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A simple strategy, involving an intramolecular C-alkylation and regiospecific rearrangement, is described leading 
to a highly efficient stereospecific synthesis of (*)-7-methoxy-12-methyl-2,3,3ap,4,5,9b-hexahydro-2p,9bp- 
prop-2-eno-lH-benz[e]indene (13) and (*)-7-methoxy-2-methyl-3,4,4a,9,lO,lOa~-hexahydro-3~,4a~-ethano- 
phenanthrene (14), incorporating respectively the B/C/D ring systems of stemodin and stemarin-type diterpenoids 
through a common intermediate, (*)-2~-methyl-7-methoxy-l1-oxo-1,2,3,4,4a,9,1O,lOa~-octahydro-2~,4a~- 
ethanophenanthrene (12). The efficacy of a new acid-catalyzed intramolecular C-alkylation reaction developed 
pertaining to the synthesis of 12 has been further demonstrated by the synthesis of (*)-2@-methyl-7-methoxy- 
10-oxo-1,2,3,4,4a,9a~-hexahydro-2a,4aa-ethanofluorene (20) from easily accessible starting material. The 
transformations of the bridged ketones 12 and 20 to the respective cis dicarboxylic acids 23 and 26 are reported. 

The antiviral tumor-inhibiting fungal metabolite aphi- 
dicolin (1)2 and its C-9 and C-12 isomeric stemodane de- 
rivatives (2a-dI3 are members of a class of diterpenes 
having an unusual tetracyclic framework. Stemarin (3),3b 
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which occurs with the stemodane group in Stemodia ma- 
ritama L. represents another interesting C/D-ring variant 
of diterpenes. These compounds have been the subject 
of much recent synthetic efforts. Total syntheses of 1: 
2a,5 2b,q6 2d,I and 3a have recently been achieved by a 
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J. Chem. SOC., Perkin Trans. 1, 1982, 865. 
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SOC., Chem. Commun. 1975, 894. 
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Ksander, G. M.; Musser, J. H.; Johnson, M. A. Ibid. 1979, 101, 1330; 
Tetrahedron Suppl. 1981,37, 319. (c) Corey, E. J.; Tius, M. A.; Das, J. 
J. Am. Chem. SOC. 1980, 102, 1742. (d) Ireland, R. E.; Godfrey, J. D.; 
Thaisrivongs, S. Ibid. 1981,103, 2446. (e) van Tamelen, E. E.; Zawacky, 
S. R.; Russell, R. K.; Carlson, J. G. Ibid. 1983, 105, 142. 
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number of groups, and a few other approaches to the same 
molecules have also been r e p ~ r t e d . ~  

In conjunction with our synthetic interests in complex 
bioactive diterpenes using intramolecular alkylation re- 
actions,1° we have been exploring a biogenetic-type" syn- 

(6) Corey, E. J.; Tius, M. A.; Das, J. J. Am. Chem. SOC. 1980,102,7613. 
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755. 
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R. E. Angew. Chem., Int.  Ed.  Engl. 1981, 20, 785. (e) Cargill, R. L.; 
Bushey, D. F.; Dalton, J. R.; Prasad, R. S.; Dyer, R. D.; Bordner, J. J. Org. 
Chem. 1981, 46, 3389. (0 Bravetti, D.; Bettolo, R. M.; Lupi, A. Helu. 
Chim. Acta 1982,65,371. (8) Piers, E.; Abeysekera, B. F.; Herbert, D. 
J.; Suckling, I. D. J. Chem. SOC., Chem. Commun. 1982,404. (h) Pearson, 
A. J.; Heywood, G. C.; Chandler, M. J. Chem. SOC., Perkin Trans. 1 1982, 
2631. (i) Maiety, S. K.; Mukherjee, D. Tetrahedron Lett. 1983,24, 5919. 
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1979,44,4562. 
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thetic approach (Scheme I) for the construction of the 
C/D-ring systems of the aforementioned diterpenes 
through easily accessible intermediates involving the fol- 
lowing two stages: (i) formation of bicyclo[2.2.2]octan-2- 
one systems 5 by an intramolecular cationic angular al- 
kylation12 in substrates such as 4a or 4b (ii) regiospecific 
Wagner-Meerwein-type rearrangement13 of epimeric al- 
cohols 6 and 7 ,  derivable in principle from 5 ,  through 
mesylates 8 and 9, leading to olefins 10 and 11, respectively, 
incorporating the C/D-ring systems of aphidicolin/stem- 
odane and stemarin. 

The successful realization of a par t  of our objective, 
leading to a remarkably simple and potentially useful 
method for intramolecular a- ter t -a lkylat i~n,’~ resulting in 
the synthesis of the tetracyclic bicyclo[2.2.2]octanone 12 
was reported15 in a preliminary communication in 1978. 
Subsequently, we also achieved16 the transformation of 12 
to the key tetracyclic intermediates 13 and 14, incorpo- 

Kanjilal et al. 

Reaction of 16a with a mixture of CH3COzH, HzS04,  and 
H 2 0  (40:7:10, v/v) a t  room temperature followed by re- 
fluxing (optimized condition for cyclization) gave the 
crystalline bridged ketone 12 as the only isolable product 
in excellent overall yield from 15a. Similarly, the hydro- 
fluorene analogue 19a, obtained from the acid 18a,’ under 
identical reaction conditions afforded the bridged ketone 
20, which incorporates the carbocyclic skeleton of the an- 
theridium-inducing factor AAn.19 In contrast, refluxing 
16a and 19a with a mixture of CH3CO2H-HZSO4-H20 
(8:1:5, V / V ) ~ O  afforded only methyl ketones 17a and 21a, 
respectively. The keto diesters 16b, 1 6 q 2 0  and 19b, pre- 
pared from the corresponding acids 15b,21 15c, and 18b,z0 
respectively, on attempted cyclization under the above 
conditions afforded only the corresponding methyl ketones 
17b, 17qm and 21bm in good yields. From these and a large 
number of related experiments i t  appear that  the acid- 
catalyzed cyclization of @-keto diester substrates such as 
16a and 19a is extremely sensitive and depends consid- 
erably upon their structures and the reaction conditions. 
Although detailed 13C NMR datazz of 12 (see Experimental 
Section) using Yb(DPM)3 shift reagent failed to give 
conclusive evidence regarding the stereochemical assign- 
ment a t  C-loa, this could be achieved by its further 
transformation to the dicarboxylic acid 23 (Scheme 11). 
Thus,  oxidationz3 of 12 with S e 0 2  afforded diketone 22, 
which on treatment24 with alkaline H2OZ gave 23 in ex- 
cellent overall yield. The A/B-trans-ring fusion of the 
diester 24 could be elucidated by comparison of its 13C 
NMR chemical shifts with those of trans- and cis-methyl 
1,2,3,4,4a,9,10,10a-octahydrophenanthrene-4a- 
 carboxylate^.^^ 

While the analytical and spectral data are in complete 
agreement with structure 20 (see Experimental Section), 
the stereochemistry of this bridged ketone is based upon 
its mode of formation26 in analogy to  the octahydro- 
phenanthrene system (12). The ‘H NMR spectral data 
(see Experimental Section) for diketones 25, obtained in 
excellent yield by oxidation of 20, also supports the as- 
signed stereochemistry for these compounds. Oxidative 
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rating the B/C/D-ring carbocyclic systems with aroma- 
tized ring A related to  2 and 3. The recent reports of 
biogenetic-like total syntheses of 1 and 2d by van Tamelen 
et al.&J and particularly those of 2-deoxystemodinone (2aI5 
and 38 by Kelly e t  al. through rearrangements of some 
tetracyclic bicyclo[2.2.2]octanols, prepared by entirely 
different routes, prompted us to describe herein the details 
of our own work a t  this stage. 

