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MHz) 6 2.42-2.61 (m, 3 H), 4.75 (m, 1 H), 5.01-5.20 (m, 2 H), 
5.65-5.92 (m, 1 H), 7.00-7.42 (m, 3 H); '3c NMR (CDCl,, 50 MHz)  
6 43.00,69.72, 118.61,121.05,126.00, 126.30,134.63, 145.78; MS 
(70 eV, 250 "C) m / z  154 (M+, 0.88), 137 (M - OH, 11.19), 113 (M 
- C3H6, 83.72), 85 (loo), 45 (22.44); IR (neat) 3359 (a), 1635 (m) 
cm-'. 
(9)- 1-( l-Methyl-2-pyrrolyl)-3-buten- 1-01 (16): 78 % yield; 

bp 82-84 "C (0.7 mm); [(u]=D = -12.1" (c 1.25, EtOH); 299% ee 
by capillary GC analysis; 'H NMR (CDC13, 200 MHz) 6 2.30 (m, 
1 H), 2.56-2.70 (m, 2 H), 6.56 (m, 1 H); '3c NMR (CDCl,, 50 M H z )  
6 33.97,40.67,65.85,106.43,106.77,118.07,123.33, 134.44,135.29; 
MS (70 eV, 250 "C) m / z  151 (M+, 4-77), 110 (M - C3H6, loo), 82 
(M - C& - HzO, 64.28), 67 (22.53); IR (neat) 3386 (a), an-'. Anal. 
Calcd for CgH13NO: C, 71.49; H, 8.67; N, 9.26. Found C, 71.74; 
H, 8.90; N, 9.19. 
(S)-1-(2-Pyridyl)-3-buten-1-01(17): 85% yield; bp 72 "C (0.4 

mm) (lit." bp 80 'C (0.1 mm)); [aIz3D = -32.5" (c  3.5, EtOH); 
299% ee by capillary GC analysis; 'H NMR (CDC13, 200 MHz) 
6 2.35-2.86 (m, 2 H), 4.60-5.46 (m, 4 H), 5.67-6.05 (m, 1 H), 6.48 
(m, 1 H), 7.01-7.90 (m, 3 H); 13C NMR (CDC13, 50 MHz) 6 42.83, 
72.93, 118.04, 120.83, 122.60,134.71, 137.08, 148.83, 162.86; MS 
(70 eV, 250 "C) m / z  150 (M + H, 4.62),130 (M - H - HzO, 9.841, 
108 (M - C3H6, loo), 78 (55.43), 53 (16.77); IR (neat) 3306 (a), 
1635 (m), 1591 (a), 1568 (m) cm-'. 
(5)-1-(3-Pyridyl)-3-buten-l-o1 (18): 84% yield; bp 110 "C 

(0.8 mm) (lit.14 bp 102 "C (0.1 mm)); [aIz3D = -28.0" (c 1.03, 

EtOH); 96% ee by capillary GC analysis; 'H NMR (CDC13, 200 
MHz) 6 2.42-2.66 (m, 2 H), 4.75 (m, 1 H), 4.95-5.30 (m, 3 H), 
5.68-5.94 (m, 1 H), 7.20-7.35 (m, 1 HI, 7.75 (m, 1 H), 8.30-8.52 
(m, 2 H); 13C NMR (CDCl,, 50 MHz) 6 43.79,71.04,118.54,123.82, 
134.40, 134.48, 140.72, 147.86, 148.43; MS (70 eV, 250 "C) m / z  

IR (neat) 3219 (8) 1635 (m), 1588 (m), 1575 (m) cm-'. 
(S)-l-(4-Pyridyl)-3-buten-lsl(19): 83% yield; bp 96 "C (0.8 

mm) (lit.i4 bp 96 "c (0.1 mm)); [(YIz3D = -16.9" (c 1.62, EtOH); 
199% ee by capillary GC analysis; 'H NMR (CDC13, 200 MHz) 

(m, 3 H), 5.68-5.92 (m, 1 H), 7.31 (m, 2 H), 8.42 (m, 2 H); '3c NMR 

154.65; MS (70 eV, 250 "C) m / z  150 (M + H, 0.76), 122 (M - C2&, 
17.341, 108 (M - C3He, loo), 51 (45.49); IR (neat) 3199 (a), 1638 
(m), 1598 (a), 1555 (m) cm-'. 
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150 (M + H, 100), 132 (M + H - OH, 4.51), 108 (M - CSH,, 18.80); 

6 2.50 (t, 2 H, J = 7.0 Hz), 4.76 (t, 1 H, J = 6.4 Hz), 5.01-5.20 

(CDC13, 50 MHz) 6 43.54, 71.87, 118.79, 121.53, 134.18, 149.52, 
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Formylsilanes have long been reported to be notoriously unstable compounds. In fact, no formylsilane has 
been reported that was stable in air or in water nor are there any known hydrates, imines, or hydrazones of 
formylsilanes. We have found that monoamine oxidase catalyzes the oxidation of (aminomethyl)-tert-butyl- 
dimethylsilane in aqueous buffer at pH 9 to give, apparently, either formyl-tert-butyldimethylailane or the 
corresponding hydrate, which is isolated as the 2,4-dinitrophenylhydrhydrazone. The chemical synthesis of this w e  
compound and the corresponding formyltrimethylsilane was carried out in low yields by a standard route to 
acylsilanes but in good yields by a new route involving conversion of (1,3-dioxolan-2-yl)tri-n-butylstannane to 
the corresponding silanes followed by acid hydrolysis. Although the formylsilane could not be isolated, it or 
ita hydrate apparently is stable enough in water to survive incubation for several hours prior to the 2,4-di- 
nitrophenylhydrazine trapping reaction. 

