
g (0.039 mol) of 3g. After stirring for 2 hr, the solvent was re-
moved in vacuo. Fractional crystallization of the residual solid
from MeOH-H20 and acetone-H20 combinations gave 3.5 g
(28%) of 7f (vide infra) and sufficient 6 (ca. 100 mg) for charac-
terization (ir, uv, nmr, tic, melting point). Physical data for com-
pounds 7a-h are shown in Table II.

1,2,3,4-Tetrahydro-Il 1-hydroxy-2-[2-(I-piperidino)]ethylpyra-
zino[l,2-6][l,2]benzothiazin-1(2//)-one 6,6-Dioxide (7a). Meth-
od A. To a 75-ml aliquot of the dioxane-EtOH stock solution con-



3-Acyl-4-hydroxy-2H-I,2-benzothiazine 1,1-Dioxides. Il

taining ca. 0.025 mol of tosylate ester 3f was added a solution of
6.4 g (0.075 mol) of piperidine in 20 ml of absolute EtOH. The
reaction mixture was stirred at ambient temperature overnight.
The solvent was removed in vacuo and to the residue was added
dilute aqueous NaHCCH (5%) which threw down a gummy solid.
Recrystallization from acetone-MeOH gave 5.05 g of 7a as a light
yellow solid, ir (CHC13) 1619cm ' h

Method B. A solution of 6 (6 g, 0.02 mol) and piperidine (2.13
g, 0.025 mol) in 40 ml of DMF was heated for 1.5 hr on the steam
bath. Solvent removal in vacuo followed by treatment with aque-
ous NaHCOa (5%) and recrystallization above gave 591 g of 7a
identical in all respects with that obtained by method A.

Method C. 2-(2-Dimethylamino)ethyl-1,2,3,4-tetrahydro-II-
hydroxypyrazino[l,2-5][1,2]benzothiazin-1(2/i)-one 6,6-Dioxide
(7b). To a saturated solution of anhydrous dimethylamine in 50
ml of DMF was added 20.0 g (0.0515 mol) of 3g. After stirring for
15 min, additional dimethylamine was passed into the solution
until saturated. Heating for 1 hr on the steam bath followed suc-
cessively by removal of solvent in vacuo, dissolution of the residue
in dilute HC1 (1.3 N), and precipitation of the free base by aque-
ous NaHCCH (5%) and recrystallization as above gave 5.91 g of 7a
acetone-H20 gave 9.1 g of pure 7b, ir (CHC13) 1620 cm-1.

Preparations of 7c, 7d and 7e were analogous to those described
above. DMF solutions of 3g (1 mol) were treated with 2.2-3.0
molar equiv of the corresponding amine with warming (steam
bath). Each compound was recrystallized from acetone-H20.

Reaction of 6 with Aniline (7e and 8d). A solution of 2.92 g
(0.01 mol) of 6 and 5.59 g (0.06 mol) of aniline was heated on the
steam bath for 72 hr, after which time most of the DMF was re-
moved in vacuo. Dilution of the residue with 50 ml of MeOH and
cooling afforded 2.5 g of a solid comprised mostly of 7e containing
lesser amounts of 6, 8d, and unidentified materials. Recrystalliza-
tion from acetone-MeOH gave 1.8 g (47%) of pure 7e identical
with that obtained previously (melting point, tic, ir).

The methanolic mother liquors from which 7e was obtained
were reconcentrated in vacuo and to this residue was added ca.
200 ml of ether. A small amount of dark solid (mostly 7e by tic)
was discarded. The ether solution was washed successively with
H20, dilute HC1 (10%) (to remove aniline and residual 6), and
saturated NaHCO03. After drying over anhydrous K2C03, a por-
tion of this solution was applied to 1000-m silica gel GF prepara-
tive tic plates (Analtech). Development with benzene-acetone
(2:1), scraping the prominent yellow band (Rt 0.7), extraction
with acetone, filtration (diatomaceous earth), and solvent remov-
al in vacuo gave a yellow oil which was redissolved in fresh ether
(100 ml) and refiltered as before. Concentration to ca. 5 ml, cool-
ing, and scratching gave 10 mg of homogeneous 8d: mp 174-175°;
uv max (MeOH) 235 nm (e 11,600), 248-260 (broad shoulder, t
10.900) , and 404 (14,600); uv max (MeOH-HCI) 236 nm
12.900) , 247 (shoulder, 11,700), and 338 (10,800); mass spectrum
(70 eV) M+ m/e 385.

2-(2-Benzylthio)ethyl-1,2,3,4-tetrahydro-ll-hydroxy pyraz-
ino[l,2-6][l,2]benzothiazin-I(2ii)-one 6,6-Dioxide (7g). This
procedure is illustrative of the reactions of sodium mercaptides
with 3g (Table Il). Two equivalents each of sodium methyl and
benzyl mercaptide and 1 equiv of thiophenolate were used. These
reactions generated 6, which was also independently shown to un-
dergo ring-opening reactions with thiophenolate and methyl mer-
captide anions.

To 20 ml of MeOH was added 0.69 g (0.027 g-atom) of sodium.
After the sodium had dissolved, excess MeOH was removed in
vacuo; 20 ml of DMF was added followed by 3.41 g (0.027 mol) of
benzyl mercaptan. To this solution was added with stirring 5.0 g
(0.013 mol) of 3g followed by 50 ml of DMF. Tic indicated rapid
conversion to 6. Heating was employed to complete conversion of
6 to 79. An aqueous work-up followed by recrystallization from
acetone-H20 gave 3.75 g of pure 7g, ir (CHC13) 1625 and 1595
cm” 1.

3,4-Dihydro-2-(2-hydroxy)ethyl-I-phenethylaminopyrazino-
[1,2-b][l,2]benzothiazin-l1 1(2//)-one 6,6-Dioxide (8a). To 20 ml of
absolute EtOH containing 9.1 g (0.075 mol) of phenethylamine
was added 75 ml of the dioxane-EtOH solution of 3h (ca. 0.025
mol). The reaction mixture was allowed to stir overnight at ambi-
ent temperatures. After removal of solvent in vacuo the residue
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was triturated with water-dilute aqueous NaHCO03 (5%) and the
aqueous layer was discarded. The resulting gummy solid was
taken up in MeOH. Cooling and scratching gave crystals which
were recrystallized from acetone-MeOH, affording 2.5 g (24%) of
pure 8a: mp 144-146°; uv max (MeOH) 252 nm (e 10,300) and 388
(12,000); uv max (MeOH-HCI) 247 nm (c 10,800), 275-300 (broad
shoulder, -7000), and 329 (10,700); ir (KBr) 1573, 1550 (shoul-
der), and 1540cm-1.

Anal. Calcd for C21H23N304S: C, 61.00; H, 5.61; N, 10.16; S,
7.76. Found: C, 60.97; H, 5.66; N, 10.17; S, 7.75.

Compound 8a was also prepared from (1) 3g (1 mol) and phen-
ethylamine (3 mol) in DMF, and (2) from 6 (1 mol) and phen-
ethylamine (3 mol) in DMF. The product from each of these reac-
tions was identical in all respects with 9a prepared from 3h.

1-Amino-3,4-dihydro-2-(2-hydroxy)ethylpyrazino[l,2-
6][1,2]benzothiazin-11(2/f)-one 6,6-Dioxide (8b). To 2 pints of
rapidly stirred aqueous NH3 (28%) was added 58.26 g (0.15 mol)
of 3g. The starting material dissolved, and upon continued stir-
ring yellow crystals separated. Tic indicated the presence of 6 in
the mixture. Stirring was continued until 6 disappeared. Filtra-
tion and recrystallization from CHCH-EtOH (95%) gave pure 8b:
mp 204-206° dec; uv max (MeOH) 246-252 nm (broad shoulder, t
9360), 254 (9450), and 379 (12,300); uv max (MeOH-HCI) 253 nm
(« 9700), 294 (shoulder, 5400), and 340 (12,600); ir (KBr) 1592
(shoulder), 1580, 1560, and 1540 cm-1; nmr (DMSO-d6) S 9.25
(broad, enol OH), 8.25-8.0 (m, 1, aromatic), 7.85-7.6 (m, 3, aro-
matic), 5.13 (t, 1, CH20H), 3.9-3.3 (m, 8, two A2B2patterns).

Anal. Calcd for C13H15N304S: C, 50.47; H, 4.89; N, 13.58; S,
10.37. Found: C, 50.32; H, 4.99; N, 13.53; S, 10.35.

3,4-Dihydro-2-(2-hydroxy)ethyl-I-methylaminopyrazinoll,2-
5][l,2]benzothiazin-I I1(2H)-one 6,6-Dioxide (8c). This prepara-
tion was carried out in DMF saturated with methylamine (anhy-
drous) using 20.0 g (0.052 mol) of 3g. After solvent removal in
vacuo, treatment with H20 threw down a solid which was recrys-
tallized from acetone-H20, affording 9.5 g (59%) of pure 8c: mp
174-175°; uv max (MeOH) 252 nm (e 9500) and 385 (12,600); uv
max (MeOH-HCI) 248 nm (e 9900) and 328 (10,400); ir (KBr)
1600, 1590, and 1550 cm"1; nmr (DMSO-d6) 5 10.47 (broad, enol
H), 8.2-7.9 (m, 1, aromatic), 7.85-7.5 (m, 3, aromatic), 5.08
(poorly resolved triplet, 1, CH20H), 3.8-3.4 (m, 8, two A2B2 pat-
terns), 3.05 (d, 3, NHCH3). The addition of DC1 to the nmr solu-
tion caused collapse of the NHMe signal to a singlet.

Anal. Calcd for Ci4H17N304S: C, 52.00; H, 5.30; N, 12.99.
Found: C, 51.93; H, 5.33; N, 13.32.
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Treatment of 2',3'-0-methoxyethylideneadenosine (1) with excess pivalic acid chloride in refluxing pyridine
gave a mixture composed primarily of 6-A-pivalamido-9-(3-chloro-3-deoxy-2-0-acetyl-5-0-pivalyl-/3-D-xylofura-
nosyl)purine (2a) and 6-A-pivalamido-9-(3-chloro-3-deoxy-5-0-pivalyl-2-0-[4,4-dimethyl-3-pivalyloxypent-2-
enoyl]-/S-D-xylofuranosyl)purine (2b) in high combined yield. Methanolic sodium methoxide converted this mix-
ture to 9-(2,3-anhydro-/3-D-ribofuranosyl)adenine (adenosine nbo-epoxide) (3) in greater than 60% overall yield
from starting adenosine. The epoxide 3 was found to spontaneously decompose (presumably via the A3 " '-
xylo-cyclonucleoside, i) to the ring-opened aminoimidazole carboxamidine cyclonucleoside ii in water. Sodium
hydroxide smoothly effected transformation of ii to the corresponding carboxamide, iii. Pivalylation and ben-
zoylation of 3 in pyridine with the appropriate acid chloride gave 6-A-pivalamido-9-(5-0-pivalyl-2,3-anhydro-
/3-D-ribofuranosyl)purine (4) and the corresponding N,N, 05'-tribenzoate, 6, respectively. Tetraethylammonium
fluoride in refluxing acetonitrile followed by methoxide deblocking converted 4 or 6 into 9-(3-fluoro-3-deoxy-/3-
D-xylofuranosyl)adenine (7). Reaction of 6 with sodium benzoate in moist DMF followed by deblocking gave
9-i8-D-xylofuranosyladenine (adenine xyloside) (8) in high yield. Treatment of 6 with sodium azide in hot DMF
gave 9-(3-azido-3-deoxy-/3-D-xylofuranosyl)adenine (9a) in excellent yield after removal of protecting groups.
Hydrogenation of 9a gave 9-(3-amino-3-deoxy-/?-D-xylofuranosyl)adenine (9b). Treatment of the crude product
[presumably a mixture of N-benzoylated 9-(3,5-di-0-benzoyl-/?-D-xylofuranosyl)adenines] from sodium benzoate
reaction with 6 with methanesulfonyl chloride in pyridine gave a monomesyl ester. This material was converted
into 9-(2,3-anhydro-/3-D-lyxofuranosyl)adenine (10) upon stirring with methanolic sodium methoxide. Sodium
borohydride in methanol effected epoxide ring opening of 6 by methoxide. Treatment of the unblocked epoxide
3 with sodium borohydride in refluxing methanol gave high yields of 9-(3-0-methyl-,8-D-xylofuranosyl)adenine
(5) directly with no apparent formation of cyclonucleoside products.

Robins, Fouron, and Mengel

Epoxides are useful intermediates for the introduction
of trans /3-hydroxy functionality, and various anhydro ring
openings have been explored in carbohydrate and nucleo-
side chemistry.4 However, adenine nucleoside epoxides
had previously been somewhat difficultly accessible by
coupling of suitably substituted and stereochemically ori-
ented sugar derivatives with the base followed by subse-
quent anhydro-forming transformations.58 Certain at-
tempted nucleophilic openings of such ribo-epoxides have
been unsuccessful owing to N3 intramolecular attack lead-
ing to presumed IV3—<-3'-cyclonucleosides7’'9 (however, see
ref 5, 6, and 9 for successful displacements). We wish to
report a convenient and direct synthetic route to ribo-ep-
oxides from the corresponding ribonucleosides, prelimi-
nary results on their intramolecular degradation, and
their transformation into 3'-substituted ry/o-nucleosides.

Treatment of 2',3'-0-methoxyethylideneadenosinel011
(1) with excess pivalic acid chloride in refluxing pyridine
gave a mixture composed primarily of 6-A-pivalamido-9-
(3-chloro-3-deoxy-2-0-acetyl-5-0-pivalyl-/3-D-xylofurano-
syl)purinen’'12 (2a) and 6-A-pivalamido-9-(3-chloro-3-
deoxy-5-0-pivalyl-2-0-[4,4-dimethyl-3-pivalyloxypent-2-
enoyl]-/?-n-xylofuranosyl)purinell42 (2b). The crude mix-
ture was treated with methanolic sodium methoxide at
room temperature to give 9-(2,3-anhydro-/3-n-ribofura-
nosyl)adenine5-6'13'14 (3) in 63% overall yield from 1. A
small amount of contaminating 9-(2-chloro-2-deoxy-/3-D-
arabinofuranosyljadeninel1-13-14 was separated from 3
using the useful Dowex 1-X2 (OH®) column procedure
devised by Dekker.15 This compound is converted into 3
upon more vigorous treatment with basel3-14 than re-
quired for the 3'-chloro isomer.

Epoxide 3, which has been prepared from adenosine by
a recently reportedl4 alternative procedure, had properties
generally consistent with recorded values.®-6-14 Its melt-
ing-decomposition range depends on the rate of heating
and its 4H nmr spectrum has Jy-21 and Js -4+' = 0.14
However, it is susceptible to purine ring opening, presum-

ably via the A3 -S'-cyclonucleoside i, especially in aque-
ous solution. In water at room temperature, degradation
occurs slowly, but at 80° decomposition is essentially com-
plete after 4 hr (see Figure 1 for a uv absorption vs. time
study at pH 7). Goodman and coworkers have noted the
formation of water-soluble products in reactions of ade-
nine nucleosides involving 2',3'-nbo-epoxides79 and epi-
sulfonium16 intermediates. They postulated A3 -»3'-cyclo-
nucleoside structures analogous to i on the basis of salt-
like properties and a bathochromic shift in the uv absorp-
tion maximum. It should be noted, however, that the shift
observed in going from the nucleoside (~260 nm) to the
postulated A3—*3'-cyclonucleosides79'16 (—293 nm) is 33
nm, whereas a shift of about 12 nm to ~272 nm is ordi-
narily found with known adenine A3*5'-cyclonucleo-
sides.17 The uv maxima of the postulated A3 >3-cyclonu-
cleosides79-16 at ~293 nm is in reasonable agreement
with that of a A3 5'-cyclonucleoside in the puromycin
aminonucleoside series (288 nm).18 However, the 6-A.A-
dimethylaminopurine nucleoside precursor in that casel8
had its uv maximum at 275 nm, which again corresponds
to a 13-nm shift. Uv absorption in the 280-290-nm range
has been reported for 5-aminoimidazole-4-carboxami-
dine.19-20 It is also of interest that, whereas the A3—5'-
cyclonucleoside of the puromycin aminonucleoside deriva-
tive had a negative optical rotation,18-the derived product
of pyrimidine ring opening, 5-amino-I-(3-amino-3-deoxy-
2, 3-carbonyl-/?-D-ribofuranosyl)imidazole-4-carboxamide
A 5»-S'-cyclonucleoside1820 had a large positive rotation.
The initial product isolated from the decomposition of 3
in boiling water had spectral properties in accord with the
long-wavelength material of Figure 1. The compound was
finally crystallized using ether diffusion into methanol
(see Experimental Section) and had elemental analyses
compatible with 3 plus two molecules of water. It was
strongly basic (spectrophotometrically estimated pKa ~
11.5), migrated toward the cathode during electrophoresis,
had a large positive optical rotation and circular di-
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2a, R = COCH3
b, R = COCH=C[OCOC(CH33C(CH33
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9a, R = N3
b, R = NH,
chroism spectrum similar to that of the carboxamide iii, ring-opened N5-formyl derivative in the hot aqueous solu-
and gave a mass spectral peak at m/e 239 as the highest tion, could lead to ii.
mass peak. These properties are in accord with the struc- Treatment of this solution with sodium hydroxide re-
ture ii, 5-amino-I-3-deoxy-/3-D-xylofuranosyl)imidazole-4- sulted in a uv spectral shift to 274 nm, which is compat-
carboxamidine  AS5—3-cyclonucleoside hydroformate iblel8 20 with conversion of ii into 5-amino-I-(3-deoxy-/3-

salt,20®@which would be expected to vaporize as the free base D-xylofuranosyl)imidazole-4-carboxamide A®—-3'-cyclonu-
in the mass spectrometer. Attack of water on the positively cleoside (iii). Structure iii is supported by elemental anal-
polarized C2 of the initially formed Ara->-3'-cyclonucleo- ysis, mass spectroscopy (M+ m/e 240), spectrophotomet-
side intermediate, i, followed by hydrolysis of the resulting rically estimated pKa = 2.76, uv absorption,18-19 and 1H
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nmr spectroscopy. Irradiation of the peak corresponding to
H3 caused the H2 multiplet to collapse into a doublet
(J2_2-oh = 3.2,J2-i' = 0 Hz) and the N5-H doublet to
collapse into a singlet. Further double-resonance experi-
ments verified the peak assignments and thus, C3-N5
D-xylofuranosyl)imidazole-4-carboxamide IV5—I3'-cyclonu-
cleosides is now placed on a firm experimental basis.2Z* A
detailed study of the intramolecular decomposition of var-
ious nucleoside epoxides and investigation of products
formed will be reported separately .2lb

An additional point concerning the epoxide 3 per se is
its optical activity. Goodman and coworkers reported
fajeep -18.3° (c 0.6, 20% aqueous pyridine) for a solid
which had “several trace spots as contaminants.”6 They
recorded [a]20 —17.5° (c 0.4, 20% aqueous pyridine) and
[a]26D -35.2° (c 0.33, H20) for an analytical sample (see
footnote 11 in ref 6). Moffatt and coworkersl4 report
[aj2sp -21.8° (¢ 0.2, H20) and quoted the [ecxa -18.3°
value, with no concentration nor solvent specified, from
ref 6. A carefully purified and dried sample of 3, which
had no observable cyclonucleoside breakdown products
nor other impurities when applied heavily to a tic plate,
had m 244 -35.4° (c 0.22, H20) and -20.4° (c 0.4, 20%
aqueous pyridine) in close agreement with Goodman’s
values.6 Considerable care must be exercised in working
with 3, especially in aqueous solutions, since decomposi-
tion to highly dextrorotatory products occurs.

Owing to the instability observed with 3, adenine ring-
acylated derivatives were prepared. Jahn22 has reported
that such N-acylated adenosine 5'-tosylates were effective
substrates for nucleophilic displacement reactions whereas
the unprotected nucleoside readily forms IVAS'-cyclonu-
cleoside under those conditions. Treatment of 3 with pi-
valic acid chloride in pyridine at room temperature gave
6-1V-pivalamido-9-(5-0-pivalyl-2,3-anhydro-/3-D-ribofura-
nosyl)purine (4) in essentially quantitative yield. Benzoy-
lation similarly afforded an N,N, 0 5tribenzoyl derivative,
6. Bis-N-benzoylation has usually been assigned IV1,I1V6-
dibenzoyl structures23 after the suggestion of Khorana;233
however, the IVGIV6-dibenzoyl isomer was postulated re-
cently.24

Treatment of either 4 or 6 with tetraethylammonium
fluoride in dry acetonitrile at reflux for an extended peri-
od effected epoxide ring opening by fluoride. After de-
blocking and purification on a Dekker column,15 9-(3-flu-
oro-3-deoxy-/3-D-xylofuranosyl)adenine (7) was obtained in
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over 60% yield. Physical properties of 7 were generally in
agreement with values reported2s for a sample prepared
by coupling of 2,5-di-0-benzoyl-3-fluoro-3-deoxy-a,/3-D-
xylofuranosyl bromide and 6-benzamidopurine mercury
salts. No 2'-fluoro isomer26 was observed in our sequence
of 6 —m 7, although a small amount of 9-/3-D-xylofura-
nosyladenine (8) was formed. Tolman and coworkers27 re-
cently reported obtaining only the product of 3' attack
upon reaction of 9-(2,3-anhydro-/3-D-lyxofuranosyl)adenine
with KHF2in refluxing ethylene glycol.

Sodium benzoate in hot DMF containing some water28
converted 6 into a presumed mixture of mono- and di-N-
benzoylated 9-(3,5-di-0-benzoyl-/3-D-xylofuranosyl)adenine
intermediates which were deblocked to give almost quan-
titative yields of 9-/3-D-xylofuranosyladenine29 (8). Pre-
viously recorded physical constants for 8 are rather ill de-
fined.29 Acid hydrolysis of 8 and paper chromatography30
of the sugar us. the four aldopentoses showed only xylose
present. The 1H nmr spectrum was in agreement with re-
ported values.2%-31 The mass spectrum agreed with the
tabulation of McCloskey and coworkers.® The melting
point, ~185° with decomposition, is dependent on how it
is heated and previous values29 differ. The [0]25d —67° (c
1.14, H20) of 8 is significantly more strongly levorotatory
than recorded for other preparations.20™ All of those,
however, involved coupling procedures and anomer con-
tamination was possible. This sequence of reactions repre-
sents the transformation of a naturally occurring ribonu-
cleoside to its xylo epimer. Such schemes should be appli-
cable to nucleoside antibiotics which are readily accessi-
ble by fermentation but which are not practically amena-
ble to base-sugar (or fraudulent sugar) coupling proce-
dures.33

Treatment of 6 with sodium azide in hot DMF3 fol-
lowed by deblocking gave high yields of 9-(3-azido-3-
deoxy-/3-D-xylofuranosyl) adenine (9a). A trace of pre-
sumed 2'-azido isomer was separated by column chroma-
tographyl15 and its structure was suggested by the absence
of ion d& in its mass spectrum, which is characteristic for
nucleosides with a 2'-hydroxyl function, as well as other
fragmentation effects compatible with the 2'-azido struc-
ture. Catalytic hydrogenation of 9a to give 9-(3-amino-3-
deoxy-/3-D-xylofuranosyl)adenine (9b) proceeded smoothly.
This product is seen to be the 3' epimer of IV6-bis(de-
methyI)puromycin aminonucleoside.

Treatment of the crude product of reaction of 6 with so-
dium benzoate-DMF with methanesulfonyl chloride in
cold pyridine gave a monomesylate, which was converted
to 9-(2,3-anhydro-/3-D-lyxofuranosyl)adenine8 (10) by
methanolic sodium methoxide. Direct access to this use-
ful83 lyxo-epoxide type from naturally occurring ribonu-
cleosides is thus provided.

Reaction of 6 with a large excess of sodium borohydride
in methanol proceeded slowly at room temperature to give
9-(3-0-methyl-/3-D-xylofuranosyl)adenine (5) after de-
blocking. Alternatively, heating 3 in methanol at reflux
with sodium borohydride proceeded to give 5 without ap-
parent cyclonucleoside formation. An analogous reaction
has been reported very recently3 in the steroid series. In-
terestingly, heating a methanolic sodium methoxide solu-
tion of 3 at reflux gives but a trace of product migrating
(tic) with 5 plus material not moving from the origin. In-
hibitory biological activity of 9-/3-d-xylofuranosyladenine
(8) has been reported20e’'37 and the investigation of O-
methyl ethers of biochemically important nucleosides is of
current interest.33

The mass spectra of these compounds in general fol-
lowed trends outlined by McCloskey and coworkers.32
Certain characteristic fragment ions are listed in Table I.
An interesting fragmentation of the epoxides 3 and 10 was
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Table |
Characteristic Mass Spectral lons*

Compd Temp, °C M c d h
3 190 249 (4.5) 219 (4.5) 164 (100)
5 200 281 (5) 251 (5) 178 (9) 164 (100)
7 155 269 (4) 239 (5) 178 (6) 164 (80)
8 170 267 (6) 237 (3) 178 (36) 164 (65)
9a 120 292 (6) 178 (20) 164 (50)
9b 210 266 (1.5) 236 (4.5) 178 (15) 164 (15)
10 190 249 (5) 219 (6) 164 (100)

“lons named by letters as in ref 32.

observed, giving an ion corresponding to the loss of 17
mass units (presumably the epoxide oxygen plus a hydro-
gen) from ion ¢ (M —30, loss of C5' as formaldehyde)® at
m/e 202.0721 (calcd for CO9H8N50, 202.0729). Neither 3
nor 10 gave a measurable ion d (protonated base plus C1,
C2, and group attached to C2)3 nor ion i (involves
transfer of active hydrogen from a heteroatom on C3).
Since ions e and f were postulated3? to arise from ion d,
the reasonably high abundance of ion f in the spectra of 3
and 10 would demand alternate routes. lon h (protonated
adenine plus a formyl group derived from C1, H1, and
04')32 is seen to be the mass spectral base peak for the

cone.: 1mg/100m pH7

m/e (rel intensity)-—
f

b+ H b + 2H Other selected ions

148 (7.5) 135 (85) 136 (48) 202 (2, ¢ - 17),
190 (4.5, j)

148 (15) 135 (85) 136 (60) 250 (3, M - 31),
220 (7.5, ¢ - 31),
194 (3, i)

148 (6) 135 (100) 136 (62) 219 (5, ¢ - 20)

148 (12) 135 (100) 136 (95) 220 (5, ¢ - 17),
194 (6, i),
190 (1.5, j)

148 (20) 135 (100) 136 (50) 264 [2, M - 28 (N2,
250 [10, M - 42
(N,)1. 220 [30, ¢ -
42 (N.)]

148 (7.5) 135 (50) 136 (100) 220 (3, ¢ - 16),
194 (32, i)

148 (10) 135 (45) 136 (45) 202 (1, ¢ - 17),
190 (3, j)

two epoxides 3 and 10. This is of interest since the major
pathway previously postulated® involves transfer of a hy-
drogen from the 2'-hydroxyl group in most nucleosides,
and ion h was of low intensity in 2'-deoxy derivatives
studied where proton transfer from carbon was assumed.3
The azido nucleoside 9a undergoes facile loss of the azide
function. In fact, no peak corresponding to loss of C5' as
formaldehyde (ion c32) was measurable, although a large
peak was present at m/e 220 (¢ - N3). A peak corre-
sponding to loss of the 3' substitutent (and also a proton
in the cases of 3, 7, and 10) from ion ¢ was observed with
each of the free nucleosides.

bathtemp.: 80°C

Figure 1. Ultraviolet absorption us. wavelength of a solution of 3 in aqueous solution measured at various times up to 4 hr. No further sig-

nificant change occurs over at least 10 hr.
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This study demonstrates an example of a facile direct
conversion of ribonucleosides into their 2'.3'-anhydro de-
rivatives and the first generally successful transformation
of acylated3 nbo-epoxides into a selected series of xylofu-
ranosyl products and the lyxo-epoxide 10. Studies on
other nucleoside epoxides, 2'.3'-anhydronucleoside degra-
dations,2l and further useful synthetic transformations
employing nucleoside 2',3'-ortho esters11-12 will be re-
ported in detail.

Experimental Section

Melting points were determined on a Fisher-Johns apparatus
and are uncorrected. Nmr spectra were recorded on Varian 56/60,
HA-100, and Bruker 90 spectrometers with TMS or DSS as refer-
ence for proton spectra. Uv spectra were recorded on Cary 14 and
15 spectrometers. CD spectra were obtained on a Cary Model 60
instrument. Optical rotations were determined with a Perkin-
Elmer Model 141 polarimeter using a 10-cm 1-ml microcell. Mass
spectra were determined by the mass spectroscopy laboratory of
this department on AEl MS-2 and MS-9 instruments at 70 eV
using a direct probe for sample introduction. Elemental analyses
were determined by the microanalytical laboratory of this depart-
ment and Schwarzkopf Microanalytical Laboratory, Woodside,
N. Y. Evaporations were effected using Biichler rotating evapora-
tors under aspirator or mechanical oil pump vacuum at 40° or
lower. Thin layer chromatography (tic) was performed on East-
man Kodak chromatogram sheets (silica gel 13181). Column
chromatography was effected using J. T. Baker 3405 silica gel.