Results and Discussion 
Preparation of the Bridged Ketones 12a and 20. The 

acid chloride obtained from the known acid 15a,17 on 
treatment with diethyl ethoxymagnesium malonate18 gave 
16a, the substrate for intramolecular cationic cyclization. 

(12) Cf. (a) Corey, E. J.; Girota, N.; Mathew, C. T. J .  Am. Chem. SOC. 
1969, 91, 1557. (b) Ohloff, G.; Naf, F.; Decorzant, R.; Thommen, W.; 
Sundt, E. Helu. Chim. Acta 1973, 56, 1414. (c) Kasturi, T. R.; Rama- 
chandra, R.; Damodaran, K. M.; Vijayan, K. Tetrahedron Let t .  1972, 
5059. (d) Fairlie, J. C.; Podgson, G .  L.; Money, T. J. Chem. SOC., Perkin 
Trans. I 1973, 2109. 

(13) Wiesner, K. Chem. SOC. Reu. 1977, 6, 413 and references cited 
therein. 

(14) For some more recent examples of such reactions using Lewis acid 
catalysis, see: (a) Skeen, R. W.; Tramell, G. L.; White, J. D. Tetrahedron 
Let t .  1976, 525. (b) Reetz, M. T.; Chatziiosifidis, I.; Schwellnus, K. 
Angew. Chem., Int .  Ed.  Engl. 1981,20, 687. (c) Reetz, R. T. Ibid. 1982, 
21,96. (d) van Tamelen, E. E.; Hwu, J. R.; Leiden, T. M. J.  Chem. SOC., 
Chem. Commun. 1983, 62 and references cited therein. 
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Mander, L. N. Aust.  J .  Chem. 1974, 27, 1287. 
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1963; Collect. Vol. 4, p 285. 

(19) Nakanishi, K.; Endo, M.; Naf, U.; Johnson, L. F. J .  Am. Chem. 

(20) Ghatak, U. R.; Sanyal, B.; Ghosh, S.; Sarkar, M.; Raju, M. S.; 

(21) Ghatak, U. R.: Alam. S. K.: Rav, J. K. J .  O X .  Chem. 1978, 43, 

SOC. 1971, 93, 5579. 

Wenkert, E. J .  Org. Chem. 1980,45, 1081. 

4598. 
(22) We thank Professor E. Wenkert for these sDectral data. 
(23) Hach, C. C.; Banks, C. V.; Diehl, H. “Organ& Syntheses”; Wiley: 

(24) Kyburz, E.; Riniker, B.; Schenk, H. R Heusser, H.; Jeger, 0. Helu. 
New York, 1963; Collect. Vol. 4, p 229. 

Chim. Acta 1953,36, 1891. 
(25) Sinha, G.; Maji, S. K.; Ghatak, U. R.; Mukherjee, M.; Mukherjee, 

A. K.: Chakravartv. A. K. J .  Chem. Soc.. Perkin Trans. I 1983. 2519. 
(26) It seems that the first step in the acid-catalyzed intramolecular 

angular alkylation reaction of @-keto diesters 16a and 19a is the formation 
of highly stabilized epimeric benzylic cations (cf. Kuo, C. H.; Taub, D.; 
Wendler, N. L. J. Org. Chem. 1968, 33, 3126). In the absence of a p -  
methoxy stabilizing group in the aromatic ring, such cations either do not 
form or exist in negligible concentrations under protic acid catalysis. This 
point has been proved by persistent failure in the attempted cyclization 
reactions of p-keto diester substrates having no p-methoxy group in the 
aromatic ring (e.g., 16b, 16c, and 19b). I t  is known that the acid-catalyzed 
decarbethoxylation of similar @-keto diesters to p-keto esters is a facile 
process.27 Although we have failed to identify the products in the initial 
step in the alkylation process, it can be reasonably assumed that both the 
protonated @-keto diester enolates from 16a or 19a as well as the j3-keto 
ester enolates, produced by their decarbethoxylation, possibly take part 
in the carbon-carbon bond formation reaction.28 The most notable fea- 
ture in the reaction of 16a and 19a is essentially the exclusive formation 
of the trans-oxoethano-bridged fused products 12 and 20, respectively, 
with regard to the newly generated asymmetric center. Examination of 
the molecular models of the intermediate from 16a with C-loas and 
C-lOaa (cf. 12) hydrogen respectively suggests that only in the former case 
the rr-orbital of the sp2-hybridized C-4a center can overlap with the 
enolate moiety. Such overlapping is sterically impossible in the latter 
cation. Similar explanation is also valid for 19a. 
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Scheme 11" 
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(a) NaOMe, C,H,; (b)  (COCl),, C,H,; ( c )  OEtMgCH(CO,Et),, Et,O; ( d )  CH,CO,H-H,SO,-H,O (40:7:10), rooiil 
temperature 16 h reflux, 7 h; (e)  CH,CO,H-H,SO,-H,O (8 :1:5) ,  reflux, 7 h ; ( f )  SeO,, Ac,O, 160°C;(g) H,O, (30%),  
NaOH (lo%),  t-BuOH, then HC1; (h)  CH,N,, Et,O. 
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a (a) B,H,, THF, 2 h;  (b)  NaBH,, EtOH; (c )  CH,SO,Cl, NEt,, CH,Cl,; ( d )  neutral alumina, petroleum ether (bp 60-80 "C); 
(e) B,H,, THF, H,O; ( f )  H,O, (30%),  H,O, NaOH; (g) Jones reagent, CH,COCH,; (h)  NaOMe, MeOD. 

cleavage of 25 gave diacid 26 in excellent yield, which was 
converted to  the respective diester 27. 

Rearrangement of Bicycl0[2.2.2]octanol Interme- 
diates. With the successful development of an efficient 
intramolecular alkylation route to  bicyclo[2.2.2]octanone 
12, we examined the skeletal rearrangement of derived 
alcohols 28 and 29. Reduction of 12 with diborane in THF 
(Scheme 111) and NaBH, in ethanol gave mixtures of 28 
(mp 118 "C) and 29 (mp 126 "C) in 22:78 and 1:l ratios, 
respectively, in good yield. This epimeric pair of alcohols 
could be partially separated by fractional crystallization, 
but the stereochemistry of these alcohols could not be 
assigned even by extensive 13C NMR studieszz using shift 
reagents. In spite of considerable effort, we failed to 
produce crystals of these epimeric alcohols amenable to  
X-ray crystallographic analyses. The configurations of the 
lower and the higher melting alcohols have been assigned 

as 28 and 29, respectively, on the basis of the corresponding 
rearrangement products 13 and 14 (see Scheme 111). 