Introduction 
Acylsilanes are well-studied compounds that are useful 

as intermediates in the preparation of silyl enol ethers,l 
in diastereoselective aldol condensations,2 in the synthesis 
of &hydroxysilanes,3 and in the stereoselective synthesis 
of vinylsilanes.' The chemistry of formylsilanes, on the 
other hand, is virtually nonexistent because of the pre- 
sumed difficulty in their Preparation? Until fairly recently 
the attempted synthesis of formyltrimethylsilane 
(Me,SiCHO) had been the subject of decades of unsuc- 
cessful re~earch.~ However, evidence for the existence of 
Me3SiCH0 at low temperatures was provided more re- 
cently by Ireland and Norbecke and by Linderman and 
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Suhr' who carried out a Swern oxidation of (trimethyl- 
sily1)methanol at  low temperature and isolated the prod- 
ucts of nucleophilic attack on the presumed Me,SiCHO 
intermediate. Campion et al.8 identified by NMR spec- 
troscopy Me,SiCHO as the product of the low-temperature 
addition of 1 equiv of dry HC1 to C~,Z~(TJ~-COS~M~,)C~. 
The only report of a "stable" formylsilane has been for- 

(1) Ager, D. J. Chem. SOC. Rev. 1982,11,493-522. 
(2) Schinzer, D. Synthesis 1989, 179-181. 
(3) Colvin, E. W. Silicon in Organic Synthesis; Butterworths: London, 

1981; pp 274-275. 
(4) Soderquist, J. A.; Anderson, C. L. Tetrahedran Lett. 1988, 29, 

2425-2428. 
(5) (a) Sommer, L. H.; Bailey, D. L.; Goldbeg, G. M.; Buck, C. E.; Bye, 

T. S.; Evans, F. J.; Whitmore, F. C. J. Am. Chem. SOC. 1964, 76, 
1613-1618. (b) Brook, A. G. Adu. Organomet. Chem. 1988,7,95-155. (c) 
Speier, J. L., Jr. Ph.D. Thesis, University of Pittsburgh, 1947. 

(6) Ireland, R. E.; Norbeck, D. W., J. Org. Chem. 1985,50,2198-2200. 
(7) Linderman, R. J.; Suhr, Y .  J .  Org. Chem. 1988, 53, 1569-1572. 
(8) Campion, B. K.; Falk, J.; Tdey, T. D. J. Am. Chem. Soc. 1987,109, 

2049-2056. 
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Figure 1. Reversed-phase HPLC chromatogram of the metab- 
olites of monoamine oxidase-catalyzed oxidation of [l-sH] (ami- 
nomethyl)-tert-butyldimethylsilane followed by treatment with 
2,4-dinitrophenylhydrazine. See the Experimental Section for 
details. 

myltris(trimethylsily1)silane [ (Me3Si)3SiCHO], which was 
synthesized from the corresponding reaction of 1 equiv of 
dry HC1 to the tris(trimethylsily1)zirconium complex under 
vacuum in toluenese Pentane extraction in the absence 
of air gave a product identified as formyltris(trimethy1- 
sily1)silane by a variety of NMR and other spectral tech- 
niques and from product analyses after various reactions. 
However, this compound was reported to decompose in- 
stantly and exothermally upon exposure to air. 

We have been interested for many years in the reactions 
and inactivation of mitochondrial monoamine oxidase, an 
enzyme that catalyzes the oxidation of a variety of amines 
to the corresponding M u m  ions, which are subsequently 
hydrolyzed to aldehydes. During our studies on the in- 
activation of monoamine oxidase by (aminomethyl)-tert- 
butyldimethylsilane we noticed an unusual peak in the 
HPLC of the metabolites of this reaction following a 
quench with 2,4-dinitrophenylhydrazinem Here we show 
that this derivatized metabolite is the 2,Cdinitrophenyl- 
hydrazone of formyl- tert-butyldimethylsilane and that it 
and the corresponding trimethylsilyl analogue can be 
synthesized by a new synthetic route to formylsilanes as 
well as by the classical procedure for the synthesis of 
acylsilanes. No hydrazones, or hydrates of formylsilanes 
have been reported previously or have any formylsilanes 
been reported to be stable to air or water. This appears 
to be the first report of an air- and water-stable formyl- 
silane (or hydrate) and ita 2,4dinitrophenylhydramne and 
may be a general route to their synthesis. 

Rssults 
Monoamine Oxidase-Catalyzed Synthesis of For- 

myl-tert -butyldimethylsilane. Incubation of mito- 
chondrial monoamine oxidase B with (amin~[~H]-  
methyl)-tert-butyldimethylsilane for 4 h followed by 
quench with acidic 2,4dinitrophenylhydrazine and HPLC 
separation of the metabolites (Figure 1) revealed the for- 
mation of three radioactive products. Peak A was shown 
to correspond to the 2,4dinitrophenylhydrmne of form- 
aldehyde by independent synthesis, peak B corresponded 
to the 2,4dinitrophenylhydrazone of 2,2-dimethylpropanal 
by independent synthesis, and the major peak C was 
identified as the 2,4-dinitrophenylhydrazone of formyl- 
tert-butyldimethylsilane (vide infra). The large nonra- 
dioactive peak with a tR at 20 min is excess 2,4-dinitro- 
phenylhydrazine reagent. The NMR and mass spectra 

(9) Elmer, F. H.; Woo, H . 4 . ;  Tilley, T. D. J. Am. Chem. SOC. 1988, 
110,313-314. 

Scheme I. BrookL0/CoreyLL Synthetic Route to the 
2,4-Dinitrophenylhydrazone of 

Formyl- tert-butyldimethylsilaneo 
H 

1 

"Key: (a) n-BuLi, -26 to 0 "C; (b) t-BuMeaiC1; (c) HgCl,/ 
CdC08, acetone/H20; (d) 2,4-dinitrophenylhydrazine, EtOH/ 
H30+. 

Scheme 11. New Synthetic Route to Formyleilanee and to 
the 2,4-Dinitrophenylhydrazone of 
Formyl- tert -butyldimethylsilaneO 

n 

3 

Key: (a) n-BuLi, -78 "C; (b) RMe2SiC1; (c) 2,4-dinitrophenyl- 
hydrazine, EtOH/H30+. 

corresponded to those of the synthetic compounds (see 
Figure 2 for a comparison of the 'H NMR spectra of the 
enzymatic and synthetic products). 

