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Abstract:



Application of the extended Grunwald-Winstein equation to solvolyses of n‑propyl chloroformate in a variety of pure and binary solvents indicates an addition-elimination pathway in the majority of the solvents but an ionization pathway in the solvents of highest ionizing power and lowest nucleophilicity. For methanolysis, a solvent deuterium isotope effect of 2.17 is compatible with the incorporation of general-base catalysis into the substitution process.  Activation parameters are consistent with the duality of mechanism.  Very modest positive salt effects are observed on adding chloride or bromide salts to the ethanolysis.
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Introduction


The extended Grunwald-Winstein equation (eqn 1) [1,2,3,4] is very useful for the correlation of solvolysis reactions:


log(k/k0)RX = l NT + mYx + c



(1)







In equation (1), k and k0 represent the specific rates of solvolysis of a substrate (RX) in a given solvent and in the standard solvent (80% ethanol), respectively; the parameter l represents the sensitivity towards changes in the solvent nucleophilicity (NT) [3]; the parameter m represents the sensitivity towards changes in the solvent ionizing power (YX for a leaving group X) [4]; and c represents a constant (residual) quantity.



Although both the NT and YX scales are based on standard systems involving substitution reaction at an sp3-hybridized carbon [3,4], the scales have also been used with considerable success in the correlation analyses of solvolysis reactions of substrates which have attack at the sp2-hybridized carbon of acyl halides [5,6,7] and chloroformate esters [8,9,10,11,12,13,14,15], at the phosphorus atom of phosphorochloridate esters [16,17] or amides [18], and at the sulfur atom of arenesulfonyl chlorides [19].



In the studies of the solvolyses of chloroformate esters, the aryl esters [8] solvolyze by a unit mechanism, believed to be addition-elimination (association-dissociation) over the full range of solvent type studied. There is probably general-based catalysis [20,21] to the nucleophilic attack, leading to a relatively high l value of 1.7 for phenyl chloroformate solvolyses. The addition-step is believed to be rate-determining, largely on the basis of the very similar rates for fluoroformates and chloroformates, despite the much stronger carbon-fluorine bond [22].



Solvolyses of p-nitrobenzyl chloroformate [13] also follows the addition-elimination pathway over the full range of solvents, but removal of the electron-withdrawing p-nitro group causes a changeover to an ionization mechanism, with loss of carbon dioxide leading to both solvolysis and decomposition, in 1,1,1,3,3,3 – hexafluoro-2-propanol (HFIP)-water and 2,2,2-trifluoroethanol (TFE)-water mixtures [13]. For example, in 100% TFE, the products were 48% benzyl chloride and 52% benzyl 2,2,2-trifluoroethyl ether.



The ionization pathway with solvolysis-decomposition is the only one operating for solvolyses of 1-adamantyl chloroformate, with loss of CO2 leading to the relatively stable1-adamantyl cation, which can be captured by simultaneously formed chloride ion or solvent [23]. The lack of any dependence on NT is consistent with the positive charge at the transition state residing predominantly at the bridgehead carbon of the developing 1-adamantyl cation. The 2-adamantyl chloroformate [15], with the 2-adamantyl group liberated as the cation in solvolyses of the adamantyl p-toluenesulfonates about 105 times slower than with the 1-adamantyl group [4,24], and also the simplest possible secondary-alkyl chloroformate, isopropyl chloroformate [14], show under solvolytic conditions characteristics similar to those of benzyl chloroformate, except that the solvent range for ionization is wider and only in the more nucleophilic and least ionizing solvents (100 and 90% ethanol and methanol) is the addition-elimination pathway dominant.