9-(2,3-Anhydro-d-D-ribofuranosyl)adenine5'6 1314 (3). To a
solution of 2.9 g (0.009 mol) of 110-11 in 60 ml of dry pyridine was
added 12 ml (0.1 mol) of pivalic acid chloride dropwise with stir-
ring and exclusion of moisture. The solution was then slowly (1
hr) heated to reflux and refluxed for 1 hr. The resulting yellow so-
lution was allowed to cool to room temperature and 20 ml of
MeOH was added dropwise with stirring. This solution was evap-
orated until precipitation of solid began. Dry Et20 (100 ml) was
added and the mixture was filtered. The filtrate was washed with
2 x 100 ml of 10% NaHCOs solution and 2 X 100 ml of H20,
dried over Na2S04, filtered, and evaporated to give a yellow solid
foam. This material (composed primarily of 2a and 2b)1112 was
dissolved in 300 ml of MeOH and 3.2 g (0.059 mol) of NaOCH3
was added. The resulting solution was stirred for 17 hr at room
temperature, neutralized with HOAc-H20 (1:9), and evaporated
to give a yellow powder. Residual pyridine was removed by codis-
tillation with 3 X 60 ml of dry toluene. The product mixture was
partitioned between Et20-H 20 (50:20 ml) and the aqueous layer
was applied to a column (4 x 40 cm) of Dowex 1-X2 (OH-) resin
packed in MeOH-H20 (3:7).15 The column was rapidly developed
with the same solvent mixture and the appropriate fractions con-
taining pure 3 (tic) were combined and evaporated to give 1.42 g
(63%) of solid 3 after drying. This material had mp ~180° dec
(when rapidly heated); [a]24D -35.4° (c 0.22, H20); uv (H20)
max 258 nm (t 14,900), min 225 (2200); uv (0.1 N HC1) max 255
nm (e 14,600), min 228 (3400); uv (0.1 N NaOH) max 258 nm (f
15,000), min 228 (4000); pKR a 3.55; nmr (DMSO-dg) b 3.58 (m,
2, H5 5, 4.2 (“t”,J4.s,5" s 5Hz 1, H4-), 425 (d, J3-2- = 25
Hz, 1, H3'), 445 (d, J2-3 = 25 Hz, 1, H2), 5.1 (t, 1, 5-OH),
6.22 (s, 1, Hr), 7.26 (s, 2, 6-NH2), 8.18 (s, 1, H2), and 8.35 (s, 1,
Hs). (See discussion and ref 6 and 14 for literature comparisons.)

Anal. Calcd for CioHnN503: C, 48.19; H, 4.45; N. 28.10.
Found: C, 48.43; H, 4.62; N, 28.05.

6-iV-Pivalamido-9-(5-0-pivalyl-2,3-anhydro-d-D-ribofura-
nosyl)adenine (4). To a suspension of 0.13 g (0.0005 mol) of 3in 5
ml of dry pyridine was added 0.5 ml (0.004 mol) of freshly dis-
tilled pivalic acid chloride and the resulting clear solution was
stirred for 28 hr at room temperature. Ice chips were added and
the solution was poured slowly with stirring into 150 ml of ice and
water. This mixture was extracted with 2 X 150 ml of CHC13 and
the combined organic phase was washed with 2 X 100 ml of 10%
aqueous NaHCO03 solution and 2 X 100 ml of H20 and dried over
Na2S 04. Drying agent was removed by filtration and the filtrate
was evaporated to give 0.21 g (100%) of a pale yellow powder. A
more rapidly migrating (tic) contaminant was readily removed by
recrystallization from 95% EtOH to give 0.19 g (92%) of 4. mp
176-179° dec; uv (MeOH) max 270 nm (e 18,500), min 230 (3800);
nmr (DMSO-d6) 5 1.0 [s, 9, 5-OCOC(CH3)3], 128 [s, 9, 6-
NHCOC(CH?3)3], 4.0-4.4 (m, 4, H4,, H5,5", H3), 458 (d, J2-3 =
25 Hz, 1, H2), 6.36 (s, 1, Hi ), 8.60, 8.71 (s, s; 1, 1; H2, H?), 10.16
(s, 1, 6-NH-Piv); mass spectrum (175°) m/e (rel intensity, ion)
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417 (4, M), 332 [16, M - COC(CH33], 316 [4 M - OC-
OC(CH3)3], 220 (16, b + 2), 199 (28, sugar).
Anal. Caled for C20H2/N505: C, 57.53; H, 6.52; N, 16.77.

Found: C, 57.35; H, 6.45; N, 16.58.

N, JV-Dibenzoyl-9-(5-0-benzoyl-2,3-anhydro-j3-D-ribofura-
nosyl)adenine (6). To a suspension of 1.46 g (0.0059 mol) of 3 in
36 ml of dry pyridine was added 3.6 ml (0.031 mol) of freshly
distilled benzoyl chloride and the resulting clear solution was
stirred for 8 hr at room temperature. Ice chips were added and
the solution was poured slowly into 1000 ml of ice and water with
vigorous stirring. The resulting white precipitate was filtered,
washed with 1000 ml of cold water, and dried (finally in vacuo at
78°) to give 2.7 g (82%) of 6. Recrystallization of 0.2 g of this
product from 16 ml of EtOH gave 0.15 g of pure 6: mp 167-168°;
uv (MeOH) max 273, 230 nm (e 22,600, 35,000), shoulder 250
(27,800); nmr (DMSO-d6) 6 4.45 (br s, 2, Hs.s"), 4.6 (m, 2, H33,
H4), 47 (d,Jt 3's 3Hz 1, H2), 6.42 (s, 1, Hi-), 7.3-7.8 (m, 15,
aromatic), 8.72, 8.78 (s, s; 1, 1, H2, Hg); mass spectrum (210°)
m/e (rel intensity, ion) 561 (25, M), 456 (100, M - COCgHs), 440
(37, M - OCOCE6H5), 219 (30, sugar).

Anal. Calcd for C3iH23N50 6: C, 66.30; H, 4.13; N, 12.47. Found:
C, 66.08; H, 3.85; N, 12.25.

9-(3-Fluoro-3-deoxy-/3-D-xylofuranosyl)adenine2s (7). To a
solution of 0.28 g (0.0005 mol) of 6 in 25 of dry, freshly distilled
CH3CN was added 0.45 g (0.003 mol) of dried tetraethylammon-
ium fluoride. The yellow solution was heated at reflux for 5 days
while protected from moisture by a Drierite drying tube and then
evaporated. The resulting gum was dissolved in 100 ml of MeOH,
1.0 g (0.019 mol) of sodium methoxide was added, and the solu-
tion was stirred for 15 hr at room temperature. This mixture was
neutralized with HOAc-H20 (1:9) and evaporated. The resulting
residue was partitioned between 20 ml of Et20 and 10 ml of H20.
The aqueous phase was applied to a column (2.2 x 17 cm) of
Dowex 1-X2 (OH-) resin packed in MeOH-H20 (3:7) and elution
was begun with the same solvent mixture. A small quantity (27
mg) of material indistinguishable from 9-/I-D-xylofuranosyladen-
ine (8) by nmr and mass spectroscopy was obtained, and after
changing to MeOH-H20 (6:4), the desired product, 7, was eluted.
Evaporation of appropriate fractions and crystallization of the
residue from 95% EtOH gave 0.085 g (63%) of 7: mp 212-214°;
[a]24D -30.4° (c 0.64, DMF) [lit. mp 218-220° [n]21D -40.1° (c
0. 5, H20); our product was insoluble in H20 at half this attempt-
ed concentration]; uv (0.1 N HC1) max 256 nm (e 14,100), min 228
(4300); uv (H20) max 258 nm (t 14,100), min 223 (2800); uv (0.1
N NaOH) max 258 nm (t 14,300), min 228 (4000); 4H nmr
(DMSO-d6) 5 3.85 (“d,” 2, Hs',5"), 4.36 (d of sextets, Jy.3-f =
28 Hz, €4'-5'5" = 55 Hz, ¢4-3- s 25 Hz, 1, H4), 478 (d of t,
J2-3-F = 16,12 8 = Jl -1 = 23 Hz, 1, H2), 5.1 (“t,” J5-OH-5' 5"
= 6 Hz, 1, 5-OH, 5.13 (d of “t,” <3'-3-F(gemi = 54, J3-2- as 2.3,
J3-4-s 25Hz 1, H3), 6.04 (d, Jy-r = 23 Hz, 1, Hr), 6.25 (brs,
1, 2'-OH), 7.36 (s, 2, 6-NH2), 8.14, 8.22 (s, s: 1, 1; H2, Hg); 19F nmr
(DMSO-d6, ppm upfield, CC13F external) b 200.8 [“octet” (d of d
ofd),c/s'-p-s'igem) = 55,J3'-F4 = 28.5, t/3-F-2' = 15.5Hz, 1, F3-[.

Anal. Calcd for CioHi2FN50 3: C, 44.61; H, 4.45; F, 7.06; N,
26.01. Found: C, 44.68; H, 4.52; F, 7.03; N, 26.20.

9-/13-n-Xylofuranosyladenine2 (8). To a solution of 0.56 g
(0.001 mol) of 6 in 50 ml of DMF containing 2 ml of water was
added 0.3 g (0.002 mol) of sodium benzoate. This mixture was
heated at 100° for 22 hr with stirring and then evaporated in
vacuo. The resulting gum was partitioned between 100 ml of
CHC13 and 50 ml of H20. The aqueous phase was extracted with
2 X 50 ml of CHC13 and the combined organic phase was washed
with 2 x 100 ml of H20, dried over Na2S 04, filtered, and evapo-
rated to give a pale yellow, solid foam.

This foam was dissolved in 100 ml of MeOH and 1g (0.019 mol)
of NaOMe was added. The solution was stirred for 16 hr at room
temperature, neutralized with HOAc-H20 (1:9), and evaporated.
The residue was partitioned between 20 ml of H20 and 50 ml of
Et20 and the aqueous phase was applied to a column (2.2 x 20
cm) of Dowex 1-X2 (OH-) resin packed in MeOH-H20 (3:7).
Elution with the same solvent mixture and evaporation of appro-
priate fractions gave 0.26 g (100%) of 8, which could be recrystal-
lized from 95% EtOH to give 0.21 g (80%) of 8: mp 185-187° dec;
H 25d -67° (c 1.14, H20) [lit. mp 125-140°,2% 225-230°,2% 100-
130%2¢ [a]Z4D -22.5° (c 1.22, H20),29f -16.4° (c 1.10, H20), X))
-30.1° (c 1.2, H20),2¢ -19° (c 1.2, H20)29d]; uv (0.1 N HC1)
max 255 nm (e 15,000), min 228 (4000); uv (H20) max 258 nm (t
15,100), min 225 (2400); uv (0.1 N NaOH) max 258 nm (e 15,700),
min 225 (3600); nmr (DMSO-d6) 5 3.7 (m, 2, H5 5-), 4.15 (m, 2,
H3-, H4), 4.35 (m, 1, H2), 472 (t, J5.0+.5s ,5' —6 Hz, 1, 5'-OH),
5.78 (br s, 1, S'-OH), 5.83 (br s, 1, 2'-OH), 5.85 [d, Jv.2- = 2 Hz



Adenosine 2',3'-rtéo-Epoxide

(by D20 exchange), 1, Hr], 7.3 (s, 2, 6-NH2), 8.15 (s, 1, H2), 8.3
(s, 1, H8).

Anal. Calcd for CioHi3N504: C, 44.94; H, 4.90; N, 26.20.
Found: C, 44.95; H, 4.96; N, 26.33.

9-(2,3-Anhydro-/3-D-lyxofuranosyl)adenine8'40 (10). The pro-
cedure given above for the preparation of 8 was followed to the
end of the first paragraph. The resulting pale yellow solid foam
was dissolved in 50 ml of dry, freshly distilled pyridine and cooled
to 0°. Freshly distilled methanesulfonyl chloride (0.1 ml, 0.0013
mol) was added and the solution was stirred for 3 days at 0°. Ice
chips were added and the solution was poured into 100 ml of ice
water. This mixture was extracted with 150 ml of CHCI3. The or-
ganic phase was washed with 100 ml of 10% aqueous NaHCO03 so-
lution and 100 ml of H20, dried over Na2S 04, filtered, and evap-
orated. The resulting residue was dissolved in 70 ml of MeOH
and the solution was stirred with 0.4 g (0.0075 mol) of NaOMe for
16 hr at room temperature. This solution was neutralized with
HOAc-H20 (1:9) and 2.3 g of neutral silica gel was added. The
mixture was evaporated to dryness and the impregnated powder
was added to a column (2 x 28 cm, 47 g) of silica gel. The column
was washed with EtOAc and the wash was discarded. The prod-
uct was eluted using EtOAc-MeOH (8:2) and evaporation of ap-
propriate fractions gave a yellow powder, which was crystallized
from a mixture of 95% EtOH and n-pentane to give 0.126 g (50%)
of 10: mp 208-210° dec; [a]X&d -17.5° (c 0.19, H20) [lit.40 mp
210-211° [a]22D -14° (¢ 1, H20)]; uv (0.1 N HC1) max 258 nm ((
14,700), min 228 (2600); uv (H20) max 258 nm (e 14,800), min 225
(2000); uv (0.1 N NaOH) max 258 nm (r 14,600), min 225 (2500);
nmr (DMSO-d6) 8 3.6 (m, 2, Hs-.s--), 4.14 (m, 2, H3, H4), 4.25
(d, 32-3 s 3 Hz, 1, H2), 5.0 (br s, 1, 5'-OH), 6.26 (s, 1, Hr),
7.32 (s, 2,6-NH2), 8.18, 8.22 (s, s; 1,1; H2, H8).

Anal. Calcd for CioHuNsOg: C, 48.19; H, 4.45; N, 28.10.
Found: C, 47.95; H, 4.76; N, 28.19.

9-(3-Azido-3-deoxy-/}-D-xylofuranosyl)adenine (9a). To a so-
lution of 1.11 g (0.002 mol) of 6 in 100 ml of dry, distilled DMF
was added 1 g (0.015 mol) of sodium azide. The mixture was
heated for 10 hr at 100° with stirring and then evaporated in
vacuo. The resulting pale yellow gum was partitioned between
100 ml of CHCI3 and 50 ml of H20 and the aqueous layer was ex-
tracted with 2 x 25 ml of CHCI3. The combined organic phase
was washed with 2 x 50 ml of H20, dried over Na2S04, filtered,
and evaporated to give a pale yellow solid foam. This material
was dissolved in 100 ml of MeOH and stirred for 21 hr at room
temperature with 1 g (0.019 mol) of NaOMe. The solution was
neutralized with HOAc-H20 (1:9) and evaporated. The residue
was partitioned between 50 ml of Et20 and 20 ml of H20 and the
aqueous layer was evaporated to dryness. The residue was crys-
tallized from H20 to give 0.54 g (92%) of a pale yellow solid. This
material was recrystallized from EtOH to give 0.49 g (83%) of 9a:
mp 177-178° [a]2aD -128° (c 0.94, MeOH); uv (H20) max 260
nm (e 15,100) min 232 (3000); nmr (DMSO-d6) 5 3.65 (br s, 2,
Hs\s"), 4.32 (m, 2, H3, H4), 4.8 (“t,” J2-r = 6,<2_3 = 6 Hz,
1, H2), 5.4 (br s, 1, 5'-OH), 5.85 (d, Jy-y = 6 Hz, 1, Hr), 6.25
(brs, 1,2'-OH), 7.35 (s, 2, 6-NH2), 8.18 (s, 1, H2), 8.3 (s, 1, H8).

Anal. Calcd for CiOHi2N803: C, 41.09; H, 4.14, N, 38.34.
Found: C, 41.35; H, 4.27; N, 38.54.

9-(3-Amino-3-deoxy-/3-o-xylofuranosyl)adenine (9b). A solu-
tion of 0.37 g (0.0013 mol) of 9a in 100 ml of 95% EtOH was hy-
drogenated at 45 psi (gauge pressure) for 48 hr at ambient tem-
perature over 0.19 g of 5% Pd/C catalyst. The mixture was fil-
tered, the filter cake was washed with 20 ml of hot EtOH, and the
combined filtrate was evaporated to give a white solid which was
recrystallized from 95% EtOH to give 0.27 g (81%) of 9b: mp
250-251°; [a]24D -30.1° (c 0.5, H20); uv (0.1 N HC1) max 255 nm
(t 14,500), min 225 (2500); uv (H20) max 258 nm (t 14,300), min
225 (2000); uv (0.1 N NaOH) max 258 nm (e 14,000), min 228
(3000); nmr (DMSO-d6) 5 1.1 (t, J = 7 Hz, 3, CH3CH20H), 1.8
(brs, 2, 3'-NH2), 3.3-3.5 (m, 2, H3 and OH), 3.5 (q, J = 7 Hz, 2,
CH3CH20H), 3.7 (m, 2, H5,5-), 416 (m, 1, H4), 439 (“t,” J2-y
ssJ2- 3=s 6 Hz, 1, H2), 5.6-5.74 (brd, Jv_2- s 6 Hz, 2, Hr and
OH), 7.3 (brs, 2, 6-NH2), 8.16 (s, 1, H2), 8.48 (s, 1, Hs).

Anal Calcd for CioH14N603-C2H50H: C, 46.13; H, 6.45; N,
26.91. Found: C, 45.93; H, 6.32; N, 27.00.

9-(3-0-Methyl-/3-n-xylofuranosyl)adenine (5). To a suspension
of 0.25 g (0.001 mol) of 3 in 50 ml of MeOH was added 1.15 g (0.03
mol) of NaBH4. The mixture was heated for 12 hr at reflux with
three further additions of 0.25-g portions of NaBH4 after heating
for 1, 4, and 6 hr. The solution was evaporated and the white resi-
due was dissolved in 30 ml of H20. This solution was continuous-
ly extracted with 100 ml of CH2C12 for 24 hr and the organic
phase was evaporated to give 0.28 g (~100%) of white product. A
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sample of this material (0.28 g) was purified by chromatography
on Dowex 1-X2 (OH- ) using MeOH-H20 (3:7) as the elution sol-
vent mixture followed by evaporation and recrystallization of the
residue from MeOH to give 0.24 g (85%) of 5: mp 167-168°; [a]Z4n
-60.5° (¢ 0.3, MeOH); uv (0.1 N HC1) max 258 nm (t 14,100),
min 230 (3000); uv (H20) max 258 nm (f 14,200), min 225 (2500);
uv (0.1 N NaOH) max 259 nm (t 14,400), min 230 (3700); nmr
(DMSO0-d6) 53.3 (s, 3, 3-OCHDJ), 3.72 (br s, 2, H55"), 3.80 (m,
1, Hs-), 428 (m, 1, H4), 456 (“t,” J2-y = 25,J2-y = 2.7 Hz,
H2), 4.86 (br s, 1, 5-OH), 5.90 (br d, 2, Jr.r = 2.7 Hz, Hr, 2'-
OH), 7.26 (s, 1, 6 NH2), 8.12 (s, 1, H2), 8.18 (s, 1, H8). The mass
spectrum of this product had peaks corresponding to that of 3'-
O-methyladenosine (with significant intensity variations) and
different from that of 2'-0 -methyladenosine.

Anal. Calcd for CnHIi5N504: C, 46.97; H, 5.37; N, 24.90.
Found: C, 46.98; H, 5.66; N, 24.70.

5-Amino-I-(3-deoxy-/J-D-xylofuranosyl)imidazole-4-carbox-
amidine-IV5—3'-cyclonucleoside Hydroformate (ii). A solution
of 0.5 g (0.002 mol) of 3 in 50 ml of H20 was heated for 1 hr at re-
flux, cooled, and evaporated to dryness. The colorless residue was
dissolved in 55 ml of hot MeOH and this solution was filtered.
The flask containing the cooled filtrate was sealed in a desiccator
containing 250 ml of Et20 and allowed to stand at room tempera-
ture. After 2 days the resulting crystals were filtered and dried at
100° (0.1 mm) over P20 5for 18 hr to give 0.45 g (79%) of colorless
needles of ii: mp 230-232°; [0]23d 155° (¢ 1.1, H20); pKa s: 11.5;
uv (1 N HC1) max 292 nm (e 13,100), min 237 (2500); uv (pH 7)
max 293 nm (¢ 14,500), min 252 (2300); uv (pH 13) max 278, 222
nm (e 9600, 8400), min 243 (5000); acidification of the pH 13 solu-
tion back to pH 6 gave essential reproduction of the pH 7 spec-
trum, indicating that no hydrolysis of the amidine function had
occurred; nmr (DMSO-d6) 8 354 (d, Jy.y.y 3? 6.7 Hz;, 2,
H5-5 -), 3.81 (d, J3-4- = 25, Jy-r < 1Hz/'1 H3), 4.35 (sextet,
Jr-3- =25, Jr-y's" s 6.7 Hz, 1, H4), 452 (d, J2-y < 1Hz, 1,
H2), 5.63 (s, 1, Hi-), 7.42 (s, 1, H2), 8.45 (s, 1, formate), the NH and
OH protons gave broad, integrated absorption with no distinct
signals.

Anal. Calcd for C9HI3N503-HCO2H: C, 42.10; H, 5.30; N,
24.55. Found: C, 42.04; H, 5.38; N, 24.42.

5-Amino-I-(3-deoxy-/S-D-xylofuranosyl)imidazole-4-carbox-
amide-A/5—*-3'-cyclonucleoside (iii). A solution of 2.0 g (0.008
mol) of 3 in 400 ml of H20 was heated for 40 min at reflux and 20
ml of 1 N NaOH was added. Refluxing was continued for 2 hr and
the solution was cooled. Dowex 50 (H+) resin was added, the
mixture was stirred until neutral and filtered, and the filtrate
was evaporated to dryness. The residue was dissolved in 200 ml of
hot MeOH, the solution was filtered, and methanolic HC1 was
added. The resulting precipitate was filtered and dried over P20 5
at room temperature to give 1.92 g (81%) of iii hydrochloride hy-
drate, mp ~180° dec.

Anal. Calcd for C9H12N40 4-HC1-H20: C, 36.68; H, 5.13; N,
19.01. Found: C, 36.85; H, 4.60; N, 19.18.

A solution of 1 g (0.0034 mol) of this salt in 50 ml of H20 was
neutralized with Dowex 1-X8 (OH-). The resin was filtered and
the filtrate was evaporated to give 0.8 g (95%) of colorless iii. This
product was recrystallized from 40 ml of H20-EtOH (1:10) to give
0. 5 g (60%) of needles which were dried over P20 5 at 120° (0.1
mm) for 18 hr to provide iii: mp 234-235°; [a]23D 140° (¢ 1, H20);
pKa s 2.76; uv (1 N HC1l) max 274; 257 nm (c 10,600, 10,100),
min 263, 223 nm (¢ 10,000, 2100); uv (pH 7) max 275 nm (t
13,800), min 221 (2200); uv (pH 13) max 279 nm (e 13,400), min
230 nm (3200); nmr (DMSO-d6-Me2CO-d8, 4:1) 8 3.56 (m, 2,
H5 50, 3.75 (m, 1, H3), 431 (“sextet” Jv.y s 32,Jy-y.y ss
6.6 Hz, 1, H4), 452 (m, 1, H2), 4.76 (“t,” Jy.oH-y.y ~ 6.2 Hz,
1, 5'-OH), 5.60 (s, 1, Hi), 598 (d, J2-oh-2- = 3.2 Hz, 1, 2'-OH),
6.48 (d, J5NH-3 = 4.4 Hz, 1, 5-NH), 6.73 (s, 2, -NH2), 7.13 (s, 1,
H2). Irradiation at 8 3.56 (H5,5mm), caused the exchangeable
“triplet” at 8 4.76 (5'-OH) to collapse to a singlet and the “sex-
tet” at 8 4.31 (H4) to collapse to a doublet. Irradiation of the
multiplet at 8 3.75 (H3) caused the multiplet at 8 452 (H2) to
collapse to a clean doublet and the doublet at 8 6.48 (5-NH) to
collapse to a singlet. Irradiation at 8 4.52 (H2-) caused the multi-
plet at 8 3.75 (H3) to collapse to a “triplet” and the doublet at 8
5.98 (2'-OH) to collapse to a singlet. These experiments verified
the peak assignments and also allowed the determination
ofe/2--20H = 3.2,32 3 = 1.2, ande/v-2 ™ 0.7 Hz.

Anal. Calcd for CO9H12N40 4: C, 45.00; H, 5.04; N, 23.32. Found:
C, 44.93; H, 5.25; N, 23.46.
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The solvolysis rates of cyclobutylcarbinyl (4-OBs), cyclopentylcarbinyl (5-OBs), cyclohexylcarbinyl (6-OBs),
and 1l-adamantylcarbinyl (AC-OBs) brosylates have been determined in a series of solvents. The extent of rear-
rangement of 5-OBs is sensitive to reaction conditions, including buffer. The kinetic and product distribution
data indicate that solvent capture of a carbon-bridged species accounts for 99% of the acetolysis product of 4-

OBs, 91% of 5-OBs, and 0% of 6-OBs.

The occurrence of Wagner-Meerwein type rearrange-
ments in solvolysis reactions of cycloalkylcarbinyl deriva-
tives has been well demonstrated.2 To the extent that the
current view of solvolysis reactions3 is correct, the obser-
vation of Wagner-Meerwein type rearrangement products
in the solvolysis of cycloalkylcarbinyl arenesulfonates is

evidence for neighboring group participation in the ioniza-
tion step via a-bond delocalization of charge into the cy-
cloalkane ring.

Although the study of the nature of <r-bond participa-
tion by the cyclopropane ring in solvolysis reactions has
been the subject of considerable experimental and theo-
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Table 1
First-Order Solvolysis Rates
Brosylate Registry no. Solvent Temp, °C kt, 106 sec-1 AH*, kcal/mol AS*, eu
4-OBs 51108-24-8 EtOH* 45 1.3
AcOH 45 3.4 24.9 + 0.1* -5.6 = 0.36
55 11.7
65 35.9
75 111
CFXH2OH 30 13.3 19.7 £0.1 -15.9 +0.3
35 24.4
45 70.8
55 186.0
hco2 35 210 20.3 +0.1 -9.6 + 0.4
45 630
55 1665
5-OBs 38806-24-5 EtOH 45 0.21
AcOH 55 0.42 254 + 0.1 -10.7 £ 0.4
65 1.36
75 4.20
CFH2OH 35 0.64 23.6 + 0.2 -10.4 £ 0.5
45 2.22
55 7.30
hcox 35 9.75 23.1 +0.1 -6.5 +0.4
45 34.5
55 103.7
6-OBs 51108-25-9 AcOH 55 0.053 27.8 + 0.1 -7.2 +0.5
65 0.200
75 0.675
CFXH2OH 35 0.039 23.6 +0.2 -16 + 0.8
45 0.131
55 0.444
hcoz 35 0.51 25.3 + 0.1 -5.3 +0.3
45 1.96
55 6.78
AC-OBs 51108-26-0 EtOH 45 0.0047
AcOH 55 0.033 29.6 + 0.6 -3 £ 2
65 0.111
75 0.488
100 7.44
CFH2OH 35 0.25 23.6 +0.2 -12.4 + 0.6
45 0.89
55 2.67
hcon 55 24.1 24 +0.1 -6 +0.3
75 219
Neophyl 24517-38-2 cfXhXh 45' 40
“ Initial concentration 0.015-0.030 M. bOne standard deviation unit from mean. cAverage of two runs with standard
deviation + 0.1.

retical work,4 comparatively few such investigations have
been carried out to elucidate the nature of cr-bond partici-
pation by the cyclobutane ring or the related cyclopentane
and cyclohexane rings.

Neighboring group participation involving ring expan-
sion has been postulated for the solvolysis of cyclobutyl-
carbinyl and cyclopentylcarbinyl derivatives,56 and

(CH2),,CHCH20Bs
n+ 1= 4, 4-OBs
n+ 1=5 5-0Bs
n+1=6,6-OBs

neighboring group participation by hydrogen has been
postulated for the solvolysis of cyclohexylcarbinyl deriva-
tives;7 however, these studies were either carried out prior
to development of current solvolysis reaction theory and/
or with little attention given to the nature of the cr-bond
participation, particularly in the case of the cyclobutane
ring.

For these reasons, we undertook the present investiga-
tion of the solvolytic behavior of the following cycloalkyl-
carbinyl brosylates. This paper reports the analysis of
both the reaction Kkinetics and product distribution data
in an effort to gain further insight into the nature of the
tr-bond participation by the cycloalkane rings in the ion-
ization process. During the course of this investigation

some related points of interest were developed and are in-
cluded in this report.

The data indicate that with urea buffer solvent capture
of a carbon-bridged species accounts for 99% of the acetol-
ysis product of 4-OBs, 91% of the acetolysis product of 5-
OBs, and 0% of the acetolysis product of 6-OBs.

The first-order rate constants for solvolysis of the cy-
cloalkylcarbinyl brosylates and related substrates are
summarized in Table I. The reaction progress was fol-
lowed by titrating the liberated p-bromobenzenesulfonic
acid and the reaction followed strictly first-order Kinetic
law up to at least 75% conversion furnishing, within ex-
perimental error,8 100% of the theoretical amount of acid
present.

The product distribution data are collected in Table II.
The vapor-phase chromatographic separations and charac-
terizations of products were carried out on a Carbowax
20M silver nitrate column. Urea was used as a buffer to
avoid an Sn2 displacement reaction by sodium acetate,9
and the product studies were conducted at the same tem-
perature (75°) as the Kinetic investigations. Previously re-
ported3®'6 7-1dl stability studies have established that the
reported products are indeed the initially formed products
and not those of subsequent isomerization reactions.la>

On the basis3 that primary solvolysis occurs by two dis-
crete pathways—Kks, solvent assisted which leads to only
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Table 11
Summary of Product Runs, Acetalysis at 75° “

A B C D E
Brosylate n* A B C D E
4-OBs' 4 | 99*
5-OBs 5 4.5 2.7 90.8° 0.8 1.2
6-OBs 6 47.5' 12.5” 40.O'
c-CH PBs® 5J 80 20*

“ Initial ester concentration 0.20 M; initial urea concen-
tration 0.30 M. *The initial ring size of the cycloalkyl
group. “The average of three runs. dCyclopentyl brosylate.
‘ Registry no.: 4596-40-1; f 937-55-3; " 16737-30-7; *933-
05-1; *622-45-7; >591-49-1; k110-83-8.

Table 111
Per Cent ks Reaction for the Acetolysis of Selected
Substrates at 75°

____________ (173 C—
Substrate This study Lit. value Ref
1-Adamantylcarbinyl OBs 0 3c
c-CH ,CH2Bs 1 1* 5c
cCHILHDBs 4.5¢ 61" 7
cC@H, CHXBs 47.5" 49“ 7

“ Buffered with urea. *At 100° without buffer. cAt 120°
with NaOAc.

