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	 Recent	 applications	 of	 activation	 parameters	 variation	 approach	 to	 the	 elucidation	 of	 SN2
reaction	 mechanisms	 have	 led	 to	 further	 clarifications	 of	 structures	 of	 transition	 states
involved	 in	 the	 concerted	 reaction	 pathway.	 SN2	 reactions	 in	 solution	 are	 reviewed	 with
special	emphasis	of	activation	parameter	variation	ΔX≠	(X	=	H,	S	 and	G)	with	substituents	 in
the	 nucleophile,	 leaving	 and	 nonleaving	 groups	 applying	 linear	 free	 energy	 relationships	 in
order	to	evaluate	the	resultant	δΔX≠	reaction	constants.	The	use	of	internal	enthalpy	reaction
constants	δΔH≠int	as	a	mechanistic	tool	is	stressed	when	the	structure	of	transition	state	in	SN2
reaction	 is	 changed.	 Variations	 of	 the	 activation	 parameters	 in	 SN2	 reactions	 and	 their
mechanisms	were	analyzed.	
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1.	Introduction	
	

A	 significant	 part	 of	 reactions	 carried	 out	 in	 organic	 and	
bioorganic	 chemistry	 involve	 the	 bimolecular	 nucleophilic	
reactions	 (BNRs)	 in	 solution	 [1,2].	 These	 reactions	 play	
important	 role	 in	 organic	 synthesis	 [1,2].	 Among	 them,	
bimolecular	 nucleophilic	 substitution	 at	 sp3	 carbon	 (SN2)	
constitutes	 a	 fundamental	 reaction	 type	 [1‐4].	 This	 reaction	
proceeds	preferentially	through	backside	nucleophile	attack	of	
the	 nucleophile	 at	 the	 carbon	 atom	 (SN2‐b)	 with	 concerted	
expulsion	 of	 the	 leaving	 group	 and	 with	 inversion	 of	
configuration	at	carbon.	The	latter	is	in	general	more	efficient	
because	it	has	a	lower	reaction	barrier	than	the	corresponding	
front	 side	 SN2‐f	 pathway,	 which	 goes	 with	 retention	 of	
configuration	 [1‐4].	 The	 nature	 of	 the	 reactants	 or	 solvents	
influences	 both	 the	 kinetics	 and	mechanism	 of	 SN2	 reactions	
[5‐7].	 Various	 experimental	 kinetic	 and	 theoretical	 studies	
have	therefore	been	devoted	to	obtain	a	better	understanding	
of	 the	 mechanisms	 of	 these	 processes	 [3‐5,8‐11].	 Among	
traditional	 experimental	methods,	 kinetic	 isotope	effects	 [12‐
15]	and	 linear	 free	energy	 relationships	 (LFER)	 [16‐19]	have	
most	 frequently	 been	 used	 to	 study	mechanisms	 of	 BNRs,	 in	
particular	 the	 nature	 of	 transition	 states	 (TSs)	 [20‐22].	
Besides,	 the	 influence	 of	 the	 variations	 of	 substituents	 in	

reactants	 on	 activation	 parameters	 in	 BNRs	 including	 SN2	
reactions	was	demonstrated	[23‐27].	

The	 effects	 of	 structural	 changes	 in	 the	 nucleophile,	
leaving	 and	non‐leaving	 groups	on	 the	 activation	parameters	
of	 the	 SN2	 reactions	 are	 quantitatively	 described	 using	 the	
Hammett	 or	 Hammett‐like	 substituent	 constants	 [16‐19,28‐
30]	 for	 aromatic	 systems	 [31‐33].	 Substituent	 effects	 are	
among	the	most	important	concepts	of	structural	effects	[31].	
A	 search	 in	 the	 last	5	 years	using	 ISI	 Scifinder	 returned	over	
8700	 papers	 containing	 the	 term	 “substituent	 effects”	 in	 the	
title	or	abstract.	

In	 this	 review	 recent	 advances	 in	 the	detailed	analysis	of	
the	 relationship	 between	 the	mechanisms	 and	 the	 activation	
parameter	 variations	 with	 substituents	 in	 the	 nucleophile,	
leaving	 and	 non‐leaving	 groups	 for	 the	 SN2	 reactions	 in	
solution	are	surveyed.	
	
2.	Substituent	effects	on	the	activation	parameters	
	

Generalized	analysis	of	structural	effects	on	the	activation	
parameters	of	SN2	reactions	 implies	separation	of	substituent	
effects	into	enthalpy	and	entropy	contributions	to	the	ρ	value	
in	 the	 general	 Hammett	 equation	 (Equation	 (1))	 [34‐41].	 In	
Equation	(1),	the	parameter	σ	is	
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ΔX≠	=	δΔX≠σ	+	ΔX≠o	(X	=	H,	S,	G)		 	 	 (1)	
	
substituent	constant,	the	slope	δΔX≠	determines	the	selectivity	
of	the	substituent	effect	on	the	activation	parameters	ΔX≠	(X	=	
H,	 S	 and	 G),	 and	 the	 free	 term	 ΔX≠o	 is	 the	 corresponding	
activation	parameter	 for	unsubstituted	compound.	Therefore,	
the	reaction	constant	δΔX≠	may	be	regarded	as	an	analog	of	the	
Hammett	ρ	value.	

