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Anal. Calcd for C:18Hfi4016: mle 766.3409. Found: mle  766.3400. 
Methanolysis of 16. This was carried out by a procedure exactly 

identical with that for the methanolysis of 7. The methyl 2,3,4,6- 
tetra-O-methyl-$-D-glucopyranoside isolated was identified by TLC 
and GLC with the compound prepared from methylation of D-glu- 
cose. 

Brucein-D (3). Brucein-D showed the following: mp 294-296 "C 
(dichloromethane-ether-methanol) (lit.Io mp 285-290 "C); IR (Nujol) 
3380 (br), 1710,1655,1620cm-'; '13C NMR (25.20 MHz, MezSO-ds) 
73.0 tC- l ) ,  166.5 tC-2), 107.1 (C-3), 138.6 (C-4), 41.8 (C-5), 29.6 (C-6), 
63.1 ( C - i ) ,  46.9 (C-8), 42.9 (C-91,46.1 (C-lo), 70.8 (C-11),71.7 (C-12), 
72.6 (C-l:3),  74.4 (C-14), 66.9 (C-15), 146.9 (C-l6), 62.7 (C-17), 25.6 
( b l e d ) ,  16.7 (Me-IO), 22.6 (Me-13). 

Anal. Calcd for C:loH?609: C. 58.53, H, 6.39. Found: C, 58.61; H, 
6.:19. 

Brucein-D Tr iace ta te  (13). Acetylation of 3 (10 mg) with acetic 
anhydride (1 mI,) and pyridine (1 mL) at  room temperature for 46 
h followed by the usual workup yielded a product which was purified 
hy preparative TIL (5:l chloroform-acetone) to give a triacetate [13, 
8 mg, mp 243-246 " C  (ether-chloroform)] whose NMR spectrum 
(Table I)  was in accord with the assigned structure. 

Anal. Calcd for C26Hn2011: C, 58.20; H, 6.01. Found: C,  58.10; H. 
6.00. 

Oxidation of 13 with Jones' Reagent. To a solution of 13 (2.8 mgj 
i n  acetone ( 2  mL) was added one drop of Jones' reagent. After the 
mixture was kept at room temperature for 3 h, it was diluted with 
water and the product was extracted with ether. The ether extract was 
washed, dried, and evaporated to give a ketone (17,2 mg), mp 254-256 
"C (acetone-carbon tetrachloride) (lit.9 mp 259-262 "C). The NMR 
spectrum of 17 is identical with that of 11-ketobrucein triacetate re- 
pcirted by Polonsky and co-workers.'(' 

Brucein-E (4) .  Brucein-E was obtained as colorless crystals 
I chloroform-methanol-water): mp 261-265 " C  (lit.Io mp 260-264 "C); 
IK (Xcujol) 3500, 3250, 1710, 1660 cm-I. 

Anal. Calcd for CeciH2xOg: C. 58.24: H, 6.84. Found: C, 58.56; H, 
6.72. 

Brucein-E Tet raace ta te  (14).  Acetylation of 4 (20 mg) by treat- 
ment with acetic anhydride-pyridine yielded a product (13 mg) which 
gave an NMR spectrum which was consistent with the structure of 
Iirucein-E tetraacetate (14). The product (14) formed colorless needles 
f'rom ether-chloroform and had mp 250-253 " C  (lit.Io mp 250-254 
('0. 

Anal. Calcd for Cz8H.&1,1: C, 57.92: H. 5.79. Found: C, 57.58; H; 
5.60. 
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A three-step sequential procedure has been developed whereby a "one-pot'' reduction of aromatic ester groups 
directly to methyl is now possible. One of these steps involves conversion of the aromatic ester to a trimethylsilyloxy 
ester by means of iodotrimethylsilane or one of its variants. A strong catalytic effect by iodine in reactions involving 
iodotrimethylsilane has been discovered. The intermediacy of trimethylsilyl triiodide is proposed to  explain certain 
spectral effects noted in the NMR. Iodine catalysis also permits an alternative suggestion as to the reason for the 
superiority of trimethylphenylsilane-iodine combinations as a substitute for iodotrimethylsilane itself. 

