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(4). The earlier correlation for series 3 was given by eq 
4. 

~ ( 3 ) , , , ~ ~ ~ ~  = 27.28 + 0 . 6 1 ~ ~  + 2.36uR+ X lo3 cm-' (4) 

Values of umax for the lowest energy bands of 4 are also 

Y I 5 -  

SPh SPh SPh 

NO2 NO2 

4 4a 4b 

assembled in Table I. The data are those of Porto and 
co-workers3 and are for spectra in methanol. As with series 
2, the result for X = CF3 is out of line and is excluded from 
the correlations. The regression equation with uR- and the 
dsp equation with uI and uR- are given by eq 5a,b. I t  is 

(27.21 f 0.04) - (2.39 f 0.09)UR- x io3 cm-l (Sa) 
Y (  4) maxMeOH = 

n = 8, r = 0.9953, sd = 0.068s 

~ ( 4 ) , ~ , ~ ~ ~ ~  = (27.20 f 0.05) - (0.03 f 0.13)Or - 
(2.39 f O.lO)aR- x lo3 Cm-' (5b) 

n = 8, r = 0.9954, sd = 0.074s 

seen that, as before, the term in uI is statistically insig- 
nificant, and we conclude that inductive electronic effects 
in series 4 are even less important than in series 2. Indeed, 
the correlation equations for the 4- and 5-substituted 2- 
nitrodiphenyl sulfides, eq 4 and 5a, bear similar relation- 
ships to one another as was observed with the 4- and 5- 
substituted 2-nitroanilines, i.e., similar coefficients of uR+ 
in eq 4 and uR- in eq 5 and a greater dependence on in- 
ductive effects of 4-substituents than 5-substituents. 

We again rationalize the substituent effects, as did Porto 
et al.,3 by contributions to the electronic excited states by 
meta-quinoidal structures like 4b, wherein negative charge 
is delocalized from the nitro oxygens to A-acceptor sub- 
stituents in the 5-position. I t  is noteworthy that, although 
the total electronic excited states have significantly dif- 
ferent energies, as evidenced by the different Y,, values 
for the parent compounds, the similar coefficients of uR- 
in eq 2a,b and 5a suggest that the contributions of the 
meta-bridged structures 2b and 4b to those excited states 
are similar (which is to us an unexpected result). 

15N NMR Spectra of 5-X-2-Nitroaniline Derivatives. 
We have also determined the one-bond 15N-H coupling 
constants and amine nitrogen chemical shifts 8(15N) of 
some derivatives of 2 in Me2SO-d6. Results are as follows 
(6 values upfield from HCONHz external standard): 

5-subst 'J("NH), Hz 6(15N) 
M e 0  92.2 -32.0 
Me 92.8 -34.6 
H 92.2 -34.6 
COCH, 91.4 -33.0 
CF, 92.1 -31.5 
N Od2 91.3 -29.8 

The very similar coupling constants indicate that hybrid- 
ization is very near sp2, irrespective of whether the 5- 
substituent is a A acceptor or a A donor (just as was the 
case with the 4-X-2-nitroaniline~).~~~ The best correlation 
of the d(15N) values is given by eq 6. 

(9) Axenrod, T.; Pregosin, P. S.; Wieder, M. J.; Becker, E. D.; Bradley, 
R. B.; Milne, G. W. A. J .  Am.  Chem. SOC. 1971,93, 6536. 
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6 ( 1 5 ~ ( 2 ) )  = 
(-34.63 f 0.14) + (7.46 f 0.38)~I - (1.51 f 0.43)~Ro (6) 