Rearrangement of the crude mesylate (30) of alcohol 28 
by chromatography on neutral alumina gave a single olefin 
13. The rearrangement of 30 - 13 evidently is controlled 
by the stereoallignment of the migrating bond5J3 relative 
to  the leaving OMS group. Repeating the rearrangement 
of the higher melting alcohol 29 under an identical con- 
dition through the unstable mesylate 31 afforded the re- 
arranged tetracyclic olefin 14 (mp 62 "C) in excellent yield. 

Although the lH NMR spectral data for the tetracyclic 
olefins 13 and 14 are consistent with the assigned struc- 
tures, these are not adequate to distinguish one from the 
other. Initially, attempts were made to settle this question 
through X-ray crystallographic analysis of the crystalline 
olefin 14. Unfortunately, this crystal was found to  be 
unsuitable for simple crystallographic methods. The as- 
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dicarboxylic acid functionality. The biogenetically 
modelled regiospecific rearrangement of two epimeric 
tetracyclic bridged bicyclo[ 2.2.2]octanols provides a simple 
and a highly efficient synthetic route to the complex 
carbocyclic skeleta of stemodane and stemarin di- 
terpenoids. 

Experimental Section 
The compounds described are all racemates. Melting points, 

taken in open capillary, are uncorrected. 'H NMR spectra were 
run at 60 MHz, 13C NMR spectra at 25.2 MHz. Column chro- 
matography was performed on neutral aluminum oxide 
"Standardized for chromatographic analysis according to 
Brockmann". Petroleum ether refers to the fraction with boiling 
point of 60-80 "C. GLC was performed on a 20 X 1/8 in. 10% 
UCW-982 column with N2 as the carrier gas. 

Acid-Catalyzed Intramolecular Alkylation Reaction of 
the &Keto Diester 16a. (A) Preparation of 2p-Methyl-7- 
methoxy- 11-oxo- 1,2,3,4,4a,9,10,10a~-octahydro-2a,4aa- 
ethanophenanthrene (12). The dry sodio salt'& of acid 15a" 
(4 g, 14.8 mmol) was suspended in anhydrous benzene (75 mL) 
containing pyridine (0.5 mL) and cooled in an ice bath, and oxalyl 
chloride (6 mL, 68.7 mmol) was added slowly with stirring. The 
mixture was stirred while cooling for 0.5 h and at 60 "C for 1 h 
and filtered. The filtrate was evaporated under vacuum and the 
residue was taken up in 100 mL of anhydrous EtzO. A solution 
of diethyl ethoxymagnesium malonate,18 prepared from 4.8 g (20 
mmol) of magnesium, 32 mL of diethyl malonate, and 22 mL of 
ethanol in the presence of a catalytic amount of CC14 in 100 mL 
of EhO, was added slowly to the stirred ether solution of the crude 
acid chloride with salt-ice bath cooling. Stirring was continued 
for 2 h with cooling and then for 12 h at room temperature. The 
mixture was added to 400 mL of ice-cold 2 N HzSO4. The Et20 
layer was separated, and the aqueous layer was extracted with 
Et20 (2 X 50 mL). The combined EtzO solution and the Et20 
extracts were washed with H20, 5% aqueous NaZCO3, and again 
with H20 and dried (Na2S04). Removal of Et20 afforded a 
mixture of the @-keto diester 16a and diethyl malonate. To this 
mixture was added a mixture of CH,CO2H (160 mL), concentrated 
H2S04 (28 mL), and H20 (40 mL), and the resulting solution was 
left under N2 for 16 h at room temperature followed by reflux 
for 7 h. The reaction mixture was diluted to 600 mL with H20 
and extracted with EhO (4 X 100 mL). The ethereal extract was 
washed with H20, 10% aqueous NaOH, and again with HzO and 
dried (Na2S04). Removal of Et20 afforded a solid (3.84 g), mp 
110-115 "C, which on chromatography over neutral alumina (30 
g) with petroleum ether-benzene (95:5) as eluent followed by 
crystallization from petroleum ether gave 12 as white needles (3.39 
g, 85%): mp 137 "C; IR (CHC1,) 1710 cm-'; 'H NMR (CDCl,) 
6 0.99 (3 H, s, Me), 1.1-2.03 (9 H, m), 2.06-2.43 (partially resolved 
quartet centered at 2.23 and 2.28, 2 H, COCH2, JAB = 9 Hz), 
2.65-2.90 (9 H, m, ArCH2), 3.70 (3 H, s, ArOCHJ, 6.53-7.25 (3 
H, m, Ar H); mass spectrum, m/z  (relative intensity) 270 (M', 
70), 255 ( 5 ) ,  227 (lo), 186 (100); 13C NMR (CDC13) 6 215.7 (Cll), 
157.1 (c,), 137.0 (Csa), 133.5 (c4b)p 127.1 (cs), 112.9 (Ca), 112.2 
(Ce), 54.7 (OMe), 48.2 (Clz), 42.7 (cz), 38.2 (Ci), 37.7 (cda ) ,  35.9 
(Clh), 33.7 (C4), 30.9 (C,), 30.2 (C& 27.0 (Clo), 19.5 (C,-Me); molar 
shifts with Yb(DPM)3 110.0 (Cll), 47.0 (C12), 46.0 (CJ, 36.5 
(C,-Me), 26.0 (C3), 25.0 (CJ, 21.0 (C4J, 18.0 (C4), 17.0 (C,,,,), 8.5 

(OMe), and 1.3 ((?e). Anal. Calcd for Cl8Hz2O2: C, 79.98; H, 8.20. 
Found: C, 80.09; H, 8.17. 
(B) The crude 16a, prepared from 15a (4 g, 14.8 mmol), after 

removal of the excess diethyl malonate under vacuum, on refluxing 
with a mixture of CH3C02H-H2S04-H20 (8:1:5, v/v) for 7 h, gave 
the liquid methyl ketone 17a (3.82 g, 95%): IR 1700, 1605 cm-'; 
lH NMR (CDCl,) 6 1.07 (3 H, s), 1.5-2.46 (11 H, m, containing 
a sharp Me s for COCH, at 2.0), 2.50-2.80 (2 H, m), 3.67 (3 H, 
s), 6.34-7.1 (3 H, m). Anal. Calcd for C18Hzz0: C, 79.98; H, 8.20. 
Found: C, 80.12; H, 8.27. 