In	 keeping	 with	 the	 Hepler	 solvation	 theory	 [34,35],	
reaction	 constant	 δΔX≠	 is	 the	 sum	 of	 internal	 (δΔX≠int)	 and	
external	 (δΔX≠ext)	 constituents	 related,	 respectively,	 to	 the	
chemical	reaction	and	solvation	processes	(Equation	(2))	[34‐
41].	
	
δΔX≠	=	δΔX≠int	+	δΔX≠ext	(X	=	H,	S,	G)		 	 	 (2)	
	

The	changes	 in	the	δΔS≠	values	caused	by	the	variation	of	
the	 remote	 substituent	 on	 the	 aromatic	 ring	 result	 from	 the	
changes	in	solvation	of	the	external	constant	δΔS≠ext	(Equation	
(3)).		
	
δΔS≠	=	δΔS≠int	+	δΔS≠ext		 	 	 	 (3)	
	

Therefore,	it	is	possible	to	believe	that	in	the	Equation	(3)	
the	internal	constant	δΔS≠int	 is	 independent	of	the	substituent	
in	the	absence	of	steric	effects	(δΔS≠int	≈	0)	and	δΔS≠	≈	δΔS≠ext	
[34,35,42,43].	In	this	case,	the	magnitudes	of	δΔН≠ext	(Equation	
(4))	and	δΔS≠	can	be	
	
δΔH≠	=	δΔH≠int	+	δΔH≠ext		 	 	 	 (4)	
	
compensated	 to	 each	other	by	Equation	 (5)	 [34,35,42,43].	As	
can	be	seen	from	the	general		
	
δΔН≠ext	=	Tcomp	δΔS≠		 	 	 	 (5)	
	
compensation	relationship	given	by	Equation	(6),	the	slope	is	
the	compensation	temperature	Tcomp		
	
δΔН≠	=	δΔН≠int	+	Tcomp	δΔS≠		 	 	 	 (6)		
	
and	the	 intercept	 is	 the	 internal	enthalpy	constant	δΔН≠int	 for	
the	given	reaction	series	[34‐41].	Obviously,	if	the	δ∆H≠int	value	
is	equal	to	zero,	the	δ∆H≠	value	(δΔH≠	=	δΔH≠ext)	is	determined	
by	 the	 solvation	 influence	 only.	 In	 another	 case	 when	 the	
compensation	temperature	 is	equal	 to	zero,	 the	δ∆H≠	value	 is	
governed	by	the	magnitude	of	the	δ∆H≠int	constant.	

The	 equations	 (Equations	 (1‐6))	 describing	 the	 influence	
of	 the	 substituents	 on	 the	 changes	 of	 the	 reaction	 constants	
δΔX≠	(X	=	H,	S,	G)	are	used	for	the	analysis	of	SN2	reactions.	
	
3.	Reaction	constants	δΔH≠	and	δΔS≠	
	

Variations	 of	 the	 activation	parameters	δΔН≠	 and	δΔS≠	 in	
the	 SN2	 reactions	 with	 neutral	 and	 charged	 nucleophiles	 in	
various	solvents	in	Table	1	reflect	the	sensitivity	of	activation	
parameters	 to	 substituent	 nature	 in	 the	 leaving	 groups,	
nucleophiles	 and	 nonleaving	 groups	 and	 strongly	 depend	 on	
solvation	 of	 reactants	 and	 TSs	 (Scheme	 1)	 [24‐27,37‐40].	
Negative	values	of	δΔН≠	and	δΔS≠	indicate	enhanced	solvation	
of	 the	 corresponding	 TS‐1	 upon	 introduction	 of	 electron‐
withdrawing	 substituents	 R	 (entries	 15‐17,	 25‐28,	 34‐36	 in	
Table	 1).	 At	 the	 same	 time,	 their	 positive	 values	 suggest	
stronger	 solvation	 of	 the	 initial	 reactants	 with	 electron‐
withdrawing	groups	R	(entries	5,	10,	11,	19‐24,	29,	30,	37,	39‐
42	in	Table	1).	In	some	cases,	solvation	of	the	initial	reactants	
dominates	which	may	lead	to	positive	values	of	δΔS≠	and	small	
negative	values	of	δΔH≠	(entries	1‐4,	6‐9,	12,	13	in	Table	1).	

There	are	three	compensation	relationships	between	δΔН≠	
and	δΔS≠	for	SN2	reactions	at	saturated	carbon	atom	including	
the	changes	of	the	substituents	R	in	the	leaving	group	(entries	

1‐13	 in	 Table	 1),	 nonleaving	 group	 (entries	 15‐29)	 and	
nucleophiles	(entries	30‐42)	(Figure	1).	

The	lines	II	and	III	from	Figure	1	combine	a	relatively	fast	
reactions	 [50,53‐67]	 and	 the	 compensation	 relationships	 for	
these	 lines	 are	 tested	 at	 a	 confidence	 level	 of	 >95%	 [27,43].	
The	slopes	of	 the	 lines	 II	and	III	 correspond	to	compensation	
temperatures	 Tcomp	 equaling	 380	 and	 370	 K,	 respectively.	
These	 values	 are	 higher	 than	 the	 mean	 experimental	
temperature	 Texp	 (entries	 15‐42	 in	 Table	 1)	 and	 it	 must	 be	
concluded	that	the	compensation	relationships	are	not	caused	
by	experimental	errors	[68].	As	for	the	exact	physical‐chemical	
sense	 of	 the	 enthalpy‐entropy	 compensation,	 this	 is	 still	 a	
debated	question	[43,69‐71].	Nevertheless,	when	Tcomp	>	Texp,	it	
is	 necessary	 to	 accept	 the	 existence	 of	 a	 real	 correlation	
between	the	values	of	δΔН≠	and	δΔS≠	[68].	

