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The attack of dichlorocarbene or dibromocarbene on 4-ferf-butylmethylenecyclohexane (1) produced 80-100% 
of E adduct 2a resulting from exclusive or predominant equatorial attack. However, the addition of dibromocar
bene to 4-iert-butyl(dichloromethylene)cyclohexane (4) followed by reduction of the bromine atoms produced a 
mixture of 36% E adduct 2a and 64% Z adduct 3a, indicating that the equatorial to axial preference for attack by 
:CBr2 on deactivated olefin 4 is substantially less than for attack by :CCl2 on olefin 1. The relative rate of addition 
of :CCl2 to methylenecyclohexane vs. olefin 1 was found to he 1.06 ±  0.02 at 25° in pentane.

The recent proposal that electronic factors may be im
portant in determining the relative amount of axial vs. 
equatorial attack on double bonds exocyclic to a six-mem- 
bered ring2 suggested to us that a study of the stereoselecti
vity of addition of dihalocarbenes to methylenecyclohex- 
anes containing double bonds of very different nucleophili- 
cities would be of interest.3

2a +  3a
(36%) (64%)

:CX2

t- Bu

(80-100%)
a, X =  Cl
b, X =  Br

X2

3
(20- 0%)

When allowed to react with dichlorocarbene generated 
by the treatment of ethyl trichloroacetate with sodium 
methoxide,4 by the thermal decomposition of sodium tri
chloroacetate in 1,2-dimethoxyethane,5 or by the thermal 
decomposition of phenyl(bromodichloromethyl)mercury in 
benzene,6 olefin 1 produced a single, sharp-melting, crys
talline product, which exhibits a singlet at r 8.85 for the cy
clopropyl protons in the NMR spectrum. Combustion anal
ysis and spectral data readily confirmed the expected, 1,1- 
dichloro-6-ferf-butylspiro[2.5]octane structure. The E  
stereochemistry of spirooctane 2a was assigned on the basis 
of a comparison of the NMR spectrum of the compound 
with that for the corresponding Z  isomer synthesized by an 
alternate route (vide infra).

The treatment of dichloro olefin 4 with phenyl(tribro- 
momethyl)mercury followed by reduction of both bromine 
atoms with tri-n-butyltin hydride resulted in a mixture of 
2a and 3a, crystalline material with a broad melting range. 
The mixture exhibits two singlets for cyclopropyl protons 
in the NMR spectrum at r 8.81 and 8.85, respectively (rela
tive peak areas ca. 1.8:1). It has often been noted that axial 
methyl and methylene protons on cyclohexane rings absorb 
at higher field in the NMR spectrum than those which are 
equatorial.7-9 For example, the oxymethylene group of oxy- 
spiran 6 absorbs at 0.075 ppm higher field than that of oxy- 
spiran 7.8 Therefore the spirooctane with the cyclopropyl 
methylene absorption at r 8.85 was assigned structure 2a 
while that with the methylene absorption at r 8.81 was as
signed structure 3a.

As a confirmation of these assignments, the tetradeuter- 
ated isomer 8 was prepared from the corresponding a-deu-
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Table I
Summary of Stereoselectivity Results for Addition 

of Dihalocarbenes to Olefins 1 and 4

% of attack

Olefin Carbene Axial Equatorial

1 :CC12 0-20 100-80
1 :CBr2 0-20 100-80
4 :CBr2 36 64

terated ketone by the same synthetic route used to prepare 
the pure sample of 2a. A comparison of W 1 /2 , the difference 
in 'he width at half-height of the cyclopropyl methylene 
NMR signal and the internal tetramethylsilane signal, be
tween compounds 2a and 8  showed a 44% decrease for the 
90% tetradeuterated isomer 8 . Such a decrease is indicative 
of the removal of long-range coupling between the axial cy
clopropyl protons and the axial cyclohexane protons adja
cent to the spiro carbon atom. This phenomenon has been 
successfully applied to determining the stereochemistry of 
oxyspiro systems such as 6 . 8

Because the attack of :CCl2 on olefin 1 and of :CBr2 on 
deactivated olefin 4 both involve dominant approach from 
the equatorial direction, we can be confident in assigning 
the E  stereochemistry to the single crystalline product iso
lated from the treatment of olefin 1 with phenyl(tribro- 
momethyl)mercury.

Of special interest is the observed change in the relative 
amount of axial and equatorial attack as outlined in Table
I. That the 4-ferf-butyl group is not influencing the ob
served results relative to what might be anticipated for 
methylenecyclohexane and (dichloromethylene)cyclohex- 
ane is suggested by the fact that the relative rate of addi
tion of :CCl2 to methylenecyclohexane vs. olefin 1 was 
found to be only 1.06 ±  0.02 at 25° in pentane.

Differences in the stereochemistry of addition of re
agents to cyclohexanones were first attributed to the domi
nance of either “ steric approach control” or “ product de
velopment control” . 10  Later workers developed arguments 
in terms of the relative steric effects of a-axial and /3-axial 
hydrogens toward a group approaching the exocyclic dou
ble bond , 1 1  or in terms of steric vs. torsional factors in the 
transition state for attack. 12  More recently Klein2 and 
Anh13 have proposed an electronic effect based on the rela
tive size of the ir-orbital lobes of the appropriate frontier 
orbital attacked by a nucleophilic or electrophilic reagent. 
Their results predict preferential attack by nucleophiles 
from the axial direction and by electrophiles from the 
equatorial direction (in the absence of other steric or polar 
interactions).

Early studies established the electrophilic behavior of 
:CC12 14 and :CBr2 1 5  in additions to olefins. Furthermore, al
though :CBr2 is recognized to be slightly more reactive (less 
discriminating) than :CC12 , 1 4 - 1 7  it also exhibits greater ste
ric effects. 1 4 ’ 1 8 1 9  The data of Table I show that in spite of 
the greater steric bulk of :CBr2 relative to :CC12, reaction of 
the former intermediate with deactivated olefin 4 resulted 
in substantially more axial attack than was observed for 
the reaction of :CC12 with 1 .

Consider the arguments of Marshall11® (and/or Ri
cher1111), who suggested that very short distance of the at
tacking reagent from the exocyclic double bond of a methy
lenecyclohexane (in the transition state) can be accommo
dated more readily from the axial than from the equatorial 
direction, while for long distances the opposite is true. One 
would indeed expect the transition state for :CBr2 attack 
on deactivated olefin 4 to be more advanced (shorter diva

lent carbon to olefin distance) than that for :CC12 attack on
l . 1 7  However, the distance of approach of a reagent to the 
double bond suggested by the model of Marshall11® in order 
to make axial attack important is less than 2  À and would 
represent a product-like transition state,20 which seems un
likely for the exothermic addition of :CBr2 to 4.

On the other hand, if we recognize that the electrophilic - 
ity of the carbene relative to the nucleophilicity of the ole
fin is less for the attack of :CBr2 on 4 than for the attack of 
:CC12 on 1 , less distinction between axial and equatorial at
tack preference might be expected for the former reaction 
based on the electronic arguments outlined by Klein. 2 -2 1

However, an alternate explanation is possible. Theoreti
cal analysis of the addition of singlet :CF2 to isobutylene2 5  

indicates a preferred 7r approach represented by transition 
states 9 (axial attack) or 10 (equatorial attack) for the addi-

tion of :CC12 to olefin 1. In each case the p orbital of the di
valent carbon is in the same plane occupied by the 7r-bond 
of the methylenecyclohexane. (The filled sp2 orbitals of the 
carbenes are not shown.) Steric interactions between the 
chlorines and the d-axial hydrogens in 9 suggest a prefer
ence for transition state 10.

In the reaction of :CBr2 with the deactivated olefin 4 the 
transition state should be somewhat more advanced than 
for the addition of :CC12 to 1, and the BrCBr plane should 
be more tilted (as shown in 11 and 12) toward the orienta

tion it will assume in the product than is the C1CC1 plane 
shown in structures 9 and 10. If the amount of tilt in the 
BrCBr plane in 11 relative to that of the C1CC1 plane of 9 
increases the distance between the halogen and the d-axial 
hydrogens by more than 0.3 A, the difference in the sum of 
the covalent and van der Waals radii for bromine vs. chlo
rine, the steric interaction in 1 1  should be less than that in



9. Because of the large distance between the halogen and 
the a-axial hydrogens in transition states 10 and 12, the en
ergy difference should not be very sensitive to changes in 
the angle of tilt of the XCX plane. Therefore a decrease in 
the activation energy difference for axial vs. equatorial ap
proach would be expected for attack of :CBr2 on 4 relative 
to attack of :CCl2 on 1. Further experimentation to test 
these concepts is in progress.

Experimental Section
Melting points and boiling points (capillary) are uncorrected. 

Elemental analyses were performed by the Department of Medici
nal Chemistry at the University of Kansas, by Galbraith Laborato
ries, Inc., Knoxville, Tenn., or by Chemalytics Laboratories, 
Tempe, Ariz. Ir spectra were obtained from a Beckman IR-8 with a 
1604-cm-1 (polyester vs. air) reference peak. NMR spectra were 
obtained on a Varian A-60 or A-60A spectrometer. Mass spectra 
were obtained on a Varian MAT CH-5 spectrometer.

Phenyl(bromodichloromethyl)mercury, mp 108-110° dec 
(lit.26 mp 110-111° dec), was prepared in 73-77% yield by the 
method of Seyferth and Lambert.27

Phenyl(tribromomethyl)mercury, mp 117-119° dec (lit.27 mp 
119-120° dec), was prepared in 60% yield by the above procedure.

4-teri-Butylmethylenecyclohexane (1). Sodium hydride 15.04 
g, 0.21 mol) was added to dimethyl sulfoxide (140 ml, distilled 
from CaH2) and this mixture was stirred at 60° for 6 hr (N2 blan
ket) until visible evolution of hydrogen had ceased. Methyltri- 
phenylphosphonium bromide (75 g, 0.21 mol) was added to the 
cooled mixture (yellow color). After a few mintues 4-ieri-butylcy- 
clohexanone (38.1 g, 0.25 mol, recrystallized from 95% ethanol, 
Dow) dissolved in warm dimethyl sulfoxide (40 ml) was added and 
the mixture was stirred at 60° for several hours. At no time during 
the reaction was the temperature permitted to go over 75°. The so
lution was cooled to 25°, water (100 ml) was added, and the prod
uct was isolated by extraction with pentane and chromatography 
of the residue on Florisil (60-100 mesh, 20 g/g of crude product) 
with petroleum ether (bp 60-110°) as eluent. The first four frac
tions (10 0  ml total) were evaporated and the liquid residue was 
distilled (50-cm wire spiral column) to give 1 (21.5 g, 0.14 mol, 
67.3%), bp 70° (10 mm) [lit.28 bp 185-187° (760 mm)]. Ir and NMR 
spectra were consistent with those reported.28

('E)-l,l-Dichloro-6-tert-butylspiro[2.5]octane (2a). Parham 
Method.4 Ethyl trichloroacetate (9.57 g, 0.05 mol) was added 
dropwise (30 min) to a mixture of 4-iert-butylmethylenecyclohex- 
ane (8.7 g, 0.057 mol), sodium methoxide (3.78 g, 0.07 mol), and 
pentane (50 ml) cooled in an ice bath, and stirred magnetically for 
several hours. The reaction mixture was filtered, the filtrate was 
washed and dried, and the solvent was removed. Olefin, methyl 
ethyl carbonate, and any remaining ethyl trichloroacetate were re
moved by fractional vacuum distillation (Nester-Faust autoannu- 
lar still). Residual yellow solid was recrystallized from absolute 
ethanol to give white, solid 2a (3 g, 0.0128 mol, 25.6%): mp 97- 
97.5°; ir (CS2) 2900 (s), 2870 (sh), 1430, 1395 (w), 1364, 1272, 1240, 
1169 (w), 1138, 1050 (sh), 1040 (cyclopropyl), 1020 (sh), 961, 880, 
820 (w), 752 (CCL), and 663 cm"1; NMR (CDCD broad absorption 
t 7.8-8.7 (7 H) and a singlet 8.86  (cyclopropyl CH2) superimposed 
on a broad absorption 8.70-9.05 (total 4 H), singlet 9.15 (9 H, t- 
Bu).

Anal. Calcd for C12H20C12: C, 61.28; H, 8.57. Found: C, 61.49; H, 
8.70.

(An NMR spectrum of the crude product did not reveal the 
presence of 3a, although <20% could have gone undetected.)

Seyferth Method.6 Phenyl(bromodichloromethyl)mercury 
(13.2 g, 0.03 mol), olefin 1 (13.6 g, 0.09 mol), and benzene (35 ml, 
distilled from CaH2) were stirred and maintained at reflux for 2 hr. 
Phenvlmercuric bromide (9.8 g, 0.027 mol) was filtered, benzene 
and excess olefin were evaporated, and the solid residue was re
crystallized from ethanol-water to yield 2a (4 g, 0.017 mol, 56.7%): 
mp 97-97.5°; ir and NMR spectra were identical with those from 
product produced by Parham or Wagner methods.

Anal. Calcd for Ci2H2()Cl2: C, 61.28; H, 8.57. Found: C, 61.17; H, 
8.40.

Wagner Method.'1 Sodium trichloroacetate (16.69 g, 0.09 mol) 
was added to a solution of 1 (14.52 g, 0.096 mol) and 1,2-dime- 
thoxyethane (50 ml, freshly distilled from CaH2), stirred, and kept 
at reflux overnight. Tne mixture was filtered, pentane (50 ml) was 
added to the filtrate, and the resulting solution was washed (satu
rated NaCl), dried (MgSCD, and evaporated. Distillation of excess

Addition of Dihalocarbenes to Methylenecyclohexanes

olefin (10 mm) from the residue gave 2a (8.2 g, 0.035 mol, 39%), 
which was recrystallized from petroleum ether: mp 97-97.5°; ir and 
NMR spectra were identical with those of the compound produced 
by the Parham and Seyferth methods. Binary mixtures of this 
product with that from each of the other generation methods melt
ed sharply at 97-97.5°, as did a ternary mixture. Samples gave a 
single peak by VPC on 10% OV-210 on 80-100 mesh Gas-Chrom Q 
(6 ft X 0.125 in. glass).

('E)-l,l-Dibromo-6-tert-butyIspiro[2.5]octane (2b). Potassi
um ferf-butoxide (5.7 g, 0.05 mol), olefin 1 (6.5 g, 0.043 mol), and 
pentane (50 mol, olefin-free, dry) were combined. Bromoform 
(10.11 g, 0.04 mol, freshly distilled from CaH2 and passed through 
a column of alumina) was added dropwise (30 min) while the mix
ture was stirred and cooled (ice bath) over a period of 2 hr. The 
mixture was washed, dried (MgSCD, and evaporated to give a solid 
which was recrystallized from ethanol-water (4.6 g, 0.142 mol, 
35.5%): mp 112-113°; ir (CS2) 2965 (s), 2870 (sh), 1395 (w), 1365. 
1270, 1244 (w), 1167 (w), 1140 (w), 1039, 1019 (sh), 960 (w), 819 
(w), 730 (w), and 690 cm- 1  (s); NMR (CCD broad absorption t
7.9-9.7 (ca. 7 H), singlet 8 .66 (cyclopropyl CH2) superimposed on a 
broad absorption 8.7-9.1 (ca. 4 H), singlet 9.13 (9 H, f-Bu).

Anal. Calcd for Ci2H2oBr2: C, 44.47; H, 6.22; Br, 49.31. Found: C, 
44.60; H, 6.39; Br, 49.19.

l-tert-Butyl-4-(dichloromethylene)cyclohexane (4). Dichlo- 
romethylenetriphenylphosphorane was prepared by the method of 
Speziale, Ratts, and Bissing29 with commercial potassium tert- 
butoxide (1 1 .2  g, 0 .1 mol) suspended in a mixture of feri-butyl al
cohol (7.4 g, 0.1 mol, distilled from CaH2 and stored over 5-A mo
lecular sieves) and heptane (300 ml, distilled from CaH2 and 
stored over 5-A molecular sieves). Addition of triphenylphosphine 
(26.2 g, 0.1 mol) to the cold (0°), stirred slurry (N2 blanket) fol
lowed by dropwise addition (1 hr) of chloroform (11.9 g, 0.1 mol, 
passed through neutral alumina prior to use) in dry heptane (100 
ml) produced the bright yellow Wittig reagent.

After concentration of the solution under vacuum to ca. two- 
thirds of the original volume, 4-ferf-butylcyclohexanone (24.0 g, 
0.156 mol) was added in 4-g portions (30 min) with the tempera
ture maintained below 10° by an ice bath. Stirring was continued 
for 2 hr with the ice bath and 5 hr at room temperature. After 48 
hr, the reaction mixture was filtered and the filtrate was concen
trated on a rotary evaporator with a water bath at 45-50°.

The residue was chromatographed twice on neutral alumina 
with Skelly B and mixtures of Skelly B with benzene to give crude 
olefin 4, which was then recrystallized from petroleum ether to 
give a small yield of crystalline product (ca. 3 g, 0.014 mol, 9%): mp 
53-54.5°; ir (CC14) 2970 (s), 2880, 2860, 1618, 1480, 1470, 1440, 
1390, 1368, and 1305 cm- 1  (w) as well as other peaks below 1300 
cm-1; NMR (CDCD broad doublet r 6.74 (2 H, J = 13 Hz, 2- and
6 -equatorial hydrogens), broad absorptions 7.4-8.23 and 8.23-8.70 
(total 7 H), singlet 8.84 (9 H, t-Bu); parent ion cluster in mass 
spectrum (21°, 70 eV) m/e (rel intensity) 220 (100), 221 (11.7), 222 
(63), 223 (7.5), 224 (10), 225 (1.5); theoretical intensities for 
ChH,8CL+ are 100:12.1:64.8:7.8:10.5:1.3.

Anal. Calcd for CnH18Cl2: C, 59.74; H, 8.20. Found: C, 59.85; H,
8.25.

l,l-Dibromo-2,2-dichloro-6-tert-butylspiro[2.5]octane (5). 
Phenyl(tribromomethyl)mercury (3.05 g, 5.75 mmol) was added to 
dry benzene (75 ml) followed by olefin 4 (1.11 g, 5 mmol) dissolved 
in dry benzene (35 ml). The solution was stirred and maintained at 
reflux (N2 blanket) for 3 hr and filtered to give phenylmercuric 
bromide corresponding to >90% decomposition of the starting 
mercurial. The filtrate was evaporated with the bath temperature 
at 22° and the solid residue was chromatographed on 25 g of neu
tral alumina with carbon tetrachloride as eluent. Recrystallization 
of the crude product from carbon tetrachloride produced colorless 
crystals (ca. 1.0 g, 2.5 mmol, 50%): mp 138-140°; ir (CC14) 2970 (s), 
2880, 1470, 1460, 1445, 1390 (w), 1365 cm- 1  as well as other peaks 
below 1300 cm"1; NMR (CDCI3) complex multiplet r 7.95-9.00 (9 
H), singlet 9.12 (9 H, f-Bu); mass spectrum (54°, 70 eV) parent ion 
cluster beginning at m/e 390 too weak for accurate rel intensity 
comparison, m/e (rel intensity) for M+ — CH:i are 375 (43), 376
(5.4) , 377 (100), 378 (16), 379 (89), 380 (11), 381 (29), 382 (5.4), 383
(5.4) ; theoretical intensities for CnHisCl2Br2+ are 38.4:4.6:100: 
12.1:89.5:10.8:31.7:3.8:3.9.

Anal. Calcd for Ci2H18Cl2Br2: C, 36.67; H, 4.63. Found: C, 36.85; 
H, 4.62.

Reduction of l,l-Dibromo-2,2-dichloro-6-tert-butylspi- 
ro[2.5]octane. Tri-n-but.yltin hydride (0.538 g, 1.85 mmol) was 
added to halospirooctane 5 (0.33 g, 0.84 mmol) and the stoppered 
reaction vessel was shaken and cooled during the exothermic reac
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tion so as to maintain ca. 25°. After 72 hr at 25°, the reaction mix
ture was chromatographed on neutral alumina (30 g) with carbon 
tetrachloride as the eluent. Crude product from the chromatogra
phy was recrystallized from absolute ethanol and sublimed to give 
white, crystalline material (ca. 200 mg, 0.90 mmol, 49%), mp 58- 
62°, which proved to be a 1.8:1 mixture of Z  isomer 3, and E  iso
mer 2: NMR (CDCI3) complex absorption r 7.95-8.65 (7 H), sin
glets at 8.81 and 8.85 (cyclopropyl CH2) superimposed on a broad 
absorption at 8.65-9.05 (total 4 H, height ratio of downfield to up- 
field singlet ca. 1.8:1), singlet 9.12 (9 H, f-Bu); parent ion cluster in 
mass spectrum (51°, 70 eV) m/e (rel intensity) 234 (100), 235 (14), 
236 (65), 237 (9), 238 (12), 239 (2); theoretical intensities for 
C12H20CL+ are 100:13.2:64.8:8.6:10.5:1.4.

Anal. Calcd for C12H20CI2: C, 61.27; H, 8.59. Found: C, 61.50; H, 
8.43.

2,2,(1,(i-Tet. radeu t.erio-4 - to/-t-butyl cyclohexanone. 4-tert-
Butylcyclohexanone (12.2 g, 0.079 mol), sodium carbonate (0.2 g, 2 
mmol), and deuterium oxide (20 ml, 1.0 mol, 99.89% D) were heat
ed and stirred overnight in a tightly stoppered flask at 70° (oil 
bath). The reaction mixture was extracted with ether, the resulting 
solution was dried (CaSCL), and the ether was evaporated to give 
partially deuterated ketone (11.4 g). After three additional ex
changes 7 g of deuterated ketone was produced which analyzed for 
20.1 atom % excess deuterium,30 which corresponds to 90.5% deu
terium substitution.

2,2,6,6-Tetradeuterio-4-tert-butylmethylenecyclohexane.
Dimethyl sulfoxide (40 ml) was added to sodium hydride (1.44 g, 
60 mmol, obtained from a dispersion in mineral oil, Ventron) fol
lowed by the addition (4 min) of methyltriphenylphosphonium 
bromide (17.8 g, 50 mmol) in warm DMSO (20 ml). Deuterated ke
tone (7.0 g, 44 mmol) was added rapidly and the reaction mixture 
was worked up as described for olefin 1 to give tetradeuterated ole
fin 1 (2.65 g, 15 mmol, 34%), bp 65° (10 mm), slightly contaminat
ed with ketone: ir (CCI4) 3070 (w), 2950 (s), 2860 (sh), 1650, 1480, 
1395 (w), 1365, 1240 (w), 1060 (w), 1010 (w), 916 (w), 885 (s), 730 
cm- 1  (w); NMR (CCI4) singlet r 5.49 (2 H, vinyl), broad absorption
7.6-9.0 (5 H), singlet 9.15 (9 H, t-Bu).

fl?)-l,l-Dichloro-4,4,8,8-tetradeuterio-6-tert-butylspi- 
ro[2.5]octane (8 ). Deuterated olefin (1.59 g, 10 mmol) was com
bined with phenyl(bromodichloromethyl)mercury (4.61 g, 10.5 
mmol) in benzene (20 ml) and the reaction and work-up were con
ducted as previously described for the Seyferth method. Phenyl- 
mercuric bromide (3.6 g, 10.1 mmol, 96.2%) was isolated. Product 
8, was recrystallized from ethanol (1.20 g, 5 mmol, 50%): ir (CS2) 
virtually identical with that of protiated compound 2a; NMR 
(CCI4) showed expected diminution of cyclohexane signal. The 
product analyzed for 16.6 atom % excess deuterium,30 which corre
sponds to 83% deuterium substitution.

Measurement of NMR Half Band Widths. Compounds 2a 
(0.0719 g) and 8 (0.0903 g) were dissolved separately in sufficient 
carbon tetrachloride containing Me4Si (2.5% by volume) that the 
cyclopropyl peak and the Me4Si peak were approximately equal in 
height. A few drops of benzene (spectral grade) were added to each 
sample to provide a lock for the 100-MHz spectrometer. Spectra 
were obtained twice from both a Varian HA-100 and a Varian 
A-60A spectrometer each time. In each case a 50-cycle sweep 
width, a sweep time of 0.5 Hz, a filter band width of 4, and a rad
iofrequency field setting of 0 .1 were employed.

The cyclopropyl proton peak was swept repeatedly, the width at 
half-height was measured to the nearest 0.01 Hz for each sweep, 
and these sweep widths were averaged for the peak. The sweep off
set was adjusted to bring the Me4Si peak on scale and a similar se
ries of sweeps were made, half-height widths measured, and an av
erage obtained for the MeiSi proton peak in the same sample. The 
difference between sample and Me4Si peak widths, rather than an 
absolute measurement of the sample peak width, was employed to 
minimize random variations in spectrometer sensitivity between 
spectra.8

The average value for AWh/a for the cyclopropyl CH2 of spiran 
2a was 0.70 ±  0.13 Hz, while that for tetradeuterated spiran 8 was 
0.39 ±  0.05 Hz.

Competitive Addition of Dichlorocarbene to Methylenecy- 
clohexane and Olefin 1. Methylenecyclohexane (2.40 g, 25 mmol) 
and olefin 1 (3.80 g, 25 mmol) were dissolved in 5 ml of olefin-free 
pentane (stored over Na wire). This solution was added to a sus

pension of sodium methoxide (0.81 g, 15 mmol) in pentane (5 ml). 
Ethyl trichloroacetate (0.952 g, 5 mmol) was added dropwise and 
the mixture was stirred at 25° for 1.5 hr after all the ester had been 
added. The reaction mixture was filtered and the residue was 
rinsed with pentane. Combined pentane solutions were dried 
(CaS0 4 ) and evaporated for 10 min under aspirator vacuum with 
no external heatirg.

Aliquots were analyzed on 10% OV-210 (80-100 mesh Gas- 
Chrom Q, 6 ft X 0.125 in. glass column). The average value (several 
injections) for the ratio /e(methylenecyclohexane)/fe(4-iert-butyl- 
methylenecyclohexane) corrected by a detector sensitivity factor 
was 1.06 ±  0.02.
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6,7-Dimethoxybenzonorbornadiene (1) has been prepared and converted to racemic and optically active 6,7- 
dimethoxy-2-benzonorbornenone (2). The latter was converted to 6,7-dimethoxy-l-methyl-2-methyleneben- 
zonorbornene (5) in five steps, which in turn was converted to various racemic or optically active 6,7-dimethoxy-
l,2-dimethyl-exo-2-benzonorbornenyl derivatives (6-OMe, 6-OH, and 6-OPNB). The absolute configuration of 2, 
and thus of all subsequent compounds in the series, can be deduced from the asymmetric hydroboration involved 
in the preparation of 2. Enantiomeric compositions of all active compounds were determined with optically active 
NMR lanthanide shift reagents.

We have recently investigated the symmetry properties 
of ionic intermediates in the 6,7-dimethoxy-l,2-dimethyl- 
exo-2-benzonorbornenyl system.2 This paper reports the 
synthesis of the necessary compounds and the correlation 
of optical configurations and rotations required for that in
vestigation.

6,7-Dimethoxybenzonorbornadiene (1) was prepared 
from 4,5-dimethoxyanthranilic acid3 and cyclopentadiene 
and converted to racemic and optically active 6,7-dime- 
thoxy-l,2-dimethyl-exo- 2-benzonorbornenyl derivatives
(6) as outlined in Chart I.

OMe

OMe
3, +574° 
Eulhfbn);,, 0.12

OMe

OMe
5, +291° 
Eulhfbn):,, 0.12

MeO,

Eulhfbn),,, 0.22

6 -OMe, +74° 
Eulhfbc),,, 0.20

PNBO.
OMe

OMe
6-OH, +30.2° 
Eulfacam),,. 0.26

6-OPNB, +132° 
Eulhfbc),,. 0.40

The key intermediate in this synthesis is 6,7-dimethoxy-
l-methyl-2-methylenebenzonorbornene (5), which was ob
tained from 6,7-dimethoxy-l-methyl-2-benzonorbornenone
(3) by the Wittig reaction. The latter was prepared by the 
series of reactions used earlier to convert norcamphor to 1- 
methyl-2-norbornanone4’5 and 2-benzonorbornenone to 1- 
methyl-2-benzonorbornenone.6 This sequence involves 
conversion of 1 to 6,7-dimethoxy-2-benzonorbornenone (2) 
in two steps, hydroboration followed by oxidation of the re
sulting 6,7-dimethoxy-exo-2-benzonorbornenol. Asymmet
ric hydroboration with tetraisopinocamphenyldiborane7 
led to optically active 2, which was the precursor for all of 
the active compounds. The most active samples were about 
60% optically pure.

Conversion of 2 to 6,7-dimethoxy-2-methyl-endo-2-ben- 
zonorbornenol (4) with méthylmagnésium bromide fol
lowed by acid-catalyzed rearrangement of 4 in acetic acid 
gave 6,7-dimethoxy-l-methyl-exo-2-benzonorbornenyl ace
tate. This step results in the configurational change shown 
in Chart I. Reductive cleavage of the acetate with lithium 
aluminum hydride followed by Oppenauer oxidation gave
3.

Absolute configurations and rotations are shown in 
Chart I. The configurational assignments are based on the 
assumption that asymmetric hydroboration of 1 and benzo- 
norbornadiene6’8 give similar enantiomeric compositions. 
In each case hydroboration with tetraisopinocamphenyldi
borane derived from (—)-a-pinene leads to the (—) ketone 
and magnitudes of induced asymmetry are similar for the 
two systems. It has been shown8 that the absolute configu
ration of (—)-2-benzonorbornadiene corresponds to the 
structure for (—)-2 in Chart I.

The absolute rotations were determined from rotations 
and enantiomeric compositions of homogeneous optically 
active samples. Enantiomeric compositions were deter
mined directly with optically active NMR lanthanide shift 
reagents.9’10 From induced shifts of the various signals it is 
apparent that the binding constant for the ortho methoxyl 
groups is larger than for the keto (2 and 3), hydroxyl (4 and
6), or ester (6-OPNB) groups.11 Several optically active 
shift reagents were investigated, including tris(3-trifluoro- 
acetyl-d-camphorato)europium(III) [Eu(facam);i],10 tris(3- 
h ep ta flu orobu tyry l-d -ca m p h ora to ) europium  (III) 
[EuihfbcJs],10 tris(3-pentafluorobenzoyl-d-camphorato)eu- 
ropium(III) [Eu(fbc)3], and tris(3-heptafluorobutyryl-d- 
nopinato)europium(III) [Eu(hfbn)3]. The shift reagent giv
ing the maximum nonequivalence of one set of enantiotopic 
methoxyl signals, and the magnitudes of the nonequivalen
ces (AA<5 in parts per million) are included in Chart I.

Optically active 5 was converted to 6,7-dimethoxy-l,2- 
dimethyl-exo-2-benzonorbornenol (6-OH) by oxymercura-
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tion-demercuration.12 The enantiomeric composition of 
the product was the same as that of the reactant. Similarly,
6,7-dim ethoxy-l,2-dim ethyl-exo-2-benzonorbornenyl 
methyl ether (6-OMe) was prepared from 5 without change 
in optical purity by methoxymercuration-demercura- 
tion.6’13 6,7-Dimethoxy-l,2-dimethyl-exo-2-benzonorborn- 
enyl p-nitrobenzoate (6-OPNB) was prepared from 6-OH 
and purified by recrystallization, which increases the opti
cal purity. The most active samples were about 70% opti
cally pure.

6.7- Dimethoxy-2-benzonorbornenone (2) was also con
verted to 6,7-dimethoxy-2-methylenebenzonorbornene 
(Wittig reaction), which in turn was converted to 6,7-dime- 
thoxy-2-methyl-exo-2-benzonorbornenol (the exo isomer of
4) by oxymercuration-demercuration.

Experimental Section
6.7- Dimethoxybenzonorbornadiene (1). Tnis compound was 

prepared by the Diels-AIder addition of 4,5-dimethoxybenzyne to 
cyclopentadiene. The benzyne was derived from 4,5-dimethoxyan- 
thranilic acid, mp 185° (lit. mp 186°),3 which was prepared by cat
alytic hydrogenation (45 psi, PtC>2,30 min) of 6 -nitroveratric acid, 
mp 189° (lit. mp 189-1900).3 The latter was obtained by oxidation 
(basic permanganate) of 6 -nitroveratraldehyde. 14

4,5-Dimethoxyanthranilic acid was converted to 2-carboxy- 
4,5-dimethoxybenzenediazonium chloride as follows. In a typi
cal preparation15,16 a solution of 80 g (0.41 mol) of 4,5-dimethoxy- 
anthranilic acid in 600 ml of absolute ethanol was cooled to 1 0 ° 
and 40 ml of concentrated hydrochloric acid was added with vigor
ous stirring. To the resulting pasty mixture was added 59 ml of iso
amyl nitrite, after which stirring was continued and 600 ml of an
hydrous ether was added. The diazonium chloride was filtered, 
washed with anhydrous ether, dried briefly under reduced pres
sure, and stored in a refrigerator until used. The yield of crude dia
zonium chloride was 102 g (0.42 mol). The diazonium chloride was 
prepared shortly (<24 hr) before use.

The Diels-AIder addition of 4,5-dimethoxybenzyne to cyclopen
tadiene was carried out as follows. To a stirred suspension of 25 g 
of the above diazonium chloride in 160 ml of 1 ,2 -dichloroethane at 
85° was added 9 ml of freshly distilled cyclopentadiene followed by
13.6 ml of propylene oxide. The refluxing mixture was stirred until 
gas evolution ceased (ca. 2.5 hr). Then the reaction mixture was 
neutralized with aqueous sodium hydroxide and steam distilled. 
After removal of most of the solvent the temperature rose to 98° 
and the subsequent fraction contained essentially pure 1 , which 
separates as a solid. Extraction with ether followed by drying and 
removal of the ether gave 7 g (35%) of residual 1, which after puri
fication by recrystallization from an ether-pentane mixture fol
lowed by sublimation had mp 82-83°; NMR (CDCI3) 6 2.23 (m, 2 
H), 3.81 (s, 8 -H), 6.78 (m, 2 H), 6.92 (s, 2 H).

Anal. Calcd for Ci.’)H140 2: C, 77.23; H, 6.93. Found: C, 77.33; H, 
7.09.

6.7- Dimethoxy-2-benzonorbornenone (2). Racemic and opti
cally active 2 were prepared from 1 in about 80% yield by proce
dures described earlier8 for conversion of benzonorbornadiene to 
racemic and optically active 2-benzonorbornenone. This method 
involves hydroboration with diborane in tetrahydrofuran for race
mic products or with tetraisopinocamphenyldiborane in diglyme 
for active products, followed by oxidation of tine resulting dime- 
thoxy-exo-2-benzonorbornenol. The product (2), mp 106-107°, 
was purified by recrystallization from ether-pentane mixtures fol
lowed by sublimation. The NMR spectrum (CDCI3) had overlap
ping methoxyl singlets at & 3.80 and an aromatic singlet (2 H) at ¡> 
6.87.

Anal. Calcd for Ci3H140 :i: C, 71.56; H, 6.42. Found: C, 71.40; H,
6.47.

Asymmetric hydroboration of 1 with tetraiscpinocamphenyldi- 
borane, derived from (+)-o-pinene, [ap5D 40.2° (neat) (~78% opti
cally pure), led to (+)-2, [o]25D 351° (c 2.9, CHCI3) (60% optically 
pure).1. Similar results were obtained in several other prepara
tions. These results are similar to those reported earlier6-8 for the 
parent benzonorbornadiene system with regard to signs of rota
tions and magnitudes of the induced asymmetry.

6.7- Dimethoxy-2-methyl-endo-2-benzonorbornenol (4). A 
solution of 13 g (0.06 mol) of 6,7-dimethoxy-2-benzonorbornenone
(2 ) in 60 ml of dry tetrahydrofuran was added at room tempera
ture to 60 ml (0.18 mol) of 0.3 M  methylmagr.esium bromide in

ether. The mixture (under dry nitrogen) was stirred during the ad
dition and stirring was continued for an additional 30 min, after 
which the reaction mixture was refluxed for 2 hr. The excess meth- 
ylmagnesium bromide was decomposed by careful addition of a 
saturated aqueous solution of ammonium chloride, after which 
10% hydrochloric acid was added to dissolve the precipitate. The 
resulting solution was extracted with three 200-ml portions of 
ether and the ether extract was dried and concentrated to 13 g 
(93%) of a brown residual syrup which consisted of 93% 4 contami
nated with 7% of the endo isomer. Recrystallization from ether fol
lowed by vacuum distillation gave 4: mp 60-61°; NMR (CCI4) <5 1-2 
(m, 5 H), 1.45 (s, 3 H), 2.88 (s, 1 H), 3.12 (s, 1 H), 3.74 (s, 6  H), 6.75 
(2 s, 2 H).

Anal. Calcd for CuHigOs: C, 71.79; H, 7.69. Found: C, 71.60; H, 
7.53.

By the above procedure, except that the reflux period was in
creased to 5 hr, 20 g of homogeneous (+)-2,17 [a]25D 351° (c 2.9, 
CHCI3), was converted to 19.3 g (90%) of (+)-4. A homogeneous 
sample of (+)-4 , 17 [ct]25D 44.8° (c 1.0, CHCI3), was obtained by pre
parative GC (10% FAPP on 45/60 Chromosorb W). The NMR 
spectrum in the presence of Eufhfbnp indicated that this sample 
was 62% optically pure.

6.7- Dimethoxy-l-methyl-2-benzonorbornenone (3). Crude 4 
was converted to 3 in 56% overall yield by the three-step process 
described earlier for the parent benzonorbornenyl system6 (the 
two intermediates were not purified). The product (3) was purified 
by recrystallization (and decolorizing with Norite) from ether at 
—78° followed by sublimation and had mp 102-103°; NMR (CC14) 
6 1.38 (s, 3 H), 1.7-2.4 (m, 4 H), 3.41 (s, 1 H), 3.78 (s, 6  H), 6.72 (2 s, 
2 H).

Anal. Calcd for C14H160:ì: C, 72.41; H, 6.90. Found: C, 72.61; H, 
6.80.

In the same manner 17.6 g of the (+)-4 described above was con
verted to 15.7 g (90%) of crude (—)-3. A homogeneous sample of 
(—)-3,17 [ap5D -342° (c 0.98, CHCI3), was obtained by preparative 
GC (10% FAPP on 45/60 Chromosorb W). The NMR spectrum in 
the presence of Eu(hfbn)g indicated the sample to be 60% optically 
pure.

6.7- Dimethoxy-l-methyl-2-methylenenorbornene (5). This 
compound was prepared from the above ketone (3) by the Wittig 
reaction using the procedure described earlier for similar transfor
mations in the 1 -methylnorbornyl5 and 1 -methylbenzonorbornen- 
yl6 systems. The yield of 5, after purification by recrystallization 
from ether, was 75%: mp 39-41°; NMR (CC14) è 1.52 (s, 3 H), 1.6-
2.5 (m, 4 H), 3.2 (s, 1 H), 3.72 (s, 6 H), 4.5-4.8 (2 t, 2 H), 6.55 (2 s, 2 
H).

Anal. Calcd for ClsH180 2: C, 78.26; H, 7.83. Found: C, 78.47; H, 
7.86.

By the same procedure 6.0 g of the above crude (—)-3 was con
verted to 6.0 g (100%) of crude (+)-5 (a residual brown oil). A ho
mogeneous sample of (+)-5,17 [ap5D —176° (c 1.32, CHCI3), was 
obtained by preparative GC (column described above). The NMR 
spectrum in the presence of Eu(hfbn)3 indicated the sample to be 
60% optically pure.

6.7- Dimethoxy-l,2-dimethyl-2-exo-benzonorbornenol (6 - 
OH). Oxymercuration-demercuration of 5 according to a previous
ly described procedure12 gave 6-OH in 93% yield. The crude prod
uct (white precipitate) was purified by sublimation (80°, 1 mm) 
followed by recrystallization from ether: mp 75-76°; NMR (CC14) <5 
0.8 (s, 3 H), 1.34 (s, 3 H), 1.2-2.2 (m, 5 H), 3.06 (s, 1 H), 3.74 (s, 6 
H), 6.62 (s, 2H).

Anal. Calcd for Ci5H20O:!: C, 72.58; H, 8.06. Found: C, 72.33; H,
8.00.

The same procedure was used to convert 6 g of the above crude 
(—)-(5) to 5.5 g (85%) of crude (—)-6 -OH. A homogeneous sample 
of (—)-6 -OH),1; [ a p 'D  —17.6° (e 1.5, CHCI3), was obtained by pre
parative GC (10% FAPP on 45/60 Chromosorb W at 170°). Under 
these conditions the tertiary alcohol is stable.

6.7- Dimethoxy-2-methylenebenzonorbornene. This com
pound was prepared from 2 by the Wittig reaction using the proce
dure reported earlier for similar systems.5’6 The yield of crude 
product was 85%. The product was purified by two recrystalliza
tions from ether-pentane mixtures followed by sublimation (65°, 1 
mm): mp 49-50°; NMR (CDCI3) <5 3.80 (s, 6 H), 4.66 and 5.05 (2 s, 2 
H), 6.80 (s, 2 H).

Anal. Calcd for C]4HI60 2: C, 77.78; H, 7.41. Found: C, 77.60; H, 
7.62.

6.7- Dimethoxy-2-methyl-exo-2-benzonorbornenol. This ter
tiary alcohol (exo isomer of 4) was of interest for developing proce
dures for preparing tertiary benzonorbornenyl p-nitrobenzoates.
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Oxymercuration-demercuration of the above dimethoxy-2-methy- 
lenebenzonorbornene by the procedure used to convert 5 to 6 -OH 
gave a product which after recrystallization from ether and subli
mation (90°, 1 mm) had mp 83-84°; NMR (CDCI3) i5 0.96 (s, 3 H), 
3.81 (s, 6 H), 6.81 (d, 2 H).

Anal. Calcd for Ci4H180 3: C, 71.79; H, 7.69. Found: C, 71.60; H, 
7.53.

6.7- Dimethoxy-2-methyl-exo-2-benzonorbornenyl p-Nitro- 
benzoate. Of several procedures6 attempted the following gave the 
highest yields. To a solution of 0.56 g (2.26 mmol) of the above ter
tiary alcohol in 4 ml of completely dry pyridine was added 0.97 g 
(5.25 mmol) of freshly recrystallized (CCI4) p-nitrobenzoyl chlo
ride. The acid chloride was added in small amounts and after each 
addition the reaction flask was shaken well at room temperature. 
The clear orange solution solidified in about 5 min. After 15 min, 
water was added dropwise with shaking after each addition. After 
addition of 5 ml of water the reaction mixture was extracted sever
al times with ether and the ether extract was washed with water, 
aqueous sodium bicarbonate, and again with water. The solvent 
was removed under reduced pressure and the residual product was 
placed under high vacuum to remove the pyridine. The yield of 
crude product was 0.82 g (89%). After recrystallization twice from 
ether, 0.52 g (57%) of pure tertiary p-nitrobenzoate was obtained: 
mp 146-147°; NMR (CDCI3 ) <5 1.35 (s, 3 H), 3.91 (s, 6  H), 8.25 (s, 4 
H).

Anal. Calcd for C21H21NO6: C, 65.80; H, 5.48; N, 3.66. Found: C, 
65.65; H, 5.57; N, 3.61.

6.7- Dimethoxy- 1,2-dimethyl- exo-2-benzonorbornenyl p- 
Nitrobenzoate (6 -OPNB). This ester was prepared by the above 
procedure except that the reaction temperature was 55° instead of 
room temperature and the reaction mixture was stirred instead of 
shaken. Also, the reaction time at 55° was increased to 27 hr and 
the product was extracted with benzene.18 The tertiary ester, 6 - 
OPNB, was obtained in 65% yield. A small amount of unreacted
6 -OH was separated and recovered by sublimation (100°, 1 mm). 
The product was purified by column chromatography (AI2O3 with 
benzene as eluent) followed by recrystallization from ether-pen
tane mixtures. The purified nearly colorless 6 -OPNB had mp 
165-166°; NMR (CDCI3) S 1.27 (s, 3 H), 1.7 (s, 3 H), 1.6-2.8 (m, 4 
H), 3.2 (s, 1 H), 3.93 (s, 6 H), 6.86 (s, 2 H), 8.3 (s, 4 H).

Anal. Calcd for C22H23N 06: C, 66.50; H, 5.79; N, 3.53. Found: C, 
66.33; H, 5.76; N, 3.56.

By this procedure 5.3 g of the above crude (—)-6 -OH was con
verted to (—J-6-OPNB which, after purification, had mp 168-169°; 
[a ]2SD —85.7° (c 1.1, CHCI3). The NMR spectrum in the presence 
of Eu(hfbc)3 indicated that this material was 65% optically pure.

(—)-6,7-Dimethoxy-l,2-dimethyl-exo-2-benzonorbornenyl 
Methyl Ether [(—)-6 -OMe]. A sample of (—)-5, [a]25D —143° (c
1.5, CHCI3), was converted to (—)-6 -OMe, which after purification 
by preparative GC had mp 64-66°;17 [a]25D —36.3° (c 0.3. CHCI3); 
NMR (CDCI3) 6 0.72 (s, 3 H), 1.3-1.7 (m, 2 H), 1.32 (s, 3 H), 2.04- 
2.3 (m, 2 H), 3.08 (s, 1 H), 3.20 (s, 3 H), 3.74 (d, 6 H), 6.6  (s, 2 H). 
The NMR spectrum in the presence of EuihfbcH indicated that 
this sample was 49% optically pure.

Anal. Calcd for Ci6H220 3 : C, 73.25; H, 8.45. Found: C, 73.00; H,
8.60.

3-Heptafluorobutyryl-d-nopinone (H-hfbn). d-Nopinone, bp 
8 6° (9.5 mm), [a ]25D 26.7° (c  2.1 CHC13), was prepared19 from 
( —)-(J-pinene, [a ]25D —20.4° (neat), in 79% yield. A mixture of 4.6 g 
(0.118 mol) of sodium amide and 15.56 g (0.110 mol) of d-nopinone 
in 150 ml of dimethoxyethane was refluxed under nitrogen for 
about 2 hr, after which the reaction mixture was cooled to 0 ° and
9.1 g (0.039 mol) of heptafluorobutyryl chloride (Pierce Chemical 
Co.) in 25 ml of dimethoxyethane was added over a 30-min period. 
The reaction mixture was stirred at 0-5° for an additional 20 min 
and diluted with 400 ml of ice water. The mixture was acidified 
with concentrated hydrochloric acid and extracted several times 
with pentane. The pentane extract was washed with aqueous sodi
um bicarbonate and water. After drying, the extract was concen
trated to 24.3 g of red liquid. Copper chelate purification9 of the 
crude /3-diketone followed by distillation gave 10.5 g (78%) of 3- 
heptafluorobutyryl-d-nopinone: bp 84-86° (4 mm); [ « ] 2oD 14.7° (c
1 .1 , CHCI3); NMR (CC14) 5 0.93 and 1.36 (2 s, 6 H, CH3), 1.2-1.6 
(m, 1 H), 2.2-2.4 (m, 1 H), 2.44-2.84 (m, 4 H), 14.9 (s, 1 H, enol H); 
ir (CC14) 1670 (C =0), 1630 cm' 1 (C=C).

T ris(3-heptafluorobutyryl-d-nopinato) europium (III) 
[Eu(hfbn)3]. This chelate was prepared from the above diketone 
and europium(III) chloride hexahydrate (99.99%) by the general 
method reported earlier.10 As in the cases of Eu(facam)3 and 
Eu(hfbc)3,10 Eu(hfbn)3 was obtained as a bright yellow, glassy

powder which was dried at 70° under high vacuum for several 
hours. This product had [a ]25D 25.6° (c 1.9, CC14); NMR (CC14) S 
1.0-2.0, 3.4 (all resonances broad); ir (CHCI3) 1620 (C =0), 1480 
cm- 1 (C=C).

Anal. Calcd for C39H36F2i06Eu: C, 40.43; H, 3.12. Found: C, 
40.67; H, 3.15.

Determination of Enantiomeric Compositons. Enantiomeric 
compositions were determined with a 100-MHz instrument as out
lined previously. 10 Pertinent data are summarized in Table I,

Table I
Determination of Enantiomeric Compositions of
6,7-Dimethoxybenzonorbornenyl Derivatives“

Compd Reagent R/S*> A A 6,pp m c

2 Eu(facam)3 1.07 0.32°
4 Eu(hfbn)3 1.04 0.22°
3 Eu(hfbn)3 1.17 0.12°
5 Eu(hfbn)3 1.31 0.12“
6-OH Eu(facam)s 1.07 0.26°
6-OPNB Eu(hf bc)3 1.09 0.45*
6-OMe Eu(hfbc)3 1.00 0.20°

a The solvent was carbon tetrachloride for all determinations. 
b Shift reagent/substrate molar ratio; shift reagent concentration 
~0.2 M. c Separation of low-field methoxyl signal. d Separation of 
high-field methoxyl signal.

which shows the optically active shift reagent which gave the larg
est nonequivalence for each compound, the shift reagent/substrate 
molar ratio (S/R), and the set of enantiotopic signals used for the 
determinations.

Registry No.—1, 54576-19-1; (±)-2, 54576-22-6; (+)-2, 54630- 
83-0; (±)-3, 54576-23-7; (-)-3 , 54712-33-3; (±)-4, 54630-84-1; (+)- 
4, 54630-85-2; (±)-4 exo isomer, 54630-86-3; (±)-4 exo isomer p- 
nitrobenzoate, 54576-24-8; (±)-5, 54576-25-9; (+)-5, 54617-82-2; 
(-)-5 , 54630-87-4; (±)-6-OH, 54576-26-0; (-)-6-OH, 54630-88-5; 
(±)-6-OPNB, 54576-27-1; (-)-6-OPNB, 54656-19-8; (-)-6-OME, 
54576-28-2; 4,5-dimethoxybenzyne, 54632-05-2; cyclopentadiene, 
542-92-7; 6,7-dimethoxy-2-methylenebenzonorbornene, 54576-29- 
3; p-nitrobenzoyl chloride, 122-04-3; H-hfbn, 54576-30-6; d-nopi- 
none, 24903-95-5; heptafluorobutyryl chloride, 375-16-6; tris(3- 
heptafluorobutyryl-d-nopinato)europium(III), 54576-31-7; europi- 
um(III) chloride hexahydrate, 13759-92-7.
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Epoxidation of the highly hindered octalin 2 afforded the corresponding epoxide mixture 3 and 4 in a 70:30 
ratio. Attempted oxidation of the double bond with sodium dichromate or potassium permanganate gave only the 
cis epoxide 4, as did ozonolysis. Hydroboration afforded the crystalline dialkyldiborane 11, which failed to under
go normal oxidation with basic hydrogen peroxide. Borane 11 reacted smoothly in solution with molecular oxygen, 
affording directly the trans fused decalone 12. High-temperature hydroboration of 2 proceeded normally to afford 
an 88:12 mixture of diols 9 and 10. These experimental results are largely explicable in terms of severe steric hin
drance of the double bond in 2, and a direct comparison with the reactivity of the closely related acyclic olefin 1 is 
made.

Steric effects on the properties and reactivities of appro
priately substituted olefins have been the subject of a num
ber of recent investigations.1 Syntheses of sterically hin
dered olefins are generally difficult to achieve, and it is 
only recently that a synthesis of the highly hindered olefin 
tri-ierf-butylethylene (1) has been effected by Abruscato 
and Tidwell.2 These authors have also reported on the ef
fect of such steric hindrance on the Raman,2 ultraviolet,3 
and 13C NMR spectra,4'and on the chemical reactivity of 
the double bond in l.5

1 2

The influence of steric effects on the reactivity of the 
double bond in 1 stems both from hindrance to attack by 
the t e r t -butyl groups and from torsional strain at the dou
ble bond induced by relief of steric compression.6 Separa
tion of these two effects is not possible in such acyclic sys
tems such as 1 but they can be largely separated if the dou
ble bond is incorporated into an appropriately substituted 
ring system.

During the course of a systematic investigation of the 
chemistry of the sesquiterpene hydrocarbon (—)-thujop- 
sene we had previously reported the conversion of (—)-thu- 
jopsene to the optically active olefin 2.8 Olefin 2 possesses 
the same substitution pattern as 1 but differs from 1 in sev
eral important ways. The torsional angle of 1 has been cal
culated7 to be 16°, which is considerably larger than the 
0.5-5° reported63 for a number of cyclohexene skeletons. 
The torsional angle should be considerably less in 2, since 
the nonbonded interactions giving rise to torsional strain in 
1 have now become bonded interactions by incorporation 
into the octalin skeleton; consequently the effect on reac
tivity of the double bond in 2 should be principally steric 
hindrance alone. The octalin system also is considerably 
more rigid with no free rotation of the a bonds directly at
tached to the double bond. Finally, the octalin system af
fords an analysis of the stereochemistry of the attack on 
the double bond since the two sides are now nonequivalent.

Hydrogenation of 2. Treatment of 2 with 55 psi of hy
drogen over Pt02 at 75° afforded no uptake of hydrogen 
and the starting material was recovered unchanged, where
as less stringent conditions were shown to effect the reduc
tion of l .5

Epoxidation. Treatment of 2 with buffered peracetic 
acid proceeded normally and at a reasonable rate to afford 
epoxide mixture 3 (70%) and 4 (30%) in high yield. These

two isomers were not separable by GLC and the isomer 
ratio was determined by the integration of the respective 
epoxide proton singlets occurring at <5 2.68 for the major 
trans epoxide 3 and at 5 2.78 for the minor cis epoxide 4. 
These stereochemical assignments can be unequivocally 
made from this chemical shift difference. Earlier studies 
have shown that in steroidal systems not containing any 
unsaturated functionality in proximity to the epoxide, the 
«-epoxide proton in 5/3,6/3-epoxy steroids always occurs at 
lower field than the /3-epoxide proton in the corresponding 
5«,6o-epoxy steroids.9,10 The same chemical shift order has 
also been shown8 to occur in the closely related epoxides 5 
and 6, where the trans epoxide 5 showed a one-proton sin
glet at d 2.31 and the cis epoxide 6 the corresponding sin
glet at 5 2.60.

Oxidation. Attempts at oxidation of the double bond 
employing refluxing basic aqueous potassium permanga
nate11 gave only recovered starting material. Assuming that 
lack of mutual solubility precluded reaction, the oxidation 
was then carried out with potassium permanganate in ace
tic acid at 25°.12 Under these conditions no olefin 2 was re
covered and a 67% yield of cis epoxide 4 was obtained. Sim
ilar results (79% yield) were also obtained when sodium di
chromate in acetic acid-acetic anhydride was employed as 
the oxidizing agent. Within the limits of the NMR analyti
cal method (2%) no trans epoxide 3 could be detected 
employing either oxidizing agent. No evidence was ob
tained for any rearranged products under either of the 
above conditions.

Epoxide formation under such conditions is not new. 
The tetraarylethylenes have been shown to form good 
yields of the corresponding epoxide with either reagent,12,13 
with stereoisomeric epoxides formed from unsymmetrically 
substituted tetraarylethylenes.13 In the present case only 
one stereoisomer is found with either reagent.

Irrespective of the exact mechanistic nature of peracid 
epoxidations, whether via a concerted mechanism14 or via a
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1,3-dipolar addition reaction,15 in molecules containing no 
other functionality peracids preferentially attack olefinic 
double bonds from the least hindered side. In the case of 
olefin 2 this least hindered side must be the «  face, since 
the major epoxide 3 possesses the trans ring fusion.

Little is known concerning the detailed mechanism of 
the oxidation of alkenes.13 Allylic oxidation16 cannot occur 
on olefin 2, since no allylic hydrogens are available for ab
straction. Direct attack of the chromium(VI) species from 
the apparently least hindered a  face of olefin 2 would lead 
to an intermediate species such as structure 2a in Scheme
I. Although /3-face addition of water to give 2b followed by

Schem e I

2 b 2c

internal nucleophilic displacement13 of the chromium (IV) 
species would afford the observed cis epoxide 4, this mech
anism cannot be operative here, since similar results were 
obtained with anhydrous sodium chromate and with potas
sium permanganate in an anhydrous reaction mixture. Al
ternate decomposition of intermediate 2a directly or via cy
clic intermediate 2c would lead to the trans epoxide 3, 
which is not observed, as the product. Consequently, the 
preferred attack of the oxidizing agent must be from the 
apparently more hindered /3 face via the intermediate 2d 
(or its cyclic five-membered ring counterpart) with the oxi
dizing agent cis to the angular methyl group. Decomposi
tion of this intermediate then leads to the observed cis ep
oxide 4.

A similar mechanism can also be advanced to explain the 
identical stereochemical outcome when potassium perman
ganate in acetic acid is employed.

The nature of the transition state for epoxide formation 
under these conditions is unknown. Clearly this transition 
state does not resemble the reactant-like transition state of 
the peracid epoxidation or a predominance of the trans ep
oxide 3 would have been found.

Ozonolysis. Ozonolysis of 2 at 0° in ethylene dichloride 
afforded the cis epoxide 4 in 70% isolated yield. Detailed 
analysis of the NMR spectrum showed that only 3% of the 
trans epoxide 3 was present.

Numerous examples are found in the literature of the 
formation of epoxides during the ozonolysis of olefins.17 
These epoxides, termed partial cleavage products,18 gener
ally are found when there is considerable steric hindrance 
to the double bond. Recent work has indicated that in the 
ozonolysis reaction an initial 7r complex I is formed.19 As 
the bulk of the R groups increases, 1,3-dipolar cycloaddi
tion to give the normal initial ozonide (1,2,3-trioxalane IV)

becomes unfavorable and collapse to the a complex II oc
curs instead.18’20 Loss of molecular oxygen from II then af-
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fords the partial cleavage product, epoxide III.
The above mechanism, although accounting for epoxide 

formation from hindered olefins, is difficult to reconcile 
with the observed cis ring fusion of the major epoxide 4 ob
tained by ozonolysis of 2 unless the attack of ozone is exclu
sively from the apparent more hindered /? face of olefin 2. 
Decomposition of a complex II would not be expected to 
alter the stereochemistry of initial attack on the double 
bond.

An alternate explanation would involve formation of the
1,2,4-trioxalane V from the initial ozonide IV, with the sin
gle oxygen on the more hindered face cis to the angular 
methyl group of 4 and the peroxy bridge on the less hin
dered trans face. Loss of oxygen from the peroxy bridge 
would then afford the observed cis stereochemistry of 4. 
This explanation is unlikely for two reasons. First, steric 
considerations argue against the initial formation of the 
ozonide IV from either face. Second, no loss of oxygen to 
give epoxides has ever been observed from ozonide struc
tures such as V.18

Epoxide 4 cannot be produced in the course of the ozon
olysis reaction by some peroxidic ozonolysis product. This 
peroxidic product presumably would afford the same stere
ochemical outcome as the peracetic acid epoxidation which 
affords principally the trans epoxide 3.

No information is available on the nature of the transi
tion state which leads to epoxides upon ozonolysis of hin
dered olefins. If this transition state appears reactant-like 
the product distribution should reflect that found in the 
peracetic acid epoxidation. If the transition state appears 
product-like then no particular distribution can be predict
ed, since the relative stabilities of epoxides 3 and 4 are not 
known. On the basis of present evidence we cannot assign a 
mechanistic rationale completely consonant with these ozo
nolysis results.

Our results differ significantly from those reported for 
the ozonolysis products of tri-ferf-butylethylene (1), where 
normal cleavage products were obtained and no epoxide 
formation was noted.5 Analysis of our crude ozonolysis 
mixture by VPC showed only traces of three minor compo
nents at the retention time expected for the keto aldehyde 
normal ozonolysis product.

Hydroboration. In contrast to the relative ease of epox
idation of 2, hydroboration proceeded quite slowly so that 
extended reaction times were necessary to avoid recovery 
of sizable amounts of starting material. Reactions run at 
room temperature for 20 hr generally afforded 85-90% 
reaction. In all cases a white precipitate was found in the 
reaction mixture and in one case was carefully filtered 
under nitrogen from the tetrahydrofuran solvent. Spectral 
data clearly showed a simple B-H stretching frequency at 
2495 cm-1 and a strong band at 1570 cm-1 for the diborane
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hydrogen bridge.21 These data indicate that the precipitate 
is the sy m -dialkyldiborane 11. We will discuss later the 
trans ring fusion stereochemistry assigned to the dimer 1 1 .

Normal alkaline hydrogen peroxide oxidation2 2 of the 
hydroboration mixture containing 1 1  afforded no expected 
secondary alcohol 15 but rather the alkyl boronic acid 14, 
the simple hydrolysis product of dialkyldiborane 11. To our 
knowledge this is the first report of an alkylborane ob
tained in a hydroboration reaction which fails to oxidize 
under the above conditions. The failure must be due to ex
cessive steric hindrance to attack of the hydroperoxide 
anion on the boron atom to afford the necessary tetrahe
dral boron intermediate. Attempts at direct oxidation of 11 
to ketone 1 2  with aqueous chromic acid23 also failed; the 
sole product obtained was again the boronic acid 14.

Oxidation to the desired alcohol 15 was finally achieved 
by the use of the more effective oxidizing agent m-chloro- 
perbenzoic acid.24 The trans ring fusion was assigned from 
the NMR spectrum, which showed a coupling constant of 
1 1  Hz for the a  hydrogen, as expected for the trans diaxial 
coupling of decalol 15. Jones oxidation of decalol 15 afford
ed the corresponding trans ketone 1 2 .

Ketone 1 2  was also formed directly from borane 11 by di
rect oxidation with molecular oxygen; no evidence was ob
tained for the formation of decalol 15 or of the correspond
ing hydroperoxide. 25 The mechanism of formation of ke
tone 12 is not entirely clear. We have already noted that 
borane 1 1  does not undergo the normal rearrangement 
reactions with alkaline hydrogen peroxide, thus rendering 
tenable the proposal26 that, in systems where ionic attack 
may not be favored, radical reactions become more impor
tant. Although we fail to observe any ketone 12 or decalol 
15 under the alkaline hydrogen peroxide oxidation condi
tions, radical reactions may indeed be the mode of forma
tion of 12 in the reaction with molecular oxygen. In the 
present case this reaction may proceed by coordination of

the oxygen molecule to the boron atom of the highly hin
dered borane 1 1 , followed by a migration of the alkyl group 
from boron to oxygen2 7 as outlined in Scheme II. Radical

Scheme II

11a

+  -OBH,

12 a 12

decomposition of the intermediate peroxide l ib  would gen
erate radical 1 2 a, which by loss of a hydrogen radical would 
afford the observed ketone 12. 28 Borane 11 must be the 
precursor of the intermediate peroxide lib ; subjection of 
pure boronic acid 14 under the reaction conditions afforded 
no ketone 12 and 14 was recovered unchanged.

The trans ring fusion stereochemistry of optically active 
decalone 1 2  was unambiguously determined by analysis of 
the ORD curve, which showed a strong negative Cotton ef
fect. The absolute sterochemistry at the chiral angular 
methyl center in octalin 2  is known8 to be as shown and 
none of the reactions leading to decalone 1 2  have involved 
that center. Application of the octant rule29 in the present 
case clearly predicts a negative Cotton effect for the trans
fused decalone 12, whereas a positive Cotton effect would 
be predicted for the corresponding cis-fused isomer, wheth
er in the steroid or the nonsteroid conformation.

Additional confirmation for the trans ring fusion of 12 
was provided by equilibration experiments. Ketone 1 2  was 
recovered unchanged upon basic treatment. The possibility 
that no enolization had occurred was disproved by the in
corporation of one deuterium atom upon equilibration in 
basic CH3OD solution, and the loss of the one-proton sin
glet at 5 2.33 in the NMR spectrum of the deuterated ke
tone 13.

Lithium aluminum hydride reduction of 12 afforded a 
secondary alcohol 16 different from the hydroboration-oxi- 
dation alcohol 15, as expected from reduction of the least 
hindered a  face of the carbonyl group. The NMR spectrum 
showed a doublet for the a  proton with a coupling constant 
of 4 Hz, as expected for the axial-equatorial relationship of 
the C-l and C-9 protons in 16.

No evidence had been obtained thus far on the presence 
of any products obtainable from initial hydroboration of 2  

from the /3 face leading to the cis ring fusion. Inspection of 
molecular models revealed a close proximity of the boron 
atom in 11 to the n-methyl group at C-8 , and the same 
proximity in the steroid conformation of the corresponding 
alkylborane derived from /3-face attack. Heating of the hy
droboration mixture to 160° in diglyme, followed by nor
mal alkaline hydrogen peroxide treatment, afforded in 
good yield the crystalline diol 9 as the major product. All 
attempts at isolation and purification of the minor diol 10 
failed.

Evidence for the presence of diol 10 was obtained by 
acid-catalyzed cyclization of the crude diol mixture above 
to an 8 8 : 1 2  mixture of isomeric ethers. These were sepa
rated by column chromatography and afforded spectral
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data consistent with the assigned structures of 7 for the 
major ether and 8 for the minor ether.

Diol 9 thus arises from oxidation of internal dialkylbo- 
rane 17, in turn formed by loss of the elements of hydrogen 
from 11. Similarly, diol 10 is formed by oxidation of 1931

derived from 18. Such cyclizations of alkylboranes have 
been well documented5'30 in other systems where a 8 hydro
gen is appropriately oriented with respect to the boron 
atom.

It is interesting to note that no difficulty was encoun
tered in the alkaline hydrogen peroxide oxidation of the 
dialkylborane mixture 17 and 19 to the respective diols 9 
and 10, whereas alkylborane 11 fails to oxidize under these 
conditions. This result is reasonably explained by the re
duced steric interactions to attack at the boron atom in 17 
and 19, since the former nonbonded interaction from the 
a-methyl group at C-8 in 11 now has been minimized by 
bond formation to the boron atom.

In the case of olefin 2 we have already shown that epox- 
idation occurs principally (70%) from the less hindered a  
face. The hydroboration results also indicate that the a  
face is preferred (88%) in that reaction to an even greater 
extent. These observations are in general agreement with 
earlier studies showing only slight differences in the stereo
chemical outcome of epoxidation as compared to hydrobo
ration on the same molecule.32

Finally, our results differ from the reported5 hydrobora- 
tion-oxidation of tri-tert-butylethylene (1). For olefin 1 no 
crystalline alkylborane could be isolated, and normal alka
line hydrogen peroxide treatment of the alkylborane gave a 
mixture of the corresponding secondary alcohol, the ketone 
derived from this alcohol, and the corresponding tetrahy- 
drofuran ether. The ether may arise from cyclization of the 
diol derived from the internal dialkylborane, which in the 
case of 1 is formed at 25°. For olefin 2, however, this low 
temperature is not sufficient to form intermediates 17 and 
19, which are only obtained by refluxing in diglyme (160°). 
In the case of olefin 2 diol 9 could readily be isolated, 
whereas no diol could be isolated from olefin 1 owing to 
facile cyclization to the tetrahydrofuran ether.

E xperim ental Section33
(S)-2,2,8,8,10-Pentamethyl-l(9)-octalin (2). This octalin was 

prepared as previously described from (—)-thujopsene.8
Epoxidation of 2. To a mixture of octalin 2 (15.0 g, 73 mmol), 

ethylene dichloride (30 ml), and sodium carbonate (7 g) was added 
40% peracetic acid (25 g, 131 mmol) at 30° over 10 min. After an 
additional 3 hr at 40°, water (60 ml) was added and the layers were 
separated. The organic phase was washed once with sodium car
bonate solution and the solvent was removed under reduced pres
sure. Distillation afforded 14.2 g (88%) of a colorless oil: bp 74-76° 
(0.5 mm); n20D 1.4784; [o]25D +37.5° (neat); ir (liquid film) 1028, 
1020, 960, 31, 919, 830 cm"1; NMR (CDCW 8 0.73, 1.01, 1.04, 1 .1 1 ,
1.18, (s, 3 each), 2.68 (s, 1, from major isomer 3), 2.78 (s, 1, from 
minor isomer 4); mass spectrum m/e (rel intensity) 222 (M+, 14),

207 (13), 140 (52), 123 (53), 95 (41), 81 (73), 69 (6 6 ), 55 (55), 43 
(63), 41 (100). No separation could be achieved by gas chromatog
raphy. Integration of the proton singlets at 8 2.78 and 2.68 showed 
a mixture of 30% epoxide 4 and 70% of £rans-l(R),9(S)-epoxy- 
2,2,8,8,10(S)-pentamethyldecalin (3).

Anal. Calcd for C15H260 : C, 81.02; H, 11.79. Found: C, 81.10; H,
11.84.

Oxidation of 2. A. Aqueous Potassium Permanganate. A
mixture of olefin 2 (10.3 g, 50 mmol), water (200 ml), potassium 
hydroxide (1 g), and potassium permanganate (37 g) was heated at 
reflux for 6 hr.11 The mixture was cooled, filtered, and extracted 
with hexane. The solvent was removed under reduced pressure, af
fording 10.0  of material with an ir spectrum identical with that of 
starting olefin 2 .

B. Potassium Permanganate-Acetic Acid. A mixture of olefin 
2 (10.3 g, 50 mmol), acetic acid (250 ml), and potassium permanga
nate (27 g) was stirred at 25° with slight cooling for 4 hr.12 The 
mixture was then filtered and water (750 ml) was added. The mix
ture was extracted with hexane and the solvent was removed under 
reduced pressure. Distillation afforded 7.4 g (67%) of cis- 
l(S),9(fi)-epoxy-2,2,8,8,10(S)-pentamethyldecalin (4); bp 71-72° 
(0.5 mm); n20D 1.4785; [c*]2r>D +25° (neat); ir (liquid film) 1018, 
958, 930, 918, 852, 649 cm“ 1; NMR (CDCl;i) 8 0.80, 1.10 (s, 3 each),
I. 00 (s, 9), 2.78 (s, 1); mass spectrum m/e (rel intensity) 222 (M+, 
8), 140 (28), 125 (31), 123 (45), 95 (33), 81 (57), 69 (57), 67 (26), 55 
(49), 43 (64), 43 (64), 41 (100). No absorption at 8 2.68 in the NMR 
spectrum for the one-proton singlet of epoxide 3 was detectable.

Anal. Calcd for C15H26O: C, 81.02; H, 11.79. Found: C, 81.11; H,
II. 70.

C. Sodium Dichromate. To a solution of olefin 2 (9.0 g, 43.7 
mmol), acetic acid (20 ml), and acetic anhydride (60 ml) was added 
sodium dichromate dihydrate (26 g) portionwise at 30° over 0.5 hr. 
After stirring at 40° for 3 hr, the solution was poured into water 
(150 ml) and extracted with benzene. The combined organic ex
tracts were washed with sodium carbonate solution and the solvent 
was removed under reduced pressure. Distillation afforded 7.6 g 
(79%) of epoxide 4 which exhibited spectral data identical with 
those of the epoxide obtained in part B above.

Similar results, although at a slower rate, were obtained when 
anhydrous sodium chromate was employed.

Ozonolysis of 2. A solution of olefin 2 (10.3 g, 50 mmol) in eth
ylene dichloride (100 ml) was ozonized at 0° for 4 hr. The ozonol
ysis mixture was then added to a suspension of zinc dust (10  g) in 
10% aqueous acetic acid (100  ml) and heated to 75° for 1 hr. The 
mixture was cooled and extracted with ethylene dichloride. After 
removal of the solvent under reduced pressure, the residue was an
alyzed by VPC and found to contain no olefin 2, epoxide 4 (92%), 
and three minor components (total of 8%) at much longer reten
tion times. Distillation of this residue afforded 7.8 g (71%) of epox
ide 4 which exhibited spectral characteristics identical with those 
of the epoxide 4 obtained from the oxidation above. Detailed anal
ysis of the NMR spectrum showed the presence of 3% of the iso
meric epoxide 3.

Hydroboration of 2. A. Dialkyldiborane 11. A solution of ole
fin 2 (5.1 g, 25 mmol) and 25 ml (25 mmol) of 1 M diborane in te
trahydrofuran solution was allowed to stir under nitrogen at 25° 
for 20 hr. The resultant precipitate was carefully filtered under ni
trogen, affording 1.6 g (34%) of dialkyldiborane 11 which exhibited 
the following properties: mp 120-122° dec; ir (KBr) 2495 (B-H), 
1570 (BH2B bridge), 1186, 1074, 777 cm“ 1; NMR (CDCI3) 8 0.80, 
0.85 (s, 3 each), 0.96 (s, 9); mass spectrum m/e (rel intensity) 221
(1), 206 (7), 191 (32), 121 (18), 95 (37), 69 (19), 58 (27), 43 (100), 41
(29).

Anal. Calcd for CioHjgB,: C, 81.79; H, 13.30; B, 4.91. Found: C, 
79.66; H, 13.16; B, 5.02.

A satisfactory carbon analysis could not be obtained. These 
crystals proved to be stable in air, but reacted rapidly with molec
ular oxygen in solution (see part D below).

B. Alkylboronic Acid 14. A solution of olefin 2 (10.3 g, 50 
mmol) and 50 ml (50 mmol) of 1 M  diborane in tetrahydrofuran 
solution was stirred under nitrogen at 25° for 20 hr. The mixture 
was cooled and carefully treated with water (5 ml), followed by 
10% aqueous sodium hydroxide (30 ml) and 35% hydrogen perox
ide (25 ml). The mixture was allowed to stir at 40° for 4 hr and 
then was thoroughly extracted with hexane. The solvent was re
moved under reduced pressure, affording 1 2  g of crude solid, mp 
126-130°. This solid was recrystallized from hexane, affording 9.1 
g (72%) of boronic acid 14: mp 145-146°; [«]2SD +18° (c 0.05, 
CHCI3); ir (KBr) 3300 (OH), 1315, 1020, 765 cm"1; NMR (CDC1:!) 
<5 0.88, 0.92, 1.08 (s, 3 each), 0.96 (s, g), 4.52 (s, 2); mass spectrum
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m/e (rel intensity) 252 (M+, 31), 237 (62), 153 (44), 123 (29), 109
(30), 95 (68), 81 (54), 69 (93), 55 (80), 43 (43), 41 (100).

Anal. Calcd for C15H29BO2'. C, 71.44; H, 11.59; B, 4.29. Found: C, 
71.16; H, 11.60; B, 4.53.

An attempt to oxidize the crude hydroboration mixture with an 
acid solution of sodium dichromate22 again afforded only the bo- 
ronic acid 14.

These crystals of boronic acid 14 were stable to oxygen in ether 
solvents.

C. 2,2,8,8,10(S)-Pentamethyl-traiis-decal-frans-l(S)-ol (15).
A solution of olefin 2 (10.3 g, 50 mmol) and 50 ml (50 mmol) of 1 M  
diborane in tetrahydrofuran solution was stirred under nitrogen at 
25° for 22 hr. To this mixture was added a solution of 85% m-chlo- 
roperbenzoic acid (31 g, 150 mmol) in chloroform (175 ml) at 35° 
over 0.5 hr. After an additional 1 hr at 35° the mixture was cooled 
and treated with 30% aqueous sodium hydroxide (50 ml). The or
ganic phase was washed neutral with water and the solvent was re
moved under reduced pressure. Distillation afforded 6.8 g (61%) of 
an 11:89 mixture of two peaks by vpc. The minor peak was identi
cal with a 70:30 mixture of epoxides 3 and 4 (by epoxidation of un
reacted 2). A sample of the major isomer (15) was purified by pre
parative gas chromatography and exhibited the following charac
teristics: mp 42-44°; [«]26D +2.5° (c 20%, CHCls); ir (liquid film) 
3570 (OH), 1075, 1020, 977 cm "1; NMR (CDCI3) 5 0.91, 0.96, 1.13 
(s, 3 each), 1.02 (s, 6), 3.61 (d, J = 11 Hz, 1).

Anal. Calcd for C15H28O: C, 80.29; H, 12.58. Found: C, 79.94; H,
12.59.

D. (S)-2,2,8,8,10-Pentamethyl-trans-l-decalone (12). A solu
tion of olefin 2 (15.3 g, 75 mmol) and 75 ml (75 mmol) of 1 M dibo
rane in tetrahydrofuran solution was stirred under nitrogen at 25° 
for 17 hr. The nitrogen purge line was removed and connected to 
an oxygen tank and a slow stream of oxygen was passed into the 
solution. The temperature rose to 45° in 0.5 hr, at which point the 
precipitate (alkylborane 11) initially present had all dissolved. 
After an additional 1.5 hr the temperature began to drop and the 
solution cooled to room temperature. Oxygen feed was continued 
for an additional 1.0 hr. Water (80 ml) was then added and the 
mixture was extracted with hexane. The solvent was removed 
under reduced pressure and afforded 16 g of residue. The ir spec
trum showed a sizable carbonyl absorption. This residue was chro
matographed on 200 g of silica. Elution with hexane afforded 3.4 g 
of recovered unreacted olefin 2. Continued elution with 0.5% ether 
in hexane gave 5.1 g (40%) of decalone 12 which exhibited the fol
lowing characteristics: bp 72-74° (0.5 mm); mp 29-30°; n20D
I .  4840; [a ]25D -6 3 ° (neat); ir (liquid film) 1703 (C = 0 ), 1081, 970, 
951, 843 cm -1; NMR (CDCI3) S 0.87, 0.92, 1.01, 1.17, 1.21 (s, 3 
each), 2.33 (s, 1); NMR (C6H6) 5 0.68, 1.00, 1.02, 1.05, 1.32 (s, 3 
each), 2.20 (s, 1); mass spectrum m/e (rel intensity) 222 (M+, 3), 
207 (11), 151 (100), 123 (18), 82 (15), 69 (15), 67 (15), 55 (14), 43 
(14), 41 (27); CD (c 0.0140, dioxane) «337 0, 03io -10,690, ffgos 
-10,120, 03oi -10,477, 0235 0; ORD fe e  -6557°, 03i9 -4561°, 03iS 
-4707°, 0305 0°, 0280 + 60 58°.

Anal. Calcd for C15H96O: C, 81.02; H, 11.79. Found: C, 81.24; H,
II. 79.

Elution with 10% ether in hexane afforded 3.9 g (27%) of alkyl- 
bornic acid 14 which was identical with the same material isolated 
in part B above.

Oxidation of 2,2,8,8,10(S)-Pentamethyl-trans-decal-irans- 
1 CSj-ol (15). The standard Jones oxidation procedure34 was em
ployed on 2.8 g (12.5 mmol) of decalol 15. Short-path distillation 
afforded 2.4 g (86%) of decalone 12 which was identical with the 
same material isolated in part D above.

9-Deuterio-2,2,8,8,10(S)-Pentamethyl-trans-l-decalone 
(13). A solution of ketone 12 (120 mg, 5.4 mmol) and 5 ml (5 mmol) 
of 1 M  sodium methoxide in methanol-O-d was allowed to reflux 
under nitrogen for 18 hr. The solution was cooled and hexane (15 
ml) was added. The organic layer was separated and washed neu
tral with water. The solvent was removed under reduced pressure 
and the residue was distilled, affording 110 mg (92%) of decalone 
13: bp 70-75° (0.5 mm); ir (liquid film) 2120 (C D), 1703 (C =0), 
1290, 1178, 1110, 1025, 993, 958, 912, 830 cm“ 1; NMR (CDCI3) <5 
0.87, 0.91, 1.00, 1.16, 1.20 (s, 3 each; mass spectrum m/e (rel inten
sity) 223 (M+, 8), 208 (5), 151 (100), 123 (18), 69 (17), 55 (11), 41 
(19).

Identical treatment of ketone 12 with sodium methoxide in 
methanol gave only recovered starting material.

2,2,8,8,10(S)-Pentamethyl-trans-decal-cis-l(Ji)-ol (16). 
Under a nitrogen atmosphere was charged lithium aluminum hy
dride (200 mg, 5 mmol) and anhydrous ether (20 ml). Ketone 12 
(1.1 g, 5 mmol) dissolved in ether (5 ml) was then added over 5 min

and the mixture was allowed to reflux for 0.5 hr. The mixture was 
cooled and water (0.4 ml) was carefully added, followed by 10% 
aqueous sodium hydroxide (0.4 ml). After an additional 2 hr the 
mixture was filtered and the solvent was removed under reduced 
pressure. The residue was distilled, affording 1.05 g (94%) of decal
ol 16 contaminated (by VPC) with 5% of the isomeric decalol 15: 
bp 80-85° (0.5 mm); n20D 1.4919; [a]25D +19° (neat); ir (liquid 
film) 3730 (nonbonded OH), 3570 (bonded OH), 1085, 1032, 1020, 
985, 968, cm“ 1; NMR (CDC13) b 0.92 (s, 3), 0.95, 1.23 (s, 6 each),
3.66 (d, J  = 4 Hz, 1).

Anal. Calcd for Ci5H280: C, 80.29; H, 12.58. Found: C, 80.29; H,
12.55.

8(S)-Hydroxymethyl-2,2,8,10(S)-tetramethyl-traDs-decal- 
tr a iJ s - l(S )-o l  (9). A solution of olefin 2 (15.3 g, 75 mmol) and 75 
ml (75 mmol) of a 1 M  solution of diborane in tetrahydrofuran was 
stirred under nitrogen at 25° for 18 hr. Anhydrous diglyme (75 ml) 
was then added and the tetrahydrofuran was removed by distilla
tion. The solution was then heated at 160° for 3 hr. The solution 
was cooled, and water (5 ml) was carefully added, followed by 10% 
aqueous sodium hydroxide (35 ml) and 35% hydrogen peroxide (35 
ml). After stirring for 2 hr at 30° the mixture was filtered. Water 
(250 ml) was added and the mixture was well extracted with hex
ane. The hexane extracts were washed with water and the solvent 
was removed under reduced pressure. Crystallization of the resi
due from hexane afforded 10.6 g (59%) of diol 9: mp 148-150°; 
[a]25D +7° (c 0.1, CHCI3); ir (KBr) 3230 (OH), 1060, 1030, 1008 
cm "1; ir (KBr) 3230 (OH), 1060, 1030, 1008 cm "1; NMR (CDC13) b 
0.91, 1.01, 1.14, 1.26 (s, 3 each), 3.45 (d, J = 10.5 Hz, 1), 2.94, 3.73 
(AB, J  = 11.5 Hz, 2), 3.85 (s, 1, OH); mass spectrum m/e (rel in
tensity) 222 (M -  18,1), 109 (35), 95 (26), 81 (38), 67 (35), 55 (60), 
43 (66), 41 (100).

Anal. Calcd for C15H28O2: C, 74.95; H, 11.74. Found: C, 75.08; H,
11.99.

Chromatography of the crystallization residue on silica did not 
separate the minor diol 10 from the remaining major diol 9.

2a/?,5a/S,8,8-Tetramethyl-8a/Sii,8ba:F/-decahydrona- 
phtho[l,8 -/be]furan (7). A sample of diol 9 (5.0 g, 20.8 mmol), p- 
toluenesulfonic acid (0.8 g), and benzene (100 ml) was allowed to 
reflux with a water separator for 2.5 hr. The cooled solution was 
washed once with sodium bicarbonate solution and the solvent was 
removed under reduced pressure. Distillation of the residue afford
ed 4.2 g (91%) of ether 7: by 70-72° (0.3 mm); n20D 1.4872; [<r]25D 
+27° (neat); ir (liquid film) 1070, 1049, 1039, 971 cm-1; NMR 
(CDClg) 6 0.87, 1.01, 1.07, 1.14 (s, 3 each), 3.67 (d, J  = 11.5 Hz, 1),
3.47, 3.53 (AB, J  = 8 Hz, 2); mass spectrum m/e (rel intensity) 222 
(M+, 22), 208 (15), 151 (100), 123 (39), 109 (68), 95 (68), 81 (58), 67
(40), 55 (54), 43 (50), 41 (77).

Anal. Calcd for C15H260: C, 81.02; H, 11.79. Found: C, 80.94; H,
12.05.

2ad,5aj3,8,8,-Tetramethyl-8aaH,8b/3H-decahydronaphtho- 
[l,8 - 6 c]furan (8 ). A sample (4.5 g) of the mother liquors from 
crystallization of diol 9 was treated as above with p-toluenesulfon- 
ic acid (0.7 g) in benzene (90 ml). The isolated crude mixture (4 g) 
was chromatographed on 60 g of silica. Early fractions eluted with 
5% ether in hexane afforded a pure sample of the ether 7 described 
above. Continued elution with 5% ether in hexane afforded a pure 
sample of ether 8. After recrystallization from hexane at 0°, ether 8 
exhibited the following properties: mp 84-86°; [a]2oD +2.5° (c 0.1, 
CHCI3); ir (KBr) 1030, 995, 933, 923, 852, 800 cm "1; NMR (CDC13) 
b 0.89, 0.92 (s, 3), 1.05 (s, 6), 3.28, 3.48 (AB, J  = 7.5 Hz, 2), 3.61 (d, 
J = 9 Hz, 1); mass spectrum m/e (rel intensity) 222 (M+, 10), 207 
(12), 177 (29), 151 (100), 109 (22), 95 (33), 81 (23), 55 (26), 41 (36).

Anal. Calcd for CIf)H260: C, 81.02; H, 11.79. Found: C, 80.98; H,
12.01.

Determination of the Ratio of Ethers 7 and 8 from the 
High-Temperature Hydroboration of 2. The hydroboration 
procedure outlined above for the isolation of diol 9 was run on one- 
tenth the scale. The crude product was then treated with p-tolu- 
enesulfonic acid (0.1 g) in benzene (25 ml) at reflux with a water 
separator for 3.0 hr. The cooled solution was washed with sodium 
bicarbonate solution and the solvent was removed under reduced 
pressure. Distillation of the residue afforded 1.40 g of mobile oil, 
bp 70-75° (0.3 mm). Analysis by VPC showed two components, 
identified as ether 7 (88%) and ether 8 (12%). The hydroboration 
reaction thus occurs principally from the a face of olefin 2.

Reduction of 2. A sample of olefin 2 (20.6 g, 0.1 mol), acetic acid 
(90 g), and platinum oxide (200 mg) was charged into a Parr shaker 
and heated at 75° under 55 lb of hydrogen pressure for 3 hr. No 
hydrogen uptake was observed during this time. The mixture was 
cooled and filtered, then added to water (200 ml) and well extract-

r •.'» •1
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ed with hexane. The organic extracts were washed with sodium bi
carbonate solution and the solvent was removed under reduced 
pressure, affording 20.5 g of recovered olefin 2.
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Pentafluoronitrosobenzene undergoes an “ ene” -type reaction with a variety of olefins. When triethyl phosphite 
is added to the olefin before the addition of the nitroso compound (inverse addition), pentafluorophenylnitrene is 
formed which adds stereospecifically to a number of olefins to give the corresponding aziridines. The possibility of 
a 1,3-dipolar addition of the nitrene precursor followed by elimination of triethyl phosphate has been discounted. 
Pentafluorophenylnitrene, generated photochemically from the azide, behaves analogously, but thermal decom
position of the azide in the presence of olefins gives products arising from an initial 1,3-dipolar adduct. 4-Azido- 
tetrachloropyridine behaves similarly but the derived nitrene is less electrophilic.

A uthenticated exam ples o f the addition o f therm ally  
generated discrete nitrenes to olefinic bonds to give aziri
dines have appeared infrequently in the literature, since 
azides, the usual nitrene precursors, them selves react with  
aliphatic m ultiple bonds at tem peratures generally lower 
than those required to  generate the corresponding free n i
trene .2 T h e  issue is further com plicated by the fact that the  
1,2,3-triazolines thus produced m ay subsequently lose n i
trogen to give the sam e aziridines as would be expected  
from  nitrene addition .3

T h e addition o f ethoxycarbonylnitrene, generated by  
photolysis o f ethyl azidoform ate at am bient tem perature, 
to olefins to give IV-carbethoxyaziridines has been studied  
extensively .4 It was shown that both singlet and triplet n i
trene added to the olefin but that only the singlet species 
added stereospecifically .6 A ddition  o f triplet nitrene oc
curred via a 1,3-diradical interm ediate which resulted in

yiO'dmjrt

stereochem ical scram bling. A ddition to conjugated dienes 
is usually in the 1,2 m anner ,5 rather than 1,4 m anner,6 e x 
cept in certain cases such as the additions to pyrroles or to  
thiophenes, e.g., the additions o f N -carbeth oxyn itren e to  
pyrroles or to thiophenes,73 or those which proceed via a 
triplet diradicai, e.g., the addition o f cyanonitrene to cy- 
clooctatetraene.7b

Evidence for the direct addition o f aryl nitrenes to ole
fins is scanty, there being only one clear-cut exam ple, that 
o f aziridine form ation during the photolysis o f ferrocenyl 
azide in cyclohexene .8 Form ation o f 1,2,3-triazolines in the  
therm al reaction o f aryl azides with olefins or acetylenes is 
well know n ,3'9 as is the reaction with certain other unsatu
rated species, such as enol ethers10 and enam ines.11 W ith  
highly polarized double bonds such as these, the addition is 
usually regiospecific.

W e  have previously shown that pentafluorophenylni-
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trene, generated by triethyl phosphite deoxygenation of 
pentafluoronitrosobenzene (1, Ar = C6P5 ), undergoes addi
tion to aromatic bonds under conditions under which other 
less electrophilic aryl nitrenes do not. 1 2  Furthermore, since 
the procedure does not use an azide as the starting materi
al, it offered promise as a means of investigating the behav
ior of an aryl nitrene toward olefins. A number of reports 
have, however, appeared in the literature exemplifying the 
reactivity of aryl nitroso compounds toward olefins. Vary
ing types of reactivity are found. For instance, nitrosoben- 
zene adds to 1 ,1 -diphenylethylene in a [ 2  + 2 ] manner to 
give oxazetidine (2 ) , 1 3  whereas with styrene a mixture of ni
trones is obtained. 14  When the olefin possesses allylic hy
drogens an “ ene” -type reaction is favored; for example, te- 
tramethylethylene gives the hydroxylamine 3, which 
undergoes rapid aerial oxidation to the nitroxide 51 5  (which

3, Ar = Ph 5, Ar = Ph
4a, Ar = PhF 
4b, Ar = pCF3C6H4

we had independently confirmed). In view of these facts, 
the reactivity of 1  toward our projected olefinic substrates 
was investigated. An immediate reaction with tetrameth- 
ylethylene took place, giving hydroxylamine 4a in quantita
tive yield. p-Nitrosobenzotrifluoride behaved similarly. 
Unlike 3, 4a showed no tendency toward aerial oxidation. A 
similar reaction was observed between 1  and c is - 2 -butene, 
but with irons-2 -butene under similar conditions a com
plex mixture of products was obtained in which amine 6  

was apparent. This difference in behavior suggests that ste- 
ric effects might be important in the highly ordered transi
tion state in keeping with a concerted “ ene” -type mecha
nism, 7. Styrene, cyclohexene, 1-methylcyclohexene, and

1 ,2 -dimethylcyclohexene also gave complex mixtures in 
which the amines analogous to 6  were detected (cf. ref 15c), 
but the enamine 8  gave a hydroxylamine (9) analogous to 3

8

and 4. A similar reaction with nitrosobenzene has been re
ported16  to give 1 0  which could be hydrolyzed to 1 2  by brief 
treatment with dilute aqueous acid, and to 13 by longer 
treatment (15 hr). Only hydroxylamine 11 was obtained 
from 9, however, even after prolonged acid treatment. No 
appreciable reaction took place between 1  and stilbenes, or 
n -butyl vinyl ether.

For the projected nitrene additions, the problem of reac
tion of the precursor with substrate was overcome by 
employing inverse addition. Thus, when 1 was added to a 
solution of triethyl phosphite in excess tetramethylethy- 
lene, decafluoroazoxybenzene (14), hydroxylamine 4, and 
the expected aziridine, 15, were formed in 14, 5.5, and

c6h5n= nc6h5 +
14 15, R, =  R, =  R, =  R4 =  Me

16, R[ =  Rj =  Me; R:1 =  R4 =  H
17, R[ =  R4 =  Me; R, =  R3 =  H

30.5% yields, respectively. The XH NMR spectrum of 15 
showed only one signal, a narrow triplet (J  =  1.7 Hz) at 8
1.30. The coupling is probably due to through-space inter
action with the ortho fluorine substituents of the aromatic 
ring, since an authentic sample of N-iert-butylpentafluoro- 
aniline, prepared from hexafluorobenzene and te r t -  butyl - 
amine, exhibited a similar splitting of the signal due to the 
methyl groups. Models of both these compounds confirmed 
that the methyl protons and ortho fluorines come into very 
close proximity to one another when the bonds are suitably 
rotated. The possibility that 15 might be formed from hy
droxylamine 4 was eliminated by showing that 4 was stable 
to triethyl phosphite under the reaction conditions.

Reaction with cis- and trarcs-2-butene in a similar man
ner gave, along with 14, the respective aziridines 16 and 17. 
The reaction proceeded stereospecifically. In the NMR 
spectrum, the three-membered ring protons of 16 gave rise 
to a multiplet at 8 2.33 while those of 17 gave a signal at 8 
2.28. That the trans aziridine (17) should give rise to a sig
nal for the ring protons at h igh er  field is in good agreement 
with the published data for N -acyl-2,3-dialkylaziridines. 1 7  

The complete stereospecificity of the reaction thus demon
strated tends to rule out any stepwise diradical process, 
such as might be expected if a triplet nitrene were in
volved ,5  but does not exclude the possibility of dipolar ad
dition of the nitrenoid 18 followed by extrusion of triethyl

R , .Ri

R /  R2

+

/P h p

N\
+ / °  +P(0Et )3

18

,N>'P
EtC) l\ )E t OEt

+ (EtOhPO

140°

xylene

P h ^ /N H P h

OfPh Ph

+ C6H4

20
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phosphate, in a manner analogous to the thermal extrusion 
of nitrogen from tria2 olines. This possibility was closely 
scrutinized.

Huisgen has reported the isolation of a closely related 
species, 19, and shown it to be stable at room tempera
ture,18 whereas our reaction proceeds spontaneously, even 
at —78°. In addition, 19 undergoes thermal decomposition 
in boiling xylene to give 20, no aziridine being formed. Fur
thermore, if the reactive intermediate in the deoxygenation 
were indeed a dipolar species, then it would be expected to 
be more reactive toward good dipolarophiles, such as meth
yl acrylate, than toward nonpolar olefins such as the bu
tenes. In fact, when 1 was deoxygenated in the presence of 
excess methyl acrylate or dimethyl maleate, no adduct 
could be detected, the only isolable product being 14. This 
behavior should be contrasted with the reaction between 
phenyl azide and methyl acrylate, a known 1,3-dipolar cy
cloaddition, which takes place under mild conditions to 
give a 1,2,3-triazoline in high yield.19® Deoxygenation of p- 
trifluoromethylnitrosobenzene with (EtO);jP in the pres
ence of tetramethylethylene did not yield in aziridine. A 
low yield of 4,4'-di(trifluoromet,hyl)azoxybenzene was isol
ated.1911

When pentafluorophenyl azide (21) was heated at 100° 
in tetramethylethylene, the expected20 triazoline 22 was 
not obtained. Instead, extrusion of nitrogen was accompa
nied by rearrangement, resulting in the imine 23. Oehlsch-

bene gave the expected single aziridine 28 in 32% yield, but 
with cis-stilbene only 0.6% of the geometrically isomeric az
iridine 27 was isolated. Photolysis of 21 in the presence of 
stilbenes gave no adducts at all; this might be due to ab
sorption of the radiation by the olefinic substrate which 
was present in high relative concentration in these experi
ments.

Reaction of the enamine 8 with 1 proved to be more 
rapid than the deoxygenation of 1 by triethyl phosphite in
asmuch as, even at low temperature, only 9 was isolated. 
Reaction of 8 with 21 also occurred rapidly at room temper
ature to give triazoline 29 with the expected orientation.22

Vinyl ethers are known to display similar activity toward 
aryl azides.23 The primary adducts formed in such reac
tions usually eliminate a molecule of nitrogen to give an az
iridine, but when the nitrogen atom bears a strongly elec
tronegative substituent, an imine results from loss of nitro
gen.24 The latter was observed when 21 was added to dihy- 
dropyran, 31 being the product isolated, presumably via 30.

lager and Zalkow have reported similar rearrangements in 
related systems.21 23 gave pentafluoroaniline and te r t -  
butyl methyl ketone on acid hydrolysis. On the other hand, 
photolysis of 21 in tetramethylethylene (below the temper
ature at which 1,1-dipolar addition occurs) gave 15 in 60% 
yield, and in cis - and tra n s -2-butene gave 16 and 17, re
spectively, and stereospecifically, each in 18% yield.

These observations strongly suggest the participation of 
a common intermediate in the deoxygenation and azide 
photolysis reactions but not in the azide thermolysis, and 
this is most likely the corresponding singlet nitrene. Other 
comparison between the nitroso compound deoxygenations 
and azide photolyses provided further evidence. Thus, cy
clohexene gave the expected aziridine, 24, in 35 and 39%

24, R,
25, Rj
26, Rt
27, R,
28, R,

PhFN

Ru jR iX
r/  r

R2 = H; R3R4 = -(CH 2)4-
R2 = H; R3 = R4 Cl
R4 = H; R, = R3 = Cl 
R2 = H; R3 = R4 = Ph 
R4 = H; R2 = R3 = Ph

yields, respectively. Likewise, stereospecific aziridine for
mation occurred when 21 was photolyzed in cis- and tra ns-
1,2-dichloroethylene, a substrate with which no thermal 
reaction occurred, even at 100°. An aziridine was also ob
tained with 4-methyl-2-pentene but no reaction occurred 
with the highly deactivated trichloroethylene.

Reactions with aryl-substituted ethylenes showed more 
variations. Deoxygenation of 1 in the presence of tra n s -stil-

These observations precluded an investigation of the be
havior of enamines and vinyl ethers toward aryl nitrenes 
generated under the conditions used in this paper.

Irradiation of ethyl azidoformate in the presence of cer
tain five-membered aromatic heterocycles has been re
ported to give both 1,2 and 1,4 adducts via a nitrene inter
mediate.7®'25 Irradiation of 21 in pyrrole gave only tars, but 
in thiophene the apparent substitution product 32 was ob
tained, probably formed via the initial addition of CgFsN 
as in the case of benzene derivatives.12

32
In an extension of the studies with pentafluorophenylni- 

trene the properties of 2- and 4-azidotetrachloropyridine 
were investigated briefly. After this work was completed, a 
report appeared26 on the chemistry of 4-azidotetrafluoro- 
pyridine, whose derived nitrene is also highly electrophilic 
in character. 4-Azidotetrachloropyridine, synthesized from 
pentachloropyridine and sodium azide, readily underwent 
thermal cycloaddition to tetramethylethylene to give even
tually the imine 33 (cf. formation of 23) in 79% yield. The 
reaction was slow at room temperature, however, and pho
tolysis under these conditions resulted in formation of the 
aziridine 34 in 14% yield, along with a small amount of the 
hydrogen abstraction product 35. The latter could arise 
from the triplet nitrene. Photolysis of 4-azidotetrachloro
pyridine in cyclohexene gave only amine 35, no adduct 
being formed, suggesting that the derived nitrene is much 
less electrophilic than the corresponding fluorinated 
species, as expected. 2-Azidotetrachloropyridine gave only
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Table I
Deoxygenation of Pentafluoronitrosobenzene with Triethyl Phosphite in

Ri\ /Rt
c=c

r/  y

Registry no. R! R, Ns Rd Temp, 0 C Aziridine, % 14, %

563-79-1 Me Me Me Me -1 0 30 14
590-18-1 H Me Me H -2 0 17 27
624-64-6 Me H Me H -2 0 18 35
110-83-8 H —(c h 2) 4- H 0 35 13
103-30-0 Ph H Ph H -2 0 26
645-49-8 H Ph Ph H -4 5 1
624-48-6 H CO,Me CO,Me H -4 0 48

96-33-3 COzMe H H H -4 5 53

Table II
Photolysis of PhiN3 at 300 nm in

r ;

\ - — ( /
R

R
Aziri-

Registry no. Ri R 2 r 3 r 4 Time, hr dine, %

Me Me Me Me 48 60
H Me Me H 48 18
Me H Me H 85 18

156-59-2 H Cl Cl H 6 days 21
156-60-5 Cl H Cl H 168 27

H - ( c h 2) 4- H 12 39
1674-10-8 Me —(c h 2) Me 70 11
691-38-3 Me H /-P r H 8 8 20

Ph H Ph H
H Ph Ph H

tars when heated in tetramethylethylene, but did yield a 
triazole (36) (82%) with dimethyl acetylenedicarboxylate.

The addition of pentafluorophenylnitrsne to olefins is 
summarized in Tables I and II.

Experimental Section
General. Melting points are uncorrected and were taken on an 

Electrothermal apparatus; infrared spectra were determined on a 
Perkin-Elmer 257, NMR spectra on a Varian HA-100 or Hitachi 
R-20B, and mass spectra on a CEC-104 instrument. Silica gel for 
column chromatography was Baker 60-200 rr.eah. Silica gel for 
TEC was Merck PF2r,4- Light petroleum refers to the fraction of bp 
20-60°. Drying of solutions was invariably with anhydrous sodium 
sulfate.

Pentafluoronitrosobenzene was prepared by performic acid oxi
dation of pentafluoroaniline and purified by distillation according

to the method of Tatlow.27 Pentafluorophenyl azide was prepared 
by diazotization of pentafluorophenyl hydrazine,28 or by reaction 
of hexafluorobenzene with sodium azide in dimethyl sulfoxide.29 
Photolyses were carried out in a Rayonet photochemical reactor.

Reaction of Pentafluoronitrosobenzene and Other Nitroso- 
benzenes with Tetramethylethylene. Pentafluoronitrosoben
zene (140 mg) was added to excess tetramethylethylene and shak
en until dissolved. Evaporation of the excess olefin gave colorless 
crystals of JV-(l,l,2 -trimethyl)-2 -propenylpentafluorophen- 
ylhydroxylamine (191 mg, 96%): mp 78-79° (light petroleum); ir 
(KBr) 3310 (hr), 1636, 1490, 1372, 1362, 1150, 1140, 990, 962, 900 
cm-1; NMR (CCI4) <5 5.40 (s, 1, exchanged with DaO), 5.00 (m, 2),
1.93 (s, 3), 1.27 (t, J = 1.7 Hz, 6); MS m/e (rel abundance) 281 (1), 
280 (1), 265 (2), 263 (3), 250 (2), 224 (8), 208 (9), 197 (3), 183 (9), 
167 (3), 117 (10), 83 (100).

Anal. Calcd for Ci2Hi2F5NO: C, 51.21; H, 4.27. Found: C, 51.19; 
H, 4.36.

Catalytic reduction over 10% Pd/C in ether at 25° (1 atm) gave 
the saturated side-chain molecule as an oil, bp 120- 122° (1 mm), 
MS m/e 240 (M-+ -  F), 85 (100).

Anal. Calcd for C12Hi4F5NO: C, 50.88; H, 4.95. Found: C, 51.16; 
H, 5.11.

A similar reaction using nitrosobenzene gave analytically pure 3 
in 77% yield after one recrystallization, mp 59-60° (light petrole
um) (lit.15b mp 58°).

Addition of p-nitrosobenzotrifluoride to tetramethylethylene 
gave lV-(l,l,2-trimethy]-2-propenyl)-4-trifluoromethylphen- 
ylhydroxylamine (85%), mp 76-77° (light petroleum).

Anal. Calcd for C13HlfiF;!NO: C, 60.22; H, 6.18. Found: C, 60.12; 
H, 6.28.

Reaction of Pentafluoronitrosobenzene with 2-Butenes.
Pentafluoronitrosobenzene (141 mg) and eis-2-butene (3 ml) in 
methylene chloride (3 ml) was allowed to stand at —20° for 2 hr, 
after which the solvents were evaporated and the residue was re- 
crystallized from light petroleum to give N-(l-methyl)-2 -pro- 
penylpentafluorophenylhydroxylamine (109 mg, 60%); mp 72- 
73°; ir (NaCl) 3295, 1643, 1500, 1370, 1328, 1070, 990, 946, 830 
cm-1; NMR (CC14) S 6.39 (s, 1, exchanged with D20), 5.54-6.13 (q, 
1), 5.20 (dd, J = 4 Hz, 1), 3.75-4.22 (q, 1), 1.28 (d, J = 7 Hz, 3); MS 
m/e (rel abundance) 253 (M-+, 0.3), 252 (1), 220 (2), 208 (2), 197
(6), 194 (10), 182 (2), 167 (5), 117 (8), 93 (4), 55 (100).

Anal. Calcd for CioHsFgNO: C, 47.44; H, 3.16. Found; C, 47.90; 
H, 3.33.

TLC of the mother liquors gave 36 (8 mg) as an oil.
Reaction under the same conditions with irons-2-butene gave 

an oily residue which was subjected to preparative TLC and elu
tion with CHCI3—light petroleum (1:9 v/v) to give /V-(l-methyl)-2- 
propenylpentafluoroaniline (44 mg, 8.5%) (6): ir (film) 3375, 3078, 
1650, 1513, 1372, 1351, 1260, 1020, 989, 926 cm“ 1; NMR (CC14) S 
5.52-6.08 (septet, 1), 5.22 (dd, J = 8 and 2 Hz, 1), 5.00 (d, J = 4 
Hz, 1), 4.23 (m, 1), 3.40 br (s, 1, exchanged with D20), 1.36 (d, J = 
7 Hz, 3); MS m/e (rel abundance) 237 (M-+, 6), 222 (6), 195 (30), 
183 (22), 181 (98), 167 (100), 155 (26), 131 (76), 117 (92), 93 (49), 69
(35).

Reaction of 1  with l-(JV-Morpholmo)-l -cyclohexene. Pen
tafluoronitrosobenzene (890 mg) in methylene chloride was added 
to l-(/V-morpholino)-l-cyclohexene (734 mg) in methylene chlo
ride (10 ml) and stirred for 1 hr at 25°. Removal of the solvent gave 
a residue of l-(iV-morpholino)-6 -(JV-pentafluorophenylhy- 
droxylamino)-!-cyclohexene (9, 601 mg, 40%); mp 95-96° (light
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petroleum); ir (KBr) 3290, 1640, 1500, 990 cm“ 1; MS m/e (rel 
abundance) 364 (M-+, 2), 167 (100), 166 (98), 86 (17), 80 (12).

Anal. Calcd for Ci6Hi7F5N20 2: C, 52.76; H, 4.68. Found: C, 
52.59; H, 4.81.

Similar results were obtained when the reaction was carried out 
in the presence of triethyl phosphite (see general conditions below) 
at -40° (yield of hydroxylamine 34%). No aziridine was observed 
under these conditions.

Hydrolysis of 9. A mixture of 9 (0.24 g) in methylene chloride (5 
ml) and 10% HC1 (7 ml) was stirred at room temperature for 72 hr. 
Extraction with CH2CI2, washing with water, drying (Na2S 04), and 
evaporation gave 2 -JV-pentafluorophenylhydroxylaminocyclo- 
hexanone (11, 0.13 g, 70%), mp 117-118° (ether): ir (KBr) 3480, 
1710, 1495, and 990 cm-1; MS m/e (rel abundance) 294 (M-+, 11), 
167 (22), 127 (55), 97 (100).

Anal. Calcd for Ci2H10F5NO2: C, 49.00; H, 3.10. Found: C, 48.99; 
H, 3.21.

Reaction of 1 with Cyclohexene. Pentafluoronitrosobenzene 
(255 mg) in CH2CI2 (2 ml) was added over 0.5 hr to a stirred solu
tion of cyclohexene (2 ml) in CH2C12 (3 ml) at 30° under N2. After 
stirring for a further 0.5 hr the solvents were evaporated and the 
residue was subjected to preparative TLC. Elution with benzene- 
light petroleum (1:3 v/v) gave iV-(3-cyclohexcnyl)pentafluo- 
roaniline (39 mg, 11.4%): bp 70-75° (0.1 mm); ir (film) 3390 cm-1; 
NMR (CCI4) 5 5.82 (m, 2), 4.14 (s, 1, exchanged with D20), 3.43 (m, 
1), 2.03 (m, 2), 1.76 (m, 4); MS m/e (rel abundance) 263 (M-+, 9), 
81 (100).

Anal. Calcd for Ci2H10F5N: C, 54.80; H, 3.80. Found: C, 55.01; H,
3.64.

Further elution gave an unidentified yellow oil (10 mg) [ir (film) 
1723, 1674, 1642, and 1324 cm-1] and intractable oils and gums.

Deoxygenation of Pentafluoronitrosobenzene in Tetra- 
methylethylene. Pentafluoronitrosobenzene (575 mg) in chloro
benzene (2 ml) was added dropwise to a stirred solution of triethyl 
phosphite (485 mg) in tetramethylethylene (3 g) at -10 °. The re
sulting brown solution was evaporated down to a small volume and 
the residue was chromatographed on silica gel (5 X 20 cm). Elution 
with light petroleum gave chlorobenzene. Elution with light petro
leum-benzene (4:1 v/v) gave an oil which crystallized on standing 
to 2,2,3,3-tetramethyl-l-pentafluorophenylaziridine (235 mg, 
30.5%): mp 70-72° (light petroleum); ir (KBr) 1498, 1440, 1377, 
1201, 1172, 1035, 986, 790 cm "1; NMR (CC14) 6 1.30 (t, J  = 1.7 Hz); 
MS m/e (rel abundance) 265 (M-+, 7), 250 (9), 223 (7), 208 (48), 
196 (6), 183 (100), 167 (7), 155 (21), 136 (26), 117 (21), 83 (24), 82
(26), 67 (40), 41 (22).

Anal. Calcd for Ci2H12F5N: 54.38; H, 4.53. Found: C, 54.43; H,
4.60.

Further elution with light petroleum-benzene (1:4 v/v) gave de- 
cafluoroazoxybenzene (77 mg, 14.0%), mp 52-54°, identical with an 
authentic sample.11 Elution with benzene-light petroleum (1:1 v/v) 
gave 4 (45 mg, 5.5%), mp 77-79°.

Similarly prepared were the following.
trans-2,3-Dimethyl-l-pentafluorophenylaziridine (18.0%): 

bp 70-75° (1.5 mm); ir (film) 2990, 1500. 1450, 1380, 1170, 1104, 
1038, 987 cm "1; NMR (CCI4) <5 2.28 (br q, J = 5 Hz, 2), 1.30 (d, J = 
5 Hz, 6 ); MS m/e (rel abundance) 237 (M-+, 34), 2 2 2  (22), 208 (25), 
195 (100), 194 (90), 181 (27), 167 (60), 117 (59).

Anal. Calcd for C10H8F5N: C, 50.63; H, 3.38. Found: C, 50.68; H,
3.47.

cis-2,3-Dimethyl-1-pentafluorophenylaziridine (17.3%): mp 
68-70° (sublimed in vacuo); ir (NaCl) 2990, 1503, 1460, 1307, 1172, 
1078, 1026, 988 cm“ 1; NMR (CC14) 5 2.33 (m, 2), 1.34 (d, J = 5 Hz, 
6); MS m/e (rel abundance) 237 (M-+, 34), 222 (27), 208 (30), 195 
(100), 194 (92), 167 (49), 117 (52).

Anal. Calcd for Ci0H8F5N: C, 50.63; H, 3.38. Found: C, 50.57; H, 
3.45.

7-Pentafluorophenyl-7-azabicyclo[4.1.0]heptane (35.0%): bp 
55-60° (0.5 mm); ir (film) 1500, 1191, 1032, 1008, 978, 941, 814 
cm“ 1; NMR (CC14) S 2.96 (m, 2), 2.50 (br d, 4), 1.9-2.1 (m, 4); MS 
m/e (rel abundance) 263 (M-+, 16), 181 (64), 167 (70), 131 (62), 117 
(69), 81 (100).

Anal. Calcd for Ci2Hl0FfiN: C, 54.76; H, 3.80. Found: C, 54.77; H, 
3.80.

trans-2,3-Diphenyl-l-pentafluorophenylaziridine (26.0%): 
mp 88-89° (light petroleum); ir (KBr) 1600, 1510, 1450, 1187,1068, 
1000, 812, 750, 697 cm "1; NMR (CC14) 5 7.30 (s, 10), 3.85 (t, J = 1.7 
Hz, 2); MS m/e (rel abundance) 361 (M-+, 72), 360 (54), 270 (28), 
257 (28), 194 (42), 178 (46), 167 (100), 152 (28), 117 (29), 77 (95).

Anal. Calcd for C2oH,2F5N: C, 66.50; H, 3.33. Found: C, 66.57; H, 
3.40.

Deoxygenation of Pentafluoronitrosobenzene in cis-Stil- 
bene. Pentafluoronitrosobenzene (723 mg) in methylene chloride 
(10 ml) was added dropwise to a stirred solution of cis-stilbene 
(1.62 g) and triethyl phosphite (604 mg) in methylene chloride (40 
ml) at -45 °. After a further 5 min, the solvent was evaporated and 
the residue was chromatographed on silica gel (5 X 20 cm). Elution 
with light petroleum-benzene (9:1 v/v) gave recovered cis-stilbene 
and a fraction showing additional infrared absorptions to those of 
cis-stilbene. On prolonged standing, this fraction deposited crys
tals of cts-2,3-diphenyl-l-pentafluorophenylaziridine (6 mg, 
0.6%): mp 113-115° (light petroleum); ir (KBr) 3020, 1490, 1450, 
1390, 1045, 1000, 975, 760, 745, 690 cm“ 1; NMR (CC14) <5 7.07 (s, 
10), 3.65 (br s, 2) ; MS m/e (rel abundance) 361 (M-+, 5), 360 (5), 
194 (13), 181 (39), 180 (100), 179 (92), 167 (63), 89 (37), 77 (34).

Anal. Calcd for C20H12NF5: mol wt, 361.0887. Found: mol wt, 
361.0905.

Deoxygenation of Pentafluoronitrosobenzene in Dimethyl 
Maleate. A solution of pentafluoronitrosobenzene (0.99 g) in 
methylene chloride (10 ml) was added quickly at —40° to a solu
tion of dimethyl maleate (1.75 g) and triethyl phosphite (0.83 g) in 
methylene chloride (20 ml). A brown solution resulted. After 5 min 
the solvent was evaporated and the residual oil was chromato
graphed on a column of silica gel (100 g) to give decafluoroazoxy- 
benzene (0.46 g, 48%), mp 53-54°, undepressed on admixture with 
an authentic sample.

A similar result was obtained when methyl acrylate and n-butyl 
vinyl ether were used as the substrates. The yields of azoxy com
pound were 53.0 and 10.4%, respectively.

Deoxygenation of p-Trifluoromethylnitrosobenzene in Te
tramethylethylene. To a cold solution (0°) of tetramethylethy
lene (6 ml) and triethyl phosphite (0.86 g) was rapidly added a so
lution of p-trifluoronitrosobenzene (0.92 g) in methylene chloride 
(3 ml). After 30 min the solution was worked up and the product 
was chromatographed on a column of silica gel (30 g) to give 4,4'- 
trifluoromethylazoxybenzene (0.11 g, 12%), mp 103-105°, identical 
with an authentic sample.

When the reaction was carried out at —50° the yield of azoxy 
compound was 23.1%.

Decomposition of Pentafluorophenyl Azide in Tetrameth
ylethylene and other Olefins. A. Thermolysis. Pentafluoro
phenyl azide (424 mg) in tetramethylethylene (10 ml) was de
gassed and then heated in a sealed tube at 100° for 48 hr. Excess 
olefin was evaporated from the cooled mixture and the residue was 
distilled to give 2,2-dimethyl-3-pentafluorophenyliminobutane 
(23, 496 mg, 97%): bp 65° (0.5 mm); ir (film) 2960, 1650, 1505, 1370, 
1150, 1145, 1000, 950, 840 cm -1; NMR (CC14) 5 1.84 (s, 3), 1.27 (s, 
9); MS m/e (rel abundance) 265 (M-+, 12), 250 (9), 209 (14), 208 
(100), 183 (11), 167 (14), 117 (12), 57 (21).

Anal. Calcd for Ci2H i2FsN: C, 54.43; H, 4.51. Found: C, 54.40, H,
4.55.

A solution of 23 (353 mg), methanol (1 ml), and 25% sulfuric acid 
(5 ml) was stirred at 25° for 72 hr, after which the mixture was ex
tracted with methylene chloride and the extracts were washed with 
water and dried. Evaporation of the solvent gave a residue shown 
to contain pinacolone and pentafluoroaniline by GLC analysis and 
comparison with authentic samples.

B. Photolysis. Pentafluorophenyl azide (436 mg) in tetrameth
ylethylene (10 ml) was degassed and then photolysed in a sealed 
Pyrex tube with 300-nm radiation at 25° for 48 hr. The solvent was 
then evaporated and the crystalline residue, after preparative TLC 
and elution with benzene-light petroleum (1:4 v/v), gave 2,2,3,3- 
tetramethyl-l-pentafluorophenylaziridine (336 mg, 60%), mp 70- 
72° (light petroleum), identical with the previously prepared sam
ple.