Table IV
Variation in the E/S Ratio with Reaction
Conditions for Acetolysis of Selected Substrates

% %
Substrate Temp, °C, buffer alkene acetate
c-CHTTCH20Bs 100, none nd 100
75, urea nd 100"
cCHDBs 50, KOAc 39 61“
75, urea 20 80*
cCHILHDOBs 75, urea 2 98*
80, NaOAc 78 23d
80, NaOAc 74 25°
120, NaOAc 11 89’
c-C8Hu0S 0 2Ar* 50, KOAc 85 15“
100, NaOAc 81 19
100, urea 80 20
cCHIiiCHZLIBs 75, urea 40 60*
120, NaOAc 46 54*
115, NaOAc 23 7"

“ Reference 5c. bThis work. 6Tosylate: J. D. Roberts and

. C. Chambers, J. Amer. Chem. Soc., 73, 5034 (1951).
dNasylate, ref 6. =Reference 12. ' Tosylate, ref 7. " Tosyl-
ate: R. Kotani and S. Satoh, J. Org. Chem., 30, 3245 (1965).
hRegistry no. 953-91-3.

unrearranged products; and k&, neighboring group as-
sisted which leads to only rearranged productsll—the
data in Table HI are readily obtained.

Not unexpectedly, the fraction of 5-OBs solvolyzing via
the kg pathway (approximated by the fraction of cyclo-
pentylcarbinyl acetate in the product mixture) is signifi-
cantly lower than the literature value. Both Bartlett6 and
LeNy12 reported yields of cyclopentylcarbinyl acetate (5.1
and 9.0%, respectively) substantially in agreement with
that found in the present study. This result emphasizes
that the extent of rearrangement (and the subsequent dis-
section of kt into k\ and ks) is sensitive to reaction con-
ditions and, therefore, care should be taken that the Ki-
netic and product data are obtained under the same reac-
tion conditions.13

The data presented in Table IV provide further evi-
dence for product sensitivity to reaction conditions. For
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example, in the acetolysis of 5-OBs the replacement of so-
dium acetate by urea as a buffer results in a dramatic in-
crease in the yield of substitution product or the elevation
of the reaction temperature for 80-120° produces a similar
dramatic increase in the substitution product.

Since Bartlett, et al,,9 have shown that urea is as effec-
tive as sodium acetate in stabilizing cyclohexene against
conversion to cyclohexyl acetate under the reaction condi-
tions, it is unlikely that the increased substitution pro-
duce observed with urea is due to an enhanced acid-cata-
lyzed addition of acetic acid to cyclohexene. On the other
hand, the increased substitution product observed at
higher temperature may be attributed, at least in part, to
an enhanced displacement reaction by acetate ion; that is,
in the acetolysis of 5-OBs the rate constant temperature
profiles could be favorable for &2(AcO- ) at elevated tem-
peratures.

Insight concerning this somewhat complicated product
distribution picture is provided by Scheme I. A minimum
of four product pathways are necessary to accommodate
the product data: (1) ks, a solvent-assisted pathway lead-
ing to unrearranged acetate;14 (2) &h, a neighboring hy-
drogen assisted pathway leading to non-ring-expanded
olefins and tertiary acetates; (3) k&cl, a a-bond partici-
pation pathway, leading to bridged intermediate 1 which
is attacked by solvent yielding ring-expanded acetates;17
and (4) k&2, a <r-bond participation pathway leading to
classical ion 2 which is attacked by solvent leading to
both ring-expanded acetates and olefins. A fifth pathway,
k& 3, internal return isomerization to a secondary brosy-
late, has been proposed6 for the acetolysis of 5-OBs in the
presence of sodium acetate buffer. Although this pathway
cannot be ruled out in the present study, it is unfavored
for two reasons: (1) the products of acetolysis of cyclohex-
yl arenesulfonates (see Table 1V) are very rich in cyclo-
hexene, just the opposite of that observed for the acetoly-
sis of 5-OBs, and (2) the acetolysis products of cyclopentyl
brosylate (see Table 1V) include at least 20% cyclopentene
while none was detected in the acetolysis products of 4-
OBs.

Additional insight into the mechanistic details of the
k+tc pathway proposed for the ring-expanded products
observed in the acetolysis of 4-OBs and 5-OBs is provided
by the relative rate data collected in Table V. The most
striking feature of these data is the small effect of the
methyl and phenyl substituents upon the acetolysis rates
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Table V
Relative Rates of Acetolysis of 1-X-Cycloalkylcarbinyl Brosylates and the Relative Rates of Solvolysis of the
Corresponding 1-X-Cycloalkyl Derivatives

Compound X Rel rate, 75°
c-CIHeXCILOBs H 1.0
CH, 10
Phc 1.9
c-CH8 CH20Bs H 1
ch3 1
Phd 34

Compound X Rel rate
c-CEHBXCP H 1.0
CHa 1.75 X 10s
Ph 6.6 X 108
c-CsH.oXCP H 1.0
CHa 3.33 X 10*
Ph3 6.3 X 10?

°H. C. Brown and M.-H. Rei, J. Amer. Chem. Soc., 86, 5008 (1964), at 25° in EtOH. bReference 16. c Registry no.: 50978-

05-7; d51108-27-1.

Figure 1 Plot of log kt for 4-OBs (m), 5-OBs (+), 6-OBs (X),
and AC-OBs (=) ws. log k, for neophyl tosylate at 45°.

of 4-OBs and 5-OBs. This result clearly establishes that, in
the conversion of 4-OBs or 5-OBs to ring-expanded prod-
ucts, the charge distribution in the transition state has
little similarity to 2, the localized charge species, but in-
stead argues in favor of a delocalized structure similar to
1.18 Furthermore, the high yields of ring-expanded substi-
tution products observed in the acetolysis of 4-OBs and
5- OBs (about 99% in each case) suggestl7 that 1, instead
of the rearranged, localized species 2, is the intermediate
attacked by solvent leading to the ring-expanded substitu-
tion products.

Such is not the case, of course, in the acetolysis of
6- OBs which does not produce any ring-expanded prod-
uct. In this case the k+c pathway is noncompetitive with
both the ks and k&H pathways. It is of interest to note
that, in the acetolysis of 6-OBs, kxtHmakes a contribution
to kt approximately equal to that of kg and therefore pre-
cludes the use of this substrate as a model for kg solvoly-
sis.

Winstein has provided a useful diagnostic test for the
presence of a k& pathway by establishing the linearity of
plots of log k\C for re-propyl,2 2-phenylethyl,3® and 1-
phenyl-2-propyl2l tosylates us. log kt for neophyl tosylate
as the solvent is varied.2 Accordingly, the data for the
solvolysis of 4-OBs, 5-OBs, 6-OBs, and AC-OBs were sub-
mitted to a similar analysis which produced the curves il-
lustrated in Figure 1. The rate constant for the trifluoroa-
cetolysis of 4-OBs at 45° (1 x 10" 2 sec” 1) was derived
from a log kt vs. Y plot of carboxylic acid solvents where
the Y value for trifluoroacetic acid (4.4), in turn, was de-
rived from a plot of log kt for neophyl tosylate vs. Y for

Table VI
Some Slope Values for Correlation of Log k+R
(RCH2ZOTs) with Log kc (Neophyl Tosylate) as
Solvent is Varied

R Temp, °C  Slope values Ref
Et 75 0.85 20
PhCH» 75 1.02 3a
f-Bu 75 0.83 20
C-C4H9 45 0.82* This work
1-Adamantyl 45 1.02¢ This work

“ Brosylate kb is equated with K6

carboxylic acids. The rate constant for the trifluoroaceto-
lysis of 6-OBs was taken from the work of Krapcho and
Johanson.7

The correlation coefficients for linearity of the various
curves in Figure 1 are 0.99 (30° of freedom) for 4-OBs,
0.94 (20° of freedom) for 5-OBs, 0.94 (17° of freedom) for
6-OBs, and 0.99 (18° of freedom) for AC-OBs.

The good correlation between log kt for 4-OBs and log
kt for neophyl tosylate is consistent with the nearly exclu-
sive k&c pathway proposed for the solvolysis of 4-OBs
throughout the entire solvent series. It is interesting to
note that the correlation coefficient for 4-OBs is identical
with the value determined for AC-OBs, a compound that
reportedly® solvolyzes via an exclusively k#c pathway
involving a carbon-bridged intermediate due to steric in-
hibition of the ks pathway.

The poor correlation between log kt for 6-OBs and log kt
for neophyl tosylate is accountable by the significant con-
tribution that ks makes to kt for the solvolysis of 6-OBs in
solvents of low ionizing strength, while the poor correla-
tion between log kt for 5-OBs and log kt for neophyl tosyl-
ate is attributed to the enhancement of kt by fs for the
solvolysis of 5-OBs in the relatively nucleophilic solvent,
ethanol.

The slope values for representative log k&R vs. log ktN
(neophyl tosylate) correlations are listed in Table VI. In-
terestingly, the magnitude of these slopes varies only
slightly from a mean value of 0.91 which reveals the
change in log (»ar/&tn) with variable solvent is nearly
insensitive to change in neighboring group (H, Me, cyclo-
butyl, or 1-adamantyl).

It is tempting to speculate that this slope insensitivity
to neighboring group effect (sr) reflects a similar partici-
pation response, Bm(k\/kc)R, to medium effect (Sm) by
the various neighboring groups.23 Because there is no suit-
able model for evaluating the unassisted ionization rates
(kc) of primary substrates, additional slope values will be
determined in future studies to assess the validity of the
assumption23Sm (k\/kc)R/&m(k\/kc )ii ~ constant.

Another factor inherent in the estimate of extent of par-
ticipation is the accompanying change in strain energy.
For example, release of strain energy in going from start-
ing material to transition state complex is expected25024
to accompany cr-bond participation by the cyclobutane
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ring. However, its magnitude is small compared to the
change expected in going from starting material to the
ring-expanded product,25 and, more significantly, there
appears to be a linear relationship2*1 between ring strain
changes (either relief or increase) and extent of participa-
tion in solvolysis reactions which is nonfactorable

Primary alkyl arenesulfonates which suffer acetolysis
via the pathway are characterized by values of AS*
that fall in the O to -10 eu range,27a while the acetolysis
of simple, unbranched primary alkyl arenesudonates is
characterized by values of AS* that fall in the range -19
+ 2 eu.Zb The AS* values reported in Table I for both the
acetolysis and formolysis of 4-OBs, 5-OBs, and AC-OBs
are consistent with the k&c solvolysis pathway as out-
lined in Scheme I. A word of caution, however, s in order.
The AS* values for both the acetolysis and formolysis of
6-OBs also fall in the range 0 to -10 eu, apparently due to
a fortuitous blend of AS* values for the competing ka
and ks pathways.

It is of interest to note that the AS* values for trifluo-
roethanolysis are ca. 10 eu more negative than the corre-
sponding acetolysis values for 4-OBs, 6-OBs, and AC-OBs.
This same phenomenon has been observed in the solvoly-
sis of 1-arylcyclobutylcarbinyl brosylates28 and can be at-
tributed to greater hydrogen bonding solvation of the
anion in the looser ion pair generated in trifluoroetha-
nol.2

Experimental Section

Melting points were not corrected for stem exposure and were
taken on a Mel-Temp apparatus. Infrared spectra were recorded
on a Bausch and Lomb 1R 270 spectrophotometer end the nmr
spectra were obtained on a Hitachi Perkin-Elmer R-24 instru-
ment with tetramethylsilane as internal reference standard. A
Beckman GC-4 chromatographic instrument equipped with a
thermal conductivity detector and a 24 ft X 0.25 ir. column of
20% Carbowax 20M, 2% AgNC=3 on Chromosorb W, AW-DMCS
(45-60 mesh), was used for analytical gc work. All microanalyses
were performed by Galbraith Laboratories, Inc., Knoxville, Tenn.

Cyclobutylcarbinyl Brosylate (4-OBs). To a stirred solution
of 2.6 g (30 mmol) of cyclobutylcarbinol [56% from cyclobutane-
carboxylic acid (Aldrich Chemical Co.) and borane-tetrohydrofu-
ran, bp 141° (750 mm) (lit.30 bp 142-143° (750 mm)), ir spectrum
consistent with assigned structure] in 40 ml of dry py-idine cooled
to 0° was added 8.9 g (35 mmol) of p-bromobenzenesjlfonyl chlo-
ride. After standing 17 hr at 5°, the mixture was carefully hydro-
lyzed by the slow addition of 20 ml of cold water (reaction tem-
perature maintained between 0 and 5°) followed by the rapid ad-
dition of sufficient cold, dilute HC1 to acidify the mixture. The
precipitated ester was separated on a Buchner funnel (packed in
cracked ice to prevent ester from melting) and washed several
times with cold, dilute HC1, several times with cold water, and
then with cold petroleum ether (bp 30-60°) and after air drying
yielded 4.2 g (46%) of white needles (mp 20-25°). F.ecrystalliza-
tion from petroleum ether (bp 30-60°)-ethyl acetate (50:5) gave
3.0 g (33%) of white crystals, mp 25° (lit.53 ~25°).

Cyclopentylcarbinyl brosylate (5-OBs) was prepared from p-
bromobenzenesulfonyl chloride and cyclopentylcarbinol (Aldrich
Chemical Co.) as described above in 65% yield: mp [after one re-
crystallization from petroleum ether (bp 30-60°)] 49.5-50° (lit.31
mp 49.5-50°).

Cyclohexylcarbinyl brosylate (6-OBs) was prepared from cy-
clohexylcarbinol (Aldrich Chemical Co.) and p-bromobenzenesul-
fonyl chloride as described above in 70% yield: mp [after two re-
crystallizations from petroleum ether (bp 30-60°)] 41.5-42° (lit.3L
mp 42.5-43°).

1-Adamantylcarbinyl brosylate (AC-OBs) was p-epared from
1-adamantylcarbinol [39% from 1-adamantylcarbonyl chloride
(Aldrich Chemical Co.) and a 70% solution of sodium bis(2-
methoxyethoxy)aluminum hydride in benzene (Aldrich Chemical
Co.), mp 114.5-115.5° (lit.16 mp 115-116°)] and p-bromobenzen-
esulfonyl chloride as described above in 72% yield: mp [after two
recrystallizations from petroleum ether (bp 30-60")] 103-104°.
Anal. Calcd for C17H21Br03S: C, 53.00; H, 5.49; Br, 20.74. Found:
C, 53.03; H, 5.45; Br, 20.98.

Preparation of Reference Olefins and Esters. Cyclopentene,
cyclohexene, cycloheptene, and 1-methycyclohexene were pur-
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chased from Aldrich Chemical Co. and used as received. 1-Meth-
ylcyclopentene was prepared via acid-catalyzed dehydration of
1-methylcyclopentanol and the structure assignment confirmed
by nmr. Cyclobutylcarbinyl acetate, cyclopentyl acetate, cyclo-
pentylcarbinyl acetate, 1-methylcyclopentyl acetate, cyclohexyl
acetate, cyclohexylcarbinyl acetate, 1-methylcyclohexyl acetate,
and cycloheptyl acetate were prepared by published procedure5'6
and their purity and structure assignment confirmed by compari-
son with recorded nmr data.6

Solvents. Absolute ethanol was prepared according to the
method of Fieser.32 Acetic acid solvent was prepared from 994.9
ml of glacial acetic acid (Matheson Scientific, 99.8%) and 5.1 ml
of acetic anhydride. 2,2,2-Trifluoroethanol (Aldrich Chemical
Co.) was redistilled prior to use.

Acetolysis Product Studies. Solutions (25 ml, 0.2 M) of the
sulfonates 4-OBs, 5-OBs, and 6-OBs in acetic acid (0.3 M in
urea) were sealed in ampoules under N2 and immersed in a con-
stant temperature bath at 75 + 0.1°. After 10 half-lives each solu-
tion was diluted with 150 ml of water and continuously extracted
with ether for 48 hr. The ether extract was neutralized with
NaHCOs and dried (Na2S0O,i), and most of the solvent was re-
moved by controlled distillation with a Nester-Faust NFA-200 an-
nular still. The composition (see Table Il) of each residue was es-
tablished by gc (using authentic reference olefins and esters) and
confirmed by nmr analysis.

Rote measurements were accomplished by usual ampoule tech-
nique.19 The titrating solutions were, for ethanolysis and 2,2,2-
trifluoroethanolysis, 0.020 N sodium methoxide in anhydrous
methanol33 and, for acetolysis, 0.050 N sodium acetate in acetic
acid. The indicators used were Bromthymol Blue (in water),
Bromphenol Blue (in 20% aqueous EtOH), and Bromphenol Blue
(in acetic acid), respectively.

Treatment of Kinetic Data. The thermodynamic activation
parameters were obtained by IBM 1620 computer regression anal-
ysis. The linear correlations, slope values, and correlation coeffi-
cients were also obtained by IBM 1620 computer regression anal-
ysis.
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Evidence is presented substantiating a thiophenolic intermediate in the thio-Claisen rearrangement of allylic
phenyl sulfides under conditions (amine or carboxylic acid solvents at temperatures in the range 220-300°) only
recently found to propitiate this reaction. This includes synthesis of the allyl thiophenol intermediate in rela-
tively pure form, and converting it under normal reaction conditions to the same product distribution observed
to form directly from the allyl phenyl sulfide substrate. The intermediate thiophenol is found to resist cycliza-
tion when present in its anionic form, and this is a basis for trapping it and preventing formation of the normal
cyclization products. The intermediate anion is also shown to generate o-allyl side products as a result of nu-
cleophilic displacement on the allylic carbon of the substrate. A number of anionic bases, but not their conju-
gate acids, are also found to catalyze the thio-Claisen, including phenoxide, acetate, and thiophenolate. Unlike
the oxy-Claisen, where electrophilic agents are known to be exclusively catalytic, the thio-Claisen appears to be
susceptible only to nucleophilic catalysis. This is confirmed by kinetic studies of the concentration rate depen-
dencies (first order in substrate and catalyst) and reactivity as a function of structure among a series of amine
catalysts. The relative catalytic efficiencies of the members of this series show no correlation with their base
strengths, but do give evidence of a rough parallel with nucleophilicity. However, the scale of nucleophilic ac-
tivities is very compressed compared to the range of rate variation in normal Sn2 displacements, where a con-
siderable degree of nucleophilic bonding is being created in the activation process. These and a number of other
observations can be accounted by the proposal of a pericyclic transition state of thio-Claisen rearrangement
which has been triggered by a nucleophilic attack at the allylic carbon of the substrate. The effect of the nu-
cleophile is to bring about a small amount of displacement in the electron density of the C-S bond, and forma-
tion of a p orbital on the allylic carbon to accommodate the orbital requirements and the geometry of the [3,3]
sigmatropic transition state.

The thermolysis of allylic phenyl sulfidesl stands in
contrast to that of their oxygen analogs in experiencing
Claisen rearrangements. They exhibit extraordinary ther-
mal stability and undergo propenylization and subsequent
cleavage reactions2-3 only at temperatures approaching
300°. In fact, the possibility of a thio-Claisen rearrange-
ment to compete with degradative side reactions was es-
tablished only recently (1962).U4-6 It was found that in
solutions of carboxylic acid5 or aminel-4-6-7 solvents a fac-
ile rearrangement of Claisen character can be observed.
This reaction has now been widely applied and is recog-
nized to be of general preparative interest.8 11

The activation energyl2 for this “catalyzed” thio-Cla-
isen is somewhat greater than for the oxy-Claisen and the
products realized are thiocoumarans and thiochromanes
which could have arisen from presumed o-allylthiophenyl
intermediates. In an earlier communication13 preliminary
evidence for this presumption has been described. This is
based on trapping some of the intermediate as the o-allyl-
methylthiophenyl ether and preventing cyclic product for-
mation when the reacting mixture is quenched with KOH
and CH3l.

This report is intended to provide full documentation of
the evidence bearing on the occurrence of an o-allylthio-
phenol intermediate corroborating the thio-Claisen nature
of the catalyzed, thermal rearrangement of allylic phenyl
sulfides. Additional lines of experimentation will also be
discussed which were directed toward elucidating the role
of catalytic agents which are often indispensable to ob-
taining a thio-Claisen reaction.

Results and Discussion

l. Evidence Substantiating a Thiophenolic Intermedi-

ate in the Thio-Claisen Rearrangement of Allyl Phenyl
Sulfide (1). A. Cyclization of o-Allylthiophenol (2) under
Typical Thio-Claisen Reaction Conditions. Independent
synthesis of the intermediate 2 was achieved earlier3
through a two-step reaction involving gas-phase pyrolysis
of the o-allylthiocarbonate or o-allylthiocarbamate, 3. Hy-
drolysis of the product, 3a, in alkaline medium followed
by acidification gave rise to 2. The o-allylthiophenol had
to be separated from propenylization (5) and cyclization
(6) products, which could not be completely avoided even
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Scheme |

under the mildest conditions. This work has now been re-
viewed; see Scheme I. It is found that the cyclization pro-
cess, from both thiols 2 and 5, occurs with great readiness,
and is exothermic at room temperature. Acid catalysis of
the cyclization reaction is also evident from the fact that
neutralization of the potassium thiolates, 4 and 4-, had to
be carried out with the weakest acids to get any signifi-
cant yield of 2. However, the thiophenolate anion as its
sodio or potassium salt is extremely stable by comparison,
and its formation could be quantitatively estimated by
admixing with CH3Il and conversion to the unreactive
thiomethyl ether. Using NaOCHs in CH30H as the hy-
drolysis medium and refluxing for 36 hr gives the stable
sodio salt 4 in about 90% vyield, with the remainder con-
sisting of 4~ and 6. After the latter are separated by ex-
traction, working in the cold, neutralization is accom-
plished with dilute acetic acid and the free thiol 2 is ob-
tained for storage at —30° until required.

In earlier experiments when the thiol 2 was heated in
quinoline solution from room temperature to reflux, the
ratio of thiochroman (7) to thiocoumaran (6) product was
observed to be 4:1. The high tendency of 2 to cyelize (even
at ambient) would suggest that this procedure would lead
to product compositions which were not strictly compara-
ble to what would form from 2 at the normal tempera-
tures of the thio-Claisen reaction in quinoline (ca. 230°).
Injecting the thiol 2 into refluxing quinoline, however,
would be a more likely way of determining how the puta-
tive intermediate behaves on cyclization under the actual
thio-Claisen conditions. Table | presents a summary of
the results obtained when operating in this fashion. The
ratio of 7 to 6 observed (ca. 1.44) is very close to the ex-
perimental ratio of 1.47 realized from thio-Claisen rear-
rangement of 1in refluxing quinoline.

B. Trapping o-Allylthiophenol (2).1417 Tc intercept
formation of 2 in the course of rearrangement of 1, two
approaches were successfully employed. Both made use of
the fact that an aqueous solution of potassium o-allylthio-
phenolate strongly resists the cyclization reaction which
takes place so readily in the case of the free thiol.

In the first instance, the reaction in refluxing quinoline
was carried out for 1 hr, a time considerably shorter than
that required for completion; the mixture was then
guenched by addition to 3 IV aqueous KOH. Neutral and
water-insoluble compounds were removed and methyl io-
dide was added to the basic solution. An immediate reac-
tion occurred to give a small amount of o-allylphenyl
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Table |
Cyclization Products Derived from Reaction of
Mixtures of 2 and 5 in Refluxing Quinoline*

Reactant compositionse —Product compositions6-

-Ratio 7/6--—-

Uncorrected Correctedo
94.9 5.1 44 .4 55.6 1.25 1.41
90.0 10.0 46.7 53.3 1.14 1.45
85.5 14.5 49.4 50.6 1.02 1.45
22.6 77.4 86.7 13.3 0.15 1.43

“ Concentration of reactants 0.8 M. 6Relative concentra-
tions determined by glc analysis of the corresponding
thiomethyl ethers. cAssumes that 5 cyclizes exclusively to
6.

methyl sulfide as a pale yellow liquid; this accounted for
about 5% of the product. In the second approach, 2 was
captured as formed in situ by adding a strong inorganic
base as a trapping agent directly to the quinoline reaction
medium; this must inhibit cyclization. Lithium methox-
ide was chosen, since earlier work with this base had
shown that it also produced the least amount of undesir-
able isomerization of the allyl double bond. The substrate
1was heated under reflux in the presence of an equivalent
amount of lithium methoxide in quinoline. The mixture
was quenched and treated as above with methyl iodide.
The thiomethyl ether obtained in this reaction accounted
for ca. 50% of the total thio-Claisen product. These results
coupled with the earlier characterization of the cyclization
pattern under normal reaction conditions of thiol 2 would
seem to substantiate the previous conclusion that o-allyl-
thiophenol is formed in the course of rearrangement of
allyl phenyl sulfide.

Il Isolation and Identification of Side-Reaction
Products and Their Significance. Several experiments in
which reaction was deliberately terminated prematurely
gave indication of an additional product boiling in the
range of the normal products 6 and 7. It became evident
that the unknown material, which was formed during the
progress of rearrangement of 1, was accumulated up to a
point, but then slowly disappeared as heating continued.
It was also evident that the reaction products of this un-
known (intermediate) material 8 comprised the series of
peaks of higher boiling substances following it in the glc
spectrum and accounting for up to 10% of the total prod-
uct composition. A sufficient quantity of 8 was then iso-
lated for spectroscopic examination and identified as O-
allylphenyl allyl sulfide. Confirmatory evidence was ob-
tained by its independent synthesis through addition of
allyl bromide to aqueous o-allylthiophenolate 4.

A sufficient quantity of the first product peak following
8 was isolated for analytical purposes. The nmr spectrum
(see Experimental Section) of this material corresponds to
that which would be predicted for 7-allyl-2-methyl-I-thio-
coumaran (9). It is reasonable to assume that 8-allyl-I-
thiochroman (10) is one of the constituents of the cluster
of four peaks following 8. Others highly likely to be pres-
ent are the ortho propenyl isomers of 9 and 10. The reaction
pathways delineated by all these observations are outlined
in Scheme II.

It also seems logical to attribute the formation of 8 to a
simple Sn2 displacement by intermediate thiolate on the
starting sulfide (1). This bimolecular reaction accounts for
the observed, early accumulation of 8 and its subsequent
demise through ultimate thio-Claisen rearrangement to
cyclic products. Support for this proposal was found by
examining the neutral products of thio-Claisen rearrange-
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Scheme 11

confirming synthesis

ment under conditions whereby the thiol intermediate 2
was long lived. In the second trapping experiment pre-
viously cited, where lithium methoxide was added to the
quinoline solution of sulfide, greater than 30% of the ex-
tracted neutral products could be accounted for by forma-
tion of diallyl derivative 8. The cyclic products 9 and 10,
identified by glc retention times, were further observed
independently when an authentic sample of 8 was thermo-
lyzed under the usual thio-Claisen conditions (refluxing
quinoline).

To further test this interesting Sn2 behavior the effect
of heating 1 in the presence of lithium phenoxide was ex-
amined. Two solvents were chosen: the first, quinoline, to
simulate the reaction medium in which displacement was
first discovered; the second, diethyl carbitol, a neutral
inert solvent in which Claisen rearrangement of allyl
phenyl(oxy) ether (as and if it formed) is known to occur
readily. The results of these studies are compiled in Table
n

The product compositions from these reactions (shown
in Table H) demonstrate that Sn2 displacement by phen-
oxide forming allyl phenyl ether is never realized. A bi-
molecular side reaction (Sn2) involving displacement of
thiophenolate anion from the allyl carbon by thiopheno-
late anions in solution has been implicated as the source
of diallyl side-reaction products. Yet phenoxide ion is in-
capable of effecting displacepient of the allyl chain. If it
had, the products of oxy-Claisen rearrangement would
have been readily visible in the glc, since this reaction has
a much lower activation energy than the thio-Claisen.
Clearly, the bimolecular displacement side reaction occurs
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only in the presence of very powerful nucleophiles in the
medium.

A final experiment illustrates the competition of bi-
molecular displacement and Claisen rearrangement steps
occurring at normal reaction temperatures. Here the ef-
fect of heating allyl phenyl ether in the presence of lithi-
um thiophenolate in diethyl carbitol at 230° was exam-
ined. In sharp contrast to the case cited earlier for phen-

thio-Claisen
products (only)

oxide, thiophenoxide readily displaced the allyl side chain
to such an extent that only thio-Claisen products were ob-
served; little or no oxy-Claisen products could be detect-
ed. These results and their mechanistic implications will
receive further consideration in a subsequent section of
this report.

I11. Role of the Medium. Several alternatives can be
considered. (1) A special solvent effect could be operating
to complex the double bond in such a way as to inhibit or
prevent irreversible isomerization to propenyl and simul-
taneously to maintain the structural, intramolecular
relationships necessary for rearrangement to occur. (2)
Basicity of the amine may produce the proper circum-
stances for rearrangement via a proton-transfer mecha-
nism involving the substrate or a reactive equivalent
thereof. (3) The nucleophilic character of the amine could
be brought to bear to accelerate rearrangement at the ex-
pense of isomerization in some as yet undetermined man-
ner.

In the final analysis it was concluded that nucleophili-
city was the key parameter. This conclusion was general-
ized by verifying that rearrangement could be carried out
in a neutral, inert solvent so long as the required presence
of a nucleophilic agent was satisfied. In the following sec-
tions the basis for reaching this conclusion is discussed.

A. Complexation Effect of the Medium. Two alterna-

tive ways in which amine could complex with the sub-
strate 1 have been considered previously.2-3 Both of these
visualize an interaction that serves to retain the allylic
sulfide configuration and thus promotes rearrangement at
the expense of propenylization; i.e., the nature of the sub-
strate-amine complex inhibits propenylization.18 Evi-
dence is at hand to indicate that very specific effects are
involved in promoting and/or preventing propenylization
of allylic sulfides.19-20 Thus, it has been demonstrated
that the proper choice of conditions for the hydrol-
ysis of 3a results in the prevention of extensive pro-
penylization of the carbamate prior to cleavage of the
ester link. For example, a reaction medium consisting of
ethanolic potassium hydroxide at reflux reduces the purity
of the desired o-allylthiophenolate anion 4 to only 20%,
whereas treatment with sodium methoxide in anhydrous
methanol affords 90% of pure 4 after hydrolysis is com-
plete in the same period of time. The limited ability of
sodium methoxide in methanol to promote isomerization
was corroborated by the observation that heating o-allyl-
phenyl methyl sulfide or o-allylphenyl methyl ether with

Reaction of Allyl Phenyl Sulfide and Lithium PI‘TeE}%IEiI&e in Equimolar Amounts (0.8 m) at 240° for 3 Hr

Product distribution, % -

Propenylized substrate

Solvent Allylic substrate 1 \%
Quinoline Trace 4
Diethyl carbitol 5.4 4.6
Quinoline* 2 2
Diethyl carbitol” 67.2 29.7

“ Control reaction—no phenoxide added.

