amine, ¢ = 1.1. In the polychromatic irradiation a
larger proportion of the light is absorbed by the transi-
ent than in irradiation at 334 nm, near Ap,, of SBBS,
and lower apparent quantum yields result. When the
quantum yield at 334 nm in the presence of 0.030 M
naphthalene, ¢ = 0.38, is applied to the corresponding
experiment of Table II and to the data at lower concen-
trations of quencher, extrapolation leads to a limiting
¢ = 2.2. Thisis higher than the theoretical maximum,
¢ = 2.0, and may reflect the errors in these experiments
and in translating data obtained on the monochromator
to those obtained with polychromatic light.
Photoreduction of SBBS by aqueous 2-propanol was
also strongly retarded by a mercaptan, dimethylamino-
ethanethiol, DMAET, used as the hydrochloride at pH
5.75, Table IV. Although amines interact rapidly with
ketone triplets,'® the unshared electrons of nitrogen ap-
pear to be required and the protonated amino group
probably does not interfere. The retardation presum-
ably arises from the previously described repeating ‘se-
quence of hydrogen atom transfer reactions,?® reduction
of the alcohol derived radical by mercaptan and oxida-
tion of the ketone derived radical by thiyl radical, eq 7
and 8. Although the mechanism is quite different from

R,R'COH + MSH — R,R'CHOH + MS. @]
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Ar,Ar'COH + MS: —> Ar,Ar'C=0 + MSH 8

that of physical quenching of triplet, a not dissimilar
kinetic expression may be derived.?® A plot of inverse
rate against concentration of mercaptan may be con-
structed, with slope = 2000 M—? hr, similar to that for
naphthalene. The mercaptan keeps the concentration
of alcohol derived radical low, the absorbing intermedi-
ate is not observed, and the plot is linear. The ex-
trapolated rate in the absence of mercaptanis 0.083 M
hr—!, 1.7 times that of the standard, benzophenone-2-
butylamine, corresponding to a hypothetical uninhibited
quantum yield of ~1.9. The quantum yield was also
determined at 334 nm by ferrioxalate actinometry in
the presence of 0.024 M DMAET, experiment 5, Table
III, ¢ = 0.35. When this value is applied to the data
of Table IV, the corresponding rate, 0.016 M hr—!, and
the extrapolated rate, 0.083 M hr~!, lead to a hypotheti-
cal quantum yield in the absence of mercaptan, ¢ = 1.8.
This high nearly maximum extrapolated value of quan-
tum yield arises from absence of intermediate in the
presence of mercaptan, and stands in contrast to the
lower quantum yield, ¢ = 1.1, actually observed in the
absence of mercaptan.

(23) S. G. Cohen, D. A, Laufer, and W, V. Sherman, J, Amer. Chem.
Soc., 86, 3060 (1964).

Oxidation of 2-Methoxyethanol to Methoxyacetic Acid by

Nitric Acid Solutions

E. J. Strojny,* R. T. Iwamasa, and L. K. Frevel

Contribution from the Chemical Physics Research Laboratory, The Dow
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Abstract:
to follow the rate of disappearance of the alcohol.

The oxidation of 2-methoxyethanol by nitric acid in sulfuric acid solution was studied using 60-MHz nmr
Nitric oxide evolution and N;O; and HONO in solution were

also monitored. An activation energy of 17.9 kcal/mol was obtained for the overall reaction in the temperature

range 4-27°.
20-80%; conversion.

The rate of disappearance of 2-methoxyethanol follows first-order kinetics well in the range of
A plot of the logarithm of the rate constants vs. the acidity function H, gives a unit slope.

A deuterium isotope effect of 3.9 was observed and indicates the rate-determining step involves cleavage of the
1-C-H bond. A mechanism is proposed which involves nitrosonium ion (NO™1) as the active oxidizing agent.
A rapid equilibrium between 2-methoxyethanol and 2-methoxyethyl nitrite exists under our oxidation conditions.
The oxidation of 2-methoxyethanol by nitrosonium fluoroborate was studied and provides additional support for the

role assigned to nitrosonium ion.

Athough nitric acid has often been used in the oxida-
tion of alcohols to organic acids, only a few studies
have been made to determine the oxidation path.
Ogata and his coworkers! have studied separately the
kinetics of nitric acid oxidation of benzyl alcohol to
benzaldehyde (which proceeds in dilute HNOj;) and the
oxidation of benzaldehyde to benzoic acid (which pro-
ceeds only under strongly acid conditions). Ogata and
Sawaki'® have suggested that the radical ion, HNO;+,
is the oxidizing agent in the oxidation of benzyl alcohol
to benzaldehyde in aqueous dioxane. They postulated

(1) (a) Y. Ogata, Y. Sawaki, F. Matsunaga and H. Tezuka, Tetra-
hedron, 22, 2655 (1966); (b) Y, Ogata, H. Tezuka, and Y. Sawaki,
ibid., 23, 1007 (1967); (c) Y. Ogata and Y. Sawaki, J. Amer. Chem. Soc.,
88, 5832 (1966).

an abstraction of a hydrogen atom by HNO,* followed
by nitrite formation between the resulting organic radi-
cal and NO,. The nitrite ester then could hydrolyze to
the aldehyde. For the oxidation of benzaldehyde to
benzoic acid in aqueous dioxane-H,SO,, Ogata, Tezuka,
and Sawaki'® proposed a mechanism involving a rate-
determining hydrogen abstraction from both hydrated
and free benzaldehyde by protonated nitrogen dioxide,
followed by rapid hydrolysis of the so-formed benzoyl
nitrites to benzoic acid. The oxidation of ethanol by
aqueous nitric acid at 100-200° and 30-40 atm has been
studied by Silakhtarian, Blitmberg, Nonkov, and
Emanuel.? They proposed a chain reaction involving

(2) N. T. Silakhtarian, E. A, Bliimberg, U, D. Nonkov, and N. M.
Emanuel, Dokl. Akad, Nauk SSSR, 184, 376 (1969),
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ion radicals or radicals, although they gave no specific
reaction scheme. Levitt,?in a review of organic oxida-
tions in acidic solution, stated that H,ONO,*, NO,*,
or NO, were the most probable oxidizing species in
nitric acid medium and that H,ONO+, NOt, or NO were
the most probable oxidizing species in nitrous acid me-
dium.

