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The kinetics of the reactions of diphenylcarbonyl oxide with dimethyl, di-n-hexyl. 
diphenyl, dibenzyl, and n-hexytbenzyl sultoxides in acetonitrile was studied by flastl photolysis 
at 295 K. The oxidation of sult'oxide affords the corresponding sutfone as the main reaction 
product, and diphenyl sulfide also forms in the case of Ph2SO. Solvent effect on the reaction 
kinetics and the composition of the reaction products was studied. The reaction mechanism is 
discussed, which includes two parallel pathways: the nucleophilic attack of carbonyl oxide at 
the sulfur atom of  sult'oxide and the formation of the cyclic sulfurane intermediate via the 
electrophilic 1,3-eycloaddition of Ph~COO at the S=O bond. The sulfurane undergoes 
fragmentation via parallel channels to form sulfone or sulfide. 
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It is known  t tha t  the o x i d a t i o n  o f  subst i tuted d iph r  
nyl sul foxides  by f luo renone  ox ide  to sulfones p roceeds  
via the  nuc leophi l i c  m e c h a n i s m  (O = +0.26).  At the 
.~me  t ime ,  c t ,c t ,c t - t r i f luoroacetophenone oxide reacts with 
t h e s e  s u b s t r a t e s  via t h e  e l e c t r o p h i l i c  m e c h a n i s m  
(p = - 0 . 7 4 ) ,  and  the c o r r e s p o n d i n g  sulfide tb rms  a long  
wi th  the  ma in  product .  2.3 

T h e  ambiph i l i c  na ture  o f  c a r b o n y l  oxides (COx)  is 
due  to the  specific features  o f  t h e i r  e lec t ronic  s t ruc ture .  
C a r b o n y l  oxides are desc r ibed  in the  framework o f  the 
c o n c e p t s  o n  strongly polar  i n t e r m e d i a t e s  with p r o n o u n c e d  
bi radica l  propert ies ,  for example ,  in the form of  r e sonance  
s t ruc tu res ,  zwi t te r ionic  (A, C) a n d  biradical  (B). 

carbonyl oxide f ragment  and the add i t iona l  s tab i l i za t ion  
of  the polar  r e sonance  s t ructures .  4 In the case  o f  
Ph~,CF3)COO, the  strong e l ec t ron -wi thd rawing  capab i l -  
ity of  the C F  3 group favors a lower polar iza t ion  o f  the  
CO()  fragment  o f  carbonyl  oxide, 1.3 due to which  it has  
more p r o n o u n c e d  biradical proper t ies  and  the capab i l i ty  
o f  electrophil ic  a t tack by the oxidant  molecule .  

In this work, we studied the kinet ics  o f  the r eac t ions  
of  d iphenylcarbonyl  oxide P h , C O O  with several su l fox-  
ides RtR2SO (R I = R 2 = Me (1), n -C6HI3 (2), Ph  (3) ,  
CH2Ph (4); R I = n-C6Ht3,  R -~ = C H 2 P h  (5)) at 295+2  K. 

Experimental 
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T h e  subs tan t i a l  mixing o f  s ta tes  A - - C  indicates tha t  the  
ene rg i e s  o f  the r e sonance  ~brms are close,  which as sumes  
the  s t r o n g  inf luence  of  var ious  fac tors  ( the nature  of  the  
s u b s t i t u e n t ,  solvent ,  and  c o - r e a c t a n t )  on  the c h e m i c a l  
p r o p e r t i e s  of  COx.  

We may  conc lude  that  the  s t ruc tu res  with the nega-  
t ively cha rged  te rmina l  oxygen a t o m  prevail in the  reac-  
t ions  o f  f l uo renone  oxide f wi th  sulfoxides,  because  the 
p l a n a r  s t ruc tu re  of  the f l u o r e n o n e  oxide molecule  fhvors 
the  con juga t i on  of  e l ec t rons  o f  t he  a romat ic  ring and  

Solvents tacetonitrile, benzene, n-pentane) were purified by 
standard procedures. 5 Dimethyl sulfoxide 1 was dried with 
NaOH and distilled in vacuo. Suffoxides 2--5 were recrystal- 
lized from alcohol. Diphenyldiazomethanc was synthesized and 
purified by the previously described procedure. 6 

