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Useful information on reaction mechanism can be obtain-

ed from analysis of Brønsted-type plots. Curved Brønsted-

type plots often found for reactions of esters possessing a

good leaving group (e.g., 2,4-dinitrophenoxide) have been

taken as evidence for a change in the rate-determining step

(RDS) of a stepwise mechanism.1-10 In fact, a curved

Brønsted-type plot has been reported for reactions of 2,4-

dinitrophenyl benzoate (1) with a series of alicyclic second-

ary amines, i.e., the βnuc value decreases from 0.74 to 0.34 as

the amine basicity increases.4a In contrast, the corresponding

reactions of 4-nitrophenyl benzoate (2) resulted in a linear

Brønsted-type plot with βnuc = 0.88 in the pKa range 5.95-

11.02.4b Thus, it has been concluded that the aminolyses of 1

and 2 proceed through a stepwise mechanism and the RDS

changes in the reactions of 1 but not in the reactions of 2 in

that pKa range.4a,b 

Certain organophosphorus compounds have been used as

insecticides or chemical warfare, e.g., paraoxon (4-nitro-

phenyl diethyl phosphate), parathion (4-nitrophenyl diethyl

thiophosphate), sarin (isopropoxy methylphosphoryl fluo-

ride), etc.11-16 Various methods have been developed to

destroy these toxic compounds efficiently in mild conditions

(e.g., use of highly reactive α-effect nucleophiles11-13 or

various metal ions as Lewis acid catalysts).14-16 However,

only a few reports are available for aminolysis of phosphoryl

and related compounds.10,17,18 

Aminolysis of organophosphorus compounds has been

reported to proceed through a concerted or a stepwise mech-

anism. From a systematic study of leaving-group effect,

medium effect, and activation parameters, Cook et al. have

drawn a conclusion that aminolysis of aryl diphenylphos-

phinates and related compounds in CH3CN proceeds

through a zwitterionic intermediate with its breakdown

being RDS.17 In contrast, Lee et al. have proposed that

pyridinolysis of aryl phenyl chlorophosphates proceeds

through a concerted mechanism on the basis of linear

Brønsted-type plots with small βnuc values (e.g., βnuc = 0.16-

0.18).18 We have recently performed aminolyses of 2,4-

dinitrophenyl diphenylphosphinate (3) and its related com-

pounds, and concluded that the reactions proceed through a

concerted mechanism on the basis of linear Brønsted-type

plots with βnuc = 0.38-0.52 and excellent Yukawa-Tsuno

correlation with an r value of ca. 0.3.10

We have extended our study to reactions of 4-nitrophenyl

diphenylphosphinate (4) with a series of alicyclic secondary

amines (Scheme 1) to investigate the reaction mechanism by

comparing the kinetic results obtained from the current

study with those reported previously for the corresponding

reactions of 2.4b The current kinetic data have also been

compared with those reported recently for the reactions of

2,4-dinitrophenyl diphenylphosphinate (3)10 to investigate

the effect of leaving group basicity on reactivity and reaction

mechanism.

Results and Discussion

All reactions obeyed first-order kinetics with quantitative

liberation of 4-nitrophenoxide ion and/or its conjugate acid.

Pseudo-first-order rate constants (kobsd) were calculated from

the equation ln(A∞ – At) = –kobsd t + C. It is estimated from

replicate runs that the uncertainty in the rate constants is less

than ± 3%. 

As shown in Figure 1, the plots of kobsd vs. amine concen-

tration are linear passing through the origin, indicating that

general base catalysis by a second amine molecule is absent.

Thus, the rate equation can be given as eq. (1), and the

second-order rate constants (kN) for reactions of 4 have been

determined from the slope of the linear plots. The kN values

Scheme 1



2510     Bull. Korean Chem. Soc. 2008, Vol. 29, No. 12 Notes

determined in this way are summarized in Table 1 together

with the kN values for the corresponding reactions of 2 and 3

for comparison purpose. 