The	line	I	from	Figure	1	combines	a	more	slower	reactions	
(entries	 1‐13	 in	 Table	 1)	 in	 a	 relatively	 narrow	 range	 of	 the	
values	 of	 δΔН≠	 and	 δΔS≠.	 Therefore,	 the	 compensation	
equation	for	this	line	was	tested	at	the	>92%	confidence	level	
and	 the	 slope	 of	 the	 line	 I	 corresponds	 to	 compensation	
temperature	Tcomp	 equaling	290	K.	This	 temperature	 is	 lower	
than	 the	middle	 experimental	 temperature	Texp	 (entries	 1‐13	
in	 Table	 1).	 The	 latter	 indicates	 some	 experimental	 errors	
upon	the	determination	of	the	reaction	rate	constants	leading	
to	the	existence	of	the	compensation	dependence	between	the	
values	of	δΔН≠	and	δΔS≠	[43,68‐71].	

There	is	the	one	deviation	from	line	I	(Figure	1)	depicting	
the	 dependence	 of	 δΔН≠	 versus	 δΔS≠	 for	 the	 reactions	 of	
substituted	 N‐methylpyridinium	 salts	 with	 iodide	 ion	 (entry	
14	in	Table	1).	These	reactions	are	characterized	by	very	low	
rate	constants	(k2	=	1×10‐12	‐	1×10‐9	dm3∙mol‐1∙s‐1)	[50]	and	by	
a	large	negative	value	of	δΔН≠	[24,27].	An	analogous	deviation	
from	 the	 dependence	 of	 δΔН≠	 versus	 δΔS≠	 for	 the	 line	 III	
(Figure	1)	is	connected	with	a	large	positive	value	of	δΔS≠	for	
the	reactions	of	N‐substituted	anilines	with	benzyl	bromide	in	
methanol	 (entry	 40	 in	 Table	 1).	 A	 lower	 rate	 constants	
characterize	also	these	reactions	in	comparison	with	the	same	
rate	constants	for	the	parent	reactions	of	entry	41	in	Table	1.	
The	 latter	 have	 a	 large	 positive	 value	 of	δΔS≠.	 Obviously,	 the	
arrangement	of	lines	 I	‐	III	and	entries	14	and	40	on	Figure	1	
reflects	 the	 reactivity	 order	 of	 SN2	 reactions	with	 decreasing	
the	values	of	δΔН≠	[24,27].	

	

	
	

Figure	 1.	 The	 plots	 of	 δΔН≠	 versus	 δΔS≠	 for	 SN2	 reactions	 with	 the	
substituents	 R	 in	 the	 leaving	 group	 YCH2ZC6H4R	 (I),	 nonleaving	 group	
RC6H4ZCH2X	 (II)	 and	 nucleophile	 RC6H4Z‐	 (RC6H4ZH)	 (III);	 values	 of	 δΔН≠	
and	δΔS≠	are	taken	from	Table	1;	 line	 I,	δΔН≠	=	(‐8.0	±	0.3)	+	(0.29	±	0.03)	
δΔS≠,	r	=	0.950,	s	=	1.1,	n	=	13;	line	II,	δΔН≠	=	(‐1.5	±	1.2)	+	(0.38	±	0.03)	δΔS≠,	
r	=	0.973,	s	=	4.1,	n	=	11;	line	III,	δΔН≠	=	(11.4	±	0.9)	+	(0.37	±	0.02)	δΔS≠,	r	=	
0.990,	s	=	3.32,	n	=	12;	the	compensation	equations	for	lines	I	–	III	are	tested	
at	 the	 92%,	 95.7%	 and	 97.6%	 confidence	 level,	 respectively	 [43];	 the	
identity	of	the	numbers	is	the	entry	number	in	Table	1.	

	
4.	SN2	Reactions	with	neutral	nucleophiles		
	

The	 changes	 in	 the	 free	 energy	 of	 activation	 reaction	
constant,	δΔG≠,	in	the	SN2	reactions	reflect	the	influence	of	the	
		



Vlasov	/	European	Journal	of	Chemistry	6	(2)	(2015)	225‐236	 227	
 

	 	
Table	1.	Effects	of	the	substituents	R	in	the	leaving	groups	YCH2ZC6H4R,	nonleaving	groups	RC6H4ZCH2X	and	nucleophiles	RC6H4Z‐	(RC6H4ZH)	on	the	reaction	
constants	δΔН≠	and	δΔS≠	 in	SN2	reactions	at	saturated	carbon	atom	YCH2‐X	with	neutral	NuH	(RC6H4ZH)	and	charged	nucleophiles	Nu‐	(RC6H4Z‐)	 in	various	
solvents	[24,27,44‐67].	
Entry	 Reactants	 Solvent	 N(m)	a	 Texp/	b	K	 δΔH≠/	c		