The simplest primary alkyl group, ethyl, within the chloroformate leads to solvolyses which continue to show the two competing reaction channels. In this case, however, the addition-elimination pathway dominates over a wide range of solvents and only in formic acid and aqueous mixtures with appreciable fluoroalcohol content is an ionization mechanism dominant. The extended Grunwald-Winstein equation treatment of the ionization region leads to a fairly large l value of 0.69, which is considered to reflect an efficient solvation of a relatively unhindered developing acylium ion [10]. Solvolyses of methyl chloroformate would be expected to have an even greater tendency towards addition-elimination and, indeed, the ionization mechanism appears to be dominant only for HFIP-H2O mixtures with at least 90% HFIP content [11].



In the present study, we look at the solvolyses of n-propyl chloroformate in the usual variety of pure and binary solvents. This allows both a comparison with the solvolyses of the isomeric isopropyl chloroformate and a study of the effect of introducing an S-methyl group into the ethyl chloroformate substrate. In addition to a detailed extended Grunwald-Winstein treatment of the specific rates, the influence of temperature on the specific rates (for five solvents) allows enthalpies and entropies of activation to be calculated, a measurement in methanol-d allows a determination of the solvent deuterium isotope effect, and the effect of added salts containing halide ion upon the specific rate of ethanolysis is studied.




Results


The specific rates of solvolysis of n-propyl chloroformate have been determined, at 25.0 ºC, in methanol, ethanol, and TFE and in binary aqueous solvents with the other component being methanol, ethanol, acetone, TFE, or HFIP. Determinations were also made in TFE-ethanol mixtures. In Table 1 are presented the 28 data points used in extended Grunwald-Winstein equation analyses, together with the appropriate NT[3] and YCl [4,25] values. A determination was also made in methanol-d (MeOD). For five solvents, values were also determined at 35.0, 45.0, and 55.0 ºC and these values, together with activation parameters calculated using all four temperatures, are reported in Table 2. In ethanol at 25.0 ºC, a study was made of the influence on the specific rate of addition of up to 0.08 M tetraethylammonium chloride or bromide; these specific rates are reported in Table 3.



Table 1. First-order rate coefficients for the solvolysis of n-propyl chloroformate in pure and binary solvents at 25.0 ºC together with the appropriate solvent nucleophilicity (NT) and solvent ionizing power (YCl) values.







	
Solvent (%) a

	
105k (s–1)