The reaction products of Ph2COO with sulfoxides 1 "+rid 3 
were studied under the conditions of steady-state photolysis. A 
DRT-1000 mercury-quartz lamp served as the photolytic source, 
the beam power in the wavelength interval of 270--380 nm was 
95--110 W, and the reactor was remote from the source at 15 cm. 
Acetonitrile (5 mL), diphenyldiazomethane (2" 10 -3 tool L-I),  
and the substrate of oxidation were placed in a thermostatting 
cylindrical reactor. Photolysis was carried out with ;'. = 
270--380 nm (UFS-2 light filter) at 25 ~ lbr 10--20 rain until 
the pink color of the solution disappeared. In some experi- 
ments, the photosensitized photolysis of the diazo compound 
was performed in the presence of Methylene Blue (MB), which 

Published in lzvestiya Akademii Nauk. SerLva Khimicheskaya, No. 9, pp. 1504--1509. September. 2000. 

1066-5285/00/4909-1496 $25.00 �9 2000 Kluwer Academic/Ptenum Publishers 



Reaction of  P h 2 C O 0  with sulfoxides Russ.Chern.Bull . ,  [nt .Ed. ,  Vol. 49. No. 9, Sep t ember ,  2 0 0 0  1497 

was photoexcited with k > 560 nm (nitrogen incandescent lamp, 
power 500 W, OS-14 light filter). Air was passed through the 
solution during photolysis. The sample for analysis was concen- 
trated to a volume of ~02 mL. l 'he products were analyzed by 
GC-MS on a Finnigan 4021 instrument (El, 70 eV; gas chro- 
matograph, quartz capilla~ column 50 m • 0.2 ram, SE-30, 
carrier gas He, linear temperature programming from 50 to 
300 ~ heating rate 6 ~ rain-I). The absolute calibration of 
the instrument was performed by benzophenone--sulfo• and 
benzophenone--sulfone calibrating systems with relative sensi- 
tivities of 1.0 : t.I and 1.0 : t.2 and absolute sensitivity at a level 
of I% (-4.  I0 -s g). 

An impulse photolysis tIP) setup was used for kinetic ex- 
periments (an IFP 5000-2 lamp as the photol.'r source, maxi- 
mum energy of the pulse 400 J at U = 5 kV, C = 32 ~.F, -90% 
photoenergy was emitted per 50 #.s). A quartz cell with an 
optical length 6/) of 10 cm and an inner diameter of ~1 cm was 
used as the reactor. The setup, whose parameters have been 
presented previously. 7 was supplemented by a device of corn- 
purer simulation of the pulse signal. The program of signal 
processing determined automatically (with the possibility of 
manual correction) the beginning and end of the photopulse 
and the zero optical density. Nonlinear regression analysis 
makes it possible to determine the effective reaction order, 
initial optical density, and rate constants of any order and to 
process the kinetic curve in the coordinates of the equation that 
describes the simultaneous first- and second-order reactions.* 

Flash photolysis (FP) of the Ph2CN2~sulfoxide--solvent--O 2 
system (in air) was performed with filtered light (UFS-2 light 
filter, transmission region 240--380 nm). In all experiments, to 
prevent the photochemical decomposition of Ph~CN_, the 
photointensity of the probing be:~m was attenuated by an SS-15 
light filter (transmission region 300--520 nm). The initial 
concentration of  diphenyldiazomethane flPh2CN_,.10 ) was 
(1.5--2) '10 -'~ mo iL  -~, and the concentration of sulfoxides 
(IR~R2SOI0) was varied in the range of 0.001--0.1 tool 1_ -I. The 
reaction kinetics was monitored by a decrease in the absorbance 
(A) of diphenylcarbonyl oxide at the maximum of its absorption 
band (kma x = 410 rim, qnax = t.9" 103 Lmol -I cm-~'l. 8 

R e s u l t s  and D i s c u s s i o n  

R e a c t i o n  k i n e t i c s .  The flash photolysis  o f  a solution 
o f  d i p h e n y l d i a z o m e t h a n e  in the presence  of  oxygen 
results in the fo rma t ion  of  the cor responding  carbonyl 
oxideS: 

hv 
Ph2CN 2 --- 1Ph2C: + N 2, (l 't 

IPh2C: ~ - 3F'b2C:, (2) 