kJ.mol‐1.σ‐1	
δΔS≠/	c		
J.mol‐1.K‐1.σ‐1	

Reference	

Substituents	R	are	varied	on	leaving	groups	YCH2ZC6H4R
1	 Me‐OSO2C6H4R	+	H2O		 H2O	 6(3)	 323	 ‐2.1	 11.3	 24,27,44	
2	 Me‐OSO2C6H4R	+	EtOH		 EtOH	 5(3)	 343	 ‐1.4	 20.6	 24,27,45,46	
3	 n‐Pr‐OSO2C6H4R	+	MeOH		 MeOH	 6(3) 323 ‐2.4 16.0	 24,27,47
4	 n‐Pr‐OSO2C6H4R	+	EtOH		 EtOH	 6(3)	 323	 ‐0.4	 24.1	 24,27,47	
5	 n‐Pr‐OSO2C6H4R	+	i‐PrOH		 i‐PrOH	 6(3)	 323		 0.6	 30.8	 24,27,47	
6	 CH2=CH‐CH2‐SO2C6H4R	+	H2O		 H2O 4(3) 313 ‐7.5 1.3	 24,27,48
7	 CH2=CH‐CH2‐SO2C6H4R	+	H2O		 90%	Di‐oxane	+10%	H2O 4(3) 313 ‐6.4 8.6	 24,27,48
8	 CH2=CH‐CH2‐SO2C6H4R	+	MeOH		 MeOH 8(3) 313 ‐7.5 1.9	 24,27,47
9	 CH2=CH‐CH2‐SO2C6H4R	+	EtOH		 EtOH	 8(3)	 313 ‐4.6 14.0	 24,27,47
10	 CH2=CH‐CH2‐SO2C6H4R	+	i‐PrOH		 i‐PrOH 8(3) 313 0.2 31.8	 24,27,47
11	 СH≡C‐CH2‐OSO2C6H4R	+	MeOH		 MeOH	 8(3)	 323	 0.5	 28.6	 24,27,49	
12	 СH≡C‐CH2‐SO2C6H4R	+	EtOH		 EtOH 8(3) 323 ‐6.0 8.3	 24,27,49
13	 СH≡C‐CH2‐OSO2C6H4R	+	i‐PrOH		 i‐PrOH	 8(3)		 323	 ‐8.2	 4.0	 24,27,49	
14	 RC5H4N+‐Me	+	I‐		 MeCN	 5(4)	 298	 ‐29.0	 16.1	 24,27,50	
Substituents	R	are	varied	on	nonleaving	group	RC6H4ZCH2X
15	 RC6H4CH2Cl	+	NH3	 Liquid NH3 5(4) 298 ‐2.22 ‐9.06	 51,52
16	 RC6H4NHC(O)‐CH2Cl	+	PhNMe2		 n‐Octanol	 9(3)	 440	 ‐34.9	 ‐69.0	 24,27,53	
17	 RC6H4CH2Br	+	PhNH2		 MeCN 5(3) 308 ‐2.0 ‐17.3	 24,27,54
18	 RC6H4CH2Cl	+	PhNH2		 MeCN	 5(3)	 318	 0.0	 ‐9.6	 24,27,54	
19	 RC6H4CH2Br	+	С5H5N		 MeOH	 3(3)	 298	 17.5	 50.2	 24,27,55	
20	 RC6H4CH2Br	+	С5H5N		 DMF	 3(3)	 298	 9.5	 25.8	 24,27,55	
21	 RC6H4CH2Cl	+	С5H5N		 MeOH 3(3) 298 31.2 89.3	 24,27,55
22	 RC6H4CH2Cl	+	С5H5N		 DMf 3(3) 298 19.4 56.8	 24,27,55
23	 RC6H4CH2Br	+	С5H5N	 MeCN 7(3) 290 12.6 36.8	 24,27,56
24	 RC6H4CH2Br	+	С5H5N	 Ionic liquid 7(3) 290 7.3 13.1	 24,27,56
25	 3‐NO2‐4‐C6H3C(O)CH2Br	+	HSСH2COOH		 MeOH 5(4) 303 ‐4.75 ‐8.93	 57
26	 3‐NO2‐4‐C6H3C(O)CH2Br	+	PhSH		 MeOH 5(4) 303 ‐4.66	 ‐0.03	 57
27	 4‐C6H4C(O)CH2Br	+	PhSH		 MeOH	 5(4)	 303	 ‐10.59	 ‐16.24	 57	
28	 RC6H4CH2Cl	+	PhSLi		 MeOH	 5(3)	 293	 ‐11.6	 ‐22.2	 24,27,58	
29	 RC6H4CH(Me)Br	+	LiBr		 Acetone	 5(3)	 303	 14.1	 55.6	 24,27,59	
Substituents	R	are	varied	on	nucleophiles	RC6H4Z‐	(RC6H4ZH)
30	 RC6H4NMe2	+	MeI		 MeOH 8(4) 328 16.4 7.0	 24,27,39,60
31	 RC6H4NMe2	+	MeI		 MeCN 5(4) 313 10.0 ‐14.2	 24,27,39,61
32	 RC6H4NMe2	+	MeI		 Acetone		 5(4)	 313	 9.8	 ‐15.1	 24,27,39,61	
33	 RC5H4N	+	MeI		 MeCN	 5(4)	 298	 9.9	 ‐10.7	 24,27,39,50	
34	 RC6H4NH2	+	CH2=CH‐CH2Br	 DMF	 5(3)	 303	 ‐20.9	 ‐88.8	 24,27,62	
35	 RC6H4NH2	+	PhCH2Br		 MeCN 4(3) 308 ‐1.9 ‐35.4	 24,27,54
36	 RC6H4NH2	+	PhCH2Cl		 MeCN 5(3) 318 ‐0.6 ‐25.8	 24,27,54
37	 RC6H4NH2	+	PhCH2Br		 EtOH 7(3) 303 8.0 7.9	 24,27,63
38	 RC6H4NH2	+	PhCH2Br		 PhNO2 5(3) 303 7.7 ‐0.3	 24,27,63
39	 RC6H4NH2	+	PhC(O)CH2Br		 EtOH 5(3) 308 23.4 40.0	 64,65
40	 RC6H4NHR	+	PhCH2Br		 MeOH 5(4) 303 46.5 278.0	 66
41	 RC6H4SO2Na	+	BrCH2СH=СHCN	 50	vol% EtOH‐H2O 3(5) 318 41.2 78.4	 27,67	
42	 RC6H4SO2Na	+	BrCH2СH=СHBr	 50	vol%	EtOH‐H2O	 3(5)	 318	 67.6	 150.3	 27,67	
a	N	is	the	number	of	reactions,	and	m	is	the	number	of	rate	constants	at	different	temperatures.	
b	The	middle	temperature	of	experiments;	temperature	range	in	which	the	reaction	rate	constants	were	determined	is	twenty.	
c	The	reaction	constants	δΔН≠	and	δΔS≠	are	estimated	by	Equation	1	using	σ	constants	[28].	
	