Higher boiling

Thiocoumaran e Thiochroman 7 products 9 + 10

48 33 10
50.6 24.7 9.9
33 49 8
Trace Trace Trace



1578 J. Org. Chem., Vol. 39, No. 11, 1974

Table 111
Influence of Equimolar Concentrations of Various
Acids on the Isomerization of a 0.1 M Solution of
Allyl Phenyl Sulfide in Diethyl
Carbitol at 240° for 3 Hr

---------- Substrate, % ----------- Cyclic
Proton source Unreacted Propenylized products®
Phenol 70.7 29.3 Trace
Octanoic acid 73.5 26.5 Trace
Thiophenol 50.4 49.6 Trace
Methanesulfonic acid 71.2 28.8 Trace
None 68.9 31.1 Trace

“These cyclic materials are the normal
products—thioehromans, thiocoumarans, etc.

thio-Claisen

quinoline had no effect on these materials. After 6 hr at
240°, circumstances sufficient to complete the rearrange-
ment of allyl phenyl sulfide, analysis of the isolated reac-
tion products by gas chromatography failed to detect the
presence of propenyl isomer in each case.

The diminished ability of the amine (as opposed to
other bases) to promote the competing propenylization
only explains part of its role. It is possible that in the ab-
sence of amine solvent propenylization is much faster
than rearrangement, so that inhibiting propenylization
may make rearrangement a more visible reaction. How-
ever, this does not account for the fact that other bases,
such as LiOCHa in quinoline and LiOCeHs in carbitol,
which promote propenylization, can catalyze rearrange-
ment to the extent that it is the predominant product-
forming reaction. In all likelihood, therefore, amine sol-
vents also exert an accelerating effect on the rearrange-
ment reaction while affording no catalysis of propenyliza-
tion; thus, nearly total conversion to thio-Claisen product
is found.

B. Effect of Acids and Their Conjugate Bases in the

Medium. It is well known that proton sources influence
the kinetic pattern and increase the rate of the oxy-Cla-
isen rearrangement. Kincaid and Tarbell2l have observed
that the rate of rearrangement of allyl p-tolyl ether in the
absence of solvent gradually increased to about four times
the initial rate as the medium changed from ether to phe-
nol. Goering and Jacobson22 have studied the relative
rates of rearrangement of allyl p-cresyl ether in various
solvents and report a 22-fold difference in the rate in phe-
nol compared with diphenyl ether. Whether the greater
rate in phenolic solvent might in some way be connected
with hydrogen bonding between the solvent and sub-
strate22 or be a consequence of acid catalysis2l is a matter
of controversy, but, regardless of the reason, the fact that
proton sources influence the oxy-Claisen rearrangement
has been established. On the other hand, base catalysis of
the oxy-Claisen rearrangement cannot be confirmed.

The possibility of general acid-base catalysis of the
thio-Claisen must be considered in view of the fact that
the reaction is known to take place readily in both (weak-
ly acid) carboxylic and in (weakly basic) amine media,
but is too slow to compete with propenylization in the ab-
sence of either of these medium components. Moreover, it
has also been shown (above) that bases such as phenoxide
anion increase the rate of the thio-Claisen vs. propenyliza-
tion even in neutral media such as diethyl carbitol. How-
ever, the data in Table Il show that when equimolar
amounts of acids of widely varying strength are heated
with substrate 1 in a 0.1 M solution of diethyl carbitol
only propenylization takes place to all intents and pur-
poses. In contrast to these results the conjugate bases of
the same acids formed in quinoline, when the quinoline
solution was heated under the same reaction conditions
(time and temperature), allow nearly total thio-Claisen
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Table IV
Influence of Various Lithium Salts on Thio-Claisen
Rearrangement of Allyl Phenyl Sulfide (1) in
Diethyl Carbitol Solution

—Lithium salt—

Thio-

Ace- phen-

Products tate® Phenoxide”™  oxidec
Recovered substrate, % 55 5.4 15
Propenylized substrate, % 25 4.6 12
Thio-Claisen product, % 20 90 73

“230°, 6 days. b240°, 3 hr. ' 230°, 6 hr.

reaction accompanied by only minor amounts of propenyl-
ization.

The catalytic influence of the anions of these weak
acids on the thio-Claisen, independent of the quinoline
solvent, was confirmed by allowing 1 to react in the pres-
ence of their lithium salts in diethyl carbitol solution, as
summarized by Table IV.

It must be emphasized that these lithium salts were
only partially soluble in the diethyl carbitol. Since the
amount of undissolved salt in each case could not be de-
termined, the data in Table IV cannot be applied for com-
parison of the catalytic efficiencies of the respective an-
ions. They can be cited, however, to support the conclu-
sion that only the conjugate bases and not the weak acid
themselves possess the ability to accelerate thio-Claisen
rearrangement vs. the competing propenylization.

As noted previously,2 thiophenol exerts a specific effect
in promoting propenylization in both the carbitol and
quinoline solutions. Nonetheless, the rearrangement with
thiophenol is still considerably faster than propenylization
in quinoline, while occurring only to a trace extent in the
carbitol. As mentioned above, the phenoxide promotes the
rearrangement even in the carbitol. Since the acid phenol
does not have a catalytic effect in this solvent (Table HI),
the role of catalyst must be distinctively different from in
the oxy-Claisen, where phenolic acids afford significant
acceleration in direct proportion to their concentration.2l

In connection with catalysis by octanoic acid and other
carboxylic acids it should be recognized that somewhat
forcing conditions (300°) were required to bring about the
thio-Claisen. Moreover, a large amount (54%) of propenyl-
ization was observed under these conditions. Most proba-
bly this reflects the exceedingly low concentration of octa-
noate anion, which is the actual catalytic species in the
presence of an enormous dilution of octanoic acid. The
latter is capable of promoting only the degradative pro-
penylization side reaction.

C. Kinetic Factors. In the course of studies establish-

ing the intermediacy of o-allylthiophenol in the thio-Cla-
isen rearrangement of allyl phenyl sulfide, it was demon-
strated that rearrangement could be effected in a solvent
of choice so long as an amine or the conjugate base of an
acid was included. This constituted an approach in
studying the kinetic influence of a wide variety of organic
bases and inorganic bases. The kinetic technique consist-
ed, in general, of subjecting diethyl carbitol solutions, 0.8
M in sulfide and 0.8 M in amine, to heating at some spec-
ified temperature. The reaction mixtures, sealed into
small glass tubes, were placed in a suitably controlled
constant-temperature bath for a prescribed period of time.
At appropriate intervals the tubes were pulled, cooled to
room temperature, and analyzed directly using gas chro-
matographic peak area ratios of sulfide and products com-
pared to an internal standard, 1,3,5- or 1,2,4-trichloroben-
zene. Chromatographic columns which afforded complete
resolution of solvent, amine, standard, sulfide, and prod-
ucts were selected.
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Figure 1. First-order kinetic behavior of allyl phenyl sulfide at
228.7° in the presence of an equimolar amount of pyridine (0.8
mol/l.).

Figure 2. First-order kinetic behavior of allyl phenyl sulfide at
228.7° in the presence of various amounts of pyridine.

In view of earlier studies by Tarbell and Kincaid2l of
the oxy-Claisen rearrangement, first-order kinetics were
anticipated. The approach, therefore, was to make this
assumption and examine a first-order plot of the disap-
pearance of sulfide. The data for reaction between pyri-
dine and allyl phenyl sulfide are tabulated in Table V and
plotted according to a first-order relationship (see Figure
1) in which Xo is the initial concentration of allyl phenyl
sulfide and x is the concentration of sulfide remaining at
time t (in seconds). The results show that the reaction is
strictly first order over the range studied. It is recognized,
however, that the linear (first order) rate of disappearance
of 1 represented by the plot in Figure 1 is the sum of two
first-order rates, the propenylization rate being only a
minor component of the total.

The dependence of rearrangement rate on the concen-
tration of pyridine can be perceived from data summa-
rized in Table VI and plotted in Figure 2. Within a con-
centration span in which the activity (basicity or nucleo-
philicity) of the pyridine may be assumed to be relatively
constant, the rate depends on the first power of the
amine. Furthermore, it remains at constant concentration
effectiveness throughout the course of reaction. Only at
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Table V
Kinetics of Allyl Phenyl Sulfide Reaction at 228.7°,
0.8 mol/1. in Diethyl Carbitol, in the Presence of
0.8 mol/1. of Pyridine (Calculated as a
First-Order Rate)

Time, sec % reaction Vobsd X 10s, sece 1

1,800 17.6 10.8

3,000 27.8 10.9

7,200 50.8 9.9
10,200 65.4 10.4
14,400 75.8 9.9

10.4 av
Table VI

First-Order Rates Determined at Various Pyridine
Concentrations in Thio-Claisen Reaction of 1 in
Diethyl Carbitol Solvent at 228.7°

[Pyridine], mol/1. 105 kObsd, sec-1
0.050 2.42
0.100 3.06
0.200 4.33
0.301 5.75
0.401 6.71
0.602 8.90
0.802 9.85
0.000 1.45

the higher amine concentrations, which begin to alter the
nature of the medium, and perhaps to produce a some-
what greater degree of propenylization, or both of these
influences, can the relative catalyst efficiency be seen
(Figure 2) to depart from the linear relationship. More-
over, since a function of the rate of disappearance of sub-
strate is being considered in the plot, there is some signif-
icance to be associated with the fact that the intercept
([pyridine] = 0) nearly coincides with the experimental
rate of thermal propenylization determined in the absence
of catalyst. This result confirms the deduction (made in
an earlier section) that within a limited range of concen-
trations the amine only influences the rearrangement to
occur faster than the competing propenylization. Thus, in
the absence of amine, propenylization occurs some 10-20
times faster than rearrangement at ca. 230° and only a
trace of thio-Claisen can be noted. In the presence of
moderate amine concentrations rearrangement is acceler-
ated to the point where it is more than ten times faster
than propenylization. For practical purposes it can be said
that the ability to isolate a better than 90% yield of thio-
Claisen products depends on catalysis which accelerates
rearrangement by factors of about 20. The difference be-
tween being able to realize a practical preparation and
failure to achieve the desired reaction is due only to com-
paratively small catalytic effects.

D. Structure-Rate Relationships among Amine Cat-
alysts. Basicity vs. Nucleophilicity as the Rate-Con-
trolling Factor. The effect on rate of eight amines differ-
ing in their basicity (in water) by 11 orders of magnitude
has been examined. The results are tabulated in Table
VIIl. Apparently there is a complete lack of correlation of
rate and basicity. In view of all the evidence presented
above and in previous sections of this report, it is reason-
able to conclude that basicity is not a significant consid-
eration in understanding the catalytic activity of amines.

On the other hand, reactivity appears roughly to paral-
lel the order of nucleophilicity23 of the amines listed in
Table VII. Two distinct classes of amine nucleophiles
have been examined: those (the first five entries) which
might be called “normal” and those (the last three
entries) which could be classified as “facilitated.” Among
the latter, the most active catalysts are a nucleophiles
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Table VII
Rates of Thio-Claisen Rearrangement of Allyl
Phenyl Sulfide in the Presence of Various Amines
in Equimolar Concentration (0.8 mol/1.) in
Diethyl Carbitol at 228.7°

pifa Amine 10s feobsd, sec
4.63 Aniline 2.52
5.15 N,N-Dimethylaniline 3.42
4.90 Quinoline 7.26
11.0 Triethylamine 9.41
5.25 Pyridine 9.85
0.75 «-Pyridone 14.2
6.95 Imidazole 18.4
8.86 Dabco® 19.5

°1,4-Diazabicyclooctane; Dabco is the commercial prod-
uct of Houdry Co.

possessing an enhanced degree of effectiveness in displace-
ment reactions which is independent of the basicity of the
attacking atom.24 In terms of their relative catalytic ac-
tivities in the thio-Claisen reaction the facilitated nucleo-
philes are two to six times more effective than the normal.
The fact that relative rate is directly correlated with the
nucleophilicity of the catalyst is also evident for anionic
nucleophiles, as summarized in Table VIII.

However, the reactivity order does not reflect the full
range of nucleophilic “power” available for use if the tran-
sition state of the thio-Claisen involved the bond-making
step of a normal Sn2 displacement reaction. In the classi-
cal Sn2 reaction45 the bond between the advancing nu-
cleophile and the reaction seat is at least half complete in
the transition state and this bond-forming step is com-
pleted in the product. However, in the thio-Claisen the
nucleophilic catalyst never completes a bond to carbon. The
very small range of reactivites displayed by catalysts,
which as nucleophiles in ordinary Sn2 displacements show
enormously greater reactivity differences, suggests that in
the activation step of the thio-Claisen only a very small
degree of bonding between the nucleophilic catalyst and
the seat of displacement is ever achieved. That is to say,
only a small degree of the nucleophilic capabilities of the
amine reagents is exerted in the activation step of the
thio-Claisen. Consequently, only a small fraction of the
rate differences that distinguish these nucleophiles in or-
dinary Sn2 reactions is actually realized. This assumption
accounts for the severely compressed scale of catalytic ac-
tivities as well as the rough parallel with nucleophilicity.
Further evidence in support of this conclusion is consid-
ered in connection with identifying the seat of nucleophil-
ic attack in the thio-Claisen substrate.

E. Relative Reactivities among Nucleophilic Cata-
lysts of Widely Varying Nature. A series of experiments,
designed to estimate the full range of nucleophilic activi-
ties available to catalyze the thio-Claisen, involved mea-
surement of the relative rates of rearrangement, each in
the presence of known quantities of various catalytic an-
ions. A solution was prepared consisting of diethyl carbitol
containing 0.4 mol/1. of allyl phenyl sulfide and 0.4 mol/1.
of triethylamine. Aliquots of this solution were made up
to 0.4 mol/l., respectively, with acetic acid, phenol, or
thiophenol and each was allowed to react in sealed tubes
at 227°. The equilibrium concentrations of the anionic nu-
cleophiles and free triethylamine in these reaction
mixtures were calculated assuming the following relation-
ships to hold in the neutral solvent.

RN + HA R3NH + A"
[R,NH+][A~] » HA LT RiNH
@ [RIN][HA] a '’
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Table VIII
Relative Reactivity of Allyl Phenyl Sulfide in the
Presence of Various Catalysts

Catalytic® relative
rate

Displacements

Nucleophile relative rate

cbh 5 - 1.43 16,000
chh o - 1.33 13.3
chXoo- 1.02 0.67
(CHYHN: 1.00 1.00®

“ Determined for thio-Claisen rearrangement. 6Streit-

weiser’'s average relative rate of displacement for the nu-
cleophile in a typical displacement process. eThis value is
for trimethylamine.

Table IX
Effect of Methyl Substitution on Reactivity in the
Thio-Claisen Rearrangement (0.25 mol/1. Substrate,
0.25 mol/1. Pyridine in Diethyl Carbitol
Solvent at 227.8°)

Sulfide substrate 10s £0bsd, sec-1 Rel rate
Allyl phenyl® 3.40 2.1
1,3-Dimethylallyl phenyl6 1.65 1.0

“Registry no., 5296-64-0. 6Registry no., 17417-79-7.

The Ka values used were those reported for pure
water.25 It was considered unlikely that the relative acidi-
ties of the three uncharged acids, in relation to the acidity
of the triethylammonium ion, would be greatly affected
by the carbitol solvent.

The comparative rates were determined by heating the
sealed reaction tubes for a specified period of time and
determining the relative extent of thio-Claisen rearrange-
ment. Under the chosen reaction conditions it was shown
that only an insignificant amount of propenylization was
produced. The results are given in Table VIII.

Streitweiser2 has compiled the list of relative nucleo-
philic activities by reviewing a multitude of displacement
reactions. Included in Table VIII are his values for the
“average relative displacements rates” of the nucleophiles
examined. Although the catalytic activities of the nucleo-
philes in the thio-Claisen are in more or less the same
order as their nucleophilic activities in the Sn2, the range
of relative activities is enormously compressed compared
to their inherent bond-making capabilities. Thus, the rel-
ative activity of thiophenolate and acetate anions in the
thio-Claisen is only 1.4, whereas in normal Sn2 reactivity
this ratio is more than 15,000. This confirms the sugges-
tion that only a small degree of nucleophilic bonding be-
tween catalyst and substrate exists in the transition state
of the thio-Claisen.

F. The Seat of Nucleophilic Susceptibility. It will be

recalled that “diallyl” products such as 8 and 9 can be
isolated from thio-Claisen rearrangement. These are most
reasonably accounted for on the basis of an act of Sn2 dis-
placement on the starting sulfide by the rearrangement
intermediate, o-allylthiophenol, in the form of its anion.
Moreover, when allyl phenyl(oxy) ether was treated with
lithium thiophenoxide, a quantitative Sn2 displacement,
ultimately giving thio-Claisen products, was observed. On
the other hand, phenoxide ion was found to be incapable
of effecting displacement, but, instead, was shown to be a
functioning catalyst for thio-Claisen rearrangement. Both
of these observations establish the allyl side chain as the
position susceptible to attack. However, this may not be
unrelated to the question (previously noted) as to why
thiophenolate produces both bimolecular reaction as well
as catalysis, whereas somewhat weaker nucleophiles pro-
duce only catalysis.
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Scheme 111
A Proposal for the Mechanism of Thio-Claisen Catalysis

Another line of evidence bearing on this point is con-
cerned with the effect of methyl substitution on the allyl
side chain, which was initially examined to ascertain the
magnitude of steric factors on the bimolecular kinetics.
Under identical reaction circumstances the first-order rate
of disappearance of 1,3-dimethylallyl phenyl sulfide26 was
compared with the rate of allyl phenyl sulfide in diethyl
carbitol containing an equimolar amount of pyridine. The
data listed in Table IX indicate that methyl substitution
at the allylic carbon retards the rate by a factor of only
about 2 for a reaction taking place at 227°. This is to be
compared with a typical displacement at 25° (for exam-
ple, chloride displacement on alkyl iodide),27 where the
rate ratio of ethyl to isopropyl is 32. However, since the
steric rate effect is almost entirely in the entropy term,
the rate ratio must be very considerably greater at 227°. It
may therefore be estimated that the steric rate effect due
to methyl substitution at the allylic carbon in thio-Claisen
substrates is only 0.05-0.0005 as great as is observable in a
reaction possessing a “full” Sn2 transition state.

This inference is again to be correlated with the conclu-
sion (reached in a previous section) that the nucleophilic
catalyst approaches the rear of the allyl carbon in the act
of displacing sulfur from its bond. However, this occurs
only to a small fraction of the extent to which bond mak-
ing and breaking takes place in a typical Sn2 transition
state. The smaller extent of Nu-C bond formation in the
thio-Claisen thus results in a much smaller steric rate ef-
fect than is experienced in the Sn2. Apparently the nu-
cleophile causes only as much displacement of the sulfur
from the allylic carbon as is necessary to trigger the con-
certed events of the sigmatropic rearrangement process.

V. Proposed Reaction Mechanism. The Nucleophilic

Trigger of Sigmatropic Rearrangement. The thio-Cla-
isen is regarded as a typical hetero-Cope23 reaction, i.e., a
concerted, sigmatropic rearrangement following a low-en-
ergy pathway as a consequence of orbital symmetry con-
servation. This thermal reaction can take place at readily
accessible temperatures, but all too often it cannot be ob-
served1'1829 in competition with the nonallowed30 pro-
penylization reaction without benefit of a ca. 20-fold ac-
celeration by an exclusively nucleophilic, catalytic agent.

The (otherwise) completely analogous oxy-Claisen rear-
rangement is susceptible only to electrophilic catalysis, in
clear distinction to the thio-Claisen, which, as demon-
strated here, responds exclusively to nucleophilic agents.
In both Claisen cases catalysis has altered the transition
state in only a very subtle way. The evidence would seem
to suggest that catalysis has not changed the concerted,
sigmatropic nature of the reaction, but has merely made
it easier to attain its driving force.280 Thus, through an
understanding of the role of catalyst in a hetero-Cope28
transition state it may be possible to define the nature of
the driving force of this class of reactions.

The mechanistic picture shown appears to fulfill all
the specifications and properties of the catalyzed thio-
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Scheme IV
Nm Ordering of .Orbital Organization for [3,3]Sigmatropic
Rearrangement

transition state geometry

T

C

Claisen reaction which are cited above. The mechanism can
be most readily considered with the aid of Scheme IlI,
which represents the progress of reaction by a series of
glimpses taken along the reaction coordinate. In a the nu-
cleophile (Nu) approaches the rear of the allylic carbon,
displacing the bonding electrons of C-S in the direction of
the sulfur. This creates a 2p orbital on the allylic carbon
which is still mostly coordinated with the sulfur and only
slightly with the Nu. This development is diagrammed in
b and is shown by Scheme IV in geometric detail as the
orbital organization required to produce the arrangement
of the critical bonds involved in the concerted transition
state C. The transformation of the transition state C to
the initial product d destroys all bonding of Nu to the
substrate and frees it for further activity. Tautomerism in
d produces the final product e and allows subsequent cy-
clization to the isolated product.

The role of the nucleophilic catalyst is, therefore, to aid
in developing a 2p center on the allylic carbon which can
participate in the pericyclic transition state3l characteris-
tic of Claisen and other hetero-Cope rearrangements. On
this basis it would appear that the driving force of Claisen
rearrangement derives from electron displacements in the
direction of the heteroatom producing trigonal hybridiza-
tion of the allylic carbon. In the case of the thio-Claisen
there is almost no difference in electronegativity of sulfur
and carbon which would create a heterolytic tendency in
the C-S bond. Only nucleophilic assistance for this pro-
cess can be utilized when the C-S bond reaches a critical
level of vibrational excitement.

In the oxy-Claisen substrate, where the critical bond is
comprised of two atoms (C-O) with a large electronegativ-
ity difference, the heterolytic tendency already exists to a
significant extent and is enhanced by electrophilic agents
which coordinate the oxygen. The rate-enhancing effect of
polar solvents reported22 for the oxy-Claisen also supports
this conclusion. Failure to utilize nucleophilic catalysis
can therefore be attributed to the fact that oxygen is a
poorer leaving group. Thus, the activation energy for Sn2
displacement of C-0 to the required degree in the transi-
tion state is higher than needed for naturally attaining the
critical degree of heterolysis, i.e., development of suffi-
cient p-orbital character at the allylic carbon, in the oxy-
Claisen.
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In the same vein, failure of the thio-Claisen to utilize
electrophilic catalysis may be an indication of unfavorable
equilibria, viz., in coordination of acids by sulfur, at the
higher temperatures required for the thio-Claisen activat-
ed complex. On the other hand, the recently demon-
strated32 susceptibility of the amino-Claisen to electrophi-
lic catalysis, and the increased facility when the nitrogen
is in its charged (cationic) form, is to be contrasted with
the ordinarily high activation energyl2 and complex char-
acter of the uncatalyzed reaction. This is yet another indi-
cation of the essentially heterolytic driving force of all
Claisen rearrangements localized at the critical bond be-
tween the allylie carbon and the hetero atom.

A number of well-precedented mechanistic alternatives
have been considered in the course of arriving at the pro-
posal above. Two of the more conventional mechanisms
which have been advocated for consideration by referees
are treated in some detail in a footnote.33

Experimental Section

Analytical samples for spectrophotometric characterization
were collected at the thermal conductivity detector exit port of an
F and M Model 500 gas chromatograph, using a 10 ft x 0.25 in.
stainless steel tube packed with 25% Silicone Oil 200 on 60-80
mesh neutral Chromosorb W or a 6 ft X 0.25 in. copper tube
packed with 20% Carbowax 20M on 60-80 mesh Chromosorb W.
To ensure purity, all such samples were collected from one col-
umn and recollected from the other.

Gas chromatographic quantitative analyses were conducted
using an F and M Model 700 Linear-Temperature-Programmed
instrument equipped with a flame ionization detector. As the case
dictated, a 4 ft X 0.25 in. copper tube packed with either 25% Sil-
icone Oil 200 or 20% Carbowax 20M, on a 60-80 mesh neutral
Chromosorb W, was used to effect separation of reactants and
products and monitor reaction progress. All chromatograms were
obtained in the range of 150-200° using helium as a carrier gas at
aflow rate of 60 mI/min (optimum for 0.25 in. column).

Infrared spectra were taken of neat liquid films between salt
blocks using a Perkin-Elmer Infracord equipped with sodium
chloride optics. Nuclear magnetic resonance spectra were record-
ed on a Varian A-60, HA-100, or HD-220 nmr spectrometer using
tetramethylsilane as an internal standard and carbon tetrachlo-
ride as solvent. Mass spectral information was obtained using a
C. E. C. 21-110B double focusing high resolution spectrometer. All
samples whose elemental analysis is reported below to have been
carried out by high-resolution mass spectroscopy (exact mass de-
termination) were analytically pure by accepted gas chromato-
graphic standards.

N,N-Diethyl O-o-Allylphenylthiocarbamate. A solution of
134.2 g (1.00 mol) of o-allylphenol and 166.8 g (1.10 mol) of freshly
distilled N, A-diethylthiocarbamyl chloride in 1 1 of dry pyridine
was prepared. The solution, contained in a 3-1., three-neck,
round-bottom flask equipped with a mechanical stirrer, Friedrich
condenser, thermometer, and nitrogen inlet, was refluxed for 6 hr.
A steady flow of nitrogen was maintained for the entire period.

The mixture was cooled to room temperature and diluted with
1 1 of cold (5°) water. A solution prepared by adding 1 1 of con-
centrated hydrochloric acid to 1 1. of water was slowly introduced
with the aid of a dropping funnel; the flask contents were stirred
and cooled during the addition and then transferred to a 51.
flask. The acidified mixture was continuously extracted with pe-
troleum ether (hp 40-60°) for 24 hr. This extract was washed with
five 100-ml portions of water, dried over anhydrous magnesium
sulfate, and filtered, and the solvent was evaporated.

Fractionation of the residue under reduced pressure yielded
201.5 g (80.8%) of a pale yellow liquid boiling at 130° (0.6 mm).
The infrared spectrum of a sample of this product was identical
with the spectrum determined by Evans3'34 for this same materi-
al prepared by a different route. Particularly significant absorp-
tion bands were observed at Xmex (film) 1520 cm”1 (C-N bending
characteristics of a monosubstituted alkene).

V,Al-Diethyl S-o-Allylphenylthiocarbamate. The gas-phase
thermal rearrangement of the thiocarbamate was accomplished
by introducing a 20% (w/v) toluene solution of the ester dropwise
into the uppermost section of a 25-mm Vycor tube held vertically
and heated with a temperature-regulated split furnace. The rate
of addition was adjusted by a Harvard Compact Infusion Pump-
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Model 972 and the residence time of the volatilized material was
controlled by varying the flow of a stream of dry nitrogen gas
sweeping through the heated tube. A water-cooled condenser-re-
ceiver assembly attached below the tube served to trap the ther-
molysis product.

To determine the correct conditions for complete conversion of
the carbamate, two methods proved useful. Infrared spectroscopy,
the most convenient, was hampered by the presence of residual
trace quantities of toluene.

After 36 hr the reaction mixture was cooled to room tempera-
ture and poured into 150 ml of water. The resulting cloudy solu-
tion was extracted with three 150-ml portions of petroleum ether
to remove residual undecomposed starting material and most of
the AlfV-diethyl methyl carbamate formed during hydrolysis. The
aqueous layer, which contains dissolved potassium o-allylthiophe-
nolate (the desired product) and o-propenylthiophenolate, was
stored as such under nitrogen.

Identification of Products. o-Allylphenyl methyl sulfide had
bp 81.5° (2.2 mm); ir 910 (s), 990 (s), 1405 cm-1 (s) (monosubsti-
tuted alkene); nmr (CCL) r 2.88 (m, 4, ArH), 3.76-4.40 (m, 1,
d-CH=), 4.77-5.20 (m, 2, y-CH=), 655 (d, 2, J = 6.5 Hz
ArCH), 7.60 (s, 3, -SCH); mass spectrum (high resolution, 10,000
at 10% valley) molecular ion 164.0671 + 0.003 (ealed for C10H12S,
164.0660). Anal.3i Calcd for CiOH12S: C, 73.11; H, 7.37; S, 19.52.
Found: C, 73.11; H, 7.40; S, 19.36.

o-Propenylphenyl methyl sulfide had ir (film) 960 cm-1 (trans
double bond); nmr (CCI4) r 2.50-3.12 (m, 4, ArH), 3.30 (m, 1, a-
CH=), 384 (q, 1,3 = 71 Hz, BCH=), 765 (s, 3, -SCH), 8.10
(d, 3, J = 6.2 Hz, CH3C=C); mass spectrum (high resolution,
10,000 at 10% valley) molecular ion 164.0662 + 0.003 (calcd for
C10H12S, 164.0660).

o-Allylthiophenol. It was not possible to obtain pure analytical
data on this substance except by conversion to the methyl sulfide
derivative (above). However, by working in solution in the cold it
was possible to establish the nmr spectrum, which identifies this
product directly (as follows): nmr (CCl4) r 2.60-3.30 (m, 4, ArH),
3.80-4.44 (m, 1, 0-CH=) 4.84-5.28 (m, 2, -CH2=), 6.62 (d, 2,J =
7 Hz, ArCH?2), 6.85 (s, 1, -SH).

Allyl o-Allylphenyl Sulfide. This product, bp 88.5-89.5° (0.70
mm), was identified by synthesis as well as by its spectral and
analytical data. It was readily prepared in 95% purity by adding
allyl bromide to the aqueous basic S-carbamate hydrolysate con-
taining (95% pure) potassium o-allylthiophenolate. In a manner
identical with the reaction with methyl iodide described earlier,
the addition of allyl bromide caused an immediate turbidity that
coalesced into oily droplets of insoluble product. The allyl sulfide
was extracted with petroleum ether and analytical samples were
collected from the gas chromatograph: ir 6.09 (m, C=CH2
stretch), 10.05 (s, C=CH 2 bending), 10.85 (s, C=CH 2 bending),
13.35 p (s, aromatic); nmr (CCl4) r 2.50-3.02 (m, 4, ArH), 3.66-
444 (m, 2,d-CH=), 4.71-5.20 (m, 4, T-CH=), 6.43 (d, 2,J = 4.7
Hz, ArCH2); mass spectrum (high resolution, 5000 at base line)
molecular ion 190.0819 + 0.003 (calcd for C12H14S, 190.0816).