3ph2C: + 0 2 " Ph2COO, (3) 

which then is c o n s u m e d  in the reactions 

Ph2COO ~- Ph2CN 2 ~ 2 Ph2CO + N2, (4) 

Ph2COO + O h 2 C O O . ,  b- 2 Ph2CO + 0 2. (5) 

As shown previously,  8.9 at [Ph2CN'2I 0 ~ 3 �9 10 -4 mol L -I 
the c o n s u m p t i o n  o f  PheCOO in reaction (4) can be 

* The authors thank A. V. Antipin and A. B. Ryzhkov for 
development of the interface and software. 

neglected. U n d e r  these cond i t ions ,  the  cur~e of  a de- 
crease in d iphenylcarbonyl  oxide op t ica l  dens i ty  (A) is 
described by the s econd -o rde r  equa t ion  

dA _ 2k 5 A2 " 
dt el 

In the p re sence  of  su l loxides ,  the  ha l f - t ime  of  
d iphenylcarbonyl  oxide c o n s u m p t i o n  decreases  and the 
formal react ion order  (n) changes:  w h e n  the  concen t ra -  
tion [R~R2SO]0 increases, n dec reases  f rom 2 to 1.1. 
This indicates  that Ph2COO reacts  wi th  sulfoxides in 
parallel with react ion (5): 

Ph2COO + RtR2SO " Products, I6) 

and, hence,  

d[ Ph 2COO1 
- k~ [R~R ~-SO][ Ph2COO I +- 2k5 [ Ph2COO] 2 

dt 

or, going to the  optical absorpt ion values,  

dA _ k6[RIR~SOIA + 2k 5 A, t = xjA - ~?.A 2 
dr zl ' 

where ~:l = k6[RIR:SO]-  <, = 2ks~ t eD  (2k5 = 1 8 .  107 . 
7.4- 107, and 2 .0-  t09 L m o l  - I  s - I  for  so lu t ions  in aceto-  
nitrile, benzene ,  and n -pen tane ,  respectivelyS; ~; and / 
are indicated above).  

Since [RIR2SOI exceeds [ P h 2 C O O  I by some  orders 
of  magni tude,  then [RIR2SO I = [RtR2SOI0  = const in 
each par t icular  exper iment ,  and the analyt ical  solution 
o f  the equa t ion  presented above has the form: 

ln(~l + ~,~A).'lo _ 
(<l + <2A0) A 

~j-  t0-3/s  -I  

3.0 4 5 3 
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Hg. 1. Effective rate constant of the first order (~i) as a 
function of the concentration of suli'bxides (MeCN, 295 K), 
The numeration of the curves corresponds to the numbers of the 
sulfoxides. 
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Table 1. Absolute rate constants of the reactions of Ph,COO 
with sullbxides (295 K) 

Sulf- Sol- ,SIR! R2SO} k 6 a" 
oxide vent /tool L -1 /L tool -I s -g 

1 MeCN 0.07-0.21 12.36 ,20 19)' 103 -- 
1 Phil 0.04--0.21 (3.21 z0.06). 103 -- 
2 MeCN 0.01 .--0.09 (2.58_+0.17) �9 103 0.75 
2 Phil 0.01--0.05 (3.89+_0.20) �9 103 0.59 
2 n-CsH!2 0.01--0.05 (2.28+0.02) �9 10 4 --0.08 
3 MeCN 00055--0.1100 {347+0.25), 10 4 - -  

4 MeCN 0.001--0.01100 (I.05-0.03)-105 -- 
5 MeCN 0.01--0.05 (6.67+_0.39) �9 104 - -  

Using this equat ion,  we determined the effective rate 
constants ~ by nonlinear  regression analysis f r o m  the 
kinetic curves o f  A decrease. The ~ value was measured 
at least five t imes for each sulfoxide concent ra t ion .  The 
rate constant  ~:2 for all sulfoxides remains a lmost  un-  
changed under  different experimental  condi t ions .  The 
effective rate constant  ~l depends linearly (correlat ion 
coeff ic ient  r _> 0.99) on {RIR?SOI0 (Fig.  1). The  
~:I--[RIR.,SO]0 plots do not pass through the origin, 
which can be explained by an error of  measurement  of  
the effective rate constant.  The absolute rate constants  
k 6 for the reactions of  diphenylcarbonyl oxide with 
sulfoxides were determined from the slope (Table 1). 