Rate = kobsd[substrate], where kobsd = kN[amine] (1)

Effect of Changing Electrophilic Center from C=O to

P=O. Table 1 shows the effect of changing the electrophilic

center from C=O to P=O on reactivity, i.e., phosphinate 4 is

less reactive than benzoate 2 for a given amine. It is noted

that the rate-constant ratio (kN
2/kN

4) decreases as the basicity

of attacking amine decreases, e.g., the kN
2/kN

4 ratio decreases

from 194 to 39.9 and 9.52 as the pKa of the conjugate acid of

amines decreases from 11.02 to 9.38 and 7.98, respectively.

Figure 2 demonstrates the effect of changing electrophilic

center from C=O to P=O on reaction mechanism as a

function of amine basicity. The Brønsted-type plots for the

reactions of both 2 and 4 are linear. However, the slope of

the linear plots is much smaller for the reactions of 4 than for

those of 2, i.e., βnuc = 0.88 and 0.45 for the reactions of 2 and

4, respectively. 

The magnitude of βnuc values has been used as a measure

of reaction mechanism: βnuc = 0.8 ± 0.1 for reactions which

proceed through an intermediate with its breakdown being

the RDS, while βnuc = 0.2 ± 0.1 when formation of an

intermediate is the RDS.1-10 In fact, the reactions of 2 were

concluded to proceed through a stepwise mechanism in

which breakdown of the intermediate is the RDS.4b On the

other hand, reactions which proceed through a concerted

mechanism have often been reported to result in a βnuc value

of 0.5 ± 0.1.1-10 Accordingly, one can suggest that the current

aminolysis of 4 proceeds through a concerted mechanism on

the basis of the fact that βnuc = 0.45.

Figure 2 also demonstrates that 4 is less reactive than 2.

Modification of electrophilic center from C=O to P=O

would cause a change in the electrophilicity of substrates 2

and 4. If a change in the electrophilicity of 2 and 4 were

responsible for the reactivity difference, one might expect

that the kN
2/kN

4 ratio should have been independent of the

basicity of incoming amines. However, in fact, the kN
2/kN

4

ratio decreases as the incoming amine becomes weakly

basic, indicating that the reactivity difference between 2 and

4 is not caused solely by a change in the electrophilicity

upon modification of the electrophilic center from C=O to

P=O. It is apparent that the difference in reaction mechanism

as discussed above also contributes to the difference in

reactivity between 2 and 4.

Figure 1. Plots of kobsd vs. [amine] for reactions of 4-nitrophenyl
diphenylphosphinate (4) with piperidine (●), piperazine (○), and
morpholine (□ ) in 80 mol % H2O/20 mol % DMSO at 25.0 ± 0.1
oC.

Table 1. Summary of Second-order Rate Constants (kN, M–1s–1) for
Reactions of 4-Nitrophenyl Benzoate (2), 2,4-Dinitrophenyl Di-
phenylphosphinate (3), and 4-Nitrophenyl Diphenylphosphinate
(4) with Alicyclic Secondary Amines in 80 mol % H2O/20 mol %
DMSO at 25.0 ± 0.1 oC

Entry Amine pKa 
a

102
kN / M–1s–1

2
 b

3
 c

4

1 piperidine 11.02 594 419 3.06

2 3-methylpiperidine 10.80 – 429 2.69

3 piperazine 9.85 85.1 234 1.22

4 1-(2-hydroxyethyl)- 9.38 19.5 93.9 0.489

piperazine

5 morpholine 8.65 8.76 57.3 0.269

6 1-formylpiperazine 7.98 1.00 33.2 0.105

7 piperazinium ion 5.95 – 7.09 0.0238

aThe pKa data in 20 mol % DMSO taken from ref 4a. bData taken from
ref 4b. cData taken from ref 10a. 

Figure 2. Brønsted-type plots for the reactions of 4-nitrophenyl
benzoate 2 (●) and 4-nitrophenyl diphenylphosphinate 4 (○) with
alicyclic secondary amines in 80 mol % H2O/20 mol % DMSO at
25.0 ± 0.1 oC. The identity of the points is given in Table 1.
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Effect of Changing Leaving-group Basicity on Transi-

tion-state Structure. To investigate the effect of changing

the leaving group from 2,4-dinitrophenoxide to 4-nitro-

phenoxide on mechanism, the Brønsted-type plot for the

current reactions of 4 has been compared with that reported

previously for the corresponding reactions of 3 which have

been concluded to proceed through a concerted mechanism.