	
NTb

	
YClc






	
100% MeOHd

	
8.88 ± 0.05

	
0.17

	
–1.17




	
90% MeOH

	
18.8 ± 0.2

	
–0.01

	
–0.18




	
80% MeOH

	
27.7 ± 0.3

	
–0.06

	
0.67




	
70% MeOH

	
35.7 ± 0.5

	
–0.40

	
1.46




	
60% MeOH

	
43.7 ± 0.4

	
–0.54

	
2.07




	
100% EtOH

	
2.20 ± 0.03

	
0.37

	
–2.52




	
90% EtOH

	
5.64 ± 0.04

	
0.16

	
–0.94




	
80% EtOH

	
7.92 ± 0.05

	
0.00

	
0.00




	
70% EtOH

	
9.79 ± 0.07

	
–0.20

	
0.78




	
60% EtOH

	
12.4 ± 0.1

	
–0.38

	
1.38




	
50% EtOH

	
16.1 ± 0.1

	
–0.58

	
2.02




	
90% Me2CO

	
0.307 ± 0.003

	
–0.35

	
–2.39




	
80% Me2CO

	
0.942 ± 0.007

	
–0.37

	
–0.80




	
70% Me2CO

	
1.91 ± 0.01

	
–0.42

	
0.17




	
60% Me2CO

	
3.45 ± 0.02

	
–0.52

	
1.00




	
100% TFE

	
0.0621 ± 0.006

	
–3.93

	
2.81




	
97% TFE

	
0.0650 ± 0.004

	
–3.30

	
2.83




	
90% TFE

	
0.0935 ± 0.0002

	
–2.55

	
2.85




	
70% TFE

	
0.591 ± 0.005

	
–1.98

	
2.96




	
50% TFE

	
1.92 ± 0.02

	
–1.73

	
3.16




	
80T–20E e

	
0.0666 ± 0.0003

	
–1.76

	
1.89




	
60T–40E e

	
0.342 ± 0.002

	
–0.94

	
0.63




	
40T–60E e

	
0.854 ± 0.008

	
–0.34

	
–0.48




	
20T–80E e

	
1.60 ± 0.02

	
0.08

	
–1.42




	
97% HFIP

	
0.563 ± 0.009

	
–5.26

	
5.17




	
90% HFIP

	
0.242 ± 0.004

	
–3.84

	
4.31




	
70% HFIP

	
0.499 ± 0.014

	
–2.94

	
3.83




	
50% HFIP

	
1.15 ± 0.02

	
–2.49

	
3.80








 aVolume/volume basis at 25.0 ºC, except for TFE–H2O, HFIP–H2O mixtures, which are on a weight/weight basis. bBased on the specific rate of solvolysis of the S-methyldibenzothiophenium ion (ref. 3). cBased on the specific rates of solvolysis of 1-adamantyl chloride (refs. 4, 25). dFirst-order rate coefficient of 4.09 (± 0.03) × 10–5 s–1 in MeOD. eT–E are TFE–ethanol mixtures.








Table 2. Specific rates and activation parameters for the solvolysis of n-propyl chloro-formate in pure and aqueous solvents at various temperatures.







	
Solvent (%)

	
Temperature (ºC)

	
105k (sec–1)a

	
ΔH‡ 298.15 (kcal mol–1)b

	
ΔS‡298.15 (cal mol–1 K–1)b






	
100 MeOHc

	
35

	
21.2 ± 0.6

	
13.8 ± 0.4

	
–30.5 ± 1.4




	
45

	
41.9 ± 1.1




	
55

	
84.4 ± 2.4




	
100 EtOHc

	
35

	
5.19 ± 0.03

	
14.9 ± 0.1

	
–29.6 ± 0.4




	
45

	
11.3 ± 0.2




	
55

	
24.4 ± 0.4




	
80 EtOHc

	
35

	
17.3 ± 0.2

	
13.3 ± 0.3

	
–32.2 ± 1.3




	
45

	
37.0 ± 0.5




	
55

	
67.5 ± 2.5




	
70 TFEd

	
35

	
1.61 ± 0.04

	
19.3 ± 0.5

	
–17.5 ± 1.9




	
45

	
4.58 ± 0.04




	
55

	
12.8 ± 0.3




	
70 HFIPd

	
35

	
1.59 ± 0.02

	
20.5 ± 0.1

	
–13.7 ± 0.2




	
45

	
4.71 ± 0.07




	
55

	
13.1 ± 0.1








aValues at 25.0 ºC, from Table 1, also used in the calculation of the activation parameters. bWith associated standard error. cVolume–volume basis at 25.0 ºC. dWeight–weight basis.








Table 3. Effect of added tetraethylammonium salts upon the specific rates of solvolysis of n-propyl chloroformate in ethanol at 25.0 ºC.







	
Salt

	
Concentration (M)

	
105 k (sec –1)






