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off, the filtrate was shaken with ice (ca 50 g) and extracted with 
chloroform. The extract was washed with cooled water, dried over 
anhydrous sodium sulfate, and then pawed through a short column 
of silica gel using chloroform as eluent. The eluate was evaporated 
under reduced pregsure to give the oxidation products (Table I). 

Only 6k was sensitive against silica gel and a large amount of 
6k was decomposed by column chromatography. Therefore, the 
reaction mixture which was obtained from the mixture of lk (600 
mg) and "N.3H2O (1.2 g) was treated as follows. To the reaction 
mixture diluted with chloroform was added 3% hydrochloric acid 
(5 mL), and the mixture was additionally stirred at 0 "C for 5-10 
min. The mixture was shaken with ice (ca. 50 g) and extracted 
with Chloroform. The extract was washed with icecooled 0.142% 
hydrochloric acid and water, dried, and then concentrated. The 
residue was crystallized from ether-hexane and the crystal (A) 
and mother liquor (B) were obtained. After A was washed with 
a small amount of water bellow material was removed), the 
crystals were treated with ether and the insoluble material was 
removed (lk was recovered, 40 mg) and recrystallized to give 6k 
(120 mg). The mother liquor B was chromatographed over a silica 
gel column using chloroform as eluent to give Sc (20 mg) from 
the second fraction. 

Method B. A cooled solution (-5 to -10 "C) of "TN (1.07 g, 
2.4 "01) in methanol (25 mL) was added with stirring to a cooled 
solution (-5 to -10 "C) of the acetophenone or chalcone (10) (2 
"01) in methanol (50 mL) and the mixture was allowed to stand 
with stirriig in an ice-salt bath. To the mixture was added a 
suspension of sodium hydrogen carbonate (0.8 g) in water (3-5 
mL), and the mixture was additionally stirred for 5-10 min in 
an i d t  bath. The separated precipitate was filtered off using 
a small amount of active carbon. The fdtrate was concentrated 
to 20-25 mL under reduced pressure, diluted with chloroform, 
shaken with ice (ca. 50 g), and then extracted with chloroform. 
The extract was washed with water, dried Over auhydrous sodium 
sulfate, and then concentrated under reduced pressure to give 
the quinone monoacetal (Table I). 

Hydrolysis of the Quinone Monoacetals 2c, 28,2d, and 11. 
To the solution of the quinone monoacetal (ca. 50 mg) in methanol 
(5-10 mL) was added 5% hydrochloric acid (0.24.5 mL), and 
the mixture was allowed to stand at room temperature until the 
startjng material disappeared (1-2 h) (in the case of the hydrolysis 
of 11, the crystal of 12 was separated). The mixture was diluted 
with water and the product separated was collected by filtration 
or extraction with ether to give the desired compound in good 
yield. Sc: mp 83-85 "C (from methanol); EIMS, 242 (M+). 
Mixture of Se and 6e (ratio, 5:l): oily material; EIMS, 272 (M+). 
Mixture of 8d and 9d (ratio, 31): mp 135-136 "C dec (from 
EtOAc-hexane) (reaction time, 4 h). 12: mp 138-140 "C (from 
methanol) (lit.2 mp 13*140 "C); EIMS, 360 (M'). 

Hydrolysis of 2c in Hzl%. To a solution of 2c in methanol 
(200 pL) containing H2'80 (50 pL) was added 10% hydrochloric 
acid (6 pL), and the mixture was allowed to stand at room tem- 
perature for 1.5 h. The mixture was diluted with water and the 
crystals separated were collected to give the hydrolyzed product. 
EIMS (20 em; m/z (re1 intensity) M+ 246 (33.8) [CllH1~04'8021; 

Exchange Reaction between Sc and HJ%. Sc was dissolved 
into a mixture of methanol (100 pL) and H2'80 (10 pL) and was 
allowed to stand at room temperature for 20 h EIMS (20 eV); 
m/z (re1 intensity) M+ 244 (19.5) [CllH140~80]; 242 (1.0). The 
exchange reaction between 2c and H2% was not observed under 
the same conditions. 

&&try No. la, 705157; lb, 20628-06-2; IC, 22248-14-2; Id, 
72424-283; le, 3162-285; lb, 90-24-4; lg, 13246-14-5; lh, 832-5g6; 
li, 703-23-1; lj, 2040-04-2; lk, 7507-98-4; 2b, 138008-71-6; 2c, 

138008-69-2; Sc, 138008-76-0; Be, 138008-79-4; 6a, 138008-70-5; 

thallium trinitrate, 13746-98-0. 