Similarly prepared were the following.
cis- and trans-2,3-dimethyl- 1-pentafluorophenylaziridine (18.0 

and 18.0%) (from cis- and trans-2,3-dimethyl-2-butene, respec
tively), and 7-pentafluorophenyl-7-azabicyclo[4.1.0]heptane 
(38.6%) (from cyclohexene), all identical with previously prepared 
compounds.

eis-2,3-Dichloro-1-pentafluorophenylaziridine (27.0%): mp 
124-125° (light petroleum) (from cis-dichloroethylene); ir (KBr) 
1520, 1350, 1090, 1005, 870, 855, 710 cm“ 1; NMR (CC14) <5 4.54 (dd, 
J = 0.75 Hz); MS m/e (rel abundance) 281 (M-+, ,7C12, 1.5), 279 
(:!7C1:!5C1, 9), 277 (M-+, 35CL, 14), 244 (12), 242 (30), 217 (6), 207
(15), 194 (100), 174 (15), 167 (33), 117 (42), 93 (70).

Anal. Calcd for C8H2C12F5N: C, 34.53; H, 0.72. Found: C. 34.57; 
H, 0.80.

trans-2,3-Dichloro-l-pentafluorophenylaziridine (21.0%): 
mp 54-56° (light petroleum) (from trans-dichloroethylene); ir
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(NaCl) 1500, 1320, 1260, 1250, 1093, 1050, 890, 840, 810, 775 cm“ 1; 
NMR (CCI4) b 4.70 (m); MS m/e (rel abundance) 281 (M-+, 37Cl2, 
1), 279 (37C135C1, 6), 211 (M-+, 35C12, 10), 244 (16), 207 (8), 194 (50), 
181 (8), 167 (33), 117 (33), 109 (100), 83 (33).

Anal. Calcd for C8H2Cl2F5N: C, 34.53; H, 0.72. Found: C, 34.47; 
H, 0.78.

1,6-Dimethyl-7-pentafluorophenyl-7-azabicyclo[4.1.0]hep- 
tane (11.3%): mp 42-43° (light petroleum) (from 1,2-dimethylcy- 
clohexene); ir (KBr) 2940 1510, 1450, 1395, 1205, 1150, 1060, 1000, 
800 cm“ 1; NMR (CC14) b 1.32-2.2 (br d, 8), 1.19 (t, J  = 3 Hz, 6); 
MS m/e (rel abundance) 291 (M-+, 12), 276 (12), 209 (100), 167 
(50), 117 (52).

Anal. Calcd for C14H14F5N: mol wt, 291.1047. Found: mol wt, 
291.1042.

trans-2-Methyl-3-isopropyl-l-pentafluorophenylaziridine
(19.7%): bp 90-100° (0.5 mm) (from 2-methyl-3-pentene); ir (film) 
2970, 1500,1170, 1040, 990 c m '1; NMR (CC14) <5 2.50 (br d, 1), 1.95 
(m, 11), 1.60 (m, 1), 1.19 (d, J = 4.5 Hz, 6), 1.08 (s, 3), 0.96 (s, 2); 
MS m/e (rel abundance) 265 (M-+, 11), 250 (26), 211 (22), 196 
(100), 167 (22), 117 (22), 84 (16).

Anal. Calcd for C12H12F5N: C, 54.34; H, 4.53. Found: C, 54.50; H, 
4.58.

Thermolysis of Pentafluorophenyl Azide in Dihydropyran.
Pentafluorophenyl azide (326 mg) and dihydropyran (2.5 g) were 
sealed in a Pyrex tube and heated at 120° for 24 hr. Excess dihy
dropyran was removed from the cooled mixture, leaving an oil 
which crystallized to give 6-valerolactone pentafluoroanil (208 
mg, 70%): mp 57-59° (light petroleum); ir (KBr) 2960, 1650, 1500, 
1400, 1340, 1280, 1255, 1080, 1000 c m '1; NMR (CC14) b 4.20 (t, J = 
5 Hz, 2), 2.70 (t, J = 5 Hz, 2), 1.95 (m, 4); MS m/e (rel abundance) 
265 (M-+, 10), 181 (100), 153 (11), 135 (20), 116 (20).

Anal. Calcd for CuHsFsNO: C, 49.80; H, 3.02. Found: C, 49.83; 
H, 3.07.

The same product was also obtained (90%) when the reaction 
was conducted at 25° for 12 days.

Photolysis of Pentafluorophenyl Azide in Thiophene. Pen
tafluorophenyl azide (326 mg) in thiophene (10 ml) was sealed in a 
Pyrex tube and irradiated at 300 nm at 25° for 64 hr. The excess 
thiophene was then evaporated and the residue was subjected to 
preparative TLC. Elution with light petroleum gave 2-pentafluo- 
roanilinothiophene (48 mg, 11.5%): mp 55-60° (light petroleum); 
ir (KBr) 3400, 1525, 1090, 1020, 820, 790 cm“ 1; NMR (CC14) b 7.17 
(dd, J = 4 and 3 Hz, 1), 6.79 (d, J = 4 Hz, 1); MS m/e (rel abun
dance) 265 (M-+, 100), 246 (58), 245 (38), 220 (35), 201 (18), 174 
(14), 168 (9), 167 (4), 117 (56), 99 (50), 71 (88).

Anal. Calcd for C10H4F5NS: C, 46.00; H, 1.51. Found: C, 46.01; 
H, 1.58.

4-Azidotetrachloropyridine. Pentachloropyridine (2.5 g) and 
sodium azide (1.0 g) were heated in boiling acetonitrile (50 ml) for 
10 hr. The mixture was poured into water and extracted with chlo
roform. Drying and evaporation of the chloroform extracts gave a 
yellow oil, which was subjected to preparative TLC. Elution with 
light petroleum gave starting material (1.7 g) and 4-azidotetra- 
chloropyridine (0.80 g, 22.1%): mp 47-48° (light petroleum); ir 
(KBr) 2150, 1525, 1400, 1355, 1330, 1185, 1110, 920, 900, 765 c m '1.

Anal. Calcd for C5CI4N4: C, 23.25; H, 0.0. Found: C, 23.43; H, 0.0.
Decomposition of 4-Azidotetrachloropyridine in Tetra- 

methylethylene. A. Thermolysis. 4-Azidotetrachloropyridine 
(463 mg) in tetramethylethylene (5 ml) was heated at 120° in a 
sealed tube for 24 hr. Excess olefin was evaporated and the residue 
was subjected to preparative TLC. Elution with light petroleum 
gave 2,2-dimethyl-3-(4-tetrachloropyridyl)iminobutane (454 
mg, 79.5%): mp 100-101° (light petroleum); ir (KBr) 2990, 1670, 
1530, 1375, 1350, 1320, 1250, 1155, 1000, 940, 850, 785, 735 c m '1; 
NMR (CDCL) b 1.80 (s, 3), 1.28 (s, 9); MS m/e (rel abundance) 320 
(M-+, 37C14, 0.1), 318 (37C1335C1, 0.7), 316 (37C1235C12), 314 
(37CF>C13, 7), 312 (M-+, 35C14, 5), 273 (9), 271 (14), 258 (42), 256 
(100), 254 (72), 214 (14), 117 (14).

Anal. Calcd for CnH^CRNo: C, 42.04; H, 3.82. Found: C, 42.20; 
H, 3.88.

B. Photolysis. 4-Azidotetrachloropyridine (487 mg) in tetra
methylethylene (5 ml) was irradiated at 300 nm in a sealed tube 
for 6.5 days at 25°. Excess olefin was evaporated and the residue 
was subjected to preparative TLC. Elution with light petroleum 
gave 2,2,3,3-tetramethyl-l-(4-tetrachloropyridyl)aziridine (85 
mg, 14.3%): mp 151-152° (light petroleum); ir (KBr) 2940, 1525, 
1510, 1430, 1340, 1245, 1205, 1120, 1050, 990, 800, 750 cm“ 1; NMR 
(CCLt) 5 1.40 (s); MS m/e (rel abundance) 320 (M-+, 37C14, 0.2) 318 
(37C1:,35C1, 2), 316 (37C1235C12, 11), 314 (37C135C13, 22), 312 (M-+, 
35C14, 17), 280 (61), 278 (56), 268 (44), 266 (100), 264 (78), 247 (22),

245 (22), 216 (28), 214 (17), 181 (11), 154 (22), 153 (28), 144 (17), 
118(17).

Anal. Calcd for Cu H1oCl4N2: C, 42.04; H, 3.82. Found: C, 41.98;
H, 3.83.

Also eluted was 4-aminotetrachloropyridine (6.1 mg, 1.4%), mp 
215-216° (lit.30 mp 212-215°).

When the photolysis was carried out in cyclohexene the only iso- 
lable product was the primary amine (12.1%), mp 212-214°.

Thermolysis of 2-Azidotetrachloropyridine in Dimethyl 
Acetylenedicarboxylate. 2-Azidotetrachloropyridine30 (6 2 7 mg) 
and dimethyl acetylenedicarboxylate (503 mg) were heated in boil
ing chloroform for 43 hr. Evaporation of the solvent gave a residue 
which was subjected to preparative TLC. Elution with light petro
leum gave 4,5-dimethoxycarbonyl-l-(2-tetrachloropyridyl)-
I, 2,3-triazole (814 mg, 85.2%): mp 125-126° [chloroform-light pe
troleum (1:1 v/v)]; ir (KBr) 2960, 1750, 1725, 1590, 1530, 1450, 
1330, 1300, 1260, 1230, 1140, 110, 970, 840, 810, 770 cm“ 1; NMR 
(CDClg) b 4.00 (s, 3), 3.90 (s, 3); MS m/e (rel abundance) 378 (M-+, 
37C14, 0.2), 376 (37C1335C1, 1.5), 374 (37C1235C12, 6), 37 2 (37C135C13, 
6), 370 (M-+, 35C14, 9), 340 (12), 285 (50), 272 (18), 257 (18), 255 
(31), 253 (25), 219 (50), 216 (100), 214 (75), 181 (37), 179 (43), 155 
(25), 153 (25), 144 (19), 109 (25).

Anal. Calcd for CiiH6Cl4N40 4: C, 33.00; H, 1.50. Found: C, 
33.10; H, 1.61.

JV-tert-Butylpentafluoroaniline. Hexafluorobenzene (5 g), 
tert-butylamine (3.7 g), and sodium carbonate (2.5 g) were heated 
in a sealed tube at 100° for 14 hr. The cooled, filtered mixture was 
evaporated to give JV-tert-hutylpentafluoroaniline (0.7 g, 11%): 
bp 130-135° (20 mm); ir (film) 3400, 3340, 1470, 1367 cm "1; NMR 
(CC14) b 2.95 (br s, 1, exchanged with D20), 1.28 (t, J  = 1.7 Hz, 9).

Anal. Calcd for C10Hi0F5N: C, 50.18; H, 4.19. Found: C, 50.19; H, 
4.33.

Registry No.—1, 1423-13-8; 3, 28943-93-3; 4a, 30287-20-8; 4b, 
54698-78-1; 6 , 54698-79-2; 8, 670-80-4; 9, 54698-80-5; 11, 54698-81- 
6; 15, 39904-17-1; 16, 39830-50-7; 17, 39830-49-4; 21, 1423-15-0; 23, 
54698-82-7; 25, 54698-94-1; 26, 54698-95-2; 27, 54698-96-3; 28, 
39830-51-8; 32, 54698-83-8; 33, 54698-84-9; 34, 54698-85-0; 36, 
54698-86-1; N- (l,l,2-trimethyl)propylpentafluorophenylhydrox- 
ylamine, 54698-87-2; A/-(l-methyl)-2-propenylpentafluorophen- 
ylhydroxylamine, 54698-88-3; AL(3-cyclohexenyl)pentafluoroani- 
lene, 54698-89-4; 7-pentafluorophenyl-7-azabicyclo[4.1.0]heptane, 
54698-90-7; p-trifluoromethylnitrosobenzene, 34913-26-3; 1,6-di- 
methyl-7-pentafluorophenyl-7-azabicyclo[4.1.0] heptane, 54698- 
91-8; irares-2-methyl-3-isopropyl-l-pentafluorophenylaziridine,
54698-97-4; dihydropyran, 110-87-2; 6-valerolactone pentafluo
roanil, 54698-92-9; thiophene, 110-02-1; pentachloropyridine, 
2176-62-7; 4-azidotetrachloropyridine, 51379-64-7; 2-azidotetra- 
chloropyridine, 54698-93-0; dimethyl acetylenedicarboxylate, 762- 
42-5; N-iert-butylpentafluoroaniline, 13471-90-4; hexafluoroben
zene, 392-56-3; tert-butylamine, 75-64-9; nitrosobenzene, 586-96-9.
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The synthesis and reactivity of 3-hydroxy-2,3-dihydro-2-oxopurine (1) is described. The acetyl and tosyl esters 
of 1 react with water to give some 2,8-dihydroxypurine and hydrolysis products, while the acetyl ester of 1 pre
pared in situ reacts with methionine at room temperature to give almost quantitative yield of 2-hydroxy-8- 
methylmercaptopurine. The xanthine oxidase oxidation of 1 gave good yield of 3,8-dihydroxy-2,3-dihydro-2-oxo- 
purine. The photoirradiation of 1 at pH 3.0 produces 2-hydroxypurine (21%) and a small amount of 2,8-dihydrox
ypurine (1%), while at pH 9.0 it gives mostly a ring-opened imidazole derivative, a small amount of 2-hydroxypur
ine, and a trace of 2,8-dihydroxypurine.

It has been reported from this laboratory that esters of
3-hydroxyxanthine2 fi and some of its methylated deriva
tives undergo an elimination-substitution reaction to yield
8-substituted xanthines, even at room temperature and in 
nearly neutral solution. The subsequent studies of some 
analogs7“9 of 3-hydroxyxanthines have shown that some 
7r-excessive ring systems can undergo an elimination-sub
stitution reaction similar to that of the esters of 3-hydrox
yxanthine.

This paper describes the reactions of 3-hydroxy-2,3-di- 
hydro-2-oxopurine (1). This was prepared by condensation

of 5-aminocytosine 1-oxide7 with triethyl orthoformate in 
boiling ethanol. Although the reaction was carried out het- 
erogenously, the overall yield of 1 was found to be quite

satisfactory. The identity of the compound was confimed 
by NMR, uv spectra, elemental analysis, and mass spec
trum. The uv spectrum of 1 in both acid and neutral media 
resembles those of 2-hydroxypurine10 (2,3-dihydro-2-oxo- 
purine).11'12 The uv of the neutral species of 1 shows a 
bathochromic shift of 5 nm in long-wavelength major band 
with respect to that of its parent purine, as do the uv spec
tra of 3-hydroxyxanthine and its analogs,7“9 thus confirm
ing that the neutral species of 1 does exist in the N- hy
droxy form as shown. The basic pKa (1.79) of 1 was found 
to be similar to that of 2-hydroxypurine (1.69), which indi
cates that the addition of the 3-hydroxy function to 2-hy
droxypurine has little effect on the protonation. The 3- 
hydroxy-2,3-dihvdro-2-oxopurine is very insoluble in water 
and purification was achieved only by reprecipitation. Un
like 2-hydroxypurine,13 which ring opens to 4,5-diamino- 
purine even in pH 5 solution, 1 undergoes ring opening 
slowly only in strong acid solution at room temperature (in 
3 N  HC1 fi/9 = 4 days). Like 3-hydroxyxanthine, 1 reacted 
with acetic anhydride to form the acetyl ester of 1 but the 
isolation of ester in pure form was not successful owing to 
its ready hydrolysis. When the freshly prepared acetyl ester 
was boiled with ethanol, it did not give any 8-ethoxy-2- 
hydroxypurine; instead a small amount of 2,8-dihydroxy
purine10 (2,3,7,8-tetrahydro-2,8-dioxopurine, 3) and un
reacted 1 were obtained. Similar treatment of the acetoxy- 
purine with pH 7.00 buffer also gave a small amount of 3. 
Reaction of 1 with tosyl chloride in pyridine at room tem
perature for a prolonged period of time gave some 3, but 
upon refluxing in pyridine most of the 1 decomposed to 
non-uv absorbing material and no 3 was detectable. The 
acetyl ester of 1 prepared in situ by the addition of acetic 
anhydride to an aqueous solution of 1 with methionine 
present gave almost a quantitative amount of 2-hydroxy-
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8-methylmercaptopurine (4),10'14 which was identified by 
comparison of the uv and chromatographic data with those 
of an authentic sample. In the absence of methionine, the 
acetyl ester prepared in situ did not react with water at 
room temperature to give 3, but upon prolonged stirring in 
water the ester hydrolyzed to give 1. The high yield of 4 
was clearly due to the stronger nucleophile, methionine, 
and constant regeneration of the ester by acetic anhydride. 
The elimination-substitution reactions of the ester of 1 
may proceed via an AE mechanism, that is, the addition of 
the nucleophile to C-8 followed by elimination and aroma- 
tization to the final product.

Xanthine oxidase15 was found to oxidize the position 8 
preferentially, to give mainly 3,8-dihydroxy-2,3-dihydro-
2- oxopurine (5)16 with only a small amount of 3-hydroxy- 
xanthine. Since 5 is isomeric to 3-hydroxyxanthine, the 
identity was readily established by comparison of the uv 
spectrum of 5 to that of 3-hydroxyxanthine, and by ele
mental analysis.

Similarities in the reactivities of 1 and 3-hydroxyxan- 
thine suggest that 1 is a potential oncogen, and have led us 
to compare its photochemical reactions with other purine 
N- oxides.17 The irradiation of the neutral molecule (at pH
3.0) with 3000-A light resulted in photoreduction to 6 (21%) 
and a minor 8-substitution product, identified as 2,8-dihy- 
droxypurine (1%). In contrast, no 8-substitution products 
were observed from the irradiation of 1- and 3-hydroxyxan- 
thines under similar conditions. Irradiation of the anion (at 
pH 9.0) also gave 7% of 6, a trace of 3, and a major product 
for which a positive Pauly test suggests an imidazole deriv
ative.

The results of this work show that the acetyl ester of 1 
has nearly the same reactivity as that of the corresponding 
ester of 3-hydroxyxanthine, notably the reaction to give an 
excellent yield of 4. Should an ester of 1 be formed in vivo 
it is likely to react with various sulfur-containing amino 
acids and other nucleophiles. In collaboration with Dr. M. 
N. Teller a comparison of the oncogenicity of 1 with that of
3- hydroxyxanthine in rats is planned.18'19

Experimental Section
The uv spectra were determined with a Cary 15 spectrophotom

eter. Analyses were performed by Spang Microanalytical Labora
tory, Ann Arbor, Mich. NMR spectra were determined with a Var- 
ian A-60 spectrometer, in Me2SO-d6 with tetramethylsilane as an 
internal reference. The melting points are uncorrected. Paper 
chromatography, ascending, on Whatman No. 1 paper was used to 
check the purity of each of the compounds prepared. For Dowex- 
50 chromatography BioRad AG-50, X8, 200-400 mesh (H+) resin 
was used. Photolyses were carried out with a Rayonet photochemi
cal reactor equipped with a 300-nm lamp and a Merry-Go-Round 
apparatus. All solutions were flushed with a stream of No at least 
for 30 min prior to irradiation.

3-Hydroxy-2,3-dihydro-2-oxopurine ( 1 ). 5-Aminocytosine 1- 
oxide hydrochloride1 (4,5-diamino-2-hydroxypyrimidine 3-N- 
oxide, 1.0 g) was added to a solution of triethyl orthoformate (5 ml) 
in ethanol (99%, 25 ml). The reaction was carried out hetero
geneously, with the solid heated in suspension under reflux for 5 
hr. The mixed precipitate (780 mg) was collected by filtration. The 
precipitate was suspended in water (5 ml) and the acidity was ad
justed to pH 6 with 1 N  NaOH, from which the free base of 1 (670 
mg, 79%) was isolated directly. An analytical sample was prepared 
by reprecipitation from dilute alkali by acid: mp 204° dec; NMR 
(TFA) i 9.00, 9.23; uv (pH -0.2), 325 nm (r X 1CT3 5.99), 262 
(6.88); (pH 3.6) 355 (2.67), 318 (5.24), 283 (3.08), 274 (3.12), 213 
(14.1); (pH 7.3) 334 (5.56), 277 (4.64), 271 (4.54); (pH 11) 325 
(5.99), 283 (6.86); pKa’s 1.78 ±  0.11, 5.38 ±  0.05, 9.28 ±  0.03; chem
ical ionization mass spectrum m/e 153 (M + 1), 151 (M — 1), 137 
(M + 1 -  16), 136 (M + 1 -  17), 110 (M + 1 -  44).

Anal. Calcd for C5H4N4O2: C, 39.48; H, 2.65; N, 36.83. Found: C, 
39.35; H, 2.70; N, 36.90.

Reaction of 3-Hydroxy-2,3-dihydro-2-oxopurine with Tosyl 
Chloride. Tosyl chloride (380 mg) was added to a solution of 1

(152 mg) in pyridine (5 ml), and the mixture was stirred at room 
temperature for 1 week. The dark brown solid (89 mg) was precipi
tated by the addition of ether. The NMR spectrum of the product 
showed multiplet signals for pyridine protons (10.0-5.8 ppm). The 
solid was dissolved in a small amount of 1 N  NaOH, and the solu
tion was absorbed in a Dowex-50 (H+) column. Elution with 1 N  
HC1 gave 2,8-dihydroxypurine12 (11 mg), and with 2 N  HC1 gave
5-aminocytosine 1-oxide7 (18.1 mg) and 5-aminocytosine (29 mg).

3-Acetoxy-2,3-dihydro-2-oxopurine (2). Acetic anhydride (1 
ml) was added to a solution of 1 (132 mg) in acetic acid (2 ml) and 
stirred at room temperature for 2 weeks. Ether (50 ml) was added 
to the reaction mixture, and the precipitate formed was collected 
and dried in vacuo. NMR in TFA showed the signals at 2.30 
(CH3CO-), 8.98, and 9.22 ppm (6- and 8-H). The compound was 
too unstable to permit purification, and it was used without fur
ther purification.

3.8- Dihydroxy-2,3-dihydro-2-oxopurine. A. Freshly prepared 
2 (118 mg, 0.608 mmol) was boiled with methanol (25 ml) for 4 hr. 
The solution was evaporated to dryness in vacuo. Chromatography 
of the residue over a Dowex-50 (H+) column with 0.1-2 N  HC1 
gave 2,8-dihydroxypurine13 (5.97 X 10“ 2 mmol, 10%), 1 (2.38 X 
10' 1 mmol, 39%), and 4,5-diaminopyrimidine (1.22 X 10“ 1 mmol, 
20% ).

B. Freshly prepared 2 (150 mg, 0.72 mmol) in pH 7.0 phosphoric 
acid buffer (0.05 M, 45 ml) was stirred at room temperature for 24 
hr. The mixture was absorbed on a Dowex-50 (H+) column. Elut
ing with 1 N  HC1 gave a small amount of 3,8-dihydroxy-2,3-dihy- 
dro-2-oxopurine (< 1%).

C. Heating 2 in AC2O-HOAC for 2 hr yielded 2,8-dihydroxypur
ine (13%).

2-Hydroxy-8-methylmercaptopurine (4). Acetic anhydride 
(100 rtl) was added to a mixture of 1 (80.9 mg, 0.54 mmol) and di
methionine (164 mg, 1.1 mmol) in water (20 ml) at room tempera
ture. After 24 hr of stirring at room temperature, the insoluble, un
changed starting material (39 mg, 49%) was separated by filtration, 
and the filtrate was adsorbed in Dowex-50 (H+) column. Elution of 
the column with 1 N  HC1 gave the 2-hydroxy-8-mercaptopurine14 
(1.32 mmol, 25%) followed by 8-methionium-2-hydroxypurine 
(2.23 X 10“ 2 mmol, 4.2%). The latter was converted to 4 by heating 
with 0.01 N  NaOH on a steam bath for 2 hr. The filtered, un
changed starting material (39 mg) was treated the same way as 
above in water (25 ml) and gave a quantitative yield of 4.

3.8- Dihydroxy-2,3-dihydro-2-oxopurine (5). Xanthine oxi
dase (0.4 ml, with activity to oxidize xanthine to uric acid at 45 
jumol min-1 ml-1) was added to 3-hydroxy-2,3-dihydro-2-oxopur- 
ine (100 mg, 2000 ml of water) solution and stirred at room tem
perature for 7 days. The solution was concentrated to a small vol
ume (10 ml) and the insoluble starting material (46 mg, 46%) was 
collected. Chromatography of the filtrate over a Dowex-50 (H+) 
column with 0.5 N  HC1 gave a trace of 3-hydroxyxanthine (0.32 
mg, 0.3%, followed by a small amount of unknown material, and
3,8-dihydroxy-2,3-dihydro-2-oxopurine (40.2 mg, 36%), FeCls blue 
color: uv (pH 0) 272 nm (e 8.25 X 103); mp 270° dec.

Anal. Calcd for C5H4N40 3: C, 35.72; H, 2.40; N, 33.33. Found: C, 
35.52; H, 2.62; N, 33.15.

Registry No.— 1, 54643-52-6; 2, 54643-53-7; 4, 10179-94-9; 5, 
54643-54-8; 5-aminocytosine 1-oxide hydrochloride, 54643-55-9.
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The base-catalyzed reactions of ethyl acetoacetate with a-azidochalcone, o-azido-(m-nitrobenzylidene)aceto- 
phenone, and a-azidobenzylideneacetone, as well as the reaction of ethyl benzoylacetate with a-azidobenzyli
deneacetone, were found to give substituted triazolycyclohexanones (5a,b and 8a,h). Ethyl benzoylacetate also 
reacted with a-azidochalcone or its nitro-substituted derivative, but yielded the N-l -substituted triazoles 10a,b. 
Structure assignment of all the products was essentially based upon !H and ,;1C NMR analysis and further con
firmed by analytical and other spectral data.

The reaction of aryl azides and alkyl azides with active 
methylene compounds under basic conditions to give u- 
triazoles (Scheme I) is called the Dimroth reaction after its 
discoverer.1 The mechanism of this synthetically important 
reaction has been shown to involve a two-step cycloaddi
tion process via a triazene intermediate.2

Scheme II

CH3C0CH2C02Et +

la

PhC0x
G = C

n 3 c6h „x
Et,N

2a, X =  H
b, X =  m-N02

Scheme I
The Dimroth Reaction

RC0— CH— C02Et
RCOCH,CO.,Et + Y N ;, —  > | " — — ’-

EtONa I -H 0
N
II
N
I

N

Y
R
1

C
Y— 1\ X — C0,Et

\ /
N = N

Recently, the Dimroth reaction has been extended to 
simple vinyl azides3 and /3-azidovinyl ketones.4 In both 
cases vinyl-substituted v-triazoles were obtained. In this 
paper, we describe our results of the reactions of a-azido- 
vinyl ketones with /3-keto esters where the initially formed 
vinyltriazoles underwent further reaction with the active 
methylene compounds.

Chemical Results. Treatment of ethyl acetoacetate (la) 
with a-azidochalcone (2a) or its nitrosubstituted derivative • 
2b in the presence of triethylamine furnished white, crys
talline products to which structures 5a and 5b are assigned 
on the basis of analytical and spectral properties (see dis
cussion NMR). From Scheme II it is apparent that the ini
tially formed Dimroth product 3 has undergone a Michael- 
type addition with the active methylene compound la in 
the presence of triethylamine to give 4. This reaction is ex
pected to occur readily, since the electron density of the 
olefinic double bond is decreased by the presence of two 
strong electron-withdrawing substituents. Under the basic 
reaction conditions, 4 then underwent an intramolecular 
aldolization, resulting in the formation of 5a,b. Under acid-

CH3

PhC° \
^ C — NX  X C— C0,Et
S ' \ /  Et N

H— C N = N
CfiITX

■c6H4x
CH.,

-un i JcH / c \

E t° < / 4 c X _ V COit
N— N

CT X CH,

Et ,N

4

5a, X =  H 
b, X =  m-N02
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ic conditions, dehydration of 5a,b occurred to give 6a,b in 
high yields.

Ring closure of the Michael adduct 4 in Scheme II thus 
occurred between the methyl group attached to Ci and the 
carbonyl in position 5. If the phenyl group in position 5 is 
replaced by a methyl group, cyclization proceeded in the 
other direction as found for the reactions of ethyl acetoace- 
tate (la) and ethyl benzoylacetate (lb) with a-azidobenzyl- 
ideneacetone (7). Compounds 8a,b then were obtained as 
the only reaction products. Acid-catalyzed dehydration of 
8a,b furnished 9a,b in high yields.

CH3C(X
2RC0CH2C02Et +

la, R =  Me 
b, R =  Ph

N /  X Ph 3t=N

/  V V  TT+
N r > C — C02Et „

\ r  3' /  un
N— N -Ik°

8a, R =  CH3 
b, R =  Ph

R

I
° \

^ C — C02Et 
N = N

Cyclization to a cyclohexanone cannot occur when the 
methyl group attached to Ci in 4 is replaced by a phenyl or 
substituted phenyl group. Thus, when ethyl benzoylacetate
(lb ) was treated with 2a or 2b in the presence of triethyl- 
amine, products 10a and 10b were obtained which resulted 
from base-induced decarbethoxylation of the Michael ad
ducts.

Ph

Ha CfiH+X

lb +  2a, b -
Et,N

lA F “  A
PhCO— C— CHX— CHy— N  ^.C— COoEt 

He COPh

 ̂ r  
N = N

10a, X = H
b, X  =  m-N02

Discussion o f the 'H and 13C NMR Spectra. The
NMR data (Tables I and II) which have led to structure 
elucidation of the triazole derivatives will now be discussed 
briefly.

The lH NMR spectra of compounds 5a and 5b showed 
the presence of only one type of methyl group for both 
CH3CH2 functions. The protons Ha, Hb, and Hc occupy 
axial positions as evidenced by the large coupling constants 
J ab and J bc (ca. 12 Hz). Furthermore, the hydroxyl proton 
of 5a in CDCI3 was found as a doublet, coupled to the axial 
proton Ha which resonated as a doublet of doublets. The 
magnitude of this long-range coupling (J = 2.5 Hz) is indic
ative of a W arrangement and, hence, points to an axial po
sition for the hydroxyl function.5 We further suggest that

the favorable W arrangement is aided by hydrogen bonding 
of the hydroxyl proton with the N-2' atom of the neigh
boring triazole ring. Addition of D20  in CDCI3 caused a 
fast disappearance of the hydroxyl absorption, while at the 
same time the Ha proton (but not Hc) exchanged slowly for 
deuterium. In DMSO-de solution at 90°, the Hb absorption 
(but not He) also disappeared completely.6 All the eviden
ces presented above thus indicate that the large substitu
ents occupy the preferred equatorial positions in the cyclo
hexanone ring. For the sake of completeness, we also men
tion here that the ketones 5a and 5b equilibrate with their 
respective enols upon standing in DMSO-dfi at room tem
perature. This was seen in the NMR spectrum by the pres
ence of a second ethyl absorption and a low-lying OH sin
glet at 8 12 (hydrogen bonding with the ester group in posi
tion 2). The keto-enol equilibrium compositions are as fol
lows: 90.5:9.5 for 5a and 85.5:14.5 for 5b.

Compound 5a was also subjected to 13C NMR analysis 
(see Table II). Assignment of the carbon atom absorptions 
of the triazole moiety was based on comparison with model 
compound 1 1 , prepared from benzyl azide and ethyl aceto-

CH3 
51385  ̂ I

51369
C6H6C H — CO;,H 

N— N 
11

acetate by the method of Dimroth.1 Noteworthy from 
Table II is the higher field absorption of the ketone carbon 
atom (8 202.6) compared with the value found for cyclohex
anone (b 208.8).7 The difference in chemical shift (6 ppm) 
is the same as that found for the C==0 carbon absorptions 
of acetone (8 206.0) and ethyl acetoacetate (5 200.5)8 and, 
hence, is due to the presence of an ester function in 0 posi
tion to the ketone group.

Compounds 6a and 6b, obtained by acid dehydration of 
5a and 5b, were also fully characterized by their NMR 
spectra (see Tables I and II). The observed coupling con
stants in the HNMR spectra are consistent with literature 
data.9 A comparison of the 13C NMR data of compounds 5a 
and 6a in Table II shows the expected upfield shift of the 
Ci atom absorption by introduction of a double bond in 
conjugation with the ketone function.7 In DMSO-dB solu
tion, 6a and 6b were converted completely into their re
spective enols upon standing at room temperature. The 
isomerization process was slow for 6a (within 1 month) but 
fast for 6b (within a few minutes). The *H NMR data given 
in Table I for 6b are those of the enol form.

As mentioned in the previous section, la  reacted with 7 
to give 8a and not the analog of 4a (with Me instead of Ph 
in position 5). This was apparent from the 7H NMR spec
tra, where Hc and Hc] (in addition to OH) exchanged for 
deuterium upon addition of D2O in DMSO solution. Proton 
Ha in 8a is no longer flanked by two electron-withdrawing 
groups and did not exchange.

The *H NMR spectra of 8a in several solvents (see Table 
I) pointed to an equilibrium between two forms. Indeed, 
the absorption lines for Ha, H|„ Hc, and the triazole methyl 
groups were broadened (in CDC13 and acetone-h«) or de- 
doubled (in DMSO-dg)- When a DMSO-de solution was 
heated to ca. 100°, the dedoubling disappeared and only 
one form was seen, having coupling constants J ab and J bc 
of 12 Hz. On the contrary, when an acetone-dB solution of 
8a was cooled to —20°, the Hc and triazole CH3 signals were 
dedoubled and the two forms were clearly distinguished. 
Both forms showed large values for J ab and J bc (12 Hz), 
consistent with axial positions for the Ha, Hb, and Hc
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Table I
100-MHz *H NMR Data

Chemical shifts, ppm Coupling constants, Hz

Compd Solvent Ha Hb Hc and He OH CH3 in Cgi J  be J de Other c7 values

5a CDC13 4.39 (d) 4.70 5.24 3.49 (dd) and 5.50 (d) 1.78 12 11 14 ^d,OH — 2 .5
(dd) (d) 2.98 (d) (s)

DMSO-d6 4.42 (d) 4.68 5.64 (d) 4.08 (d) and 5.95 (s) 1.61 12 11 14
(dd) 2.70 (d) (s)

5b DMSO-rfg 4.51 (d) 4.94 5.85 (d) 3.99 (d) and 6.17 (s) 1.62 12 11 14
(dd) 2.77 (d) (s)

6a CDCI3 4.28 (d) 4.46 5.96 6.54 (d) 2.03 13 9.5 4 » = 2.2
(dd) (br, d) (s)

DMSO-d6 4.64 (d) 4.10 6.75 6.56 (d) 2.00 13 10 JC' = 2
(br, m) (br, d) (br, s)

6b CDCI3 4.33 (d) 5.70 (d) 6.96 (s) 12.2 2.63 1.2
(enol) (s)

CHg in C5

8a CDCI3 3.40 (d) 4.40 5.64 2.84 (s) 1.44 (s) 2.40 12
(br) (br) (br)

Acetone- d 6 3.74 (d) 4.60 5.90 3.20 (d) and 1.46 (s) 2.34 12 14
(br) (br) 2.72 (d) (br)

DMSO-rf8 3.62 (br, 4.59
d) (br, dd) 5.85 and 3.24 (d) and 1.40 (s) 2.15 and 14

6.30 2.62 (d) 2.56
(br) (br)

8b DMSO-rf6 4.08 (d) 4.75 5.42 (d) 3.72 (d) and 12 12 14
(dd) 2.56 (d)

9a CDCI3 4.09 (m) 4.57 5.30 (d) 6.19 (m) 2.07 (d) 2.22 (s) 11 13 CsfII<u

(dd) Jf  If TT - 0 .5
DMSO-de 4.28 (m) 4.28 6.18 (m) 6.35 (s) 2.05 (s) 2.30 (s)

(m)
9b DMSO-rf6 4.92 (dd) 4.39 5.72 (d) 6.50 (d) 11 13 Ji e =  2.0

(dd)

Table II
13C NMR Chemical Shifts" with Respect to Me4Si (DMSO-d6 as Solvent)

Compd Cl c 2 C3 c4 c 5 c 6 C41 and/or 0 5 1 ^ CH3 in Cs 1 Other absorptions

5a 202.6 61.9 46.25 65.8 77.35 52.3 138.3 and 139.7 7.7 C 02Et in positions C2 and C4>, respectively,

6a 192.4 57.95 51.3 60.6 158.3 126.4 136.7 and 140 8.05
at 167.8 and 161.05

C02Et in positions C2 and C4', respectively,

11
8a 200.65 67.85 46.1 56.9 72.5 53.7

136.9 and
139.9 and

138.5
138.7

8.7
7.9

at 167.9 and 161.0 
COzH at 162.9; CH2 at 50.8 
CH3 in position C5 at 28; COzEt in

9a 190.3 64.6 48.8 54.6 159.6 126.5 140.4 and 137 8.3

positions C4 and C4., respectively, at 
170.3 and 161.4

CH3 in position C5 at 21.3; CO,Et in
positions C4 and C4#, respectively, at 
170.2 and 161.2

a In parts per million. 6 The signal attributions for the C4 and C5. carbon atoms are only tentative, since the absorptions of the phenyl 
carbon atoms attached to the cyclohexanone of compounds 5a, (la, 8a, and 9a are situated in the same region.

atoms. This means that the equilibrium phenomenon can
not be explained by a conformational change of the cyclo
hexanone ring. A reasonable explanation is hindered rota
tion of the triazole ring resulting in a slow equilibrium be
tween two forms. This is in line with the fact that dedou
bling was most pronounced for the Hc and triazole methyl 
protons.

Noteworthy from the tabulated I3C NMR data of 8a is 
the upfield shift of the C] absorption (5 200.65) compared 
with that in cyclohexanone (8 208.8). This is attributed to 
the presence of a triazole ring in the «  position to the ke
tone function. Indeed, this effect was also observed for 
compound 10a (CHyCOPh carbon absorption at 8 193.5

compared with the CPKCOPh carbon absorption at 8 

198.1).
In contrast to the 'H NMR spectrum of 8a, that of 8b 

did not clearly show the presence of conformational iso
mers, although the Ha, H|„ and Hc absorptions were broad
ened. Again, the hydroxyl proton at 8 5.64 exchanged for 
deuterium upon addition of D2O. The acidic protons Hc 
and Ha exchanged at 90°, but Ha remained unaffected.

The 'H NMR spectrum of 10a (see Experimental Sec
tion) exhibited an ABX pattern with additional coupling 
between Hx and Hy. For 10b, the Ha and Hb protons hap
pened to be magnetically equivalent in DMSO-dg solution, 
resulting in a simplification of the NMR pattern. During
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the form ation o f 10a,b, an ester group has been eliminated 
(decarbethoxylation under basic conditions). T hat this is 
not the triazole ester group is apparent from the 1SC N M R  
spectrum o f 10a, which showed a characteristic CC^Et car
bon absorption at <5 161.2 (com pare this value with those 
reported in Table II).

Experimental Section
All melting points were obtained on a Leitz apparatus and are 

uncorrected. The ‘ H NMR spectra were recorded with a Varian 
XL-100 spectrometer using Me4Si as an internal reference. For l:’C 
NMR spectra, the XL-100 apparatus was equ.pped with a device 
for pulsed Fourier transform operation. Peak assignments were 
made by using the off-resonance spin-decoupling technique and by 
effecting selective proton decoupling experiments. Furthermore, 
the replacement of H for D in the deuteration experiments facili
tated the interpretation of the 13C NMR spectra.

The «-azidovinyl ketones used in this work were prepared as re
ported111 by the reaction of «,|3-dibromo ketones with 2 equiv of so
dium azide in DMF at room temperature.

Reaction of Ethyl Acetoacetate (la) with a-Azidochalcone 
(2a). Compound la (0.02 mol) was allowed to react with 2a (0.01 
mol) in the presence of triethylamine 10.02 mol) with (2 ml) or 
without DMF as solvent. After 2 months the reaction was finished 
as observed by the disappearance of the azide band in the ir spec
trum at ca. 2130 cm "1. The precipitate (70%) was filtered and crys
tallized from ethanol (350 mil to give white needles of 5a (68%): 
mp 206-208°; ir (KBr) 3440 (br, OH), 1750, and 1720 with shoul
der at 1700 c m '1

Anal. Calcd for C ^ H M O e  (491): C, 65.93; H, 5.90; N, 8.55. 
Found: C, 65.75; H, 5.90; N, 8.70.

Reaction of Ethyl Acetoacetate (la) with a-Azido(m-nitro- 
benzylidene)acetophenone (2b). Compound la (0.02 mol) was 
allowed to react with 2b (0.01 mol) in the presence of triethyl
amine (0.02 mol) and DMF (2 ml) as solvent. The reaction, fol
lowed spectroscopically, was finished after 4 days. The precipitate 
was collected by filtration and washed with ethanol to give 5b in 
74% yield: mp 213-215° (EtOH); ir (KBr) 3460 (br, OH), 1740, 
1720, 1700, 1530, and 1355 cm "1.

Anal. Calcd for C^Hzs^Og (536); c, 60.45; H, 5.22; N, 10.45. 
Found: C, 60.55; H, 5.25; N, 10.40.

Reaction of Ethyl Acetoacetate (la) with a-Azidobenzyli- 
deneacetone (7). When la (0.02 mol) was allowed to react with 7
10.01 mol) in the presence of triethylamine (0.02 mol) at room tem
perature, the reaction stopped after ca. 1 month, although the ir 
spectrum still showed the presence of 70% unreacted azide. The 
precipitate (26%) was collected, washed with ether, and crystal
lized from ethanol (150 ml) to give white needles of 8a (23%) which 
decomposed at 178°, ir (KBr) 3500 (br, OH), 1730-1700 cm "1.

Anal. Calcd for C22H27N3O6 (429): C, 61.55; H, 6.30; N, 9.80. 
Found: C, 61.50; H, 6.35; N, 9.85.

Reaction of Ethyl Benzoylacetate (lb) with a-Azidobenzyl- 
ideneacetone (7). The reaction of lb (0.02 mol) with 7 (0.01 mol) 
in triethylamine (0.02 mol) at room temperature stopped after 6 
days, leaving 60% of 7 unreacted. The precipitate was removed, 
dried, and crystallized from ethanol (40 ml) to give white needles 
of 8b in 13% yield: mp 241-243°; ir (KBr) 3480 (br, OH) and 1705 
cm "1.

Anal. Calcd for M-+ (determined by high-resolution exact-mass 
measurements): 553.2212. Found: 553.2207.

From the mother liquor 1.12 g of unreacted azide was recovered.
Reaction of Ethyl Benzoylacetate (lb) with a-Azidochal- 

cone (2a). Compound lb  (0.02 mol) reacted with 2a (0.01 mol) in 
the presence of triethylamine (0.02 mol) with evolution of gas. 
After completion of the reaction (14 days), the mixture was treated 
with ether (25 ml) to give 10a in 60% yield. Crystallization from 
ethanol furnished white needles: mp 168-170°; ir (KBr) 1715 and 
1690 c m '1; NMR (CDCW S 1.22 (t, 3 H, J  = 7 Hz), 3.6 (dd, HA, 
J a b  = 17, J  ax = 4 Hz), 4.03 (dd, Hb, J a b  = 17, J  bx = 9 Hz), 4.24 
(q, 2 H, J  = 7 Hz), 4.72 (m, Hx ), 6.17 (d, Hy, J xy = 6 Hz), 6.72-
6.84 (m, 2 H), 7.10 (s, 5 H), 7.24-7.58 (m, 11 H), and 7.84-7.98 (m, 
2 H).

Anal. Calcd for CiuHagNsCU (543): C, 75.13; H, 5.34; N, 7.73. 
Found: C, 75.10; H, 5.35; N, 7.75.

Reaction of Ethyl Benzoylacetate (lb) with u-Azido(m-ni- 
trobenzylidene)acetophenone (2b). A DMF solution (2 ml) of lb
(0.002 mol), 2b (0.01 mol), and triethylamine (0.02 mol) was al
lowed to react at room temperature. After complete reaction ( 3 1  

hr), the resulting oil was poured into water and this mixture was 
extracted three times with chloroform ( 5 0  ml). The combined chlo
roform extracts were washed with water and dried over MgS04. 
Removal of the solvent yielded a brown oil which was treated with 
ether ( 3 0  ml) to give 10b in 5 0 %  yield: mp 1 9 8 - 2 0 1 °  (EtOH); ir 
(KBr) 1 7 2 0 ,  1 6 8 5 ,  1 5 3 0 ,  and 1 3 5 0  cm "1; NMR (CDCla) 6 1 . 1 3  (t, 3  

H, J  = 7  Hz), 3 . 6 4  (d, 2  H, JAX = 7  Hz), 4 . 1 6  (q, 2  H, J = 7  Hz), 
4 . 8 8  (m, H\), 6 . 4 2  (d, Hy, J x y  =  8 . 5  Hz), 6 . 9 0 - 7 . 0 5  (m, 2  H), 7 . 3 -  

7 . 9  (m, 1 5  H), 7 . 9 - 8 . 1  (m, 2  H).
Anal. Calcd for C:)4H28N40s (588): C, 69.38; H, 4.76; N, 9.52. 

Found: C, 69.50; H, 4.70; N, 9.55.
Dehydration of Compounds 5a, 5b, 8a, and 8b. A solution of 

5a,b or 8a,b (1 g) in ethanol (40 ml) containing 3 ml of sulfuric acid 
was refluxed for 3 hr. The solution was then cooled to room tem
perature and poured into water (100 ml). The white precipitate 
was filtered, washed several times with water until neutral reac
tion, dried in vacuo over P2O5 at 50°, and crystallized from etha
nol.

Compound 6a was obtained in 72% yield after crystallization: 
mp 181-184°; ir (KBr) 1740, 1720, 1680, and 1615 cm-1; mass spec
trum M-+ (6%) m/e 473.

Anal. Calcd for C27H27N3O5 (473): C, 68.49; H, 5.71; N, 8.88. 
Found: C, 68.25; H, 5.75; N, 8.90.

Compound 6b was obtained in 88% yield after crystallization: 
mp 165-167.5°; ir (KBr) 1715, 1655, 1630, 1530, and 1350 cm "1; 
mass spectrum M-+ (59%) m/e 518.

Anal. Calcd for C27H26N4O7 (518): C, 62.54; H, 5.02; N, 10.81. 
Found: 62.55; H, 5.05; N. 10.80.

Compound 9a was obtained in 82% yield after crystallization: 
mp 176-178°; ir (KBr) 1725,1680, and 1630 cm "1.

Anal. Calcd for M-+ (determined by high-resolution exact-mass 
measurements): 411.179408. Found: 411.17998.

Compound 9b was obtained as white needles in 86% yield after 
crystallization from ethanol (25 ml): mp 184-186°; ir (KBr) 1715, 
1680, and 1610 cm "1.

Anal. Calcd for M-1 (determined by high-resolution exact-mass 
measurements): 535.21070. Found: 535.21169.
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An improved Ullmann diphenyl ether synthesis is reported. In this procedure, the aromatic halide and phenol 
components are heated with pentafluorophenylcopper (16) in dry pyridine. Thus, 6'-bromolaudanosine (4) was 
condensed with phenol to give 6'-phenoxylaudanosine (7). Condensation of individual enantiomers of bromide 4 
with the phenolic alkaloids (S)-armepavine (15), (Rl-nuciferoline (11), cassythicine (9), and N -methylcassyfiline 
(10) gave the bisbenzylisoquinolines 17, 18, 19, 20, and 21; all yields were in the 42-54% range, based upon bro
mide 4.

The significant tumor-inhibitory activity of thalicarpine
(1) and tetrandrine (2) has stimulated interest in practical 
synthetic approaches to these compounds, and to other po
tentially biologically active bisbenzylisoquinolines.1

The classical Ullmann-type synthesis of a bisbenzyliso- 
quinoline involves the direct coupling of a phenolic benzyl- 
isoquinoline with a halogenated benzylisoquinoline in the

OMe
3 (R, R)

4, X = Br (dl)
5, X = Br (R)
6 , X = Br (S)
7, X = OPh (dl)

presence of copper or one of its salts or oxides. This ap
proach has the great advantage that the two halves of the 
molecule may be prepared separately as pure enantiomers 
before the final coupling step. This advantage is usually 
outweighed, however, by a low yield in the final Ullmann 
reaction. For example, the crystalline R,R enantiomer (3) 
of O-tetramethylmagnolamine (17) was obtained in only 
2% yield by the Ullmann coupling of (/?)-6'-bromolauda- 
nosine (5) with (R)-armepavine (14).2 Similarly, thalicar
pine (1) has been synthesized by the Ullmann coupling of
(S)-6'-bromolaudanosme (6) with (S)-Af-methyllaurotetan- 
ine (8);3 the unsatisfactory nature of this reaction, however,

9, X = H
10, X = OMe
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prompted an extensive study of an alternate and more 
practical thalicarpine synthesis in which the diphenyl ether 
linkage was formed at a very early stage of the synthesis.4 
The avoidance of an ultimate Ullmann step also was the 
key point of strategy in a recent synthesis of dl-O-meth- 
yldauricine (13, R,R, S,S)}

A 1964 kinetic study of the condensation of phenol with 
bromobenzene led to the proposal that cuprous phenoxide 
was formed as an intermediate, regardless of the oxidation 
state of the copper catalyst used.5 A more recent study has 
given direct support to this hypothesis. In this work,6 the 
reaction of phenol with phenylcopper in ether at —10° gave 
cuprous phenoxide as a violet precipitate which was very 
sensitive to both oxygen and moisture; reaction of cuprous 
phenoxide with bromobenzene in diglyme at 125° for 17 hr 
gave diphenyl ether in 38% yield, the yield being increased 
to 46% in the presence of pyridine. These results prompted 
us to investigate the utility of the relatively stable, soluble, 
and commercially available7 pentafluorophenylcopper (16, 
PFPC)8 as a condensing agent in the synthesis of bisben- 
zylisoquinoline-type structures.

The reaction of d/-6'-bromolaudanosine (4) with phenol 
was chosen as a model for our study. Tine best empirically 
determined Ullmann procedure in the benzylisoquinoline 
series involves the use of potassium carbonate and cupric 
oxide in hot pyridine for long reaction periods.3,9 Under 
these conditions, crystalline 6'-phenoxylaudanosine (7) was 
obtained from phenol and bromide 4 in a maximum yield of 
13%; TLC indicated that considerable debromination of 4 
to laudanosine had occurred as a side reaction.

When equimolar amounts of bromide 4, phenol, and 
PFPC were heated in acetonitrile, a red-brown precipitate, 
presumably cuprous phenoxide, soon separated. After 24 hr 
of refluxing, however, the precipitate had not dissolved and 
starting bromide was recovered in 95% yield. The desired 
reaction took ph*e, however, when diglyme containing a 
small amount of pyridine was used as the solvent, the ether 
7 being isolated in 31% yield. The yield of 7 was increased 
to 52% when pyridine alone was used as the solvent.

The synthesis of the natural (S,S) enantiomer (17) of 0- 
tetramethylmagnolamine was next studied in order to test 
our procedure in the synthesis of a true bisbenzylisoquino- 
line. This was also a significant test case, since the classical 
Ullmann method is stated to give the corresponding R,R 
enantiomer 3 in only 2% yield.2 Indeed, condensation of 
equimolar amounts of (S)-6 '-bromolaudanosine (6), (S)- 
armepavine (15), and PFPC in diglyme-pyridine gave the 
crystalline bisbenzylisoquinoline 17 in 32% yield; the yield 
rose to 42% when pyridine alone was used as the solvent. 
When the pyridine reaction was repeated using a ratio of 1 
equiv of bromide 6 to 2 equiv each of PFPC and phenol 15, 
ether 17 was isolated in 53% yield, 85% of the excess (S)- 
armepavine being recovered.

In view of the antitumor activity of thalicarpine (1), we 
chose to apply our procedure to the synthesis of some 
closely related unnatural benzylisoquinoline-aporphine 
structures, namely 18-21.

(fi)-Nuciferoline ( l l ) 10 was prepared readily from natu
ral stepharine (12 )n by N-methylation, followed by a di- 
enone-phenol rearrangement. Reaction of (R)-6'-bromo- 
laudanosine (5) with an excess of 11 and PFPC gave the 
crystalline base 18 in 47% yield. Use of the enantiomeric S 
bromide 6 in this reaction gave the corresponding amor
phous diastereomeric product 19 in comparable yield.

Cassvthicine (9)12 and N -methylcassyfiline (10)13 were 
prepared from the phenolic base fraction of Cassytha fili- 
formis by N-methylation, followed by countercurrent sepa
ration. Reaction of (S)-6'-bromolaudanosine (6) and PFPC 
with the above phenolic bases gave the crystalline thalicar-

OMe
17

18, H, ■••(R)
19, H,—  (S)

pine analogs 20 and 21 in yields of 51 and 42%, respectively, 
based upon bromide 6. Dimers 20 and 21, which have the 
same stereochemistry as thalicarpine, are biogenetically 
reasonable structures which will probably be isolated even
tually from natural sources.

Antitumor testing of the bisbenzylisoquinolines pre
pared in this work is in progress, as well as the extension of 
our Ullmann procedure to the synthesis of other natural 
and unnatural bisbenzylisoquinolines.

Experimental Section
Melting points are uncorrected. NMR spectra were determined 

with Varian A-60A and Varian A-100 spectrometers in CDCI3 
using tetramethylsilane as internal standard. Infrared spectra 
(KBr), ultraviolet spectra (EtOH), and mass spectra were deter
mined using Perkin-Elmer Models 137, 202, and 270B spectrome
ters, respectively. Preparative TLC separations were carried out 
using KSGF silica plates; grade II basic alumina was used for col
umn chromatography. The usual work-up for nonphenolic bases 
consisted in extraction of the total bases into 5% H2SO4, basifica- 
tion to pH 9 with ammonia, extraction into the organic solvent in
dicated, extraction of phenolic bases (if present) into 5% NaOH, 
washing the solvent (H20), drying (MgS04), and evaporation; re
covery of any phenolic bases from the 5% NaOH wash was 
achieved by addition of excess NH4CI, followed by solvent extrac
tion. Pentafluorophenylcopper is abbreviated as PFPC. New pro
cedures for the resolution of laudanosine and armepavine are in
cluded, since the literature methods were, in our hands, unsatisfac
tory. Diglyme was distilled from LiAlH4. Pyridine was dried by 
passing it through a 5A molecular sieve column, and stored (nitro
gen) over molecular sieve. All Ullmann reactions were carried out 
under nitrogen in carefully dried equipment. Molecular weights of 
all new compounds were confirmed by mass spectrometry.

«//-Laudanosine and Its Resolution. Sodium borohydride (5.0 
g) was added in portions with stirring to a solution of 3,4-dihydro- 
papaverine hydrochloride14 (50 g) in methanol (250 ml). The solu
tion was stirred (room temperature) for 1 hr, formalin (37%, 20 ml) 
was then added, and stirring was continued for an additional 1 hr.
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Excess NaBH4 was added, and after a further 1 hr, water (1000 ml) 
was added. The precipitate was filtered, dried, and crystallized 
from hexane to give white needles of d(-laudanosine (36 g, 70%), 
mp 114-115° (lit.2 mp 114-115°).

A solution of dl-laudanosine (2.0 g) and (-)-mandelic acid (880 
mg) in MeOH (20 ml) was diluted with ether (200 ml). On standing 
at room temperature, the salt of the S base (1.43 g) separated as 
white needles, mp 132-134°, [a]D +42°. Treatment of the latter 
with ammonia liberated (S)-laudanosine, which crystallized (hex
ane) as prisms, mp 87-88°, [a]D +98°.

The mother liquor from the above salt was evaporated and 
treated with ammonia, and the basic material was worked up as 
usual (CHC13). A solution of the resulting base and (+)-mandelic 
acid (340 mg) in MeOH (15 ml) was diluted with ether (150 ml) to 
give white needles of the salt, mp 133-134°, [<*]d -42 °. Ammonia 
treatment of the latter gave (R)-laudanosine, which crystallized 
from hexane as prisms, mp 86-87°, [a]D -9 7 ° (lit.2 mp 89°, [a]D 
-97.48°).

d/-6 '-Bromolaudanosine (4) and Its Enantiomers 5 and 6. A
solution of bromine (2.4 g) in acetic acid (30 ml) was added drop- 
wise with stirring to an ice-cooled solution of di-laudanosine (4.3 
g) and sodium acetate (1.43 g) in 10% aqueous acetic acid (190 ml). 
The mixture was stirred for an additional 2 hr, during which time 
the initial yellow precipitate dissolved. After basification (KOH), 
the precipitate was extracted into ether. The usual work-up, fol
lowed by crystallization from CHCls-ether, gave 4 as needles (3.8 
g, 76%), mp 124-125° (lit.15 mp 128°).

Bromination of (S)-laudanosine and (R)-laudanosine was car
ried out in the same way, to give (S)-6'-bromolaudanosine (5) and 
the enantiomer 6, both having mp 145-146° (lit.2'3 mp 140-141°).

Resolution of rff-Armepavine. A mixture of di-armepavine 
(3.43 g) and (—)-mandelic acid (1.675 g) was dissolved in hot abso
lute EtOH (110 ml). After cooling to room temperature and stand
ing for a further 1 hr, the crystals which separated were filtered, 
washed with ether, and recrystallized from EtOH. The resulting 
colorless needles (1.7 g, mp 125-126°) were basified with ammonia 
and worked up as usual for basic material. Crystallization from ac
etone-ether gave (S)-armepavine (1.15 g), mp 136-137°, [a]D 
+ 108.5° (c 1.0, MeOH).

The mother liquor from the (—)-mandelate was evaporated, and 
the remaining base (2.35 g) was recovered by ammonia treatment 
and CH2CI2 extraction. A solution of this base and (+)-mandelic 
acid (1.10 g) in hot EtOH (70 ml) afforded, after cooling, filtration 
of the solid, and recrystallization from acetone-ether, crystals 
(1.80 g), mp 126-127°. Regeneration of the base from this salt, fol
lowed by acetone-ether crystallization, gave (R)-armepavine (0.90 
g), mp 136-137°, [a]D -107° (c 0.9, MeOH) (lit.11 mp 138-139°).

(JR)-Nuciferoline (11). A solution of stepharine11 (5.0 g) in a 
mixture of 37% formalin (12 ml) and formic acid (12 ml) was heat
ed (steam bath) for 5 hr. Ammonia basification followed by the 
usual work-up (CH2CI2) gave alkaloidal material which was dis
solved in 20% hydrochloric acid (100 ml) and heated (steam bath) 
for 3 hr. Ammonia basification, followed by the usual work-up 
(CH2CI2), afforded, after crystallization from acetone, microcrys
tals of 11 (3.5 g, 68%), mp 229-231°, [a]D -140° (c 0.35, CHCI3) 
(lit.10 mp 227-229°, [a]D -157° (c 0.18, EtOH)).

Ullmann Condensation of d/-6 '-Bromolaudanosine (4) with 
Phenol. A. Using Cupric Oxide. A mixture of cupric oxide (0.080 
g), powdered potassium carbonate (0.150 g), bromide 4 (0.450 g), 
phenol (0.150 g), and pyridine (5 ml) was refluxed for 18 hr, addi
tional cupric oxide (0.050 g) being added after the first 8 hr. Sol
vent evaporation, followed by the usual work-up for basic material, 
gave an oil which was chromatographed on alumina. Benzene elu
tion, followed by crystallization (hexane-ether), gave white plates 
of d(-6'-phenoxylaudanosine (7, 0.06 g, 13%): mp 102-103°; NMR 5 
2.39, 3.56, 3.80 (s, 3 H each), 3.73 (s, 6 H), 6.18, 6.65 (s, 1 H each), 
6.55 (s, 2 H), and 6.9-7.15 (m, 5 H).

Anal. Calcd for C27H31NO5: C, 72.15; H, 6.90; N, 3.11. Found: C, 
72.21; H, 7.02; N, 2.85.

B. Using Pentafluorophenylcopper (PFPC) in Diglyme. A
solution of phenol (0.100 g) and PFPC (0.250 g) in diglyme (4 ml) 
was heated at 100° for 30 min. Pyridine (2 ml) was added, followed 
by a solution of bromide 4 (0.435 g) in diglyme (4 ml). After heat
ing for a further 18 hr, the mixture was poured into water (250 ml) 
and the product was isolated as in section A to give pure 7 (0.154 g, 
34%), mp 102-103°.

C. Using PFPC in Pyridine. A solution of bromide 4 (0.440 g), 
phenol (0.135 g), and PFPC (0.250 g) in pyridine (10 ml) was heat
ed at 110-115° for 6 hr. Additional PFPC (0.10 g) in pyridine (1 
ml) was added and heating was continued for a further 5 hr. Work

up as in section A afforded crystalline ether 7 (0.235 g, 52%), mp
102-103°.

(S ,S ) - O-Tetramethylmagnolamine (17). A solution of (S)-6'- 
bromolaudanosine (6, 0.435 g), (S)-armepavine (0.650 g), and 
PFPC (0.500 g) in pyridine (10 ml) was heated at 115-120° for 7 
hr. The mixture was poured into water (200 ml) and extracted with 
benzene. Work-up of the benzene phase for nonphenolic bases was 
followed by alumina (6 g) chromatography (1:1 chloroform-ben
zene elution), preparation TLC purification (7% methanol in chlo
roform, Rf 0.22), and hexane-ether crystallization to give white 
needles to ether 17 (0.351 g, 53%): mp 148-149.5°; [o]d +89° (c 0.5, 
MeOH) (lit.16 mp 148-149°, [a]D +86.22°); NMR 5 2.42, 2.50, 3.58, 
and 3.60 (s, 3 H each), 3.74 (s, 6 H), 3.80 (s, 6 H), 6.12 (s, 2 H), 6.48 
(s, 1 H), 6.51 (s, 2 H), 6.57 (s, 1 H), 6.73 (1 H, d, J  = 8 Hz), and 6.98 
(1 H, d, J  = 8 Hz).

Anal. Calcd for C40H48N2O7: C, 71.85; H, 7.18; N, 4.19. Found: C, 
71.30; H, 6.82; N, 3.97.

Unreacted excess (S)-armepavine (85%) was isolated from the 
phenolic base fraction of the original reaction mixture.

Aporphine-Benzylisoquinoline Dimer 18. A solution of (R)- 
nuciferoline (0.630 g) and PFPC (0.450 g) in pyridine (7 ml) was 
heated gradually to 120°. (R)-6'-Bromolaudanosine (5, 0.435 g) in 
pyridine (5 ml) was added and heating was continued for 5 hr. Sol
vent evaporation, followed by the usual nonphenolic base work-up, 
gave an oil which was chromatographed on alumina, the column 
being eluted successively with benzene and chloroform. The mate
rial eluted by chloroform was further purified by preparative TLC 
(10% MeOH in CHCI3, Rf 0.3-0.4), followed by crystallization from 
hexane to give 18 as white microcrystals (0.280 g, 47%): mp 146- 
148°; [a]D —109° (c 0.37, MeOH); Xmax 208 nm (log « 4.62), 230 sh 
(4.28), 270 (4.27), 305 (3.76); mass spectrum m/e (rel intensity) 668
(4), 462 (7), 437 (6), 206 (100); NMR 5 2.42, 2.50 (s, 3 H each), 3.50,
3.71, 3.76 (s, 6 H each), 6.15, 6.48, 6.53 (s, 1 H each), 6.55 (2 H, s), 
6.75 (1 H, d, J = 6 Hz), 7.13 (1 H, d, J = 6 Hz), and 7.87 (1 H, s).

Anal. Calcd for C40H46N2O7: C, 72.07; H, 6.90; N, 4.20. Found: C, 
71.86; H, 6.89; N, 4.21.

Aporphine-Benzylisoquinoline Dimer 20. A mixture of (S)- 
6'-bromolaudanosine (6 , 0.430 g), cassythicine12 (9, 0.580 g), PFPC 
(0.510 g), and pyridine (10 ml) was refluxed for 5 hr. The mixture 
was poured into water (100 ml) and the product was extracted into 
benzene. The usual work-up for nonphenolic bases gave an oil 
which was first chromatographed on a short silica column (5% 
MeOH in chloroform eluent), then purified further by preparative 
TLC (2:2:1 CHCl3-EtOAc-MeOH, Rf 2.6-3.1). Crystallization 
from methanol gave 20 as white needles (0.340 g, 51%): mp 177- 
178°; [a]D +41° (c 0.2, CHC13); Xmax 283 nm (log £ 4.20), 303 (4.01); 
mass spectrum m/e (rel intensity) 680 (<2); NMR 5 2.41, 2.47, 3.77 
(s, 3 H each), 3.87 (s, 6 H), 3.90 (s, 3 H), 3.98 (s, 3 H), 5.94 (s, 1 H), 
5.99 and 6.17 (2 H, close doublets, -0C H 20 -) ,  6.50 (s, 3 H), 6.57 (s, 
1 H), 6.62 (s, 1 H), and 7.75 (s, 1 H).

Anal. Calcd for C40H44N2O8: C, 67.29; H, 6.47; N, 4.11. Found: C, 
66.81; H, 6.50; N, 3.78.

Aporphine-Benzylisoquinoline Dimer 21. A mixture of bro
mide 6  (0.500 g), N-methylcassyfiline13 (10, 0.680 g), PFPC (0.500 
g), and pyridine (10 ml) was heated at 115-120° for 5 hr. The reac
tion mixture was worked up as for the synthesis of base 20 (see 
above). Crystallization from methanol gave white needles of 21 
(0.343 g, 42%): mp 197-199°; [a]D +28° (c 0.2, CHC13); Xmax 285 
nm (log £ 4.47), 301 (3.95), 310 (4.14); mass spectrum m/e 710 (rel 
intensity) (1); NMR & 2.44, 2.48, 3.58 (s, 3 H each), 3.77 (s, 6 H),
3.82, 3.94, 4.01 (s, 3 H each), 5.94 (s, 1 H), 6.00 and 6.18 (2 H, close 
doublets, -OCH2O-), 6.54 (s, 2 H), 6.58 (s, 1 H), 6.64 (s, 1 H), and
7.70 (s, 1 H).

Anal. Calcd for C41H46N2O9: C, 66.35; H, 6.47; N, 3.94. Found: C, 
65.92; H, 6.56; N, 3.57.
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5-Aminoresorcinol hydrochloride (1) reacted with ethylene oxide to give 2, which could not be converted to its 
bis(2-chloroethyl)amino derivative in the presence of standard reagents. Compound 1 was therefore converted to 
3 by treatment with phthalic anhydride and thence to 4 by reaction with benzyl bromide under alkaline condi
tions. Removal of the phthalimido group with hydrazine, followed by treatment with hydrochloric acid, gave the 
hydrochloride 5, which reacted with ethylene oxide to produce 6. Bistosylation to 7, followed by treatment with 
lithium chloride in acetone, afforded the mustard 8 in high yield. Removal of the blocking groups to give 9 was ac
complished with refluxing trifluoroacetic acid in the presence of anisole as a benzyl cation scavenger, the product 
being isolated and characterized as its trifluoroacetic acid solvate. Treatment of 9 with cyanogen bromide gave 
the dicyanate 10 as a crude powder which underwent addition of water to give the dicarbamate 11 upon treatment 
with hydrochloric acid. Compounds 8-11 are potentially cytotoxic nitrogen mustards.

T he presence o f  the O-carbam ate group as a structural 
feature o f a number o f antitumor com pounds1 suggests 
that this group might be incorporated in concert with other 
structural moieties o f  known antitumor propensities. The 
synthetic objective undertaken in the present work was to 
incorporate two 0 - carbamate functions into the structure 
o f  an aromatic nitrogen mustard, the latter being a struc
tural class having established antitumor activity.2 Further
more, it has been demonstrated in certain instances that 
more favorable antitumor activity was obtained with meta- 
substituted aromatic nitrogen mustards than with the cor
responding ortho or para derivatives.3

Phenolic derivatives o f  aniline mustard have been pre
pared by Artico and Ross4 and more recently by Edwards 
et al.5 In addition, two nitrogen mustards o f  the pyrocate- 
chol series have been described by Vasil’eva and Berlin.6

Synthetic strategy directed toward the synthesis o f 11 
was focused at first on schemes originating with dém éthyl
ation o f the known com pound l-[b is(2-chloroethyl)am ino]-
3,5-dim ethoxybenzene.7 Conventional reagents and condi
tions for dém éthylation o f phenolic ethers, such as hot hy
drochloric acid, gave consistently unsatisfactory results. 
Attention was next given to the synthesis o f  2 as a possible 
substrate for mustard synthesis. T he diol 2 was prepared 
by treating 5-aminoresorcinol hydrochlcride ( 1 )8 with eth
ylene oxide. It was found, however, that 2 underwent ex 
tensive decom position when attempts were made to replace 
the aliphatic hydroxyl groups by chloro groups using a vari
ety o f  methods.

Protection o f the aromatic hydroxyl groups was therefore 
a necessity before attempting further structural m odifica-

1, X =  H w
5, X =  CH,Ph 3, Y -  H

4, Y =  CH2Ph
OR2

OR,
2, R, =  OH; R, =  H
6, R, =  OH; R2 =  CH2Ph
7, R! =  OTs; R, =  CH2Ph
8, R! =  Cl; R2 =  CH2Ph
9, R, =  Cl; R, =  H; CF3COOH solvate

10, Rj =  Cl; R2 =  CN
11, Rj =  Cl; R2 =  CONH,

Ph =  phenyl
Ts =  p-toluenesulfonyl

tion o f 1. This required that the amino function itself be 
protected at the outset. This was accom plished by phthali- 
m idation according to a m odification o f the general m ethod 
o f Wanag,9 using phthalic anhydride in acetic acid to p ro
vide 3. Subsequent formation o f the bisbenzyl ether 4 was 
undertaken with the expectation that eventual removal



could be accomplished without difficulty,5 a prediction 
which fortunately proved to be correct. Synthesis of 4 pro
ceeded in a satisfactory manner by treatment of 3 with 
benzyl bromide in dimethylformamide in the presence of 
sodium methoxide as a proton acceptor. The phthalimido 
group was next removed with hydrazine in aqueous ethanol 
and the product was isolated as the hydrochloride 5. Con
ventional treatment of 5 with ethylene oxide in aqueous 
acetic acid gave the diol 6, now ready for the crucial and 
sensitive construction of the bis(2-chloroethyl)amino moi
ety. Among the possible conditions explored were tosyl 
chloride-pyridine,10 phosphorus oxychloride-chloroform 
(or benzene),4’11 and thionyl chloride-pyridine.12 Each of 
these attempts at direct conversion gave intractable gums 
or oils whose NMR spectra suggested the presence of de
graded starting material. Mesyl chloride-pyridine13 re
sulted in the formation of crude bis(methanesulfonate). 
Use of the system triphenylphosphine-carbon tetrachlo
ride14 provided some encouragement as the NMR spectrum 
of the reaction product showed the presence of the desired 
mustard. However, a number of attempts to separate the 
desired compound from the by-products and unchanged 
starting material were not successful.

Synthesis of the protected mustard 8 was performed in 
two steps via displacement of the bistosylate 7 according to 
a modification of the method of Werner,16 in which the sys
tem lithium chloride-acetone16 was used. Consistently high 
(>90%) yields were realized in the displacement step. Con
ditions used for debenzylation of 8 to 9 were generally 
those described by Marsh and Goodman,17 with the inclu
sion of anisole as a benzyl cation scavenger as described by 
Sakakibara et al.18 Use of the reagent trifluoroacetic acid 
proved to be a fortunate choice here, in view of the fact 
that purification proceeded in a facile manner to provide 
the stabilized trifluoroacetic acid solvate of the product. 
Subsequent experiments showed that when the trifluo
roacetic acid was removed [Amberlite IR-45 (OH- ); metha
nol solution] the resultant desolvated 9 was obtained as an 
unstable oil.19 Conversion of 9 to 11 proceeded in two stag
es via the dicyanate 10 using the cyanogen halide method, 
developed by Grigat and Putter.20 Preliminary experi
ments in which the model compound resorcinol was con
verted to its dicarbamate showed commercial cyanogen 
bromide to be an effective reagent.21 Furthermore, it was 
established with the model system that prior neutralization 
of the trifluoroacetic acid of solvation with triethylamine 
permits the reaction with cyanogen bromide to proceed 
without difficulty. Application of this method to the con
version of 9 to 11 was seen to proceed in a facile manner. 
The dicyanate 10 was isolated during a probe preparation 
as a reasonably pure solid having a correct infrared spec
trum. A satisfactory purification method was not found for 
10, and it was usually not isolated during the preparation 
of 11.

It is planned to have the new compounds described here
in screened for antitumor activity by the Drug Research 
and Development Branch, National Institutes of Health.

Experimental Section
Melting points were obtained on a Thomas-Hoover Unimelt 

using open capillary tubes and are uncorrected. An atmosphere of 
nitrogen was maintained above each of the reaction mixtures. 
Evaporations were performed at diminished pressure on a rotary 
evaporator. Petroleum ether refers to that fraction boiling at 30- 
60°. Analyses indicated in the table only by the symbols of the ele
ments were within ±0.3% of the theoretical values. The ir spectra 
were obtained on a Perkin-Elmer Model 137 recording spectropho
tometer and the uv spectra by G. B. Smith and staff using a Cary 
Model 118 spectrophotometer. Varian Associates A-60A and JEOL 
C-60HL instruments were used by A. W. Douglas and staff for re

5-[Bis(2-chloroethyl)amino]-l,3-phenylene Biscarbamate

cording NMR spectra. In each case where the preparation of a new 
compound is described it was found to have ir (Nujol), NMR 
(DMSO-de), and uv spectra which were in accord with expecta
tion. The authors are grateful to R. N. Boos (and J. L. Gilbert) and 
associates for microanalyses. Assistance in the preparation of in
termediates was provided by J. J. Seman and M. A. Ryder.

5-Aminoresorcinol Hydrochloride ( 1 ). Concentrated ammo
nium hydroxide (3 1.) was added over a 3-min period to 500 g (3.1 
mol) of solid phloroglucinol dihydrate, while stirring and cooling. 
Upon completion of the addition a stream of ammonia was bub
bled through the reaction mixture for 30 min. The cooling bath 
was removed and stirring was continued at room temperature for 
46 hr. Vacuum concentration (bath, 50°) of the clear brown solu
tion gave a solid, to which was added 1 1. of 5 N  HC1, and the mix
ture was concentrated under vacuum (nitrogen was no longer re
quired) to a yellow solid. Crystallization from 1.5 1. of warm ace
tone (Darco G-60) gave 419 g (84%) of 1. A sample of the product 
decomposed without melting when heated to 260°, consistent with 
melting point behavior described in the literature.8 A high level of 
purity was substantiated by examination of spectra (ir and NMR) 
and elemental determinations.

5-Phthalimidoresorcinol (3). A mixture was prepared from 
200 g (1.24 mol) of 1, 276 g (1.87 mol) of phthalic anhydride, and
2.6 1. of glacial acetic acid. This was stirred and to it was added all 
at once 112 g (1.36 mol) of anhydrous sodium acetate. The mixture 
was heated under reflux for 75 min, then poured, with stirring, into 
6 1. of hot water. This was boiled for 5 min, and the solid was col
lected by filtration and washed with 700 ml of hot water. The light 
tan product amounted to 268 g (85%) of pure 3; when heated the 
compound decomposed above 300° without prior melting.

5-Phthalimidoresorcinol Dibenzyl Ether (4). A clear solution 
was prepared by dissolving 616 g (2.42 mol) of 3 in 3.45 1. of DMF. 
This was cooled in ar. ice bath and to it was added 279 g (5.16 mol) 
of sodium methoxide at a rate such that the temperature did not 
exceed 25°. A suspension was obtained to which was added cau
tiously 616 ml (887 g, 5.2 mol) of benzyl bromide, again keeping 
the temperature close to 25°. Stirring was continued for 24 hr, 
whereupon the turbid mixture was poured into 10.3 1. of vigorously 
agitated water. A gum was obtained which was separated and vac
uum dried at room temperature. Trituration of this with 6 1. of hot 
ethanol caused solidification. The mixture was cooled, and the 
solid was collected and washed with 1 1. of ethanol, then dried to 
give 854 g (81%) of nearly pure product. A sample prepared in a 
separate run using the same procedure was crystallized from ace
tone to give white crystals of 4, mp 137-139°.

5-Aminoresorcinol Dibenzyl Ether Hydrochloride (5). To a 
stirred suspension of 28 g (0.064 mol) of 4 in 179 ml of ethanol was 
added 9.3 g (0.16 mol of N2H4-H20 ) of an 85% aqueous solution of 
hydrazine hydrate. The reaction mixture was heated under reflux 
for 2 hr (thickening of the reaction mixture required the addition 
of 100 ml of ethanol during this period). Concentration under vac
uum (room temperature) gave a white paste which was slurried 
with 156 ml of ether and the mixture was combined with 156 ml of 
40% aqueous KOH. The layers were separated, the aqueous layer 
was extracted with four 150-ml portions of ether, and the com
bined ether solutions were dried (K2CO3), decolorized (Norit A), 
and filtered through a pad of Celite 545. The filtrate was reduced 
in volume to 175 ml, cooled, and treated with a stream of gaseous 
HC1 (30 min). The precipitated solid was washed with ether and 
dried to give a first crop of 12.8 g, mp 188-189°. Concentration of 
the ethereal mother liquors to a volume of 75 ml gave an additional 
4.4 g (same melting point), bringing the total crude yield to 17.2 g 
(79%).22 These crops were combined and crystallized twice from 
ethanol (Darco G-60) to give 10.7 g (49%) of pure 5, mp 191-193°.

5-[Bis(2-hydroxyethyl)amino]resorcinol Dibenzyl Ether
(6) . In a flask protected from moisture and equipped with a cold- 
finger condenser containing a Dry Ice-acetone mixture were 
placed 250 g (0.73 mol) of 5 and 1.61 1. of 50% aqueous acetic acid. 
The mixture was stirred and cooled to 0°, then to it was added all 
at once 242 ml (4.86 mol) of ethylene oxide. Stirring was continued 
for 19 hr while the flask and its surrounding bath came to room 
temperature. Residual ethylene oxide was removed with a stream 
of nitrogen (1.5 hr) causing a solid to separate. This was collected 
by filtration, washed with water, and dried to yield 231 g (80%) of 
6, mp 94-95°. A sample for analyses was recrystallized from etha
nol, mp 93-96°.

5-[Bis(2-tosyloxyethyl)amino]resorcinol Dibenzyl Ether
(7) . A solution was prepared from 5.0 g (0.013 mol) of 6 and 21 ml 
of pyridine (dried over KOH). This was cooled to —5° and to it was 
added in one portion 5.3 g (0.028 mol) of p-toluenesulfonyl chlo
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ride. Following 30 min of stirring at 0 to —5° the reaction mixture 
was kept overnight in the refrigerator. It was next cooled to 0° and 
62 ml of water was added in small portions while keeping the tem
perature below 5°. An orange oil separated. To the mixture was 
added 50 ml of CHCI3, anti after being stirred foT 30 min the layers 
were separated and the aqueous layer was back-extracted with two 
50-ml portions of CHCI3. The combined CHCI3 layers were dried 
(NatiSOJ, treated with Darco G-60, and concentrated to dryness 
(bath, 50°). The resultant oil was evaporated successively with two 
50-ml portions each of ethanol, acetone, and petroleum ether. It 
was next covered with 50 ml of ethanol and warmed to 50°, with 
stirring, for 30 min. Light orange crystals were obtained which 
were washed successively with cold 10-ml portions of ethanol, pe
troleum ether, and ether. When dried the product amounted to 6.7 
g (75%) of pure 7, mp 86-89°.

5 -[Bis(2 -chloroethyl)amino]resorcinol Dibenzyl Ether (8 ).
A glass-lined reaction vessel was charged with 60.0 g (0.085 mol) of 
7, 14.5 g (0.34 mol) of dry lithium chloride, and 600 ml of dry ace
tone. The vessel was sealed and heated at 80° for 8 hr with agita
tion. Upon cooling a solid was seen to have separated. This was re
moved by filtration and washed with acetone, the combined fil
trate and wash liquors then being concentrated to dryness. This 
solid residue was stirred thoroughly with 250 ml of CHCI3, leaving 
behind a granular solid (mp >275°) which was separated by filtra
tion. The filtrate was next washed with 250 ml of water and the 
aqueous layer was back-extracted with 250 ml of CHCI3. The com
bined CHCI3 layers were dried (MgS04), filtered, and concentrat
ed to dryness.

A total of 178 g (0.254 mol) of 7 was processed in this manner in 
three separate runs. The combined crude solids were crystallized 
from hot ethanol (600 ml) and the crystalline product was washed 
successively with 100-ml portions of cold ethanol and petroleum 
ether to yield 104 g (95%) of 8, mp 88-89°.

5 -[Bis(2 -chloroethyI)amino]resorcinoI Solvate with Triflu- 
oroacetic Acid (9). A solution was prepared from 98.7 g (0.23 mol) 
of 8, 987 ml of trifluoroacetic acid, and 31.6 ml (31.5 g, 0.29 mol) of 
anisole. The reaction mixture was stirred and heated under reflux 
for 5 hr, then cooled and concentrated to an oil (bath 50°). This 
was evaporated with three 1-1. portions of CgHe and triturated 
with 11. of CHCI3. Overnight storage under CHCI3 in the refrigera
tor gave a crystalline solid which was washed with cold CHCI3 and 
vacuum dried at room temperature to provide 70.2 g (84%) of 9, 
mp 138-143°. Differential thermal analysis (20 deg/min) showed a 
melting point endotherm at 144° followed immediately by a de
composition exotherm.

The description of compound 9 as a solvate (rather than a salt) 
is based on the following experimental observations. Firstly, po- 
tentiometric titration (HCICh-HOAc solvent) showed equiv wt 371 
(calcd for CioHnO.'LNOyfLHL^CL, equiv wt 364), without first 
generating the free amine as is necessary with amine hydrochlo
rides [using excess Hg(OAc)2]. This substantiated the availability 
of the electron pair on nitrogen under these conditions. Further
more, the NMR spectra of the solvate 9 and the desolvated com
pound showed identical methylene proton signals. The only differ
ence was in the position and integration of the active envelope, an 
expected result of the difference in acidity. This indicated an ab
sence of protonation on nitrogen by trifluoroacetic acid, which 
would be expected to produce a chemical shift difference and split
ting of the absorption. Also, the infrared spectrum of 9 showed a 
distinct carbonyl band at 5.7 p, characteristic of molecular trifluo
roacetic acid, in contrast to the known shift of this absorption to 
longer wavelengths which accompanies salt formation. Finally, 
thermogravimetric analysis showed a weight loss of 21% at 100° 
(browning), which is well below the observed melting point, indi
cating the release of solvent as opposed to the dissociation of a salt.

5-[Bis(2-chloroethyl)amino]-l,3-phenylene Biscarbamate
( 11). To a stirred solution (at 3°) of 9 (10 g, 28 mmol) in acetone 
(100 ml) containing 4.0 ml (28 mmol) of triethylamine was added 
in one portion a solution of cyanogen bromide (10 g, 97 mmol) in 
100 ml of acetone, causing a temperature increase to 8°. The tem
perature was lowered to -5 °  and 8.0 ml (56 mmol) of additional 
triethylamine was added over a 6-min period (temperature about 
0°). The reaction mixture was stirred at 0° for 0.5 hr and then 
poured w ith stirring into 750 ml of cold water, giving a solid which 
was collected and washed with water. In a separate preparation 
this solid was washed with ether to give the crude dicyanate 10, mp 
73-75°, ir ccn 4.4 p. The combined filtrate and wash liquors were 
extracted with an equal volume of CHCI3, which on concentration 
gave a brown oil. This was combined with the solid dicyanate from

above, dissolved in 75 ml of acetone, cooled to 0°, and treated with 
28 ml of 20% HC1 at such a rate that the temperature did not rise 
above 5°. The temperature was maintained at 0° for 15 min, then 
allowed to come to room temperature (30 min), and the solution 
was finally concentrated to dryness (bath, 50°) giving a brown 
glass. This became crystalline when triturated with 50 ml of etha
nol and left at room temperature for 64 hr. The product was 
washed lightly with ethanol and then with ether, giving 5.7 g (61%) 
of white crystalline 11, mp 187-188° dec. If necessary, it could be 
recrystallized from acetone.

5-[Bis(2-hydroxyethyl)amino]resorcinol (2). A solution of 1 
(10 g, 0.062 mol) in ethanol (100 ml) containing 230 mg of p-tolu- 
enesulfonic acid monohydrate was treated with ethylene oxide 
(61.6 ml, 1.24 mol) in the usual way (see preparation of 6). Concen
tration (bath, 50°) gave a syrup which solidified when triturated 
with 15 mi of acetone to give 4.8 g (36%) of yellow crystals, mp 
157-159° dec. A sample for analysis was obtained by crystalliza
tion from ethanol, mp 161-162° dec.
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The preparation of some l-(3-aminopropyI)pyrimidines (1) is discussed and their conversion to fluorescent 
compounds (2 and 3) with Ai.Af-dimethylaminonaphthalenesulfonyl chloride and 7-chloro-4-nitrobenzo-2-oxa-
1,3-diazole, respectively, is elaborated.

In order to explore the energy donor capabilities of the 
excited states of the pyrimidines, uracil, thymine, and cy
tosine, we have prepared a series of compounds in which 
the pyrimidine is bound via a trimethyleneamino chain to 
an appropriate fluor. The fluors chosen for the work re
ported here were 5-dimethylaminonaphthalenesulfonyl1 
and 7-nitrobenzo-2-oxa-l,3-diazole.2 The compounds thus 
prepared are shown as 2a-c and 3a,b. Energy transfer in

la, lb, lc

la, lb +

2a, X =  0 ; R =  CH3
b, X =  0; R =  H
c, X =  NH; R =  H

3a, R =  CH3 
b, R =  H

these compounds and their photochemistry are reported 
elsewhere.3 The pertinence of this work to the photochem
istry and photobiology of these pyrimidine bases has been 
established by other work, from this laboratory4-7 and in 
the laboratories of others.8'9

Recently,10 Brown, Eisinger, and Leonard reported the 
preparation of l,3-(bispyrimidinyl)propanes and 1-pyrimi- 
dinyl-3-purinylpropanes from l-(3-aminopropyl)pyrimi- 
dines. Our synthetic scheme is based on their procedures, 
but we report several alternate procedures for preparing 
the amines.

We chose two readily available fluorogenic reagents, 5- 
dimethylaminonaphthalenesulfonyl chloride (dansyl chlo
ride, DNS Cl) and 4-chloro-7-nitrobenzo-2-oxa-l,3-diazole 
(NBD Cl), and converted 3-aminopropylthymine, -uracil, 
and -cytosine into their corresponding fluorescent deriva
tives. Attempts to prepare a third type of compound, l-[3- 
(a-naphthylamino)propyl] thymine, though successful syn
thetically, afforded a product which underwent rapid dis
coloration on standing. This instability, it was felt, would 
preclude later spectroscopic studies and thus further elabo
ration of the series was suspended.

In the course of our experimental work three routes were 
investigated for the preparation of the aminopropylpyrimi
dines: (1) Delepin (Sommelet) reaction,11 (2) aminolysis of 
phthalimidopropylpyrimidines, and (3) catalytic reduction 
of azidopropylpyrimidines.12 All afforded good yields of 
amine with the exceptions that preparation of the uracil

X

X

(CH2)3

n 3
7a, X =  0; R =  CH3

b, X =  0 ; R =  H
c, X =  NH; R =  H

X

X

(CH2)3

n h 2
la, X =  0 ; R =  CH3
b, X =  0 ; R =  H
c, X =  NH; R =  H

2-bu tylam ine -CH3OH

6a, X =  0 ; R =  CH3
b, X =  0  ; R =  H
c, X =  NAc: R =  H

derivative by method 1 produced only minor quantities of 
desired amine, and aminolysis of the phthalimidopropyl 
derivatives was successful only with refluxing 2-butyl- 
amine-methanol.

Catalytic reduction of the appropriate azide also afford
ed the amine and, in our hands, was a simpler reaction to 
run than that previously described using Raney nickel.10 
Reduction in alcoholic or aqueous alcoholic solutions over 
5% Pd on carbon proceeded rapidly with a minimum of 
work-up necessary.

The insensitivity of dansyl chloride toward hydrolysis in 
aqueous solutions6 permitted the use of aqueous systems 
for the preparation of the fluorescent derivatives. Di- 
methylformamide, dimethyl sulfoxide, and pyridine were 
found to be unsatisfactory solvents, since the percent con
version of amine to fluorescent derivative was low. When



1560 J. Org. Chem., Vol. 40, No. 11,1975 Summers, Lee, and Burr

Table I
Absorption and Emission Properties of the 

Fluorescent Derivatives of Aminopropylpyrimidines

Absorption maxima, Emission 

Compd nm :( e )a maximum,6 nm

2a 258.5 (18,300) 517
335 (4800)

2b 258 (20,000) 517
334 (4960)

2c 286 (19,100) 517
320 (1800)

jV-Propyl-5-dimethylamino- 251 (12,600) 517
naphthalene-1 -sulfonamide 334 (4800)

3a 270 (9400) 523
340 (7100)
475 (23,000)

3b 261 (10,100) 523
340 (7doo)
476 (2'2„900)

4-Propylamino-7-nitro- 342 (7140) 523
benzo-1,3 -diazole 478 (21,400)
°1. M ~x cm 1 in alcohol or 50% aqueous alcohol. 6 Data ob

tained on a Perkin-Elmer Model MPF-3L in 30% aqueous ethanol.

aqueous acetonitrile (pH 8) was used, the yields of fluo
rescent derivative became quantitative and the work-up 
simpler. All the dansyl derivatives crystallized from the 
reaction mixture and were readily purified by silica chro
matography. The compounds are soluble in most organic 
solvents and slightly soluble in water. Use of preparative 
TLC is not recommended for purification of these materi
als, since we observed some decomposition on the plate 
during and after development. Some decomposition was 
also noted after prolonged periods in water.

NBD chloride is more susceptible to hydrolysis in aque
ous systems and initial studies indicated that hydrolysis 
may be competitive with the amination, particularly at 
high pH. The preparation of the NBD derivatives could be 
accomplished in refluxing ethanol with anhydrous potassi
um carbonate as a base. The NBD derivatives were crystal
line solids with low solubility in most solvents.

The ultraviolet spectra of all the derivatives exhibit max
ima characteristic of both chromophores with about 2.4% 
hypochromism at the pyrimidine absorption maximum for 
3a and no new absorption bands. Table I lists the absorp
tion and emission data for the fluorescent derivatives pre
pared.

Experimental Section
l-(3-Aminopropylthymine) hydrochloride (la  HC1), l-(3-bro- 

mopropyl)uracil (4b), and (3-bromopropyl)-iV4-acetylcytosine 
were prepared by previously reported procedures.10 Dansyl chlo
ride, NBD chloride (Pierce Chemical Co.), and N- (3-bromo- 
propyl)phthalimide (Aldrich Chemical Co.) were used without fur
ther purification. Infrared spectra were recorded on a Beckman IR 
18A, ultraviolet spectra on an Hitachi Perkin-Elmer 124, NMR 
spectra on a Varian T-60, and mass spectra on a Hitachi Perkin- 
Elmer REM-5E. Melting points were observed on a Fisher-Johns 
apparatus and are uncorrected. Elemental analyses were per
formed by Chemalytics, Inc., Tempe, Ariz., and all samples were 
dried at 92° (3 Torr) over P2O5 prior to analysis.

l-[JV-(3-Phthalimidopropyl)] thymine (Ga). Thymine (5.0 
g, 39.0 mmol) was dissolved in DMSO (100 ml) and then treated 
with potassium carbonate (5.5 g, 40 mmol) and N-O-bromo- 
propyl)phthalimide (5.35 g, 20.0 mmol) for 11 hr at room tempera
ture. After the precipitate was filtered, the filtrate was vacuum 
concentrated to a viscous, yellowish liquid. This liquid was diluted 
with water (1:1) and the suspension was extracted with chloroform 
(5 X 100 ml). The chloroform fractions were combined and concen
trated at reduced pressure. The resulting oil was dissolved in a 
small volume of ethyl acetate and induced to crystallize with ether.

A total of 3.89 g was isolated (66% based on alkylating agent): mp 
197-198°; ir 3.17, 3.3, 3.52, 5.62, 5.82, 5.90, 7.20, 9.4,11.2,13.7 n\ uv 
max (MeOH) 267 nm (e 19,100); NMR (CDC13) S 1.88 (d, 3 H, 5- 
CHs), 2.1 (m, 4 H), 3.7 (m, broad, 2 H), 7.1 (d, 1 H, thymine 6-H),
7.5 (m, 4 H). Anal. Calcd for C16H15N3O4: C, 61.33; H, 4.83; N, 
13.41. Found: C, 61.29; H, 4.83; N, 13.29.

l-[JV-(3-Phthalimidopropyl)]uracil (6 b). Uracil (5.0 g, 45 
mmol) was alkylated in a manner similar to thymine with IV-(3- 
bromopropyDphthalimide (5.35 g, 19 mmol). A total of 2.99 g was 
isolated representing 53% yield, mp 188-189°. The NMR and ir 
spectra were characteristic, uv max (MeOH) 264 nm (t 20,100). 
Anal. Calcd for CisH^NaCL: C, 60.12; H, 4.39; N, 14.04. Found: C, 
59.98; H, 4.78; N, 13.94.

l-[JV-(3-Phthalimidopropyl)]-JV4-acetylcytosine (6 c). N 4-
Acetylcytosine (5.0 g, 38.2 mmol) was alkylated in a similar fashion 
with N-(3-bromopropyl)phthalimide (11.0 g, 38.1 mmol). A total of 
9.82 g of a white, crystalline (EtOAc) solid was isolated (75%): mp 
208-210°; ir 3.12, 5.65, 5.9, 6.0, 6.65, 7.2, 7.6, 9.5, 11.3, 13.7 fi\ uv 
max (MeOH) 272 (< 16,400), 250 nm (s); NMR (CDC13) 5 2.28 (s, 3
H, acetyl CHs), 3.5 (m, 2 H), 3.8 (m, 2 H), 3.97 (m, 2 H), 7.5 (d, 1 
H), 7.8 (d, 2 H), 7.87 (d, 2 H), 7.95 (d, 1 H). Anal. Calcd for 
C17H 16N4O4: C, 59.99; H, 4.74; N, 16.46. Found: C, 60.01; H, 5.01; 
N, 16.28.

l-(3-Azidopropyl)thymine (7a). l-(3-Bromopropyl)thymine 
(4a, 614 mg, 2.5 mmol) and sodium azide (195 mg, 3.00 mmol) were 
refluxed in acetonitrile for 18 hr. Afterward the solid was filtered 
and the solution was concentrated to a gum, which slowly crystal
lized. The material was recrystallized from water and afforded
399.1 mg (76%): mp 98-100°; ir 4.89 n\ uv max (MeOH) 271 nm (t 
9200); NMR (CDC13) 6 1.93 (s, 3 H), 2.26 (m, 2 H), 3.42 (m, 2 H),
3.88 (m, 2 H), and 7.1 (s, 1 H). Anal. Calcd for C8H11N5O2: C, 
45.91; H, 5.30; N, 33.49. Found: C, 45.45; H, 5.01; N, 33.45.

l-(3-Azidopropyl)uracil (7b). l-(3-Bromopropyl)uracil (4b,
I. 167 g, 5.0 mmol) and sodium azide (330 mg, 5.0 mmol) were used 
to prepare 642 mg (55%) of azido derivative, in the manner de
scribed above: mp 74.5-76°; ir 4.75 n; uv max (MeOH) 266 nm (e 
10,400); NMR (CDC13) 5 2.14 (m, 2 H), 3.44 (t, 2 H), 3.90 (m, 2 H), 
5.24 (d, 1 H, J  = 4 Hz), and 7.23 (m, 1 H). Anal. Calcd for 
C7H9N5O2 • 2H20: C, 40.75; H, 4.89; N, 33.97. Found: C, 40.29; H, 
4.47; N, 33.77.

Aminopropylthymine (la) from the Amine Hydrochloride.
A. l-(3-Aminopropyl)thymine hydrochloride10 was dissolved in a 
minimum volume of water and then made basic with aqueous am
monia or saturated potassium carbonate. This aqueous solution 
was then continuously extracted with chloroform. In a typical case
11.5 g of the amine hydrochloride afforded after extraction 4.3 g of 
free amine: mp 119-120°; ir 2.95 (broad), 5.58, 5.98, 7.4, 8.5, and 
12.65 p; uv max (EtOH-H20 ) 270 nm (t 9400). Anal. Calcd for 
C8HnN30 2: C, 52.45; H, 7.10; N, 22.95. Found: C, 52.19; H, 6.89; N,
22.74.

B. The alternative approach was to reflux the amine salt in ab
solute ethanol in the presence of anhydrous potassium carbonate 
for 18 hr. The insoluble salt was filtered and the filtrate was con
centrated and chilled to induce crystallization. A typical experi
ment converted 1.4 g of salt (in ethanol with 1.5 g of potassium 
carbonate) to 900 mg of free amine, mp 120-121°. This sample was 
identical with the analyzed sample and homogeneous in four TLC 
systems.

l-(3-Aminopropyl)uracil (lb). l-[lV-(3-Phthalimidopropyl)j- 
uracil (6 b, 2.0 g, 6.5 mmol) was treated with a solution of 2-butyl- 
amine-methanol (1:4 v/v) at reflux for 2 days. The reaction mixture 
was concentrated to dryness and then partitioned between ethyl 
acetate and water. The aqueous phase was neutralized with ammo
nium bicarbonate and then applied in large volume to a C-244 col
umn in NH4+ form and eluted with a linear concentration gradient 
of ammonium bicarbonate (1 1. of 1 M  NH4HCO3 to 1 1. of water). 
A total of 140 fractions were collected and the product was distrib
uted from fractions 87 to 110. These were pooled and freeze-dried, 
and the resulting white powder was dried at 3 Torr over P2Os for 
24 hr at 92°, affording 485 mg of an off-white powder. The product 
was very hygroscopic and tended to gum on exposure to air. It was 
homogeneous in four TLC systems and electrophoresis: NMR 
(TFA/TMS) 6 2.42 (t, 2 H), 3.53 (m, 2 H), 4.18 (t, 2 H), 6.15 (d, 1 
H, J — 7.8 Hz), 7.07 (s, 2 H), 7.75 (d, 1 H, J = 7.8 Hz); uv max (a 
bicarbonate salt, H20) 261 nm (« 10,400).

l-(3-Aminopropyl)cytosine (lc). l-(3-Bromopropyl)-IV4-acet 
ylcytosine (4c, 1.506 g, 5.5 mmol) was refluxed for 24 hr in 100 ml 
of acetonitrile with sodium azide (379 mg, 5.75 mmol). After the 
solid was filtered, the filtrate was concentrated and applied to a 
silica gel column in chloroform. Elution with chloroform and then
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chloroform-methanol (195:5) afforded 888 mg of a white, crystal
line solid (mp 110-112°, remelt, 136-137°). This material was 
treated with a solution of aqueous ammonia (27%) and pyridine 
(3:1) for 72 hr. After the solvents were removed a white, crystalline 
solid was obtained (435 mg, mp 193.5-196°). This material, l-(3- 
azidopropyl)cytosine, (400 mg), was dissolved in ethanol-water 
(1:1) and submitted to catalytic reduction with 5% Pd on carbon at 
1 atm. After 10 hr no azide remained. The catalyst was filtered and 
the reaction mixture was concentrated to a gum. The gum was 
carefully dissolved in 95% ethanol (small volume). Dilution with 
1:1 isopropyl alcohol-ethyl acetate rendered the solution cloudy, 
and on standing crystallization occurred, affording, after filtering 
and drying, 314 mg of a white solid, mp 159-162°. Anal. Calcd for 
C7H12N4O: C, 49.99; H, 7.19. Found: C, 49.93; H, 7.00. The materi
al was homogeneous in four TLC systems and electrophoresis.

The preparation of aminopropylthymine (la) and aminopro- 
pyluracil (lb) from the corresponding azides followed the same 
procedure as above.

lV-Propyl-5-dimethylaminonaphthalene-l-sulfonamide.
DNS Cl (270 mg, 1 mmol) was dissolved in 25 ml of acetonitrile 
and the dark yellow solution was treated with propylamine (1 ml). 
After 30 min no dansyl chloride remained by TLC. The solution 
was concentrated and partitioned between chloroform and water. 
The organic phase was filtered over 10 g of silica gel. The filtrate 
was concentrated to a gum, which was dissolved in 5-10 ml of 95% 
ethanol. The solution was then rapidly diluted with 10 ml of water 
and immediately chilled. The cloudy solution afforded, after 18 hr, 
280 mg of a white, crystalline solid, representing 96% yield: mp 
86- 88°; ir 3.02, 7.55, 8.57, 8.70, 8.75, and 12.7 M; uv max (MeOH) 
251 nm (e 12,600), 334 (4800); NMR (pyridine-d5) 8 0.75 (t, 3 H), 
2.74 (s, 6 H), 3.02 (q, 2 H), 4.8 (broad s, 1 H), 7.0 (m, 4 H), and 7.65 
(m, 2 H); MS (70 eV) rate (rel intensity) 292 (100, M +), 171 (130, 
M+ -  C3H8NS02), 154 (20). Anal. Calcd for CiBH2oN20 2S: C, 
61.60; H, 6.89; N, 9.58; S, 10.97. Found: C, 61.85; H, 6.93; N, 9.29; S,
10.85.

JV-3-[l-(5-Methyl-2,4-dihydroxypyrimidinyl)]propyl-5- 
dimethylaminonaphthalene-1 -sulfonamide (2a). l-(3-ami-
nopropyl)thymine (la, 230 mg, 1.25 mmol) was dissolved in 25 ml 
of acetonitrile, 5 ml of water, and 5 ml of saturated aqueous sodi
um bicarbonate. To this mixture was added dansyl chloride (340 
mg, 1.26 mmol). The reaction mixture was stirred for 60 min, at 
which time TLC revealed that no free amine nor amine salt were 
present. The reaction mixture was concentrated to small volume 
and recrystallization began. The slurry was chilled at 0° for 12 hr 
and filtered. After drying in air, 421.4 mg was recovered. The white 
solid was homogeneous in five TLC systems: mp 194-195°; ir 5.9 
(broad), 7.56, 8.05, 8.2, 8.62, 8.75, and 13.9 m; u v  max (MeOH)
258.5 nm (e 18,300), 335 (4800); NMR (pyridine-ds) 8 1.88 (s, 3 H),
2.78 (s, 6 H), 3.14 (d, 2 H, J  = 7 Hz), 3.75 (m, 2 H), 4.84 (s, 1 H, 
broad), 7.0 (d, 2 H), 7.2 (s, 1 H), 7.26 (m, 2 H), and 7.55 (m, 2 H); 
MS (70 eV) m/e (rel intensity) 416 (100, M+), 235 (10, M+ — 
PrTh), 171 (75, M+ -  APT-S02). Anal. Calcd for C2oH24N404S: C, 
57.67; H, 5.81; N, 13.45; S, 7.69. Found: C, 58.05; H, 5.97; N, 13.31; 
S, 7.49.

JV-3-[l-(2,4-Dihyroxypyrimidinyl)]propyl-5-methylamino- 
naphthalene-1-sulfonamide (2b). l-(3-Aminopropyl)uracil (lb, 
330 mg, 1.95 mmol) was converted in the manner described above 
into the fluorescent dansyl derivative. The crude product was 
chromatographed on silica gel with CHCI3 and afforded 423.2 mg 
(55%) of crystalline solid from CHCI3-CCI4 (2:1): mp 142-143°; ir
5.9 (broad), 7.56, 8.06, 8.2, 8.62, 8.75, and 13.9 /.1; uv max (MeOH) 
334 nm (t 4960), 258 (20,000); NMR (pyridine-d5) 8 1.8 (m, 2 H),
2.8 (s, 6 H), 3.4 (m, 2 H), 3.7 (m, 2 H), 5.50 (d, 1 H, J = 7.0 Hz), 
6.95 (d, 1 H, J  = 7.0 Hz), 7.0 (d, 2 H), 7.26 (m, 2 H), and 7.55 (m, 2 
H). Anal. Calcd for Ci9H22N404S: C, 56.70; H, 5.51; N, 13.92; S, 
7.97. Found: C, 56.68; H, 5.43; N, 13.70; S, 7.68.

JV-3-[ 1 -(2-Hydroxy-4-aminopyrimidinyl) ]propyl-5-dimeth- 
ylaminonaphthalene-l-sulfonamide (2c). l-(3-Aminopropyl)cy- 
tosine (lc, 168 mg, 1 mmol) was converted by the above-described 
procedure to the fluorescent dansyl derivative. The crude product 
was purified by column chromatography on silica gel. The product 
was eluted with CHCL-MeOH (19:1). After fractions were pooled 
and concentrated to a greenish oil, the product was obtained crys
talline by diluting a hot EtOH solution with ten volumes of cold 
water. The greenish, translucent solution was then concentrated 
on a rotary evaporator at reduced pressure. A greenish-yellow solid 
crystallized from the solution: 183.3 mg (46%); mg 133-136°; ir
2.82, 2.9, 5.9 (s), 6.65, 7.65, 8.8, and 12.7 p; uv max (MeOH) 320 nm 
(e 1800), 286 (19,000); NMR (pyridine-d5) 8 1-93 (m, 2 H), 2.7 (s, 6 
H), 3.12 (m, 2 H), 3.83 (m, 2 H), 5.75 (d, H, J = 7.0 Hz), 7.15 (d, 1

H, J = 7.0 Hz). Anal. Calcd for C^HasNgOsS: C, 56.84; H, 5.77; N, 
17.44; S, 7.99. Found: C, 56.86; H, 6.26; N, 16.62; S, 8.34.

4-Propylamino-7-nitrobenzo-2-oxa-l,3-diazole. To a solution 
of propylamine (200 mg, 3.4 mmol) in ethyl acetate was added 
NBD chloride (190 mg, 0.9 mmol). The solution was maintained at 
60° under reflux for 2 hr. After evaporation of the solvent, the resi
due was triturated with chloroform and then water. The brown 
solid remaining was chromatographed on silica gel in ethyl acetate. 
The material isolated from the column was crystallized in carbon 
tetrachloride-chloroform (2:1), affording 120 mg of red-brown 
crystals (55%): mp 110-112°; ir 3.02, 3.25, 6.16, 6.45, 6.64, 8.35,
10.8, 11.7 m; uv max (50% M e0H -H 20 ) 342 nm (t 7140), 478 
(21,400); NMR (TFA) 8 1.1 (t, 3 H), 1.8 (m, 2 H), 3.62 (t, 2 H), 6.5 
(d, 1 H, J = 10 Hz), and 8.7 (d, 1 H, J = 10 Hz); MS (70 eV) m/e 
(rel intensity) 222 (95, M+), 193 (100), 117 (85), 103 (23). Anal. 
Calcd for C9H10N4O3: C, 48.65; H, 4.51; N, 25.23. Found: C, 48.56; 
H, 4.63; N, 24.95.

4-[3-[ 1 -(5-methyl-2,4-dihydroxypyrimidinyl) ]propylami- 
no]-7-nitrobenzo-2-oxa-l,3-diazole (3a). l-(3-Aminopropyl)thy- 
mine (la, 280 mg, 1.5 mmol) was dissolved in 8 ml of absolute eth
anol and then added to the amine solution. This mixture was re
fluxed for 3.5 hr. Afterward the ethanol was evaporated to dryness 
at reduced pressure. The resulting brown slurry was triturated 
first with chloroform and then with water. A brown solid (250 mg, 
76%) was obtained by filtration. This material was crystallized 
from 1:1 ethanol-dimethylformamide to afford a red-brown solid: 
205 mg (62%); mp 246-250°; ir 3.08, 3.13, 6.04, 6.38, 7.8, 8.0, 12.7, 
and 12.9 M;'uv max (50% EtOH-H20 ) 270 nm (e 9300), 340 (7100), 
and 475 (23,000); NMR (TFA) 8 2.0 (s, 3 H), 2.4 (m, 2 H), 3.8 (t, 2 
H, J = 5 Hz), 4.2 (t, 2 H, J = 5 Hz), 6.5 (d, 1 H, J = 10 Hz), 7.57 (s, 
1 H), 8.7 (d, 1 H, J = 10 Hz); MS (70 eV) m/e (rel intensity) 346 (5, 
M +), 310 (10), 204 (40), 180 (100). Anal. Calcd for C14Hi4N60 5: C, 
48.56; H, 4.05; N, 24.28. Found: C, 48.56; H, 4.27; N, 24.12.

4-[3-[l-(2,4-Dihydroxypyrimidinyl)]propylamino]-7-nitro- 
benzo-2-oxa-l,3-diazole (3b). l-(3-Aminopropyl)uracil (lb) bi
carbonate salt (217 mg, 1 mmol) and NBD Cl (220 mg, 1.1 mmol) 
were combined by the procedure described above to afford 230 mg 
of a black-brown solid, which was then repeatedly extracted with 
2-propanol (5 X  50 ml). All the alcohol extracts were pooled and 
concentrated to small volume and then chilled. The solid was fil
tered and air dried: 158 mg; mp 297-301°; ir similar to that of 3a; 
uv max (50% EtOH-H20) 261 nm U 10,000), 340 (7000), 476 
(22,900); NMR (pvridine-d5) 8 2.3 (t, 2 H), 3.8 (m, 2 H), 4.21 (t, 2 
H), 6.15 (d, 1 H, J = 7.8 Hz), 6.45 (d. 1 H, J  = 10 Hz), 7.75 (d, 1 H, 
J = 7.8 Hz), and 8.65 (d, 1 H, J  = 10 Hz). An analytical sample was 
recrystallized from hot 2-propanol (mp 298-301°). Anal. Calcd for 
C i:?H12N60 5: C, 46.97; H, 3.64; N, 25.30. Found: C, 47.04; H, 3.54; 
N, 24.15.

Acknowledgment. This work was supported by Grant 
GM 19362 from the Department of Health, Education and 
Welfare.

Registry N o.^ la, 46187-50-2; la HC1, 54517-89-4; lb, 54494- 
30-3; lc, 22919-47-7; 2a, 54494-27-8; 2b, 54517-90-7; 2c, 54517-91- 
8; 3a, 54494-28-9; 3b, 54494-29-0; 4a, 22919-50-2; 4b, 22917-77-7; 
4c, 22917-95-9; 6 a, 54517-92-9; 6 b, 54517-93-0; 6 c, 38718-31-9; 7a, 
54517-94-1; 7b, 54517-95-2; 7c, 54517-96-3; thymine, 65-71-4; ura
cil, 66-22-8; N4-acetylcytosine, 14631-20-0; N-(3-bromopropyl)- 
phthalimide, 5460-29-7; jV-propyl-5-dimethylaminonaphthalene- 
1-sulfonamide, 54517-97-4; dansyl chloride, 605-65-2; 4-propyiam- 
ino-7-nitrobenzo-2-oxa-l,3-diazole, 54517-98-5; propylamine, 107-
10-8; 4-chloro-7-nitrobenzo-2-oxa-l,3-diazole, 10199-89-0.

References and Notes
(1) G. Weber, Biochem. J., 145, 51 (1952).
(2) P. B. Ghosh and M. W. Whitehouse, Biochem. J., 108, 155 (1968).(3) J. G. Burr, W. A. Summers, and Y. J. Lee, J. Am. Chem. Soc., 97, 245

(1975).(4) W. A. Summers, Jr., and J. G. Burr, J. Phys. Chem., 76, 3137 (1972).
(5) W. A. Summers, C. Enwall, J. G. Burr, and R. L. Letsinger, Photochem. 

Photobiol., 17, 295 (1973).(6) J. G. Burr, E. H. Park, and A. Chan, J. Am. Chem. Soc., 94, 5866 
(1972).(7) J. G. Burr, Adv. Photochem., 6, 193 (1968).

(8) S. Y. Wang, Ed., "Photochemistry of Nucleic Acids", Academic Press, 
New York, N.Y., in press.(9) M. Daniels and W. Hauswirth, Science, 171, 675 (1971).

(10) D. Brown, J. Eisinger, and N. J. Leonard, J. Am. Chem. Sci., 90, 7302. 
(1968).(11) A. Galat and G. Elion, J. Am. Chem. Soc., 61, 3585 (1939); J. Angyal, 
Org. React., 8, 197 (1974).(12) J G Moffatt, D. Wagner, and P. H. Verheyden, J. Org. Chen., 36, 250 
(1971).



1562 J. Org. Chem., Vol. 40, No. 11,1975 Smith, Burrows, and Chen

O ptically  A ctive A m ines. X I X .1 C ircu lar D ich roism  o f O rth o -, M e ta -, and  

P ara-S u bstitu ted  jg-Phenylalkylam ine H ydrochlorides. F u rth er  

A pplications o f the Salicylidenim ino C hirality  R u le2

Howard E. Smith,*33 Elizabeth P. Burrows,33 and Fu-Ming Chen3b

Department of Chemistry, Vanderbilt University, Nashville, Tennessee 37235, Tennessee Neuropsychiatrie Institute, 
Nashville, Tennessee, and Department of Chemistry, Tennessee State University, Nashville, Tennessee 37203

Received October 29,1974

o- and m-chloroamphetamine have been resolved and the absolute configurations of the respective enantiomers 
determined by catalytic hydrogenolysis to amphetamine. The established absolute configurations of (R)-(—)-o-,
(S)-(+)-m-, and (S)-(+)-p-chloroamphetamine are compared with predictions based on Snatzke’s sector rule for 
the correlation of absolute configuration with the sign of the 'Lb Cotton effect and with predictions based on the 
salicylidenimino chirality rule for the correlation of absolute configuration with the sign of the Cotton effects near 
255 and 315 (325) nm in the CD spectrum of the IV-salicylidene (lV-5-bromosalicylidene) derivative. Snatzke’s 
rule does not correctly predict the sign of the 'Lb Cotton effect for the meta isomer. The salicylidenimino chirality 
rule, however, correctly predicts the sign of the Cotton effects near 255 and 325 nm observed for the lV-5-bromo- 
salicylidene derivatives, the S configuration in each case producing strong positive Cotton effects. These results 
confirm the configurational assignments for the nonstimulant anorectic agent (+)-fenfluramine and for the enan
tiomers of the psychotomimetic amine l-(2,5-dimethoxy-4-methylbenzyl)ethylamine, made on the basis of the 
CD spectra of the respective iV-saLcylidene derivatives.

Few systematic studies have been made concerning the 
effect of ring substitution on the Cotton effects of chiral 
benzenoid compounds. The quadrant sector rules4-6 for 
correlation of the sign of the 'Lb Cotton effect with the ab
solute configuration of chiral 1-substituted indans4 and a- 
and d-phenylalkylamines and their hydrochlorides6 cannot 
be applied to ortho- and meta-substituted phenylalkyl 
compounds, since the symmetry of the chromophore is al
tered. Snatzke,7 however, has proposed another sector rule 
based on the nodal planes of the benzene ring and Platt’s 
spectroscopic moments8’9 by which the direction of the 
overall spectroscopic moment vector is used to predict the 
sign of the 'Lb Cotton effects of chiral ortho-, meta-, and 
para-disubstituted benzenes. If the spectroscopic moments 
of the two substituents are of the same sign and approxi
mately the same magnitude, this rule predicts a 'Lb Cotton 
effect for the ortho and meta compounds of opposite sign 
to that observed for the para compound. Experimental ver
ification was found in the case of the substituted phe
nylalanines. Both L-phenylalanine (la) and L-tyrosine (lb) 
show positive circular dichroism (CD) bands at about 260 
nm10- '2 while the corresponding bands for L-o- and L-m- 
hydroxyphenylalanine (lc  and Id) are negative.12 Snatzke

la, X = H 2. X = Br, Cl, F,
b, X = p-OH or OCH3
c, X = o-OH
d, X = m-OH

noted, however, that earlier data'3 for ring-substituted 
mandelic acids (2) did not agree with prediction. He attrib
uted this failure to the presence of the chiral center adja
cent to the benzene ring and a consequent change in the 
relative population of conformers resulting from rotation of 
the chiral center about its attachment bond on introduc
tion of a substituent. The implication was strong that com
pounds having the chiral center separated from the ring by 
a methylene group should not be thus affected and should 
conform to the rule.

For the establishment of the absolute configurations of

chiral a- and /3-arylalkvlamines, we have devised an alter
nate CD method, formulated as the salicylidenimino chiral
ity rule.14 This rule correlates the sign of the Cotton effects 
near 255 and 315 (325) nm in the CD spectra of iV-salicyli- 
dene (3a) [Ai-5-bromosalicylidene (3b)] derivatives of the

= N — CHR'R2

3a. X = H
b, X = Br

amines with their absolute configurations. For /3-phenylal- 
kylamine derivatives the sign of these Cotton effects is pos
itive for a right-handed screw pattern as shown in 4, the 
screw sense depending on both the absolute configuration 
and preferred conformation of the derivative. The Cotton 
effects arise by the coupled oscillator mechanism15 and are 
the result of interaction of the electric dipole transition 
moments of the salicylidenimino chromophore, oriented 
approximately parallel to the attachment bond, with the 
'L a and 'B a b benzenoid transitions of the phenyl chromo
phore. The effective transition moment directions of the 
latter are along the phenyl group attachment bond. The 
transverse components of these moments are assumed to 
be cancelled by rotation of the phenyl group about its at
tachment bond. Substitution at various positions of the 
benzene ring of a particular chiral /i-phenylalkylamine 
should have little effect on the Cotton effects near 255 and 
315 (325) nm, except for possible minor variations in inten
sity reflecting changes in the magnitude of the effective 
transition moments along the phenyl group attachment 
bond due to the substituent.