( C )  Attempted cyclization of the crude @-keto diester 16a 
admixed with diethyl malonate, with CH3COZH-H2S04-H20 

(cia), 7.0 (C4b), 4.5 (cg), 4.0 (Ch), 3.3 (c5), 3.0 (C,)8 2.5 (c8), 2.0 

signed structures 14 and 13 have been confirmed by the 
following transformations. Hydroboration-oxidation of 
olefin 14 (Scheme 111) afforded a mixture of diastereomeric 
carbinols, which was directly oxidized to  a mixture of two 
epimeric ketones. From this, one crystalline isomer (32) 
(stereochemistry of Me is uncertain) could be separated 
in 52% yield, which exhibited a methyl doublet a t  6 0.97 
(J = 6 Hz). Deuterium exchange of 32 with NaOCH3 in 
CH30D and determination of the extent of deuteration by 
mass spectrometry indicated the incorporation of two 
deuterium atoms. This  was confirmed by the 'H NMR 
spectrum of deuterated ketone 33, which exhibited a 
methyl singlet a t  6 0.97, and integration indicated the 
decrease in two protons. The  assigned structure of 32 has 
been further confirmed by the detailed mass spectral 
analysis of the nondeuterated and the deuterated ketones 
(see Experimental Section). 

Hydroboration-oxidation of the isomeric olefin 13 fol- 
lowed by oxidation of the  intermediate carbinols with 
Jones reagent afforded a stereochemically homogeneous 
ketone (34) (mp 130 "C) in 49% yield. The  preferred 
stereochemistry for the methyl group in 34 has been ten- 
tatively assigned from the  examination of molecular 
models. Unlike the facile deuteration of ketone 32, deu- 
teration of the boat-locked isomeric ketone 34 was ex- 
tremely slow. Treatment of 34 with NaOCH, in CH30D 
a t  room temperature for 40-60 h gave very little deuter- 
ation. However, refluxing the mixture for 28 h under N2 
gave deuterated ketone 35 (incorporating dl-d3) (mp 92-95 
"C), which exhibited a methyl singlet a t  6 0.98 along with 
the doublet for the nondeuterated ketone 34. Mass 
spectral analysis of this deuterated ketone showed the 
incorporation of upto 11% of 3 equiv of deuterium (see 
Experimental Section). The extreme steric congestion and 
nonen~ l i zab i l i t y~~  of the C=O group in 34 is possibly re- 
sponsible for the slow deuterium exchange. 

The  structures of the isomeric ketones 32 and 34 were 
finally established by the  mass spectral fragmentation 
patterns (see Experimental Section). 

Establishment of the  structures of the  ketones 32 and 
34 leads to the complete structural assignments to  the 
respective olefins 14 and 13 and the key alcohol substrates 
29 and 28 from which these were derived. The  transfor- 
mations of the olefins related to 13 and 14 to  the tertiary 
carbinols corresponding to the  ring-D functionalities of 
stemodin and stemarin have already been achieved by 
Kelly e t  a1.:,8 and the generation of ring-A functionalities 
from these intermediates are in progress. 

Conclusion 
The  objectives of the present investigation have been 

realized in developing a new acid-catalyzed intramolecular 
angular alkylation leading to  a simple p-methoxyphenyl 
substituted bicycl0[2.2.2]octan-2-one~~ as well as oxo- 
2,4a-ethanohydrophenanthrene and hydrofluorene deriv- 
atives. These intermediates can be utilized for stereo- 
specific generation of the  difficulty accessible quater- 

(27) (a) Riegel, B.; Ldienfeld, W. M. J. Am. Chem. SOC. 1945,67,1273. 
(b) Baker, B. R.; Schaub, R. E.; Williams, J. H. J. Org. Chem. 1952, 17, 
116. 

(28) It  is worthy to note here that while the demethoxy methyl ketone 
16c on interactions with trimethyl and triethyl orthoformates in the 
presence of HC104 (70%) gave entirely different products (ref 20), the 
p-methoxy methyl ketones 17a and the respective hydrofluorene analogue 
21a on reaction with trimethyl orthoformate under similar conditions 
gave the tetracyclic bridged ketones 12 and 20, respectively (-50% yield), 
evidently through the respective protonated enol ethers [B. C. Ranu and 
R. Dasgupta, unpublished results]. 

(29) Yamada, K.; Manabe, S.; Kyotani, Y.; Suzuki, M.; Hirata, Y. Bull. 
Chem. SOC. J p n .  1979,52, 186. 

(30) Ghatak, U. R.; Chakrabarty, S. J. Org. Chem. 1976, 4i, 1089. 
(31) For a review, see: Martin, S. Tetrahedron 1980, 36, 419. 
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(40:7:10, v/v) and (707:20 v/v), under reflux for 7 h afforded a 
mixture of the bridged ketone 12 and the methyl ketone 17a in 
the isolated yields of 72% and 12% and 34% and 55%, respec- 
tively. 

Preparation and Attempted Intramolecular C-Alkylation 
of the @-Keto Diester 16b. 2-Acetyl-2-methyl-6-methoxy- 
1,2,3,4,9,10-hexahydrophenanthrene (17b). The crude @-keto 
diester 16b admixed with the excess of diethyl malonate, prepared 
through the acid chloride from 15b?' was treated directly with 
a mixture of CH3C02H (140 mL), concentrated H2S04 (28 mL), 
and H20 (40 mL) and left under N2 for 16 h at rodm temperature, 
following which it was refluxed for 7 h. Usual workup gave a liquid 
which on chromatography over neutral alumina (25 g) yielded in 
the petroleum ether elutes the liquid ketone 17b (3.28 g, 81%): 
IR (neat) 1700,1602 cm-'; UV (EtOH) A,, 268 nm (log t 4.20); 
'H NMFt (CC14) 6 1.10 (3 H, s, CHJ, 1.67-2.75 (13 H, m, consisting 
of a Me s for COCH, at 2.01), 3.68 (3 H, s, ArOCH,), 6.33-6.93 
(3 H, m). Anal. Calcd for C18H2202: C,79.98; H, 8.20. Found: 
C, 79.84; H, 8.16. 

Intramolecular C-Alkylation of the &Keto Diester 19a. 
(A) 2&Methyl-7-methoxy- 10-oxo-1,2,3,4,4a,9a~-hexahydno- 
2a,4aa-ethanofluorene (20). The acid 18a' (4 g, 15.5 mmol) was 
converted to the @-keto diester 19a through the acid chloride 
following the procedure described for 16a. The crude mixture 
of P-keto diester and diethyl malonate thus obtained was mixed 
with 228 mL of a solution of CH3C02H, concentrated H2S04, and 
H20 (40:7:10, v/v), and the resulting mixture was left under N2 
for 16 h at room temperature followed by reflux for 7 h. Workup 
of the reaction mixture with Et20 according to the aforementioned 
procedure afforded a semisolid mass. The crude product on 
chromatography through neutral alumina with petroleum eth- 
er-benzene (90:lO) followed by crystallization from Et20 petroleum 
ether afforded 20 (3.09 g, 77%), mp 112 "C; IR (CHC13) 1710 cm-'; 
'H NMR (CDCl,) 6 1.0 (3 H, s, Me), 1.30-3.13 (11 H, m), 3.73 (3 
H, s, ArOCH,), 6.56-7.10 (3 H, m, ArH); mass spectrum, m/z  
(relative intensity) 254 (M+, 36), 241 (3), 213 (6), 172 (100). Anal. 
Calcd for C17H20O~ C, 79.65; H, 7.86. Found: C, 79.67; H, 7.80. 