As shown in Figure 3, the Brønsted-type plots are linear with

typical βnuc values for reactions proceeding through a con-

certed mechanism.

As expected from the difference in the leaving-group

basicity (e.g., the pKa of 4-nitrophenol and 2,4-dinitrophenol

= 7.14 and 4.11, respectively), substrate 4 is much less

reactive than 3 regardless of the basicity of the attacking

amines. It is noted that the less reactive 4 exhibits a slightly

larger βnuc value (0.45) than the more reactive 3 (0.38).

Thus, the current result is consistent with the reactivity-

selectivity principle (RSP).19 

The magnitude of βnuc values has often been taken as a

relative degree of bond formation between the electrophilic

center and the incoming nucleophile in the transition state

(TS).19 The fact that reactions of 4 results in a slightly larger

βnuc value than those of 3 indicates that the degree of bond

formation in the TS is slightly more advanced for the former

reactions than for the latter reactions. Thus, one can suggest

that modification of the leaving group from 2,4-dinitrophen-

oxide to the more basic 4-nitrophenoxide influences TS

structure but not the reaction mechanism for aminolyses of

phosphinates 3 and 4 on the basis of the magnitude of βnuc

values.

In summary, analysis of the Brønsted-type plots for the

aminolyses of 2, 3 and 4 has allowed us to conclude the

following: (1) The reactions of 3 and 4 proceed through a

concerted mechanism, while the corresponding reactions of

2 proceed through an intermediate with its breakdown being

the RDS. (2) Changing the leaving group from 2,4-dinitro-

phenoxide to 4-nitrophenoxide does not affect the reaction

mechanism but influences the structure of TS, i.e., the

degree of bond formation in the TS is slightly more advan-

ced for the reactions of the less reactive 4 than for those of

the more reactive 3 in accord with the RSP.

Experimental Section

Materials. Compound 4 was prepared as reported previ-

ously.10a Other chemicals used were of the highest quality

available. The reaction medium was H2O containing 20 mol

% DMSO. Doubly glass distilled water was further boiled

and cooled under nitrogen just before use.

Kinetics. The kinetic study was performed with a UV-vis

spectrophotometer equipped with a constant temperature

circulating bath to maintain the temperature in the reaction

cell at 25.0 ± 0.1 oC. The reaction was followed by monitor-

ing the appearance of the leaving 4-nitrophenoxide ion (or 4-

nitrophenol for the reaction with piperazinium ion). All the

reactions were carried out under pseudo-first-order condi-

tions in which nucleophile concentrations were at least 20

times greater than the substrate concentration. The amine

stock solution of ca. 0.2 M was prepared by dissolving two

equiv of amine and one equiv of standardized HCl solution

to keep the pH constant in this self-buffered solution. All

solutions were prepared freshly just before use under nitro-

gen, and transferred by gas-tight syringes. Typically, reac-

tions were initiated by adding 5 μL of a 0.02 M solution of

the substrate in CH3CN by a 10 μL syringe to a 10 mm

quartz UV cell containing 2.50 mL of the thermostatted

reaction mixture made up of solvent and aliquot of the

nucleophile stock solution. 

Product Analysis. 4-Nitrophenoxide (and/or its conjugate

acid) was liberated quantitatively and identified as one of the

products by comparison of the UV-vis spectrum at the end of

reaction with the authentic sample under the experimental

condition. 

Acknowledgments. This work was supported by a grant

from Korea Research Foundation (KRF-2005-015-C00256).

Y. H. Shin and E. H. Kim are also grateful for the BK 21

scholarship.

References

  1. (a) Jencks, W. P. Chem. Rev. 1985, 85, 511-527. (b) Jencks, W. P.

