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SECONDARY PHOSPHINE OXIDES 

THE EFFECT OF STRUCTURE ON ACID STRENGTH AND 
RATES OF CLEAVAGE OF DlSULFIDES 

M. GRAYSON, C. E. FARLEY and C. A. STREXLI 
chanical Department. Central Research Division, American Cyanamid Company, 

Stamford, Connecticut 

(Rrccicud in U.S.A. 23 April 1966; accepted for publicu~ion 19 July 1966) 

AMract-Sccond order rate constants for reaction of a series of symmetrical, substituted diaryl- 
phosphinc oxides and several dialkylphosphine oxides with diphenyl disulfide and acidities of the 
former in 1-butanol and 95 % ethanol were measured. Catalysis of the disulfidc ckavagc by base WEIS 
observed. Correlation with Hammett substitucnt constants of both rate and acidity data is rcportcd. 
A anxhnim in which a rapid equilibrium “enohzation” of the nuckophilic secondary phosphine 
oxide group cuau~ prior to ckavagc of the disulfidc bond is propoJcd. The reaction was reversible 
in the present of tricthylaohe. 

THE question of tautomeric (“keto-enol”) equilibrium in the chemistry of dialkylphos- 
phonates (1) and arylphosphinates (2) has been clarified in recent years by kinetic 
studies of deuterium exchange*a and oxidation reactions.s.K Although these com- 
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pounds are largely pentavalent (“keto”) by spectral measurements’ their exchange 
and oxidation reactions evidently proceed by prior enolization to the trivalent 
phosphitc form. The analogy with acetone bromination is evident in neutral as well 
as acid and base catalyzed deuterium exchange and iodine oxidation reactions. The 
salts of dialkyl phosphonatcs appear to be entirely trivalent in character by IR’ and 
F1 NMR’ measurements, presumably accounting for their enhanced reactivity as 
compared to the neutral esters. 

Analogy between 1 and 2 and secondary phosphine oxides (3) has been cited in 
view of their common structural relation to phosphorous acid (4).* However, the 
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I Z. Lur and B. L. Silver. 1. Amer. Chem. Sot. 83.4518 (1961). 
* J. Reuben. D. Samuel and B. L. Silver, J. Amrr. Ckm. Sot. 85.3093 (1963). 
’ D. Samuel, Pure und Appl. Chem. 9,449 (1964) and Rcfs cited. 
d W. J. Baiky and R. B. Fox, 1. Org. C&m. 28,531(1%3); Ibid. 29.1013 (1964); and earlier papers. 
* P. Nykn, 2. Anorg. A/&m. Chem. 235, I61 (1938). 
@ L. W. Daasch. J. Aw. Chem. Sot. 80.5301 (1958). 
T K. Mcxdriutr. J. Inorg. and Nucl. Chum. 22, I9 (1961). 
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relevance of the prototropy of secondary phosphine oxides to their chemical reactivity 
has not been systematically investigated. IR evidence clearly indicates the dominant 
“keto” nature of the aryl and a&y1 secondary phosphine oxides 

The reaction of secondary phosphint oxides with distides was selected as a model 
system for this investigation in view of the simplicity and clear-cut nature of the 
reaction as well as an interest in the biologically signiticant disulfide bond. Analogy 
between dialkyl phosphonatcs and secondary phosphine oxides in disulfidt cleavage 
(Eqs 3 and 4) has been established? Qualitatively, the secondary phosphinc oxides 
appeared to be more reactive in that the sodium salt was not required for complete 
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(3) fRO),b H i RSSR -+ (RO),&SR .-. RSH 

‘; “; 
(4) R,P-H - RSSR --, R.SR ‘r RSH 

formation of products. The reaction between dialkyl phosphonate salts and disulfidcs 
has been reported. lo-ii Foss has in fact suggested that sodium dialkyl phosphonates 
may be better nucleophiles toward disulfides than cyanide ion.‘* Mechanistically, 
this type of displacement reaction on sulfur would be expected to proceed by straigbt- 
forward colinear backside attack in the same manner as with other nucleophiles.“*14 

RESULTS 

The reaction of secondary aryl phosph~ne oxides with diphtnyl disulfide was found 
to proceed smoothly in the absence of bases to give the expected products, tbiophenol 
and the corresponding phcnyl diarylphosphinothiolate ester, in good yield (Table 7 
Exp. Section). The rates of reaction were followed conveniently by polarographic 
analysis for thiophenol. t-Butanol was selected as the solvent to permit direct deter- 
mination of the acidity of the oxides in the same solvent by non-aqueous potentio- 
metric titration. Satisfactory second order rate constants were obtained for each set 
of reactants at all initial concentration levels studied (O-OS-O-4 m/l) up to essentially 
complete reaction. Acidities of the weaker p-methoxy, pm&y1 and unsubstituted 
compounds were determined by titration in pyridine and extrapolation to t-butanol 
by correlation with those compounds which were acidic in both solvents. Kinetic 
results at equimolar initial concentrations of reactants and apparent pKu data for the 
oxides are summarized in Table 1. Linear correlations of log k, us S-p (with the 
exception of pCF,) and log ks u’s pKu were found as indicated in Figs 1 and 2, 
respectively (correlation of pKu and o is described in the Experimental). 