Brook/Corey Route to the Synthesis of Formyl- 
tert -butyldimethylsilane. Brook et al.l0 and Corey et 
al." independently reported the same general method for 
the synthesis of acylsilanes via the corresponding dithiane. 
Thie procedure was utilized for the synthesis of formyl- 
tert-butyldimethylsilane. 2-(tert-Butyldimethylsilyl)-1,3- 
dithiane (1) was synthesized by the treatment of 2-lithio- 
1,3-dithiane with tert-butyldimethylchlorosilanelo (Scheme 
I). Hydrolysis of the dithiane with cadmium carbonate 
and mercuric chloride in aqueous acetonelo for 1 h was 
followed by evaporation of the solvents, extraction with 
chloroform, treatment with 2,4-dinitrophenylhydrazine, 
and HPLC purification as was done with the enzyme re- 
action. It should be noted that the product was not 
trapped with 2,4-dinitrophenylhydrazine until after hy- 
drolysis continued for an hour and after extraction into 
the organic solvent. The same product as was formed by 
the enzymatic route, namely the 2,4-dinitrophenyl- 
hydrazone of formyl-tert-butyldimethylsilane (2), was 
identified in this reaction by HPLC, 'H NMR (Figure 2), 
13C NMR, and mass spectrometry. The yield of this re- 
action, however, was only 2%. 
New Synthesis of Formylsilanes. Transmetalation 

of (1,3-dioxolan-2-yl)-tert-butyldimethyl~tannane1z (3, 
Scheme 11) with n-butyllithium followed by reaction with 
tert-butyldimethylchlorosilane gave the corresponding 
silane 4a. Hydrolysis in the presence of 2,4-dinitro- 
phenylhydrazine gave the 2,4dinitrophenylhydramne of 
formyl-tert-butyldimethylsilane (2a) in a 70% yield. The 
same reaction with the corresponding trimethylsilyl ana- 
logue (4b) gave the 2,4-dinitrophenylhydrazone of for- 
myltrimethylsilane (2b) in a 46% yield. 

Acid Hydrolysis of (1,3-Dioxolan-2-yl)-Substitutsd 
Silanes. In order to determine if there is an intrinsic 
stability difference in the two formylsilanes and to see if 
the free formylsilanes form upon hydrolysis of the di- 
oxolanes, the acid hydrolyses of (1,3-dioxolan-2-yl)-tert- 

(10) Brook, A. G.; Duff, J. M.; Jones, P. F.; Davis, N. R J. Am. Chem. 

(11) Corey, E. J.; Seebach, D.; Freedman, R. J. Am. Chem. SOC. 1967, 

(12) Shiner, C. S.; Tsunoda, T.; Goodman, B. A.; Ingham, S.; Lee, S.-h.; 

SOC. 1967,89,431-434. 

89,434-436. 

Vorndam, P. E. J. Am. Chem. SOC. 1989,111, 1381-1392. 



Formylsilanes 

I I 

J. Org. Chem., Vol. 57, No. 24, 1992 6619 

IN 

- 
l " " ' " ' ' " ' " " " ' l " " ~ " ' ' l " ~ ~ ' ' ' ~  1 " ' I ' ' ' '  

10 d PPM 

L 

I O 

I 
~ ' ~ ' ~ i " " ~ " ~ , ~ " , ~ i ' , ~ , i ' ~ ' ' ~ ' ' ~ ' ~ ~ ' ' ~ ~ ' ~ ' ' i ' ~ , ' ~ ~ , ~ ' r  

10 8 6 4 2 LPM 0 

Figure 2. 'H NMR spectra (400 MHz) of the 2,4-dinitrophenylhydrazone of formyl-tert-butyldimethylsilane generated synthetically 
and chemoenzymatically. The peak at 2.4 ppm in the spectrum of the synthetic compound is probably a water peak. The large peak 
at about 1.6 ppm in the spectrum of the enzymatic compound also may be a water peak. The peak at 7.24 ppm in both spectra ie 
chloroform. 

butyldimethylsilane and (1,3-dioxolan-2-yl)~ethylsilane 
were carried out in one part 0.5% DC1 in D20 and two 
parta acetone-ds. The ra te  of hydrolysis were determined 
by NMR spectroscopy from the rates of decrease of the 
C-4 and C-5 protons in the dioxolane ring which correlated 
with the rates of formation of the ethylene glycol protons. 
The half-life for the hydrolysis of 4a was 76 min and for 
the corresponding trimethylsilane (4b) was 34 min. Ex- 
traction of the hydrolysis mixtures, however, gave no de- 
tectable formylsilane or formylsilane hydrate. Hydrolysis 
of 4a in 10% sulfuric acid in 62% aqueous ethanol at 0 
OC for 70 min and for 300 min followed by quench with 
2,4-dinitrophenylhydrazine produced the 2,4-dinitro- 
phenylhydrazone of formyl-tert-butyldimethylsilane (2a) 
in 75% and 50% yields, respectively. This indicates that 
the hydrolysis product (either the formylsilane or the 
corresponding hydrate) ie stable to air and water for an 
extended period of time. Again however, it was not pos- 
sible to isolate the formylsilane or its hydrate by extraction. 

Discussion 
Monoamine oxidase is well known to oxidize a variety 

of amines to the corresponding imines which are then 
released from the enzyme and hydrolyzed to the corre- 

sponding aldehydes. (Aminomethy1)trimethylsilane is a 
substrate and inactivator of monoamine oxidase.13 The 
formylsilane in this case was not trapped by 2,Cdinitro- 
phenylhydrazine, presumably because of the lower stability 
of this formylsilane relative to that of formyl-tert-butyl- 
dimethylsilane. The half-life for formyltrimethylsilane in 
mildly acidic conditions was determined to be about a 0.5 
h, and the enzyme incubations are generally run for about 
4 h. The greater stability of the tert-butyldimethyl ana- 
logue, apparently, is sufficient to allow trapping by 2,4- 
dinitrophenylhydrazine to take place. As is found with 
(aminomethyl) trimethylsilane, MA0 oxidation of (ami- 
nomethyl)-tert-butyldimethylsilane produces form- 
aldehyde (trapped as the 2,4-dinitrophenylhydrazone; see 
Figure 1). This metabolite presumably arises from hy- 
drolysis of the f~rmylsilane.'~ The second radioactive peak 
in the HPLC trace was identified as the 2,4-dinitro- 
phenylhydrazone of 2-methylpropanal by independent 
synthesis and by comparison of its HPLC retention times 
and NMR spectrum to those of the standard. It is not 

(13) (a) Banik, G. M.; Silverman, R. B. J. Am. Chem. SOC. 1990, 112, 
4499-4507. (b) Banik, G. M.; Silverman, R. B. J. Am. Chem. SOC. 1987, 
109, 2219-2220. 
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phenylhydrazine produces the corresponding 2,Cdinitro- 
phenylhydrazones. 