We have studied the direct oxidation of 2-methoxy-
ethanol to 2-methoxyacetic acid by nitric acid in strongly
acidic water solution at temperatures from 4 to 27°, By
using 60-MHz nmr we measured the disappearance of
2-methoxyethanol, the appearance of methoxyacetic
acid, and the equilibrium concentration of 2-methoxy-
ethyl nitrite. By using visible and ultraviolet spectros-
copy we measured nitrogen trioxide (N,Os) and nitrite
group (RONO) in solution. We also measured the
evolved gases and identified them as being primarily
nitric oxide (NO) and small amounts of nitrogen dioxide
(NO;) and nitrous oxide (N:O). A kinetic deuterium
isotope effect of 3.9 was observed. No methoxyacet-
aldehyde intermediate was observed. A rapid equi-
librium between 2-methoxyethyl nitrite and 2-methoxy-
ethanol was found. A reaction scheme involving nitro-
sonium ion (NO™) as the oxidizing agent and consistent
with our experimental data is proposed.

Experimental Section

2-Methoxyethanol. Commercial 2-methoxyethanol (Dowanol
EM) which was over 99.5% pure by gas chromatographic analysis
was distilled and the center cut was used for kinetic studies.

2-Methoxyethyl Nitrite. A mixture of n#-pentane (50 ml) and
2-methoxyethanol (15 g) was cooled to —5° and a stream of NO +
NO, (Matheson N.O;) was passed through the mixture until the
solution became blue-green. Additional pentane (50 ml) was
added and the solution was washed several times with water and
dried over anhydrous CaSO.. The pentane was removed by
distillation at atmospheric pressure and the residue was fractionated
at reduced pressures, At no time was the temperature in the
distillation pot allowed above 50°. The product was collected at
32° (75 Torr): ir (CSy) 1662 cm™! (trans »(NO)), 1614 cm™!
(cis ¥(NO)); nmr (CCly) é 4.82 ppm (t, 2, CH,ONO), 3.59 ppm
(t, 2, CH,OCHy), 3.33 ppm (s, 3, CH;0).

2-Methoxyethyl Nitrate. 2-Methoxyethyl nitrate was prepared
by modifying the preparation® for methyl nitrate. 2-Methoxy-
ethyl nitrate separated from the reaction medium as an oil only
after pouring the solution (0.4 mol scale in methoxyethanol) into
1 1. of an ice-water mixture. The oil was washed twice with
saturated NaCl salt solution, once with saturated salt solution
made basic with NaOH to pH 11, and washed twice more with the
salt solution, The oil was dried over anhydrous CaSO, and
filtered. About 6 g of a colorless liquid was obtained: ir (CS,)
1640 cm™! (antisym »(NOy)), 1275 cm™! (sym »(NOy)); nmr (CCly)
8 4.55 ppm (t, 2, CH,ONOy), 3.61 ppm (t, 2, CH;OCH.), 3.35 ppm
(s, 3, CH,0).

Caution: This compound is shock sensitive.

2-Methoxyethanol-1,/-d,. A solution of 7.8 g (0.066 mol) of
ethyl methoxyacetate in 7 ml of dry tetrahydrofuran was added in
a 20-min period to a stirred mixture of 1.8 g (0.043 mol) of LiAID,
(989, D, Metal Hydrides, Inc.) in 30 ml of dry tetrahydrofuran.
After 160 min of reflux the mixture was treated with 10 ml of 759
ethanol. The liquids and solid were heated in a distillation ap-
paratus and the fraction boiling in the range of 100-135° was
collected. This material was then purified by gas-liquid partition
chromatography. A 155 X 0.63 cm stainless steel column packed
with Porapak Q was used at 200° and 60 cc/min He flow: nmr
(CCly) 6 4.02 ppm (s, 1, OH), 3.40 ppm (s, 2, CH,OCH>), 3.27 ppm
(s, 3, CH50); massspectrum, molecular ion m/e 78.

Oxidation Runs (Gas Measurements). A 100-ml, round-bot-
tomed flask was fitted to a 100-ml gas measuring buret. The
flask was fitted with a short 6 mm i.d. glass tube which angled up-

(3) L. S. Levitt, J. Org. Chem., 20, 1297 (1955).
(4) A. H. Blatt, Ed., “Organic Syntheses,” Collect, Vol. II, Wiley,
New York, N, Y., 1943, p 412,

ward 45° from the base of the neck of the flask. A serum bottle
stopper was attached to this arm so that reagents could be injected
into the closed system with a hypodermic syringe. The flask was
jacketed with a 250-ml flask which had inlet and outlet tubes for
circulating water from a temperature-controlled bath. The
fluid in the gas buret was of a low viscosity, low vapor pressure, and
chemically inert, fluorinated aliphatic material (Fluorolube FS-5
from the Hooker Chemical Co.)® After equilibrating the liquid
in the buret with the gas to be measured, no gas volume change
was observed. Appropriate quantities of water, sulfuric acid, and
nitric acid were placed in the reactor which was then connected to
the system. The solution was stirred with a magnetic stirring bar
and after the control temperature was reached the alcohol was
injected into the solution through the septum. Gas uptake and
evolution were both recorded at short intervals. Gas samples were
analyzed by glc with a 100 cm X 0.63 cm SS column packed with
molecular sieve type 5A, 70-80 mesh. With a program of 2 min
initial temperature at 150° followed by a 60°/min rate to 400° and
holding the controls at that position until all gases came through
we were able to resolve O: (1.6 min), N, (1.8 min), NO (2.1 min),
N;O (7.1 min), and CO; (7.9 min). NO; could not be chromato-
graphed. Helium flow rate was 50 cc/min at 60 psig. In a
typical run at 25.0° no CO. was observed. The N.O level was
about 0.1-0.2 mol 7. Small amounts of NO; (2 mol % or less)
were observed by mass spectrometry. The primary reduced gas
was NO. The volume of NO obtained after 275 min (ca. 85%
complete) was 11.0 mmol from 10.2 mmol of alcohol. This volume
corresponds to about 3.8 mol of NO/3 mol of CH;OCH,CH;OH
oxidized to CH;OCH,CO-H. The yields of methoxyacetic acid,
as determined by titration and glc analysis, were 959 or better
when the reactions were allowed to go to completion.