n = 6, r = 0.9962, sd = 0.210 

It  is evident that the NMR results follow a predomi- 
nantly inductive progression with only a minor mesomeric 
contribution, which is not unexpected, as here we are 
dealing with ground-state phenomenology, whereas with 
the UV/visible spectra we were dealing with predomi- 
nantly electronic excited-state phenomenology. As before,l 
we encounter here a situation where a ground-state prop- 
erty of a given indicator is best correlated by one set of 
substituent parameters, while an excited-state property 
is best correlated by another set. We will discuss these 
results further in a future paper dealing with 15N NMR 
spectra of 4-substituted 2-nitroaniline derivatives. 
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Extracts of various Gramineae contain hydroxamic acids 
such 2,4-dihydroxy-7-methoxy-l,4-benzoxazin-3-one 
(DIMBOA), which are involved in the resistance of the 
plants to pests and pathogens.'l2 It  was suggested that 
the toxicity of DIMBOA is partly due to reactions of its 
open-chain isomer, N-(2-hydroxy-4-methoxyphenyl)gly- 
oxylohydroxamic acid (l).3*4 On the basis of rate and 
product ~ t u d i e s , ~ - ~  this intermediate has been invoked in 
the decomposition reaction of DIMBOA. Since 1 has 
electroactive groups different from those of DIMBOA, we 
attempted its quantitation by polarographic reduction of 

(1) Willard, J. I.; Penner, D. Residue Rev. 1976,64, 67. 
(2) Argandoiia, V. H.; Corcuera, L. J.; Niemeyer, H. M.; Campbell, B. 

C. Entomol. Exp.  Appl. 1983, 34, 134 and references therein. 
(3) Queirolo, C. B.; Andreo, C. S.; Niemeyer, H. M.; Corcuera, L. J. 

Phytochemistry 1983,22, 2455. 
(4) Niemeyer, H. M.; Corcuera, L. J.; PBrez, F. J. Phytochemistry 1982, 

9, 2287. 
(5) Brendenberg, J. B.; Honkanen, E.; Virtanen, A. I. Acta Chem. 

Scand. 1962,16, 135. 
(6) Smissman, E. E.; Corbett, M. D.; Jenny, N. A.; Kristiansen, 0. J .  
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solutions of DIMBOA. We describe herein the quantita- 
tion of 1 in aprotic solvents and discuss its reactivity and 
the mechanism of decomposition of DIMBOA. 

Experimental Section 
DIMBOA was isolated as describeds from ethereal extracts of 

6-day old seedlings of Zea mays L. cv "129s grown in a greenhouse 
at 25 h 5 "C. Phenylglyoxal monohydrate (Aldrich) was used 
without further purification. Solvents were purified and dried 
by described methodsg and were stored under nitrogen. 

Polarograms were taken with a PAR Model 174A polarograph 
on DIMBOA solutions thermostated at 28 "C. The cell, designed 
for measurements under inert atmosphere, contained a dropping 
mercury electrode (DME) as working electrode, a platinum 
auxiliary electrode, and a standard calomel electrode (SCE) as 
reference electrode. Dry argon was bubbled through the solutions 
for 10 min before each experiment. Runs were carried out with 
the solvents in the absence of DIMBOA to test for oxygen leaks. 
No leaks were detected even after successive potential scans for 
more than 5 h. The supporting electrolyte was 0.1 M tetra- 
ethylammonium perchlorate. 

Synthesis of N-Phenyl-ap-dichloroacetohydroxamic Acid. 
To a solution of 0.035 mol of freshly prepared phenylhydroxyl- 
amine in 45 mL of anhydrous diisopropyl ether was added an 
excess of sodium bicarbonate. To this suspension was added, 
under constant stirring, 0.018 mol of dichloroacetyl chloride 
dissolved in 5 mL of diisopropyl ether, with the temperature kept 
between 0 and 5 "C. After 30 min the mixture was filtered and 
the filtrate concentrated to turbidity. Petroleum ether was added 
to complete precipitation. The residue was filtered and recrys- 
tallized from benzene-petroleum ether (yield, 93%): mp (un- 
corrected) 91 "C; UV A-mH 263 nm; IR vmmr (cm-') 3200,1635; 
EIMS (probe, 70 eV), m/z (relative intensity) 220 (5, [MI+), 136 

CD3COCD3) 6 7.1 (1 H, s, CHCl,), 7.2-7.9 (5 H, m, Ar); positive 
FeC1, test. Anal. Calcd for CsH7N02C12: C, 43.67; H, 3.21; C1, 
32.22. Found: C, 43.89; H, 2.97; C1, 32.61. 