 
	

Scheme	1	
	
	
substituent	 R	 in	 the	 leaving	 group	 (entries	 1‐24	 in	 Table	 2),	
non‐leaving	 group	 (entries	 25‐50)	 and	 nucleophile	 (entries	
51‐79).	The	values	of	δΔG≠	are	negative	for	the	reaction	series	
in	which	the	substituent	R	 is	varied	in	the	 leaving	group	and,	
particularly,	 in	the	nonleaving	group	and	nucleophile	(entries	
27,	28,	46‐50,	76,	78	 in	Table	2).	On	the	other	hand,	reaction	
series	 in	 which	 change	 is	 only	made	 to	 substituent	 R	 in	 the	
nucleophile	 (entries	 51‐75,	 77,	 79)	 and	 in	 the	 nonleaving	
group	 (entries	 25,	 26,	 29‐45)	 are	 characterized	 by	 positive	
values	of	δΔG≠.	Such	variations	in	the	signs	of	the	δΔG≠	values	
are	common	according	to	the	Hammett‐like	equation	δΔG≠	=	‐	
2.303RTexpρ	 [16,38].	 However,	 the	 dependence	δΔG≠	 versus	 ρ	
does	 not	 speak	 about	 peculiarities	 of	 the	mechanisms	 of	 the	

SN2	 reactions	because	 the	Hammett	ρ	 values	may	depend	on	
the	 contributions	 of	 the	 TS	 structure	 in	 the	 concerted	
mechanism	or	the	formation	of	the	complexes	before	forming	
the	trigonal‐bipyramidal	TS‐1	[24,27,40,41].	

A	 lot	 of	 examples	 of	 the	 reaction	 constants	 δΔG≠	 and	
δΔН≠int	 are	 presented	 in	 Table	 2,	where	 is	 clearly	 noted	 that	
these	 constants	 are	 approximately	 equal;	 therefore,	 linear	
dependence	between	δΔН≠int	and	δΔG≠	has	been	developed	for	
entries	1‐13,	24,	29,	30,	36,	47‐49,	51‐54	and	57‐59	in	Table	2	
(Figure	2)	[24].	Free	term	in	this	equation	corresponds	to	the	
δΔG≠ext	value	and	close	to	zero	(δΔG≠ext	=	δΔН≠ext	‐	Texp	δΔS≠ext	≈	
0	[24,27,36‐42]).		
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Table	2.	Values	of	the	reaction	constants	δΔG≠	and	δΔH≠int,	the	Brønsted	slopes	βR,	the	Hammett	reaction	constants	ρR,	cross‐interaction	constants	ρRR	in	SN2	
reactions	at	saturated	carbon	atom	YCH2‐X	with	neutral	nucleophiles	in	various	solvents.	
Entry	 Reactants	 Solvent	 δΔG≠/	a		