Experimental Section 
Analytical Methods. Optical spectra and MA0 assays were 

recorded on either a Perkin-Elmer Lambda 1 or Beckman DU-40 
UV/vis spectrophotometer. 'H and 13C NMR spectra were re- 
corded on a Varian XLA-400 MHz spectrometer. Chemical shifts 
for 'H NMR spectra are reported as 6 values in parts per million 
relative to tetramethylsiie which is set to 0. An Orion Rssearch 
Model 601 pH meter with a general combination electrode was 
used for pH measurements. Mass spectra were obtained on a VG 
Instruments VG70-250SE high-resolution mass spectrometer. 
Elemental analyses were performed either by Galbraith Labo- 
ratories, Inc., Knoxville, TN, or by G.D. Searle and Co., Skokie, 
IL. HPLC was performed using Beckman llOB pumps in series 
with a Beckman 163 variable-wavelength detector and a Radio- 
matic Instruments Flo-One/Beta Model CR radioactivity detector 
utilizing Packard Radiomatic FLO-SCINT I1 or RPI 3a70B 
scintillation cocktails for reversed- (Cis silica gel) and normal-phase 
(silica gel) HPLC, respectively. An Alltech Econosil C18 10 p 10- 
x 250-mm column was used for semi-preparative HPLC, and 
either Econosil C18 10 p 4.6 X 250-mm or Econosil silica 10 4.6 
X 250-mm columns were used for analytical HPLC. Liquid 
scintillation counting was done in a Beckman LS-3133T scin- 
tillation counter using 10 mL RPI 3a70B scintillation cocktail. 
[3H]Toluene (2.22 X le dpm/mL, corrected for fmt-order decay) 
from New England Nuclear was used as an internal standard. 
Amine hydrochlorides were visualized on TLC plates by spraying 
with a solution of ninhydrin (300 mg) with pyridine (2 mL) in 
acetone (100 mL) and then heating. Radiopurity of radioactive 
compounds was assessed by cutting developed TLC plates (Merck 
Kieselgel60 plates without fluorescent indicator) into strips and 
counting each strip with scintillation cocktail in a scintillation 
counter. 

Reagents. 2,4-Dinitrophenylhydrrazine reagent was prepared 
by the standard method.16 Benzophenone (99+%), tert-butyl- 
dimethylchlorosilane, n-butyllithium (2.0 M in pentane), chlo- 
roform-d, deuterium chloride (37 wt%, 99 atom % D), deuterium 
oxide (>99.96 atom % D and 99.8 atom % D), anhydrous diethyl 
ether, ninhydrin, anhydrous tetrahydrofuran, tetramethylsilane, 
and triethylaluminum (1.0 M in hexanes) were purchased from 
Aldrich. [3H]Water (5.0 Ci/mL) was obtained from Amersham 
(Arlington Heights, IL). Diethyl ether and tetrahydrofuran for 
reactions were distilled from sodium with benzophenone ketyl 
indicator under nitrogen immediately prior to use. HPLC-grade 
acetonitrile, ethyl acetate, hexane, and water were obtained from 
Mallinckrodt and were filtered prior to use. Other organic solvents 
were dried over 3- or 4-A molecular sieves. All other chemicals 
were used without further purification. Distilled water was 
deionized or deionized and redistilled. 
(Aminomethyl)-tert-butyldimethylsilane.HC1. Benzo- 

phenone N-methyliminel6 (2.198 g, 88.7 w t  %, 10.0 mmol) in 
tetrahydrofuran (10 mL) was added to a solution of 1.5 M n-BuLi 
(7.0 mL, 10.5 "01) and tetrahydrofuran (40 mL) at -78 O C  while 
stirring with a magnetic stirrer under a dry nitrogen atmosphere. 
The blackish-red solution was stirred for 1 h at -60 O C ,  and then 
the temperature was lowered again to -78 "C and tert-butyldi- 
methylchlorosilane (1.556 g, 10.0 mmol) in tetrahydrofuran (10 
mL) was added dropwise over several min. The reaction mixture 
was stirred under nitrogen and allowed to warm to room tem- 
perature overnight. The solution was cooled to 0 "C in an ice/ 
water bath, and ice-cold deionized water (160 mL) was added. 
The reaction mixture was extracted with diethyl ether (3 X 80 
mL), and the combined organic extracts were dried over anhydrous 
sodium carbonate. The solvent was removed by rotary evaporation 
in vacuo, yielding a yellowish oil. The oil was dissolved in diethyl 
ether (75 mL) and 95% ethanol (12.5 mL), and then oxalic acid 
dihydrate (0.693 g, 5.5 mmol) was added and the mixture was 
stirred overnight at room temperature. The fluffy white pre- 

known how this metabolite arises, but it appears to be the 
result of a [1,2] migration of the tert-butyl group from the 
silicon to the aminomethyl group. 

The metabolite with the longest retention time was 
identified as the 2,4-dinitrophenylhydrazone of formyl- 
tert-butyldimethylsilane by maw spectrometry and by 'H 
and 13C NMR spectroscopy. This suggested that it should 
be possible to  chemically synthesize this compound. Al- 
though there are no general routes to  formylsilanes, the 
synthesis of acylsilanes is well k n 0 ~ n . l ~  A standard route 
to acylsilanes is the mercuric ion and cadmium ion hy- 
drolysis of silyl-substituted dithianes.lOJ1 This route, 
followed by a 2,4dinitrophenylhydrazine quench, yielded 
none of the 2,4-dinitrophenylhydrazone of formyltri- 
methylsilane. However, when the corresponding tert-bu- 
tyldimethylsilyl-substituted dithiane was exposed to the 
mercuric and cadmium hydrolysis method, the 2,4-di- 
nitrophenylhydrazone of formyl-tert-butyldimethylsilane 
was obtained in a 2% yield. 