Our continuing interest in the determination of the abso
lute configuration of chiral amines by CD methods'4 and in 
the pharmacological effects of stereoisomeric chlorinated 
amphetamines'6 has prompted us to prepare enantiomers 
of o- and m-chloroamphetamine hydrochloride (5a and 6a) 
and to use them to assess the validity of both Snatzke’s sec
tor rule and the salicylidenimino chirality rule. To this end 
we compare the CD spectra of (R)-5a and (S)-6a and the 
corresponding free bases (fl)-5b and (S)-6b with those of
(S)-(+)-p-chloroamphetamine hydrochloride16’17 ](S)-7a]
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and (S)-(+)-amphetamine hydrochloride [(S)-8a] and their 
free bases. The structural features of these amines are well 
suited for this purpose in that the chiral center is separated 
from the benzene ring by a methylene group, and the spec
troscopic moments of a chlorine and a methyl substituent 
are nearly identical in sign and magnitude.8’9 We also ex
amine the effect of iV-methyl substituents on the CD spec
tra of meta- and para-substituted /3-phenylalkylamine hy
drochlorides (6d, 6e, 7d, and 7e). Finally, in extension of 
the salicylidenimino chirality rule to ortho- and meta-sub- 
stituted /3-phenylalkylamines, we compare the CD spectra 
of N-5-bromosalicylidene derivatives 5c-8c.

Results and Discussion
Synthesis and Proof of Configuration. The most effi

cient synthesis of the racemic amines involved condensa
tion of the requisite aldehyde (9) with nitroethane19 fol
lowed by lithium aluminum hydride (LiAlFLt) reduction of 
the resulting chlorophenylnitropropene (10) (Scheme I).

Scheme I

9a, X =  o-Cl 
b, X =  m-Cl

+  c h 3c h ,n o 2 — *•

(±)-5a
(±)-6a

10a, X =  o-Cl 
b, X =  m-Cl

An earlier paper20 described the resolution of (±)-5b 
using (+)-tartaric acid, but we have found that the amine 
so obtained was 65% racemic (cf. Experimental Section). 
L-IV-Acetylleucine had proven to be the acid of choice for 
the resolution of (±)-7b16 and was equally successful with 
(±)-5b.

A recent patent21 described a resolution of (±)-6b using 
(—)-dibenzoyltartaric acid to give a free base which we have 
found to be no more than 76% resolved. In our hands, this 
same resolving agent gave partially racemic (R)-6a. Opti
cally pure (S)-6a was obtained, however, using (-t)-diben- 
zoyltartaric acid and the partially resolved amine from the 
original resolution mother liquors.

The configurations of (S)-7a and (S)-8a are well 
known,16 and the configurations of (R)-5a and (R)-6a were 
established by conversion of each to CR)-8a by catalytic hy- 
drogenolysis. The samples of (R)-8a in each case were 
shown by gas-liquid chromatography (GLC) of the free 
base to be at least 99% pure. The enantiomers of 8a are 
known to racemize on heating with Raney nickel,22 and 
some racemization took place during hydrogenolysis of
(R) -6a in hydrochloric acid. Hydrogenolysis of the free 
base (R)-5b over palladium on carbon in ethanolic acetic 
acid was not accompanied by racemization.

The IV-methyl derivatives of 6a and 7a were prepared by 
LiAlH4 reduction of the corresponding IV-carbobenzoxy 
derivatives 6f and 7f (Scheme II). Thus (S)-6d and (±)-,
(S) -, and (R)-7d were prepared from the respective amines. 
The N,N-dimethyl derivatives [(S)-6e and (± )-, (S)-, and 
(/?)-7e] were prepared by reductive (Eschweiler-Clarke) 
methylation of 6b and 7b of the respective configurations 
with formaldehyde in aqueous formic acid.

Circular Dichroism of Amine Hydrochlorides and 
Amines. The electronic (isotropic) absorption (EA) and

Scheme II
(S>6b

(Sh7b CACH.OCOCl-pyridine

(S)-7d

CD data of the optically active amine hydrochlorides are 
summarized in Table I. The fine structure pattern in the 
xLh band (ca. 235-275 nm) and the 'L a band (ca. 210-225 
nm) in the CD spectra of 5a-8a can be understood in terms 
of progressions dominated by the totally symmetric vibra
tional modes of 1050 cm” 1 in o-chlorotoluene, 1000 cm” 1 in 
m-chlorotoluene, 797 and 1092 cm” 1 in p-chlorotoluene, 
and 1000 cm” 1 in toluene.23 The data in Table I also show 
that IV-methyl substitution has little effect except to re
duce the intensity of the 'L a Cotton effects shown by the 
methylated derivatives relative to the respective parent 
compounds.

As predicted by Snatzke’s rule,7 the ortho-substituted 
hydrochloride [(E)-5a] shows a 'Lb Cotton effect of the 
same sign as those of the unsubstituted [(S)-8a] and the 
para-substituted hydrochlorides [(S)~7a, (S)-7d, and (S)- 
7e] of the opposite configuration. Contrary to prediction, 
however, those of the meta-substituted hydrochlorides 
[(S)-6a, (S)-6d, and (S)-6e] have the same sign as those of 
the unsubstituted and para-substituted hydrochlorides of 
the same configuration. The CD data for the amines (Table 
II), obtained by measurement with solutions prepared from 
the respective hydrochlorides in 0.1 N  methanolic potassi
um hydroxide, show that the 'Lb Cotton effect for an amine 
is not significantly different from that of its hydrochloride. 
It appears then that, aside from possible sign inversion due 
to transitions to non-totally symmetric vibrational 
modes,11-24 caution should be exercised in correlation of the 
'Lb Cotton effect of an arylalkylamine with its absolute 
configuration, especially when the ring is polysubstituted.

It is noteworthy that, while hydrochlorides (S)-6a, (S)- 
7a, and (S)-8a all show optical rotations in water at the D

Table II
Circular Dichroism Data for Amphetamines in 

0.1 N  Methanolic Potassium Hydroxide*1

X, nm (£0 ] b)

Compd Max Cutoff

(R)- 5b 275 (+66)
267 (+74) 230 (-)

(S)-6b 276 (+170) 
268 (+190)
261 (+130) 235 (+)

(S)-7b 277 (+260) 
270 (+300)
263 (+190) 225 (+)

(S)-8b 269 (+140) 
262 (+150)
255 (+110) 225 (+)

' Weighed amounts of hydrochlorides, c 8.01 x 10-2 to 8.62 x
2 g/100 ml; length 1 cm; temperature 25°. b Molecular ellip-

ticity.
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Table III
Spectral Data for lV-5-Bromosalicylidene Derivatives in Absolute Ethanol“

CD

Longest and shortest leib =
Compd EA max, X, nm (€ ) X, nm Max, A, nm Min, X, nm(£0j^) X, nm1

(R) -5c
416 (520)

500 (±0)
416 (-1200) 376 (-800)

470

327 (3800) 
274 (1600)®

327 (-12,000) 282 (-1500)

254 (10,000)
232 (±0)

256 (-38,000) 232

219 (35,000)
(S)-6c

417 (600)
500 (±0)

417 (+1700) 380 (+1000)
465

328 (3900) 
275 (1800)®

328 (+13,000) 285 (+1600)

254 (11,000)
233 (-5900)

255 (+38,000) 237

220 (37,000)

415 (600)
500 (±0)

415 (-1500) 380 (-900)
455

328 (3700) 
276 (1700)e

326 (-14,000) 280 (-900)

254 (10,000)^
233 (+2200)

255 (-43,000) 237

(S)-8cf
415 (740)

500 (±0)
411 (+2200) 370 (+1100)

470

327 (3600) 327 (+12,000) 277 (+1000)
276 (1600)e 
254 (10,000)®

233 (-8200)
254 (+35,000) 237

220 (31,000)
a c 2.65 X 10“ 3 to 6.78 X 10~2 g/100 ml; length 1 cm; temperature 25°. 6 Molecular ellipticity.c Molar absorptivity. a Each first entry at a 

longer wavelength than a maximum indicates the interval from the longest wavelength examined for which [0] = ± 0 .c bhoulder.f Data from 
ref 16. * Spectrum below 225 nm not determined.

line of the same sign as their 1Lb and 1 La Cotton effects in 
methanol (positive), (R)-5a has a negative rotation at the D 
line and positive xLb and 1La Cotton effects. Thus it ap
pears that the inaccessible (below 210 nm) 1Ba>b Cotton ef
fect for (/f )-5a must be very strongly negative. In compar
ing CD spectra of the free bases (Table II), it is possibly 
significant that at cutoff (225-235 nm) (R)-5b is negative 
and the others positive.

Circular Dichroism of IV-5-Salicylidene Derivatives.
The EA and CD data for the iV-5-bromosalicylidene deriv
atives are summarized in Table III. The signs of the Cotton 
effects near 255 and 325 nm are in accord with those pre
dicted by the salicylidenimino chirality rule,14 positive for 
all derivatives with the S configuration, negative for R. The 
more intense Cotton effects observed for (R)-7a result from 
reinforcement of the spectroscopic moments of the two 
para substituents on the benzene ring producing a larger 
transition moment along the attachment bond for the ]La 
transition.

These results validate the application of the salicylideni
mino chirality rule to polysubstituted arylalkylamines. 
Thus the assignment of the S configuration to the non
stimulant, anorectic agent (-f)-fenfluramine [(+)-AI-ethyI- 
ot-(m-trifluoromethylbenzyl)ethylamine] [(S')- 11a], made 
in part on the basis of the CD spectrum of the .'V-salicyli- 
dene derivative of (+ )-norfenfluramine [(S )-llb ],25 is con
firmed. The configurational assignment made on the same 
basis for the stereoisomers of the psychotomimetic amine 
a-(2,5-dimethoxy-4-methylbenzyl)ethylamine26 (12) is also 
confirmed.

(S)-lla,R=C2H5 12
(S)-llb, R = H

Experimental Section

Hydrochlorides were prepared by treatment of potassium hy
droxide dried ether solutions of the free bases with hydrogen chlo
ride. Amines were obtained from the salts by treatment of the lat
ter with 10% sodium hydroxide solution, extraction into ether, and 
drying over potassium hydroxide. Melting points were taken in 
sealed capillary tubes and are corrected. Optical rotations at the 
sodium D line were measured using a visual polarimeter and a 
1-dm tube. Proton magnetic resonance (XH NMR) spectra were de
termined with a Jeol MH-100 spectrometer and chemical shifts (6) 
are reported in parts per million (ppm) downfield from tetrameth- 
ylsilane. Isotropic electronic absorption (EA) spectra were mea
sured with a Cary Model 14 spectrometer with the normal variable 
slit. Circular dichroism (CD) spectra were measured with a Cary 
Model 60 spectropolarimeter equipped with a CD Model 6001 ac
cessory, and the slit was programmed for a spectral band width of
1.5 nm. A Varian Aerograph Model 90-P instrument fitted with a 5 
ft X 0.25 in. 5% SE-30 column was used for GLC analyses (140°). 
Microanalyses were done by Galbraith Laboratories, Inc., Knox
ville, Tenn.

(±)-o-Chloroam phetam ine Hydrochloride [(± )-5a]. 1(2- 
Chlorophenyl)-2-nitropropene27 (10a, 65.1 g, 0.329 mol), prepared 
by the published procedure,19 was reduced with excess LÌAIH4 in 
ether as described previously.19 The resulting amine, (±)-5b, was
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converted to the hydrochloride (±)-5a (46.1 g, 68%), recrystallized 
from acetone-ether, mp 182-183° (lit.20 mp 175-176°).

(i?)-(—)-o-Chloroamphetamine Hydrochloride [(B)-5a]. A 
solution of sodium L-N-acetylleucinate prepared from L-N-acetyl- 
leucine (7.35 g, 42.4 mmol) and sodium hydroxide (1.70 g, 42.5 
mmol) in water (125 ml) was added dropwise to a stirred solution 
of (±)-5a (15 g, 73 mmol) in water (125 ml). It was necessary to 
concentrate the resulting solution to ca. 100 ml to obtain a crystal
line salt (6 g) which was recrystallized twice from water to constant 
specific rotation, [a]2SD —31° (c 1.63, H20). Optically pure (ft)-5a 
obtained thefefrom had mp 171-172°; [a]25D —26° (c 1.96, H2O) 
[lit.20 mp 175-176°; [a]26D +9.0° (c 3.78, H20 ) for (S)-5a.

Hydrogenolysis of (jft)-(-)-o-Chloroamphetamine Hydro
chloride [(ft)-5a]. A mixture of (ft)-5b (0.32 g), absolute ethanol 
(12.5 ml), glacial acetic acid (2.5 ml), and 10% palladium on carbon 
(0.53 g) was stirred under hydrogen until uptake ceased (2.5 hr). 
The catalyst was removed by filtration, the filtrate was evaporated 
to near dryness and made strongly alkaline with 10% sodium hy
droxide, and the amine was extracted into ether. GLC analysis 
showed in addition to ether a single peak identical in retention 
time (0.9 min) with authentic (ft)-8b and no trace of (ft)-5b (reten
tion time 2.3 min). The hydrochloride had [o:]25D —24° (c 8.97, 
H20 ) [lit.18 [ « ] 25d  +21.6° (c 9.0, H20) for (S)-8a[.

(R ) -(-)-JV-(5-Bromosalicylidene)-o-chloroamphetamine 
[ ( jR)-5c] prepared from equimolar amounts of (ft)-5b and 5-bro- 
mosalicylaldehyde was an oil which after drying for 48 hr at room 
temperature (0.05 mm) had [a]25D —255° (c 1.06, absolute 
C2H5OH).

(±)-m-Chloroamphetamine Hydrochloride [(±)-6a], l-(3- 
Chlorophenyl)-2-nitropropene (10b), prepared in a similar manner 
to 10a, had bp 98° (0.01 mm) [lit.28 bp 101.5-102° (0.2 mm)]. Re
duction of 10b with excess LiAlH4 in ether gave (±)-6b, bp 63-73° 
(0.5 mm). The hydrochloride (±)-6a, recrystallized from acetoni
trile-methanol, had mp 158-160°.

Anal. Calcd for C9H13CI2N: C, 52.44; H, 6.36; Cl, 34.40. Found: 
C, 52.46; H, 6.39; Cl, 34.46.

(S ) -(+)-m-Chloroamphetamine Hydrochloride [(S)-6a]. A
solution of (—)-dibenzoyltartaric acid monohydrate (21.5 g, 0.057 
mol) in 95% ethanol (120 ml) was added dropwise to a stirred solu
tion of (±)-6b (18.2 g, 0.107 mol) in absolute ethanol (125 ml). The 
precipitated salt was collected, recrystallized twice from 30% aque
ous ethanol, and treated with 10% sodium hydroxide to yield par
tially racemic (ft)-6b, [<r]25D -18° (c 4.05, CH3OH) [lb.21 [a]20D 
—17° (c 2, CH3OH)]. Hydrochloride (ft)-6a had [cr]25D —16° (c 
1.98, H20).

Evaporation of the filtrate from the original precipitation of the 
dibenzoyltartrate salt above followed by treatment with 10% sodi
um hydroxide yielded partially racemic (S)-6b (3.86 g, 2.27 mmol). 
It was dissolved in absolute ethanol (20 ml) and treated as above 
with a solution of (+)-dibenzoyltartaric acid monohydrate (6.40 g,
1.70 mmol) in 95% ethanol (40 ml). The precipitated salt was col
lected, recrystallized from 80% aqueous ethanol, and treated with 
10% sodium hydroxide to give (S)-6b. Hydrochloride (S)-6a had 
mp 165-166°, H 25D +21° (c 2.10, H20).

Hydrogenolysis of Partially Racemic (R )-(—)-m-Chloroam- 
phetamine Hydrochloride [(ff)-(ia]. To a solution of partially 
resolved (ft)-6a (219 mg), [<*]25d  —16°, in water (9 ml) was added 
platinum oxide (110 mg) and concentrated hydrochloric acid (3 
drops). The mixture was stirred under hydrogen until uptake 
ceased (20 hr). The catalyst was removed by filtration and the fil
trate was evaporated to dryness. The white, crystalline residue of 
partially racemic (ft)-8a had, after drying for 12 hr at 60° (0.1 
mm), [a]25D -1 1 ° (c 9.03, H20 ) [lit.18 [a]25D +21.6° (c 9.0, H20) 
for (S)-8a[. GLC analysis of the amine obtained from this hydro
chloride showed only 8b.

(S)-(+)-IV-(5-Bromosalicylidene)-.m-chloroamphetamine 
[(S)-6c], prepared from equimolar amounts of (S)-6b and 5-bro- 
mosalicylaldehyde in methanol, had mp 92-93°, [a]25D +228° (c
0.95, absolute C2H5OH).

Anal. Calcd for C16Hi5BrClNO: C, 54.49; H, 4.29. Found: C 
54.20; H, 4.15.

(5) -lV-Methyl-m-chloroamphetamine Hydrochloride [(S ) - 
6d]. (S)--V-Carbobenzoxy-m-chloroamphetamine [(S)-6f], pre
pared in 90% yield by the procedure described below for (±)-7f, 
was treated with excess LiAlH4 in ether as described below for the 
preparation of (±)-7d to give crude (S)-6d (83%), recrystallized 
from acetone, mp 140-141°, [a]25D +13° (c 1.90, H20).

Anal. Calcd for CioHi5Cl2N: C, 54.56; H, 6.87. Found: C, 54.78; 
H, 6.90.

( 6 )  -  jV,/V-Di me thy 1-m-chloroamphetamine Hydrochloride

[(S)-6e]. Optically pure (S)-6b was subjected to Eschweiler- 
Clarke methylation as described below for (±)-7b to give crude 
(S)-6e, recrystallized from acetone, mp 161-162°, [a]25D +10° (c 
2.02, H20).

Anal. Calcd for CnHi7Cl2N: C, 56.42; H, 7.32. Found: C, 56.34;
H, 7.10.

(&)-(+)- and R - ( —)-p-Chloroamphetamine hydrochloride 
[(S)- and (R)-7a] had [a]25D +22° (c 2.01, H20 ) and [a]25D -2 2 ° 
(c 2.16, H20), respectively [lit.16 [a]25D + 21° (c 2.02, H20 ) and 
[a]25D -2 2 ° (c 1.90, H20 ) for (S)- and (ft)-7a, respectively]; (S)-7a 
had [a]25D —8.6° (c 2.10, i-PrOH).

(± )-, (S)-(+)-, and ( R ) - ( —)-JV-Carbobenzoxy-p-chloroam- 
phetamine [(+ )-, (S)-, and (jR)-7fJ. To a stirred, ice-cooled solu
tion of (±)-7b (790 mg, 4.7 mmol) in pyridine (2 ml) was added 
dropwise during 30 min carbobenzoxy chloride (1.54 g, 9.03 mmol). 
The ice bath was removed and stirring was continued for 1.5 hr be
fore water was added. The resulting mixture was extracted with 
ether, and the ether solution was washed with 2 N  hydrochloric 
acid until the aqueous phase remained acidic, then with aqueous 
sodium bicarbonate and two portions of water. Removal of ether 
from the dried (MgS04) extract yielded crystalline (±)-7f (1.05 g, 
74%). A sample recrystallized from carbon tetrachloride was homo
geneous to TLC (silica gel HF-254, 9:1 benzene-ethyl acetate, ft/ 
0.7) and had mp 83-84°; ]H NMR (CDCI3) 5 1.08 (d, 3, J  = 7 Hz),
2.70 (m, 2), 3.94 (m, 1, CHCH3), 4.58 (m, 1, NH), 5.00 (s, 2, 
OCH2CbH5), 6.9-7.4 ppm (m, 9).

Anal. Calcd for Ci7Hi8C1N02: C, 67.21; H, 5.97; N, 4.61. Found: 
C, 66.73; H, 5.96; N, 4.81.

(S)-7f and (ft)-7f, prepared in a similar manner from (S)-7b and 
(ft)-7b, had mp 186-188°; [n]25D +22° (c 2.20, CH3OH) and [a]25D 
—23° (c 2.00, CH3OH), respectively.

(± )-, (S)-(+)-, and (R )-(—)-JV-Methyl-p-chloroamphetam- 
ine Hydrochloride [(±)-7d, (S)-7d, and (R)-7d]. A suspension 
of (±)-7f (602 mg, 1.98 mmol) in ether (15 ml) was ice cooled and 
stirred while excess LiAlH4 was added in small portions. The mix
ture was stirred for 15 hr at room temperature, then cooled while 
water was added. The suspension was filtered, and the filtrate was 
extracted with 1 N  hydrochloric acid (5 ml). Evaporation of the 
aqueous layer, trituration of the crystalline residue with acetone, 
and drying at 60° (0.1 mm) gave (±)-7d (345 mg, 79%): mp 136- 
138° (lit.29 mp 133°); !H NMR (D20 ) & 1.12 (d, 3, J  = 7 Hz), 2.64 
(s, 3), 2.84 (m, 2), 3.37 (m, 1], 7.0-7.3 ppm (m, 4).

Treatment of (S)-7f and (ft)-7f in a similar manner gave (S)-7d 
and (ft)-7d, which after recrystallization from acetone-methanol 
had mp 180-181°; [a]2SD +16° (c 1.22, H20 ) and [n]26D -1 6 °  (c
I. 20, H20), respectively.

(± )-, (S)-(+)-, and (R )-(—)-JV,IV-Dimethyl-p-chloroamphe- 
tamine Hydrochloride [(+ )-, (S)-, and (Jf)-7e]. A mixture of 
(±)-7b (370 mg, 2.18 mmol), 90% formic acid (0.8 g, 16 mmol), and 
37% aqueous formaldehyde (0.7 ml) was heated for 14 hr at 90-95°. 
The mixture was cooled, mixed with 6 N  hydrochloric acid (1 ml), 
and evaporated to dryness. The residue was washed with small 
portions of acetone and dried at 60° (0.1 mm), yielding (±)-7e (425 
mg, 83%): mp 207-208° dec; *H NMR (D20 ) 5 1.18 (d, 3, J  = 7 Hz),
2.84 (s, 3), 2.87 (s, 3), 2.92 (m, 2), 3.60 (m, 1), 7.1-7.4 ppm (m, 4).

Anal. Calcd for C ,,H i7C12N: C, 56.42; H, 7.32; N, 5.98. Found: C, 
56.54; H, 7.32; N, 5.93.

Treatment of (S)-7b and (ft)-7b in a similar manner gave (S)-7e 
and (ft)-7e, mp 220-221° dec; [a]25D +11° (c 2.09, H20 ) and [«]25d 
—9.3° (c 2.05, H20), respectively.

A ck n ow led g m en t. We thank Mr. Charles D. Mount for 
the preparation of racemic 5a and 6a.

Registry No.—(±)-5a, 35334-29-3; (ft)-5a, 54676-31-2; (ft)-5b, 
54676-32-3; (ft)-5c, 54643-56-0; (±)-6a, 35378-15-5; (ft)-6a, 
54712-19-5; (S)-6a, 54676-33-4; (±)-6b, 2486-97-7; (S)-6b, 54676- 
34-5; (S)-6c, 54643-57-1; (S)-6d, 54643-58-2; (S)-6e, 54643-59-3; 
(S)-6f, 54643-60-6; (ft)-7a, 16064-31-6; (S)-7a, 16064-30-5; (±)-7b, 
2275-84-5; (ft)-7b, 405-47-0; (S)-7b, 405-46-9; (ft)-7c, 52372-24-4; 
(±)-7d, 30572-91-9; (ft)-7d, 24359-23-7; (S)-7d, 156-11-6; (±)-7e, 
54643-61-7; (ft)-7e, 54712-53-7; (S)-7e, 54676-35-6; (±)-7f, 54643- 
62-8; (ft)-7f, 54676-36-7; (S)-7f, 54676-37-8; (ft)-8a, 41820-21-7; 
(S)-8a, 1462-73-3; (S)-8b, 51-64-9; (S)-8c, 52372-25-5; 10b, 19394- 
34-4; sodium IV-acetyl-L-leucinate, 54643-63-9; 5-bromosalicylal- 
dehyde, 1761-61-1; (—)-dibenzoyltartaric acid, 2743-38-6; (+)-di- 
benzoyltartaric acid, 17026-42-5.
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P hotochem istry and R adiation C hem istry o f Su lfu r-C on ta in in g  A m ino A cids. 
A  N ew  R eaction  o f the 1-P ropenylthiyl R ad icals1
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Received September 9,1974

In connection with food-flavor deterioration caused by uv or y  irradiation, a new reaction of the 1-propenylthiyl 
radicals from S-(cis-l-propenyl)-L-cysteine irradiated by uv ray or 7-ray in oxygen-free aqueous solutions was in
vestigated. The main products, formed via 1-propenylthiyl radicals, in uv photolysis were 1-propene-l-thiol, 2,4- 
dimethylthiophene, 3,4-dimethylthiophene, and 3-methylthiophene, while 7 radiolysis yielded 1-propene-l-thiol, 
ri-propyl 1-propenyl sulfide (cis and trans), and di-l-propenyl sulfide (cis,cis and cis,trans). Furthermore, cis- 
trans isomerization of 1-propenylthiyl radicals plays an important role in the formation of these products.

Sulfur-containing am ino acids, such as S -a lk y l-L -cyste -  
ine (alkyl: m ethyl, n -p rop yl, allyl, 1 -propenyl), are found  
abundantly in Allium ,2 Brassica,3 and Phaseolus4 plants. 
T h ese sulfoxides are also biologically active, i.e., they ex
hibit antihypercholesterolem ic5 and allithiam ine effects .6 
Furtherm ore, since sulfur-containing am ino acids are 
known to be highly sensitive to  uv and 7  irradiation, it is o f  
interest to  investigate the photolysis and radiolysis o f  these  
com pounds.

W e  have studied the m echanism  o f  form ation o f the 
m ajor products when sulfoxide am ino acids 1, which are

O
t

R — S— CH,CHCOOH
I

n h 2
1

r  =  c h 3c h 2c h 2, c h 2= c h c h 2, c h 3c h = c h

precursors o f  onion and garlic flavors, are irradiated by 7 
rays in an oxygen-free aqueous solution. T h is is o f im por
tance from  the view point o f  food irradiation .7

R ecently, during studies on the uv photolysis and 7  radi
olysis o f S -alk yl-L -cystein es (alkyl: n- propyl, allyl, 1 -p ro 
penyl), we found th at the m ajor products form ed from  uv 
photolysis o f S -n -propyl-L -cysteine (2) or S -a lly l-L -cy ste -  
ine (3) were approxim ately sim ilar to  those from  7  radioly
sis (Figure l ).8 O n  the other hand, the uv photolysis o f  S- 
(e is -l-p rop en yl)-L -cy ste in e  (7) proceeded quite differently  
from  its 7  radiolysis.

In this paper we report the identification o f the products  
form ed by uv photolysis and 7  radiolysis o f  S -(c ts -l-p r o p e -  
n yl)-L -cystein e, one of the lachrym atory precursors in on 
ions,9 and suggest m echanistic schem es to  rationalize the  
m ajor products.

Results and Discussion
Identification of Products. G as chrom atogram s o f the  

volatile products from  uv photolysis and 7  radiolysis o f S- 
(cis- 1 -propenyl)-L -cysteine are shown in Figure 2. C om par
ison o f gas chrom atographic retention tim e and m ass spec
trom étrie fragm entations with those o f reference com 
pounds perm itted identification o f  the volatile com pounds  
shown in T ab le  I.

T h e  m ajor products o f  uv-irradiated S -(cis- 1 -p ropen yl)- 
L-cysteine were 1 -p ro p en e-l-th io l, 2 ,4-dim ethylthiophene,
3 ,4-dim ethylthiophene, and 3-m ethylthiophene. M inor  
products were n -propyl 1 -propenyl sulfides, d i-l-p ro p e n y l  
sulfides, 2 -m ethylthiophene, and 2 ,5 - and 2 ,3 -d im eth yl- 
thiophenes.

T h e  m ajor products o f 7  radiolysis ( 104- 106 rad) were 1- 
p ro p en e-l-th io l, n -propyl cis- 1 -propenyl sulfide, and n- 
propyl tra n s-d i-l-p ro p e n y l sulfide. M in or products were 
cis,c ts -d i-l-p ro p e n y l sulfide and cis, tra n s-d i-l-p ro p e n y l  
sulfide. N o  thiophene derivatives could be detected even by  
using a highly sensitive gas chrom atograph and the com 
bined G C -M S  m eth od .10

T h e  m ass spectral fragm entations o f  the m ain peaks in 
Figure 2 are sum m arized in T ab le  II. M ass spectral frag
m entations o f  1 -p ro p en e -l-th io l, n -p rop yl 1 -propenyl sul-
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Table I: Identification of Volatile Products from S-(cis-l-Propenyl)-L-cysteine Irradiated by Uv  Ray or 7 -Ray

U v photolysis Y  radiolysis

Peak n o. Com pd Peak no. Compd

u , Prop anal ri l-P r o p e n e -l-th io l

U2 P ropan e-l-th iol Yl n-Propyl czs-l-p rop en yl sulfide

U3 1 -  Pr opene -1  -thiol Y3 n-Propyl ¿raws-1-propenyl sulfide

U4 2-Methylthiophene Y 4 cis, c fs -d i-l-P r o p e n y l sulfide

U5 3 -Methylthiophene Y 5 cis, tra «s-d i-l-P ro p en y I sulfide

Ue n-Propyl 1-propenyl sulfides“
u 7 2 ,5-Dimethylthiophene

U8 2-M ethyl-2-pentenal
U 9 2 ,4-Dimethylthiophene

Ulo (a) D i-l-p ro p en y l sulfides11
(b) 2,3-Dimethylthiophene

U11 3 ,4-Dimethylthiophene
a Mixture of cis and trans. b Mixture of cis,cis and cis,trans.

0
ch3ch2ch2s ch2ch c o o h 

a  n h2

Alanine CHgCHgCHgSCHgÇHCOOH — Cystine
NHc

( c h3c h2ch2)2s
m  ^li ( c h3ch2c h2s )2

c h3ch2ch2sh

0
1

c h2= c h c h2 s c h 2c h c o o h
t NH,

Alanine 5 ~. : : : CH2=CHCH2SCH2CHC00H
NH,

(ch2= c h c h2)2s

3 -,
i 
i i ch2=c h c h 2o h

Cystine

CH3CH2CH2S CH2CH=CH2
Figure 1. The products from S-rc-propyl-L-cysteine (2) and S- 
allyl-L-cysteine (3) irradiated by uv ray (solid line) or y-ray (dot
ted line) in oxygen-free aqueous solutions. Major products are rep
resented with a thick line.

fides, and di-l-propenyl sulfides have been rationalized on 
the basis of metastable ion peaks and distinguished the 
products from the isomeric allyl compounds.11 Since the 
mass spectra of cis- and trans- 1-propenyl sulfides did not 
differ, the geometrical isomers were characterized by ir and 
!H NMR.12

In Table II, the relative abundance of a fragment, mass 
59 (CH3C = S +), explains a significant difference between 
2-methylthiophene and 3-methylthiophene. Although the 
base peak in the mass spectra of mono- and dimethylthio- 
phenes is usually the (M — 1) ion, the base peak of 2,3-di- 
methylthiophene only is mass 97 (M+ — 15). A significant 
difference among the mass spectra of 2,5-, 2,4-, and 3,4- 
dimethylthiophenes is the relative abundances of mass 59, 
i.e., 22.1, 8.9, and 4.5%, respectively (Table II).13

Among the ninhydrin-positive products of interest con
cerning the degradation mechanism, alanine (large) and 
cystine (trace), etc.,14 were identified by comparing Rf 
values in two-dimensional thin layer chromatography15 and 
gas chromatographic retention times16 with those of refer
ence compounds.

The formation of hydrogen sulfide was confirmed by

0 5 10 15 20

Figure 2. Gas-liquid chromatograms of head space vapor from S- 
(cis- 1-propenyl)-L-cysteine irradiated in oxygen-free aqueous so
lutions: (I) uv ray, 20 mill, 2537 A, 20 hr; (II) y-ray, 20 mM, 1 X 
106 rad.

lead tetraacetate and it was determined colorimetrically.17 
About 200 times more H2S was produced by uv photolysis 
than by 7  radiolysis.

Mechanism of Uv Photolysis. The oxygen-free neutral 
solutions of S -(cis-l-propenyl)-L-cysteine (2 X 10~2 mol/1.) 
dissolved in distilled water were irradiated for 0, 1 , 2, 5, 10, 
20, or 40 hr (2537 A). The correlation between irradiation 
time and the yield of products is shown in Figure 3. Since 
alanine was produced in considerable quantity even at an 
early stage of uv irradiation, it seems that S- (cis- 1-prope
nyl) -L-cysteine (7) is cleaved in the initial step to give 1- 
propenylthiyl radicals and 2-amino-2-carboxyethyl radical 
9. In the electron spin resonance (ESR) spectrum (77 K) of
S- (cis- l-propenyl)-L-cysteine irradiated in aqueous sys
tem, an anisotropic signal (gi = 2.002, g 2 = 2.025, g3 = 
2.052) was observed in good agreement with reference alk- 
ylthiyl radicals (Figure 4).18 This indicates that thiophene 
derivatives are produced via 1 -propenylthiyl radicals as fol
lows.

CH:,CH=CHS-
CH:)____  CH.

+  îAS (1)
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Table II: Mass Spectral Fragmentations of the Volatile Products from Uv Photolysis and
y Radiolysis of S-(cis-l-Propenyl)-L-cysteine

m ¡e Aa B6 Cc D* E e ae H h V V K k

39 54.3 1 7 .0 11 .4 13.3 2 3 .6 20 .3 22 .9 65 .1 50 .0 77 .7 9 1 .9
40 8.6 2.0 r . i 1 .9 3 .9 3 .5 4 .0 17 .2 5 .5 5 .0 5.5
41 100.0 1.5 i .i 2.4 5.8 8.2 11.5 9 4 .3 9 1 .8 8 9 .2 9 7 .4
42 8.6 1.1 1.1 1.1 1.2 5.7 4 .5 3.3 4 .8
43 1.4 1.1 1.1 1.1 2.3 3 2 .5 30 .9 4 .1 4 .1
44 4 .3 3.1 2.0 1.0 2.2 1.7 1 .9 8 .9 1.8 1.7 2.1
45 71.4 21.6 26 .8 14 .5 31 .4 2 5 .5 35.1 8 2 .7 8 1 .8 89 .3 9 8 .7
46 18.6 2 .5 2.2 1.2 2.1 1.6 2 .5 14.9 12 .7 8.3 8.2
47 14.6 3 .0 2 .3 1.8 2.3 1.6 2 .5 21.2 20.0 14.9 16 .4
48 1.7 1.4 1.0 1.2 1.0 1.1 1.6 1.4 1.6 0 .7
49 1.4 3 .5 3 .0 2.0 1.1 1.7 1.6 1.4 0.8 0 .7
50 4 .0 7 .8 8.1 4 .5 10.2 6.3
51 5.1 6 .5 11.2 5.6 13 .2 8.0
52 1.8 3 .5 3 .5 2 .3 4 .0 2.2
53 14 .2 8.6 8 .5 5.0 10 .5 7 .5 9 .0 9 .5 14.9 13 .7
54 1.8 1.7 1.1 1.1 1.3 1.1 0.8 0 .9 2 .5 2 .7
55 1.3 2.0 2.0 2.3 0.8 1.8 14 .5 13 .0
56 1.6 1.1 4 .2
57 5.7 4 .4 2.0 5.0 1.8 1.6 1.8 8 .3 4 .1
58 8.6 5.0 6.6 7.9 3 .8 11.2 4 .5 3 .2 6 .4 9 .9 9 .6
59 18.6 6.2 2.3 22.1 8 .9 1 4 .0 4 .5 16.3 16 .8 23 .2 2 8 .8
60 1.4 1 .4 1.1 1 .7 1.4 1.8 1.3 1.6 1.8 3.3 5.5
61 1.4 2 .5 2.0 1.8 2.0 1.9 1.8 1.6 1.8 3.3 10.3
62 2 .5 2.0 1.4 3 .8 1 .9 1.8
63 2 .7 2.8 2.0 5.0 2 .7 3 .7
64 1.1 1.1 1.0 1.1
65 1.5 2 .3 1 .5 3 .0 3 .5 4 .0
67 10.7 16 .8
68 1.2 1 .7 2 .7
69 5.7 7.9 8 .4 7.1 8.0 8.2 10 .5 12 .4 13 .7

70 1.4 2 .5 2 .3 2.1 3.3 3 .5 4 .1 1.6 1.4

71 5.7 3 .8 6.0 7.0 9 .5 5.0 9 .5 11.2 10.0 2 6 .4 30 .8

72 1.4 1.2 1.2 2.8 1.1 2.2 10.2 9.1 2 5 .6 3 1 .5

73 2 2 .9 1.2 1.4 1.1 1.1 29.2 29.1 33 .1 3 2 .9

74 8 2 .9  (P) 100.0 100.0 12 .4 1 6 .5

75 5.7 10.9 10 .7

76 5 .7 8 .3 6 .9

77 13 .8 1 7 .0 13.3 12.5

78 7 .7 7 .8 8.0 5.2

79 4 .1 5 .5 3 .9 5.3 14 .9 1 3 .7

80 1.6 2 .7

81 1.3 1.4 16 .5 2 1 .9

82 1 .5 1.4 2 .5 7 .5

83 1.3 2.0 1.2 1.4 1.1 1.7 2.1

84 2.0 1.8 3 .9 1.3

85 3.1 2.0 7 .0 2.0 4 .9 3 .6 31 .4 4 1 .1

86 0.8 0 .5 3.3 5.5

87 4 0 .6 35 .4 2 .5 4 .1

88 2.4 1.8

89 2 .5 1.8

97 100.0 100.0 6 1 .7 53 .0 100.0 4 9 .3 13.2 5 .5

98 5 2 .0  (P) 5 0 .0  (P) 4 .0 7 .5 4 .3 2 .5 2.1

99 5.9 5 .8 3 .2 4 .5 3 .5 9 3 .5 8 3 .6

100 3 .0 2 .9 6.6 6.2

101 3.3 1.8 7.4 5 .5

111 100.0 100.0 74.6 100.0

112 7 5 .7  (P) 7 6 .7  (P) 7 7 .5  (P) 7 3 .7  (P)

113 10.6 10 .7 10.3 10.1 6.6 10.3

114 4 .5 4 .5 4 .6 4 .3 1 00 .0  P 1 0 0 .0  P

115 7.4 9 .6

116 55.3  (P) 5 7 .7  (P) 5 .8 8 .9
117 4.9 5.5
118 4.1 4.1
a l-Propene-l-thiol. 6 2-Methylthiophene. c 3-Methylthiophene. d 2,5-Dimethylthiophene. c 2,4-Dimethylthiophene. 1 2,3-Dimethylthi- 

ophene. * 3,4-Dimethylthiophene. * n-Propyl ci's-l-propenyl sulfide. ' rc-Propyl trans-l-propenyl sulfide. > cis, cis-Di-l-propenyl sulfide. 
* CiS,frans-Di-l-propenylsulfide.
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As shown in Figure 3, the yield of each thiophene deriva
tive, hydrogen sulfide, 1-propene-l-thiol, alanine, and sul
fides increased approximately in parallel with irradiation 
time to the extent of 0-5 hr, respectively.

Couture and Lablache-Combier reported the isomeriza
tion of 2-methylthiophene to 3-methylthiophene by uv ir
radiation and suggested an isomerization mechanism.19 
Therefore there is a possibility that each dimethylthio- 
phene is produced by methyl scrambling on the thiophene 
ring. Only trace amounts of isomerization products were 
obtained from 2,4-dimethylthiophene and 3,4-dimethyl- 
thiophene irradiated for 20-40 hr in aqueous solutions, re
spectively.

The dimethylthiophenes might also be produced by pho- 
tocyclization of di-l-propenyl sulfides frcm uv-irradiated 7. 
However, 2,4-dimethylthiophene or 3,4-dimethylthiophene 
could not be detected even by gas chromatography (FID).20

In addition, Block and Corey have reported that 
diphenyldivinyl sulfide undergoes photocyclization to give 
irons-2,3-diphenyl-o-thiabicyclo[2.1.0] pentane and 2,3- 
dihydro-3,4-diphenylthiophene.21 However, no cyclization 
products of this type were obtained from 7 or the di-l-pro
penyl sulfides.

From the above results, each dimethylthiophene must be 
produced independently, via 1-propenylthiyl radicals (Fig
ure 4).

1-Propenylthiyl radicals exist as a resonance hybrid (eq
2), since cis-trans isomerization of the 1-propenylthiyl rad
icals has been found in the case of y  radiolysis.lb’22

H H H
I I  . I

CH3C = C —  S* CH3CH — CH=S CH3C = C — S*

4 5 i  (2)
6

A reasonable tentative mechanism for dimethylthio
phene formation is as follows.

1-Propenylthiyl radicals (4 and 6) react with 7 or alkyl 
radical 5 to produce unstable dimeric thioaldehyde 8. 8 via

H H

4 and 6 + CH3C = C —  S— CH2CHCOOH (or 5) — -

n h 2
7

CH3CH — CH=S + *CH2CHCOOH (3)
I I
s— ch= chch3 nh2

8 9
a [1,3]-prototropic shift gives the alkenethiol 10 and the 
immediate elimination of hydrogen sulfide then leads to 
stable 2,4-dimethylthiophene (11). Therefore, we tried to

CH;j

\ = C H

/  XSH

\  /H
C H =C

\
CH,

hv

2537 A

11

10

(4)

prepare alkenethiol 10 to determine whether 2,4-dimethyl
thiophene could indeed be obtained by its irradiation.

First, 5-methyl-3,6-dithia-4,7-nonadiene (13) was pre
pared from ethyl 2-propynyl sulfide (12) in about 45%

Figure 3. Correlation between irradiation time and products from 
S-(eis-l-propenyl)-L-cysteine irradiated in oxygen-free aqueous 
solutions.

Mn(g=2.033)

Figure 4. Electron spin resonance spectra of S-(cis-l-propenyl)- 
L-cysteine (A, B) and re-propyl 1-propenyl sulfide (C) irradiated 
by uv ray (2537 Â, 10 hr) at 77 K: (A) recorded in 8 hr after irradia
tion; (B) recorded in 10 min after irradiation; (C) recorded in 2 hr 
after irradiation, gi = 2.002, g2 = 2.025, g3 = 2.052.

yield. Lithium alkenethiolate, which was prepared by reac
tion of 13 with lithium in liquid ammonia, gave 10 in low

45%
CH =C —  CH2SCH2CH3 

12
ch3h

ch3ch= chsc= csch2ch3 (5) 
13

yield by treatment with sulfuric acid.23 A small amount of
2,4-dimethylthiophene was also produced, probably by par
tial decomposition during the acid hydrolysis and solvent 
extraction. Thereupon 10 was irradiated by uv ray and the 
products were characterized by combined GC-MS.10 The 
major products were 2,4-dimethylthiophene, hydrogen sul
fide, and 1-propene-l-thiol; other thiophene derivatives 
were produced only in trace amounts. Although the inter
mediates 8 or 10 could not be isolated at room temperature, 
the above evidence indicates that 10 might be an interme
diate in the formation of 2,4-dimethylthiophene.
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Figure 5. Gas-liquid chromatograms of head space vapor from (I) 
2 X 10-2 mol/1. of *S-{cis-l-propenyl)-L-cysteine and (II) mixture 
of 2 X 10-2 mol/1. of S-(cis-l-propenyl)-L-cysteme and 1 X 10-2 
mol/1. of NaCN irradiated by y-ray (1 X 106 rad).

Similarly alkyl radical 5 attacks 7 or another radical 5 to 
produce unstable bisthioaldehyde 14, which gives dithiol 15 
via a [l,3]-prototropic shift. Immediate elimination of hy
drogen sulfide from 15 then leads to stable 3,4-dimethyl- 
thiophene (16).

c h 3c h c h = s [13]9hift c h 3c= c h s h  m _H3S)

CH3CHCH=S CH;iC=CHSH
14 15

16
The amount of 3-methylthiophene produced after 20-hr 

irradiation was 20 times the amount of 2-methylthiophene, 
as shown in Figure 3. 3-Methylthiophene (18) is probably 
produced through intermediate 17 formed by a [l,3]-meth- 
yl shift in the thioaldehyde 8 (eq 7).24

HC=CH

/  SCH:, M -C H „S H )

\  /H
CH=C

\
CH.i 

17
The trace amounts of 2,5-dimethylthiophene and 2,3- 

dimethylthiophene may have been produced by methyl 
scrambling on the thiophene ring.

Further confirmation of the intermediates and other evi
dence for the suggested mechanism will be presented else
where.

Mechanism of y Radiolysis. Some trans- 1-propenyl 
sulfides were found from 7 irradiated by y-ray with 1 X 106 
rad (see Table I). These trans products must have been 
produced via cis-trans isomerization of the 1-propenylthiyl 
radicals25 (eq 2).

In recent years, photochemical26 and radiation-chemi
cal27 cis-trans isomerizations of olefins have been much in
vestigated in organic solvents and in gaseous systems. 
However, radiation-induced cis-trans isomerization has 
not been investigated in aqueous systems in spite of its im
portance for animal and plant organisms.

The yield of alanine from 7 is considerably greater than

Figure 6. Gas-liquid chromatograms of the mixture of S -(cis-l- 
propenyl)-L-cysteine (PeCS) and S-n-propyl-L-cysteine (PCS) ir
radiated by y-ray: (A) 1 X 10-2 mol/1. of PeCS, (B) 1 X 10-3 mol/1. 
of PCS, (C) mixture of 1 X 10-1 mol/1. of PeCS and 1 X 10-3 mol/1. 
of PCS, (D) mixture of 1 X 10-2 mol/1. of PeCS and 5 X 10~3 mol/1. 
of PCS.

that of cystine, in analogy with the case of uv photolysis. 
This fact indicates that the S-C (alanine moiety) bond in 7 
is easily cleaved by y irradiation.

The radiation-induced decomposition of water in the ab
sence of oxygen proceeds as follows.

H20 -------H , e aq, -O H, H30 +, H2, H20 228 (8)

In order to elucidate the mechanism of y radiolysis of 7, 
it was irradiated after several scavengers had been added. 
The yield of alanine decreased with increasing concentra
tion of N20  (specific scavenger for eaq)29 and increased 
with increasing concentration of KBr (specific scavenger 
for -OH).30 Therefore it is considered that 7 reacts with eaq 
to produce alanine.

With increasing concentration of NaCN (H radical scav
enger)31 in irradiated 7, both y2 and y:j decreased. Both y4 
and ys increased (Figure 5). This evidence indicates that H 
radicals from y radiolysis of water contribute to the forma
tion of n-propyl 1-propenyl sulfide (cis and trans).

At first we inferred that di-l-propenyl sulfides (20 and 
21) reacted with two H radicals to produce n-propyl 1-pro
penyl sulfides 19, but 19 could not be detected in the vola
tile products formed from 20 or 21 irradiated in an oxygen- 
free aqueous solution. Therefore we added various concen
trations of 2 to aqueous solutions of 7 and irradiated the 
mixture in an oxygen-free aqueous solution (Figure 6). Di
n-propyl sulfide (Pi) and di-n-propyl disulfide (P2) formed 
by y radiolysis of 1 X 10~3 mol/1. of S-n-propyl-L-cyste- 
ine32 could be detected in the same concentration as before 
(B in Figure 6). Disulfide (P2) was not produced from the
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mixture of 2 X  10“ 2 mol/1. of 7 and 1 X  10~ 3 mol/1. of 2 (C 
in Figure 6 ) . 33 On the other hand, the amount of n-propyl 
1-propenyl sulfides ( 7 2  and 7 3 ) increased steeply. At higher 
concentration of 2 (5 X  10- 3  mol/1.), disulfide (P2) was 
barely detected (D in Figure 6 ). These facts indicate that 7 
is hydrogenated by H radicals from the 7  radiolysis of 
water to produce 2 , and n -propyl radicals from irradiated 2  

attack 1-propenylthiyl radicals or 7 to produce n- propyl 1- 
propenyl sulfides 19 as follows.

observed frequently,26 authentic cis isomer irradiated in an 
oxygen-free aqueous solution was not converted to trans 
isomer. Since the 1 -propenyl radical is assumed to react 
with retention of stereochemistry,34 the proportion of cis- 
and trans-1-propenylthiyl radicals (4 and 6 ) must be 33:67 
(%).

On the basis of the above results and evidence, we 
suggest that cis-trans isomerization of the 1 -propenylthiyl 
radicals proceeds as shown in Chart I.

CH,CH=CHSCH,CHCOOH

NH,

hydrogenation

O H )

CH,CH,CH2SCH,CHCOOH (9)

NH,

XT2 '- ' XT 2 

CH oCH=CHS*
CHqCHoCH,*

c h 3c h 2c h 2s*

CH3CH2CH2* + CH3CH2CH2S* + etc. (10)

" c h 3c h 2c h 2sch= c h c h 3

(cis and trans)
19

or 7

C H qC H =C H •

or 7
d i )

When irradiated to the extent of 104 -106 rad, 7 gave di- 
1 -propenyl sulfides ( 2 1  and 2 2 ) in the ratio of cis,cis: 
cis,trans (7 4 :7 5 ) of 33:67. Although radiation-induced cis- 
trans isomerization of olefins in organic solvents has been

Chart I
H H
I I

CH3C = C — S +  9

\  I I
N--------► ch3c= c- + ~sch2chcooh

20 I
NH,

H H H H
I 1 _  -OH or spont i I

CH:,C =C — S ------------ -  CH:1C = C — S- +  (OH or e)

H H H H
I l  I I

ch3c= c— s- *-*• ch3c— c=s
4 (33%) j \

H H
I . I

CH,C=C— 5- CH ,C— C =S

A A
6 (67%)

H H H H
20 or 7 I I  i l

4 --------► CH;,C=C— S— C = C — CH,
21

H H H
20 or 7 I I  I

6 -------- *■ CH:,C =C — S— C = C —  CH,

H
22

Conclusions

In the case of 7  radiolysis in aqueous systems, such 
chemical species as hydrated electrons (eaq), hydroxyl radi
cals (-OH), etc. (eq 8 ), are produced in the first stage and 
attack the solute in the second stage. In uv photolysis, the 
solute is directly excited and decomposed. In spite of this 
basic difference, the major products from uv photolysis of 2  

or 3 were approximately similar to those from 7  radiolysis 
(Figure 1). However, the uv photolysis of S- (c is - 1-prope- 
nyl)-L-cysteine was significantly different from its 7  radiol
ysis. In spite of the formation of 1-propenylthiyl radicals 
from both uv photolysis and 7  radiolysis of S- (c is - 1-prope
nyl) -L-cysteine, thiophene derivatives were mainly pro
duced in uv photolysis, while 1 -propenyl-containing sul
fides were mainly produced in 7  radiolysis (Table I). Also, 
about 2 0 0  times more H2S was produced by uv photolysis 
than by 7  radiolysis. The main products via 1-propenyl- 
thiyl radicals are summarized as follows.

volatile disulfide

CH,CH=CHSH

hydrogen

abstraction
4 --------------

—

TÎ -h2s CH3

' CH,CH=CHS'

I
— +

R- or
RSCHjCHCOOH 

NH,

h3 ch3

V

CH:JCH=CHSR
r = ch,ch2ch3, ch= chch3

solid line: 7 -ray 
dotted line: uv ray

Furthermore, from alkenethiol 10, 2,4-dimethylthio- 
phene was obtained by uv photolysis but not by 7  radioly
sis, and instead of thiophenes, small amounts of 1 -propene- 
1 -thiol and di-l-propenyl sulfides were obtained by 7  radi
olysis (5 X  105 rad) 3 5 of 10 (about 2 X  10~ 2 mol/1.).

The intermediates, thioaldehyde 8  and 10, etc., might be 
the key compounds in explaining the difference between 
uv photolysis and 7  radiolysis of S - (cis- 1-propenyl)-L- 
cysteine.

Experimental Section

General Instrumentation. The method of GC-MS combina
tion was preferred to obtain the mass spectral data of trace 
amounts of products. A Watson-Biemann helium separator10 was 
used between the gas chromatograph (Hitachi Model K-53 GLC) 
and the mass spectrometer (Hitachi Model RMS-4). The operating 
parameters were as follows: gas chromatograph, 1 m X 3 mm i.d. 
stainless steel column packed with 20% Reoplex 400 on 60-80 mesh 
acid-washed C-2 2 , flow rate (helium carrier gas) of 25 ml/min, 
temperature 80°, injection port temperature 150°; mass spectrom
eter, ion source temperature 200°, ion source pressure 2 X 10“ 6 
mm, target current 60 mA, total emission 80 mA, ionizing voltage 80 
eV, accelerating voltage 3 kV. To purify the authentic compounds, 
a preparative gas chromatograph (Varian Aerograph 90-P) was 
used. To obtain the small amounts of products, a FID gas chroma
tograph (Yanagimoto GCG 550PF), in which a splitter was insert
ed, was also used. Infrared spectra were measured in KBr pellets 
with a Hitachi EPI-S2 infrared spectrometer. ‘ H NMR spectral
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data were obtained from a Hitachi R-22 apparatus (90 MHz). ESR 
spectra were taken at 77 K with X-band spectrometers (JeOL P- 
10) .

Uv Irradiation. The oxygen-free neutral solutions of sulfur- 
containing amino acids (2 X 10- 2  m ol/l.) dissolved in triply dis
tilled water were placed in stoppered quartz tubes. They were irra
diated for 0, 1, 2, 5, 10, 20, or 40 hr at room temperature using a 
50-W low-pressure mercury lamp, Ushio UL1-5BQ (2537 A).

7  Irradiation. Irradiation was carried out by exposure to y  rays 
from cobalt-60 of 3 kCi at a dose rate of 6.24 X 104 rad/hr at room 
temperature. The oxygen-free neutral solutions of sulfur-contain
ing amino acids (5 X 10- 3  to 2 X 10- 2  molA.) in triply distilled 
water were placed in stoppered Pyrex tubes and irradiated to the 
extent of 104- 10 6 rad.

Irradiations in the presence of N2O (specific scavenger for eaq),28 
KBr (specific scavenger for -OH),29 or NaCN (H radical scaven
ger)30 were also done for studies on the formation mechanism.

Separation and Identification of the Irradiation Products. 
In both the uv photolysis and 7  radiolysis, volatile products from 
irradiated S - ( c i s - l-propenyl)-L-cysteine (5 1. of solution) were dis
tilled off by passing through nitrogen gas as a carrier at approxi
mately 80°, and absorbed into about 5 ml of isopentane trap 
cooled with Dry Ice-ethanol.

The volatile products were characterized by the combined 
GC-MS method and the products were further confirmed by com
paring with the gas chromatographic retention time and mass 
spectra of the respective reference compounds.

Two-dimensional thin layer chromatography of ninhydrin-posi- 
tive products from irradiated S-(cis-l-propenyI)-L-cysteine was 
carried out on Avicel SF (microcrystalline cellulose) by using (1) 
1-butanol-acetic acid-water (4:1:1 v/v) and phenol-water (4:1 v/v) 
or (2) 1-butanol-acetic acid-water (63:10:27 v/v) and phenol-ace- 
tic acid-water (7:1:2 v/v) as solvent systems and the chromato
grams were colored with ninhydrin reagent. Amino acids produced 
by irradiation were converted into iV-trifluoroacetylamino acid n- 
butyl esters and were determined by using a FID gas chromato
graph (Hitachi K-53).

S-n-Propyl-L-cysteine (2) and S-Allyl-L-cysteine (3). The 
synthetic procedure is a modification of the method of du Vig- 
neaud et al.36 in preparing S-methyl-L-cysteine from L-cystine.

S-n-propyl-L-cysteine (2): mp 210-212° dec; ir (KBr) 2965- 
2860, 2580, 2120 (NH3+), and 1580 cm" 1 (COO- ); mass spectrum 
m/e (rel intensity) 163 (M+, 12.4), 118 (21.7), 90 (40.3), 89 (100), 74
(31.0), 61 (46.5), 47 (65.1), and 43 (89.9); ’ H NMR (D20-NaOD) 5 
0.90 (3 H, t, J  =  7.0 Hz, CH3), 1.55 (2 H, m, CH2), 2.50 (2 H, t, J =
7.2 Hz, SCH2 at n-propyl), 2.75-2.85 (2 H, dd, J  = 6.2  Hz, SCH2 at 
C-0), and 3.45 (1 H, dd, J  = 6.2 Hz, CH at C -a ) .

Anal. Calcd for C6H13N02S: C, 44.16; H, 8.03; N, 8.58. Found: C, 
44.09; H, 7.99; N, 8.60.

S-Allyl-L-cysteine (3): mp 208-210° dec; ir (KBr) 3020-2870, 
2590, 2120 (NH3+), 1580 (COO- ), and 990 and 918 cm- 1  (allyl dou
ble bond); mass spectrum m /e (rel intensity) 161 (M+, 14.2), 116
(8.4) , 88 (55.8), 87 (100), 74 (90.0), 45 (46.8), 41 (87.6), and 39
(32.4) ; 3H NMR (D20-NaOD) b 2.61-2.71 (2 H, dd, J =  6.2 Hz, 
SCH2 at C-/8), 3.10 (2 H, d, J  = 7.0 Hz, SCH2 at allyl), 3.26 (1 H, 
dd, J  = 6.2 Hz, CH at C-a), 5.01-5.22 (2 H, dd, J = 17.0 and 10.0 
Hz, vinylic CH2), and 5.71 (1 H, m, vinylic CH).

Anal. Calcd for C6Hi,N 02S: C, 44.71; H, 6 .8 8 ; N, 8.69. Found: C, 
44.52; H, 6.81; N, 8.60.

S-(cis-l-Propenyl)-L-cysteine (7). This compound was pre
pared by the synthetic procedure of Carson and Wong37 from S- 
allyl-L-cysteine with potassium t e r t -butoxide in dimethyl sulfox
ide: mp 179-180° dec; ir (KBr) 2970, 2840, 2580, 2100 (NH3+), and 
1580 (COO- ), no absorption at 990 and 918 (allyl double bond) 
and at 967 cm- 1  (trans isomer); mass spectrum m/e (rel intensity) 
161 (M+, 32.1), 116 (16.0), 88 (72.8), 87 (100), 74 (71.2), 59 (48.8), 
45 (71.2), 41 (40.8), and 39 (44.0); ‘H NMR (D20-Na0D) b 1.62 (3 
H, d, J = 6.1 Hz, CH3 at 1 -propenyl), 2.85-2.95 (2 H, dd, J =  6.9 
Hz, SCH2 at C-IS), 3.36 (1 H, dd, J = 6.9 Hz, CH at C-a), 5.67 (1 H, 
m, CH at 1 -propenyl), and 5.98 (1 H, d, J = 9.0 Hz, SCH at 1 -pro- 
penyl).

Anal. Calcd for C6HnN02S: C, 44.71; H, 6 .8 8 ; N, 8.69. Found: C, 
44.70; H, 6.81; N, 8 .6 6 .

The mass spectral fragmentations of such sulfur-containing 
amino acids as S-alkyl-L-cysteines were reported previously.38

Di-n-propyl Sulfide. Di-n-propyl sulfide was prepared from 
n-propyl bromide according to the method of Shriner et al.39 in 
preparing dibenzyl sulfide from benzyl chloride with sodium sul
fide. The product was distilled at atmospheric pressure: bp 141°; 
yield 82%; ir (film) 2990, 2890 (methyl C-H stretching vibration),

2960 (CH2), and 1460 cm 1 (C-H); mass spectrum m /e (rel intensi
ty) 118 (M+, 95.2), 89 (100), 76 (81.2), 61 (63.5), 47 (62.3), and 43
(77.6).

Anal. Calcd for C6H14S: C, 60.98; H, 11.94. Found: C, 61.10; H,
11.92.

Diallyl Sulfide. Diallyl sulfide was also prepared by the above- 
mentioned method: bp 139°; yield 71%; ir (film) 1645 (double 
bond) and 990 and 913 cm- 1  (allyl double bond); mass spectrum 
m/e (rel intensity) 114 (M+, 30.5), 99 (30.8), 73 (78.3), 72 (42.5), 45
(91.2), 41 (100), and 39 (68.2).

Anal. Calcd for CgHioS: C, 63.13; H, 8.83. Found: C, 63.30; H, 
8.75.

Di-l-propenyl Sulfides (21 and 22). This compounds were 
prepared by the method of Tarbell and Lovett,40 bp 146-150°, 
yield 42%. cis,c is - and c is ,t ra n s -di-l-propenyl sulfides were puri
fied by using the preparative gas chromatograph.

cis,cis-Di-l-propenyl sulfide (21): ir (film) 1720, 1610 (double 
bond), 932 (1-propenyl double bond), and 660 cm- 1  (cis double 
bond); mass spectrum m /e (rel intensity) 114 (M+, 100), 99 (93.5), 
73 (33.1), 45 (89.3), 41 (89.2), and 39 (77.7); >H NMR (CC14) 5 1.6 6  
(6 H, dd, J  = 6.9 and 1.9 Hz, CH3), 5.54 (2 H, m, CH at 1-prope
nyl), and 5.94 (2 H, m, J  =  9.5 and 1.9 Hz, SCH at 1-propenyl).

Anal. Calcd for C6H10S: C, 63.13; H, 8.83. Found: C, 63.20; H, 
8.80.

cis/rans-Di-l-propenyl sulfide (22): ir (film) 1680, 1610 (double 
bond), 962 (trans double bond), 932 (1-propenyl double bond), and 
660 cm- 1  (cis double bond); mass spectrum m /e (rel intensity) 114 
(M+, 100), 99 (83.6), 73 (32.9), 45 (98.7), 41 (97.4), and 39 (91.9): 3H 
NMR (CC14) 6 1.60-1.75 (6 H, m, CH3), 5.47-5.76 (2 H, m, CH at 
1 -propenyl), 5.90 (1 H, m, J  = 17.2 and 1.9 Hz, SCH at trans dou
ble bond), and 5.96 (1 H, m, J  =  9.5 and 1.9 Hz, SCH at cis double 
bond).

Anal. Calcd for CgHioS: C, 63.13; H, 8.83. Found: C, 63.21; H,
8.79.

n-Propyl Allyl Sulfide. The synthetic procedure is a modifica
tion of the method of Kirner and Richter41 in preparing a-furfuryl 
ethyl sulfide from furfuryl mercaptide with ethyl bromide. The 
product was obtained by distillation: bp 140°; yield 78%; ir (film) 
2990, 2890 (methyl C-H stretching vibration), 1645 (double bond), 
and 989  and 912 cm- 1  (a lly l d o u b le  b o n d ); mass spectrum m /e (rel 
intensity) 116 (M+, 34.7), 87 (30.2), 74 (63.1), 73 (20.7), 45 (51.8), 
43 (20.3), 41 (100), and 39 (49.1).

Anal. Calcd for CeH^S: C, 62.04; H, 10.41. Found: C, 61.90; H,
10.39.

n-Propyl 1-Propenyl Sulfides (19). This compound was pre
pared by the reaction of n-propyl allyl sulfide with sodium meth- 
oxide in absolute methanol, bp 139-141°, yield 55%. Cis and trans 
isomers were purified by the gas chromatograph.

n-Propyl c is - 1-propenyl sulfide: ir (film) 1612 (double bond) 
and 936 and 665 cm- 1  (cis double bond); mass spectrum m /e (rel 
intensity) 116 (M+, 55.3), 87 (40.6), 74 (100), 73 (29.2), 45 (82.7), 43
(32.5), 41 (94.3), and 39 (65.1); JH NMR (CC14) b 0.96 (3 H, t, J  =
7.0 Hz, CH3 at n-propyl), 1.56 (2 H, m, CH2), 2.48 (2 H, t, J  =  7.2 
Hz, SCH2 at n-propyl), 1.70 (3 H, d, J  = 6.1 Hz, CH3 at 1-prope
nyl), 5.27-5.72 (1 H, m, CH at 1-propenyl), and 5.78 (1 H, d, -J =
9.9 Hz, SCH at 1-propenyl).

Anal. Calcd for CeHi2S: C, 62.04; H, 10.41. Found: C, 61.95; H,
10.38.

n-Propyl tra n s- 1-propenyl sulfide: ir (film) 1610 (double bond) 
and 960 cm- 1  (trans double bond); mass spectrum m /e (rel intensi
ty) 116 (M+, 57.7), 87 (35.4), 74 (100), 73 (29.1), 45 (81.8), 43 (30.9), 
41 (91.8), and 39 (50.0); 3H NMR (CC14) b 0.96 (3 H, t, J  =  7.0 Hz, 
CH3 at n-propyl), 1.56 (2 H, m, CH2), 1.70 (3 H, d, J  =  6.1 Hz, CH3 
at 1 -propenyl), 2.48 (2 H, t, -/ = 7.2 Hz, SCH2 at n-propyl), 5.27-
5.72 (1 H, m, CH at 1 -propenyl), and 5.82 (1 H, d, J  =  15.2 Hz, 
SCH at 1 -propenyl).

Anal. Calcd for C6H12S: C, 62.04; H, 10.41. Found: C, 62.10; H,
10.39.

Di-n-propyl Disulfide. This compound was prepared by the 
application of a synthetic procedure of p,p'-dinitrophenyl disul
fide42 from p-nitrophenyl chloride with Na2S2: bp 195°; yield 75%; 
ir (film) 2990, 2890 (methyl C-H), and 600-800 cm- 1  (C-S); mass 
spectrum m /e (rel intensity) 150 (M+, 28.0), 108 (23.6), 66  (10.9), 
43 (100), 41 (44.5) and 39 (20.0).

Anal. Calcd for C6HI4S2: C, 47.98; H, 9.40. Found: C, 48.02; H,
9.39.

Diallyl Disulfide. This compound was also derived from allyl 
bromide by the above-mentioned method: bp 173°; yield 55%; ir 
(film) 1645 (double bond) and 989 and 915 cm- 1  (allyl double 
bond); mass spectrum m /e (rel intensity) 146 (M+, 71.5), 113
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(22.0) , 105 (40.8), 81 (72.5), 73 (62.9), 45 (81.2), 41 (100), and 39
(89.8).

Anal. Calcd for C6H10S2: C, 49.31; H, 6.90. Found: C, 49.43; H,
7.04.

1- Propene-l-thiol. This compound was prepared by the syn
thetic procedure of Brandsma:23 bp 63-70°; yield 21%; mass spec
trum m/e (rel intensity) 74 (M+, 82.9), 59 (18.6), 47 (14.6), 45
(71.4) , 41 (100), and 39 (54.3).

Anal. Calcd for C3H6S: C, 48.64; H, 8.16. Found: C, 48.55; H,
8.05.

2- Methyl-2-pentenal. This compound was prepared by the 
synthetic procedure of Paquin:43 bp 137-138°; yield 32%; mass 
spectrum m/e (rel intensity) 98 (M+, 68 .8), 83 (25.5), 69 (50.8), 55
(52.0) , 41 (100), and 39 (38.5).

Anal. Calcd for C6H10O: C, 73.43; H, 10.27. Found: C, 73.39; H,
10.30.

Ethyl 2-Propynyl Sulfide (12). This compound was prepared 
by the reaction of propargyl bromide (119 g, 1 mol) with sodium 
ethanethiolate (84g, 1 mol) in 200 ml of absolute ethanol: bp 29- 
30° (15 mm); yield 75%; ir (film) 3220 (terminal acetylenic bond) 
and 2100-2120 cm" 1 (C=C); mass spectrum m/e (rel intensity) 
100 (M+, 56.7), 85 (35.5), 72 (61.1), 71 (78.9), 45 (100), and 39
(66.4) ; 4H NMR (CC14) « 1.23 (3 H, t, J = 7.0 Hz, CH3), 2.04 (1  H, 
t, J  = 1.2 Hz, CH), 2.60 (2 H, q, J  =  7.0 Hz, CH2 at ethyl), and 3.12 
(2 H, d, J = 1.2 Hz, CH2 at 2 -propynyl).

Anal. Calcd for C5H8S: C, 59.98; H, 8.05. Found: C, 59.87; H,
8.06.

Isomerization of 2-Propynyl Sulfide to 1-Propynyl Sulfide.
Isomerization was carried out by the method of Pourcelot et al.44 
The product was obtained by distillation: bp 35° (18 mm); yield 
68%; ir (film) 2200 (C=C), no absorption at 3220 cm- 1  (terminal 
acetylenic bond); mass spectrum m/e (rel intensity) 100 (M+, 
84.3), 85 (15.5), 72 (90.2), 71 (100), 45 (66.4), and 39 (23.8); *H 
NMR (C C U ) S 1.32 (3 H, t, J  = 7.0 Hz, CH3 at ethyl), 1.90 (3 H, s, 
CH3 at 1 -propynyl), and 2.58 (2 H, q, J  =  7.0 Hz, CH2).

Anal. Calcd for C6H6S: C, 59.98; H, 8.05. Found: C, 59.90; H, 
8.14.

5-Methyl-3,6-dithia-4,7-nonadiene (13). The synthetic proce
dure is a modification of the method of Schuijl and Brandsma.45 
To 200 ml of absolute ethanol was added 5 g of sodium. When the 
sodium,disappeared, the solution was cooled to room temperature 
and successively 2-propene-l-thiol (14.8 g, 0.2 mol) and ethyl 1- 
propynyl sulfide (20 g, 0.2 mol) were added with cooling. The mix
ture was refluxed for 3 hr. 5-Methyl-3,6-dithia-4,8-nonadiene and 
13 were detected by GLC. Sodium ethoxide (0.1 mol) was added to 
the mixture and was heated under reflux for 15 hr. Working up 
was carried out by pouring the reaction mixture onto 500 g of 
crushed ice and subsequently extracting three times with ether. 
The product was obtained by distillation and was purified by the 
gas chromatograph: yield 65%; ir (film) 1619 and 1580 (double 
bond), 965 (trans double bond), and 936 cm- 1  (1-propenyl double 
bond); mass spectrum m/e (rel intensity) 174 (M+, 74.2), 145
(24.6), 130 (18.9), 113 (100), 73 (36.0), 59 (90.8), 45 (91.5), 41 (33.6), 
and 39 (54.5); ‘H NMR (CC14) 5 1.25 (3 H, t, J  = 6.4 Hz, CH3 at 
ethyl), 1.68-1.73 (3 H, dd, CH3 at 1-propenyl), 1.95 (3 H, d, J  = 1.7 
Hz, SCCH3), 2.59 (2 H, q, J  = 6.4 Hz, CH2), 5.54-5.90 (1 H, m, CH 
at 1-propenyl), 5.89 (1 H, q, J  = 1.7 Hz, SCH at vinyl), and 6.01 (1 
H, m, J =  16.3 Hz, SCH at 1 -propenyl).

Anal. Calcd for C gH 14S 2: C , 55.16; H, 8.10. Found: C, 55.09; H,
8.03.

2- (l-Propenylthio)-l-propene-l-thiol (10). The same proce
dure as for 1-propene-l-thiol was used. The product was purified 
by using the preparative gas chromatograph: yield 7%; mass spec
trum m /e (rel intensity) 146 (M+, 66.3), 131 (40.7), 113 (52.3), 74
(64.0) , 73 (63.2), 59 (76.7), 45 (100), 41 (82.6), and 39 (45.3).

Anal. Calcd for C6Hi0S2: C, 49.31; H, 6.90. Found: C, 49.28; H,
6.88.

Synthesis of Authentic Thiophene Derivatives. 2-Methyl- 
thiophene. A mixture of levulinic acid (25 g, 0 .22  mol) and phos
phorus trisulfide (22 g, 0.14 mol) was heated. A vigorous reaction 
took place. As soon as the reaction had subsided, the product was 
distilled from the reaction mixture. The crude distillate was puri
fied by using the preparative gas chromatograph: bp 112-113°; 
yield 14.2% (lit.46 15%); ir (film) 845, 815, and 750 cm" 1 (thiophene 
ring); mass spectrum m/e (rel intensity) 98 (M+, 52.0), 97 (100), 59
(6.2), 45 (21.6), and 39 (17.0); 4H NMR (CC14) S 2.47 (3 H, s, CH3),
6.72 (1 H, m, C-3), 6.85 (1 H, dd, C-4), and 7.02 (1 H, dd, C-5).

Anal. Calcd for C5H6S: C, 61.23; H, 6.12; S, 32.65. Found: C, 
61.41; H, 6.39; S, 32.14.

3- Methylthiophene was obtained as a by-product in prepara

tion of 2,4- or 3,4-dimethylthiophene. 3-Methylthiophene was pu
rified by using the gas chromatograph: ir (film) 850 and 760 cm- 1  
(thiophene ring); mass spectrum m /e (rel intensity) 98 (M+, 50.0), 
97 (100), 59 (2.3), 45 (26.8), and 39 (11.4); JH NMR (CCU) 5 2.19 (3 
H, s, CH3), 6.68  (1 H, d, J  = 4.0 Hz, C-4), 6.73 (1 H, s, C-2), and
7.02 (lH ,d ,J  = 4.0 Hz, C-5).

2,5-Dimethylthiophene. A mixture of 2,5-hexanedione (25 g, 
0.22 mol) and phosphorus trisulfide (22 g, 0.14 mol) was heated for 
1 hr. The product was distilled from the reaction mixture: bp
134-135°; yield 50% (lit.47 50-60%); ir (film) 790 cm- 1  (thiophene 
ring); mass spectrum m/e (rel intensity) 112 (M+, 75.7), 111 (100), 
97 (61.7), 59 (22.1), 45 (14.5), and 39 (13.3); 4H NMR (CC14) 6 2.37 
(6 H, s, CH3) and 6.40 (2 H, s, C-3 and C-4).

Anal. Calcd for C6H8S: C, 64.27; H, 7.19; S, 28.54. Found: C, 
64.73; H, 7.22; S, 28.48.

2,4-Dimethylthiophene. Ethyl 2-methyl-3-ethoxycarbonyl-4- 
oxopentanoate was prepared by condensation of ethyl acetoacetate 
and 2-bromopropionate: bp 123° (6 mm); yield 52%; ir (film) 1735 
(ester) and 1715 cm- 1  (carbonyl). Hydrolysis of this ester with 
concentrated hydrochloric acid gave 2-methyl-4-oxopentanoic 
acid: ir (film) 1715 (carbonyl) and 1710 cm- 1  (COOH). A mixture 
of 2-methyl-4-oxopentanoic acid (24 g, 0.19 mol) and phosphorus 
trisulfide (22  g, 0.14 mol) was heated in carbon dioxide. The prod
uct was distilled from the reaction mixture and was purified by 
using the gas chromatograph: bp 137-138°; yield 33.8% (lit.48 34%); 
ir (film) 850, 820, and 760 cm- 1  (thiophene ring); mass spectrum 
m /e (rel intensity) 1 1 2  (M+, 76.6), 111 (100), 97 (53.0), 59 (8.9), 45
(31.4), and 39 (23.6); >H NMR (CCU) 5 2.07 (3 H, s, 4-CH3), 2.34 (3 
H, s, 2-CH3), 6.34 (1 H, s, C-3), and 6.40 (1 H, s, C-5).

Anal. Calcd for C6H8S: C, 64.27; H, 7.19; S, 28.54. Found: C, 
64.15; H, 7.23; S, 28.66.

2.3- Dimethylthiophene. Ethyl 3-methyl-3-ethoxycarbonyl-4- 
oxopentanoate was prepared by condensation of ethyl 2 -methyl-
3-oxobutanonate and ethyl bromoacetate, bp 102° (3 mm), yield 
50%. Hydrolysis with concentrated hydrochloric acid gave 3- 
methyl-4-oxopentanoic acid. A mixture of 3-methyl-4-oxopenta- 
noic acid (18 g, 0.14 mol) and phosphorus trisulfide (15 g, 0.1 mol) 
was heated for 1 hr. The product was obtained by distillation: bp
138-140°; yield 3% (lit.49 20%); mass spectrum m /e (rel intensity) 
1 1 2  (M+, 77.5), 1 1 1  (74.6), 97 (100), 59 (14.0), 45 (25.5), and 39 
(20.3).

3.4- Dimethylthiophene. Diethyl 2,3-dimethyl-2-cyanosucci- 
nate was prepared by condensation of ethyl 2-bromopropionate 
and ethyl 2-cyanopropionate: bp 125° (6 mm); yield 6 6%; ir (film) 
2300 (CN) and 1736 cm- 1  (ester). Hydrolysis of this ester with 6 N  
hydrochloric acid gave 2,3-dimethylsuccinic acid as a crystal, mp 
191.2°. A mixture of the sodium salt of 2,3-dimethylsuccinic acid 
(19 g, 0.1 mol) and phosphorus trisulfide (19 g, 0.12 mol) was 
subjected to dry distillation in a stream of carbon dioxide. The 
crude distillate was purified by using the gas chromatograph: bp 
144-146°; yield 26.8% (lit.50 21-22%); ir (film) 860 and 780 cm" 1 
(thiophene ring); mass spectrum m /e (rel intensity) 112 (M+, 63.7), 
111 (100), 97 (49.3), 59 (3.79), 45 (35.1), and 39 (22.9); 'H NMR 
(CCU) S 2.07 (6 H, s, CH3) and 6.72 (2 H, s, C-2  and C-5).

Anal. Calcd for C6H8S: C, 64.27; H, 7.19; S, 28.54. Found: C, 
64.56; H, 7.54; S, 28.45.
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In an attempt to prepare the N-alkylated rigid analog of phénobarbital 1 from 5-phenyl-5-(3-bromopropyl)bar- 
bituric acid (6 ) an unexpected intramolecular isomerization occurred. Treatment of 6 with ammonium hydroxide 
yielded 3-phenyl-3-allophanyl-2-piperidone (10), which was further hydrolyzed to 3-phenyl-2-piperidone (8 ). In a 
similar manner 5-phenyl-5-(2-hydroxypropyl)barbituric acid (14) underwent a similar intramolecular isomeriza
tion to yield a-phenyl-a-allophanyl-7 -valerolactone (17).

As part of a continuing study on the steric requirements 
for selective central nervous system depression, attempts 
have been made to develop general synthetic routes to 
bridged barbituric acids 1, to be investigated as antiepilep
tic agents.

Although attempts to prepare such ring systems have 
met with great difficulty, one such barbituric acid, 5-phe- 
nyl-7-methoxy-2,4,9-triketo-l,3-diazabicyclo[3.3.1] nonane
(2), has been prepared.2 Its synthesis was accomplished via 
an intramolecular imide attack on the primary bromide 
function of 5-phenyl-5-(2-methoxy-3-bromopropyl)bar- 
bituric acid (3).

4 5
This procedure did not prove to be a general method for 

the desired compounds, since similar intramolecular alkyl
ations of 5-phenyl-5-(3-halopropyl)- and 5-(2-halopropyl)- 
barbituric acids yielded the O-alkylated pyrano- and 
furopyrimidines 4 and 5, rather than the N-alkylated sys
tems.3

Taylor and McKillop4 have reported exclusive C-alkyla- 
tion when the thallous salts of 1,3-dicarbonyl compounds 
were heated with alkyl halides. In an attempt to extend 
this selectivity to our systems, it was hoped that the thal
lous salt of 6 could give the barbiturate 1 by intramolecular 
displacement by the imide nitrogen at N -l of a proper side- 
chain substituent.

Kornblum and coworkers5 have reported the importance 
of solvent in determining the ratios of C-alkylation to 0- 
alkylation in the alkylation of ambident anions. Higher ra-

+ Deceased, July 14, 1974.

tios of C-alkylated products were obtained when the alkyl
ations were performed in fluoro alcohols or water.

With these facts in mind, it was hoped that heating the 
thallous salt of 6 in an aqueous benzene solvent system 
would yield the desired N-alkylated product 1 in prefer
ence to the O-alkylated pyranopyrimidine 4.

The thallous salt of 5-phenyl-5-(3-bromopropyl)barbitu- 
ric acid (6) was prepared by the addition of thallium ethox- 
ide in anhydrous dimethoxyethane (DME) to a solution of 
6 in DME. However, when the thallous salt of 6 was re
fluxed in a 50:50 water-benzene solvent system, 5-phenyl-
5-(3-hydroxypropyl)barbituric acid (7) and a colorless gum

7, X = OH
were obtained. Formation of 7 may have resulted either 
from direct solvent attack on 6 during reflux or from hy
drolysis of the O-alkylated intermediate 4 during purifica
tion. The gum, although not completely purified, exhibited 
R f values very similar to those of 6 in numerous TLC sol
vent systems. Treatment of the gum with ammonium hy
droxide at 150° led to the formation of 3-phenyl-2-piperi- 
done (8), the expected hydrolysis product of 1. However,

treatment of an authentic sample of 6 under identical con
ditions also yielded 8 in excellent yield.

In an attempt to isolate intermediates in the formation 
of 8, 6 was treated with ammonium hydroxide at 50°, af
fording a product which was insoluble in dilute acid but 
soluble in dilute base. The ir spectrum showed three sharp 
carbonyl absorptions at 1650, 1690, and 1720 cm-1 in addi
tion to NH absorptions at 3400, 3350, and 3250 cm-1. The 
NMR spectrum (DMSO-dg) showed the presence of one 
imide proton at 5 10.04 and Ha in phenylacetylurea 9 occurs 
at 5 10.10. In both compounds the aromatic region inte
grates for seven protons and in 9 the Hb protons fall under

0  Ha 0
/ ^ \  Il I li /
\(^)/ ch2 c n c nn

■H

H

b

h

the aromatic protons. These data, therefore, suggested the 
presence of the allophanyl moiety, -CONHCONH2 . Warm-
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ing with dilute acid or treatment with nitrous acid convert
ed the product to 8 . From these data the product isolated 
was 3-phenyl-3-allophanyl-2-piperidone (10).

Therefore, the formation of 8  from 6  can be envisioned to 
occur by either of two pathways.

Pathway 1. Treatment of 6 with ammonium hydroxide 
leads to the abstraction of the imide proton followed by N- 
alkylation to give 1 . Compound 1  is then opened to 1 0 , 
which is further hydrolyzed to 8 .

Pathway 2. Alternatively, treatment of 6 with ammo
nium hydroxide leads, not to proton abstraction, but to the 
ammonolysis of 6  to yield the primary amine 11. The pri
mary amino function attacks the C- 6  (C-4) carbonyl of the 
barbiturate ring in a neighboring group with ring opening 
to yield 1 0 , which is further hydrolyzed to 8 .

Bobranski and coworkers6 have reported that 5-allyl-5- 
(2 -hydroxypropyl)barbituric acid ( 1 2 ) undergoes a similar 
type of intramolecular isomerization to yield o-allyl-a-allo- 
phanyl-y-valerolactone (15).

12 OH CH,CH=CH2
13 NH2 CH2CH=CH2
14 OH Ph

X R
15 0 CH2CH=CH2
16 NH CH2CH=CH2
17 0  Ph

We similarly found that treatment of 5-phenyl-5-(2-hy- 
droxypropyl)barbituric acid (14) with a catalytic amount of 
ammonium hydroxide yielded o-phenyl-a-allophanyl-7 - 
valerolactone (17). Hydrolysis of 17 under acidic conditions 
afforded a-phenyl-7 -valerolactone (18).

18, R = Ph
19, R = CH2CH=CH2

The amino derivative, 5-allyl-5-(2-aminopropyl)barbitu- 
ric acid (13), however, failed to undergo such an isomeriza
tion to a-allophanyl-a-allyl-7 -valerolactam (16) and only
o-allyl-7 -valerolactone (19) was formed.7

An attempt was made to obtain 5-phenyl-5-(3-aminopro- 
pyl) barbituric acid (1 1 ) by the reaction of 6  with gaseous 
ammonia under various conditions;8 however, no identifi
able products were obtained. An alternate approach to 11 
involved the conversion of 6  to 5-phenyl-5-(3-azidopro- 
pyl)barbituric acid (20). Hydrogenation of 2 0  yielded the 
primary amine 11. Treatment of 11 with ammonium 
hydroxide led to the formation of 1 0 .

21, X=N(C2H5)2

In a similar manner, treatment of 6  with diethylamine 
afforded 5-phenyl-5-(3-diethylaminopropyl)barbituric acid 
(2 1 ), whereas addition of aqueous methylamine to 6  yielded 
a mixture of oils.

These results, although not eliminating pathway 1 , 
suggest that treatment of 6  with ammonium hydroxide 
leads to the formation of 1 1 , which then isomerizes to 1 0  

(pathway 2 ).

Experimental Section9
Treatment of 5-Phenyl-5-(3-bromopropyl)barbituric Acid

(6 ) with Ammonium Hydroxide in the Autoclave. A suspension 
of 5-phenyl-5-(3-bromopropyl)barbituric acid (6, 5.0 g, 0.0154 mol) 
in 50 ml of concentrated NH4OH (58%) was heated in a steel auto
clave at 160° for 24 hr. The autoclave was allowed to cool to room 
temperature and opened, and the contents were filtered. Recrys
tallization of the solids from acetone yielded 2.0 g (0.0114 mol, 
74%) of 3-phenyl-2-piperidone (8) as white needles, mp 169-171° 
(lit. 10 mp 170.0-170.5°). The ir spectrum of 8 was completely su- 
perimposable on the ir spectrum of an authentic sample of 3-phe- 
nyl-2-piperidone prepared by an alternate route.10 Anal. Calcd for 
CnH13NO: C, 75.39; H, 7.47; N, 7.99. Found: C, 75.67; H, 7.62; N,
7.83.

3-Phenyl-3-allophanyl-2-piperidone (10). A suspension of 5- 
phenyl-5-(3-bromopropyl)barbituric acid (6 , 15.0 g, 0.046 moll in 
150 ml of concentrated NH4OH (58%) was heated on a steam bath 
for 1 hr. The reaction mixture was cooled to room temperature and 
filtered to yield 7.10 g (0.027 mol, 59%) of a white, crystalline sclid. 
Recrystallization from CH3OH yielded 10 as pure white needles: 
mp 220-221°; NMR (trifluoroacetic acid, 1% TMS) (detection of 
imide and lactam nitrogen H was made in DMSO-d6) <5 1.40-1.80 
(m, 2, -CH2CH2CH2-), 2.20-2.60 (m, 2, -CH2-), 3.20-3.60 (m, 2, 
-CH2NH), 7.16 (singlet superimposed and broad singlet, 7, aro
matic and -NH2), 8.43 (br s, 1, -CH2CONH-), 10.04 (s, 1, -CONH- 
CO-).

Anal. Calcd for Ci3H15N30 3: C, 59.76; H, 5.78; N, 16.08. Found: 
C, 59.97; H, 5.74; N, 16.25.

5-Phenyl-5-(3-azidopropyl)barbituric Acid (20). Sod.um 
azide (19.5 g, 0.30 mol) and 5-phenyl-5-(3-bromopropyl)barbituric 
acid (6 , 52.0 g, 0.16 mol) were dissolved in a mixture of 600 ml of 
acetone and 400 ml of H20. The reaction mixture was heated at re
flux for 18 hr, cooled to room temperature, and filtered. The fil
trate was concentrated in vacuo to yield a slightly yellow solid. The 
solid was filtered, washed with water, and air dried to yield 43.2 g 
(0.15 mol, 94%) of the desired product 20. Recrystallization from 
95% EtOH yielded small, white crystals: mp 183-184°; NMR 
(DMSO-d6-CDCl3, 1% TMS) 6 1.30-1.83 (m, 2, -CH2-), 2.16-2.60 
(m, 2, -CH2-), 3.13-3.37 (t, 2, -CH2CH2N3), 7.33 (s, 5, aromatic), 
10.00-10.60 (br s, 2, imide H); ir (KBr) 3230, 3110, 2110, 1700, 
1425, 1360, 830 cm-1.

Anal. Calcd for Ci3H13N50 3: C, 54.35; H, 4.56; N, 24.38. Found: 
C, 54.70; H, 4.65; N, 24.31.

5-Phenyl-5-(3-aminopropyl)barbituric Acid Hydrochloride 
(11). A solution of 5-phenyl-5-(3-azidopropyl)barbituric acid (20,
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21.3 g, 0.074 mol) in 160 ml of glacial acetic acid and 40 ml of dime- 
thoxyethane (DME) was added to a suspension of 2 g of prere
duced platinum oxide (Pt20) in 20 ml of HOAc in a Parr shaker 
hydrogenation apparatus. The azide was hydrogenated at an initial 
pressure of 50 psi at room temperature for 12  hr. The catalyst was 
filtered and the solvents were removed in vacuo to leave a clear, 
viscous oil. The oil was dissolved in 150 ml of anhydrous CH3OH 
and saturated with gaseous HC1 at 0-10°. Concentration of the sol
vents in vacuo yielded a pale, amorphous solid which was filtered, 
washed with Et20, and dried to yield 17.0 g (0.057 mol, 77%) of 11. 
Recrystallization from CH3OH-CHCI3 yielded a white, amorphous 
powder: mp 262-263° dec; NMR (DMSO-d6-CDCl3, 1% TMS) b 
1.32-2.01 (m, 2, -CH^), 2.08-2.52 (m, 2, -CH ^), 2.65-3.41 (m, 2, 
-CH2N+), 3.95 (s, 2.2, -NH3+, disappears with addition of D20), 
7.32 (s, 5, aromatic), 11.42 (s, 2, imide H); ir (KBr) 3300-2900, 
1710, 1405,1345 cm '1.

Treatment of 3-Phenyl-3-allophanyl-2-piperidone (10) with 
Nitrous Acid. Sodium nitrite (5 g) in 50 ml of water was added in 
a dropwise manner to a cooled solution (0-10°) of 10 (2.0 g, 0.0076 
mol) in 200 ml of CH3OH and 75 ml of concentrated HC1. With 
each addition a fine white precipitate formed in addition to the co
pious evolution of gas. After addition had been completed the 
reaction mixture was warmed to 80° for 15 min, cooled to room 
temperature, and filtered. A white, crystalline solid (0.8 g), mp 
218-220°, was obtained whose ir spectrum was identical with that 
of the starting material 10. Concentration of the CH3OH solution 
in vacuo yielded a solid residue. This solid was dissolved in hot ac
etone and the solvent was allowed to slowly evaporate to yield an 
additional 0.7 g of 10. Further evaporation of the solvent yielded 
0.20 g (0.0011 mol, 15%), mp 170-171°, of a white, crystalline solid 
whose NMR and ir spectra were completely superimposable on 
those of an authentic sample of 3-phenyl-2-piperidone (8 ).

a-Allophanyl-a-phenyl-y-valerolactone (17). To a solution 
of 5-phenyl-5-(2-hydroxypropyl)barbituric acid (14, 10.0 g, 0.038 
mol) in 100 ml of CH3OH was added 1 ml of concentrated NH4OH 
(58%) and the resulting solution was heated at reflux for 2 hr. Re
moval of the solvent in vacuo yielded a white, crystalline solid. Re
crystallization from CH3OH yielded 5.10 g (0.019 mol, 51%) of 17 
as pure white cubes: mp 167-169°; N M R (DM SO-de-CDCl;, 1% 
TM S) 6 1.40-1.50 (d, 3, J  = 6 Hz, CH3CHO-), 2.70-2.90 (m, 2, 
-C H 2- ) ,  4.13-4.80 (m, 1 , CH3CHO-), 7.43 (s, 7, aromatic and 
NH2), 9.10 (s, 1 , -C O N H C O -); ir (KBr) 3420, 3230, 1755, 1725, 
1700,1590,1375,1190,1215 cm“ 1.

Anal. Calcd for Ci3Hi4N20 4: C, 59.53; H, 5.38; N, 10.68. Found: 
C, 59.64; H, 5.55; N, 10.78.

a-Phenyl-7 -valerolactone (18). To 50 ml of aqueous 5% hy
drochloric acid (HC1) was added 5.1 g (0.019 mol) of a-allophanyl- 
a-phenyl-7 -valerolactone (17). The reaction mixture was heated to 
reflux for 4 hr, cooled to room temperature, extracted with 3 X 50 
ml of diethyl ether, and dried (MgS04), and the solvent was re
moved in vacuo to yield 3.5 g of an oil-solid mixture. Filtration and 
distillation of the oil under reduced pressure yielded 2.30 g (0.013 
mol, 68%) of 18 as a clear, colorless liquid: bp 146-147° (2 mm); 
NMR (CDCI3, 1 % TMS) & 1.43-1.53 (dd, 3, J  = 6 Hz, 
CH3CHOCH2-), 1.90-3.00 (m, 2 , -C H 2-) ,  3.55-4.03 (m, 1 , -C H 2- 
CHPh), 4.33-4.97 (m, 1 , CH3CHO), 7.33 (s, 5, aromatic); ir 
(neat) 1770,1170 cm“ 1.

Anal. Calcd for C „H 120 2: C, 74.98; H, 6 .8 6 . Found: C, 74.73; H,
7.25.

Treatment of 5-Phenyl-5-(3-aminopropyl)barbituric Acid 
Hydrochloride (11) with Ammonium Hydroxide. A solution of
2.0 g (0.0067 mol) of 5-phenyl-5-(3-aminopropyl)barbituric acid 
hydrochloride (11) in 10 ml of concentrated NH4OH (58%) was 
heated on a steam bath for 1 hr. The reaction mixture was allowed 
to cool to room temperature, during which time a gummy residue 
formed. The aqueous phase was made acidic with 10% HC1 and de
canted, and the solids were collected. Recrystallization of the sol
ids from CH3OH yielded 0.85 g (0.0032 mol, 48%) of 3-phenyl-3- 
allophanyl-2-piperidone (10) as pure white needles, mp 219-221°. 
The ir spectrum of the product was completely superimposable on 
the ir spectrum of an authentic sample of 10 prepared by an alter
nate route.

5-Phenyl-5-(3-diethylaminopropyl)barbituric Acid (21). A
solution of 5-phenyl-5-(3-bromopropyl)barbituric acid (6 , 6.50 g, 
0.020 mol) in 200 ml of 50% aqueous diethylamine was heated to 
reflux for 1 hr. Removal of excess volatile components yielded a 
milky white solution. Careful acidification (aqueous 10% HC1) of 
the aqueous solution to pH 6-7 yielded 2.70 g (0.012 mol, 60%) of a 
white solid. Recrystallization from CH3OH yielded 21 as very fine, 
white needles: mp 256-257° dec; NMR (trifluoroacetic acid, 1% 
TMS) b 1.30-1.60 (t, 6 , -NCH2CH3). 1.73-2.23 (m, 2, -CH^),
3.10-3.60 (m, 6 , -NCH2-) 7.37 (s, 5, aromatic); ir (KBr) 3250, 3450, 
1690,1600,1410,1380,1445,1290,1260 cm -1.

Anal. Calcd for CnH^NsOs: C, 64.33; H, 7.30; N, 13.24. Found: 
C, 64.13; H, 7.30; N, 13.37.
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Analogs of methyl 7a-hydroxycholanoate were synthesized, and acetylation rates were determined by a new 
NMR method. Substituents at C-3 include a-acetoxy, a-tosyloxy, a-mesyloxy, a-succinoyloxy, a-p-nitrobenzoy- 
loxy, a-dimethylamino, d-chloro, oxo, ethylenedioxy, and ethylenedithio. Substituents at C-12 include a-hydroxy 
and a-methoxy. The 3 esters were prepared by selective esterifications, the 3a-dimethylamino derivative by the 
Leuckart reaction on the corresponding 3-oxo compound, and the 12a-methoxy derivative by the action of methyl 
fluorosulfonate on methyl cholate 3,7-diacetate. Acetylations were carried out in NMR sample tubes, and rates 
were determined by measuring the relative intensities of angular methyl peaks, which shifted slightly on acetyla
tion of the particular steroid. Most of the groups at C-3 afforded slight catalysis of 7a-hydroxyl acetylation. The 
1 2 a-hydroxyl was most effective, and the absence of catalysis by a 1 2 n-methoxyl group points toward protonation 
in the rate-determining step.

The 7a-hydroxyl group of methyl cholate 3-acetate (13a) 
was shown to be more reactive toward acetic anhydride 
than that of methyl 7a-hydroxy-5/3-cholan-24-oate (3a) by 
comparing their 24-hr yields.2 This was explained in terms 
of enhancement of 7a-hydroxyl reactivity by both the 3a- 
acetoxy group and the 12a-hydroxyl group, and these ef
fects were shown to be intramolecular.3 Reactivity of the 
7a-hydroxyl was found not to be influenced by the type of 
side chain attached at C-17.4 3-Oxo, 3-chloro, and 3-tosy- 
loxy groups were shown to enhance 12a-hydroxyl reactivi
ty,4 but the influence of these groups on the 7a-hydroxyl 
has not been studied. Methods for the determination of ac
etylation rates of these hydroxy steroids have been devel
oped utilizing GLC,3 uv,3 14C,5 and optical rotation.6 In the 
present work a rate method employing *H nuclear magnet
ic resonance is applied to the study of the effects of substit
uents at C-3 and at C-12 on 7a-hydroxyl reactivity.

JH nuclear magnetic resonance has been employed in the 
kinetic study of the esterification of methanol with acetic 
anhydride; measurements were based on the intensity of 
the singlet arising from the methoxyl group of the methyl 
acetate produced.7 In the present method, we employed 
singlets arising from the angular methyl groups, whose 
chemical shifts are known to be influenced profoundly by 
substituents on the steroid ring system.8 In particular, the 
3a-acetoxy group exerts a 0.025-ppm downfield shift on the 
C-19 methyl resonance of 5/1 steroids in deuteriochloro- 
form, while the 3a-hydroxyl exerts only a 0.008-ppm down- 
field shift.8 In theory it should be possible to observe the 
progress of acetylation of a 3a-hydroxyl group by noting 
the gradual disappearance of the C-19 methyl resonance 
and the concomitant appearance of a new resonance about 
0.02 ppm further downfield in such solutions. In practice, it 
was found possible to follow acetylations of the 3a-, l a - ,  
and 12a-hydroxyls by following shifts of either the C-18 or 
C-19 methyl resonances on samples dissolved in pyridine. 
Instead of a downfield shift, u p fie ld  shifts of 0.02-0.04 
ppm of both methyl resonances were observed, the reversal 
most likely being related to complexing between steroid 
and solvent molecules.9 While this is not a large separation, 
it is easily adequate in this case because of the sharpness of 
the angular methyl singlet resonances. Acetylations were 
carried out in the NMR sample tubes, and quantitation of 
the two methyl resonance peaks for either C-18 or C-19 
methyl during acetylation permitted calculation of the sec
ond-order rate constants.

Most of the preparations of compounds for this study
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were straightforward and are listed in Table I. Methyl 3a- 
dimethylamino-7a-hydroxy-5/?-cholan-24-oate (12a) was 
prepared by the Leuckart reaction on the corresponding 3 
ketone (5a),22 and was separated from other minor prod
ucts by chromatography on basic alumina followed by pre
parative TLC on silica gel. One minor component with a 
higher R f (than 12a) is tentatively presumed to be the 3 ep- 
imer (11a), as it exhibits a six-proton singlet at 2.27 ppm 
(dimethylamino), while 12a exhibits the same at 2.38 ppm. 
This is completely consistent with the methyl dimethylam- 
ino-12a-hydroxy-5/3-cholan-24-oates,4 in which the faster 
moving 3/? epimer has a 2.21- and the slower moving 3a ep- 
imer a 2.29-ppm resonance. The methyl cholate 3-p-nitro-
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Table I
Synthesis of the Tit-Hydroxy Steroids“

1H MMR
Compd Yield, % Mp, °C  (Jit. value) Ir absorption, selected bands, cm “1 spectral assignments, Ô

la Methyl 3a-hydroxy- 81 130-1326 3610 (OH), 1721 (C=0), 3.69 (s, 3 H, ester
5/3-cholan-24-oate (lit.10 125-128) 1106, 1010, 725 Me), 0.95 (s, 3 

H, 19-Me), 0.64 
(s, 3 H, 18-Me)

lb Methyl 3a-acetoxy- 135—136s 1736 (C=0), 1252 4.74 (broad m, 1 H,
5/3-cholan-24-oatec (lit.11 133-135) (acetate C-O), 1172, 

1022
3/3-H), 3.69 (s 
3 H, ester 
Me), 2.02 (s, 3 
H, acetate Me), 
0.94 (s, 3 H, 19- 
Me), 0.65 (s, 3 
H, 18-Me)

2a Methyl 12a-hydroxy- 120.7-122. r 3559 (OH), 1715 (C=0), 4.15 (broad, 1 H,
5/3-cholan-24-oate<i (lit.12 119-120) 1205, 1174 12/3-H), 3.62 (s,

3 H, ester Me), 
0.92 (s, 3 H, 19- 
Me), 0.71 (s, 3 
H, 18-Me)

2b Methyl 12a-acetoxy- 95-966 1754 (c=0), 1247 5.25 (broad, 1 H,
5/3-cholan-24-oatey: (lit.10 95-97) (acetate C-O), 

1168, 1031
12/3-H), 3.65 (s,
3 H, ester Me), 
2.14 (s, 3 H, ace
tate Me), 0.89 (s, 
3 H, 19-Me),
0.66 (s, 3 H, 18- 
Me)

3a Methyl Ta-hydroxy- 80-816 3584 (OH), 1724 (C=0) 3.86 (broad, 1 H,
5/3-cholan-24-oated (lit.2 75-79) 1106 7/3-H), 3.68 (s, 3 

H, ester Me), 
0.91 (s, 3 H, 19- 
Me), 0.65 (s, 3 
H, 18-Me)

3b Methyl 7a-acetoxy- 96—976 1745 (C=0), 1242 4.86 (broad, 1 H,
5ß-cholan-24-oate (lit.2 95-96) (acetate C-O), 

1157, 1017
7/3-H), 3.67 (s, 3 
H, ester Me), 
2.03 (s, 3 H, 
acetate Me), 0.89 
(s, 3 H, 19-Me), 
0.64 (s, 3 H, 18- 
Me)

4a Methyl 3a-acetoxy- 39 59-61'' 3536 (OH), 1727 and 4.56 (broad, 1 H,
7a-hydroxy-5/3- 
cholan- 24 - oate '̂ h

(lit.13 54-62) 1715 (C=0), 1242 
(acetate C-O), 
1153, 971

3/3-H), 3.86 
(broad, 1 H, 7/3- 
H), 3.68 (s, 3 H, 
ester Me), 2.00 
(s, 3 H, acetate 
Me), 0.91 (s, 3 
H, 19-Me), 0.66 
(s, 3 H, 18-Me)

4b Methyl 3a, 7a- 131-132" 1730 (C=0), 1245 4.93 (broad, 1 H,
diacetoxy-5ß-
cholan-24-oate?

(lit.14 128-130) (acetate C-O), 
1064, 1021, 969, 
940

7/3-H), 4.56 
(broad, 1 H, 3/3- 
H), 3.70 (s, 3 H, 
ester Me), 2.06 
(s, 3 H, acetate 
Me), 2.03 (s, 3 
H, acetate Me), 
0.93 (s, 3 H, 19- 
Me), 0.67 (s, 3 
H, 18-Me)

5a Methyl 7a-hydroxy- 41 122-1246 3521 (OH), 1739 3.92 (broad, 1 H,
3-oxo-5ß-cholan- 
24-oatefe

(lit.15 128-129) (ester C=0), 
1700 (keto

7/3-H), 3.68 (s, 
H, ester Me),
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Compd Yield, % Mp, °C  (lit . value) Ir absorption, selected bands, cm'^
H 'NM R

spectral assignments, 6

6a Methyl 3,3-ethyl- 42 114-116'’
enedioxy-7a- 
hydr oxy- 5/3-cholan- 
24-oate

6b Methyl 7«-acetoxy 84-85'’
3,3- ethylenedioxy- 
5/3-cholan-24-oatec

7a Methyl 7a-hydroxy- 23 133-134'
3a-methanesul- 
fonoxy-5j3-cholan- 
24-oate

7b Methyl 7a-acetoxy- 130-131'
3a-methanesul- 
f onoxy- 5/3-cholan- 
24-oatec

8a Methyl 7«-hydroxy- 76 129-131®
3a-/>-toluenesul- (lit.3 128.5-129°)
f onoxy- 5/3-cholan-
24-oate

8b Methyl 7a-acetoxy- 166-167'
3«-/)-toluenesul- 
fonoxy- 5/3-cholan- 
24-oate

C=0), 1250, 1.02 (s, 3 H, 19-
1 1 0 0 Me), 0.71 (s, 3 

H, 18-Me)
3636 (OH), 1736 4.02 (broad s, 1 H,

(0=0), 1212, 7/3-H), 3.88 (s, 4
1160, 1096 H, ketal), 3.65 

(s, 3 H, ester 
Me), 0.99 (s, 3 
H, 19-Me), 0.66 
(s, 3 H, 18-Me)

1733 (0=0), 1238 5.05 (broad s, 1 H,
(acetate C-O), 7/3-H), 3.87 (s, 4
1220, 1099 H, ketal), 3.64 

(s, 3 H, ester 
Me), 2.00 (s, 3 
H, acetate Me), 
0.95 (s, 3 H, 19- 
Me), 0.60 (s, 3 
H, 18-Me)

3545 (OH), 1721 4.51 (broad, 1 H,
(C=0), 1175 3/3-H), 3.84
(S03), 920 (broad, 1 H, 7/3— 

H), 3.69 (s, 3 H, 
ester Me), 3.01 
(s, mesylate 
Me), 0.93 (s, 3 
H, 19-Me), 0.67 
(s, 3 H, 18-Me)

1724 (C=0), 1238 4.92 (broad, 1 H,
(acetate C-O), 7/3-H), 4.52
1223, 1167 (S03), (broad, 1 H, 3/3-
938 H), 3.70 (s, 3 H, 

ester Me), 3.04 
(s, 3 H, mesyl
ate Me), 2.08 (s, 
3 H, acetate Me), 
0.96 (s, 3 H, 19- 
Me), 0.70 (s, 3 
H, 18-Me)

3584 (OH), 1727 7.82 (d, 2 H, aro
(C=0), 1170 (SOg), matic), 7.32 (d,
923, 868, 677 2 H, aromatic), 

4.33 (broad, 1 H, 
3/3-H), 3.83 
(broad, 1 H, 7(3- 
H), 3.67 (s, 3 H, 
ester Me), 2.45 
(s, 3 H, tosylate 
Me), 0.87 (s, 3 
H, 19-Me), 0.64 
(s, 3 H, 18-Me)

1724 (C=0), 1227 7.82 (d, 2 H, tosyl
(acetate C-O), 1174 ate aromatic),.
(SOg), 930 7.33 (d, 2 H, 

tosylate aro
matic), 4.82 
(broad, 1 H, 7(3- 
H), 4.33 (broad, 
1 H, 3/3-H), 3.66 
(s, 3 H, ester 
Me), 2.45 (s, 3 
H, tosylate Me), 
2.00 (s, 3 H,
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Compd

10a Methyl 3/S-chloro- 
7a-hydroxy-5/3- 
cholan-24-oatem

10b Methyl 7a-acetoxy- 
3ß-ehlor 0-5/3- 
cholan-24-oatec

13a Methyl 3a-acetoxy- 
7a,12a-dihydroxy- 
5,3-cholan-24- 
oatef

13b Methyl 3a,7a- 
diacetoxy-12a- 
hydroxy-5/3- 
cholan-24-oatec

13c Methyl 3a,7a,12a- 
triacetoxy-5/3- 
cholan-24-oatec

15 7a,12a-Dihydroxy- 
3-oxo-5/3-cholan- 
24-oateft

Y ield, % Mp, °C  (lit . value)

83 140-141¡

150-1529

153-155' 
(lit.16 149—150)

67 188-1906
(lit.17 187-188)

108-1096 
(lit.18 90-91)

11 178-1796
(lit.19 171-173)

Ir absorption, selected bands, cm

3636 (OH), 1724 
(C=0), 1105, 
706

1721 (C = 0 ), 1239 
(acetate C-O), 
1010, 700

1720 (C = 0 ), 1640, 
1240 (acetate 
C-O), 1160, 1010, 
670

3540 (OH), 1740 
(ester C=0), 1700 
(keto C=0), 1190, 
1082, 1040, 982

7h  NMR
spectral assignments, 6

acetate Me), 0.87 
(s, 3 H, 19-Me), 
0.63 (s, 3 H, 18- 
Me)

4.56 (broad, 1 H, 
3a-H), 3.87 
(broad, 1 H, 7/3- 
H), 3.67 (s, 3 H, 
ester Me), 0.97 
(s, 19-Me), 0.67 
(s, 3 H, 18-Me)

4.90 (broad, 1 H, 
7/3-H), 4.56 
(broad, 1 H, 3a- 
H), 3.66 (s, 3 H, 
ester Me), 2.02 
(s, 3 H, acetate 
Me), 0.97 (s, 3 
H, 19-Me), 0.60 
(s, 3 H, 18-Me)

4.56 (broad, 1 H, 
3/3-H), 3.96 
(broad, 1 H, 
12/3-H), 3.86 
(broad, 1 H, 7/3- 
H), 3.68 (s, 3 H, 
ester Me), 2.00 
(s, 3 H, acetate 
Me), 0.90 (s, 3 
H, 19-Me), 0.69 
(s, 3 H, 18-Me)

4.90 (broad, 1 H, 
7/3-H), 4.56 
(broad, 1 H, 3(1- 
H), 4.00 (broad,
1 H, 12/3-H),
3.67 (s, 3 H, 
ester Me), 2.06 
(s, 3 H, acetate 
Me), 2.02 (s, 3 
H, acetate Me), 
0.92 (s, 3 H, 19- 
Me), 0.68 (s, 3 
H, 18-Me)

5.07 (broad, 1 H, 
12/3-H), 4.90 
(broad, 1 H, 7/3- 
H), 4.56 (broad,
1 H, 3/3-H), 3.65 
(s, 3 H, ester 
Me), 2.09 (s, 3 
H, acetate Me), 
2.05 (s, 3 H, 
acetate Me), 2.00 
(s, 3 H, acetate 
Me), 0.87 (s, 3 
H, 19-Me), 0.69 
(s, 3 H, 18-Me)

4.04 (broad m, 2 
H, 7/3-H and 12/3- 
H), 3.71 (s, 3 H, 
ester Me), 1.04 
(s, 3 H, 19-Me), 
0.76 (s, 3 H, 18- 
Me)
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Compd Yield, % Mp, °C  (lit . value) Ir absorption, selected bands, cm '*
lH UMR

spectral assignments, '6

16 Methyl 7a,12a- 
dihydroxy-3,3- 
ethylenedithio- 
5/3-cholan-24-oate

75 102-113" 3410 (OH), 1730 
(C=0), 1192, 
1166, 1066, 1030

17a Methyl 3a,7a- 
diacetoxy-12- 
oxo-5/3-cholan- 
24-oate"

87 183—184* 
(lit.20 179-181)

1752 (ester C=0), 
1722 (keto C=0). 
1252 (acetate C— 
O), 1070, 1031

4.02 (broad s, 1 H, 
12/3-H), 3.84 
(broad s, 1 H,
7/3-H), 3.70 (s, 3 
H, ester Me), 
3.28 (s, 4 H, thi- 
oketal), 0.94 (s,
3 H, 19-Me),
0.70 (s, 3 H, 18- 
Me)

5.04 (s, 1 H, 7/3- 
H), 4.60 (broad 
m, 1 H, 3/3-H), 
3.68 (s, 3 H, 
ester Me), 2.04 
(s, 6 H, acetate 
Me’s), 1.03 (s,
6 H, C-18 and 
C-19 Me’s), 0.82 
(d, 3 H, 21-Me)

42 194—195*’ 
(lit.21 194-195)

3436 (OH), 1727 and 
1692 (C=0), 1258 
(acetate C-O), 1085,
1032, 978

, 6b, 7b, 10a, 10b, and 16; 7a was identified by its spectra and

17b Methyl 3a-Acetoxy- 
7a-hydroxy-12- 
oxo- 5/3- cholan - 24 - 
oate*1

° Satisfactory analytical data (±0.3% for C, H, S, Cl) were reported for 6a, 
by analysis of its acetate 7b. b Recrystallized from methanol-water. c Prepared with acetic anhydride and pyridine. a Prepared by hydrogen
ation of the A3 olefin. e Recrystallized from methanol, t Prepared with acetic acid, acetic anhydride, and p-toluenesulfonic acid. e Prepared 
with acetic anhydride in benzene. h Separated from the diacetate by chromatography on alumina. 1 Recrystallized from acetone-petroleum 
ether. J Recrystallized from acetone-water. * Prepared with aluminum isopropoxide and acetone. 1 Recrystallized from ether. m Prepared 
with pyridiTmiTn chloride and 8a . n Did not crystallize from solution-, obtained as an amorphous po-wdeT. 0 Prepared by oxidation of W o  with 
sodium dichromate in acetic acid. p Prepared by hydrolysis o f  17b, then methanolie HC1, then acetic anhydride, benzene, and THF.

benzoate (13d)3 and 5/3-cholane-7a,12a-diol (18)4 are the 
samples described earlier. After several unsuccessful at
tempts to alkylate the hydroxyl of methyl cholate 3,7-di
acetate (13b),23 methyl 3a,7a-diacetoxy-12a-methoxy-5/3- 
cholan-24-oate (14a) was prepared from 13b and methyl 
fluorosulfonate.24 Alkaline hydrolysis gave the dihydroxy 
acid, which was not purified, but was converted to the 
methyl ester (14b). Selective acetylations of the 3a-hydrox- 
yl were carried out by treating the steroid with acetic anhy
dride in benzene (4a, 13a) or THF (14c). In the case of 4a, 
some of the diacetate was also produced.

Comparisons of acetylation rates of the 3a-, 7a -, and 
12a-hydroxyls with each other by this method, and with 
other methods previously reported.3-5 are given in Table II. 
Again the 12a-bydroxyl reacts about 1.4 times as fast as the 
7a-hydroxyl, and the 3«-hydroxyl is many times as fast. 
These rates are faster than those obtained by the other two 
methods, owing in part to the higher temperature in the 
sample well of the NMR instrument (35° vs. 25°).

The effects of substituents on the acetylation rate of the 
7a-hydroxyl are indicated by the rate constants listed in 
Table III. It can be seen that the 3a-tosyloxy (8a), 3a-mes- 
yloxy (7a), 3/3-chloro (10a), 3a-acetoxy (4a), 3-oxo (5a), 
and 3a-succinoyloxy (9a) groups are all mildly enhancing, 
and the 3a-dimethylamino (12a) somewhat more so (2.4 
times H). By far the largest effects are observed for those 
compounds containing a 12a-hydroxyl group in addition to 
the 3 substituent. Methyl cholate 3-acetate (13a) exhibits a 
rate constant 9.3 times that of methyl 7a-hydroxy-5/?-cho- 
lan-24-oate (3a), and 5.7 times that of methyl chenodeoxy- 
cholate 3-acetate (4a), illustrating the added effect of the 
12a-hydroxyl group. The combination of 3-ethylenedithio

Table II
Acetylation Rates“

Compd l H NMR, b k2 x io6

GLC.f 

* 2 x 106

14c/
k2 x 11)6

la Methyl 3 a- 
hydroxy- 
5/3-cholan- 
24-oate

82.1 (44.8)° 55.6 (69) 37.8 (95)

2a Methyl 12 a- 
hydroxy- 
5/3-cholan- 
24-oate

2.47 (1.35) 1.12 (1.38) 0.58 (1.5)

3a Methyl 7 a -  
hydroxy- 
5/3-cholan- 
24-oate

1.83 (1.00) 0.81 (1.00) 0.39 (1.0)

“ Rate constants are expressed in M ~ x sec-1; figures in paren
theses are relative rates. 6 Obtained at 35°, the temperature of the 
sample well.c Reference 3.“ Reference 5.

and 12a-hydroxy is the most effective, giving a rate con
stant 14.6 times that of 3a.