kj.mol‐1	σ‐1	
δΔH≠int/	b		
kJ.mol‐1.σ‐1	

βR	c	 ρR	d	 ρRR	e		 Reference	

Substituents	R	are	varied	on	leaving	groups	YCH2ZC6H4R	
1	 Me‐OSO2C6H4R	+	H2O		 H2O ‐5.7 ‐5.7 ‐ 0.93	 ‐	 24,27,44
2	 Me‐OSO2C6H4R	+	EtOH		 EtOH ‐8.4 ‐7.9 ‐0.45	 1.41	 ‐	 24,27,45,46
3	 n‐Pr‐OSO2C6H4R	+	MeOH		 MeOH	 ‐7.6 ‐7.5 ‐ 1.28	 ‐	 24,27,47
4	 n‐Pr‐OSO2C6H4R	+	EtOH		 EtOH ‐8.2 ‐8.1 ‐ 1.34	 ‐	 24,27,47
5	 n‐Pr‐OSO2C6H4R	+	i‐PrOH		 i‐PrOH ‐9.3 ‐9.3 ‐ 1.52	 ‐	 24,27,47
6	 CH2=CH‐CH2‐OSO2C6H4R	+	H2O		 H2O	 ‐7.9	 ‐7.9	 ‐	 1.31	 ‐	 24,27,48	
7	 CH2=CH‐CH2‐OSO2C6H4R	+	H2O		 90%	dioxane	+	10%	H2O	 ‐9.1	 ‐9.1	 ‐	 1.52	 ‐	 24,27,48	
8	 CH2=CH‐CH2‐OSO2C6H4R	+	MeOH		 MeOH	 ‐8.1	 ‐8.1	 ‐	 1.40	 ‐	 24,27,47	
9	 CH2=CH‐CH2‐OSO2C6H4R	+	EtOH		 EtOH		 ‐9.0	 ‐9.1	 ‐0.51	 1.51	 ‐	 24,27,47	
10	 CH2=CH‐CH2‐OSO2C6H4R	+	i‐PrOH		 i‐PrOH ‐9.7 ‐10.0 ‐ 1.61	 ‐	 24,27,47
11	 СH≡C‐CH2‐OSO2C6H4R	+	MeOH		 MeOH ‐8.7 ‐8.6 ‐ 1.25	 ‐	 24,27,49
12	 СH≡C‐CH2‐OSO2C6H4R	+	EtOH		 EtOH ‐8.7 ‐8.7 ‐ 1.41	 ‐	 24,27,49
13	 СH≡C‐CH2‐OSO2C6H4R	+	i‐PrOH		 i‐PrOH ‐9.5 ‐9.5 ‐ 1.54	 ‐	 24,27,49
14	 Me‐OSO2C6H4R	+	PhNH2		 MeOH ‐7.55 (‐7.9) ‐ (‐7.33) ‐0.39	 1.16	 0.30	 72
15	 Me‐OSO2C6H4R	+	PhNH2		 MeCN ‐8.66 (‐8.13) ‐ (‐8.46) ‐0.45	 1.33	 0.32	 72
16	 Me‐OSO2C6H4R	+	PhNMe2		 MeOH	 ‐7.07	(‐6.67)	 ‐	(‐6.85)	 ‐0.36	 1.09	 0.24	 73	
17	 Me‐OSO2C6H4R	+	PhNMe2		 MeCN	 ‐8.91	(‐8.43)	 ‐	(‐8.71)	 ‐0.46	 1.38	 0.25	 73	
18	 CH2=CH‐CH2‐OSO2C6H4R	+	PhNH2		 MeCN	 ‐7.55	(‐7.58)	 ‐	(‐7.33)	 ‐0.34	 1.24	 0.37	 74	
19	 CH2=CH‐CH2‐OSO2C6H4R	+	PhNMe2		 MeCN ‐7.87 (‐7.94) ‐ (‐7.95) ‐0.35	 1.30	 0.30	 74
20	 СH≡C‐CH2‐OSO2C6H4R	+	PhNH2		 MeCN	 ‐7.23	(‐7.27)	 ‐	(‐7.01)	 ‐0.32	 1.19	 0.29	 75	
21	 СH≡C‐CH2‐OSO2C6H4R	+	PhNMe2		 MeCN ‐8.77 (‐8.79) ‐ (‐8.57) ‐0.39	 1.44	 0.25	 75
22	 PhCH2‐	OSO2C6H4R	+	4‐MeC6H4NMe2		 Acetone ‐12.27 (‐12.67) ‐ (‐12.10) ‐0.71	 2.08	 <0	 76
23	 PhCH2‐	OSO2C6H4R	+	PhNH2		 MeOH ‐10.34 (‐8.13) ‐ (‐10.15) ‐0.45	 1.33	 ‐0.10	 8,77
24	 PhCH2‐	OSO2C6H4R	+	C5H5N	 Acetone ‐10.78 (‐11.64) ‐9.54 (‐11.64) ‐0.65	 1.92	 ‐	 78
Substituents	R	are	varied	on	nonleaving	group	RC6H4ZCH2X
25	 RC6H4CH2Cl	+	liquid	NH3	 Liquid NH3 0.48 (‐0.04) ‐ (0.77) ‐ 0	 ‐	 51
26	 RC6H4CH2Cl	+	C5H11N	

(R	=	4‐Me,	H,	4‐Cl,	4‐COOMe)	
Liquid NH3 1.52 (1.60) ‐ (1.82) ‐ ‐0.27	 ‐	 52

27	 RC6H4CH2Cl	+	C5H11N	
(R	=	4‐COOMe,	4‐CN,	4‐NO2)	

Liquid NH3 ‐3.83 (‐4.11) ‐ (‐3.58) ‐ 0.67	 ‐	 52

28	 RC6H4NHC(O)‐CH2Cl	+	PhNMe2		 n‐Octanol ‐4.5 ‐8.0 ‐ 0.49	 ‐	 24,27,53
29	 RC6H4CH2Br	+	PhNH2		 MeCN	 3.3	 4.7	 ‐	 ‐0.55	 ‐	 24,27,54	
30	 RC6H4CH2Cl	+	PhNH2		 MeCN	 3.1	 3.7	 ‐	 ‐0.51	 ‐	 24,27,54	
31	 RC6H4CH2Br	+	С5H5N		 MeOH 2.5 ‐2.1 ‐ ‐0.66	 ‐	 24,27,55
32	 RC6H4CH2Br	+	С5H5N		 DMF	 1.8	 ‐0.6	 ‐	 ‐0.31	 ‐	 24,27,55	
33	 RC6H4CH2Cl	+	С5H5N		 MeOH	 4.6	 ‐3.6	 ‐	 ‐0.78	 ‐	 24,27,55	
34	 RC6H4CH2Cl	+	С5H5N		 DMF 2.5 ‐2.7 ‐ ‐0.49	 ‐	 24,27,55
35	 RC6H4CH2Br	+	С5H5N	 MeCN 1.9 ‐1.4 ‐ ‐0.32	 ‐	 24,27,56
36	 RC6H4CH2Br	+	С5H5N	 Ionic liquid 3.5 2.3 ‐ ‐0.56	 ‐		 24,27,56
37	 RC6H4CH2Cl	+	PhNH2		 MeOH 3.99 (3.91) ‐ (4.32) ‐ ‐0.65	 ‐0.75	 79
38	 RC6H4CH2Cl	+	PhNH2		