7-Allyl-2-methyl-I-thiacourmaran. This component was iden-
tified, after separation from the total product by glc methods,
principally by nmr and mass spectral data: nmr (CCl4) r 3.10 (s,
3, ArH), 3.83-4.44 (m, 1, d-CH=), 4.70-5.18 (m, 2, y-CH=), 6.15
(9, 1, 3 = 7 Hz, SCH), 6.45-7.39 (m, H-3), 6.75 (d, 7-CH2), 8.64
(d, 3, 2-CH3); mass spectrum (high resolution, 5000 at base line)
molecular ion 190.0806 + 0.003 (calcd for Ci2Hi4S, 190.0816).

Thermolysis of o-Allylthiophenol in Refluxing Quinoline. A
50-ml round-bottom flask was charged with 8.5 g of purified quin-
oline and fitted with a 6-in. straight tube condenser. A micropipet
was suspended vertically in the condenser so that its tip was just
below the surface of the liquid amine. Dry. oxygen-free nitrogen
was introduced through the pipet and the quinoline was heated to
reflux after the system had been swept for ca. 5 min. o-Allylthio-
phenol (1.5 g) was drawn into a hypodermic syringe and rapidly
injected into the refluxing quinoline medium. To isolate products,
the cooled reaction mixture was diluted with 150 ml of ether and
washed consecutively with three 25-ml portions of 3 N HC1, three
25-ml portions of 3 N KOH, and three 25-ml portions of water.
The ether solution was dried with anhydrous sodium sulfate and
concentrated under vacuum. The resultant liquid was analyzed
by gas chromatography and its components were trapped from
the glc. Product identification was accomplished by a combina-
tion of infrared and nmr spectrum matching with authentic sam-
ples of 2-methyl-I-thiacoumaran and 1-thiachroman. The pres-
ence of these materials was also verified by glc peak enhance-
ment.



Mechanism of the Catalyzed Thio-Claisen Reaction

Thermolysis of Allyl Phenyl Sulfide in Refluxing Quinoline
Containing Lithium Methoxide. A solution of lithium methoxide
in quinoline was prepared in the following manner. High-purity
lithium metal ribbon (0.09 g, 0.013 mol) was washed free of petro-
latum with anhydrous ether, cut into slivers, and dropped direct-
ly into a solution of 0.32 g (0.01 mol) of anhydrous methanol in 10
ml of dry ether. A vigorous hydrogen gas evolution was noted.
However, the small surface area presented by the slivers of lithi-
um made it unnecessary to cool the reactants. When hydrogen
evolution ceased, the mixture was refluxed for an additional 15
min and cooled. Residual unreacted metal particles were removed
with forceps. The ether was boiled off with the aid of a nitrogen
purge and 8.5 g of purified quinoline was added. Mild heating was
continued until all of the ether was displaced and then stronger
heating raised the quinoline solution to its boiling point (~241°).
As described earlier, 1.5 g of allyl phenyl sulfide was injected into
the refluxing quinoline-metholate solution; reflux was continued
for 3 hr.

Two sets of products, neutral and base soluble, were isolated.
The cooled reaction mixture was transferred to a small separatory
funnel containing a solution of 0.6 g (0.01 mol) of KOH in 15 ml
of water. The mixture was thoroughly shaken. The aqueous basic
layer was separated and washed with two 25-ml portions of ether.
These washings were added to the organic layer, which had been
set aside. An excess of methyl iodide was added to the aqueous
layer, forming a copious white dispersion of methylated thiophe-
nolate product. These methyl sulfides were isolated in the usual
manner from ether, giving 0.45 g of a colorless liquid, which was
analyzed by gas chromatographic peak enhancement with pre-
viously identified samples. The base-soluble products thiophenol
(23.3%), o-allylthiophenol (54.1%), and o-propenylthiophenol
(21.6%) were found.

The organic layer was washed free of quinoline in the manner
described in earlier experiments and 0.37 g of a pale yellow liquid
was obtained as product. Glc analysis in the usual manner af-
forded the neutral products propenyl phenyl sulfide (27.6%), 2-
methyl-I-thiacoumaran (39.9%), 1-thiachroman (2.7%), 7-allyl-2-
methyl-I-thiacoumaran (22.8%), and unidentified material
(7.0%).

Registry No —2, 6165-54-5; 3, 6410-53-3; 3a, 6564-78-9; 5,
51129-97-6; 6, 6165-55-5; 7, 2054-35-5; 8, 51129-98-7; 9, 51129-99-8;
o-allylphenol, 1745-81-9; N,IV-diethylcarbamyl chloride, 88-10-8;
o-allylphenyl methyl sulfide, 51130-00-8; o-propenylphenyl methyl
sulfide, 51130-01-9.
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attentuation in the range of nucleophilicities, leaving group abilities, and
steric effects encompassed by the reagents considered in Tables VIl and
VIII.
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phile the intermediate is not expected to be an ion pair since the coun-
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carbltol solution; yet when allyl phenyl sulfide is heated In the same flask
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90%, it is doubtful that a bimolecular reaction between benzenethiolate
anion and allyl phenyl ether, as stipulated in mechanism A, could have
been the source of the thio-Claisen rearrangement products observed.

(3) An ion-pair intermediate involving a resonance-stabilized thiophe-
nolate anion cannot account for the absence of even a trace of para
thio-Claisen rearrangement product. As shown earlier,4 when the ortho
position is blocked there is no evidence for para rearrangement because
the normal dienethlone Intermediate, which could undergo the para rear-
rangement, prefers to undergo an alternative slgmatropic rearrangement.
This has also been used as evidence for the essentially, concerted nature
of the catalyzed thio-Claisen rearrangement.
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thlenolization of the dlenethione intermediate relative to its reversal to
starting material; i.e., thienollzatlon is either as slow as or sower than
rearrangement. However, the most apparent weakness of this mecha-
nism is that it cannot explain the lack of correlation with base strength of
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factor determining the rate of thio-Claisen rearrangement, it is difficult to
reconcile this reaction with a mechanism whose slow step involves pro-
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Many investigators2-4 have indicated the importance of
the energy of the highest occupied molecular orbital
(HOMO) and of the lowest unoccupied molecular orbital
(LUMO) in determining diene reactivity in the Diels-
Alder reaction. Sustmann and Schubert4 have recently
shown a correlation of the HOMO diene-LUMO dieno-
phile energy separation with the logarithm of the rate
constant for the normal electron demand Diels-Alder
reaction. However, their study used many open-chain
dienes for which the relative concentrations of the cisoid
conformational isomers are not known.® In this report we
have investigated the diene reactivity of the I-(p-substi-
tuted phenyl)-l,3-butadiene system in order to obtain a
more precise evaluation of the effect of the energy of the
HOMO and other diene molecular properties on the rate
of the Diels-Alder reaction. The concentrations of the cis-
oid conformations of the dienes in this study should all-
be the same.

Earlier we had shown that the CNDO/2 and INDO
methods (CNINDO)6 can be used to predict with reason-
able success the regioselectivity of the Diels-Alder reac-
tion between unsymmetrically substituted dienes and di-
enophiles.7 Therefore, in this study CNINDO calculations
were utilized to investigate the diene reactivity in the
Diels-Alder reaction between I-(p-substituted phenyl)-
1,3-butadienes and maleic anhydride. The molecular or-

0
R = H, CH;i, OCil. ClI, NO,

bital calculations were performed with standard bond an-
gles and bond lengths.8 The conformation of the dienes
used in these calculations was the cisoid planar.79 We
found that the interpretations from the CNINDO calcu-
lated eigenvectors and eigenvalues were independent of

small changes in bond angles, bond lengths, and rotation-
al conformations.10

An examination of this reaction using Sustmann’s
model for substituent effectsl2 and HOMO and LUMO
energies from the CNINDO calculations was carried out.
We found that the energy difference between the HOMO
of the diene and the LUMO of maleic anhydride was con-
siderably smaller than the corresponding difference be-
tween the HOMO of maleic anhydride and the LUMO of
the diene in all cases. This is the orbital arrangement12 of
a normal electron demand Diels-Alder reaction and indi-
cates a charge donation3 from the diene to maleic anhy-
dride in the transition state of this Diels-Alder reaction.
The direction of this charge donation is in agreement with
the observed substituent effect.13

A molecular property of the dienes which should be a
good parameter for comparing the relative abilities of the
dienes to donate electron density is the total p2 density of
the butadiene moiety (Table I). We have found a linear
relationshipl4 between the total p2 density of the butadi-
ene moiety and the logarithm of the relative ratel13 at 25°.
A least-squares regression analysis of the relationship gave
correlation coefficients of 0.899 (CNDO/2) and 0.980
(INDO). This poorer correlation of theory with experimen-
tal data for the CNDO/2 method was due to the inclusion
of the data for the chlorine substituent. A possible expla-
nation for the correlation is that the donor-acceptor inter-
action between the diene and the dienophile provides a
mechanism through which the electron density of the
diene is reduced in the transition state. Thus, when the
HOMO of the diene and LUMO of the dienophile are not
too different, the decrease in the electronic repulsions of
the electron-rich diene through delocalization becomes an
important rate-enhancing factor. By similar analysis, the
delocalization of the electron density of the electron-poor
diene to the dienophile becomes a rate-retarding factor.

The proposed substituent effectl2 on the energy of the
HOMO of the diene is that electron-donating groups in-
crease the energy of the HOMO and electron-withdrawing
groups decrease its energy. This trend is observed in our
calculations (Table 1). Also, from frontier orbital theory,
one would expect more stabilization of the transition state
as the energy of the HOMO of the diene increases for a
normal electron demand Diels-Alder reaction. This effect
is observed in the linear relationship which we found be-
tween the energy of the HOMO of the diene and the loga-
rithm of the relative rates of reactionl13 at 25°. A least-
squares regression analysis of this relationship gave corre-
lation coefficients 0f 0.962 (CNDO/2) and 0.989 (INDO).

Frontier electron density has been used by many inves-

Table |
Molecular Properties of I-(p-Substituted phenyl)-1,3-butadienes

Para
Registry no. substituent Log k/ksa INDO
30448-78-3 och3 0.4216 -0.364
33356-85-3 ch3 0.0453 -0.377
1515-78-2 h 0.0 -0.387
33356-84-2 Cl -0.2321
20264-89-5 no?2 -0.5607 -0.413

—Energy of the HOMO,0au—>

Total pz density

/—of butadiene moiety—* —--Terminal FED "=

CNDO/2 INDO CNDO/2 INDO CNDO/2
—0.388= 4.012 4.012 0.226 0.243
-0.397 4.004 4.005 0.290 0.283
-0.408 4.001 4.001 0.337 0.338
-0.411 3.983 0.266
-0.433 3.981 3.980 0.355 0.347

“ Reference 12. bir molecular orbital. cThe terminal frontier electron density is the sum of the squares of the pzcoefficients
ofthe HOMO at the terminal carbon positions of the diene. The other atomic orbital coefficients are zero for HOMO.
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tigators23c' 7-15 to predict the preferred regioisomers in the
Diels-Alder reaction. A simple second-order perturbation
treatmentl6 predicts a decrease in the rate of reaction as
the terminal frontier electron density decreases (assuming
that frontier orbital energies are constant). The calcula-
tions, however, show a decrease in the terminal frontier
electron density of the dienes as the logarithm of the rela-
tive rate of reaction increases (Table 1).17 This lack of cor-
relation between the terminal frontier electron densities of
the dienes and the logarithm of the relative rates is not
unexpected when one considers the large change (~30'
kcal) in the energy of the diene HOMO. Consequently,
the terminal electron densities of the dienes are not useful
in predicting diene reactivity in such cases.

In conclusion, the linear relationships between the ener-
gy of HOMO of the diene and the logarithm of the relative
rates of reaction and between the total p2 density of the
butadiene moiety and the logarithm of the relative rates
of reaction indicate that these molecular properties do
have a significant effect on the stability of the transition
state of this normal electron demand Diels-Alder reac-
tion. Subsequently, the relative reactivities of the dienes
can be predicted from either the HOMO energy or the
total p2 density of the butadiene moiety. Though the ter-
minal frontier electron densities of the dienes are useful
for determining regioselectivity, they were not found to be
useful for predicting relative diene reactivity in cases
where the energy of the diene HOMO varied significantly.
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The high-yield synthesis of 1,2-diphenylcyclobutene-
3,4-dione (1) from squaryl dichloride in benzene solution
under Friedel-Crafts conditions was reported in a recent
communication.1 At the low temperatures (~10°) em-
ployed in that work, the reaction did not proceed substan-
tially beyond the stage of 1 despite a benzene/squaryl di-
chloride molar ratio of nearly 43 and a moderate excess of
Lewis acid (AICI3, freshly sublimed, 2.26 mol per mol of
dichloride).

We now report that, at higher temperatures, the dichlo-
ride reacts with more than 2 mol of benzene. As a result,
one observes drastically lowered yields, or even complete
disappearance, of 1 in favor of the successor species 2,
1,2,3,3-tetraphenylcyclobuten-4-one, whose vyield in the
previous workl had amounted to a mere 1%. In addition,
the enolone 3, I-hydroxy-2,3,3-triphenylcyclobuten-4-one,
arises in appreciable yields, and small quantities of the
naphthol 4, resulting from thermal electrocyclic ring
opening2 of 2 and intramolecular cyclization of the inter-
mediary vinyl ketene species, are also formed. For exam-
ple, at the reflux temperature of the benzene medium (24
hr), with catalyst (AICI3, freshly sublimed) and reactant
concentrations the same as in the preceding investiga-
tion,1 squaryl dichloride was found to convert to 2 and 3
in 53 and 27% yields, respectively; furthermore, 4 was
separated in 1.5% yield.

Cl cl
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Under conditions similar to those delineated, yet with
AICI3 “as received” (i.e., no resublimation done prior to
use), at a Lewis acid/squaryl dichloride molar ratio of 2.3,
the intermediary 1 is not entirely consumed but remains
in the reaction mixture in 10-20% yield. The less effica-
cious catalyst system in this case, moreover, produces
slightly diminished yields of 3 and grossly reduced yields
of 2. Increased quantities (up to 10%) of 4 can be collected
instead. For example, after a reflux period of 20 hr we ob-
tained 10% 1, 16% 2, 21% 3, and 7% 4. The products in all
reactions were separated by column chromatography. The
known compounds 1, 2, and 4 were identified by compari-
son (melting point, ir) with products described in the lit-
erature. The structure of 3 derives from elemental analy-
sis and spectral data. The parent ion peak in the mass
spectrum appears at m/e 312. The ir spectrum displays
the broad OH stretching absorption with maxima at 3183
and 3445 cm-1 characteristic of the 1-hydroxycyclobuten-
4-one system capable of strong intramolecular hydrogen

bonding,3 and v =0 is shown at the low-frequency position
(1730 cm-1) expected34 for the hydrogen-bonded carbon-
yl group in this system.5-7 The JH nmr spectrum reveals
the anticipated low-field multiplet at 57.5-7.8 ppm (2 H)
due to the two deshielded ortho protons of the phenyl sub-
stituent at C-2, whereas the remaining phenyl protons (13
H) resonate at 7.1-7.5 ppm.8'9

In order to demonstrate the anticipated intermediacy of
1 in the reaction course leading to the compounds dis-
cussed, we conducted a run in which 1 was employed in
place of squaryl dichloride under conditions otherwise
identical with those of the first-mentioned experiment (24
hr in refluxing benzene; freshly sublimed AICI3, 2.26 mol
per mol of 1). The same products 2, 3, and 4 were collect-
ed, as expected, and both the combined yield of 2 plus 3
(81%) and the yield of 4 (1.6%) were nearly identical with
the corresponding yield data of the squaryl dichloride ex-
periment. In outstanding contrast, however, the yield of 2
(40%) was found to be decreased and that of 3 (41%) in-
creased, relative to the original experiment. This shows
that the sequence 1-* 2 is not the sole path leading to the
tetraphenyl ketone. A second reaction sequence involving
the two monochlorides, 2-chloro-l-phenylcyclobutene-3,4-
dione and 2-chloro-1,3,3-triphenylcyclobuten-4-one (not
isolated here and, hence, placed in parentheses in the
scheme above), is likely to contribute to the formation of
2. As the latter sequence is not operative in the reaction
starting out from 1, 2 will arise in lower yield in that case;
on the other hand, formation of 3 from 1 must be corre-
spondingly favored because of the high initial concentra-
tion of the latter compound.

Our results, as seen against the background o: the pre-
ceding work,1 indicate that step 1 — 2 proceeds with a
slightly lower activation energy than is required for path |
— 3. The most probable mechanism leading to 3 involves
1,3-addition of benzene across the enone system (e.g., at
C-l and C-3) of 1, a process resisted by the requirement of
two rehybridization steps, to a minor extent also by the
steric demand of the phenyl group at C-1.10 At low tem-
peratures, therefore, addition at one of the carbonyl C
atoms (and further rapid reaction with benzene of the al-
lylic-type cyclobutenyl cation11-13 resulting frcm Lewis
acid-induced ionization of the primary adduct carbinol) is
probably the preferred path. This may account for both

Notes

the formation of 2 and the absence of 3 in the low-temper-
ature reactions of the previous study. At the boiling tem-
perature of benzene, on the other hand, the competitive-
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ness of the 1,3-addition becomes appreciable, as the yield
data for 3 attest.

The enhanced conversion of 2 to the naphthol 4 in reac-
tions catalyzed with low-activity Lewis acid confirms the
expectation that the process of ring opening (and subse-
guent cycloaddition) is retarded by complexation, i.e., en-
olate formation, of 2 with active AICI3. This question is
under further investigation.

Experimental Section

Friedel-Crafts Reaction of Squaryl Dichloride with Ben
zene. A. With Freshly Sublimed A1C13. In oven-dried and nitro-
gen-purged equipment, 0.80 g (6.0 mmol) of freshly sublimed
AICI3 was added to the stirred solution of 0.40 g (2.65 mmol) of
resublimed squaryl dichloridel4 in 10 ml (8.79 g) of dry benzene
at 18°. Under a blanket of predried nitrogen, the mixture was
stirred for 1 hr at the same temperature, followed by 24 hr at re-
flux. After the addition of 100 ml of benzene, the reaction mixture
was shaken with 100 ml of ice-cold 0.1 M hydrochloric acid. The
benzene layer, combined with the benzene washings of the aque-
ous phase, was washed with water and dried over Na2SC+4. The
residue remaining after solvent removal in vacuo was chromato-
graphed on silica gel, Merck 7734, with band separation moni-
tored by tic on silica gel. Elution with the solvents indicated (re-
distilled prior to use), followed by evaporation of the eluates to
dryness under reduced pressure, furnished the following com-
pounds.

Band | (40/60 benzene-hexane): 0.015 g (1.5%) of crude 2,3,4-
triphenyl-1-naphthol (4). Repeated recrystallizations from ben-
zene-hexane produced the compound as fine white needles: mp
163° (lit.15 163°); mass spectrum, m/e 372 (P+); ir spectrum
(KBr) ko- h3535 cm*“1 (sh 3521 cm-1).

Anal. Calcd for C28H200 (372.4): C, 90.29: H, 5.41. Found: C,
90.78, 88.99; H, 4.99, 5.40.

Band Il (40/60 benzene-hexane): 0.52 g (52.7%) of crude
1,2,3,3-tetraphenylcyclobuten-4-one (2). Recrystallization from
benzene-hexane to constant melting point gave light yellow nee-
dles, mp 129-130° (lit.16 139°), undepressed on admixture of au-
thentic product prepared by Ried's procedurel6 (mp 129-130°):
mass spectrum, m/e 372 (P+).

Band IlIl (50/50 benzene-hexane): 0.010 g of fine-crystalline,
white solid decomposing over range 130-230°; not further investi-
gated.

Band IV (50/50 benzene-acetone): 0.22 g (26.6%) of crude 1-
hydroxy-2,3,3-triphenylcyclobuten-4-one  (3). Recrystallization
from benzene-hexane furnished fine, colorless needles: mp 206-
208° dec; mass spectrum, m/e 312 (P+); ir spectrum (KBr) 3445
(m-s) and 3183 (s) cm-1 .- ». H-bonded), 1730 («.-., 1640
Uc-c); nmr spectrum (60 MHz in CDCI3, 5 relative to TMS)
7.5-7.8 ppm (2 H), 7.1-7.5 (13 H).

Anal. Calcd for C22H1602 (312.4): C, 84.58; H, 5.17. Found: C,
83.81; H, 5.12.

An experiment conducted as above, yet with 2.65 mmol of 1 in
place of squaryl dichloride, gave 4 (1.6%), 2 (40.2%), 1 (3.1% re-
covery), and 3 (40.9%), in that order, on chromatographic work-
up.

B. With AICI3 “as Received.” Following the addition of 1.54 g
(11.5 mmol) of commercial-grade AICI3 “as received” (Merck
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sublimed, code 1082) to the solution of 0.755 § (5.0 mmol) of
squaryl dichloride, the mixture was stirred for 1 hr at 20° and an-
other 20 hr at reflux under the conditions of the experiment de-
scribed in (A). Work-up as before furnished four chromatographic
bands, from which the following compounds were isolated: band
I, 0.126 g (6.8%) of crude 4, mp 163° (from benzene-hexane);
band 11, 0.291 g (15.6%) of crude 2, mp 130-131° (from benzene-
hexane); band 111, 0.119 g (10.2%) of crude 1, mp 95° (from ben-
zene-chloroform) (lit. 97-97.2°,17 98°,3a 94-95°7), undepressed on
admixture of authenticl compound; band IV, 0.328 g (21.0%) of
crude 3, mp 204-208° dec (from benzene-hexane).
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Pursuant to a need for some intermediate compounds in
our development of certain synthetic routes, we investi-
gated the Birch reduction of A'-methylindoline2 (1). It has
been suggested3 that 3 is the probable product of this
reaction and that in the case of N,IV-dimethyl-p-tolui-
dine4 a mixture of 2,3-dihydro-A7N-dimethyl-p-toluidine
and 2,5-dihydro-N, N-dimethyl-p-toluidine are the prod-
ucts.

Our conditions for the reduction require lithium in lig-
uid ammonia-tetrahydrofuran-isopropyl alcohol, and,
upon subjection of 1 to this reaction, IV-methyl-4,7-dihy-
droindoline (2) is the sole product. Our experience with
the reduction of 1 and its product 2 indicates that no 3 is
formed during the reduction. However, 2 is a very labile
substance with respect to rearrangement to 3 and extreme
care is required to prevent this rearrangement from occur-
ring. As one might expect, exposure of 2 to acidic sub-
stances accelerates the conversion to 3. For example,
using commercial CC14 or CDCI3, which may contain even
trace amounts of HC1, will cause 3 to develop. We also
found that the following drying agents also cause the 2 to
3 reaction; CaCU, Na2S04, K2C03, MgS04, and CaS04.
However, 2 appears stable, neat or in ether solutions,
when stored in the cold (0°) over solid KOH. Product 2
can be distilled without rearrangement but rigorous treat-
ment of the glassware with ammonium hydroxide is nec-
essary to prevent rearrangement from happening.

One can, of course, produce 3 directly from the reduc-
tion by purposely exposing the reduction product to acid
during work-up. One such method is distillation from a
small amount of acidic ion-exchange resin.

The structures for 2 and 3 follow directly from their
spectral and analytical data. For 2 in its nmr spectrum
the broad singlet of 2 H at r 4.4 and the 4 H in the r 7.2
region are fully characteristic of the 1,4-diene in a cyclo-
hexane ring. In the case of 3, it has three separate single
proton vinyl resonances at r 4.1, 4.9, and 5.6. The first
two are multiplets and the third is a broad doublet in a
chemical shift region typical of a /J-vinylenamine type. In
addition 3 gives a uv spectrum with Amax 3306 (e 5200) in-
dicative of the conjugated enamine.

It appears from these results that 1 indeed gives the
normal product (2) from the Birch reduction and that 2
can be used in some synthetic operations with due cau-

tion. Also one can easily prepare 3 from 1 and it too may
be of use in synthetic sequences.

It would seem to be a logical extension of our results
that iV, /V-dialkyl aromatic amines will in general give the
usual unconjugated diene as the sole primary product.
However, due caution must be taken to see that the very
facile rearrangement of the unconjugated to the conjugat-
ed diene does not take place.
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Experimental Section

Preparation of 4,7-Dihydro-iV-methylindoline (2). A 11
three-necked flask equipped with a mechanical stirrer, Dry Ice
condenser, and gas inlet and outlet was purged with nitrogen.
Ammonia was passed through a KOH gas washing tower, and
about 500 ml was collected in the reaction flask. To the ammonia
a solution of IV-methylindoline (10 g, 0.075 mol) in tetrahydrofur-
an (100 ml) was added along with isopropyl alcohol (45 g, 0.75
mol). To this stirring mixture was added lithium ribbon (1.6 g,
0.23 g-atom) in small pieces, and the reaction was allowed to con-
tinue until the blue color had discharged, usually about 0.5 hr. At
this point an aliquot of the reaction mixture was quenched in an
ether-water mixture, and the ether layer was examined by nmr to
determine if all aromatic protons had disappeared. Usually an
additional 0.5 g of lithium was required in order to effect com-
plete reduction and the blue color persisted for an hour or so. At
this point another aliquot was checked by quenching and nmr
analysis and more lithium was added if necessary. When com-
plete reduction was indicated, the ammonia was allowed to evap-
orate under nitrogen flow. A mixture of water and ether (100 ml
each) was added and the organic layer was washed rapidly with
water and dried over solid KOH pellets. Concentration of the
ether layer and rapid distillation in an apparatus carefully
washed with ammonium hydroxide and dried gave 2 (8.6 g, bp
39-41° (0.07 mm)) in 86% yield; nmr (neat) r 4.4 (s, 2 H), 6.95-7.6
(m, 8H), 7.7 (s, 3 H).

Anal. Calcd for COH13N: C, 79.95; H, 6.69. Found: C, 80.08; H,
9.58.

Preparation of 4,5-Dihvdro-jV-methylindoline (3). The iden-
tical reaction as described above for the preparation of 2 was con-
ducted again upon A'-methylindoline (10 g). Work-up of the reac-
tion was also identical except that ca. 100 mg of Dowex 50W-X2
200-400 mesh hydrogen form cation-exchange resin was added to
the pot and then the product was slowly distilled to give 3 (8.1 g,
bp 69-73° (3 mm)): nmr (neatr 41 (m, 1 H), 49 (m, 1H), 5.6 (d,
1H),6.8-8.7(m, 7H), 7.5 (s, 3H); uv Xmax(i-PrOH) 306 (t 5200).

Anal. Calcd for C9HI3N: C, 79.95; H, 9.69. Found: C, 79.90; H,
9.62.
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In 1879 Fischer reportedl that, when 1,1,1-triethylhydra-
zinium hydroxide is refluxed in water, 1,1-diethylhydra-
zine is formed (eq 1). He formulated the reaction as also
producing ethylene, but mentioned no experimental evi-
dence for it; perhaps this was merely equation balancing.
However, since he had previously shown2 that some hy-
drazinium hydroxides give alcohols by a displacement
process, he might have had unreported evidence that eth-
anol was not formed from the ethyl compound.

(CHLH2AN — NH, OH* <CH;CH,)NNH2 + CH,=CH, (1)

If such eliminations could be effected generally, they
might furnish a useful alternative to the Hofmann and

Notes
Scheme |
RN + NHX — RjN—NH, X* =" RN— NH~
1

" J-Ce c=c
H-n/NR, +

N- HN— NR,
Vv

Cope degradations, particularly since hydrazinium salts
can be formed readily from tertiary amines.lb-3 The over-
all plan for such a degradation is indicated in Scheme I.

Presumably under proper conditions, though perhaps
not in water, the elimination would occur via an aminim-
ine inner salt 1,4 and therefore would be a nitrogen analog
of the Cope elimination5 of amine oxides 2, and the a,d’
mechanism of elimination in some hindered quaternary
ammonium ions via the ylides 3.® Eliminations from the
similar aminimide inner salts 4 have been reported,7 but
these occurred only at rather high temperatures.

(o)
+ - + - 1
RN— c— R RN— N—C—R
H

2 3 4

+
R-N—O*

Accordingly, we have investigated the elimination from
two hydrazinium salts in the presence of strong base (po-
tassium terf-butoxide) and have obtained respectable
yields of olefins. The two systems studied, sec-butyl and
cyclohexyl, were selected as likely to reveal most quickly
the characteristics and utility of the scheme. The results
are what one might anticipate for a Cope-like process, a
syn elimination in 1through acyclic transition state.

The hydrazinium chlorides were prepared from di-
methyl-sec-butylamine and dimethylcyclohexylamine by
several minor variations of Sommer’s method3® employing
hydroxylamine-O-sulfonic acid (the excellent method of
Tamura, et al.,3 had not yet appeared when this investi-
gation was begun). The yields were quite variable and
sometimes rather low. The best yields, based on amine,
were obtained in aqueous potassium carbonate to which a
small amount of ethylenediaminetetraacetic acid (EDTA)
was added in an effort to minimize heavy metal catalyzed
side reactions. This procedure was adopted to avoid the
use of excess amine as the required base.lb'3a It was found
to be advisable to use freshly prepared hydroxylamine-O-
sulfonic acid, since the commercial product is rather un-
stable and some lots gave poor results.

These hydrazinium salts displayed no detectable acidity
in 0.1 N NaOH, and therefore their pKa is greater than
13. When the solutions in aqueous sodium hydroxide were
refluxed for 1 hr, no olefin was formed, and after acidifi-
cation with hydrochloric acid the original hydrazinium
salts were recovered. Since it has been reported4 that po-
tassium teri-butoxide suffices for the preparation of tri-
methylaminimine, this base was used in subsequent stud-
ies. The elimination from dimethyl-sec-butylhydrazinium
chloride proceeded smoothly in refluxing iert-butyl alco-
hol containing a small excess of potassium fert-butoxide,
giving a mixture of butene isomers in 73% isolated yield.
The ratio of isomers, as determined by glc, was found to
be 64.5% 1-butene, 10.5% cis-2-butene, and 25% trans-2-
butene. This ratio is very nearly identical with that found
for the Cope elimination of dimethyl-sec-butylamine
oxide,8 67:12:21, and probably can be interpreted as
implying a similar mechanism.