Chem. Soc. Rev. 1981, 10, 345-375. (c) Hupe, D. J.; Jencks, W. P.

J. Am. Chem. Soc. 1977, 99, 451-464. (d) Jencks, W. P.; Gilchrist,
M. J. Am. Chem. Soc. 1968, 90, 2622-2637. (e) Kirsch, J. F.;

Clewell, W.; Simon, A. J. Org. Chem. 1968, 33, 127-132.

  2. (a) Castro, E. A.; Echevarria, G. R.; Opazo, A.; Robert, P. S.;
Santos, J. G. J. Phys. Org. Chem. 2008, 21, 62-67. (b) Castro, E.

A.; Aliaga, M.; Campodonico, P. R.; Leis, J. R.; Garcia-Rio, L.;

Figure 3. Brønsted-type plots for reactions of 2,4-dinitrophenyl
diphenylphosphinate 3 (●) and 4-nitrophenyl diphenylphosphinate
4 (○) with alicyclic secondary amines in 80 mol % H2O/20 mol %
DMSO at 25.0 ± 0.1 °C. The identity of the points is given in
Table 1.



2512     Bull. Korean Chem. Soc. 2008, Vol. 29, No. 12 Notes

Santos, J. G. J. Phys. Org. Chem. 2006, 19, 683-688. (c) Castro, E.
A.; Aliaga, M.; Gazitua, M.; Santos, J. G. Tetrahedron 2006, 62,

4863-4869. 

  3. (a) Oh, H. K.; Oh, J. Y.; Sung, D. D.; Lee, I. J. Org. Chem. 2005,
70, 5624-5629. (b) Sung, D. D.; Koo, I. S.; Yang, K. Y.; Lee, I.

Chem. Phys. Lett. 2006, 432, 426-430. (c) Jeong, K. S.; Oh, H. K.

Bull. Korean Chem. Soc. 2007, 28, 2535-2538. (d) Hoque, M. E.
U.; Dey, N. K.; Guha, A. K.; Kim, C. K.; Lee, B. S.; Lee, H. W.

Bull. Korean Chem. Soc. 2007, 28, 1797-1802. (e) Hoque, M. E.

U.; Lee, H. W. Bull. Korean Chem. Soc. 2007, 28, 936-940.
  4. (a) Um, I. H.; Kim, K. H.; Park, H. R.; Fujio, M.; Tsuno, Y. J. Org.

Chem. 2004, 69, 3937-3942. (b) Um, I. H.; Min, J. S.; Ahn, J. A.;

Hahn, H. J. J. Org. Chem. 2000, 65, 5659-5663. (c) Um, I. H.;
Chun, S. M.; Akhtar, K. Bull. Korean Chem. Soc. 2007, 28, 220-

224.

  5. (a) Um, I. H.; Jeon, S. E.; Seok, J. A. Chem. Eur. J. 2006, 12,
1237-1243. (b) Um, I. H.; Seok, J. A.; Kim, H. T.; Bae, S. K. J.

Org. Chem. 2003, 68, 7742-7746.

  6. Menger, F. M.; Smith, J. H. J. Am. Chem. Soc. 1969, 91, 5346-
5349. 

  7. (a) Um, I. H.; Yoon, S. R.; Park, H. R.; Han, H. J. Org. Biomol.

Chem. 2008, 6, 1618-1624. (b) Um, I. H.; Kim, E. Y.; Park, H. R.;
Jeon, S. E. J. Org. Chem. 2006, 71, 2302-2306. (c) Um, I. H.;

Han, H. J.; Baek, M. H.; Bae, S. Y. J. Org. Chem. 2004, 69, 6365-

6370. (d) Um, I. H.; Lee, S. E.; Kwon, H. J. J. Org. Chem. 2002,
67, 8999-9005.

  8. (a) Castro, E. A.; Aguayo, R.; Bessolo, J.; Santos, J. G. J. Phys.