(B) The attempted cyclization of the crude 19a, prepared from 
18a (4 g, 15.5 mmol), by refluxing for 7 h with a mixture of 
CH3COzH (32 mL), concentrated H2SO4 (4 mL), and H20 (20 mL) 
under N2 afforded, after usual workup, the methyl ketone 21a 
(2.95 g, 77%): bp 190-195 "C (0.1 mmHg) (bath temperature): 
IR (neat) 1700,1608 cm-'; UV (EtOH) X,, 272 nm (log e 4.15); 
'H NMR (CC14) 6 1.16 (3 H, s, CH,), 1.60-2.82 (9 H, m, consisting 
a Me s for COCH, at 2.08), 3.12 (2 H, br s, ASH2),  3.72 (3 H, 
s, ArOCH,), 6.50-6.98 (3 H, m, ArH). Anal. Calcd for CI7HBO2: 
C, 79.65; H, 7.96. Found: C, 79.49; H, 7.81. 

Selenium Dioxide Oxidation of 12. 2B-Methyl-7-meth- 
oxy- 11,12-dioxo-1,2,3,4,4a,9,lO,lOa@-octahydro-2a,4aa- 
ethanophenanthrene (22). A mixture of the ketone 12 (400 mg, 
1.48 mmol) and freshly sublimed and powdered Se02 (800 mg, 
7.2 mmol) in acetic anhydride (15 mL) was refluxed with stirring 
under N2 for 8 h at 160 "C in an oil bath. The cooled solution 
was diluted with Et20 (100 mL) and the etheral solution was 
filtered free of precipitated selenium. The filtrate was repeatedly 
washed with 5% aqueous NaHC0, until free from acid followed 
by washing with H20 and dried (Na2S04). Removal of EtzO 
afforded a yellow solid which after crystallization from THF- 
petroleum ether (bp 40-60 "C) gave pure 22 (400 mg, 95%): mp 
182 "C; IR (CHC1,) 1740, 1720, 1600 cm-'; 'H NMR (CDC13) 6 
1.18 (3 H, s, CHJ, 1.33-2.50 (9 H, m), 2.70-2.96 (2 H, m, ArCH,), 
3.77 (3 H, s, ArOCH,), 6.63-7.03 (3 H, m, Ar H). Anal. Calcd 
for C18H20O3: C, 76.03; H, 7.09. Found: C, 75.90; H, 7.13. 
2@-Methyl-7-~ethoxy-1,2,3,4,4a,9,10,10a@-octahydro- 

phenanthrene-2a94aa-dicarboxylic Acid (23). To a solution 
of the diketone 22 (200 mg, 0.7 mmol) in t-BuOH (10 mL) was 
added with stirring 30% H202 solution (10 mL) followed by 10% 
aqueous NaOH (25 mL) dropwise. After stirring for 30 min, a 
second aliquot of 30% hydrogen peroxide solution (10 mL) fol- 
lowed by 10% aqueous NaOH (25 mL) was added dropwise. The 
mixture was stirred for an additional 1 h, and the excess peroxide 
was then decomposed by addition of a small amount of Pd-C 
(10%) catalyst and the solution filtered. The filtrate was extracted 
with EgO (2 X 30 mL). The basic aqueous part was then acidified 
with ice-cold 6 N HCl. The precipitated acid was extracted with 
CHC13. The dried (CaCl,) CHC1, extracts on evaporation under 
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vacuum afforded a solid which was crystallized from THF-pe- 
troleum ether (bp 40-60 "C) to give pure acid 23 (200 mg, 90%): 
mp 212 "C; IR (CHC1,) 3500,1710 cm-'. Anal. Calcd for C18Hn05: 
C, 67.91; H, 6.97. Found: C, 67.90; H, 6.92. 

Dimethyl 2P-Methyl-7-methoxy- 1,2,3,4,4a,9,10,10ap-octa- 
hydrophenanthrene-2a,4aa-dicarboxylate (24). The diacid 
23 (100 mg) was treated with excess CH2N2 in Et20 for 15 min. 
After removal of the excess Et20, the crude ester was dissolved 
in petroleum ether and filtered through a small bed of neutral 
alumina. Evaporation of the solvent followed by crystallization 
of the residue from petroleum ether yielded the pure diester 24 
(100 mg, 91%): mp 114 "C; IR (CHCl,) 1725 cm-'; 'H NMR (CC14) 
6 1.22 (3 H, s, Me), 1.40-2.20 (9 H, m), 2.60-3.00 (2 H, m, ArCH2), 
3.55 (3 H, s, C02CH3), 3.62 (3 H, s, C02CH3), 3.70 (3 H, s, Ar- 
OCH,), 6.50-7.33 (3 H, m, Ar H); 13C NMR (CDCl,) 6 178.5 (C12), 

(Cd, 111.9 (C&55.0 (OMe), 51.6* (CI1 ester Me), 51.5" (C12 ester 
Me), 48.8 (C4J, 41.7 (C2), 37.6 (Cloa), 37.5 (Cl), 32.0t (C,), 31.9+ 
(C4), 29.2 (Cs), 25.2 (Clo), and 21.2 (Me) [*  and denote inter- 
changeable chemical shifts]; mass spectrum, m/z  (relative in- 
tensity) 346 (M', lo), 287 (loo), 227 (70). Anal. Calcd for 
C20H2,05: C, 69.34; H, 7.57. Found: C, 69.17; H, 7.59. 
2@-Methyl-7-methoxy-lO,ll-~ioxo- 1,2,3,4,4a99a@-hexa- 

hydro-2a,4aa-ethanofluorene (25). The ketone 20 (200 mg, 0.78 
mmol) was oxidized by refluxing with Se02 (340 mg, 3.06 mmol) 
and acetic anhydride (3.4 mL) for 16 h to afford 25 (200 mg, 95%): 
mp 160 "C; 'H NMR (CDCl, 6 1.16 (3 H, s, CH3), 1.50-2.70 (7 
H, m), 2.73-3.00 (2 H, m), two partially resolved ABX systems 
at  2.85 (JAB = 10 Hz, JAx = 3 Hz) and 3.07 (JAB = 3 Hz), 3.80 
(3 H, s, ArOCH,), 6.7-7.12 (3 H, m, Ar H). Anal. Calcd for 
C17HlSO3: C, 75.53; H, 6.71. Found: C, 75.38; H, 6.67. 
2@-Methyl-7-methoxy-l,2,3,4,4a,9a@- hexahydrofluorene- 

2a,4aa-dicarboxylic Acid (26). The diketone 25 (100 mg, 0.37 
mmol) in t-BuOH (3 mL) was oxidized with 30% H202 (6 mL) 
in the presence o€ 80% aqueous NaOH (20 mL) to the dicarboxylic 
acid 26 (100 mg, 89%): mp 230 "C; IR (CHCl,) 1695 cm-'. Anal. 
Calcd for C17H2005: C, 67.09; H, 6.62. Found: C, 67.10; H, 6.59. 