S o m e  years ago, we reported1 that trichlorosilane,  in the 
presence of tert iary aliphatic amines, was a powerful reducing 
agent .  For example ,  the reagent  was capable  of reducing  aro- 
mat ic  carboxylic acids t o  benzylic trichlorosilanes* (eq 1). The 
Si-C bond of such benzylic silanes was very susceptible to base 
cleavage3 (eq 2). A procedure was devised such  that steps 1 and 
2 could be carried out sequentially in the same reaction flask, 

0022-326317911944-2185$01.00/0 

COLH 
SiHC1, (n-Pr),N 

R-@f --R CH,CN,  A 

( 2 )  
CH2SiCI, 

KOH-MeOH 
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Table I. Reactions of Various Compounds with Iodotrimethylsilane a and Iodotrimethylsilane/I* 

yield, 010 
compd cleaving agent temp, " C  time. h NMR isolated product 

1 
2 
3 
4 

6 

8 
9 

IO 
11 
12 
1 3 

7 

" 
I 

MesSiI 
Me3SiI/I2' 
MeaSiI 
Me3SiI/I2' 
MesSiI 
Me,?SiI/I2 
Me3SiI 
Me3SiI/Ize 
Me3SiI 
Me3SiI/Ize 
Me3SiI/I*' 
Me3SiI/IzP 
MeaSiIg 

110 (50)C (100)d 
25 
(50)' 
25 
50 (25)f 
50 

100 

85 
25 
50 
50 

i100)d 

i100)d 

4 (35)' ( 2 ) d  89 
4 100 
(48)' (4Id (100)' 
8 100 
24 (24V 
8'3 

( 4 ) d  
0.33 100 

3 97 
4 97 
3 
5 

Values in parentheses are results reported by authors indicated in these footnotes. Values not in parentheses are from this work. 
/) The NMR yield was obtained by integration of the -OR protons (disappearance) and the RI protons (appearance) where appropriate. 

T-L. Ho and G. A. Olah, Proc. Nutl. Acad. Sci. C'.S.A., 75,4 (1978). 
6 10 mol % of iodine (based on substrate) was used. f M. E. Jung and P. J. Ornstein, Tetrahedron Lett . ,  2659 (1977). The product of 
this reaction is cvclohexyl iodide. 

M. E. Jung and M. A. Lyster, J .  Am. Chem. SOC., 99,968 (1977). 

2 equiv of Me3SiI was used here. The product of the reaction is cyclohexyl iodide. 

thereby providing a "one-pot" method for reducing aromatic 
carboxyl groups to methyL4 

The trichlorosilane-tertiary amine combination proved 
strangely unreactive toward ordinary aromatic ester groups. 
Perhaps the most graphic demonstration of this fact was that 
carboxyl groups could be reduced in the presence" of ester 
groups as shown in eq 3. This was indeed an  anomaly since 

CH SiC1, 
1 -  

C O  H 
I 

(3)  

I 
W E t  

I 
CO-Et 

79% 
simple ester groups are generally much easier to reduce than 
carboxyl groups6 

In the procedure developed to reduce carboxyl groups, the 
aromatic acid was first heated with trichlorosilane in aceto- 
nitrile for about 1 h before the amine was added (eq l). During 
this 1-h interval, the evolution of HCl gas was evident. This 
proved to be an important observation since it would seem 
tha t  the moiety undergoing reduction was not the carboxylic 
acid itself, but rather some silyloxy ester of the acid. 

We can now report that  a wide variety7 of trimethylsilyl 
benzoate esters can be reduced successfully with the trichlo- 
rosilane-tertiary amine combination in accord with eq 4. Why 

silicon esters undergo reduction when other ester groups are 
resistant will be the subject of a later paper. 