Visible and Ultraviolet Spectrophotometry. In the visible region,
the absorption of N:O; at 635 mu was monitored in a 1-cm path
length cell. In the ultraviolet region, the absorption of RONO
at 354 myu was measured in a 0.1 mm cell and the region between
300 and 400 my was scanned at timed intervals before each mea-
surement to establish the base line which was continuously in-
creasing. During both of these experiments, erratic absorption
data were obtained during the period of maximum rate due to
bubbles formed in the solutions. Additional difficulty was en-
countered with measurement of RONO absorption because this
absorption maximum was on the slope of the strong absorption
maximum of N.O; farther in the ultraviolet region.$

A Beckman DK-2 spectrophotometer was used for transmission
measurements for N.O; at 635 myu and a Cary Model 11 spectro-
photometer was used for absorption measurements of N:O; and
RONO. The sample chamber was continuously swept with nitrogen
in both measurements. The solutions were prepared in volumetric
flasks and the ambient temperature of the cell chamber was moni-
tored. The temperature remained at 26 == 1°. See Figure 1 for
the results.

Kinetic Runs. The rate data for the oxidation of 2-methoxy-
ethanol to methoxyacetic acid were obtained by monitoring the
disappearance of the C-2 nmr proton signals (as integrals of the
signal) of 2-methoxyethanol, protonated 2-methoxyethanol, and
2-methoxyethyl nitrite at 60 MHz, The combined integrals of the
signals of the methoxy protons of 2-methoxyethanol and methoxy
acetic acid were used as references for changes in instrument
behavior during a run. When no instrument changes occurred,
the average of the integrals obtained during one-sixth to one-
fourth experimental time intervals remained constant throughout
the run. The values of the integrals obtained during successive
scans varied, so many scans (80-110) were made during a run.
The integrals were converted to concentrations, and the data were
plotted and intercepts determined by computer. The data used to
calculate the rates were those obtained after the induction period
of the reactions. Usually two half-lives were monitored but in
some instances data from one half-life were obtained.

Alcohol-Nitrite Ester Equilibrium. The 2-methoxyethanol-2-
methoxyethyl nitrite ester equilibrium was monitored by the mea-
surement of the C-1 proton signals relative to the OCH; resonance.
Under the conditions studied here, the rate of exchange of OH
protons with the NO group in the nitrite ester is fast so that only
one set of absorptions is observed for the C-1 protons. The
observed shift represents an average and depends on the chemical
shifts of the alcohol and nitrite ester and on their concentration.?

(5) We are grateful to The Hooker Chemical Co. for a free sample.
(6) J. Mason, J. Chem. Soc., 1288 (1959). ) )
(7) J. A. Pople, W. G. Schneider, and H. J. Bernstein, “High Resolu-
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This known dependence was used to calculate the nitrite ester
concentration from the observed shifts® A plot of the relative
nitrite ester concentration as a function of time is illustrated in
Figure 1,

Reaction between 2-Methoxyethanol and NO*BF,~, A solution
of 2 ml of dry CH;CN and 1.123 g of NO*BF,~ (95% NO®'BF,™;
used as received from Alfa Inorganics) was treated with 2,0 ml of
2.00 M 2-methoxyethanol in dry CH;CN. After 1 min vigorous
gas evolution took place. A sample of the gas was collected and
analyzed by infrared spectrophotometry: N,O, 1.8%; NO,
<1%; CHiCN, 14%; CH;ONO, trace; NO, remainder.

In another experiment, 0.14 g of 2-methoxyethanol was treated
with 0.441 g of NO*BF,~ in 1.5 ml of CD;CN. After 22 min the
mixture was examined by nmr. The spectrum of the solution
indicated that a mixture of 2-methoxyethanol, 2-methoxyethyl
methoxyacetate, methyl methoxyacetate, and methoxyacetic acid
as well as other substances were present.

A third experiment, in which 0.096 g (1.26 mmol) of 2-methoxy-
ethanol and 0.579 g (4.71 mmol) of NO*BF,~ were treated in 1.0
ml of dry CH;CN for 12 min, was examined by gas-liquid chro-
matography and gas-liquid chromatography-time of flight mass
spectrometry. Compared with the mass spectra of the known
standards, the spectra of the separated components of the mixture
were consistent with 2-methoxyethanol, methyl methoxyacetate,
2-methoxyethyl acetate. and 2-methoxyethyl methoxyacetate. By
gas-liquid chromatography, the retention times of the components
of the reaction mixture were the same as the standards with which
each was identified. From the area of each peak the relative
percentage of each component was estimated: 2-methoxy-
ethanol, 29; methyl methoxyacetate, 0.1%; 2-methoxyethyl
acetate, 257, ; methoxyacetic acid, 1%;; 2-methoxyethyl methoxy-
acetate, 70 %71 and two unknown substances, ¢.1 and 2.

Hyi Measurements. The acidities, Hr, of nitric acid and sulfuric
acid mixtures were determined spectrophotometrically using 4-
methyltriphenylmethanol as the indicator.® Fach acid mixture was
prepared in duplicate in 50-ml volumetric flasks. To one solution
of each pair was added 1.00 ml of 4.06 X 1075 M 4-methyl-
triphenylmethanol in acetic acid. The second solution of
each pair was used to establish the base line. The absorbance at
450 mu was measured in a 10-cm cell with the Model 11 Cary
spectrophotometer. The absorbance at 450 my of 1.00 ml of the
indicator solution in 50 ml (total volume) of 709 H,SO, was used
as 1007, carbonium ion concentration. The acidity!® obtained
for 4.97 M H.SO, + 2.66 M HNO; was —6.57; for 4.27 M H,SO,
+ 2.66 M HNO;, Hr was —5.90; for 3.53 M H,SO. + 2.66 M
HNO;;, Hn was — 5.20.

Results

In agreement with the findings of other workers?
studying nitric acid oxidations, we found the oxidation
of methoxyethanol has a marked induction period.
During this period we found that N,O;, HNO,, and 2-
niethoxyethyl nitrite form and increase in concentration
until maximum levels are reached. These concentra-
tions then decrease as the reaction proceeds. Figure 1

tion Nuclear Magnctic Resonance,” McGraw-Hill, New York, N, Y.,
1959, p 221.

(8) Knowledge of the actual nitrite ester concentration was not neces-
sary for purposes of illustrating the nitrite ester—alcohol equilibrium,
The calculation of the actual concentration requires knowledge of the
separate chemical shifts for the alcohol and ester under nonexchanging
conductors, The alcohol shift in acid solution (1.3 M HNO;s and 7.2 M
H:504) was 21 Hz downfield for the OCH; reference. The shift for the
nitrite ester under the same conditions could not be measured due to
the rapid cster—alcohol exchange. An estimate of 88 Hz downfield
relative to OCH; was obtained for the C-1 protons in the nitrite ester
in acid solution. This value was obtained by comparison of shifts for
the nitrate ester (which does not exchange rapidly with alcohol) in acid
and in CCl, solutions with nitrite ester in CCl:, These values were used
to estimate the concentration of nitrite ester formed during a typical run,
The maximum value of nitrite ester found is about 0.25 M.