Dimethyl 2@-Methy1-7-methoxy-l,2,3,4,4a,9a@-hexahydro- 
fluorene-2a,4aa-dicarboxylate (27). The diacid 26 (100 mg) 
was esterified with excess CH2Nz in Et20 and the crude dimethyl 
ester was purified to afford 98 mg (92%) of 27: mp 71 "C; IR 
(CHC1,) 1700 cm-'; 'H NMR (CC14) 6 1.27 (3 H, s, Me), 1.57-3.30 
(9 H, m), 3.53 (3 H, s, C02CH3), 3.67 (3 H, s, C02CH,), 3.71 (3 
H, s, ArOCH,), 6.43-7.10 (3 H, m, Ar H). Anal. Calcd for 
C19H2205: C, 69.07; H, 6.71. Found: C, 69.16; H, 6.81. 

Reduction of the Ketone 12 to the Epimeric Alcohols 28 
and 29. (A) With Diborane. Diborane gas [generated from 
NaBH4 (1.5 g, 39.6 mmol) and BF3.Et20 (6 mL, 48.7 mmol) in 
diglyme (6 mL)] was bubbled through a cold (0 "C) solution of 
the ketone 12 (2 g, 7.4 mmol) in anhydrous THF (25 mL) for 2 
h under a slow stream of N2 The solution was decomposed by 
careful addition of H20 in cold (0 "C) and extracted with Et20 
after saturation with NaCl. The ethereal extract was washed with 
brine and dried (Na2S04). Removal of solvent afforded a mixture 
(1.61 g, 80%) of epimeric alcohols 29 and 28 in a ratio of -78:22 
(from methyl signals in 'H NMR). Fractional crystallization of 
this mixture from Et20-petroleum ether afforded the major ep- 
imer 29 (1.22 g, 61%) [mp 126 "C; IR 3300,1600 cm-'; 'H NMR 
(CDCl,) 6 0.90 (3 H, s, CH,), 1.10-2.36 (12 H, m), 2.50-2.93 (2 
H,m,ArCH2), 3.53-3.66 (1 H, m, CH(OH)), 3.77 (3 H, s, ArOCH,), 
6.46-7.20 (3 H, m, Ar H). Anal. Calcd for C18H24O2: C, 79.37; 
H, 8.88. Found: C, 79.41; H, 8.861 and the minor epimer 28 (352 
mg, 17%) [mp 118 "C; IR 3300,1600 cm-'; 'H NMR (CDC1,) 6 
0.93 (3 H, s, CH,), 1.28-2.41 (12 H, m), 2.5C-2.83 (2 H, m, ArCH2), 
3.50 [l H, br d, J = 4 Hz, CH(OH)], 3.73 (3 H, s, ArOCH,), 
6.48-7.26 (3 H, m, Ar H). Anal. Calcd for C18H2402: C, 79.37; 
H, 8.88. Found: C, 79.62; H, 8.941. 

(B) With NaBH,. To a magnetically stirred solution of the 
ketone 12 (945 mg, 3.5 mmol) in EtOH (28 mL) was added N&H4 
(455 mg, 12 mmol) in one lot. Stirring was continued for 3 h and 
left overnight (total 18 h). On the next day, the reaction mixture 
was poured into ice-cold 10% HC1 (70 mL) and the resulting 
solution was extracted with EhO. The ethereal extract was washed 
with brine and dried (Na2S04). Removal of E t 0  afforded a solid 
(860 mg, 91%) which was found to be a -1:l mixture (from 'H 
NMR) of the two epimeric alcohols 28 and 29. Fractional crys- 

173.8 (Cii), 158.9 (C7), 138.8 (C,ga), 130.7 (C4b), 127.8 ( C b ) ,  113.6 
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tallization of this crude solid from EhO petroleum ether afforded 
29 (240 mg, 25%), mp and mmp 126 "C with sample described 
above, and 28 (238 mg, 25%), mp and mmp 118 "C, with the 
sample described above. 
Rearrangement of 28: 7-Methoxy-12-methyl- 

2,3,3afl,4,5,9b-hexahydr0-2fl,9bfl-prop-2-eno-l H-benz[e ]indene 
(13). To a magnetically stirred, cold (0 "C) solution of the carbinol 
28 (250 mg, 0.92 mmol) in anhydrous CH2Clz (15 mL) and NEt, 
(0.5 mL, 3.5 mmol) freshly distilled CH,SOzC1 (0.25 mL, 3.2 mmol) 
was added dropwise. After being stirred for 30 min at  0 "C, the 
reaction mixture was quenched with ice-cold HzO. The organic 
layer was separated, washed with HzO, and dried (CaCl,). Re- 
moval of the solvent under reduced pressure afforded a light brown 
liquid which was chromatographed on a column of neutral alumina 
(10 9). Elution with petroleum ether afforded the unsaturated 
hydrocarbon 13 (209 mg, 90%) as a thick liquid which was further 
purified by evaporative distillation, bp (bath temperature) 145-150 
"C (0.35 mmHg); homogeneous in GLC at column temperature 
170 "C, with t R  6.5 min; IR (neat) 2920, 2860, 2840, 1610, 1500, 
1450, 1280, 1260, 1250, 1230, 1200, 1165, 1155, 1130, 1050, 815, 
and 800 cm-'; 'H NMR (CCl,) 6 1.00-2.77 (15 H, m), including 
a CH3 d at  1.71 ( J  = 2 Hz), 3.73 (3 H, s, ArOCH,), 5.10 (1 H, m, 
vinyl), 6.33-6.70 (2 H, m, Ar H), 7.07 (1 H, d, J = 8 Hz, Ar H). 
Anal. Calcd for C18H220: C, 84.99; H, 8.72. Found: C, 84.91; 
H, 9.00. 
Rearrangement of  29: 7-Methoxy-2-methyl- 