The advent of iodotrimethylsilane8 as a convenient and 
mild reagent for converting aromatic esters to trimethylsilyl 
esters provided us with a vital tool in developing the three-step 
sequential procedure depicted in eq 5 .  

In any multistep synthesis of this type it behooves one to 
develop procedures such that each step proceeds in the highest 
yield possible. In the course of carrying out reactions with 
iodotrimethylsilane in step 1 of eq 5 ,  we discovered that the 
presence of 10 mol % of iodine (based upon the substrate to 
be cleaved) catalyzed the reactions markedly, so that they 
usually proceeded more rapidly and under milder conditions. 
This can be seen by comparing the first ten entries of Table 
I. This table lists all of the compounds (esters, alcohols, or 
their trimethylsilyl ethers) which we treated with iodotri- 
methylsilane both in the presence or absence of catalytic 
amounts of iodine. Incorporated into Table I are also the re- 
sults of other workers who used the same substrates as we but 
in the absence of iodine. The beneficial effects of the iodine 
are quite apparent. Table I1 shows the wide variety of esters 
that  were reduced to methyl compounds in accord with eq 5. 
I t  should be noted tha t  this three-step reduction sequence 
frequently gave overall yields greater than 50%. One might 
argue that traces of HI in the iodotrimethylsilane were re- 
sponsible for the results in Table I. While this cannot be to- 
tally discounted, entries 6 and 13 in the table would militate 
against the idea. In entry 13,2 equiv of iodotrimethylsilane 
was used for each equivalent of cyclohexanol. Certainly the 
first equivalent of the iodotrimethylsilane would react to 
produce (cyclohexyloxyhimethylsilane and 1 equiv of HI (eq 
6). The latter would be in the presence of the remaining 

-OH O O S i M e  -t HI ( 6 )  

equivalent of iodotrimethylsilane. The 46% yield of cyclohexyl 
iodide would certainly not indicate any beneficial effects of 
HI, especially when compared with the results of entry 6. In 
the latter case, a quantitative yield of cyclohexyl iodide was 
realized under essentially the same conditions of time and 
temperature as entry 13. 

The degree of completion of the reaction with iodotri- 
methylsilane (step 1 of eq 5 )  and the carboxylic esters could 
be followed very conveniently by NMR. One could compare 
the peak areas resulting from the -OR protons in the starting 
ester to those for the alkyl iodide product. The area of the 
singlet which appeared for the protons in the trimethylsilyl 
ester product, -0SiMea (6 0.44), could also be used. The va- 
lidity of the NMR method of analysis was checked in several 
cases by actually isolating the trimethylsilyl ester product. 
Invariably, the agreement was quite good as indicated in Table 
I. 
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Table 11. Conversion of Aromatic Ester Groups to Methyl 

yield of reduced 
R R' cleaving agent cleavage time. h cleavage temp, "C product, % 

1 
2 
3 
4 
5 
6 

8 
9 

10 
11 
12 
1 :i 

r , 

H 
H 
H 
o-Me 
p-Me 
H 
H 
p-Me 
o-Me 
p-Me0 
p-Me0 
o-CsE.I;C(=O)- 
p-(CH&X- 

Me 
Me 
Et  
Et 
Et 
Me 
Me 
Me 
Me 
Me 
t -Bu 
Me 
Et 

5 
4 
4 
4.5 

4 
4 
5 
5 

20 
1 

4 

7 

-l 

50 
107 
110 
115 
110 
110 

25 
2 
25 
25 
25 

100 

r 
I 

28 
67 
66 
64 
5 9 
68 
68 
65 
70 
36 
36 
n6 b 
.i4' 

Iodotrimethylsilane was prepared from CcHjSiMe? and 1 2  at 100 "C and distilled directly into the reaction flask. The yield is 
The yield given is comprised of two products, N,X-dimethyl-p-toluidine of the completely reduced product, phenyl(o-tolyllmethane. 