(9 N. C. Deno, J. J. Jaruzelski, and A, Schriesheim, J. Amer. Chem.
Soc., 77, 3044 (1955).

(10) The experimentally determined values of Hy for the nitric acid—
sulfuric acid mixtures appear to be the sum of the Hy values for the
corresponding nitric acid solutions and sulfuric acid solutions deter-
mined by Deno, er al.% 11

(11) N, C. Deno, H. E. Berkheimer, W. L. Evans, and H. J. Peterson,
J. Amer. Chem. Soc., 81, 2344 (1959).
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Figure 1. Composite plot of three reactions under the conditions

1.0 M CH;OCH,CH:OH, 2.7 M HNO;, 9.9 ¥ H.SO; at 27°. (a)
X, In k vs. time demonstrates change in rate of reaction during
induction period, read ordinate as In & X 104; (b) W, absorption of
N:0; at 635 mu ina 1 cmcell; dip in curve occurred during period
of maximum gas evolution; read ordinate as absorbance; (c)
C, absorption of RONO at 354 my in a 0.1 mm cell; read ordinate
as absorbance; (d) e, methoxyethyl nitrite concentration; read
ordinate as millimoles per liter; these latter data and the kinetic
data above were obtained from the same experiment.

illustrates the above observations. Gas evolution com-
mences in about 15 min and increases in rate to a maxi-
mum and then gradually decreases. The induction
period varied in time depending on the amount of initi-
ator added to the system.!? We used NO as the initi-
ator. In the absence of NO, a solution consisting of
1.014 M 2-methoxyethanol, 7.15 M H;SO, and 1.32 M
HNO; showed no evidence of reaction after 277 min at
27° when examined by 60-MHz nmr. Another solution
consisting of 0.40 M 2-methoxyethanol, 7.20 M H,;SO,,
and 0.63 M HNO; showed no decrease in transmission
at 640 mu (N.O; absorption) after 18 hr at 25-28°.
This same solution, when inoculated with a few cubic
centimeters of NO, started to evolve gas within 18 min,
and the N:Oj; concentration increased to a maximum in
58 min as evidenced by the decrease in transmission at
640 muy from 93 to 13% in a 1-cm path length cell.
The induction period can be reduced to a few minutes by
holding an atmosphere of NO above the stirred reaction
solution.

The amount of NO that the acid solution absorbed
was measured with a gas buret. A solution consisting
of 7.16 M H,SO, and 0.604 M HNO; absorbed 0.17
mmol of NO at 25.0° in a 22-min period. At this point
the rate of absorption was very slow. The characteris-
tic intense blue color of N,O; was present, Sufficient
2-methoxyethanol to make a 0.39 M solution was in-
jected into the solution; the blue color lightened con-
siderably. Within the next 5 min there was an addi-
tional rapid uptake of 0.065 mmol of NO. The intense
blue color returned, then gas evolution commenced and
continued for the remainder of the reaction.

Under controlled reaction conditions of 25° or less,
the evolved gas was primarily NO. About 0.2% or
less N:O formed and NO, evolved was 29 or less.
Under uncontrolled conditions where the temperature
was allowed to rise to about 75° and the gas evolution

(12) The induction period also increased in time as the rate of oxida-
tion decreased. For the maximum rates measured the induction period

was around 45-60 min; for the slowest rates the induction period was
around 120-150 min.
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Figure 2. S-shaped curve obtained in a typical experiment: 4.97
M H.S0,, 2.66 M HNO;, 1.007 M CH,OCH,CH:OH, 27.0°.

was very vigorous, the gas composition changed to
about 589, NO, 369, NO., 2%, CO,, and 39 H,0.
Again, N,O formation was very low.

The existence of the rapid equilibration between 2-
methoxyethanol and 2-methoxyethyl nitrite ester was
established by a number of experiments. First, the
downfield shift of the C-1 ~-CHj, resonance signal as the

CH;0CH,CHOH + HONO —= CH;OCH:CH,ONO + H.O
CH;0OCH,CH,OH + N,0; === CH;OCH,CH,ONO + HONO

reaction proceeded indicated that a rapid equilibration
was occurring between 2-methoxyethanol and a 2-
methoxyethyl alcohol derivative. That this derivative
was not a sulfate or methoxyacetate was established by
placing 0.5 M methoxyethanol and 0.5 methoxyacetic
acid together and 1.0 M methoxyethanol alone in 6.5 M
H,SO,. The downfield nmr shift (20.8 Hz) for the low
frequency C-1 proton resonance peak, measured from
the ~OCH; peak, was the same in each case. With 2-
methoxyethyl nitrate, in 4.32 M H,SO, and 2.66 M
HNO;, the low frequency C-1 proton signal (73 Hz
downfield from ~OCH;) remains unchanged as its con-
centration changes with time. Therefore, the nitrate
ester of 2-methoxyethanol is not responsible for the ob-
served shift. The rapid disappearance of the blue color
on addition of 2-methoxyethanol to the solution, the
ease with which 2-methoxyethyl nitrite is formed from
N:O;, and the correspondence of the amount of shift to
the concentration of N,O; and HONO (Figure 1) sug-
gest that this shift is due to rapid nitrite ester-alcohol
equilibration. When methoxyethyl nitrite was added
to 5.7 M H:SO, the C-1 proton resonance shifted upfield
as the concentration decreased and signals correspond-
ing to methoxyacetic acid appeared. This indicates
that as the nitrous acid is depleted by the oxidation pro-
cess, the equilibrium shifts toward a greater fraction of
2-methoxyethanol.

The kinetic results are given in Table I. The rate
data fit a first-order disappearance of C-2 proton nmr
resonance signal from 20 to 809 conversion. This
signal is a composite of 2-methoxyethanol, protonated
2-methoxyethanol, and 2-methoxyethyl nitrite. The
beginning and end of the oxidation curve flattened to
give an overall S-shaped curve such as that shown in
Figure 2.

The rate constants based on the appearance of
methoxyacetic acid were determined in two of the ex-
periments. Values obtained were 1.9 X 10=% sec™?

-3 25 2 25 a as

Figure 3. Plot of the log of the rate constants against — Hy and
—Ho: X,readvs. — Hgr; O,read vs. — Hy.