Supplementary Material Available: Tables of lH NMR 
data for the adducts 3a and 4a and the time course of the oxi- 
dation of la and details of the synthetic method for 4'- 
hydroxy-2',6'-dmethoxyacetophenone preparation (2 pages). 
Ordering information is given on any current masthead page. 

244 (14.6) [Cl lH1~0~*0] ;  242 (2.5) [C11H1406]. 

57197-14-5; 2d, 13800872-7; 28,13800873-8; 3b, 138059-63-9; 6a, 

b, 138008-77-2; 6k, 138008-74-9; 7d, 6172-59-4; 8d, 138008-80-7; 
9d, 138008-81-8; 10,3877-67-6; 11,138008-76-1; 12,138008-78-3; 
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We have examined the reaction of a series of carboxylate 
anions with a series of tert-butyldimethylphenoxysilanes 
(la-d) in the polar aprotic solvent dimethylformamide 
(DMF). The reaction is an example of nucleophilic sub- 
stitution at silicon (Scheme I) and is characterized by 
values for PNW of 1.0 and PLg of -1.9. Scheme I depicta the 
reaction as involving nucleophilic attack of a carboxylate 
anion on a tetravalent silicon center; however, it is probable 
that the species actually undergoing substitution is a silicon 
center coordinated with a molecule of DMF.1-7 Presum- 
ably the silicon center expands its valence shell by coor- 
dinating with a molecule of DMF; the pentavalent silicon 
species then undergoes reaction with the n~cleophile.'-~ 
It is well-known that pentavalent silicon centers are more 
reactive than tetravalent silicon  center^.^?^ In Scheme I 
any complexation with solvent is omitted for clarity. 

The reaction of nucleophiles with silicon substrates 
cannot be studied in protic solvents. When nucleophiles 
and silicon substrates are allowed to react in protic sol- 
vents, the usual reaction is a general base catalyzed ad- 
dition of solvent; direct substitution by the nucleophilic 
reagent is not observed.1°-17 The general base catalyzed 
addition of solvent can be avoided by examining the re- 
action in an aprotic solvent. DMF is a useful aprotic 
solvent for studying nucleophilic substitution reactions18 
since the high dielectric con~tant '~ ( E  = 36.7) makes it 
possible to dissolve anionic nucleophiles. In addition pK, 
values for many carboxylic acids and phenols have been 
determined in DMF,20*21 allowing one to construct linear 
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a : Y = H  
b: Y = 4 4 1  
c: Y = 341 
d: Y = 3402 

Table I. Rate Constants for the Reaction of Carboxylate 
Nucleophiles of General Structure RCOO- Reacting with 
Substituted tert-Butyldimethylphenoxysilanes in DMF at 

30 O C  and Ionic Strength of 0.1 M with KCIOda 
kRcoo- (M min), substituent Y in the phenolate 

leaving group 
341 

R in RCOO- 3-NOz (15.4) (16.3) 441 (16.8) H (18)* 
CHB (12.5)d 9.2 X lo2 9.1 X 10' 1.7 
H (11.5)O 8.7 X 10' 1.3 X 10' 2.6 X lo-' 
CHzCl (10.4)d 2.7 X lo2 5.9 6.3 X lo-' 1.2 X 
CHCl, (8.6)d 3.7 6.4 X 7.5 X 
CFS (7.3)e 1.4 X lo-' 3.8 X 

a The pK, values of the corresponding carboxylic acids and phe- 
nols, determined in DMF, are given in parentheses, ref 20. 
Approximate value, see ref 20. Estimated by interpolation on a 

linear plot of pK, vs the Taft inductive parameter aa described in 
the text. dReference 21 and adjusted to pK = 12.3 for 3-nitro- 
phenol, see ref 20 and p 224 of ref 19. 

free energy relationships such as Bronsted plots for reac- 
tions conducted in DMF. Although structure-reactivity 
relationships are commonly used by organic chemists in 
the study of reaction mechanisms, few structure-reactivity 
relationships have been obtained for direct nucleophilic 
substitution at silicon.22 

Values for the second-order rate constants, kRcop-, for 
a series of carboxylate anions reacting with la-d in the 
presence of 18-6 crown ether are given in Table I. Also 
provided in Table I are the pK, values, determined in 
DMF, of the corresponding carboxylic acids and phe- 
nols.20*21 The pK, values in DMF are not available for 
formic acid or for trifluoroacetic acid; the values given in 
Table I were obtained by interpolation on a linear plot of 
pK, (determined in DMF) against the Taft inductive pa- 
rameter for the substituent.23 The line was defined using 
the known pK, valuea of acetic acid, chloroacetic acid, and 
dichloroacetic acid. 