When the rate of reaction of bi~tolyl)phosphine oxide with diphenyl disuBide 

l N. 8. Colthup, L. H. Daly and S. E. Wibcrky, Inrroabcrlon ro Infrared and Ramun Sprc~oswpy, 
pp. 299-300.402. Academic Press. N.Y. (1964). 

l K. A. Pcttov, N. K. Bliznyuk and I. Yu. Mansurov, Zh. Obsch. K&m. 31,176 (1961). 
lo 0, Foss, Acta Chem. Stand. 1, 307 (1947); ako in Organic Sdfur Conymmds (Edited by N. 

Khuash) Vol. 1. Pcrgamon Press, London (1961). 
‘I J. Michabki and J. Wuiak, ): Chcm. Sot. 5056 (1962). 
I* R. 0. Harvey. H. I. Jacobson and E. V. Jm, /. Anw. Chem. Sot. 85,1623 (1963). 
I* A. Fava, A. Iiiceto and E. Camera, J. Amer. Chum. Sac. 79,833 (1957). 
‘1 A. Fan and A. iliato. 3. Amer. Chcm. Sot 80.3478 (i958). 
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Tlse1.8 1. APP- pxu AND MTe DATA AT 300 RI ~-MJTAFNX. 

(@tCJ&hPHO + P NPh + PhSH + @R~HJJ’o,)!M’h 

Cone: pKa in 
R m/l =P”er’ MuOH k,. 1 m-l min-’ kXRW,(H) 

-_-. 
Me0 0.20 -0.54 3&O 1.7’ x lo-’ 0.43 
Me 0.20 -0.34 29.0 2.1s f 0.02 x 10-a 0.56 
H 0.20 0x0 280 3.87 rf: Oi37 x 10-l 19 
Cl 0.20 +e454 250 14’ x 10-8 3.6 
Br @15’ -to464 25.0 17’ x 10-a 4.3 

CF, @IS’ +108 23.2 32’ x lo-’ 8.3 

‘Both reactants. 
b k values may be as much as 5 % low compared IO results at @20 m/l (See Tabk 2 and Fig. 3) 
* Singk run, othetwix duplicate runs were made. 

I*. 

Fro. 1. 

was studied as a function of concentration in t-butanol it was found that the second 
order rate constant was not independent of the concentration of the oxide (Table 2). 
The rate constant appeared to increase in a linear fashion by a factor of two with an 
eight-fold increase in concentration (Fig. 3). Doubling the disulfide concentration, 
on the other hand, produced a slight drop in specific rate which is within the experi- 
mental error (ca. 3-5 %). Changing the solvent to 95 % ethanol suppressed this effect 
of phosphine oxide concentration markedly. The variation of ks with secondary 
phosphine oxide concentration is still linear in 95 % ethanol but the rate of change is 
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TABLE 2. VARIATION OP RATE CONSTANT wmc 
CONUZh-tRATH)N AT 30” tN t-BUTANOL 

Flo. 2. 

(~MGH,),PHO + PhssPh - PhSH i @-McC.H,),P(O)SPh 

(pMGH.),PHO PhSSPh k,. I m-l min 1 --. - -_- - 
04 m/l. 0.10 m/l. 3.13 x IO-’ 
0.20 0.20 2.17 
@20 0.20 2.13 
0.10 0.20 1.83 
0.10 0.10 1.96 
035 0.20 1.52 

quite low since a six-fold increase produced only a 20 % rise in specific rate (Table 3). 
In fact, extrapolation to zero concentration indicates that no appreciable further drop 
in k, would be expected below the lowest concentration tested (0.05 m/l, Fig. 3). As 
a result, rate and acidity measurements were repeated in 95 ‘A ethanol with the addition 
of the extremely acidic compound bis(3,5-bistritluoromcthylphenyl)phosphine oxide 
as well as bis(m-trifluoromethyIphenyl)phosphine oxide and three dialkylphosphine 
oxides (Table 4). As shown in Fig. 4 and Table 4, the ethanol results give a linear free 
energy correlation with the standard substituent constants for aromatic compound3 
(log k, L’S Co) with the exception of the pCF, value.” It appears that the few ahphatic 
compounds measured tend to give a similar correlation with inductive substituent 
constanG (log k, US LY*) with parallel slope (p = 1.168) to the aromatic phosphine 

I’ L. P. Hammen. Phydcuf Ogunfc Chmimy. p. 188. McGraw-Hill, N.Y. (1940). 
lo H. H. Jafft, Gem. Rm. 53,222 (1953). 
I7 R. W. Taft, Jr. in Newman. Sferic Effecrs in Oganic Ckmisrry p. 619. J. Wiley, New York (195a). 
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Fm. 3. 