Org. Chem. 2006, 19, 555-561. (b) Campodonico, P. R.;

Fuentealba, P.; Castro, E. A.; Santos, J. G.; Contreras, R. J. Org.
Chem. 2005, 70, 1754-1760. (c) Castro, E. A.; Vivanco, M.;

Aguayo, R.; Santos, J. G. J. Org. Chem. 2004, 69, 5399-5404. (d)

Castro, E. A.; Cubillos, M.; Aliaga, M.; Evangelisti, S.; Santos, J.
G. J. Org. Chem. 2004, 69, 2411-2416. (e) Castro, E. A. Chem.

Rev. 1999, 99, 3505-3524.

  9. (a) Oh, H. K.; Lee, J. M.; Lee, H. W.; Lee, I. Int. J. Chem. 2004,

36, 434-440. (b) Oh, H. K.; Ku, M. H.; Lee, H. W.; Lee, I. J. Org.
Chem. 2002, 67, 8995-8998. (c) Oh, H. K.; Ku, M. H.; Lee, H. W.;

Lee, I. J. Org. Chem. 2002, 67, 3874-3877.

10. (a) Um, I. H.; Shin, Y. H.; Han, J. Y.; Mishima, M. J. Org. Chem.
2006, 71, 7715-7720. (b) Um, I. H.; Akhtar, K.; Shin, Y. H.; Han,

J. Y. J. Org. Chem. 2007, 72, 3823-3829. 

11. (a) Quin, L. D. A Guide to Organophosphorus Chemistry; Wiley:
New York, 2000. (b) Wu, T. G.; Qiu, J. U. Environ. Sci. Technol.

2006, 40, 5428-5434. 

12. (a) Stairs, R. A.; Buncel, E. Can. J. Chem. 2006, 84, 1580-1591.
(b) Han, X.; Balakrishnan, V. K.; VanLoon, G. W.; Buncel, E.

Langmuir 2006, 22, 9009-9017. (c) Churchill, D.; Cheung, J. C.

F.; Park, Y. S.; Smith, V. H.; VanLoon, G. W.; Buncel, E. Can. J.
Chem. 2006, 84, 702-708. (d) Balakrishnan, V. K.; Buncel, E.;

VanLoon, G. W. Environ. Sci. Technol. 2005, 39, 5824-5830. 

13. Terrier, F.; Rodriguez-Dafonte, P.; Le Guevel, E.; Moutiers, G.
Org. Biomol. Chem. 2006, 4, 4352-4363.

14. (a) Gomez-Tagle, P.; Vargas-Zuniga, I.; Taran, O.; Yatsimirsky, A.

K. J. Org. Chem. 2006, 71, 9713-9722. (b) Buncel, E.; Albright,
K. G.; Onyido, I. Org. Biomol. Chem. 2004, 2, 601-610.

15. (a) Zalatan, J.; Herschlag, D. J. Am. Chem. Soc. 2006, 128, 1293-

1303. (b) Maxwell, C.; Neverov, A. A.; Brown, R. S. Org. Biomol.
Chem. 2005, 3, 4329-4336. (c) Lu, Z. L.; Neverov, A. A.; Brown,

R. S. Org. Biomol. Chem. 2005, 3, 3379-3387.

16. (a) Gibson, G. T. T.; Neverov, A. A.; Teng, A. C. T.; Brown, R. S.
Can. J. Chem. 2005, 83, 1268-1276. (b) Tsang, J. S. W.; Neverov,

A. A.; Brown, R. S. Org. Biomol. Chem. 2004, 2, 3457-3463.

17. Cook, R. D.; Daouk, W. A.; Hajj, A. N.; Kabbani, A.; Kurku, A.;

Samaha, M.; Shayban, F.; Tanielian, O. V. Can. J. Chem. 1986,
64, 213-219.

18. (a) Guha, A. K.; Lee, H. W.; Lee, I. J. Org. Chem. 2000, 65, 12-

15. (b) Guha, A. K.; Lee, H. W.; Lee. I. J. Chem. Soc., Perkin
Trans. 1999, 2, 765-770.

19. Pross, A. Advances in Physical Organic Chemistry; Academic

Press: London, 1977; vol. 14, pp 69-132.