(compared with 1.55 X 10~* sec~! for alcohol disap-
pearance) and 1.7 X 10~*sec™! (compared with 1.33 X
10—% sec™!). These values are considered less reliable
since much of the data could not be used because the
C-1 proton signal of the alcohol-nitrite ester equilib-
rium shifted across the singlet C-2 proton signal of
methoxyacetic acid as the oxidation progressed.

Table I. Oxidation of 2-Methoxyethanol by Nitric Acid.
Kinetic Results
dlalc]e
P klalc]

— ~Init concn, M-

CH;OCH,- Temp, k X 104,
CH.OH HNO; H.SO, °C sec™!
1.016 1.33 5.76 27.0 1.37
1.026 1.32 5.67 27.0 1.33
1.007 2.66 4.97 27.0 1.55
1.012 2.67 4.27 27.0 0.756
1.011 2.68 3.53 27.0 0.324
1.010 2.67 4.97 22.0 1.02
1.013 2.66 4.97 15.0 0.447
1.017 2.66 4.98 10.0 0.265
1.010 2.67 4.98 4.0 0.133
0.97958 2.66 4.97 27.0 0.394

e d[alc] here means the disappearance of the C-2 proton resonance
signal due to methoxyethanol, methoxyethyl nitrite, and protonated
methoxyethanol, * CH;OCH,CD,;OH.

The Arrhenius plot of the kinetic data gives a straight
line with a slope which corresponds to an activation
energy of 17.9 kcal/mol. The enthalpy of activation
and entropy of activation calculated from this value
correspond to 17.3 kcal/mol and — 18.4 eu, respectively.
The deuterium isotope effect (ky/kp) was found to be
3.93.

In three of the kinetic runs at 27° (Table I), the con-
centration of nitric acid was held constant and the con-
centration of sulfuric acid was varied. For these three
acid concentrations, the acidity Hr was determined us-
ing p-methyltriphenylmethanol indicator as described
by Deno, Jaruzelski, and Schriesheim.® As shown in
Figure 3, the plot of log k vs. — Hy gives a slope of 0.5,
Since the Hy values of H,SO, and HNO;s solutions sep-
arately determined and then added gave Hy values
which closely approximated the Hy values determined
experimentally for the mixtures, a similar behavior for
H, for these acids in the region we were working was
assumed. Using the literature values of H, for nitric
acid and sulfuric acid,?3 the plot of log k vs. — H,results
in a slope of {.

(13) M. A, Paul and F. A, Long, Chem. Rev., 57, 1 (1937).
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The reaction of 2-methoxyethyl nitrate in an oxidizing
medium was slow. Under conditions equivalent to
7.5 half-lives for oxidation of methoxyethanol, 719 of
the nitrate ester was still unreacted. The solution con-
tained 19 mol ¢7 methoxyacetic acid and 10 mol 7] of
the equilibrium mixture 2-methoxyethanol and me-
thoxyethyl nitrite.

The presence of methoxyacetaldehyde of NO; could
not be detected with nmr under our conditions although
NO, gas in about 2% concentration is present above
the solution. The initial green solution obtained when
the HNO;3;-H.SO, solution is treated with NO turns to
a deep blue solution after the reaction proceeds. No
disturbance of the nmr resonance signals due to the odd
electron of NO, is observed while the reaction is in prog-
ress. This suggests that less than 10— M NO, is pres-
ent; at this level some broadening of signals is expected.
Signal broadening was observed with a solution of me-
thoxyacetic acid in nitric acid which was green in color.
In the ultraviolet, the region of absorption maximum
for NO; around 405 mu!4 was partially obscured by the
tail of the strong absorption of N2Oj; farther in the ultra-
violet region. No shoulder or superimposed absorp-
tion could be observed in this region with 0.1 mm or 10
mm path length cells during an oxidation run.

Discussion

Since NO is the dominant reduced product and me-
thoxyacetic acid is the only observed oxidized product,
the stoichiometry for the reaction is

3CH;OCH,CH;OH + 4HNO; —>
3CH;0CH,CO:H + 4NO + 5H,O

The amount of NO obtained in this reaction approached
that expected by the above equation. The high yields
(95-98 97) of methoxyacetic acid obtained in these stud-
ies argue against free-radical intermediates because
other products resulting from hydrogen abstraction,
dissociation, disproportionation, or coupling, all indica-
tive of radical reactions, are not formed. Methoxy-
acetaldehyde, expected as an intermediate, was not ob-
served by nmr at any time in any of the reactions, If
methoxyacetaldehyde is formed, it is oxidized much
faster than methoxyethanol under our highly acidic re-
action conditions, and its concentration never builds up
to an amount (1 97) sufficient for detection.'®> Although
the presence of NO; could not be detected by nmr in the
reaction medium, a small amount (2% yield) was de-
tected by mass spectrometry in the evolved gases. The
production of NO; in the gas phase can be explained by
the reaction of nitric acid with NO

(P*n0,/Pxo = 3.64 X 105 atm?),6 and/or by the disso-
ciation of N:O;

N:O; == NO:; + NO

(14) T. C. Hall and F. E. Blacet, J. Chem, Phys., 20, 1745 (1952).

(15) Interestingly, in a run at 2.2 M H.SO. with ethanol instead of
methoxyethanol, the presence of acetaldehyde could be observed. Its
concentration gradually reached a maximum and then dropped to zero
as the oxidation proceeded. It should be noted that at this lower acidity,
the oxidation is occurring in an acidity range intermediate between that
(<1.5 M acid) in which the oxidation stops at the aldehyde stage!s and
that (4-5 M acid) in which organic acid is the only observable product.

(16) D. M. Yost and H. Russell, Jr., “Systematic Inorganic Chem-
istry,” Prentice-Hall, Englewood Cliffs, N. J., 1944, p 79.
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Trace amounts of N;O were also detected in the gas
phase.