TABLE 3. EPPKT OP CONCENTRA~N ON RATP, cxmsrm~ 

AT 3c” IN 95% FIHANOL 

t@K&b,PHO + PhSSPh 4 PhSH -i- @McCJi&P(O)SPh 

@-MeC,HJ,PHO PhSSPh k,, 1 m-l min-l 

D30 m/l. 
@30 
0.10 
0.10 
04s 
0.05 

0. IO m/l. 
0.10 
0.10 
0.10 
0.20 
0.20 

1.08 x 10-g 
1.16 
101 
1.01 
0.89 
090 

av. 141 f 009 

oxide plot. However, more data would be required before this relationship could be 
considered firmly established. 

An observation of considerable mechanistic significance was the great increase in 
rate obtained in the presence of base. For example, a 50-fold increase in rate occurred 
with his@-tolyl)phosphine oxide and phenyl disulfide (O-01 m/l each) in the presence 
of a large excess (0.16 m/l) of trietbylamine in 95% ethanol at 30” (kSB = 50 f 5 x 
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RlHO . G”.Uc.“. -9%. L,oM *’ 

TABLE 4. RATE DATA AT 30” I?4 95 ‘/. ETHANa 
(R,R,C,H&PHO + PhSSPh + PhSH + (R,R,C,H&‘(G)SPh 

0.20 m/l. O-20 m/l. 

Rl R4 k,. 1 m-l mu+ k,(R,R3/k,(H) 

we 
PMe 

Sl 
PBr 
P-8 
mCF4 
3CF. 

H -0.s4 6.11 i 0.04 x lO-’ @32 
H. -@34 IO.1 It: 090 0.53 
H’ 0.0 1905 f 0.20 1.0 
H’ +04w 64.8 + 040 3.4 
H’ +0&l 72.4 f 0.60 3.8 
H’ $1.08 197 i 22’ 1@3 
H’ +a86 235 :i. 4 12.3 
5CF,’ - 1.72 257s = 80 13s 

CH,CH,CN 
r&H, 
COH,, 

Aiiphorti Cowpwdr (RIRsPHO) 

CH,CH,CN +@86’ 404*ws x lo-’ 

=CIHI -0.24 0.311 + o.003 
COHII -0.3w 0.157 T 0.002 

0.21 
0.016 
oQc@2 

l Cow varied from OaS to @30 m/l. (Tabk 3). 
’ Cont. was 010 m/l. 
l 004 m/l. 
d Qo7 m/l. 
a Ml m/l. 
’ u* valuu. 
’ Average of duplicate values. 
4 Average of three runs. 

lo-* 1 m 1 mia-I). The rate constant was calculated as a reversible second order 
reactiotP since it was found unexpectedly that equilibrium was established in this 
system in the presence of base at about 50% reaction. The back reaction was con- 
firmed by following the consumption of thiophcnol in the presence of phenyl 
diphenylphosphinothiolate and excess triethylamine under the kinetic conditions 

I@ A. A. Frost and R. 0. Pearson, K&utics and Mechahm (2nd Edition) p. 188. J. Wiky, New Yorlr 
(1961). 



(Eq. 5). It is presumed that ~opheoo~de ion is the actual nucleoph~c spies in the 
presence of the base. Equilibrium was attained in a few hr. Further consumption of 

Er$r 
(9 PhSH + (whpoSph _ - (PhhPHO + PtSPb 

thiophenol was exceedingly slow. It therefore seems reasonable to draw a parallel 
between the secondary phosphint oxides and the acetone-like eoolimtion of 1 which 
has a pH-rate profile resulting from both acid and base catalysis of deuterium exchange 
and oxidation.*+’ This will be discussed further in the next section. 

In considering this system as a model for reaction with the disulfide bond of various 
proteins, the relative reactivity of diphenyl disulfide and aliphatic disulfrdes, especially 
combined cyst& is of interest. Reactivity comparisons were made with N,N’ 
diacetyl-t-cystinc diethylesterl’ (Cys) and di-n-octyl disulfide with bis@tolyl) 
phosphine oxide in the presence of triethylamine. The reactivity order (PhS), > 
Cys > (n-C,H,Sh (86: 1+0:@21) was observed. With bisQ-chloropheoyl)phosphine 
oxide in the absence of the base, reaction with di-n-octyl disulfide was too slow for 
convenient measurement (~2.5 % in 24 hr) and the order (PhS), > Cys > (n-C,H,,S), 
was observed again (4*6 : 1 *O : ?). 