Synthesis of N-Phenylglyoxylohydroxamic Acid Mono- 
hydrate (PGH). This compound was obtained by hydrolysis of 
N-phenyl-a,a-dichloroacetohydroxamic acid in 1.5 N NaOH at 
room temperature for 2 h. The resulting solution was extracted 
with diethyl ether and then acidified to pH 3 with concentrated 
HCl. The acidified aqueous solution was extracted with diethyl 
ether. The organic phase was dried with Na2S04 and evaporated 
under vacuum. The orange oil left was treated with benzene, upon 
which white crystals were obtained. These crystals were further 
washed with benzene. The yield was less than 10%: mp (un- 
corrected) 155-157 "C; UV XmluEtoH 253 nm, hrnluH2O 244 nm ( e  
14 800); IR (cm-') 3360,1665; EIMS (probe, 70 eV), m/z  
(relative intensity) 183 (31, [MI+), 165 (100, [M - H,O]+), 136 (50, 

(32, [M - CHCl,]+), 108 (100, [136 - CO]'); 'NMR (60 MHz, 

(8) Argandofia, V. H.; Niemeyer, H. M.: Corcuera, L. J. Phytochem- 
istry 198i, 20, 673. 

berger, A., Ed.; Wiley-Interscience: New York, 1970; Vol. 2. 
(9) Riddick, J.; Bunger, W. B. In Techniques of Chemistry, Weiss- 
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Figure 1. Variation of the limiting current with the concentration 
of DIMBOA for the reduction waves A (a) and B (b) in di- 
methylformamide. 

Table I. Half-Wave Potentials for the Polarographic 
Reduction of DIMBOA and Model Compounds 

compd" solvent wave A wave B 
-Ei\p/V VS. SCE 

DIMBOA dimethylformamide 0.63 1.72 
dimethyl sulfoxide 0.62 1.95 
pyridine 0.65 1.73 

PG dimethylformamide 0.62 0.95 
PGH dimethylformamide 0.66 2.06 

(I Concentrations employed were: DIMBOA = 1.1 X M; PG 
= 1.1 x 10-3 M; PGH = 1.4 x 10-3 M. 

[165 - CHO]+), 108 (32, [136 - CO]'); 'H NMR (60 MHz, 
CD3COCD3) b 6.9-7.9 (m, CH(OH)2 and Ar); positive FeC13 test. 
Anal. Calcd for C8H9N04: C, 52.46; H, 4.95. Found: C, 52.24; 
H, 5.17. 

Results 
Two reduction waves appeared in the polarographic 

reduction of solutions of DIMBOA in dimethylformamide. 
The limiting current for wave B was proportional to the 
square root of the height of the mercury reservoir, indi- 
cating diffusion control, and proportional to the concen- 
tration of DIMBOA (Figure lb). Wave A was detected 
at DIMBOA concentrations greater than those used to 
detect wave B. Its limiting current was independent of 
the height of the mercury head, indicating kinetic control. 
The limiting current of wave A was over 100 times smaller 
than that of wave B and increased linearly with DIMBOA 
concentration (Figure la). 

The polarographic behavior of solutions of DIMBOA in 
the other solvents employed was qualitatively similar. 

The reduction of two model compounds was also stud- 
ied: phenylgly sxal monohydrate (PG) and N-phenylgly- 
oxylohydroxamic acid monohydrate (PGH). These com- 
pounds share with DIMBOA the structural feature de- 
picted in 4. The polarograms of solutions of these com- 

pounds were similar to those of DIMBOA, showing a 
diffusion-controlled wave of type B and a wave with kinetic 
character of type A. These similarities suggest that elec- 
troactive groups are present in or are produced from the 
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Table  11. Thermodynamic  and Kinet ic  Cons tan ts  for the 
Decomposition of DIMBOA at 28 O C "  

solvent 104k,had,b min-' 10% k, ,  min-' 
dimethylformamide 1.72 2.1 0.082 

pyridine 0.52 0.27 0.194 

nSee eq 1 in the text. bExtrapoled to 28 "C from Arrhenius 
plots with data  from ref 7 .  

partial structure 4. Half-wave potentials for the polaro- 
graphic waves described are collected in Table I. 

dimethyl sulfoxide 0.81 0.73 0.111 

Discussion 
Identification of Species Being Reduced. The po- 

larographic reduction of DIMBOA solutions showed a 
kinetic wave A and a diffusional wave B. The half-wave 
potential of wave B was similar to that for the corre- 
sponding wave in PGH and fell within the range observed 
for the reduction of the hydroxamic acid moiety.1° Hence, 
wave B may be attributed to the hydroxamic function in 
DIMBOA. 