3,4,4a,9,10,1Oa~-hexahydro-3~,4~-ethanophenanthrene (14). 
To a magnetically stirred, cold (0 "C) solution of the alcohol 29 
(1 g, 3.67 mmol) in anhydrous CH2ClZ (50 mL) and NEG (2.0 mL, 
14.3 mmol) was added freshly distilled CH3SO2C1 (1 mL, 12.9 
mmol) dropwise during 1 min. After being stirred for 15 min at 
0 "C, the reaction mixture was quenched with ice-cold HzO. The 
organic layer was separated and washed thoroughly with HzO and 
dried (CaCl,). The brownish residue after removal of the solvent 
was chromatographed through a column of neutral alumina (30 
g). Elution with petroleum ether afforded the rearranged hy- 
drocarbon 14 (853 mg, 91%) as a waxy solid which was crystallized 
from petroleum ether (bp 40-60 "C): mp 62 "C; homogeneous 
in GLC (tR 7.5 min) at column temperature 170 "C; IR (KBr) 2940, 
2850,1610,1500,1320,1260,1240,1170, and 1040 cm-'; 'H NMR 
(CC4) 6 1.52-2.37 (13 H, m), including a CH, d at 1.67 ( J  = 2 Hz), 
2.53-3.90 (2 H, m, ArCHz), 3.66 (3 H, s, ArOCH3), 5.00 (1 H, m, 
vinylic), 6.30-6.70 (2 H, m, ArH), and 7.10 (1 H, d, J = 9 Hz, Ar 
H). Anal. Calcd for C18H220: C, 84.99; H, 8.72. Found: C, 84.90; 
H, 8.92. 
7-Methoxy-2-methyl-l( H),2,3,4,4a,9,10,10a-octahydro- 

3&4&-ethanophenanthren-l-one (32). Diborane gas [generated 
from NaBH4 (400 mg, 10.5 mmol) and BF,-EhO (2 mL, 16.2 mmol) 
in diglyme (2 mL)] was bubbled through a cold (0 "C) solution 
of the olefin 14 (250 mg, 0.98 mmol) in anhydrous THF (10 mL) 
during 2 h, under a slow stream of Nz. The reaction mixture was 
decomposed by careful addition of HzO in cold (0-5 "C), followed 
by addition of 3 N aqueous NaOH (10 mL). To this solution, 
cooled to 10-15 "C was added 30% HzOz (6 mL) dropwise with 
stirring. Stirring in the cold was continued for an additional 30 
min; then a second lot of 30% H202 (4 mL) was added similarly. 
The bath temperature was gradually raised to room temperature 
and the reaction mixture was allowed to stand overnight followed 
by extraction with EhO. The EhO extract was washed with HzO 
and dried (Na,SO,). Removal of solvent afforded a mixture of 
epimeric carbinols as a thick liquid (242 mg) which was directly 
oxidized in (CH,),CO (10 mL) at 5-10 "C by Jones reagent32 (0.35 
mL, 0.93 mmol) with stirring for 45 min. The reaction mixture 
was diluted with HzO and extracted with EtzO after saturation 
with NaCl. The ethereal extract was washed with 5% aaqueous 
NaHC03 and HzO and dried (NazS04). The semisolid mass, after 
removal of the solvent, was chromatographed on a column of 
neutral alumina (10 9). Elution with petroleum ether afforded 
a gummy solid (156 mg, 59%) which was crystallized from pe- 
troleum ether (bp 40-60 "C) to afford one of the two epimers of 
the ketone 32 (137 mg, 52%): mp 110 "C; homogeneous in GLC 
(column temperature 170 "C) with tR 15.5 min; IR (KBr) 2940, 
2840, 1700, 1610,1500,1460, 1420,1370, 1300,1280, 1260,1240, 

Kanjilal e t  al. 

1160, 1130,1050,1035,890,850,810 cm-'; 'H NMR (CC14) 6 0.97 
(3 H, d, J = 6 Hz, CHCH,), 1.18-2.90 (13 H, m), 3.72 (3 H, s, 
ArOCH,), 6.43-6.67 (2 H, m, Ar H) and 7.10 (1 H, d, J = 8 Hz, 
Ar H); mass spectrum, m/z  (relative intensity) 270 (M', 85), 269 
(351,241 (23), 239 (33), 214 (23), 213 (43), 200 (100),199 (15), 173 
(20), 172 (33), 171 (25), 159 (28), 158 (23), 141 (23), 129 (35), 128 
(45), 127 (18), 121 (lo), 116 (18), 115 (63), 103 (lo), 102 (lo), 91 
(20), 77 (13), 69 (50). Anal. Calcd for C18H2202: C, 79.96; H, 8.20. 
Found: C, 80.11; H, 8.34. 
7-Methoxy- 12a-methy1-2,3,3a@,4,5,9b-hexahydro-2B,9b& 

propano-lH-benz[e]inden-11-one (34). Hydroboration of the 
unsaturated hydrocarbon 13 (199 mg, 0.78 mmol) with diborane 
gas [generated from NaBH, (400 mg, 10.5 mmol) and BF3.Etz0 
(2 mL, 16.2 mmol) in diglyme (2 mL)] in THF (8 mL) for 2 h, 
followed by treatment with 30% HzOZ (10 mL) and 3 N aqueous 
NaOH (10 mL) according to the condition described for 14, af- 
forded a mixture of epimeric alcohols as a thick liquid (183 mg). 
This was directly oxidized with Jones reagent (0.3 mL, 0.8 mmol) 
in (CH3)2C0 (10 mL) for 1 h. Workup of the reaction mixture 
with EhO afforded a semisolid material which on chromatography 
through neutral alumina (15 g) with benzene-petroleum ether 
(1:3) as eluent followed by crystallization from EhO afforded the 
ketone 34 (105 mg, 49%): mp 130 "C; homogeneous in GLC 
(column temperature 170 "C) with tR 12.7 min; IR (KBr) 2990, 
2970,2940,2915,2840,1700,1610,1500,1470,1450,1375, 1360, 
1340,1315,1285,1260,1210,1165,1125,1040,905,855,840,820 
cm-'; 'H NMR (CCl,) 6 0.98 (4 H, d, J = 6 Hz, CHCH, and 1 CHz 
proton m), 1.10-2.83 (12 H, m), 3.71 (3 H, s, ArOCH,), 6.36-6.73 
(2 H, m, Ar H), 7.10 (1 H, d, J = 8 Hz, Ar H); mass spectrum, 
m/z (relative intensity) 270 (M', 54), 200 (22), 199 (71), 198 (loo), 
197 (16), 141 (31), 129 (ll), 128 (14), 115 (17). Anal. Calcd for 
C18Hzz02: C, 79.96; H, 8.20. Found: C, 80.03; H, 8.24. 
Deuteration of the Ketone 32. The ketone 32 (51 mg, 0.19 

mmol) was stirred with a 2 M solution of NaOCH, [prepared by 
dissolving sodium (41 mg, 18 mmol) in CH30D (0.9 mL)] in 
CH30D under Nz at room temperature (27-32 "C) for 42 h. The 
reaction mixture was decomposed with D20 (2 mL) and extracted 
with EhO after saturation with NaC1. The ethereal extracts were 
washed with D20 and dried (Na2SO4). Evaporation of the solvent 
left 33 (48 mg): mp 82-84 "C; IR (KBr) 2960,2930,2915, 2870, 
2830, 1700,1610,1500,1460, 1445,1380,1350,1325, 1280, 1265, 
1230, 1210, 1040, 915,815 cm-'; 'H NMR (CC14) 6 0.97 (3 H, s), 
the integration showed a decrease of -2 protons in the region 
1.18-2.90, 3.72 (3 H, s), 6.43-6.67 (2 H, m, Ar H), 7.10 (1 H, d, 
J = 8 Hz, Ar H); mass spectrum, m/z (relative intensity) 272 (M' 