A new route to the synthesis of formylsilanes was sought 
so that sufficient product could be obtained to attempt to 
isolate i t  without ita trapping as a hydrazone derivative. 
It was thought that  the harshness of the dithiane hy- 
drolysis method may be responsible for the low yields. 
Consequently, acid hydrolysis of the corresponding acetals 
was investigated (Scheme 11). Transmetalation of (1,3- 
dioxolany1)tri-n-butylstannane with n-butyllithium and 
then silylation gave the ethylene glycol acetal of the desired 
formylsilanes (the diethyl acetal derivatives were too 
unstable to isolate). Mild acid treatment (0.16% HCl in 
2:l acetone-water) resulted in hydrolysis of the acetal; 
however, the formylsilane could not be isolated. When the 
ethylene glycol acetal of formyl-tert-butyldimethylsilane 
was treated with acidic 2,4dinitrophenylhydrazine directly, 
a 70% yield of the 2,4-dinitrophenylhydrazone of for- 
myl-tert-butyldimethylsilane was isolated. This product 
was identical in all respects to the compound isolated from 
the MAO-catalyzed oxidation of (aminomethy1)tert-bu- 
tyldimethylsilane (by their 'H NMR (see Figure 2), 13C 
NMR, mass spectrum, and HPLC). Because these two 
processes, MAO-catalyzed oxidation of amines and acid 
hydrolysis of acetals, are well-known to produce aldehydes 
and the fact that 2,4dinitrophenylhydrazine is well-known 
to react with aldehydes to  give 2,4-dinitrophenyl- 
hydrazonea, i t  must be concluded that the product of both 
of these reactions is formyl-tert-butyldimethylsilane (which 
may exist in water primarily as the corresponding hydrate). 
The formylsilanes that are produced enzymatically and 
chemically are apparently stable to air and water because 
the 2,4-dinitrophenylhydrazine is not added for several 
hours after the formylsilanes are produced, but yet the 
2,4-dinitrophenylhydrazones still are obtained. 

Conclusions 
To date formylsilanes have been thought to be highly 

unstable species in air and water. In fact, there are no 
known water-stable formylsilanes, nor are there any re- 
ported hydrates, imines, or hydrazones of formylsilanes. 
The results of our studies provide the first evidence to 
suggest that  formation of these compounds under mild 
conditions (for example, enzymatic or mild acid hydrolysis 
of acetals) can lead to the isolation and synthetic utilization 
of these compounds, suggesting that possibly these here- 
tofore presumed highly unstable species may not be so 
unstable: Although we have been unable to isolate the free 
formylsilanes, reaction of the products with 2,4-dinitro- 

(14) Ricci, A.; Degl'Innocenti, A. Synthesis 1989, 647-660. 

(15) Shriner, R. L.; Fuson, R. C.; Curtin, D. Y.; Morrill, T. C .  The 
Systematic Identification of Organic Compounds, 6th ed.; John Wiley 
& Sons: New York, 1980; p 162. 

(16) Hauser, C. R.; Lednicer, D. J. Org. Chem. 1959, 24, 46-49. 



Formylsilanes 

cipitate produced was filtered from the greenish supernatant, 
washed with anhydrous diethyl ether, and allowed to dry. The 
white solid (1.06 g, 61% yield) was dissolved in a solution of 
saturated potassium carbonate (10 mL) and deionized water (10 
mL) and extracted with diethyl ether (3 X 25 mL). The combined 
organic extracts were extracted with 1.0 N HCl (3 X 250 mL), 
and then the combined aqueous layers were rotary evaporated 
in vacuo to dryneaa, yielding a white d i d ,  which was recrystatlized 
from absolute ethanol/anhydrous diethyl ether: mp 255-256 OC; 

(lH decoupled, DzO) 6.39, 16.83, 26.93, 27.07. Anal. Calcd for 
C7HmCLNSk C, 46.25; H, 11.09, N, 7.71; Si, 15.45; Found C, 46.48; 
H, 11.37; N, 7.74; Si, 15.27. 

[ l-'H]Benzophenone N-( ( te r t  -Butyldimethylsilyl)- 
methy1)iinine. (Aminomenyl)-tert-butyl~ethylsilaneH~ was 
converted to the free amine by basification with aqueous sodium 
hydroxide followed by extraction with diethyl ether, drying over 
anhydrous magnesium sulfate, and removal of ether by dietillation 
through a column of glass helices. Triethylaluminum in hexanes 
(1.0 M, 16 mL, 16 mmol) was dissolved in dry benzene (16 mL) 
under an argon atmosphere. (Aminomethylltert-butyldi- 
methylsilane (2.26 g, 15.6 "01) in dry benzene (5 mL) was added 
at room temperature while the solution was stirred with a magnetic 
stirrer. The solution was refluxed for 0.5 h, and then benzo- 
phenone (1.95 g, 10.7 mmol) was added. After being allowed to 
reflux for an additional 1.75 h, the reaction mixture was cooled, 
and absolute ethanol (2.5 mL) was added. The reaction mixture 
was poured into an aqueous d u m  tartrate solution (50 mL, 10% 
w/v) and extracted with dichloromethane (50 mL). The organic 
layer was dried (MgS04), and the solvent was removed by rotary 
evaporation in vacuo to yield a clear, slightly yellowish oil (1.95 
g, 59% yield). Slight contamination of the benzophefione N- 
((tert-butyldimethylsily1)methyl)imine by benzophenone was 
indicated by NMR and TLC: NMR (CDCld 6 0.10 (s,6 H), 1.00 
(s,9 H), 3.45 (s,2 H), 7.20-8.05 (m, 12 H); TLC gave two spots 
after visualization by UV and ninhydrin (a20 hexane/ethyl 
acetate, Rf = 0.37 and Rf = 0.54; benzophenone standard Rr = 
0.37). To anhydrous tetrahydrofuran (25 mL) under argon at -78 
OC was added 2.5 M a-BuLi in pentane (2.4 mL, 6.0 mmol). 
Benzophenone N-((tert-butyldimethy~ilyl)methyl)imine (89.4 wt 
%, 1.80 g, 5.82 mmol) in tetrahydrofuran (3 mL) was added 
dropwise while being stirred with a magnetic stirrer. The deep 
red anion was dowed to stir for 1 h at -78 'C, and then [sH]water 
(100 &, 5 Ci/mL, 5.6 "01) in tetrahydrofuran (2 mL) was added 
quickly with stirring. The solution was allowed to stir at room 
temperature for a. 15 min and then was quenched with cold water 
(25 mL). The reaction mixture was extracted with diethyl ether 
(3 X 50 mL), and the combined organic layers were washed with 
water (2 X 50 mL) and dried (MgSOJ. Organic solvents were 
removed by rotary evaporation in vacuo to yield a clear, yellow 
oil. 