DISCUSSION 

It is evident from the linear variation of second order rate constant with the phos- 
phioe oxide concentration described in Fig. 3 and Tables 2 and 3 for both t-butanol 
and 95 % ethanol that the reaction is indeed second order but complicated by a solvent 
dependent concentration effect. The fact that the increase in rate constant with oxide 
con~n~ation is sharply reduced by carrying out the reaction in 95 % ethanol instead 
of t-butanol suggests as one might expect that highly polar or ionic species arc being 
formed prior to or during the transition state. It seems likely that the polar phos- 
phoryl group of the secondary phosphine oxide is capable of association through 
hydrogen bonding or otherwise assists the acidic ionization which precedes the 
transition state by ion-dipole interactions (r&&z in/u). There is some indication from 
the titration curves that the secondary phosphine oxide exists in anhydrous t-butanol 
to some extent at least as a dimer or that there is strong anion-acid association so that 
one of the species present during the titration has the form (AHA)-. This is quite 
reasonable in the light of previously observed behavior of weak acids in low dielectric 
mediaVtO However, there is no comparable evidence for association in 95% ethanol. 
The reduction of this effect in a medium of higher dielectric and better hydrogen donor 
properties such as 95 % ethanol is in keeping with this interpretation. 

The acceleration of reaction by electron withdrawing groups as well as the 
additional acceleration by base provide substantial support for a mechanism involving 
rapid establishment of equilibrium between the “keto” and reactive trivalent “enol” 
or ionized “enol” forms of the secondary phosphine oxide prior to the rate determining 
attack on the disulfide by the anion (in 95 % EtOH) or anion complex (AHA-) (in 
t-butanol) discussed above. 

The first equilibrium step (Eq. 6, below) is written both on the evidence of the 
obvious acidity of the secondary phosphine oxides, the acceleration of reaction by 
base and the evident analogy with the dialkyl phosphonates (1). A similar enolization 

l* E. Chabulkz and P. PMtnar, H&. ClcmL Acta. 12, 317 (1929). 
* L. W. Marpk and f. S. Fritz, Anoiyt. Ckm. 35.1223 (1963); Ibid. 34,921 (1962). 
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mechanism has been proposedsad on the basis of dcuterium exchange and iodine 
oxidation kinetics with 1. The analogy to acetone enolizatioa in bromination, etc. 
appears to be valid ?*’ The reversibility of Eq. 7 has been established separately (Eq. 
5). The nucleophilic properties of both the anion of 1 and secondary phosphine oxides 
toward saturated and unsaturated carbon as well as sulfur are amply attested to by a 
host of alkylation, carbonyl and Michael addition reactions as well as sulfur abstrac- 
tion processes and documentation here seems unnecessary. Eq. 7 is written as a 

(6) 

(7) 

0 OH 0 
1 rut I tcryfbd 

R,P-H + RIP. - *- (R,!‘:)O + Ha 

0 0 
rlor 1 

(R,& + PhSSPh _ RIP-SPh + PhS-3 

(8) 

reversible reaction although it is clear that the overall reaction is largely irreversible 
in neutral alcoholic systems where thiophenol is little ionized. It is likely that mercap 
tide ion attacks the sulfur of the thiolate ester directly in the reverse of Eq. 7 although 
it has been established that hydrolytic reactions of phosphorus esters proceed by way 
of attack on the phosphoryl group. *l Formation of disulfide from an adduct of the 

0” 
I 

type &P(SPh), cannot be excluded but does not appear likely. Obviously ordinary 
dealkylation via attack on carbon (to give diphenyl sulfide) is extremely unfavorable 
with the aromatic esters. 

The correlation of observed rate with increased electronegativity of the substitucnts 
on the secondary phosphine oxides indicated in Figs. 1 and 3, tells us that the equilib- 
rium constant or constants of Eq. 6 (Kr) dominates the kinetics (e.g. &,,. = K,k,, 
where k, is the forward rate of Eq. 7). In other words, the anion is an extremely 
reactive intermediate and the fret energy of the reaction is largely a function of Kl. 
Were this not the case, electron withdrawing groups on the phosphine oxide would 
reduce the rate of reaction since the nuclcophilicity of the anion would be corre- 
spondingly reduced. 

As can be seen from Figs. 1 and 4, especially the latter, either the up or ks value for 
bis@ifluoromethylphenyl)phosphine oxide is inaccurate. However, the good 
agreement obtained in the plot of pKu versus log k, for the trifluoromcthyl compound 
(Fig. 2) makes it unlikely that experimental errors in k, are involved. It has been 
shown” that the up value for trifluoromcthyl may vary widely from the one determined 
with benzoic acids depending on the reaction type and presumably the electron 
demand. On the other hand, d, values are invariant with reaction type. The am and 
uI values are nearly identical. ss Use of either of these values restores the agreement 
between p_CF, and the other substituents. From this we may conclude that forms such 
as the following make very little contribution to the acidity of the secondary phosphine 
oxides. However, since thepmethoxy group appears to make its normal contribution 
here as a donor, some structures from which ring-P overlap can mur must be 

** J. R. Cox, Jr. and 0. B. Ramsay. Chum. Rec. 64,317 (1964); P. Haakc and C. Diebert. privatecomm. 
s8 J. D. Roberts, R. L. Webb and E. A. McElhill, 1. Amer. Chem. Gc. 72,408 (19X). 
” R. W. Taft, Jr. and I. C. Lewis, 1. Amer. Ckm. Sot. SO.2436 (19S8). 
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contributing to reactivityY as in (10) (in this case reduced acidity of the phosphine 
oxide). Conceivably this type of interaction increases with donor strengW which 

(9) 

would account for the reduced participation of fully overlapped forms with trifluoro- 
methyl substitution. 