The elimination from dimethylcyclohexylhydrazinium
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chloride in refluxing tert-butyl alcohol-potassium tert-
butoxide gave only a 32% vyield of cyclohexene, as deter-
mined by glc. This, however, is significantly better than
the 7% vyield reported for the Hofmann elimination from
trimethylcyclohexylammonium chloride in the same me-
dium.9 When dimethyl sulfoxide was substituted for tert-
butyl alcohol as the solvent, the yield was increased to
52%. Whether this is a solvation effectl0 or merely due to
the higher boiling point of the solvent could not be ascer-
tained, since cyclohexene cannot be distilled from the
reaction mixture at 80° and direct injection into the heat-
ed port of a gas chromatograph would vitiate the attempt
at temperature control.

The procedure reported here has several characteristics
that may render it particularly advantageous for the deg-
radation of amines and the synthesis of olefins: (a) the
temperature required is lower than that usually employed
in the Hofmann degradation and the yields were better,
especially from the cyclic amine; (b) the conversion of a
tertiary amine to a hydrazinium salt does not require
strong oxidizing agents, as does the preparation of an
amine oxide; (c) since the nitrogenous product of the
elimination, a 1,1-disubstituted hydrazine, usually can be
further alkylated at the 1-nitrogen atom to regenerate a
hydrazinium salt,11 sequential degradation by a repete-
tive methylation procedure should be possible, as in Hof-
mann’s approach; (d) some of the side reactions encoun-
tered in the Cope reaction12 are less likely with the amin-
imines. A probable disadvantage is that migrations from
N-I to N-2, especially of allylic and benzylic groups, may
be expected.13

Experimental Section

Hydroxylamine-O-sulfonic acid was prepared by the method of
Gosl and Meuwsen.lb Dimethyl-sec-butylamine was prepared by
Eschweiler-Clarke methylation of sec-butylamine. The dimethyl-
cyclohexylamine was a commercial sample.

Dimethyl-sec-butylhydrazinium Chloride. Dimethyl-see-bu-
tylamine (5 g, 50 mmol) was suspended in a vigorously stirred
cold solution of 8 g of potassium carbonate sesquihydrate (50
mmol) in 20 ml of water containing 0.1 g of EDTA. A cold solu-
tion of 5.6 g (50 mmol) of hydroxylamine-O-sulfonic acid in 10 ml
of water was added over 40 min. Methanol (180 ml) was added
and the precipitated K2SO4 was filtered. The filtrate was adjust-
ed to pH 7 by addition of hydrochloric acid, and the solvent was
removed in a rotary evaporator. Acetone was added to the syrupy
residue to promote crystallization of the hydrazinium chloride.
The salt was purified by dissolving in methanol, filtering to re-
move a small amount of K2S04, evaporating, and reprecipitating
with acetone. After drying at 100° the product weighed 5.5 g
(73%), mp 170°.

Anal. Calcd for C6H17N2CI: N, 18.37. Found: N, 18.36.

Nmr (CDCI3) 56.75 (br, 2 H, NH2), 3.7 (br, 1 H), 3.50 [d, 6 H,
N(CHS)2], 1-46 (d, 3 H + 1 H), 1.05 (t, 3 H). The C-3 methylene
of the sec-butyl group appears to be widely split by the adjacent
chiral atom into two broad regions, one centered at 6 2.35 (1 H)
and the other buried under the C-1 methyl doublet at 5 1.46.

Dimethylcyclohexylhydrazinium Chloride. Following a simi-
lar procedure, 6.35 g (50 mmol) of dimethylcyclohexylamine gave
3.2 g (35%) of the hydrazinium salt: mp 225-227°; nmr (CDCI3) 5
6.75 (br, 2 H, NH2), 3.75 (br, 1 H), 3.50 [s, 6 H, N(CH23)2], 2.47
(br, 2 H, 2,6-equatorial), 1.97 (br, 2 H, 2,6-axial), 1.8-1.3 (m, br,
6 H).

Anal. Calcd for C8H19N2CI: N, 15.70. Found: N, 15.68.

When 2 equiv of either of the hydrazinium salts was added to
0.1 N NaOH, the pH as determined by a glass electrode remained
at 13; therefore the pAa’'s of these compounds must be at least
that great.

Eliminations. A. To a solution of 2.25 g (20 mmol) of potassi-
um iert-butoxide in 10 ml of tert-butyl alcohol was added 2.42 g
(16 mmol) of dimethyl-sec-butylhydrazinium chloride. The
mixture was refluxed for 90 min, using a slow stream of nitrogen
to sweep the gaseous products through the condenser into a Dry
Ice cooled trap. The contents of the trap were transferred to a
chilled vial and weighed, yield 0.58 g (73%). The nmr spectrum
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indicated that the material collected consisted solely of the iso-
meric n-butenes. The ratio of isomers was determined by glc on a
6 ft X 0.125 in. column packed with saturated AgNC>8in phenyl-
acetonitrile supported on 80-100 mesh Chromosorb P, using a
flame ionization detector and electronic integration.

B. Dimethylcyclohexylhydrazinium chloride, 1.6 g (9 mmol),
was added to a solution of 1.2 g (10 mmol) of potassium terf-bu-
toxide in 15 ml of tert-butyl alcohol and the mixture was refluxed
for 3 hr. The presence of cyclohexene was indicated by the nmr of
the reaction mixture, and the amount was determined by glc on a
6-ft silicone (SE-30) column, using toluene as an internal stan-
dard, yield 0.24 g (32%).

C. Two grams (11 mmol) of dimethylcyclohexylhydrazinium
chloride was added to a solution of 1.3 g (12 mmol) of potassium
iert-butoxide in 15 ml of dimethyl sulfoxide, and the mixture was
refluxed for 90 min. After cooling, glc indicated a 52% vyield of cy-
clohexene.

Registry No.—Dimethyl-sec-butylhydrazinium chloride,
51051-67-3; dimethyl-sec-butylamine, 921-04-0; hydroxylamine-
O-sulfonic acid, 2950-43-8; dimethylcyclohexylhydrazinium chlo-
ride, 51051-68-4; dimethylcyclohexylamine, 98-94-2.
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Our need for relatively large quantities of primary benz-
hydrylamines (1) prompted the search for a general syn-
thetic pathway. The well-known condensation of xanthy-
drol (2a) with primary amidesl appeared to be a good
method for bonding nitrogen to the benzhydryl position.
Though previous attempts to hydrolyze N-9-xanthylacet-
amide to amine la failed,2 la has recently been prepared
by alkaline hydrolysis of the corresponding ethyl carba-
mate (5).3 Similarly, we have found that benzyl N-9-xan-
thylcarbamate (3a), prepared from 2a and benzyl carba-
mate (4),4 is readily hydrolyzed to 9-aminoxanthene (la)
by refluxing in 95% EtOH containing 15% KOH. That
amine la was indeed obtained was shown by its conver-
sion to carbamate 5 (Scheme 1), identical in every respect
with the compound obtained by condensation of 2a with
urethane.
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Notes

Table |
Synthesis and Hydrolysis of Substituted Benzyl N-Benzhydrylcarbamates (3a-e)

Product benzyl carbamates

— RNHCChCPbCeHfi (3)°-----mremmmnn -

Condensation

Benzhydrols reaction
ROH (2) time (hr)l Mp, °C
o
2a, R = 2 165-166
H
a_,
2b, R = < 12 134-135
HA
2c, R = aﬂ 12e 132-134
H
2d, R . m 0.75" 179-180
2e, R CH— 18* 116-118

- & h

Benzhydrylammonium acetates

[ — ————RNH3+"0Ac (()—
Hydrolysis Mp, °C
Yield, % time (hr)c (lit. mp) Yield, %
87 24 153-154 dec 76
(150-151 dec)8
74 6 155-157 dec 78
(152)8
71 3.5 153-155 dec7 55
82 1 None
85 4 140-141 94
(141)

« Satisfactory analytical data were reported for all new compounds listed. bReactions run at 25° in HOAc with ca. 20 mol %
excess of benzyl carbamate (4). «In refluxing 95% EtOH containing 15% KOH. 8Reference 2. «Prior to work-up the reac-

tion mixture was heated at 90° for 30 min. 1 Free amine IC mp 67-69°. Anal. Calcd for Ci3Hi0CINS: C, 63.03;

H, 4.07; CI,

14.31; N, 5.65; S, 12.94. Found: C, 62.69; H, 4.08; Cl, 14.21; N, 5.71; S, 13.34. "p-TsOH (50 mg) was required as catalyst.
*Concentrated H>S04 (0.2 ml) added as catalyst. {Reference 11.

Scheme |

5

The condensation of various benzhydrols with benzyl
carbamate (4) in glacial HOAc appears to be a rather gen-
eral reaction. The results of several such condensations,
some of which require a catalytic amount of strong acid,
are summarized in Table I. The results obtained from the
basic hydrolysis of the benzyl carbamates, 3, are also
shown in Table I.

Owing to the instability of several of the product
amines in aqueous acid2 and the difficulties experienced
when attempting to separate the reaction products
(amines plus benzyl alcohol) by conventional ether-water
extraction techniques, the desired analogs 1 were general-
ly isolated by precipitating the acetate salts (6a-e,e) from
hexane solution. Several attempts to hydrolyze the dihy-
drodibenzo[6,e]thiepin analog 3d in basic medium (i.e.,
reactions were run at room temperature or at reflux with
varying concentrations of KOH for periods of 1 hr to 1
week) only afforded complex mixtures apparently contain-
ing some thiepin ring-opened products. Treatment of 3d
with HBr in HOAc by the method of Ben-Ishai and Ber-
ger5 afforded only unreacted starting material. For these
reasons, carbamate 7 containing the more acid labile tert-

scneme n

butyloxy function was synthesized (Scheme Il). Conden-
sation of tert-butyl carbamate (8)6 with alcohol 2d afford-
ed 7 in 52% yield. Amine Id was obtained in 58% yield by
acid-catalyzed hydrolysis of carbamate 7.

Experimental Section

M aterials. Xanthydrol (2a),7 10-thioxanthydrol (2b),8 2-
chloro-10-thioxanthydrol (2c),9 6,ll-dihydrodibenzo[b,e]thiepin-
Il-ol (2d),10 benzyl carbamate (4),4 and tert-butyl carbamate
(8)6 were all prepared by methods reported in the literature.

Because of the generality of the methods for both the condensa-
tion and hydrolysis reactions, only two examples of each will be
given.

Benzyl N-Benzhydrylcarbamate (3e). To a solution of 2.0 g
(0.011 mol) of benzhydrol and 2.0 g (0.013 mol) of benzylcarba-
mate in 25 ml of glacial HOAc was added 0.2 ml of concentrated
H2S04. The mixture was stirred at room temperature for 18 hr
and poured into H20 (150 ml) and the precipitate was collected.
The product was recrystallized from aqueous EtOH affording 2.94
g (85%) of the desired carbamate 3e as white needles, mp 116—
118°.

Benzhydrylammonium Acetate (6e). To a solution of KOH (5 g,
0.09 mol) in 50 ml of 95% EtOH was added 1.56 g (0.005 mol) of
benzyl N-benzhydrylcarbamate (3e). The mixture was heated at
reflux for 4 hr, cooled, and concentrated under reduced pressure
to a volume of ca. 15 ml. The concentrate was shaken with 75 ml
of H20 and extracted with Et20. The organic layer was washed
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with HzO, dried (Na2SC>4), and concentrated under reduced pres-
sure. The residual oil was dissolved in 200 ml of hexane. HOAc (1
ml) was added slowly with constant stirring. The white precipi-
tate was collected, washed with hexane, and air-dried affording
1.11 g (94%) of acetate Ge, mp 140-141° (lit.11 mp 141°).

2-(2-Methylpropyl) Af-[11-(6,11-Dihydrodibenzo[&,e]thiepin)]-
carbamate (7). A solution of 2.28 g (0.010 mol) of freshly recrys-
tallized 6,H-dihydrodibenzo[f>,e]Jthiepin-Il-ol (2d), 1.5 g (0.013
mol) of tert-butyl carbamate (8), and 50 mg of p-toluenesulfonic
acid in 25 ml of HOAc was stirred at 25° for 1 hr. The mixture
was poured into H20 (50 ml) and allowed to stand for 30 min; the
solid was collected by filtration and recrystallized from EtOH af-
fording 1.7 g (52%) of carbamate 7 as white needles, mp 168-170°.

Anal. Calcd for CI9H2INO2S: C, 69.69; H, 6.46; N, 4.28; S,
9.79. Found: C, 69.48; H, 6.44; N, 4.24; S, 10.07.

1I-Amino-6,ll-dihydrodibenzo[6,e]thiepin (Id). To a solution
of 0.65 g (0.002 mol) of carbamate 7 in 30 ml of MeOH was added
2.5 ml of 12 N HC1l. The mixture was heated at reflux for 15 min,
cooled, and concentrated under reduced pressure. The residue
was partitioned between 5% NaOH and Et20. The organic layer
was washed with H20, dried (Na2S04), and concentrated under
reduced pressure. The residue was recrystallized from absolute
EtOH affording 0.26 g (58%) of off-white crystalline amine Id, mp
146-147° (lit.10mp 149-150°).

Acknowledgment. This work was supported by Nation-
al Institutes of Health Grant No. N.S.-10203 from the Na-
tional Institute of Neurological Diseases and Stroke.

Registry No.—Ic, 51065-24-8; Id, 1745-53-5; 2a, 90-46-0; 2b,
6783-74-0; 2C, 6470-02-6; 2d, 1745-46-6; 2e, 91-01-0; 3a, 6331-77-7;
3b, 51065-25-9; 3c, 51065-26-0; 3d, 51065-27-1; 3e, 5180-34-7; 4,
621-84-1; 6a, 51065-28-2; 6b, 51065-29-3; 6C, 51065-30-6; 6€, 51065-
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The diazo transfer reaction (eq 1), originally studied by
Dimrothl and Curtius,2 remained dormant until its ep-
ochal revival by Doering and De Puy in 1953.3 Since that
time, it has become a well-established route to a-diazo-

N=N
¥ A
N"CH + N=N— N— R .C (N—R
°H
+
«N— N
>
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carbonyl compounds, largely through the extensive work
of Regitz and his group.4 This reaction has recently been
developed into an azide synthesis5 by the use of anions of
primary amines,6hydrazines,7and hydrazones (eq 2).8

N=N
— NH+ N=N— N—R —»— N ( N—R —
o VvV
H
— N— N=N + RNH (2)

Although other diazo transfer agents such as nitrous
oxide,9 various azides,10 azidinium salts,11 and diazoal-
kanes12 have been investigated, the most widely used re-
agent has been p-toluenesulfonyl azide (tosyl azide).13
The availability of three nitrogens, coupled with the good
nucleofugal property of the p-toluenesulfinate ion, suggests
that sulfonyl azides should also be capable of acting as
azido transfer agent. Indeed, the azido group has been
transferred to anions having no a hydrogen143’6 or ana-
carbonyl groupl4fh to permit completion of the diazo
transfer step. The recent report of Reed and Lwowskil5 of
an azido transfer to an aliphatic bridgehead carbanion
prompts us to report our own results to broaden the scope
of this reaction.

The reaction of the sodium salts of diethyl phenyl- and
7-cycloheptatrienylmalonate (la and Ib) with tosyl azide
gave the corresponding azidomalonates (lla and lib) in 77
and 65% vyields, respectively. The replacement of one

,Na

R— aCO2Et), + TosNj (EtoX),cr + Tos-

a, R = Ph
b, R = 7-cycloheptatrienyl

carbethoxy group with the fluorenyl moiety did not affect
the course of the reaction and 9-carbomethoxy-9-azidoflu-
orene (IVa) was isolated in 57% yield. Similarly, a-azido-
diphenylacetonitrile (IVb) was obtained from the reaction
of the sodium salt of diphenylacetonitrile, albeit in only
18% yield of isolated product.16

.N3
Ar2C— Y + TosN3 - » Ar,Q + Tos"
glyme
ffl Y
v

a, Ar2C = 9-fluorenyl; Y = C02Me
b, Ar = Ph; Y = CN

These results show the azido transfer reaction to be ap-
plicable to both aliphatic and aromatic anions, as well as
secondary amine anions.14b'c

Experimental Section17

Diethyl Azidophenylmalonate (lla). A solution of 5.0 g (0.021
mol) of diethyl phenylmalonate in 25 ml of dry glyme was
dripped into a suspension of 0.82 g (0.021 mol) of sodium hydride
(which was previously freed of mineral oil with ether anc hexane)
in 30 ml of dry glyme at room temperature. The reaction was car-
ried out in a 150-ml three-neck flask equipped with a nitrogen
inlet, a pressure-equalizing dropping funnel, a magnetic stirring
bar, and a gas outlet. The apparatus was flushed with nitrogen
prior to the addition of diethyl phenylmalonate. After gas evolu-
tion had stopped, a solution of 4.07 g (0.021 mol) of tosyl azide in
25 ml of dry glyme was dripped into the reaction mixture over a
30-min period. After the addition was complete, the mixture was
stirred at 35-40° for 1 hr; a white solid started to precipitate at
that time and stirring was continued for an additional 2 hr. The
mixture was cooled and the solvent was evaporated on a rotary
evaporator at 40° under reduced pressure. Ether (100 ml) and
water (50 ml) were added to the pasty residue. The ethereal layer
was separated, washed three times with 25-ml portions of water,
and dried over sodium sulfate. A yellowish oil was obtained (4.5
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g, 77%) after evaporation of the solvent, ir (CCU) 2120 (N3), 1750
1770 (0=0), 690 cm- h

The infrared spectrum of the product was identical with that of
diethyl azidophenylmalonate prepared from diethyl bromophen-
ylmalonate and sodium azide according to a published proce-
dure.18

Diethyl Azido(7-cycloheptatrienyl)malonate (lib). A proce-
dure similar to that used in the synthesis of the azidophenylmalo-
nate was employed, starting with 5.29 g (0.021 mol) of diethyl (7-
cycloheptatrienyl)malonate.19 The wusual work-up procedure
yielded 3.80 g (65%) of a yellow oil, ir (CCU) 2120, 1750, 1740, and
700 cm "1.

The crude product was purified by chromatography on activat-
ed alumina and eluted with benzene-hexane (1:3), nmr (CCU) b
1.30 (t, 6H), 2.19 (t, 1H), 4.20 (q, 4 H), 5.20, 6.15, 6.60 (m, 6 H).

9-Carbomethoxy-9-azidofluorene (IVa). The sodium salt of
9-carbomethoxyfluorene (2.80 g, 0.0125 mol) was prepared from
reaction with sodium hydride as described above. To the brown
solution of the anion was added dropwise a solution of 2.46 g
(0.0125 mol) of tosyl azide in glyme at room temperature, and the
reaction mixture was then heated under reflux for 2 hr. After
having been cooled to room temperature, it was poured into ice
water and extracted with ether. The dried ethereal extract was
then evaporated in vacuo to give a pale yellow oil which crystal-
lized on standing. Upon filtration and washing with petroleum
ether, 1.90 g (57%) of colorless crystals of essentially pure prod-
uct, mp 76-78° were isolated, ir 2100 (N3), 1740-1710 cm-1
(CO2CH3). An analytical sample was obtained by recrystalliza-
tion from petroleum ether, mp 80-81°.

Anal. Calcd for C15HI1IN302: C,
Found: C, 67.86; H, 4.21; N, 15.68.

a-Azidodiphenylacetonitrile (IVb). The procedure was essen-
tially identical with that described for IVa. The dark red oil ob-
tained was refluxed with petroleum ether for 1 hr and the extract
was decanted from the insoluble residue. Evaporation gave a red
oil which was chromatographed on Florisil, using petroleum ether
as eluent. A second chromatography of the second fraction gave
0.92 g (18%) of pure product, mp 40-42° (lit.20 mp 41°), ir 2170
(CN), 2170 cm-M N a).
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67.91; H, 4.18; N, 15.84.

Registry No.—la, 28744-77-6; Ib, 51157-37-0; lla, 51065-36-2;
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Cleavage of 5-Keto /3,7-Unsaturated Esters by
l,4-Diazabicyclo[2.2.2]octane
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As a result of a continuing study into the improvement
of the yield of lactone 2 from bromo ketone 1 by utilizing
a variety of bases4'6 we now wish to report that 1,4-diaza-
bicyclo[2.2.2]octane (Dabco) is useful for the cleavage of
o-keto /3,y-unsaturated esters to their corresponding a/3-
unsaturated ketones.

Bromo ketone 1 was reacted with 6 equiv of Dabco in 16
equiv of o-xylene at reflux (165°) for 6 hr. Fractional crys-
tallization of the product mixture gave compound 4 in
80% vyield and compound 2 in 10% yield. Compounds 2
and 4 were identical by ir, nmr, glc retention time, and
mixture melting points with authentic samples.4’5 Thus
this reaction did produce some of the desired lactone 2 in
contrast to the bases |5-diazabicyclo[4.3.0]nonene-5
(DBN)4 and I,5-diazabicyclo[5.4.0]Jundecene-5 (DBU).5
However, the major component was the decarbmethoxy-
lation product 4. When the proposed intermediate 3 was
treated with Dabco under the conditions previously de-
scribed, a high (90%) yield of decarbmethoxylation prod-
uct was obtained.

Since the bases DBN and DBU are O-alkyl cleavage re-
agents,45 Dabco was allowed to react with esters 5-8 to
determine if similar results could be obtained. The fact
that no reaction occurred eliminates the possibility that
Dabco is an O-alkyl cleavage reagent and indicates that
this reagent cleaves 5-keto /3,7-unsaturated esters selec-
tively.

The generality of Dabco as a reagent for cleaving o-keto
d,7-unsaturated esters is demonstrated by the application
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0

CHJ3CH214COCH3

7

of this reagent to the esters shown in Scheme I. A mixture
of 6 equiv of Dabco and 1 equiv of the appropriate ester
was dissolved in 16 equiv of o-xylene and refluxed (165°)
for 6 hr. The resulting olefins were obtained in approxi-
mately 98% yield by glc analysis and were identical by ir,

nmr, and gc-mass spectral comparison with authentic
samples.
Scheme |
0 O
coxhb
9, R=Cz2I5 10, R= CH5
1, R=H 2 R=H
O O 0
| 1 1
chXch= chchZzoch3 — chXxch= chch3
3 14

The facile cleavage of ethyl and methyl 5-keto /3,7-un-
saturated esters with a reagent (Dabco) that does not
cleave saturated esters by either the O-alkyl cleavage or
hydrolytic routes suggests that a mechanism similar to
that reported by Krapcho and Lovey7 for the cleavage of
d-keto esters with sodium chloride and DM SO is probably
operative.

Experimental Section

Melting points were obtained on a Fisher-Johns apparatus and
are uncorrected. Elemental analyses were performed by Galbraith
Laboratories, Inc., Knoxville, Tenn. Nuclear magnetic resonance
spectra were obtained using a Jeolco Minimar spectrometer. Tet-
ramethylsilane was used as an internal standard. Infrared spectra
were obtained using a Perkin-Elmer Model 137 G spectrophotom-
eter. Gas-liquid chromatography (glc) was performed using a
Hewlett-Packard Model 402 gas chromatograph with a hydrogen
flame detector. A glass column (6 ft X 0.25 in. 0.d.) bent in a U
shape and packed with 3% SE-30 on 100/120 mesh GCQ at a col-
umn temperature of 270° with a helium flow rate of 90 ml/min
was used for all glc analyses.

Dehydrobromination-Decarbmethylation of Bromo Ketone
1. Bromo ketone 1 (500 mg, 1.27 mmol) was added to a solution of
l,4-diazabicyclo[2.2.2]octane (Dabco, 856 mg, 7.62 mmol) and
2.42 ml of o-xylene. The reaction was allowed to reflux at 165° for
6 hr. The ether extract of the acidified (5% HC1) reaction mixture
was washed with 5% aqueous sodium carbonate solution, dried
over anhydrous sulfate, and evaporated in vacuo. Fractional crys-
tallization of the residue from 20:1 methylene chloride-methanol
yielded 318.5 mg (80%) of a white, crystalline compound 4 and
24.7 mg (10%) of white, crystalline compound 2. Compounds 2
and 4 were identical by ir, nmr, glc retention time, and mixture
melting points with authentic samples.
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General Procedure for the Decarbalkylation of 5-Keto fl,y-
Unsaturated Esters. $Keto /3.7-Unsaturated Keto Esters 5-9,
11, and 13. A solution of Dabco (1.712 g, 15.24 mmol) and 2.54
mmol of the appropriate ester was dissolved in 4.85 ml of o-xylene
and the resulting mixture was allowed to reflux at 165° for 6 hr.
The usual work-up of the acidified reaction mixture yielded the
corresponding ketone, which was identical by ir, nmr, glc reten-
tion time, and mixture melting points with an authentic sample.
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The hydroquinone clathrates have long been recognized
for their unusual physicochemical properties.1 Structural-
ly, these materials consist of two interpenetrating three-
dimensional hydrogen-bonded networks of hydroquinone
that enclose a set of cavities capable of accommodating a
variety of small molecules such as 02, N2, CH4, HCI,
SO2, Ar, Kr, etc. The composition of these clathrates is
generally dependent upon the pressure and temperature
conditions under which the material is formed, with the
upper limit being one molecule of “guest” for every three
molecules of the “host,” hydroquinone. However, once the
clathrate is formed, the materials remain stable under
conditions far removed from thermodynamic equilibrium.
For example, Peyronel and Barbieri2 report the pressure
required to produce the composition CH4-3C6H4(0OH)2 as
approximately 100 atm at 22-30°. The structure is stable,
however, at ambient conditions.

Many technological applications have been suggested
for these clathrates,3'4 but realization of their potential
has, in part, been hampered by the inconvenience usually
associated with the methods of their preparation. Gener-
ally, the hydroquinone clathrates have been prepared by
precipitation from alcohol solutions. Resistance to mass
transport by the intervening liquid phase generally re-
quires that the clathrates be precipitated slowly, with
time periods of days to weeks not being uncommon.5 Fur-
thermore, the tendency for hydroquinone to undergo oxi-
dation in solution presents the risk of introduction of im-
purities into the crystalline product when the solution
growth method is used.

Past experience with crystal growth by chemical vapor
deposition methods leads us to believe that the hydroqui-
none clathrates might be prepared by direct reaction be-
tween the guest and host materials. The advantages to
such an approach are obvious; the intervening liquid
phase with its attendant mass transfer resistance is re-
moved from the system, and continuous production, as
opposed to batch production, is more readily attainable.
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Figure 1. Schematic of clathrate formation apparatus.

P, atm

Figure 2. Pressure dependence of methane hydroquinone
clathrate composition.

Hydroquinone sublimes readily at temperatures below
its melting point, 170°, and the vapor pressure is adequate
for transport and crystal growth at temperatures as low as
115-120°. The rate of crystal growth can be conveniently
controlled by control of the sublimation or source temper-
ature and control of the deposition temperature. We have
found that, when a suitable gas such as methane is used as
a carrier, enclathration of the gas tends to occur upon
growth of the new hydroquinone crystals. Using this
method, we have been able to produce gram quantities of
the clathrate in a matter of a few hours in small-scale lab-
oratory equipment, as opposed to the days to weeks re-
quired for the solution growth method. Inasmuch as water
vapor tends to interfere with the formation of the cla-
thrate structure, both the hydroquinone and the methane
must be dried prior to use. This can be accomplished con-
veniently by passing both materials through a freshly out-
gassed mole sieve column.

A schematic of the apparatus used in this exploratory
study is shown in Figure 1. Briefly, this apparatus consist-
ed of three stainless steel chambers connected in series.
The first of these was packed with mole sieve for drying
the methane, and could be removed for regeneration of
the sieve. The second chamber contained the source of
predried hydroquinone, and was mounted in a furnace for
control of the source temperature. The third chamber was
water cooled for control of the deposition temperature. In
operation, the system was flushed thoroughly with dry
methane and then the vent valve was adjusted to dis-

Notes

charge 10-20 cc/min at pressure. A glass wool plug be-
tween the source and deposition sections inhibited carry-
over of homogeneously nucleated hydroquinone crystals
from the source section.

Several methane clathrate samples prepared at each of
two pressures by this method were analyzed by flash in-
jection of submilligram quantities (usually single crystals)
of the clathrate into a gas chromatograph. Because of
slight variations in composition, at least five analyses
were made for each sample. For samples prepared at
source temperatures of 120-130°, deposition temperatures
of 40-50°, and a methane partial pressure of 6 atm, 20% of
the cavities of the hydroquinone structure are filled with
methane. At the same temperatures and a methane pres-
sure of 15 atm, 40% cent of the cavities are occupied by
methane. These data are compared with those of Peyronel
and Barbieri in Figure 2. It can be seen that the pressure
dependence is approximately the same as that shown by
Peyronel and Barbieri, but the composition line is shifted
to lower methane contents because of the higher forma-
tion temperature.

These two sets of data at different temperatures may be
used to estimate the energy of formation of the methane
hydroquinone clathrate as approximately 6 kcal/mol.
Considering the latitude in temperature measurements of
both the current work and that of Peyronel and Barbieri,
agreement between this value of the energy of formation
and the value of 5.9 kcal/mol calculated by Van de Waals
and Platteeuw6 seems fortuitous. However, the results
suggest that the same material is produced by this sol-
ventless approach as is obtained from the conventional so-
lution growth method.

In way of demonstration of the general applicability of
the method, oxygen and nitrogen hydroquinone clathrates
have also been prepared using this approach and it is be-
lieved that the method can be extended to preparation of
other clathrates, such as the gas hydrates, where the host
material can easily be volatilized.