The mechanism of rate enhancement by the 3 substitu
ents is not known, but a clue to the role of the 12a-hydrox- 
yl is obtained by comparing methyl 3a,7a-dihydroxy-12a- 
methoxy-5/8-cholan-24-oate 3-acetate (14c) with methyl 
cholate 3-acetate (13a). The hydroxyl and methoxyl groups 
have similar steric and inductive effects, so this large dif
ference in rate constant (factor of 15) would appear to be 
related to the ability of the hydroxyl to contribute a pro
ton. A plausible mechanism would employ protonation of
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Table III
Acetylation Rates of 7a-Hydroxy Steroids

Compd ¿2  x 10^, M  ̂ sec ^

14c Methyl 3a-acetoxy-7a-hydroxy-12a- 
methoxy- 5ß-cholan- 24 - oate

6a Methyl 3,3-ethylenedioxy-7a-hydroxy- 
-5ß-cholan-24-oate

3a Methyl 7a-hydroxy-5ß-cholan- 
24-oate

8a Methyl 7a-hydroxy-3a-/)-toluene- 
sulfonoxy-5ß-cholan-24-oate

7a Methyl 7a-hydroxy-3a-methane- 
sulfonoxy-5ß-cholan-24-oate 

10a Methyl 3ß-chloro-7a-hydroxy-5ß- 
cholan-24-oate

4a Methyl 3a-acetoxy-7a-hydroxy-5ß- 
cholan-24-oate

5a Methyl 7a-hydroxy-3-oxo-5ß- 
cholan-24-oate

9a Methyl 7a-hydroxy-3a-succinoyloxy- 
5ß-cholan-24-oate 

12a Methyl 3a-dimethylamino-7a- 
hydroxy-5ß-cholan-24-oate 

13a Methyl 3a-acetoxy-7a-12a- 
dihydroxy-5ß-cholan-24-oate

15 Methyl 7a,12a-dihydroxy-3-oxo-
5ß-cholan-24-oate 

18 5ß-Cholane-7a,12a-diol 
13d Methyl 7a,12a-dihydroxy-3-p- 

nitr obenzoyloxy- 5ß-cholan- 
24-oate

16 Methyl 7a,12a-dihydroxy-3,3-
ethylenedithio-5ß-cholan-

1.03 ± 0.11 

1.49 ±0.17 

1.83 ± 0.03 

2.37 ± 0.21 

2.63 ± 0.05 

2.71 ± 0.13 

2.90 ± 0.35 

3.23 ± 0.05 

3.32 ± 0.20 

4.47 ± 0.58 

17.00 ± 1.2 

17.2 ± 1.9

25.6 ± 1.1 
26.2“ ± 3.6

26.7 ± 1.1

24-oate
" A rate constant of 31.3 X 10 6 M ^1 sec- 1  was obtained by the 

uv method.3

C2H4C 02) a-Me2N, a -p -0 2NC6H4C 02, and -(CH2S)2] can 
enhance acetylation of the 7a-hydroxyl; neither field ef
fects nor inductive effects correlate with rates. Association 
between certain 3 substituents and the 7-hydroxyl is im
plied by the observation that upon acetylation appropriate 
resonances (acetate Me, mesylate Me, ketal and dithioketal 
methylenes) move downfield by 0.1-0.2 ppm. In the case of 
methyl 7a,12a-dihydroxy-3,3-ethylenedithio-5/S-cholan- 
24-oate (16) this shift, rather than an angular methyl shift, 
was used to calculate the rate constant. These shifts are 
solvent dependent in the sense that they are substantially 
smaller (0.03) in deuteriochloroform.

The 7a,12a-dihydroxy steroids underwent a second up- 
field shift of the C-19 angular methyl representing acetyla
tion of the 12-hydroxyl. These rates were calculated (Table
IV) by assuming that the acetic anhydride concentration

Table IV
Acetylation Rates of 12«-Hydroxy Steroids

C o m p d

k¡ x 10e 

M~1 S ec“ l

18 5ß-Cholane-7a,12a-diol 
13a Methyl 3 a - a c e t o x y - 7 a , 1 2 a -

dihydr oxy- 5/3-cholan- 24 - oate 
13b Methyl 3a,7a-diacetoxy-12a- 

hydroxy-5ß-cholan-24-oate 
13d Methyl 7a,12a-dihydroxy-3- 

p-nitr obenzoyloxy-5/3- 
cholan-24-oate

16 Methyl 7a,12a-dihydroxy-3,3- 
ethylenedìthio-5/3-cholan- 
24-oate

15 Methyl 7a,12a-dihydroxy-3- 
oxo - 5/3-cholan-24 - oate

1.27 ± 0.14 
1.83 ± 0.12

1.99 ± 0.23

2.74 ± 0.11

3.31 ± 0.29

3.70 ± 0.39

the acetyl pyridinium ion in production of the tetrahedral 
intermediate ii, which then collapses to product (iii) and 
pyridinium ion. With respect to substituents at C-3, there

is no obvious single mechanism by which all of the diverse 
groups used here (0 -RSO3 , /3-C1, a-AcO, 0 = ,  a-H 0 2C-

had been lowered by an amount equivalent to the steroid 
concentration (to accommodate that used in acetylation of 
the 7-hydroxyl). This method was validated by the finding 
of similar rate constants for the 1 2 0 -hydroxyls of methyl 
cholate 3-acetate (13a) and methyl cholate 3,7-diacetate 
(13b). The sequence differes in this series, suggesting that 
substituents at C-3 influence the 7- and 1 2 -hydroxyls by 
different mechanisms.

Experimental Section23
Methyl 7 a-Hydroxy-3a-succinoyloxy-5/3-cholan-24-oate

(9a). A solution of 2.00 g (4.93 mmol) of methyl chenodeoxycholate 
(4a) in 25 ml of benzene was dried by distilling 15 ml of the ben
zene. Succinic anhydride (2.00 g, 19.7 mmol) and chloroform (25 
ml) were added and the resulting suspension was stirred at room 
temperature for 5 days. Washing the suspension with three 100-ml 
portions of H20, drying (Na2S04), and evaporating produced a 
pale yellow syrup which was chromatographed from benzene solu
tion on 70 g of Florisil. Elution with 7% MeOH in ether gave recov
ered 4a, and elution with MeOH gave 1.34 g of a glass, mp 139 
150°. Analysis implied contamination with succinic acid, which 
was removed by dissolving the glass in 25 ml of H20, acidifying, 
extracting with benzene (4 X 25 ml), drying (Na2S04), and evapo
rating the benzene. Dissolving the residue in dilute NaOH, acidify
ing, adding MeOH to partially dissolve the resulting precipitate, 
and gradual cooling gave 758 mg of 9a: mp 79-90°; ir 3546 (OH), 
1721 (C =0), 1155, 1074, 1000, 973 cm“ 1; NMR 5 4.60 (broad, 1 H, 
3/3-H), 3.88 (broad, 1 H, 7/3-H), 3.69 (s, 3 H, ester Me), 2.62 (s, 4 H, 
succinate CH2’s), 0.92 (s, 3 H, 19-Me), 0.67 (s, 3 H, 18-Me).

Anal. Calcd for C29H460 7: C, 68.74; H, 9.15. Found: C, 68.75; H, 
9.23.

Methyl 3a-Dimethylamino-7o'-hydroxy-5/3-cholan-24-oate 
(12a). A solution of 2.06 g (5.0 mmol) of methyl 7a-hydroxy-3-oxo- 
5/J-cholanoate (5a) and 1.0 ml of 97% HC02H in 2 ml of DMF was 
heated at reflux for 5.5 hr. Acidification with 20 ml of 1 TV HC1,
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dilution with 50 ml of H2O, and neutralization with aqueous 
NaHCC>3, drying (Na2S04), evaporating, and chromatographing 
the residue on basic AI2O3 (Brockman activity I) gave three oily 
fractions: A, eluted by Et20-C6H6 (1:9), 4% overall yield, pre
sumed to be a 7-formate lib  [NMR S 8.11 (s, 1 H, formate H), 5.03 
(s, 1 H, 7/3-H), 2.21 (s, 6 H, amine Me’s)]; B, eluted by Et20-C6H6 
(1:4), 8% yield, presumed to be the 3/3 epimer 11a [NMR s 2.27 (s, 6 
H, amine Me’s)]; C, eluted by Et20-CeH6 (4:1) and further puri
fied by preparative TLC, 16% yield, 12a: ir 3150-3400 (OH), 1730 
(0 = 0 ), 1160, 980, 750 cm-1; NMR h 3.88 (broad, 1  H, 7/3-H), 3.70 
(s, 3 H, ester Me), 2.38 (s, 6 H, amine Me’s), 0.94 (s, 3 H, 19-Me), 
0.69 (s, 3 H, 18-Me). It was characterized as the hydrochloride, an 
amorphous solid from trituration in ether-petroleum ether, mp 
262-265°.

Anal. Calcd for C27H48O3NCI: C, 68.98; H, 10.38; N, 2.98; Cl, 7.54. 
Found: C, 68.71; H, 10.10; N, 3.01; Cl, 7.80.

The acetate (12b), prepared as usual and purified by chromatog
raphy on basic AI2O3, eluted by Et20-C 6H6 (1:5) was an oil: ir 1272 
(C =0), 1240 (acetate C = 0), 1158, 1010, 670 cm“ 1; NMR S 4.91 
(broad, 1 H, 7 /3-H), 3.68 (s, 3 H, ester Me), 2.30 (s, 6 H, amine 
Me’s), 2.06 (s, 3 H, acetate Me), 0.93 (s, 3 H, 19-Me), 0.66 (s, 3 H, 
18-Me).

Anal. Calcd for C29H49O4N: C, 73.22; H, 10.38; N, 2.95. Found: 
C, 73.47; H, 10 .2 1 ; N, 3.12.

Methyl 3a,7a-Diacetoxy-12a-methoxy-5/3-cholan-24-oate 
(14a). A solution of 10.0 g (19.8 mmol) of methyl cholate 3,7-diace- 
tate (13b) in 70 ml of benzene was dried by distilling 20 ml of the 
benzene. Methyl fluorosulfonate (25 ml) was added slowly to the 
benzene solution at room temperature. After 12 hr H2O was added 
and the mixture was carefully neutralized with NaHCC>3. Extrac
tion into ether, washing, and drying gave 5.3 g of a yellow oil whose 
benzene solution was chromatographed on AI2O3 (150 g). Fol
lowing a forerun with 10% Et2 0  in CeHe, 25-30% Et2 0  in CgHg 
eluted the product, which was rechromatographed twice to give 1.8  
g (18%) of an oil: ir 1721 and 1704 (C =0), 1235 (acetate C-O), 
1094 (ether C-O), 1020, 680 cm-1; NMR 6 4.90 (broad, 1 H, 7/3-H), 
4.57 (broad, 1 H, 3/3-H), 3.67 (s, 3 H, ester Me), 3.33 (s, 3 H, ether 
Me), 2.05 (s, 6 H, acetate Me’s), 0.92 (s, 3 H, 19-Me), 0.70 (s, 3 H, 
18-Me).

Anal. Calcd for C30H48O7: C, 69.20; H, 9.29. Found: C, 69.42; H, 
9.33.

Methyl 3«,7«-Dihydroxy-12a-methoxy-5/3-cholan-24-oate
(14b). Hydrolysis of 14a with KOH in 90% MeOH at reflux for 20 
hr, acidification, and extraction into HCCI3 gave the acid, an oil, 
which was esterified in methanolic HC1 to give 14b, prisms out of 
MeOH-HsO, 76%: mp 189-190°; ir 3247 (OH), 1757 (0 = 0 ), 1115, 
1094 (ether C-O), 998 cm“ 1; NMR S 3.87 (broad, 1 H, 7/3-H), 3.70 
(s, 3 H, ester Me), 3.32 (s, 3 H, ether Me), 0.92 (s, 3 H, 19-Me), 0.70 
(s, 3 H, 18-Me).

Anal. Calcd for C26H44 0 S: C, 71.52; H, 10.16. Found: C, 71.32; H,
10.30.

Methyl 3a-Acetoxy-7a-hydroxy-12a-methoxy-5/3-cholan- 
24-oate (14c). A solution of 1.23 g (2.82 mmol) of 14b in 15 ml of 
anhydrous THF containing 5 ml of Ac20  was kept at 60-65° for 10 
hr. Pyridine (1 ml) and H20  (50 ml) were added to the solution at 
room temperature. Extraction into ether, washing (dilute NaHCCh 
and H2O), and drying gave 1.51 g of an oil. Chromatography on 50 
g of AI2O3 and elution with Et20-C 6H6 (1:3) to remove forerun, 
followed by elution with Et20, gave 620 mg (46%) of 14c, an oil: ir 
3540 (OH), 1720 and 1702 (C =0), 1240 (acetate C-O), 1090 )ether 
C-O), 1068, 1020, 908, 730 cm“ 1; NMR 6 4.57 (broad, 1 H, 3/3-H),
3.85 (broad, 1 H, 7/3-H), 3.69 (s, 3 H, ester Me), 3.32 (s, 3 H, ether 
Me), 2.04 (s, 3 H, acetate Me), 0.93 (s, 3 H, 19-Me), 0.70 (s, 3 H, 
18-Me).

Anal Calcd for C28H460 6: C, 70.26; H, 9.69. Found: C, 70.42; H, 
9.57.

Kinetic Runs. The steroid (0.370 mmol) was weighed into a 
1 -ml volumetric tube and dissolved in approximately 0.6 ml of pyr
idine (previously dried over molecular sieve). Acetic anhydride was 
weighed into a 3-ml volumetric tube and made up to the mark with 
anhydrous pyridine. At zero time, 0.20 ml of the Ac20  solution was 
pipetted into the steroid solution, which was then immediately 
brought to the mark with anhydrous pyridine and mixed. The so
lution was transferred to a NMR sample tube, sealed with a cap 
and parafilm, and placed in a bath at 35 ±  1°. Periodically the 
tube was placed in the spectrometer and the spectrum from 5 to 0 
ppm was traced. The time of the measurement was taken to be 
that time when the pen traced the particular methyl resonance of 
interest.

Peak heights of either the C-18 (usually) or C-19 methyl reso

nances for the alcohol and the acetate in each mixture were mea
sured in millimeters from the spectrum base line. These peak 
heights were normalized by use of the peak height of an invariant 
resonance as an internal standard, usually the side-chain methyl 
resonance. Rate constants were calculated from these peak heights 
and starting concentrations using a program written in FORTRAN 
IV language for the GDC 6600 system and the standard rate ex
pression

k = 1 . «(6 -  x)
t{b -  a) n b{a -  x)

where a = initial molar concentration of steroid, b = initial molar 
concentration of Ac20, and x  = moles reacted at time t.

The computer calculated the second-order rate constant from a 
least-squares plot of log (6 — x )/ (a  -  x )  vs. t ;  data from a typical 
run are given in Table V.

Table V
Acetylation of Methyl 12a-Hydroxy-5/?-cholan-24-oatea

ROH ROAc
peak ht peak ht ROAc

Time, hr (coir) (corr) ROH, M (x j , M

Log
( b - x ) /  %
(a -  x) Reaction

8.4 107 16 0.320 0.049 1.156 13.2
21.9 85 36 0.260 0.109 1.305 29.6
33.6 72 41 0.235 0.134 1.380 36.4
45.5 75 61 0.203 0.166 1.491 45.1
58.2 67 71 0.179 0.190 1.587 51.4
68.8 62 82 0.159 0.210 1.684 56.9

103.0 46 93 0.122 0.247 1.909 67.1
130.6 41 96 0.109 0.260 1.999 70.4
166.5 38 106 0.097 0.272 2.106 73.8

a Initial molar concentrations: steroid, 0.369; Ac20, 1.067.

For the diols (13a, 13d, 15, 16, and 18) there are two competing 
reactions occurring simultaneously, but preliminary work with 
methyl cholate 3-acetate (13a) indicated that the difference in rate 
between 7a-hydroxyl acetylation and 12a-hydroxyl acetylation 
was great enough that the two reactions could, as a good approxi
mation, be considered sequential. Consequently, in calculating the 
rate constants for the 1 2 -hydroxyl of these diols, it was assumed 
that the starting concentration of acetic anhydride was equal to 
the actual initial concentration minus the initial concentration of 
steroid. As a check of the value thus calculated in the case of meth
yl cholate 3-acetate (13a), runs were also carried out using the 3,7- 
diacetate (13b).

Each compound was run two to six times, the k2’s reported rep
resenting the mean for each compound.
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Application of the Wittig Reaction to the Synthesis of Steroidal Side Chains. 
Possibility of 3ß-Phenoxy Formation as a Secondary Reaction

Jean Pierre Schmit, Marcel Piraux,* and Jean François Pilette
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The Wittig reaction of various alkylidenephosphoranes with A5-pregnen-3/3-ol-20-one has been studied. The 
formations of 3/3-phenoxy derivatives in a secondary reaction is demonstrated.

With the available methods for the synthesis of side- 
chain steroids from C-20 and C- 2 1  compounds, one obtains 
stereoisemeric 2 0 -hydroxy compounds as an intermediate. 1 

The latter, on being dehydrated at C-20 and then catalyti- 
cally hydrogenated, yield a mixture of the two possible iso
mers. The dehydration of a 20-hydroxy intermediate in 
principle could give five different olefins: two A1 7 (2 0)-dehy- 
dro compounds, the corresponding A2om' isomer, and two 
A20<22) isomers. 2 ’3 '4 The isomerism difficulty was partially 
resolved by Sondheimer and Mechoulam5, who described 
the synthesis of A5 ’2 0(2 1 )-cholestadien-3/?-ol acetate by use 
of the Wittig reaction on 21-nor-20-ketocholesteryl acetate 
followed by hydrogenation. Subsequently, the Wittig reac
tion was applied, principally with triphenylphosphine 
methylene reagent,6 to various keto steroids. In order to de
velop a simple route to various unambiguous isomeric side 
chain steroids, we investigated the Wittig reaction with 
A5 -pregnen-3/3-ol-20-one (pregnenolone).

In the first study, isopentylidenephosphorane as the 
Wittig reagent in the presence of sodium £er£-amylate7 as 
base in benzene solution was found to give the As’20(22)- 
eho 1 estad ien -3/j -o 1. Thin layer chromatography on Kiesel- 
gel with benzene as eluent revealed two products. The fast
er moving material, with a 0.9 Rf, was present in very low 
yield after the usual Wittig reaction time. The slower mov
ing component, with a 0.6 Rf, isolated in 80% yield, was 
found to be the desired A5 ’2 0(2 2)-cholestadien-3/3-oL The 
fast-moving compound, which was initially present in neg
ligible quantities, became the predominant compound with 
a longer reaction time. The ir spectrum of this secondary 
product shows the presence of bands at 1598, 1584, 1241, 
760, and 694 cm-1. NMR spectroscopy revealed two multi- 
plets appearing respectively at 6.92 and 7.28 ppm. In com
parison with the cholesterol the 3/3 proton was shifted 0.5 
ppm to higher field and the 19 methyl peak was shifted 
0 . 0 2  ppm to lower field. Protons H - 6  and H - 2 2  exhibited no 
observable shift change. Finally, mass spectroscopy gives a 
molecular ion at 76 units above the expected mass and a

base peak 93 units lower than the molecular ion. All of 
these data support the replacement of the 3/3-hydroxyl 
group by a 3/3-phenoxy group in the minor product.

We have also carried out this reaction in the presence of 
cholesterol and triphenylphosphonium salt and obtained, 
in either benzene or toluene as solvent, 3/3-phenoxycholest- 
erol in high yield. As expected, no substitution occured 
when the phosphonium salt was absent.

The normal acetylated 20(22) condensation product was 
then selectively hydrogenated8 in dioxane, in the presence 
of acetic acid and platinum oxide as catalyst, to give (80% 
yield) a product which was identical with the natural prod
uct in its spectroscopic properties, melting point, and spe
cific rotation, [a ]20D —39.5° (CHCI3). No other hydrogenat
ed product was isolated. This selectivity results from two 
principal reasons. First, the Wittig reaction on pregneno
lone gives a single condensation product (TLC proof and 
precise melting point, 124.5 ±  0.5°), which was found to be 
the 20(22) E  isomer as evidenced by its 18-methyl NMR
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Table I

0

PhJP-RX

sodium te?Y~amylate

Phosphor ane 

R Registry no.

Products

R' Yield, %
3$ -Acetate^

Mp, °C

3/3-Phenoxy  ̂
Mp, °C

c h 3 3487-44-3 H 87 130.5 ± 0.5
c 2h5 1754-88-7 c h 3 75 155 ± 1 105 ± 1
c 3h7 16666-78-7 c 2h5 82 106 ± 1
c 4h9 3728-50-5 c 3h7 79 111.5 ± 0.5 95 ± 1
c 4h 21960-27-0 C3H7-f° 67 109 ± 1
C 5H!1 4 29541-98-8 C4H9 73 115.5 ± 0.5 82 ± 1
C5Hi r t 39110-24-2 c 4h9 84 126 ± 1 98.5 ± 0.5
^6^13 16666-79-8 c 5h„ 78 104.5 ± 0.5 60 ± 1
C6H13-ta 54517-55-4 C5H n-t* 80 124.5 ± 0.5 96 ± 1

° Isoterminal group. 6 3/3-Phenoxycholesterol: mp 151 ±  1 °. Yields of 3/J-phenoxy compounds are about 85% after 48 hr of reaction time. 
“ Registry no. are, respectively, 38388-16-8, 54517-67-8, 54548-86-6, 54517-66-7, 54517-65-6, 54517-64-5, 54517-63-4, 54548-85-5. d Registry 
no. are, respectively, 54517-62-3, 54517-61-2, 54517-60-1, 54517-59-8, 54517-58-7, 54517-57-6, 54517-56-5.

Table II
\ s ? R

Side chain 20(22) effect ̂

R 18 -Me 21-Me 22-H

= c h 2 0.59 1.76 4.72 + 4.86
= c h c h 3 0.55 1.63 5.27
= c h c 2h 5 0.55 1.63 5.26
= c h c 3h 7 0.55 1.63 5.20
= C H C 3H7-i° 0.55 1.63 5.20
= c h c 4h9 0.55 1.63 5.20
= C H C 4H9- i “ 0.55 1.63 5.20
= C H C 5H11 0.55 1.63 5.20
= C H C sHl f i" 0.55 1.63 5.20
Cholesterol 0 .6 8 0.92
“ Isoterminal group. b All shifts are given in parts per million

relative to TMS.

shift.9 This result is probably due to the fact that the ratio 
of geometric isomers in the olefinic product appears to be 
controlled by a combination of steric factors in the reac
tants and by environmental factors.10 In a nonpolar solvent 
such as benzene, the reactants probably approach in the 
first step of the reaction, to give the threo form as an inter
mediate which possesses maximum electrostatic attraction 
and minimum nonbonded interaction between the eclipsed 
substituents, and the thermodynamically more stable E  
isomer predominates after cis elimination in the second 
reaction step.

Second, with consideration for the steric hindrance of 
the condensation product, we have made a mathematical 
computer model11 of the product and, on varying the two 
dihedral angles [PHI (1) 17-17-20-22 and PHI (2) 20-22- 
23-24], have found two preferential conformations: the 
first with PHI (1) = 170° and PHI (2) oscillating between 
70 and 310° and the second with PHI (1) = 320° and the 
same PHI (2) as the first. We must note an energetic pre
dominance of the 320° PHI (1) position, which corresponds 
to an of-21-methyl. Examination of the model also shows 
that on steric grounds only the a  side is capable of being

absorbed on the catalyst surface, near the 20(22) olefinic 
bond. Further, rotation of the side chain during the hydro
genation is sterically improbable. Reaction of pregnenolone 
with a series of different phosphoranes for 2 hr gave only 
the expected addition product, whereas extension of the 
time to 48 hr resulted in formation of the 3/3-phenoxy de
rivatives (Table I). The NMR spectra of the products ex
hibit an important shift of about 0.7 ppm toward low field 
for the 21-methyl and a 0.12-ppm shift toward high field 
for the 18-methyl, when compared with compounds having 
a saturated side chain. A broad one-proton triplet at 5.2 
ppm corresponds to the H-22 proton. 3/3-Acetates exhibit a 
singlet at 1.03 ppm (19-methyl) and a broad multiplet cen
tered at about 4.6 ppm (H-3) whereas in 3/3-phenoxy com
pounds the 19-methyl peak appears at 1.05 ppm and the 3 
H proton multiplet is centered at 4.1 ppm (Table II).

Experimental Section
Melting points are uncorrected. Infrared spectra were recorded 

on KBr disks, with a Beckman IR-12 double beam spectrophotom
eter. NMR spectra were measured in CDCI3 solution, with Me4Si 
as reference at room temperature, on a 60-MHz EM-360 Varian 
NMR spectrometer and at 100 MHz on an XL-100 Varian NMR 
spectrometer with external H2O lock.

2y>,20(22)_(7holestadien-.‘!/3-Ol Acetate (Typical Reaction). Iso-
pentylidenephosphorane (17.8 mmol) in 12 ml (1.5 mol) of sodium 
ierf-amylate was refluxed under nitrogen during 15 min. To the 
dark-red solution was quickly added 3.2 mmol of pregnenolone in 
15 ml of hot benzene solution. The combined solution was gently 
refluxed for 2 hr. The solution was cooled, filtered over crushed 
ice, acidified with 2 N  hydrochloric acid, and extracted with ether. 
The organic layer was washed with water and dried over anhy
drous Na2SC>4 and the ether was evaporated. The residue was ac- 
etylated by being allowed to stand overnight with 20 ml of pyridine 
and 20 ml of acetic anhydride. Extraction with ether in the usual 
way led to a product which was isolated by preparative thin layer 
chromatography (2-mm thickness Kieselgel, Merck), yield 80%, mp
124.5 ±  0.5°. The analytical sample was obtained by crystallization 
from methanol. All the other Wittig condensation products were 
obtained as described above.

Cholesterol Acetate from A5,20(22)-Cholestadien-3/?-ol Ace
tate. The diene (1 g, 2.3 mmol) of 50 ml of pure dioxane and 1 ml 
of glacial acetic acid was hydrogenated in the presence of 0 .1 g of 
reduced platinum oxide, at room temperature and atmospheric 
pressure, until the theoretical quantity of hydrogen was absorbed. 
The filtered solution was diluted with water, extracted with ether, 
washed with water, and dried over anhydrous Na2SC>4. After the 
ether was removed, the crude product was recrystallized in 
CH3OH-CHCI3 (1:1) solution, isolated 1.88 mmol, vield 80.5%, 
[cv] 20D  -31.5° (CHCI3).
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Total Synthesis of (±)-6,7-Didehydroaspidospermine

Sol S. Klioze*1 and Frank P. Darmory
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The total synthesis of the indole alkaloid derivative (±)-6,7-didehydroaspidospermine (5) by a Fischer indole 
approach is described. The cyclization precursor 4 was prepared in a stepwise fashion from ethyl 2-formylbutyr- 
ate via the key intermediates 10, 14, 16, 21, and 6. Upon heating in acetic acid the o-methoxyphenylhydrazone of 
4 was cyclized to indolenine 27, which on reduction and acetylation afforded (±)-6,7-didehydroaspidospermine
(5).

Some years ago a total synthesis of the indole alkaloid 
aspidospermine (1) was developed in these laboratories by 
Stork and Dolfini.2’3 This synthesis possessed as its main 
feature the construction of tricyclic amine ketone 2 and the 
subsequent Fischer indole cyclization of its o-methoxy
phenylhydrazone. We became intrigued with the possibility 
that this approach might be extended to provide a route to
6,7-didehydro indole alkaloids, e.g., the pharmacologically 
important alkaloids vindoline (3a)4 and vindorosine (3b).5

3a, R=K)CH:i 
b, R = H

We wish to report here a synthesis of the required unsatu
rated tricyclic amino ketone 4 and its subsequent conver
sion into (±)-6,7-didehydroaspidospermine (5).

The synthetic plan involved construction of the neces
sary bicyclic amino ketone 6 by the hydrolysis and subse
quent cyclization of ketal cis-allylic amine 7. The third ring

7 6
of unsaturated tricyclic amino ketone 4 could then be in
troduced in the same manner used in the preparation of the 
saturated analog 2.2

It was decided to build up the cis-allylic amine chain of 7 
in a stepwise manner from ketal ester 8. Michael addition

8 , R = CO,Et
11, R = CH,OH
12, R = CHO
13, R =  CH=CHC1
14, R = C =C H
15, R = C=CCH,OH

of ethyl 2-formylbutyrate6 to methyl vinyl ketone gave ad
duct 9, which was cyclized with piperidine acetate-acetic 
acid in refluxing benzene7 to afford cyclohexenone ester 10

9 10
in 73% yield. Ketalization gave a quantitative yield of the 
desired ketal ester 8.

The ketal ester 8 was then reduced with lithium alumi
num hydride (ether, 0°, 4 hr) to give ketal alcohol 11 in 57%4
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yield.8 Oxidation with pyridine-sulfur trioxide complex in 
dimethyl sulfoxide-triethylamine9 afforded ketal aldehyde 
12 in 85% yield. The chain was subsequently extended one 
carbon by condensing ketal aldehyde 12 with chloromethy- 
lenetriphenylphosphorane10 in refluxing tetrahydrofuran 
to produce ketal chloroolefin 13 in 97% yield. Dehydrohalo- 
genation proceeded smoothly upon treatment of 13 with 
potassium ieri-butoxide in 1:1 glyme-hexamethylphospho- 
ramide at 25°, affording a 91% yield of ketal acetylene 14.

The terminal carbon of the required chain was intro
duced by treatment of a glyme solution of the lithium acet- 
ylide of ketal acetylene 14 with excess monomeric formal
dehyde to provide ketal propargyl alcohol 15 in 97% yield. 
Partial catalytic hydrogenation (PtC>2 , ethyl acetate con
taining triethylamine) afforded a 99% yield of ketal allylic 
alcohol 16 as an approximately 3:1 mixture of cis to trans 
isomers.11 Separation of these isomers was postponed to a 
later stage in the synthesis.

CH=CHCH,X

■0

,0 -

16, X = OH
17, X = N3

18, X =  OMs.Cl

CH==CHCH2N=P(Ph ),,

O

19
This mixture of allylic alcohols 16 was transformed into 

ketal allylic azide 17 in 88% yield by conversion into mesyl
ate-chloride mixture 18 (MeLi, benzene, 15°, methanesul- 
fonyl chloride) followed by nucleophilic displacement with 
sodium azide in aqueous dimethyl sulfoxide. Reduction of 
ketal allylic azide 17 to the corresponding amine initially 
caused some difficulty. Treatment of 17 with sodium bor- 
ohydride both in ethanol at room temperature and 2-pro
panol at reflux failed to effect any reduction. In an alterna
tive procedure 17 was smoothly converted to ketal phos- 
phinimine 19 by refluxing with triphenylphosphine in ben
zene.12 Hydrolysis and cyclization did afford a mixture of 
bicyclic amino ketone 6 and trans-allylic amine enone 20. 
Unfortunately, the large amounts of triphenylphosphine 
oxide produced during the hydrolysis made separation of 
amines 6 and 20 very tedious.

This problem was eventually surmounted by reducing 
azide 17 with aluminum amalgam.13 Thus stirring 17 with 
aluminum amalgam in 12:1:1 ether-methanol-water af
forded an 81% yield of ketal allylic amine 21 (an approxi
mately 3:1 mixture of ketal cis-allylic amine 7 and its corre
sponding trans isomer). Hydrolysis and cyclization pro-

,CH=CH—CH,NH,
o T  -

0
21

gyl alcohol 15 after chromatography on activity IV neutral 
alumina to remove the undesired trans-allylic amine enone 
20.

The third ring of 4 was now introduced in a manner 
identical with that used in the aspidospermine synthesis.2 
Chloroacetylation of 6 afforded chloroacetylamide 22 in 
92% yield. Cyclization with potassium terf-butoxide in re
fluxing benzene gave the keto lactam 23 in 28% yield after 
repeated chromatography on silica gel. The stereochemis
try of this intermediate was established as all-cis on the 
basis of its reduction to the Stork-Dolfini saturated keto 
lactam 24 (mp and mmp 114-115°) which Ban14 had deter-

0

mined to possess the all-cis configuration. Ketalization and 
reduction with lithium aluminum hydride followed by de- 
ketalization proceeded in high overall yield to complete the 
preparation of tricyclic amino ketone 4.

With amino ketone 4 in hand, one was ready to perform 
the crucial Fischer indole synthesis. It is worthy of note 
that, although 4 possesses the all-cis configuration neces
sary to produce a pentacyclic alkaloid precursor having the 
same relative stereochemical relationships as those present 
in aspidospermine and related natural products, the three 
configurational isomers of 4 should also lead to this same 
final stereochemistry. Stork pointed out that the indolen- 
ine 25 formed during the Fischer indole cyclization was 
generated under conditions which would lead to equilibra
tion at the two centers marked by asterisks via a reverse 
Mannich reaction.2 This equilibration proceeds through

26

ceeded in the anticipated manner to give the required bicy
clic amino ketone 6 in 29% overall yield from ketal propar-

the open form 26, which can conceivably reclose to give any 
of the possible stereoisomers. However, the reversible na
ture of this tautomerization dictates that the eventual 
product possess the thermodynamically most stable ar
rangement, which in this case turns out to be the natural 
one.15

Fischer indole cyclization of the o-methoxyphenylhydra- 
zone of amino ketone 4 was effected in refluxing acetic 
acid. The resulting indolenine 27 was reduced with lithium 
aluminum hydride to indoline 28. Evaporative distillation 
followed by acetylation with acetic anhydride-sodium ace
tate gave a crude material from which crystalline (±)-6,7- 
didehydroaspidospermine (5, mp 190-191°) could be readi-
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27 28

ly obtained. This material afforded (±)-aspidospermine
(1), identical in all respects with that prepared by Stork 
and Dolfini,2 on catalytic hydrogenation with palladium on 
charcoal in acetic acid.

It is hoped that a suitable adaptation of this approach 
will provide a viable route to the more complex, pharmaco
logically interesting 6,7-didehydro indole alkaloids.

Experimental Section
Melting points were determined on a Bucki capillary melting 

point apparatus and are uncorrected. Microanalyses were per
formed by Micro-Tech Laboratories, Inc., Skokie, 111., or Schwarz
kopf Microanalytical Laboratory, Woodside, N.Y. Infrared spectra 
were recorded on a Perkin-Elmer Model 137 spectrophotometer. 
Absorptions are in microns using a polystyrene standard. Nuclear 
magnetic resonance spectra were taken on Varian Model A-60A or 
T-60 spectrometers using deuteriochloroform as solvent. Signals 
are reported in parts per million (S) relative to an internal tetra- 
methylsilane standard. (Notation: s, d, t, etc., refer to singlet, dou
blet, triplet, etc., and br refers to a broad peak.) Mass spectra were 
recorded on a Hitachi Perkin-Elmer Model RMU-6D mass spec
trometer. Ethereal solvents were distilled from lithium aluminum 
hydride; dimethyl sulfoxide, t e r t -  butyl alcohol, and hexamethyl- 
phosphoramide were distilled from calcium hydride. Triethyl- 
amine was distilled from barium oxide. Column materials for chro
matography were normally 60-100 mesh. The phrase “worked up 
in the usual manner” , as applied to an organic extract, refers to 
drying over anhydrous sodium sulfate followed by evaporation in 
vacuo.

Ethyl 2-Formylbutyrate. A. Ethyl 2-formylbutyrate was pre
pared in 15.6% yield by condensing ethyl butyrate (406 g, 3.50 mol) 
with ethyl formate (260 g, 3.50 mol) in ether employing sodium hy
dride as the base, bp 76-80° (25 mm) [lit.16 bp 64-66° (16 mm)].

B. A solution of 5.06 g (0.05 mol) of diisopropylamine in 50 ml of 
dry THF was treated with 21.3 ml (0.05 mol) of 2.35 M  ra-butyllith- 
ium in hexane at room temperature under nitrogen. The resultant 
pale yellow solution was cooled to — 78°, at which time a solution of 
5.81 g (0.05 mol) of ethyl butyrate in 15 ml of dry THF was added. 
Stirring was continued for 0.5 hr at —78°, after which 1 1 .1  g (0.15 
mol, 1 2 .2  ml) of ethyl formate was added by syringe. The resultant 
mixture was allowed to warm to room temperature and stirred for 
3 hr under nitrogen. After the addition of 9 g (0.15 mol, 8.55 ml) of 
acetic acid, the reaction mixture was diluted with 350 ml of ether 
and washed with water (2 X 100 ml) and saturated aqueous 
NaHCOa solution (100 ml). Work-up in the usual manner gave
7.29 g of an orange oil, which was distilled to afford 4.30 g (60%) of 
ethyl 2-formylbutyrate as a colorless liquid: bp 76-81° (23 mm); ir 
(film) 2.95, 5.80, 6.00, 6.20 /r; NMR b 1.04 (t, J  = 7 Hz, 3 H), 1.35 (t, 
J  =  7 Hz, 3 H), 1.7-2.5 (m, 2 H), 3.22 (t of d, J l =  7 , J 2 =  2 Hz, 0.5 
H), 4.28 (q, J  =  7 Hz, 2 H), 7.02 (d, J  =  12 Hz, 0.5 H), 9.76 (d, J  =
2 Hz, 0.5 H), 11.41 (d, J  =  12 Hz, 0.5 H).

4-Ethyl-4-carboethoxycyclohex-2-enone (10). The cyclohex-
enone ester 10 was prepared according to the general procedure of 
Plieninger and coworkers7. Treatment of ethyl 2-formylbutyrate 
with methyl vinyl ketone in t e r t -butyl alcohol containing a cata
lytic amount of potassium t e r t -butoxide gave Michael adduct 9 as 
a nearly colorless oil: ir (film) 5.72, 5.80 n; NMR b 0.88 (t, J  =  7 Hz,
3 H), 1.28 (t, J  =  7 Hz, 3 H), 1.5-2.7 (m, 6 H), 2.11 (s, 3 H), 4.25 (q, 
J  =  7 Hz, 2 H), 9.8 (s, 1 H). Cyclization of this material by reflux

ing in benzene with piperidinium acetate and acetic acid with 
azeotropic removal of water afforded after distillation a 73% yield 
of cyclohexenone ester 10: bp 92-95° (0.25 mm); ir (film) 5.79, 5.91 
IX-, NMR b 0.88 (t, J  =  7 Hz, 3 H), 1.28 (t, J  = 7 Hz, 3 H), 1.5-2.7 
(m, 6 H), 4.25 ( q , J  =  7 Hz, 2 H), 5.98 and 6.95 (AB quartet, J  =  10 
Hz, 2 H).

Anal. Calcd for CuH160 3: C, 67.32; H, 8 .2 2 . Found: C, 67.14; H,
8.26.

8-Ethyl-8-carboethoxy-l,4-dioxaspiro[4,5]-6-decene (8). 
Ketal ester 8 was prepared from cyclohexenone ester 10 using 
standard ketalization conditions (ethylene glycol, a catalytic 
amount of p-toluenesulfonic acid, and benzene at reflux with a 
Dean-Stark trap). From 37 g (0.189 mol) of 10 was obtained a near
ly quantitative yield of ketal ester 8 as a pale yellow oil, which was 
used in subsequent experiments without further purification: ir 
(film) 5.80, 6.03 n (weak); NMR b 0.87 (t, J  = 7 Hz, 3 H), 1.23 (t, J  
= 7 Hz, 3 H), 1.45-2.5 (m, 6  H), 3.96 (s, 4 H), 4.15 (q, J  =  7 Hz, 2 
H), 5.62 and 5.94 (AB quartet, J  = 10 Hz, 2 H).

8-Ethyl-8-hydroxym ethyl-l,4-dioxaspiro[4,5]-6-decene
(11). To a suspension of 4.75 g (0.125 mol) of LiAlH^ in 275 ml of 
anhydrous ether was added dropwise with stirring at 0 ° under ni
trogen a solution of 34.75 g (0.144 mol) of ketal ester 8 in 75 ml of 
anhydrous ether. The reaction mixture was then stirred for 4 hr at 
0° under nitrogen. Excess LiAlH4 was decomposed by cautious 
dropwise addition of ethyl acetate and then saturated aqueous so
dium sulfate at 0°. The precipitate was filtered off and washed re
peatedly with ether. The combined filtrate and washings were 
evaporated in vacuo and distilled to afford 16.17 g (57%) of ketal 
alcohol 11 as a viscous, colorless liquid: bp 112-116° (0.25 mm); ir 
(film) 2.98, 6.05 M; NMR b 0.87 (t, J  = 7 Hz, 3 H), 1.1-2.0 (m, 6 H), 
2.19 (br s, 1 H), 3.41 (slightly broadened s, 2 H), 3.96 (s, 4 H), 5.65 
(s, 2 H).

Anal. Calcd for CuH180 3: C, 66.64; H, 9.15. Found: C, 66.54; H,
9.11.

8-Ethyl-8-formyl-l,4-dioxaspiro[4,5]-6-decene (12). The
ketal alcohol 1 1  was oxidized according to the general procedure of 
Parikh and Doering.9

To a solution of 16.10 g (81.3 mmol) of ketal alcohol in 160 ml of 
dry triethylamine and 160 ml of dry dimethyl sulfoxide (distilled 
from calcium hydride) was added a solution of 40 g (252 mmole) of 
pyridine-sulfur trioxide complex17 in 240 ml of dry dimethyl sulf
oxide. The mixture was stirred overnight at room temperature 
under nitrogen, diluted with 2 1. of ether, and washed with water (4 
X 1000 ml). Work-up in the usual manner followed by distillation 
afforded 13.43 g (85%) of slightly yellow ketal aldehyde 12: bp 93- 
97° (0.25 mm); ir (film) 3.40, 3.50, 3.68, 5.79, 6.01 m; NMR b 0.87 (t, 
J  = 7 Hz, 3 H), 1.3-2.3 (m, 6 H), 3.98 (s, 4 H), 5.82 (s, 2 H), 9.47 (s, 
1 H ) .

Anal. Calcd for CiiHi60 3: C, 67.32; H, 8.22. Found: C, 67.12; H, 
8.36.

Chloromethyltriphenylphosphonium Chloride. Chlorometh- 
yltriphenylphosphonium chloride was prepared in 82% yield ac
cording to the procedure of Wittig and Schlosser18 from triphenyl- 
phosphine and paraformaldehyde.

8-Ethyl-8-chlorovinyl-l,4-dioxaspiro[4,5]-6-decene (13). 
The ketal aldehyde 12 was condensed with chloromethylenetri- 
phenylphosphorane according to the general procedure described 
by Seyferth and coworkers.10

To a suspension of 34.7 g (100 mmol) of chloromethyltriphenyl- 
phosphonium chloride in 425 ml of dry THF was added 45 ml (100 
mmol) of 2.24 M  phenyllithium in 70:30 benzene-ether in a nitro
gen atmosphere. The deep red mixture was allowed to stir at room 
temperature for 0.5 hr, after which a solution of 10.70 g (54.5 
mmol) of ketal aldehyde in 75 ml of dry THF was added dropwise 
with stirring. The mixture was then refluxed overnight under ni
trogen. The cooled reaction mixture was poured into 1.9 1. of 1:1 
ether-hexane, washed with water (3 X 850 ml), and worked up in 
the usual manner. The residue was chromatographed on 80 g of 
Florisil (60-100 mesh) with 1:5 ether-hexane as eluent. The eluate 
was evaporated in vacuo and distilled to afford 12.04 g (97%) of 
colorless ketal ehloroolefin 13: bp 97-102° (0.40 mm); ir (film) 3.38,
3.48, 6.04, 6.14, 6.19,10.54 m NMR b 0.88 (t, J  =  7 Hz, 3 H), 1.2-2.0 
(m, 6  H), 3.95 (s, 4 H), 5.4-6.2 (m, 4 H).

8-Ethyl-8-ethynyl-l,4-dioxaspiro[4,5]-6-decene (14). To a 
solution of 12.0 g (52.5 mmol) of ketal ehloroolefin 13 in 135 ml of 
dry glyme and 135 ml of dry hexamethylphosphoramide was added 
30 g (267 mmole) of potassium ferf-butoxide. The mixture was 
stirred overnight at room temperature under nitrogen, diluted 
with 1.8 1. of ether, and washed extensively with water (5 X 900 ml) 
to remove all the HMPA. Work-up in the usual manner and distil
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lation afforded 9.16 g (91%) of colorless ketal acetylene 14: bp l b -  
7 9 0 (0.35 mm); ir (film) 3.08, 4.73, 6.03 n; NMR 5 1.02 (t, J  = 7 Hz, 
3 H), 1.15-2.05 (m, 6 H), 2.13 (s, 1 H), 3.94 (s, 4 H), 5.50 and 5.78 
(AB quartet, J  = 10 Hz, 2 H).

Anal. Calcd for C,2H160 2: C, 74.97; H, 8.39. Found: C, 75.03; H,
8.56.

8-Ethyl-8-hydroxymethylethynyl-l,4-dioxaspiro[4,5]-6- 
decene (15). Ketal propargyl alcohol 15 was obtained in 97% yield 
by treating the lithium acetylide prepared from 7.50 g (39 mmol) 
of ketal acetylene 14 and methyllithium in glyme with excess mo
nomeric formaldehyde: ir (film) 2.97, 4.48, 6.02 m; NMR 5 1.00 (t, J  
= 7 Hz, 3 H), 1.15-2.2 (m, 6 H), 2.81 (br s, 1 H), 3.98 (s, 4 H), 4.22 
(s, 2 H), 5.50 and 5.77 (AB quartet, J = 10 Hz, 2 H).

Anal. Calcd for C13Hi80 3: C, 70.24; H, 8.16. Found: C, 70.10; H,
8.19.

8-Ethyl-8-hydroxymethylvinyl-l,4-dioxaspiro[4,5]-6- 
decene (16). A solution of 6.669 g (30 mmol) of ketal propargyl al
cohol 15 in 125 ml of ethyl acetate containing 9 ml of triethylamine 
was hydrogenated at atmospheric pressure using 300 mg of 84% 
platinum oxide as catalyst. After 30 mmol of hydrogen (745 ml 
plus allowance for catalyst) was absorbed, the reaction was discon
tinued. The solution was filtered with the aid of filter cel and evap
orated in vacuo to afford 6.65 (99%) of ketal allylic alcohol 16 (ap
proximately 3:1, cis/trans) as an orange oil: ir (film) 2.96, 6.04 /z; 
NMR b 0.83 (skewed t, 3 H), 1.05-2.0 (m, 6 H), 2.82 (s, 1 H), 3.98 
(s, 6  H), 5.1-6.1 (m, 4 H).

Anal. Calcd for C13H20O3: C, 69.61; H, 8.99. Found: C, 69.88; H, 
8.95.

Bicyclic Ether Ketone i. Ketal allylic alcohol 16 (112.2 mg, 0.5 
mmol) was hydrolyzed with 5 ml of 1 N  hydrochloric acid (30 min). 
Standard work-up procedures afforded 83 mg of pale yellow oil. In
vestigation of the ir and NMR spectra of this material indicated 
that it was an approximately 3:1 mixture of bicyclic ether ketone i 
and trans-allylic alcohol enone ii, respectively.

8-Ethyl-8-azidomethylvinyl-l,4-dioxaspiro[4,5]-6-decene 
(17). To a solution of 6.66  g (29.7 mmol) of allylic alcohol 16 in 300 
ml of dry benzene at 15° was added 20 ml (32 mmol) of 1.6 M  
methyllithium in ether. The solution was stirred at 15° under ni
trogen for 5 min, after which 3.0 ml (38.4 mmol) of methanesulfon- 
yl chloride was added. This mixture was then stirred overnight at 
room temperature under nitrogen and poured into 600 ml of 5% 
aqueous NaOH solution. The mixture was extracted with 1 1. of 
ether, washed with water (2 X 500 ml), and worked up in the usual 
manner to give 7.68 g of an approximately 3:1 mixture of ketal al
lylic mesylate and ketal allylic chloride 18 as a light orange oil: ir 
(film) no OH, 6.04, 7.37 M; NMR b 2.93 (CH3SO2-), 3.87 
(-CH2OMS), 3.95 (ketal), 4.80 (-CH2C1). Integration indicates that 
the mesylatexhloride ratio is approximately 3:1.

To a solution of 7.67 g of allylic mesylate-chloride mixture from 
the previous experiment in 250 ml of dimethyl sulfoxide and 50 ml 
of water was added 16 g (246 mmol) of sodium azide. The resulting 
solution was stirred overnight at room temperature under nitro
gen, poured into 1200 ml of ether, and washed with water (3 X 500 
ml). Work-up in the usual manner gave 6.53 g (88%) of ketal allylic 
azide 17 as a yellow oil: ir (film) 4.76, 6.04 n; NMR b 0.87 (skewed t, 
J = 7 Hz, 3 H), 1.03-2.10 (m, 6 H), 3.95 (s, 6 H), 5.30-6.00 (m, 4 
H).

Ketal Phosphinimine 19. To a solution of 770 mg (3.10 mmol) 
of ketal allylic azide 17 in 50 ml of dry benzene was added 960 mg 
(3.66 mmol) of triphenylphosphine. The resulting solution was re
fluxed overnight under nitrogen, after which the solvent was re
moved in vacuo to give a quantitative yield of ketal phosphinimine 
19 as a viscous yellow oil: ir (film) no azide, 6.30 (weak), 6.80 
(strong), 7.00 n (strong).

8-Ethyl-8-aminomethylvinyl-1,4-dioxaspiro[4,5]-6-decene 
(21). To aluminum-mercury amalgam prepared from 7.02 g (260 
mmol) of aluminum turnings according to the procedure of Wisli- 
cenus and Kaufmann19 under 60 ml of ether was added a solution 
of 6.52 g (26.2 mmol) of allylic azide 17 in 300 ml of ether. To this 
suspension was added 30 ml of methanol and 30 ml of water. The 
resulting mixture was stirred rapidly for 20 hr at room tempera
ture under nitrogen, during which time a cloudy gray precipitate 
was formed. The mixture was then filtered, the precipitate being 
washed extensively with ether. The combined ether solutions were 
washed with 500 ml of water and worked up in the usual manner to 
afford 4.73 g (81%) of ketal allylic amine 21 as a yellow oil (an ap
proximately 3:1 mixture of ketal cis-allylic amine 7 and its corre
sponding trans isomer): ir (film) 3.01, 6.07, 6.23 n; NMR 6 0.87 
(skewed t, J  =  7 Hz, 3 H), 1.05-2.20 (m, 8 H), 3.95 (s, 6 H), 5.00-
6.10 (m, 4 H).

Anal. Calcd for Ci3H21N 02: C, 69.92; H, 9.48. Found: C, 69.76; 
H, 9.30.

4a-Ethyl-2,4a,5,fi,8,8a-hexahydro-7(l //)-quinolone (6). A so
lution of 4.50 g (20.2 mmol) of ketal allylic amine 21 dissolved in 
400 ml of 1 IV hydrochloric acid and 30 ml of methanol was stirred 
for 1 hr at room temperature under nitrogen and then made basic 
with 10% aqueous NaOH. After standing for 10 min, the mixture 
was extracted with ether (2 X 600 ml). Work-up in the usual man
ner gave 3.06 g of an orange oil which was shown by ir to be an ap
proximately 3:1 mixture of bicyclic amino ketone 6 and trans-allyl
ic amine enone 20: ir (film) 3.05, 5.84 (strong), 5.96 n (medium).

This mixture was chromatographed on 1 1 0  g of Woelm neutral 
alumina (activity IV). Elution with 250 ml of 40% ether-benzene 
gave first a small amount of a nonbasic enone followed by 1.55 g 
(29% overall yield from ketal propargyl alcohol 15) of hexahydro- 
quinolone 6 . If elution was continued with the same solvent trans- 
allylic amine enone 20 could be obtained. The chromatography was 
followed by ir: ir (film) 3.05, 3.45, 5.84, 6.05 M; NMR b 0.92 (skewed 
t, J  =  7 Hz, 3 H), 1.05-3.0 (m, 9 H), 3.13 (t, J  =  5 Hz, 1 H), 3.38 (br 
s, 2 H), 5.61 and 5.72 (AB quartet, J  =  2.5 Hz, 2 H); MS m /e 179 
(M+), 150,124,108.

Anal. Calcd for CnHI7NO: C, 73.70; H, 9.56. Found: C, 73.91; H,
9.52.

JV-Chloroacetyl-4a-ethyl-2,4a,5,6,8,8a-hexahydro-7(lH)- 
quinolone (22). To a solution of 1.07 g (5.97 mmol) of hexahydro- 
quinolone 6 and 605 mg (5.97 mmol) of triethylamine in 80 ml of 
dry methylene chloride at 0° under nitrogen was added dropwise 
with stirring a solution of 675 mg (5.97 mmol) of chloroacetyl chlo
ride in 20 ml of dry methylene chloride. After the addition was 
complete, the reaction mixture was stirred for 1.5 hr at room tem
perature under nitrogen. The mixture was diluted with 350 ml of 
methylene chloride and washed with 1 N  hydrochloric acid (150 
ml), 5% aqueous potassium carbonate solution (150 ml), and water 
(150 ml). Work-up in the usual manner gave 1.58 g of viscous 
brown oil. Chromatography on 25 g of silica gel using 1 :1  ether- 
benzene as eluent afforded 1.41 g (92%) of bicyclic chloroacetyl 
amide 22 as an orange gum: ir (film) 5.82, 6.06 /q NMR b 0.9 
(skewed t, 3 H), 1.1-2.8 (m, 9 H), 4.10 (br s, 4 H), 5.81 (br s, 2 H).

6a-Ethyl-4,6a,7,8,9a,9b-hexahydro-9If-pyrrolo[3,2,l-i/]qui- 
noline-2,9(lii)-dione (23). A solution of 3.00 g (11.75 mmol) of 
chloroacetyl amide 22 in 120 ml of dry benzene containing 1.54 g 
(13.75 mmol) of potassium £ert-butoxide was refluxed under nitro
gen for 26 hr, after which most of the benzene was removed in 
vacuo. The residue was taken up in 1 1. of methylene chloride, 
washed with 5% aqueous NaOH (400 ml) and water (500 ml), and 
worked up in the usual manner to give 2.40 g of an orange foam. 
This foam was chromatographed on 60 g of silica gel. After elution 
with 125 ml of 4:1 ether-benzene and 200 ml of ether, to remove 
any nonpolar by-products and unreacted starting material, a frac
tion containing the desired tricyclic keto lactam 23 was eluted with
1 1. of 2% methanol-methylene chloride. Evaporation of this frac
tion in vacuo gave 998 mg of viscous orange gum. As this material 
was contaminated with a small amount of very polar impurities, it 
was carefully rechromatographed on 27 g of silica gel using 2% 
methanol-methylene chloride as eluent. This second chromatogra
phy afforded 725 mg (28%) of tricyclic keto lactam 23 as a pale yel
low, viscous oil, which was homogeneous on TLC (silica gel G, 2% 
MeOH-CH2Cl2): ir (film) 5.87, 5.93 «  NMR b 1.00 (split t, J  =  7 
Hz, 3 H), 1.30-2.2 (m, 4 H), 2.2-3.3 (m, 4 H), 3.44 (dd, J x = 1 , J 2 =
2 Hz, 1  H), 3.6-4.07 (m, 2 H), 4.10-4.38 (m, 1 H), 5.72 (s, 2 H); MS 
m /e 219 (M+), 190.

High-resolution mass spectrum: Anal. Calcd for C13H17NO2: 
219.1259. Found: 219.1259.

6a-Ethyl-l,2,4,6a,7,8,9a,9b-octahydro-9ii-pyrrolo[3,2,l-i/]- 
quinolin-9-one (4). A solution of 186.8 mg (0.852 mmol) of tricy
clic keto lactam 23 and 0.20 ml (3.6 mmol) of ethylene glycol in 30 
ml of benzene containing 15 mg of p-toluenesulfonic acid monohy
drate was refluxed for 19 hr under nitrogen, the water of reaction 
being removed with a Dean-Stark trap containing molecular 
sieves. A few drops of triethylamine were added, and the mixture 
was diluted with 30 ml of benzene and washed with saturated 
aqueous NaHC03 solution (2 X 20 ml). Work-up in the usual man
ner afforded 200 mg (90%) of tricyclic lactam ketal as a viscous or
ange oil: ir (film) 5.90, 6.03 ft; NMR b 0.92 (skewed t, 3 H), 1.1-2.0 
(m, 4 H), 2.1-2.7 (m, 4 H), 3.0-3.8 (m, 3 H), 3.8-4.2 (m, 1 H), 3.97 
(s,4H), 5.68 (s, 2 H).

To a suspension of 57 mg (1.5 mmol) of LiAlHi in 10 ml of dry 
ether was added dropwise with stirring at room temperature under 
nitrogen a solution of 197 mg (0.75 mmol) of tricyclic lactam ketal 
in 5 ml of dry ether. The mixture was then stirred for 3 hr at room
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temperature under nitrogen, after which excess LiAlH4 was de
composed by cautious dropwise addition of saturated aqueous so
dium sulfate solution at 0°. The precipitate was filtered off and 
washed with ether. The combined ethereal solutions were evapo
rated in vacuo to afford 178 mg (95%) of tricyclic amino ketal as a 
pale yellow gum: ir (film) 3.45, 3.50, Bohlmann bands, 3.61, 3.68 m; 
NMR 6 0.90 (skewed t, 3 H), 1.1-2.7 (m, 8 H), 3.0-3.7 (m, 4 H), 3.97 
(m, 6 H), 5.60 (br s, 2 H).

To a solution of 177 mg (0.710 mmol) of tricyclic amino ketal in
1.5 ml of methanol was added 3 ml of water and 1.5 ml of concen
trated hydrochloric acid. The resulting solution was stirred over
night at room temperature under nitrogen. The mixture was basi- 
fied with 10% aqueous NaOH and extracted with ether (2 X 60 ml). 
The combined ether extracts were worked up in the usual manner 
to afford 142 mg (97%) of crude tricyclic amino ketone 4 as a yel
low gum. This gum could he purified by evaporative distillation to 
give colorless tricyclic amino ketone 4: bp 120-130° (0.15 mm); ir 
(film) Bohlmann hands 3.60, 3.68, 5.85 p; NMR 6 0.90 (skewed t, 3 
H), 1.1-3.6 (m, 12 H), 3.95 (br s, 2 H), 5.62 (m, 2 H); MS m/e 205 
(M+).

High-resolution mass spectrum: Anal. Cak'd for C13H19NO: 
205.1467. Found: 205.1467.

6a-Ethyl-4,5,6,6a,7,8,9a,9b-octahydro-9H-pyrrolo[3,2,l-i/]- 
quinoline-2,9(lH)-dione (24). A solution of 355 mg (1.62 mmol) 
of tricyclic keto lactam 23 in 25 ml of 95% ethanol was hydrogenat
ed at atmospheric pressure using 35 mg of 10% palladium on car
bon as catalyst. After 5 hr the theoretical amount of hydrogen 
(39.6 ml) had been absorbed. The reaction mixture was filtered 
with the aid of Celite and evaporated in vacuo to afford 346 mg 
(96%) of saturated tricyclic keto lactam 24 as a viscous yellow oil 
which had ir and NMR spectra and thin layer properties (silica gel 
G, 2% MeOH-CH2Cl2) identical with those of the Stork-Dolfini 
saturated tricyclic keto lactam.2 A small amount of material (53.5 
mg) prepared in this manner was chromatographed on 1 g of silica 
gel with 2% methanol-methylene chloride. When the solvent was 
removed in vacuo and the residue triturated with ether, 33 mg of 
white crystalline saturated tricyclic keto lactam 24 was obtained: 
mp 114-115° (lit.2 mp 113-116°); mmp 114-115°; ir (film) 5.86, 
5.92 n; NMR 5 0.97 (t, J  = 7 Hz, 3 H), 1.10-3.0 (m, 11 H), 3.08 (d, J  
= 5 Hz, 1 H), 3.45 (dd, J x = 2, J2 = 6 Hz, 2 H), 4.00 (br d, J  =  13 
Hz, 2 H).

o-Methoxyphenylhydrazine. o-Methoxyphenylhydrazine was 
prepared in 54% yield according to the procedure of Bergmann and 
Hoffmann20 by the reduction of diazotized o-anisidine with stan
nous chloride: mp 38-40° (lit.20 mp 43°); NMR 0 3.78 (s, 3 H), 4.10 
(br s, 3 H), 6.6-6.95 (m, 4 H).

(±)-6,7-Didehydroaspidospermine (5). Tricyclic amino ke
tone 4 (142 mg, 0.69 mmol) was dissolved in 5 ml of ether with 95.5 
mg (0.69 mmol) of o-methoxyphenylhydrazine. Two drops of ace
tic acid was added as catalyst and the solution was stirred for 13 hr 
at room temperature under nitrogen. The solvent was then re
moved in vacuo to afford the o-methoxyphenylhydrazone of amino 
ketone 4: viscous orange oil; ir (film) 3.05, 3.64, 3 69, 6.24, 6.63 p.

The crude tricyclic o-methoxyphenylhydrazone was dissolved in 
5 ml of glacial acetic acid and heated at reflux for 45 min under ni
trogen. The solvent was removed in vacuo to give the crude penta- 
cyclic indolenine 27 as a dark brown oil.

To a suspension of 228 mg (6 mmol) of LiAlH4 in 8 ml of dry 
ether was added dropwise with stirring at 0° under nitrogen a solu
tion of crude pentacyclic indolenine 27 in 8 ml cf 1:1 ether-glyme. 
This mixture was stirred overnight at room temperature under ni
trogen, after which excess LiAlH4 was decomposed by cautious 
dropwise addition of saturated aqueous sodium sulfate solution at 
0°. The precipitate was filtered off and washed repeatedly with 
ether. The combined ethereal solutions were evaporated in vacuo 
to afford 197 mg of a brown oil. Evaporative distillation gave two 
fractions: I, bp 90-150° (0.22 mm), 15 mg; II, bp 140-160° (0.22 
mm), 112.4 mg.

The higher boiling fraction, II, was treated with 1 ml of acetic 
anhydride and 75 mg of anhydrous sodium acetate for 2 hr at room 
temperature under nitrogen. The acetic anhydride was removed in 
vacuo and the residue was diluted with 60 ml of benzene and 
washed with saturated aqueous sodium bicarbonate solution (2 X 
25 ml) and water (20 ml). Work-up in the usual manner gave a vis
cous yellow oil which afforded 21 mg (9%) of crystalline (±)-6,7- 
didehydroaspidospermine (5), mp 190-191°, on trituration with 
ether. This material had an ir spectrum similar to that of (±)-aspi- 
dospermine with some subtle differences in the fingerprint region: 
ir (KBr) 3.64, 6.09, 6.29, 6.72, 6.90, 7.24 M; NMR 5 2.20 (s, 3 H), 3.90 
(s, 3 H), 5.63 (sharp m, 2 H).

High-resolution mass spectrum: Anal. Calcd for C22H28N2O2: 
352.2151. Found: 352.2150.

Hydrogenation of 5 in the presence of Pd on charcoal in acetic 
acid afforded (i)-aspidospermine (I) identical in all respects with 
that prepared by Stork and Dolfini.2
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The syntheses of (Z)-6 -heneicosen-ll-one, the principal component of the sex attractant of the Douglas fir tus
sock moth, and the corresponding E  isomer are described. The stereochemistries of the products were determined 
by selective reductions of the common intermediate, 6 -heneicosyn-ll-ol. The lower limits of isomeric purity of the 
products, determined by gas chromatographic analysis of the corresponding epoxides, was >97 and >98% for the 
Z  and E  isomers, respectively.

Chemical and spectroscopic studies of the sex attractant 
of the Doublas fir tussock moth (O rgyia  p s eu d o ts u g a ta ), a 
severe defoliator of firs in western North America, have led 
to the isolation and identification of (Z)-6-heneicosen-ll- 
one (1) which is highly attractive in laboratory and field 
tests.1 In the course of this work it became necessary to 
synthesize both 1 and the corresponding E  isomer, 2, to es
tablish the stereochemistry of the natural attractant and to 
provide synthetic material for entomological testing.

0

II
CHJCH2)9C(CH2h (CH2)4CH3

> = <H H
1

0

IICHrfCĤ C(CHA H
> = <H (CH2)4CH3
2

Synthesis. Both 1 and 2 were prepared from the acetyle
nic ketone 6. Synthesis of 6 was accomplished by initial 
conversion of undecanal to the dithiane 4 and alkylation of 
the corresponding dithianyl anion2 (prepared by treatment 
of 4 with butyllithium) with l-chloro-4-decyne to yield 5,

X X

which was hydrolyzed, restoring the carbonyl group. Con
version of 6 to the isomeric olefins, 1 and 2, involved initial 
reduction of the carbonyl to obtain the acetylenic alcohol, 
7, which was subjected to the appropriate stereospecific 
method of acetylene reduction. Catalytic reduction of 7 
using P-2 nickel poisoned with ethylenediamine3 yielded 
the Z  olefinic alcohol 8 whereas the isomeric E  olefinic al
cohol was prepared by treatment of 7 with sodium in liquid 
ammonia.4 Finally, reoxidation of the isomeric alcohols (8 
and 9) yielded the corresponding ketones 1 and 2.

Stereochemical Analysis. The stereochemistries of the 
Z  and E  olefinic ketones, 1 and 2, were confirmed by in
frared spectroscopy. The spectrum of 2 exhibited a sharp 
band at 10.4 p (absent in the spectrum of 1), characteristic 
of E-disubstituted olefins.5 Since stereochemical purity is 
critical for the function of several known insect phero
mones,6,7 it was necessary to obtain a quantitative measure 
of isomeric purity in the products 1 and 2. Gas-liquid chro
matographic (GLC) separation of the stereoisomers 1 and 2 
was unsuccessful using a variety of polar phases in packed 
columns.8 In previous instances where direct GLC separa
tion of E  and Z  isomers of long-chain monounsaturated 
olefins was difficult, analysis was achieved by examination 
of the corresponding epoxides.6,9 The results in the present 
case are similar. Ketones 1 and 2 were readily epoxidized 
using m-chloroperbenzoic acid and GLC conditions were 
found which gave near-baseline separation of the two iso
meric epoxides, 10 and 11 (see Figure la). Using this meth-

c 10h 21ch

3, X = 0
4, X = S(CH2)3S

C,9H2.C(CH2)3C=CC5H,
5, X = SICIDsS
6, X = O

OH
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liquid NH3
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H
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I

0  0

II 0 II 0
C,oH21C(CH2)3^  /  \  .,C5H„ C,oH2,C(CH2)3̂  /  \  ,H

C C 0 0

i /  \  l /  c5h„
10 11

od the Z  isomer (10) was shown to be >97% pure (Figure 
lb) and the E  isomer (11) was >98% pure (Figure lc). 
These numbers represent lower limits of stereochemical 
purity of the ketones 1 and 2, since any isomerization oc
curring during the epoxidation reaction or work-up proce
dure would result in lower isomeric purity in the corre
sponding epoxides.

Experimental Section
Melting ranges were taken with a Thomas-Kofler micro hot 

stage. NMR spectra were obtained in CC14 (Me4Si internal stan
dard) using a Varían HA-100 spectrometer, infrared spectra were 
recorded on a Perkin-Elmer 337, and mass spectra were measured 
using either a CEC 21-110B or Du Pont 21-491B spectrometer. 
Analyses were by the Heterocyclic Chemical Corp., Harrisonville,
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Figure 1. Gas chromatographs of epoxidation products derived 
from (a) a 1 :2  mixture of 1 and 2, (b) 1 , and (c) 2 .

Mo. Chromatographic separations were achieved with benzene on 
an alumina (activity III) column (40 X 2 cm) using the dry-column 
method.10 Gas-liquid chromatographic (GLC) analyses (other 
than the stereochemical determinations) were obtained using a 
Varian 1200 gas chromatograph equipped with a 4 ft X 0.25 in. col
umn of 3% Dexsil 300 on 80/100 Chromosorb W, AW-DMCS.

2-n-Decyl-l,.3-dithiane (4). Using a procedure similar to that 
of Fieser,11 10 ml of boron trifluoride etherate was slowly added to 
a flask containing 51 g (0.3 mol) of undecanal (Chemical Samples 
Co.) and 32.4 g (0.3 mol) of 1,3-propanedithiol. After stirring for 1 
hr the resulting two-phase mixture was added to 100 ml of water 
and extracted with two 50-ml portions of benzene. The combined 
benzene extracts were washed with four 50-ml portions of 3% 
aqueous sodium hydroxide and one 50-ml portion of water before 
drying over anhydrous magnesium sulfate. Evaporation of the sol
vent left 81 g of light-yellow liquid. Distillation at 125-128° (0.01 
mm) gave 76.5 g (98%) of 4 as a colorless liquid: NMR S 2.78 (m, 4 
H, -SCH2), 3.95 (t, 1 H, -SCH); mass spectrum (70 eV) m /e (rei in
tensity) 260 (44, M-+), 185 (33, Ci0H2iC =S+), 119 (100 , -S -C +H-
S-).

Anal. Calc’d. for Ci4H28S2: C, 64.61; H, 10.77. Found: C, 64.59; 
H, 11.01.

1 l-Propylenedithio-6-heneicosyne (5). Following the proce
dure described by Corey,12 92 ml of 2.0 M  ra-butyllithium (in hex
ane) was added to a solution of 40.0 g (154 mmol) of 4 in 300 ml of 
freshly distilled (over CaH2) tetrahydrofuran, cooled to —20°. This 
solution was stirred under nitrogen for 1.5 hr before adding 31.6 g 
(184 mmol) of l-chloro-4-decyne13 (Chemical Samples Co.). After 
storing for an additional 3 hr at -20° the reaction solution was al
lowed to stand for 60 hr at —10°. The reaction solution was added 
to a solution of 20 ml of acetic acid in 200 ml of water and extract
ed with four 75-ml portions of hexane. The combined hexane ex
tracts were washed with three portions of 100 ml of saturated 
aqueous sodium bicarbonate solution and dried over anhydrous 
magnesium sulfate, and the solvent was evaporated to leave 52.0 g 
of a yellow liquid containing (by GLC) 10% unreacted starting ma
terial 4. A sample of this product was purified by distillation at 
176-178° (0.01 mm) to give a colorless liquid: NMR 5 2.78 (m, 4 H, 
-SCH2); mass spectrum (70 eV) m/e (rei intensity) 396 (21, M-+), 
363 [10, (M -  SH)+1, 321 [83, (M -  CH2CH2CH2SH)+], 290 [65,

(M -  HSCH2CH2CH2SH)-+], 259 [54, (M -  C j0H 17) +], 119 (100, 
-S-C+H-S-).

Anal. Calcd for C24H44S2: C, 72.73; H, 11.11. Found: C, 72.88; H, 
11.33.

6-Heneicosyn-ll-one (6). A 30.9-g (78 mmol) sample of 5 (un
distilled) was hydrolyzed by the method of Narasaka et al.14 using
24.8 g (0.312 mol) of cupric oxide and 26.6 g (0.156 mol) of cupric 
chloride dihydrate in 500 ml of acetone and 5 ml of water. From 
this reaction was isolated 21.5 g (90%) of 6 as a light yellow liquid, 
bp 164-167° (0.01 mm), which slowly crystallized to a waxy solid: 
ir (melt) 5.84 M (C =0); NMR 8 2.00-2.23 (m, 4 H, C=CCH2),
2.25-2.60 (m, 4 H, CH2C =0); mass spectrum (70 eV) m /e (rel in
tensity 306 (100, M>+), 169 [74, (M — CioHi7)+], 165 [20, (M — 
C10H2!)+], 122 [42, (C5HnC=CCH=CH2).+).

Anal. Calcd for C2iH380: C, 82.35; H, 12.42. Found: C, 82.41; H, 
12.51.

6-Heneicosyn-ll-ol (7). A solution of 1.33 g (35 mmol) of lithi
um aluminum hydride in 300 ml of anhydrous ether was prepared 
under nitrogen. To this stirred solution was added a solution of
21.0 g (69 mmol) of 6 in 50 ml of anhydrous ether. Stirring was 
continued for 1.5 hr before destroying excess hydride with slow ad
dition of 5% aqueous sodium hydroxide. The mixture was filtered, 
the filtrate was dried over anhydrous magnesium sulfate, and the 
solvent was evaporated to produce 17.3 g of a yellow liquid. Sepa
ration by column chromatography afforded 14.2 g (67%) of GLC- 
pure 7 as a colorless liquid: bp 150-152° (0.01 mm); ir (neat) 3.01 a 
(broad, -OH); NMR 6 1.98-2.25 (m, 4 H, C=CCH2), 3.52 (m, 1 H, 
CHO); mass spectrum (70 eV) m/e (rel intensity) 308 (1, M-+), 290 
[1, (M -  H20)-+], 167 (100, Ci0H17C H =+OH).

Anal. Calcd for C2iH40O: C, 81.82; H, 12.99. Found: C, 81.69; H, 
13.02.

(Z)-6-Heneicosen-ll-ol (8 ). A 1.0-g (3.25 mmol) sample of 7 
was catalytically hydrogenated using P-2 nickel poisoned with eth- 
ylenediamine as described by Brown and Ahuja.3 Upon filtration 
and evaporation of solvent, the isolated product, 8 , weighed 0.90 g 
(89%): ir (neat) 3.01 n (broad, -OH), no band at 10.4 n (E-disubsti- 
tuted olefin); NMR 5 2.00 (m, 4 H, allylic), 3.46 (m, 1 H, CHO),
5.30 (m, 2 H, vinyl); mass spectrum (70 eV) m/e (rel intensity) 310 
(1, M-+), 292 [2, (M -  H20)-+], 124 (100, (C5HUCH= 
CHCH=CH2)-+].

Anal. Calcd for C2iH420: C, 81.28; H, 13.63. Found: C, 81.09; H,
13.81.

(2)-6-Heneicosen-ll-one (1). Using the procedure described 
by Ratcliffe and Rodehorst,15 a 0.615-g (2.0 mmol) sample of 8 was 
oxidized by addition to a stirred mixture of 1.8  g (18 mmol) of 
chromium trioxide and 2.85 g (36 mmol) of pyridine in 50 ml of 
methylene chloride. The worked up product15 was chromato
graphed to obtain 0.53 g (86%) of 1 as a colorless liquid: ir (neat) 
5.82 m (sharp, C =0), no C-H band at 10.4 /x (E-disubstituted ole
fin); NMR 8 2.00 (m, 4 H, allylic), 2.30 (t, 4 H, -CH2C = 0), 5.29 
(m, 2 H, vinyl); mass spectrum (70 eV) m /e (rel intensity) 308 (5, 
M-+), 197 [25, C10H2ICO+(CH2)2-], 169 (29, Ci0H21C =O +), 167 
(23, C10Hi9C=O +J, 124 [100, (C,5H„CH=CHCH=CH2).+],

Anal. Calcd for C2iH4oO: C, 81.82; H, 12.99. Found: C, 81.90; H,
13.18.

(E)-6-Heneicosen-ll-ol (9). A solution of 5.0 g (16.0 mmol) of 
7 in 75 ml of anhydrous ether was added to a solution of about 0.95  
g of metallic sodium in 250 ml of liquid ammonia.4 Vigorous stir
ring was required fo r  43 hr before quenching with 5 ml of a satu
rated aqueous ammonium chloride solution. The ammonia was 
evaporated and the remaining residue was added to 50 ml of hex
ane, extracted with two 50-ml portions of water, dried over anhy
drous magnesium sulfate, and filtered, and the hexane was evapo
rated to yield 4.7 g (95%) of 9: mp 40-42°; ir (melt) 3.04 /x (broad, 
-OH), 10.4 a (sharp, C-H bending for E-disubstituted alkene); 
NMR 5 1.85-2.30 (m, 5 H, allylic H and hydroxyl H), 3.50 (m, 1 H, 
CHO), 5.36 (m, 2 H, vinyl); mass spectrum (70 eV) m /e (rel inten
sity) 310 (1.3, M-+), 124 [100, (C5H„CH=CHCH=CH2)-+J.

Anal. Calcd for C2iH420: C, 81.28; H, 13.63. Found: C, 81.03; H,
13.81.

(E)-6-Heneicosen-ll-one (2). A 3.0-g (10 mmol) sample of 9 
was oxidized as described for the Z  iso m er  t o  obtain 2.2 g  (7 1 % ) of 
2 as a white solid: mp 36-38°; ir (melt) 5.89 jx (C =0), 10.41 ¿x 
(sharp, C-H bending for E -disubstituted alkene); NMR 8 1.95 (m, 
4 H, allylic), 2.26 (t, 4 H, CH2C =0), 5.30 (m, 2 H, vinyl); mass 
spectrum (70 eV) m /e (rel intensity) 308 (25, M-+), 197 [28, 
C10H2iCO+(CH2)2-[, 169 (6 8 , C10H2iC=O+), 167 (25,
C10H19C =O + 124 [100 , (C6H11CH=CHCH=CH2)-+].

Anal. Calcd for C21H40O: C, 81.82; H, 12.99. Found: C, 81.71; H,
13.19.
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cis-Heneicosan-6,7-epoxy-ll-one (10). To a 0.45-g (1.46 
mmol) sample of 1 dissolved in 20 ml of methylene chloride was 
added 0.504 g (2.92 mmol) of m-chloroperbenzoic acid which was 
stirred into solution before refrigerating at 5° for 15 hr.

The reaction mixture was transferred to a separatory funnel, 1.0 
ml of dimethyl sulfide was added to destroy excess peracid, and 
the mixture was extracted with three 20-ml portions of saturated 
aqueous sodium bicarbonate solution and one 20-ml portion of 
water. The clear solution was dried over anhydrous magnesium 
sulfate and filtered, and the methylene chloride was removed. A 
5-mg sample of this product was dissolved in methylene chloride 
for isomeric analysis. The remaining material was chromato
graphed, decolorized with activated charcoal, and recrystallized 
once from benzene-hexane to yield 0.23 g (48%) of 10: mp 29-36°; 
ir (CCLt solution) 5.84 p (C =0); NMR 5 2.35 (m, 4 H, CH2C =0),
2.70 (m, 2 H, CHO); mass spectrum (70 eV) m/e (rel intensity) 324 
(19, M-+), 169 (42, Ci0H21C=O +), 156 [100, (C5H „-
dHCH6CH2CH2CH2 + H)-+],

Anal. Calcd for C21H40O2: C, 77.72; H, 12.42. Found: C, 78.05; H, 
12.33.

trans-Heneicosan-6,7-epoxy-l 1-one (11). A 1.0-g (3.24 mmol) 
sample of 2 was epoxidized with 1.12 g (6.48 mmol) of m-chloro- 
perbenzoic acid using the same procedure as described for the Z  
isomer. Isomeric analysis of this product was performed on a 5-mg 
sample before column chromatography and recrystallization from 
benzene-hexane. The remainder of the product, after one recrys
tallization, weighed 0.54 g (51%): mp 92-97°; ir (CC14 solution) 5.82 
n (C =0); NMR 5 2.30 (m, 4 H, CH2C = 0), 2.46 (m, 2 H, CHO); 
mass spectrum (70 eV) m /e (rel intensity) 324 (19, M-+), 169 (42,
C10H21C=O +), 156 [100, (C5Hu(!iHCh 6 c H2CH2CH2 + H).+],

Anal. Calcd for C2iH4o0 2: C, 77.72; H, 12.42. Found: C, 77.51; H, 
12.42.

Stereochemical Analyses. Samples of 10,11, and a 1:2 mixture 
of 10 and 1 1  (all in methylene chloride solutions) were examined 
using a Varian 2700 gas chromatograph equipped with dual flame 
ionization detectors and a 12 ft X 0.125 in. stainless steel column 
packed with 10% Apolar 10C on 100/120 mesh Gas-Chrom Q (Ap
plied Science Laboratories). After conditioning overnight at 260° 
the column was set isothermally at 165°. At this temperature the 
two isomers, 10 and 11, were eluted at 19 and 21 min, respective
ly,16 with near-baseline resolution (see Figure la). The detector 
output was recorded on two channels of a Gould Brush 260 record
er, the two channels differing in sensitivity by a factor of 10. This 
made it possible to measure and compare the peak areas of both

isomers from a single injection. Duplicate runs were made for each 
isomer. Measurements of peak areas using peak height and width 
at half height show the Z  isomer to be 97.60 and 97.63% pure and 
the E  isomer to be 98.42 and 98.49% pure. Calculations using (1) a 
planimeter and (2 ) weights of cut-out peaks from photocopies of 
chromatograms gave values which do not differ by more than 0.3%.
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Fungal Extractives. IX.la Synthesis of the Velleral Skeletonlb and a Total
Synthesis of Pyrovellerolactone

Jan Froborg, Goran Magnusson,* and Svante Thoren

O rga n ic  C h e m is tr y  2, C h em ica l C e n te r , T h e  L u n d  I n s t i t u t e  o f  T e ch n o lo g y , B o x  740, S -2 2 0  0 7  L u n d  7, S w ed en

R e c e iv e d  D e c e m b e r  17, 1974

A synthetic route to the skeleton of the hydroazulenic sesquiterpene velleral (1) (from L a c ta r iu s  v e l le r e u s  and
L. P er g a m e n u s ; Russulaceae, basidiomycetes) is described. The key intermediate 2,2,4-trimethylfuro[6,7-c]perhy- 
droazulene (13) was transformed to the maleic anhydride derivative 18 by anodic oxidation of the furan ring to 
the corresponding 2,5-dihydroxy-2,5-dihydrofuran 17 followed by Jones oxidation. Two crystalline maleimides 
(22 and 23) were prepared for X-ray analysis by reaction of 18 with p-bromoaniline and 13 with .V-(p-bromo- 
phenyl)maleimide. A Eu(fod)3-induced chemical shift analysis was used to determine the stereostructure of
l,8,8-trimethylfuro[3,4-c]bicyclo[4.3.1]decan-10-ol (7). Hydrogenation of velleral gave a stereoisomer of 13. A mo
lecular force field calculation was used to determine the most stable conformer of a model precursor to 13. A total 
synthesis of pyrovellerolactone (3 ) was accomplished using a new method for the preparation of lactones from fu- 
rans (electrochemical oxidation followed by hydrolysis).

During the last few years we have reported seven new 
sesquiterpenes from basidiomycetes of the genus L a c ta r 
ius. Of these, isovelleral10 has the same basic skeleton as 
marasmic acid,2 which has been the object of synthetic 
work by other groups;3,4 lactaral,5 a 4-substituted furan-3-

aldehyde with a previously unknown carbon skeleton, has 
recently been synthesized by us;6 the remaining five sesqui
terpenes [velleral (l),7 vellerolactone (2),8,9 pyrovellerolac
tone (3),8,9 and two furan alcohols10) have a hydroazulenic 
skeleton with a gem-dimethyl-substituted cyclopentane
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Table I
Eu(fod)3-Induced Proton Chemical Shifts for 

7 in Its Most Probable Conformation
H -

Induced shift, Hz

Proton no. ObsdQ C al cd17

la 22 19
lb 22 20

2 a 58 47
2 b 48 41
3a 1 1 2 109
3b 124 124
4a 2 0 *’ 32
4b

OCM 36
5a 2 0 6 17
5b 2 0 b 30
6 90 89
7 240 241
8 69 96
9 18 14

1 0 1 2 5
“ Sample containing 

tion. b Average value;
0.115 mol of Eu(fod)3/mol of 7; CDCI3 s 
no unequivocal assignment could be n

for protons 4 and 5.

ring. Three further sesquiterpenes of this type (all of basi- 
diomycete origin) have been reported by other work
ers.11-13

a We suggest these names for the previously unnamed lactones 2 
and 3.

Syntheses of hydroazulenic sesquiterpenes have been 
concerned mainly with compounds containing guaiane-type 
skeletons;14 no synthesis has hitherto been reported of a 
hydroazulenic compound containing the gem-dimethyl- 
substituted cyclopentane ring of velleral.

We now report an attempted synthesis of velleral, which 
has given a stereoisomer of a velleral derivative, and a total 
synthesis of pyrovellerolactone. As a primary synthetic goal 
we endeavored to prepare a furan derivative such as the 
velleral derivative 24 since we considered that this would 
be a suitable precursor to velleral because of the inherent 
functionality of the furan ring, and moreover the terpenes 
described in ref 10 and 13 have a furan ring in the same po
sition. The product obtained was in fact the stereoisomer 
13.

The present synthesis (outlined in Scheme I) includes a 
solvolytic ring-contraction step following the general proce-

Table II
Product Composition0 for the Reaction

0.5 M  RCOONa in RCOOH
8  ► 9-12

(c h 3-

C om pd R = C H j (C H g ^ C  ( C H jC ^ J g C  C ^ ^ C H

a Determined from NMR integrals (%).

dure used by Marshall and Partridge for their synthesis of 
bulnesol. 1 5  The synthesis starts with cycloalkylation of the 
enol acetate 4 with furan 5, giving the ketone 6  in almost 
quantitative yield. 1 6  This compound was reduced with lith
ium aluminum hydride to give the alcohol 7 as the sole 
product.

To determine the stereostructure of 7, a lanthanide-in
duced chemical shift (LIS) analysis [Eu(fod)3] was per
formed [LIS vs. amount of Eu(fod) 3 added gave almost lin
ear plots for all protons]. However, the local symmetry in 
the molecule prevented a simple interpretation of the LIS 
experiment. This problem was circumvented by making a 
double-resonance experiment on the NMR sample contain
ing the maximum amount of Eu(fod)3 . On irradiation of 
the methylene protons showing the largest LIS (H2 and H 3 

in Table I) there was a significant simplification of the sig
nals in the furan region, indicating coupling. This was not 
observed on irradiation of H4 and H5. Thus the hydroxyl 
group in 7 should be situated closer to the methylene pro
tons a  to the furan ring (H2 and H3 ) than to the other 
methylene protons in the molecule. To prove the stereo
structure of 7 unequivocally, a theoretical calculation was 
made of the induced chemical shifts for the two possible di- 
astereomers (two conformers of each) using the newly de
veloped LISRIT computer program. 1 7  The conformer shown 
in Table I had the best (lowest) agreement factor1 8  (8 %). 
The other three conformers could thus be rejected with 
high statistical significance19 (>99.5%). The observed and 
calculated LIS’s are shown in Table I for the most probable 
conformer.

The alcohol 7 was converted to the mesylate 8  with mesyl 
chloride in pyridine. 1 5  Solvolytic ring contraction of 8  in a 
carboxylic acid-sodium carboxylate mixture (for specific 
details, see Table II) gave a mixture of isomeric furan ole
fins (9-12) presumably via (for 9-11) the carbenium ion 
shown in Scheme I. The composition of the olefin mixture 
could be modified somewhat by choosing as base in the sol
volysis step a sodium carboxylate of greater or lesser hin
drance, as is shown in Table II. Although not generally ap
preciated in preparative work, it appears that the base used 
for removal of a proton from a carbenium ion is not unim
portant and should be chosen with care.

In the preliminary planning of the synthesis we assumed 
that hydrogenation of the olefin mixture 9-11 would give
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only a single saturated furan derivative by attack of hydro
gen on the less hindered side of the double bonds, and thus 
would give a compound with the same stereostructure as in 
velleral (1). The best catalyst reported that allows the 
furan ring to be retained under hydrogenation conditions is 
palladium on strontium carbonate.20 Nevertheless, even 
with this there was significant attack on the furan ring be
fore complete saturation of the olefinic linkages was 
achieved and the product was a complex mixture difficult 
to separate. However, homogeneous phase hydrogenation 
with tris(triphenylphosphine)chlororhodium21 as catalyst 
permitted a selective reduction of the exocyclic methylene 
of 9 without affecting the furan ring and also left the dou
ble bonds of 10, 11, and 12 unreduced. Chromatography on 
silver nitrate impregnated silica gave a single saturated 
furan derivative (13) free of olefinic material. To summa
rize, 13 could be prepared from 4 and 5 in 12% total yield 
without purification of the intermediates 6-12 (Scheme I).

Compound 13 has a stereostructure different from that 
of velleral (see Scheme IV, compounds 13 and 24). Catalyt
ic hydrogenation can usually be expected to occur from the 
less hindered side, which would imply in the present case 
that the puckered conformation of 9 (cf. Figure 1) is unex
pectedly the most stable and thus hydrogen -will add on the 
side trans to the bridgehead hydrogens. To investigate the 
stabilities of the two conformers of 9, a theoretical calcula
tion of the internal strain energies was performed using the 
B IG STR N  computer program (molecular force field calcula
tion) described by Andose, Mislow, Engler, and 
Schleyer.2223 Since the program did not accommodate 
furan ring parameters, the calculation was made on a cyclo- 
pentene model compound (Figure 1; the cyclopentene ring 
was “ frozen” in furan geometry). This gave an energy dif
ference of ca. 3 kcal/mol between 14 and 15 (14 with lowest 
energy), suggesting an equilibrium in solution (strictly

15
Figure 1. Stereoplots of the planar (14) and puckered (15) confor
mers of the cyclopentene model of 9.

Scheme I

speaking in a gaseous phase) with the planar conformed
(14) predominant. Thus it seems that only the minor com
ponent of the equilibrium mixture forms an effective sub
strate-catalyst complex24 (this conclusion is supported by 
space-filling models and by the slow hydrogenation). Stere
oplots (computer drawn25) of 14 and 15 are shown in Figure 
1.

It seemed that the diene dialdehyde system of velleral
(1) might be best prepared from 13 via a maleic derivative 
(e.g., dialdehyde or diester) using an allylic bromination-
1,4-elimination sequence. The relative instability of maleic 
dialdehydes26 made us focus on maleic acid derivatives, 
which should be accessible from 2,5-dimethoxy-2,5-dihy- 
drofurans (cf. 16) by hydrolysis, followed by oxidation. 
However, this route gave mixtures containing much poly
meric material (discussed in ref 27). We were thus forced to 
find a new procedure for the preparation of maleic acid de
rivatives from 3,4-disubst.ituted furans. Electrochemical 
oxidation to 2,5-dihydroxy-2,5-dihydrofurans27 followed by 
Jones oxidation works well and this was used (Scheme II) 
for the preparation of anhydride 18 (13 to 18, ca. 80%). 
Methanolysis of 18 followed by diazomethane treatment 
gave the maleic diester 19, which could be brominated with 
(V-bromosuccinimide, giving a mixture, presumably of the 
four isomeric monobromo derivatives 20. Treatment of 20 
with l,5-diazabicyclo[4.3.0]non-5-ene28 gave the diester 21 
(tentative structure; NMR two vinyl proton signals with J  
= 5.6 and 2.8 Hz, no allylic CH3; uv Amax 208 and 243 nra; 
no M+, only M+ -  2; for 25, M+ -  2 = 24% of M+; for 19, 
M+ -  2 = 68% and M+ -  4 = 108% of M+) containing the 
basic unsaturated system of velleral. Attempts to reduce 21
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Scheme II

Hp-MeCN

Scheme III

to the velleral dialdehyde system have so far been unsuc
cessful.

At this stage of the synthesis we succeeded in preparing 
the furan 24 by hydrogenation of velleral for comparison 
with furan 13. Spectroscopic data (ir, NMR) showed small

Scheme IV

| 0 Bul.AIH

pyrovellerolactone

but significant differences, indicating that 13 had instead 
the stereostructure shown (MS practically identical). Two 
heavy-atom derivatives (22 and 23, Scheme III) were pre
pared3 0 ’3 5 ’36 in order to settle the stereostructure of 13, and 
thus of velleral, unequivocally by X-ray analysis. 29 Unfor
tunately, the crystals were thin leaflets rather unsuitable 
for single-crystal diffractometry. However, these two reac
tions offer convenient routes to heavy-atom derivatives of 
furans (cf. Scheme III) which may be useful elsewhere.

The unreduced mixture of olefins (10-12 plus traces of 9; 
separable by VPC on a 50-m OV-17 capillary column), ob
tained from the hydrogenation after removal of the dihydro 
compound 13, was difficult to separate on a preparative 
scale. The synthetic component 1 0  was identical with 
semisynthetic 1 0  obtained by diisobutylaluminum hydride 
reduction (Scheme IV) of pyrovellerolactone (3) [same R f 
values in VPC, identical mass spectra (VPC-MS) and 
NMR spectra (most of the signals from 10 were assigned 
previously in an independent analysis of the NMR spectra 
of the two olefin mixtures 10 plus 12 and 9-12)]. The syn
thetic compounds 10 and 13 must have a cis ring junction 
because of the mechanism for solvolysis1 5  of mesylate 8 . 
Velleral and vellerolactone have already been shown to 
have the same stereostructure [AIH3 reduction to the same 
diol (25)9]. Vellerolactone has been transformed to pyrovel
lerolactone by heating8 [140° (ca. 10 mm); presumably a
1,5-sigmatropic, suprafacial hydride shift]. These chemical 
transformations clearly show that velleral, vellerolactone,



Synthesis of Pyrovellerolactone J. Org. Chem., Vol. 40, No. 11,1975 1599

Scheme V

Scheme VI

pentane- 
dioxane- 
2 M  HC1

pyrovellerolactone

and pyrovellerolactone all have the gem-dimethylcyclopen- 
tane ring cis fused to the cycloheptadiene system. The dif
ference between 13 and 24 must thus lie in the methyl 
group stereoarrangement. In velleral and vellerolactone 
this methyl group has been shown by NMR7 -9 to be trans to 
the bridgehead protons. It is hoped to obtain further con
firmation by X-ray analysis (see above).

Synthesis of Pyrovellerolactone. A convenient method 
for the preparation of a,/8 -unsaturated 7 -lactones was 
found during attempts to prepare maleic dialdehydes from
2,5-dimethoxy-2,5-dihydrofurans (cf. 16). Mild hydrolysis 
in a two-phase system (pentane-dioxane-2 M  HC1) was 
used in order to keep the concentration of the expected di
aldehyde low in the acid phase and thereby avoid some side 
reactions (e.g., polymer formation27’31). On testing a model 
compound (26) we found, however, that this gave exclusive 
formation of the a,/3-unsaturated 7 -lactone 27 (NMR for 
crude and distilled material almost identical). Compound 
16 gave under the same conditions a good yield (ca. 70%) of 
lactones. Since the hydrolysis of the methoxy compound 
was slow (more than 3 days for compound 26) we tried the 
same hydrolysis conditions on the 2,5-dihydroxy-2,5-dihy- 
drofuran 28.27 This gave lactone 27 after 8  hr reaction time 
(Scheme V).

Having a method for the conversion of furans into lac
tones, we saw the possibility of making a total synthesis of 
(racemic) pyrovellerolactone (3) from the unsaturated 
furan 10. This was obtained in pure form (optically active) 
by diisobutylaluminum hydride reduction of pyrovellero
lactone (and in mixture with 1 2  by reverse-phase chroma

tography with silver fluoroborate eluent3 2 ' 33 of the furan 
mixture 9-12). Anodic oxidation of 10 (from 3) according to 
the method described earlier2 7 gave a mixture of the 2,5- 
dihydroxy-2,5-dihydrofuran 29, some lactol (presumably 
by further oxidation of 29; ir v 3420, 1740 cm-1) and un
reacted furan 1 0 . Hydrolysis of 29, followed by chromatog
raphy, gave pyrovellerolactone (3) and apparently some 
(ca. 10%) of the isomeric lactone 30 (Scheme VI). The syn
thetic pyrovellerolactone was shown to be identical with 
the natural compound (R f values in VPC and TLC, mass, 
ir, uv, and NMR spectra).

Experimental Section
NMR spectra were run on Varian T-60 and XL-100 instruments 

in CDC1:) with Me4Si as internal standard. Ir spectra were run as 
liquid films unless otherwise stated. Melting points are uncorrect
ed.

1.8.8- Trimethylfuro[3,4-c]bicyclo[4,3,l]decan-10-ol (7). The
ketone 6 16 (28.4 g, 0.12 mol, crude product) in dry ether (500 ml) 
was added dropwise to a suspension of lithium aluminum hydride 
(13.7 g, 0.36 mol) in dry ether (700 ml) at 0° with mechanical stir
ring. After 1 hr, water (27 ml), sodium sulfate (5 g), and sodium 
hydroxide solution (10%, 22 ml) were added and stirring was con
tinued for 1 hr to granulate the precipitated aluminum salts. Fil
tration and evaporation gave almost pure alcohol 7 (25.7 g, 90%). 
Recrystallization from hexane gave an analytical sample: mp 
89.5-90.0°; ir (KBr) v 3440 (OH), 1052, 1030, 873 (furan), 788 
cm“ 1; NMR <5 7.15 (2 H, s, Hla, Hib), 4.40 (1 H, t, broad, J  = 6.0 
Hz; with D2O, d, J  =  7.0 Hz, H7), 3.03 (1 H, d, broad, J  = 15.0 Hz, 
H3b), 2.97 (1 H, d, J  =  15.0 Hz, H3a), 2.37 (1 H, m, H6), 2.18 (1 H, d 
of d, J  = 15.0 and 4.5 Hz, H2b), 1.98 (1 H, d, J  = 15.0 Hz, H2a),
1.20-2.0 (4 H, m, H4 and H5), 1.19 (3 H, s, Hg), 1.09, 0.70 ppm (3 H 
each, s, H10 and H9) [for proton numbering, see Table I; coupling 
constants from Eu(fod)3-shifted sample]; mass spectrum m/e (rel 
intensity) 234 (M+, 34, C15H22O2), 216 (10 0 , base peak), 2 0 1 (91).

Anal. Calcd for CibH2202; C, 76.9; H, 9.5. Found: C, 76.5; H, 9.4,
1.8.8- Trimethylfuro[3,4-c]bicyclo[4.3.1]dec-10-yl Mesylate

(8). The alcohol 7 (4.52 g, 19.3 mmol, crude product) in dry pyri
dine (70 ml) was cooled to 0°. Methanesulfonyl chloride (2.50 g, 22 
mmol) in dry pyridine (25 ml) was added dropwise with stirring 
and the ice bath was removed. After 24 hr the reaction mixture was 
poured onto ice (150 g). Extraction with ether (4 X 75 ml), drying 
of the ether phase (Na2S0 4), and evaporation gave almost pure 
mesylate 8 (5.78 g, 96%, spontaneous crystallization). Recrystalli
zation from hexane gave an analytical sample: mp 104.5-105.5°; ir 
(KBr) v 3019 (furan), 1346, 1335, 1170 (sulfonate), 942, 876 (furan), 
797 cm '1; NMR 6 7.15 (2 H, m, furan H), 5.47 (1 H, d, J  = 7.0 Hz, 
OCH), 3.07 (3 H, s, SO3CH3), 1 .22 , 1.16, 0.73 ppm (3 H each, s, 
CCH3); mass spectrum m/e (rel intensity) 312 (M+, 2, C i6H 240 4S), 
216 (37), 201 (29), 86 (64), 84 (100, base peak).

Anal. Calcd for Ci6H24 0 4S: C, 61.6; H, 7.7; S, 10.3. Found: C, 
61.7; H, 7.7; S, 10.2.

Olefin Mixture (9-12). The mesylate 8 (4.00 g, 12.8 mmol, 
crude product) was heated in pivalic acid containing sodium piva- 
late (0.5 M , 50 ml) at 150° for ca. 30 min. The reaction was fol
lowed by TLC (Si0 2 -toluene). The reaction mixture was cooled, 
made alkaline with sodium hydroxide solution (2 M , 350 ml), ex
tracted with ether (3 X 100 ml), dried (Na2S04), and evaporated. 
This gave (see Table II) the olefin mixture 9-12 (2.53 g, 91%): 
NMR in accord; mass spectrum m /e (rel intensity) 216 (M+, 100, 
base peak, C15H20O), 201 (53).

2,2,4-Trimethylfuro[6,7-c]perhydroazulene (13). The olefin 
mixture 9-12 (3.00 g, 13.9 mmol, crude product) was dissolved in 
ethanol (10 0  ml) in a dropping funnel with a pressure equilibration 
tube. This was mounted on a flask containing tris(triphenylphos- 
phine)chlororhodium21 (100 mg) in benzene (300 ml). The appara
tus was evacuated and refilled with H2 five times and then saturat
ed with H2 for 30 min, giving a yellow solution. The olefin solution 
was added in one lot and hydrogenation was continued until the 
exocyclic methylene compound 9 was consumed (ca. 30 hr). The 
other olefins did not react. Evaporation, extraction into hexane, 
filtration through alumina to remove catalyst, and reevaporation 
gave a mixture of furan 13 and unreduced olefins (2.8 g). Chroma
tography on silver nitrate impregnated silica (10%, 25 g, hexane) 
gave 13 (725 mg, 24%). Distillation gave an analytical sample: bp 
71-73° (0.2 mm); n 22D 1.5113; ir v 3150 (furan), 1388, 1371 (gem- 
dimethyl), 1045, 893 (furan), 775 cm-1; NMR b 7.06 (2 H, m, furan
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H), 2.40-2.75 (4 H, m, furan CH2), 1.05 (3 H, d, J  = 7.0 Hz; 
CHCH3), 0.98, 0.93 ppm (3 H each, s, CCH3); 13C NMR spectrum 
was in accord with a single substance of structure 13; mass spec
trum m /e (rel intensity) 218 (M+, 87, C15H22O), 203 (15), 123 (100,
Kocp Q4

Anal. Calcd for C15H22O: C, 82.5; H, 10.2. Found: C, 82.6; H,
10.1.

Elution of the column with ether gave compounds 10-12 con
taining traces of unreduced 9.

2.2.4- Trimethyl(2,5-dimethoxy-2,5-dihydrofuro)[6,7-c]per- 
hydroazulene (16). The furan 13 (720 mg, 3.3 mmol) was oxidized 
electrochemically34 in methanol (40 ml) with boron trifluoride eth- 
erate (0.3 ml) as supporting electrolyte at —20° (Pt anode, Ni cath
ode, no diaphragm, constant current, 100 mA). After 1.5 times the 
theoretical reaction time, sodium methoxide in methanol (0 .2 M , 
15 ml) was added and the reaction mixture was evaporated. The 
residue was partitioned between ether (50 ml) and saturated sodi
um bicarbonate solution (20 ml) and the water phase was extract
ed with ether (2 X 15 ml). Drying, evaporation, and distillation 
gave a mixture of the cis and trans dimethoxydihydrofurans 16 
(805 mg, 87%): bp 105-107° (0.2 mm); n25D 1.4892; ir v 1467, 1388, 
1369 (gem-dimethyl), 1198, 1100, 990, 957 cm '1; NMR b 5.64, 5.35 
(2 H together, s, CH3OCH), 3.36 ppm (6 H, s, OCH3).

Anal. Calcd for C17H28O3: mol wt, 280.2038. Found: mol wt, 
280.2040 (M+).

2.2.4- Trimethyl(2,5-dihydroxy-2,5-dihydrofuro)[6,7-c]per- 
hydroazulene (17). The furan 13 (1040 mg, 4.56 mmol) was oxi
dized electrochemically as described in a previous paper.27 After 
the theoretical reaction time (147 min) the reaction mixture was 
evaporated and the residue was partitioned between water and 
ether. The water phase was extracted with ether and the extract 
was dried (Na2S0 4 ) and evaporated to give the dihvdroxydihydro- 
furan 17 (1058 mg, 88%); ir d 3380 (OH), 1387, 1372 (gem-dimeth
yl), 738 cm-1; NMR <5 5.97, 5.86, 5.53, 5.43 ppm (2 H together, s, 
broad, HOCH).

2.2.4- Trimethyl-4,5-dihydro-1,3,8H-azulene-6,7-dicar boxy- 
lie Anhydride (18). The dihydroxydihydrofuran 17 (1058 mg, 
crude product) was dissolved in acetone (40 ml) and cooled with 
ice. Jones reagent [2.4 ml (10  g of Cr03, 30 ml of H2O, and 8.5 ml of 
concentrated H2S0 4] was added dropwise with stirring (continued 
for 30 min). The precipitated chromium salts were filtered off and 
washed with acetone and the filtrate was evaporated. The residue 
was partitioned between water and ether, and the water phase was 
extracted with ether. The ether phases were dried (Na2SC>4) and 
evaporated. The residue was dissolved in methylene chloride and 
treated with molecular sieve (Linde 3A) overnight. Filtration and 
evaporation gave the crude anhydride 18 (957 mg, 81%). An analyt
ical sample was prepared by distillation [viscous oil which crystal
lized on cooling; bp 105-108° (0.2 mm); n 22D 1.5129; ir ¡> 1857, 1780 
(anhydride), 1385, 1370 (gem-dimethyl), 1280, 1260, 898, 730, 719, 
707 cm-1] followed by recrystallization from hexane: mp 120-121°; 
N M R b 2.20-2.80 (4 H, m, =C,CH 2), 1.10 (3 H, d, J = 6.0 Hz, 
CHCH3), 1.01, 0.97 ppm (3 H each, s; CCH3); mass spectrum m/e 
(rel intensity) 248 (M+, 44, C15H20O3), 233 (10 0 , base peak).

Anal. Calcd for C15H20O3: C, 72.6; H, 8 .1 . Found: C, 72.4; H, 8.3.
2.2.4- Trimethyl-4,5-dihydro-1,3,8ii-6,7-bis(methoxycarbon- 

yl)azulene (19). The crude anhydride 18 (700 mg) was refluxed in 
methanol (15 ml) for 15 hr. Excess diazomethane (ca. 30 mmol) in 
ether was added to the methanol solution at 0°. After 15 min, ace
tic acid was added to destroy residual diazomethane. Evaporation 
gave crude (NMR 75% purity) dimethyl ester 19. Chromatography 
on silica (60 g, CH2CI2) gave pure 19 (486 mg, 50% from furan 13). 
Distillation gave an analytical sample: bp 114-115° (0.07 mm); 
n22o 1.4959; ir „ 1735 (C =0), 1660 (C=C), 1387, 1370 cm“ 1 (gem- 
dimethyl); NMR 5 3.77 (6 H, s, OCH3), 2.00-2.60 (4 H, m, 
=CCH2). 1.06 (3 H, d, J  = 6.0 Hz, CHCH3), 1.00, 0.98 ppm (3 H 
each, s, CCH3); mass spectrum m/e (rel intensity) 294 (M+, 1, 
C17H26O4), 262 (52), 158 (39), 139 (100, base peak).

Anal. Calcd for C17H26O4: C, 69.4; H, 8.9. Found: C, 69.5; H, 9.1.
Bromo Diester 20. The maleic ester 19 (470 mg) was dissolved 

in dry carbon tetrachloride (15 ml) and added to N-bromosuccini- 
mide (425 mg, recrystallized and dried over P2O5) and azoisobuty- 
ronitrile (20 mg). The mixture was heated at 80° until the NBS 
had been consumed (ca. 1 hr). Cooling, removal of precipitated 
succinimide, and evaporation gave a mixture of brominated prod
ucts. These were separated by preparative TLC (Si02, CH2C12) 
into three bands: R f 0.55, 20 mg (dibrominated product); R f 0.43, 
385 mg (monobrominated product); R f 0.30, 120 mg (starting ma
terial) [NMR (R , 0.43) b 4.80-5.45 (1 H, m, BrCH), 3.80 (6 H, s, 
OCH3), 1-05, 0.93 ppm (3 H each, s, CCH3); mass spectra of the

three groups of compounds showed the isotopic distribution and 
fragmentation pattern expected].

2.2.4- Trimethyl-l,3,4H-6,7-bis(m ethoxycarbonyl)azulene
(21). The bromo diester 20 (60 mg, 0.16 mmol) was dissolved in dry 
benzene (2 ml) and cooled with ice. l,5-Diazabicyclo[4.3.0]non-5- 
ene28 ( 20 mg, 0.16 mmol) in benzene (1 ml) was added dropwise 
with stirring (N2). After 5 min (a white precipitate had formed) the 
reaction mixture was poured onto ice-cold sulfuric acid (2 M, 10  
ml) and extracted with ether. Drying (Na2S0 4) and evaporation 
gave almost pure diene diester 21 as a colorless oil (31 mg, 66%): uv 
Ama* (EtOH) 208 nm (« 23,800), 243 (10,900); ir „  1735 cm"1; NMR 
b 6.94 (1 H, d, broad, J  = 5.6 Hz, =CH), 6.67 (1 H, d, broad, J  =
2.8 Hz, =CH), 3.77 (6 H, s, OCH3), 0.92 ppm (6 H, s, CCH3); mass 
spectrum m /e (rel intensity) 290 (M+ — 2, 38), 275 (25), 259 (52), 
234 (54), 231 (55), 203 (100, base peak).

2.2.4 - Trimethyl-4,5-dihydro-1,3,877-6,7-dicarboximido(4- 
bromophenyl)azulene (22). The anhydride 18 (160 mg, 0.64 
mmol) and p-bromoaniline (111 mg, 0.64 mmol) were dissolved in 
dry ether (10 ml) and stirred at room temperature (15 hr, a white 
precipitate was formed).36 The ether was evaporated and the resi
due was heated (10 0°, 10  min) with acetic anhydride (10  ml) and 
sodium acetate (80 mg). The resulting yellow solution was cooled, 
poured into water, and extracted with ether. Drying (Na2S04), 
evaporation, and chromatography (Si0 2-CH2Cl2) gave a yellow oil 
(22 and the corresponding isomaleimide) (172 mg) which was 
treated with potassium carbonate solution38 (44%, 15 ml) and di- 
methoxyethane (3 ml) for 2 hr. Extraction with ether, drying, 
evaporation, and sublimation (0.1 mm) gave pure 22 (90 mg, 35%): 
mp 168-169°; ir (KBr) v 3110, 1780, 1716, 1498, 1385, 1080, 820, 
722 cm-1; NMR b 7.10-7.70 (4 H, m, phenyl H), 2.30-2.60 (4 H, m, 
=CCH2), 1.10 (3 H, d, J  = 7.0 Hz, CHCH3), 1.03, 0.98 ppm (3 H 
each, s, CCH3); mass spectrum m/e (rel intensity) 401, 403 (M+, 
100, base peak, C2iH24N02Br), 386, 388 (6 ), 278, 280 (91), 265, 267
(9). Recrystallization from ethanol gave crystals for X-ray analysis.

Anal. Calcd for C2iH24N0 2Br: mol wt, 401.0990 and 403.0971. 
Found: mol wt, 401.0968 and 403.0978 (M+).

/V-(p-Rromophenyl)maleimide was prepared by the method 
described for N-phenylmaleimide,3° yield 70% (crude product). 
Recrystallization from cyclohexane gave an analytical sample: mp 
118-120°; ir (KBr) u 3100, 1728, 1500, 1408, 1392, 1155, 1070, 833, 
710, 687 cm-1; NMR b 7.10-7.70 (4 H, m, phenyl H), 6.82 ppm (2 
H, s, =CH); mass spectrum m/e 251, 253 (M+, base peak, 
CinH6N02Br).

Diels-Alder Adduct 23. The furan 13 (50 mg, 0.23 mmol) and 
/V-(p-bromophenyl)maleimide (40 mg, 0.16 mmol) were dissolved 
in ether (1.5 ml) and left at room temperature for 6 days.30 A white 
precipitate (23, either or both of the two possible exo forms may be 
present, zero coupling) was formed which was filtered off and 
washed with cold ether, yield 55 mg (73%). Recrystallization from 
ethanol gave an analytical sample: mp 183-184°; ir (KBr) u 1790, 
1720, 1500, 1390, 1190, 1078, 871 cm '1; NMR b 7.00-7.65 (4 H, m, 
phenyl H), 5.07 (2 H, s, OCH), 2.94 ppm (2 H, s, COCH); the mass 
spectrum showed only furan 13 and Ndp-bromophenyOmaleimide 
(retro Diels-Alder reaction).

Anal. Calcd for C25H28BrN0 3: C, 63.8; H, 6.0. Found: C, 64.1; H,
6.0.

2.2.4- Trimethylfuro[6,7-c]perhydroazulene (24). Velleral (1, 
70 mg) was dissolved in ethyl acetate (3 ml) and palladium on 
strontium carbonate20 (3%, 15 mg) was added. Hydrogenation (1 
atm, 2 equiv H2 uptake) followed by column chromatography 
(Si0 2 -hexane) gave the furan 24 (8 mg, 1 2 %); [o ]z2d  + 3 9 .1 ° (c 
0.68, CHC13); ir v 3150 (furan), 1390, 1375 (gem-dimethyl), 1058, 
884 (furan), 783 cm '1; NMR S 7.12 (2 H, m, furan H), 2.30-2.65 (4 
H, m, furan CH2), 1.08, 1.00 ppm (3 H each, s, CCH3); mass spec
trum practically identical with that of furan 13.

Anal. Calcd for C15H22O: mol wt, 218.1671. Found: mol wt, 
218.1685 (M+).

2.2.4- Trimethylfuro[6,7-c]-l,3,8Ji-azulene (10). Pyrovellero- 
lactone (3, 440 mg, 1.9 mmol) was dissolved in dry ether (25 ml) 
and cooled with ice (magnetic stirring, N2 atmosphere). Diisobu- 
tylaluminum hydride (2.5 mmol) in ether (2 ml) was added drop- 
wise (syringe). After 60 min (0°) the reaction mixture was added 
with stirring to ice-cold hydrochloric acid (2 M , 10  ml) under ni
trogen. The ether phase was washed with sodium bicarbonate solu
tion and water, dried (Na2SO.i), and evaporated. The residue (450 
mg) was chromatographed (Si02-CH2C12), giving the furan 10 (2 10  
mg, 51%): [ a ] 22D  -  111.9° (c 0.90, CHC13); ir v 3145 (furan), 1390, 
1370 (gem-dimethyl), 1050, 885 (furan), 780 cm '1; NMR b 7.05, 
7.16 (1 H each, s, broad, furan H), 6.05 (1 H, s, broad, =CH), 2.52 
(2 H, s, broad, furan CH2), 1.84 (3 H, d, J  = 1.0 Hz, =CCH:t), 1.07,
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1.02 ppm (3 H each, s, CCH3); mass spectrum m /e (rel intensity) 
216 (M+, 100, base peak, C15H20O), 20 1 (50), 187 (20), 173 (1 1 ), 145
(32), 131 (35).

Conventional column and thin layer chromatography (Si02, 
AgNC>3-impregnated Si02) of the furan mixture 9-12 (after hydro
genation and isolation of 13) did not give any separation of the 
four compounds. However, a reversed phase partition chromatog
raphy method (using a AgBF4 solution as eluent) described by 
Wickberg and Westfelt32'33 gave partial separation both on thin 
layer and column chromatography. R f values (TLC) for the com
pounds follow: 9, 0.8; 10 and 12, 0.33; and 11, 0.22. Compounds 10 
and 12 could thus be isolated free of other material. Compounds
9-12 could be separated by VPC (OV-17, 50-m capillary column, 
180°). Attempted preparative VPC (10% Reoplex 400 on Gas- 
Chrom Q, 60-80 mesh, 160°, 6 -m steel column) was unsuccessful 
owing to aerosol formation and destruction on the column.

3,4-Diethyl-2,5-dimethoxy-2,5-dihydrofuran (26) was pre
pared from 3,4-diethylfuran27 by the same method as for the syn
thesis of 16 (1.2 times the theoretical reaction time): yield 53%; bp 
90-93° (11 mm); n 22D 1.4462; ir v 1470, 1200, 1100, 997, 930, 910, 
862, 808 cm“ 1; NMR 5 5.74, 5.45 (2 H, s, MeOCH), 3.38 (6 H, s, 
OCH3), 2.18 (4 H, q, broad, J  = 7.0 Hz, CH2), 1.05 ppm (6 H, t, J  =
7.0 Hz, CH2CH3); mass spectrum m /e (rel intensity) 186 (M+, 18, 
C10H18O3), 155 (100, base peak).

2,3-Diethyl-2-penten-5-olide (27). The 2,5-dimethoxy-2,5- 
dihydrofuran 26 or the 2,5-dihydroxy-2,5-dihydrofuran 2827 (ca. 
200 mg) was stirred in pentane-dioxane-2 M  HC1 (20:3:3 ml) for 
75 or 8 hr, respectively. Extraction with ether, drying (Na2S0 4 ), 
evaporation, and distillation gave the lactone 27: yield 80% (from 
26) and 68% (from 28); bp 51-52° (0.2 mm); n21D 1.4695; ir v 1756, 
1678, 1465 cm“ 1; NMR S 4.70 (2 H, s, OCH2), 2.50 (2 H, q, J  =  7.0 
Hz, =CCH2), 2.32 (2 H, q, J  = 7.0 Hz, =CCH2), 1.17 (3 H, t, J  =
7.0 Hz, CH3), 1.10 ppm (3 H, t, J  =  7.0 Hz, CH3); mass spectrum 
m/e (rel intensity) 140 (M+, 100, base peak, CsHi20 2), 125 (26), 
111 (74).

Anal. Calcd for C8H120 2: C, 68 .6 ; H, 8 .6 ; mol wt, 140.0836. 
Found: C, 68.0; H, 8 .6 ; mol wt, 140.0832 (M+).

Pyrovellerolactone (3).8,9 The furan 10 (170 mg) was oxidized 
electrolytically,27 giving a mixture of the 2,5-dihydroxy-2,5-dihy- 
drofuran 29 with other material as a yellow oil. This was stirred in 
pentane-dioxane- 2  M  HC1 (20:3:3 ml) for 15 hr. Standard work-up 
and chromatography (Si02-CH2C12) gave pyrovellerolactone (3) 
and some (ca. 10%) of, presumably, an isomer (30) in a total yield 
of 25 mg (14%). Compounds 3 and 30 were separated by VPC (GE 
SF-96, 50-m capillary column, 2 2 0°), 3 showing the same retention 
time as the natural compound. Identity was further shown by ir, 
NMR, uv, and mass spectrometry.
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Synthesis of (—)-Acorone and Related Spirocyclic Sesquiterpenes1

John N. Marx* and Lewis R. Norman2

D e p a r tm e n t  o f  C h em is try , T e x a s  T e ch  U n iv e r s ity , L u b b o ck , T e x a s  79409  

R e c e iv e d  N o v e m b e r  2 6 ,1 9 7 4

Total syntheses for four acorane sesquiterpenes, /3-acoradiene (4), 5-acoradiene (5), and the enantiomers (27 
and 28) of acorone (1) and isoacorone (2), are described. The synthetic route involves conversion of (R)-pulegone
(11) into 3-methyl-2-carbethoxycyclopentanone (8) by improvement of literature procedures, then conversion of 
this into (fi)-3-methyl-2-methylenecyclopentanone (17) by the sequence ketalization, reduction, deketalization, 
and dehydration. A Diels-Alder reaction between 17 and isoprene gave four adducts 18-21. The para:meta ratio 
in this reaction was improved from 2:1 to 24:1 by the use of SnCLi catalysis, which gave a ratio of products of 69: 
27:3:1. Structures were assigned to the various isomers on the basis of the known steric and electronic require
ments in the Diels-Alder reaction. The major ketones 18 and 19 were purified by preparative high-pressure liquid 
chromatography. Treatment of 18 with isopropyllithium and then SOCI2 gave 7 -acoradiene (4) and its endocyclic 
isomer 23, whereas 19 led to 5-acoradiene (5) and its isomer 25. Hydroboration of 25 followed by Jones oxidation 
gave an equilibrium mixture of (—)-acorone (27), the enantiomer of natural acorone (1), and (+)-isoacorone (28), 
the enantiomer of natural isoacorcne (2 ).