Bronsted plots of log kRcoo- for reaction with la-d vs 
the pK, of the carboxylate nucleophiles are shown in 
Figure 1. The slope of these plots, ONuc, is 1.0 for all the 
leaving groups. The value of BNuc is a measure of the 
effective change in charge as seen by the substituent in the 
nucleophile on going from the ground state to the tran- 
sition state compared to the change in charge density as 
seen by the substituent when the corresponding acid un- 
dergoes dissociation of a proton. Similarly a plot of log 
k- va pK, of the leaving group has a slope of OLg, which 
is a measure of change in effective charge as seen by the 
leaving group on going from the ground state to the 
transition state relative to that seen when a phenol un- 
dergoes dissociation of a proton. Bronsted plota of log 
kRcm- vs pK, of the leaving group for reaction with each 

(22) Ellington, J. C., Jr.; Amett, E. M. J. Am. Chem. SOC. 1988,110, 

(23) Taft, R. W., Jr. In Steric Effects in Organic Chemktw; Newman, 
7778. 

M. S., Ed.; John Wiley and Sons: New York, 1956, Chapter 13. 
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pK, Nucleophile 
Figure 1. Bronsted plot of log k- va the PK, of the nucleophile 
for reaction of tert-butyldimethylphenoxyailanea with carboxylab 
anions of general structure RCOO- in DMF at 30 OC. 

4 t  
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pKo Leaving Group 
Figure 2. Bronated plots of log k"- va the pK, of the leaving 
group for reaction of tert-butyldmethylphenoxysilanea with 
carboxylate d o n a  of general structure RCOO- in DMF at 30 OC. 

nucleophile are shown in Figure 2; the slopes of these plota 
are all -1.9. The positive deviation in Figure 2 for the point 
corresponding to phenol as a leaving group is presumably 
due to the fact that only an approximate value of 18 is 
available for the pK, of phenol. The point for phenol 
would fall on the line defined by the other leaving groups 
if it had a pK, = 17.75, this value is in agreement with the 
estimated value of 18. 

The above results are consistent with a mechanism 
where bond formation to the nucleophile hae progressed 
about 34% and bond breaking to the leaving group is about 
66% complete. This analysis is based on the assumption 
that the value of BNuc (ob) is a measure of the degree of 
bond formation (breaking) in the transition state when 
calibrated by using the Bronsted 0 value for the overall 
equilibrium, The value of BE, is easily obtained from 
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degree of bond formation to the nucleophile and leaving 
group in the transition state is then given by 13Nw/&, and 
BIg/@&, respectively.24 A transition state consistent with 
these resulta is depicted in Figure 3. 

Thw valuea of /3Nw and & suggest that the substitution 
reaction occurs by a one-step concerted mechanism in- 
volving a single transition state (SN2-Si mechani~m).~~ 
The reaction is essentially a symmetrical reaction involving 
the transfer of a silicon group between oxyanions. For a 
symmetrical transition state with a bond order to the 
nucleophile of = O S ,  the bond order to the leaving group 
must also be -0.34, or -66% bond breaking. Since bond 
formation to the nucleophile is only slightly advanced and 
bond breaking to the leaving group is well advanced, the 
central silicon atom must carry some paeitive charge in the 
transition state. This is not unreasonable since the silicon 
atom is most likely complexed with a molecule of di- 
methylformamide.*-' 

The possibility must be considered that the reaction 
could occur by a stepwise mechanism involving two tran- 
sition states, one for formation of a pentavalent interme- 
diate, kl, and one for collapse of the intermediate, kz 
(SNi-Si mechanism).2s For the reaction of carboxylate 
nucleophiles with phenoxysilanes, collapse of the inter- 
mediate (& will be rate determining since phenoxides are 
poorer leaving groups (higher pK,) than carboxylate an- 
ions, and bonding to the nucleophile in the transition state 
should be more advanced than bond breaking to the 
leaving group. Since this is not observed, we prefer a 
concerted mechanism with a single transition state to 
describe this reaction. 

For a concerted reaction one might expect there to be 
an interaction between the nucleophile and leaving group 
leading to an increase in sensitivity toward the nucleophilic 
reagent (leaving group) as the leaving group (nucleophile) 
becomes worse.26 The parallel lines of Figures 1 and 2 
show no evidence for a change in the value of BNuC (0 ) 
when the pK, of the leaving group (nucleophile) is changa. 
Thus there is no change in the amount of bond formation 
to the nucleophile or bond breaking to the leaving group 
as the reactanta are changed. A change in the value of &w 
(&) due to a change in the pK, of the leaving group 
(nucleophile) is described by the cross-interaction coeffi- 
cient pxy  = a&,/@K, = d - & / d p K ~ ~ ~ , ~ ~  which must 
be zero or close to zero for this reaction. 