[ l-'H] (Aminomet hy1)- tert -but yldimet hylsilaneHC1. The 
oily residue of [1-3H] benzophenone N-((tert-butyldimethyl). 
methy1)imine was dissolved in 95% ethanol (7.3 mL) and an- 
hydrous diethyl ether (43 mL). Oxalic acid dihydrate (0.7572 g, 
6.0 mmol) was added, and a flocculent white precipitate was 
observed after ca. 10 min. The solution was stirred overnight at 
room temperature. Solvent was removed by rotary evaporation 
in vacuo to yield a solid which was triturated with anhydrous 
diethyl ether (20 mL). The solid was neutralized with aqueous 
sodium hydroxide and extracted with diethyl ether (3 X 50 mL). 
The combined organic extracts were washed with water (25 mL) 
and then extracted with 3 N HCl(3 X 20 mL). The solvent was 
removed to yield a white solid which was recrystallized from 
absolute ethanol/anhydrous diethyl ether to a constant specific 
activity, 2.08 X lo7 dpm/@mol. TLC showed one spot after 
visualization (12:5:3 n-butanol/water/acetic acid, Rr = 0.65) 
corresponding to the (aminomethyl)-tert-butyldimethylsilaneHC1 
standard. The radiopurity was determined to be 99.8% by TLC. 

"01) of 1,3-dithiane in 24 mL of dry tetrahydrofuran at -25 "C 
was added dropwise 4 mL (10 "01) of 2.5 M n-butyllithium in 
hexane. After 1.5 h the suspension was warmed to 0 OC, and 1.51 
g (10 mmol) of tert-butyldimethylchlorosilane in 15 mL tetra- 
hydrofuran was added over 20 min. The resulting cloudy yellow 
solution was maintained at 0 OC for 3 h, and then the suspension 

'H NMR (D20) 6 0.06 (~,6 H), 0.81 (8.9 H), 2.37 (8,2 H); '3C NMR 

24 tert-B~tyldimethyl~ilyl)-l,3-dithhe (1). TO 1.14 g (9.5 
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was worked up with 2% HC1 and extracted with diethyl ether. 
The combined organic layers were dried and distilled to give an 
oil (1,1.87 g, 85%): bp 124 "C (5 " H g ) ;  'H NMR (CDCld 0.05 
(8,  6 H), 0.92 (s,9 H), 1.97 (m, 2 H), 2.65 (dd, 2 H), 2.85 (dd, 2 
HI, 3.75 (8, 1 HI; HRMS m/z calcd for Cl&&&Si (M+) 234.0932, 
found 234.0933. Anal. Calcd for Cl,,HZZS2Si: C, 51.28; H, 9.40. 
Found: C, 50.94; H, 9.48. 

Hydrolysis of 2-(tsrt-Butyldimethylsilyl)-1,3-dithiane (1) 
and Reaction of the Product with 2,4-Dinitrophenyl- 
hydrazine. A solution of 2-(tert-butyldimethy~ilyl)-l,3-di~e 
(1,0.351 g, 1.5 mmol) in 12.5 mL of acetone and 5 mL of tetra- 
hydrofuran was added to a mixture of cadmium carbonate (2.95 
g, 17.5 "01) suspended in a solution of mercuric chloride (2.03 
g, 7.5 mmol) in acetate (7.5 mL) and water (0.62 mL, 34 mmol) 
under nitrogen at room temperature. After 1 h the solvents were 
removed from the viscous suspension in vacuo, the resulting white 
solid was washed thoroughly with chloroform, and then 800 pL 
of 2,4dinitrophenylhydrahe reagent was added. The solution 
was allowed to react overnight, was washed with water, and was 
evaporated to dryness. After being redissolved in acetonitrile the 
sample was purified by preparative reversed-phase HPLC (as 
described below) and preparative normal-phase HPLC (3% ethyl 
acetate in hexane, 1.4 mL/min, monitoring at 254 nm) which gave 
9 mg (2%) of the 2,4-dinitrophenylhydrazone of formyl-tert-bu- 
tyldimethylsilane (2). See 2,4-Dinitrophenylhydrazone of 
Formyl-tert -butyldimethylsilane (below) for the characteri- 
zation of this compound. 