(71%) and N-ethyl-N-methyl-p-toluidine (16%). 1.2 equiv of iodine was used. E 10 mol %I of iodine was used. 

Significantly. when about 3 mg of iodine was added to the 
reaction mixture consisting of iodotrimethylsilane and the 
carboxylic ester, the two trimethylsilyl peaks (from iodotri- 
methylsilane and the -0SiMe.3 of the silyl ester product) co- 
alesced into one broad peak centered at d 0.48. This clearly 
indicated that the iodine was providing a pathway for a rapid 
exchange of the trimethylsilyl groups of iodotrimethylsilane 
and the trimethylsilyl ester. We have not investigated how this 
exchange is occurring, but one possibility is that the iodine sets 
up an equilibrium with the iodotrimethylsilane to form a small 
amount of trimethylsilyl triiodide (eq 7 ) .  The triiodide-silicon 

( 7 )  

/ R  

I 
o=c 

_ _ _ _  i 6 I 

larly in the rate of formation and the overall yield of the tri- 
methylsilyloxy ester. However, the experimental directionsg 
for the phenyltrimethylsilane-iodine reactions call for a 1 2  
mol % excess of iodinegb over and above that  required by the 
stoichiometry of eq 9. Hence, if iodotrimethylsilane were 
formed in accord with eq 9, it would be in the presence of ex- 
cess iodine. The  trimethylsilyl iodide would thus enjoy the 
catalytic effects of iodine which we have found, and increased 
reaction rates would result in accord with eq 10. We are thus 

bond would be expected to be more polarizable than the 
silicon-iodine bond in iodotrimethylsilane. Even though the 
triiodide was present in low concentrations, it might well effect 
a facile exchange with the trimethylsilyl ester (eq 8). In those 

/.OSiMe, / O  
RC < +Me,SiI, f RC&-+ + 1,- 

OSi *Me OSi*Me, 

Me,SiI + I 2  + RC: - RC; + R ' I  (10) 
Me, 

cases where the reaction was carried out with iodotrimeth- 
ylsilane, the carboxylic ester, and 10 mol YO of iodine, only one 
trimethylsilyl peak was observed in the NMR throughout the 
reaction. Initially it was very broad, but it sharpened and 
shifted upfield as the reaction progressed. 

The  observation tha t  iodine exerts a catalytic effect in 
cleavage reactions involving iodotrimethylsilane provides an  
attractive alternative explanation as to why a phenyltri- 
methylsilane-iodine mixture is a more effective cleaving agent 
than preformed iodotrimethylsilane itself. The  present ex- 
planationg is that a six-membered transition state (I) is in- 
volved rather than the in situ formation of iodotrimethylsilane 
from the cleavage of phenyltrimethylsilane with iodinel0 (eq 
9). 

We have corroborated the claimg tha t  phenyltrimethylsil- 
ane-iodine is superior to  iodotrimethylsilane alone, particu- 

proposing that  the phenyltrimethylsilane-iodine methodg 
does not involve a six-membered transition state (I) but rather 
proceeds via iodotrimethylsilane generated as depicted in eq 
9. The  increase in rate is the result of the catalytic effect of 
iodine. 