The f l L g  of -1.9 for the reaction of carboxylate nucleo- 
philes with l a 4  is unusually large and means that the 
substituent in the leaving group sees a greater change in 
charge density in going from the ground state to the 
transition state than if it were to lose a proton. For the 
dissociation of a proton the change in charge as seen by 
the substituent is from neutral oxygen (no charge) to a 
charge of -1. Since in the transition state of the substi- 
tution reaction the oxygen of the phenolate cannot develop 
a charge greater than -1, the oxygen in the ground state 

the Values Of @NUe and fib Since = &w - & = 2.9. The 

(24) Williame, A. Acc. Chem. Res. 1984,17,425. 
(25) (a) Boe,.B. J. Organovt.  Chem. 1980,198,231. (b) Sommer, L. 

H. Stereochemlstry, Mechanlsm and Silicon; McGraw-Hill: New York, 
1965. 
(26) Jencke, W. P. Chem. Reu. 1986,86,511. 

must have some partial positive character. The partial 
positive charge on the oxygen is not due to a greater 
electronegativity of silicon compared to hydrogen.n A 
possible explanation for the partial positive charge on 
oxygen in the ground state is p-d r overlap of the unpaired 
electrons on oxygen with vacant d orbitals on silicon. Such 
overlap has been suggested based on NMR experi- 
mentawm and other  technique^.^^*^^ 

Experimental Section 
Materials. tert-Butyldimethylsilyl chloride (Aldrich) is com- 

mercially available and was used without further purification. 
Imidazole, potassium perchlorate, 18-6 crown ether, and d of the 
carboxylic acida were commercially available. Dimethylformamide 
was dried for several dnys over 4A molecular sieves, distilled, and 
stored under nitrogen. 

The potassium d t a  of the carboxylic acida were prepared by 
adjusting the pH of an aqueous solution of the carboxylic acid 
to approximately 1 pH unit above the pK, of the acid The water 
was removed under vacuum, and the resulting wet solid was 
recrystalked from ethanol, except for trifluoroacetic acid which 
was recrys td id  from 2-propanoL The recrystallized potassium 
salta were dried overnight in a vacuum desiccator. The pH of 
an aqueous solution of the salta was 7. 

The tett-butyldimethylphenoxysilanes were prepared from the 
reaction of tert-butyldimethyldyl chloride with the appropriate 
phenol according to a published procedure." All of the phen- 
oxysilanes gave NMR and maw spectral analysea consistent with 
the desired product. Mass spectral analyses were performed on 
a HewletbPackard Model 5988 GC/MS/DS operated using direct 
insertion in the chemical ionization mode with isobutane aa the 
reagent gas. NMR spectra were recorded on a IEM NR/M 
spectrometer. 

Kindce. Rate constants for the reaction of carboxylate anions 
with la-d in DMF were determined at 30 "C and an ionic etrength 
of 0.1 M with KC10, under pseudo-fit-order conditions with 
the potassium salt of the carboxylic acid in >2O-fold exma over 
phenoxysilane. Reactions were conducted in the presence of 1.1 
equiv of 18-6 crown ether to help solubilize the potassium salta. 
Pseudo-firsborder rate constanta were determined by measuring 
the increase in absorbance due to the formation of the phenolate 
anion as a function of time using a Shimadzu UV-160 or a Gilford 
Rssponee spectrophotometer equipped with a thermwtated cell 
holder. Solutions of the nucleophile were prepared by combining 
known volumes of a 0.1 M stock solution of the potassium salt 
of the carboxylic acid with a known volume of a 0.1 M stock 
solution of KC104 to give a final volume of 2.0 mL. After tem- 
perature equilibration (30.0 f 0.5 "C), 8 pL of a freshly prepared 
phenoxysilane solution (ca. 6 pL of phenoxysilane in 0.26 g of 
DMF) was added, the cuvette was shaken, and the appearance 
of the phenolate anion was followed as a function of time. The 
reactions were monitod at 282,287.5,286.5, and 384 nm for la-d, 
respectively. The spectrophotometer was interfaced to a pemnal 
computer, and the pseudo-fist-order rate constants, kob, were 
obtained by a nonlinear regreasion analysis of absorbance VB time 
data Reactions were generally followed for more than 3 half-lima 
The nonlinear regression analysis calculated the best end point. 
For reactions that were followed to completion, the obaerved end 
points always agreed well with the calculated end points. Good 
pseudo-fiborder kinetics were followed, and semilog plots of 
(A, - A3 VB time were linear. Rate constants were generally 
reproducible within &lo%; however, faster reactions had larger 
errore. The 0.1 M nucleophile eolutions were prepared by die- 
solving an appropriate amount of the potassium salt of the car- 

(27) Pauling, L. The Nature of the Chemical Bond, 3rd ed.; Comell 
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boxylate anion and 1.1 equiv of 1&6 crown ether in DMF. The 
solution was allowed to stir overnight in order to completely 
dissolve the salt and was then used immediately. The 0.1 M 
solution of KC104 was prepared similarly. 