(1,3-Dioxolan-2-y1)- tert-butyldimethylsilane (4a). A so- 
lution of (1,3-dioxolan-2-yl)tri-n-butylstannane12 (3, 363 mg, l 
mmol) in 5 mL of THF was cooled to -78 OC, and n-butyllithium 
(0.63 mL of a 1.6 M hexanes solution, 1.0 mmol) was added 
dropwise. After being stirred for 20 min at -78 OC HMPA (1.0 
mL) and a solution of tert-butyldimethylchlorosilane (150.5 mg, 
1 mmol) in 0.5 mL of THF was added dropwise. The mixture 
was stirred at -78 OC for 20 h and at -60 OC for an additional 2 
h and then was allowed to warm to ambient temperature over- 
night. The mixture was poured into 20 mL of 100 mM potassium 
phosphate buffer, pH 7.0, and extracted with three 2omL portions 
of ether. The extracts were combined and dried over sodium 
sulfate and then filtered and concentrated. The crude product 
was obtained by Kugelrohr distillation (70 OC (3 mmHg)) and 
purified further by flash chromatography on silica gel using 
hexanes and then 10% ethyl acetate in hexanes as eluant (Rf = 
0.45 using 10% ethyl acetate in hexanes). The product (4a) was 
obtained as a colorless oil (150 mg, 80%): 'H NMR (CDC13) 6 
0.05 (8,  6 H), 0.95 (8, 9 H), 3.45 (t, 2 H), 3.78 (t, 2 H), 5.1 (8, 1 
H); HRMS (M - 1) calcd for C&I190&3i 187.1154, found 187.1185. 
Anal. Calcd for C&I1902Si: C, 57.45; H, 10.64; Si, 14.89. Found 
C, 58.46; H, 10.94; Si, 14.63. 
2,4-Dinitrophenylhydrazone of Formyl-tert-butyldi- 

methylsilane (2a). To a solution of (l,&dioxolan-2-yl)-tert- 
butyldimethylsilane (4a, 19 mg, 0.1 mmol) in ethanol was added 
2,4dinitmphenylhydrazine reagent dropwise, and the stirring was 
continued at 0 OC overnight. The reaction mixture was extracted 
with three 20-mL portions of chloroform, and the extracts were 
combined, dried over magnesium sulfate, filtered, and concen- 
trated. Purification by flash chromatography on silica gel using 
10% ethyl acetate in hexanes as eluant gave 22 mg (70% yield) 
of the 2,4-dinitrophenylhydrazone of formyl-tert-butyldi- 
methylsilane (2a) as orange-red crystals: mp 13S140 OC; 'H NMR 

8.20 (dd, 1 H), 8.98 (d, 1 H), 10.96 (8, 1 H); 13C NMR (101 MHz 
decoupled, CDC1,) 6 -6.91, 16.54, 26.10, 116.77, 123.05, 128.62, 
129.65, 137.87, 144.52, 158.49; MS (EI, 70 eV) m/z  (relative in- 
tensity) 324 (M+, 33), 240 (66), 194 (15), 183 (15), 167 (6), 142 (15), 
115 (441, 75 (63), 73 (loo), 59 (181, 57 (7); HRMS calcd for C13- 
H&J404Si (M+) 324.1254, found 324.1248. Anal. Calcd for 
Cl3HmN4O4Si: C, 48.15; H, 6.17; N, 17.28. Found C, 48.06; H, 
6.03; N, 17.01. 

This product comigrated by reversed-phase HPLC (60% 
acetonitrile in water, 0.56 mL/min, monitoring at 254 nm) with 
the 2,4-dinitrophenylhydrazone obtained from the monoamine 
oxidase B-catalyzed metabolism of (aminomethyl)-tert-butyldi- 
methylsilane. 
(1,3-Dioxolan-2-yl)trimethylsilane (4b) and Its 2,4-Di- 

nitrophenylhydrazone 2b. (1,3-Dioxolan-2-yl)trimethylsilane 

(CDC13) 6 0.10 (8,6 H), 0.87 (8,9 H), 7.73 (8,  1 H), 7.90 (d, 1 H), 
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(4b) was prepared by the Bame procedure described above for the 
preparation of (1,3-dioxolan-2-yl)-tert-butyldimethyhilane (4a). 
The crude product, obtained by Kugelrohr distillation (60 OC (5 
mmHg)) could not be purified further by flash chromatography 
on silica gel because of its instability: crude yield 37%; 'H NMR 

HRMS (M - 1) calcd for C6H13Si02 145.0694, found 145.0713. 
The 2,4dinitrophenylhydrmne of formyltrimethyleie (2b) 

was obtained in a 46% yield as described above for formyl- 
tert-butyldimethylsilane: mp 141-142 "C; 'H NMR (CDClJ 6 
0.23 (8, 9 H), 7.58 (8, 1 H), 7.94 (d, 1 H), 8.31 (dd, 1 H), 9.05 (d, 

128.82, 129.78, 138.09, 144.69, 159.91; HRMS calcd for Cl&?- 
N404Si 282.0784, found 282.0785. Anal. Calcd for Cl&14N404Sc 
C, 42.55; H, 4.97; N, 19.86. Found C, 42.26; H, 4.91; N, 19.73. 

Hydrolysis of (1,3-Dioxolan-2-yl)silanes. Hydrolysis of 
(1,3-dioxolan-2-yl)-tert-butyldimethylsilane (4a) and the corre- 
sponding -trimethyhilane (4b) was carried out at 25 OC in one 
part of 0.5% DC1 in D20 and two parts of acetone-d6 in an NMR 
tube. The rates of hydrolysis were determined by following the 
decrease in the area of the C-4 and C-5 dioxolane protons and 
the increase in the area of the four ethylene glycol protons with 
time. The hydrolysis of (l,3-dioxolan-2-yl)-tert-butyldimethyl- 
silane also was examined in one part 30% sulfuric acid in water 
and two parts ethanol at 0 OC. After 70 and 300 min 2,4-di- 
nitrophenylhydrazine reagent was added, and the solutions were 
allowed to stand at 0 OC overnight. The 2,4-dinitrophenyl- 
hydrazone of formyl-tert-butyldimethylsilane was isolated in 75% 
and 50% yield, respectively. 

Enzymes and Assays. Bovine liver MA0 B was isolated 
according to the published method." MA0 activity was assayed 
by the method Tabor et al.18 The percentage of active enzyme 
was determined by inactivation with ["C]- or [l-3H]pargyline.1g 
Protein assays were done with either Pierce BCA protein assay 
reagent or Pierce Cmmaseie protein assay reagent using bovine 
serum albumin for standard curves. All buffers and enzyme 
solutions were prepared with doubly distilled deionized water. 