	
NEt4Cl

	
0.0104

	
2.24 ± 0.01




	
0.0201

	
2.29 ± 0.02




	
0.0410

	
2.41 ± 0.03




	
0.0803

	
2.47 ± 0.02




	
NEt4Br

	
0.0101

	
2.25 ± 0.01




	
0.0202

	
2.29 ± 0.02




	
0.0400

	
2.33 ± 0.01




	
0.0801

	
2.46 ± 0.02

















Discussion


The specific rates of solvolysis of n-propyl chloroformate are similar to those for ethyl chloroformate (at 24.2 ºC). For the values within Table 1, values for ethyl chloroformate solvolysis [10] are available for all entries except for 70% methanol, 50% ethanol, and 70% acetone. For 20 of the 25 values available, the value for the k n-Pr/k Et ratio is close to unity (range of 0.84 to 1.15, with an average value of 1.02 ± 0.09). The other five solvents are all aqueous-fluoroalcohol mixtures, rich in fluoroalcohol, with values for the ratio of 3.5 in 100% TFE, 2.8 in 97% TFE, 3.6 in 97% HFIP, 2.4 in 90% HFIP, and 1.6 in 90% TFE. The first four of these solvents were all assigned to the ionization pathway for solvolyses of ethyl chloroformate. The 90% TFE was assigned to the addition-elimination pathway but the value somewhat higher than unity suggests that there may be a moderate contribution from the ionization pathway to the measured specific rate of solvolysis.



In the extended Grunwald-Winstein analyses of ethyl chloroformate solvolysis, the 70% HFIP and 50% HFIP data were assigned to the ionization pathway [10]. The comparison with the presently reported n-PrOCOCl data leads to k n-Pr/k Et ratios of 1.12 and 0.84, indicating that the ionization pathway does not automatically lead to elevated values for the k n-Pr/k Et ratio. The alternative, that the 70% HFIP and 50% HFIP were wrongly assigned was rendered unlikely by the observation that the quality of the correlations for both the ionization and addition-elimination pathways was significantly reduced when these two data points were transferred. Since the 90% TFE (NT = -2.55) has an intermediate value for the ratio and both 70% HFIP and 50% HFIP have NT values less negative than –3, it is suggested that, for NT values above –3, positive charge is appreciably dispersed by nucleophilic solvation and the electron demand within the developing acylium ion is insufficient for the small difference in stabilizing ability between ethyl and n-propyl to be detectable. In solvents with lower nucleophilicities, the internal electron demand is sufficient for a weak (factor of about 3) distinction, favoring n-propyl, to be operative.



A parallel argument involving reductions in electron demand as the solvent nucleophilicity increases was put forward to explain why the Hammett-type Taft κ* values [26] for solvolyses of secondary alkyl tosylates fall in magnitude from –9.1 in HFIP, to –5.2 in TFE, to –4.3 in H2O, to –3.5 in formic acid, and to –2.1 in acetic acid [27]. Similarly, the κ value from a conventional Hammett plot increases from –5 in formic acid or 97% TFE to –1.7 in ethanol for the solvolyses of p-substituted benzyl p-toluenesulfonates [28]. Smaller effects, but in the identical direction, are observed for solvolyses of 1-aryl-1-tert-butylmethyl chlorides [29].



A treatment of the data of Table 1 in terms of the extended Grunwald-Winstein equation suggests the same division of solvents as for ethyl chloroformate [10]. The majority of the solvents feature solvolysis by the addition-elimination (A-E) mechanism (Scheme 1), and reaction in highly ionizing and weakly nucleophilic fluoroalcohol solvents (100% TFE, 97% TFE, 97, 90, 70, 50% HFIP) favors solvolysis by the ionization pathway (Scheme 2).
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Scheme 1. 






Scheme 1.
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Scheme 2. 






Scheme 2.
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For 22 solvents (from Table 1, except for those mentioned immediately above) the values obtained are essentially identical to those for phenyl chloroformate [8] and for methyl [11] and ethyl chloroformates [10] over similar ranges of solvent composition (Table 4 and Figure 1).


Figure 1. The plot of log (k/k0) vs. (1.57 NT + 0.56 YCl) for the solvolysis of n-propyl chloroformate in pure and binary solvents at 25.0 ºC. The data points for 100% TFE, 97% TFE, and all HFIP–H2O mixtures were not included in the correlation; they are added to the plot to show their considerable deviation from the correlation line. Correlation coefficient (r) is 0.947.
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Table 4. Correlation of the specific rates of the solvolyses of methyl, ethyl, n-propyl, i-propyl, phenyl, benzyl, 2-adamantyl, and 1-adamantyl chloroformates, and ethyl chlorothioformate, using the extended Grunwald–Winstein equation.