Second-order rate constante, k", were obtained from plots 
of kob VB concentration of the nucleophile. Typically five con- 
centrations of nucleophile were used from 0.02 to 0.1 M however, 
for some faster reactions lower concentrations were employed. 
Generally plots of k h  va nucleophile were linear with intercepts 
of zero; however, some plots appeared to show a small amount 
of upward curvature at higher nucleophile concentrations. The 
experimental point for the higheat nucleophile concentration never 
deviated more than 25% from the line defined by lower con- 
centrations of nucleophile. 
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Chloramphenicol (l), the first of the broad-spectrum 
antibiotics, isolated from aerobic cultures of Streptomyces 
Venezuela more than 30 years ago, still finds application 
today in human and veterinary medicine for treatment of 
serious staphylococcus infections and is the only depend- 
able medication for typhoid fever and Rocky Mountain 
spotted fever. It has also been used in treating many 
diseases in food-producing animals caused by Gram-neg- 
ative bacteria. Because it has serious side effects, including 
the rare but frequently fatal condition of aplastic anemia, 
however, it has not been approved for use in food animals 
in the U.S.' 

Because illegal use of the antibiotic both in the U.S. and 
abroad is a continuing problem, sensitive and specific 
analytical methods for the analysis of chloramphenicol 
residues in animal food products are required. In 1985 
Allen summarized the chromatographic methods then 
available? The most sensitive methods use gas chroma- 

(1) Hanson, D. J. Chem. Eng. News 1986, Oct. 7 ,  p 7. Ziv, G. In 
Agricultural Uses of Antibiotics; Moats, W. A., Ed.; ACS Symposium 
Series; American Chemical Society: Washington, D.C., 1986, p 20. 

(2) Allen, E. H. J.  Assoc. Off. A d .  Chem. 1986, 68, 990. See also: 
Milhaut, G. Ann. Rech. Vet. 1986,16, 133. 
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Scheme I. Synthesis of Stereoisomers of the m-Nitro 
Analogue of Chloramphenicol 
0 n 

tography for chloramphenicol in tissues at <1 ppb, often 
with an internal standard such as thiamphenicol or res- 
orcinol dibenz~ate.~ A radioimmunological assay which 
uses the m-nitro analogue (2) as a standard has been 
published: This project was undertaken to evaluate the 
use of 2 as an internal GC standard, and it was come- 
quently necessary to prepare samples of 2 of known relative 
configuration. 

&- 
NO2 

1. pNO2 (Chbramphenlml) 
2. m-N02 

Three groups have reported the synthesis of (+2, all 
using the sequence beginning with a nitroacetophenone 
originally devised by Long and Troutman6 for chlor- 
amphenicoL All three group isolated only a single racemic 
diastereomer of 2 by Meerwein-Ponndorf reduction of a 
keto amide intermediate and assigned it the threo con- 
figuration by analogy with the chloramphenicol synthesis. 
While the threo configuration of chloramphenicol is secure, 
there is no definitive evidence of the configuration of the 
m-nitro analogue, however, and the situation is further 
complicated by the disagreement in reported melting 
points. Buu-Hoi and Khoi6 obtained a solid of mp 163 OC, 
while both Long and Jenesel' and Sorm et al.8 apparently 
obtained a different material, mp 135-6O and 134 OC, re- 
spectively. Accordingly it became necessary to repeat the 
synthesis and make an unambiguous stereochemical as- 
signment. We report that the threo and erythro isomers 
fortuitously have the same melting point, which is thus 
useless for identification, and that the assumption that the 
previously synthesized compound is the threo isomer is 
incorrect. 

We chose the route of Sorm et al.8 as the moat efficient 
(Scheme I). m-Nitrophenacyl bromide (3) was prepared 
by bromination0 of m-nitroacetophenone and converted 
to the a-amino ketone (4) via the hexamethylenebtxamine 
salt, following published procedures.1° The amine hy- 
drochloride could be acylated directl9ll by heating with 
dichloroacetyl chloride, providing amide 5. .:cndensation 
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