Formation of Tritiated Aldehydes During Inactivation 
of MA0 by [ 1 -aH] (Aminomet hyl)-tert -but yldimet hylsilane. 
MA0 (100 pM, 25 KL) was incubated with 53 mM [1-3H](ami- 
nomethyl) tert-butyldimethylsilaneHC1 in 200 mM Tris-HC1 

(CDCl3) 6 0.06 ( ~ , 9  H), 3.72 (t, 2 H), 3.88 (t, 2 H), 4.42 (8, 1 H); 

1 H), 11.03 (8, 1 H); 13C NMR (CDC13) 6 -2.439, 116.87, 123.24, 

(17) Salach, J. I. Arch. Biochem. Biophys. 1979,192,321-327. 
(18) Tabor, C. W.; Tabor, H.; Rosenthal, 5. M. J. Biol. Chem. 1964, 

208. 645-661. ~ ~, ~~. . . ~  

(19) Chuang, H. Y. K.; Patek, D. R.; Hellerman, L. J. Biol. Chem. 
1974,249, 2381-2384. 

buffer pH 9.0 (475 1L) at 25 OC. A control without inactivator 
was run simultaneously at onefifth the scale. The enzyme was 
assayed after 4 h and was found to be completely inactive. 2,4- 
Dinitrophenylhydrazine reagent (200 KL) was added directly to 
the inactivated enzyme and to a nonenzymatic control, and the 
solutions were allowed to react overnight at room temperature. 
Water (3 mL) was added to the solutions which were extracted 
with chloroform (2 X 5 mL). The combined organic extracts were 
washed with water (2 X 5 mL) and evaporated. Samples were 
redissolved in acetonitrile and analyzed using analytical re- 
versed-phase HPLC (6040 acetonitrile/water 0.25 mL/min; 
FLO-SCINT I1 scintillation fluid 0.75 mL/min) monitoring the 
UV absorbance at 360 nm. 

-Scab Formation of Aldehydes During Inactivation 
of MA0 by (Aminomethyl)-tert-butyldimethylsilane. The 
procedure for the preparation of tritiated aldehydes during 
inactivation of MA0 by [1-3H] (aminomethyl)-tert-butyldi- 
methyhilane and the subsequent reaction with 2,4-dinitro- 
phenylhydrazine was followed exactly except that (amino- 
methyl)-tert-butyldimethylsilane was substituted for [ 1-3H]- 
(aminomethyl)-tert-butyldimethylsilane. Preparative reversed- 
phase HPLC (6040 acetonitrile/water for 10 min then 100% 
acetonitrile with a linear gradient for 2 min at 1.4 mL/min) was 
used to separate compounds in unknown peaks for mass spectral 
analysis. The product obtained in the peak corresponding to the 
2,4dinitrophenylhydrrazone of formyl-tert-butyldimethyhilane 
had a 'H NMR spectrum (Figure 2), a '% NMR spectrum (data 
not shown), and m888 spectrum (data not shown) the same aa thoee 
for the synthetic compound. HRMS (ED calcd for C13H&J404Si 
324.1254, found 324.1269. 

Acknowledgment. We are grateful to the National 
Institutes of Health (GM 32634) for financial support of 
this research and to Profeasor Paul Knochel for suggesting 
the use of (1,3-dioxolan-2-yl)silanes as possible interme- 
diates in the synthesis of formylailanes. 

Registry NO. 1,95452-06-5; 2a, 14337CL61-0; 2b, 143370-69-8; 
3,11841821-6; 4a, 143370-62-1; 4b, 14337048-7; MAO, 9001-66-5; 
benzophenone N-methylimine, 13280-16-5; (tert-butyldi- 
methyl)chlorosilane, 18162-48-6; (aminomethyl)-tert-butyldi- 
methylsilaneHC1, 143370-63-2; (aminomethyl)-tert-butyldi- 
methyhilane, 143370-64-3; benzophenone, 119-61-9; benzophenone 
N-((tert-butyldimethylsilyl)methyl)imine, 143370-65-4; [ 1-3H]- 
benzophenone N-((tert-butyldimethylsilyl)methyl)imine, 
143370-66-5; [ 1-3H] (aminomethyl)-tert-butyldimethyhilaneHC1, 
143370-67-6; l,&dithiane, 505-23-7. 

An Improved Synthesis of Naphthoate Precursors to Olivin 

William R. Roush* and Megan Murphy 
Department of Chemistry, Indiana University, Bloomington, Indiana 47405 

Received July 7, 1992 

An improved synthesis of olivin synthetic intermediate 3 is described. The synthesis involves the Horner- 
Wadsworth-Emmons coupling of 14 and 16, the diastereoselective vinylcuprate addition to enone 20, and the 
condensation of isocoumarin 25 and methyl acetate. A parallel sequence starting from allyl ether 26 has provided 
naphthoate 35 that is suitably differentiated for glycosylation studies. 

Olivomycin A and other clinically active members of the 
aureolic acid family of anticancer agents are challenging 
synthetic targets.ls2 These compounds are inhibitors of 

(1) (a) Remere, W. A. The Chemistry of Antitumor Antibiotics; Wi- 
ley-Interscience: New York, 1979; Chapter 3. (b) Skarbek, J. D.; Speedie, 
M. K. In Antitumor Compounds of Natural Origin: Chemistry and 
Biochemistry, Aszalos, A., Ed.; CRC Press: Boca Raton, FL, 1981; 
Chapter 5. (c) Pettit, G. R. Biosynthetic Products for Cancer Chemo- 
therapy; Plenum Press: New York, 1977; Vol. 1, p 143. 
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DNA-dependent RNA polymerase, and a recent report 
suggests that they inhibit transcription of the c-myc pro- 
toon~ogene.~ Available structure-activity data indicate 
that the two oligosaccharide chains are essential for bio- 

(2) For a review of synthetic efforta through 1987, me: Franck, R. W.; 
Weinreb, S. M. In Studies in Natural Product Chemistry; *an, A. 
U., Ed.; Elsevier: Amsterdam, 1989; pp 173-208. 

(3) Snyder, R. C.; Ray, R, Blume, 5.; Miller, D. M. Biochemistry 1991, 
30,4290. 
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