	
Substrate

	
Mechanism a

	
nb

	
lc

	
mc

	
cc

	
l/m

	
Rd

	
Fe






	
PhOCOCl

	
A–E

	
21f

	
1.68 ± 0.10

	
0.57 ± 0.06

	
0.12 ± 0.41

	
2.95

	
0.973

	
159




	
MeOCOCl

	
A–E

	
19g

	
1.59 ± 0.09

	
0.58 ± 0.05

	
0.16 ± 0.07

	
2.74

	
0.977

	
171




	
EtOCOCl

	
A–E

	
28h

	
1.56 ± 0.09

	
0.55 ± 0.03

	
0.19 ± 0.24

	
2.84

	
0.967

	
179




	
EtOCOCl

	
I

	
7h

	
0.69 ± 0.13

	
0.82 ± 0.16

	
–2.40 ± 0.27i

	
0.84

	
0.946

	
17




	
EtSCOCl

	
I

	
19h

	
0.66 ± 0.08

	
0.93 ± 0.07

	
–0.16 ± 0.31

	
0.71

	
0.961

	
96




	
n-PrOCOCl

	
A–E

	
22j

	
1.57 ± 0.12

	
0.56 ± 0.06

	
0.15 ± 0.08

	
2.79

	
0.947

	
83




	
n-PrOCOCl

	
I

	
6j

	
0.40 ± 0.12

	
0.64 ± 0.13

	
–2.45 ± 0.47i

	
0.63

	
0.942

	
11




	
i-PrOCOCl

	
I

	
20k

	
0.28 ± 0.05

	
0.52 ± 0.03

	
–0.12 ± 0.05

	
0.54

	
0.979

	
192




	
BzOCOCl

	
I

	
11l

	
0.25 ± 0.05

	
0.66 ± 0.06

	
–2.05 ± 0.11i

	
0.38

	
0.976

	
80




	
2-AdOCOCl

	
I

	
19m

	
~0

	
0.47 ± 0.03

	
0.11 ± 0.19

	
~0

	
0.970

	
128




	
1-AdOCOCl

	
I

	
15n

	
~0

	
0.47 ± 0.03

	
0.03 ± 0.05

	
~0

	
0.985

	
97








aAddition–elimination (A–E) and ionization (I). bNumber of solvent systems included in the correlation. cFrom application of eqn. 1, with associated standard errors. dCorrelation coefficient. eF-test value. fFrom ref. 8. g>From ref. 11. h>From ref. 10. iLarge negative value because the experimental k0 value is for a system reacting by the A–E pathway. jThis study. kFrom ref. 14. lFrom ref. 13. m>From ref. 15. nThe one-term Grunwald–Winstein equation was used (ref. 23).










With only 6 solvent compositions within the ionization range, the number available is less than the ten considered to be a minimum for a two-term correlation [30]. Accordingly, the values of 0.40 for l and 0.64 for m (Table 4 and Figure 2) must be considered approximate. Nonetheless, the values are in reasonable agreement with others believed to be for ionization reaction in solvolyses of chloroformate esters; several are within the table. The l/m ratio has been suggested as a useful mechanistic criterion and the values of Table 4 divide nicely into two classes with values of 2.7 to 3.0 for those entries postulated to represent addition-elimination and 0.38 to 0.84 for those believed to represent ionization. For n-propyl chloroformate solvolysis, values for the ratio of 2.79 and 0.63, respectively, are towards the middle of these ranges.