Acorone (1), isolated from the oil of Sweet Flag, A coru s  
ca lam u s L., is the best known member of a small group of 
spirocyclic sesquiterpenes having the acorane skeleton.3 

Other members include isoacorone (2), cryptoacorone (3), 
and acorenone from the same source,3 as well as acorenone 
B from B oth rio ch oa  in term ed ia ,4 two unnamed dienes 
from V etiv er ia  z iza n o id es ,5 and a-acorenol, /3-acorenol, a - 
acoradiene, /3-acoradiene, 7 -acoradiene (4), and 5-acora- 
diene (5) from J u n ip eru s  rígida .5 a-Alaskene, isolated 
from alaska cedar, C h a m ecyp a ris  n o o tk a ten s is , was shown 
to be identical with 7 -acoradiene, but /3-alaskene from the 
same source was shown to be enantiomeric to 5-acora- 
diene. 6

1 2 3

4 5
The absolute stereochemistry of acorone was assigned on 

the basis of ORD studies and X-ray of a derivative,8 where
as that of 7 -acoradiene follows6 ,7 from its acid-catalyzed 
cyclization to a-edrene, whose absolute stereochemistry 
has been determined independently. Stereochemical as
signments of other compounds in the series rest on chemi
cal interconversions and on an X-ray study of acorenone B.

Successful syntheses of several members of the acorane 
class have been reported recently. An intermediate in a 
biogenetic-like synthesis of racemic a-cedrene by Crandall 
and Lawton9 has the structure later assigned to a-acoren-
ol. 6  A total synthesis of an unnamed diene by Kaiser and 
Naegeli5  was reported as part of its structure proof. Total 
synthesis of optically active a-acorenol and /3-acorenol has 
been accomplished. 10  Several other types of synthetic 
entries into this class have been reported, 1 1 - 1 3  though 
some1 2 ,1 3  have not led to any natural products. Pinder’s12  

attempted synthesis of acorone failed only at the penulti
mate step.

We report here full details of formal total syntheses of 
optically active /3-acoradiene (4) and 5-acoradiene (5) , 1 as 
well as syntheses of the enantiomeric forms of acorone ( 1 ) 
and isoacorone (2) from the same precursors. Since the aco- 
radienes have the opposite absolute stereochemistry from 
the acorones, using the C-4 methyl as the point of refer
ence, both natural series cannot be derived from the same 
precursors. The present synthesis uses a Diels-Alder reac
tion as the key step to generate the spirocyclic center and 
to establish the relative stereochemistry at C-4 and C-5. 
Since our starting material is pulegone (11), with absolute 
stereochemistry at the methyl known to be R, 1 4  the synthe
sis also establishes the absolute stereochemistry at C-4 and 
C-5 and collaborates the previous stereochemical assign
ments for both the acoradienes and the acorones.

The starting material chosen was 3-methyl-2-carbeth- 
oxycyclopentanone (8 ). Although the compound has been 
synthesized from pulegone (1 1 ) , 1 5  the overall reported yield 
was ca. 5% and some rather difficult separations were re
quired; so we initially turned to other potential routes to 
the compound.

Selenium dioxide oxidation of 2-carbethoxycyclopentan- 
one (see Chart I) gave up to 50% yields of 2-carbethoxycy- 
clopent-2-enone (7).1 6  However, evidently because of the 
great polarity of the chromophore in the molecule, it poly
merized too rapidly for purification, and so was purified by 
trapping as a mixture of Diels-Alder adducts with cyclo- 
pentadiene and regenerating by pyrolysis. 1 6  The pure com
pound, which is also a potentially valuable intermediate for 
other syntheses, reacted smoothly with lithium dimethyl- 
copper at —80° to give racemic 3-methyl-2-carbethoxycy- 
clopentanone (8 ). However, this route to 8  was judged im
practical for its use as starting material in a total synthesis.

Another approach investigated briefly was to condense
3-methylcyclopentanone (9) with diethyl carbonate. This 
gave, as expected, both 8  and 10 in the ratio 40:60.16 While 
the two could be separated by VPC, no method applicable 
to large-scale work could be found for this separation.

We then turned to improving the yield of 8  from pule
gone (11). Bromination of pulegone at —10° in ether gave 
mostly the dibromide 1 2 , although the product was always 
contaminated with some unreacted pulegone and doubt
lessly products of further bromination. The crude product 
was added to NaOEt in ether at 25°, giving, after simple 
distillation, a mixture of 85% ethyl pulegenate (13) and 15% 
unreacted pulegone. Wolinsky1 7  reports similar yields, fol
lowing a very careful distillation. In our hands, spinning 
band distillation was unsatisfactory for the separation, but
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Chart I
0

1. SeQ,___________

2. cyclopentadiene

6 3. 438°

selectively converting pulegone into its semicarbazone and 
extraction with pentane gave ethyl pulegenate (13) with no 
detectable impurities. Ozonolysis at —90° in ethyl acetate 
then gave the desired 3-methyl-2-carbethoxycyclopentan- 
one (8 ) in 85% yield. The overall yield from pulegone was 
57%.

3-Methyl-2-carbethoxycyclopentanone was converted 
into its ethylene ketal 14 (Chart II) by standard procedures

Chart II
COOEt COOEt

(87%). This compound was then reduced smoothly by 
LiAlhU to the corresponding alcohol 15 (8 6 %). The ketal 
group could then be removed by treatment of 15 with 3 N  
HC1 for 2  min at 25° to give the keto alcohol 16 (96%). De
hydration of this with dicyclohexylcarbodiimide (DCC) 18  

gave the rather easily polymerized (/i)-3-methyl-2-methy- 
lenecyclopentanone (17, 67%). Other reaction sequences to 
convert 15 into 17, including combined deketalization and 
dehydration by acid and elimination sequences on the de
rived tosylate, all gave very low yields of 17 because of po
lymerization which occurred under the acidic or basic con
ditions used.

Heating 17 and an excess of isoprene in a sealed tube at 
100° for 1 hr gave a mixture of four adducts in a 45:25:20:10 
ratio. These are assigned the structures 18, 19, 20, and 21 
(Chart III), respectively, on the basis of the following con
siderations.

Chart III

When the reaction was run in the presence of 0.2 equiv of 
SnCU, the reaction proceeded at room temperature and the 
same four products were found in a ratio of 69:27:3:1. Thus, 
the first two products must be products of “ para” orienta
tion in the addition of isoprene to 17 and the last two must 
be products of “ meta” orientation, since such orientation is 
controlled by electronic factors, with “ para” orientation fa
vored, 1 9  and Lewis acid catalysis increases this selectivi
ty 2 0 -2 2  jn t]le present case, the ratio of “ para” to “ meta” 
products was enhanced from 2:1 to 24:1 by the use of the 
SnCl4.

Consideration of the transition states A and B for the 
Diels-Alder reaction which determine the stereochemistry

found in the two major isomers reveals that the enone chro- 
matophore and cyclopentane ring of 17 are essentially pla
nar, with only the methyl group partially blocking one face. 
Since the orientation in the Diels-Alder reaction is well 
known to be strongly influenced by steric effects, 1 9  one can 
predict with confidence that transition state A, in which 
the isoprene attacks on the opposite fact from the methyl 
group, would be favored. This would lead to the S  absolute 
configuration at the spiro center (C-5), giving rise to 18, 
which has the stereochemistry postulated for 7 -acoradiene. 
The lesser major product must be 19, derived from transi
tion state B, and thus have the R  configuration at that cen
ter, the same as in 5-acoradiene.

The ketones 18-21 were only partially separated by VPC 
under any conditions tried, but were well separated by pre
parative high-pressure liquid chromatography (0.375 in. X 
4 ft Corasil C-18 column, 77% H20  and 23% acetone). The 
major product, 18, was then treated with isopropyllithium 
in ether (Chart IV). This process gave a 1:1 mixture of re
covered ketone 18 and the tertiary alcohol 2 2 , presumably 
as a mixture of stereoisomers. The unreacted ketone was 
shown to result from competing enolization (gas evolution, 
deuterium incorporation on quenching with D20).

Dehydration of the alcohol 22 with thionyl chloride in 
pyridine gave a mixture of two dienes in a 72:28 ratio. 
These were readily separated by preparative VPC (40 ft X 
0.125 in. SE-30 at 172°). The major product had spectral 
properties consistent with the endocyclic isomer 23, where
as the lesser one, [a]l) —82°, was identical by VPC and all
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Chart IV

5 25

chromic acid (Jones reagent) to a ca. 1:1 mixture of two 
diketones. This ratio was changed to 70:30 when the mix
ture was subjected to epimerization conditions with sodium 
methoxide.

Since the stereochemistry at C-4 and C-5 has been as
signed in 25 on the basis of the Diels-Alder reaction and 
since the stereochemistry adjacent to the ketones is con
trolled by thermodynamic considerations, these two prod
ucts can be assigned structures 27 and 28, respectively. 
These formulas represent the enantiomers of natural acor- 
one (1) and isoacorone (2), respectively.3 The equilibrium 
mixture of acorone-isoacorone is reported3 to be 70:30.

The two diketones were separated very cleanly by pre
parative liquid chromatography (Porasil T, 0.125 in. X 2 ft, 
10% CHCl3-90% hexane). The major one, [a]D —133°, mp
96.0-97.5°, was identical in all respects except sign of opti
cal rotation with an authentic sample23 of natural (-f-)-acor- 
one [mp 96.0-97.5° (lit.3 [a]D + 139°, mp 98.5-99°)]. The 
minor one, [a]n +90°, mp 94.0-95.5°, was identical in all 
respects except sign of optical rotation with an authentic 
sample23 of natural (—)-isoacorone [mp 94.0-95.5° (lit.3 
[cc]d —92°, mp 97.0-98.0°)]. Since the optical rotations 
have the expected opposite signs from the natural prod
ucts, the stereochemical reasoning given above shows that 
the relative and absolute stereochemistry assigned to aeor- 
one and isoacorone is confirmed.

Experimental Section

spectral comparisons (MS, NMR, ir) with an authentic 
sample of a-alaskene23 [identical with q-acoradiene (4)] 
(lit.6 [a]D —66°,6 —88° 7), and was cyclized to «-cedrene 
with formic acid as reported.6’7

In like manner, ketone 19 was treated with isopropyllith- 
ium and the resulting alcohol 24 dehydrated to a 70:30 mix
ture of the endocyclic diene 25 and the exocyclic isomer,
[a]D +14°, which was found to be identical by all criteria 
(except sign of its optical rotation) with an authentic sam
ple of /3-alaskene23 and its rotation matches that reported6 
([«]D +16°) for its enantiomer, ¿-acoradiene. This com
pletes the synthesis of these two natural products1 and con
firms their relative and absolute stereochemistry.

When the above dehydration of the tertiary alcohols 22 
or 24 was carried out with POCI3 in pyridine, more vigorous 
conditions were necessary, and only the endocyclic dienes 
23 or 25 were formed. Attempts to convert either 18 or 19 
directly into the natural exocyclic dienes 4 or 5 via a Wittig 
reaction gave back only the starting ketones, even under 
very forcing conditions.

Hydroboration-oxidation of the endocyclic diene 25 gave 
a mixture of alcohols 26 (Chart V), which was oxidized with

25

Chart V

General. All routine NMR spectra were run on a Varian A-60 
spectrometer in 25-50% CCI4 solutions unless otherwise stated. 
NMR spectra of small samples or for higher resolution were run on 
a Varian XL-100 as 10% deuteriochloroform solutions. All NMR 
chemical shifts are reported in 5 units downfield from internal ref
erence MeiSi. Infrared spectra were obtained with a Perkin-Elmer 
Model 457 in CCI4 solution or as a thin film. All melting points are 
uncorrected and were determined after at least one recrystalliza
tion and drying at 0.1 Torr. Melting points were obtained in open 
capillaries for abundant samples on a Laboratory Device’s Mel- 
Temp or with an Arthur H. Thomas Hot-Stage apparatus for 
smaller quantities.

Thin layer chromatography was done on silica gel using East
man Chromagram sheets 6060 with fluorescent indicator and were 
visualized with I2 vapors or a short-wave ultraviolet lamp. Silica 
gel, 60-200 mesh, high purity, from W. H. Curtin and Co. was used 
for all column chromatography. Columns were packed as a slurry 
using the first eluting solvent as the packing solvent. High-pres
sure liquid chromatography was done with a Waters Associates 
ALC-100 liquid chromatograph. Either a Beckman GC-45 or Aero
graph Hy-Pi 600-C was used for analytical gas chromatography 
with helium flow rates of 20 ml min-1. A Varian Aerograph 1520 
was used for preparative gas chromatography with helium flow 
rates of 120 ml min-1. All preparative GLC samples were collected 
manually.

Optical rotations were determined with a Perkin-Elmer 141 po- 
larimeter using the sodium D line and several other wavelengths 
from a built-in Hg lamp. The cell path length was 1.00 dm and the 
concentrations used gave experimental values of 0.1-5.00.

Elemental analyses were done commercially by Chemalytics, 
Inc., Tempe, Ariz.

Ethyl 5-Isopropyl-2-methylcyclopentanecarboxylate 
(Ethyl Pulegenate, 13). The following is an improvement of the 
method described by Yates.16 To a 2-1. round-bottom flask was 
added 152.23 g (1.00 mol) of pulegone, 25 g of anhydrous powdered 
NaHCC>3, and 1 1. of anhydrous reagent-grade ether. The mixture 
was cooled and stirred under N2 in an ice-salt bath; then 159 g 
(1.00 mol) of Br2 was added dropwise over a 30-min period. The 
mixture was then filtered and added to a cooled EtOH-NaOEt 
mixture which had been prepared from refluxing 50.6 g (2.2 mol) 
of Na in 1 1. of dry [Mg(OEt)2] ethanol. This mixture was cooled in 
ice and the solid NaOEt cake was slowly broken up with a spatula, 
causing an exothermic reaction. All refluxing subsided after 1 hr. 
The mixture was stirred overnight, then 2 1. of 5% aqueous HC1 
and 0.5 1. of ether was added. The aqueous layer was reextracted 
with ether and the combined extracts were washed and dried, giv
ing 189.4 g of brown oil, which was shown to consist of 85% ethyl
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pulegenate and 15% pulegone by GLC (0.125 in. X 3 ft, 3.8% SE-30 
at 110°). This oil was added to a warm solution containing 75 g of 
semicarbazide hydrochloride, 75 g of NaOAc, and 600 ml of H2O; 
then enough boiling ethanol (600 ml) was added to give a clear so
lution. After refluxing for 2.5 hr and then stirring at 25° overnight, 
the mixture was treated with 2 1. of H20  and 0.5 1. of petroleum 
ether. The water layer was extracted twice with 250-ml portions of 
petroleum ether, the combined extracts were washed and dried, 
and the solvent was removed, yielding a brown oil. Distillation 
gave pure (99+% by GLC) ethyl pulegenate, 131.6 g (67%), bp 83- 
85° (1.0 mm). All physical and spectral properties were in com
plete accord with those reported by Yates.15

2-Carbethoxy-3-methylcyclopentanone (8) by Ozonolysis of 
13. Ethyl pulegenate (24.0 g, 0.123 mol) was dissolved in 100 ml of 
reagent ethyl acetate and cooled to -90 ° with isopropyl alcohol- 
liquid nitrogen. Ozonized oxygen (about 0.4 mmol of 03/min as de
termined by bubbling into KI solution and titrating liberated KI 
with thiosulfate solution) was bubbled through this solution, with 
periodic addition of liquid nitrogen to maintain the cooling bath. 
The ethyl acetate was then removed at reduced pressure, and the 
resultant greenish, glassy ozonide mixture was dissolved in 150 ml 
of glacial acetic acid. The solution was cooled in ice, 45 g of pow
dered zinc was added, and the solution was stirred for 30 min and 
then filtered. Neutralizing the acetic acid of this solution with 
aqueous sodium bicarbonate, ether extraction, drying, solvent re
moval, and distilling gave 18.55 g (85%) of clear oil, bp 72-74° (0.1 
mm), which was 100% pure by GC analysis. The ir and NMR spec
tra are in complete accord with those of the corresponding product 
prepared from Li(CH3)2Cu and 7.16 The optical rotation was 
[«]26D +66.9° (lit. +78° for the methyl ester24) and semicarbazone 
mp 124-128° (EtOH-HsO). Anal. Calcd for C10HX7N3O3: C, 52.85; 
H, 7.54. Found: C, 52.91; H, 7.67.

Ethylene Ketal of 2-Carbethoxy-3-methylcyclopentanone 
(14). A mixture of 18.80 g (0.11 mol) of 2-carbethoxy-3-methylcy- 
clopentanone (8) 150 ml of reagent benzene, and about 25 mg of 
p-toluenesulfonic acid was treated with 20 ml of ethylene glycol 
and refluxed for 6 hr into a Dean-Stark trap, then for 3 hr into a 
large Soxhlet extractor filled with anhydrous MgSO,(. The solution 
was then cooled, 100 ml of ether was added, and the solution was 
washed with saturated brine. Drying, solvent removal, and distill
ing gave 20.68 g (87%) of clear, colorless oil: bp 84-87° (1.0 mm); 
NMR 1.03 (d, J = 6 Hz, 3 H), 1.15 (t, J  = 7 Hz, 3 H), 1.6-2.1 (m, 4 
H), 2.3-2.6 (m, 2 H), 3.84 (m, 4 H, -0C H 2CH20 -), 4.11 ppm (q, J  
= 7 Hz, 2 H); ir (film) 1752 (C = 0 , ketone), 1721 cm-1 (C = 0 , 
ester). Anal. Calcd for C11H18O4: C, 61.66; H, 8.47. Found: C, 61.96; 
H, 8.53.

Ethylene Ketal of 2-Hydroxymethyl-3-methylcyclopenta- 
none (15). A mixture containing 200 ml of dry ether and 4.55 g of 
LiAlH4 was treated, dropwise, with 50 ml of an ether solution con
taining 34.5 g (0.16 mol) of 14. After stirring at 25° for 30 min, the 
mixture was treated, carefully, with 0.42 ml of H20 , then 0.42 ml of 
15% NaOH, and then 1.5 ml of H20, then filtered, and the solvent 
was removed. Distillation gave 23.76 g (86%) of 15 as a colorless oil: 
bp 60-63° (0.1 mm); [c*]25D -14.8°; NMR 1.04 (d, 3 H, -CH 3), 1.66 
(m, 6 H, ring H), 2.74 (t, J  = 6 Hz, 1 H, OH), 3.57 (d of d, J  = 6 
and 3 Hz, 2 H, -CH 2OH), 3.87 ppm (s, 4 H, -0C H 2CH20 -) ; ir 3440 
(m, OH), 2960 and 2880 cm-1 (s, CH). Numerous attempts to 
make a crystalline derivative failed. High-resolution mass spec
trum: calcd for CgHi603, 172.1099; found, 172.1101. Anal. Calcd for 
C9H16O3: C, 62.77; H, 9.36. Found: C, 62.55; H, 9.79.

2- Hydroxymethyl-3-methylcyclopentanone (16). To 11.16 g 
(64 mmol) of ketal alcohol 15 was added 111 ml of 3 N  HC1 and the 
homogeneous solution was stirred for 2.0 min (±5 sec), then 
quenched by pouring into 200 ml of saturated brine. Quickly ex
tracting twice with chloroform, drying the combined extracts, and 
removal of the solvent gave 8.13 g (98%) of 16: NMR 1.17 (d, J  = 6 
Hz, 3 H, -CH 3), 1.4-2.4 (complex absorption, 6 H), 3.40 (s, 1 H, 
OH), 3.72 ppm (d of d, J  = 5 and 3 Hz, 2 H, -CH 2OH); ir 3460 (br, 
OH), 2965, 2940, 2880 (m, CH), 1735 cm" 1 (s, C = 0 ). No solid de
rivatives could be obtained from this compound.

3- Methyl-2-methylencyclopentanone (17). The following 
method was adapted from a similar one given by Alexandre and 
Rouessac.18 A dry (LiAlHJ 70-ml ether solution of 16 (8.13 g, 63 
mmol) was treated with 19.7 g of dicyclohexylcarbodiimide (DCC) 
and 50 mg of Cu2Cl2. After refluxing for 2.2 hr, the solid precipi
tate of dicyclohexylurea was removed by filtration and the filtrate 
was evaporated at the aspirator. The resulting oily, green residue 
was rapidly distilled by heating the distillation pot with a hot air 
gun, and the distillate receiver was cooled in a Dry Ice-acetone 
bath, giving 4.68 g (67%) of 17 as a clear, colorless, pungent-smell

ing oil: bp 33-34° (0.1 mm); NMR 1.15 (d, 3 H), 1.8-2.8 (complex 
absorption, 5 H), 4.89 (d of d, J  = 1  and 3 Hz, 1 H), 5.58 ppm (d of 
d, J  = 1 and 3 Hz, 1 H); ir (film) 2980 (m, CH), 1732 (s, C = 0 ), 
1641 cm-1 (m, C=C ); [a]25D 53.5° (213 mg ml“ 1 in EtOH). This 
material could be stored without polymerization in dilute ether so
lution at —10°. The semicarbazide adduct (probably not a simple 
semicarbazone, but this was not investigated because of its insolu
bility in NMR solvents) had mp 177.5-179° (MeOH). Anal. Calcd 
for C8H13N30: C, 57.46; H, 7.80. Found: C, 57.79; H, 8.06.

4,8-Dimethylspiro[4.5]dec-8-en-l-one, Isomers 18, 19, 20, 
and 21. Diels-Alder Reactions of 17 and Isoprene. Distilled, 
dried (MgSOJ isoprene (2 ml) was added to 245 mg (2.22 mmol) of
3-methyl-2-methylenecyclopentanone (17) in a 20-mm Pyrex tube, 
which was cooled to —78° and sealed. After heating to 105° for 1.0 
hr, the tube was cooled (—78°) and opened, and the contents were 
chromatographed on silica gel, eluted with 90% petroleum ether- 
10% ether. All materials eluting with this solvent system were com
bined (the solvent was removed) and distilled through a short path 
at 0.1 mm, yield 161 mg (40%). The expected four adducts 18-21 
were only partially separated by VPC, but were well resolved by 
high-pressure liquid chromatography (77% H20 , 23% acetone on 
Corasil C-18 reverse phase, 2 ft X 0.125 in. column) into four peaks 
with retention times of 32, 38, 44, and 47 min in a ratio of 25:45: 
10:20, respectively. The two major isomers were characterized from 
the SnCL-catalyzed reaction described below.

A mixture of 6.45 g (58 mmol) of 3-methyl-2-methylenecyclo- 
pentanone (17), 30 ml of isoprene, and 4.10 g (0.2 equiv) of SnCU- 
5H20  was mixed and stirred for 2.5 days. Working up and distill
ing as above gave 4.95 g (48%) of clear oil, bp 60-66° (0.1 mm). 
Analysis by liquid chromatography as above gave the same four 
compounds in a ratio of 27:69:1:3 in their order of elution. By use 
of a preparative column (4 ft X 0.375 in. Corasil C-18 column), 
there was obtained, using multiple injections, 1.18 g of the first 
component, which was identified by reasoning given in the text as 
19 and 1.92 g of the second component, identified as 18. The two 
minor isomers were not characterized further, but are assigned 
structures 21 and 20, respectively, on the basis of their relative 
amounts.

Compound 18 had NMR 0.96 (d, 3 H), 1.38 (br s, 3 H), 1.3-2.2 
(complex, 11 H), 5.30 ppm (br s, 1 H); ir 1735 cm-1. A small sam
ple was further purified by distillation at 0.1 mm in a capillary 
tube. Anal. Calcd for C^HigO: C, 80.85; H, 10.18. Found: C, 80.44; 
H, 10.09.

Compound 19 had NMR 0.94 (d, 3 H), 1.39 (br s, 3 H), 1.3-2.2 
(complex, 11 H), 5.24 ppm (br s, 1 H); ir 1735 cm-1 . A small sam
ple was distilled as above. Anal. Calcd for Ci2HigO: C, 80.85; H, 
10.18. Found: C, 80.99; H, 10.02.

l-Isopropyl-4,8-dimethylspiro[4.5]dec-8-en-l-ol (Isomers 22 
and 24). A dry (LiAlHi) 15-ml pentane solution at 25° containing 
23 mmol of isopropyllithium (15 ml of 1.6 M  commercial solution) 
was treated, dropwise, with a dry pentane (10 ml) solution contain
ing 1.25 g of 18 (gas evolution) and stirred for 15 min. Careful ad
dition of water followed by drying and evaporation of the pentane 
layer gave 1.26 g of clear, colorless oil. NMR analysis of this oil in
dicated it to be about 50% isomeric alcohols 22 and 50% starting 
material as judged by the relative integration of the vinyl H (5.2-
5.4, broad s) and saturated methyl group signals (0.9, m). Column 
chromatography on silica gel gave 0.52 g of alcohol 22 in the 10% 
ether-90% benzene fractions and 0.66 g of recovered 18 (slightly 
contaminated with 22) in the 15% ether-85% benzene fractions. Al
cohol 22 had NMR 0.9 (9 H, Me signals), 1.3-2.3 (complex), 1.62 
(br s, 3 H), 5.31 ppm (br s, 1 H); ir 3630 and 3500 cm-1.

In like manner, 1.02 g of compound 19 was treated with excess 
isopropyllithium. After work-up, it was resubmitted to the reac
tion conditions two more times. This multiple process gave an esti
mated 8:1 mixture of alcohol 24 to ketone 19. Chromatography as 
above gave 0.76 g of alcohol 24, with spectra virtually identical 
with those given by alcohol 22.

y-Acoradiene (4) and Endocyclic Isomer 23. To a solution of 
0.50 g of alcohol 22 in 5 ml of dry pyridine was added 0.26 g of 
S0C12 and the mixture was stirred for 10 min at 25°, then poured 
into 5% HC1 and extracted with ether. The product was filtered 
through a short column of silica gel with petroleum ether, yield 
0.37 g of hydrocarbon material. GLC analysis (40 ft X 0.125 in., 3% 
SE-30 at 172°) gave two peaks eluting in 68 and 93 min in a ratio 
of 72:28. Collection from a preparative column (20 ft X 0.375 in., 
30% SE-30 at 250°) gave 130 mg of the first component, which was 
identified as endocyclic diene 23: 100-MHz NMR 0.80 (d, J  = 7 
Hz, 3 H), 1.01 (d, J = 7 Hz, 6 H), 1.2-2.5 (complex, 10 H), 1.61 (br 
s, 3 H), 5.30 (br s, 2 H). Collection of the second peak gave 50 mg of
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a compound which was identical with y-acoradiene (a-alaskene, 4). 
It had [a ]25D -8 2 ° (lit. - 666 and - 88° 7); 100-MHz NMR 0.88 (d, 
J = 7 Hz, -CH 3), 1.2-2.3 (complex absorption), 1.60-1.75 (multi- 
plet with intense peak maxima at 1.63, 1.69, 1.70, and 1.71), 5.25-
5.30 ppm (broad s, C=CH); ir (film) 2840-3020 (complex, CH), 
1432-1455 (broad), and medium, sharp peaks at 1375, 1312, 1192, 
1138, 1050, 950, 800, and 788 cm-1; high-resolution mass spectrum 
of P+, 204.1822 (calcd for C15H24, 204.1878). The NMR and ir 
spectra of 4 were compared to those of a-alaskene23 and found 
identical. Also, 4 was stirred as a hexane solution heterogeneously 
with 98% formic acid at 25° for 24 hr as suggested for converting 
«-alaskene to a-cedrene,7 and the resulting major product was 
identical with natural a-cedrene23 by GLC comparisons.

S-Acoradiene (5) and Endocyclic Isomer 25. A solution of 
0.21 g of alcohol 24 in 2 ml of dry pyridine was dehydrated with 
0.11 g of SOCI2 as for 23. GLC analysis as before showed two ole
fins eluting at 68 and 88 min in the ratio 70:30. These were collect
ed by the same preparative method. The first one, 50 mg, was 
identified as the endocyclic diene 25, which could be better pre
pared by POCI3 dehydration of 24, as described below. The second 
one, 18 mg, was identified as 5-acoradiene (5). It had [a]25D +14° 
flit. +16° 6); 100-MHz NMR 0.82 (d ,J  = l  Hz, CH3), 1.1-2.3 (com
plex absorption), 1.50-1.70 (m with intense peak maxima at 1.59 
and 1.68), 5.30-5.40 ppm (broad s, vinyl H); ir (film) 2840-3000 
(complex, CH), 1435-1460 (broad), and medium, sharp peaks at 
1380, 1260, 1006, 906, 800, and 733 cm-1; high resolution mass 
spectrum, P+ 204.1918 (calcd for C15H24, 204.1878). The ir and 
NMR spectra are identical with ones furnished for (¡-alaskene.23 
Also, the sample was compared to an authentic sample of (1-alask- 
ene23 and found identical (retention time and peak enhancement) 
using 3% SE-30 (40 ft X 0.125 in., 160°).

A solution of 0.53 g of alcohol 24 and 0.53 g of POCI3 in 5 ml of 
pyridine was heated at 92° for 27 hr. Work-up as before gave 0.40 g 
of diene material which was shown by VPC to be only the endocy
clic isomer 25: 100-MHz NMR 0.80 (d, J  = 7 Hz, 3 H), 1.00 (d, J  = 
7 Hz, 6 H), 1.1-2.5 (m, 10 H), 1.6 (br s, 3 H), 5.32 (br s, 2 H). A 
sample was purified by distillation in a capillary at 0.1 mm. Anal. 
Calcd for Ci5H24: C, 88.16; H, 11.84. Found: C, 87.92; H, 11.77.

4,8-Dimethyl-l-isopropylspiro[4.5]deca-2,7-diols (26). A so
lution of 0.40 g of diene 25 in 20 ml of dry THF (from LiAlHfl was 
treated with 8 ml of 1.0 M  BH3 in THF (Aldrich) and stirred at 
25° for 2 hr. Then H2O was added, followed by 5 ml of 15% NaOH 
and 5 ml of 30% H2O2. The mixture was stirred for 1 hr, 20 ml of 
ether and 20 ml of H2O were added, and the organic layer was 
washed with brine. Drying and removal of the solvents gave 0.35 g 
of colorless oil, presumed to be the isomeric mixture of alcohols 26. 
This was supported by ir (film), 3200-3600 cm-1 (broad, OH), and 
NMR, no absorption of vinyl H at 5.2-5.4 ppm. The mixture was 
used in the next reaction without further purification.

(—)-Acorone (27) and (-t-)-Isoacorone (28). The total crude 
diol mixture 26 was dissolved in 20 ml of reagent acetone and 
treated dropwise with ca. 4 ml of Jones reagent until a permanent 
orange color remained. To the mixture was then added 5 ml of 
H2O and 10 ml of ether, and the organic layer was washed with 
brine, dried, and evaporated, yielding 0.37 g of viscous oil, showing 
ir 1715 (cyclohexanone) and 1739 cm-1 (cyclopentanone) chroma- 
tophores. Analytical GLC analysis of this oil showed minor un
identified components and a major peak at 94 min (13% Carbowax 
20M, 18 ft X 0.125 in. at 240°) which correspond to authentic sam
ples of acorone (1) and isoacorone (2) (supplied23 as a mixture, 
originally thought to be a pure compound, “ neoacorone” 3). Analy
sis by high-pressure liquid chromatography (Porasil T, 2 ft X 0.125 
in., 10% CHCl3-90% hexane) gave separation into two approxi
mately equal-sized peaks eluting in 52.5 and 65 min, using an elu
tion rate of 5.5 ml/min. Combination of all eluents collected for 
each peak gave 57 and 63 mg, respectively. Crystallization of the 
former component from n-hexane gave 27 mg, [a ]2SD +90°, mp
94.0-95.5°, of material identical, except for sign of rotation, with

authentic (-)-isoacorone (mp 94.0-95.5° for a sample isolated in 
the same way from “ neoacorone” ,23 lit.3 [a ]25D —92°, mp 97-98°), 
mass spectrum, 236.1759 (calcd, 236.1776). Anal. Calcd for 
C15H24O2: C, 76.23; H, 10.24. Found: C, 76.21; H, 10.29. The second 
component, [a ]26D -133°, mp 96.0-97.5°, was identical, except for 
sign of rotation, with an authentic sample23 of (+)-acorone [mp 
96.0-97.5° (lit.3 [a ]25D +139°, mp 98.5-99°], mass spectrum, 
236.1762 (calcd, 236.1776). Anal. Calcd for Ci5H240 2: C, 76.23; H, 
10.24. Found: C, 76.33; H, 10.33.
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This paper reports a simple method of degradation of the readily available labdane group of diterpenoids to 
drimanic sesquiterpenes. The synthesis of (+)-drimane-8,ll-d iol (5), the (+) and (± ) forms of 14,15-bisnor-8a- 
hydroxylabd-ll(.E)-en-13-one (7), (± )-8-epimeric hydroxy a,/3-unsaturated ketone (12), and (—)-drimenol (8) is 
described. Treatment of (+)-ambreinolide (1) with Pb(OAc>4 in boiling benzene for 120 hr gave compounds 2 
(12%), 3 (22%), and 4 27%). Treatment of 1 with DDQ in boiling p-dioxane for 48 hr afforded 2 (40%). Ozonolysis 
of 2 in methylene chloride at —70°, followed by treatment with Red-Al, gave (+)-5 (85%). Oxidation of the latter 
with Cr03-pyridine gave aldehyde (+)-6 (50%). Treatment of (+)-6 with sodium diethyl 2-oxopropylphosphonate 
in THF gave (+)-7 (40%). A parallel series of reactions starting with (±)-ambreinolide (1) gave (±)-2, (±)-5, (±)-6, 
and (±)-7. Treatment of (+)-5 with AC2O overnight gave a monoacetate which was dehydrated with POCl3-pyri- 
dine at 0-5° to give a mixture of isomeric acetates. Basic hydrolysis of the latter gave a mixture of alcohols 8 and 
9. From this mixture (-)-dim enol (8) was isolated by preparative TLC. Treatment of (i)-drimenol (8) with m- 
chloroperbenzoic acid in methylene chloride at 0-5° gave a mixture of a and 0 epoxides. Reduction of the 0 epox
ide with LIAIH4 in THF gave diol 10. Oxidation of 10 with Cr03-pyridine gave 11, which on treatment with sodi
um diethyl 2-oxopropylphosphonate in THF gave ketone 12 (30%).

Chirkova and coworkers have reported the isolation of 
(±)-14,15-bisnor-8a-hydroxylabd-ll(2?)-en-13-one (7) as a 
new bisnorditerpene hydroxy ketone from Abies sibirica 
Ledb (the oleoresin of the Siberian fir).1 Recently, Hlubu- 
cek et al.2 reported the isolation of the (+) isomer of this 
same compound, along with driman-8-ol, and drimane-
8,11-diol (5) from the medium-volatile, neutral fraction of 
an extract of sun-cured Nicotina Tabacum L. Russian in
vestigators have suggested that (+)-7 is probably a diterpe- 
noid autooxidation product of A13-cis- and A1-irans-neo- 
abienol.3 We wish to report a simple method of degradation 
of the readily available labdane group of diterpenoids (e.g., 
manool and sclareol) to drimanic sesquiterpenes. The syn
thesis of (+)-drimane-8,ll-diol (5), and (+) and (±) forms 
of 7 from (+)- and (±)-ambreinolide, respectively, has been 
accomplished. Incidental to this work is the synthesis of 
the (± )-8-epimeric hydroxy «,/3-unsaturated ketone 12 and 
(—)-drimenol (8).

The starting material for this synthesis was (+)-am- 
breinolide (1) obtained from manool.4’5 When (+)-am- 
breinolide (1) was treated with 4 mol of lead tetraacetate6 
in boiling benzene, a very slow reaction occurred, and after 
120 hr all starting material was consumed. A careful chro
matographic separation of the oily product afforded three 
components: the unsaturated ambreinolide 2 (12%) and the 
epimeric acetoxy lactones 3 (22%) and 4 (27%). The struc
tures for the acetoxy lactones were assigned on the basis of 
a comparison of the 13C NMR shift values with the corre
sponding values of related steroidal acetoxy lactones.7 
Treatment of (-l-)-ambreinolide (1) with DDQ in boiling p- 
dioxane for 48 hr afforded compound 2 in much higher 
yield (40%). Exhaustive ozonolysis of the unsaturated (+)- 
ambreinolide 2 in dry methylene chloride at —70°, after 
evaporation, afforded an amorphous product which was 
dissolved in benzene and treated with Red-Al.8 Work-up in 
the usual manner gave (+)-drimane-8,ll-diol (5) in a near
ly quantitative yield. The (+)-diol 5 was oxidized with 
Cr03-pyridine complex in dry methylene chloride to alde
hyde 6 in a yield of 50%. This aldehyde was allowed to react 
at —20° to room temperature with sodium diethyl 2-oxo
propylphosphonate9 in tetrahydrofuran to give the (+)- 
hydroxy a,/3-unsaturated ketone 7 in a yield of 40%, mp 
120-121°, [a]18D +13.2°. The physical properties of the

product 7 correspond with the reported data2 for this com
pound.

The starting material for the synthesis of racemic hy
droxy cv/i-unsaturated ketone 7 was (±)-ambreinolide (1)

V'H,
7 , R =  Zf

'O H
OH

12, R = .
'C H ,

obtained from nerolidol.10 Treatment of (±)-ambreinolide 
with DDQ (under conditions similar to those used in the 
case of (-t-)-ambreinolide) afforded (± ) compound 2. Ozon
olysis of (±) compound 2, followed by reduction with Red-
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Al,8 yielded (±)-drimane-8,ll-diol 5 (87%). (±)-Diol (5) 
was oxidized with CrOa-pyridine complex to the corre
sponding hydroxy aldehyde 6 in yields of 40-50%. Treat
ment of (±) compound 6 with sodium diethyl 2-oxopropyl- 
phosphonate in tetrahydrofuran at room temperature over
night and then at 50° for 2 hr gave the (±)-hydroxy a,0- 
unsaturated ketone 7, mp 126.5-128° (lit.1 mp 126°). The 
ir, NMR, and mass spectra of the product, (± ) compound 
7, correspond exactly with reported data for this com
pound.1

(+)-Drimane-8,ll-diol (5) was used as the starting mate
rial for synthesis of (—)-drimenol (8).11 When (-l-)-diol 5 in 
pyridine was treated with acetic anhydride at room tem
perature overnight, the monoacetate was obtained in nearly 
quantitative yield. The latter was readily dehydrated with 
phosphorus oxychloride in pyridine at 0-5° to give a mix
ture of isomeric acetates (endo and exo double bond). Basic 
hydrolysis of the isomeric acetates yielded a mixture of al
cohols 8 and 9. From this mixture (—)-drimenol (8) was iso
lated by preparative TLC over silica gel in 40% yield, mp 
95-96°, [a]19D -20.0° (lit.12b mp 96-97°, [a]20D -20°). The 
ir, NMR, and mass spectra of the product 8 correspond ex
actly with reported data for this compound.12

The starting material for synthesis of (±)-14,15-bisnor- 
8/3-hydroxylabd-ll(£')-en-13-one (12) was (±)-drimenol (8) 
obtained from 0-ionone.13 When ll-acetoxydrim-7-ene 
(drimenol acetate) was treated with m-chloroperbenzoic 
acid in methylene chloride at —30° for 3 days2 the a epox
ide was obtained in an excellent yield, formed by preferen
tial attack from the sterically less hindered a side. How
ever, treatment of (dh)-drimenol (8) with the same peracid 
in methylene chloride at 0-5° (in the refrigerator) over
night afforded two epoxides (a and 0) in a ratio of about 
1:1, which could be separated by preparative TLC over sili
ca gel. Reduction of the 0 epoxide (the less polar) with 
LiAlH4 in boiling tetrahydrofuran gave diol 10. Treatment 
of (±)-80,ll-diol 10 with CrC>3-pyridine complex in methy
lene chloride under the same conditions as used for (±)- 
8a, 11-diol 5 afforded the hydroxy aldehyde 11. The latter 
was treated with sodium diethyl 2-oxopropylphosphonate 
in tetrahydrofuran to give 80-hydroxy «,/3-unsaturated ke
tone 12 in 30% yield.

Experimental Section
All melting points were taken on a Biichi melting point appara

tus and are uncorrected. Infrared (ir) spectra were determined in 
KBr or as film, with Perkin-Elmer Model 137 Infracord and Model 
237B spectrometers. Mass spectra were taken with a Hitachi Per
kin-Elmer RMU-6D2-S spectrometer operating with an ionization 
energy of 70 eV. The temperature of the ion source was about 200°. 
NMR spectra were taken in deuteriochloroform, with a Varian 
A-60 spectrometer. Ozonolysis was carried out using a Welsbach 
T-408 ozonator.

Oxidation of (-t-)-Ambreinolide by Means of Lead Tetraace
tate (LTA). (+)-Ambreinolide (1, 3.0 g) was dissolved in 50 ml of 
anhydrous benzene and 6.0 g of LTA was added. The reaction mix
ture was stirred at reflux temperature for 2 days, when 6.0 g more 
of LTA wais added; the heating and stirring were continued until 
all LTA had reacted (120 hr). The reaction mixture was diluted 
with ether, lead diacetate was collected, and the solution was 
washed with water, dried, and evaporated to dryness. The oily resi
due (4.2 g) was chromatographed on a column of 250 g of silica gel. 
Elution with hexane-ether (95:5) afforded 430 mg (12%) of unsatu
rated ambreinolide 2: mp 193-194°; [a]26D + 5.1° (c 2.0, chloro
form); rma* (KBr) 1720,1710 cm“ 1; NMR (CDC13) 8 0.85, 0.93 (3 H, 
s, and 6 H, s, C-4 and C-10 CH3), 1.46 (3 H, s, C-8 CH3), 2.56 (1 H, 
dd, J  = 3, 3 Hz, C-9 H), 6.23 (1 H, dd, J = 3, 10 Hz, C-12 H), 7.06 
(1H , dd, J  = 3,10 Hz, C -ll H).

Anal. Calcd for Ci7H260 2: C, 77.82; H, 9.99. Pound: C, 77.94; H,
9.99.

Elution with hexane-ether (9:1) afforded 800 mg (22%) of 120- 
acetoxyambreinolide (3) and 980 mg (27%) of 12a-acetoxyam-

breinolide (4). The characteristics of acetoxy lactones 3 and 4 are 
as follows.

Acetoxy lactone 3: mp 157-158°; [a]28D +44.5° (c 2.0, chloro
form); rmax (KBr) 1760, 1750, 1225 cm "1; NMR (CDCD 8 0.85, 
0.88, 0.93 (3 H, s, each, C-4 and C-10 CH3), 1.53 (3 H, s, C-8 CH3),
2.21 (3 H, s, C-120 OCOCH3), 5.20-5.55 (1 H, m, C-12« H).

Anal. Calcd for C19H30O4: C, 70.77; H, 9.38. Found: C, 70.94; H, 
9.43.

Acetoxy lactone 4: m p  154-155°; [a ]25D +74.1° (c 2.0, chloro
form); rmax (KBr) 1765, 1745, 1250 c m “ 1; NMR (CDCI3) 8 0.85, 
0.93 (3 H, s, and 6 H, s, C-4 and C-10 CH3), 1.50 (3 H, s, C-8 CH3),
2.22 (3 H, s, C-12« OCOCH3), 5.68 (1 H, ABX q, Jj + J2 = 16 Hz, 
C-120 H).

Anal. Calcd for Ci9H3o0 4: C, 70.77; H, 9.38. Found: C, 70.76; H, 
9.39.

(+ )- and (±)-A n-Ambreinolide (2). A solution of (+)-am- 
breinolide (1, 2.0 g) and DDQ (3.0 g) in 60 ml of dry p-dioxane was 
refluxed for 48 hr. The reaction mixture was diluted with ether, 
the precipitated solid was collected, and the solution washed with 
water, aqueous Na2C0 3, and water, dried, and evaporated to dry
ness. The yellow solid residue (3.5 g) was chromatographed on ac
tivity III neutral alumina (100 g). Elution with hexane-ether (9:1) 
afforded 950 mg of material, which on crystallization from EtOAc 
yielded A11-amhreinolide (795 mg, 40%), mp 192-195°, and identi
cal (ir and TLC) with the sample isolated from the (+)-ambreino- 
lide-LTA reaction mixture.

Treatment of (±)-ambreinolide (1.5 g) with DDQ under condi
tions similar to those used in the case of (+)-ambreinolide afforded 
(±)-A11-ambreinolide (2) in a yield of 38% (565 mg), mp 212°.
( + )- and (±) -Drimane -8,11 -diol (5). (+ )-A11-Ambreinolide (2, 
600 mg) in dry methylene chloride (75 ml) was treated with ozon
ized oxygen at —70° until the solution was blue (30 min). Evapora
tion afforded an amorphous product which was dissolved in ben
zene (50 ml) and treated with Red-Al.8 The excess hydride was de
composed with dilute HC1 (5%) and the mixture was extracted 
with ether. The combined extracts were washed with water, 5% 
aqueous NaHC03, and water, dried (MgS04), and evaporated. The 
residue (520 mg) was a colorless oil that crystallized from hexane 
(380 mg). After several recrystallizations the product 5 consisted of 
colorless prisms, mp 127-128°, [a]26D +4.2° (c 1.3, chloroform). 
The ir, NMR, and mass spectra of the product 5 correspond exact
ly with data reported for this compound.2

The mother liquor was evaporated to dryness and purified by 
preparative TLC to give 83 mg of a product melting at 85-86°. 
This product has an identical NMR spectrum and specific rotation 
with the product melting at 127-128°, and appears to be a differ
ent crystalline form. Thus, the total yield of the (+)-drimane-
8,11-diol (5) is 85%.

Anal. Calcd for C15H28O2: C, 74.95; H, 11.74. Found: C, 74.93; H,
11.76.

Exhaustive ozonolysis of (±)-A n -ambreinolide (500 mg), fol
lowed by reduction with Red-Al,8 yielded (±)-drimane-8,ll-d iol 
(5, 87%), mp 100-101.5°.

(+)- and (±)-14,15-Bisnor-8a-hydroxylabd-ll(E)-en-13-one 
(7). A solution of (+)-drimane-8,ll-diol (5, 200 mg) in methylene 
chloride (4 ml) was treated for 30 min at room temperature with 
Cr03-pyridine complex prepared from Cr03 (750 mg), pyridine 
(1.28 ml), and methylene chloride (13 ml) at 5°. The reaction mix
ture was filtered through a short column of silica gel and washed 
with ether-methylene chloride. Evaporation of the solvent gave an 
oil, which was purified by preparative TLC on silica gel (50% hex
ane-ether) to give 100 mg of hydroxy aldehyde 6: vmax (film) 3500, 
3420, 1725 cm -1; NMR (CDCI3) 8 0.85, 0.90 (3 H, s, each, C-4 
CH3), 1.13 (3 H, s, C-10 CH3), 1.40 (3 H, s, C-8 CH3), 2.08 (1 H, d, 
J = 2.0 Hz, C-9 H), 10.32 (1 H, d, J  = 2.0 Hz, C -ll H). The alde
hyde was used in the next step without further purification.

A mixture of NaNH2 (140 mg) and diethyl 2-oxopropylphospho
nate (170 mg) in tetrahydrofuran (6.0 ml) was stirred at 0° until 
the evolution of NH3 has ceased. To the cold mixture (—10°) was 
added dropwise a solution of the above aldehyde 6 (100 mg) in te
trahydrofuran (6.0 ml). The reaction mixture was stirred at room 
temperature overnight, poured into ice-water, and extracted with 
ether. The extract was washed with water and dried over Na2S 04. 
Removal of the solvent gave an oil, which was chromatographed by 
preparative TLC on silica gel (50% hexane-ether) to separate a 
crystalline enone 7 (45 mg). Recrystallization from ether-hexane 
gave colorless needles: mp 120-121°; [a ]18D +13.2° (c  0.7, chloro
form); rmax (KBr) 3430, 1665, 1630 cm“ 1; NMR (CDC13) 6 0.82, 
0.88 (3 H, s, each, C-4 CH3), 0.99 (3 H, s, C-10 CH3), 1.26 (3 H, s,



C-8 CH3), 2.25 (3 H, s, COCH3), 6.14 (1 H, d, J  = 16.0 Hz, C-12 H), 
6.81 (1 H, dd, J = 16.0,10.0 Hz, C -ll H).

Anal. Calcd for Ci8H30O2: C, 77.65; H, 10.86. Pound: C, 77.48; H,
10.94.

Treatment of (±)-drimane-8,ll-d iol (5,174 mg) with CrOg-pyri- 
dine complex under conditions similar to those used in the case of 
(+)-diol 5 afforded (±)-hydroxy aldehyde 6 (80 mg).

The (±)-hydroxy aldehyde (65 mg) in tetrahydrofuran (4.9 ml) 
was added dropwise at —5° to the suspension of sodium diethyl 2- 
oxopropylphosphonate in tetrahydrofuran prepared as described 
above. The reaction mixture was stirred at room temperature over
night and then at 50° for 2 hr. The mixture was treated as de
scribed for the condensation of (+)-hydroxy aldehyde. The crystal
line compound (30 mg) obtained was recrystallized from ether- 
hexane to give colorless needles, mp 126.5-128°, whose physical 
constants (melting point, ir and NMR spectra, Rf value of TLC) 
were identical with those of the (-t-)-hydroxy enone 7.

(—)-Drimenol (8). A solution of (+)-drimane-8,ll-diol (5, 200 
mg) in pyridine (1 ml) and acetic anhydride (1 ml) was allowed to 
stand overnight at room temperature, then poured into iced 
NaHC03 solution. The solution was extracted with ether and the 
ether layer was washed with dilute HC1 and saturated aqueous 
NaHCOg and dried over MgS04. On removal of the solvent, an oily 
monoacetate was obtained, fn„  (film) 3500, 1750, 1250 cm-1, 
which without purification was dehydrated.

To a solution of the monoacetate (215 mg) in pyridine (3.0 ml) at 
0° was added phosphorus oxychloride (0.5 ml) and the resulting 
solution was stored overnight at 0-5°. The cold mixture was 
poured onto about 30 g of crushed ice and the resulting solution 
was extracted three times with ether. The ethereal solution was 
washed with water, dilute HC1, saturated aqueous NaHC03, and 
brine, and dried oveT MgS04. Evaporation of the solvent gave a 
crude oil (160 mg) which showed two distinct spots on TLC. The 
product was dissolved in 2% methanolic potassium hydroxide (20 
ml) and stirred overnight at room temperature. The methanolic 
solution was evaporated to dryness, the residue was dissolved in 
water, and the aqueous solution was extracted with ether. Evapo
ration of ether left a gum (120 mg). Separation on a 2-mm thick 
200 X 200 mm silica gel plate afforded the less polar compound 8 
(52 mg) as an oil that crystallized from hexane: mp 95-96°; [«|19D 
—20.0° (e 1.3, chloroform); vmax (KBr) 3300 cm-1; NMR (CDC13) 8 
0.88 (9 H, s, C-4 and C-10 CH3), 1.80 (3 H, s, C-8 CH3), 3.70-3.86 
(2 H, m, C -ll H2), 5.70 (1 H, m, C-7 H).

Anal. Calcd for Ci5H260: C, 81.02; H, 11.78. Found: C, 81.29; H,
11.94.

The more polar compound 9 was isolated as an oil: NMR 
(CDC13) 6 0.75, 0.85, 0.90 (3 H, s, each, C-4 and C-10 CH3), 3.89-
4.05 (2 H, m, C -l l H2), 4.84, 5.16 (1 H, br, each, C-8= C H 2).

Epoxidation of (±)-D im en o l (8). A solution of (±)-drimenol 
(8, 990 mg) and m-chloroperbenzoic acid (800 mg) in methylene 
chloride (30 ml) was allowed to stand for 17 hr in a refrigerator. 
The reaction mixture was diluted with ether, washed with saturat
ed aqueous KHCO3 and water, and dried over Na2S04. Evapora
tion of the solvent gave a colorless oil (1133 mg) which was chro
matographed on silica gel (preparative TLC, 80% hexane-ether) to 
give two epoxides in a ratio of about 1:1. The less polar product 
(452 mg), the /? epoxide, vmax (film) 3430 cm-1, NMR (CDC13) 8 
0.86, 0.91 (3 H, s, and 6 H, s, C-4 and C-10 CH3), 1.46 (3 H, s, C-8 
CH3), 3.0 (1 H, m, C-7« H), 3.90 (2 H, d, J  = 4.5 Hz, C -ll H2), 2.97 
(1 H, br, OH), was used in the next step without further purifica
tion. The more polar product (442 mg) crystallized from ether- 
hexane to give colorless prisms, mp 94-96°, vmax (film) 3420 cm-1 , 
NMR (CDC13) 8 0.76, 0.86 (3 H, s, and 6 H, s, C-4 and C-10 CH3), 
1.48 (3 H, s, C-8 CH3), 2.98 (1 H, dd, J = 2 ,2  Hz, C-7/J H), 3.09 (1 
H, br, OH), whose melting point was identical with that of a-epox- 
ydrimenol reported by Appel and coworkers12“ (mp 96-97°).

(± )-D rim a n e -8 d ,ll-d io l (10), A mixture of 7/3,8d-epoxydri- 
m an-ll-ol (315 mg) and LiAlH4 (160 mg) in tetrahydrofuran (47 
ml) was heated under reflux for 16 hr with stirring. The reaction

(+)- and (±)-14,15-Bisnor-8a-hydroxylabd-ll(i?)-en-13-one

mixture was treated with water to decompose excess LiAlH4, 
washed with dilute HC1 and water, and dried over Na2S 04. Evapo
ration of the solvent gave a crystalline residue (316 mg) which was 
recrystallized from ether-hexane to afford 268 mg of drimane- 
8(3,ll-diol (10) as colorless prisms, mp 133,8-134.5°, rmax (KBr) 
3280 cm“ 1, NMR (CDC13) 8 0.87 (6 H, s, C-4 CH3), 1.23 (3 H, s, 
C-10 CH3), 1.33 (3 H, s, C-8 CH3), 4.06 (2 H, d, J = 3 Hz, C -ll H 2), 
ca. 3.00 (1 H, br, OH), whose physical constants (melting point and 
ir spectra) were identical with those of drimane-8/5,ll-diol re
ported by Stadler and coworkers13c (mp 133°).

(±)-14,15-Bisnor-8|8-hydroxylabd-ll(£)-en-13-one (12), A 
solution of (±)-drimane-8/3,ll-diol (10, 120 mg) in methylene chlo
ride (2.0 ml) was oxidized for 60 min at room temperature with 
Cr03-pyridine complex prepared from Cr03 (500 mg), pyridine 
(0.85 ml), and methylene chloride (8.5 ml) at 5°. The mixture was 
treated as described for the oxidation of (+)-drimane-8«,ll-diol
(5) to give hydroxy aldehyde 11 (50 mg) as an oil, vmax (CC14) 3540, 
1705 cm“ 1, NMR (CDC13) 8 0.86, 0.90 (3 H, s, each, C-4 CH3), 1.17, 
1.20 (3 H, s, each, C-8 and C-10 CH3), 2.12 (1 H, d, J = 2.6 Hz, C-9 
H), 10.10 (1 H, d, J  = 2.6 Hz, C -ll H), which was used in the next 
step without further purification.

A solution of hydroxy aldehyde 11 (50 mg) in tetrahydrofuran 
(3.0 ml) was added dropwise to a cold mixture (—5°) of sodium di
ethyl 2-oxopropylphosphonate in tetrahydrofuran prepared from 
35 mg of NaNH2 and 160 mg of diethyl 2-oxopropylphosphonate in 
5 ml of tetrahydrofuran as described above. The mixture was 
stirred at room temperature overnight and at 40° for 1 hr and then 
treated as described for the synthesis of (+)-hydroxyenone 7. The 
resulting crystalline compound (12,18 mg) was recrystallized from 
ether-hexane to give colorless prisms: mp 153-153.8°; vmax (KBr) 
3420, 1670 (shoulder), 1660, 1635 cm"1; NMR (CDC13) 8 0.88 (6 H, 
s, C-4 CH3), 1.02,1.10 (3 H, s, each, C-8 and C-10 CH3), 2.27 (3 H, 
s, COCH3), 5.98 (1 H, d ,J  = 16.5 Hz, C-12 H), 6.96 (1 H, dd, J =
16.5,10.2 Hz, C -ll H).

Anal. Calcd for C18H30O2: C, 77.65; H, 10.86. Found: C, 77.71; H,
10.65.

Registry No.— (+.)-l, 468-84-8; (+)-2, 52811-58-2; (±)-2, 
54656-74-5; 3, 54632-03-0; 4, 54656-75-6; (+)-5, 52617-99-9; (±)-5, 
54656-76-7; (+)-6, 52618-00-5; (±)-6, 54656-77-8; (+)-7, 42569-64- 
2; (—)-8, 468-68-8; (±)-8, 54750-55-9; 9, 54632-04-1; (±)-10, 54656- 
78-9; (± )-ll, 54656-79-0; (±)-12,54656-80-3.
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Substituted 5,6-dihydro-2if-pyran-2-ones of four basic structural types (I—IV) were synthesized by addition 
reactions to derivatives of 5-hydroxyacetylenic acids 3. The acetylenic acids were, in turn, obtained by the reac
tion of the propiolic acid dianion with epoxides. The addition of methanol, hydrogen, and dialkylcuprates gener
ated three types of dihydropyrones related to biologically active compounds, while the subsequent alkylation or 
acylation of the vinyl anion derived from dialkylcuprate addition provided a route to the fourth structural type 
possessing substitution at C-3.

T h e 5,6-d ih yd ro -a-pyron e ring system  represents an in 
triguing goal for the developm ent of new m ethods for po- 
lyketide synthesis, since there are m any com pounds o f this 
structural type which show a wide variety o f biological re
sponses, including antibacterial and antifungal activity. 
T h ese biologically active com pounds can be classified by  
their characteristic substitution patterns at C -3  and C -4  as 
illustrated by the kava lactones,1 pestalotin ,2a'b and fungal 
lactone L L -P 880 /33 (type I, 1, R i =  H ; R 2 =  O C H 3); phom a-

R2

^3\

1

lactone,4 asperline,5 boronolide,6 m assiolactone,7 isoranun- 
culin ,8 parasorbic acid,9 rubratoxins A  and B ,10 goniothala- 
m in ,11 and psilotin12 (type II, 1, Ri = R2 = H ); dioscorine13 
(type III, 1, Ri = H ; R2 = C H 3); and the w ithanolides14 
(type IV , 1, Rr =  C H 3 or C H 2O H , R2 =  C H 3).

T h e  route to  the dihydropyrone system  that is presented  
herein em ploys the dianion (2) o f propiolic acid as a stable  
three-carbon nucleophile15 that will add in a regiospecific 
fashion to the less substituted (hindered) end of unsym m e- 
trical epoxides (Table  I). Subsequently, the resulting 5-hy- 
droxyacetylenic acid system  3 is subjected to such selective

Table I
Epoxide Addition Reactions

~C = C C O r  +  RjCH-------CHR, — v R4CHCHR;iC = C C 0 2H

3

r 4 r 3
Reaction 

time, days '■Ó yield a

c 6h 56 H 2 48
c , h 5 H 3 46
c 5f V H 2 40
c (iH 13 H 3 40
c 3h 3c h 2o

H 3 47
C,H,,CH-

c h , = c h c h 2o c h 2- H 5 41
- c h 2c h 2c h 2c h 2- 17 30

a Determined by NMR of crude product mixture. b Previously
prepared; see ref 19. CV. Lamberti, W. T. Weller, and J. Schagt, 
Reel. Trav. Chim. Pays-Bas, 86, 504 (1967).

processes as conjugate addition or reduction to generate  
the various substitution types I - I V  (Schem e I).

Scheme I
h c ^ c c o o h

ju-PrkNLi

L iC = C C O O L i

2
0

R,CH—  CHR,

r 4c h c h r 3c = c c o o h

H+/cyclization \ 1. R,X
2. cyclization

type III type IV

Results and Discussion
A. The Propiolic Acid Dianion. T h e  propiolic acid d i

anion15 (2) is generated at —4 5 ° with lithium  diisopro- 
pylam ide in a 1:1 T H F -H M P A  solvent system  (3 m ol o f  
H M P A /m o l o f propiolic acid), which is necessary to  m ain 
tain a solution throughout the dianion gen eration-addition  
sequence. T h e  dianion 2 is allowed to react w ith an epoxide  
at room  tem perature for ca. 2 -3  days to form  the hydroxy- 
acetylenic acid 3 . R eactions carried out w ithout H M P A  re
sulted in the form ation o f little or no addition product 3. 
T h ese results parallel the finding16 that 1 -3  m ol o f H M P A /  
m ol o f acid solubilize the dianions o f aliphatic acids and ac
celerate their rate o f alkylation in producing «-b ran ch ed
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Table II 
Type I Pyrones11

OCH:j

?-' crude
r 4 *3 Path yield Mp, °C Bp, °C  (mmHg) NMR, 6 , ppm {CDCI3 ) Registry no.

c6h5 H À 51 144.5-145.5“ b 54814-58-3
c 2h5 H A 6 5 55.0-55.5 b 54814-59-4
c 5hu H A 74 105 (0.08 )c 0.9 (t, 3 H), 1.4 (m, 8 H), 2.4 54814-60-7

(m, 2 H), 3.72 (s, 3 H), 5.17 
(s, 1 H)

H A 79 3 9 .2—40.0 b 54814-61-8
- ch2ch2ch2ch2- A 75 71.0-71.5 b 54620-72-3

ch , = ch ch2o ch2- H B 32 49.0-49.7 2.5 (m, 2 H), 3.65 (d, 2 H), 3.72 54814-62-9
(s, 3 H), 4.06 (m, 2 H), 4.5 
(m, 1 H), 5.25 (m, 2 H), 5.75 
(m, 1 H)

' ^ b H
H B 82d 81-82“ 8 54814-63-0

H B 82s 7 1 —7 2 ^ 8

° Lit.19 mp 146-147°. b See ref 15. c Bath temperature. d Based on yield of benzyl ether diastereomers prior to cleavage and separation. 
See ref 15. e Lit.22 mp 82°. f Lit.22 mp 72°. * See ref 2. * Satisfactory elemental analyses were reported for all new compounds listed in the 
table.

Scheme II

acids. However, the addition of large quantities of HMPA 
in a reaction that proceeds for 2-3 days at room tempera
ture raises the possibility of a competing process, whereby 
the propiolic acid dianion abstracts a proton from HMPA 
in a fashion analogous to that reported for other alkyl- 
lithiums.17 This competing process may account for the 
formation of only moderate yields of the desired hydroxy- 
acetylenic acid 3. The thermal stability of the acetylide 2 
should be contrasted with acetylides generated from pro
piolic acid esters,18 which decompose at temperatures 
above —50°. Attempts to add these latter acetylides to ep
oxides at temperatures below —50° failed.

B. Type I Pyrones. Type I pyrones (Table II) were pre
pared either by the acid-catalyzed addition of methanol to 
the hydroxyacetylenic acid 315 (path A, Scheme II) or by 
the base-catalyzed addition of methanol to the hydroxy
acetylenic ester 415’20 (path B, Scheme II). The latter two- 
step pathway was used only for the preparation of acid-sen
sitive pyrones such as pestalotin.15,2® As described pre
viously,15 this synthesis of type I pyrones represents an ex
ample of nucleophilic acyl substitution,21 i.e., an acyl ace
tate equivalent (Scheme III).

C. Type II Pyrones. The semihydrogenation with 5%

Scheme III

- C=CC0CT RC=CCOOH — — — <
1,4 addition

I! II
rcch2cooh «  “CCH2COOH

Scheme IV

Pd/BaSC>4 of hydroxyacteylenic acids 3 obtained by alter
nate procedures has been reported19-23 to form, after distil
lation, type II pyrones. In the present work, the synthetic 
scheme was modified slightly to use the less active Pd/ 
CaCC>3 catalyst24 and to effect ring closure with 1 N  HC1 or 
BF3 (Scheme IV, Table III). Preparation of a type II py- 
rone 5 containing an exocyclic double bond is possible 
(Scheme V, Table III), but it is necessary to partially poi
son the Pd/CaC03 catalyst with quinoline.25

D. Type III Pyrones. The preparation of type III py
rones was carried out as outlined in Scheme VI by conju
gate addition of dialkylcopper-lithium reagents28 to either 
the hydroxyacetylenic acids29 3 or the corresponding bis- 
(trimethylsilyl) derivatives30,31 7 (Table IV).

E. Type IV Pyrones. Preparation of tetrasubstituted 
olefins by conjugate addition of dialkylcopper-lithium re
agents to a,/3-acetylenic esters and subsequent reaction of 
the resulting intermediate with iodine30 or methyl iodide34
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Table III 
Type II Pyrones

H

Carlson, Oyler, and Peterson

?ó crude
r4 R3 yield Mp, 0 C Bp, °C (mmHg) b NMR, 6 , ppm (CDCI3 ) Registry no.

QH.5 H 75 59-60° 2.5 (m, 2 H), 5.3 (t, J =  8 Hz, 1 H), 6.0 4660-17-7
(m, J =  10, 1.75 Hz, 1 H), 6.85 (m, 
1 H), 7.35 (s, 5 H)

c 2h5 H* 72 50-55 (0.1) 1.0 (t, 3 H), 1.7 (m, 2 H), 2.35 (m, 2 19895-35-3
H), 4.3 (m, 1 H), 6.0 (m, J =  10, 1.5 
Hz, 1 H), 6.9 (m, 1 H)

c 5h „ H 60 70-80 (0.1 )c 0.9 (t, 3 H), 1.4 (br m, 8 H), 2.4 (m, 54814-64-1
2 H), 4.4 (m, 1 H), 6.1 (m, J =  10, 
1.5 Hz, 1 H), 7.0 (m, 1 H)

QHl3 W 78 80-85 (0.06)" 0.9 (t, 3 H), 1.4 (br in, 10 H), 2.35 (m, 2833-19-4
2 H), 4.35 (m. 1 H), 6.0 (m, J =  10, 
1.5 Hz, 1 H), 6.95 (m, 1 H)

-CH,CH,CH2CH2- e 57 53.0-53.5 1.0-2.5 (br m, 9 H), 3.9 (m, 1 H), 5.85 19895-36-4
(dd, J =  10.5, 2.5 Hz, 1 H), 6.65 
(m, J =  10 Hz, 1 H)

CH2=CHCH,OCH2- Hs e 70-85 (0.1) 2.5 (m, 2 H), 3.7 (d, J =  5 Hz, 2 H), 54814-65-2
4.1 (d, J =  5 Hz, 2 H), 4.65 (m, 1 H), 
5.3 (m, 2 H), 6.0 (m, 2 H), 7.0 
(m, 1 H)

CH3CH2CH2OCH2- V c 0.8 (t, 3 H), 1.5 (m, 2 H), 2.5 (m, 2 H), 54814-66-3
3.4 (d, J =  7.5 Hz, 2 H), 3.7 (d, J =
5 Hz, 2 H), 4.6 (m, 1 H), 6.0 (m,
J =10  Hz, 1 H), 6.9 (m, 1 H)

° Lit.19 mp 59°.6 Bath temperature.c Lit.26 bp 85-86° (0.07 mm). d Lit.27 bp 106-109° (0.1 mm Hg) .e Overall yield 43%, using modified 
quinoline containing catalyst; NMR of product mixture is consistent with 80:20 mixture of the two lactones 5 and 6 (see text). Lactones were 
separated by preparativeHPLC. ̂ Corroborated by mass spectral analysis. * A satisfactory elemental analysis was reported for this compound.

Table IV 
Type III Pyrones

R,

°o crude
r 4  r 3 r 2 Path yield Mp, °C. Bp, °C  (mmHg) NMR, 6 , ppm (CD CI3 ) Registry no.

c6h5 H ch3 c 70 60.0-61.0“ 2.02 (s, 3 H), 2.55 (m, 2 H), 5.4 29643-79-6
(m, 1 H), 5.95 (m, 1 H), 7.4 
(s, 5 H)

c2h5 h CHs c 70 60" (0.2) 0.9 (t, 3 H), 1.7 (m, 2 H), 1.9 54814-67-4
(m, 3 H), 2.2 (m, 2 H), 4.25 
(m, 1 H), 5.7 (m, 1 H)

c ,h5 h c iv D 63c 60" (0.2) Same as above
cgh !3 h CH / C 65 100-120" (0.18) 0.9 (t, 3 H), 1.2 (m, 10 H), 1.9 54814-68-5

(s, 3 H), 2.18 (m, 2 H), 4.3 
(m, 1 H), 5.7 (m, 1 H)

crh13 h ch3 D 71° Same as above
CH,CHV c iv C 88 65.8-66.2 0.9-2.4 (brm), 1.95 (m), 4.0 23681-61-6
I (m, 1 H), 5.9 (m, 1 H)

CHjCH,-
c 6h /  h c 4h9 C 63 150 (0.17)" 0.9 (m, 3 H), 1.4 (brm, 4 H), 2.2 54814-69-6

(m, 2 H), 2.55 (m, 2 H), 5.4 
(m, 1 H), 5.9 (m, 1 H), 7.45 
(s, 5 H)

° Lit.32 mp 61-62°. b Bath temperature. c Based on starting ester. a Previously reported (ref 33). e Decomposed. ' Corroborated by mass 
spectral analysis. * A satisfactory elemental analysis was reported for this compound.
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Table VI
Kirby-Bauer36 Test Results“

R>

Inhibition zone, mm

Type R4 100 ttg

S• au reu s E* c o l i

200 u 9  300 u 9 100 u 9 200 \jQ 300 u 9

I C 5 H 1 1 H o c h 3 H
I - c h 2c h 2c h 2c h 2- O C H 3 H

II c 6h 5 H H H
n c 5h u H H H
H - c h 2c h 2c h 2c h 2- H H
ii C 6H13 H H H

7 8-9
15 23

8 10 6 9
16 8 10
16 9 18
12

a Sample of (-)-pestalotin was graciously provided by Lederle Laboratories.2 This sample, as well as the synthetic d l  
negative response by the Kirby-Bauer test above.

material, gave a

. 0
OH

Scheme V
-C00H

A-10% Pd/CaCO, 1 N HCÌ
THF

quinoline

+
o

5
80%

, 0
< r ' 'O

6
20%

Scheme VI

R4CHCR3HCSCCOOH

I
OH

Me3SiNHSiMe3
(HMDS)

R4CHCR3HC=CCOOSiMe3 

0 — SiMe,

LiOUCu 1 N HC1
THF

24 h r

path C

THF 
3 hr 
-78°

path D

1 N HC1

has been reported. However, attempts to react this inter
mediate with other electrophiles such as trimethylchlorosi- 
lane, acetic anhydride, or hexadeuterioacetone failed.34 In 
contrast to these latter findings, we have found that this 
synthetic scheme can be extended to include a wide variety 
of electrophilic reagents as exemplified by the synthesis of 
the type IV pyrones described below.

The bis(trimethylsilyl) compound 7 provided a suitable 
starting point for the preparation of 3-methyl- and 3-iodo- 
pyrones (Scheme VII). However, when less reactive electro
philes were used, significant amounts of 3-unsubstituted 
and 3-trimethylsilylpyrones35 were isolated in addition to 
the desired 3-substituted pyrones. For example, a reaction 
starting with the ester 8 and using dimethyl disulfide as the 
electrophile produced a 45% yield of a mixture of three py
rones, 9, 10, and 11, in a ratio of 65:22:13 (Scheme VIII). 
This ratio was determined by comparison of the NMR 
spectrum and analytical liquid chromatograph of the mix-

Scheme VII
R2

1. Li(R2)20u
2. R,I 1  Jv
3. 1 N HCl R  ^  0 ^ 0

path E
Ri = L CH3

path F
1. Li(R2)2Cu
2. RjX
3. 1 N HC1

Scheme VIII
PhCHCH,C=CCOOSiMe,

OSiMe3

1. LiMe2Cu
2. Me-A
3. 1 N HCI
4. NaHC0:i wash

+

10 11
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ture with those of the pure compounds, whose isolation is 
described elsewhere in this work.

These difficulties encountered with less reactive electro
philes were alleviated by using the trimethylsilyl methyl 
ester 12. Thus, addition of dimethylcopper-lithium to 12 
(R4 = C6H5; R3 = H) and treatment of the resulting inter
mediate with acetyl chloride gave a 1:1 mixture of the de
sired lactone 1 (R4 = CeH5; R3 = H; R2 = CH3; Rj = 
CH3C = 0 ) and the uncyclized ester 13 (R4 = CgH5; R3 = H; 
R2 = CH3; R i = CH3C = 0 ), plus some minor unidentified 
compounds. Treatment of the mixture with a catalytic 
amount of iodine led to isomerization and ring closure of 
the ester to the desired pyrone 1 in an overall yield of 72% 
(Scheme VII). Similarly, for all the other electrophiles ex
cept I2 or Mel listed in Table V, mixtures of lactones and 
uncyclized esters were obtained and treated with iodine to 
produce good yields of types IV pyrones.

F. Biological Testing. All pyrones prepared in this 
work were tested for antibacterial activity against. E. coli 
and S. aureus using the Kirby-Bauer method36 (Table VI).

Experimental Section
General. Melting points (uncorrected) were obtained on a 

Thomas-Hoover capillary apparatus. Infrared spectra were taken 
on a Beckman IR-33. NMR spectra were obtained with a Varian 
A-60D instrument using Me4Si as internal standard. Analytical 
liquid chromatographs were obtained on Waters Associates equip
ment, including refractive index and ultraviolet detectors, and two
28-mm Micro Porasil columns. The flow rate was 3 ml/min and 1:1 
ether-hexane was used in most cases. For preparative work three 
56-mm Porasil A columns were sometimes substituted and a flow 
rate of 9.9 ml/min was used. The propiolic acid was used as re
ceived from Farchan and Aldrich Chemical Co. The alkyllithiums 
were obtained from Alfa Products. The THF (Baker Analyzed, 
<0.003% H2O) was maintained under nitrogen in a septum-capped 
bottle from which the solvent was removed by syringe. The HMPA 
(Aldrich) was stored in a septum-capped bottle under nitrogen 
over 4-A sieves for several weeks before use. The cuprous iodide 
was Fisher Certified. The acetyl chloride (Baker Analyzed) was 
distilled from pyridine to remove traces of HC1. All reactions in
volving organometallic reactants were carried out under nitrogen 
in septum-capped flasks with introduction of reagents via syringe. 
Elemental analyses were performed by Robertson Laboratories, 
Florham Park, N.J. Mass spectra were run on a Varian CH5 by 
Mr. Douglas Kuehl, National Water Quality Laboratory, Duluth, 
Minn.

Preparation of Hydroxyacetylenic Acid 3. The procedure 
previously reported was employed.15 In nearly all cases the crude 
product mixture (mostly hydroxyacetylenic acid 3 and ether) was 
used directly in subsequent reactions.

Preparation of Hydroxyacetylenic Methyl Ester 4. The 
¿-hydroxyacetylenic acid 3 (0.01 mol) was treated with 20 ml of a 
1% sulfuric acid solution in methanol for 1-2 days. The reaction 
was saturated with solid sodium bicarbonate, filtered, and concen
trated. The residue was diluted with ether and the organic layer 
was washed with saturated sodium bicarbonate solution and brine. 
After drying over magnesium sulfate, the ether was evaporated to 
yield the ester 4, which was used without further purification. 
Yield data are presented in Table VII.

Preparation of Type I Pyrones. The previously described pro
cedures15 were used. The crude products were purified when nec
essary by preparative liquid chromatography before recrystalliza
tion or distillation (Table II).

General Procedure for Preparation of Type II Pyrones. The
hydroxyactylenic acid 3 (0.007 mol) with ca. 0.1 g of 10% Pd/ 
CaC03 in 15 ml of THF was allowed to take up ca. 85% of the theo
retical amount of hydrogen. The reaction mixture was then poured 
into 1 N  HC137 and stirred for 1-2 hr. The mixture was extracted 
with ether and the combined ether extracts were washed with sat
urated sodium bicarbonate solution and brine. After drying over 
magnesium sulfate, the ether was evaporated to give crude lactone, 
which was purified, if necessary, by preparative liquid chromatog
raphy before recrystallization or distillation (Table III). For the 
preparation of pyrone 5, with an exocyclic double bond, the 
amount of catalyst was decreased to 0.02 g and 50% by weight of 
quinoline was added (see text).

Table VII
&-Hydroxyacetylenic Esters 4

CH.OH
R4C H C R ,H C =C C O O H  — — »

1 h 2s o ,
■ R,CHCH R;C= 

I
= c c o o c h 3

OH OH

3 4

r 4 « 3  •i yield

W H 90
c 2h 5 H 70
c 5h „ H 62
C gH 13 H 80
c 4h 9c h o c h 2c 6h 5 H 90
c h 2= c h c h 2o c h 2- H 79

- c h 2c h 2c h 2c h 2- 85
“ See ref 19.

Table VIII
Preparation of Bis(trimethylsilyl) Compounds 7

R4CHCH2C =C C O O H  --------->- R4CHCH.,C=CCOOSiMe,
1 THF I '  J| THF

OH OSiMe3
3 7

% yield

after

distil- Bp, °C

r 4 lation (mmHg) NMR, 6 , ppm (CDCI3 )

c 6h 5 67 9 5 -1 2 5 0 .1 0  (s , 9 H ), 0 .31  (s ,
(0.30) 9 H ), 2 .6 5  (d, J =  6 

H z, 2 H ), 4 .9 0  (t, J 
=  6 H z, 1 H ), 7 .35  
(s , 5 H)

c 2h 5 81 8 1 -8 9 0 .11  (s , 9 H), 0 .29  (s ,
(0 .25) 9 H ), 0 .9 0  (t, 3 H), 

2 .5 5  (m , 2 H ), 2 .45  
(d, 2 H ), 3 .8 0  (m , 1 
H)

C6H 13 60 1 1 1 -1 1 9 0 .12  (s , 9 H), 0 .3 0  (s ,
(0.25) 9 H ), 0 .89  (t, 3 H), 

1 .3  (m , 10 H ), 2 .42  
(d, 2 H ), 3 .8  (m , 1 
H)

c h 2= c h c h 2o c h 2- 67 8 0 -1 1 0 0 .1 3  (s , 9 H ), 0 .3 0  (s,
(0.14) 9 H ), 2 .5  (m , 2 H),

3 .4 5  (d, 2 H ), 4 .0  
(m , 3 H ), 5 .25  (m , 2 
H ), 5 .8  (m , 1 H)

General Procedure for the Preparation of Bis(trimethylsil- 
yl) Compounds 7. The hydroxyacetylenic acid 3 (1 equiv), hexa- 
methyldisilazane (HMDS, ca. 4 equiv), and enough THF to effect 
solution were refluxed for 24-48 hr. The THF and excess HMDS 
were removed in vacuo and the product was distilled (Table VIII).

General Procedure for Preparation of Type III Pyrones. 
From Hydroxyacetylenic Acids 3. The cuprous iodide (0.014 
mol, 3.05 equiv) was slurried in 40 ml of THF under N2 at 0°. 
Dropwise addition of 0.028 mol (6.10 equiv) of methyllithium (1.65 
M  in ether) formed a clear, colorless solution which was stirred for 
5 min at 0° 38 and then cooled to —78°. The hydroxyacetylenic 
acid 3 (0.0046 mol, 1.0 equiv) dissolved in 5 ml of THF was then 
added. The Dry Ice-acetone bath was packed with Dry Ice and al
lowed to slowly come to room temperature overnight. The reaction 
mixture was poured into 250 ml of vigorously stirred 1 N  HC1, and 
after stirring for 1 hr the mixture was extracted with ether. The 
combined ether extracts were washed with a saturated solution of 
sodium bicarbonate and brine. After drying over magnesium sul
fate the ether was evaporated to give crude lactone, which was pu
rified, if necessary, by preparative liquid chromatography before 
recrystallization or distillation (Table IV). For bis(trimethylsilyl)
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Table IX
Trimethylsilyl Methyl Esters 12

R;l
I

r4chchc= ccooch;1
I

OSiMe;t

% yield 

after
distil- Bp, °C

R4  R 3  lation (mxnHg)n NMR, 5 , ppm (CDCI3 )

(R3 = C2H5; R4 = H), 54814-79-8; 3 (R3 = C5HU. R4 = H), 27003-
14-1; 3 (R3 = C6H i3; R4 = H), 54814-80-1; 3 (R3 = R4 = 
CHoCH2CH2CH2), 54814-81-2; 3 (R3 = H; R4 = C6H5), 54814-82-3; 
3 (R3 = H; R4 = C2H5), 54814-83-4; 3 (R3 = H, R4 = C5H „), 
16400-66-1; 3 (R3 = H; R4 = C6H13), 54814-84-5; 3 (R3 = H; R4 = 
CH3CH2CH2OCH,), 54814-85-6; 4 (R3 = CH2=C H C H 2OCH2; R4 
= H), 54814-86-7; 4 (R3 = CH(OH)CH2CH2CH2CH3; R4 = H), 
54814-87-8; 7 (R4 = C6H5), 54814-88-9; 7 (R4 = C2H5), 54814-89-0; 
7 (R4 = C6Hi3), 54814-90-3; 7 (R4 = CH2=CH CH 2OCH2), 54814- 
91-4; 12 (R3 = H; R4 = C6H5), 54814-92-5; 12 (R3 = H; R4 = 
C6H13), 54814-93-6; 12 (R3 = H; R4 = CH2=C H C H 2OCH2), 
54814-94-7; Li(CH3)2Cu, 15681-48-8; Li(Bu)2Cu, 24406-16-4; I2, 
7553-56-2; Mel, 74-88-4.

C,;H5 H 74 110-120
(0.35)

C (iH13 H 68 92-100
(0.20)

CH .,=CH CH 2OCH2-  H 83 95
(0.25)

0.07 (s, 9 H), 2.66 
(d, J =  6 Hz, 2 
H), 3.71 (s, 3 H),
4.9 (t, J =  6 Hz, 1 
H), 7.33 (s, 5 H) 

0.16 (s, 9 H), 0.91 
(t, 3 H), 1.30 (m, 
10 H), 2.50 (d, 2 
H), 3.80 (s, 3 H),
3.88 (m, 1 H)

0.17 (s, 9 H), 2.55 
(m, 2 H), 3.40 (d, 
2 H), 3.72 (s, 3 
H), 4.0 (m, 3 H), 
5.25 (m, 2 H),
5.75 (m, 1 H)

0 Bath temperature.

compounds 7, the above procedure was modified to use only 1.1 
equiv of cuprous iodide and 2.2 equiv of methyllithium and a reac
tion time of only 3 hr at —78° before work-up.

General Procedure for the Preparation of Trimethylsilyl 
Methyl Esters 12. The hydroxyacetylenic ester 4 (1 equiv), 
HMDS (ca. 4 equiv), and enough THF to effect solution were re
fluxed for 24-48 hr. The THF and excess HMDS were removed in 
vacuo and the product 12 was distilled (Table IX).

General Procedure for the Preparation of Type IV Py- 
rones. The bis(trimethylsilyl) compound 7 or the trimethylsilyl 
methyl ester 12 was treated with 1.1 equiv of dialkylcopper-lithi- 
um reagent in THF as described above for type III pyrones. After 
stirring for 3 hr at —78°, 2.2 equiv of HMPA was added to the non- 
homogeneous reaction mixture to form a solution, followed by the 
electrophile (2.2 equiv). The Dry Ice-acetone bath was packed 
with Dry Ice and allowed to gradually warm to room temperature. 
After stirring for 24 hr after the electrophile addition, the reaction 
mixture was poured into 1 N  HC1 and stirred for 1 hr. The aqueous 
mixture was extracted with ether and the combined ether extracts 
were dried over magnesium sulfate and evaporated. The mixture 
obtained (see text) was refluxed with 0.1 equiv of iodine in THF 
for 0.5 hr.39 The mixture was diluted with ether, washed with a 
10% sodium sulfite solution, and dried over magnesium sulfate. 
Evaporation of the ether gave crude lactone, which was purified, if 
necessary, by preparative liquid chromatography prior to recrys
tallization or distillation (Table V).

Biological Testing. The technique used for determining the 
susceptibility of Escherichia colii0 and Staphylococcus aureus 
was described by Difco.41 The disks containing the agent were pre
pared by the application of the test compound via syringe onto
6-mm paper disks42 and allowing approximately 15 min for the sol
vent to air dry. The Petri dishes43 could easily accommodate four 
disks in an outer ring, three containing the agent at a concentra
tion of 100-200-300 Mg per disk. The fourth disk was a prepared 
standard44 and the final disk was a blank. All zones were read to 
the nearest millimeter following 16-24 hr of incubation (Table VI).
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Registry No.—2, 54620-69-8; 3 (R3 = H; R4 = CH2=  
CHCH2OCH2), 54814-77-6; 3 (R3 = C6H5; R4 = H), 54814-78-7; 3
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At elevated temperatures, 2-pyrones bearing hydrogen in the 6 position reversibly exchange substituents be
tween the 3 and 5 positions. Evidence is presented from oxygen-18 labeling experiments that the “ migrations” ac
tually occur via reversible electrocyclic ring opening to ketene aldehydes which undergo reversible [1,5] sigmatro- 
pic shifts of the aldehydic hydrogen. Pyran-2-thiones undergo similar rearrangements and quantitatively afford 
thiapyran-2-ones. These rearrangements are blocked by the presence of a methyl group in the 6 position.

In a preliminary report,1 the migration of substituents 
between the 3 and 5 positions of 2-pyrones during gas- 
phase pyrolysis was rationalized by invoking reversible 
electrocyclic ring opening to ketene aldehydes which un
dergo reversible [1,5] sigmatropic shifts of the aldehydic 
hydrogen (eq 1). In view of the obvious synthetic utility of

O
the reaction and the possible relevence of the postulated 
mechanistic sequence to a prior mass spectrometric study 
of isotopically labeled pyrones,2'3 the results of an investi
gation of the synthetic scope and mechanism of the rear
rangement are presently reported.

The reaction sequence of eq 1 is a priori reasonable since 
ketene aldehydes related to the hypothesized intermediates 
have been shown to arise photochemically from 2-py
rone,47 and thermally to reclose very rapidly (£1/2 0.92 psec 
at 45.7°). Moreover, thermal sigmatropic shifts of order 
[1,5] are well-established reactions.8

However, one need not rely upon these analogies, satisfy
ing though they may be, since the postulated reaction se
quence lends itself to experimental verification in several 
ways. For example, the carbonyl oxygen of a 5-substituted 
isomer should become the pyran ring oxygen on rearrange
ment to the 3-substituted isomer. Similarly, if the sulfur 
analogs of 2-pyrone also undergo the rearrangement, a 
pyran-2-thione should, on rearrangement, give a thiapyran-
2-one, with an accompanying exchange of the 3 and 5 sub
stituents. Finally, one expects that when a substituent hav
ing a lower migratory aptitude than hydrogen occupies the 
6 position, it will impede the rearrangement.

Table I lists a number of substituted 2-pyrones which 
were pyrolyzed to determine the scope of the rearrange
ment. Previously unreported 4H NMR data for the com
pounds prepared in this study are shown in Table II.

Pyrones bearing hydrogen in the 6 position and having 
bromine, methyl, methoxy, or acetoxy substituents in the 3 
or 5 positions rearrange readily to give an equilibrium mix
ture of the 3- and 5-substituted isomers. Coumalyl chloride 
(2-pyrone-5-carbonyl chloride) does not appear to rear
range, presumably because the equilibrium for carbonyl- 
substituted 2-pyrones greatly favors the 5-substituted iso
mer. Note that 3-carbethoxy-2-pyrone rearranges com
pletely (>99% by GLC) to ethyl coumalate, the 5-substitut- 
ed isomer.9

Table I
Pyrolyses of 2-Pyrones

Registry no. Compd pyrolyzed Product Tem p, °C  % rearrangement

19978-33-7 5-Bromo-2-pyrone6
51270-32-7 5-Methyl-2-pyrone 

3 - Methoxy-2-pyroned
51270-29-2 3 - Ac etoxy -2-pyrone
54657-80-6 3-Trifluoroacetoxy-2-pyrone 

3 - C arbethoxy - 2 - pyr one1' 1 

Coumalyl chloride6
54657-81-7 5 - C arbethoxy- 6 - methyl - 2 - 

pyr one
3385-34-0 4,6-Dimethyl-5-carbethoxy- 

2-pyrone 
Pyran-2-thione"

51270-31-6 4- Methylpyr an- 2-thione
54657-82-8 5-Bromopyran-2-thione 

4,6 -Dimethylpyr an- 2 - thione"

3-Bromo-2-pyrone6 490 53-54°
3-Methyl-2-pyrone 650 76°
5-Methoxy-2-pyrone 550 14°
5-Acetoxy-2-pyronei 550 33°
5 - Tr if luor oac etoxy - 2 - py r onê 550 30°
Ethyl coumalate6 540 >99

575 0
l 650 0

550 0
m 650 0
Thiapyran-2-one 370 30°

620 100
4-Methylthiapyr an- 2-one 500 100
3-Bromothiapyran-2-one 480 100

700 0
a Equilibrium value. b Reference 18. c After two passes through the pyrolysis tube; the first gave 72% rearrangement. d R. H. Wiley and C. 

H. Jarboe, J. Am. Chem. Soc., 78, 2398 (1956).e Not an equilibrium value, f Some 3-hydroxy-2-pyrone also resulted.« Not isolated. Identi
fied by 1H NMR spectrum. h Some decarbethoxylation to 2-pyrone occurred. ' T. B. Windholz, L. H. Peterson, and G. J. Kent, J. Org. 
Chem.. 28, 1443 (1963). J Reference 9. k J. Fried and R. C. Elderfield, J. Org. Chem., 6, 566 (1941). ' 6-Methyl-2-pyrone and 6-methylcou- 
malic acid were produced. m Complete decarbethoxylation to 4,6-dimethyl-2-pyrone occurred. h R. Mayer and P. Fischer, Chem. Ber., 95, 
1307(1962).
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T a b le  II
JH NMR Spectra of 2-Pyrones Prepared in This Study

Chemical shift, 6“ Coupling constants, Hz

Registry no. Compd H-3 H -4 H-S H - 6 Others J3,5 *3 ,6 ■*4,5 J 4,6 J5,e Others

3 1 6 7 8 -7 3 -6 3 -  M  ethy 1 -2  -pyrone 7 .13 6 .15 7 .36 2 .0 0  (CH3) 6 .6 2 .2 5.4 ~ 1*5  (^ 3» , 4)
5 -  M ethyl -  2 -  pyr one 6 .31 7 .34 7 .36 2 .0 0  (CH3) 9 .5 1 .3 2 .5 1.2  G /6» i6)

4 3 9 4 -7 6 -7 6 -  M ethyl -  2 -  pyr one ~ 6 6 .4 0 ~ 6 2 .3  (CH3) 9 6 .5
2 2 6 8 2 -1 5 -1 4 -M e th y l -6 -c h lo r o - 6 .02 6 .18 2 1 9  (CH3) 1.2 1.3  (<̂ 3f4')

2 -p yron e
5 1 2 7 0 -2 8 -1 3 -M e th o x y -2 -p y ro n e 6 .6 6 .25 7 .12 3 .8  (CH3) 7 1 .6 5
5 4 6 5 7 -8 3 -9 5 -M e th o x y -2 -p y r o n e 6 7.33 3 .6 8  (CH3) 10 3

4 9 6 -6 4 -0 3 -H y d r o x y -2 -p y r o n e 6 .7 6 .2 7 .15 6 .0  (OH) 7 .2 1 .7 5 .2
3 - A c e to x y -2 -p y ro n e 7.2 6 .27 6 .45 2 .3 6 .9 1 .9 5.1

5 4 6 5 7 -8 4 -0 5 -A c e to x y -2 -p y r o n e 6 .31 7 .22 7 .58 2 .3  (CH3) 10 1 3
3 -T riflu o r o a c e to x y - 7 .5 6 .5 7.5 7 .2 1 .8 5.2

2 -p yron e
5 4 6 5 7 -8 5 -1 5 - T rif  luor oacetoxy- 6 .5 0 ~ 7 .5 7 .95 10 1 3

2 -p y ro n e c
1 0 0 8 -4 4 -2 3 -C a r b e th o x y -2 - 8 .20 6 .45 7 .78 1 .31  (CH3) 6 .8 2 .3 4 .9

pyrone 4 .2 5  (CH2) 9 .5
2 5 6 8 3 -1 0 -7 5 -C a r b o x y -6 -m e th y l- 6 .45 8 .06 2 .7 6  (CH3) 9 .5

2 -p y r  one'*
5 - C a rb e th o x y -6 - 6 .12 7 .79 2 .63  (6 -C H s) 9 5

m e th y l-2 -p y ro n e 1 .36  (CH3) 
4 .2 8  (CH2)

2 3 6 3 9 -3 3 -0 P y ra n -2 -th io n e 7 .20 7 .13 6 .55 7 .86 9 .2 1.7 1.3 6 .2 1.7 5.2
5 4 6 5 7 -8 6 -2 3 -  M ethy lpyr an- 2 - 7 .10 6 .44 7 .75 2 .3 0  (CH3) 6 .9 1 .8 5.0 1.1  (<lT3  ̂4 » ) ,

thione 0 .8  ( j y fg)
0 .3  (J3<>5)

4 -M e th y lp y ra n -2 - 7 .05 6 .38 7 .72 2 .0 6  (CH3) 1.7 1.0 5.1 1 .0  (« /3 4̂* )
thione

5 4 6 5 7 -8 7 -3 4 ,6 -D im e th y lp y ra n - 6 .97 6 .2 0 2 ,0 7  (4 -C H 3) 1 .2  (c/3|4» ) ,
2-th ion e

5 -B r o m o p y r a n -2 - 6 .65 6 .00 6 .78
2 .3 2  (6 -C H 3)

8 .7 1.0 2 .2
~ 0 .5  (t/5j61

thione8
6 7 8 8 -5 1 -8 T h iap y ran -2 -on e 6 .48 7 .53 6 .95 7 .78 10.4 0.6 1.0 7 .0 2 .0 9.2

5 1 2 7 0 -3 0 -5 4 -M eth ylth iap yran - 6 .32 6 .77 7 .55 2 .2 4  (CH3) 0.9 ~ 1 9 .5 1 .2  (c /3 ^ # )
2 -one

5 4 6 5 7 -8 8 -4 3 -  B r om othiapyr an- 7 .48 6 .65 7 .85 7 .4 1.9 9 .0
2 -on e

5 4 6 5 7 -8 9 -5 5 -B rom o th iap y ran - 7 .14 6 .98 7 .45 1 0 .5 1 .0 2 .2
2-thione

0 Typically, spectra were obtained at 60 MHz in CDCI3. When spectral complexity necessitated, solvent variation and/or use of a 220- 
MHz spectrometer enabled complete spectral assignments to be made. 6 This compound was not isolated, and the remaining protons were 
obscured by other components in the mixture.' Not isolated. d Run in CDCI3-CF3COOH (2:1).« Run in C6D6.

At elevated temperatures, several of the substituted 2- 
pyrones undergo fragmentation reactions. Thus, those 
bearing carbethoxy groups undergo partial decarbethoxyla- 
tion or loss of ethylene. Similarly, a small fraction of 3-aee- 
toxy-2-pyrone cracks to 3-hydroxy-2-pyrone.10 However, 
most of the pyrones investigated can be recovered in high 
yield. Typically, the 3 and 5 isomers are readily separated 
by liquid or gas chromatography.

Further evidence for the rearrangement pathway of eq 1 
was obtained by following an oxygen-18 label through the 
rearrangement. Oxygen-18-labeled 5-methyl-2-pyrone was 
prepared by hydrolysis of 2-ethoxy-5-methylpyrylium fluo- 
roborate with 30% oxygen-18-enriched water. The label is 
expected to be exclusively in the carbonyl, since in the case 
of 2-pyrone labeled in the same manner, all label is lost on 
conversion of the enriched pyrone to pyran-2-thione.3 The 
mixed 3-methyl- and 5-methyl-2-pyrones resulting from 
pyrolysis of the labeled sample at 550° were separated by 
liquid chromatography and examined by mass spectrome
try. Before pyrolysis, the 5-methyl-2-pyrone contained 27.0 
±  0.5% oxygen-18; after pyrolysis, 27.4 ±  0.8%. The 3-

methyl-2-pyrone resulting from the pyrolysis retains the 
label (26.4 ±  1.0%), as does the 3-methylpyran-2-thione 
prepared from it (27.1 ±  0.9%). This result is consistent 
with initial labeling occuring exclusively in the carbonyl, 
followed by a rearrangement which entails the shift of the 
oxygen label (eq 2).

Pyran-2-thione and 4-methylpyran-2-thione rearrange 
completely to the isomers having sulfur in the ring. Pyran-
2-thione isomerizes more readily than any other compound 
studied, being 30% converted in a single pass through a 
370° tube. Indeed, this isomerization is so facile that it oc
curs extensively during attempted gas chromatography at 
160° (150° injector). Rearrangement of 4-methylpyran-2- 
thione to 4-methylthiapyran-2-one is complete (by XH 
NMR) in one pass at 500°. The quantitative rearrangement 
of the preceding pyran-2-thiones to thiapyran-2-one is 
readily understandable in view of the destabilization of a
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thiocarbonyl group relative to its carbonyl isomer.11 The 
rearrangement of pyran-2-thiones to thiapyran-2-ones is 
accompanied by exchange of the substituents in the 3 and 5 
positions. 5-Bromopyran-2-thione rearranges completely to
3-bromothiapyran-2-one (eq 3).

In contrast to the facile rearrangement of pyran-2- 
thione, 4-methylpyran-2-thione, and 5-bromopyran-2- 
thione, 4,6-dimethylpyran-2-thione is unreactive even at 
700°. Apparently, the methyl group in the 6 position im
pedes the rearrangement, a view consistent with the pauci
ty of reports of [1,5] sigmatropic shifts of methyl groups.12

The ability to interchange substituents between the 3 
and 5 positions of the 2-pyrone ring is of obvious synthetic 
application. Since most 2-pyrones are available only by 
multistep reaction sequences, this rearrangement can, in 
many cases, provide a second isomeric pyrone with little 
additional effort and offers additional flexibility in the ini
tial synthetic approach, since in a number of instances, ei
ther of the isomers may be utilized. The reaction also 
makes thiapyran-2-ones readily available, since pyran-2- 
thiones are generally obtainable by the action of P2S5 on 
2-pyrones. The usual method of obtaining thiapyran-2- 
ones starts from the dithiopyrones, which are generally 
prepared from enamines and carbon disulfide.13’14 This 
earlier method gives limited control over substituents, two 
of which, arising from two molecules of enamine, must be 
the same. In the context of these rearrangements, it should 
be recalled that, it has recently been shown possible to ex
change substituents between the 4 and 6 positions of 2-py- 
rone by photolysis in sulfuric acid.15

Experimental Section
Pyrolyses of 2-pyrones were carried out by sublimation or distil

lation (0.1-1 Torr) through a hot Vycor tube (370-700°) packed 
with Pyrex helices (Table I). Isomeric composition of the product 
mixtures was determined by 'H NMR spectroscopy and/or GLC. 
The 5- and 3-substituted isomers are readily distinguished by 
NMR, since there are two large vicinal coupling constants (ca. 7 
and 5 Hz) in the 3-substituted isomers and only one (ca. 10 Hz) in 
the 5-substituted isomers. 16 The isomeric sulfur analogs are also 
readily distinguishable; the pyran-2 -thiones are brilliant orange 
whereas the thiapyran-2-ones are almost colorless. Consistencies in 
the 'H NMR spectra of the sulfur analogs were also observed. Sub
stitution of a sulfur for the carbonyl oxygen results in a downfield 
shift of H-3 of about 0.8-1.0 ppm,17 but in no significant changes 
in the proton coupling constants. Replacing the ring oxygen with 
sulfur, however, shifts H-5 downfield by 0.4-0.5 ppm and also in
creases J 5,6 to 9.0-9.5 Hz. As in the 2-pyrones, the substitution 
pattern in the sulfur analogs is revealed by the number of large 
vicinal coupling constants. In addition, most of the new pyrones 
isolated were examined by mass spectrometry. All gave appropri
ate molecular ions.

5-Bromopyran-2-thione. A solution of 5-bromo-2-pyrone18 
(2.0 g) in 30 ml of benzene was heated under reflux with 2.54 g of 
P2S5. At 24-hr intervals, the solution was decanted from the P2S5 
residue onto similar amounts of fresh P2S5. After 4 days the solu
tion was chromatographed on 100  g of silica gel with benzene.

The first colored band gave 0.03 g of red crystalline material 
which, after sublimation at 50° (5 Torr), melted at 163° dec. The 
*H NMR spectrum (Table II) is appropriate for 5-bromothiapy- 
ran-2-thione. The mass spectrum has base peaks at m /e 162 and 
164 (M — CS) and molecular ions at m /e 206 and 208 (C3H3BrS2).

The second colored band afforded 0.2 g of orange crystals melt
ing at 122-126° dec after sublimation [50° (5 Torr)]. The !H NMR 
spectrum (Table II) is consistent with that expected for 5-bromo- 
pyran-2-thione. The mass spectrum has the molecular ions at m/e 
190 and 192 (C5H3BrOS) as the base peaks, with prominent ions at 
m /e 146 and 148 (M — CS) and m /e 162 and 164 (M — CO). On 
standing under nitrogen but exposed to light, this material is par
tially converted into an insoluble, high-melting, nonvolatile solid.

The mass spectrum of 5-bromopyran-2-thione thus stored shows, 
in addition to the expected peaks, weak “ triplets” at m /e 380, 382, 
and 384, indicative that a dimerization has occurred.

A third chromatographic fraction afforded 1.6 g of unreacted 5- 
bromo-2-pyrone.

3-Acetoxy-2-pyrone.19 A solution of 3-hydroxy-2-pyrone (0.25 
g) in 10 ml of acetyl chloride was heated under reflux, until after 5 
hr 7H NMR showed that acetylation was complete. The excess ace
tyl chloride was removed under vacuum, and the residual oil was 
subjected to molecular distillation at 0.1 Torr. After recrystalliza
tion from cold diethyl ether, the 3-acetoxy-2-pyrone melts at 34- 
36°.

3-Trifluoroacetoxy-2-pyrone. A solution of 3-hydroxy-2-py- 
rone (1.0 g) in ca. 5 g of trifluoroacetic anhydride was allowed to 
stand at 25° for 18 hr, after which time 7H NMR showed that no
3-hydroxy-2-pyrone remained. The solvent was removed under 
vacuum to leave an oil which contained a trace of trifluoroacetic 
acid. The 3-trifluoroacetoxy-2-pyrone was pyrolyzed without fur
ther work-up to avoid hydrolysis.

2- Ethoxy-5-methylpyrylium Fluoroborate. To a mixture of 
5-methyl-2-pyrone (0.33 g) and triethyloxonium fluoroborate20 
(0.65 g) was added 0.65 g of methylene chloride, and the homoge
neous mixture was allowed to stand for 18 hr. After removal of the 
solvent, 7H NMR showed about 85% conversion of the pyrone to 
the salt. The mixture was redissolved in 2 g of methylene chloride 
and allowed to stand for 24 hr, by which time alkylation of the py
rone was about 90% complete by 7H NMR. Addition of 20 ml of 
ether caused separation of the salt as a dark brown oil. Repeated 
washing with ether afforded noncrystalline 2-ethoxy-5-methylpyr- 
ylium fluoroborate which, by 'H NMR, contained only a trace of 
5-methyl-2-pyrone and triethyloxonium fluoroborate: JH NMR 
(CH2CI2) <5 1.55 (t, J  = 7 Hz, 3 H, CH3), 2.32 (d, J  = 1 Hz, 3 H, 
CH3), 4.88 (q, J  = 7 Hz, 2 H, CH2), 7.35 (dd, J  =  9, 1 Hz, H-3), 8.40 
(m, H-6 ), 8.51 (dd, J  = 9, 2 Hz, H-4).

5-Methyl-2-pyrone (C = IS0). To the preceding oxonium salt 
was added 0.18 g of water containing 30.0% oxygen-18. After 2 hr 
at 25°, the mixture was taken into ether and treated at 0° for 3 hr 
with 2 g of NaHC03. It was then filtered; the NaHC03 was washed 
with more ether. The ether was removed under vacuum to leave 
0.28 g of brown oily 5-methyl-2-pyrone which showed no impuri
ties by *H NMR and which (by mass spectrometry) contained 27.0 
± 0.5% oxygen-18.

Pyrolysis of 5-Methyl-2-pyrone (C = lsO). The labeled 5- 
methyl-2-pyrone (0.28 g) was pyrolyzed at 450° to afford 0.22 g of 
pyrolysate. The 3-methyl- and 5-methyl-2-pyrone were separated 
chromatographically (silica gel, methylene chloride), the former 
being eluted first. 7H NMR verified the completeness of separa
tion. Mass spectrometry indicated isotope enrichments of 26.4 ± 
1.0% in the 3-methyl-2-pyrone and 27.4 ±  0.8% in the 5-methyl-2- 
pyrone.

3- Methylpyran-2-thione. The aforementioned labeled 3-meth
yl was converted to the thione by the method used to prepare 5- 
bromopyran-2 -thione and was chromatographed on silica with 
chloroform. The initially eluted yellow material was identified as
3-methylpyran-2-thione by *H NMR. Further elution gave un
reacted 3-methyl-2-pyrone. The thione was examined by mass 
spectrometry and found to contain 27.1 ±  0.9% oxygen-18 enrich
ment.

Preparation of 4-Methyl-6-chloro-2-pyrone.19 Over 15 min, 
88 g of PCI5 was added to a slurry of 50.6 g of 3-methylglutaconic 
anhydride21 in 100 ml of POCI3. Hydrogen chloride was evolved, 
and the anhydride dissolved to give a dark red solution. After 1 hr 
at 95°, *H NMR showed ca. 75% conversion. More PCI5 (20 g) was 
added, and the heating was continued. After 1 hr, no anhydride 
could be detected by 7H NMR. The POCl3 was removed under 
vacuum and the crude material was distilled at 135° (~20 Torr) to 
give 4-methyl-6-chloro-2-pyrone as an oil which crystallized on 
cooling.

Preparation of 4-Methyl-2-pyrone.19 Zinc dust (30 g) was
added slowly to a solution of 4-methyl-6-chloro-2-pyrone (15.2 g) 
in 75 ml of acetic acid, held at 0°. The mixture was stirred at 25° 
overnight, then filtered under nitrogen. The zinc was washed with 
ether, and the combined filtrates were concentrated under vacu
um. The residual oil was stirred with ice and neutralized with 
Na2C0 3. After filtration of the precipitated zinc salts, the aqueous 
filtrate was extracted three times with several times its own vol
ume of ether to afford, on solvent removal, 10.5 g of 4-methyl-2- 
pyrone as a yellow oil showing no impurities by 7H NMR. This ma
terial was distilled at 115° (6 Torr).

4- Methylpyran-2-thione.19 Using the previously described
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P2S5 method, 4-methyl-2-pyrone (2.0 g) afforded 2.4 g of pasty yel
low crystals which were chromatographed on silica gel with a mix
ture of pentane and methylene chloride. The heart cut of the yel
low band gave 1.75 g of yellow solid which afforded 1.0 g of 4- 
methylpyran-2-thione, mp 70-71°, after recrystallization from cy
clohexane-benzene.

Preparation of Methyl 4-Formylpentanoate. The enamine 
from pyrrolidine and propionaldehyde22 ( 2 30 g) was added to 
freshly distilled, neat methyl acrylate (195 g). A yellow color and 
an exothermic reaction ensued. The temperature was kept below 
40° by cooling, and, after 1 hr, the colorless mixture was heated on 
a steam bath for several hours.

A portion of the reaction mixture (27 g), while chilled in ice, was 
treated with 11.5 ml of concentrated hydrochloric acid. After 2 hr, 
this mixture was extracted twice with ether and the combined ex
tracts were washed with water and saturated sodium chloride solu
tion, dried over Drierite, and concentrated under vacuum to leave 
methyl 4-formylpentanoate (84%) as a colorless oil: 1H NMR 
(CC14) <S 9.21 (1 H, d, J = 1.5 Hz, CHO), 3.64 (3 H, s, OCH3), 1.5-
2.6 (5 H, m, aliphatic), 1.12 (3 H, d, J = 7 Hz, CH3); dinitro- 
phenylhydrazine mp 90.5-91.5° (ethanol).

Preparation of 4-Formylpentanoic Acid. The preceding 
methyl ester (257 g) was hydrolyzed by treatment at 25° with a so
lution of 232 g of K2CO3 in 1 1. of water with subsequent addition 
of 500 ml of methanol. It is necessary to make the ester basic be
fore methanol is added, to avoid formation of the dimethyl acetal. 
After 12 hr at 25°, the desired acid was isolated by removal of the 
methanol under vacuum and ether extraction of the acidified hy
drolysis mixture. Evaporation of the ether afforded 195 g of crude 
acid (84%). A portion of this acid was purified by distillation [110° 
(3 Torr)]: *H NMR (CC14) <5 10.45 [1 H, s, COOH), 8.96 (1 H, s, 
CHO), 1.4-2.8 (5 H, m, aliphatic), 1.16 (3 H, d, J  = 7 Hz, CH3); di- 
nitrophenylhydrazone mp 167.5-169° (ethanol). Anal. Calcd for 
CsHioOn: C, 55.37; H, 7.74. Found: C, 55.12; H, 7.65.

Preparation of 5-Methyl-3,4-dihydro-2-pyrone. The proce
dure of Pettit et al.23 was followed, using 15.7 g of 4-formylpentan- 
oic acid. The crude 5-methyl-3,4-dihydro-2-pyrone was obtained 
as a colorless oil (64%) and was purified by distillation [75° (5 
Torr)]: 'H  NMR (220 MHz, CC14) S 6.3 (1 H, dt, J  = 1.5, 1.5 Hz, 
vinyl), 2.55 (2 H, br t, J = 7.5 Hz, CH2CO), 2.30 (2 H, br t ,J  = 7.5 
Hz, allylic CH2), 1.68 (3 H, dt, J = 1.5, 0.9 Hz, CH3). Anal. Calcd 
for C6H80 2: C, 64.27; H, 7.19. Found: C, 64.23; H, 7.16.

Preparation of 5-Methyl-2-pyrone.19 The dihydropyrone 
(2.25 g) was brominated with N-bromosuccinimide as described by 
Pettit et al.23 and dehydrobrominated with 1,5-diazabicyclo-
[4.3.0]non-5-ene. On distillation, 5-methyl-2-pyrone was obtained 
in 40% yield.

Registry No.—P2S5, 1314-80-3; acetyl chloride, 75-36-5; trifluo- 
roacetic anhydride, 407-25-0; 2-ethoxy-5-methylpyrylium fluo-

roborate, 54657-91-9; triethyloxonium fluoroborate 368-39-8; 3- 
methylglutaconic anhydride, 54657-92-0; 4-methyl-2-pyrone, 
22682-12-8; methyl 4-formylpentanoate, 40630-06-6; methyl 4- 
formylpentanoate 2,4-DNP, 54657-93-1; pyrrolidine and propion
aldehyde enamine, 13937-88-7; 4-formylpentanoic acid, 3619-43-0;
4-formylpentanoic acid 2,4-DNP, 3770-62-5; 5-methyl-3,4-dihy- 
dro-2-pyrone, 54657-94-2.
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The new organomercury reagents PhHgCCl2I, PhHgCCIBrI, and PhHgCBr2I were prepared and found to be ef
fective divalent carbon transfer agents. They react with carbenophiles within 1-4 days at room temperature and 
within minutes at 80°. The reasons for their high reactivity are discussed.

Phenyl(bromodichloromethyl)mercury, phenyl(dibromo- 
chloromethyl)mercury, and phenyI(tribromomethyl)mer- 
cury react with a wide variety of carbenophiles (e.g., eq 1, 
which shows their reaction with an olefin).3’4 At 80°, these 
reactions are rapid and go to completion within 2 hr. At 
lower temperatures, the rates are correspondingly slower. 
These reactions proceed even at room temperature, but
16-18 days are required in order to obtain high product 
yields.5

PhHgCXYBr +

X, Y 
Cl, Cl 
Cl, Br 
Br, Br

PhHgBr + (1)



Organomercury Reagents for Dihalocarbene Generation J. Org. Chem., Vol. 40, No. 11, 1975 1621

The advantages of these organomercury reagents are 
that they release dihalocarbenes under neutral conditions 
by a direct carbene extrusion mechanism, without inter
vention of other intermediates such as the trihalomethyl 
anion,6 and that their divalent carbon transfer reactions 
proceed in high yield because carbene-diverting side reac
tions do not intrude with most carbenophiles.

The transition state which is believed to be involved in 
the carbene extrusion step is I,6 i.e., a concerted process in-

X
V V / YPh— Hg---- <

volving intramolecular nucleophilic attack by X at mercury 
and heterolytic Hg-C and C -X  bond fission to give PhHgX 
and the carbene CYZ. Consequently, if all other factors are 
held constant in I, one might expect that the carbene ex
trusion reactivity would change as X  was varied in the 
order I > Br > Cl, since this is the well-known order of ha
lide ion nucleophilicity and since the C -X  bond energies 
increase in the order C-I < C-Br < C-Cl. In earlier work 
we had found PhHgCCls (PhHgCl eliminated) to be a 
much less reactive dichlorocarbene source than 
PhHgCC^Br (PhHgBr eliminated),3’4 so a phenyl(trihalo- 
methyl)mercury compound whose decomposition would in
volve phenylmercuric iodide elimination would be expected 
to be rather more reactive than an analogous one in which 
the decomposition proceeded by way of phenylmercuric 
bromide elimination. Accordingly, we decided to investi
gate the synthesis, thermal stability, and preparative utili
ty of mercurials of the type PhHgCXYI (X = Cl, Br).

Results and Discussion
Our general procedure for the preparation of 

PhHgCCl2Br (eq 2)7 has been adapted, with minor varia-

THF, -25°
PhH gCl +  M e 3C O K  +  H C C l2B r ------------ ►

P hH gC C l2B r +  M e 3COH +  KC1 (2)

tions, to the synthesis of many other organomercurials.4 
This procedure also could be applied successfully to the 
preparation of PhHgCCl2I, PhHgCCIBrI, and PhHgCBr2I, 
but some modifications were required in view of the very 
limited stability of these reagents.

Several attempts to prepare phenyl(iododichlorometh- 
yl)mercury from phenylmercuric chloride in THF accord
ing to the published7 procedure failed; phenylmercuric io
dide was the only organomercury product isolated. Its iso
lation, together with the observation of the yellow color of 
the CC12I_ anion during the addition of CHC12I to the 
PhHgCl-Me.jCOK mixture and its apparent discharge on 
reaction with phenylmercuric chloride, suggested that the 
desired mercurial was being formed but that it was too re
active under the conditions of work-up to allow isolation. 
Consequently, in subsequent reactions, lower reaction tem
peratures were used, a minimum quantity of reaction sol
vent mixture was used, and all extraction solvents were 
chilled to 0° before use; in addition, all steps of the synthe
sis were carried out with maximum dispatch. In the suc
cessful preparation of PhHgCCl2I, the iododichloro- 
methane was added to the slurry of phenylmercuric chlo
ride and potassium ieri-butoxide in a minimum amount of 
1:1 THF-diethyl ether at —70°. Immediately upon comple
tion of the addition the work-up procedure was initiated 
and the desired organomercury reagent was obtained con
sistently in about 50% yield. An analytically pure sample

could be obtained, but the extreme reactivity of phenyl(io- 
dodichloromethyl)mercury makes its complete purification 
extremely difficult and inefficient. The attempt to recrys
tallize this material slowly always results in some decompo
sition to phenylmercuric iodide. For practical purposes it is 
better to filter a solution of the crude product in dichloro- 
methane into pentane which has been chilled to —78° and 
collect the solid which precipitates. The microcrystalline 
yellow solid thus obtained has a purity of 75-90%, as deter
mined by its reaction with cyclohexene. In this synthesis it 
is essential that all operations, in particular the removal of 
solvents from the reaction mixture, be carried out as quick
ly as possible.