0 ne 

(10) 

To assess qualitatively the general extent of C-P pi bond overlap in aromatic 
phosphorus acids, it is interesting to compare the reaction constant, p, with related 
systems. A value for p of 0.83 was found- for the ionization of substituted phos- 
phonous acids w-GH,PH(O)(OH)] compared to the value of I.168 found here for 
the neutral system in 95% ethanol. A value of p found for the first ionization of 
phenyIphosphonic acid in water was 0.76 .n in agreement with this, it was concluded- 
that drr-pn bonding in aromatic phosphorus acids isquite small sincethe u* correlation 

.!‘ _ 

-20 -2. -22 -I, -, 4 -I 0 -0.b -01 
~.WMCMW 

Fro. 5 

‘4 D. E. Bissing, J. 0%. Ckm. 30.1296 (1965). 
- H. Goat, F. Ncrdef and K. H. Wii, Ue&‘s Ann. 665.1 (lW3). 
” L. D. Quin and M. R. Dysart./. 0~. Chem. 27.1012 (1962). 
*) H. H. Jaffb. L. D. Freedman and G. 0. Doak, J. Amw. Chm. Sx. 75.2209 (1953); H. H. JLtrt and 

L. D. Ftzedwn, i&id. 741069 (1952); L. D. FraAman and G. 0. Do&, i&d. 77.6221 (1955). 
** D. J. Martin and C. E. GrifBn, 1. Org~omtuffk C&am. I, 292 (1964). 
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for ~ylphospho~c acids applied equally well to the aromatic compounds using 
a*C,H~. Added confirmation for this was obtained when log k, was plotted US SJ 
using Kabachnik’s values for alkyd as well as aryl groups” (Fig. 5). A p of I.22 was 
found which compares well with the values reported by Kabachnik for phosphinic 
and phosphonic acids in 80% ethanol (l-219). 

EXPERIMENTAL 

Symmetrical diary1 phosphinc ox&s were prepsrod by tha given method”-*I with several 
modScations, Grignard mrgcn~ were prepared from aryl bromides in dry THF and filtered to 
ranove excess Mg. Following reaction with die&y1 phosphonatc (molar ratio 3: I), the reaction 
mixture was hydrolyzed with an cquimolar amount of 20% H,SO,. After separation of layers and 
extraction of the water with benzene, the combined organic phases were evaporated in DIKW) and the 
residue redissolved in bcnzenc. Alter washing with 5% bicarbonate and drying over MgSO,, the 
solvent was evaporated and the aude product was rccrystallitbd from bcnzzne (diethyl etha was used 
for trifluoromcthyl-containing compounds). Yields arc reported for the pure products (Tabk 5). 

M.P. (“Cl Yield Found 
R Found’ Lit. Ref. % C H 

. ._.- .- 

XkH, 
U-55 X3-56 63 

131-133 132-133 :: 73 53<4 375 
MrCI% 139-141 141 30 31 39.M 2.79 
P-CHaOCIH, 125-126 126+.127*3 30 47 64.28 5‘86 
i+CH&H, 102-103 - - 48 72.70 &63 

+%2HH( .*a 53.s54.s 615-6-l - - - 2: 49.46 49.51 2.93 3.17 
3.S-(CF,K’,Hs 122-125 - # 41.16 2~08 
C,H,, 72.5 -74.5 x-77 ;o 20 6764 IO.91 
“-C‘H, 53-56 58-m 31 49 - - 
CH,CH,CN 95-96,3 98-99 31 64 -’ - 

Analysis 

P c 
---- 

cdc. 
H 

- -- - 
Il.48 53.17 3.35 
8.70 40.04 2.52 

11.72 64-12 5.77 
1360 7393 6.57 
940 49.72 2.68 
9.38 49.72 2.68 
679 4e53 I.49 

14&-J 67.26 10.82 
__. - - 

-_ - 

P 

- 
II.43 
8.60 

11.81 
13.46 
9.16 
9.16 
6.53 

14.45 

Dicyclohexyi-, di-n-butyl- and b~2~~~yi)ph~p~ne oxide were prepared by air oxidation of 
the corresponding xcondary phosphinu.** Di-n-octyl disulf~dc was prepared by I oxidation of the 
mcrtxptan followed by distillation. Diphanyl disul6de (AMrich ehanjarl Company) was ruxys- 
tailized from 95% EtOH. tlutanol was refIuxcd several hr with Na and distilkd. 95% EtOH 
was distilled before use. 