Data on the k 6 values are lacking in the literature. 
The. relative r-ate constant  o f  the reaction o f  d iphenyl-  
carbonyl oxide with sulfo• 3 and the starting diazo 
compound was determined 1~ by the chemi luminescence  
method: k (Ph2COO + Ph2SO)/k(PheCO0 -e Ph2CN2) = 
0.177 ( M e C N ,  70 ~ Using the reference rate constant  
of  2 .4-105  L m o l  --Is  -1 ( M e C N ,  22 ~ 8 we ob-  
tained the est imated value k(PheCOO + Ph2SO) = 
4.2-104 L mol -I  s -~, which welt agrees with k 6 = 
3.4- 104 L tool - I  s - '  calculated in this work. 

Reaction products.  3o  obtain additional informat ion 
on the mechan i sm of  the reactions of  diphenylcarbonyl  
oxide with sutfoxides, we studied the products  o f  the 
phototysis of  Ph2CN 2 (2- 10 -3 m o l l  -1) in M e C N  in 
the presence o f  sullbxides I and 3. The results of  the 
analysis are presented in Table 2. 

In all cases, benzophenone  is the main product .  
The direct photolysis  o f  d iphenyld iazomethane  with 

Z = 280--370  n m  also gives d ipheny lmethano l  and 
te t raphenyle thylene .  Unsaturated c o m p o u n d s  appear,  
probably, dur ing  the following reaction6: 

Ph2CN 2 + HX ' " Ph2CNN.. .H-X- 

�9 Ph2CH ~ + N 2 + X-,  (7) 

Ph2CH + * P h 2 C N  2 ~ P h 2 C = C P h  2 + N 2 + H ~ (8) 

Here [qX is the  acid formed by  oxidation.  The acid- 
catalyzed decompos i t i on  of  the d iazo compounds  by the 
mechanism presented  occurs under  the action o f  strong 
acids. 6 There tb re ,  we may assume that HX is a sulfonic 
acid, in par t icular .  PhSO3H. whose format ion is possible 
by the photooxida t ive  destruction o f  sulfoxide 3 or  the 
corresponding sulfone. Diphenylmethanol  is e i ther  the 
product o f  d iphenylcarbene  insert ion at the O - - H  bond 
of the H 2 0  molecu le ,  or it appears due to the reaction of  
the d i p h e n y l m e t h y l  cation with the H 2 0  molecu le  
(acetonitri le con ta ins  some amoun t  o f  water). Unde r  the 
condit ions o f  sensitized Ph2CN 2 photolysis using MB, 
carbene is not  formed and carbonyl oxide is generated in 
the following r e a c t i o n s t t , t z :  

MB m, = M B ' ,  (9) 

M B '  ,~ 0 2 " MB + ~0 2 (L",g), (10) 

,,- Ph2COO + N 2 ( I  l )  l 
Ph2CN2 + ~O2 d 

! 
11-~)'- Ph2CO * N20 (12) 

Under  our  experimental  condi t ions ,  the fraction of  
the channel  o f  the reaction of  the d iazo compound  with 
singlet d ioxygen that aflbrds Ph2COO is 0.6. t3 The 
products o f  d iphenylcarbene t ransformat ion are absent 
from the oxida te ,  which agrees with the scheme pre- 
sented. The high yield of  benzophenone  is due to the 
stoichiometry" o f  the process. The  reaction schemes  for 

Table 2. Relative yields of the products of the steady-state photolysis of diphenyldiazomethane in the presence of sulfoxides R2SO 
(MeCN, 25 ~ [Ph2CN2] o = 2, t0 -3 tool L -I)  

Entry R [R?SO] Yield (%) Note 

/ m o l L  -I R2SO 2 R2S Ph~CO Ph2CHOH Ph?C=CPh2 

/ Ph 0.01 6,3 -- 86.5 5.5 1.7 
2 Ph 0.09 16.0 14.0 55.4 6,4 8.2 
3 PN 0.09 17.0 2.8 80.2 -- -- 
4 Ph 0,01 31.2 3.3 61.8 1,9 1.3 
5 Me 0.1 23.6 -- 71,0 2.5 2.9 
6 Me 0.1 18.0 -- 82.0 -- -- 