The application of this modified method to the synthesis 
of phenyl(iodobromochloromethyl)mercury and phenyl(io- 
dodibromomethyl)mercury also proved successful. Both 
mercury compounds also are yellow, microcrystalline, and 
very reactive solids. All three of the new reagents prepared 
were found to be stable for several weeks at 0° as the dry 
solid; they also are stable toward oxygen. However, care 
must be taken to avoid contamination of these materials 
with traces of oxygen-containing solvents such as THF, di
ethyl ether, acetone, methanol, or ethanol. When traces of 
any of these are present, the solid mercurials will invariably 
undergo exothermic and complete decomposition. Such a 
catalytic decomposition even occurred with a sample of 
PhHgCCl2I which was being stored at 0° in the refrigerator 
in a flask that had been rinsed with acetone but apparently 
still contained traces of the rinse liquid. The exact nature 
of this decomposition is not known; it is not effected by at
mospheric oxygen or by light and is in accord with the ob
served lower stability of halomethylmercurials in ether sol
vents when compared to hydrocarbon solvents. Presumably 
an exothermic chemical reaction of the mercurial with the 
oxygen-containing solvent is involved which generates a 
“ hot spot” in the solid sample and provides the activation 
energy for further (rapid) decomposition. Moistening of 
these mercurials with hexane, benzene, or dichloromethane 
did not result in such decomposition. A similar phenome
non has been observed with phenyl(fluorodibromometh- 
yl)mercury, which is another reactive, “ room temperature” 
dihalocarbene precursor.8

As expected, phenyl(iododichloromethyl)mercury is a 
very reactive dichlorocarbene transfer reagent. When this 
mercurial was stirred with an excess of cyclohexene in ben
zene solution at room temperature, the yellow color of the 
mercury compound was discharged completely within 24 
hr, while white phenylmercuric iodide precipitated. 7,7- 
Dichloronorcarane was formed in 89% yield during this 
time (eq 3). A similar transfer of CC12 to cyclohexene was

PhHgCCLI + (3)

found to occur within seconds at 80°. Indeed, a 71% yield 
of 7,7-dichloronorcarane could be obtained by stirring a so
lution of PhHgCCl2I with cyclohexene at 0° for 8 days. A 
comparison of similar CC12 transfer to cyclohexene at 80° 
and at room temperature using PhHgCCl2Br (vide supra) 
shows the dramatic effect of changing the halogen atom X  
in PhHgCClzX from Br to I.

The transfer of dichlorocarbene from PhHgCCl2I to 
other carbenophiles could be effected in high yield within 
24 hr at room temperature; these results are included in 
Table I. Again, the progress of these reactions could be fol
lowed by noting the gradual disappearance of the yellow 
color of the reagent. In no cases were any organic iodine 
products observed.

Phenyl(iodobromochloromethyl)mercury served as a
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Table I
Divalent Carbon Transfer Reactions of Phenyl(iododihalomethyl)mercury Compounds

Mercury reagent0 (mmol) Carbenophile (mmol) Ml of benzene Reaction time
Reaction 

temp, ÔC Product (% yield)
PhHgl, 
% yield

P hH gC C l2I (1 0 .5 )c O (30)á 15 24 hr 25 cx: <«»> 92

PhHgCCLJ (10) O (30) 25 <  1 m in 80 o: <85> 94

PhH gC C ljI (7.5) 0 (30) 15 8 days 0 CX° <’» 80

P hH gC C l2I (7.3) o (30)e 15 24 hr 25 cx «■ 93

P hH gC C l2I (9.8) M e3SiC H 2CH== c h 2
(30 )'

15 24 hr 25
M e ^ i C H ^ C ,  (g g )

88

PhHgCCLJ (10) c h 3c o 2c h = :CH2
(30)*

15 24 hr 25
CHsCOŝ _ ^ l  (3 8 )

72

PhHgCCLJ (7.1) EtjSiH (30) 15 24 hr 25 Et3S iC C l2H (83) 82

PhH gCCIBrI (10)ft 0 (30) 20 4 days 25 cx < ,5 >*
80

P hH gCCIBrI (10) 0 (30) 50 < 1 0  m in 80 (X (8 i) ‘
82

PhH gCCIBrI (10) o (30) 20 4 days 25 0̂1 (83)6 87

PhH gC C IB rI (10) M e3SiC H 2CH== c h 2
(30)

20 4 days 25
(78)t

80

PhH gCCIBrI (10) EtjSiH (30 )¡ 20 4 days 25 Et3S iC H B rC l (60) 84

P hH gC B r2I (1 0 .4 )J‘ 0 (30) 20 7 days 25 cx (65> 70

“ Number of millimoles of active reagent in sample used (usually 70-90% purity). 6 Mixture of isomers. c Registry no., 33441-85-9. d Regis
try no., 110-83-8. e Registry no., 931-88-4. f Registry no., 762-72-1.g Registry no., 108-05-4. h Registry no., 35349-96-3.1 Registry no., 617-86-7. 
1 Registry no., 54724-58-2.

source of chlorobromocarbene at room temperature. How
ever, a reaction time of 4 days was required with cyclohex
ene in benzene solution before the yellow color of the mer
cury reagent had disappeared and thin layer chromatogra
phy3 indicated that the starting material had been con
sumed. Again, exclusive elimination of phenylmercuric io
dide appeared to be occurring, since only chlorobromocar- 
bene-derived products were obtained (eq 4). Transfer of

PhHgCCIBrI +  (^ J )  — *■ PhHgl +  ( ^ ) > < ^  <4>

CCIBr from this mercurial was complete within minutes at 
80°.

The divalent carbon transfer reactivity of phenyl(iododi- 
bromomethyl)mercury, which could not be obtained ana
lytically pure, was investigated only briefly. A solution of 
this compound and cyclohexene in benzene required stir
ring for 7 days at room temperature before TLC indicated 
that the starting material had been consumed. Thus 
PhHgCBr2l is only about two times more reactive than 
PhHgCBr:i. Furthermore, the product yields obtained with 
PhHgCBr2l unaccountably were not high (60-65%), so no 
advantage can be gained by using this reagent.

All of the dihalocarbene transfer reactions effected with 
these new reagents are summarized in Table I.

A comparison of the periods of time required for com
plete decomposition at room temperature of various phen
yl (trihalomethyl) mercury reagents in the presence of the 
same carbene trap, cyclohexene, is given in Table II. In all

Table II
Times Required for Decomposition in Benzene Solution 
in the Presence of Cyclohexene at Room Temperature

Compd Registry no. (X = Br) X = Br̂  X = I

PhH gCCl2X  3 2 9 4 -5 8 -4  18 days 24 hr
P hH gC C IB rX 3 2 9 4 -5 9 -5  16 days 4 days
P hH gC B r2X  3 2 9 4 -6 0 -8  15 days 7 days

cases substitution of an iodine for a bromine as the elimi
nated halide results in increased thermal lability. This is 
entirely in accord with the ideas discussed in the introduc
tion.

The variation of decomposition rate among the various 
iodine-containing mercurials possibly can be rationalized in 
terms of the ability of the other halogen substituents to 
stabilize the carbene center. Thus chlorine provides better 
Pir-Pir stabilization at the incipient carbene center than 
does bromine. Our other studies9 have provided evidence 
that the stability of the extruded carbene is an important 
factor in determining the effectiveness of a halomethylmer- 
cury compound; the more stable the carbene formed, the 
faster its rate of extrusion.

The lack of practical utility of PhHgCB^I already has 
been noted. Another factor which is of some importance as 
far as the application of these new reagents in synthesis is 
concerned is the availability of the required haloforms. The 
preparation of dibromoiodomethane and chlorobromoio- 
domethane is cumbersome and this immediately detracts



from any potential attractiveness of PhHgCB^I and 
PhHgCCIBrI. On the other hand, the preparation of di- 
chloroiodomethane is not difficult. However, in spite of this 
fact and in spite of the attractive synthetic applicability of 
PhHgCCy as described above, this reagent cannot be rec
ommended as a “ routine” CCI2 source. Its handling re
quires the greatest care in view of its thermal lability and 
its ready catalytic decomposition by various common sol
vents. Prudence dictates that its synthesis and storage be 
carried out on a relatively modest scale—no more than 
about 0.25 mol. As a result, for room-temperature applica
tions the less reactive but equally reliable5 and much more 
easily prepared and handled PhHgCCl2Br will be prefera
ble.10

Experimental Section
General Comments. All reactions were carried out in name- 

dried glassware under an atmosphere of prepurified nitrogen. Te- 
trahydrofuran (THF), benzene, and hexane (all reagent grade) 
were distilled from sodium benzophenone ketyl before use.

Infrared spectra were recorded using a Perkin-Elmer 257 or 
457A grating infrared spectrophotometer, NMR spectra using a 
Varian Associates T60 or a Perkin-Elmer Hitachi R-20B spectrom
eter. Chemical shifts are reported in parts per million downfield 
from internal tetramethylsilane. Chloroform (d 7.27 ppm) and di- 
chloromethane (& 5.30 ppm) also were used as internal standards.

Gas chromatography (GLC) was used routinely for isolation of 
pure samples, for determination of purity, and for yield determina
tions using an appropriate internal standard. All columns were 
packed with acid-washed dimethyldichlorosilane-treated Chromo- 
sorb W.

Preparation of Haloforms. Iododichloromethane was prepared 
by a modification of the procedure of Soroos and Hinkamp11 for 
the preparation of iodoform. In this case a large excess (1200 ml) of 
chloroform was treated with iodomethane (400' g) and a catalytic 
amount of aluminum chloride (30 g) at reflux until evolution of 
chloromethane ceased. In this manner, CHCI2I could be prepared 
in 54% yield on up to a 7-mol scale with no difficulty. Iodobromo- 
chloromethane and iododibromomethane were prepared by treat
ment of dibromochloromethane and bromoform, respectively, with 
sodium methoxide in the presence of sodium iodide by the method 
of Hine and Prossner.12 In both cases, the yields were low and 
careful fractional distillation was required to separate product and 
starting material. All three haloforms are very sensitive toward 
light.

An alternate procedure for the preparation of iododibromo
methane was developed which involves the iodination of 
CHBr2MgCl. This has the advantage of making the isolation of the 
product easier, since no bromoform remains in the reaction mix
ture.

Into a 2-1. flask equipped with mechanical stirrer, addition fun
nel, pentane thermometer, and nitrogen inlet were placed 69 ml 
(0.8 mol) of bromoform and 500 ml of THF. The solution was 
cooled to —80° and 0.8 mol of isopropylmagnesium bromide was 
added over a 1-hr period, while the temperature was kept below 
—70°. In portions, 200 g (0.8 mol) of iodine was added over a 10- 
min period via a transfer tube. The reaction mixture at —70° was 
stirred for 6 hr and subsequently was hydrolyzed with ca. 100 ml of 
saturated ammonium chloride solution and filtered to remove the 
precipitated magnesium salts. The organic layer was reduced in 
volume to 400 ml by rotary evaporation and the remaining brown 
liquid was washed with several portions of 1 M sodium thiosulfate 
solution totaling 400 ml in volume. The residue was trap-to-trap 
distilled (50°, 0.2 mm); the distillate was washed with 100 ml of 1 
M thiosulfate solution, which removed all the remaining brown 
color. Redistillation (10-cm Vigreux column) yielded 50 g (25%) of 
iododibromomethane, bp 62° (2.8 mm), ra25D 1.6807.

Preparation of Phenyl(iododichloromethyl)mercury. Into a 
1-1. flask equipped with mechanical stirrer, pressure-equalizing 
dropping funnel, pentane thermometer, and nitrogen inlet were 
placed 50.0 g (0.16 mol) of phenylmercuric chloride and 150 ml of 
diethyl ether. To this slurry, chilled to —55°, was added, over a
5-min period, 25 g (0.22 mol) of potassium iert-butoxide (M. S. A.) 
in 120 ml of THF. The resulting mixture was stirred at —55° for a
15-min period, during which time most of the mercuric halide dis
solved. To this was added, over a 10-min period, keeping the tem
perature below —55°, 40.0 g (0.18 mol) of iododichloromethane. 
After 3 min of additional stirring, the solvents were removed rap

Organomercury Reagents for Dihalocarbene Generation

idly in vacuo from the dark yellow-green reaction mixture. To the 
colored solids were added 75 ml of water and 600 ml of chilled (ca. 
0°) methylene chloride. The methylene chloride layer was decant
ed through a paper towel into a chilled flask (ca. —70°). The water 
layer was extracted with two 100-ml portions of methylene chlo
ride. The filtered organic layers were combined and the solvent 
was removed rapidly on a rotary evaporator. The yellow solid was 
dissolved in 200 ml of chilled methylene chloride and the solution 
was filtered into 600 ml of pentane chilled in a Dry Ice-acetone 
bath. After 3 min, 40 g (52%) of the mercurial was collected by fil
tration as a yellow, microcrystalline solid. Evaporation of the 
mother liquor to 150 ml produced another 5 g (6%) of the desired 
material. The solid was identified as phenyl(iododichlorometh- 
yl)mercury on the basis of the following: mp 72° (instant decompo
sition); ir (CC14) 3030 m, 3025 m, 1805 w, 1630 m, 1573 w, 1480 m, 
1433 s, 1330 w, 1300 w, 1065 w, 1030 m, 1003 m, 915 w, 850 w, 735 
m, 700 s, 633 cm“ 1 m; NMR (CDCI3) 6 7.30 (s, 5, C6H5).

Anal. Calcd for C7H6Cl2IHg: C, 17.24; H, 1.03; I, 26.04. Found: C, 
17.09; H, 1.08; I, 25.72. (Calcd for CGH5HgI: C, 17.80; H, 1.25; I,
31.37.)

Thermal Analysis of Phenyl(iododichloromethyl)mercury.
Into a tared 50-ml flask with magnetic stir bar were placed 1.498 g 
of the crude title mercurial and 2 ml of cyclohexene. The mercurial 
solution was stirred at 40° for 12 hr, during which time PhHgl was 
precipitated. All volatile materials (cyclohexene and 7,7-dichloro- 
norcarane by GLC) were removed by evacuation (40°, 0.07 mm) 
for 5 hr and the flask was reweighed. A 0.2170-g weight loss was 
noted. Calculations as follows indicated a sample purity of 86%: 
0.2170 g of dichlorocarbene formed/0.0829 g/mol of dichlorocar- 
bene = 2.62 mmol of carbene in sample; 2.62 mmol X 487.5 mg of 
PhHgCCLI/mmol = 1280 mg of PhHgCCLI in sample; 1.280 g of 
PhHgCCl2l/1.498 g of sample = 86% pure by weight.

Catalytic Solvent-Induced Decomposition of Phenyl(iodo- 
dichloromethyl)mercury. Into a 10-ml erlenmeyer flask was 
placed ca. 0.2 g of the title mercurial. Two drops of the appropriate 
solvent was placed directly onto the solid. When acetone, THF, 
methanol, ethanol, or ether was used, after 10 sec had elapsed, de
composition accompanied by emission of white fumes abruptly 
commenced. When hexane, benzene, methylene chloride, chloro
form, or water was employed, no such decomposition ensued; the 
mercurial remained unchanged. Similar results were obtained in 
flasks flushed with argon or air, or in flasks exposed to or shielded 
from the light.

Preparation of Phenyl(iodobromochloromethyl)mercury.
Into a 1-1. flask equipped with mechanical stirrer, addition funnel, 
pentane thermometer, and nitrogen inlet were placed 50 g (0.16 
mol) of phenylmercuric chloride and 150 ml of anhydrous diethyl 
ether. To this slurry, chilled to —65°, was added over a 3-min peri
od 25 g (0.22 mol) of potassium feri-butoxide (M. S. A.) in 120 ml 
of THF. This mixture was stirred at —65° for 15 min. To this was 
added over a 10-min period, while the temperature was kept below 
—60°, 44 g (0.18 mol) of freshly distilled iodobromochloromethane. 
After the solvents had been removed from the deep orange solu
tion at reduced pressure, 800 ml of chilled methylene chloride and 
75 ml of cold water were added to the remaining solids. The yellow 
organic layer was rapidly filtered into a flask chilled to —70°. After 
removal of the methylene chloride, the solid residue was dissolved 
in 150 ml of methylene chloride and the solution was filtered into 
600 ml of hexane chilled to —70°. After 5 min of chilling, 61 g of 
yellow, microcrystalline phenyl(iodobromochloromethyl)mercury 
was filtered with suction. The mother liquor was reduced in vol
ume to 200 ml and an additional 4 g of solid was collected to give a 
total yield of 76%. The dry mercurial was stored in the freezer. A 
twice recrystallized sample melted at 78° with decomposition: ir 
(Nujol mull) 1500 w, 1435 m, 1370 m, 1025 w, 1000 w, 735 s, 720 s, 
695 m, 660 w, 635 cm-1 m; NMR (CDC13) 8 7.32 (s, 5, CGHr,).

Anal. Calcd for C7H5BrClIHg: C, 15.80; H, 0.95; I, 23.86; Hg, 
37.70. Found: C, 15.62; H, 0.87; I, 23.74; Hg, 38.06.

Preparation of Phenyl(iododibromomethyl)mercury. To a 
slurry of 50 g (0.16 mol) of phenylmercuric chloride in 120 ml of di
ethyl ether chilled to —70° was added a solution of 25 g (0.22 mol) 
of potassium ieri-butoxide (M. S. A.) in 100 ml of THF over a pe
riod of 5 min. This slurry was stirred for 1 hr, and then 60 g (0.20 
mol) of iododibromomethane was added over a 7-min period while 
the temperature was maintained below —60°. The solvents were 
removed at reduced pressure from the yellow-orange solution, and 
the remaining solid was treated with 600 ml of chilled methylene 
chloride and 50 ml of water. The solvents were removed quickly 
from the filtered, orange organic layer. The remaining solid was 
dissolved in 150 ml of methylene chloride and filtered into 600 ml
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of hexane chilled to —70°. After the filtrate had been chilled for 5 
min, 45 g (49%) of a yellow, microcrystalline solid was removed by 
filtration. Satisfactory elemental analysis on a twice recrystallized 
sample of mp 85° dec was not obtained but the spectral data sup
port the assignment of structure as phenyl(iododibromomethyl)- 
mercury. Similar features to those for PhHgCCl2I and 
PhHgCCIBrI are seen in the infrared spectrum. TLC indicates 
that only one compound is present: ir (Nujol mull) 3060 w, 2857 m, 
1523 w, 1475 m, 1460 m, 1258 w, 1058 w, 1021 w, 1012 w, 992 w, 908 
w, 798 w, 728 s, 693 cm' 1 s; NMR (CDCI3) 6 7.38 (s, 5, C6H5).

Anal. Calcd for C7H5Br2IHg: C, 14.58; H, 0.88. Found: C, 11.91; 
H, 0.98.

Several attempts were made to recrystallize this mercurial more 
slowly. While this was occasionally successful, several times a dark 
red color appeared as phenylmercuric halide was rapidly deposit
ed. Once this decomposition commenced, none of the desired mer
curial could be recovered.

Reaction of Phenyl(iododichloromethyl)mereury with Cy
clohexene at Room Temperature. Into a 50-ml flask equipped 
with thermometer and nitrogen inlet were placed 2.46 g (30 mmol) 
of cyclohexene (distilled from L1AIH4), 6.0 g of 86% pure (10.5 
mmol of active reagent) title mercurial, and 15 ml of benzene. The 
solution was stirred for 24 hr, during which time the yellow color of 
the mercurial was discharged and white phenylmercuric iodide 
precipitated. TLC monitoring confirmed that the starting material 
had been consumed by the end of this period. The mixture was fil
tered to give 4.72 g (92%, corrected for starting mercurial purity) of 
phenylmercuric iodide, mp 264° (lit.13 mp 269°). The clear filtrate 
was trap-to-trap distilled (40°, 0.05 mm) into a liquid nitrogen 
chilled receiver. GLC analysis (10% UC-W98, 120°) using dode- 
cane as the internal standard indicated an 89% yield of 7,7-dichlo- 
ronorcarane. The product was identified by comparison of its GLC 
retention time and the infrared spectrum of a GLC-collected sam
ple (20% UC-W98, 140°) with those of authentic material.

Reaction of Phenyl(iododichloromethyl)mercury with Cy
clohexene at 0°. Into a 50-ml flask were placed 2.46 g (30 mmol) 
of cyclohexene, 4.88 g of 75% pure (7.5 mmol) phenyl(iododichloro- 
methyl)mercury, and 15 ml of benzene. The yellow solution was 
stirred for 8 days at 0°, during which time the yellow color of the 
mercurial gradually disappeared. Filtration yielded 80% of phenyl
mercuric iodide, mp 260°. Trap-to-trap distillation and GLC yield 
analysis as .above showed the presence of a 71% yield of 7,7-dichlo- 
ronorcarane.

Reaction of PhenyI(iododichloromethyl)mercury with Cy
clohexene at 80°. Into a 50-ml flask equipped with thermometer, 
reflux condenser, pressure-equalizing dropping funnel, and nitro
gen inlet were placed 2.56 g (30 mmol) of cyclohexene and 3 ml of 
benzene. The olefin solution was heated to reflux, and then a solu
tion of 5.7 g (10 mmol) of 86% pure title mercurial in 20 ml of ben
zene was added over a period of 3 min. The yellow color of the 
mercurial was completely discharged within 10 sec of its addition. 
After the reaction mixture was cooled, 4.63 g (94%) of phenylmer
curic iodide, mp 260°, was collected by filtration. Trap-to-trap dis
tillation and yield analysis, as above, showed an 85% yield of 7,7- 
dichloronorcarane.

Reaction of Phenyl(iodobromochloromethyl)mercury with 
Cyclohexene at 80°. Into a 50-ml flask equipped with thermome
ter, reflux condenser, pressure-equalizing dropping funnel, and ni
trogen inlet were placed 2.46 g (30 mmol) of cyclohexene and 3 ml 
of benzene. To the refluxing olefin was added 5.3 g (10 mmol) of

the title mercurial in 20 ml of benzene over a period of 4 min. The 
yellow color of the mercurial was completely discharged within 3 
min of its addition. After the reaction mixture had been cooled, 3.3 
g (82%) of phenylmercuric iodide, mp 255°, was collected by filtra
tion. GLC analysis of the distilled filtrate (as above) showed an 
81% yield of 7-bromo-7-chloronorcarane.

Reaction of Phenyl(iododibromomethyl)mercury with Cy
clohexene at Room Temperature. In a 50-ml flask 2.86 g (30 
mmol) of cyclohexene (distilled from LiAlFG), 6.0 g (10.4 mmol) of 
the title mercurial, and 20 ml of benzene were stirred for 7 days at 
room temperature, during which time the dark yellow-orange color 
of the mercurial became less intense. TLC monitoring of the reac
tion indicated that the starting mercurial had been consumed by 
the end of this period. Filtration yielded 2.5 g (70%) of white 
phenylmercuric iodide, mp 255°. GLC analysis (column A, 140°, 
dodecane) of the trap-to-trap distillate (60°, 0.05 mm) indicated a 
65% yield of 7,7-dibromonorcarane. Spectral data on a GLC-col
lected sample agreed with those for authentic material.

All other reactions listed in Table I were carried out using these 
general procedures at the temperatures indicated. In all reactions 
carried out, samples of the dihalocyclopropane or the triethyl(di- 
halomethyl)silane produced were isolated by GLC and their iden
tities were confirmed by comparison of their GLC retention times 
and ir spectra with those of authentic samples from our previous 
studies with PhHgCCl2Br, PhHgCClBr2, and PhHgCBrs.3 ' 416
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The oxidative decarboxylation of mandelic acid by lead tetraacetate (LTA) in acetic acid solvent is strongly 
catalyzed by a variety of Lewis bases, such as water, methanol, DMF, and acetate ion. The rate of cleavage, o0bsd, 
consists of two terms, one representing the uncatalyzed reaction, no, and the second the base-catalyzed reaction, 
Ub- The dependence of Vb on [MeOH] suggests that reaction pathways involving both one and two molecules of 
methanol in the transition state are important. Below 3 M  addend the dependence of Vb on [MeOH] is most im
portant, whereas in the region 3-8 M, [MeOH]2 dependence predominates. With added water Ob is similarly de
pendent on [H2O] and [H2O]2, with the term involving [H20 ]2 making the greatest contribution over the concen
tration range studied. Catalysis by alkali metal acetates is more effective than that afforded by methanol or water, 
and follows the order KOAc > NaOAc > LiOAc. The kinetic order in the above acetates is close to, but less than, 
one, suggesting that both free and ion-paired acetate ions are involved in catalysis. Rate enhancement with added 
amines appears to arise from oxidant modification, not only through the generated acetate, but also through the 
free amine. For all cases studied oxidant modification seems to provide a more important channel for base cataly
sis than proton removal.

The oxidative cleavages of 2-hydroxycarboxylic acids by 
lead tetraacetate (LTA) are rapid, clean, and relatively free 
from side reactions. The reaction kinetics are well defined 
and indicate a concerted reaction pathway.3 Thus general 
salt and substituent effects are minor, and with inert cosol
vents there is little rate dependence on solvent composition 
save for an inverse dependence on acetic acid concentra
tion, due to the preequilibrium displacement of two acetate 
moieties as the dimer (HOAc)2.3 Free radicals cannot be 
detected by the usual trapping reagents, except under quite 
extreme conditions.3 Consequently, these cleavage reac
tions seemed particularly appropriate for an investigation 
of Lewis base catalysis in Pb(IV) oxidations. Not only is 
the kinetic behavior of these reactions in mixed solvents 
well characterized, but their concerted nature precludes an 
array of accompanying homolytic or heterolytic side reac
tions.4

Lead tetraacetate is claimed to be octacoordinate in its 
ground state.6,7 Certainly all eight acetate oxygens appear 
to be bonded to the lead, as indicated by the absence of a 
carbonyl band in the ir spectrum of LTA.6,8 Further, low 
molar conductivity shows that LTA has little salt charac
ter, whether in acetic acid,9 dimethyl sulfoxide,78 or pyri
dine.78 The most often postulated preequilibrium interme
diates for LTA oxidations are Pb(IV) complexes with elec
tron-donating substrates, where displacement of one or 
more of the acetate ligands is complete. Certainly the isola
tion and characterization of Pb(OAc)2(OMe)(OH) from wet 
methanol10 tends to confirm this hypothesis, as do the ki
netic results of Pocker and Davis.3 Furthermore, Partch 
and Monthony78 have isolated PMOAcLiCsHsN) from a 
solution of LTA in benzene and pyridine, showing that in 
certain cases coordination may take place without the com
plete displacement of an acetate. We have found that for
mation of Lewis base-LTA complexes of some kind is indi
cated by color development when Pb(OAc)4 is added to 
neat methanol, acetone, acetonitrile, nitrobenzene, nitro- 
methane, DMSO, DMF, pyridine, 2,4- and 2,6-lutidine, and 
triethylamine. This color disappears in methanol on addi
tion of as little as 5% acetic acid without loss of titratable 
oxidant.

Two possible mechanisms for base catalysis of LTA oxi
dations have received the greatest attention. In one, the 
base is assumed to coordinate with the Pb(IV), trans

forming it into a much more powerful oxidant; in the other, 
the base is cast in the role of a proton acceptor in the rate
determining step. The oxidant modification pathway has 
been postulated by Partch78,11 for the acceleration of alco
hol oxidation by LTA, by Criegee and Buchner12 in cyclo- 
hexanediol cleavages, by Starnes13 in the formation of hem- 
iketal acetates from triarylmethanols, by Kochi14a,b for lead 
tetracarboxylate decompositions, and by Benson et al. in 
the LTA oxidations of Co(II),15a Ce(III),158 and fert-butyl 
hydroperoxide.1Sc On the other hand, that bases function 
as proton acceptors has been suggested by Norman16 for 
the decomposition of LTA in acetic acid, and by Grob17 for 
the Pb(IV) decarboxylation of dicarboxylic acids.

The present study examines in some detail the Lewis 
base catalysis of mandelic acid cleavage by lead tetraace
tate. This is a particularly appropriate system for elucidat
ing the relative importance of oxidant modification and 
proton removal because the amount and stoichiometry of 
catalysis can be easily determined without being obscured 
by accompanying side reactions.

Experimental Section
Materials. All kinetic studies were performed with solvent ace

tic acid of minimum melting point 16.58°.3,ls Reagent-grade ben
zene was shaken with Drierite, stored over sodium wire, and dis
tilled just before use. Freshly opened acrylonitrile was distilled im
mediately before use, as was reagent-grade acetic anhydride (bp
139-140°). Ethyl lactate was carefully fractionated. The middle 
cut (about % of the total volume) was again fractionated just be
fore use, keeping only the constant-boiling fraction, bp 153-154° 
(lit. bp 154.5°).19 TV.N-Dimethylformamide (DMF) was purified in 
the same manner after drying overnight over anhydrous MgSC>4 
(bp 152.5-153°). 1,4-Dioxane was purified as described by Vogel.20
2,6-Lutidine, 2,4-lutidine, and triethylamine were each dried over
night over anhydrous potassium carbonate and then carefully frac
tionated. Absolute methanol was prepared by the method of 
Vogel.21 Reagent-grade ethylene glycol was fractionated and the 
middle third of the distillate dried for 24 hr over anhydrous sodi
um sulfate. This cut was then carefully refractionated just before 
use (bp 197-198°).22 The refractive indices and boiling points of all 
the solvents used matched literature values.

Lead tetraacetate was purified as in the previous study.23,3 Real 
concentrations of LTA in solution were determined either spectro- 
photometrically or titrimetrically rather than by weight of solid 
oxidant added. Anhydrous reagent-grade sodium and potassium 
acetate were dried under reduced pressure at 80° for 24 hr. Re
agent grade LiOAc • 2H2O was heated in acetic acid with 2 equiv of
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Figure 1. Effect of added methanol on mandelic acid cleavage by 
lead tetraacetate in acetic acid at 25.0°. Points are experimental 
and the solid line is calculated from &0b8d = feo + &A[MeOH]/ 
[HOAc] + feB[MeOH]2/[HOAc], where k0 = 9.8 X 10-3 M -1 sec“ 1, 
kAUe0ii = 0.13 M -1 sec-1, and feBMe0H = 0.043 M -2 sec-1. Upper 
insert: a plot of Ak vs. [CH3OH]/[HOAc] where Ak = /20bad -  ko. 
Lower insert: a plot of Ak vs. [CH30H]2/[H 0 Ac] at higher metha
nol concentrations.

acetic anhydride. Control runs indicated that rate contributions 
from the acetic anhydride added were negligible. Benzoin was re
crystallized several times from hot methanol (mp 136-137°), as 
was methyl mandelate (mp 54-55°) from hot heptane. Benzopina- 
col was synthesized by the method of Pocker and Ronald18 and re
crystallized four times from benzene-ligroin.24

Kinetic Measurements. All rates were monitored from 2 to 5 
half-lives. Infinities were taken after 10 half-lives. Spectrophoto- 
metric rates were determined by following the disappearance of 
Pb(IV) absorption at various wavelengths between 300 and 330 
nm,3 using a high-speed Gilford multiple sample recording spec
trophotometer, Model 2000, fitted with a thermostatted immersion 
sample compartment. Control runs indicated that no significant 
loss of Pb(IV) absorbance occurred due to possible thermal or pho
tochemical decompositions of LTA under the conditions employed 
in this study. In any given run, independent of the Lewis base 
used, the kinetics of oxidation were first order in mandelic acid 
and first order in Pb(IV) oxidant; i.e., base catalysis does not 
change dependence on oxidant or substrate.

Further, control experiments were carried out to determine ab
sorbance changes due to addend oxidation and catalysis of LTA 
decomposition. Also as indicated, solutions of LTA in triethyl- 
amine, 2,4- and 2,6-lutidine, methanol, ethanol, acetonitrile, di
methyl sulfoxide, DMF, nitrobenzene, and nitromethane are high
ly colored, but decolorize with added acetic acid. Consequently, 
with none of the added compounds was the absorbance of the 
LTA-acetic acid-addend solution any higher than would have 
been expected for LTA alone. However, significant rates of Pb(IV) 
absorbance loss were noted with added N,N- dimethylformamide 
(DMF) and ethylene glycol. Corrections were made for these side 
effects in the rate constants reported here for these two cosolvents.

To better understand the interaction of LTA and methanol cat
alyst, a parallel study of methanol oxidation by LTA in methanol 
solvent was undertaken.25 Using Criegee’s titration method for 
[Pb(IV)] determination,6,10-lz changes in the absorptions of the 
highly colored LTA-methanol solutions were found to. be linear 
with [Pb(IV)]. Rates of methanol oxidation were followed both ti- 
trimetrieally and spectrophotometrically. The effect of added ace
tic acid on this oxidation was also examined. In mixed MeOH- 
HOAc solvents no color formation was noted with 5% or more ace
tic acid, and the decrease in Pb(IV) absorbance could be moni
tored directly. To investigate product catalysis, formaldehyde, 
produced by warming paraldehyde, was bubbled through methanol

Figure 2. Effect of added water on mandelic acid cleavage by lead 
tetraacetate in acetic acid at 25.0°. Points are experimental and 
the solid line is calculated from k0bsd = ko + &a[H20]/[HOAc] + 
kB[H20 ]2/[H0Ac], where ko = 9.8 X 10-3 M -1 sec-1, k\H2°  = 
0.065 A/-1 sec-1, and /eBH2°  = 0.060 M~2 sec-1. Insert: a plot of Ak 
vs. [H20]2/[H0Ac], where Ak = &0bsd — ko.

and subjected to LTA oxidation. The concentration of formalde
hyde was titrimetrically assayed by the method of Buchi.26

Product identification for the methanol oxidation was made by 
injecting samples of the raw reaction mixture directly into a Car- 
bowax column mounted in a Model 5750 Hewlett-Packard re
search gas chromatograph with a flame ionization detector. Reten
tion times for the reaction mixture were compared with those for a 
mixture of acetic acid, methanol, formaldehyde, methyl acetate, 
and methyl formate. Additionally each of these compounds was 
used in turn to spike the reaction mixture. Identification could 
then be confirmed by the relative increase in corresponding peak 
areas. An isothermal oven temperature of 53° was maintained for 
all VPC product studies.

Results
The base-catalyzed cleavage of mandelic acid (MA) by 

lead tetraacetate in anhydrous acetic acid was investigated 
in the presence of several Lewis bases (Table I). When the 
cleavage is carried out in the presence of methanol, water, 
DMF, ethylene glycol, and acrylonitrile, a far greater rate 
enhancement occurs than could be explained by the dilu
tion of acetic acid solvent; e.g., in solvent mixtures contain
ing 25% (v/v) acetic acid the oxidative fission of mandelic 
acid with added water occurs 63 times faster than that with 
added benzene (Table I). A detailed examination of MA 
oxidation with different acetic acid-methanol solvent 
mixtures reveals that catalysis rates are dependent on both 
[MeOH] and [MeOH]2. As can be seen from Figure 1, an 
expression of the type &0bsd = ko + &A[MeOH]/[HOAc] + 
feB[MeOH]2/[HOAc] fits the experimental data well for 
£AMeOH _  0.13 M -1 sec-1 and kBMe0H = 0.043 M -2 sec-1. 
It is interesting that plots of Ak vs. [MeOH]/[HOAc] and 
log Ak vs. log ([MeOH]/[HOAc]) are very nearly linear up 
to 3 M  addend with slopes of 0.18 M -1 sec-1 and 0.99, re
spectively.27 Further, Ak vs. [MeOH]2/[HOAc] and log Ak 
vs. log ([MeOH]2[HOAc]) plots are also linear with respec
tive slopes 0.059 M -1 sec-1 and 1.0 with 3 M < [MeOH] < 
8 M.25 Catalysis by added water follows a similar pattern 
with the calculated curve for &0bsd = &o + &aH2°[H 20]/ 
[HOAc] + feBH2°[H20]2/[H0Ac] closely fitting the experi
mental points with ¿ aH2°  = 0.065 M -1 sec-1 and &BH2°  = 
0.060 M -2 sec-1 (Figure 2). However, water catalysis is 
predominantly dependent on the [H20 ]2 term for most of 
the concentration range studied. A plot of log Ak vs. log 
([H20]2/[H0Ac]) is linear for 1 M  < [H20] < 1 1  M  with 
slope 0.92. The slope of the Ak vs. [H20 ]2/[H0Ac] plot 
shown in Figure 2 is 0.070 M ~2 sec-1.
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Figure 3. The effect of added acetates and amines on the rate of 
mandelic acid oxidation by lead tetraacetate in acetic acid at 25°. 
Addends: A ,  triethylamine; ■, 2,4-lutidine; •, 2,6-lutidine; A , po
tassium acetate; O, sodium acetate; □, lithium acetate. Insert: an 
expansion of the smaller [addend], lower rate constant portion of 
the figure. Addend: ▲, potassium acetate; •, sodium acetate; ■, 
lithium acetate.

The rate increases observed in water-acetic acid and 
methanol-acetic acid mixtures are much greater than those 
observed with cosolvent benzene or dioxane. Even acetoni
trile (up to 6 M) and acetic anhydride (up to 4 M ) lead to 
about the same amount of rate enhancement as does added 
benzene,3 each exhibiting an inverse dependence on 
[HOAc], With such cosolvent catalysis, which is directly at
tributable to the dilution of acetic acid, the quantity 
ôbsd [HOAc] should remain small and relatively constant. 

Considering the drastic change in the composition of the 
solvent, the mandelic acid oxidation with added benzene 
approximates this condition quite well (Table I). However, 
addition of either acrylonitrile or DMF leads to a much 
larger rate enhancement than could be explained by sol
vent dilution. Only nonlinear kinetics were observed with 
added DMF.

Catalysis by acetate salts is dramatic (Table II), especial
ly in comparison to the minor effects noted with added 
LiC104.4 However, the amount of catalysis observed with a 
given molarity of added salt was greater for potassium ace
tate than for sodium acetate; similarly, sodium acetate was 
catalytically more efficient than lithium acetate (Figure 3). 
The initial slopes of Ak vs. [acetate], taken from Figure 3, 
are as follows: KOAc, 15 M -2 sec-1; NaOAc, 11 M -2 sec-1; 
LiOAc, 4.2 M -2 sec-1. Plots of log Ak vs. log [salt] were 
straight for all of the above acetates and had slopes be
tween 0.5 and 1.0: KOAc, 0.85; NaOAc, 0.70; LiOAc, 0.92 
(Figure 4).

Plots of log Ak vs. log [amine] were also straight with 
slopes of 0.88, 1.0, and 0.97 for added 2,6-lutidine, 2,4-luti
dine, and triethylamine, respectively (Figure 4). With 
amine-generated acetate catalysis, plots of addend concen
trations vs. observed rates were more nearly linear (Figure
3), with added amines catalytically more efficient than ace-

Figure 4. Determination of reaction order in addend for acetate 
catalysis of mandelic acid cleavage by lead tetraacetate in acetic 
acid at 25°. Addend: □, lithium acetate; O , sodium acetate; A , po
tassium acetate; ■, acetate generated by adding 2,6-lutidine; ▲, ac
etate generated by adding 2,4-lutidine; •, acetate generated by 
adding triethylamine.

tate salts. Initial slopes: added Et.^N, 22.7 M ~2 sec-1; 
added lutidines, 18.5 M -2 sec-1.

The effect of adding both methanol and water to the 
same run was very interesting. The fe0bsd for mandelic acid 
oxidation with 2.25 M  added methanol is 0.0379 M-1 sec-1 
and that for 3.30 M  added water is 0.0645 M -1 sec-1. The 
sum of these extrapolated28 rate constants is 0.102 M -1 
sec-1, while &0bsd for the above amounts of methanol and 
water added simultaneously is 0.105 M -1 sec-1. In con
trast, added simultaneously, methanol and sodium acetate 
lead to an observed rate increase which is much more than 
additive. Thus, with 7.28 M MeOH in acetic acid, fc0bsd = 
0.299 M -1 sec-1, and with 0.184 M  NaOAc, &0bsd = 1.19 
M -1 sec-1; however, when both of the above addends were 
present together in the same amounts, &0bsd = 20.7 M -1 
sec-1.

Addition of ethylene glycol, a bidentate reagent, is espe
cially interesting, allowing the investigation of possible au
tocatalysis in glycol cleavage. The second-order rate con
stant for ethylene glycol oxidation in acetic acid at 25° 
(^obsd = 2.49 X 10-3 M ~l sec-1) agrees well with that re
ported by Cordner and Pausacker.29 To avoid the necessity 
for corrections due to changes in acetic acid concentration, 
only small amounts of ethylene glycol were added. Under 
these conditions the sum of pseudo-first-order rate con
stants for uncatalyzed mandelic acid oxidation and the un
catalyzed ethylene glycol cleavage is nearly the same as the 
overall pseudo-first-order rate constant for the mixture 
(Table I).

A parallel study was also conducted to more fully under
stand the LTA oxidation of methanol, the addend most ex
tensively employed in this study.25 Addition of LTA to 
pure methanol gave highly colored brown-red solutions, 
whose absorbances were proportional to the concentration 
of lead tetraacetate (determined titrimetrically). The rate 
of methanol oxidation, i.e., Pb(IV) disappearance, is the 
same whether the absorption of the LTA-methanol com
plex is spectrophotometrically monitored or the concentra
tion of Pb(IV) is titrimetrically followed. However, in pure 
methanol solvent these rates appeared constant only to
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T a b le  I

C oso lven t R a te  E n h a n c em e n t o f  L ead  T e tra a c e ta te  O x id a tio n s  in A c e tic  A cid

Cosolvent

ch3oh

HOCH2CH2OH

c 6h6

CC14
CH,OH and 

H20
h 2o

(c h 3)2ncho
(DMF)

CH2=CHCN
CHjCN

(CH3C0)20

W d t H O A c a , c

M [ HOAc], M Wd* '°2' r 1 sec' '  ° ôbsdî O sec- *

Mandelic Acid Cleavage
0.357 17.2 1.35 1.38 0.232
0.820 16.9 1.78 1.82 0.301
1.06 16.7 2.14 2.18 0.357
1.34 16.5 2.27 2.32 0.375
1.98 16.1 3.10" 3.16 0.499
2.64 15.6 4.21 4.29 0.656
3.35 14.9 7.13d 7.28 1.08
4.87 14.1 10.1 10.3 1.42
5.40 13.6 15.0 15.3 2.04
6.30 13.1 16.5 16.9 2.16
7.28 12.3 29.9 30.5 3.68
8.48 11.5 36.6 37.4 4.21
9.60 10.7 52.5 53.6 5.62

10.8 9.87 90.4 92.2 8.92
13.8 7.75 242 247 18.8
14.3 7.35 410 418 30.1
16.8 5.66 1160 1180 65.7
0.160 17.4 2.88 2.94 0.501
0.209 17.3 3.50 3.57 0.605
0.286 17.2 3.76 3.84 0.646
0.388 17.1 5.37 5.48 0.918
0.515 17.0 7.13 7.28 1.21
0.771 16.7 10.7 10.9 1.79
1.68 15.8 47.6 48.6 7.51
1.86 14.6 1.79" 1.82 0.266
2.78 13.1 2.06" 2.10 0.270
4.66 10.2 2.54" 2.59 0.259
6.00 8.1 3.76" 3.84 0.296
6.22 6.9 4.08" 4.17 0.282
1.73 14.6 2.12" 2.16 0.310
2.25 14.9 10.5 10.7 1.56
3.30
0.638 17.3 1.66 1.69 0.287
1.09 17.1 1.83 1.87 0.313
2.38 16.8 3.66" 3.73 0.615
4.91 15.9 11.5" 11.6 1.81
8.13 14.9 32.2 32.9 4.80

11.3 13.9 77.5 79.1 10.8
16.1 12.4 248 254 30.8
0.369 17.0 3.56 3.63 0.605
0.727 16.5 12.16 12.4 2.00
1.21 15.8 17.36 7.7 2.80
1.92 14.9 103 6'" 105 15.6
1.89 12.6 1.38 1.41 0.174
3.77 11.8 2.14 2.18 0.252
5.64 9.04 3.77 3.85 0.341
4.78 12.0 8.95 9.13 1.07
1.68 16.0 1.26" 1.29 0.202
2.78 14.9 1.41" 1.44 0.210
4.45 13.4 2.10" 2.14 0.281
5.56 12.4 2.58"' 2.63 0.320
6.02 12.0 2.72" 2.78 0.326
8.33 9.86 4.07" 4.16 0.401

11.1 7.36 9.09" 9.28 0.670
3.21 12.0 2.12" 2.16 0.254
3.97 10.9 2.95" 3.01 0.322
4.86 9.47 4.72" 4.82 0.447
6.52 6.56 7.60" 7.75 0.499
1.71 14.6 1.98 2.02 0.289CH3COOC2H5
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Table I
( Continued)

'Wd-tHOAcl,'
Cosolvent / M [ HOAc], Si ftobsd * ll)2- « ''s e c '1“ kobsd1̂  * 0 sec"*

B enzopinacol C leavage8
17.5 16.7 1.0 2.89

C 6H6 1.41 15.3 18.7 1.12 2.86
3.52 12.0 24.0 1.44 2.87
6.34 7.65 30.8 1.84 2.36

Benzoin Oxidation^
17.5 1.87 1.0 0.327

c h 3o h 6.70 12.7 12.3 6.58 1.56
M ethyl M andelate C leavage ''

17.5 0.018 1.0 0.00315
CH30H 7.65 12.0 0.377 2.10 0.00452

15.4 6.57 0.402 22.3 0.00264
20.8 2.92 0.195 108 0.0569

M ethanol O xidation"
CH 3OH 7.60 13.5 0.000110 0.00148

15.2 6.73 0.000420 0.00282
19.0 4.04 0.000973 0.00762
24.7 0.00 0.00185 0.00

CH3OD (solvent, >99% <7() 0.00 0.0012 0.00
CH3OD (solvent, >99% tf4) 0.00 0.00048 0.00

Ethyl L actate O xidation1
17.5 0.0181 1.0 0.00317

c 6h 6 1.79 11.9 0.0287 1.59 0.00342
3.58 9.15 0.0346 1.91 0.00317
5.37 6.40 0.0495 2.73 0.00317

c h 2= c h c n 2.40 12.0 0.0260 1.44 0.00312
7.20 6.39 0.0301 1.66 0.00192

CH30H 1.58 13.6 0.0274 1.51 0.00372
3.16 12.5 0.0466 2.58 0.00582
4.74 4.74 0.0596 3.30 0.0283
6.32 6.32 0.0892 4.93 0.0564

H2o 1.72 14.2 0.0283 1.56 0.00400
3.44 13.6 0.0443 2.45 0.00646
6.88 12.5 0.0962 5.31 0.0120

a At 25.0°; kobsd are average values of the spectrophotometric second-order rate constants obtained under the specified conditions; fcobsd = 
kx/[mandelic acid] where is the rate coefficient monitored under pseudo-first-order conditions. 6 Corrected for addend oxidation by lead 
tetraacetate. Such oxidation is negligible in undesignated cases. c In pure acetic acid ([HOAc] = 17.5 M), the rate constant for mandelic 
acid oxidation, ko, is 9.80 x 10- 3 M - 1 sec-1 and fco[HOAc] = 0.173 sec-1 . Rate enhancements are caused not only by acetic acid dilution 
(ref 3) but also, in some cases, by direct addend catalysis: Aft = k0bsd -  ko = feA[addend]/[HOAc] + &B[addend]2/[HOAc]. a Data taken 
from ref 3. e Cleavage product benzophenone; kobsd = kx/[benzopinacol], 1 Product benzil (i.e., no cleavage); kobsa = ^/[benzoin], « Cleav
age product benzaldehyde; k„bs6 = &x/[methyl mandelate], n Oxidation products formaldehyde and methyl formate; k0bsd = kx/[CH30H], 
' Cleavage product acetaldehyde; kobsa = kx/[ethyl lactate].

25% reaction, with rate increase occurring thereafter. Addi
tion of acetic acid leads to more linear kinetics. Under 
these conditions methanol oxidation rates appear to be in
versely proportional to acetic acid concentrations. Addition 
of even small amounts (5-10%) of acetic acid results in 
rapid loss of Pb(IV)-methanol absorbance at 370 nm 
(¿complex = 1830), and the resultant spectrum is virtually 
that of LTA in pure acetic acid.

Solvent deuterium isotope effects were also determined. 
With methanol-di, kcH3OH/^CH3OD = 1-5, but with metha- 
nol-d4, k c H a O n /k c d 3o i ) = 3.8 (Table I). When methanolic 
solutions containing formaldehyde (the expected product 
of methanol oxidation) are oxidized by LTA, both the spec
trophotometric and the titrimetric rates are faster than ex
pected. However, the rapid rate of absorbance change is 
even greater than that which could be explained by in
creased oxidation rates. Product studies using VPC show

that both formaldehyde and methyl formate are produced. 
Traces of methyl acetate were also detected.

Discussion
Two fundamental base- (B) catalyzed pathways can be 

envisaged for the concerted cleavage of mandelic acid by 
lead tetraacetate. Scheme I visualizes that this oxidative 
decarboxylation is channeled through certain Pb(IV) com
plexes, 1, which are more reactive than Pb(OAe)4 itself. 
Such carriers of Pb(IV) arise from the complexation of cer
tain Lewis bases with LTA. The second pathway, Scheme 
II, consists of a proton removal which could be synchronous 
as below, or stepwise with the formation of carboxylate 
anion. The inverse dependence of the base-catalyzed reac
tions studied on acetic acid concentration, v b a 
[(CHsCOOHU]-1, favors Scheme I over either case of 
Scheme II.30
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Table II
Amine and Acetate Salts Rate Enhancement of Lead Tetraacetate Oxidations in Acetic Acid

Addend MX 1 0 2

&obsd* 1 0 ^, 
A/~*sec"* a Oobsci^O6 Addend MX 1 0 2

sotad x lo2 . 
sec"^  a ^obsd

M andelic A cid  C leavage
L iO A c 0 .15 6 1 .96 2 .0 0 2 ,6 -L u tid in e 1 .56 3 4 .3 3 5 .0

0 .472 3 .2 6 3 .33 3 .71 6 3 .0 64 .3
0 .893 4 .6 1 4 .71 4 .3 0 9 2 .0 9 4 .0
2 .0 0 7 .13 7 .28 9 .22 133 136
2 .94 9 .87 10.1

N aO Ac 0 .105 3 .5 0 3 .57 2 ,4 -L u tid in e 1.85 3 5 .0 3 5 .7
0 .167 4 .0 7 4 .1 5 3 .7 0 61.7 6 3 .0
0 .973 12.0 12.2 6 .17 103 105
1 .80 17.8 18.2 9 .25 172 175
3 .59 3 8 .6 3 9 .4 12.3 229 234
6 .65 4 9 .2 5 0 .2
8 .50 62.5 6 3 .8
8 .90 7 7 .7 79 .3 T rieth ylam in e 1.23 3 1 .3C 3 1 .9

13.3 9 0 .0 9 1 .8 2 .46 56 .6 5 7 .8
18.4 119 121 4 .11 92.7 9 4 .6
19 .9 122 124 6 .17 138 141
2 6 .8 142 145 8.23 190 194
3 3 .5 183 187

KO Ac 0 .06 5 8 3 .1 0 3 .1 6 N aO Ac and 18.2
0 .24 9 6 .39 6 .52 M eOH 728 2070 2110

0 .385 8 .68 8 .85 ([H O Ac] = 1 2 . 3  M)
0 .57 6 12 .6 12 .9
0 .67 6 13.5 13 .8
1.33 24.1 2 4 .6
1.67 2 7 .6C 2 8 .2

13.9 176 180

° At 25.0°, average second-order rate constants; individual &0bSd = fex/[mandelic acid], where kx is the slope of -ln (A , — A „ )  vs. time for 
rates monitored spectrophotometrically under pseudo-first-order conditions. b k0 = 9.80 X 10“ 3 M  1 sec“ 1; ko is the rate constant for man- 
delic acid oxidation in pure acetic acid with no added catalyst.c Data taken from ref 3.

Scheme I
Pb(OAc)4 +  nB (B)„Pb(OAc)4

1
PhCH(OH)COOH +  1 ^

PhCHOPWB)„(OAc), +  l/2(HOAc), ^
I

COOH
2

PhCH Pb(B)„(OAc), +  (HOAc)., \ /

c r
3

3 ^  PhCHO +  CO, +  Pb(OAc), +  nB

cules of water seems to make the major contribution for 
most of the concentration range studied (insert, Figure 2). 
With added methanol the transition state in which one 
molecule of addend is involved makes the major contribu
tion at low concentration ([MeOH] < 3 M); the primary 
catalytic contributor at higher concentration (3 M < 
[MeOH] < 8 M) appears to be a species in which two mole
cules of addend are important (see insert, Figure 1). It is 
instructive to compare the rate constants calculated to give 
the best curve fit for methanol and water catalysis, respec
tively.

kA, M ' 1 s e c "1 kB, M " 2 s e c "1

M ethanol 0 .13 0 .04 3
W ater 0 .06 5 0 .0 6 0

Scheme II
PhCH(OH)COOH +  Pb(OAc)„ =

f >
PhCH— 0 — PWOAc),

r i  ' _
,C  V OAc

o '  O b

2 +  l/2(HOAc),

PhCHO +  Pb(OAc), +  CO, +  BH, “ OAc

Rate enhancement by addition of either water or metha
nol clearly involves moieties containing both one and two 
molecules of addend. Indeed, catalysis involving two mole

Further, there is good agreement between these con
stants and the slopes of the inserts in Figures 1 and 2. As 
expected, each slope is somewhat higher than the corre
sponding catalytic rate constant, because it contains contri
butions from other order terms.

It should also be noted that the inverse dependence on 
acetic acid concentration is identical for catalyzed and un
catalyzed cleavage of mandelic acid. This is exactly as 
would be expected if the catalytic species were a complex 
between base and Pb(IV) without complete displacement 
of an acetate moiety. Actual reaction would then involve 
displacement of acetate by substrate, giving the same rate 
dependence as in the uncatalyzed case (u [(HOAc^]“ 1). 
When ethylene glycol is present during the mandelic acid 
cleavage, both compounds are oxidized at the rate expected
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for the concentration employed, independent of the pres
ence of the other. Apparently both of these bidentate re
agents coordinate to the Pb(IV) such that they displace an 
acetate moiety and are then cleaved so efficiently that they 
fail to act as oxidation catalysts for each other.

This bidentate nature may also be important in the oxi
dation of formaldehyde methyl hemiacetal in methanol sol
vent. When Pb(OAcU is added to methanol, complex for
mation is indicated by a dark brown-red color. Changes in 
absorbance corresponded to changes in [LTA] during the 
oxidation of methanol to formaldehyde. However, after 
about 30% reaction the rate of apparent oxidation, spectro- 
photometrically measured, accelerated. Thereafter, it was 
found that the addition of a methanol solution of formalde
hyde, mainly present as the hemiacetal, caused rapid decol- 
orization of a freshly prepared solution of LTA in metha
nol, which did not correspond, titrimetrically, to loss of 
Pb(IV). Thus it seems that bidentate CH3OCH2OH can 
successfully compete with a much larger concentration of 
methanol for Pb(IV). With this addition the real oxidation 
Tate, measured titrimetrically, also increases, with oxida
tion in the new complex giving methyl formate.25 That oxi
dant modification takes place during methanol oxidation is 
indicated by the intense color of CH3OH-LTA solutions, 
which disappears with even 5% acetic acid without loss of 
oxidant, and by the Pb(OAc)2(OCH3)(OH) isolated by 
Criegee et al.10 from wet methanol.

Further indications of oxidant modification by alcohols 
include the observations that log /¿„bsd vs. V°1 % methanol 
plots were parallel for LTA cleavage of several glycols12 
and that k0bsd is linearly dependent on ethanol concentra
tion in the alcohol catalysis of tert-butyl hydroperoxide de
composition by LTA .15 Similarly, in mandelic acid cleavage 
the total rate is the sum of uncatalyzed and catalyzed hy
droxy acid cleavage, i.e., &0bsd = k0 + Ak.

All of the above evidence seems to imply that only a 
small percentage of catalytically effective modified oxidant 
is produced. The independence of catalyzed and uncata
lyzed rates is also observed in acetate catalysis, both with 
respect to added salts and with those generated by the ad
dition of amines. In this connection, Criegee has shown by 
solubility measurements that added acetate ion modifies 
LTA to produce new complexes in acetic acid.6 Further, 
Benson and Sutcliffe15 found that lead migrates to the 
anode in acetic acid solutions containing both sodium ace
tate and LTA, whereas no such migration was seen in the 
absence of acetate salt.

Initially all fe0bsd vs. [acetate salt] plots are nearly linear 
(Figure 3). A comparison of the fc0bsd[HOAc]o/[acetate salt] 
with k\ for water and methanol, respectively, emphasizes 
the greater catalytic efficiency of acetate catalysis: water, 
0.065 M -1  sec-1; methanol, 0.13 M -1  sec-1; LiOAc, 73.5 
M -1  sec-1; NaOAc, 193 M -1  sec-1; KOAc, 263 M -1  sec-1. 
However, as [addend] increases, catalytic efficiency de
creases for all acetate-producing catalysts except 2,4-luti- 
dine and triethylamine. The log (fe0bsd — &o) vs. log [salt] 
plots for mandelic acid cleavage are straight but with 
slopes slightly less than one for added LiOAc, NaOAc, 
KOAc, and 2,6-lutidine; however, slopes of one are ob
served with added 2,4-lutidine and triethylamine. The key 
to the understanding of this acetate catalysis in acetic acid 
is the great range of electrostatic forces in this solvent.31 
Thus, it is known that salts do exist in acetic acid essential
ly as ion pairs, in equilibrium with small proportions of free 
ions, triplet ions, and perhaps also quadruplets.32 If only 
free acetate were the catalytic agent, a dependence of £„bsd 
on [salt]1/2 would have been observed; however, if acetate 
salt ion pairs were responsible for the catalysis, the log-log

plots would have yielded a slope of unity. Clearly, the con
current catalytic action of the prevalent ion pairs and the 
more efficient, but less abundant, free ions would result in 
the observed fractional order. Indeed, the relative catalytic 
efficiency, KOAc > NaOAc > LiOAc, parallels the order of 
dissociation of ion pairs into free ions found by Kolthoff 
and Bruckenstein,32 K+OAc-  > Na+OAc-  > Li+OAc- .33 
However, amine catalysis is more difficult to analyze. Thus 
in addition to free acetate and amine~H+, OAc-  ion pairs 
one has to consider catalytically significant concentrations 
of remaining free amine (e.g., pyridine + HOAc == pyri- 
dine-H+OAc", K nPy = 5.432b). Such contributing catalysis 
by free amine has been shown by other workers, who actu
ally isolated a pyridine • Pb(OAc)4 complex.75

It is interesting that when mandelic acid was cleaved in a 
solvent containing 7.28 M methanol, 0.182 M NaOAc, and
12.3 M  HOAc, the observed rate constant was 14 times 
greater than the sum of rate constants for identical quan
tities of each catalyst independently added. A similar in
stance was reported by Criegee12 where mixed water-potas
sium acetate catalysis of cis-cyclohexanediol cleavage was
2.7 times faster than the sum of rate constants for indepen
dent addition.

The addition of DMF to the reaction mixture results in 
rate increases, H2O < DMF < CH3CO2- . However, neither 
knbsd vs. [DMF] nor log fe0bsd vs. log [DMF] plots were lin
ear for this addend. Nevertheless, it is interesting to note 
that DMF exerts a profound effect on LTA oxidations ei
ther by virtue of its bidentate nature or possibly because 
small but catalytically significant amounts of 
DMFH+OAc-  are formed in these solutions.34 Acrylonitrile 
causes a ninefold increase in rate, when added in the same 
concentration that only produces a two- to three-fold rate 
increase with added acetonitrile. This effect might also 
arise via a bidentate interaction with Pb(IV).

It is attractive to attribute most of the observed catalysis 
to the production of a more reactive oxidant. Certainly oxi
dant modification does take place. Further, this study has 
shown that the catalytic portion of the observed rate is in
versely proportional to [(HOAch], as would be expected 
from Scheme I, not [(HOAc)2]1/2, as Scheme II would have 
predicted. Analogously, Criegee12 has shown that the rela
tive amounts of Lewis base catalysis in glycol cleavage reac
tions are independent of the nature of the diol, as would ac
cord with a catalytic mechanism involving oxidant modifi
cation. Similar conclusions have been reached by Benson 
and Sutcliffe15 for a variety of Pb(IV) oxidations of metal 
ions and hydroperoxides. Finally, the apparent order of 
catalytic efficiency parallels the ability of the various ad
dends to donate an electron pair to Pb(IV).

Registry No.—LTA, 546-67-8; mandelic acid, 90-64-2; metha
nol, 67-56-1; 1,2-ethanediol, 107-21-1; benzene, 71-43-2; carbon 
tetrachloride, 56-23-5; water, 7732-18-5; dimethylformamide, 68- 
12-2; p-dioxane, 123-91-1; acrylonitrile, 107-13-1; acetonitrile, 75- 
05-8; acetic anhydride, 108-24-7; ethyl acetate, 141-78-6; benzopi- 
nacol, 464-72-2; benzoin, 119-53-9; methyl mandelate, 771-90-4; 
ethyl lactate, 97-64-3; methanol-d, 1455-13-6; methanol-d4, 811-
98-3; lithium acetate, 546-89-4; sodium acetate, 127-09-3; potassi
um acetate, 127-08-2; 2,6-lutidine, 108-48-5; 2,4-lutidine, 108-47-4; 
triethylamine, 121-44-8.
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The equilibrium constants for the addition of “ bisulfite ion” to benzaldehyde were determined at 21° and g =
1.0 M  over the pH range 3.55-12.62. A spectrophotometric method was employed. The pH dependence of these 
observed constants was used to obtain values fo! the equilibrium constants for the reaction of benzaldehyde with 
H S03_ and S032-, and for the acidity constant of the benzaldehyde-HS03-  adduct. A comparison of our results 
with the earlier reports of Stewart and Donnally suggests that the titration method used by these workers yielded 
inaccurate equilibrium constants at pH’s >8. The effect of our equilibrium results on the kinetic scheme and pa
rameters for the reaction of benzaldehyde and bisulfite ion is also discussed.

Some time ago Stewart and Donnally1 reported a study 
of the equilibria for the reaction of bisulfite ion2 and benz
aldehyde over the pH range 0-13 in which they determined 
the extent of reaction by titration of unreacted bisulfite ion 
with iodine. We became interested in reexamining this 
reaction because in the above study the observed depen
dence of the equilibrium constant vs. pH led to the claim 
that at the more basic pH’s hydroxide ion was adding to a 
measurable extent to the carbonyl group of benzaldehyde. 
Using Stewart and Donnally’s value for the equilibrium 
constant for the addition of hydroxide ion to benzaldehyde, 
101-4 M ~ V C'3 together with an estimate of the pK a of benz
aldehyde hydrate of 10-12-7 M,4 one can calculate that in

aqueous solution the ratio of hydrated to unhydrated benz
aldehyde should be about 1.0, which is contrary to the 
known lack of hydration of this compound.5 Recently, 
Greenzaid0 and Zuman6 have determined that the equilib
rium constant for the addition of hydroxide ion to benzal
dehyde is in fact only 10~°-9 M ~l. Thus either Stewart and 
Donnally’s determination of the observed equilibrium con
stant111 for the addition of bisulfite ion to benzaldehyde at 
high pH is in error, or their interpretation of the observed 
behavior is in error.

Similarly, the work of Stewart and Donnally10 led to a 
value for the p ffa of PhCH(OH)S03~ of 9.5, while Taft7 
and “ cr1” 10 correlations lead to estimates of this pK a as 11.7
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and 13.8, respectively. The discrepancies are rather large to 
be totally a failure of the methods of estimation. Green and 
Hine12 also have noted recently that the pK a of 9.5 seems 
low.

Experimental Section
Reagents and Solutions. Benzaldehyde (J. T. Baker “ N.F.” ) 

was redistilled at atmospheric pressure under nitrogen and stored 
under nitrogen in small vials at —15°. Samples of benzaldehyde 
stored in this way showed no signs of oxidation (as evidenced by 
the formation of crystals of benzoic acid inside or around the cap) 
for about 3 weeks. A ’ H NMR spectrum of neat freshly distilled 
benzaldehyde showed that there was at most 0.1% benzoic acid in 
the sample.

Stock solutions of benzaldehyde about 0.03 or 0.06 M  in 95% 
ethanol as solvent were prepared by syringing 35 or 70 n\ of benzal
dehyde into a tared 10-ml volumetric flask that contained 1-2 ml 
of ethanol, reweighing the flask, and diluting to the mark with eth
anol. Using solutions prepared by accurately syringing aliquots of 
these stock solutions into known volumes of cyclohexane, the 
molar extinction coefficient of benzaldehyde at 242 nm was mea
sured as 14,540 cm2/mol (lit.13 14,500). In 0.10 M  phosphate buff
er, pH 7.18, fi = 1.0 M  with KC1, benzaldehyde showed a slight de
viation from Beer’s law with e250 decreasing from 1.387 X 104 at 
1.125 X 10~6 M  to 1.335 X 104 at 7.836 X 10~5 M. In a separate ex
periment, the addition of a fixed volume of benzaldehyde stock so
lution to aliquots of the various buffers used for the equilibrium 
experiments (vide infra) showed that e250 was independent of pH 
and the nature of the buffer. If care was taken to exclude O2, benz
aldehyde stock solutions were stable at —15° for up to 1 week, as 
shown by the fact that the absorbance at 250 nm of samples pre
pared by mixing a fixed volume of stock solution to a fixed volume 
of buffer were constant over this length of time.

Stock solutions of sodium sulfite 0.05-0.10 M  were prepared 
from Fisher “ Certified A. C. S.” anhydrous Na2SC>3 and degassed 
distilled water containing 5% (v/v) ethanol14 and were stored 
under nitrogen at 4°. Standardization was carried out by addition 
with stirring of an aliquot of the Na2SC>3 to an excess of standard 
I2-K I solution followed by back titration of the excess I2 with stan
dard sodium thiosulfate solution.15 All operations were done under 
a nitrogen atmosphere. Although this standardization is described 
in numerous texts, it is not usually mentioned that efficient stir
ring during the addition of the sulfite solution to the iodine solu
tion is extremely important. Without rapid stirring we obtained 
erratic results that probably resulted from the fact that the stoi
chiometry of the reaction between iodine and sulfite is pH depen
dent and the desired reaction I3~ + S032- + H2O -*  31“  + S042- 
+ 2H+ is obtained only at acid pH’s. Stock solutions of 0.125 M  
K 2SO3 (m = 1.0 M  withKCl) were prepared from reagent-grade 
chemicals and standardized as above. These solutions were used at 
pH 11.90 and 12.62.

Buffer solutions were prepared from Fisher Certified reagents 
and degassed distilled water. Following any necessary dilutions 
(c.f. Equilibrium Studies) the buffers consisted of pH 3.55, 0.63 M 
acetic acid-sodium acetate; pH 5.27, 0.60 M  acetic acid-sodium ac
etate; pH 6.78 and 7.46, 0.80 M  NaH2P04-N a2HP04; pH 8.14,
9.08, and 10.24, 0.10 M  boric acid-sodium borate. At pH 11.11 and 
above, potassium hydroxide of an appropriate concentration was 
prepared using a carbonate-free J. T. Baker “ Dilut-it” concen
trate. All buffers were brought to ionic strength 1.0 M  with KC1. 
Buffer solutions were stored at 4° under nitrogen.

Standard hydrochloric acid solutions were prepared from 
“ Dilut-it” concentrate.

Equilibrium Studies. For equilibrium determinations at or 
above pH 9.08, 2.0 ml of buffer solution was pipetted into a 25-ml 
erlenmeyer flask, n ml of sodium sulfite stock solution was added, 
then 8 — n ml of water. The solution was thoroughly mixed and a
1.0-ml aliquot was transferred to a 0.5-cm path length quartz cu
vette with a Teflon stopper. At or below pH 8.14, 3.0 ml of buffer 
was pipetted directly into a 1.0-cm path length quartz cuvette with 
a Teflon stopper, and 10-70 til of stock sulfite solution was added 
from a 100-/J Hamilton syringe. The accuracy and precision of this 
syringing technique were checked by doing several dilutions of aci
dic dichromate solutions and monitoring the final dichromate con
centration at 257 nm, an absorption maximum. This control 
showed that delivery of 40-fd aliquots was reproducible within less 
than 1%, and that with volumes up to 70 yul the accuracy of this 
dilution was comparable to that achieved using ordinary volumet
ric techniques. At all pH’s flasks and cuvettes were flushed with

nitrogen. The cells were placed in the temperature-controlled cell 
holder of the spectrophotometer and allowed at least 10 min to 
equilibrate to temperature.16 The absorbance at 250 nm of the 
buffer + sulfite solution was measured vs. air, and then an aliquot 
(constant in a “ run” but varying from 2 to 4 ¿¿1) of benzaldehyde 
stock solution was added to the cell and the solution was well 
mixed. The cell was returned to the spectrophotometer and the ab
sorbance at 250 nm was read after 10 min or after the absorbance 
became constant. Following equilibration the pH of the reaction 
solution was remeasured; in all cases the addition of benzaldehyde 
caused no measureable pH change.

Potentiometric Titrations. Duplicate titrations of 25.0-ml ali
quots of 0.1159 M  Na2S0 3 (n = 1.0 M  with KC1) with 0.1000 M  
HC1, duplicate titrations of 20.0-ml aliquots of 0.0772 M  Na2S0 3 
(m = 1.0 M  with KC1) with 0.1000 M  HC1 that was 0.90 M  in KC1, 
and a single titration of a 20.0-ml aliquot of 0.0166 M  Na2S0 3 (¡x =
1.0 M  with KC1) with 0.0100 M  HC1 were performed using a reac
tion vessel thermostated at 21°. The observed pH-volume HC1 
points were used to calculate an apparent pK & according to the 
equation pKa = pH — log ([S0 32_]/[HS03_], where the concentra
tions of SO32-  and HSO;i~ are calculated from mass and charge 
balance assuming [H+] = 10_pH. The pK a’s calculated in this way 
were 6.59-6.64 for [S032_]/[HS0 3~] ratios of 0.2-20.

Instrumentation. Absorbance measurements were made on a 
Pye-Unicam SP1700 visible-uv spectrophotometer that was 
equipped with a circulating water-type thermostable cell holder 
connected to a Lauda K4R thermostat that was operated at 21.0 ± 
0.3°. Absorbance readings were taken directly from the digital 
readout, which has a precision of 0.001 absorbance units. At higher 
absorbances, where meter fluctuations exceeded ±0.001, 20-50 in
stantaneous readings were averaged to obtain the true absorbance. 
The linearity of the absorbance readout was checked in two ways. 
First we showed that the absorbances at 250 nm of acidic potassi
um dichromate solutions were linear with dichromate concentra
tions. Secondly, during the determination of -Kobsd at pH 12.6, we 
found that if after we measured the absorbance of a solution of sul
fite we placed in the sample beam an additional cell containing a 
dichromate solution, then the increase in absorbance was nearly 
independent of the absorbance of the sulfite, decreasing from 1.073 
at no sulfite to 1.040 when the absorbance due to sulfite was 1.2. In 
this same interval of sulfite concentrations, the increase in absorb
ance caused by addition of constant volume aliquots of benzalde
hyde stock solution decreased from 1.053-1.083 to 0.934-0.937.

The pH measurements were made with a Radiometer Model 26 
pH meter equipped with a Radiometer GK2321C combination pH 
electrode that was calibrated using Fisher and Radiometer stan
dard buffers.

Results
The equilibrium constant for the formation of benzalde

hyde bisulfite at any given pH was obtained by adding a 
known amount of benzaldehyde to buffers that contained 
known concentrations of bisulfite ion, which was always in 
a large molar excess. Under these conditions the assump
tion that the free aldehyde but not the adduct absorbs 
leads to eq 1

1 = ^nh«dl>isulfite]total + 1_________
AA  eB[benzaldehyde]total eB|benzaldehyde]total

(1)

where A A is the increase in absorbance caused by addition 
of the benzaldehyde, A„bsd is the observed equilibrium con
stant for adduct formation (defined below), cb is the molar 
extinction coefficient of benzaldehyde, and the remaining 
terms are total concentrations. Plots of 1/AA vs. [bisul- 
fite]totai were made for a five-to-eight-fold charge in [bisul- 
fitejtotai and at two separate toal aldehyde concentrations 
at most pH’s. All such plots were linear (and therefore 
showed no evidence of bisulfite oxidation during sample 
preparation or analysis) and gave intercepts on the 1/AA 
axis in agreement with the extinction coefficient of benzal
dehyde that was determined independently. Plots of the 
absorbance (vs. air) of the buffered solutions of bisulfite 
ion were approximately linear at all pH’s studied. Using 
the apparent extinction coefficient of bisulfite ion at any
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Table I
Values of LogKobsd vs. pH at 21° and m = 1.0M

1 Benzaldehyde3j.Qj.gi [Bisulfite] total

PH Log isfobsd x 10s x 103 No. o f  points

0.081 2.300 9.86 2.64 5
3.55 3.796 9.86 2.64 6
3.55 3.806 4.93 2.64 6
5.27 3.803 8.52 2.60 6
5.27 3.871 4.26 2.60 6
6.78 3.721 9.86 2.64 6
6.78 3.704 4.93 2.64 6
7.46 3.082 8.52 2.60 6
7.46 3.003 4.26 2.60 6
8.14 2.549 9.86 2.64 6
8.14 2.581 4.93 2.64 6
9.08 1.549 12.78 79.7 7
9.08 1.509 6.39 79.7 7

10.24 0.541 15.98 91.1 6
10.24 0.539 12.78 91.1 5
10.70 0.236 -1 6 .6 98.2 7
11.11 -0 .0567 14.80 69.5 5
11.71 0.0056 12.78 79.7 6
11.90 0.3175 -1 6 .6 99.5“ 5
12.62 0.1178 -1 6 .6 99.5“ 12

a Prepared from potassium sulfite.

pH together with the relative total concentrations of benz
aldéhyde and bisulfite ion, it can be shown that when benz- 
aldehyde is added to bisulfite solution, the decrease in ab
sorption due to bisulfite caused by the conversion of bisul
fite ion to adduct is negligible compared to the increase, 
AA, caused by the benzaldehyde.

The logarithms of the observed equilibrium constant, 
Æobsd vs. pH are listed in Table I and plotted in Figure 1.

[benzaldehyde bisulfite]tntal 
K obai -  [benzaldehyde]total[bisulfite]total ^

Also shown in Figure 1 are the values of K0bsd vs. pH re
ported by Stewart and Donnally.lb Although both sets of 
determinations were done at 21°, ours were done at con
stant ionic strength of 1.0 M, while those of Stewart and 
Donnally were at an ionic strength of about 0.1 M.

The pH dependence of K 0bsd can be understood in terms 
of the pH-independent equilibrium constants for the reac
tions shown in Scheme I. Except for a single measurement

Scheme I
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Figure 1. Log K 0bsd for benzaldehyde bisulfite formation at 21° 
vs. pH: •, our data; O, data of Stewart and Donnally.lb

of Alobsd at pH 0.08, we studied the reaction of benzalde
hyde and bisulfite ion above pH 3.55 only, and, therefore 
Scheme I does not include the conjugate acids of either 
HSO3-  or the adduct of benzaldehyde with HS03~. Of 
course, only three of the four constants are independent, 
and K.2 = K iK a2/Kai. In terms of the scheme, the pH-de- 
pendent constant K 0bs(j can be expressed

■ 1 +  K J [  H+]
°bsd 1 1 +  A al/ [H +]

(3)

Between pH’s 3.55 and 5.27 A 0bsd is pH independent, as 
would be expected if K al «  [H+] »  Jfa2. Using Ky = K ohsa 
= 6400 M~l obtained from this pH range, K ai = 2.40 X
10-7 M that was obtained by potentiometric titration of 
Na2S0 32_ with HC1 at 21°, and /n = 1.0 M  (with KC1), we 
chose K a2 to minimize the sum of the squares of the frac
tional deviations.

£  ( !1 0̂ __ ^ calccii  ̂ = minimum (4)
'  -^obsdi '

S (1  / ( A obsdi(A al +  [H*];)))

=  K & \ / ( . K ^ K a  +  LH*],))2) “

S([H *]t/ ( g olMd|( g al +  [H -]t) ) 2) 

K xn \ / {K oy,s&{K al +  [H+]t) ) 2)

The procedure yielded K a2 = 3.95 X 10~n M, from 
which K 2 — K\ K a2/Kai = 1.05 M ~l. The resultant fit of 
the data to eq 2 is shown by the calculated line in Figure 1 , 
and has an average fractional deviation of 0.1. The fit can 
be significantly improved if K ai is treated as a variable; the 
fit is then optimized with K ai =  1.48 X 10~7 M  and the sum



of the fraction deviations is cut by a factor of 2. We then 
obtain X a2 = 2.11 X lO-11  M  and K2 = 9.12 X 10-1  M -1 .

Discussion
At pH’s below 8, the observed equilibrium constants for 

formation of benzaldehyde bisulfite determined here by a 
spectrophotometric method substantially agree with those 
determined by Stewart and Donnally by a titration meth
od, and the small deviations between the two sets of data 
are probably due to differences in the ionic strength. How
ever, above pH 8 the values of K 0\yS<j obtained in this study 
are 3-100 times smaller than those obtained earlier. In 
order to discuss the differences in the equilibrium con
stants determined by the two methods, it is useful to sum
marize the titration procedure.

Stewart and Donnally’s method consisted of allowing 
benzaldehyde and bisulfite ion to equilibrate in a solution 
that also contained HC1, a buffer, or NaOH to maintain 
pH. The reaction mixture was then rapidly added to a 
stirred “ quenching solution” containing sufficient HC1 so 
that the final pH was about 2 and an excess (with respect 
to bisulfite ion) of iodine. Free bisulfite ion but not benzal
dehyde bisulfite is oxidized by iodine, and at pH 2 the dis
sociation of the adduct is slow. The excess iodine was then 
quickly back-titrated with thiosulfate solution, and a small 
empirical correction was applied for the amount of disso
ciation of the adduct during the time of the back titration. 
This solution was then neutralized with bicarbonate and ti
trated with iodine. Because the dissociation of benzalde
hyde bisulfite is rapid at neutral pH (and in spite of the 
fact that the equilibrium formation of adduct is favored at 
neutral pH) this titration determined the amount of bisul
fite ion that had been present as adduct. There is, there
fore, sufficient information to calculate the value of the 
equilibrium constant.

The method requires, of course, that the amount of benz
aldehyde bisulfite is unaffected by the quenching process. 
For the quenching of basic solutions where lowering the pH 
would initially make the equilibrium constant for adduct 
formation more favorable, the reaction of iodine with bisul
fite ion must be fast relative to the reaction of benzalde
hyde with bisulfite ion, and the decrease of the pH to 2 
must be rapid so that as bisulfite is removed by iodine oxi
dation adduct does not dissociate. Only the slow removal of 
bisulfite ion would give equilibrium constants that are too 
large.

To test the efficiency of the quenching process, Stewart 
and Donnally performed a control experiment in which 200 
ml of a solution containing 0.05 mol of sodium hydroxide 
and 0.0015 mol of sodium sulfite was added to 300 ml of a 
rapidly stirred solution containing 0.10 mol of hydrochloric 
acid, 0.0015 mol of benzaldehyde, and 0.004 mol of iodine. 
Back-titration with thiosulfate showed that 5 X 10-6 mol of 
adduct had been formed during the quenching, which was 
reported to be within experimental error of zero. This 
amount of adduct formed in an equilibration mixture of 
0.003 M  benzaldehyde and bisulfite ion would correspond 
to an equilibrium constant for adduct formation of 10~°-26 
M '1. Based on this control the titration method seems to 
be suited to obtain equilibrium constants as small as those 
obtained by the spectrophotometric method.

We believe, however, that our spectrophotometrically 
determined values for the equilibrium constant are to be 
preferred at high pH’s. Green and Hine12 determined the 
equilibrium constant for the addition of bisulfite ion to iso
butyraldéhyde using both the spectrophotometric and ti
tration methods, and report that above pH 10 the titration 
method gives values larger than those by the spectrophoto-

Addition of Bisulfite and Sulfite Ions to Benzaldehyde

metric method. They attribute these differences to the fail
ure of the quenching procedure even when they used 5 N  
HC1 at 0°. We do not understand the precise reasons for 
the failure of the quenching procedure, but it may be relat
ed to the apparent pH dependence of the stoichiometry of 
the oxidation of bisulfite ion by iodine. Since Stewart and 
Donnally performed control experiments for a sodium hy
droxide solution, which they used to measure the equilibri
um constant at pH 13, but did not perform controls with 
any of the buffered solutions used at lower pH’s, it seems 
possible that the decrease in K 0bsd that they observed at 
pH 13 and attributed to an addition of hydroxide ion to 
benzaldehyde may be only an experimental artifact arising 
from the fact that the quenching procedure is even less effi
cient with buffered solutions than it is with a sodium hy
droxide solution. We have no current plans to investigate 
the quenching procedure.

In deriving eq 1 , which gives a satisfactory fit to our ex
perimental data, we assumed that the benzaldehyde-bisul- 
fite adduct does not absorb at 250 nm. Jencks18 made a 
similar assumption in studying the addition of bisulfite ion 
to p-chlorobenzaldehyde. Sousa and Margerum19 have 
claimed that from the spectra of concentrated solutions of 
benzaldehyde and sulfite ion, in which almost all of the al
dehyde was converted to adduct, they have obtained the 
absorption spectrum of the adduct. However, they do not 
seem to have considered the possibility that the spectrum 
obtained was that of an impurity of the aldehyde.

The value of K\ = 6.4 X 103 M  observed here is similar 
to Aobsd = 6.25 X 103 M  at pH 4.0, 25° in 1.5 M  acetic acid 
buffer reported by Geneste, Lamaty, and Rogue,20 who 
used a titration technique.

The only other reports of the study of the equilibrium 
for the reaction of bisulfite ion and benzaldehyde are those 
of Gubareva,21 who used a titration like that of Stewart and 
Donnally, and Sousa and Margerum,19 who used a spectro
photometric method like that described here. However, in 
both of these studies the pH of the solutions—indeed, the 
fact that the solutions were buffered—is not reported, so 
that a comprison of the reported equilibrium constants 
with our results is difficult.

Although we have not studied the kinetics of the reaction 
of benzaldehyde and bisulfite ion, our equilibrium results 
necessitate some minor changes in the kinetic scheme and 
parameters reported by Stewart and Donnally.10 First of 
all, our equilibrium study detects no drop of the equilibri
um constant for benzaldehyde bisulfite formation near pH 
12 like that reported earlier. Therefore, pH’s of 8-12.6, 
where the ratio S O ^ /H S O s-  is large, the rate of adduct 
formation should be independent of pH and need not de
crease at the upper pH’s of this range as predicted pre
viously. According to Greenzaid5 and Zuman,6 at pH 12.6 
1% of the aldehyde exists as the hydroxide ion adduct. 
Therefore, as the pH is raised above 12.6 a decrease in rate 
will become apparent as benzaldehyde is converted to an 
adduct that is probably unreactive toward SC>32_.

Also, because Stewart and Donnally’s evaluation of the 
rate constant for the decomposition of the benzaldehyde- 
S032-  adduct requires the value of K a2. Using K a2 = 3.95 X
10-11 M, we calculate that the rate constant for the first- 
order decomposition of this species is 3.23 X 103 sec-1  rath
er than 1.80 X 102 sec-1. Thus the rate of addition and loss 
of SO32- from benzaldehyde is as fast as that from isobuty- 
raldehyde,12 and one would expect comparable problems 
with the quenching method.
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Relative Reactivities in the Addition of 
Dichlorocarbene to Methylenecycloalkanes
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L a w ren ce , K a n sa s  66045

R e c e iv e d  O c to b e r  30, 1974

In spite of the multitude of olefins which have been 
subjected to attack by dichlorocarbene, 2 data have been 
lacking for the relative rates of addition of these species to 
simple methylenecycloalkanes. We now report these values 
for olefins 1 (n = 4-6) under a variety of conditions as sum
marized in Table I. The products were the dichlorospiroal- 
kanes 2, which were isolated and characterized (see Experi
mental Section). Rate constant ratios were determined by

a, n  = 4
b, n = 5
c, n =  6

VPC procedures described previously.3 As anticipated, the 
data of Table I do not show large variations with changes in 
the mode of generation of the carbene, the solvent, or the 
temperature.4,5

Using data at 25° for the generation of :CCl2 from ethyl 
trichloroacetate and sodium methoxide in pentane, one ob
tains the following relative reactivities among olefins la-c.

O  > O  > o
lb la lc

2.44 +  0.02 1.53 +  0.1 1.00
Theoretical studies suggest that the transition state for 

the addition of :CCl2 to an unsymmetrical olefin should re
semble 3 and should represent a relatively early stage of 
the bond formation process.6 The p orbital of the divalent 
carbon is ir the same plane occupied by the it bond of the 
methylenecycloalkane. If one recognizes that the preferred

direction of attack of :CCl2 on lc is equatorial, 7 the already 
small dihedral angle between the exocyclic carbon-carbon 
bond and the n-equatorial hydrogens in lc8 should de
crease slightly so as to produce an increase in torsional 
strain as this olefin approaches the transition state. Similar 
changes in torsional strain for la and lb should be small 
and ought to favor the transition state from la relative to 
that from lb.

Changes in bond angle strain on going from ground state 
to transition state should involve those normally antici
pated for the formation of a three-membered ring for lc 
but are more difficult to access for la and lb because of the
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Table I
Data Summary for Competitive Addition of Dichlorocarbene to Methylenecycloalkanes

Olefin in 
competition 

with lb Carbene source Solvent Temp, °C Time, hr No of runs Ub/K"
lc Cl3C02Et Pentane 0 2 1 2.30
lc Cl3C02Et Pentane 0-256 2 3 2.48 ± 0.30
lc Cl3C02Et Pentane 0 36 2 2.36 ± 0.09
lc Cl3C02Et Pentane 25 2 2 2.44 ± 0.02
lc Cl3C02Et Benzene 25 2 2 2.09 ± 0.10
lc PhHgCCIBr Benzene 60 36 2 2.16 ± 0.05
la Cl3C02Et Pentane 25 2 4 1.59 ± 0.12

° Errors expressed as ±  one-half of the range. b Reagents mixed at 0° followed by removal of ice bath.

lack of adequate structural and thermodynamic data on 
spirohexanes and spiro[2.4]heptanes. If an increase in bond 
angle strain in the transition state is greater for la than for 
lb, then a combination of bond angle and torsional strain 
arguments might explain the observed reactivity sequence. 
If one examines nonbonded steric interactions between the 
chlorines and the a  hydrogens of the ring in models of each 
transition state, the interactions appear to diminish in the 
order lb > la > lc and cannot explain the observed reac
tivities. Without further data the observed results for la vs. 
lb  cannot be satisfactorily evaluated.

It is interesting to note that in the addition of :CCl2 

(from chloroform and potassium teri-butoxide, — 8  to 
—10°) to allenes 4a-c the order of reactivity for 4a and 4b 
is the reverse of that observed for la and lb.11 Unfortu-

O c-  > O c_ =■ O c=
4a 4b 4c

2.49 2.09 1.00

nately, the lack of relative reactivity data between com
pounds 1 and 4 precludes detailed comparisons between 
these series. The greater reactivity of :CCl2 toward 1 -meth- 
yleneindan compared to 1 -methylenetetralin1 2  is consistent 
with our observations for lb and lc  and can be explained 
by considering differences in the increased torsional strain 
on going to the transition states. 13 Greater reactivity of lb 
relative to lc  has also been noted for olefin reduction by di- 
imide1 4  and for epoxidation with peracids. 1 5  However, in 
the latter study the rate of epoxidation of la was slower 
than that of either lb or lc.

Experimental Section
Elemental analyses were performed by the Department of Medi

cinal Chemistry at the University of Kansas or by Galbraith Labo
ratories, Inc., Knoxville, Tenn., unless otherwise noted. Melting 
points and boiling points (capillary) are uncorrected. Infrared 
spectra were obtained from a Beckman IR-8 instrument with a 
1604-cm_1 (polystyrene vs. air) reference standard. Analyses of ha
lides by VPC were performed with an F & M Model 700 instru
ment (thermal conductivity detector) and the following columns: 
20% QF-1 on 30-60 Chromosorb P (15 ft X 0.25 in.); 20% Carbowax 
20M on 30-60 Chromosorb P (12 ft X 0.25 in.); 20% tris(cya- 
noethoxy)propane on 30-60 Chromosorb P (12 ft X 0.25 in.); 15% 
SE-30 on 30-60 Chromosorb W (10 ft X 0.25 in.); and 10% OV-210 
on 80-100 Gas Chrom Q (6 ft X 0.125 in. glass column). Area mea
surements were performed with a disk integrator. A Varian A-60 or 
A-60A spectrometer was used to determine NMR spectra of com
pounds as solutions in carbon tetrachloride containing 3-6% tetra- 
methylsilane.

Methylenecyclobutane (la), bp 40.5-41.5° (lit. 16 bp 41.5-42°), 
was prepared from pentaerythrityl tetrabromide in 68% yield by 
the method of Roberts.16

Methylenecyelopentane (lb) was prepared from tert-butyl [3- 
hydroxycyclopentaneacetate by the method of Vilkos and Abra
ham17 in 83% yield, bp 75-76° (lit. 17 bp 77-78°). Ir and NMR spec
tra concurred with those already reported.17,18 The desired olefin

was also obtained from pyrolysis of cyclopentylmethyl acetate. 
However, a Wittig reaction between cyclopentanone and methyl- 
triphenylphosphonium bromide in DMSO19 produced a significant 
amount of benzene which forms an azeotrope with lb.

Methylenecyclohexane (lc) was prepared in 70% yield by a 
Wittig reaction between cyclohexanone and methyltriphenylphos- 
phonium bromide in DMSO,19 bp 100° (lit.19,20 bp 98°).

1.1- Dichlorospiro[2.3]hexane (2a) was prepared by the gener
al method of Parham21 from methylenecyclobutane, sodium meth- 
oxide, and ethyl trichloroacetate in 47% yield: bp 153°; ir (CS2) 
3000 (s), 2950 (sh), 2860 (sh), 1420, 1245, 1200 (w), 1063 (s), 1030 
(s), 1014 (s), 932 (w), 916 (w), 8 66 , 781 (s), 747 cm“ 1 (s); NMR 
(CCI4) broad absorption t 7.0-8.1 (6 H, cyclobutyl CH2), singlet 
8.65 (2 H, cyclopropyl CH2).

Anal. Calcd for CGH8C12: C, 47.71; H, 5.34. Found: C, 47.67; H, 
5.42.

1.1- Dichlorospiro[2.4]heptane (2b) was prepared as described 
for la in 39.6% yield: bp 181°; ir (CS2) 2975 (s), 2870 (sh), 1430, 
1308 (w), 1242 (w), 1070, 1040, 1028 (doublet), 1000 (w), 963 (w), 
850 (w), 758 cm- 1  (s); NMR (CCI4) broad absorption r 7.5-8.6 (8 
H, cyclopentyl CH2), singlet 8.66 (2 H, cyclopropyl CH2).

Anal. Calcd for C7Hi0C12: C, 50.94; H, 6.11. Found: C, 50.73; H,
6.34.

1.1- DichIorospiro[2.5]octane (2c) was prepared as described 
for la in 53% yield: bp 200° [lit.22 bp 79-80° (13 mm)]; ir (CS2) 
3005 (w, sh), 2960 (sh), 2935 (s), 2860 (s), 1420, 1275, 1210, 1150 
(w), 1125 (w), 1100 (w), 1036 (s), 1021 (sh), 955, 921 (w), 891 (w), 
845, 754 (s), 729 (w), 653 cm- 1  (w); NMR (CCI4) broad singlet r 
8.38 (10 H, cyclohexyl CH2) singlet 8.86 (2 H, cyclopropyl CH2).

Anal. Calcd for CgHi2Cl2: C, 53.65; H, 6.75. Found: C, 53.54; H,
6.85.

Competitive Addition of Dichlorocarbene to Methylenecy
cloalkanes. Parham Method.21 For reaction times and tempera
tures of various runs, see Table I. As a representative procedure 
cold methylenecyelopentane (4.1 g, 50 mmol) and methylenecyclo
hexane (4.8 g, 50 mmol) were weighed carefully into a tared 25-ml 
flask which contained pentane (5 ml, olefin-free, stored over Na 
wire). This solution was added to a 50-ml, round-bottomed flask in 
which sodium methoxide (0.81 g, 15 mmol) and pentane (5 ml) 
were being stirred magnetically. Ethyl trichloroacetate (0.952 g, 5 
mmol) was added dropwise and the mixture was stirred for the 
specified time.

The reaction mixture was filtered and the residual solid was 
rinsed with pentane; the filtrate was dried (CaSCL), and the pen
tane and other volatile compounds were removed over a period of 
10 min under aspirator vacuum with no external heating. (The 
product ratio in one case did not change during an additional 20 
min under vacuum.)

When the above procedure was carried out at 25° for 2 hr or at 
0° for 36 hr, or when other pairs of olefins were used, the amount 
of each olefin was 25 mmol. In still another modification of the 
procedure pentane was replaced with benzene. Methylenecyclobu
tane and methylenecyelopentane were always kept cold during the 
weighing process.

Seyferth Method.23 A solution of 25 mmol each of the olefins in 
benzene (5 ml) was added to a 50-ml round-bottomed flask con
taining phenyl(bromodichloromethyl)mercury (2.2 g, 5 mmol) in 
benzene (5 ml). The tightly stoppered flask was stirred magnetical
ly at 60° (oil bath) for 36 hr, sufficient time for complete decompo
sition of the mercurial.24

Analysis of Products. The high-boiling portion of the crude 
reaction mixture from any pair of the olefins, la, lb, and lc, was 
injected directly into the VPC (15% QF-1 on 30-60 mesh Chromo-
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sorb P, 8 ft or 10% SE-30 on 60-80 Chromosorb P, silanized with 
dimethyldichlorosilane, 9 ft) and the quotients of the peak areas 
from four or more injections were observed as apparent values of 
the rate constant quotient, A detector sensitivity factor was
determined with a standard mixture. Each observed rate constant 
quotient was corrected for detector sensitivity and the corrected 
values were averaged for each competition.
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Aspects of Direct Bridgehead Méthylation

Ernest W. Della* and Tony K. Bradshaw

S ch o o l o f  P h y s ic a l S c ien c e s , T h e  F lin d ers  U n iv e r s ity  
o f  S o u th  A u s tra lia , B e d fo r d  P a rk , S .A . 5042, A u s tra lia

R e c e iv e d  D e c e m b e r  2, 1974

We recently required a method of synthesizing the hy
drocarbons (I—III, R = CHo) via direct quaternization of 
the readily available tertiary bromides. One attractive 
route appeared to be coupling of the appropriate halide 
with Grignard reagents. Despite several, largely unsuccess
ful, attempts1, 2 at direct alkylation of bridgehead halides,

I n in

Schleyer and coworkers3 recently described the prepara
tion of 1 -methyladamantane in high yield by treatment of
1 -bromoadamantane with méthylmagnésium bromide 
(molar ratio 1:3) in ether contained in a pressure bottle 
heated to 100°. These workers further reported that méth
ylmagnésium iodide can also be used, and suggested that 
the method may be applicable to related alicyclic com
pounds.

We repeated the experiments outlined by von Schleyer’s 
group and similarly obtained the desired product (I, R = 
CHa) in high yield (Table I). However, we found that use of 
méthylmagnésium iodide under the same conditions gave a 
3:1 mixture of 1-methyladamantane and adamantane, 
which are difficult to separate by VPC but which could eas
ily be detected and analyzed by NMR (13C and proton). 
In an attempt to apply this method to the other bridgehead 
bromides (II and III, R = Br) we found that longer reaction 
times were necessary in order to convert bicyclooctyl bro
mide into the methyl derivative (II, R = CH3). Use of 
méthylmagnésium iodide led to extensive reduction of the 
halide and afforded the hydrocarbons (II, R = CH . and R 
= H) in essentially equal proportions. Accordingly, this 
route to l-methylbicyclo[2 .2 .2 ]octane is very attractive if 
méthylmagnésium bromide is used as the coupling re
agent. 4 As indicated in Table I, prolonged heating of 1- 
bromobicyclo[2 .2 .1 ]heptane in ether at 1 0 0 ° gave only a 
trace (5%) of the coupled product (III, R = CH3 ), the re
mainder of the product being starting material. Obviously, 
under these conditions the coupling reaction is extremely 
slow, and the Grignard reagent preferentially reacts with 
the solvent (as confirmed by conducting a “ blank” experi
ment).

As a possible alternative to the synthesis of 1-methylbi- 
cyclo[2.2.1]heptane, the lithio derivative (III, R = Li) was 
heated with methyl iodide in ether (and also hexane). The 
product was found to consist entirely of 1 -iodobicyclo-
[2 .2 .1 ]heptane arising from simple halogen-metal exchange 
(eq 1 ) in which the position of equilibrium lies almost com
pletely to the right. Similar treatment of 1-bicyclo-

Li I

[2 .2 .1 ]heptylmagnesium halide, whose preparation has re
cently been successfully performed5 and which was not ex
pected to undergo exchange, yielded only bicyclo[2 .2 .1 ]hep- 
tane.

The use of trimethylaluminum in the quaternization of 
tertiary acyclic halides has been shown6 to be widely appli
cable and proceeds without the intervention to any appre
ciable extent of unwanted side reactions. In any case, al
though coupling of this kind involving bridgehead halides 
has not previously been reported, it seemed reasonable that 
in the systems under examination here, competing reac
tions, such as elimination, would be highly unlikely. The 
solvent found to be most appropriate in the study7 of the 
acyclic halides was methyl chloride, in which coupling oc
curs rapidly at very low temperatures.

Accordingly, we treated the bromides (I—III, R = Br)
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Table I
Coupling Reactions of the Bridgehead Bromides

Product, %

Compd Reagent
Molar ratio 

reagent/compd Temp, °C
Reaction 
time, hr Coupling Reduction Halide

I (R =  Br) CH3MgBr° 3 . 0 1 0 0 1 76
I (R = Br) CHjMgF 1 . 5 9 5 1 69 2 2 9C
I (R =  Br) CHjMgU 1 . 5 1 1 0 3 72 28
I (R = Br) (CH3)3A16 1 . 0 -70 0 . 5 82 8
II (R =  Br) CHaMgBr" 3 . 0 95 18 82 18"
II (R =  Br) CH3MgIa 2 . 0 110 18 46 44 8®
II (R =  Br) (CH3)3AU 1 . 0 -70 0.5 98 s2
III(R = Br) CH3MgBr° 3 . 0 110 18 <5 95/
EH (R =  Br) (CH3)3A16 1 . 0 100 24 100/

0 In ether solution. b In CH2CI2 solution. c 1-Iodoadamantane . d l-Bromobicyclo[2.2.21octane. e l-Iodobicycio[2.2.2]octane. 1 1-Bromo-
bicyclo[2.2.1]heptane.

with trimethylaluminum in methylene chloride. The re had been consumed. Methyl iodide (2.84 g, 0.02 mol) was added to
suits are summarized in Table I. the cooled mixture, which was stirred for 3 hr at room tempera-

Both 1-bromoadamantane and l-bromobicyclo[2.2.2]oc- 
tane reacted rapidly, even at —70°, and at that temperature 
méthylation was complete in 15 min. The products were 
obtained in excellent yield, and although 1-methyladaman- 
tane was contaminated with a small quantity of reduction 
product, l-methylbicyclo[2.2.2]octane was obtained almost 
completely pure. Unfortunately, l-bromobicyclo[2.2.1]hep- 
tane again proved to be inert and was unaffected by tri- 
methylaluminum even when heated at 100° for 24 hr.

Experimental Section
1-Bromoadamantane, purchased from Koch-Light Laboratories 

Ltd., was recrystallized and sublimed. 1-Bromobicyclo[2.2.2]octane 
was synthesised from 2-methoxybuta-l,3-diene,8 following the 
route described by Morita and coworkers.9 1-Bromobicyclo-
[2.2.1] heptane was prepared from 1-carboxybicycloheptane10 using 
dibromomethane as solvent in the Cristol-Firth modification11 of 
the Hunsdiecker reaction. All reactions described below were per
formed under an atmosphere of nitrogen.

Méthylation with Grignard Reagents. 1-Bromoadaman- 
tane. The procedure adopted was that outlined by von Schleyer 
and coworkers,3 except that, in order to effect complete consump
tion of substrate, it was found necessary to heat the reaction for 
longer periods than specified (Table I). The identity of the prod
ucts was established by comparison of their spectral properties 
with those of authentic specimens.

l-Bromobicyclo[2.2.2]octane. The reactions were performed 
as for 1-bromoadamantane, except that the period of heating was 
extended to 18 hr. The results are displayed in Table I. VPC anal
ysis (10 ft X  0.125 in. 10% QF-1 at 40°) cleanly separated 1-meth- 
ylbicyclo[2.2.2]octane and bicyclo[2.2.2]octane, whose physical 
properties were consistent with those reported.

l-Bromobicyclo[2.2.1]heptane. A. A 3 M  solution of methyl- 
magnesium bromide in ether (2.8 ml) and 1-bromobicyclo-
[2.2.1] heptane (0.5 g) were heated at 110° for 18 hr. After work-up 
(no residual Grignard reagent detected) the product was analyzed 
by VPC-mass spectrometry and shown to consist of 5% of 1-meth- 
ylbicycloheptane (m/e 110) and 95% of 1-bromobicycloheptane. 
When the bromide (1.0 g) in cyclohexane (10 ml) was converted 
into the lithio derivative12 and treated with methyl iodide (0.8 g) 
in ether (10 ml) for 2 hr at 35°, the product isolated after work-up 
consisted solely of l-iodobicyclo[2.2.1]heptane (VPC and spectral 
analysis).

B. Following the reported procedure5 for the preparation of the 
l-bicyclo[2.2.1]heptyl Grignard reagent, anhydrous magnesium 
chloride (1.71 g, 0.018 mol), freshly cut potassium (1.33 g, 0.034 g- 
atom), predried potassium iodide (2.82 g, 0.017 mol), and anhy
drous THF (40 ml) were placed in a flame-dried 100-ml three
necked flask equipped with a magnetic follower, condenser, and 
septum, and protected under a nitrogen atmosphere. The stirred 
solution was boiled under reflux for 3 hr, after which 1-bromobicy- 
clo[2.2.1]heptane (1.75 g, 0.01 mol) in THF (3 ml) was injected and 
the mixture was heated at 67° for 6 hr, when VPC analysis of an 
aliquot quenched with dilute HC1 indicated that all the bromide

ture. No alkylation was evident (VPC). The mixture was heated at 
65° for 5 hr, cooled to 0°, and treated with gaseous CO2. After the 
usual work-up, the product was isolated and shown (VPC-mass 
spectrometry) to be bicyclo[2.2.1]heptane. Neither the 1-methyl 
nor the 1-carboxy derivative was detected. Similar results were ob
tained when the reaction mixture was heated in a pressure bottle.

Methylation with Trimethylaluminum. General Proce
dure. 13 Trimethylaluminum (1.1 g, 0.015 mol) was added to dry 
methylene chloride (10 ml) in a 100-ml two-necked flask equipped 
with a stirring bar, condenser, and septum, and the stirred solution 
was maintained at —70° under a nitrogen atmosphere. The bridg- 
head bromide (0.015 mol) in methylene chloride (5 ml) was inject
ed and the mixture was allowed to warm to 0° over 0.5 hr. After ex
cess trimethylaluminum had been destroyed by careful addition of 
methanol, the mixture was washed with 5% HC1 (3 X  10 ml) and 
water (2  X  10 ml), and then dried (MgSCL). Solvent was removed 
through an 3-in. column packed with helices and the residue was 
analyzed by NMR and VPC-mass spectrometry. The products 
were purified by sublimation and recrystallization.

Both 1-bromoadamantane and l-bromobicyclo[2.2.2]octane 
reacted rapidly under the conditions specified above and the prod
ucts obtained are shown in Table I. A small-scale run (sealed NMR 
tube) monitored by NMR indicated that reaction was complete in 
15 min at —70°.

l-Bromobicyclo[2.2.1]heptane was unaffected under these con
ditions or when the reaction mixture was heated in a bomb at 100° 
for 24 hr. At the higher temperature the only noticeable reaction 
was that between trimethylaluminum and the solvent.

Registry No. - I (R = Br), 768-90-1; II (R = Br), 7697-09-8; III 
(R = Br), 13474-70-9; methyl bromide, 74-83-9; methyl iodide, 74- 
88-4; trimethylaluminum, 75-24-1.
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Lactone Cleavage with Triphenylphosphine 
Dibromidela’b

Edward E. Smissman,1 Hanan N. Alkaysi, and Mary Weir Creese*
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R e c e iv e d  D e c e m b e r  10, 1974

The cleavage of carbon-oxygen bonds with the adduct of 
triphenylphosphine and bromine (or chlorine) has been 
known for some time,2-5 and the stereochemistry and the 
mechanism of the reaction have been investigated for the 
conversion of alcohols (e.g., the neopentyl6 and norborna- 
nol7,8 systems) to halides.

The early studies of Horner and coworkers2 established 
that ketones, aldehydes, and acids, as well as alcohols, 
could be converted into the corresponding halides by these 
reagents, and Bestmann and Mott4 demonstrated that 
anhydrides followed a similar route; later Anderson and co
workers9 reported the corresponding cleavage of ethers, 
and Burton and Koppes10,11 showed that carboxylic esters 
and lactones were cleaved to acid halides.

When looking for a mild reagent to convert lactones of 
the type 1 to the corresponding halides, 2, we investigated

the Ph,3PBr2 ring opening of the series of lactones listed in 
Table I. The expected products were obtained in every 
case, though yields were low, usually because of polymer
ization and tar formation.12
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While the reaction of acids, acid anhydrides, esters, and 
lactones with triphenylphosphine dihalide might be ex
pected to follow the same general mechanistic path as that 
of the C -0  bond cleavage in alcohols, the presence of both 
a carbonyl and an ester oxygen affords the attacking agent 
a choice of possible sites (pathways 1 and 2), and, in the 
case of acids in particular, a transition state, or intermedi
ate, of the form 3 might also be envisioned.

Lactone

Table I

Registry no. Reaction conditions Product Yield, % Registry no.

96-48-0 100°, 12 hr Br(CH,)3COOCH3 27 4897-84-1

504-31-4 110°, 12 hr Br(CH2)4COOCH3 30 5454-83-1

26499-05-8 82°, 12 hr Br(CH2)4COOCH3 50

502-44-3 a. 82°, 12 hr Br(CH,) sCOOCH3 34 14273-90-6
b. 110°, 12 hr Br(CH2)sCOOCH3 34

539-87-7 110°, 12 hr Br(CHj) 6COOCH3 27 54049-24-0

The general procedure was to add the lactone, which was 
itself prepared from the corresponding ketone by Baeyer 
Villiger oxidation with trifluoroperacetic acid, to a pre
formed suspension of Ph^PBro in dry acetonitrile. The mix
ture was then heated for 8-12 hr under nitrogen. Subse
quent addition of dry methanol to the mixture converted 
the acid halide to the methyl ester. The product was puri
fied by chromatography on alumina, followed by distilla
tion, and the identity was established by ir and NMR spec
tral analysis and elemental analysis.

+ Deceased, July 14, 1974.

Experimental Section

General Procedure13 for the Preparation of the Lactones. 
e-Caprolactone. Trifluoroacetic anhydride (27.2 g, 0.13 mol) was 
added dropwise to an ice-cold suspension of 4.5 ml (0.12 mol) of 
90% H2O2 in 25 ml of dry, freshly distilled methylene chloride and 
the mixture was stirred for 30 min. The resulting peroxytrifluoro- 
acetic acid solution was then added dropwise to a vigorously 
stirred suspension of 30 g of anhydrous Na2HP04 in 100 ml of dry 
methylene chloride, at 0°, containing 17.6 g (0.18 mol) of cyclohex
anone. The mixture was stirred under N2 for 3-4 hr, after which 
period water was added, and the aqueous phase was extracted four 
times with methylene chloride. The combined methylene chloride
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extracts were washed twice with 70-ml portions of saturated 
Na2C03 (aqueous) and dried (MgSCL), and the solvent was re
moved, leaving a colorless oil, bp 58-59° (0.1 mm) [lit.14 bp 108° 
(2.5 mm)] which gave one spot on a thin layer chromatogram, and 
whose ir and NMR spectra were as expected.

General Procedure for Triphenylphosphine Dibromide 
Cleavage of Lactones. To 52.4 g (0.2 mol) of triphenylphosphine 
in 200 ml of dry, freshly distilled acetonitrile under N2 was added 
dropwise 32 g (0.2 mol) of bromine. The mixture was stirred at 0° 
throughout the addition, and the stirring was continued for 30 min 
thereafter. The lactone (22.8 g, 0.2 mol) in acetonitrile was then 
added dropwise, and the mixture was stirred under reflux for 10 
hr, during which time it changed color to dark brown. After cool
ing, 20 ml of anhydrous methanol was added and the stirring was 
continued for a further 30 min. Removal of the solvent left a dark, 
viscous residue, which was dissolved in ether-benzene. This solu
tion was washed several times with water and then dried (MgSCh). 
The solvents were removed, and the dark residue thus produced 
was passed through a 14 X 2 in. dry alumina column, benzene 
being used as eluent. Examination of the column under uv light al
lowed identification of the fluorescent Ph3P = 0  band. The faster 
moving bromomethyl ester band appeared lower down, and meth
ylene chloride extraction of the bottom section of the column gave 
a relatively pure sample of the expected ester, which was then dis
tilled. A thin layer chromatogram showed one spot. Anal. Calcd for 
Br(CH2)5COOCH3: C, 40.19; H, 6.22. Found: C, 39.91; H, 6.02. Ir 
1730 cm '1 (ester 0 = 0 ); NMR (CDC13) <5 1.8 [m, 6, -(CH2- )3], 2.3 
(t, 2, -CH2COOCH3), 3.4 (t, 2, -CH2Br), 3.7 (s, 3, ester CH3). This 
is consistent with literature reports [Sadtler NMR spectrum no. 
4566M and ir spectrum no. 32825 for Br (CH2)4COOEt].

Registry No.—Triphenylphosphine dibromide, 1034-39-5.
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Reaction of Phenanthrenequinone with Ammonium 
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One of the synthetic methods available for the prepara
tion of 2-aryl-l//-phenanthro[9,10-d]imidazoles is the con
densation of phenanthrenequinones with an aromatic alde
hyde in the presence of excess ammonium acetate in glacial 
acetic acid. This reaction has been suggested to proceed via 
diimine 1, which condenses with the aldehyde forming a la
bile adduct that yields imidazole 2 after a facile proton 
shift and ring closure. From the condensation of phenan
threnequinone and ammonium acetate, Day et al.2,3 isolat
ed a base-soluble compound which was considered to be

the intermediate 1; it was indicated that this product was 
converted to 2 by reaction with benzaldehyde in base.

In a reexamination of this reaction, we found that con
densation of the quinone, ammonium acetate, and benzal
dehyde indeed leads to the imidazole 2. We also obtained a 
crystalline product, apparently the same as that described 
by Day et al., from the reaction of the quinone with ammo
nium acetate. This substance, however, did not furnish 2 on 
treatment with benzaldehyde.

The quinone-ammonium acetate product was base solu
ble; acidification caused the compound to reprecipitate un
changed (under these conditions, hydrolysis of 1 would be 
expected). The uv, ir, NMR, and high-resolution mass 
spectra together with the chemical transformations shown 
in Scheme I leave little doubt that the compound is cor-

Scheme I

rectly formulated as 2'-(l/i-phenanthro[9,10-d]imidazol-
2-yl)-2-biphenylcarboxylic acid (4). Acid 4 could be di- 
methylated with methyl iodide in alkaline DMSO solution 
or in refluxing acetone and potassium carbonate to yield 
the N - methyl methyl ester 5. Vacuum sublimation of 4 or 
reaction with acetyl chloride gave the dehydration product
6. On refluxing in ethanolic hydrochloric acid, 6 was con
verted to the ester 7. Structure 4 was further substantiated 
by independent synthesis. Condensation reactions aimed at 
the formation of aromatic phenanthroimidazoles (cf. 2) 
showed much improved yields when the quinone, aromatic 
aldehyde, and ammonium acetate were allowed to react in 
DMSO instead of the glacial acetic acid employed pre
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viously. No reaction between the quinone and ammonium 
acetate was observed in this solvent, however; essentially 
quantitative conversion to 4 was observed when diphenal- 
dehydic acid was added to the reaction mixture. We inter
pret this result not only as support for our proposed struc
ture 4, but also as an indication for an acid-catalyzed mech
anism of formation.

It appears likely that spiro intermediate 3, which is first 
formed, undergoes an acid-catalyzed stereoelectronically 
favored realignment involving the cleavage of the C9-C 10 

bond and leading to the formation of 4.

Experimental Section
All melting points were uncorrected. Unless otherwise stated, 

NMR, uv, and ir spectra were obtained in DMSO-dg, absolute eth
anol solutions, and Nujol mulls, respectively. Molecular formulae 
were arrived at by computer analysis of the high-resolution mass 
spectra. NMR positions are reported in r units relative to MeiSi 
standard.

2-Phenyl-lif-phenanthro[9,10-d]imidazole (2). Phenanthre- 
nequinone (4.0 g, 0.02 mol), benzaldehyde (2.0 g, 0.02 mol), and 
ammonium acetate (15.0 g, 0.2 mol) were mixed with thorough 
stirring in DMSO (50 ml). The mixture was heated to 95° with 
continued stirring for 0.5 hr. The solution was cooled and diluted 
with water (250 ml), and the precipitate was filtered. Recrystalliza
tion of the solid from 2-butanone yielded 5.0 g of product, mp 
318-320°; picrate mp 292-294° (lit.2 mp 314, 289-290°, respective
ly); UV Xmax 362 nm (r 12,500), 348 (13,500), 326 (23,000), 312
(22.000) , 260 (56,000).

2'-(lfi-Phenanthro[9,10-(f]imidazol-2-yl)-2-biphenylcar- 
boxylic Acid (4). Phenanthrenequinone (10.0 g, 0.045 mol) and 
ammonium acetate (75 g, 1.0 mol) were refluxed in glacial acetic 
acid (150 ml) for 1 hr. The solution was cooled and the crystalline 
precipitate was filtered and dried. Purification was effected by 
crystallization once from acetic acid and twice from cellosolve, giv
ing 8.0 g of crystalline material, mp 320-322° (lit.2 mp 290-292°; 
the crystalline compound obtained from acetic acid had mp 286- 
285°). Purification of material from other runs was accomplished 
by dissolving the crude compound in alcoholic potassium hydrox
ide solutions.

Anal. Calcd for C28Ni8N20 2-H20: C, 77.75; H, 4.66; N, 6.47. 
Pound: C, 77.95; H, 4.98; N, 6.47.

The molecular water of crystallization could not be liberated by 
drying at 140° for 2.5 days at 6 mmHg pressure: picrate mp 307- 
309°; ir 3300-2800 (COO-H-N), 1660-1570 cm -1 (COO" and NH, 
NH2+); hydrochloride 1670 cm-1 (CO); NMR 3.80 (s, D2O ex
changed), 1.10 (s, D20  exchanged), 1.10-3.18 ppm (complex m, 16 
H); uv 358 nm (c 5,500), 340 (5,500), 306 (17,500), 286 (18,000), 258
(61.000) .

The compound was also prepared by the following method. Phe
nanthrenequinone (1.0 g, 0.005 mol), diphenaldehydic acid5 (1.10 
g, 0.005 mol), and ammonium acetate (10 g, 0.13 mol) were heated 
in DMSO (25 ml) for 1 hr at 100°. The solution was allowed to cool 
and diluted with water to a final volume of 100 ml. After acidifica
tion of the solution with dilute hydrochloric acid, the precipitated 
compound was purified as above.

10H-Dibenzo[f,h]phenanthro[9,10-b]imidazo[l,2-a]azepin-
1 0 -one (6 ). Compound 4 (2 g, 0.005 mol) was dissolved in pyridine 
(25 ml) and the solution was cooled in an ice bath. Acetyl chloride 
(1.5 ml) was added and the solution was allowed to warm to ambi
ent temperature. The reaction was allowed to proceed with stirring 
for an additional 2 hr and was diluted with water to 60 ml. The 
solid precipitate was collected and crystallized from 2-butanone, 
yielding 1.5 g of compound: mp 260-261°; ir 1710 cm-1 (CO); 
NMR 1.10-3.16 ppm (complex m); uv 360 nm (e 11,250), 345 (12,2), 
300 (35,000); MS m /e 396 (C28H16N20), 367 (C27H13N2), 183 
(CnH7N20), 163 (C13H7).

Anal. Calcd for C28H16N20 : C, 84.83; H, 4.07; N, 7.07. Found: C, 
84.38; H, 4.23; N, 7.25.