Registry N o.—Methane hydroquinone clathrate, 16060-36-9.
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Our continuing interest in the use of /3-keto sulfoxides
for the synthesis of heterocyclic systemsl led us to investi-
gate the cyclization of 2-hydroxy-I-[(methylsulfinyl)-
acetyljbenzenes, 2-amino-I-[(methylsulfinyl)acetyl]ben-
zenes, and 2-amido-I-[(methylsulfinyl)acetyl]benzenes
with trifluoroacetic acid.

Recent publications on cyclizations involving Pummerer
reaction intermediates to give carbocyclic rings,2 3,1-ben-
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zoxathian-4-ones,3 and pteridines4 prompt us to report our
results in this area. The Pummerer reaction5 continues to
be of great synthetic6 and mechanistic7 interest. We envi-
sioned that cyclization would take place via intramolecu-
lar nucleophilic attack by suitably situated oxygen and ni-
trogen functions on the cationic Pummerer intermediates
(2 and 7) to give heterocyclic systems.

When 2-hydroxy-I-[(methylsulfinyl)acetyl]benzene (1)
was heated under reflux in benzene containing trifluo-
roacetic acid for 40 min, 2-(methylthio)-3(2H)-benzofura-
none (3a) was isolated in 45% yield. The spectral and an-
alytical data were in agreement with the assigned struc-
ture. The ir spectrum showed a carbonyl band at 1720
cm-1. The nmr spectrum showed the S-methyl at $2.13
(3 H, s), the methine proton (-OCHSMe) at 6 5.65 (1 H,
s), and aromatic protons at 6 7.10-8.00 (4 H, m). The
compounds (3a-d) prepared by this method are listed in
Table I. The rearrangement is readily extended to the for-
mation of six-membered rings, as illustrated by the con-
version of 4to 5.

~ . cch&ch3

OC,

Attempts to rearrange 6-chloro-2-amino-I-[(methylsul-
finyl)acetyl]benzene to the corresponding 1,2-dihydro-
3H-indol-3-one were unsuccessful and gave a complex
mixture. Protonation of the amino nitrogen, deactivating
it as a nucleophile, is the probable reason for the failure of
the reaction in this case. The problem was surmounted by
the use of the amido function. The conversion of amide 6
to 1,2-dihydro-3H-indol-3-one (8) in 67% vyield illustrates

the reaction. The analytical and spectral data for 8 are in
agreement with the assigned structure. The ir spectrum

J. Org. Chem., Vol 39, No. 11, 1974 15%5
Table 1

Mp, °C (crystn Yield,

Compd solvent) %

3a 81-82 45
(EtOH)

3b 118-120 81
(EtOH)

3c 103-105 65
(EtOH)

3d 76-78 54
(EtOH)

5 89-91 64
(EtOH)

8 126-128 67
(EtAc)

COPh

“ Satisfactory analytical data (+0.3% for C, H, S, and
N) were reported for all compounds listed in the table.

showed carbonyl bands at 1730 and 1650 cm"1. The nmr
spectrum showed the S-methyl at 5 1.92 (3 H, s), the
methine proton (>NCHSMe) at5 5.25 (1 H, s), and aro-
matic protons at8 7.0-8.2 (9 H, m).

Experimental Section

Melting points were taken in open capillary tubes and were not
corrected. Nmr spectra were recorded on a Varian Model A-60
spectrometer using TMS as an internal standard (CDCI3 sol-
vent). Thin layer chromatography was performed on commercial
silica gel plates containing fluorescent indicator. A solvent system
of ethyl acetate-cyclohexane (4:1) was used. Visualization was
with 2537-A light and iodine vapour.

General Reaction Procedure. A solution of the /1-keto sulfox-
ide (0.01 mol) and trifluoroacetic acid (0.01 mol) in benzene (50
ml) was refluxed until tic indicated the absence of the d-keto
sulfoxide in the reaction mixture (40-90 min). The solvent was
removed under pressure to give oils which crystallized or. stand-
ing. Recrystallization (Table 1) gave analytically pure material.

Acknowledgments. We would like to express our grati-
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In connection with a study of the chemistry of strained
hydrocarbons, it became necessary for us to synthesize the
title compound, 1. A six-step synthesis which affords 1 in
ca. 14% overall yield has been reported by Stedman and
coworkers.1l In the present paper, we report an improved,
three-step synthesis in which 1is produced in 47% overall
yield.

Our improved synthesis is shown in Scheme I. Diels-
Alder addition of p-benzoquinone to cyclopentadiene has
been reported2 to afford the endo adduct 2 in high yield.
Photochemical cyclization of 2 to 3 has likewise been re-
ported to proceed smoothly.3 We employed Wolff-Kishner
reduction of diketone 3 to prepare 1. Along with 1, the re-
duction of 3 also afforded an unidentified olefin which
could be readily separated from 1 by treatment of the
crude reduction product with a solution of bromine in car-
bon tetrachloride, followed by elution chromatography.

The nmr and mass spectra of 1 have been discussed by
Stedman.1 Compound 1 is highly volatile, and precautions
must accordingly be taken to minimize losses during its
isolation.

Experimental Section

Melting points are uncorrected. Spectra were determined with
the following instruments: Varian T-60 nmr spectrometer (TMS
internal standard); Perkin-Elmer Model IR-8 infrared spectro-
photometer; Hitachi Perkin-Elmer Model RMU-6E mass spec-
trometer (70 eV).

1,4,4a,8a-Tetrahydro-mdo-1,4- methanonaphthalene-5,8-di-
one (2). To a solution of p-benzoquinone (243 g, 2.25 mol) in meth-
anol (400 ml) at -70° was added a solution of freshly cracked cy-
clopentadiene (149 g, 2.27 mol) in cold methanol (100 ml). The
solution was allowed to warm to room temperature, and the prod-
uct was collected by suction filtration. Yellow-brown crystals (392
g, 93%) were obtained: mp 76.0-78.5° (lit. mp 75.8-76.2°,4 77-
78°5); nmr (CDCI13) 5 1.48 (m, 2 H, methylene bridge), 3.28 (m, 2
H, 4a, 8a protons), 3.52 (m, 2 H, bridgehead protons), 6.02 (m, 2
H, ethylene bridge protons), 6.52 (s, 2 H, enone vinyl protons); ir
(KBr) 3320 (w), 1660 (vs, 0=0), 1601 (s, conjugated G=C), 1295
(m), 1280 (m), 1060 (m), 875 (m), and 720 cm~1 (m).

Pentacyclo[5.4.0.02'6.03 10.05'9Jundecane-8,ll-dione (3). A so-
lution of 2 (40 g, 0.23 mol) in ethyl acetate (500 ml) was irradiat-
ed for 12 hr with a Hanovia medium-pressure Hg lamp (Pyrex fil-
ter). The solution was concentrated, whereupon 3 crystallized as
a colorless, microcrystalline solid (34.5 g, 86%): mp 243.0-243.5°
(lit.3 mp 245°); nmr (CDCI3) AB pattern, J = 12 Hz, 5A 1.86, 5B
2.10 (2 H, methylene bridge protons), broad envelope, 5 2.5-3.3 (8
H); ir (KBr) 2990 (s), 2930 (m), 2870 (m), 1742 (vs, C=0), 1720
(vs, C=0), 1185 (m), 1055 (s), 855 (m), and 720 cm- 1 (m).

Pentacyclo[5.4.0.02'6.03 10.05 9lundecane (1). A solution of 3
(2.0 g, 11.5 mmol), 95% hydrazine (4 ml), and sodium hydroxide
(1 g) in diethylene glycol (55 ml) was heated at 160-200° for 3 hr.

Notes

The cooled reaction mixture was extracted with pentane (100 ml)
and the pentane extracts were dried (Na2SC>4). The crude prod-
uct was found to contain an unidentified olefinic impurity. The
filtered pentane solution was treated with excess 5% Br2-CCl4 so-
lution, and the resulting product was chromatographed on neu-
tral alumina (pentane eluent). Compound 1 was obtained as a
colorless, waxy solid (990 mg, 59%); mp 204.0-204.5° (sealed tube)
(lit.1 mp 207-208°); nmr (CDCI3) AB pattern, J = 12 Hz, oA 0.98
(br d), 50 1.16 (d) (4 H, 8- and 11-CH2), AB pattern, J = 10 Hz,
5a 1.30, 5p 1.63 (2 H, 4-CH2), 5 2.21 (envelope, 4 H, CH), and 5
2.55 (envelope, 4 H, CH); ir (KBr) 2950 (m), 2860 (s), 1460-1430
(w), and 1320-1270 cm-1 (w); mass spectrum m/e 146 (molecular
ion), 131,117, 91, and 80 (base peak).

Anal. calcd for C11H14: C, 90.35; H, 9.65. Found: C, 90.66; H,
9.55.
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The reaction of benzil with cyanide ion has been shown
to proceed differently in alcoholic solventsl than in di-
methyl sulfoxide (DMSO).2 The products in alcohol are
benzaldehyde and the corresponding benzoate ester,
whereas in DMSO the sole product is trans-a,a'-stilbene-
diol dibenzoate (2). The proposed mechanism for the
reaction in both solvent systems (Scheme 1) assumes
cleavage of the central C-C bond in benzil by cyanide ion
to form resonance-stabilized carbanion 1. Reaction of 1
with solvent in the alcoholic systems leads to products,
whereas in the absence of proton donor, e.g., in DMSO, 1
is forced to attack a second benzil molecule with the for-
mation of 2.

More recently, Schowen and Kuebrich3 evaluated the
usefulness of I, generated from benzil and cyanide ion in

Scheme |
o' Ph

PhCOCOPh + CN- —* PhCOCPh—» PhCOX-

CN CN
ROH
PhCHO + PhCOoR + CN-
PhCO02 Ph
DMSO +
B2 X/ c = \/ CN-
Ph 0,CPb

2
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several solvent combinations, as a model for “active alde-
hyde” intermediates in (a) the benzoin condensation and
(b) thiamine action in biological systems. This research
group3-4 demonstrated that 1, generated in the presence
of a variety of added electrophiles, gave rise to a spectrum
of products.

While in all instances14 the products obtained from the
benzil-cyanide reaction has been logically accounted for
by invoking the intermediacy of 1, the intermediate, per
se, has not been isolated. In any mechanistic study, the
trapping or otherwise isolation of a proposed intermediate
is considered of value in the compilation of data which al-
lows for eventual elucidation of the reaction path. As an
extension of our earlier work,2 this report notes the isola-
tion of the nitro derivative of intermediate 1, 4-nitroman-
delonitrile benzoate (3), in good yield from the reaction of
4-nitrobenzil with cyanide in DMSO or N.iV-dimethylior-
mamide (DMF). The reaction is shown in eq 1. In no ex-

CN

0,NPhCOCOPh ~ 0,NPhC~ H—+2>

|
0,CPh

4 T

O,NPhCH (D)

' |
0ZPh
3

periment was the corresponding stilbenediol dibenzoate
detected. Thus, the role of cyanide ion is now one of reac-
tant in contrast to that of catalyst in the reaction with
benzil.

These results are of added interest in view of the find-
ings of Kwart and Baevskyl that 4-nitrobenzil and cya-
nide ion are unreactive in alcoholic solution. These inves-
tigators observed the formation of a stable, colored solu-
tion which readily reverted to starting material. The gen-
eration of a stable semiquinone was considered a possibili-
ty. It seems reasonable, in view of our findings, that an
alternate explanation can be offered. Thus, the reaction
might have failed owing to the relatively low ratio (im-
plied, though not statedl) of cyanide catalyst to 4-nitro-
benzil. Perhaps cyanide was simply consumed to form
trace amounts of 4.

The success of the reaction in aprotic solvents presum-
ably results from the inertness of 4 toward another mole-
cule of 4-nitrobenzil. The negative charge is more com-
pletely delocalized in 4 (relative to 1) owing to the favor-
able location of the nitro substituent.

The obvious analogy is drawn between the benzil-cya-
nide reaction and the benzoin condensation where cyanide
also acts both as the nucleophile and as a group which de-
localizes the negative charge on the intermediate carban-
ion.5 The analogy is extended in that, while 4-nitrobenzal-
dehyde readily undergoes cyanohydrin formation,6 it fails
in the benzoin condensation.7 As in our reaction, the best
explanation seems to be that the delocalizing influence of
the nitro group renders the intermediate so inert as to
react no further with starting material.

Identification of 3 was accomplished by spectral analy-
sis and comparison with a sample of benzoylated 4-nitro-
mandelonitrile. It is interesting that C=N absorption, in
the 2100-2400-cm* 1 region of the ir spectrum, is absent.
However, this observation is in agreement with an earlier
report that the G=N stretch in compounds where the
cyano group is attached to oxygenated carbon is
“guenched” to the point of being extremely weak or not
observable at all.8
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Experimental Section9

Starting Materials. 4-Nitrobenzil was prepared according to
the method of Womack, Campbell, and Dodd.10 The solvents,
DMSO and DMF, were distilled from calcium hydride at reduced
pressure. Other materials were available in reagent grade and
were used without further purification.

4-Nitrobenzil and Sodium Cyanide in DMSO. Sodium cya
nide (0.25 g, 5.1 mmol) was stirred into 40 ml of solvent under an
atmosphere of nitrogen. 4-Nitrobenzil (1.28 g, 5.0 mmol) was
added in a single portion at room temperature. The solution at
once turned deep violet in color. After 1.5 min, the reaction mix-
ture was poured into an acidified ice-water slurry. The resulting
suspension was extracted with ether. The ether layer was washed
with water, dried over sodium sulfate, and evaporated. The resi-
due (red-brown oil) was triturated with ethanol to afford light
yellow crystals (0.82 g, 58%) of 4-nitromandelonitrile benzoate
(3), mp 112-114° (ethanol).

Anal. Calcd for C15H10N204: C, 63.83; H, 3.54; N, 9.93. Found:
C, 63.80; H, 3.69; N, 10.07.

The nmr spectrum showed a 1 H singlet (methinyl) at 6 6.9 and
a 9 H multiplet at 5 7.5-8.5 (aromatic). The ir spectrum showed
carbonyl absorption at 1725 cm- 1. No absorption for O~N was
observed.8 The mass spectrum (30 eV) showed m/e (rel intensity)
282 (M +), 255 (8), 106 (46), 77 (100), m* 230.6.

4-Nitromandelonitrile Benzoate (3). The procedure used by
Cronynll for the preparation of 3-nitromandelonitrile benzoate
was adopted. A suspension was prepared in an ice bath from 4-
nitrobenzaldehyde (3.77 g, 25 mmol) and 5 ml of water, to which
was added benzoyl chloride (3.64 g, 25.8 mmol). Potassium cya-
nide (2.0 g, 31.5 mmol) in 3 ml of water was added in one portion
with stirring. The resulting yellow crystals were filtered and tritu-
rated with ethanol to afford the crude product (5.0 g, 70.8%, mp
108-111°). Recrystallization from ethanol resulted in an almost
colorless sample, mp 114-115°. The material was identical with 3
in the previous experiment as shown by mixture melting point
and comparison of spectral data.

Acknowledgment. We are grateful to J. Michael Rob-
inson, Paul Moser, and Paula Watts at Louisiana State
University for assistance in obtaining some of the spectral
data.

Registry No.—3, 51130-02-0; 4-nitrobenzil, 22711-24-6; NaCN,
143-33-9.
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A communication by Greber and Krideldorfl describing
the thermolysis of N-silylated carbamoyl chlorides, anhy-
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drides, or urethanes to yield isocyanates stimulated our
investigation of a new approach to sulfonyl isocyanate
synthesis. We have found that both aryl- and alkylsulfonyl
carbamates can be silylated easily and subsequent ther-
molysis of the trimethylsilyl intermediates produces the
corresponding sulfonyl isocyanates in excellent yields. The
new procedure eliminates a hazardous phosgénation step
normally required in sulfonyl isocyanate synthesis2'3 and
minimizes the formation of difficultly separable by-prod-
ucts. The sulfonyl isocyanates are not contaminated by
the sulfonyl chlorides which are normally present in isocy-
anates produced by a high-temperature phosgénation pro-
cess. Furthermore, alkanesulfonyl isocyanates cannot be
prepared by direct phosgénation and alternate proce-
dures4’5 are very inefficient. This paper describes a simple
procedure for preparing pure aryl- or alkanesulfonyl isocy-
anates from readily available reagents.

Either sulfonyl carbamates or sulfonylureas can be sily-
lated by treatment with trimethylchlorosilane in the pres-
ence of tertiary amines. Sulfonylureas are easier to syn-
thesize but their silylated derivatives decompose to isocy-
anates and silylated sulfonamides rather than the desired
products. In fact, Itoh, et al.,6 has shown that pyrolysis of
N-benzenesulfonyl-Af-trimethylsilyl-N". Af'-dimethylurea
(1) produces methyl isocyanate and IV-trimethylsilyl-1V-
methylsulfonamide (2). Apparently silylated sulfonylureas
do not undergo direct thermolysis; so these derivatives
cannot be utilized as starting materials for a sulfonyl iso-
cyanate synthesis.

0

<< C”N~SO0XNCN(CH32 ~
Si(CH=3
1
CHi

SONSI(CH32 + CH3NCO

2

Silylated Sulfonyl Carbamates. 0-Alkylsulfonyl car-
bamates can be synthesized by treatment of the appropri-
ate sulfonamide with an alkyl chloroformate in the pres-
ence of potassium carbonate.7 Alkyl chloroformates must
be used in this step because aryl chloroformétes partici-
pate in a multistep, base-catalyzed condensation to yield
1,3-bis(alkyl- or -arylsulfonyl)ureas instead of the desired
O-aryl-N-alkyl- or -arylsulfonyl carbamates.8 Silylation of
O-alkyl-N-arylsulfonyl carbamates occurs readily when a
hydrocarbon solution of the derivatives is treated with tri-
methylchlorosilane (3) in the presence of triethylamine.
Triethylammonium hydrochloride precipitates quantita-
tively from the reaction medium when a solution of trieth-
ylamine is added to the reagents; subsequent isolation of
the silylated intermediate simply involves removal of the
amine salt by filtration followed by evaporation of the sol-
vent under reduced pressure.

The progress of the silylation can be followed spectro-
photometrically. Disappearance of the NH (3200 cm ')
and a reduction in intensity of carbonyl (1760 cm-1) in-
frared absorption bands is accompanied by the appear-
ance of new bands at 1600 (C=N) and 1085 cm-1 (SiO).
A linear correlation between this SiO absorption band in-
tensity and the extent of reaction as estimated by nmr ex-
isted throughout a conversion range of 0-90%. The de-
crease in the carbonyl absorption intensity is indicative of
extensive O-silylation; this is confirmed by the relative in-
tensities of the silylmethyl absorptions in the nmr spec-
trum. The ratio of O-silylated to N-silylated derivatives is
dependent upon the nature of R'. For example, O-neo-

Notes

Table |
Thermolysis of Silylated
O-Neopentyl-iV-p-toluenesulfonyl Carbamate*

Silylated 5 ki, sec~1Ib
Run Temp, °C concn, mol/1. X 10* fi/2 min
i 110 0.191 3.39 34.1
2 110 0.057 3.71 31.1
3 110 0.096 3.74 30.9
4 110 0.120 3.12 37.0
Plot of initial rates of runs 1-4  3.50 33.0
5 80 0.120 0.52 222.1
6 90 0.120 1.08 107.0
7 120 0.120 8.14 14.2

“Rates measured by time dependence of absorption at
2235.5 cm 'l (xnco) in Xxylene. bFirst-order rate constants;
correction coefficient >0.99.

pentyl-N-p-toluenesulfonyl carbamate (4) yields a product
mixture composed primarily of the O-silylated (5) deriva-
tive. In contrast, O-ethyl-N-methylsulfonyl carbamate
(4a) exhibits a strong carbonyl absorption (1740 cm-1)
which is consistent with a mixture containing predomi-
nantly N-silylated product (6a). Both N- and O-silylated
products undergo thermal decomposition to yield the cor-
responding sulfonyl isocyanates. This suggests that a
rapid equilibration between the two isomers is occurring
under the thermolysis conditions.

o OSi(CH33 0

| 1
(CH33BICl + R'SONCOR — » R'SON=COR + R'SO,NCOR

3 ! 5 [
H 5a Si(CH33

4, R = neopentyl; 6

R' = tolyl 6a

4a, R = ethyl; .
R' = methyl

Thermal Dissociation. Thermolysis of trimethylsilylat-
ed carbamates can be effected by heating the derivatives
in inert solvents such as xylene, chlorobenzene, or aceto-
nitrile. The dissociation appears to be favored by polar
solvents, since replacement of the hydrocarbon solvent
used in the silylation procedure with acetonitrile before
completing the thermolysis reduces the temperature re-
quired to liberate the sulfonyl isocyanate. Silylated O-
phenyl-1V-p-toluenesulfonyl carbamate decomposes slowly
at 25°; the corresponding O-neopentyl derivative must be
heated to 60° before a noticeable thermolysis occurs.

The thermolysis rate of a mixture of 5 and 6 was deter-
mined by observing the development of the isocyanate ab-
sorption band at 22355 cm-1. The reaction exhibited
first-order Kinetics to at least 90% conversion. Further-
more, a plot of the initial rates exhibited by different con-
centrations of substrate was linear and yielded a rate con-
stant comparable to those calculated for an irreversible
first-order process. (Table 1). An Arrhenius plot of the
data is linear and indicates an activation energy of 19.4 *
0.6 kcal/mol. The activation entropy is —24.6 + 0.6 eu,
which suggests an oriented cyclic transition state as exem-
plified by structures 7 or 8in Scheme 1.

We have shown that the cleavage occurs at the acyl car-
bon by the reaction sequence outlined in Scheme Il. Opti-
cally active (/?)-(—)-2-octanol (9) was allowed to react
with p-toluenesulfonyl isocyanate to produce 10. Silyla-
tion of 10 followed by thermolysis (path B) enabled us to
isolate optically active alkoxysilane 11, [a]25D — 13.58°.
The thermolysis proceeds with complete retention of con-
figuration of the alkoxy substituent. The reaction se-
guence also suggests a new technique for resolving alco-
hols, since the sulfonyl carbamate intermediate would
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Table 11
Preparation of Alkylsulfonyl Isocyanates by Thermolysis Procedure
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probably form a diastereomeric salt mixture with an opti-
cally active amine.

Synthetic Applications. Since most arylsulfonyl isocy-
anates can be prepared by direct phosgénation,3 the pri-
mary application of the thermolysis procedure is alkane-
sulfonyl isocyanate preparation. We have applied this
procedure to the synthesis of methane- (12), ethane- (13),
rc-butane- (14), and a-toluenesulfonyl isocyanate (15) and
the results are summarized in Table Il. No attempt was
made to isolate the silyl derivatives; the crude silylation
mixtitre was pyrolyzed and the alkanesulfonyl isocyanate
was isolated by fractional distillation. The sulfonyl isocy-
anates are extremely reactive liquids which are difficult to
characterize; however, they react quantitatively with ei-
ther neopentyl alcohol or phenol to produce stable crystal-
line alkanesulfonyl carbamate derivatives. The range of
yields cited in Table Il represents the difference between
actually isolating the alkanesulfonyl isocyanate by distil-
lation (lower values) and isolating the sulfonyl carbamate
derivative which was prepared directly by adding the al-
cohol to the thermolysis reaction mixture.

In contrast to the reduced reactivity of alkyl isocyanates
relative to aryl isocyanates, the alkanesulfonyl isocyanates
appear to be comparable to benzenesulfonyl isocyanates in
their reactivity toward alcohols and phenols. For example,
treatment of wood cellulose with butanesulfonyl isocyan-
ate produced an acetone-soluble alkanesulfonyl carbamy-
lated cellulose in 30 min. Similar results were obtained
using the thermolysis product mixture in place of the pure
isocyanate. The properties of the cellulose derivative were
analogous to those reported for p-toluenesulfonyl carbam-
ylated cellulose.9
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Experimental Sectionl0

Reagents. Trimethylchlorosilane (3) was purified by distilla-
tion from 5 wt % sucrose and tri-n-butylamine to remove poly-
chlorosilane derivatives.1l1 The alkyl sulfonamides were prepared
from the corresponding sulfonyl chlorides using a benzene solu-
tion of anhydrous ammonia.12 Commercially available p-toluene-
sulfonyl isocyanate was used without further purification for
preparative procedures. Since this material is contaminated with
p-toluenesulfonyl chloride, which is difficult to remove, pure p-
toluenesulfonyl isocyanate, bp 100° (0.5 mm), was prepared via
the silylated carbamate procedure to use for infrared Kinetic
studies. O-Ethyl-IV-alkylsulfonyl carbamates were prepared ac-
cording to the general procedure of Cassady, et al.;7 yields and
melting points are reported in Table Il. O-Alkyl-p-toluenesulfonyl
carbamates were obtained by addition of the appropriate alcohol
to a solution ofp-toluenesulfonyl isocyanate in ether.

Silylation of O-Neopentyl-iV-p-toluenesulfonyl Carbamate
(4). The following general procedure was used to prepare the sily-
lated sulfonyl carbamates. A solution of 3.84 g (13.46 mmol) of 4
in a mixture of 5 ml of acetonitrile and 30 ml of benzene was
mixed with 5.85 g (54 mmol) of 3 and cooled in an ice bath. After
slowly adding a solution of 1.37 g (13.5 mmol) of triethylamine in
10 ml of benzene, the reaction mixture was stirred at 20° for 1.5
hr. The excess trimethylchlorosilane was evaporated in vacuo, 25
ml of cyclohexane was added, and the triethylammcnium salt
was removed by filtration. The filtrate was concentrated in vacuo
to yield 4.84 g of a mixture of 5 and 6: nmr (benzene-de) 57.88 (d,
2 H), 6.87 (d, 2 H), 3.70 (s, 2 H), 2.09 (s, 3 H), 0.81 (s, 9 H), 0.23
(s, 6.8 H), 0.18 (s, 1.2 H). Although the absorptions below $0.5
were slightly broader than expected, it was not possible to resolve
these signals and confirm the presence of an isomer mixture. The
spectrum is consistent with a 90% vyield of an 85:15 mixture of 5
and 6, based upon the relative intensities of the silylmethyl pro-
ton absorption.

Silylation of O-ethyl-N-methylsulfonyl carbamate was con-
ducted exactly as described above using 3.35 g (20 mmol) of 4a,
8.7 ¢ (80 mmol) of (CH3)3SiCl, and 2.02 g (20 mmol) of trimethyl-
amine. Evaporation of the solvent mixture yielded 4.63 g of vis-
cous oil, nmr (benzene-d6) &3.99 (q, 2 H), 2.95 (s, 3 H), 1.09 (t, 3
H), 0.37 (s, 2.1 H), 0.28 (s, 4.9 H).

0 -Ethyl-N-ethylsulf'onyl carbamate (4b) was silylated using
3.63 g (20 mmol) of 4b, 8.7 g (80 mmol) of (CH3)3SiCl, and 2.02 g
(20 mmol) of triethylamine; 4.71 g of oil remained, nmr (benzene-
de) 53.98 (a, 2 H), 3.05 (m, 2.8 H) 1.17 (d oft, 7.7 H) 0.41, (s, 2.1
H), 0.28 (s, 4.4 H). The residual oil appears to be a mixture of 5b
and 6b; ir (neat) 2250 (NCO), 1740 (C=0), and 1085 cm -1 (SiO)
confirms this analysis.

Butanesulfonyl isocyanate (14) was prepared directly from
O-ethyl-N-butanesulfonyl carbamate (16) without isolating the
silylated intermediate. Addition of triethylamine (21.2 g, 0.209
mol) to a cooled solution of 43.7 g (0.209 mol) of 16 and 68.5 g
(0.63 mol) of 3 in 140 ml of benzene effected the silylation. After
the reaction mixture was stirred for 2 hr, the excess trimethyl-
chlorosilane and ~25 ml of solvent were evaporated under reduced
pressure. The residue was filtered under nitrogen and then the re-
maining solvent was evaporated. The residual oil was redissolved
in 70 ml of acetonitrile and refluxed for 2 hr. Evaporation of the
acetonitrile followed by vacuum distillation of the residue yielded
245 g (72%) of 14: bp 78° (3 mm); ir (neat) 2240, 1350, 1150
cm-1; nmr (CD3CN) 6 3.2 (t, 2 H), 1.76-0.86 (m, 4 H), 0.67 (t, 3
H).

A similar procedure was utilized to prepare each of the sulfonyl
isocyanates cited in Table II.

(~)-2-Octyloxytrimethylsilane (11). Method A. A solution of
5.38 g (0.041 mol) of 9, [«]25d (cyclohexane) -8.57°, in 50 ml of
benzene was treated with 13.3 g (0.122 mol) of 3 and cooled to 5°.
Following injection of 4.12 g (0.041 mol) of triethylamine, the
mixture was allowed to warm to 37° and stirred for 3 hr. The ex-
cess trimethylchlorosilane was evaporated under reduced pres-
sure, the triethylammonium chloride was removed by filtration
under nitrogen, and the filtrate was treated with 2.0 g of p-tolu-
enesulfonyl isocyanate to remove unreacted alcohol. Fractional
distillation of the filtrate yielded 6.12 g (74%) of 11, bp 70° (10
mm), [a]2D(cyclohexane) -13.58°.

Method B. A solution of 9.70 g (0.049 mol) of p-toluenesulfonyl
isocyanate in 40 ml of ether was mixed with an ethereal solution
of 9 (6.40 g in 10 ml). After 1 hr the ether was evaporated and the
residual oil 10) was used without further purification. The silyla-
tion of 10, 14.9 g (0.045 mol), with 14.7 g (0.135 mol) of 3 was cat-
alyzed by addition of 4.6 g of triethylamine to a benzene solution
of the reagents. The silylated sulfonyl carbamate was isolated

Notes

and thermolyzed in acetonitrile in the usual manner. Fractional
distillation of the product mixture yielded 8.12 g (74.5%) of 11, bp
63° (6 mm), [a]25D (cyclohexane) -14.68°.

Anal. Calcd for CiiH250Si: C, 65.62; H,
Found: C, 65.32; H, 12.38; Si, 13.67.