Waves showing kinetic control, such as wave A, have 
been reported in the polarographic reduction of sugars11-14 
and aldose oximes15 and have been attributed to hemi- 
acetal opening prior to electron transfer. On the other 
hand, similar waves have been reported in the polaro- 
graphic reduction of PG16 and of other  aldehyde^,'^ in 
aqueous solutions. They have been attributed to a dehy- 
dration process formally similar to hemiacetal opening (PG 
to 2). The waves of type A observed in the polarographic 
reduction of solutions of DIMBOA, PG, and PGH in non- 
aqueous solvents may thus be identified with compounds 
1, 2, and 3, respectively. 

Determination of Equilibrium Constant DIMBOA 
+ 1. At sufficiently high concentrations of DIMBOA, 
small amounts of 1 could be detected directly. If the 
diffusion coefficients of cyclic and open-chain species, 
DIMBOA, and 1 are assumed to be equal, the equilibrium 
constants for hemiacetal opening can be determined as the 
ratio of the slopes of lines such as those shown in Figure 
1 for dimethylformamide as solvent. Table I1 collects the 
values of such equilibrium constants in various solvents. 

Studies of the hydroxyl stretching frequencies of DIM- 
BOA in aprotic solvents have shown that the solvents 
interact with DIMBOA by sharing electron pairs with the 
hydroxyl groups a t  positions 2 and 4.7 One of these in- 
teractions is expected to be absent in compound 1 since 
in it a strong intramolecular hydrogen bond would be 
formed ( 5 ) .  Hence, these solvents are expected to pref- 
erentially stabilize DIMBOA over compound 1. This 

(10) Eisner, V.; Kirowa-Eisner, E. In Encyclopedia of Electrochem- 
istry of the Elements: Bard, A. J., Ed.; Marcel Dekker: New York, 1979; 
Vol. 13, p 219. 

(11) Ikeda, T.; Senda, M. Bull. Chem. SOC. Jpn.  1973, 46, 2107. 
(12) Bhanduri, M.; Chowdhury, F. H.; Fouzder, N. B. J.  Indian Chem. 

Soc. 1975, 52, 1141. 
(13) Chowdhury, F. H.; Foudzer, N. B.; Tarafdar, S. A. J .  Indian 

Chem. SOC. 1975,52, 1139. 
(14) Delahay, P.; Strassner, J. E. J .  Am.  Chem. SOC. 1952, 74, 893. 
(15) Haas, J. W.; Storey, J. D.; Lynch, C. C. Anal. Chem. 1962,34,145. 
(16) Rodriguez-Mellado, J. M.; Camacho, L.; Ruiz, J. J. J .  Electroanul. 

(17) Hey-rovsky, J.; Kuta, J. Principles of Polarography; Czechoslovak 
Chem. Interfacial Electrochem. 1984, 177, 39, 51. 

Academy of Sciences: Prague, 1965. 
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Figure 2. Effect of solvent donor number on the equilibrium 
constant for the process DIMBOA + 1 (0) and on t h e  rate 
constant of formation of isocyanate 6 (Scheme I) (0). Solvents 
employed were dimethylformamide (l), dimethyl sulfoxide (2), 
and pyridine (3). 

Scheme I 

MBOA 

consideration is indeed reflected in the linear solvent en- 
ergy relationship obtained with log K by using the donor 
number of the solvent, a measure of its ability to donate 
an electron pair (Figure 2).18 

Mechanism of Decomposition of DIMBOA. DIM- 
BOA decomposes to give 6-methoxybenzoxazolin-2-one 
(MBOA) as the main product both in p r o t i ~ ~ , ~ J ~  and 
aprotic7 solvents. The comparable effects of basicity of 
aqueous solutions and donor ability of aprotic solvents on 
decomposition rate5,20 and yield of MBOAlg suggest that 
similar mechanisms are operating in both types of solvents. 
Evidence presented for the decomposition of DIMBOA in 
aprotic solvents gave support to the mechanism depicted 
in Scheme I? In solvents of low donor number (lower than 
ca. 23), the opening of the hemiacetal is the rate-limiting 
step.' In solvents of higher donor number, such as di- 
methylformamide, dimethyl sulfoxide, and pyridine, the 
rate-limiting step is the formation of isocyanate 6. Under 
these conditions, the experimental rate constant for de- 
composition is equal to the product of the equilibrium 
constant for hemiacetal opening times the first-order rate 
constant for the formation of 6 (eq 1). The values for K 