Figure 2. The plot of log (k/k0) vs. (0.40NT + 0.64YCl) for the solvolysis of n-propyl chloroformate in TFE, 97% TFE, and aqueous HFIP solvents at 25.0 ºC. Correlation coefficient (r) is 0.942.
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Solvent deuterium isotope effects have previously been studied for several solvolyses of chloroformate esters. In 100% water, the kH2O/kD2O ratio was in the range of 1.8 to 2.0 at 7-25 ºC for a series of substrates believed to react by the bimolecular mechanism. The value for isopropyl chloroformate, in the ionization range, was somewhat lower at 1.35 and the value for diphenylcarbamoyl chloride was lower again at 1.1 [31]. More recently, values have become available for corresponding ratios in methanolysis. Values have been reported for the kMeOH/kMeOD ratio of 2.1-2.5 for a series of substituted phenyl chloroformates [32,33], of 2.4 for p-nitrobenzyl chloroformate [13], and of 1.9 for 2-adamantyl chloroformate [15]. In the latter value, however, there is probably a contribution from the ionization pathway. The ionization contribution is 12% in ethanol, and this would be expected to increase somewhat in methanol. The isotope effect value in the present study for methanolysis of n-propyl chloroformate (specific rate values from Table 1) is 2.17 ± 0.03. Values in the region of 2.1 to 2.5 are generally considered to arise from a bimolecular solvolysis which is accompanied by general-base catalysis [34,35].





The activation parameters calculated from studies at four temperatures in the 25-55 ºC range are very similar for solvolyses in methanol, ethanol, and 80% ethanol, with activation energies of from 13.3 to 14.9 kcal/mole and negative entropies of activation in the range of –29.6 to –32.2 cal mol-1 K-1, as would be expected for a process involving general-base catalysis to a bimolecular attack. At the other mechanistic extreme in 70% HFIP, the activation energy is increased to 20.5 kcal/mole and the entropy of activation is considerably less negative at –13.7 cal mol-1 K-1. The 70% HFIP is one of the six solvents where the solvolyses are believed to proceed by an ionization pathway on the basis of the extended Grunwald-Winstein equation. The changes in activation parameters are consistent [36] with the two proposed pathways.



For the ethanolysis, the effect of added tetraethylammonium salts has been studied. Salts containing either chloride and bromide show only modest increases in specific rate when added at concentration of up to 0.08 M. The actual increases are virtually identical (Table 3), with both showing a 12% increase in specific rate at 0.08 M concentration. One might have anticipated, with the bromide salt, a perturbation due to chloride/bromide exchange but this does not seem to occur to any appreciable extent and the slight increases are very well explained in terms of a modest salt effect upon the solvolysis. Additions of chloride, bromide, or iodide, as the tetrabutylammonium salts, to the ethanolysis of 1-adamantyl chloroformate had essentially identical small effects (13% increase at 0.1 M salt), again independent of the identity of the anion [23]. As with the n-propyl chloroformate solvolysis, this was taken to indicate that there was no superimposed initial halide exchange.




Conclusions


The specific rates of solvolysis of n-propyl chloroformate show, as the solvent is varied, a large region with a dominant addition-elimination pathway, with addition rate-determining. An extended Grunwald-Winstein equation (eqn. 1) treatment for this region leads to values of 1.57 ± 0.12 for l and 0.56 ± 0.06 for m. The remaining six solvents, fluoroalcohol-rich solvents with high ionizing power and low nucleophilicity, give corresponding values of 0.40 ± 0.12 and 0.64 ± 0.13, respectively, and a rate-determining ionization is proposed.



The solvent deuterium isotope effect value for methanolysis (kMeOH/kMeOD) of 2.17 ± 0.03 is of a magnitude usually taken to indicate that nucleophilic attack by a methanol molecule is assisted by general-base catalysis by a second methanol molecule. The activation parameters for five representative solvolyses are consistent with the division into the two groups. For the addition-elimination process, relative to the ionization process, lower activation energies are accompanied by more negative entropies of activation. Modest positive salt effects are observed on adding either chloride-ion or bromide-ion containing tetraethylammonium salts to the ethanolysis.
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Experimental


Solvents were purified and the kinetic runs carried out as previously described [23]. The n-propyl chloroformate (Aldrich, 98%) was used as received. The average values reported for the specific rates were calculated using all points from duplicate runs. The multiple regression analyses were performed using commercial statistical analysis packages.
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