Ethyl 2'-(lH-Phenanthro[9,10-d]imidazo-2-yl)-2-biphenyl- 
carboxylate (7). Compound 6 (0.5 g) was refluxed in a solution of 
ethanol (40 ml) and concentrated hydrochloric acid (10 ml) for 3 
hr. The solution was cooled, diluted with water to 100 ml; and neu
tralized with Na2C0 3 . The product (0.25 g) was crystallized from 
ethanol: mp 185°; ir 1690 cm-1 (CO); NMR 1.17-3.0 (complex m, 
16 H), 5.80 (q, J  = 7 Hz, 2 H), 8.99 ppm (t, J  = 7 Hz, 3 H); MS m/e 
442 (C3oH22N20 2), 396 (P -  C2H5OH), 368 (P -  C02C2H5), 184

(CnH8N20), 183 (CnH7N20); uv 358 nm (e 6,000), 340 (7,000), 300
(17.000) , 258 (56,700).

Methyl 2 ,-(l-Methyl-li/-phenanthro[9 ,I0 -rf]imidazol-2 -
yl)-2 -biphenylcarboxylate (5). Compound 4 ( 1  g) was refluxed 
with methyl iodide (2 ml) and potassium carbonate (1 g) in 50 ml 
of acetone and 2.5 ml of water for 20 hr, diluted with water to twice 
the original volume, and extracted with chloroform (3 X 50 ml). 
The organic extract was dried, evaporated to almost dryness, and 
crystallized from 1-butanol: mp 190-192°; ir 1705 cm-1 (CO); 
NMR 0.74-3.34 (complex m, 16 H), 6.05 (s, 3 H), 6.28 ppm (s, 3 H); 
uv 354 nm (e 4500), 338 (4500), 306 (13,500), 284 (18,500), 254
(63.000) ; MS m/e 442 (C3oH22N20 2), 383 (P -  C02CH3), 368 (P -  
CH3, C02CH3), 183 (CuH7N20).

Anal. Calcd for C3oH22N20 2: C, 81.43; H, 5.01; N, 6.33. Found: C, 
80.98; H, 4.82; N, 6.41.
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Acid-Catalyzed Epoxide Cleavage of
3,4-Epoxytricyclo[4.2.2.02>5]deca-7-eneI

Tadashi Sasaki,* Ken Kanematsu, and Akihiro Kondo
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With a hope of providing a synthetic entry for new car
bon-skeleton construction and further additional data for 
understanding the transannular reactions of tricyclo- 
[4.2.2.02’5]deca-3,7-diene derivatives 1 and 2 (1:1 adducts of 
cyclooctatetraene with maleic anhydride and methyl male- 
ate) with electrophiles,2̂  we have investigated the reac
tions of 1 and 2 with m-chloroperbenzoic acid and the acid- 
catalyzed cleavage of the resulting epoxide derivatives.5

Reaction of 1 with m-chloroperbenzoic acid gave a mo
noepoxide product 3.6 Similar reaction of 2 gave 46 together 
with a trace amount of unknown compound 5. The NMR 
spectrum of 5 exhibits signals at 5 1.93 (4 H, m), 2.68 (4 H, 
m), 3.02 (4 H, s), 3.18 (4 H, m), 3.60 (12 H, s), and 6.50 (4 
H, t) suggesting the presence of two cyclohexene moieties, 
and also the syn or anti dimer of 4 (Chart I).

Treatment of the epoxide 4 with hydrogen chloride in 
methanol at 0° gave compound 6 in an almost quantitative 
yield. The yields of 6 under various acidic conditions are 
summarized in Table I.

Similar treatment of 3 with the acid under various condi
tions gave a complex mixture, which we were unsuccessful 
in further purifying.

The NMR spectrum of 6 exhibits a methine proton at <5 
4.75 (dd) adjacent to a lactone moiety, a sharp singlet at &
4.06 (1 H) adjacent to a hydroxyl group, and one methoxyl 
group at & 3.68 (3 H, s), but lack of olefinic protons. The
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Chart I carbonyl band at 1740 cm-1, but in chloroform two absorp
tions at 1775 and 1750 cm-1. Therefore, the final determi
nation of the structure was accomplished by the chemical 
transformations.

Acetylation of 6  with acetic anhydride in the presence or 
the absence of pyridine afforded compound 7. The ir spec
trum of 7 in the solid state shows carbonyl absorptions at 
1790 cm- 1  attributable to a five-membered lactone and at 
1740 cm- 1  due to acetoxyl and ester carbonyl groups. Simi
lar treatments of 6  with p-nitrobenzoyl chloride, p-nitro- 
benzenesulfonyl chloride, and tosyl chloride in pyridine at 
room temperature gave the acylated compounds, 8 , 9, and 
10, respectively. The ir spectra of these compounds in KBr 
exhibit lactone absorptions in the regions of 1770-1765 
cm - 1  as shown in Table II, suggesting the presence of a 
five-membered lactone moiety and at least the absence of a 
six-membered lactone group.

Acid-Catalyzed Cleavage Reaction of 4

Reagent Solvent Product 6'yield, %

HCF MeOH Quantitative
Coned HC1 None 56.5
45% HBr None 28
BFS AcOH 17.5

a In methanol saturated with dry hydrogen chloride.

spectral patterns of 6  are very similar to that of the halolac- 
tonization products. 2 Thus, the formation mechanism of 6  

could be explained to proceed by an initial produced 
bridged protonated oxide (A) followed by ring opening to 
cause the transannular cross cyclization affording the lac- 
tonization product 6 a or 6 b (see Chart II). However, it is 
difficult to establish the structure of 6  from its ir data, 
since the spectrum in the solid state shows only one broad

Chart II
H

OH OH

Table II
Carbonyl Absorptions of Acylated Compounds by Ir

Ir (KBr), C = 0 ,  cm

Compd Lactone Ester

7 1790 1740
8 1765 1750, 1720
9 1770 1730

10 1770 1740

Furthermore, hydrolysis of 6  with 50% sulfuric acid or 
1 0 % aqueous sodium hydroxide at room temperature af
forded compound 11 (Scheme I), which shows a lactone ab-

Scheme I

sorption at 1775 cm- 1  suggesting the presence of a five- 
membered ring. Esterification of 11 with methanol in sulfu
ric acid or diazomethane in ether gave 6  exclusively. Thus, 
the structure 6  was established to be 6 a. From these data, it 
is pointed out that no skeletal rearrangement (relactoniza- 
tion) from the six-membered ring to the five-membered 
lactone moiety has occurred during the chemical conver
sions even under both acidic and basic conditions. By con
trast, all attempted base-catlayzed cleavage of the epoxides 
3  and 4  was unsuccessful, although many examples of the 
ring-opening reactions of epoxide derivatives with nucleo
philic reagents have been reported.7

Experimental Section
The melting points were measured with Yanagimoto micromelt

ing point apparatus and are uncorrected. Microanalyses were per-
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formed on a Perkin-Elmer 240 elemental analyzer. The NMR 
spectra were taken with a Jeol C-60-XL recording spectrometer 
with tetramethylsilane as an internal standard and the chemical 
shifts are expressed in d values. The ir spectra were taken with a 
Jasco Model IRA-1 grating infrared spectrophotometer.

Epoxidation of 1. A solution of 1 (200 mg) and m-chloroperben- 
zoic acid (170 mg) in chloroform (20 ml) was stirred for 24 hr at 
room temperature. Then chloroform (30 ml) was added to the 
reaction mixture and the solution was washed with a saturated so
dium bicarbonate solution followed by water (20 ml). Drying over 
anhydrous sodium sulfate followed by evaporation of the chloro
form solution gave 3 (100 mg): mp 209-211°; ir (KBr) 1860, 1840, 
and 1780 cm- 1  (anhydride); NMR (CDCI3) 5 6.30 (2 H, t, J  = 4.5 
Hz), 3.55 (2 H, d, J = 2.3 Hz), 3.35 (2 H, m), 3.04 (2 H. t, J  = 1.5 
Hz), and 2.43 (2 H, m).

Anal. Calcd for C12Hio04: C, 66.05; H, 4.62. Found: C, 66.07; H,
4.72.

Epoxidation of 2. A solution of 2 (1.0 g) and m-chloroperben- 
zoic acid (700 mg) in chloroform (30 ml) was stirred for 24 hr at 
room temperature. Work-up as described above and evaporation of 
the solvent followed by silica gel chromatography using chloroform 
gave 4 (800 mg) and 5 (20 mg).

4: mp 83-84° (re-hexane); ir (KBr) 1740 and 1720 cm-1; NMR 
(CDCI3) h 6.28 (2 H, t, J  =  4.5 Hz), 3.55 (6 H, s, COOMe-2), 3.50 (2 
H, m), 3.00 (2 H, m), 2.86 (2 H, s), and 2.30 (2 H, m); MS m/e 264 
(M+) and 233 (M -  31).

Anal. Calcd for Ci4H16Os: C, 63.62; H, 6.10. Found: C, 63.90; H,
6.04.

5: mp 263-265° (benzene-re-hexane); ir (KBr) 1740 cm-1; NMR 
(CDCI3) S 6.50 (4 H, t), 3.60 (1 2  H, s), 3.18 (4 H, m), 3.02 (4 H, s), 
2.68 (4 H, m), and 1.93 (4 H, m); MS m/e 528 (M+) and 497 (M — 
31).

Anal. Calcd for C2sH32Oio-C6H6: C, 67.31; H, 6.31. Found: C, 
67.25; H, 6.24.

Acid-Catalyzed Reaction of 4. General Procedure. A solu
tion of 4 in acidic condition was kept at 0° or room temperature for 
2 days. After evaporation of the solvent, the residue was recrystal
lized from benzene to give 6 : mp 167-169°; ir (KBr) 3400 and 1740 
cm“ 1; NMR (CDCI3) S 4.75 (1 H, dd, J  =  3.0 and 6.75 Hz), 4.06 (1 
H, s), 3.68 (3 H, s, COOMe), 3.58 (1 H, m), 3.18 (1 H, dd, J  =  4.5 
and 6.75 Hz), 2.3-2.9 (6 H, m), 2.20 (broad s, 1 H, exchangeable by 
D20).

Anal. Calcd for C13HUO5: C, 62.39; H, 5.64. Found: C, 62.62; H,
5.94.

The yields of 6 under various conditions are summarized in 
Table I.

Acetylation of 6. A. A solution of 6 (300 mg) in acetic anhy
dride (15 ml) was refluxed for 6 hr. After evaporation of the sol
vent, the residue was recrystallized from benzene-re-hexane to give 
7 (345 mg); mp 158-159°; ir (KBr) 1790 and 1720 cm“ 1; NMR 
(CDCI3) <5 4.77 (1 H, dd, J  =  3.0 and 8.0 Hz), 4.57 (1 H, s), 3.70 (3 
H, s, COOMe), 3.40 (1 H, m), 3.20 (1  H, t, J  = 5.0 Hz), 3.50-3.85 (6 
H, m), and 2.10 (3 H, s, COCH3).

Anal. Calcd for Ci5Hi6Oe: C, 61.64; H, 5.52. Found: C, 61.90; H,
5.52.

B. A solution of 6 (100 mg) in acetic anhydride (0.7 ml) and pyri
dine (2 ml) was kept at room temperature for 3 days. The reaction 
mixture was added with water and then extracted with chloroform. 
The extract was washed with dilute hydrochloric acid followed by 
aqueous sodium bicarbonate and finally with water. Evaporation 
of the solvent gave 7 (90 mg).

Reaction of 6 with p-Nitrobenzoyl Chloride. A solution of 6 
(240 mg) and p-nitrobenzoyl chloride (360 mg) in pyridine (10 ml) 
was stirred for 2 hr at room temperature. Work-up as described 
above gave 8 (370 mg): mp 200-203° (benzene-chloroform); ir 
(KBr) 1765,1750, 1720, 1530, and 1350 cm“ 1; NMR (CDCI3) & 4.85 
(1 H, s), 4.80 (1  H, dd, J  = 3.0 and 8.0 Hz), 3.65 (3 H, s, COOMe), 
3.50 (1 H, m), 3.23 (1 H, t, J  = 5.0 Hz), 2.5-3.0 (6 H, m), 8.08 (2 H, 
d, J  = 10.0 Hz), and 8.28 (2 H, d, J  = 10.0 Hz).

Anal. Calcd for C20Hi7O8N: C, 60.15; H, 4.29; N, 3.51. Found: C, 
60.17; H, 4.32; N, 3.31.

Reaction of 6 with p-Nitrobenzenesulfonyl Chloride. A so
lution of 6 (250 mg) and p-nitrobenzenesulfonyl chloride (340 mg) 
in pyridine (10  ml) was stirred for 1 day at room temperature. 
Work-up gave 9 (401 mg): mp 202-203° (benzene-re-hexane); ir 
(KBr) 1770, 1730,1540,1370, and 1350 cm“ 1.

Anal. Calcd for Ci9H170 9NS: C, 52.52; H, 3.93; N, 3.21. Found: 
C, 52.47; H, 3.99; N, 3.12.

Reaction of 6 with Tosyl Chloride. A solution of 6 (80 mg) and
tosyl chloride (100  mg) in pyridine (10  ml) was stirred for 2 days at

room temperature. Work-up gave 10 (139 mg): mp 138-140° (ben- 
zene-re-hexane); ir (KBr) 1770, 1740, 1360, and 1180 cm“ 1.

Anal. Calcd for C20H20SO7: C, 59.39; H, 5.00. Found: C, 59.45; H,
5.08.

Hydrolysis of 6 . A. A solution of 6 (300 mg) in 50% sulfuric acid 
(20 ml) was kept at 90° for 5 hr. After neutralization with 10% so
dium hydroxide followed by acidification with 10% hydrochloric 
acid, the solvent was evaporated under reduced pressure. The re
sulting residue was extracted with hot acetone. Evaporation of the 
solvent gave 11 (178 mg); mp 220-222° (acetone-benzene); ir 
(KBr) 1775, 1710, and 3400 cm“ 1.

Anal. Calcd for Ci2H120 5: C, 61.01; H, 5.12. Found: C, 61.16; H, 
5.17.

B. A suspension of 6 (970 mg) in 10% sodium hydroxide (20 ml) 
was stirred for 2 hr at room temperature. After acidification with 
hydrochloric acid followed by evaporation of the solvent, the re
sulting residue was extracted with acetone. Evaporation of the sol
vent gave 1 1  (806 mg).

Esterification of 11. A. A solution of 11 (400 mg) in methanol 
(10 ml) and a trace amount of sulfuric acid was refluxed for 4 hr. 
After evaporation of the solvent, the reaction mixture was added 
to water and the product was extracted with chloroform. Drying 
with sodium sulfate followed by evaporation of the solvent gave 6 

(430 mg).
B. To a suspension of 11 (200 mg) in ether (20 ml), an excess of 

diazomethane in ether (50 ml) was added. The reaction mixture 
was stirred for 1 day. The resulting residue was recrystallized from 
benzene to give 6 (2 10  mg).

Registry No.—1, 51447-09-7; 2, 35211-83-7; 3, 54712-51-5; 4, 
54677-36-0; 5, 54773-74-9; 6, 54677-37-1; 7, 54677-38-2; 8 , 54677- 
39-3; 9, 54677-40-6; 10, 54677-41-7; 11, 54677-42-8; m-chloroper- 
benzoic acid, 937-14-4; p-nitrobenzoyl chloride, 122-04-3; p-nitro
benzenesulfonyl chloride, 98-74-8; tosyl chloride, 98-59-9.
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The discovery of a pyrolytic 2-pyrone (1) rearrangement1 

(Scheme I) which renders the 3 and 5 positions equivalent

Scheme I

0
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while maintaining the uniqueness of the 4 and 6  positions 
suggested a possible explanation for the previously ob
served2 mass spectral deuterium distributions among the 
fragments from the four monodeuterated 2 -pyrones. These 
distributions indicate that, at some stage, the 3 and 5 posi
tions of 1 become equivalent, while the 4 and 6  positions re
main unique. Whether the equivalence stems from ion 
symmetry or dynamic scrambling could not be ascertained, 
nor could it be determined whether it is attained in the 
C5 H4O2 molecular ion(s) or the C4H4O daughter ion(s). Be
cause the thermal rearrangement scrambles the two oxygen 
atoms as well as the 3 and 5 positions of l , 3 it should be 
possible to learn whether a similar rearrangement is opera
tive during electron impact induced fragmentation simply 
by noting the isotopic distribution among the fragments of 
2 -pyrone labeled specifically with oxygen-18.

Results and Discussion
Labeling of 2-pyrone with oxygen-18 was accomplished 

by hydrolysis of 2 -ethoxypyrylium fluoroborate4 with oxy- 
gen-18-enriched water (Scheme II). The extent of labeling

Scheme II

+ CftOH 
(major)

+ C,Hs018H 
(minor)

was determined by mass spectrometry. To minimize the 
possibility that thermal scrambling in the spectrometer 
inlet system might precede fragmentation, the labeled sam
ples were adsorbed onto charcoal and directly loaded into 
the direct oven lock inlet system, which was maintained at 
20°. The ion source temperature was 150°. Because M + 1 
and M + 2 peaks were slightly larger in the spectrum of un
labeled 2 -pyrone than was predicted on the basis of natural 
isotopic abundances, the oxygen-18 enrichment was found 
by subtracting the intensities of ions at m/e 98 and 100 in 
the spectrum of unlabeled 2 -pyrone from those of labeled 
2 -pyrone.

Labeled 2-pyrone thus prepared with 30.0% oxygen-18- 
enriched water contains 24.5% oxygen-18 (Table I). No

Table I
Mass Spectra of 2-Pyrone and 
Oxygen-18-Labeled 2-Pyrone

Relative ion intensities
__________________________ _____________ Corrected ion

intensities3
m/ e  Labeled Unlabeled (normalized)

M+ Region*
96 100 100 75.5
98 32.2 ± 0.5 0.68 ± 0.01 24.5 ± 0.3

10Q 0.21 ±  0.02 >0.01
M -  CO Region0

68 100 100 95.7
70 5.02 ± 0.07 0.65 ± 0.11 4.30 ± 0.09
72 0.09 ± 0.01 0.51 ± 0.03
0 Intensities of ions at m /e 98, 100, 70, and 72 for unlabeled 2-

pyrone were subtracted from intensities of those ions for the 
labeled 2-pyrone. In addition, an isotropic correction at m /e 100 
was based on the intensity of the ion at m /e 98. " Average of five 
scans at lOeV. c Average of five scans at 70eV.

doubly labeled pyrone is observed. The oxygen-18 is incor
porated selectively into the carbonyl group, since conver
sion of a portion of the labeled pyrone into pyran-2 -thione 
(P2S5 in benzene) 5  removes at least 99.5% of the label 
(Table II). Incomplete labeling (i.e., 24.5/30.0) may be ex-

Table II
Mass Spectra of 2-Pyran-2-thione

m/ e From labeled 2-pyronea Expected for C^H^OS

112 100 100
114 4.83 ± 0.03 4.78

a Containing ca. 25% oxygen-18. Average of three scans with
10-eV electrons.

plained either by imperfect exclusion of atmospheric mois
ture or by partial hydrolysis of the ethyl group. Sib et al.6 

have recently shown that nucleophiles may attack alkoxy- 
pyryllium salts at either the ring or the alkyl group, as 
shown in the minor route of Scheme II.

To determine the extent of 180  retention after decarbon- 
ylation of the molecular ion of labeled 1 , the ion intensities 
at m/e 6 8  of the labeled and unlabeled spectra were nor
malized to 100, and the intensities of the ions at m/e 70 and 
72 of the latter were subtracted from the former. Under the 
same spectrometer conditions, which completely scramble 
the deuterium label in either 3- or 5-monodeuterated 2- 
pyrone, only 17.5% of the oxygen label is retained after de- 
carbonylation of the molecular ion.7  Hence, the two oxy
gens could have equilibrated in no more than 35% of the 
molecular ions and a rearrangement similar to that shown 
in Scheme I is thus ruled out as the principle source of deu
terium scrambling. The actual extent of deuterium scram
bling occurring via a Scheme I type mechanism may be 
considerably less; the molecular ion of 1 8 0 -labeled 1  may 
lose unlabeled CO by some alternative process. However, in 
this regard, it should be noted that Johnstone et al. 8 exam
ined the mass spectra of 4,-methyl-3,4,5,,6,-pyranocoumar- 
in having both carbonyl carbons 13C labeled and found that 
the first two (of four) sequential decarbonylations proceed 
with loss of the 13C labels. No competing loss of unlabeled 
carbonyl was reported. In this instance, the presence of 
substituents in the 6  position of both pyrone rings presum
ably would prevent a Scheme I like rearrangement (see ref
3).

Mass spectra of several sulfur analogs of 2-pyrones 
suggest that a mechanism similar to that of Scheme I may 
play a role in fragmentation of their molecular ions. Table 
III shows the ratios of loss of CS to loss of CO for eight of

Table III
Ratio of Loss of CS to Loss of 

CO in Sulfur Analogs of 2-Pyrones
Com pd M — CS/M  — CO°

Thiapyran-2-one 0.01
4-Methylthiapyran-2-one 0.03
4,6-Dimethylpyran-2-thione 100
4 - Methoxy-6-methylpyran-2-thione >73l>
Pyran-2-thione 0.69
5- Bromopyran-2-thione 0.40
3 - Methylpyran-2-thione 0.37
4 - Methylpyran-2-thione 0.95
0 At 70 eV. * At 10 eV. Reference 10.

these compounds. The numbers reflect intensities of the M 
— CS and M — CO ions and may, because of further frag
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mentation, not represent the true ratios of loss of CS and 
CO. Nevertheless, the trend is obvious and invites the hy
pothesis that the more stable isomers,9 thiapyran-2-one 
and 4-methylthiapyran-2-one, having sulfur in the ring, do 
not rearrange and lose solely CO. However, 4,6-dimethyl- 
pyran-2-thione, which cannot rearrange by the thermal 
mechanism because of the blocking methyl group in posi
tion 6 (see ref 3), loses CS almost exclusively. By analogy,
4-methoxy-6-methylpyran-2-thione is expected to lose only 
CS. This occurs predominately (98.6%).10 Intermediate in 
behavior are the molecular ions of pyran-2-thione, 5-bro- 
mopyran-2-thione, 3-methylpyran-2-thione, and 4-methyl- 
pyran-2-thione, which, by this criterion, appear to rear
range substantially prior to fragmentation.

The simplest rationalization of the preceding results is 
that decarbonylation is several times faster than the rear
rangement sequence for 2-pyrone molecular ions but sever
al times slower for thio-2-pyrone molecular ions unless the 
rearrangement of the latter is blocked by a substituent in 
position 6. The failure of 2-pyrone to scramble the oxygen 
label requires the operation of some alternate process to 
scramble the 3 and 5 deuteriums. Whether this deuterium 
scrambling occurs before or after decarbonylation is un
known nor is it known whether it occurs via a symmetric 
ion or through dynamic scrambling. Hence, speculation on 
the source of the deuterium scrambling is presently unwar
ranted.

Experimental Section
Oxygen-18-Labeled 2-Pyrone. 2-Ethoxypyrylium fluorobo- 

rate4 (0.17 g) was added to 0.07 g of water containing 30.0% oxy
gen-18 and 41.2% deuterium. After 3 hr at room temperature and 
18 hr of storage at —20°, the sample was distilled at 80° (7 Torr). 
*H NMR showed the resulting pale yellow oil to be 2-pyrone, 
water, and ca. 1% of an ethoxyl-containing impurity. The sample 
was dissolved in methylene chloride and dried over anhydrous po
tassium carbonate. Vacuum evaporation of the solvent afforded 2- 
pyrone with an impurity with a significant ion at m /e 66. The im
purity was removed by liquid chromatography on silica, eluting 
with 50:50 methylene chloride-pentane, to give 2-pvrone contain
ing 24.5% oxygen-18 (Table I).

To assess the limits of acid-catalyzed exchange, an attempt was 
made to label 2-pyrone by HCl-catalyzed exchange with water con
taining 30.0% oxygen-18 (pH ca. 2). This experiment gave no oxy
gen-18 incorporation either after 32 days at room temperature or 
after 1 hr in a steam bath.
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Methyl Hyponitrite
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Several of the lower molecular weight alkyl hyponitrites 
were synthesized by Partington and Shah, 1 Zorn,2a and 
Holden and Kutschke.2b The parent member of the series 
has been mentioned in the patent literature3 but apparent
ly has not been synthesized, probably because safety con
siderations outweighed the need. Methyl hyponitrite is an 
attractive, low-temperature source of methoxy radicals, 
and we were interested in the compound for use in connec
tion with studies of gas-phase reactions leading to photo
chemical smog.

Reaction of silver hyponitrite4 with excess methyl bro
mide at 0° according to Traylor’s procedure5  gave a solu
tion that was fractionated at low pressure and temperature 
to remove methyl bromide. Methyl hyponitrite was ob
tained as a colorless, fragrant liquid at 25° that formed ice
like crystals when condensed from the gas phase onto the 
walls of a tube at —196°.

The ester was prepared twice without incident. A third 
preparation of ca. 1  g, however, exploded violently during a 
s eco n d  bulb-to-bulb distillation from an 8 -mm tube. The 
glass was pulverized into dust so fine that no damage was 
done to the vacuum system, although the operator sus
tained superficial cuts from particles that penetrated cloth
ing. 6

We suspected that “ bumping” of the boiling liquid 
caused the detonation, but a 0.5-g sample in a wide, shal
low-bottomed tube later exploded as it was being frozen in 
a Dewar flask containing liquid nitrogen. Since there was 
no obvious reason in this case, handling of the neat ester 
appears to be exceptionally unpredictable. Our experience 
is in accord with highly disparate accounts in the literature 
concerning the stability of lower alkyl hyponitrites.

A modified preparation with mineral oil as a diluent pro
ceeded without incident. The ester was handled as a gas 
and cocondensed with excess 1,4-cyclohexadiene. The re
sulting solution was diluted with benzene-d6 - Portions were 
transferred to two NMR tubes for product study. The 
tubes were degassed and sealed off. One was placed in a 
bath at 100° for 5 min; a signal at S 3.06 (CH3 OH) was the 
only resonance observed other than those from 1,4-cyclo
hexadiene (S 2.6 and 5.8) and benzene (5 7.2). The latter 
was initially present as an impurity, although it was also an 
expected product from H abstraction.

A second tube containing 0.9 ±  0.2 M  hyponitrite was 
placed in a preheated 4H NMR probe at 70°. The area of 
the resonance at b 3.5 decreased 8 8 % in 50 min, with f i /2 17 
±  5 min.

The area of the methanol product signal was only half of 
the original methyl area in the ester. We cannot account for 
the difference, since signals from dimethyl peroxide (5 3.6) 
or low-field resonance from CH20  were not observed. The 
absence of the former is consistent with a value of 
^disproportionation/^recombination “  9.3 reported in the gas 
phase, 7 and also with the small yield of di-iert-butyl perox
ide observed from di-iert-butyl hyponitrite by Kiefer and 
Traylor5  and by Neuman and Bussey.8

From group additivity9 we estimate A iT fg S  70 kcal/ 
mol for the hyponitrite, and an enthalpy change for the 
reaction

CH3ON=NOCH3(l) -  N2(g) + CH3OH(g) + CH20(g)
* Address correspondence to this author at Battelle-Columbus Laborato- 

ries, Columbus, Ohio 43201.



Notes J. Org. Chem., Vol. 40, No. 11,1975 1647

of —139 kcal/mol, or about 1.5 kcal/g of ester. This value is 
comparable to that for a number of explosives and is con
sistent with the observed properties. The exothermicity 
also exceeds singlet and triplet energies of formaldehyde 
and other carbonyl compounds.10 We will report our obser
vations of solution chemiluminescence from hyponitrites 
later.

Experimental Section
Dry silver hyponitrite (2 g) was added at 0° to stirred methyl 

bromide (10 ml) that had been purified by bubbling through con
centrated sulfuric acid and condensing at —78°. After 5 hr, the 
mixture was filtered. The excess methyl bromide was allowed to 
distil off at 25°; the remaining liquid was further concentrated on 
a vacuum line by warming repeatedly from -196° and removing 
vapor portionwise at low temperature. In later runs, mineral oil (1 
ml/g Ag2N20 2) was added before concentration. The fractionation 
was followed by means of a capillary bleed leading to a quadrupole 
mass spectrometer (Finnigan Model 4000). Methyl bromide dis
played intense signals at m /e 79 and 81. Pure methyl hyponitrite 
froze to a white solid below 0°: 1H NMR (CeD6) S 3.52 ( J i 3 C __H  =  

145.3 Hz); 13C NMR (CgDg) & 60.1 ppm downfield from internal 
TMS; mass spectrum (70 eV) principal m/e 90, 59, 31, 30, 29, 28, 
15. In pure benzene-d6 the NMR signal of the hyponitrite de
creased 50% after 1 week at 25°. For the product study in 1,4-cy- 
clohexadiene, the hyponitrite at 2 Torr pressure was diluted with 
diene to a total pressure of 6 Torr, and the mixture was condensed 
out at —196° and removed from the vacuum line. The magnetic 
resonance experiments were determined with a Varian XL-100 
NMR spectrometer.
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Testing Proposed Reaction Mechanisms with 
Compounds Bound to Solid Supports
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D e p a r tm e n t  o f  E n to m o lo g y , W a sh in g to n  S ta te  U n iv e r s ity , 
P u llm a n , W a s h in g to n  99163

R e c e iv e d  D e c e m b e r  2, 1974

During a sequence of reactions, the fate of a functional 
group or side chain may be difficult to determine, particu
larly if one of the intermediates or the product is unstable. 
Determining the fate of various parts of a molecule may be 
facilitated if the compound can be bound to a solid support 
through the part of interest. This paper illustrates the 
value of this approach by following the fate of an N - acyl 
group through a sequence of reactions.

Scheme I

a lk a lin e

borate

H— N— C— CH3 
1

borate

H,COH

purple
color

(CH2)6— X— Sepharose-4B
6

(CH,):i— Si=CPG glass
7

8
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. The Morgan-Elson1 assay for 2-acylamido-2-deoxy-D- 
hexose sugars 1 and their 6-phosphate esters involves two 
main steps2 (see Scheme I). In step A, heating the sugar 
with borate buffer at alkaline pH may produce a furanose- 
borate complex 2. This is followed by dehydration to form 
a 2,3-anhydro sugar derivative2 3 and perhaps a 4,5-anhyd- 
ro sugar derivative3 4. In step B, treatment with Ehrlich re
agent (p-A,A-dimethylaminobenzaldehyde in HCl-glacial 
acetic acid) dehydrates the monoanhydro sugars above to 
furan derivatives2’3 5 and complexes them with Ehrlich re
agent, resulting in a purple color with absorption maxima 
at 550 and 590 nm.

It has been proposed that in the course of the Morgan- 
Elson reaction the A-acyl group of 2-acylamido-2-deoxy- 
D-hexose sugars may be eliminated during some stage of 
color development2’3 because of differential behavior of A- 
acyl and N - alkyl hexosamines.

“ These results show that, under the conditions of the 
Morgan-Elson procedure, a wide variety of N - acyl groups 
facilitates chromogen formation (possibly by binding the 
lone electron pair on the nitrogen atom during the ^-elimi
nation process) but that they do not affect the color formed 
by subsequent reaction with [p-A,A-dimethylaminoben- 
zaldehyde]. N - Alkyl substituents, on the other hand, which 
do little to promote chromogen formation, have a marked 
effect upon the final color. This suggests that acyl, but not 
alkyl, groups are eliminated during the color develop
ment.”2

The chromogens produced during the Morgan-Elson 
reaction are the monoanhydro sugars and furan derivatives 
mentioned above and seen in Scheme I.2-3 These com
pounds do retain the acetamido group of the starting A- 
acetylhexosamine, so that if the A-acyl group is eliminated 
during color development, it probably occurs after the de
hydration steps.

The hypothesis that the A-acyl group is eliminated has 
been tested using an A-acylhexosamine bound to a solid 
support via the other end of the A-acyl side chain. “ A-Suc- 
cinylglucosamine 6-phosphate Sepharose-4B” (6) and “A- 
succinylglucosamine 6-phosphate CPG-Glass” ( 7) were 
synthesized from 2-amino-2-deoxy-D-glucose 6-phosphate 
and succinylated solid supports using the water-soluble 
carbodiimide procedure.4,5

The Sepharose-4B 6 and the CPG-Glass 7 derivatives 
were subjected to a modified Morgan-Elson procedure,6 
and the typical purple color appeared in both the soluble 
and nonsoluble phases. Beads were placed in small columns 
and rinsed with borate buffer-Ehrlich reagent mix equiva
lent to the normal blank used in the quantitative assay. 
The soluble color was quickly removed, and the other color 
in the beads remained attached.

In order to determine the step during which chromogen 
is released from the Sepharose-4B solid support and the 
relative amounts of color remaining attached and released, 
the following experiment was performed. A sample of 0.4 
ml of Sepharose derivative 6 was boiled in borate buffer 
(step A) and cooled. The sample containing the beads was 
placed on a small column and washed with the appropriate 
borate buffer while 0.7-ml fractions of the effluent were 
collected. The Sepharose beads were recovered from the 
column, and both the beads and fractions were treated with 
Ehrlich reagent (step B). The absorbance of the various 
fractions was measured at 585 nm and compared to stan
dards of A-acetylglucosamine.

The above experiment could have several possible re
sults. If color appeared in the washings of the Sepharose 
derivative subjected to the borate boiling above (step A), 
this would suggest that some of the “ A-succinylglucosam-

ine-6-P” and/or derivatives with longer side chains had 
been solubilized during the alkali heating step. If color did 
not appear after treatment of these fractions with Ehrlich 
reagent, this would suggest release of the chromogen during 
a later stage.

Next, if Ehrlich reagent treatment of the recovered Se
pharose beads produced only insoluble color, this would 
suggest that the A-succinyl bridge of 6 remains attached to 
glucosamine-6-P during the entire Morgan-Elson reaction. 
On the other hand, if this treatment produced either both 
soluble and insoluble color, or just soluble color, the result 
would be ambiguous because any of several bonds could be 
cleaved.

The results of the experiment were straightforward. The 
early washings from the beads produced color upon treat
ment with Ehrlich reagent, and accounted for about 137 
(16%) of the original 880 nmol of N-succinylglucosamine-
6-P attached to the starting material. Compounds co
valently bound to Sepharose and glass beads are released in 
appreciable amounts at pH 8-10 at 4° during an 18-hr pe
riod;7 therefore it is reasonable to expect that 9 min at 100° 
will also cause release. Consistent with this, treatment of 
the recovered Sepharose beads with Ehrlich reagent pro
duced only insoluble color, suggesting that the A-succinyl 
group is not eliminated during color development with 
Ehrlich reagent. However, these experiments do not elimi
nate the possibility of an internal rearrangement during 
the Morgan-Elson reaction.

Possible release of soluble factors important to the reac
tion was tested by running part of the reaction under flow 
conditions on a column. The CPG-Glass derivative 7 was 
heated in borate buffer (step A) and then placed in a small 
column and rinsed with borate buffer. During step B, color 
developed in the beads on column under flow conditions 
using borate buffer-Ehrlich reagent mix. This suggests that 
no soluble factors necessary to the reaction are produced 
during heating in borate buffer (step A) or during treat
ment with Ehrlich reagent. The colored pigment is proba
bly not physically trapped because it remains attached to 
the glass after grinding with a mortar and pestle.

The necessity of the side arm remaining intact for the 
production of insoluble color by the action of the Morgan- 
Elson reaction has been tested by including a linkage which 
is labile to one of the conditions of the sequence. Fully ac- 
etylated glucosamine (l,3,4,6-tetra-0-acetyl-2-acetamido- 
2-deoxy-D-glucose, a  and (j anomers) is Morgan-Elson pos
itive3 owing to O -deacetylation during step A. An ester 
linkage included in the side chain of a derivative similar to 
7 should be labile to alkaline hydrolysis and cause all of the 
color to be soluble after subjection to the Morgan-Elson 
procedure. A compound with an ester linkage was synthe
sized8 with structure 8, and upon assaying it by the Mor
gan-Elson procedure, all of the color appeared in the solu
ble phase. Thus, cleavage of the ester linkage in the side 
arm brings about release of the purple pigment.

Finally, it was possible that the purple color bound to 
the solid support, especially Sepharose, might be linked 
through some unspecified covalent bonds formed during 
the harsh conditions of the Morgan-Elson reaction. To ex
amine this possibility, we subjected 0.4 ml of aminohexyl- 
Sepharose-4B and 1 /nmol of 2-succinamido-2-deoxy-D-glu- 
cose-6-phosphoric acid9 to the Morgan-Elson procedure. 
The resulting purple color was quickly removed when the 
beads were placed in a small column and washed with ap
propriate borate buffer-Ehrlich reagent mix, eliminating 
the possibility of an unspecified covalent linkage formed 
after solubilization of A-succinylglucosamine-6-P.

These results suggest that the A-acyl group is not elimi-
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nated during the Morgan-Elson reaction, and any mecha
nism proposed for this reaction should take this into ac
count. Because the colored products of the Morgan-Elson 
reaction are unstable and disappear in a few hours, I have 
not attempted to identify the colored compounds bound to 
solid supports. These experiments represent one example 
of an approach to elucidating reaction mechanisms. In 
cases where the product may be removed from the solid 
support and its structure identified, this method will lead 
to useful models of reaction mechanisms.
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In connection with our interest in liquid crystals,1 we 
have been investigating the use of cholesteric liquid crys
tals as chiral media for asymmetric reactions. Cholesteric 
or twisted-nematic phases occur in many derivatives of ste
roids; most commonly cholesterol, as well as in some non
steroidal compounds. Common features of molecules which 
exhibit cholesteric mesomorphism are that they are rela
tively rigid, have a molecular length considerably greater 
than their breadth, and are, without exception, chiral. The 
model of the cholesteric phase is that of a layered nematic 
liquid twisted about an axis at right angles to the molecular 
layers. Along the direction of the twist axis a gradual

change in molecular orientation within the layers occurs, 
imparting a helical macrostructure to the liquid. Thus, in 
contrast to the more usual optically active solvents, cho
lesteric liquid crystals appear particularly attractive as sol
vents for asymmetric reactions, since they possess not only 
molecular chirality but also an overall macrochirality owing 
to the helical arrangement of the mesophase.

Previous asymmetric reactions in isotropic chiral media 
have been reviewed by Morrison and Mosher.2 Generally, 
stereoselectivities are in the range of 5-10%. The only re
port pertinent to the present work is a recent communica
tion of the use of a cholesteric liquid crystal solvent for the 
Claisen rearrangement of methylallyl p-tolyl ether.3 The 
methylallylphenol rearrangement product exhibited optical 
activity but the absolute configuration and optical purity of 
the phenol are unknown.

In this report we describe the results of the asymmetric 
decarboxylation of ethylphenylmalonic acid in the liquid 
crystal phase of cholesteryl benzoate (Chart I) and in the 
isotropic chiral solvent, bornyl acetate.

COOH

GH5— C— COOH

Chart I

cholesteric
solvent

- C 0 2

COOH H
Ii 1

CJT— C— H C A — C— COOHi +  - i

(S H + ) ( R H - )

Ethylphenylmalonic acid is an achiral molecule but con
tains two prochiral ligands. The carboxyl group at the top 
of the structure in Chart I is the pro-1? ligand, since prefer
ential loss of this group would yield the (/?)-(—) enantiomer 
of 2-phenylbutanoic acid. The other carboxyl group is then 
the pro-S one.

A solution containing 10 mol % of the malonic acid in 
cholesteryl benzoate (2 g in 50 g) was smoothly decarboxy- 
lated by heating at 160° for 2 hr.4 Vacuum distillation of 
the reaction mixture afforded 1.6 g of 2-phenylbutyric acid 
(80% yield), which was shown by a combination of TLC and 
VPC to be free of contaminants. Determination of the rota
tion utilizing a photoelectric polarimeter gave [cv]27D 
—14.2° (c 1.3, absolute EtOH). Based on the highest re
ported rotation for 2-phenylbutanoic acid of [a]25D 78.5° 
(absolute EtOH),5 the phenylbutanoic acid formed in this 
asymmetric decarboxylation has a minimum optical purity 
of 18%. This value is based on the assumption that the 20% 
of unrecovered acid has the same enantiomeric composition 
as the distilled material. If it does not, the stereoselectivity 
would be different from the observed 59:41 ratio. However, 
stability experiments involving the distillation of optically 
active and racemic 2-phenylbutanoic acid gave material 
having unchanged rotation in the former case and zero 
rotation in the latter case.

In contrast to the 18% enantiomeric excess found in the 
ordered cholesteric solvent, decarboxylation of ethylphen
ylmalonic acid in bornyl acetate, an isotropic chiral solvent, 
yielded 2-phenylbutanoic acid which was essentially race
mic.

The stereoselectivity in the present asymmetric decar
boxylation is relatively high compared to typical asymmet-
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ric reactions in isotropic chiral media.2 Our results indicate 
that for the system studied, a chiral environment due only 
to molecular chirality is not sufficient for a significant 
asymmetric bias to occur. One predicts that a preponder
ance of (S)-(+)-2-phenylbutanoic acid would result by use 
of a cholesteric mesophase having chirality opposite to that 
used here and that a shorter helical pitch of the mesophase 
would result in increased optical purity. While the nature 
of the diastereomeric solute-solvent interaction is not 
known, we note a certain parallel to the induced circular di- 
chroism phenomenon6 in which achiral molecules become 
optically active when dissolved in a cholesteric mesophase. 
The induced circular dichroism presumably results in part 
from a particularly strong interaction between the solute 
and solvent molecules. Work on other asymmetric reac
tions in chiral liquid crystal solvents is in progress.

Experimental Section
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166°.
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Lett., 1939 (1971).

(6) F. D. Saeva In “ Liquid Crystals and Ordered Fluids” , J. F. Johnson and R. 
S. Porter, Ed., Plenum Press, New York, N.Y., 1974, p 581.

Electronic Structure of /3-Vinyl Substituted 
Phosphonium Salts by Carbon-13 Nuclear 

Magnetic Resonance

Thomas A. Albright, Susan V. DeVoe, Walter J. Freeman, 
and Edward E. Schweizer*

D e p a r tm e n t  o f  C h em is try , U n iv e r s i ty  o f  D e la w a re ,  
N ew a rk , D e la w a re  19711

NMR spectra were measured on a Varian A-60 instrument with 
internal Me4Si as standard. The vapor phase chromatograph was a 
Hewlett-Packard Model 5750 with FID, modified for on-column 
injection. Optical rotations were measured on a Jasco photoelectric 
spectropolarimeter. Microanalyses were performed by Galbraith 
Laboratories, Knoxville, Tenn. Temperatures are corrected.

Ethylphenylmalonic acid. Freshly distilled (152-155°, 1 Torr) 
diethyl ethylphenylmalonate (Eastman, 44.0 g, 0.166 mol) was dis
solved in 100 ml of 95% ethanol and a solution of KOH (19.0 g, 0.34 
mol) in 20 ml of water was added. The reaction mixture was stirred 
vigorously at 28° for 20 hr. The solvent was then removed by vacu
um distillation and the remaining solid was dried in a vacuum des
iccator. The solid was washed well with ether (150 ml). The re
maining solid (33.5 g) was placed in 150 ml of ether and acidified 
with 6 M  hydrochloric acid (ice bath) to the Congo Red point. 
Water (55 ml) was added and the mixture was stirred vigorously 
until all the solid had dissolved. The ether layer was separated, 
dried (anhydrous sodium sulfate), and filtered, and the ether was 
removed on a rotary evaporator. The remaining material was re
crystallized from pentane followed by a second recrystallization 
from ether-ligroin (bp 30-60°) to afford ethylphenylmalonic acid 
(21.7 g, 63%): mp 158-161° dec; NMR (methyl ethyl ketone) 5 
6.5-7.0 (aryl H’s), 10.45 (singlet, carboxyl protons).

Anal. Calcd for C11H12O4: C, 63.45; H, 5.81. Found: C, 63.15; H, 
5.70.

Asymmetric Synthesis of 2-Phenylbutanoic Acid. Cholester- 
yl benzoate (50 g), prepared as described in ref 1 [crystal-cholest
eric point 150.2°, cholesteric-isotropic point 178.0°, [a ]27D —20.8° 
(c 1.72, heptane)], was intimately mixed with 2.0 g of ethylphenyl
malonic acid and the mixture was heated for 2 hr at 160° under a 
nitrogen atmosphere. The reaction flask was then attached to an 
18-in. Teflon spinning band column and 1.6 g of 2-phenylbutanoic 
acid was collected at 95-97° (0.1 mm). The sample was examined 
for the presence of steroidal and other impurities by TLC on silica 
gel GF 254 [developing solvent ethyl acetate-heptane (1.6:1)] and 
by VPC on 1 m X 4 mm stainless steel columns packed with OV-1, 
3% on 100/120 Gas Chrom Q and on 2 m X 4 mm copper columns 
packed with 10% Carbowax 20M on 100/120 Chromosorb W. No 
contaminants were observed under these conditions. Elemental 
analysis of 2 -phenylbutanoic acid gave the following results.

Anal. Calcd for Ci0H12O2: C, 73.15; H, 7.37. Found: C, 73.40; H,
7.68.

Measurement of the optical rotation yielded [a ]27D —14.2° (c
1.3, absolute ethanol) [lit.5 [ o ]25D 78.5° (absolute ethanol)].

Decarboxylation of ethylphenylmalonic acid in bornyl acetate 
[Aldrich Chemical Co., [a ]27D —38.0° (neat)] under the conditions 
described above led to 2 -phenylbutanoic acid which exhibited no 
optical rotation.

R e c e iv e d  D e c e m b e r  17, 1974

We have previously examined the 13C NMR for a large 
variety of triphenylphosphonium salts and ylides.1 The 
focus of the current work is directed toward (3-vinyl substi
tuted phosphonium salts having the general structure 
shown below, where X  = Me, NHR, OEt, and the counter- 
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H3C P+Ptp
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H3c ^  P+Ph3
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>
h3c

_ C / H
%̂ PPh;

lc

anion Br-  or Cl- . One would expect that when X  possesses 
unshared pairs of electrons, the resonance form lb should 
be a large contributor to the total electronic structure. In 
addition, there is also the possibility of the transfer of ex
cess charge from the it system into empty d orbitals2 oili 
phosphorus. This latter interaction is illustrated by resol- 
nance form lc. It is expected that when X  = C H 3 chargje 
polarization via hyperconjugation3 may contribute to lb . 
However, this effect should be of smaller magnitude than 
that previously described for X = -Ñ -  or -Ó -.

Support for the contribution of resonance forms lb apd 
lc  has been recently published by Trefonas.4 In this study 
the X-ray structure of a related phosphonium salt, 2, v>as 
examined. The shortened P-C, C-O, and C-N bond lengths 
and a long C =C  bond compared to model compounds \lvas 
claimed to be a result of the intervention of resonance 
structure 2b.

2 a 2 b

Results and Discussion

Registry No.—Ethylphenylmalonic acid, 1636-25-5; diethyleth- 
ylphenyl malonate, 76-67-5; 2-phenylbutanoic acid, 938-79-4; cho- 
lesteryl benzoate, 604-32-0.
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The 13C chemical shifts and 31P -13C nuclear spir cou
plings of vinyltriphenylphosphonium salts and related 
compounds are reported in Tables I and II, respectively. 
The assignments of the carbons were made by the use of 
single frequency off-resonance decoupling and comparisons 
to model analogs. The assignments of the cis and trans 
methyl carbons in 2-methylpropenyltriphenylphosphon- 
ium chloride (3) were discussed previously.1 The stereo
chemistry about the carbon-carbon double bond was
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Table I
Carbon Chemical Shifts of Phosphonium Salts and Their Analogs“

13C chemical shift, ppm

Registry no. Compd No. 1 2 3 4 5 6  7 C -l  O M P

42855-48-1

54774-75-3

54774-76-4

54774-77-5

5477-78-6

PPh3

Br"

PPh,

H
CHjOC— CH—  N Br-  c
* s *

A ^ \ +
pph„

ch3ch2o

PPh3

C h N Br"
PPh3

102.4 172.0

60.8 163.2 

57.7 *

76.5 178.9 

31.3 136.5

24.8 29.9 119.4 133.2 130.6 134.8

21.4 138.4 124.1 129.5 125.8 122.6 133.0 130.1 134.0

21.2 44.5 169.3 52.0 * 133.0 130.0 134.0

20.6 66.1 14.0 120.9 133.0 130.0 134.2

17.8 145.5 112.2 128.2 118.5 119.8 133.5 129.8 134.2

21477-76-9 8 b 98.4 194.6 154.4 28.2

EtO
109-92-2 9C 84.6 152.92 1

a The chemical shifts are referenced to internal Me,iSi. The numbering system of the triphenylphosphonium group is as shown. An asterisk 
indicates that the resonance was obscured by another peak or too weak to be observed. All compounds were run in CDCI3 except 5, in which 
the solvent was DMSO-d6- b L. Kozerski and J. Dubrowksi, Org. Magn. Reson., 5, 459 (1973). c G. E. Maciel, J. Phys. Chem., 69, 1947 
(1965).

Table II

Compd

>=\+ ci
PPh3

/ H 

H
Ph— N

Br"
PPh,

Br"

Ph— NH— N

3ip_i30 Coupling Constants for the Phosphonium Salts“
3 1 P -13C Coupling, Hz

No. 1 2 3 4 C -l O M P

3 89.4 1 . 2 7 . 7 18.6 89.5 10.6 1 2 . 8 2.4

4 120.2 4 . 3 90.3 10.4 1 2 . 9

5 120.2 * 4 . 9 * 10.4 1 2 . 2

6 96.4 3 . 0 1 2 . 2 92.2 11.0 13.4 3.0

7 53.7 9 . 8 6 . 0 87.9 9.8 12.2

“ The numbering system is identical with that used in Table I. The digital resolution was ±0.6 Hz. No coupling from phosphorus was ob
served beyond the carbons numbered.

uniquely determined as the E  form (as shown). This was 
done on the basis of the similarity of the three bonded cis 
31P -13C nuclear spin coupling in 3 for carbon 3 compared 
to that found for the triphenylphosphonium salts 4-6. The 
13C chemical shift for the cis methyl carbon in 3, 24.8 ppm, 
is also much closer to that observed in compounds 4-6,
21.4-20.6 ppm, than that observed for the trans methyl 
group in 3, 29.9 ppm.

We wish to point out that carbon-1 in compounds 4-6 is 
found at unusually high fields for vinyl carbons. To our 
knowledge carbon-1 in 5 represents the most shielded vinyl 
carbon, 57.7 ppm, reported in the literature with the excep
tion of conjugated carbanions.5 This is consistent with the 
influence of resonance form lb. This suggestion is support
ed by a consideration of the 13C NMR of the enamine 8,8 
which is analogous to the /3-amino vinyltriphenylphosphon-
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ium salts, 4 and 5. Increased electron density on carbon-1 
for analogs of 8 was found by CNDO/2 calculations, which 
is in complete agreement with the carbon chemical shifts.7 
The decreased shielding of carbon-1 in the conjugated ena- 
mine 8 compared to 4 or 5 is undoubtedly a consequence of 
delocalization of the charge into the acetyl group in 8. It 
should be noted that carbon-1 in the 2-ethoxyvinyltriphen- 
ylphosphonium bromide (6) is deshielded by 18.8-15.7 ppm 
compared to the carbon-1 resonances for 4 and 5. This is 
consistent with the notion that delocalization into a tt sys
tem becomes increasingly inhibited when the atom possess
ing the unshared pair of electrons becomes more electro
negative. That carbon-1 in 6 is shielded by 8.1 ppm from 
carbon-1 in ethoxyethane (9) is probably a result of the 
combined electronic changes induced into the tt system by 
the substitution of the additional methyl group in 6 and 
steric differences between 6 and 9. It should be noted at 
this point that the accumulation of electron density on car
bon-1 for 4 and 5 does not rule out the intervention of reso
nance structure lc , since the diffuseness of the d orbitals2 
will still leave most of the electron density concentrated 
near carbon-1.

The hydrazone substituted methylenetriphenylphospho- 
nium salt, 7, a tautomer of the enaminophosphonium salts, 
4 and 5, exhibits no unusual behavior when comparing the 
13C chemical shifts and 13C -31P couplings to simple satu
rated phosphonium salts.1 It is seen in Table II that the 
coupling of phosphorus to carbon-1 increases from 53.7 Hz 
in 7 to 89.4 Hz in 3. This increase is typical on going from 
an sp3 to an sp2 hybridized carbon as described previously.1 
The d-amino vinyl substituted phosphonium salts have a 
h/X31? - 13!!)) which is 30.8 Hz larger for carbon-1 than their 
equivalently hybridized analog, 3. However, the electron 
density on carbon-1 is increased in 4 and 5 compared to 3 
and if effective nuclear charge considerations8 are valid in 
this situation, there should be a decrease in the magnitude 
of xc/(31P—13C). A similar dramatic increase in 1J p_c was 
found on going from a phosphonium salt to a ylide.1’9 It was 
rationalized1 that this is a consequence of electron density 
being transfered from the carbon bearing the formal nega
tive charge to phosphorus, presumably via d orbitals. 
Therefore, the inclusion of resonance structure lc  should 
cause 1J (31P -13C) for carbon-1 to increase. This infers that 
electron density on C-l is being transferred to a greater ex
tent onto phosphorus in 4 and 5 than in 3. In keeping with 
this argument the slightly increased 1J (31P -13C) coupling 
of carbon-1 of 6 compared to 3 (AHz = 7.0) is justified, 
since the contribution of lb is diminished for 6 owing to the 
greater electronegativity of oxygen (the contribution of lc  
must also diminish).

Further evidence for the contribution of resonance struc
ture lc  is given by the slight, but definite, decrease in the 
shielding of the C-l phenyl carbons in 4 and 6 compared to 
3 (3.2 and 1.5 ppm, respectively). This effect was also noted 
in going from a phosphonium salt to an ylide, albeit the dif
ferences were greater (11.5-15.9 ppm)1.

The extent of hyperconjugative interaction of the methyl 
group in 3 is difficult to ascertain. Comparison of 1 J (3,P - 
13C) of carbon-1 in 3 vs. vinyltriphenylphosphonium bro
mide reveals an increase of only 9.1 Hz;1 however, steric 
differences are also likely to make changes in the magni
tude of the coupling. Thus, the additional contribution of 
resonance structure lc  for 3 by hyperconjugation must be 
small.

The electronic description of /3-amino and alkoxyvinyl- 
phosphonium salts presented here is intriguing. These 
compounds, by virtue of the delocalization of electrons on 
nitrogen or oxygen onto d orbitals on phosphorus, seem to 
represent, electronically, a median between a “ normal”

phosphonium salt and a carbon-phosphorus ylide. An ex
amination of the synthetic utility of these compounds is 
under active investigation.

Experimental Section
Spectra were obtained on a Bruker HFX-90 spectrometer 

equipped for Fourier transform pulsed NMR with a Nicolet 1085 
data system. The 13C data were taken at an operating frequency of 
22.63 MHz. The 13C chemical shifts are reported as referenced to 
internal MeiSi. All samples were run in approximately 0.05 M  so
lutions of CDCI3 or DMSO-dg (as indicated in footnote a, Table I) 
at 28° with broad band 4H decoupling. The preparation of the 
phosphonium salts will be reported elsewhere.

Acknowledgment. Support from the University of Del
aware is greatly appreciated.
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The reactive species of dye-sensitized photooxygenation 
is presumably singlet oxygen,1 which is known to react with 
olefins and conjugated dienes in three ways, namely “ ene” 
reaction, Diels-Alder reaction, and 1,2-dioxetane forma
tion.1’2 In principle, nonconjugated dienes can react with 
singlet oxygen to give either the transannular cycloaddition 
product when the geometry is favorable3 or the “ ene” prod
ucts, a mixture of allylic hydroperoxides.2

The hydroperoxidation of olefins with singlet oxygen is 
an important synthetic method for the preparation of allyl
ic hydroperoxides and allylic alcohols. Although this hydro
peroxidation is generally believed to occur faster with tri- 
and tetrasubstituted olefins than with di- or monosub- 
stituted ones, there are only a few literature reports in 
which a completely regiospecific hydroperoxidation of a 
double bond was actually observed within the molecule.4

(—)-Caryophyllene (1) was reported to react with singlet

1 2
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oxygen at the trisubstituted double bond (C-4,5) faster 
than at the exocyclic double bond (C-8,15), thus exclusively 
generating 4-methylene-5-hydroperoxy derivative.4® Ger- 
macrene (2) was reported to react with singlet oxygen at 
the isopropylidene double bond much faster than the endo- 
cyclic double bonds, giving specifically the 7-hydroperoxy 
derivative.415

We have studied the dye-sensitized photooxygenation of 
tra n s ,irons-1-methylcyclodeca-l,6-diene (4), because it has 
two transannularly interacting double bonds which are 
suitable for a cycloaddition reaction, and because the two 
double bonds have different substitution patterns which 
are capable of revealing the regiospecificity of the “ ene” 
reaction. The diene 4 was readily synthesized from 9-meth- 
yloctalin-l,6-dione (3) according to literature procedures.5 
A methanol solution of 4 was irradiated in the presence of 
Methylene Blue at 10° for 4.5 hr while pure oxygen was 
bubbled through. The disappearance of 4 was monitored by 
taking aliquots and analyzing them on TLC. A single pro
duce 5a isolated in 55% yield showed a positive peroxide 
test with starch-iodine and gave an alcohol 5b upon reduc
tion with aqueous methanolic sodium sulfite.

0 OR

3  4 5a, R = OH
b, R = H

Analysis by TLC, GC, and NMR spectrum clearly indi
cated that alcohol 5b was homogenous and free from other 
possible isomers. A thorough search for the transannular 
cycloaddition products proved futile. It is interesting to 
note that the hydroperoxidation is completely regiospecific 
in spite of the fact that four other positions are also avail
able for the “ ene” reaction. A qualitative reactivity order of 
the double bonds toward the singlet oxygen “ ene” reaction 
appears to be the following: isopropylidene > endocyclic 
trisubstituted olefin > endocyclic disubstituted olefin > 
isopropenyl > e x o -methylene.4 Although there is no 
straightforward explanation for the exclusive formation of 
the exo-methylene s e c -hydroperoxide over the other possi
ble endocyclic t e r t -hydroperoxide products, the observed 
regiospecificity should be of considerable value in synthetic 
design.6

Experimental Section
The NMR spectra were recorded on a Jeol JNM-MH 100 spec

trometer. Ir spectra were recorded on a Perkin-Elmer Model 421 
grating spectrophotometer. Mass spectral data were obtained on a 
Hitachi RMU- 6  spectrometer. Gas chromatograms were run on a 
Varian Model 2700 using the columns 5 ft X 0.125 in, 10% OV-101 
on Anakrom C.D. and 5 ft X 0.125 in, 10% FFAP on Anakrom C.D. 
Microanalysis was performed by Dr. R. C. Rittner at Olin Labora
tory, New Haven, Conn.

trans,trans-l-Methylcyclodeca-1,6 -diene (4) was prepared 
from l-methyloctalin-1,6 dione (3) 7 according to literature proce
dures5 in ca. 35% overall yield: NMR (CDCI3) <5 1.0-2.0 (m, 4 H), 
1.64 (s, 3 H), 2.0-2.6 (m, 8  H), 5.0-5.5 (m, 3 H).

2-Methylenecyclodeca-irans-6,7-enol (5b). A solution of 
diene 4 (266 mg, 1.77 mmol) and Methylene Blue (10 mg) in meth
anol (20 ml) at 10° was irradiated with a 275-W sun lamp while 
pure oxygen was bubbled through the solution. After 4.5 hr, the so
lution was poured into cold water and extracted with ether. The 
extract was washed thoroughly with water, dried (Na2S0 4 ), and 
evaporated at room temperature to give crude hydroperoxide 5a. 
Pure 5a (oil, 180 mg, 55% yield) was obtained by a thick layer chro
matography (2 mm Si02, developed in 40% ether in hexane): NMR 
(CDCI3) 6 1.0-2.4 (m, 12 H), 4.36 (hr, 1 H), 5.18 (s, 1 H), 5.28 (s, 1 
H), 5.42 (m, 2 H).

Stirring a solution of 5a in methanol (20 ml) and 10% sodium 
sulfite in water (20 ml) for 5 hr at room temperature, followed by

an extractive work-up with ether, gave pure alcohol 5b in quantita
tive yield: oil, homogeneous by TLC (Si0 2 ) and GC (OV 101, 
140°); ir 3600, 3080, 3030, 1640, 1448, 1345, 980, 910 cm-1; NMR 
(CDCI3) 5 1 .0-2.4 (m, 1 2  H), 4.08 (br, 1  H), 4.98 (s, 1 H) 5.18 (s, 1  

H), 5.36 (m, 2 H); MS m /e 166 (M+), 148,134,124, 120.
Anal. Calcd for CnHisO: C, 79.52; H, 10.84. Found: C, 79.33; H, 

10.77
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In the course of a study of male antifertility agents it be
came necessary to synthesize several aminochloropropanes. 
Because of the proximity of mutually interactive functional 
groups in such molecules, the instability of the products 
was a problem that had to be overcome. One of these, 1- 
amino-3-chloro-2-propanol hydrochloride (1), had very in
teresting properties and its pharmacology has been re
ported elsewhere.1,2

The synthesis of l,2-diamino-3-chloropropane dihydro
chloride (2) has been reported by Philippi3 via the fol
lowing sequence. 2,3-Dibromopropanol on fusion with po
tassium phthalimide gave 2,3-bisphthalimidopropanol (3).

C1CH2CHRCH2NH,-HC1 
IR  = OH 
2, R =NH2-HC1

4, R = Cl

Phosphorus pentachloride converted 3 to 4, which gave 2 
on hydrolysis. Although part of the sequence has been re
peated in the literature4 but without proof of structure of 
the products, in our hands dehydrobromination occurred 
on the first step, yielding phthalimide and potassium bro
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mide as the only recovered solids. If epibromohydrin were 
formed during the hydrogen bromide elimination and not 
permitted to escape, there would be a danger of getting
l,3-bisphthalimido-2-propanol.5 A less equivocal path was 
adopted by us wherein ethyl acetamidocyanoacetate (5) 
was reduced to the alcohol 6 with sodium borohydride. Hy
drogenation over Raney nickel in acetic anhydride gave 7.

NOCH( NHCOCH, )R —*
5, R = C02C2H6
6, R = CHoOH

CH:1C0NHCH2CH(NHC0CH,)CH20 2CCH3 — *
7

CH,— chch2oh c h — chch2ci

r  i -  i i
NHR NHR NHR NHR
8, R = H- HC1 10, R = C02CH2Ph
9, R = C02CH,Ph HR = H'HBr

2, R = H HC1

This triacetate had been previously reported,4 via the 
phthalimido approach discussed above, but ours had a dif
ferent melting point. Attempts at a selective hydrolysis of 
the ester linkage of 7 failed and it was totally hydrolyzed to
8. Carbobenzoxylation of 8 gave 9 while triphenylphos- 
phine-carbon tetrachloride. converted that alcohol to the 
chloride 10. Hydrogen bromide in acetic acid on 10 gave 11, 
whose structure was confirmed by NMR. After two precipi
tations from concentrated hydrochloric acid-ethanol, 11 
was converted to 2, demonstrating that the covalent chlo
ride had not been displaced during the hydrogen bromide 
treatment. The melting point of our 2, 220-223°, was close 
to that cited by Philippi, 218-219°. On the other hand, Ga
briel6 prepared l,3-diamino-2-chloropropane dihydrochlo
ride by the following scheme. l,3-Dichloro-2-propanol and 
potassium phthalimide gave l,3-bisphthalimido-2-propa- 
nol; next phosphorus pentachloride and then hydrolysis 
gave l,3-diamino-2-chloropropane dihydrochloride (12). 
Even if epichlorohydrin were an intermediate, this scheme 
would give the structure Gabriel assigned to it. Since Ga
briel’s melting point was 216°, Philippi’s compound could 
also be, and probably is, 12.

The second aminochloropropane prepared was 2-amino-
3-chloropropanol hydrochloride (13). Methyl 2-phenyl-2- 
oxazoline-4-carboxylate7 (14) was reduced with sodium bo
rohydride to the alcohol 15. Thionyl chloride converted the 
alcohol to a chloride and opened the ring to give AT-2-(1,3- 
dichloropropyl)benzamide (16). Treatment with dilute hy
drochloric acid gave 17 via anchimeric assistance, while fur
ther reaction of 17 with concentrated hydrochloric acid 
gave the desired 13. In the course of a different synthesis

C1CH2CH— CH,C1I1 1 __►
O ^ N NH J 

I
Ph Ph

14,R = C02CH;1 16
15, R = CH2OH C1CH2CHNH2CH20R-HC1

17, R = COPh 
13, R = H

that had one step in common with ours, Berger et al.8 pre
pared 16 in low yield and also noted its conversion to 17 by 
the anchimeric effect.

Finally we wanted to obtain the two enantiomers of our 
active compound 1. There are a number of syntheses of ra

cemic 1 in the literature;9 however, the yields are poor and 
they do not lend themselves to large scale-ups. Carter and 
Bhattacharyya10 reported the reaction of epichlorohydrin 
with concentrated ammonium hydroxide and benzaldehyde 
to give 18 in 67% yield. Their structure was based on an

ch2—chch2ci
NH J )

'CH

|,h PhCH=NCH2CHOHCH2Cl
18 19

earlier assignment by Bergmann.11 On preparing 18 and 
taking an ir spectrum, an imine band was seen at 6.08 /i, in
dicating that Carter and Bhattacharyya’s and Bergmann’s 
compound was probably the Schiff base 19. Hydrolysis of 
19 gave 1 in high yield, thus achieving a simple two-step 
preparation. Originally we resolved 1 using dibenzoyl-d- 
tartaric acid,1 but a better resolution was achieved with 
(+)-10-camphorsulfonic acid.

To determine the absolute configuration of (+ )-l, it was 
converted to the free base and condensed with acetone to 
form a Schiff base, which was reduced without purification 
to 20. Dukes and Smith12 had previously determined the

C H j C O C H j NaBH4
(+)t ----------- ► ------ * (+)-(ch3) 2ch nh ch2ch o h ch2ci

20

absolute configuration of 20; thus (+ )-l had the R  configu
ration.

Experimental Section
Melting points were determined with a standardized Mel-Temp 

apparatus. NMR spectra were recorded on a Varian HA-100.
2-Acetamido-3-hydroxypropionitrile13 (6). To a stirred slurry 

of 100 g (0.59 mol) of ethyl acetamidocyanoacetate (5) in 1 1. of 
ethanol was added 60 g (1.59 mol) of NaBH4 over a 20-min period. 
Occasional cooling was used to maintain a 50-55° temperature 
throughout the addition. Then the reaction was stirred at ambient 
temperature for 3 hr and cooled in an ice bath and 132 ml of 12 N  
HC1 in 500 ml of ethanol was added over a 20-min period. An inor
ganic precipitate was filtered off and the filtrate was concentrated 
under vacuum. Three portions of ethanol were added, followed by 
concentration under vacuum each time to remove water. The resi
due was leached with 800 ml of acetone and the insolubles were 
discarded. Concentrating the acetone solution left an oil which on 
seeding gave 66.5 g of orange crystals. Recrystallization from etha
nol gave 28.5 g (38%) of solid, mp 108-110°.

This reaction proved to be erratic and in 13 runs yields varied 
from 0 to 51%.

An analytical sample was recrystallized twice from ethanol to 
give mp 111-112°.

Anal. Calcd for C5H8N20 2: C, 46.87; H, 6.29; N, 21.87. Found: C, 
46.92; H, 6.14; N, 22.14.

2.3- Bis(acetamido)propyl Acetate (7). 2-Acetamido-3-hy- 
droxypropionitrile (33.5 g, 0.26 mol), 18.0 g of Raney Ni (pre
washed with ethanol three times and then with acetic anhydride 
three times), 61 g of anhydrous sodium acetate, and 280 ml of ace
tic anhydride were hydrogenated in a Parr shaker in two portions 
at 33-40°. When the theoretical amount of hydrogen had been 
taken up, the mixture was filtered and the filtrate was concentrat
ed under vacuum to give a yellow oil. On crystallization from ethyl 
acetate-benzene-ether, 48 g of oily crystals, mp 90-95°, were ob
tained. Recrystallizations from ethyl acetate gave 26 g (46%) of col
orless crystals: mp 130-132°; NMR (DMSO-d6) 2-NAc (6 H) S 1.85 
(s), OAc (3 H) 2.04 (s), CH2N (2 H) 3.19 (m), CHN and CH20  (3 
H) 4.00 (m), 2-NH (2 H) 7.84 (m).

An analytical sample was recrystallized twice from benzene-cy
clohexane to give mp 132-133° (lit.4 mp 146° for a compound 
claimed, but not proven, to be 7).

Anal. Calcd for C9H16N20 4: C, 49.99; H, 7.46; N, 12.96. Found: 
C, 49.88; H, 7.47; N, 13.04.

2.3- Diaminopropanol Dihydrochloride (8). After 130 g (0.60 
mol) of 7 was refluxed in 1.3 1. of 6 N  HC1 for 45 min, the solution
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was permitted to stand overnight. It was next concentrated at 70° 
(25 mm) to dryness and the residue was slurried with ethanol. 
Upon standing, crystals were collected, 70 g (71%), mp 162-163°, 
and recrystallized from aqueous ethanol to obtain 50 g (51%) of 
light tan crystals, mp 184-186°.

Anal. Calcd for C3H12CI2N2O: C, 22.10; H, 7.42; Cl, 43.49; N, 
17.18. Found: C, 22.09; H, 7.51; Cl, 43.30; N, 17.28.

JV,JV'-Dicarbobenzoxy-2,3-diaminopropanol (9) was pre
pared by a method of Bergmann and Zervas,14 yield 62%, mp 109- 
1 1 0 ° (ethanol).

Anal. Calcd for C19H22N20 5 : C, 63.67; H, 6.19; N, 7.82. Found: C, 
63.50; H, 6.09; N, 7.65.

JV,7V'-Dicarbobenzoxy-l,2-diamino-3-chloropropane ( 1 0 ). A
solution of 36.0 g (0.10 mol) of TV,TV'-dicarbobenzoxy-2,3-diami- 
nopropanol in 170 ml of alumina-dried chloroform and 112 ml of 
carbon tetrachloride was warmed while 53.5 g (0.2 mol) of triphen- 
ylphosphine was added. After the exothermic reaction subsided, 
the solution was refluxed for 2 hr. The solvent was removed under 
vacuum, and the resulting yellow oil was taken up in 1 1 . of hot 60% 
aqueous ethanol. Seeding and cooling to 0° gave 27.5 g (73%) of 
colorless crystals, mp 119-120°. A sample was recrystallized from 
ethanol for analysis, mp 12 0 - 1 2 1 °.

Anal. Calcd for CI9H2iClN20 4: C, 60.55; H, 5.62; Cl, 9.41; N,
7.44. Found: C, 60.51; H, 5.64; Cl, 9.28; N, 7.39.

l,2-Diamino-3-chloropropane Dihydrobromide (11) and Di
hydrochloride (2). ¿V,A"-Dicarbobenzoxy 1,2-diamino-3-chloro- 
propane (10, 30 g, 0.08 mol) was dissolved in 300 ml of glacial ace
tic acid and saturated with HBr at 0°. After standing for 1 hr, the 
precipitate which had formed was collected, washed with ether, 
and air dried to give 19 g (81%) of 11, mp 210-212° dec. A NMR 
spectrum confirmed the structure: CH2N+ (2 H) 5 3.23 (d), J  =  6 
Hz, CHN+ (1 H) 3.96 (m), CH2C1 (2 H) 4.08 (m), 2-NH3+ (6 H) 
8.49 (s).

Anal. Calcd for C3HuBr2ClN2: C, 13.32; H, 4.10; Br, 59.10; Cl, 
13.11; N, 10.36. Found: C, 13.58; H, 4.13; Br, 58.79; Cl, 12.57; N,
10.72.

To ensure that the covalent chlorine had not been lost, the 19 g 
of hydrobromide 11 was dissolved in 210 ml of warm 12 N  HC1, fil
tered, and diluted with 800 ml of ethanol. Cooling overnight gave 
13 g of damp crystals, mp 219-222° dec, which were dissolved in 
100 ml of hot 12 N  HC1 and diluted with 300 ml of ethanol. Again 
cooling gave a precipitate which was collected and dried to obtain
11.5 g (79%) of colorless, crystalline 2, mp 220-223° dec.

Anal. Calcd for CaHnCy^: C, 19.85; H, 6.11; Cl, 58.60; N, 15.44. 
Found: C, 19.72; H, 6.13; Cl, 58.67; N, 15.52.

2-Phenyl-4-hydroxymethyl-2-oxazoline (15). A solution of
50.0 g (0.24 mol) of methyl 2-phenyl-2-oxazoline-4-carboxylateT in 
670 ml of ethanol was cooled to 5-10° while 33.4 g (0.88 mol) of 
NaBH4 was added portionwise. After stirring at room temperature 
for 1.5 hr, 85 ml of water was added and stirring was continued for
1.5 hr more. The reaction was then diluted to 3 1. with water, satu
rated with salt, and extracted three times with 500 ml of ether. On 
combining the extracts, they were dried (MgS04) and concentrat
ed to give 42.2 g (99%) of colorless crystals, mp 85-87°, whose 
NMR agreed with the structure.

A sample was recrystallized for analysis from ethyl acetate-cy
clohexane, mp 83-86°.

Anal. Calcd for CmHnNOP/AHsOH: C, 66.82; H, 6 .6 8 ; N, 7.42. 
Found: C, 66.89; H, 6.30; N, 7.78.

N-2-(l,3-Dichloropropyl)benzamide (16). Over a 10-min pe
riod, 24.0 g (0.135 mol) of 15 was added to 12 0  ml of SOCl2 at 5° 
with stirring. After stirring for 30 min at room temperature, the 
mixture was refluxed for 1 hr. Next the mixture was concentrated 
under vacuum, ethanol was added, and the mixture was reconcen
trated to flush out excess S0C12. A gray solid was obtained which 
was recrystallized from benzene-hexane to give 18.7 g (65%) of 16, 
mp 107-108°. Recrystallizing a sample for analysis from the same 
system gave mp 112-113°. The structure was confirmed by NMR.

Anal. Calcd for C10H„NOC12: C, 51.74; H, 4.78; Cl, 30.55; N,
6.04. Found: C, 51.71; H, 4.79; Cl, 31.38; N, 5.92.

l-Chloro-2-amino-3-propyl Benzoate Hydrochloride (17). 
After a solution of 18.0 g (0.078 mol) of JV-2-(l,3-dichloropro- 
pyRbenzamide (16) in 455 ml of 50% ethanol-water and 23.1 ml of 
12 N  HC1 was refluxed for 30 min, the solvent was removed under 
vacuum. The residue was flushed with ethanol to give 18 g (92%) of 
colorless crystals, mp 180-182°. Recrystallization from ethanol 
gave 14 g of crystals (72%), mp 190-191° (lit.8 mp 184-185°), which 
were identified by NMR.

Anal. Calcd for C10Hi3Cl2NO2: C, 48.02; H, 5.24; Cl, 28.35; N, 
5.60. Found: C, 47.94; H, 5.38; Cl, 28.53; N, 5.59.

2-Amino-3-chloropropanol Hydrochloride (13). l-Chloro-2- 
amino-3-propyl benzoate hydrochloride (17, 7.0 g, 0.028 mol) was 
dissolved in 245 ml of 6 N  HC1 preheated to 85°. After stirring and 
maintaining the temperature for 10 min, the solution was refluxed 
for 0.5 hr. Then the solution was chilled in ice and extracted four 
times with 400-ml portions of ether. On concentrating the aqueous 
layer under vacuum at 60°, a yellow oil was obtained, which was 
flushed several times with ethanol. Three days under high vacuum 
left 1.88 g of intractable oil which would not give a correct analysis 
but whose structure was confirmed by NMR: CHN+ (1 H) 5 3.46 
(m), CH20  (2 H) 3.71 (d), CH2C1 (2 H) 3.93 (d), OH (1 H) 4.92 (s), 
NH3+ (3 H) 8.56 (s).

(±)-l-Amino-3-chloro-2-propanol Hydrochloride (1). (±)- 
l-Benzalimino-3-chloro-2-propanol10 (6.3 g, 0.032 mol) was stirred 
with 30 ml of 2 TV HC1 for 1 hr. After the mixture was extracted 
with three 10-ml portions of benzene to remove the benzaldehyde, 
the aqueous portion was concentrated at 40° (25 mm) to obtain an 
oil. Flushing with ethanol gave crystals which were collected, 
washed with ether, and dried to give 4.6 g (98%) of product, mp
101-102° (lit.9a mp 103-104°).

Resolution of (±)-l-Amino-3-chloro-2-propanol Using 
(+)-10-Camphorsulfonic Acid. A solution of 584 g (4.00 mol) of 
(±)-l-amino-3-chloro-2-propanol hydrochloride in 11. of methanol 
at 40° was neutralized with a second solution of 392 g (4.00 mol) of 
potassium acetate in 1.3 1. of methanol. After cooling, 1.11. of ether 
was added and the precipitate was filtered off. Then the filtrate 
was concentrated under vacuum and 930 g (4.00 mol) of (+)-10- 
camphorsulfonic acid in 1.0 1. of ethanol was added. Cooling and 
seeding with (—)-l-amino-3-chloro-2-propanol (-f)-lO-camphorsul- 
fonic acid salt gave the first precipitate. A fractional crystallization 
from ethanol was then carried out. As the (—Famine salt became 
pure, the rotation approached [a ]25D +5.2°, mp 118-119°, while 
pure (+)-l-amino-3-ch!oro-2-propanol (+)-10-camphorsulfonate 
had [aJ25D +23.1°, mp 118-120°.

Anal. Calcd for C13H24C1N05S [(—)-l salt]: C, 45.67; H, 7.08; Cl, 
10.37; N, 4.10; S, 9.38; Found: C, 45.78; H, 7.07; Cl, 10.67; N, 4.12;
5, 9.19.

Apparently the solubility of the salts was so similar that which
ever one was in excess would come out of the mother liquor. To 
convert back to the hydrochloride salt, the camphorsulfonate was 
slurried in 5 ml of tetrahydrofuran/g of salt while HC1 was bubbled 
in until about 20% excess (by weight) had been added. The solu
tion was then cooled to 0° and 5 ml of ether/g of salt was added. 
The hydrochloride from (-)-l-amino-3-chloro-2-propanol (+)- 
camphorsulfonic acid salt, [a]25D +5.23° (c 2, water), was pure in 
one recrystallization at 1 g/7 ml ethanol-HCl, with constants of mp 
144-146°, [a ]25D —23.6° (c 2.18, water). Yields up to 69% were ob
tained.

(+)-l-Chloro-3-isopropylamino-2-propanol hydrochloride
(20) was prepared from (+)-l and acetone following the general 
procedure of Billman and Diesing15 to give the free base of 20, bp 
40° (0.1 mm), which was immediately converted to the hydrochlo
ride, yield 39%, mp 105-107°. A sample was recrystallized for anal
ysis and rotation from 2-propanol-ether-HCl(g), mp 107-108.5°, 
[« ]26D +33.6° (c 2.3, ethanol) [lit.11 mp 106°, [a]25D +25.9° (c 2, 
ethanol)]. The structure was confirmed by NMR.

Anal. Calcd for C6Hi5Cl2NO: C, 38.31; H, 8.04; Cl, 37.70; N, 7.45. 
Found: C, 38.58; H, 8.13; Cl, 37.28; N, 7.21.
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The pseudoguaianolides are a widespread class of non- 
isoprenoid hydroazulene lactones containing an array of 
functional and chiral centers which challenge present-day 
synthesis methodology and design.1 Initial structure as
signments based on chemical degradations erroneously 
classified these natural products as guaiazulene deriva
tives.2 Their identity as a separate family of rearranged 
“ pseudo’’ guaiazulenes was revealed by nuclear magnetic 
resonance (NMR), which showed the presence of a quater
nary methyl grouping.3 Stereochemical details were subse
quently elucidated by NMR studies and single-crystal 
X-ray analysis.1

Despite the increasing variety of reported synthetic ap
proaches to hydroazulenes, none of the pseudoguaianolides 
have yet been synthesized.4’5 Attempts to date have failed 
to develop the necessary stereochemical control of the cy
cloheptane substituents.5 In this report we describe a 
scheme for construction of the pseudoguaianolide skeleton 
with complete stereochemical control of the five commonly 
encountered chiral centers.

Our synthetic plan centered about the hydroazulenol 1, 
an intermediate which we prepared via 1,6-cyclodecadienol 
solvolysis.6 This intermediate with its propitious arrange
ment of substituents and functional groups seemed well 
suited for further elaboration to a pseudoguaianolide deriv
ative for several reasons. Foremost, the rigidity imposed 
upon the hydroazulene system by the trans ring fusion 
simplifies conformational analysis, thus permitting realistic 
stereochemical predictions. In addition, the angular methyl 
grouping serves as a stereochemical directing group for the 
introduction of proximate chiral centers. The only real dis
advantage of hydroazulenol 1 as a pseudoguaianolide pre
cursor is its lack of functionality in the cyclopentane ring. 
Thus we could not expect to prepare the natural sesquiter
penes, at least initially. Nonetheless we felt that the afore
mentioned stereochemical problems were of sufficient in
trinsic interest to justify work on the synthesis of 4-deox- 
ypseudoguaianolides.

Our first objective was to incorporate a properly oriented 
fused 7 -butyrolactone at the double bond position of hy
droazulenol 1 (Chart I). Toward this end the double bond

Chart I"

2 3

8 9 10
“ a, OT-CIC6H4CO.1H; b, LÌAIH4; c, H2Cr0 4, acetone; d, AC2O, 

NaOAc; e, LilCA, BrCH2C0 2Me; f, H2/Pt0 2; g, NaH, HCOsEt; h, 
NaBH4; i, TsCl; j, C5H5N.

was epoxidized with m-chloroperoxybenzoic acid and the 
crude epoxide was reduced with lithium aluminum hydride 
to the diol 2. Oxidation with Jones reagent7 afforded the 
desired ketone intermediate 3. However, attempted alkyla
tion of the corresponding enolate with methyl bromoace- 
tate proceeded poorly. Thinking that steric factors might 
be responsible for this result, we decided to examine the al
kylation of unsaturated ketones related to ketol 3.

Dehydration with thionyl chloride in pyridine led to a 
mixture of three double-bond isomers (25% exo, 60% tri- 
substituted, and 15% tetrasubstituted). However with ace
tic anhydride-sodium acetate only the trisubstituted (4) 
and exo olefins (60:40) were formed. Previous results have 
indicated that the dehydration of tertiary alcohols with so
dium acetate-acetic anhydride proceeds via the acetate, 
which subsequently undergoes a pyrolytic cis elimination.8 
Accordingly, the isolation of only the trisubstituted olefin 4 
and the corresponding exo isomer is unexpected. However, 
molecular models show that eclipsing of a tertiary acetate 
carbonyl grouping with the ring fusion hydrogen introduces 
severe steric strain in the transition state leading to the te
trasubstituted olefin. The corresponding transition states 
leading to olefin 4 and its exo isomer appear relatively 
strain free. Thus steric factors may block this elimination 
pathway.

Alkylation of unsaturated ketone 4 (40% exo isomer) 
with methyl bromoacetate afforded the keto esters 5 as an 
apparent mixture of epimers and double-bond isomers in 
high yield. Hydrogenation of this mixture gave the saturat
ed keto ester 6 as an epimeric mixture. Keto ester 6 could 
also be prepared by reordering these steps. However, this 
variation suffered from two drawbacks. In the first place, 
hydrogenation of enone 4 took place at the ketone carbonyl
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as well as the double bond to give the alcohol 11, apparent
ly a single isomer. Secondly, the related ketone 12 obtained 
through Jones oxidation7 gave an impure product in low 
yield upon alkylation with methyl bromoacetate. Presum
ably, the additional trigonal centers present in the enolate 
derived from unsaturated ketone 4 ameliorate the steric 
congestion of the seven-membered ring, thereby providing 
a less hindered avenue of approach for the alkylating agent.

H.,/PtQ2) / ' ' ' [ >  —

OH
11 12

The NMR spectra indicated that keto ester 6 and the 
corresponding acid 7 were stereochemically nonhomo- 
geneous. Since enone 4 was found to give a single C-2 epim- 
er upon catalytic hydrogenation, we presumed that the un
saturated keto ester 5 would behave analogously. There
fore, the epimeric center of ester 5 and acid 6 would most 
likely be at C-5. Our plan was to introduce unsaturation at 
this center and utilize the steric directing effect of the an
gular methyl grouping to attain the desired contrathermo- 
dynamic stereochemical orientation of the ester side chain 
through catalytic hydrogenation. Accordingly, the keto acid 
7 was heated with sodium acetate-acetic anhydride to give 
the butenolide 8, apparently a single stereoisomer accord
ing to spectral properties, as the sole reaction product. This 
precedented conversion9 must proceed via the enol lactone 
13, which undergoes subsequent double-bond isomeriza
tion. The isomerization could conceivably be subject to ki
netic or thermodynamic control. Kinetic protonation would 
expectedly lead to the observed butenolide isomer 8 on ste
ric grounds, since the angular methyl grouping would block 
protonation or proton transfer leading to the alternative 
epimer 8a. Molecular models indicate that butenolide 8 has 
fewer nonbonded interactions than the epimer 8a. Thus an 
equilibrium isomerization process would likewise favor the 
syn isomer 8.

8a 13 8

Hydrogenation of butenolide 8 afforded, as expected, the 
cis lactone 9, which displayed a sharp doublet in its NMR 
spectrum characteristic of cis-fused pseudoguaianolide lac
tone carbinyl hydrogens.1 As previously noted, the angular 
methyl grouping should direct the stereochemistry of dou
ble-bond hydrogenation.

To complete the synthesis we employed the sequence of 
Minato and Horibe to introduce the »-methylene function
ality to lactone 9.10 The resulting methylene lactone 10 
showed NMR spectral patterns extremely similar to those 
of damsin (14), a naturally occurring pseudoguaianolide.11 
An authentic comparison sample of this lactone was ob
tained via the selective degradation of natural damsin ac
cording to the scheme outlined in Chart II. Addition of 
thiophenol12 afforded the adduct 15, which was condensed 
with p-toluenesulfonylhydrazine and then reduced with so
dium cyanoborohydride to give the deoxy derivative 16.13

Chart IT'

° a, PhSH; b, TsNHNH2; c, NaBHgCN; d, m-ClC6H4C03H; e, 
heat, CHgPh.

Oxidation to the sulfoxide 17 and pyrolysis in toluene14 af
forded 4-deoxydamsin (10), identical with the synthetic 
material according to spectral and chromatographic crite
ria.

Experimental Section15
t-2,t-7-Dimethyl-r-l-if-bicyclo[5.3.0]decane-c-2,c-6-diol

(2). To a solution of 1.41 g (7.82 mmol) of hydroazulenol 1 in 175 
ml of chloroform at 0° was added a solution of 5.90 g (34.2 mmol) 
of m-chloroperoxybenzoic acid in 200 ml of chloroform dropwise 
over 1 hr. Stirring was continued for 14 hr at 0°. The mixture was 
washed with cold 10% aqueous sodium hydroxide and saturated 
brine. The chloroform was removed under reduced pressure and 
the residue was distilled, affording 1.46 g (95%) of colorless oil: bp 
110-120° (bath temperature) (0.1 mm); Xmax (film) 2.96 ^ (OH); 
<5tms (CDCI3) 3.34-2.79 (H-5, H-6 multiplet), 1 .1 2  (C-2 CH3), 1.00 
ppm (C-7 CH3).

The analytical sample was secured through preparative layer 
chromatography on silica gel using benzene as the eluent followed 
by short-path distillation.

Anal. Calcd for C12H20O2: C, 73.43; H, 10.27. Found: C, 73.33; H, 
10.27.

The epoxide was reduced along the lines of Henbest and Wil
son.16 To a stirred mixture of 0.46 g (12.1 mmol) of lithium alumi
num hydride in 150 ml of tetrahydrofuran (THF) at room temper
ature was added a solution of 1.19 g (6.07 mmol) of epoxide in 50 
ml of THF. The mixture was heated at reflux for 3 hr, cooled, and 
carefully treated with water and 15% sodium hydroxide solution. 
Ether was added, the mixture was filtered, and the solvent was re
moved under reduced pressure to give 1.2 0  g (100%) of solid diol 2 : 
Xmax (melt) 3.05 a 4, <>t m s  (CDC13) 3.68 (H-6 multiplet), 1.20 (C-2 
CH3), 0.95 ppm (C-7 CHS).

The analytical sample, mp 152-153°, was secured by recrystalli
zation from ether-ethyl acetate.

Anal. Calcd for C12H220 2: C, 72.68; H, 11.18. Found: C, 72.60; H,
11.26.

c-2-Hydroxy-t-2,t-7-dimethyl-r-l-H-bicyclo[5.3.0]decan-
6 -one (3). To a solution of 139 mg (0.70 mmol) of diol 2 in 4.0 ml of 
acetone at 0° was added 0.20 ml of Jones reagent7 dropwise over
2.0 min. After stirring for 15 min at 0°, the reaction mixture Was 
quenched by the addition of 0.10 ml of 2-propanol. The reaction 
mixture was poured into brine, and the product was isolated with 
ethyl acetate, affording 118 mg (86%) of a colorless oil which crys
tallized on standing (mp 80-81°). Recrystallization from ether 
gave analytically pure material: Xmax (KBr) 2.92, 5.96 m; ¿¡t m s  
(CDC13) 1.25 (C-2 CH3), 1.08 ppm (C-7 CH3).

Anal. Calcd for C12H20O2: C, 73.43; H, 10.27. Found: C, 73.41; H,
10.30.

t-7-Methyl-2-methylene-jr-l-H-bicyclo[5.3.0]decan-6-one 
and 2,t-7-Dimethyl-r-l-JH-bicyclo[5.3.0]dec-2-en-6-one (4). A
solution of 132 mg (0.67 mmol) of ketol 3, 600 mg of sodium ace
tate, and 4.0 ml of freshly distilled acetic anhydride was heated at
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reflux for 1 2  hr. The solution was cooled to 0° and quenched with
2.0 ml of methanol. After stirring for 1.5 hr at 0°, the solution was 
poured into water and the product mixture was isolated with ether. 
The combined ether layers were carefully washed with saturated 
sodium bicarbonate solution and then with saturated brine. Short- 
path distillation (oven temperature 90-110°, 0.05 mm) afforded 
118 mg (99%) of a colorless oil: Xmflx (film) 5.90, 6.08 <>t m s  (CCI4)
5.70 (t, J = 5.6 Hz, endocyclic vinyl H), 4.90 and 4.74 (exo CH2 

vinyl H’s), 1.67 (vinyl CH3), 0.97 ppm (C-7 CH3).
Integration of the NMR spectrum indicated a 40:60 mixture of 

exocyclic and endocyclic olefin isomers.
Methyl (t-7-Methyl-2-methylene-6-cxo-r-l-ff-bicyclo-

[5.3.0]dec-5-yI)acetate and Methyl (2,t-7-Dimethyl-6-oxo-r-
l-if-bicyclo[5.3.0]dec-2-en-5-yl)acetate (5). The procedures de
veloped by Rathke17 and Schlessinger18 were modified. To a solu
tion of 0.29 ml (1.60 mmol) of IV-isopropylcyclohexylamine in 4.0 
ml of tetrahydrofuran at —78° was added 0.80 ml (1.60 mmol) of
2.0 M  n-butyllithium-hexane solution dropwise over 2.0 min. The 
solution was stirred for 30 min at —78°, at which time a solution of 
267 mg (1.50 mmol) of keto olefin mixture 4 in 1.0 ml of tetrahy
drofuran was introduced The reaction mixture was stirred for an 
additional 30 min at —78°. A solution of 245 mg (1.60 mmol) of 
methyl bromoacetate, 0.28 ml (1.60 mmol) of hexamethylphospho- 
ramide, and 1 .0  ml of tetrahydrofuran was then introduced drop- 
wise and the reaction temperature was allowed to reach room tem
perature over 1 .0  hr. The reaction mixture was poured into dilute 
hydrochloric acid and the products were isolated with ether. 
Short-path distillation (oven temperature 110-130°, 0.05 mm) af
forded 330 mg (8 8 %) of a colorless oil: Amax (film) 5.75, 5.88, 6.08 /¿; 
¿t m s  (CCI4) 5.27 (t, J -  5.6 Hz, endocyclic vinyl H), 4.98 and 4.85 
(exo CH2 vinyl H’s), 3.56 (OCH3), 1.05 and 0.97 ppm (C-7 CH3).

Methyl ( t-2, t-7-Dimethyl-fi-oxo- r-l-H-bicyelo[5.3.0]dec-5- 
yl)acetate (6 ). A suspension of 330 mg (1.32 mmol) of olefin mix
ture 5 and 50 mg of platinum oxide in 7.0 ml of absolute methanol 
was hydrogenated at room temperature and atmospheric pressure. 
After 2.0 hr the uptake of hydrogen ceased, the reaction mixture 
was filtered, and the solvent was removed by distillation at re
duced pressure. Short-path distillation (oven temperature 110- 
130°, 0.05 mm) afforded 290 mg (8 8 %) of a colorless oil: Amax (film)
5.76, 5.90 fi\ <5T M S  (CC14) 3.60 (OCH3), 2.58 (m, C-5 methine), 2.30 
(d, J  = 6.0 Hz, acetate CH2), 1.10 (C-7 CH3), 0.97 ppm (d, J  = 6.2 
Hz, C-2 CH3).

The keto ester was saponified without further purification.
( i-2, t-7-Dimethyl-6-oxo-r-l -HT-bicyclo[5.3.0]dec-5-yl)acetic 

Acid (7). A solution of 280 mg (1.11 mmol) of keto ester 6  and 300 
mg of potassium hydroxide in 6 .0  ml of methanol was heated at re
flux for 2.0 hr. The solution was cooled, poured into water, and 
washed with ether. The aqueous layer was carefully acidified with 
concentrated hydrochloric acid and the product was isolated with 
ether. The crude product crystallized on standing, affording 225 
mg (85%) of white, crystalline product (mp 130-132°). Recrystalli
zation from ether gave analytically pure material: Amax (film)
3.20-3.80, 5.80, 5.92 M; ¿t m s  (CDCI3) 9.66 (C02H), 3.45 (m , C-5 
methine), 2.66 and 2.36 (doublets, J  = 4.8 and 8.0 Hz, respectively, 
CH2CO2H), 1.08 (C-7 CH3), 1.23 and 0.90 ppm (doublets, J  = 6.5 
Hz, C -2  CH3).

Anal. Calcd for C14H22O3: C, 70.55; H, 9.31. Found: C, 70.59; H,
9.30.

( i-6-Hydroxy-t-2,t-7-dimethyl-r-l-if-bicyclo[5.3.0]dec-5- 
ylidene)acetic Acid y-Lactone (8 ). The procedure of Minato and 
Nagasaki9 was employed. A mixture of 115 mg (0.484 mmol) of 
keto acid 7 and 200 mg of sodium acetate in 4.0 ml of acetic anhy
dride was heated at reflux for 2.0 hr. The mixture was cooled to 0° 
and 2.0 ml of methanol was added. After stirring for 1.5 hr at 0°, 
the solution was poured into water and the product was isolated 
with ether. The combined ether layers were carefully washed with 
saturated sodium bicarbonate solution and then with saturated 
brine. Distillation of the ether at reduced pressure afforded 91 mg 
(8 6 %) of pale yellow oil which crystallized on standing (mp 71- 
73°). An analytical sample was secured by preparative thin layer 
chromatography using 50% ether-petroleum ether (Rf 0.20-0.45) 
and short-path distillation (oven temperature 120-130°, 0.10 mm): 
Xmax (film) 5.68, 6.12 ¿tms (CCI4) 5.68 (vinyl H), 4.56 (C-6  meth
ine), 2.66 (m, allylic CH2), 0.97 (d, J = 6.4 Hz, C-2 CH3), 0.72 ppm 
(C-7 CH3).

Anal. Calcd for Ci4H2o02: C, 76.32; H, 9.15. Found: C, 76.18; H,
8.98.

( t-6 -H ydroxy-1-2, t-7-dimethyl-i--l-i?-bicyclo[5.3.0]dec-1-
5-yl)aeetic Acid y-Lactone (9). A suspension of 873 mg (3.97 
mmol) of butenolide 8 and 1 0 0  mg of platinum oxide in 2 0  ml of

absolute ethanol was hydrogenated at room temperature and at
mospheric pressure. After 6.5 hr the uptake of hydrogen ceased, 
the reaction mixture was filtered, and the solvent was removed by 
distillation at reduced pressure. Short-path distillation (oven tem
perature 120-130°, 0.05 mm) afforded 782 mg (89%) of colorless 
oil. An analytical sample was secured by preparative thin layer 
chromatography using 50% ether-petroleum ether and short-path 
distillation (as above): Amax (film) 5.63 ft; ¿tms (CCI4) 4.18 (d, J  =

8.5 Hz, C-6 methine), 2.37 and 2.20 (doublets, J  = 9.0 and 6.0 Hz, 
respectively, acetate CH2), 1.00 (d, J = 6.2 Hz, C-2 CH3), 0.97 ppm 
(C-7 CH3).

Anal. Calcd for C14H22O2: C, 75.63, H, 9.98. Found: C, 75.43; H, 
10.15.

(±)-4-Deoxydamsin (10). The procedure of Minato and Ho- 
ribe10 was employed. To a suspension of 42 mg (1.75 mmol) of so
dium hydride in 4.0 ml of ether at 0° was added at solution of 319 
mg (1.44 mmol) of lactone 9 and 0.17 ml (2.00 mmol) of ethyl for
mate in 4.0 ml of ether dropwise over 2.0 min. The solution was 
stirred for 1.0 hr at 0°. The cooling bath was removed and the solu
tion was stirred for an additional 12 hr at room temperature. The 
solution was poured into dilute hydrochloric acid and the product 
was isolated with ether, affording 342 mg (95%) of a yellow gum. 
No further purification of this product was attempted.

To a solution of 50 mg (1.31 mmol) of sodium borohydride in 3.0 
ml of absolute methanol was added a solution of 342 mg (1.37 
mmol) of the above a-formyl-y-butyrolactone in 2.0 ml of absolute 
methanol. The solution was stirred for 1.0 hr at room temperature 
and poured into dilute hydrochloric acid, and the product was iso
lated with ether, affording 342 mg (99%) of a viscous yellow oil. No 
further purification of this product was attempted.

A solution of 342 mg (1.35 mmol) of the above d'-hydroxy-y- 
butyrolactone and 315 mg (1.65 mmol) of p-toluenesulfonyl chlo
ride in 4.0 ml of freshly distilled pyridine was stirred for 20 hr at 
0°. The solution was poured into water and extracted with four 
portions of ether. The combined ether extracts were washed with 
dilute hydrochloric acid until the washes were acidic to litmus 
paper. The crude product, 372 mg (68%), was a brown, viscous oil: 
Xmax [film (CDCla)] 5.66, 6.24 M| ¿tms (CDC13) 7.48 (AB, J AB = 7 
Hz, Ai>ab = 27 Hz, aromatic H’s), 4.40-3.60 (m, C-6 methine and 
C-13 methylene), 2.40 (ArCH3), 1.00 (d, J  = 6.2 Hz, C-10 CH3), 
0.97 ppm (C-5 CH3).

A solution of 372 mg (0.92 mmol) of the above tosylate in 5.0 ml 
of pyridine was heated at reflux for 5.0 hr. The solution was cooled 
and poured into water and the product was isolated with ether, af
fording 215 mg (100%) of a yellow oil. Short-path distillation (oven 
temperature 120-140°, 0.10 mm) and preparative thin layer chro
matography on silica gel using 30% ether-benzene (Rf 0.55) afford
ed a white, crystalline product which was recrystallized from pe
troleum ether to give analytically pure material (mp 87-88°): Amax 
(KBr) 3.38, 3.48, 5.70, 6.02, 7.85, 8.76, 10.04, 10.24, 10.60, 12.16 M; 
St m s  (CDCI3) 6.15 and 5.40 (doublets, J  = 3.0 Hz, vinyl H’s), 4.30 
(d, J = 8.2 Hz, C -6  methine), 0.97 (d, J = 6.4 Hz, C-10 CH3), 0.82 
ppm (C-5 CH3); MS m/e 234 (M+), 219, 206,177,163.

Anal. Calcd for C 15H22O2: C, 76.88; H, 9.46. Found: C, 76.74; H,
9.49.

4-Deoxydamsin (10) from Degradation of Damsin (14). The
procedure of Romo and coworkers12 was modified. A solution of 
566 mg (2.28 mmol) of damsin, 0.54 ml (5.36 mmol) of thiophenol, 
and 0.30 ml of triethylamine in 15 ml of benzene was stirred at 
room temperature for 10 hr. The solution was diluted with ether 
and washed with two portions of 1 0 % sodium hydroxide followed 
by two portions of saturated brine. Filtration of the crude product 
mixture through a 15-ml column of silica gel using benzene afford
ed 199 mg of nonpolar aromatic impurities. Elution with ether af
forded 519 mg (64%) of the desired adduct 15: 5tms (CDC13) 7.20 
(m, aromatic H’s), 4.30 (d, J  = 8.2 Hz, C -6  methine), 3.50-3.10 (m, 
C-13 methylene), 1.10 (d, J  = 6.4 Hz, C-10 CH3), 1.00 ppm (C-5 
CH3). N o further purification of this compound was attempted.

A solution of 519 mg (1.45 mmol) of the above thioether 15 and 
372 mg (2.00 mmol) of p-toluenesulfonylhydrazide in 20 ml of ab
solute methanol was heated at reflux for 5.5 hr. The reaction mix
ture was poured into water and the product was isolated with 
ether, affording 708 mg (93%) of a white foam.

This material was reduced according to the procedure of Hutch
ins, Maryanoff, and Milewski.13

To a solution of 708 mg (1.35 mmol) of the tosylhydrazone in 3.5 
ml of dimethylformamide and 3.5 ml of freshly distilled sulfolane 
was added 20 mg of p-toluenesulfonic acid and 340 mg (5.40 mmol) 
of sodium cyanoborohydride. The solution was heated at 1 0 0 ° for 6 

hr, cooled, and diluted with water. The product was isolated with
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ether, affording 504 mg of crude material containing some unreact
ed starting material. The desired thioether 16 was isolated by col
umn chromatography on silica gel using 30% ether-benzene.

To a solution of 367 mg (1.07 mmol) of chromatographed 
thioether 16 in 5 ml of methylene chloride at 0° was added a solu
tion of 190 mg (1.10 mmoles) of m-chloroperoxybenzoic acid in 5 
ml of methylene chloride dropwise over 2.0 min. The solution was 
stirred for 2 . 0  hr at 0 ° and the solvent was removed by distillation 
at reduced pressure. The residue was taken up in ether and washed 
with two portions of saturated sodium bicarbonate solution to give 
the crude sulfoxide 17 as a white foam (276 mg).

This material was directly converted to the methylene lactone 
10 according to the procedure of Trost and Salzmann. 14 A solution 
of 276 mg (0.77 mmol) of crude sulfoxide 17 in 8.0 ml of toluene 
was heated at reflux for 4.0 hr. The solution was cooled, diluted 
with ether, and washed with two portions of saturated sodium bi
carbonate solution to afford 175 mg (98%) of crude product. Pre
parative thin layer chromatography on silica gel using 5% ether- 
benzene gave 4-deoxydamsin (Rf 0.39) as a white, crystalline solid: 
mp 108-110°; Am„  (melt) 3.38, 3.48, 5.70, 6.02, 7.85, 8.76, 10.04, 
10.24,10.60,12.16 m; 5tms (CDC13) 6.15 and 5.40 (doublets, J  =  3.0 
Hz, vinyl H’s), 4.30 (d, J  =  8.2 Hz, C- 6  methine), 0.97 (d, J  = 6.4 
Hz, C-10 CH3), 0.82 ppm (C-5 CH3).

Anal. Calcd for C15H22O2: C, 76.88; H, 9.46. Found: C, 76.65; H,
9.61.
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Phosphoramidate analogs of oligonucleotides possess 
unique features which have interesting implications in nu
cleic acid chemistry.2’3 In extending the synthetic method
ology for this class of compounds we have explored the util
ity of the azido group as a synthon for a terminal amino 
group in an oligonucleotide. The formation of aminonucle- 
osides by catalytic reduction of azidonucleosides is well 
known; representative examples include the preparation of 
S'-amino-S'-deoxythymidine,4 2/-amino-2/-deoxyuridine,5 
and 5,-amino-2',5,-dideoxyadenosine.6 In addition, 5'- 
amino-S'-deoxythymidine 3'-phosphate and S'-amino-S'- 
deoxythymidine 5'-phosphate have been obtained by cata
lytic hydrogenation of the corresponding azidonucleotides.7

As target compounds for study we selected di- and te- 
tranucleotide analogs 2 and 4. The synthetic scheme, out
lined in Chart I, utilized the condensation procedure em
ployed previously for preparation of some thymidylyl phos
phoramidate analogs.2

5'-Azido-5'-deoxythymidine (la) reacted smoothly with 
phenyl phosphorodichloridate in pyridine to give an active 
phosphorylated intermediate, which on treatment with 5'- 
amino-5'-deoxythymidine afforded the desired azidodinu- 
cleoside phosphate analog, 2, in good yield. In contrast to 
the facile catalytic hydrogenation of la, however, the re
duction of 2 with hydrogen over a platinum catalyst was 
sluggish. Under conditions where la was converted to the 
aminodeoxythymidine in high yield (90% isolated), little re
duction of 2 was achieved. When the time of reaction was 
increased fivefold (to 2.5 hr), 2 was partially reduced, and 
the desired amino derivative (3) was isolated in 54% yield.

Repetition of the synthetic sequence with 2 in place of la 
and 3 in place of 5'-amino-5'-deoxythymidine gave com
pound 4. This tetranucleotide derivative, however, proved 
to be resistant to hydrogenation with palladium and plati
num catalysts under all conditions that were explored. The 
decrease in susceptibility to catalytic reduction for the se
ries la, 2, 4 correlates with increasing steric bulk at the 
3 '-0  position.

Of the other methods available for converting azides to 
amines, the most promising for application in the nucleo
tide field appeared to be that utilizing triphenylphosphine, 
first described by Staudinger and Hauser.8 Thus, methyl 
and ethyl azide are converted by triphenylphosphine to 
phosphinimines, which are reported to hydrolyze on expo
sure to moisture to triphenylphosphine oxide and the cor
responding amines. Other workers have used alkali (reflux
ing 2% alcoholic potassium hydroxide)9 and strong acid 
(hot 40% hydrogen bromide in acetic acid)10 to liberate 
substituted alkylamines from phosphinimines. The conver
sion of an azido sugar, tetraacetyl-/3-D-glucosyl azide, to a 
triphenylphosphinimine has also been reported.11

Experiments with model nucleosides, 5''-azido-5/-deox- 
ythymidine (la), S'-O-mono-p-methoxytrityl-ñ'-azido-S'- 
deoxythymidine (lb), and S'-O-a-naphthylcarbamoyl-S'- 
azido-5'-deoxythymidine (lc), indeed showed that the tri
phenylphosphine hydrolytic sequence constitutes a conve
nient preparative technique for this class of compounds. 
The aminonucleoside (5a-c) was isolated in high yield
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Chart I

la, R = H
b,R = C(C6H5)2(p-C6H4OCH3)

0 = p — o

0 = P — o

HN Th

OH

(88-90%) in each case. The reactions are easily scaled up, 
and a bulky group at the 3'-0 position (methoxytrityl or a -

more, 2 could be converted to 3 by the action of triphenyl- 
phosphine and ammonium hydroxide, demonstrating that 
reduction of a terminal azido function can be achieved 
under conditions where a phenoxy group masking an inter
nucleotide phosphoramidate link is stable. These experi
ments therefore indicate that a procedure utilizing a termi
nal azido group and reduction of the azide with triphenyl- 
phosphine offers an attractive route for synthesis of an oli
gonucleotide terminated with an amino group.

napthylcarbamoyl) does not interfere. In contrast to the 
phosphinimines derived from the simple alkyl azides, the 
intermediates obtained from the azidonucleosides are rela
tively stable in water. They hydrolyze cleanly to the ami- 
nonucleosides, however, on treatment with ammonium hy
droxide or aqueous sodium hydroxide at room temperature. 
Indeed, the amine can be obtained directly b y  treating the 
azide with a solution containing both triphenylphosphine 
and ammonium hydroxide in pyridine.

Treatment of compound 4 with triphenylphosphine in 
pyridine, followed by hydrolysis with aqueous sodium hy
droxide, yielded the aminotetranucleoside triphosphate, 6, 
with no observable products of side reactions. Further

Experimental Section
The equipment and general procedures were the same as de

scribed in ref 1 (part XIX). The chromatographic solvents were: A, 
1-C3H7OH NH4OH -H20  (7:1:2); F, n-C3H70H-NH40H-H20 
(55'.10:35). Elemental analyses were performed by Micro-Tech 
Laboratories, Skokie, 111.

Phenyl Ester of 5'-Azido-5'-deoxythymidyIyl-(3'-5')-5'- 
amino-5'-deoxythymidine (2). Dry 5'-azido-5'-deoxythymidine 
(801 mg, 3 mmol) in dioxane (30 ml) was stirred with phenyl phos- 
phorodichloridate (0.48 ml, 3 mmol) and pyridine (0.48 ml, 6 
mmol) for 48 hr at room temperature. Triethylamine (0.84 ml, 6 
mmol) and a solution of 5'-amino-5'-deoxythymidine (850  mg, 3.7 
mmol) in dioxane (240 ml) were then added. The mixture was 
stirred for 30 min and then cooled with an ice bath. Aqueous sodi-
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Table I
Chromatographic and Electrophoretic Values“

Compd
Rf

(solvent A) Rf(solvent F) «m6
d(N3)T 0.7 0.9 -0.1
d(N3)Tp 0.2 0.7 + 1.0
d(N3)Tp(NH)T 0.4 0.7 + 0.3
d(N3)Tp(NH)Tp(NH)Tp(NH)T 0.03 0.4 + 0.7
d(NH2)T 0.5 0.7 -0.7
d(NH2)Tp 0.09 0.5 + 0.45
d(NH2)Tp(NH)T 0.1 0.6 -0.1
d(NH2)Tp(NH)Tp(NH)Tp(NH)T 0.02 0.3 + 0.5
dT 0.6 0.8 -0.1
dTp 0.1 0.5 + 1.0
dTp(NH)T 0.3 0.6 +0.35
dTp(NH)Tp(NH)Tp(NH)T 0.02 0.4 +0.7

a Other identifying characteristics are: (1) all amino derivatives 
give a positive ninhydrin test; (2) on silica gel TLC in ethyl acetate 
R t for dT is 0.1; none of the 5'-amino derivatives or the compounds 
bearing charged phosphoryl groups moved on TLC under these con
ditions. 6 Electrophoretic migration relative to dpT at pH 7.2.

um hydroxide (10 ml, 0.5 M ) was added, and the mixture was fil
tered immediately to remove the precipitated salts. The filtrate 
was concentrated to a syrup at reduced pressure, and, after addi
tion of water (20 ml), the mixture was extracted twice with ethyl 
acetate (300, 100 ml). The organic extract was dried over sodium 
sulfate, evaporated at reduced pressure, and chromatographed on 
a silica gel column (4 X 50 cm) with 1.5 1. of ethyl acetate [which 
removed azidodeoxythymidine, 203 mg, 0.76 mmol, R/ (EtOAc) 
0.37] followed by 1 1. o f  tetrahydrofuran. Concentration of the frac
tions and precipitation with hexane afforded 1.41 g [96% yield 
based on unrecovered d(N3)T; 71% based on initial d(N3)T] of 2: 
mp 120-123° (softening at 115°); X m a x  264 nm (t 18,000); X m i n 234 
nm (t 4500); principal infrared bands at 3.2, 4.8, 5.9, 6.8, and 7.9 n; 
homogeneous on TLC, Rf (EtOAc) 0.04; Rf (THF) 0.55.

Anal. Calcd for C26H3iN8OioP: C, 48.30; H, 4.83; N, 17.33. 
Found: C, 48.29; H, 4.89; N, 16.76.

For further characterization this product was hydrolyzed with 
0.1 M  aqueous sodium hydroxide (6 hr, 23°). A single nucleotidic 
product was observed on paper chromatography in solvent A (Rf 
0.40). Elution with water and lyophilization afforded 
d(N;i)Tp(NH)T as a white powder, Rf (F) 0.68 and Rm 0.29. This 
product hydrolyzed quantitatively to d(N3)Tp and d(NH2)T (5a) 
on treatment with aqueous acetic acid. In addition it was quantita
tively cleaved by snake venom phosphodiesterase and by spleen 
phosphodiesterase under the standard conditions to give d(N3)T + 
d(NH2)T and d(N3)Tp + d(NH2)T, respectively (see Table I for 
properties of the hydrolytic products).

Catalytic Reduction of Azide 2 to Amine 3. A solution of 
azide 2 (500 mg, 0.77 mmol) in 100 ml of absolute ethanol was 
shaken with platinum oxide catalyst (150 mg) for 1.5 hr under 30 
psi pressure of hydrogen. An additional 100 mg of the catalyst was 
added and the hydrogenation was continued for another 1 hr. 
Analysis by TLC showed two spots, attributable to 3 [Rf (THF) 
0.1, positive ninhydrin test] and unreduced starting material [Rf 
(THF) 0.7], Filtration, concentration, and chromatography on sili
ca gel (2 X 30 cm). Elution successively with tetrahydrofuran (500 
ml), 1:9 ethanol-tetrahydrofuran (100 ml), and 3:7 ethanol-te- 
trahydrofuran (200 ml) afforded 258 mg (54%) of 3 (precipitated 
by addition of hexane to fractions homogeneous by TLC): mp
135-138° with softening at 128°; Xmax 265 nm (« 18,000); Xm:n 234 
nm (e 4100); principal infrared bands at 3.0, 3.2, 5.9, 6.8, and 7.9 ft; 
R m —0.4 relative to dpT; Rf (F) 0.8; Rf (A) 0.5.

Anal. Calcd for C26H33N60 1()P-H20: C, 48.90; H, 5.52; N, 13.16. 
Found: C, 48.70; H, 5.34; N, 12.92.

Hydrolysis of 3 with 0.1 M  sodium hydroxide in 50% aqueous di- 
oxane (6 hr at room temperature), neutralization, and chromatog
raphy on paper with solvent A yielded a single nucleotidic product, 
d(NH2)Tp(NH)T, identical in electrophoretic and chromato
graphic properties (Table I) with d(NH2)Tp-(NH)T prepared pre
viously by a different route.2

d(N3)Tp(ph,(NH)Tp(ph)(NH)Tp(ph)(NH)T (4). Compound 2 
(200 mg, 0.31 mmol), dried by evaporation of three 1-ml portions 
of pyridine, was dissolved in dioxane (6 ml) and treated with phe

nyl phosphorodichloridate (0.050 ml, 0.31 mmol) and pyridine 
(0.050 ml, 0.62 mmol) for 65 hr. Triethylamine (0.087 ml, 0.62 
mmol) and a solution of 3 (120 mg, 0.21 mmol) in 40 ml of dioxane 
were added and stirring was continued for 2 hr. Aqueous 0.5 M  so
dium hydroxide (1 ml) was added (15 min) and the resulting solu
tion was concentrated to a syrup at reduced pressure. Chromatog
raphy on a silica gel column (3 X 32 cm) with ethyl acetate (100 
ml), ethyl acetate-tetrahydrofuran (1:1, 250 ml; 1:3, 250 ml), and 
tetrahydrofuran (500 ml), followed by precipitation by addition of 
hexane to the fractions, afforded three substances insoluble in hex
ane: unreacted 2 (11 mg, 6%), compound 4 (149 mg, 44%), and a 
product tentatively identified as phenyl-phosphorylated 2 
]d(N3)Tp(ph)(NH)Tp(Ph); Rm 0.21 relative to dpT on paper electro
phoresis at pH 7.2], An analytical sample of 4, obtained by rechro
matography and reprecipitation with hexane, melted at 144-148° 
(softening at 141°).

Anal. Calcd for C58H67Ni4P3022-H20: C, 48.94; H, 4.74; N, 13.81. 
Found: C, 49.10; H, 4.84; N, 13.22.

Characterization of 4. The phenyl protecting groups were re
moved from 4 by treatment with 0.1 M  aqueous sodium hydroxide 
for 6 hr in the usual manner.2 After neutralization with dilute acid, 
paper chromatography in solvent F showed a single nucleotidic 
product (Rf 0.35). This product, d(N3)Tp(NH)Tp(NH)Tp(NH)T, 
was eluted with water and isolated by lyophilization. In prepara
tion for hydrolytic degradation it was further purified by rechro
matography on paper with solvent A and by paper electrophoresis 
(pH 7.2; Rm 0.7 relative to dpT). This material was hydrolyzed by 
aqueous acetic acid and by snake venom phosphodiesterase.2 The 
products were separated by paper chromatography in solvent A, 
and the relative quantities were determined by eluting the materi
als from the paper and measuring the absorbance at 260 nm. In 
conformity with the assigned structure, the substance was com
pletely degraded in each case. The venom degradation afforded 
two products, d(N3)T and d(NH2)T (1.03 and 3.3 optical density 
units, respectively), and the . acid hydrolysis yielded d(N3)T, 
d(NH)Tp, and d(NH2)T (1.4:2.1:1.2 optical density units, respec
tively). These substances were characterized by their electropho
retic and chromatographic behavior (Table I).