As the S-shaped reaction curve (Figure 2) suggests,
the reaction is autocatalytic;'” NO, the end reduced
product, is required in the sequence of reactions which
involves the production of nitrosonium ion (NO*)
which we propose is the oxidizing agent. In the ab-
sence of NO or NO-producing agents, no reaction takes
place. The induction period increases as the rate of
the reaction is decreased by (1) lowering the tempera-
ture or (2) lowering the acid concentration or (3) replac-
ing hydrogen with deuterium on C-1. This behavior is
expected in autocatalytic reactions since a longer time
is required to reach higher concentrations of the critical
agent in the oxidation step. Taking into account the
above facts and those already in the literature for equi-
libria between HNO; and various oxides of nitrogen,
the reaction scheme given in eq 1-9 is proposed for the
nitric acid oxidation of methoxyethanol to methoxy-
acetic acid. (It is understood that both H+ and NO+

I3

H:O + 2NO + HNO; === 3HONO (1
kot
ks
N:O; + H;O > 2JHONO 2
koo
ks
HONO + H* > H,0 + NO+ 3)
k_s
ks
N:O; + H™ > HONO + NO+ @

k4

3
CH;O0CH,CH,OH + NO* —5> CH;OCH:CHOH + HNO (5)
-

OH
+ H* (6)

ks /
CH;OCH:CHOH + H,0 - CH;OCH.CH
k-
I ’ OH

OH OH
k7 /
+ NO* — CH;OCH,C*
OH OH

OH O

/ ks }
CH;O0CH,C* < > CH,OCH,COH + H+ ®
AN k_s

OH

/
CHaoCHZCI\{\ + HNO (7)

k
HNO + NO* —> 2NO + H* ©)

are solvated.) Since a C-1 deuterium isotope effect of
3.9 is observed, eq S is considered to be the rate-deter-
mining step. Of the three species, 1-methoxyethanol,
protonated 1-methoxyethanol, and 1-methoxyethyl ni-
trite, methoxyethanol is probably being oxidized at the
fastest rate. The protonated alcohol, bearing a posi-
tive charge, is not likely to be approached by the posi-
tively charged nitrosonium ion. Protonation at the
ether linkage also would be expected to slow down the
oxidation at the C-1 carbon relative to the oxidation of
the free alcohol. The nitrite group of methoxyethyl
nitrite would be expected to have an electron-withdraw-
ing effect similar to the nitrate group of methoxyethyl
nitrate which oxidizes very slowly compared to the me-
thoxyethanol mixture. The rate expression, based on

(17) W. E. Walles and T. E. Platt, Ind. Eng. Chem., 59 (6), 41 (1967).
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the disappearance of the C-2 proton resonance signals,
then becomes
—d((RCH;OH] 4 [HR+CH;OH] + [RCH,ONO))

dr -

ks{RCH,OHJ[NO+]

where R = CH;OCH,-. From equilibrium equations
the terms within the parentheses can be expressed as
functions of methoxyethanol, nitric acid, water, and
acidity. From the equilibrium reaction

k1o

HRCH,0H =—> H* + RCH,0H (10)
k_1e

protonated methoxyethanol can be expressed as

[RCH,OHJh,

HR+CH;OH] =
[ 2 ] KlO

and from the equilibrium reaction

RCH,0H + HONO %\’_ RCH,ONO + H;0 a1

methoxyethyl nitrite can be expressed as

[RCH,OH][HNO;]'/:
[HgO]z/“

[RCH;ONO] = Ki’Ky

where

__ [HONO]
= [HNOy/[H,0]"

Ky’

Since NO gas is evolved during oxidation at constant
partial pressure, the NO concentration in solution is
considered at saturation and constant and is incorpo-
rated into K as Ky’.

The nitrosonium ion concentration can also be ex-
pressed in terms of nitric acid, water, and acidity

K;K'[HNO;]' *hg
[H20]2/3
By these substitutions the rate expression becomes

Kl’Ku[HNOs]’/“}
[H,0]”

[NO*] =

—d[RCHgoH]{l + 1?—:0 +
dt

ks Ky’ Ki{RCH:OH][HNO;]'/*hg
[H.O7/

For a 100 9 reaction 1.67 mol of water is produced/mole
of alcohol oxidized. The initial water concentrations
in these studies are in the range of 30-35 M and for a
1.0 M alcohol run the expression [H:0]** will increase
to a maximum of 3% over the initial concentration so
the water concentration can be considered constant.
The initial nitric acid concentration is 2.67 M and at the
completion of the reaction the concentration would be
1.33 M. The third root of these values are 1.39 and
1.10, respectively. During the 20-80 %] part of the re-
action, where the nitric acid concentration changes even
less, the expression [HNO;3]'/* would be expected to
change much less than 219} so that, as a first approxi-
mation, it is considered as constant. The rate expres-
sion then becomes

—d[RCH,0H]
d

= kobs RCH:OH]/5

where
ksKi'K,
kObSd = (H2o)2/, i h: (12)
(HNO;;)]/s(l + m) + Kl Kll

On integration this becomes
In [RCH,0H] = kypeabrt + ¢

Plotting the logarithm of the rate constant against an
acidity function should give a unit slope. This occurs
when the acidity function H, is used.

A unit slope relationship was observed between — Hy
and log of the rate constant in the oxidation of formic
acid (slope 0.93-1.12),%'® and in the diazotization of
benzamide by nitrous acid in concentrated sulfuric acid
(slope 0.96).1® 1In both cases prior ionization of nitrous
acid to nitrosonium ion was indicated.

In our work, the basicity of 2-methoxyethanol and
possibly the presence of N;O; can cause the plot of log
Kopsa US. — Hyg to deviate from unit slope. Our plot of
log Kepsq Us. — Hyg results in a slope of 0.5. We at-
tempted to establish the basicity of 2-methoxyethanol
by use of nmr and laser Raman spectroscopy but we
were unsuccessful. The total solubility of 2-methoxy-
ethanol in water does not make possible the solvent ex-
traction-glc technique® for determination of basicities
of weak bases. We then used as an approximation the
value of —2.4 for pKj,. This value was obtained from
the H, for half-ionization for n-butyl alcohol found by
Arnett and Anderson.?! Since our work covers the
short range of 2 H, units we made the further assump-
tion that the basicity follows Hammetts acidity function
with unit slope. Numerical values were calculated for
the denominator in expression 12 for each of the three
experiments in which the acid concentrations were
varied and then the values of kosq Were changed to keep
the denominator value constant. The log of this cor-
rected kopsq (see Table IT) was then plotted against — Hg

Table II. Corrected kobsa Relative to konsg at Hy = —2.50
(3.53 M H.SO, + 2.66 M HNO;), HNO; = 2.67 = 0.01 M,
CH;OCH,CH;OH = 10 M, t = 27° p = 1 atm

[H:SO4], Denominator,® Log corr kopsa X
M ho/Klo mol‘/a 104 sec™!
4.97 1.25 50.7 —-3.57
4.27 2.95 64.8 —4.02
3.53 5.75 88.0 —4.49

a The figures used to calculate the numerical values for the de-
nominator of expression 12, {(H:O*®/(HNO:'/{1 + (ho/Kio)l +
Ki'Ku}, were (H,0)*/3/(HNO;)'/s ~ 8,23 mol'/s, K;' = 0.32 mol'/s
at 1 atm NO, 8 X;; ~ 100 which was calculated from the concentra-
tiOl’lS of HNOg, CHaOCHzCHzONO, CHaOCHzCHzOH observed,
and H.O calculated at different times during a run,

and a straight line which had a slope of 0.67 was ob-
tained. A pKj, value of —1.8 for 2-methoxyethanol
would result in a slope of 1 for a plot of log kopsq cOT-
rected vs. —Hg. The value of pKj, = —1.8 is not un-

(18) J. V. L. Longstaff and K. Singer, J. Chem. Soc., 2604, 2610
(1954).