Kincticproced~~e. A typical procedure is as follows: 5.4002 g (O@lS mole) of biibromophcnyl)_ 
phosphinc oxide and 43 ml t-butanol w~‘t placed in a 100 ml voIumetric &ask. To a sazond 100 ml 
vohrmctric flask was added 3.2750 g (OQlS mole) dipbenyl disulfide, 43 ml t-butanol and 0-022Q g 
(09003 mok) hydroquinow. Both Basks were swirled to c&ct soIn, purged with dry N, stoppered 
and immuxd in a water bath maintained at 3@00 f OQS” for at Ieast # hr before combining. At otro 

8’ M. I. K&a&r&k, Dokl. Akad. Nauk SSSR 110, 393 (1936); T. A. Mutrukow, A. E. Shipov. 
T. A. Melentyeva and M. I, Kabachnik, Zh. Obrhch. Khe m. 29, 2178 (1939); M. 1. Kabachnik, 
T. A. Mastrukova, A. E. Shipov and T, A. Mckntywa, Tefruhdon 9,lO (1960); M. I. Kabachnik, 
T. A. Masttukova and T. A. Mckntyeva, Ibid. 17,239 (1962). 

10 R. H. Williams and L. A. Hamilton, 1. Amer. Chum. Sue. 74, $418 (1952); Z&id. ?7,3411<19SS). 
81 W. Lorenz and G. S&r&r, unpublished. Cited in K. Sasw, Houbcn-Wcyl, M&&n cfer 

Ogonlschcn C&r&, (Edited by E. Mu&r) Vol. 12 (part I); p. 197. Gcorg. Thkme, Stuttgart 
(1963). 

‘* M. M. Rauhut, I. Huzhenbkikner and H. A. 0uricr, USP 2,933,S% (1958) to Amcr&n Cyanamid 
Company; M. M, Rauhut and H. A. Currier, J. 0%. Chem. Z&4626 (1961). 
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time. the contents of the ftosks were rapidly am&ii and diluted to 100 ml with t-butanol (lO-20 see) 
followed by thorough mixing. The raactiot~ samples were quaxhod by diru% dilution to a axrcaptan 
cotKzntratioll of l&u than 0.5 x 1WJ moh with a minimum dilution f8tb of so: 1 in the poluopphic 
solvent (Eiasanan Kodak spectogndc aatonitrik containing @lOmolar tarapcopylunmunium 
pcmhlonte as supporting CkctrolytQ was ltecd for phutyl nx!Wptan and the cy8tciM derivative; 
dimcthybulfoxide with the same salt was usad for n-1 mcrcaptan). Ruulta are tabulated below 
fk,t - (l/C) - (l/C,) where C is the disulfhk conantration). 

TABU~. TYPICAL KINETIC RUN AT 30" IK t-BL.ANX, 

(pSrC,H,),PHO + PhSSPh 

Time (mitt) 
.-. -_. 

0 
15 
30 
60 
90 

120 
150 

GWH 

0.0 m/l. 
0 WXI 
06628 
0.0918 
@lo57 
0.1118 
0.1187 

c k, 1. m-I mirL 
. . -. 
O-1SW m/l. - 
o-1100 16.2 x 10-l 
O-0872 16-O 
09582 17.5 
OW43 17.6 
O-0382 16.3 
O-0313 168 

av. 167 & Q6 

Reaction producu were isolated directly from the kinetic runs in a number of cases (Table 7). 
Where a material balance was attempted, yielb were essentially quantitative. 

R 

Analysis >; 
Found C&c. 

M.P.. C H P S C H P S 

GHJ 89-90” 6950 5.28 
pRrC#, 12O-122.5’ 46-11 2.92 

PCGH, 122+123° S7.13 3.56 
P-CHIC& 12.5-126” 70-78 5.45 

s!z$Y 
%&J&J 

69+715’ 113-114° 6494 - 5.26 - 
115-l 16.5’ 45.45 2.22 

CIHIi 91-93,Y - - 

I~_ -- 

9.95 10.24 6966 487 9.98 10-33 
683 6.97 4618 2.80 6.62 6.85 
8.36 8.29 57.01 346 a.12 8.45 
916 9.61 70.98 566 9.15 9.48 
8.55 8.65 64.85 5.17 8-36 866 
7xl8 7-07 - - 694 7.18 
5.61 - 45.37 190 5.32 - 
9.43 1023 - - 9.61 994 

A. Acidity of seconhy phosphhu ox&&s in t&tad If a cmny>ound which is wt&ly acidic is 
titrated potattiomctrically with a base it can be shown that the potential of the indicator ckctrode 
d~g~ti~~n~a~ of the hydrogen ioa axxxrttraticm of the solution and under favorabk 
circumatanou can be related directly to the ionization amarant of the acid. In low diekctric sotvcnu 
salt and concentration c%cts may cause some diffkultiu. However. if these factors are held within 
reasonable limits, a direct correlation bctwaxt the half neutralization potential of the acid and 
the appamnt pK=value may be obtained. The method described (ukie &@r) was used for both 
standarda and the secondary phosphinc oxides. 