Average of two measurements 
[MB] = I �9 10 -r mol L -j 
Solvent -- n-pentane, 0.5% PhCOOPh 
For the detection of Me,S, see text 
[MB] = | "  10 -4 mo] L -F 
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steady-state and flash photolyses are identical. However. 
reaction (5) of quadratic decay is the main channel of 
Ph?COO consumption in the FP conditions and in the 
absence of st,lfoxide, whereas in steady-state photolysis, 
reaction (4) prevails due to the low quasi-stat iona~ 
concentration of carbonyl oxide. Thus, in the presence 
of sulfoxide, benzophenone is formed in parallel routes 
(4) and (6). It can easily be shown that, under our 
experimental conditions, these reactions proceed with 
comparable rates to provide a high yield of benzophe- 
none. In addition, in sensitized Ph2CN " , photolysis. 
benzophenone is formed in side reaction (12), whose 
fraction is 1 - ct = 0.4.13 

AS expected, the oxidation of sullbxides I and 3 
affords the corresponding sulfone as the main product. 
whose yield increases when the reaction is carried out in 
nonpolar n-pentane (see Table 2, entries / and 4) and 
the concentration of sutfoxide increases (entries I and 
2). In addition, diphenyl sulfide was detected in the 
reaction mixture (entries 2--45. These findings agree 
with the published data, z,3 according to which sulfides 
are the products of the reactions of sulfoxides with 
ct,ct,ct-trifluoroacetophenone oxide. In the reaction of 
PhzCOO with sulfoxide 1, the product ofdeoxygenation. 
dimethyl sulfide, was detected only qualitatively. Due to 
its high volatility (b.p. 37.3 ~ Me2S evaporated at the 
stage of reaction mixture concentrating preceding the 
analysis of the products. Therefore, dimethyl sultide was 
captured in a trap cooled with liquid nitrogen at the 
initial stage of sample concentrating. Analysis showed 
the mass spectral peaks characteristic of Me?S: 62 IM1 +, 
47 [MeSI% 46 [CH~SI +, 45 ICHS]*, 15 IMe] +. We 
failed to estimate quantitatively the content of Me,S 
against the background of acetonitrile. 

Solvent effect. It is known, 8.9.1s,16 that a solvent has 
a strong effect on the reactivity ofcarbonyl oxides in the 
recombination act (see reaction (5)). ]he  solvent effect 
in the process under study was investigated for the 
reactions of Ph2COO with sulfoxides I and Z in acetoni- 
trile, benzene, and n-pentane* (see Table I). Parallel 
changes in the rate constant  of the react ion of 
diphenylcarbonyl oxide with sulfoxide 2 and various 
solvent parameters were observed in the framework of the 
Winstein--Gr/inwald, Amis, Leidler--Eyring, Brownstein 
equations, etc. The k 6 values in Table I are compared to 
the polarity and polarizability parameters (n*) in the 
Kamlet--Taft equation, reflecting the relative ability of 
the solvent to stabilize the charge or bipolar structure 
due to the dielectric constant of the solvent.17 n-Pentane 
does not possess this stabilization, which increases sharply 
(ninefold) k 6. According to the effect found, for the 
oxidation of sulfoxide 3 in n-pentane, the yield of 
sulfonc is much higher (see Table 2, entries 1 and 4) due 
to an increase in the fraction of reaction (6) in the 
overall rate of carbonyl oxide consumption. 

* Sulfoxide I is virtually insoluble in n-pentane. 

Reaction mechan i sm.  The k 6 values range from 
2.4-10 3 (sulfoxide 1 ) t o  1.1-I0 5 L m o l - i s  -I (sulfox- 
ide 4). We failed to describe the reactivity of sullbxides 
as a function of their structure in the framework of the 
conventional approaches (Hammett and similar correla- 
tion equations) perhaps because of the complex mecha- 
nism of the reaction of COx with RtR2SO. 