(R	=	4‐MeO,	4‐Me,	H)	
EtOH 27.6 (27.1) ‐ (28.2) ‐ ‐4.46	 ‐0.93	 80

39	 RC6H4CH2Cl	+	PhNH2		
(R	=	H,	4‐Cl,	4‐NO2)	

EtOH	 2.40	(2.39)	 ‐	(2.71)	 ‐	 ‐0.40	 ‐0.93	 80	

40	 RC6H4CH2Br	+	PhNH2		
(R	=	4‐Me,	H,	4‐Cl,	4‐NO2)	

MeOH	 4.36	(4.46)	 ‐	(4.69)	 ‐	 ‐0.74	 ‐0.78	 81	

41	 RC6H4CH2Br	+	PhNH2		
(R	=	H,	4‐Cl,	4‐NO2)	

MeOH	 3.45	(3.49)	 ‐	(3.77)	 ‐	 ‐0.58	 ‐0.78	 81	

42	 RC6H4CH2Br	+	PhNMe2		 Acetone 6.71 (6.28) ‐ (7.07) ‐ ‐1.04	 ‐1.14	 82
43	 PhCH2‐OTs	+	PhNMe2		 MeCN 11.67 (11.94) ‐ (12.08) ‐ ‐1.97	 ‐	 83
44	 RC6H4CH(Me)Br	+	С5H5N		

(R	=	4‐MeO,	4‐MeS,	4‐PhO,	4‐MeO‐3‐Cl)	
MeCN 30.1 (29.9) ‐ (30.7) ‐ ‐4.92	 ‐	 84

45	 RC6H4CH(Me)Br	+	С5H5N	 MeCN 8.0 (8.2) ‐ (8.4) ‐ ‐1.36	 ‐	 84
46	 4‐RC6H4C(O)CH2Br	+	HSCH2COOH	 MeOH	 ‐7.20	(‐7.45)	 ‐	(‐6.98)	 ‐	 1.22	 ‐	 57	
47	 3‐NO2‐	4‐RC6H3C(O)CH2Br		

+	HSСH2COOH		
MeOH	 ‐2.33	(‐2.41)	 ‐1.36	(‐2.06)	 ‐	 0.39	 ‐		 57	

48	 4‐RC6H4C(O)CH2Br	+	PhSH		 MeOH	 ‐5.67	(‐5.94)	 ‐4.42	(‐5.44)	 ‐	 0.97	 ‐	 57	
49	 3‐NO2‐	4‐RC6H3C(O)CH2Br	+	PhSH		 MeOH	 ‐4.65	(‐4.84)	 ‐4.65	(‐4.41)	 ‐		 0.79	 ‐		 57	
50	 4‐RC6H4C(O)CH2Br	+	PhNH2		 MeOH ‐6.28 (‐6.30) ‐ (‐6.05) ‐ 1.03	 0.11	 85
Substituents	R	are	varied	on	nucleophiles	RC6H4ZH	
51	 RC6H4NMe2	+	MeI		 MeOH	 14.1	 13.8	 0.45	 ‐2.10	 ‐	 24,27,39,60	
52	 RC6H4NMe2	+	MeI		 MeCN 14.4 15.3 ‐ ‐2.43	 ‐	 24,27,39,61
53	 RC6H4NMe2	+	MeI		 Acetone		 14.6	 15.4	 ‐	 ‐2.40	 ‐	 24,27,39,61	
54	 RC5H4N	+	MeI		 MeCN 13.1 13.9 0.38	 ‐2.27	 ‐	 24,27,39,50
55	 RC6H4NH2	+	CH2=CH‐CH2Br	 DMF 6.0 12.0 0.43	 ‐1.17	 ‐	 24,27,62
56	 RC6H4NH2	+	PhCH2Br		 MeCN 9.0 11.2 0.31	 ‐1.47	 ‐	 24,27,54
57	 RC6H4NH2	+	PhCH2Cl		 MeCN 7.9 8.9	 0.26	 ‐1.23	 ‐	 24,27,54
58	 RC6H4NH2	+	PhCH2Br		 EtOH 5.6 5.1 ‐ ‐0.89	 ‐	 24,27,63
59	 RC6H4NH2	+	PhCH2Br		 PhNO2 7.8 7.8 ‐ ‐1.63	 ‐	 24,27,63
60	 RC6H4NH2	+	PhC(O)CH2Br		 EtOH	 11.1	 8.6	 ‐	 ‐1.86	 ‐	 64,65	
61	 RC6H4NH2	+	PhC(O)CH2Br	 MeOH 11.1 (11.0) ‐ (11.5) 0.66	 ‐1.81	 0.11	 85
62	 RC6H4NH2	+	PhCH2Br		 EtOH	 8.61	(8.47)	 ‐	(9.0)	 0.49	 ‐1.40	 <0	 80	
63	 RC6H4NH2	+	PhCH2Cl		 EtOH	 5.36	(5.25)	 ‐	(5.70)	 0.31	 ‐0.87	 ‐0.93	 80	
64	 RC6H4NH2	+	Me‐OSO2Ph	 MeOH	 10.61	(9.63)	 ‐	(11.0)	 0.60	 ‐1.59	 0.30	 72	
65	 RC6H4NH2	+	Me‐OSO2Ph	 MeCN 11.65 (10.90) ‐ (12.05) 0.65	 ‐1.80	 0.32	 72
66	 RC6H4NMe2	+	Me‐OSO2Ph	 MeOH 15.05 (14.0) ‐ (15.5) 0.66	 ‐2.31	 0.24	 73
67	 RC6H4NMe2	+	Me‐OSO2Ph	 MeCN 14.66 (13.45) ‐ (15.10) 0.62	 ‐2.22	 0.25	 73
68	 RC6H4NH2	+	CH2=CH‐CH2‐OSO2Ph	 MeCN 11.15 (10.61) ‐ (11.55) 0.66	 ‐1.75	 0.37	 74
69	 RC6H4NMe2	+	CH2=CH‐CH2‐OSO2Ph	 MeCN 12.67 (12.30) ‐ (13.09) 0.57	 ‐2.03	 0.30	 74
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Table	2.	(Continued). 
Entry	 Reactants	 Solvent	 δΔG≠/	a		