Approximately 1 mcq. of&d was dissolved in 100 ml of rcdistilkd t-butanol and this solution 
titrated potcntiomctrkally with Q1M t~~ty~~~ hydroxide also dksoIvat in rediatiikd 
t-butanol. The titrant wed obtained by diluting SO ml of M tctrabutykmmonium hydroxide diswlvcd 
in methanol with SO ml of rcdiatilkd I-butanol and then vacuum evaporating this solution until all 
the methanol was removed. The r&due WIU then diluted to 50 ml with the puritkd t-butanol. The 
titrant was standardized against benwic acid. 
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All titrations were made using a Precision Dow Rccordomatic Titrator. The indiating system 
CXdMCdOfPBecLman ghss&ctrodeandamodi6cdL&sandNorthrupcalomelckctr&. The 
~ckclrodeissscnlialIythesPm:asasuradard~omlelectrodcwithIhsnaptionthrttbt 
aquaxu potwium chloride solution WBS replaced with t-butanol which had beat saturati with 
taramthylammoni urn chloride. It was hoped in this way to prods stable liquid junction potentials. 

TABLE 8. EMPeatwwr~~ HNP AF~D APPARENT pKar VALUES IN t-BWANOL 

IlUIlOkS 

Compound Titrated HNP PKR, hp.1 
p- -- -, ._--.. 

Pachioric Acid 
Picric Acid 

2&Din.itrophenol 

Benz&c Acid 

WK%hGH,hPHO 

(+C&W’HO 

@CGH,M’HO 

(PbhPHO 

@CH,C.&hPHO 

(pCH.OCIUPHO 

0960 
0242 
@xi0 
0.823 
0.823 
1.142 
0867 
0.897 
0838 

@794 
0871 

0.728 
0.643 

-312 mv 
-280 
-274 
-29 
-27 

177 
184 
259 

($ 
537 
528 

(447). 
#we 
530 
531 

0.826 613 
Q823 602 

0.892 
0.822 

0.964 
0.791 
Q853 
0.918 
0.739 
0.727 

603 
610 

(6Of)’ 
(635)’ 
(749). 
(7w* 
(818). 
($14). 

3*94- 
4*%_ 
4.96 

l&58= 
1058 
15+2?‘* 
15.27 
17.07 
1695 

uw. 176 5 @O8 
23.38 
23.18 

ucw. 23.3 5 @I 

23‘22 
23.24 

ace. 23.2 -t 001 
25.11 
24.86 

aw.sOf@2 
24.88 
2!5+4 

a.. 2.50 2 0.1 

zst 
2at 
29t 
29t 
w 
U)? 

l Measured in pyridine. 
t Calculated from pyridine data 

The four acids previously investigated~ were titrated in this maoner. Data are given in Table 8. 
A carclation between apparent p&Lax and half neutralization potentials was made by the method 
of kast squares (Eq. 11). The algebraic solution of the kast squares equations is 

(11) pK= m 11.18 $ 0.0227 (HNP) 

where pK= is the value for the acid in t-butanol and @iNP) is the half neutralization potential for 
the acid in the same solvent. 

The secondary phosphine oxides were then titrated under the same conditions and HNP values 
for most of them obtained. Apparent pK= values for these compounds in t-butanoi were cakuiatcd 
using the above equation and the aforementioned HNP values. Data and calculated rwults are also 
given in Table 8. 

A number of the secondary phosphinc oxides, spccif&ly the biimethyl~, his@-methoxy)_, 



Secondary phosphinc oxides lo?? 

and the diphmyl derivatives were too weak to bc titmcd as acids in this aolvaat system. However, 
they were titrated in pyridine and a cmrdation betwear p&x value in t-b&no1 and HNP valid 
in pyridine made for those mpounds which were acidic in both oolvcnts. The equation relating 
the values in the two solvents is 

(12) pKnxtt-nuoti, = 13 + 0.02 (HNPtPrridlne 

Values for the eEids not titratabk in t-butanol were then obtained by extrapolation of this data. 
Data and calculated vaiuca are given in Table 8. it is believed this method is valid inasmuch aa the 
relative acidities of the secondary phosphine oxide+ should not vary with solnnt change sina ah 
the solute mokcuks arc of the )ame molecular type. The accuracy of the calculated pKu values, 
however, will be reduced, because of the inclusion of greater expcrimcntal errors through the indirect 
determination. 

As can be seen from the calculated data, all the secondary phosphine oxides are extremely weak 
acids in t-butanol, although the b~3,~~t~uor~~ylp~yl) derivative is only two orders of 
magnitude weaker than benzoic acid. Thmc values should be considered in light of those for acids 
which arc ordinarily completely dissociated in water such as pcrchloric acid. In t-butanol even 
pachloric is a weak acid with a pKax of 394. The inability of t-butanol to solvatc ions &octively 
and the low dielectric constant (E -= 11.23) of this solvent probably account for the low ionization 
and dksociation of the acids. 