(66), 216 (22), 215 (72), 214 (30), 213 (20), 200 (28), 186 (20), 176 
(29), 175 (28), 174 (30), 173 (20), 172 (19), 160 (26), 159 (20), 149 
(18), 129 (18), 128 (17), 116 (16), 115 (16). 
Deuteration of the Ketone 34. The ketone 34 (45 mg, 0.18 

mmol) was stirred with a 2 M solution of NaOCH, [prepared by 
dissolving sodium (41 mg, 1.8 mmol) in CH30D (0.9 mL)] in 
CH30D at reflux for 28 h under N2. The reaction mixture was 
worked up as described above for 33 to afford the deuterated 
ketones 35-dl-35-d3 (46 mg): mp 92-95 "C; IR (KBr) 2990,2970, 
2920,2850,1700,1610,1500, 1470, 1450,1375, 1340, 1320, 1260, 
1245, 1170, 1135, 1125, 1040, 850, 820 cm-'; 'H NMR (CC14) 
exhibited a Me doublet ( J  = 6 Hz) with the singlet for 35 at  0.98, 
a br singlet at 1.27, 1.37-2.82 (m), 3.71 (3 H, s, OCH,), 6.38-6.70 
(2 H, m, Ar H), and 7.10 (1 H, d, J = 8); mass spectrum, m/z  
(relative intensity) 273 (M' - d3, 4), 272 (M' - dz, 6), ,271 (M+ 

173 (3), 171 (3), 167 (3), 159 (3), 158 (4), 149 (5), 141 (3), 129 (4), 
128 (4), 115 (6). 

- d2, loo), 271 (M' - d l ,  54), 270 (M', 25), 244 (22), 243 (54), 242 

- d l ,  4), 270 (M', 8), 200 (8), 199 (52), 198 (loo), 197 (5), 183 (3), 
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The relative abilities of thermally treated aluminas to heterogeneously catalyze the mutarotaion of a-D-glUCOSe 
have been studied in dimethyl sulfoxide at 25 "C. Heating of standard alumina to 150 OC, 600 O C ,  800 OC, and 
1100 "C results in reduced surface areas and catalytic activities. However, heating at 1250 OC produces a most 
effective, low surface area (6 M2/g) alumina which, unlike the other aluminas, shows pseudo-first-order kinetics, 
does not become progressively deactivated, and irreversibly adsorbs little glucose. Kinetic inhibition of mutarotation 
is shown by added polyhydroxy compounds (e.g., inositol) but not by monohydroxylic (methanol) or aromatic 
additives. As shown by lack of an effect of added pyridine, and by the increased activity when the stronger base 
n-butylamine is added, the major catalytic sites on standard alumina are Br~nsted acids rather than Lewis acids. 
However, the relative inhibition brought about when alumina is treated with carbon dioxide shows that the high 
catalytic activity of 1250 "C alumina is predominately due to basic sites produced by the thermal dehydration. 

Although there are extensive and detailed kinetic studies 
of alumina as a catalyst for many reactions in the gas 
phase, few investigations of the kinetics of alumina-cata- 
lyzed reactions in liquid phases have been reported. Re- 
ports of the utility of solution reactions catalyzed by alu- 
mina,l together with interest in determining the general 
characteristics of some reactions using liquid suspensions 
of catalytic solids, have prompted this study of heteroge- 
nous catalysis by alumina. 

For determination of the characteristics of a heteroge- 
neous alumina reaction relative to  homogeneous catalysis 
in solution, a reaction that  is well established in a homo- 
geneous liquid phase, i.e., the mutarotation of glucose, was 
chosen for study in dimethyl sulfoxide (Me2SO). A first 
report2 has presented results showing that there are three 
types of adsorption sites for glucose on alumina, that the 
catalytically active site density on a widely available 
"standard" alumina is 5.4 X 1013 per cm2, and tha t  these 
sites have an activity about 9 times greater than that  of 
hydronium ions under homogeneous conditions in water. 
However, this standard alumina slowly deactivates during 
the reaction and adsorbs a significant fraction (about 14%) 
of the glucose substrate. 

We report here studies to  determine the relative catalytic 
activities of various thermally treated aluminas and to 
obtain catalysts with less adsorption but with high activity. 
The alumina surface possesses many types of Lewis and 
Bransted acidic and basic functional groups (e.g., A13+, 
OH6+, -0-, -06-H, and "defect which are all po- 
tential catalysts for glucose m ~ t a r o t a t i o n . ~  By means of 

(1) Posner, G. H. Angew. Chem., Int. Ed.  Engl. 1978, 17, 487. 
(2) Dunstan, T. D. J.; Pincock, R. E. J .  Phys. Chem. 1984,88, 5684. 
(3) Knozinger, H.; Ratnasamy, P. Catl. Rev.-Sci. Eng. 1978, 17, 31. 
(4) Lippens, B. C.; Steggerda, J. J. "Physical and Chemical Aspects of 

Adsorbents and Catalysts"; Linsen, B. G., Ed.; Academic Press: New 
York, 1970; Chapter 4. 
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inhibitors, we have determined the acidlbase character- 
istics of the active sites, i.e., whether this heterogeneous 
mutarotation occurs at centers which are Lewis or 
Bransted acidslbases. 

Results and Discussion 
Thermal Treatment of Alumina. On heating a Sam- 

ple of alumina which has water adsorbed on the surface, 
first, some of the water molecules are desorbed and some 
react with the surface to form OH groups. As the sample 
is heated further, acidic and basic hydroxyl groups elim- 
inate to  form Lewis base and acid sites respectively.6 
Above 300 "C "defect sites", consisting of clusters of va- 
cancies (Lewis acids) and neighboring oxide ions (Lewis 
bases) which are catalytically active in most gas-phase 
reactions, are formed? At  greater than 1100 OC, a-alumina, 
which is normally considered to  be catalytically inactive, 
is f ~ r m e d . ~  The change in activity per unit surface area 
as the alumina is heated can therefore give information 
on the nature of the active sites. If only Lewis acid or basic 
oxide sites are catalytically active, an increase in activity 
per area will be observed; if only B r ~ n s t e d  acid or basic 
hydroxyl groups are active, there should be a decrease in 
activity. 

Standard alumina was heated and the weight loss, sur- 
face area, and catalytic activity were determined to  in- 
vestigate the effect of thermal dehydration (see Table I). 
The results show that with standard alumina heated at  up 
to 600 "C the catalytic activity decreases with increase in 
temperature. The previously reported main characteristics 
of the heterogeneous catalytic mutarotation,2 i.e., curved 
first-order plots due to  significant initial adsorption fol- 

(5) (a) Pigman, W.; Isbell, H. S. Adu. Carbohydr. Chem. 1968, 23, 11. 
(b) Isbell, H. S.; Pigman, W. Adu. Carbohydr. Chem. 1969, 24, 14. 
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