5'-Amino-5'-deoxy thymidine (5a). S'-AzidoS'-deoxythymi- 
dine (5.00 g, 18.7 mmol) and triphenylphosphine (8.00 g, 30.5 
mmol) were dissolved in 15 ml of pyridine and kept at room tem
perature for 1 hr. Concentrated ammonium hydroxide was then 
added and the solution was allowed to stand for an additional 2 hr. 
Pyridine was removed at reduced pressure, water was added, and 
triphenylphosphine and triphenylphosphine oxide were removed 
by filtration. The filtrate was extracted with benzene and with 
ether to remove residual triphenylphosphine and then concentrat
ed to dryness. Recrystallization of the solid residue from ethanol 
afforded 4.1 g (90%) of 5'-amino-5'-deoxythymidine, mp 178-180°, 
mmp with a sample prepared by catalytic hydrogenation, 178- 
180°. The chromatographic properties [Rf (CH3OH) 0.26] and the 
infrared spectrum were identical with those for the authentic sam
ple.

5' - Amino-5' -deoxy-3' - O-naphthylcarbamoylthymidine (5c). 
Naphthyl isocyanate (1.4 ml, 10 mmol) was added to 5'-azido-5'- 
deoxythymidine (0.53 g, 2 mmol, dried by distillation of anhydrous 
pyridine) in pyridine (20 ml). After 1 hr the product was precipi
tated by addition of 1 1. of hexane. The precipitate was collected by 
centrifugation, washed with hexane, redissolved in pyridine (8 ml), 
and again precipitated with hexane (400 ml). The product (lc) 
weighed 0.85 g (98%); Rf (THF) 0.63; principal infrared bands at 
3.0, 3.25, 4.75, 5.9, and 6.5 fi.

For reduction of the azido function, lc  (0.217 g, 0.5 mmol) was 
treated with triphenylphosphine (0.26 g, 1 mmol) in pyridine (1 
ml) for 1 hr, followed by addition of concentrated ammonium hy
droxide (0.4 ml). After 8 hr the solution was concentrated to a gum 
and anhydrous pyridine was evaporated twice from the residue to 
remove water. The gum was then taken up in a small volume of 
pyridine and added slowly to 1:1 hexane-cyclohexane (350 ml). 
The resulting white precipitate was collected by centrifugation, 
washed, and crystallized from ethanol to give 0.184 g (88% from 
lc) of 5c, mp 207-210°, Rf (THF) 0.50, Rf (EtOAc) 0.03. An ana
lytical sample obtained by recrystallization from ethanol melted at 
211-212°; Xmax (EtOH) 270 nm (c 13,000), Xm;n 244 nm (« 6400); 
principal infrared bands at 2.9, 3.25, 5.8, 6.0, 6.45, and 8.15 m-

Anal. Calcd for C2iH22N40 5: C, 61.45; H, 5.40; N, 13.65. Found: 
C, 61.43; H, 5.45; N, 13.55.

5 '-Amino-5 '-deoxy-3 ' - 0 -mono-p-methoxytritylthymidine 
(5b). 5'-Azido-5'-deoxythymidine was converted to the 3'-0-mono- 
p - methoxytrityl ether by reaction with mono-p-methoxytrityl
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chloride essentially as described for preparation of related nucleo
side derivatives.12 Compound lb was obtained in 85% yield as £ 
white solid melting at 93-98°; Xmax (EtOH) 266 nm (t 11,500), Xmjn 
250 nm (e 9650).

A n a l. C a lcd  for C 30H 29N 5O 5 : C, 66.78; H, 5 .4 2 ; N , 12.98. F ou n d  
C, 66.35; H, 5.27; N , 13.28.

Compound lb (0.27 g, 0.5 mmol) and tripkenylphosphine (0.26 
g, 1 mmol) were dissolved in pyridine (0.6 ml) at 0°. Concentrated 
ammonium hydroxide (0.4 ml) was added and the solution was al
lowed to warm to room temperature. After 2 hr TLC revealed that 
the azide had reacted completely but the phosphinimine had only 
partially hydrolyzed to the amine [R f (CH2CI2-THF 1:1) 0.35 for 
lb and 0.20 for the phosphinimine]. Additional pyridine-ammonia 
(1 ml, 6:4 v/v) was added and the mixture was allowed to stand 
overnight, at which time the reaction was complete by the TLC 
test. Work-up as described for lc yielded 0.23 g (88%) of com
pound 5b. This sample [Rf (EtOAc) 0.01] contained traces of mate
rial with Rf 0 (ninhydrin positive) and Rf 0.47 (positive to perchlo
ric acid spray). Thick layer chromatography on silica gel yielded a 
pure sample (softened at 100°, completely melted at 114°), XmaJ 
(EtOH) 265 nm (t 11,100), Xmin 250 nm (e 9190).

Anal. Calcd for C30H31N3O5: C, 70.16; H, 6.08; N, 8.18. Found: C, 
69.89; H, 5.82; N, 8.15.

d(NH2 )Tp(NH)Tp(NH)Tp(NH)T (6). A solution of 4 (16 mg,
0.015 mmol) and triphenylphosphine (43 mg, 0.16 mmol) in pyri
dine (0.5 ml) was stirred at 25° for 1.5 hr, mixed with water (0.5 
ml), and stirred for an additional 2 hr. The solvent was evaporated 
under reduced pressure, aqueous sodium hydroxide (1.0 ml, 0.2 M ) 
was added, and the mixture was stirred overnight. Following ex
traction with methylene chloride ( 5X2  ml) a small portion of the 
aqueous layer was analyzed by paper electrophoresis at pH 7.2. A 
strong spot was observed under ultraviolet light at Rm —0.51 (rela
tive to dpT), and it was ninhydrin positive; the only other nucleo- 
tidic material appeared as a very faint spot (ninhydrin negative) at 
R m 0.73, corresponding to a trace of unreacted 4. The reaction 
product was separated from the major portion of the solution by 
chromatography on paper with solvent F. Elution with water, con
version to the triethylammonium salt, and lyophilization afforded 
18 mg of 6, Rf (F) 0.33. Hydrolysis of an aliquot with 80% aqueous 
acetic acid (15 min on steam bath) yielded d(NH2)T and 
d(NH2)Tp (see Table I for properties) in a ratio of 1:2.8.

Reduction of Azide 2 to Amine 3 with Triphenylphosphine. 
Compound 2 (10 mg, 0.015 mmol) was addec to a solution of tri
phenylphosphine (10 mg, 0.04 mmol) in pyridine (0.1 ml) and 50% 
saturated methanolic ammonia (0.1 ml). After 72 hr the solution 
was concentrated under reduced pressure, and the residue was dis
solved in methanol and spotted on Whatman 3MM paper. Devel
opment in solvent A yielded 3 as a spot at Rf C.56 (visualized under 
uv light, ninhydrin positive). The product was eluted from the 
paper with tetrahydrofuran and was precipitated from the tetrahy- 
drofuran with hexane. On drying to constant weight, 7.5 mg (78%) 
of 3 was obtained, mp 139-141° (with softening at 130°). It was 
identical with 3 (prepared independently by catalytic reduction) 
on TLC [Rf ((THF) 0.12], paper chromatography with solvent A, 
and paper electrophoresis (Rm -0.4 relative to dpT, pH 7.2, 0.05 M  
sodium phosphate buffer).
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Dehydration of erythro- and ihreo-l,2-Diphenyl-
1-propanol with Iodine, p-Toluenesulfonic Acid, 

and Methyltriphenoxyphosphonium Iodide

W ilk in s  R e e v e * and R u th  M . D o h e rty

D e p a r tm e n t  o f  C h em is try , U n iv e r s i ty  o f  M a ry la n d , 
C o lleg e  P a rk , M a ry la n d  20742

R e c e iv e d  N o v e m b e r  12, 1974

Iodine has long been used as a catalyst for the dehydra
tion of secondary alcohols,1’2 including diacetone alcohol,1,3 
and tertiary alcohols,1,2 including pinacols.1,4 Little is 
known about why iodine has this remarkable catalytic ac
tivity and nothing is known about the stereochemistry of 
iodine-catalyzed dehydrations. We have studied the dehy
dration of the erythro (1) and threo (2) isomers of 1,2-di- 
phenyl-l-propanol to determine the stereochemistry of the 
reaction.
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We have found these dehydrations to be essentially non
stereospecific. In both cases the reaction proceeded initial
ly with about 55% anti-periplanar elimination. This was 
followed by equilibration to the equilibrium mixture con
sisting of 72% E - (3) and 28% Z-«-methylstilbene (4). The 
threo alcohol (2) dehydrated more rapidly than its erythro 
isomer.

The p-toluenesulfonic acid (PTSA) catalyzed dehydra
tion of I and 2 in refluxing p-xylene was also found to pro
ceed initially in a nonstereospecific manner followed by 
equilibration of 3 and 4 on longer heating. As with the io
dine-catalyzed reaction, the threo alcohol dehydrated more 
rapidly than the erythro isomer. With both iodine and 
PTSA our results are consistent with the formation with a 
common intermediate carbonium ion, but are insufficient
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to prove this mechanism. Manas and Villa2 have demon
strated the absence of a common intermediate carbonium 
ion in a related case. These authors dehydrated e ry th ro -  
and ihreo-2,3-diphenyl-2-butanol (5) using either iodine or 
PTSA in refluxing benzene, and obtained cis- and tra n s- 
oya'-dimethylstilbene (6) and 2,3-diphenyl-1-butene (7) in 
the following amounts: from e ry th ro -  5 with iodine, 62% cis- 
6, 27% tra n s -6, and 11% 7; from th reo - 5 with iodine, 10% 
cis-6, 4% tra n s -6, and 86% 7; from e r y th ro -5  with PTSA, 
41% cis-6, 18% tra n s -6, and 41% 7; from th r e o -5 with 
PTSA, 48% cis-6, 50% tra n s -6, and 2% 7. The different 
product distribution from the erythro and threo compound 
rules out a common intermediate.

Recently, Hutchins et al.5 have pointed out the useful
ness of methyltriphenoxyphosphonium iodide in hexa- 
methylphosphoramide (HMPA) for the selective dehydra
tion of secondary alcohols; so it seemed desirable to try this 
reagent with alcohols 1 and 2 to determine the stereoselec
tivity of this method of preparing olefins. The reaction is 
believed to involve the initial replacement of the hydroxyl 
group by iodine with inversion, followed by dehydroiodina- 
tion induced by the HMPA solvent and iodide ion.5 We 
find the mixture of olefins to be formed almost quantita
tively and to consist of 64-72% of the less stable Z  olefin, 
irrespective of the stereochemistry of the starting alcohol. 
This strongly suggests that some common intermediate is 
involved in the reaction. Equilibration is probably occur
ring at the intermediate iodide stage, since Hutchins et al.5 
observed equilibration at this stage in the dehydration of 
cis-4-tert-butylcyclohexanol. These authors also studied 
the dehydration of 1,2-diphenylethanol (which does not 
exist in diastereoisomeric forms), and found that it formed 
(99%) the more stable (E)-stilbene. This demonstrates that 
the more stable olefin is formed by this reaction sequence 
when structural features allow both possibilities. With our 
alcohols, the predominate Z  olefin is formed from the 
erythro iodide, assuming anti-periplanar elimination. The 
threo alcohol forms the erythro iodide, and the threo alco
hol therefore is expected to form the larger amount of the Z  
olefin, as observed, if complete equilibration is not attained 
at the iodide stage. In any event, the reaction is partially 
stereoselective.

Cram6 first studied the equilibration of olefins 3 and 4 
and concluded, on the basis of uv spectra, that the equilib
rium mixture contained at least 98% of the E  isomer (3). 
Manas and Vila2 isomerized 3 with PTSA, analyzed the 
products by GLC, and concluded that the equilibrium mix
ture consisted of 79% of 3. We used PTSA to equilibrate 
the olefins by refluxing 3 and 4 in p -  xylene for up to 44 hr. 
The equilibrium composition was approached from each 
side and found by GLC to be 70-73% E  (3) with the bal
ance being the Z isomer (4).

Our work has demonstrated that (1) the dehydration of 
alcohols 1 and 2 with either iodine or PTSA is essentially 
nonstereospecific; (2) the new reagent for selectively dehy
drating secondary alcohols, methyltriphenoxyphosphon
ium iodide, is not stereospecific; the same olefin mixture 
rich in the less stable Z  isomer (70%) is obtained from ei
ther the erythro or threo alcohols 1 or 2.

Experimental Section

Melting points are corrected. The infrared spectra were deter
mined with a Perkin-Elmer Model 337 spectrophotometer; the ul
traviolet spectra with a Cary 15; and the NMR spectra with a Var
ían Model A-60. Chemical shift values are expressed as <5 values 
(parts per million) downfield from tetramethylsilane internal stan
dard. GLC analyses were carried out on a Hewlett-Packard Model 
5750 research chromatograph with a disk integrator.

threo-1,2-Diphenyl-l -propanol (2) was prepared by Cram’s

Table I
Dehydration of 1,2-Diphenyl-1 -propanol

Composition
Reagent (mg e . ^

3 v of mixture

Stereoisomer
catalyst/g 
alcohol)'

Time,
hr

% yield 
of 3 + 4 «  E (3) % z (4)

1 Iodine“ (250) 1 19 43 5 7

1 Iodine“ (260) 3 95 73 27
2 Iodine“ (250) 1 82 54 46
2 Iodine“ (240) 3 83 70 30
2 Iodine6 (21) 1 50 45 55
1 PTSA“ (44) 3 95 53 47
2 PTSA“ (44) 3 95 72 28
1 MTPI“ 1 95 36 64
2 MTPI° 1 95 28 72

“ In refluxing p-xylene at 138°. “ No solvent; temperature was 
150°. “ Followed procedure of ref 5; the methyltriphenoxyphos
phonium iodide in excess was heated with the alcohol at 80° in 
hexamethylphosphoramide for 1 hr.

method7 starting with 12 g of magnesium, 78 g of bromobenzene, 
and 54 g of technical 2-phenylpropionaldehyde which had been 
freshly distilled, bp 72-73° (6 .6  mm). This gave 71 g (70%) of a col
orless oil, bp 112-118° (7-8 mm). The product was further purified 
by conversion to the p-nitrobenzoate, which was crystallized seven 
times from ethyl acetate, mp 143-144°." The ester was hydrolyzed 
to give the alcohol by refluxing the ester (25 g) in methanol (50 ml) 
and water (50 ml) with sodium hydroxide (3.1 g) for 12 hr: bp
136-138° (1.5 mm) [lit.7 bp 136-137° (1-2 mm)]; ir identical with 
literature spectrum;8“ NMR (CCI4) 5 4.52 (d, 1 , J  = 6  Hz, 
>CHOH), 2.90 (m, 1, >CHCH3), 2.30 (s, 1, -OH), 1.18 (d, 3, J  = 7 
Hz, -CH3).

eryiAro-l,2 -Diphenyl-l-pro[ anol (1). 1,2-Diphenyl-l-propa- 
none was first prepared by a chromic acid oxidation of 2.7 The 
crude ketone was hydrogenated over W-2 Raney nickel at 100° and 
70 atm pressure. NMR analysis showed nine parts of 1 to one part 
of 2 in the product. Crystallization from “ isooctane" gave crystals: 
mp 48-49° (lit.7 mp 50-51°); ir identical with literature value;86 

NMR (CCL) 6 7.10 (m, 10, Ph), 4.43 (d, 1 , J  = 8 Hz, CHOH), 2.87 
(m, 1 , >CHCH3), 2.20 (s, 1 , -OH), 1 .0 0  (d, 3, J  = 7 Hz, -CH3).

(E)-a-Methylstilbene (3). A pure sample, mp 80-81° (lit.7 mp 
81-82°), was prepared by the low-temperature pyrolysis of the 
methyl xanthate of 1 according to Cram’s method:7 uv max (95% 
C 2H5OH) 274 nm (e 20,400) [lit.7 273 nm (e 19,900)]; ir identical 
with literature;8“ NMR ( C C I 4 )  S 7.25 (m, 1 0 , Ph), 6.75 (broad d, 1 , 
>CH-), 2.42 (d, 3, J  = 1.5 Hz, -CH3).

(Z)-a-Methylstilbene (4). We could not obtain 4 by the pre
ceding procedure starting with 2 ; our modified procedure follows. 
Five grams of 2 was dissolved in 60 ml of toluene and 25 ml of the 
toluene was distilled off. Metallic potassium (0.75 g) was added 
and the mixture was refluxed for 1 hr. Carbon disulfide (3.5 g) was 
added, and the mixture was heated with stirring for 10 hr. Methyl 
iodide (8  g) was added and the solution was refluxed for an addi
tional 2.5 hr. At the end of this time the mixture was shaken with 
100 ml of 1:1 water-ether. The ether layer was washed with three 
35-ml portions of water and the solvents were removed under 
water-pump pressure, leaving a yellow-orange oil. This was heated 
to around 180° at water-pump pressure to pyrolyze the xanthate 
and distil off the olefin. The portion that distilled was a pale yel
low oil (1.6 g), which could not be induced to crystallize. Injection 
of a sample of the oil in a F & M Model 300 GLC chromatograph 
(silicon gum rubber column at 160°) revealed three major peaks 
with retention times of 8.7, 11.9 (4), and 21.9 (3) min in the ratio 
20:35:45. The properties of the GLC-purified 3 follow: ir, identical 
with literature;86 NMR (CC14) 5 7.00 (m, 10, Ph), 6.40 (broad d, 1 , 
>CH-), 2.13 (d, 3, J  = 1.5 Hz, -CH3). The uv spectrum was ob
tained on another sample known from GLC analysis to be 85% 4 
and 15% 3: uv max (95% C2H5OH) 263 nm (t 11,800) [lit.7 262 nm 
(« 11,700)].

General Procedure Using Iodine. In a 50-ml round-bottom 
flask were placed 5-50 mg of iodine, 200 mg of 1 or 2, and 10 ml of 
p-xylene. This mixture was heated at reflux for 1 hr and then al
lowed to cool. Sodium thiosulfate solution (10 ml) was added to 
the solution, and the mixture was stirred for 5 min. The layers 
were separated and the organic layer was concentrated on a rotary 
evaporator to a yellow oil. This was chromatographed on 30 g of 
silica gel (Brinckman, 70-325 mesh), using cyclohexane as the el
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uent. The cyclohexane was removed from each fraction at water- 
pump pressure, and the residues were weighed. The fractions were 
as follows. Fraction 1 (70 ml) contained no olefins and was discard
ed. Fraction 2 (450 ml) contained 150 mg of the two olefins and no 
starting material. Fraction 3 (100 ml) contained neither olefins nor 
starting alcohol and was discarded. Fraction 4 (200 ml) contained 
58 mg of material, primarily the starting alcohol and no olefins. 
Samples of fractions 2 and 4, dissolved in a little cyclohexane, were 
analyzed by GLC (silicon gum rubber column at 180°). The Z  ole
fin had a retention time of 7.8 min while the E  olefin had a reten
tion time of 13.6 min. The results are tabulated in Table I.

General Procedure Using PTSA. Compound 2 (250 mg), 12 
mg of PTSA monohydrate, and 5 ml of p-xylene were heated with 
refluxing for 3 hr. The mixture was allowed to cool to room tem
perature and washed with 20% sodium carbonate solution and 
water. After removal of the solvent the NMR spectrum showed no 
indication of starting alcohol. Accordingly, the chromatography on 
silica gel was omitted. The olefin mixture was analyzed by GLC as 
before and the results are in Table I.

General Procedure Using Methyltriphenoxyphosphonium 
Iodide. This followed ref 5. Compound 2 (296 mg), 1.86 g of 
methyltriphenoxyphosphonium iodide, and 9 ml of dry hexa- 
methylphosphoramide (dried over calcium hydride and stored over 
molecular sieves 4A) were heated in an oil bath at 80° for 1 hr. The 
reaction mixture was poured over 20 ml of 10% potassium hydrox
ide solution and extracted with four 10-ml portions of cyclohexane. 
These were washed with water and dried (MgSOi), the solvent was 
removed, and the oil was analyzed by NMR and GLC. The results 
are in Table I.

Equilibration of 3 and 4. Olefin 3 (315 mg) was refluxed with 
13 mg of PTSA monohydrate in 10 ml of p-xylene. Samples were 
removed for analysis of the E  and Z  olefins from time to time, and 
injected directly into the GLC. The results were as follows (hr, %
3): 0,100; 0.5, 88; 1.0, 79; 3.0, 78; 20, 73.

The experiment was repeated with 109 mg of 4 (containing 15% 
of 3) and 6 mg of PTSA in 4 ml of refluxing p-xylene. The results 
were as follows (hr, % 3): 0, 15; 0.5, 17; 1.0, 21; 1.5, 39; 2.0, 44; 4.0, 
50; 24.0, 61; 44, 70.

Registry No.— 1, 7693-84-7; 2, 7693-85-8; 3, 833-81-8; 4, 1017-
22-7; iodine, 7553-56-2; p-toluenesulfonic acid, 104-15-4; methyl
triphenoxyphosphonium iodide, 17579-99-6; triphenoxymethylio- 
dophosphorane, 4167-91-3.
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Selective Oxidation of Allylic Alcohols 
with Chromic Acid
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Although examples of synthesis of aldehydes by oxida
tion of primary alcohols with chromic acid reagents are in 
the literature, many reviews and advanced texts1 suggest 
that other reagents (chromic anhydride-pyridine, activated 
manganese dioxide) or special conditions (removal of alde
hyde as it is formed) are necessary for effecting this conver
sion in high yields. This note demonstrates that primary al-

lylic alcohols can be converted to the corresponding a , 13- 
unsaturated aldehydes in high yield using chromic acid in 
acetone (Jones reagent).2

In other synthetic work3 we had observed that some a ,¡3- 
unsaturated aldehydes were inert to normal conditions for 
Jones oxidation. Although an extensive investigation of the 
reaction did not seem warranted, we have examined the be
havior of some simple primary allylic alcohols upon treat
ment with Jones reagent.

The oxidation of cinnamyl alcohol to cinnamaldehyde 
has frequently been cited as an illustration of the utility of 
the chromic anhydride-pyridine complex.1®’0 Holum4 ob
tained cinnamaldehyde in 87% yield using the complex. We 
found that simple oxidation with Jones reagent gave the al
dehyde in an 84% yield.5

Geraniol and nerol were used as examples of simple ter
penoid primary allylic alcohols. Treatment of these alco
hols with Jones reagent gave aldehydes in high yield. Gera
niol was converted into aldehyde in a 91% yield. However, 
GLC investigation showed that a small amount of isomer
ization of the double bond had occurred. The GLC data in
dicated that the product consisted of about 96% geranial 
and 4% neral. Oxidation of 95% nerol gave aldehyde in 84% 
yield, and GLC indicated that isomerization had occurred 
to the extent of about 8%. Thus the oxidation with Jones 
reagent does have the disadvantage of causing some loss of 
double-bond stereochemistry in these two cases.

Oxidation of benzyl alcohol to benzaldehyde with Jones 
reagent also proceeded in good yield, although this reaction 
appeared more sensitive to experimental variations than 
the other oxidations. Thus benzaldehyde was obtained in 
76% yield using Jones reagent.

These results demonstrate that oxidation of allylic or 
benzylic alcohols to the corresponding aldehydes occurs 
using the simple Jones oxidation procedure without the 
need to use large amounts of expensive activated manga
nese dioxide or to use a chromic acid-pyridine reagent.

Experimental Section
Proton NMR spectra were recorded on a Varían T-60 spectrom

eter employing tetramethylsilane as an internal standard and CC14 
as a solvent. The ir spectra were recorded on a Beckman IR-8 spec
trophotometer. GLC analyses were performed on a Hewlett-Pack
ard 700 gas chromatograph using an SE-30 column (6 ft X 0.1875 
in., 10% on Chromosorb W) and a Carbowax 20M column (6 ft X 
0.1875 in., 10% on Chromosorb W).

The products from the oxidations were identified by comparison 
of the ir and NMR spectra with spectra of authentic samples or 
with spectra recorded in the literature.

Jones Oxidation of Cinnamyl Alcohol. A solution of 500 mg 
(3.72 mmol) of cinnamyl alcohol and 10 ml of reagent-grade ace
tone was placed in a 50-ml round-bottom flask under nitrogen and 
cooled to 0° (ice-water bath). To the magnetically stirred solution 
was added dropwise a solution consisting of 2 ml of 8 N  Jones re
agent and 18 ml of reagent acetone. The Jones solution was added 
over a period of ca. 20 min until an orange tint persisted in the 
reaction mixture. Isopropyl alcohol was then added dropwise to 
destroy excess Jones reagent, as indicated by the reappearance of a 
deep green color. The reaction mixture was then extracted twice 
with ether, and the combined ether extracts were washed (water, 
sodium bicarbonate, and brine), dried over anhydrous magnesium 
sulfate, and concentrated. Evaporative distillation (0.1 mm, 100°) 
yielded 420 mg (2.96 mmol, 84%) of a cinnamon-smelling, pale yel
low oil (>92% pure by GLC) identified as cinnamaldehyde by com
parison of the ir and NMR spectra with literature spectra.

Jones Oxidation of Geraniol. A solution of 500 mg (3.24 
mmol) of 99+% geraniol and 10 ml of reagent-grade acetone was 
placed in a 50-ml round-bottom flask and cooled to 0° (ice-water 
bath). This solution was treated with Jones reagent in the manner 
described above. Evaporative distillation of the crude product (0.1 
mm, 100°) yielded 450 mg (2.92 mmol, 91%) of a light yellow oil 
having a citrus odor. GLC (Carbowax) showed 96% geranial and 4% 
neral as the only significant (>94%) components. The ir and NMR
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spectra were consistent with those of an authentic sample of geran- 
ial, obtained from GLC separation of citral.

Jones Oxidation of Nerol. A solution of 500 mg (3.24 mmol) of 
95% nerol and 10 ml of reagent-grade acetone was placed in a 
50-ml round-bottom flask and cooled to 0° (ice-water bath). Oxi
dation as described for cinnamyl alcohol gave material which upon 
evaporative distillation (0.1 mm, 100°) yielded 420 mg (2.72 mmol, 
84%) of a pale yellow oil having a citrus odor. GLC (Carbowax) 
showed a 7:1 ratio (87.5%) of neral to geranial as the only signifi
cant (97%) components. The NMR and ir spectra were consistent 
with those of an authentic sample of neral, obtained from GLC 
separation of citral.

Jones Oxidation of Benzyl Alcohol. A solution of 500 mg (4.63 
mmol) of benzyl alcohol and 10 ml of reagent-grade acetone was 
placed in a 50-ml round-bottom flask and cooled to 0° (ice-water 
bath). Oxidation in the same manner gave material which upon 
evaporative distillation (water aspirator pressure, 100°) yielded 
380 mg (3.52 mmol, 76%) of a clear oil (>99% pure by GLC) identi
fied by ir and NMR as benzaldehyde.
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Registry No.—Cinnamyl alcohol, 104-54-1; cinnamaldehyde, 
104-55-2; geraniol, 106-24-1; geranial, 141-27-5; neral, 106-26-3; 
nerol, 106-25-2; benzyl alcohol, 100-51-6; benzaldehyde, 100-52-7; 
chromic acid, 7738-94-5.
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220-MHz Nuclear Magnetic Resonance Spectra 
of Bicyclo[3.2.1]octan-6-ones
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Over the past few years we have accumulated a number 
of substituted bicyclo[3.2.1]octan-6-ones, both as sub
strates and as products in diverse photochemical investiga
tions. Examination of the 220-MHz NMR spectra of these 
compounds has permitted consistent assignments for the 
various low-field proton resonances in each case, and these 
results are presented here. Other investigators have pre
viously underscored the advantages and value of NMR 
studies of this bicyclic ring system,1 and indeed our results 
allow worthwhile comparisons with the large store of infor
mation now on hand for norbornanes.2 Furthermore, they 
permit generalizations which should facilitate future deter
minations of structure and stereochemistry for related bi
cyclooctanes.

Synthesis of most of these ketones has been described in 
earlier work,3 and details of the preparation of the epimeric 
methoxy ketones 15 and 16 are given at the end of the pres

ent article. The remaining new compounds, 5-7, are formed 
on photolysis of appropriate cyclopentenones,4 and their 
preparation and other data defining their structures will be 
reported in a forthcoming publication.

The methyl and low-field resonances of the 220-MHz 
NMR spectra of these 16 bicyclooctanones are collected in 
Table I. For comparison the completely interpreted spec
trum3 of the closely related oxabicyclic ketone 17 is also 
presented.

Typically the lowest field signals in the simple alkylated 
ketones of this series are those of the bridgehead positions 
at C (l) and C(5), Ha and Hb, respectively, with Ha the far
ther downfield (compare, for example, 1, 2, and 4). The po
sitions of these protons closely parallel those of the bridge
head hydrogens of norbornanone (18): C(4) H, 5 2.57, 2.61, 
and C(l) H, 2.39, 2.41 ppm.2b>5 Interestingly, these effects 
do not appear in bicyclo[2.2.2]octanone (19); here the two 
bridgehead protons at C(l) and C(4), along with the C(3) 
methylene protons, all appear at 2.15 ppm (W i/2 = 5 Hz).5 
The bridgehead proton more distant from the carbonyl 
both in norbornanones and in bicyclo[3.2.1]octan-6-ones 
then appears downfield from the bridgehead proton adja
cent to the carbonyl. The reason for this is not known with 
certainty; for norbornanones it has been suggested5 that 
excess s character and abnormal polarizability in the 
bridgehead bonding orbital may be responsible. In this re
gard it is noteworthy that in the bicyclo[3.2.1]octanones a 
qualitatively similar low-field shift is also seen for methyl 
groups at the distant bridgehead position. For example, the 
C(l) methyl of 2 appears well downfield from the C(5) 
methyl of 4 (1.13 vs. 0.936 ppm).

The next two signals upfield are those of the endo and 
exo protons at C(7), Hn and Hx- These are characterized 
by two, and occasionally three, coupling constants. First, 
the geminal coupling is typically 18 Hz (J n x )- Second, Hx 
shows a vicinal coupling constant (Jx a ) of 6-7 Hz, while 
the corresponding interaction for Hn is not seen or else is 
small ( J n a  = 0-1 Hz). Finally, there are long-range split
tings over four bonds; Hn couples with Hk in all cases ( J n k  
= 3-4 Hz),6 and Hx occasionally does so with Hp (Jxd =
0-0.5 Hz). All these interactions are analogous to those well 
documented in norbornanes, although the range of values 
observed is slightly different in some cases. Thus, in nor
bornanes the vicinal coupling constant corresponding to 
J x a  is a little smaller (3-4 Hz2), and the long-range cou
pling constant corresponding to J xd  is a little larger (1-1.5 
Hz2). The noted difference in vicinal coupling constants 
between the two systems would appear primarily attribut
able to the increase in the dihedral angle involving Ha and 
Hx on passing from the bicyclo[3.2.1]octane to the bicyclo-
[2.2.l]heptane skeleton. The high value of the geminal cou
pling in the bicyclooctanes ( J n x  = 18 Hz) is due largely to 
the effect of the carbonyl group. There is good evidence7 
that adjacent ir bonds can enhance geminal coupling if the 
geometry is appropriate, and models indicate that the rigid 
geometry of the five-membered ring here should lead to a 
maximum contribution from the carbon-oxygen double 
bond to the value of J  n x -

Hn and Hx appear at about 2.0 ppm, with the exact posi
tion of each influenced by substitution not only at the adja
cent bridgehead position but also at C(2) and C(3). The dif
ference in chemical shift between these protons is usually 
0.2 ppm or less. For these reasons assignment of the two 
signals to one or the other of the C(7) protons is based on 
the magnitude of the observed vicinal and long-range cou
pling constants, as discussed above, and not on the chemi
cal shifts of these protons. In the ketones bearing hydrogen 
at C(l), Hx appears at lower field in six of the nine exam-
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Table I
NMR Spectra of Bicyclo[3.2.1]octan-6-ones

Chemical shifts, 5 , and coupling constants, Hz

Compd hn Hx C(1)CH3 Other

4

5

2.57, br 2.23, br 1.96, dd 
Jnk = 3 
J x x  = 18

2.16, dd
' f x A  = 7
J xx  = 18

2.33, br 1.98, dd
N̂K = 3 
N̂X = 13

1.83,dd 
Jxd = 8.5 
Jxx  = 18

1.13,s

2.54, br 2.23, br 1.95, dd 
JNK = 3
N̂X = 13

2.12, ddd 
Jxd = 0.5
Jx A = 7
J  XX = 18

C(3) CH3: 0.900, d 
J =  6

2.50, br 2.00, dd 
'Ink = 3.5 
Jxx  = 13

2.19. dd
Jx A  = 7
J xx  = 18

C(5) CH3: 0.936, s

2.33, br 1.98, dd 
>1nk = 4 
J xx  = 13

1.80. dd 
Jxd 0.5 
Jx A = 18

1.12,s C(3) CH3: 0.905, d 
J  = 7

2.29, br 2.18, dd 
'■Ink = 3 
J xx  = 13

1.73,d 
J x  N = 18

1.14, s C(3 ) CH3: 1.01,d 
J =  7

2.09, br 1.93, dd 
'Ink = 4
J x  X = 13

1.81,d
J  XX =  18

1.14,s C(4) CH3: 0.927, d 
J  =  7

2.01, dd
N̂K = 4

J nx = 18

1.85,d
J  XX = 18

1.12, s C(5) CH3: 0.945, s

2.19, br 2.09, dd 
'Ink = 4 
^nx = 18

1.98, dd 
Jx a  = ? 
'hcN = 18

C(2) CH3: 0.891,d 
J =  6

C(5) CH3: 0.927, s
9
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Compd

CH,

CH,

<CH,>,C

(CH,):,C

CH O'

OCH,

CH

Table I (C on tin u ed )

Chemical shifts, ß, and coupling constants, H2

Ha  Hb Hn Hx C(1)CH3 Other

2.47, br 2.00, ddd 
'Ina = 0-5 
' I n k  — 4 
^nx = 13

2.15,dd 
J x a  =  7 
'fxN = 18

C(3) CH3: 0.886, d 
J= 6

C(5) CH3: 0.935, s

-1.82 1.92, dd 
'Ink = 4
N̂X = 18

1.74, dd 
'Ixd = 0-5
,/xn = 18

1.13, s C(4) CH3: 0.932, s 
C(4) CH3: 0.986, s

2.34, br 1.80, dd 
' I n k  = 3 
' I n x  — 18

2.09. dd 
'Txd = 3.5 
'fxN = 18

C(CH3)3: 0.91, s

2.63, br 2.19, br 2.16, dd
'Ink = 3 
'Ink = 18

2 .02, dd
<J ya = 6 
J *N = 18

C(CH3)3: 0.89, s

2.58, br 2.26, br 1.94, ddd
N A — 0-5

'•Ink = 3.5 
'Inx — 18

2 .11, dd 
Jxa = 6.5 
J x n  = 18

C(CH3)3: 0.84, s

2.63, br 2.34,br 1.98, ddd 
' I n a  = 1 
'-In k  = 3 
' I n x  = 18

2 .12,dd 
7xa = 6

N = 18

He: 3.31, m 
OCH3: 3.21, s

2.52,br 2.14,br 2.47, dd 
'I n k  = 3 
J n x  = 17

-1.93 Hp: 3.45, m 
OCH3: 3.14, s

2.26, br 2.18, dd 
' I n k  = 3 
J nx = 17

1.96,d
J x  N = 17

1.07, s Hc: 3.53, dd 
J c d  = 11 
J c l  = 3
Hd: 3.44, d
V DC =  11
Hq: 3 . 9 8 , ddd 
J 0 J  = 10 
Vgb — 2 
V GL = 3 
H j :  3 . 4 7 ,  d
J k  = 1 0

Hk: 1.74, dd 
JKN = 3 
J K L  = 13 
Hl : 1.89, br

pies.8 In the exceptional cases (9, 13, and 16) there is endo 
substitution at either C(2) or C(3), placing a substituent 
rather close in space to C(7). Interestingly, substitution of a 
methyl group at C (l) causes a sizable upfield shift of Hx 
but not Hn, with the result that in all six C(l)-methyl com
pounds Hn appears at lower field than Hx. In contrast to

these observations, it has been known for some years that 
in norbornanes an exo proton appears reliably at lower 
field than the corresponding endo proton, and that this is 
true whether the adjacent bridgehead bears hydrogen or 
methyl.9

In six of the ketones the three-carbon bridge [C(2)-C(4)]
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of the cyclohexane ring bears a single methyl group. It is 
noteworthy that the one axial methyl in this series (in 6) 
exhibits the expected10 downfield shift relative to the five 
equatorial ones (5ax = 1.01, <5eq = 0.90 ±  0.03 ppm).

Preparative Experiments. The methoxy ketones 15 
and 16 were prepared from hydroxy ketal 22.11 Reaction of 
this alcohol with methyl iodide and base gave the methoxy 
ketal, which was hydrolyzed to 15 in dilute acid. For 16 the 
configuration of the hydroxyl group of 22 was inverted 
through oxidation to 23 as previously described,11 followed 
by reduction to 24. We found lithium tri-sec-butyl hy
dride12 to be highly stereoselective in this reduction, with 
no detectable amount (< 2%) of 22 accompanying formation 
of 24. Etherification and subsequent hydrolysis of 24 fol
lowing the procedures noted above then gave 16.

24

Experimental Section
Materials and Equipment. All VPC was carried out with a 10 

ft X  0.375 in. aluminum column containing DEGS (30%) absorbed 
on 45/60 Chromosorb W in a Varian Aerograph Model A-90-P3. 
The column oven was operated at 145-175° and the helium carrier 
gas flow rate was 120-150 ml/min. NMR spectra were recorded for 
dilute CCU solutions using a Varian HR-220 (220-MHz) spectrom
eter. Ir spectra were obtained for CCI4 solutions with a Perkin- 
Elmer Model 237B spectrometer. Mass spectra were obtained on a 
Du Pont 21-492 double-focusing mass spectrometer with a resolu
tion of 104, and the results were processed with a AEI DS-30 data 
system. Boiling points are uncorrected; all products were obtained 
as colorless oils.

exo-3-Methoxybicyclo[3.2.1]octan-6-one (15). Hydroxy ketal 
22 (184 mg, 1 mmol) was methylated using NaH and methyl iodide 
in dimethyl sulfoxide as previously described for the synthesis of
4-methyl-4-methoxymethylcyclopentanone ethylene ketal.3 Deke- 
talization was effected by vigorous stirring of the crude ether with 
5 ml of 10% HC1 for 1 hr at room temperature. The reaction mix
ture was poured into brine and extracted three t:mes with pentane. 
The combined pentane extracts were washed with brine, saturated 
NaHCOs, and brine and dried over MgSCh. Removal of the pen
tane by distillation through a Vigreux column yielded a residue 
which was distilled bulb-to-bulb (120°, 12 mm) to afford 144 mg of

oil. The major component of this crude product was purified by 
preparative VPC and identified as 15: ir 2980 (m), 2895 (w), 2850 
(w), 1742 (s), 1400 (w), 1098 (s), 1058 (m), 975 cm' 1 (w); NMR 5
3.31 (seven-line m, 1 H), 3.21 (s, 3 H), 2.63 (br m, 1 H), 2.34 (br m, 
1 H), 2.30-1.82 (br m, 3 H), 2.12 (dd, J = 6,18 Hz, 1 H), 1,98 (ddd, 
J = 1,3, 18 Hz, 1 H), 1.67 (dd, J = 3, 12 Hz, 1 H), 1.46 (m, 1 H), 
1.33 (ddd, J = 2, 11, 11 Hz, 1 H); mass spectrum m/e 154.1005 
(M+, calcd for C9H14O2, 154.0993).

eu<fo-3-Methoxybicyclo[3.2.1]octan-6-one (16). An anhy
drous tetrahydrofuran solution (5 ml) of keto ketal 23 (338 mg), 
obtained from 22 by the method of Monti,11 was added to lithium 
tri-sec-butylborohydride (4.65 ml of a 1 M  solution) at —78° under 
a nitrogen atmosphere. After stirring at this temperature for 3 hr, 
the reaction mixture was warmed to room temperature and oxi
dized with 3 M aqueous NaOH (3 ml) and 30% H2O2 (5 ml). The 
mixture was poured into water and extracted three times with 
ether. The organic phases were combined, washed with brine, and 
dried. Removal of solvents in vacuo gave 542 mg of a viscous oil. 
Without further attempt to remove 2-butanol, the crude hydroxy 
ketal was methylated and worked up as described for 15 above. 
Hydrolysis of the ketal by vigorous stirring with 5 ml of 3% H2SO4 
for 1 hr at room temperature and extractive work-up with pentane 
yielded impure 16. This was distilled bulb-to-bulb (135°, 12 mm) 
to give 184 mg of an oil which was purified by preparative VPC. 
There was no evidence of 15 in the distilled material. The major 
component was collected and identified as 16: ir 2980 (s), 2900 (m), 
2850 (w), 1745 (s), 1360 (m), 1260 (m), 1148 (m), 1082 (s), 962 (m), 
880 cm“ 1 (m); NMR 6 3.45 (br, 1 H), 3.14 (s, 3 H), 2.52 (br, 1 H), 
2.47 (dd, J = 3,11 Hz, 1 H), 2.38-1.54 (br m, 7 H), 1.93 (d, J = 17 
Hz, 1 H); mass spectrum m/e 154.0998 (M+, calcd for C9H14O2, 
154.0993).
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Solid Phase Phosphorus Reagents.
Conversion of Alcohols to Alkyl Chlorides1
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The reaction of triphenylphosphine with primary and 
secondary alcohols in carbon tetrachloride constitutes a 
mild and efficient method for conversion of the alcohols 
into the corresponding alkyl chlorides.2

We wish to describe a modification of the above reaction 
which requires only a filtration and evaporation process for 
product isolation. Our method is based upon the use of the 
polystyryl-diphenylphosphine resin 1 as the phosphorus 
reagent.3,4 The convenience afforded by the use of 1 is 
demonstrated by the conversion of 1 -undecanol to 1 -chlo- 
roundecane. After heating a carbon tetrachloride solution 
of 1 -undecanol for 2 hr at 80° in the presence of an excess 
of 1, the oxidized phosphine polymer, 2, was filtered. Sol
vent containing chloroform was then removed under re
duced pressure, leaving a 99% isolated yield of 1 -chloroun- 
decane as a colorless liquid which was spectroscopically 
identical with an authentic sample.

PCI
+  CH3(CH2)9CH2OH

P(C6H5L
1

polystyryl-diphenylphosphine- 
2 % divinylbenezene

0
II +  CH:!(CH,)9CH2C1 +  CHC13

P(C6h5>2
2

Further examples of the use of 1 are illustrated in Table 
I. Heitz has recently reported that polymeric phosphine ox
ides similar to 2 can be readily reduced to the phosphine 
form with trichlorosilane.5 We have found the reduction of 
2 to 1 feasible using similar procedures.

The advantages of this method for the conversion of al
cohols to alkyl chlorides lie in its simplicity, its ability to be 
carried out under neutral pH, and its facile regeneration of 
the polymer reagent.

Experimental Section6
General Methods. Unless stated otherwise, all reagents were 

obtained commercially and were used without further purification. 
Cross-linked polystyrene beads (2% divinylbenzene, 200-400 
mesh) were obtained from Bio-Rad Laboratories and were used 
without further purification. Chlorodiphenylphosphine (Aldrich 
Chemical Co.) was distilled before use. Trichlorosilane (Aldrich 
Chemical Co.) was used without purification. Tetrahydrofuran and

benzene were dried by distillation from sodium and benzophenone 
under a nitrogen atmosphere. Carbon tetrachloride (spectrophoto- 
metric grade, Aldrich Chemical Co.) was dried by passage through 
a short column of alumina. All glassware was oven dried (100°) 
prior to use. Elemental analyses were performed by Midwest Mi
crolab, Indianapolis, Ind.

Bromination of Cross-Linked Polystyrene. Cross-linked 
polystyrene (2% divinylbenzene, 200-400 mesh) was brominated 
employing a procedure identical with that described by Relies.4 El
emental analysis indicated that 71% of the phenyl rings contained 
bromine (Anal. Found: Br, 35.53).

Polystyryl-diphenylphosphine (1). Lithium wire (9.8 g, 1.4 
mol, cut into 0.25-in. lengths) was placed in a 500-ml round-bot
tomed flask equipped with a No-Air stopper and a Teflon-coated 
magnetic stirring bar. The flask was thoroughly degassed under a 
stream of nitrogen and a dry solution of 100 g (0.55 mol) of chloro
diphenylphosphine in 250 ml of tetrahydrofuran was added via 
forced siphon through a stainless steel cannula under a nitrogen 
atmosphere. The mixture was stirred for 12 hr at room tempera
ture, and the liquid phase was transferred via cannula into a 500- 
ml round-bottomed flask equipped with a No-Air stopper and Tef
lon-coated magnetic stirring bar which contained a degassed mix
ture of 50 g of 2% cross-linked brominated polystyrene (71% ring 
substitution) preswelled in 250 ml of tetrahydrofuran. The mix
ture was stirred for 24 hr at room temperature, hydrolyzed with 
degassed acetone-water (3:1), and filtered, and the resin was then 
washed with water, acetone, chloroform, benzene, and anhydrous 
ether. The polymer beads were dried under vacuum (6  hr, 100°, 
0.05 mm). Elemental analysis indicated that 79% of the phenyl 
rings of the polymer backbone contained diphenylphosphine 
groups (Anal. Found: P, 9.87).7'8

General Procedure for Small-Scale Reactions. Procedures 
similar to that described for the conversion of 1 -octanol to 1 -chlo- 
rooctane were followed for all of the small-scale reactions de
scribed in Table I. A mixture of 65 mg (0.5 mmol) of 1-octanol, 200 
mg (0.64 mmol of phosphorus) of 1, 2 ml of carbon tetrachloride, 
and an internal standard were placed in a 5-ml round-bottomed 
flask equipped with a reflux condenser and a Teflon-coated mag
netic stirring bar. The flask was maintained under a nitrogen at
mosphere, and was placed in an oil bath (80°) for 2 hr, withdrawn, 
and cooled. The liquid phase was analyzed by GLC using a Car- 
bowax on Chromosorb P column.

Conversion of 1-Undecanol to 1-Chloroundecane. A mixture 
of 3.10 g (18 mmol) of 1-undecanol, 10.0 g (32 mmol of phosphorus) 
of 1, and 50 ml of carbon tetrachloride was placed in a 100-ml 
round-bottomed flask equipped with a reflux condenser and a Tef
lon-coated magnetic stirring bar. The flask was maintained under 
a nitrogen atmosphere and was placed in an oil bath (80°) for 2 hr, 
withdrawn, cooled to room temperature, and filtered. The resin 
was washed with 75 ml of carbon tetrachloride and the combined 
filtrate was concentrated by rotary evaporation, leaving a colorless 
liquid which was found to be 1-chloroundecane (3.42 g, 99%) hav
ing NMR and ir spectra indistinguishable from those of an authen
tic sample.

Regeneration of 1 from 2. Polymer 2 (5.0 g, 16 mmol of phos
phorus) was placed in a 10 0 -ml round-bottomed flask equipped 
with a No-Air stopper and Teflon-coated magnetic stirring bar. A 
solution of trichlorosilane (13.0 g, 96 mmol) in 20 ml of benzene 
was added to the flask via syringe followed by 7.2 g (71 mmol) of 
triethylamine while stirring in an ice-water bath. The flask was fit
ted with a reflux condenser and heated for 170 hr at 80°. The mix
ture was filtered and the beads were washed successively with ben
zene and tetrahydrofuran. The beads were then added to 250 ml of

Table I
Conversion of Alcohols to Alkyl Chlorides“

A l c o h o l R e g is t r y  n o . A lk y l  C h lo r id e R e g is try  n o . Y i e l d , 4 ?;

l-D ecan ol 1 1 2 -3 0 -1 1-Chlor odecane 1 0 02 -6 9 -3 89
1-Undecanol 1 1 2 -4 2 -5 1-Chloroundecane 2 4 7 3 -0 3 -2 80 (99)c
1-Dodecanol 1 1 2 -5 3 -8 1 -Chlor od odecane 1 1 2 -5 2 -7 71
1-Octanol 1 1 1 -8 7 -5 1-Chlorooctane 1 1 1 -8 5 -3 90
Benzyl alcohol 1 0 0 -5 1 -6 Benzyl chloride 1 0 0 -4 4 -7 99
Cyclohexanol 1 0 8 -9 3 -0 Chlorocyclohexane 5 4 2 -1 8 -7 60
Cycloheptanol 5 0 2 -4 1 -0 Chlor ocycloheptane 2 4 5 3 -4 6 -5 92

a Unless noted otherwise, reactions were carried out using procedures similar to that described for the chlorination of 1 -octanol. 4 Yields 
based on the alcohol were obtained by GLC. c Isolated yield from a large-scale reaction.
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a 20% sodium hydroxide solution, stirred for 4 hr at room tempera
ture, filtered, and added to 500 ml of 0.5 N  sodium hydroxide in 
tetrahydrofuran. After stirring for an additional 4 hr, the resin was 
filtered, washed with tetrahydrofuran, and dried under vacuum (6 
hr, 100°, 0.1 mm). Reaction of regenerated 1 with 1-undecanol 
using the small-scale procedure produced a 76% yield of 1-chlo- 
roundecane.
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Synthetic efforts to date3 have concentrated on the con
struction of a-methylene-y-butyrolactones with almost no 
attention being devoted to the homoallylic oxygenated a- 
methylene--/-butyrolactones. Two recent publications have 
reported syntheses of the oxygenated a-methylene lactones 
I4 and II.5 Interest in such oxygenated a-methylene lac
tones stems from recent studies6 which have demonstrated 
that the presence of a lipophilic, conjugated ester or halo 
ester situated homoallylic to the exocyclic double bond of 
many naturally occurring o-methylene-y-butyrolactones 
contributes to the enhancement of cytotoxic activity. Such 
oxygenated a-methylene lactone structural types are com
monly found fused to six-, seven-, and ten-membered 
rings.3

Me1

We wish to detail here a method for the construction of 
oxygenated a-methylene-y-butyrolactones fused to five- 
and six-meir.bered rings of type I. The method is applica-

Scheme I

ble to other ring systems as well.7 As illustrated in Scheme 
I, the approach involves the position-specific addition of 
dichloroketene8 to an appropriate diene followed by de
chlorination. Baeyer-Villiger oxidation results in formation 
of an olefinic y-butyrolactone, which when subjected to the 
conditions of saponification and subsequent iodolactoniza- 
tion results in formation of the oxygenated 7 -butyrolactone 
structural unit. Deiodination is cleanly carried out on the 
free hydroxy lactone followed by methylenation of the y -  

lactone ring.
Addition of dichloroketene to cyclopentadiene followed 

by dechlorination and Baeyer-Villiger oxidation as pre
viously described9 results in the formation of the bicyclic 
lactone 4. Saponification of 4 in water followed by neutral
ization with carbon dioxide and treatment with potassium 
triiodide at 5° causes iodolactonization with formation of 5 
(95%). Deiodination of 5 using tributyltin hydride (initia
tion with azobisisobutyronitrile) in benzene at an elevated 
temperature affords hydroxy lactone 6 (91%). Protection of 
the free hydroxyl of 6 as its tetrahydropyranyl ether 7 fol
lowed by methylenation employing the a-hydroxymethyla- 
tion procedure for lactone enolates10 produces the oxygen
ated a-methylene-y-butyrolactone 8. During the elimina
tion (anhydrous pyridine, ca. 130°) of the mesylate derived 
from the hydroxymethylated derivative of lactone 7, simul
taneous formation of the a-methylene unit and cleavage of 
the tetrahydropyranyl ether occur.11
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The application of this sequence of reactions to the syn
thesis of 14 was also realized (Scheme II). Transformation 
of cyclohexadiene (9) to the bicyclic lactone 10 was carried 
out in ca. 70% overall yield by addition of dichloroketene 
followed by dechlorination and Baeyer-Villiger oxida
tion.12 Conversion of 10 to the iodolactone 11 via the iodo- 
lactonization reaction (95%) and subsequent deiodination 
(99%) affords the oxygenated y-butyrolactone 12. Tetrahy- 
dropyranylation of 12 (98%) followed by «-hyd roxymethy- 
lation (74%), mesylation (99%), and elimination (83%) af
fords directly the oxygenated o-methylene-y-hutrolactone
14.

Experimental Section
Microanalyses were performed by Galbraith Laboratories, Inc., 

Knoxville, Tenn. Melting and boiling points are uncorrected. The 
following spectrometers were used: nuclear magnetic resonance 
(NMR), Varian T-60 and A-60D (in 5 units, with Me4Si as internal 
reference in CCU unless stated otherwise); infrared (ir), Perkin- 
Elmer Model 247 and Beckman IR-8 ; mass spectrometer (MS), 
LKB-9000.

cis,cis-2,5-Dihydroxy- trans-3-iodocyclopentylacetic Acid 
Lactone (5). Lactone 4 (LOO g, 8.08 mmol) was dissolved in an 
aqueous solution of sodium hydroxide (880 mg in 40 ml of water). 
After ca. 20 min the resulting homogeneous solution was cooled to 
0° and carbon dioxide was introduced for ca. 15 min until pH 7 
was reached. A solution of potassium iodide (12.0 g, 72 mmol) and 
iodine (6.10 g, 24 mmol) in water (20 ml) was added all at once to 
the neutralized solution cooled to 0°. The reaction was allowed to 
stir for 24 hr at 0-5°. The reaction was quenched by the addition 
of methylene chloride and solid sodium sulfite. The resulting deco
lorized solution was saturated with potassium sodium tartrate and 
extracted exhaustively with methylene chloride. The combined or
ganic layers were washed with saturated brine, dried over anhy
drous magnesium sulfate, and concentrated in vacuo. Passage of 
the crude iodolactone through a short column of silica gel (ben
zene) afforded 2.05 g (95%) of 5 which was homogeneous by TLC 
[benzene-ethyl acetate (1:1)]: ir (CHCI3) 3425, 1755 cm-1; NMR 
(CDCI3) 5.02 (m, 1 H), 4.38 ppm (m, 2 H).

cis,eis-2,5-Dihydroxycyclopentylacetic Acid Lactone (6). 
To a solution of iodolactone 5 (1.42 g, 5.32 mmol) in 60 ml of dry 
benzene heated to 50° was added 2.56 g (8.78 mmol) of freshly pre
pared tri-n-butyltin hydride13 and 65 mg of azobisisobutyronitrile. 
The mixture was stirred at 50° for 1 hr. Removal of the benzene on 
a rotary evaporator afforded the crude hydroxylactone 6 , which 
was purified by passage through a column of silica gel (40 g). Elu
tion with benzene-ethyl acetate gave 688 mg (91%) of pure 6 : ir 
(film) 3450, 1755 cm"1; NMR (CDC13) 4.90 (m, 1 H, CHOCO-), 
4.25 ppm (m, 1 H, CHOH); MS m/e 142.

Anal. Calcd for C7H10O3: C, 59.14; H, 7.09. Found: C, 59.17; H, 
7.16.

eis-2-Hydroxy-cis-5-tetrahydropyranyloxycyclopentylace- 
tic Acid Lactone (7). A solution of hydroxylactone 6 (500 mg, 3.52 
mmol) and dihydropyran (443 mg, 5.28 mmol) in dry methylene 
chloride (8.0 ml) containing p-toluenesulfonic acid (2.5 mg) was 
stirred at 0° for 25 min. The reaction was quenched by the addi
tion of six drops of pyridine. The mixture was diluted with methy
lene chloride and washed with brine and the resulting organic 
phase was dried over anhydrous magnesium sulfate. Concentration 
of the organic layer in vacuo afforded the crude product (7), which 
was passed through a short column of silica gel, affording 790 mg 
(99%) of pure 7 as a colorless oil. An analytical sample was pre
pared by distillation [114° (0.14 mmHg)].

Anal. Calcd for Ci2H180 4: C, 63.70; H, 8.02. Found: C, 63.83; H, 
7.82.

2-(cis,cis-2,5-Dihydroxycyclopentyl)propenoic Acid Lac
tone (8 ). A solution of lactone 7 (468 mg, 2.07 mmol) in 3.0 ml of 
anhydrous THF (freshly distilled from lithium aluminum hydride) 
was added dropwise via a mechanically driven syringe over a peri
od of 40 min to a cooled (-78°) solution of lithium diisopropylam- 
ide (LDA) in anhydrous THF [prepared from diisopropylamine 
(333 mg, 3.3 mmol) and 2.0 ml of 1.51 M n-butyllithium in 8.0 ml 
of THF], After enolate formation was complete, the reaction mix
ture was warmed to -23 ° and the lactone enolate was trapped with 
formaldehyde. Paraformaldehyde (700 mg, dried over P2O5 under 
vacuum) was depolymerized at 150-160° and the monomeric form
aldehyde was carried by a stream of nitrogen (flow rate 200 ml/ 
min) into the reaction vessel. The reaction was terminated 40 min

after complete depolymerization by addition of a saturated solu
tion of ammonium chloride. The product was extracted with ethyl 
acetate. The combined organic extracts were washed with water, 
saturated sodium bicarbonate, and saturated brine. Drying over 
anhydrous magnesium sulfate followed by removal of the solvent 
on a rotary evaporator afforded 526 mg (99%) of crude hydroxy
methyl lactone. After purification by column chromatography on 
silica gel (32 g) using ethyl acetate-benzene there was obtained 414 
mg (78%) of pure a-hydroxymethyl lactone [ir (film) 3430, 1760 
cm-1].

To a solution of the above a-hydroxymethyl lactone (280 mg,
1.09 mmol) in 5.0 ml of dry pyridine cooled to 0° was added meth- 
anesulfonyl chloride (229 mg, 2.0 mmol). After 15 hr at 5°, the 
reaction mixture was warmed to room temperature and the solvent 
was removed in vacuo (high vacuum pump). The product was dis
solved in ethyl acetate and was washed with brine (saturated). 
Concentration of the dried (magnesium sulfate) organic phase 
yielded 331 mg (90%) of crude mesylate (homogeneous on TLC 
analysis) which was immediately used in the next reaction.

A solution of crude mesylate (320 mg, 0.96 mmol) in 5.0 ml of 
dry pyridine was refluxed for 6 hr (bath temperature 130°). After 
removal of pyridine in vacuo (high vacuum pump), the resulting 
residue was taken up in ethyl acetate and washed with saturated 
brine. Concentration of the dried (magnesium sulfate) organic 
layer followed by removal of solvent on a rotary evaporator afford
ed 145 mg (99%) of crude 8 . Purification by column chromatogra
phy on silica gel yielded 103 mg (70%) of pure crystalline hydroxy- 
a-methylene lactone 8: mp 79.5° (benzene-ethyl acetate); ir (KBr) 
3344, 3003, 1740, 1661 cm-1; NMR (CDC13) 6.38 (d, J = 2.5 Hz, 1 
H), 5.78; (d, J  = 2.5 Hz, 1 H), 4.94 (m, 1 H, -CHOCO), 4.25 (m, 1
H, -CHOH), 3.42 (m, 1 H, -CHC=), 2.58 ppm (s, 1 H, OH); MS 
m/e 152.

Anal. Calcd for C8H10O3: C, 62.33; H, 6.54. Found: C, 62.10; H, 
6.42.

In addition, chromatography yielded 9 mg (6%) of the THP 
ether of 8 .

cis, cis-2,6-Dihydroxy- trans-3-iodocyclohexyIacetic Acid
Lactone (11). Lactone 10 (544 mg, 4.0 mmol) was dissolved in 15.0 
ml of water containing 432 mg (10.8 mmol) of sodium hydroxide. 
After stirring at room temperature for 15 min, the homogeneous 
solution was cooled to 0° and the excess base was neutralized with 
carbon dioxide until pH 7 was reached (approximately 10 min). To 
the cooled, neutralized solution was added a solution of potassium 
iodide (5.98 g, 36 mmol) and iodine (3.05 g, 12.0 mmol) in 7.5 ml of 
water. After stirring at 0-5° for 23 hr, methylene chloride was 
added to the reaction mixture followed by solid sodium sulfite to 
decolorize the solution. The aqueous layer was saturated with po
tassium sodium tartrate and then extracted four times with meth
ylene chloride. The combined organic layers were washed with 
aqueous sodium thiosulfate solution, water, and saturated brine. 
Removal of the solvent in vacuo gave 1.17 g of a colorless oil which 
crystallized on standing. Recrystallization from benzene-ethyl ace
tate gave 1.07 g (95.5%) of hydroxy iodolactone 11: mp 95-97° dec; 
NMR (CDCI3) 4.61 (m, 1 H), 4.38 (m, 1 H), 4.10 ppm (m, 1 H).

Anal. Calcd for CsHnIOs: C, 34.06; H, 3.93. Found: C, 34.18; H,
4.03.

cis,cis-2,6-Dihydroxycyclohexylacetic Acid Lactone (12).
To a solution of iodolactone 11 (392 mg, 1.40 mmol) in 6.0 ml of 
dry benzene warmed to 50° was added tri-n-butyltin hydride13 
(610 mg, 2.10 mmol) and azobisisobutyronitrile (3.0 mg). The mix
ture was stirred at 50° for 40 min. Removal of the solvent in vacuo 
gave an oil which was chromatographed on silica gel (14.0 g). Ben
zene-ether (3:1) eluted the hydroxylactone 12 (219 mg, 99%) as a 
colorless oil: ir (CHCI3 ) 3610, 3450, 1762 cm-1; NMR (CDCI3) 4.58 
(m, 1 H, -C H O C O ), 3.98 ppm (m, 1 H, C H O H ). An analytical sam
ple was prepared by distillation [115° (bath temperature) (0.35 
mmHg],

Anal. Calcd for C8H12O3: C, 61.52; H, 7.74. Found: C, 61.31; H, 
7.60.

cis-2-Hydroxy-cis-6-tetrahydropyranyloxycyclohexylacet- 
ic Acid Lactone (13). A solution of hydroxylactone 12 (234 mg,
I. 5 mmol), p-toluenesulfonic acid (5 mg), and dihydropyran (189 
mg, 2.25 mmol) in 7.0 ml of dry methylene chloride was stirred for 
40 min at 0°. The reaction was quenched by the addition of 5 
drops of pyridine and then washed with saturated brine. Removal 
of the solvent in vacuo gave 414 mg of crude THP ether which was 
chromatographed on silica gel (25 g). Elution with benzene-ether 
(8:1) afforded the THP ether 13 (355 mg, 99%) as a colorless oil. An 
analytical sample was prepared by distillation [125-130° (bath 
temperature) (0.4 mmHg)].
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Anal. Calcd for Ci3H2o04: C, 64.98; H, 8.39. Found: C, 65.12; H,
8.56.

2-(cis,cis-2,6-Dihydroxycyclohexyl)propenoic Acid l actone 
(14). A solution of lactone 13 (240 mg, 1.0 mmol) in 4.0 ml of dry 
THF was added slowly over a period of 1 hr to a cooled i—78°) so
lution of LDA under nitrogen. LDA was prepared from diisopro
pylamine (131 mg, 1.30 mmol) and n-butyllithium (0.81 ml of 1.6 
M solution in hexane) in THF (3.5 ml) cooled to -78°. After eno- 
late formation was complete, the reaction mixture was warmed to 
—30° and formaldehyde was passed into the reaction vessel via a 
stream of nitrogen (flow rate 200 ml/min) by heating paraformal
dehyde (450 mg, 15.0 mmol) at 155° until depolymerization was 
complete. Stirring was continued for an additional 1.5 hr. The 
reaction was quenched by the addition of saturated aqueous am
monium chloride. The solvent was removed under reduced pres
sure on a rotary evaporator and the remaining residue was dis
solved in methylene chloride (40 ml). The organic solution was 
washed with water and saturated brine. Evaporation of the solvent 
in vacuo gave an oil (381 mg) which was chromatographed on silica 
gel (13 g). Benzene-ether (15:1) eluted pure hydroxymethylated 
lactone (200 mg, 74%). In addition 30 mg of starting lactone was re
covered.

A solution of the above pure hydroxymethylated lactones (189 
mg, 0.7 mmol) and methanesulfonyl chloride (96.6 mg, 0.84 mmol) 
in dry pyridine (3.0 ml) was stirred at 3° for 16 hr. The solvent was 
evaporated in vacuo and the residue was dissolved in ethyl acetate. 
The organic solution was washed with brine and dried (magnesium 
sulfate). Removal of the solvent afforded 250 mg (100%) of mesyl
ate which was homogeneous by TLC analysis.

A solution of the crude mesylate (244 mg, 0.7 mmol) ir 4.0 ml of 
dry pyridine was heated at 135° (bath temperature) under nitro
gen. After 6 hr, the solvent was evaporated in vacuo (high vacuum 
pump). The residue was dissolved in methylene chloride and was 
washed with saturated brine. After drying and removal of the sol
vent, there was obtained 126 mg of an oil which was chromato
graphed on silica gel (6 g). Benzene-ether (20 1) eluted the THP 
ether of lactone 14 (40 mg, 23%). Benzene-ether (15:1) eluted the 
oxygenated «-methylene lactone 14 (71 mg, 60%): ir (film) 3450, 
1760, 1668 cm"1; NMR (CDC13) 6.24 (d, J = 2 Hz, 1 H, =C H 2), 
5.92 (d, J = 2 Hz, 1 H, =C H 2), 4.62 (m, 1 H, CHOCO-), 4.08 (m, 1 
H, -CHOH), 3.22 (m, 1 H, -CHC=)]. An analytical sample was 
prepared by distillation [115° (bath temperature) (0.35 mmHg)].

Anal. Calcd for C9H120 3: C, 64.27; H, 7.19. Found: C, 64.19; H,
7.26.

A solution of the THP ether of lactone 14 (40 mg, 0.16 mmol) in
2.0 ml of methanol containing p-toluenesulfonic acid (1.0 mg) was 
stirred at room temperature for 6 hr. The reaction was quenched 
with pyridine (2 drops). The solvent was evaporated in vacuo, af
fording 29 mg of an oil which was through a short column of silica 
gel. Elution with benzene-ether (1:1) yielded pure oxygenated a- 
methylene lactone 14 (27 mg, 100%).
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In the course of our investigation2 on the reaction be
tween hexamethylphosphoric triamide (HMPT) and ben
zyl alcohols to give N,./V-dimethylbenzylamines, we treated 
benzoin (la) with HMPT in an attempt to prepare the cor
responding a'-dimethylaminodeoxybenzoin (2). After a 30- 
min reflux, the solution was subjected to a water work-up 
and an 18% yield of 2,3,5,6-tetraphenylpyridine (3a) was 
isolated (Scheme I). The identity of the product was veri
fied by comparison with a sample prepared by the pub
lished method.3

The reaction of benzoin with ammonium acetate in ace
tic acid to give 2,3,5,6-tetraphenylpyrazine is well known,4® 
but the conversion of benzoins to substituted pyridines re
quires the incorporation at the 4 position of one additional 
carbon atom whose source is not immediately apparent, al
though a related reaction of simple ketones has been the

Scheme I
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Table I
Tetraarylpyridines (3) from the Reaction of Benzoins with Refluxing HMPT

Benzoin min Product Mp, C Calcd Found

la 30 3a 18 238-239“
lb 40 3b 18 278 C, 90.2; H, 6 .6 ; N, 3.2 C, 90.1; H, 6.7; N, 3.2
lc 60 3c 10 259-260 C, 78.7; H, 5.7; N, 2.8 C, 78.9; H, 5.9; N, 3.1
Id 60 3d 19 250 C, 79.4; H, 6 .6 ; N, 2.5 C, 79.2: H, 6 .6 : N, 2.7
le 15 3c 16 285-286 C, 6 6 .8 ; H, 3.3; N, 2.7 C, 66.9; H, 3.3; N, 2.8
If 30

CO 18 >350 C, 92.5; H, 5.4; N, 2.0 C, 92.3; H, 5.2; N, 2.3

“ Lit.5 mp 240-241°.

subject of some speculation.411 In any case, an investigation 
of the scope of the reaction seemed appropriate, since a 
convenient synthesis of these tetraarylpyridines is not 
available.

The reaction of substituted benzoins with refluxing 
HMPT proved to be quite general. A variety of 4,4'-disub- 
stituted benzoins (1 ) underwent the conversion to the cor
responding tetraarylpyridines (3) smoothly in yields rang
ing from 10 to 19%, as shown in Table I. One merely heats 
the benzoin in an excess of HMPT until the pot tempera
ture just exceeds 245°. The solution at this point is usually 
a clear dark orange. After the work-up, the crude reaction 
product weighs about 50% more than the starting benzoin. 
Infrared examination of this product indicates the presence 
of the product pyridine, some unreacted benzoin (< 10%), 
and organophosphorus compounds, although a detailed 
characterization of the components of this mixture has not 
been carried out. Tetraphenylpyrazine was not found in the 
crude reaction product from benzoin by comparison with 
the spectrum of an authentic sample.4 Treatment of the 
crude reaction product with ethanol results in the rapid 
precipitation of the tetraarylpyridine, which is easily isolat
ed by filtration.

If the reaction mixture is heated much above 245°, con
siderable darkening occurs, and the yield of tetraarylpyri
dine is diminished. A shorter reflux period results in much 
unreacted benzoin with organophosphorus compounds 
being the major products detectable by infrared.

«-Pyridoin, tropolone, and a-hydroxyacetophenone all 
failed to give isolable products. These latter compounds are 
apparently sensitive to hot HMPT and decompose well 
below the reflux temperature. 2-Hydroxycyclohexanone 
reacted rapidly with refluxing HMPT, affording 2-di- 
methylaminocyclohexanone in 59% yield.

The reaction between 4-methoxybenzoin (4) and HMPT 
(45-min reflux) gave a 16% yield of product which after two 
recrystallizations from ethanol-benzene had a melting 
point of 178-194°. Its spectral properties and elemental 
analysis were consistent with a di(p-methoxyphenyl)di- 
phenylpyridine, but its melting point suggested that it was 
a mixture, possibly arising as shown in Scheme II. Column 
chromatography (neutral alumina) of the mixture afforded 
three sharp-melting fractions, as well as small amounts of 
lower melting intermediate fractions. The melting points of 
the three fractions (in order of elution) follow: A, 212-214°; 
B, 220-221°; C ,197-198°.

In order to clarify these results, we undertook the syn
thesis of authentic 5 by an unambiguous route employing 
as the starting material benzyl p-methoxyphenyl ketone
(8). The procedure was adapted from the published synthe
sis of 3a3 (Scheme III). The melting point of 5 proved to be 
203-204°, and its ir and NMR spectra were virtually iden
tical with those of the unchromatographed products of 
Scheme II.

Mixture melting points of authentic 5 with the chroma-

Scheme II

O OH 
4

Scheme III

C H ^ A  +  CH20

8

9

tographic fractions A, B, and C gave the following results: 
A -I- 5, mmp 180-200°; B + 5, mmp 175-190°; C + 5, mmp 
198-203°. These results suggest that fraction C is identical 
with authentic 5 and that the product of the reaction of 4- 
methoxybenzoin with HMPT is indeed the mixture of com
pounds shown in Scheme II.

It appears, therefore, that the reaction proceeds through 
a symmetrical intermediate, and that for synthetic pur
poses, the reaction will give unambiguous products only 
when the starting benzoin is symmetrically substituted. 
Based on the fact that the dimethylamino group substi
tutes for hydroxyl in 2-hydroxycyclohexanone and in ben
zyl alcohols,2 and on the fact that enamines are known to 
be produced by the reaction of ketones with HMPT,6 we 
are led to suggest that the symmetrical intermediate is an 
enediamine such as ArC(NMe2)=C(N M e)2Ar.

Experimental Section
Melting points were determined on a Fisher-Johns apparatus 

and are corrected. Infrared spectra were taken on a Perkin-Elmer 
Model 337 spectrophotometer. NMR spectra were recorded on a
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Jeolco Model C-60 spectrometer with Me4Si as internal standard. 
Microanalyses were performed by Chemical Analytical Services, 
University of California, Berkeley, Calif. Commercial HMPT was 
distilled before use, bp 120-122° (21 mm). Other compounds not 
described below were commercially available and were used with
out further purification.

Benzoins (1). Conventional procedures7 were employed for the 
synthesis of the benzoins listed in Table I as well as 4-methoxy- 
benzoin (4). 4,4'-Dichlorobenzoin could not be crystallized and was 
oxidized with nitric acid to the corresponding benzil.8 Reduction of 
this benzil with sodium dithionite9 afforded the expected 4,4'-di- 
chlorobenzoin.

2.3.5.6- Tetraarylpyridines (3). General Procedure. The ben
zoin (0.05 mol) was refluxed with 35 ml of HMPT until the pot 
temperature just exceeded 245° (15-60 min as shown in Table I). 
After cooling, the clear, dark orange reaction mixture was poured 
into 150 ml of cold water and the resulting mixture was saturated 
with sodium chloride. This mixture was extracted three times with 
benzene. The benzene solution was washed twice with brine, dried 
(anhydrous sodium sulfate), and reduced in volume on a rotary 
evaporator, leaving a residue of oil and crystals. Ethanol (100 ml) 
was added to the residue and the solution was heated briefly on a 
steam bath. Crystallization followed upon cooling. The product 
was recrystadized from ethanol-benzene. For example, benzoin 
(la, 10.6 g, 0.05 mol) treated as above affords 15.05 g of crude reac
tion product as a dark orange oil. The ir spectrum (film) of the oil 
shows bands at 5.96 (benzoin C =0), 7.04 (tetraphenylpyridine), 
and 7.6-8.0 g (organophosphorus P =0). Addition of ethanol at 
room temperature followed by standing for several hours afforded
1.73 g (18%) of 3a as a light yellow solid. Recrystallization from 
ethanol-benzene gave white product of the reported melting point.

Reaction of 2-Hydroxycyclohexanone with HMPT. 2-Hy- 
droxycyclohexanone (0.05 mol) was refluxed with 35 ml of HMPT. 
Ten minutes after the onset of reflux, a volatile material had 
formed which was distilled from the reaction vessel. Water (200 
ml) was added to the reaction vessel and distillation was continued 
until no more organic material steam distilled. The distillate was 
extracted with ether, the ethereal solution was dried (anhydrous 
sodium sulfate), and the ether was evaporated, affording 2 -di- 
methylaminocyclohexanone in 59% yield. The ir and NMR spectra 
of the product were identical with those of an authentic sample. 
The picrate melted at 110-113° (lit. 10 mp 113-114°).

Reaction of 4-Methoxybenzoin (4) with HMPT. 4-Methoxy- 
benzoin (4) was refluxed with HMPT and worked up in the same 
manner as described above. The product, after two recrystalliza
tions from ethanol-benzene, had mp 178-194°. The ir and NMR 
spectra of the product were virtually identical with those of au
thentic 5.

Anal. Calcd for C31H25O2N2: C, 84.0; H, 5.6; N, 3.1. Found: C, 
83.7; H, 5.7; N, 3.1.

The product was chromatographed on neutral alumina. Petrole
um ether-benzene (3:7) as eluent gave fractions A and B, and pe
troleum ether-benzene (1:4) gave fraction C. Small amounts of in
termediate materials having depressed melting points were also 
obtained.

l,3-Di(p-methoxybenzoyI)-l,3-diphenylpropane (9). This 
compound was prepared by the method used by Carpenter3 for an 
analogous compound. Thus, benzyl p-methoxyphenyl ketone11 (8) 
was treated with aqueous formaldehyde and potassium hydroxide 
in ethanol at room temperature to give crude 9 in 63% yield. The 
product was recrystallized twice from ethanol: mp 150-151°; ir 
(film) 5.99 and 6.26 g.

Anal. Calcd for C31H28O4: C, 80.2; H, 6.0. Found: C, 80.3; H, 6.1.
2.6- Di(p-methoxyphenyl)-3,5-diphenylpyridine (5). This 

compound was prepared by the method used by Carpenter3 for an 
analogous compound. Thus, 9 (1.0 g) and hydroxylamine hydro
chloride (0.35 g) were dissolved in 40 ml of absolute ethanol and 
heated in a closed tube at 150° for 21 hr. Upon cooling, the mix
ture yielded 0.29 g of crude 5 which was recrystallized from ben
zene-ethanol: mp 203-204°; ir (film) 6.23 and 6.35 p\ NMR (CCI4) 
& 4.04 <s, 6 , CH3O), 7.02 (d, 4, J = 9 Hz), 7.61 (m, 1 1 ), 7.86 (d, 4, J 
= 9 Hz).

Anal. Calcd for C31H25 0 2N2: C, 84.0; H, 5.6; N, 3.1. Found: C, 
84.0; H, 5.7; N, 3.1.

Registry No.— la, 119-53-9; lb, 1218-89-9; lc, 119-52-8; Id, 
53458-15-4; le, 4254-20-0; If, 5623-25-6; 3a, 24301-97-1; 3b, 
54932-37-5; 3c, 54932-38-6; 3d, 54932-39-7; 3e, 54932-40-0; 3f, 
54932-41-1; 4, 4254-17-5; 5, 54932-42-2; 8 , 1023-17-2; 9, 54932-43-3; 
2-hydroxycyclohexanone, 533-60-8; hexamethylphosphoric tri

amide, 680-31-9; 2-dimethylaminocyclohexanone, 6970-60-1; 2- 
dimethylaminocyclohexanone piciate, 54932-44-4.
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A recent communication reported a bH NMR analytical 
method to identify (207?,227?)- and (207?,22S)-dihydroxy 
steroidal isomers.2 However, the same study indicated that 
*H NMR spectroscopy failed to differentiate (227?)- and 
(22S)-hydroxy cholesterols.2

We wish to report the utility of 13C NMR in this case and 
provide an easy method to determine the absolute configu
ration at C-22 of steroids substituted at this center and 
having the cholestane side chain.

Noise and single frequency decoupled 13C NMR spectra 
were recorded for the (227?)- and (22S)-substituted choles
terol derivatives3,4 2-7 and for cholesteryl benzoate 1. Ap
plication of chemical shift rules5 as well as previous analy
sis of the 13C NMR spectrum of cholesterol6 led to the sig
nal assignments shown in Table I.

Compared to the respective resonance positions in the 
spectrum of 1, C-22, C-20, and C-23 are deshielded while 
C-17, C-21 , and C-24 are shielded in all the compounds 
studied. These chemical shift variations are easily under
stood from the qualitative point of view as a consequence 
of a, d, and 7  effects.5’7 However, inspection of Table I in
dicates that the magnitude of the /J effects is totally differ
ent for the 22S and 227? compounds. Considering the spec
tra of 2, 3, 5, and 6, the average S effect on C-20 is 4.1 and
6.8 ppm in the S and 7? series, respectively. On the chemi
cal shift of C-23 an even more pronounced difference is ob
served between the two series. The d effect in this case is

I  R,= H
4 R,= COCfHs
5 R^CCX^H,
6 R,= H
1 R ^ C O C ^

R,= H
R,=OH (22S) 
R,= NH2(22S) 
R,= N, (22S) 
R2—OH (22R) 
R = NH,(22R) 
R,= N, (Z2R)
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Table I
13C Chemical Shift“

Compd C -l  7 C-18 C-20 C-21 C-22 C-23 C-24 C-25 C-26 C -2 7

1 56.3 11.9 35.8 18.8 36.3 23.9 39.6 28.0 22.6 22.8
2 52.6 11.8 40.3 11.6 73.8 33.3 35.7 27.8 22.6 22.6
3 52.9 11.8 39.5 11.3 52.9 34.2 36.2 27.6 22.6 22.6
4 53.2 11.8 40.5 12.7 66.5 30.5 36.1 28.1 22.6 22.6
5 53.2 11.9 42.6 12.5 74.0 27.5 36.1 27.9 22.5 22.9
6 53.3 11.8 42.7 12.3 53.3 27.6 36.6 28.2 22.3 23.0
7 52.8 11.8 40.1 13.5 66.9 25.4 36.7 28.0 22.4 22.9

a 13C NMR spectra were recorded (at room temperature) in 0.3 M  CDC13 solution on a Bruker HX-90E Fourier transform spectrometer at 
22.63 MHz. Chemical shifts (±0.1 ppm) are given with respect to Me4Si used as an internal standard. Resonance positions of the following 
carbons were only slightly affected by the structural changes of the side chain: C-l (5 38.2 ±  0.1); C-2 (¿5 28.0 ±  0.2); C-3 (5 74.5 ±  0.1); C-4 
(b 37.0 ±  0.1); C-5 (a 139.7 ±  0.2); C-6 (5 122.6 ±  0.1); C-7 (6 31.9 ±  0.1); C-8 (5 31.9 ±  0.1); C-9 (6 50.0 ±  0.1); C-10 (5 36.6 ±  0.1); C-ll 
(5 2 1 .1  ±  0.1); C-12 (a 39.8 ±0.1); C-13 ( a  42.3 ±  0 .2 ); C-14 (5 56.4 ±  0.3); C-15 (5 24.2 ±  0.2); C-16 (5 28.1 ±  0.2); C-19 ( a  19.4 ±  0.1); CO 
(a 165.9 ±  0.1); substituted aromatic carbon {5 132.6 ±  0.1) para carbon (5 130.8 ±  0.1); specific assignment for the ortho and meta carbons 
cannot be made (5 129.5 ±  0.1 and 128.2 ±  0.1). The (22.S)- and (22R)-amino compounds 3 and 6 were examined with a free hydroxyl group 
at C-3. Chemical shifts for these two compounds from C-l to C-16 and C-19 were identical with those published previously.6 In the spectrum 
of (22S)-hydroxycholesterol-20,22,23,23-d4 the 40.3-, 73.8-, and 33.3-ppm signals of 2 were not detectable, while the A- and B-ring carbons 
showed resonances which were identical with those observed in the spectra of 3 and 6.

greater for the S than for the R compounds (average value
9.8 and 3.6 ppm). Small differences are also observed for 
the y  carbons C-21 and C-24 of the respective isomers; 
these signals appear slightly downfield in the R compared 
to the S compounds.11 Similar stereochemical effects on 
the chemical shifts of the aliphatic ¡3- and 7 -carbon reso
nances have been reported in C-15 epimeric prostaglan
dins.10

The interpretation of the magnitude of the observed ef
fects is not easy; however, these results seem to be structur
ally diagnostic and may be helpful for stereochemical as
signments of C-22 epimers in steroids.
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Communications
An Intermolecular Alkyl-Transfer Reaction of 

Tétraorganoborate Anions with Acyl Halides. A Novel
Method for Moderating the Garbanion Reactivity

Summary: Lithium tetraorganoborate complexes, readily 
formed by thé reaction of organolithiums with organobo
ranes, react smoothly with acyl halides to produce the cor
responding ketones in high yields without concomitant for
mation of carbinols, thereby providing a novel method for 
moderating the carbanion reactivity.

Sir: We wish to report an intermolecular alkyl-transfer 
reaction of tetraorganoborate complexes, which provides a 
novel method for moderating the carbanion reactivity.

Trigonal organoboron compounds, i.e., organoboranes, 
function as electrophiles in a variety of reactions1 but sel
dom as nucleophiles. Thus organoboranes are usually inert 
toward typical organic electrophiles, such as alkyl halides, 
carbonyl derivatives,2 and epoxides, under ionic reaction 
conditions. One way of converting an organoborane into a 
nucleophilic species would be to form the corresponding 
borate anion or “ ate” complex.3 Surprisingly, relatively lit
tle is known as to the intermolecular alkyl-transfer ability 
of the borate anions,3,4 although the highly nucleophilic na
ture of the hydridic hydrogens of borate anions has been 
amply demonstrated.5

We have found that lithium tetraorganoborates, such as 
lithium tetra-n-butyl borate (1), react smoothly at 25° with 
acyl halides, such as benzoyl chloride and valeryl chloride, 
to form the corresponding ketones (eq 1). To our knowl-

LiBRR'3 + R"COX — RCOR"  + BR'3 (1)

R and R' = alkyl; R" = alkyl or aryl; X = Cl or Br
edge, such a clean-cut intermolecular alkyl-transfer reac
tion of tetraorganoborate anions under mild reaction con
ditions has not been reported. Since lithium tetra-n-butyl- 
borate does not react at any noticeable rate under the same 
reaction conditions with methyl iodide, benzyl chloride,4® 
ethyl benzoate, and cyclohexenone,6 the reaction shown by

eq 1 provides a potentially highly “ chemospecific” 7 route to 
“ mixed” ketones.8

Significantly, the reaction is not complicated by the for
mation of the corresponding carbinols. The reaction of Gri- 
gnard reagents or organolithiums with acyl halides usually 
produces predominantly the carbinols,9 and trialkylbo- 
ranes do not react with the acyl halides under comparable 
conditions. It is, therefore, unlikely that the reaction in
volves the predissociation of 2 into the alkyllithium and the 
trialkylborane. We tentatively conclude that the borate 
complex 2 is the actual reacting species. The relative reac
tivities of benzoyl halides are in the order PhCOBr > 
PhCOCl »  PhCOF, suggesting that the ionization of acyl 
halides is probably not significant.

There are a few salient features which are worth noting. 
First, in the reaction of “ mixed” tetraalkylborate com
plexes containing primary and secondary alkyl groups, the 
primary group is transferred nearly exclusively regardless 
of statistical factors (eq 2). This is true even when the pri-

rc-BuLi + — ^ 3 )  — * LiB( ^ 0 )  (BU 7!)

PhCOBu-/i + PhCO— ( ^ ]  + — ^ 3 )  <2)

88% trace

mary group is derived from the trialkylborane moiety 
(entry 5, Table I). Second, in the reaction shown in eq 2, 
the organoborane added is recovered quantitatively (>95% 
by GLC). Thus, the reaction may be viewed as an organo- 
borane-moderated reaction of an organolithium with an 
acyl halide. Such a moderation not only diverts the reac
tion course (from carbinol formation to ketone formation) 
but renders the new reaction highly “ chemospecific” (eq 3, 
entries 7, 8, 10, 12, 13). In our hands, the reaction of 3-car- 
bomethoxypropionyl chloride with either 310 or the reagent 
derived from 3 and cuprous chloride or iodide (3/CuX = 1 
or 2) did not provide the desired product in any apprecia
ble yield (<5%).n Third, the moderation of carbanion reac-

Table I
Preparation of Ketones by the Reaction of Lithium Tetraorganoborates with Acyl Halides

LiBRR', +  R"COX —------------>- RCOR" + BR',
J 25° J

Entry R R ’ R ' ' X P r o d u c t0 Y i e l d , s  %

l ? 2 - C 4 H 9 Ph Cl w -C 4H 9COPh 80
2 W - C 4 H 9 W - C 4H 9 Ph Br w -C 4H 9COPh 65
3 rz-C4H 9 71- C 4H 9 Ph F w -C 4H 9COPh 4
4 Yl~ C ^ H g c - C 5H9 Ph Cl w -C4H9COPh 89
5 fi— 0  4Ï Ï 9 c Ph C l H -C 4H 9COPI1 57
6 Yl~ C 4H 9 W -C4H 9 k- C 4H 9 C l w- C 4H 9C O C 4H9- w 53
7 9Î~C 4 H  g k - C 4H 9 c h 2= c h (c h ,)8 Cl w- C 4H 9C O (C H 2)8C H ==CH 2 69
8 c ~ C 5 ^ 9 M eO O C(C H2), Cl w -C 4H 9C O (C H 2)2COO M e 76
9 PhCH2 w- C 4H 9 Ph C l PhCH2COPh 88

10 PhC H2 71—C  4H 9 p -IP h Cl PhCH2C O P hI-p (72 Y
11 CH3SOCR, m- C 4H 9 Ph C l C H 3SOCH2COPh (51)
12 CH3SOCH2 71— C 4 I Î 0 M eO O C (C H 2), Cl C H 3SOCH2C O (C H 2)2CO O M E (61)
13 c h 3s o c h 2 w- C 4H 9 p -N 0 2Ph Cl C 0 3S 0C H 2C 0P h N Q 2-p (55)®

“ All products gave satisfactory JH NMR and ir spectra. All new products yielded correct analytical data. 6 By GLC. The numbers in 
parentheses are isolated yields. c BR'3 = B(C4H9-n)2(C4H9-sec). The borate complex was obtained by the reaction of tri-n-butylborane and 
sec-butyllithium. d Mp 99-100° .e Mp 44-45°.
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re-Bu.,B
LiCH2SOCH:, -----LiBBu/CH^SOCEj)

4
tivity by organoboranes appears a broadly applicable prin
ciple as demonstrated by the data in Table I. The data in 
Table I also indicate that the relative transferability in
creases in the order secondary alkyl, primary alkyl, and 
benzyl (or methylsulfinylmethyl), which appears inversely 
proportional to their basicity.

A few limitations have been observed. First, tetraorgano- 
borate anions containing alkynyl12 and thioalkoxymethyl13 
groups undergo predominantly intramolecular alkyl-trans
fer reactions with acyl halides. We have found that, al
though arylborate anions undergo an intramolecular alkyl- 
transfer reaction with oertain alkylating reagents,14 their 
reaction with acyl halides involves a clean intermolecular 
alkyl transfer.15 Second, although no difficulty exists in the 
preparation of lithium tri-sec-butylmono-n-butylborate (5) 
as a thermally stable product (at lea'st for 1 week at 25°) 
from tri-sec-butylborane and n-butyllithium, the same bo
rate anion cannot be obtained in high yield by the reaction 
of di-sec-butylmono-n-butylborane16 and sec-butyllith- 
ium, the major product in this case being the corresponding 
trialkylborohydride17 6 [ir (THF) broad band centered at 
2000 cm-1] formed in 80% yield (hydride analysis).18 Clear
ly, the difficulty is kinetic rather than thermodynamic.

scc-B u3B + w-BuLi — *■ L iB (B u -s cc )3(Bu->?)
5

.scc-B ujBBu- h + sec -B u L i — ► L iB H lB u-sccjjfB u -w )
6

The following procedure for the preparation of methyl
4-oxooctanoate is representative. All operations are carried 
out under nitrogen. To a dry 250-ml flask with a septum 
inlet, a reflux condenser, and a stirring bar were introduced 
sequentially 10.9 g (50 mmol) of tricyclopentylborane in 
THF (~50 ml), 20.8 ml (50 mmol) of 2.40 M  n-butyllithium 
in hexane (0°, 1 hr), and 7.52 g (50 mmol) of 3-carbo- 
methoxypropionyl chloride (0°, 30 min, then 40-45°, 24 
hr). After evaporation of the volatile compounds, distilla
tion provided 6.54 g (76%) of methyl 4-oxooctanoate:19 bp 
57-61° (0.25 mm); n22D 1.4372; JH NMR (CC14, Me4Si) & 
0.91 (t, J = 6.5 Hz, 3 H), 1.1-1.8 (m, 4 H), 2.3-2.8 (m, 6 H), 
3.63 (s, 3 H) ppm; ir (neat) 1720, 1210,1160 cm-1. The resi
due was extracted with petroleum ether. After evaporation,
9.3 g (85%) of tricyclopentylborane was recovered as a crys
talline compound.20
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Counterion Effect in the Hofmann-Martius 
Rearrangement of a Quaternary Anilinium Ion1

Summary: Thermolysis of iV-henzyl-A'.N-dimet.hylanili- 
nium iodide (lb) gave “ monomeric” and cross-alkylated 
Hofmann-Martius amines with relatively minor amounts 
of iV,N-dimethylaniline (2). The chloride of the same cat
ion (la) gave only retro-Menschutkin products.

Sir: The majority of the studies on the Hofmann-Martius 
rearrangement of N-substituted anilines dates back to 
preinstrumental times and, therefore, even in work of ex
cellent quality, some data are necessarily not complete or 
very accurate, either qualitatively or quantitatively. Mech
anistic conclusions also seem in need of a deep revision. 
Moreover, practically nothing is known about the relative 
reactivities of quaternary anilinium ions, the migratory ap
titudes of different N substituents, and the effect of the 
counterion.2 In this context, we wish to report the dramatic
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effect of the counterion change on the course of the ther
molysis of the two halides la (Cl) and lb  (I) of the /V-ben- 
zyl-iV,Af-dirnethylanilinium ion.

When the chloride la was heated at 175-180° without 
solvent, 90% of the salt reacted in 30 min to give the prod
ucts arising from the two possible retro-Menschutkin reac
tions, namely /V./V-dimethylaniline (2) and IV-benzyl-IV- 
methylaniline (3), as free bases together with the corre
sponding alkyl chlorides, benzyl chloride (4) and chloro- 
methane (5). Amine 3 is in much larger amount than amine 
2, a fact which has a simple explanation in the operation of 
the Le Chatelier principle.

Scheme I
Ph
I CF

PhCH/NMe

Me
la

Ph
3

samples). Independent syntheses, which will be reported at 
a later time, confirmed the identifications.

The ortho/para ratio (~0.35) and the presence of the po- 
lyalkylated amine 8 does not suggest the operation of a rad
ical mechanism recently advanced,4 but rather indicates 
the possibility of a two-stage process: a predissociation 
(retro-Menschutkin, a reversible reaction, when no gaseous 
product is removed from the reacting mixture), followed by 
direct ring alkylation. Further study of these reactions is in 
progress.
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The reaction between la and the N,N-dimethyl aniline
(2) being formed in the reaction may be an important 
source of 3. In fact, independent experiments showed that 
N.N-dimethylaniline (2) reacts with the N- henzy\-N,N- 
dimethylanilinium cation to yield 3 at 180°.

The behavior of the iodide lb in the same experimental 
conditions was completely different, giving some amine 2 
(~20%), no 3, but three rearranged products: p-benzyl- 
yV.A'-dimethylaniline (6), o-benzyl-Af,N-dimethylaniline
(7), and o,p-dibenzyl-JV.Ai-dimethylaniline (8). Products 6 
and 7 were definitively different from all the Stevens and 
Sommelet isomers previously identified in the reaction of 
both la and lb with strong bases.3 The unequivocal identi
fication of the reaction products from the thermolysis of lb 
was reached on the basis of gas chromatographic properties 
on widely different stationary phases (Carbowax 20M- 
KOH, silicones, etc.), mass spectrometry (electron impact 
at 70 and 15 eV), and spectroscopic characteristics (in
frared and 1H nuclear magnetic resonance on separated

Scheme II

The Reaction o f Superoxide with 
Alkyl Halides and Tosylates1

Summary: Alcohols are the major end product resulting 
from the reaction of alkyl halides and tosylates with an ex
cess of potassium superoxide in an extraordinarily rapid 
process in which the carbon-oxygen bond-forming step 
proceeds with inversion of configuration.

Sir: The perspicacious observations of Fridovich and 
McCord2 have led to the realization that superoxide is a 
common by-product produced by virtually all aerobic orga
nisms. Moreover, recent studies suggest that superoxide 
may be involved in certain biological disorders and defense 
mechanisms.3 Despite its apparent importance, much of 
the basic chemistry of superoxide remains ill-defined.4 Of 
singular importance to the understanding of the reactivity 
of superoxide is a clarification of the ability of O2--  to act 
as either a one-electron reducing agent6’7 or as a possible 
nucleophile. We have undertaken to answer this question 
by examining the reaction of superoxide with a particular 
class of electrophilic substrates, viz., alkyl halides and tosy
lates.

In a typical experiment, 1-bromooctane (0.644 g, 3.33 
mmol) was added to a vigorously stirred mixture of pow
dered potassium superoxide8 (0.710 g, 10.0 mmol) and 18- 
crown-6 ether9 (0.264 g, 1.0 mmol) in dry DMSO (20 ml) at 
25° 10 q']-,e resulting mixture was allowed to stir for 75 min, 
then cautiously treated with 10 ml of water saturated with 
sodium chloride, and finally extracted with three 30-ml 
portions of petroleum ether. GLC analysis of the combined 
extracts indicated the presence of 1-octanol (63%), 1-octene 
(1%), and 1-octanal (12%). Results obtained on similar 
treatment of other representative substrates are given in 
Table I.

This sequence seems applicable to the production of al
cohols from primary and secondary halides and tosylates; 
in our hands tertiary halides gave poor yields of alcohols
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Table I
Reaction of Potassium Superoxide with 

Various Organic Halides and Tosylates"

S ubstrate P ro d u cts  (? o )b

R e í

r e a c t i v i t y 1

1 -C 8h 17I 1 -O ctanol (46) 
1-O cten e  (3) 
1-O ctan a l (11)

4 .5

2 -C 8H 17I 2 -O ctanol (48) 
O cten es4 (48) 
2-O ctan on e (< 1 )

3.3

l - C 8H t7B re 1 -O ctan ol (63) 
1 -O cten e (< 1 )  
1-O ctan al (12)

1.0

2 -C 8H 17B r 2 -O ctan ol (51) 
O cten es4 (34) 
2-O ctan on e (< 1 )

0 .98

CH3(C H 2)2C - 2 -M eth yl -2  -  pentanol 0 .9 0
(CH3)2Br (20)

2 -M ethylpenten es  
(30)

1 -C 8H 17C1 1 -O ctan ol (34) 
1 -O cten e (~1 )  
1 -O ctan al (5)

0 .0 8 9

2 - C 8H 17Cl 2 -O ctanol (36) 
O cten es4 (12) 
2-O ctan on e (< 1 )

0 .0 2 0

1 -C 8H ,7O T s 1 -O ctan ol (75)
1 -O cten e (< 1 )  
1 -O ctanal (1)

1 .0

2 -C 8H 17O T s 2 -O ctan ol (75)
O cten es4 (23) 
2-O ctan on e (< 1 )

/

c 6h 5c h 2c i B enzyl alcohol (41)
2 .9

Benzaldehyde (6)

a Unless otherwise indicated, all reactions were carried out by 
adding 3.33 mmol of halide or tosylate to a vigorously stirred mix
ture of KO2 (10.0 mmol) and 18-crown-6 ether (1.0 mmol) in dry 
DMSO (20 ml) at ambient temperature. Reaction time varied from 
75 min for the alkyl bromides, iodides, tosylates, and benzyl chlo
ride to 3 hr for the alkyl chlorides. Yields did not improve with in
creased reaction time. 6 Yields are based on alkyl halide or tosylate 
and were determined by GLC analysis using the internal standard 
procedure. c Reactivities were determined relative to 1-bromo- 
octane (1.00) by the standard competitive technique of allowing a 
mixture of a designated standard (1-bromooctane) and one addi
tional substrate to react with a limited amount of potassium 
superoxide and determining the amount of unreacted starting 
substrates. d No attempts were made to distinguish possible octene 
isomers. e Repetition of this reaction using HMPA as solvent re
quired an extended reaction time (17 hr) and yielded 1-octanol 
(55%), 1-octene (<1%), and 1-octanal (5%). Reaction in benzene 
also required longer reaction times (~20 hr) and produced lower 
yields of 1-octanol (29%), 1-octene (<1%), and 1-octanal (<1%). 
f Not determined.

while phenyl halides showed no significant reactivity. Opti
mum alcohol yields were obtained at superoxide to alkyl 
halide ratios of >3. Reaction was accompanied by an ini
tially moderate to vigorous evolution of oxygen11 which 
abated with time but otherwise continued throughout the 
course of the reaction. Finally, somewhat lower yields of al
cohol were obtained when reactions were carried out in the 
absence of a macrocyclic polyether while the use of HMPA 
or benzene as solvent required longer reaction time, pro
ducing similar products but in diminished yields.

Our understanding of the details of this reaction is still 
incomplete. In this context, however, several specific points 
deserve brief comment. First, the organic groups bonded to 
the halogen and the nature of the leaving group exert an in

fluence on the course of the reaction that is consistent with 
a mechanism for carbon-oxygen bond formation which in
volves a Sn2 displacement at carbon.12 Specifically, the ob
served substrate reactivity is benzyl > primary > secon
dary > tertiary > aryl and I > Br > Cl.

Second, substitution is predominant with primary ha
lides; however, substantial elimination occurs with secon
dary systems whereas elimination is the predominant pro
cess observed from the reaction with the tertiary halide 2- 
bromo-2-methylpentane. These facts parallel similar obser
vations involving the reactions of other nucleophiles with 
alkyl halides.13

Third, consistent with this conclusion is the fact that 
carbon-oxygen bond formation in at least two instances 
takes place with predominant inversion of configuration at 
the chiral center. Reaction of the tosylate of (+)-(S)-2-oc- 
tanol (a20589 + 7.97°, optical purity 99.4%) with potassium 
superoxide produced (—)-(R)-2-octanol («20589 -7.71°) cor
responding to an optical purity and overall stereoselectivity 
of 97%. Similar reaction with (—)-(R)-2-bromooctane14 af
forded (+)-(S)-2-octanol in 90% optical purity (95% net in
version).

( ' e H i i  Q H j ,

?  1. KO„ DMSO 1
H — C — X  ------------- -----------------►  H O — C — H

1 2- h.2o 1
C H :J C H 3

S  R

Finally, we have carried out a comparison of the reactivi
ty of potassium superoxide and potassium iodide toward a 
selected electrophilic substrate, viz., 1-bromooctane. The 
half-life for the reaction of 1-bromooctane (0.5 M) with po
tassium iodide (0.5 M) in dry DMSO containing 18-crown- 
6 ether (0.05 M) was ~20 hr.15 By comparison, the reaction 
of potassium superoxide with 1-bromooctane under equiva
lent conditions has a half-life of ~45 sec.

These results exclude as a principal reaction pathway 
leading to the production of the carbon-oxygen bond, a 
mechanism involving a one-electron transfer process since 
such a step would necessarily produce an alkyl radical 
which, in turn, would lead to products with loss of stereo
chemistry. The observed substitution reaction can in these 
instances be viewed as involving the direct displacement of 
halide at carbon by superoxide radical anion. The nature of 
the subsequent intermediates involved in this reaction se
quence remain unclear although peroxo compounds are 
certainly reasonable possibilities. Further speculation on 
the details of the subsequent reactions that occur must be 
deferred until a clearer understanding of the nature of the 
intermediates in this reaction can be delineated.
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Superoxide Chemistry. A Convenient 
Synthesis of Dialkyl Peroxides

Summary: A convenient synthesis of dialkyl peroxides 
from the reaction of alkyl bromides or alkyl sulfonate es
ters with potassium superoxide, the latter solubilized in 
benzene by crown ethers, is described.

Sir: The chemistry of the superoxide radical anion, 0 2-_ , in 
organic systems has been studied very little. On a synthetic 
scale, superoxide is available to the chemist from two 
sources, either as the alkali metal salts, potassium superox
ide (KO2) and sodium superoxide (Na02), or from the elec
trochemical reduction of oxygen to 02*“  (eq l ) .1 The use of

0 2 + e 0 2- ' -0.75 V (SCE) (1)

RBr + 0 2-‘  — *■ V2ROOR + Br" + V20 2 (2)

the alkali metal salts in organic reactions has not been 
fruitful owing to the lack of solubility of these salts in many 
organic systems.2 The electrochemical method is experi
mentally more complex, but it has been used on a limited 
scale for several organic reactions.1“1’3 Two groups reported 
in 1970 that electrochemically generated superoxide will 
react with alkyl halides to form dialkyl peroxides according 
to eq 2.4’5

In view of the recently reported solubilization of KO2 in 
dimethyl sulfoxide with the aid of dicyclohexyl-18-crown-
6,6 we wish to report our observations on the solubilization 
of KO2 by crown ethers in various other aprotic solvents, 
including benzene, tetrahydrofuran, and dimethylformam- 
ide.7 Using this method we have developed a convenient 
synthesis of dialkyl peroxides from various alkyl bromides 
and alkyl sulfonate esters (i.e., mesylates and tosylates). 
The following simple procedure can be used for this syn
thesis.

Potassium superoxide8 (0.0050 mol) was weighed directly 
into a dry flask containing a magnetic stirring bar and was 
immediately covered with dry benzene (15 ml). The alkyl

Table 1
The Reactions of Alkyl Bromides and Sulfonate 

Esters with K 0 2 in the Presence of Crown Ethers“
P ro d u cts , %

P e ro x id e  A l c o h o l

S u b stra te  (R —X ) (R O O R ) (R O H ) O le f in s 6

n-C5H(t—Br 5 3 e
w-C6H13—Br 54e
)1 -C 7H15-B r 56e
« -C leHs3-B r 44" 2 1

ti ~C Br 77e 2 1

n -C 18H37-B U 61 18
c-CgHjj—Br 67
c -C 5H9—Br 42e 24
C6H13CH(CH3)-Br 55e 37?
72 -C 18H37-O T osft 50 42
» -C 18H37-OM s" 46 40
C6H13CH(CH3)-OTos' 52 13 16s"
CgHuCHfCHgl-OMs1 44 19 14s
Dicyclohexyl -18 -crown -6 used except where noted otherwise.

6 VPC analyses for olefins were carried out using an F & M Scien
tific Model 5750 research chromatograph equipped with a flame 
ionization detector. A 3-ft stainless steel column packed with 
26.6% Carbowax 20M on Gas-Chrom Z was used with a helium flow 
rate of 35-40 cc/min. The column was programmed for 4 min at 
90° and then to increase 8° per minute to 225°. c Reference 16. 
d S. Wawzonek, P. D. Klimstra, and R. E. Kallio, J. Org. Chem., 
25, 621 (1960). e Satisfactory analytical data has been obtained for 
this compound. f 18-Crown-6 was used in this experiment . g A mix
ture of 1-octene, cis-2-octene, and fraras-2-octene was found. h V. C. 
Sekera and C. S. Marvel, J. Am. Chem. Soc., 55, 345 (1933). 'A. 
Streitwieser, Jr., T. D. Walsh, and J. R. Wolfe, ibid., 87, 3682 
(1965) .1 H. A. Weiner and R. A. Sneen, ibid., 87, 287 (1965).

bromide or alkyl sulfonate ester (0.0050 mol) and dicyclo- 
hexyl-18-crown-6 (0.0050 mol) were then added to the 
flask. The pieces of KO2 were carefully crushed with a 
heavy glass rod. The resulting mixture was protected from 
moisture with a CaCl2 drying tube and was stirred vigor
ously. The reaction may be followed by VPC or TLC10 and 
occasionally requires additional K 02 to reach completion. 
The reaction was usually complete within 3 to 6 hr at room 
temperature. The reaction may be worked up by pouring it 
into saturated aqueous sodium chloride solution (50 ml) 
and extracting with methylene chloride or benzene.12 The 
product can be isolated by chromatography on silica gel 
using, for example, benzene as the eluent.

Using this procedure, we have obtained the results sum
marized in Table I. Yields of peroxides and alcohols were 
determined from isolation of the products, whereas the 
yields of olefinic products were determined by VPC. In ad
dition to these results we offer the following observations 
and comments on these reactions.

By analogy to recent reports of the solubilization of vari
ous inorganic salts in organic media by the crown ethers,7 
we assume that the equilibrium shown in eq 3 is responsi
ble for the solubilization of KO2. The dicyclohexyl-18- 
crown-6 used in these experiments was a mixture of stereo
isomers. A stoichiometric quantity of crown ether was used 
in all the reactions reported in Table I. In a similar experi
ment, using only 0.1 equiv of crown ether relative to KO2,
1-bromohexane was converted to di n-hexyl peroxide in 
50% yield. The reaction time was somewhat longer than 
when a full equivalent of crown ether was used. 18-Crown-6 
and dibenzo-18-crown-6 also were effective in solubilizing 
K 0 2 in benzene, although the latter was itself sparingly sol
uble in this solvent.

The formation of dialkyl peroxides by eq 2 was proposed 
by Dietz et al/1 to occur stepwise according to eq 4-6. Sum-

Joseph San Filippo, Jr.* 
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Joan S. Valentine*
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0 2*- +  R B r — * R O O  +  B r ‘  (4)

R O O  +  0 2*" — ♦  R O O " +  0 2 (5)
R O O " +  R B r — ► ROO R +  B r ' (6)

mation of these equations gives eq 2. Two displacements of 
bromide are seen in these equations and it was suggested5 
that these occurred by Sn2 mechanisms. We have exam
ined the stereochemistry of the reaction as outlined below.

salts in organic media: (a) C. J. Pederson, J. Am. Chem. Soc., 89, 7017 
(1967); (b) D. J. Cram and J. M. Cram, Science, 183, 803 (1974); (c) B. 
Dietrich, J. M. Lehn, and J. Simon, Angew. Chem., Int. Ed. Engl., 13, 
406 (1974); (d) C. L. Liotta, H. P. Harris, M. McDermott, T. Gonzalez, 
and K. Smith, Tetrahedron Lett., 2417 (1974); (e) C. L. Liotta, and H. P. 
Harris, J. Am. Chem. Soc., 96, 2250 (1974); F. L. Cook, C. W. Bowers, 
and C. L. Liotta, J. Org. Chem., 39, 3416 (1974); (f) D. J, Sam and H. E. 
Simmons, J. Am. Chem. Soc., 96, 2252 (1974); (g) H. D. Durst, Tetra
hedron Lett., 2421 (1974); (h) J. W. Zubrick, B. I. Dunbar, and H. D. 
Drust, ibid., 71 (1975).

(8) Supplied by the Ventron Corporation, Beverly, Mass. 01915, as small 
chunks of a caked yellow powder. Potassium superoxide reacts rapidly 
with water, producing peroxide, hydroxide, and oxygen according to the 
eq I.5 Care should be taken to avoid reaction of large quantities of K 02

2KOj + H20  — *■ 2K* + OH- + OOH" + Os (I)

with water in the presence of organic materials. Precautions similar to 
those used with hydrogen peroxide are recommended.9 In the present 
experiments, excessive contact with atmospheric moisture was avoided 
by using larger pieces of the solid and quickly covering them with dry 
solvent. More rigorous anhydrous conditions could be attained in a dry- 
box.

(9) "Kirk-Othmer Encyclopedia of Chemical Technology” , Vol. 14, 2nd ed, 
Wiley, New York, N.Y., 1967, pp 748-749, 762-764.

(10) Peroxides and hydroperoxides can be visualized on silica gel tic plates 
by spraying with a freshly prepared (remains effective for about 1 day) 
solution of ammonium thiocyanate (0.625 g), concentrated sulfuric acid 
(0.125 ml), and ferrous ammonium sulfate [FeS0 4-(NH,,)2S0 4 , 0.875 g] 
in water (12.5 ml).11 With this spray, peroxidic materials give a rust-red- 
colored spot.

(11) R. D. Mair and R. T. Hall, in “ Organic Peroxides” , Vol. II, D. Swern, Ed., 
Wiley-lnterscience, New York, N.Y., 1971, pp 553-560.

(12) Extraction of several reactions with ether resulted in formation of a 
peroxidic product tentatively considered to have structure i. Since i is an

CH,
I

(S)-C6H13CHOH
P B r,

CH3
(R )-C 6H13CHBr

OOH
I

CHjCH— O—CH2CH3

[<s]25d +8.6°

(c 0.8730, CHClj)

CH3
I

(S)-C6H13CHOH 
[<y ] 25d  +7.7°

(c 0.9884, CHC13)

ôbsd -42.53°

(1. 2 d m )

CH3
LiAlH.
•----- 1  (S,S)-C6H13CHO-)2

[ o ] 25d  +39.9° 
(c 1.0384, CHC13)

( ? )

The entire three-step reaction sequence (7) proceeds with a 
net 94% retention of configuration. Since the first step is 
known to proceed with complete inversion at the asymmet
ric carbon13 and the last step14 proceeds with retention of 
configuration, we conclude that the conversion of 2-bro- 
mooctane to di-2-octyl peroxide must occur with inversion 
at the asymmetric carbon. This result is consistent with the 
Sn2 mechanism postulated for the reaction steps depicted 
in eq 4 and 6.

The yields of primary dialkyl peroxides obtained by the 
present method are comparable with, and in some cases 
better than, those reported for the generally used methods 
of peroxide synthesis.16 Yields of secondary dialkyl perox
ides, except for the cyclohexyl example, are better than 
those obtained by other methods. The procedure is consid
erably simpler than the generally used method of displace
ment of mesylates with alkaline hydrogen peroxide.16

The formation of alcohols as significant by-products in 
these reactions is not completely understood as yet and re
mains under investigation.
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Reaction of Nitrimines with Cyanide Ions

Summary: The nitrimines of fenchone, menthone, cam
phor, and benzophenone were treated with KCN in aque
ous methanol to give unstable cyanonitramine intermedi
ates which decompose with the loss of N2O to afford a-fen- 
chene-l-carboxamide, p-menth-3-ene-3-carboxamide, cam- 
phene-l-carboxamide, and a-methoxydiphenylacetamide, 
respectively.

Sir: The reaction of fenchone nitrimine (1) with cyanide 
ion was reported by Passerini to afford a mixture of isomer
ic fenchone cyanohydrins.1 We have reinvestigated this 
reaction duplicating the conditions of Passerini and have 
found that the products actually isolated are the rear
ranged amides 3 and 4 formed in 80% yield in a ratio of 85: 
15, respectively. The structure of the major product 3 was 
deduced from the spectral data [NMR (CDCI3) 6 1.05 (s, 3 
H), 1.10 (s, 3 H), 4.91 (m, 1 H), 5.07 (m, 1 H); ir (CHC13) 
3520, 3400, 1665, 895 cm-1] and by conversion to ketopinic 
amide (6) which was prepared independently from ketopin
ic acid (5)2 as shown in Scheme I.
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Scheme I

3

\d’e

COOH CONE,
5 6

0 KCN/MeOH, room temperature. b HOAc. c CHCls, reflux 20 
min. d O j/MeOH, —60°. e MesS/MeOH. f SOCWbenzene, reflux 45 
min. K NHiOH/MeOH, room temperature, 30 min. h Os/MeOH, 
—60°. ‘ Me2S/MeOH.

When the above reaction was conducted at room temper
ature in aqueous methanol for 20 min, acidification of the 
reaction mixture gave an unstable crystalline cyanonitram- 
ine intermediate 2 (mp 81-83° dec) in virtually quantita
tive yield which gradually decomposed at 25° with gas evo
lution to afford the same mixture of amides 3 and 4 cited 
above. The structure of 2 (exclusive of stereochemistry) 
was assigned on the basis of the spectral data:3 NMR 
(CDCla) 6 1.08, 1.40, 1.47 (s, 3 H each); ir (CHC13) 3360, 
2240, 1585, 1330 cm-1. Since the decomposition of the cy- 
anonitramine 2 takes place readily in inert solvents, the 
formation of the amide products suggests an internal trans
fer of oxygen from the nitro group to the nitrile via the in
termediate 7. Loss of N2O, accompanied by rearrangement

2

1

of the carbon skeleton, and finally loss of a proton account 
for the products observed.

To demonstrate the synthetic potential of this unusual 
transformation, the nitrimines of menthone (9),4 camphor
(10),4 and benzophenone ( l l ) s were treated with cyanide 
ion to afford the amides 12,6 13,7 and 14,® respectively.9 In

each case, the formation of a cyanonitramine adduct analo
gous to 7 followed by elimination of N2O as depicted above 
can be invoked to explain the formation of the products. 
The fact that skeletal rearrangement, loss of an adjacent 
proton to generate an olefin, and the capture of an external 
nucleophile were observed variants provides additional evi
dence in support of the ionic mechanism proposed.

Since the above reactions proceed under mild conditions 
(MeOH, room temperature) to afford the amides in 50-85% 
isolated yield, the synthetic utility of this reaction is being 
further investigated, and will be reported in a later paper.
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heterocycles in depth. Specific 
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addition reactions, the introduction 
and modification of substituent 
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Thiophosgene
• Synthesis of isothiocyanates, thiocarbonyl compounds, heterocycles
• Stereospedfic Corey-Winter alkene synthesis

THIOPHOSGENE reacts with alcohols, phenols, mer- 
captans, thiophenols, and various amines to give products 
which vary depending on the reaction conditions and the 
starting materials. For instance, aromatic amines give 
thiocarbamoyl chlorides in anhydrous ether, but afford  
isothiocyanates and/or thioureas in an aqueous medium or 
upon heating the reaction mixture. Primary aliphatic amines 
give isothiocyanates with great ease, whereas secondary 
aliphatic amines lead to thiocarbamoyl chlorides. Other 
amines, such as silylated am ines,1 hydrazines, hydrazides and 
semicarbazides behave similarly.

Thiophosgene reacts with aromatic diazoketones to 
produce various interesting products including some 
heterocycles.2'3 It also reacts with epoxides,4 ketenes5 and ac
tivated methylenes.6 A  Friedel-Crafts reaction on benzene 
produces thiobenzophenone.6

Thiophosgene leads to a great variety of heterocycles, es
pecially with substrates containing either two amino, 
hydroxyl or mercapto groups, or any combination thereof at
1.2- or 1,3-positions.7 The thionocarbonates derived from
1.2- diols undergo cw-elimination to yield olefins when 
heated with trialkyl phosphites.8 This constitutes a useful, 
stereospecific synthesis of olefins from 1,2-diols. A  non
stereospecific conversion of thionocarbonates to olefins can

also be achieved via an alkylation-reduction sequence.9 
Reactions of thiophosgene with diazo compounds10 and 
Diels-Alder additions with 1,3-dienes afford sulfur- 
containing heterocycles.1112

For additional reactions involving thiophosgene, please 
send for data sheet.
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