kobsd = K k 2  (1) 
determined in high donor number solvents allow the cal- 
culation of k, (Table 11). The logarithms of these values 
correlated linearly with solvent donor number (Figure 2). 
Since the proposed formation of isocyanate 6 requires the 
nucleophilic attack of the hydroxamic hydroxyl group on 
the aldehyde function in 1, the rate enhancement observed 
in solvents of high donor number may be taken as further 
evidence for the mechanism of Scheme I. 

(18) Gutmann, V. The Donor-Acceptor Approach to Molecular In- 
teractions; Plenum: New York, 1978. 

(19) Bravo, H. R.; Niemeyer, H. M. Heterocycles 1986,24, 335. 
(20) Niemeyer, H. M.; Bravo, H. R.; PeAa, G. F.; Corcuera, L. J. In 

Chemistry and Biology of Hydroxamic Acids; Kehl, H., Ed.; Karger AG: 
Basel, 1982; 22. 
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In recent years, the alkylsilyl groups have been widely 
used for the protection and analysis of alcohols and car- 
bonyl compounds.2 In many reported methods, the re- 
action was carried out in either acidic or basic media. In 
some cases, the preparation of the reagents was required 
and the reaction proceeded only under forcing conditions. 
Furthermore, GC analysis results are ambiguous due to 
the possibility of peak overlapping of the byproduct and 
the derivatized compounds. 

In the course of our study on a-amino nitrile synthesis? 
we have "found" that trimethylsilyl cyanide (Me,SiCN) 
reacts violently with methanol to generate hydrogen 
cyanide and methoxytrimethylsilane. To our surprise, this 
expected reaction has not been well documented in the 
literature. Only in two instances has this reaction been 

Stork et al. briefly described the simultaneous 
protection of a ketone and an alcohol on a prostaglandin 
chain using Me,SiCN. However, experimental details were 
not given.4 Me,SiCN was also employed for the prepara- 
tion of N-(trimethylsily1)diethylamine; however, prolonged 
heating was r e q ~ i r e d . ~  Since the exploitation of silyl 
cyanides for alcohol protection is so limited, we therefore 
investigated the reaction of Me,SiCN with a wide variety 
of proton changeable compounds such as alcohols, phenols, 
carboxylic acids, amines and thiols. Indeed, the reaction 
proceeded so fast that, within a few minutes, the products 
were readily isolated either by distillation or recrystalli- 
zation (Table I). The silylation took place very smoothly 

(1) 
neat 

RAH + Me3SiCN - RASiMe, + HCN 

A = 0, N, S, or COO 

a t  ambient temperature when Me,SiCN was added to the 
hydroxylic compounds (in a 1.2:l.O molar ratio). Yields 
are generally high, and the method provides an extremely 
mild and simple way of trimethylsilylation under neutral 
conditions. In addition, the reaction is applicable to ste- 
rically hindered alcohol as in the case of 2,6-diphenyl- 
phenol (entry 8, Table I). The silylation of amines and 
thiols proceeded somewhat slower, and heat was applied 
to accelerate the reactions. In most cases, the reactions 

(1) Presented in part a t  the National Meeting of the American 

(2) For a recent review and leading references, see: Lalonde, M.; Chan, 

(3) Mai, K.; Patil, G. Tetrahedron Lett. 1984,4583; Synth. Commun. 

(4) Stork, G.; Kraus, G. J. Am. Chem. SOC. 1976, 98, 6747. 
(5) Voronkow, M. G.; Keiko, N. A.; Kuznetsova, T. A.; Tsetline, E. 0. 

Chemical Society, Miami Beach, FL, April 28-May 3, 1985. 

T. H. Synthesis 1985, 9, 817. 

1984,14, 1244; Synth. Commun. 1985,15, 157. 