The presented experimental data indicate an ambi- 
philic nature of carbonyl oxide. The character of its 
reaction with sult'oxide is determined, to a great extent, 
by the structures of COx itself (and, hence, of the 
prevailing resonance structure) and the co-reactant and 
the experimental conditions (temperature, solvent na- 
ture). The supposed mechanism of the reaction of COx 
with sulfoxides is presented in Scheme I. 

Scheme I 

Ph\ /O R 1 h 
, a ~ \S----O 

1 ph/C--O R2/ 1 

r "1 - 1 

i Ph\ /O--O ! I Pm\c O R2 i 
iph/C'...,5_ /R21 I ..' - . la'-,- Ph O---S--R 'll 
i O'~-Sx R 1. L 0 .i 

; l 
Ph\ R i N //0 
ph/C----O + Rg, S%0 

ph x p---q ...R 2 
ph/C\o/S"- .  R 1 

6 

q 
O--O D2 i Ph,, .,, \.,,n ; 

: 1 
!, ph/C--o."S' -R 11 
i 

l 
Ph.,. 

,O=O 
Ph" 

p. ,  o---o ,R21 _ _  
p h / C " - O " S " R  I 

J 

| 

R l \O .,.O R 1,, 02 
4- R2/S-- O ~ R2..S + 

7 

(a -- eleetrophilic, b -- nuc!eophilic) 

According to this scheme, the reaction can proceed 
via two routes. The first of them is the nucleophilic 
addition of the terminal oxygen atom to the sulfur atom 
of sulfoxide. This pathway, resulting in ketone and 
sul/bne, is characteristic of the reactions of COx with 
more pronounced 1,3-bipolar properties, in particular, 
fluorenone oxide, l Another possible reaction route is the 
electrophilic attack of COx at the oxygen atom of sulfox- 
ide (see Scheme I), which is completed by the formation 
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of five-membered cyclic intermediate 6. 3,tg This direc- 
tion is more probable for ot,c~,oc-trifluoroaeetophenone 
oxide, 2,3 because the trifluoromethyl group decreases the 
electron density on the carbonyl oxide fragment to 
enhance the electrophilic properties of COx. Diphenyl- 
carbonyl oxide is intermediate in properties between 
fluorenone oxide and a,c~,ot-trifiuoroacetophenone ox- 
ide. This suggests that Ph2COO can react with sulfoxide 
via both routes. 

Cyclic sulfurane intermediate 6 is very labile and 
undergoes fragmentation via different directions. One of 
them affords products that can be obtained by the 
nucleophilic mechanism, ketone and sulfone. Another  
direction is completed by the formation of persulfoxide 
zwitterion 7. The latter is unstable and rapidly decom- 
poses to sulfide and molecular oxygen. This assumption 
agrees with the results of the analysis of the products. In 
fact, the use of n-pentane as a solvent accelerates the 
reaction !see Table I) and increases the probability of 
sulfone formation, but the yield of sulfide is h)w in this 
system (see Table 2). It is most likely that polar acetoni- 
trile efficiently stabilizes zwitterion 7, thus facilitating 
the reaction via this direction. In n-pentane, the forma- 
tion of bipolar ion 7 is thermodynamically unfavorable. 

Note the high yield of diphenyl sulfide in the experi- 
ment where carbonyl oxide was generated by direct 
photolysis of the diazo compound with Z = 280--370 nm 
as compared to that in sensitized photolysis (L > 560 nm) 
(see Table 2, entries 2 and 3). Since the yield of  the 
sulfide is low, we may assume that the fragmentation to 
benzophenone and diphenylsulfone is the main channel  
of the transformation of heteroeycle 6. Sulfurane 
photoexcitation, possible under  the irradiation of the 
solution with the light in the wavelength interval of 
280--370 nm, resuhs in population of the triplet poten- 
tial surface of the reaction. The subsequent decomposi- 
tion of the triplet state of sulfurane 6 (with retention of 
the total multiplicity of the reaction products) to ketone, 
sulfide, and molecular oxygen in the ground state (3Zg) is 
most energetically favorable. 

This work was financially supported by the Federal 
Target Program "State Support of Integration of Higher 
Education and Basic Science for 1997--2000" (State 
Contract No. 2,1-573). 
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