There is at least one difficulty to be resolved if iodotri- 
methylsilane is to be postulated as an  intermediate in the io- 
dine cleavage of phenyltrimethylsilane (eq 9). Iodotrimeth- 
ylsilane was first preparedlo by Whitmore et  al. by the method 
of eq 9. Equimolar quantities of phenyltrimethylsilane and 
iodine were used, and the mixture was refluxed for 12 h in the 
absence of any solvent. From the boiling point of phenyltri- 
methylsilane, one might judge that the reaction temperature 
must have been in the vicinity of 170 "C. Only a 56% yield of 
iodotrimethylsilane was reported by this method. I t  would 
seem tha t  the "Whitmore" reaction was slow and required 
vigorous conditions. If such were the case. it could not explain 
the very rapid and high yield reactions which are realized in 
the phenyltrimethylsilane-iodine conversions of carboxylic 
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esters to the trimethylsilyloxy esters. Accordingly, we repeated 
the Whitmore reactionlo employing a 12 mol % excess of iodine 
and a reaction temperature of only 110 "C (the same tem- 
perature used in ref 9). After 30 min, analysis by VPC indi- 
cated that all of the phenyltrimethylsilane had disappeared 
and that the cleavage was complete. An NMR spectrum of the 
mixture a t  this point showed only a sharp singlet a t  6 0.85 
(iodotrimethylsilane) and aromatic peaks resulting from the 
iodobenzene. In a larger run, but using the same mole ratios 
of phenyltrimet.hylsi1ane and iodine, an isolated yield of 63% 
of iodotrimethylsilane was obtained in 45 min. It  is eminently 
clear that the vigorous conditions employed by Whitmore are 
unnecessary in the presence of excess iodine. 

Experimental Section 
Star t ing  Materials. Trimethylsilyl benzoate was prepared in 97% 

yield from benzoic acid and he~amethyld is i lazane .~~ Phenyltri- 
methylsilane was prepared from phenylmagnesium bromide and 
t rimethylchlorosilane (Aldrich). Iodotrimethylsilane was prepared 
in 75% yield by tne tnethod of J ~ n g . ' ~  The esters were either pur- 
chased or prepared by classical procedures. Tri-n-propylamine (Al- 
drich) was dried by pretreatment with sodium hydroxide, followed 
by distillation from barium oxide. I t  was stored over 4 A molecular 
sieves. Trichlorosilane (Aldrich) was distilled from quinoline and 
stored under dry nitrogen in the cold. Acetonitrile was distilled from 
Pros and stored over 3 A molecular sieves. 

Reductive Silylation of Trimethylsilyl Benzoate. Trimethylsilyl 
henzoate (19.4 g, 0.1 mol) and trichlorosilane (30.0 mL, 0.3 mol) were 
placed in a flame.dried flask. This solution was cooled in ice while 
tri-n-propylamine (28.6 g 0.2 mol) was slowly added (1.5 h). When 
this addition was completed. the mixture was heated to  reflux (-75 
O C )  for 20 h. It W ~ S  then added to 1 L of anhydrous ether, and the 
amine hydrochloride which precipitated was filtered. The  ether was 
distilled, followed by removal of the volatiles at  reduced pressure (40 
OC a t  80 mm). The residue was distilled to afford one fraction: 15.2 
g: hp 85 "C (5 mm) to 100 "C (1 mm). The major portion distilled 
hetween 85 and 90 "C at  5 mm. 

Analysis by VPC (SE-30,220 "C) indicated only two components 
(ratio of 82:18): bt?nzyltrichlorosilanels (55% yield) and cu,cu-bidtri- 
chlorosi1yl)tol~ene'~ (7"o yield). 

Modified Procedure fo r  Reactions with Iodotrimethylsilane. 
The carboxylic ester, alcohol, or trimethylsilyl ether was combined 
with 1.2 equiv of iodotrimethylsilane and approximately 10 mol Oh of 
iodine (based on the ester, alcohol, or ether) in a flame-dried flask. 
The mixture was heated to the desired temperature for the appro- 
priate time (see Tables I and 11). NMR analysis was used to judge the 
completion of the reaction. The mixture was quenched with water, 
taken up in ether o r  chloroform, and deiodinated, and the organic 
extracts were dried. Removal of the solvent afforded the product. 

In a typical experiment, methyl benzoate (5.44 g, 40 mmol), iodo- 
trimethylsilane (6,7 mL. 9.6 g, 48 mmol), and iodine (1.0 g, 4 mmol) 
were allowed to react for 4 h at  room temperature. The mixture was 
poured into 30 mL of water. treated with Na2.5203 (aqueous) to re- 
move the iodine, arid extracted with 3 X 25 mL of CHC13. The extracts 
were washed with saturated aqueous NaCl and dried (Na2S04), and 
the solvent was removed. 'The yield of pure benzoic acid was 4.85 g 
(99%), mp 120-12 t 'C (example 2, Table I). 