Zh. Obshch. Khim. 1978,48, 2138. 

were carried out by mixing the substrates with neat 
Me,SiCN, with the exception of sugars where a smell 
amount of DMF was used to solubilize the substrates. We 
also found that Me,SiCN is very unreactive toward amide, 
imide, urea, and carbamate even at elevated temperature. 
Therefore, this might provide an access to selective sily- 
lation. 

For comparative purposes, we carried out an experiment 
on the reactivity of various silylating reagents toward 
2,6-diphenylphenol. We chose this compound due to its 
relative resistance to silylation. The reactions were per- 
formed according to the literature methods and were 
monitored by TLC. The relative reactivities of several 
silylating agents toward 2,6-diphenylphenol were recorded 
as follows: bis(trimethylsilyl)acetamide6 > Me3SiCN > 
trimethylsilyl triflate' I bis(trimethylsilyl)sulfamidea > 
(Me3Si)2NH9 > (trimethylsilyl)-2-oxazolidinone10 > 
(Me3SiC1/Li2S" > Me3SiCl/base12 

To extend the scope of the above methodology, it was 
decided to prepare other silyl cyanides and to employ them 
in silylation. 

In general, silyl cyanides have been prepared from the 
corresponding silyl halides and silver cyanide. Satisfactory 
yields are usually obtained from iodide and bromide but 
not from the chloride. Anhydrous lithium cyanide has 
been reported to be an effective reagent for preparing 
Me3SiCN from Me3SiC1.13 We also found that lithium 
cyanide reacts readily with tert-butyldimethylsilyl chloride, 
triethylsilyl chloride, dimethylphenylsilyl chloride, di- 
methylsilyl dichloride, diethylsilyl chloride, and di- 
phenylsilyl dichloride to give fairly good yields of the 
corresponding cyanides (Table 11); whereas potassium 
cyanide, sodium cyanide, and silver cyanide gave very poor 
yield. The greater reactivity of lithium cyanide is not 
surprising in view of its solubility in many organic solvents 
and the high charge density of the lithium ion. The sub- 
sequent silylations were carried out under conditions sim- 
ilar to those employed in the trimethylsilylation. Reacting 
the above silyl cyanides with alcohols, phenols, and car- 
boxylic acids many silylated compounds were prepared in 
good yields (Table 111). The tert-butyldimethylsilylation 
of tertiary alcohol was, however, very sluggish. In fact, 
there is a preference of primary over secondary alcohol 
(entries 32,33, Table 111). Another aspect of the method 
is that the reaction is carried out under essentially neutral 
conditions and thus can serve as an ideal procedure for the 
preparation of silyl ethers of acid-and/or base-sensitive 
compounds. 

The preparation of C-silylated compounds by the re- 
action of Me3SiCN with an organometallic compound was 
carried out in an aprotic solvent (eq 2). As compared to 

RMet + Me3SiCN - RSiMe, + MetCN (2) 

classical methods where an equivalent of Me,SiCl was used 
to react with an alkylmetal over a prolonged period,14 this 

~~ ~ 

(6) Klebe, J. F.; Finbeiner, H.; White, D. M. J. Am. Chem. SOC. 1966, 

(7) Olah, G. A.; Husain, A.; Gupta, B. G. B.; Salem, G. F.; Narang, S. 

(8) Cooper, B. E.; Westall, S. J. Organomet. Chem. 1976, 118, 135. 
(9) Sweeley, C. C.; Bentley, R.; Makita, M.; Wells, W. W. J. Am. Chem. 

(10) Aizpurua, J.; Palomo, C.; Palomo, A. Can. J. Chem. 1984,62, 336. 
(11) Olah, G. A.; Gupta, B. G. B.; Narang, S. C.; Malhotra, R. J.  Org. 

(12) Torkelson, S.; Ainsworth, C. Synthesis 1977, 431. 
(13) (a) Evans, D. A.; Carroll, G. L.; Truesdale, L. K. J. Org. Chem. 

(14) For reviews, see: (a) Chan, T. H.; Fleming, I. Synthesis 1979,841. 

88, 3390. 

C. J. Og. Chem. 1981,46, 5212. 

SOC. 1963, 85, 2497. 

Chem. 1979,44,4272. 

1974, 39, 914. (b) Livinghouse, T. Org. Synth. 1981, 60, 126. 
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