(19) H. Ladenheim and M. L. Bender, J. Amer. Chem. Soc., 82, 1895
(1960). )

(20) E. M. Arnett, C. Y. Wu, J. N. Anderson, and R. D. Bushick,
ibid., 84, 1674, 1680, 1684 (1962).

(21) E. M., Arnett and J. N. Anderson, ibid., 85, 1542 (1963).
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reasonable for 2-methoxyethanol with its two oxygen
atoms which are positioned in such a manner that a
five-membered ring chelate with a proton could occur.
The conclusion is made that there is a good possibility
that the basicity of 2-methoxyethanol is significant
enough to affect the slope of these plottings.

A further complication is the presence of N:O; (esti-
mated to be 0.08 M at maximum concentration in the
run which had 4.97 M H,SO, and 2.66 M HNOs; ini-
tial concentrations)?? in our experiments. The N;O,
may act as a dehydrating or buffering agent on the water
concentration so that the acidity function, Hg, is af-
fected.

The concentration of NO* is dependent on the con-
centrations of HNO, and the presence of other strong
acids. The equilibrium between HNO, and NO* has
been studied in H:SO, solutions by a number of investi-
gators.'®2%  Bayliss®** found that between 5.6 and
11.5 M H,SO, the mole fraction of NO+ increased from
0 to 1.00 at 4.5° and relationships between acidity func-
tions and degree of NO+ formation were obtained.
Our system contains both HNO; and H,SO4. The sys-
tem is further complicated by the equilibria in which
HNO; is involved. Based on the results of Bayliss, we
estimate that the mole fraction of NO+ present is 0.02
or less at the highest rate studied by us and drops to
lower values as the H,SO. concentration is lowered.
Since the maximum HONO concentration is about
0.5 M,* the maximum NO+ concentration is about
0.01 M. From the data given by Bayliss®** on the ap-
pearance of nitrosonium ion with increasing acidity, it
is evident that in the range of acidity used in our study,
the concentration of nitrosonium ion is just beginning
to build up. At higher acidities, nitrous acid is con-
verted largely to nitrosonium ion, and at these higher
acidities, the oxidation of 2-methoxyethanol proceeds
violently. The role of NO+ as an oxidizing agent fits
the pattern of preferred two-electron oxidation step of
an organic molecule (13) followed by one-electron ex-
changes in the inorganic species (14). Neither HNO nor

CHaOCHzCHgOH -+ NOt —>
CHaOCHggHOH + HNO (slow) (13)

HNO + NO* — 2NO + H-* (very fast) (14)

NO* could be observed spectrophotometrically in our
reaction medium because of the absorption of N:Oj in
the regions for each species. Nitrosyl hydride absorbs
at 602, 709, and 757 myu in the gas phase.?® In the
liquid phase this region is covered by the broad 635-mu
absorption of N;O;. Nitrosonium ion absorbs in the
region of 265 mu (variable with H; SO, concentration) in
sulfuric acid solution.?®* This region is strongly ab-
sorbed by N:O; below 300 mu. Because of the 635-mu
N:O; absorption, 632.8-mu laser Raman spectropho-
tometry could not be used in these studies.

(22) The extinction coefficient for N2Os in aqueous solution has not
been reported. We have used the value of 20 as an approximation
which Mason® used in her studies on N:Os;-nonaqueous solvent sys-
tems.

(23) (a) N. S. Bayliss, R. Dingle, D, W, Watts, and R, J. Wilkie,
Aust. J, Chem., 16, 933 (1963); (b) T. A. Turney and G. A. Wright,
J. Chem. Soc., 2415 (1958); (c) K. Singer and P, A, Vamplew, ibid., 3971
(1956); (d) R. J. Gillespie, J. Graham, E. D. Hughes, C. K. Ingold, and
E. R. A. Peeling, J. Chem. Soc., 2504 (1950).

(24) An extinction coefficient of 50 for the 354 mu absorption peak
of nitrous acid was used for this estimation,®
(19(22 S. W. Charles and G. C. Pimentel, J. Chem. Phys., 37, 2302
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In addition to our kinetic studies, further support for
NO™ as the oxidizing agent was gained from the reac-
tion of nitrosonium fluoroborate with 2-methoxy-
ethanol. This reaction was studied at 28° in acetoni-
trile; in 12 min methoxyacetic acid (197 yield), 2-me-
thoxyethyl methoxyacetate (70 97 yield), and methyl me-

CH;OCH.,CH;OH + NO*BF;~ —> CH;OCH,COOR
R = H, CHaOCHzCHz, CHa

thoxyacetate® (0.19 yield) were products obtained
from the oxidation of 2-methoxyethanol. These ac-
count for about 70-75 7 of the 2-methoxyethanol used.
There was a very short period (45-60 sec) before gas
evolution occurred.” The formation of products, the
lack of an induction period, and the rapidity of the re-
action all demonstrate that NO+ can oxidize alcohols
readily. By substituting 2-methoxyethanol for water
in eq 6 of the reaction scheme, we see that the ester
would be the expected major organic product.
Although nitrosonium ion is too weak an electrophile
to attack an unactivated aromatic C-H bond, Olah and
Friedman?® have shown that isopropylbenzenes undergo
a facile hydride-transfer reaction with nitrosonium
salts from the tertiary C-H bond of the isopropyl sub-
stituent and yield a variety of products arising from the
reactions of the dimethylphenylcarbonium ion. We