Excelknt correlation of pKxx values and u values is obtained if only data for the aci& determined 
in t-butanol arc used. This correlation also implies that the acidity value for the bis(4-trifluoromcthyl) 
compound is too low or the u value is too high. The values for the pyridinc data also appear to be an 
orda of magnitude low and this is quite probably a true condition since it was naassary to extrapolate 
the data in order to obtain pKxx values. 

The least squares solution for the data ignoring the compounds noted is 

(13) ~Knx - 28% - 6349 u 

B. Acidity of ucondar~ p~sph~ ox&s in 95 “/ erhwxd This solvent has a d&&c constant 
of appro~tely 265 at 20” and contains a sufRcient amount of water to sotvata both anions and 
cations prmen! in dilute solution. However, there arc strong interactions between the alcohol and 
water mokculeJ and pK values in ethanol-water mixtures are not masoarily linear functions of the 
concentration of either solute. 

To determine pK valua in 95 % ethanol, a system similar to that used for tertiary butanol was used. 
Tetrabutylamtnonium hydroxide WBS the titrant and was d&solved in 95% ethanol, the original 
methanol being removed by vacuum evaporation. A glass/catomcl electrode system was employed. 
The calomci was mod&d by replacing the aqueous potassium chloride solution with 95% ethanol 
saturated with potassium chloride. All titrations were performed using a Precision-Dow Rccordo- 
matic Titrator. 

Only a few of the secondary phosphinc oxides were suffkicntly strong acids to be titrated in this 
solvent. A number of other compounds were titrated for comparison purposes and pK values 
cakulatcd for all of them. These arc lixtcd in Table 9. The calculation method is based on equilibrium 

TABLE 9. pK VALUES FGR vMkio~r ORGAMC ACUX IN 

9S% ETSfANOL AND M WATE-- 

Compound 

-L&OH 
MCCOOH 
pcIC&CooH 
(PhNHh~NH*+ 
PhNH,+ 
(&thNH* 
N(CH,CH&NH’ 
Bu,NH* 
Bu,PH + 

-- . 
pK (95 % EtOH), app. pK (H.0) 

7.19 :: 0.08 4.20 
7.13 4.76 

11.33 i 041 3.98 
880 .i: OQ8 1oM) 

3.6 I 0.2 5.22 
8.16 + cl0 10.72 
6.98 rt 0+6 8.68 
7.18 IO.5 
4.78 8.4 
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considuatiolu which are sppkabte to 4~0~s syxtcuu and most probabiy arc valid for 95 ‘/, ethanol. 
The expression relating hydrogen ion conoentration and the K. of the acid is 

(14) IH+P + (K. -+ xcr)Pi+l’ - (oK.(l - xl + K,)IH+I - K.K, 1 0 

wkre u is the formal conantration of the acid, xu is the amount titrated at any time and K, is the 
dissociation constant of the solvent. 

To determine K. for bauoic acid in 95% ethanol where K, =I 10-18.u kt us consida data for 
IH+], xu, and u from three different points on a titration curve. Values are given in Tabk 10. 

TABLE 10. APPA~T pK OP BENZOE ACYD IN 95% ETHANOL 

No. X 0 [H’l K, PK. 
_- _ .- -.. - .-_- 

1 @300 .’ 9.16 x lo-’ 1o-*n 10 r.- 7.26 
2 oxI0 9M)8 x 10-B lO-%‘L lO-‘.” 7‘21 
3 OItOO 8.776 x 10-B 10-w 10-r.‘. 7.10 

The average value for pKu is 7.19 and the value for s - ~008. The value of (a) changes because 
of dilution cfIccta. 

In a similar manner pK values were calculutod from titration cuwcs for ~~3,~~~~uoro~thyl- 
pbenyl)_, bis+trifluoromcthylphcnyl)-, and bis@bromophcayl)phosphinc oxide and the compounds 
listed in Tabk 9. Data and calculated values for the phosphinc oxides arc given in Table 11. 

TAB= 11. A~PAREST pK VALVES mu SECONDARY s- ARYL 

Pi?cKpHiNE OXSDES IS %‘/, ETTIAVDL 

Compound X a IH’I K. PK* 

(J,S_(CF,),&-H,bPHO -.- 0.300 5.22 x lo-* ,0-M> ,O-•.w -- 9.67 
0500 516 x lo-’ 10 “u lo-‘U 964 
OMO 508 x lo-’ lO-1o.n lO+H 9.59 

UPC. m 9.63 
s-O+04 

b-CF,CHJ,PHO 03.M 5.43 x IO-’ lo_“.” lO-“.” 12.41 
@500 s-31 x 10-D 10-w” 10-w. 1268 

a&?. - 12.5 
s = 0.2 

@BrGHMHO 0500 3.327 x lo-’ ,O-“.Y lO-**.u 12.1 

Only these three compounds were acidic enough and available in sufficient quantities to make the 
determinations. 
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