Reaction of n-Butylsulfonyl lIsocyanate with Cellulose. A
stirred, nitrogen-flushed mixture of 1.00 g (0.006 molar equiv) of
wood cellulose in 50 ml of anhydrous pyridine was treated with
4.00 g (0.027 mol) of n-butylsulfonyl isocyanate at 85° for 6 hr. A
clear solution was obtained within 30 min. The product was pre-
cipitated by pouring the reaction mixture into 500 ml of cold 50%
ethanol-water which had been acidified with 50 ml of concentrat-
ed HC1. The polymer was dissolved in acetone, reprecipitated
with acidified ice water, washed free of excess acid, and dried in
vacuo at 60° for 12 hr; 3.63 g (D.S. = 2.6) of white powder was ob-
tained. The butylsulfonyl carbamylated cellulose was soluble in
acetone, DMF, and 2% NaOH, and swollen by ethanol.

12.41; Si, 13.92.

Registry No.—3, 75-77-4; 4, 32363-28-3; 5, 51003-72-6; 5b,
51003-73-7; 6, 51003-74-8; 6a, 51003-75-9; 6b, 51003-76-0; 9, 51003-
19-1; 11, 51003-20-4; p-toluenesulfonyl isocyanate, 4083-64-1;
CH3CH20 2CC1, 541-41-3.
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The potential chemotherapeutic value of arylsulfonyl-
ureas as oral hypoglycemic agents has promoted intensive
interest in their synthesis and chemical properties. Most
of the preparative procedures described in the literature
utilize arylsulfénamide salts, generated by inorganic bases
or tertiary amines, as nucleophiles to add to isocyanates
and related derivatives,1 or to sym-l,3-dialkylureas.2 Re-
cently, an improved method for the preparation of arylsul-
fonyl isocyanates has increased the applicability of these
highly reactive intermediates in arylsulfonylurea prepara-
tions.3 We wish to describe a new approach to arylsulfon-
ylurea synthesis which involves the direct condensation of
arylsulfonamides with alkyl or aryl isocyanates in the
presence of Lewis acid catalysts.

The Friedel-Crafts condensation of isocyanates with ar-
omatic compounds in the presence of aluminum chloride
was first reported by Leuckart in 1885.4 This reaction has
been evaluated more recently by Effenberger and Gleiter
and the electrophilic character of the condensation was
established.5 The Friedel-Crafts reactivity of an isocyan-
ate-Lewis acid complex toward the aromatic nucleus is
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Table |
Electrophilic Condensation of ra-Butyl Isocyanate with Sulfonamides,” RSONH2
Expt Registry no. R Yield, %6 Mp, “C*
1 1129-26-6 aHo(cj)— 80 128 (lit® 128-129)
2 70-55-3 76' 129 (lit." 127-128)
3 98-64-6 64 119-120
(lit.d 118.5-120)
4 3119-02-6 nsec—n 78 185 (lit./ 181)
5 6325-93-5 84 165-166
(lit® 165-168)
6 13852-81-8 . "
G € An'oz 85 169.5
7 16993-45-6 91 220-222 dec
(lit.; 218-220 dec)
8 46249-41-6 Cis°*-<0>- 80.5 143-144"
9 640-61-9 S0sNHCHs 100 46"
10 3144-09-0 CH3 100 172-174 (lit." 168)

“Prepared in nitrobenzene using A1C13as the catalyst. bYield of recrystallized product. cMeasured with a Du Pont 900 Dif-
ferential Thermal Analyzer. dF. J. Marshall and M. V. Segal, J. Org. Chem., 23, 927 (1958). eR. Tull, et al., J. Chem. Soc. C,
701 (1967). 1J. Lederer, J. Med. Chem., 7, 370 (1964). " Satisfactory elemental and spectral analyses were obtained for all new
compounds. hO. Bayer and E. Cauer, French Patent 993,465 (Oct 31, 1961); Chem. Abstr., 51, 11380/ (1961). *D. F. Hayman,
etal., J. Pharm. Pharmacol., 14, 451 (1962). 1re-Propyl isocyanate was used in place of n-butyl isocyanate.

similar to that of acyl halide-aluminum chloride com-
plexes, i.e., anisole ~ mesitylene > toluene > benzene >
chlorobenzene. Aromatic rings deactivated by nitro or sul-
fonyl substituents do not react with these complexes.

Discussion

Our survey of the literature did not reveal any evalua-
tion of the reactivity of sulfonamides with electrophilic
reagents. However, the unpaired electrons on the sulfon-
amide linkage can attack an electrophile as illustrated in
eq 1. We have ohserved that addition of an isocyanate-
Lewis acid complex, such as 1, to a sulfonamide produces
an arylsulfonylurea-aluminum chloride complex (2),
which can be hydrolyzed with dilute hydrochloric acid to
liberate the desired product.

ArSONH2 -I- RN=C — 0— AIC13 —

1
ArSO,NH2 ArSO02NH H.0
wp
C13A1— O— C=NR CI3Al— 0— C— NHR Hl
2
ArSO2NHCNHR + AI(OH)3 (1)
1
0

The scope of the reaction is illustrated in Table I. Note
that two of the common hypoglycemic agents, tolbutamide
(expt 2) and chlorpropamide (expt 3), can be prepared
in 80 and 76% vyield, respectively. The sulfonyl group ef-
fectively deactivates the aromatic nucleus; no evidence for
arylcarboxamide derivatives was observed even in the
presence of a strong electron-donating substituent (expt

1). Aromatic functional groups with high r-electron densi-
ties such as cyano or nitro moieties do not interfere with
the condensation (expt 5-7). The procedure is ideal for
preparing bis(7V'-alkyl-7V-aryl)sulfonyl ureas. We are able
to prepare polyfunctional arylsulfonylureas with base-sen-
sitive substituents (expt 8). This is a unique feature of our
procedure and arylsulfonylureas with sulfonyl chloride
substituents provide further possibilities for elaboration of
sulfa drugs. N-Alkylated sulfonamides, which do not react
with isocyanates under basic conditions,6 can be convert-
ed to the corresponding sulfonylureas by our method. Al-
kylsulfonamides can also be utilized as substrates (expt
10).

The yields cited in Table | refer to pure recrystallized
product; the raw yield is essentially quantitative in most
cases. The reaction can be employed to prepare poly(aryl-
sulfonylureas) by the adding of diisocyanates to disulfon-
amides. For example, treatment of benzene-1,4-disulfon-
amide with hexamethylene diisocyanate yields a polymer of
the following structure.

O 0

-}-NHS02— SQ2NHCNH(CH26NH CjT-

Polymers of this type are potentially useful as ion-ex-
change resins because the arylsulfonylurea linkage is a rel-
atively strong acid.

The nature of the reagents which add electrophilically
to arylsulfonamides was evaluated and the results are
summarized in Table Il. Aryl and alkyl isocyanates react
equally well. The more sterically hindered cyclohexyl iso-
cyanates condensed easily with ortho-substituted arylsul-
fonamides. Although aryl isocyanates are known to dimer-
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Table 11
Electrophilic Addends to Arylsulfonamides*
Arylsulfonamide Addend Registry no. Yield,1 % Mp, °CC
Cyclohexyl 3173-53-3 95 178
G8H"-SO”NK isocyanate (lit. 171-173)"
citgqn ™ Cyclohexyl 70 210 dec«
NO. isocyanate
n—( sem Phenyl isocyanate 103-71-9 75 163 dec”
NO,
PhCCI 98-88-4 89 148
(lit. 145-148)/
DNH &
CHXC1L 75-36-5 88 138
lit. 136-138)»
N 0 ( )
(CH3ANCC1 No reaction
AN I
e K sam X
X =0,s
ROCC1 No reaction
ch,-H”~>—s°,nh. OI
R = Ph, Et

“Reaction conditions: arylsulfonamide: addend :A1C13 0.01:0.01:0.012 M in 50 ml of nitrobenzene at 80° for 4 hr. 6Yield
of recrystallized product.cDetermined by DTA. *G. Brzozowaki and R. Zdzislaw, Rocz. Chem., 43, 1761 (1969). eSatisfactory
elemental and spectral analyses were obtained for all new compounds. / H. Bock, E. Baltin, and J. Kroner, Chem. Ber., 99,
3337 (1966). «A. Novacek, Collect. Czech. Chem. Commun., 32, 1712 (1967).

ize and trimerize in the presence of Lewis acid catalysts,7
no evidence for side reactions of this type was observed.
Phenyl isothiocyanate and p-toluenesulfonyl isocyanate
failed to react with p-toluenesulfonamide in nitrobenzene
at 80°. A potential intermediate in the condensation of
isocyanates in the presence of aluminum chloride is the
corresponding carbamoyl chloride. Although this possibili-
ty is unlikely because the condensation is conducted at
temperatures at which carbamoyl chlorides dissociate to
isocyanates and HC1,8 a carbamoyl intermediate can be
eliminated since dimethyl carbamoyl chloride failed to
react with p-toluenesulfonamide. Benzyl chloride, phenyl
chloroformate, and ethyl chloroformate failed to react
with sulfonamides in the presence of aluminum chloride.
On the other hand, benzoyl chloride and acetyl chloride
react readily under these reaction conditions to yield N-
(p-toluenesulfonyl)benzamide and 2V-(p-toluenesulfonyl)a-
cetamide, respectively. These reactions demonstrate the
acylation potential of aryl sulfonamides with acid chlo-
rides.

We have attempted to elucidate the structure of the
isocyanate-aluminum chloride complex by infrared analy-
sis of nitrobenzene solutions with different aluminum
chloride:butyl isocyanate ratios. The free isocyanate band
at 2280 cm*1 is reduced to a constant minimum value
when the A1C13:BuNCO ratio is 0.8:1. This disappearance
is accompanied by the formation of four new bands in the
spectra at 3385, 2340, 1770, and 1670 cm*1. Since each of
the bands develops at a different rate, it is likely that four
different complexes are involved. Apparently, the alumi-
num chloride-isocyanate system ranges from a complex of
two isocyanate moieties per AICI3 molecule to a polymeric
complex capable of accepting up to 10 mol of AICI3/mol
of isocyanate and elucidation of the structure of the active
complex will require further experiments.

Variation of the reaction conditions also revealed some
interesting phenomena. No reaction occurred in dioxane,
acetonitrile, or nitromethane, but the addition proceeded

normally in chloroform and carbon disulfide-benzene
mixtures. The latter solvent system was less satisfactory
than nitrobenzene because the isocyanate complex reacted
with the benzene to produce by-products. The best proce-
dure for synthesis of the arylsulfonylureas is to heat a
slurry of the arylsulfonamide, isocyanate, and Lewis acid
to 80° for 2 hr. Subsequent treatment of the solid sulfonyl-
urea complex with cold dilute hydrochloric acid liberates
pure arylsulfonylurea. Although aluminum chloride was
used as a catalyst for most of this work, less reactive
Lewis acids such as anhydrous ferric chloride and stannic
chloride were equally effective.

Experimental Section

Reagents. Commercially available arylsulfonamides and isocy-
anates were used without further purification.

N-Arylsulfonyl-1V'-butylureas. A. Solution Method. A solu-
tion of re-butyl isocyanate (1.0 g, 0.01 mol) in 50 ml of nitroben-
zene was added to 1.5 g (0.0113 mol) of anhydrous aluminum
chloride, stirring was initiated, and, when a clear solution of the
isocyanate-AICL complex formed, the arylsulfonamide (0.01 mol)
was added. The solution was heated to 80° for 4 hr, and then
15-20 ml of nitrobenzene was distilled from the reaction mixture
under reduced pressure. The residue was poured into 300 ml of ice
water containing 10 ml of hydrochloric acid. The product was
precipitated from the nitrobenzene phase by addition of petrole-
um ether.

B. Slurry Method. A mixture of 1.5 g (0.0113 mol) of anhy-
drous aluminum chloride, 0.01 mol of arylsulfonamide, and 0.01
mol of isocyanate was heated at 80° for 0.5 hr. The reaction mix-
ture was cooled and triturated with 30 ml of cold, 10% HC1 to
break up the product complex, and the arylsulfonylurea was iso-
lated by extracting the aqueous slurry with two 30-ml aliquots of
ether. The ether solution was dried over anhydrous sodium sul-
fate and evaporated to yield the desired product.

Poly(benzene-l,4-disulfonylhexamethyleneurea). A solution
of 2.577 g (0.01 mol) of benzene-1,4-disulfonamide in 50 ml of ni-
trobenzene was allowed to react with 1.682 g (0.01 mol) of hexa-
methylene diisocyanate in the presence of 2.7 g (0.02 mol) of alu-
minum chloride at 80° for 15 hr. The homogeneous reaction mix-
ture was cooled to 25° and poured into 100 ml of 5% HC1 to pre-
cipitate the polyurea. The polymer was soluble in DMF, DMSO,
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and 5% KOH, and could be purified by reprecipitating from a
DMF solution into acetone followed by a second reprecipitation
from DMF into water. The purified polymer exhibited )jinh =
0.132 in DMF and decomposed upon heating to 220°. Anal. Calcd
for CiiHaoNiOeS: C, 39.5; H, 4.70; N, 13.14. Found: C, 40.63; H,
5.01; N, 13.58.

Investigation of the AICU-n-Butyl Isocyanate Complex. A
0.1 M stock solution of n-butyl isocyanate in nitrobenzene was
used for all of the measurements. A 1.0 M solution of A1C13 in ni-
trobenzene was used to prepare a second 0.1 M stock solution and
these two solutions were used to prepare complex solutions where
the concentration of A1C13 ranged from 0.005 to 0.5 M and the
concentration of n-butyl isocyanate was held constant at 0.05 M.
The complex solutions were allowed to stand at 25° for at least 30
min before the infrared spectra were recorded with a Perkin-
Elmer Model 621 spectrometer. The spectra of the solutions were
measured at ambient temperature in matched 0.4-mm sodium
chloride cells using nitrobenzene as a reference.

J. Org. Chem., Vol. 39, No. 11, 1974 1608

Registry No.—n-Butyl isocyanate, 111-36-4; hexamethylene
diisocyanate, 822-06-0; poly(benzene-l,4-disulfonylhexamethy-
leneurea), 51002-85-8; benzene-1,4-disulfonamide polymer with
hexamethylene diisocyanate, 51002-86-9.
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Synthesis via Oxazolines. V. A Simultaneous Kinetic
Resolution of sec-Alkyl lodides and Synthesis of
Optically Active 3-Alkylalkanoic Acids. A Method for
Determination of Absolute Configuration and
Maximum Optical Rotations

Summary: Reaction of racemic sec-alkyl iodides with a
chiral oxazoline carbanion results in 30-40% stereoselec-
tive alkylation of the S enantiomer of the halide and al-
lows recovery of R-enriched halide.

Sir: We recently reported the use of chiral nonracemic ox-
azolines in the asymmetric synthesis of a-methylalkanoic
acids.1 Further studies on the 2-methyl derivative 1 of this
heterocyclic system have now revealed that it is capable
of chiral recognition in nucleophilic substitution of sec-
alkyl halides resulting in simultaneous formation of opti-
cally active halides and 3-methylalkanoic acids via Kinetic
resolutions.2

Treatment of I3 with 1.0 equiv of lithium diisopropyl-
amide (LDA) gave the lithio salt 2 (THF, —8°). Addi-
tion of 2.0 equiv of racemic 2-iodoalkanes (-40 to -60°,
6-8 hr) produced, after quenching, the alkylated oxazoline
3in 92-96% vyield along with recovered iodoalkane 4 which

(RM

was 25-30% optically pure and possessed the R configura-
tion (Table I). Hydrolysis (3 N HC1, 2 hr) of the alkylated
oxazoline 3 afforded the 3-methylalkanoic acids 5 in com-
parable (+3%) optical purity and also possessing the R
configuration (Table 1). Aside from the asymmetric syn-
thesis of the carboxylic acids and the Kkinetic resolution of
the halides in moderate optical yields, this technique of-
fers a rather significant dividend. It should be feasible to
predict, within a few per cent, the maximum rotation of
one of the reaction products (halide or acid) provided that
the other is known. This prediction is substantiated by
the following events. Reaction of 1 with 2.0 equiv of race-
mic 2-iodooctane gave recovered halide (R)-4 (R = hexyl)
in 85% yield with an optical purity of 24-30% (Table I).
However, the carboxylic acid (R)-5 was formed in 53%
optical purity based upon a reported value of -4.7°

Table |
Optically Active sec-Alkyl lodides, (R)-4, and
3-Methylalkanoic Acids, <R)-5

[a105 Optical [a]Db-3 Optical
lodide (neat), purity,« Acid (neat), purity,
4 ffl R degree % 5“R degree %
Et -9 .4 27-294 Et -2.6 31«
«-Propyl -10.6 24-29 re-Propyl +0.7 26-28«
«-Hexyl -15.0 25-307 «-Hexyl +2.4 34»

“Recovered in 81-96% yield. bTo avoid enrichment by
fractionating, all materials were distilled to <10% of residue.
rBased upon highest values reported; 2-iodobutane, [«]u
—31.98° (neat), and 2-iodopentane [a]D —37.15° (neat),
R. H. Pickard and J. Kenyon, J. Chem. Soc., 99, 45 (1911);
[«]n 46.7° (neat), D. H. Brauns, Reel. Trav. Chim. Pays-Bas,
65, 799 (1946); 2-iodooctane, [«]d -59.5° and +62.6°
(neat), M. C. Berlak and W. Gerrard, J. Chem. Soc., 2309
(1949). 4Contained 15-20% of THF formed as an azeotropic
mixture. «Based on highest values reported: 3-methy|-
pentanoic acid, [«]Jn —8.92° (neat), P. A. Levene and R.
E. Marker, J. Biol. Chem., 92, 456 (1931); 3-methylhex-
anoic acid, [a]p +2.50° (neat), I. A. Holiday and N. Pol-
gar, J. Chem. Soc., 2934 (1957), and [a]D +2.77° (neat),
P. A. Levene and R. E. Marker, J. Biol. Chem., 92, 456
(1931). 1 Contained 6-8% octenes which accounted for the
lower value as compared to the corresponding acid.
«3-Methylnonanoic acid is reported to have [a]D —4.71°
(neat), A. Rothen and P. A. Levene, J. Chem. Phys., 7,
975 (1939). Optical purity is based on +7.1° obtained in
this work.
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(Table 1, ref g). To preclude any error in the reported
maximum rotation of either the iodide 4 or the acid 5, the
alkylation of 1 was repeated using (+)-2-iodooctane4 (70%
optical purity, 1.8 equiv). The recovered iodide had [a]d
+41° while the 3-methylnonanoic acid had [a]a +5.25°.
Assuming 74% optical purity of the acid, this is corrected
to be +7.1° for a maximum rotation. Thus, the acid de-
rived from racemic 2-iodooctane and 1 had an optical pu-
rity of only 34% and suggested to us that the reported
value was too low. This experiment tends to validate the
technique reported here and should allow prediction of
maximum rotation in these classes of compounds.

Reaction of 1 with a larger excess of racemic halide (6-8
equiv) gave recovered iodides (iodobutane and iodooctane
in 6 and 9% optical purity, respectively) and increased op-
tical purity of the corresponding acids (39-40%). Thus,
the asymmetric yields of 3-methylalkanoic acids can be
increased to even higher levels by employing these condi-
tions.

Since the iodides 4 are recovered with the R enantiomer
in excess, the transition state during alkylation must as-
sume the orientation depicted in 6a or 6b which preferen-
tially consumes the S enantiomer. This approach to the

via s enantiomer

JU-H
R-"Me

(S>5

transition state appears to involve a minimum of non-
bonded interactions. In contrast, the R enantiomer of the
iodide generates considerably more interactions as the
transition state is approached (7a or 7b). The results of
the alkylations are consistent with this view since iodide
displacement on the more favorably disposed S enantiom-
er (whose Cahn-Ingold-Prelog sequencing is the same in

Communications

both the halide and the acid) should proceed with inver-
sion leading to the (R)-acids, 5. The absolute configura-
tions of the acids55 and the halides5 4 are known to be R.

Although only three examples involving Kinetic resolu-
tion of sec-alkyl iodides are reported here, this method in-
dicates that it may now be possible, in addition to pre-
dicting maximum rotations, to correlate absolute configu-
rations of halides (or their alcohol precursors) and 3-al-
kylalkanoic acids (or their derivatives, e.g., alcohols, ha-
lides, ketones, etc.) by employing racemic starting mate-
rials, provided of course, that the absolute configuration
of either the acid or halide is known. We continue to eval-
uate this useful new tool.
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The Degenerate Rearrangement of the
Benzo-6,7-bicyclo[3.2.2]nonatrienyl Anion. The
Relative Stability of aBenzylic and an Allylic Anionl

Summary: The benzo-6,7-bicyclo[3.2.2]nonatrienyl anion
undergoes a facile degenerate 7-carbon scrambling detected
using 13C nmr techniques; the rearrangement has been used
to probe relative anion stabilities.

Sir: It was recently shown that the bicyclo[3.2.2]nona-
trienyl anion | undergoes a degenerate rearrangement.2
We now report that this facile rearrangement provides a
convenient method for the determination of relative carb-
anion stabilities. When a substituent is introduced onto
the bicyclo[3.2.2]nonatrienyl anion framework, a new
equilibrium is established which reflects the substituent
influence on carbanion stability. The benzo group is used
here as a substituent to test the relative stabilities of a
benzylic and an allylic anion. The literature data on this
question are ambiguous.34 The advantages of Stothers’
method5 for determining deuterium location by carbon-13
nmr spectroscopy are also illustrated.
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Table |
Analysis of Deuterium Content of Benzo-6,7-bicyclo [3.2.2 Jnonatriene Derived from 11-D

e Proton nmr integration0---------wemwmemeceemee Carbon nmr, intensity ratiosé----------------—- .
Position Observed Caled for 5 C Caled for 7 C Observed Caled for 5 C Caled for 7 C

1 0.91e+0.05 1.00 0.86 20z 1 15 2.0

2 0.87 0.80 0.86 2.8 3.0 2.0

3 0.79 0.80 0.86 d 1.0 2.0

4 1.60 1.80 1.86 1.6 3.0 2.0

5 0.91e 1.00 0.86 1.2 15 2.0

6 48 £ 3 © 6.0

7 4.7 £ 3 s 6.0

8 0.87 0.80 0.86 2.3 3.0 2.0

9 0.89 0.80 0..86 3.3 3.0 2.0

" Average of at least three quenches assuming that the benzo protons have intensity 4.00. bRatio of “normal” peak to iso-
tope shifted peak. eH -l and H-5 overlap in the proton spectrum and these numbers are each half the observed sum. dNot de-

termined owing to peak overlap.

The benzo-6,7-bicyclo[3.2.2]nonatrienyl anion Il and its
monodeuterated derivative 11-D were prepared from the
methyl ethers Ill by sodium-potassium alloy cleavage
using previously reported methods.2b-6 The nmr spectrum

I I, X =H 1, X =H

II-D, X =D II-D, X =D
of the anion defines the symmetrical allyl structure ex-
pected for Il. It shows a narrow multiplet for the benzo

protons (5 7.01, width 4 Hz), a broad triplet (5 5.42, 7 Hz,
H-3) overlapping a complex symmetrical multiplet (5 5.33,
width 8 Hz, H-8, -9) and another complex pattern (& 3.11,

7.5 Hz, H-I, -5, and 53.18, 7.5 Hz, H-2, -4) which simplified

to an AB pattern on irradiation in the 55.4 region. No other

anions were detected in the spectrum (<5%) which re-

mained unchanged after 1 year at 25° in perdeuteriotetra-

hydrofuran. The chemical shift of the benzo protons show

limited charge delocalization into the benzene ring. The
remaining shifts agree closely with those of the bicyclo-
[3.2.2]nona-2,6-dienyl anion.7

The 2-deuterio anion II-D was prepared in 30 min at 0°.
The deuterium was still present at C-2 because H-3 ap-
peared as a clean doublet. With a half-life of 1 hr at 32°,
the spectrum changed. In particular, the H-3 doublet
changed to an overlapping doublet and triplet. Thus the
benzo anion Il is rearranging in similar fashion and rate to
the parent anion I. It is important to recognize that this
scrambling proceeds via the benzylic ion IV as an inter-
mediate. There is no evidence for IV in the anion nmr and
a methanol quench of the anion gave an 85% isolated yield
of benzo-6,7-bicyclonona[3.2.2]-2,6,8-triene (see also ref 6)
with <1% of other volatile products detectable by gc.8 We
conclude that the benzylic anion IV is at least 2 keal/mol
less stable than its isomeric allylic ion Il.

Experimental support for the rearrangement mecha-
nism is extensive: Maercker's detailed work on the cyclo-

propylcarbinyl-homoallyl anion interconversion,9 Staley’s

observation10 of a barbaralane derivative from base ex-
change of a bicyclo[3.2.2]nonatrienyl system, and our ob-
servation that deuterium scrambling does not occur in the
bicyclo[3.2.2]nona-2,6-dienyl anion.7'11 For rearrangement
to occur in the dienyl anion, ring opening to a bare secon-
dary carbanion must compete with opening to an allylic
ion.

A 5-carbon scrambling (see below) results from the ap-

plication of the rearrangement to Il. Deuterium cannot be

5-Carbon scrambling

7-Carbon scrambling

incorporated into the benzylic positions, 1 and 5, because
this would require breakage of the bonds to the benzene
ring. For 7-carbon scrambling to occur (see below), a phe-
nyl migration is required and such migrations are well es-
tablished.12

Differentiation between a 5-carbon and 7-carbon scram-
bling required carbon-13 nmr analysis5'13 of the benzobi-
cyclo[3.2.2]nonatriene derived from quenching. Neither
integration nor decoupling and multiplet analysis of the
proton spectrum provided definitive data. Sensitivity lim-
itations prevented an unambiguous conclusion from deu-
terium spectra. However, in the carbon spectrum, the use
of the isotope shift induced at the adjacent carbons was
straight-forward. The aliphatic carbons, C-l, C-4, and
C-5, each appeared as two peaks in the deuterated hydro-
carbon with an intensity ratio of ~2:1. Also, C-6 and C-7
showed an isotope peak (approximate intensity ratio 5:1)
but this observation was limited by the low sensitivity of
these quaternary carbons. Thus, deuterium must be incor-
porated at C-l and C-5 in accord with the 7-carbon
scrambling process. Combined analysis of the carbon and
proton results (Table 1) shows essentially statistical
scrambling of deuterium into all nonbenzo positions with
a possible isotope effect slightly favoring deuterium at po-
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sitions 3 and 4 at the expense of 1 and 5. These results
clearly demonstrate the utility of carbon-13 nmr for the
analysis of a deuterium label in highly scrambled systems.

While the experimental result that Il is more stable
than 1V is clear-cut, its interpretation remains open to
question. Do the relative stabilities of these homoaromat-
icl4 (if not bicycloaromatic2'15) ions reflect the stabilities
of simple benzylic and allylic ions? In a zero-order ap-
proximation, the homoaromatic stabilization of an allylic
or benzylic ion to generate a bishomocyclopentadienide or
bishomoindenide ion, respectively, should be the same. In
each case, the major homoaromatic stabilization arises
from the antibonding MO of ethylene and the nonbonding
MO of the ion. Equivalent stabilization is expected, be-
cause the nonbonding MO energies are equal. The third «
bridge should have little effect on these conclusions be-
cause bicycloaromatic stabilization has little to add to ho-
moaromatic stabilization.7 Also, Brown16 has shown that
an ethylene bridge and a benzo bridge have similar stabi-
lizing influence in homoaromatic interaction of anions.
Thus, the stability difference between Il and IV is best
attributed to the difference between a benzylic and an al-
lylic ion. However, throughout these orbital manipula-
tions, one should not lose sight of the classical alternative
that a bishomocyclopentadienide is more stable than a
bishomoindenide ion as an attenuation of the known sta-
bilities of the cyclopentadienide and indenide ions.4

We are continuing our investigation of substituent ef-
fects using the degenerate anion rearrangement.
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Does Yonr Research Require a

While resembling phenols chemically, 3-hydroxypyridine is a
base which ranks among other 3-substituted pyridines as
follows:'NO2>Cl > Br > COjEt > OAc > CHO > CsCH
> Ph > OCHj > H > OH > CHr 3-Hydroxypyridine
undergoes the reactions of a phenol, e.g.

1) alkylation to 3-alkoxypyridines

2) acylation to 3-acyloxypyridines

3) condensation with formaldehyde2

OH
NaOH

O 3y + ch2

4) aminomethylation (Mannich reaction)3+4

CH,OH

%+ CHD + HN(CHja
(y C Terrch),
With two equivalents of formaldehyde and alkylamine,
the 2,6-bis-derivative is formed.

In the pharmaceutical field, 3-hydroxypyridine has
yielded many useful drugs.3These compounds are
formed either from 3-hydroxypyridine itself,

as in the case of Stigmonene® Bromide,6

0
AOCN(CH3)2
NG
ch2
Ph

a potent anti-cholinesterase, or from
reduction  products of 3-hydroxy-
pyridine, e.g., Dactil,® an anti-spasmodic.7

]
AOCCH(Ph);

CHjCHj

Many derivatives of 3-hydroxypyridine have also been
reported to be active herbicides, e.g., 2-nitro-3-hydroxy-
pyridine and its acetate.8 In fact, one of our chemists was re-
cently told by a researcher in the field, that just about every
derivative of 3-hydroxypyridine appears to have some
herbieidal activity.

,OH

NO,

3-Hydroxypyridine readily condenses with CBZ-amino acids
using DCC to give pyridyl esters which can be aminolyzed
with amino acid esters to form peptides :9

Herbieidal intermediate ?
Medicinal intermediate ?
Reagent for peptide synthesis ?

CBZ-NHCHCO

CHj + H{NCH{COEt HCI

(0] (0]

e 10

CBZ-NHCHCNHCH|COEt

The use of 3-hydroxypyridyl esters rather than p-nitrophenyl
esters allows for easy product purification since the excess
pyridyl ester as well as the resulting 3-hydroxypyridine can be
removed with dilute acid.

Esters of 3-hydroxypyridine have been used in the study of
esterases.D Unlike phenyl esters, the pyridyl esters are
moderately soluble in water and the need for a cosolvent is
minimized. Since more isomers are possible in pyridyl than
phenyl esters, the pyridyl esters are more sensitive reporter
groups.

3-Acetoxypyridine has been used to acylate phenols,
alcohols and amines." Derivatives of 3-hydroxy-
pyridine have conferred some protection against

DNA changes caused by irradiation.2
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100g $9.00; 5009 $38.00
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