CH;, CH;,
/ /
PhC—H + NO* —> PhC\+\ + HNO
CH;, CH;,

propose that in a completely similar manner, the oxida-
tion of 2-methoxyethanol proceeds via hydride abstrac-
tion by nitrosonium ion from the C-1 and loss of a pro-
ton from the hydroxyl group to yield 2-methoxyethanol.
A second hydride abstraction and proton loss from
the hydrated aldehyde 2-methoxy-1,1-dihydroxyethane
yields 2-methoxyacetic acid. The possibility that the
hydride ion abstracted by nitrosonium ion is from the
C-2 (even though the enol of the aldehyde would result)
is eliminated by the large isotope effect observed for the
oxidation of 2-methoxy-1,1-dideuterioethanol. In ad-
dition to NO+,30 HNO:;, H2N03+, HNOz, H2N02+,
NzOs, HN203+, NOz, N02+, and CHsOCHzCHzONO
should be considered as oxidizing agents. In our sys-
tem, nitric acid, H,NOst+, and NOyt+ can be excluded at
the outset because oxidation by any of these does not
require an induction period. Although NO;* may be
able to abstract hydride from C-1, its concentration
must be so low under our conditions that its reaction
is not detectable. Miller®? concluded that the equilib-

(26) Methyl methoxyacetate and methyl nitrite (see Experimental
Section) may be formed by the reaction of methanol with methoxy-
acetylium jon and NOT, respectively, Methanol may be formed by
cleavage of methoxyethanol by HF liberated in the reaction. Methoxy-
ethyl acetate may be formed by the reaction of methoxyethanol and
acetonitrile in the presence of HF.

(27) A small amount of (0.1-1.8%) N20 was produced in the
HNO:; system and in the NO+BF,~ system, probably by the decomposi-

tion of HNO in a manner similar to the gas phase decomposition of HNO
studied by Kohant and Lampe. 28

2HNO — Hzo -+ N.O

(28) F. C. Kohant and F. W, Lampe, J. Amer. Chem, Soc., 87, 5795
(1965).

(29) G. Olah and N. Friedman, ibid., 88, 5330 (1966).

(30) Nitrosonium ion has beer: proposed previously as the oxidizing
agent in the nitric acid oxidation of formic acid!® and oxalic acid, 3!

(31) V. S. Koltunov, Kinet. Katal., 9, (5), 1034 (1968).

(32) D.J. Miller, J. Chem. Soc., 2600 (1950).
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rium constant for the ionization of nitrous acid by sul-
furic acid is much greater than the corresponding ioniza-
tion of nitric acid by sulfuric acid. In our system the
estimated concentration of NO+ is about 0.01 M so the
corresponding NO,* concentration must be much less.
The concentration of HyNO,* in sulfuric acid solution
has been demonstrated spectrophotometrically to be
zero within experimental error or at most to exist at very
low fractions of the HONO and NO+ concentrations.***
Nitrogen dioxide, though not detectable by us, must
exist in some concentration since both N:O; and HNO;
can dissociate to give NO,. However, the NO; con-
centration decreases from the start as indicated by the
transition in color of the solution from green to blue.
This behavior is contrary to observed rates, if NO, were
the oxidizing agent. Nitrous acid by itself or in dilute

acid solution readily forms nitrite esters with alcohols
rather than act as an oxidizing agent. The nitrite ester
can be considered a derivative of nitrous acid and, by
itself, is sufficiently stable. Thus nitrous acid or the
nitrite ester of methoxyethanol are probably not doing
the oxidation. Dinitrogen trioxide in pentane acts as a
nitrosating agent for alcohols so that species by itself is
not an oxidizing agent.
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Abstract:

03824,

Nine meta- and para-substituted N-mesitylbenzenesulfinamides were prepared and the kinetics of their

reaction with hydroxide ion in aqueous ethanol studied. Second-order rate constants were obtained. The reaction

was shown to be first order in base and first order in sulfinamide.
p-chlorobenzenesulfinamide as AH¥+ = +20.0 kcal/mol and AS = —89 eu.
The procedure of Taft for determining specific resonance effects
A resonance value of —0.08 ¢ unit was obtained for N-mesityl-p-

relation with Hammett’s ¢ constants (p = +1.3).
was applied to the data for the sulfinamides.

Activation parameters were determined for the
The rate constants gave a good cor-

methoxybenzenesulfinamide indicating that the resonance contribution of the p-methoxyphenyl group to the reson-
ance hybrid is slightly greater in the ground state than in the transition state. No significant resonance value
(4-0.03) was observed for the p-nitrophenyl substituent. The resonance contribution to the resonance hybrid for
N-mesityl-p-nitrobenzenesulfinamide is of the same magnitude for both the ground state and the transition state.
The lack of a significant resonance value for the p-nitrophenyl group argues against the formation of an addition

intermediate.
a reaction mixture containing H,2O.,

In recent years much attention has been given to the
mechanistic aspects of nucleophilic substitution at
di-, tri-, and tetracoordinate sulfur.® In hope of con-
tributing to this general subject, we have investigated a
specific case of substitution at tricoordinate sulfur(IV),*
the basic hydrolysis of N-mesitylarenesulfinamides in
aqueous ethanol (eq 1). Some other examples of trico-

(1) This work was supported by the National Science Foundation,
Grants No. GP-5283 and GP-8136.

(2) This article is based on the Ph.D. Thesis of J. B. B., University of
New Hampshire, 1968,

(3) For a discussion of nucleophilic substitution at sulfur as well as
pertinent references, see (a) W, A, Pryor and K. Smith, J, Amer. Chem.
Soc., 92, 2731 (1970); (b) E. Ciuffarin and A. Fava, Progr. Phys. Org.
Chem., 6, 81 (1968); (c) E. Ciuffarin and G. Guaraldi, J, Org. Chem., 35,
2006 (1970); (d) J. L. Kice and G. J. Kasperek J. Amer. Chem. Soc., 92,
3393 (1970); (e) D. Landini, G. Modena, G. Scorrano, and F. Taddei,
ibid., 91, 6703 (1969).

(4) The sulfur atom is named according to its coordination number
(number of ligands not including unshared electrons) and its oxidation
number (number of bonds to sulfur plus the formal charge on sulfur),
See K. K. Andersen, S. A. Yeager, and N. B, Peynircioglu, Tetrahedron
Lett., 2485 (1970).

No incorporation of *O was found in unreacted N-mesityl-p-chlorobenzenesulfinamide isolated from

CH,

i
o N g
X 2
cH,
(l? CH,
@-so— + CH, NH, 1)
X
CH,

ordinate sulfur(IV) compounds which undergo nucleo-
philic substitution at sulfur are sulfoxides (R:SO), sul-
finyl chlorides (RSOCI), sulfilimines (R.SNR), sulfo-
nium salts (R;S+), and sulfinate esters (RS(O)OR).
The various aspects of the substitution reactions can be
conveniently divided into four categories: (1) the in-
fluence of the nucleophile’s structure on reactivity, (2)
the stereochemistry of the reactions, (3) the influence of
the sulfur compound’s structure on reactivity, and (4)
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