Conversion of a n  Aromatic Ester Group to  Methyl. Genera l  
Procedure. The aryl ester (0.1 mol) and the cleaving agent (0.12 mol) 
were combined in a flame-dried 300-mL flask. The mixture was heated 
to the desired temperature (or stirred at  room temperature) until the 
reaction was complete ( N M R ) .  I t  was then dissolved in 80 mL of ac- 
etonitrile, and 30 mI, (0.3 mol) of SiHC13 was added. The mixture was 
cooled (0 "C), and tri-n-propylamine was added slowly. After the 
amine was added, the mixture was heated to reflux for 20 h. It was 
then t.aken up in 1 L of anhydrous ether and cooled to 0 "C for several 
hours. The amine hydrochloride which had precipitated was filtered 
off and the ether distilled. The volatiles were removed under reduced 
pressure. The  residue was treated under reflux with 50 mL of meth- 
anol. After 1 h the solution was cooled and 59.1 g of KOH dissolved 
in 95 mL of methanol and 25 mL of water was added. The mixture was 
again heated to reflux for 24 h and then poured into 600 mL of water. 
The  organic layer was extracted with pentane, and the latter was 
neutralized by shaking with 5 N HCI. The extracts were dried 

(Na2S04) and the pentane was removed through a 15-cm Vigreux 
column. The product was obtained by distilling the residue through 
a short-path distilling head (see Table 11). 

Effect of Iodine on the  NMR Spectrum of Iodotrimethylsilane 
Cleavages. Methyl benzoate (2.7 g, 20 mmol) and iodotrimethylsilane 
(3.4 mL. 4.8 g, 24 mmol) were combined and heated to 110 "C. After 
2 h an aliquot was removed and analyzed by NRIR. The reaction was 
partially complete (83%) as determined by the presence of peaks for 
both methyl iodide and- methyl benzoate (-0CHs). The relative 
completion was determined by integration of the two peaks. Also 
observed were peaks corresponding to the products, trimethylsilyl 
henzoate (-OSiMe?) at  6 0.44 and iodotrimethylsilane at 6 0.84. At 
this point, about 3 mg of 1 2  was placed in the tuhe. Immediately, the 
two trimethylsilyl peaks coalesced into one broad peak with a shoul- 
der, centered a t  d 0.58. 

In those cases where the cleavage was carried out with iodotri- 
methylsilane and 10 mol % iodine, only one trimethylsilyl peak was 
observed throughout the course of the reaction. Initially it was very 
hroad, but it sharpened and shifted upfield as the reaction pro- 
gressed. 

Phenyltrimethylsilane and  Iodine. Phenyltrimethylsilane (1 g, 
6.7 mmol) and iodine (1.91 g, 7.5 mmol) were allowed to react in a 
IO-mL, two-neck flask equipped with a rubber septum and condenser 
at  110 "C in a nitrogen atmosphere. Aliquots were taken and analyzed 
byVPC ( 1 2 f t  Xli4in. lO%QF-lonChromGat 145'C).After30min, 
the phenyltrimethylsilane had disappeared and a new peak identified 
as iodobenzene had appeared along with iodotrimethylsilane. This 
NMR spectrum of the product showed a sharp singlet at  6 0.85 (io- 
dotrimethylsilane) plus aromatic peaks for iodobenzene. 

In a larger run, phenyltrimethylsilane (5 g. :14 mmol) and iodine 
(9.5s g, 38 mmol) were allowed to react at  115 "C in a 50-mL flask 
equipped with a short-path distillation head. After 45 min, 4.3 g of 
distillate was collected boiling at  96-100 "C. NhlR showed this to be 
98% pure iodotrimethylsilane in a 63% yield. 
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