kj.mol‐1 σ‐1
δΔH≠int/	b		
kJ.mol‐1.σ‐1

βR	c	 ρR	d	 ρRR	e		 Reference	

70	 RC6H4NH2	+	СH≡C‐CH2‐OSO2Ph	 MeCN 10.55 (10.05) ‐ (10.95) 0.63	 ‐1.66	 0.29	 75
71	 RC6H4NMe2	+	СH≡C‐CH2‐OSO2Ph	 MeCN	 12.53	(12.18)	 ‐	(12.94)	 0.57	 ‐2.01	 0.25	 75	
72	 RC6H4NMe2	+	PhCH2‐	OSO2C6H4Cl‐4	 Acetone	 13.73	(14.13)	 ‐	(14.16)	 0.49	 ‐2.33	 <0	 76	
73	 RC6H4NH2	+	PhCH2‐	OSO2Ph	 MeOH	 4.97	(5.07)	 ‐	(5.31)	 0.29	 ‐0.84	 ‐0.10	 8,77	
74	 RC6H4NH2	+	PhCH2Cl		 MeOH	 9.08	(9.32)	 ‐	(9.46)	 0.55	 ‐1.54	 ‐0.75	 79	
75	 RC6H4NH2	+	PhCH2Br		 MeOH 8.31 (8.53) ‐ (8.68) 0.46	 ‐1.41	 ‐0.78	 81
76	 PhCH2NHR	+	PhCH2Br		

(tert‐Bu,	i‐Pr,	n‐Bu,	Et,	Me)	
MeOH ‐37.77 (‐39.50) ‐ (‐37.86) ‐10.2	 6.49	 ‐	 66

77	 PhCH2NHR	+	PhCH2Br	(Me,	H,	Ph)	 MeOH 10.11 (10.42) ‐ (10.50) 3.38	 ‐1.72	 ‐	 66
78	 4‐RC6H4SH	+	3‐NO2C6H4C(O)CH2Br	 MeOH ‐5.77 (‐6.06) ‐ (‐5.54) 0.41	 0.99	 0	 57
79	 RC6H4NMe2	+	PhCH2Br	 Acetone 5.49 (5.43) ‐ (5.83) ‐ ‐0.90	 ‐1.14	 82
a	Calculated	by	Eyring	equation;	values	in	parentheses	are	calculated	by	the	Hammett‐like	equation	δΔG≠	=	‐2.303RTexpρ	[16,38].	
b	Calculated	by	Equation	6;	values	in	parentheses	are	calculated	by	Equation:	δΔH≠int	=	(0.29	±	0.12)	+	(1.01	±	0.01)	δΔG≠	(Figure	2).	
c	Calculated	by	Brønsted	equation;	the	calculations	use	the	values	of	pK	for	methyl	transfer	[46]	in	entries	2,	9,	14	–	24,	substituted	N,N‐dimethyl	anilines	in	
50%	water	EtOH	[86]	in	entries	51,	66,	67,	69,	71,	72,	substituted	pyridines	in	MeCN	[87]	in	entry	54,	substituted	anilines	in	H2O	in	entries	76	and	77	[66]	and	
55,	61‐64,	73‐75	[88],	in	MeCN	in	entries	56,	57,	65	and	substituted	benzenethiols	in	entry	78	[57].	
d	Calculated	by	Hammett	equation;	σ	constants	are	taken	from	[28];	σ*	constants	are	used	in	entries	76	and	77	and	taken	from	[28].	
e	Calculated	by	Equation	log	(kRR’/kHH)	=	ρRσR	+	ρR’σR’	+	ρRR’σRσR’	in	entries	14‐23,	37‐42,	49,	50,	61‐75,	78,	79.	
	

	

	
	

Figure	2.	The	plots	of	δΔН≠int	versus	δΔG≠	 for	SN2	reactions	of	entries	1‐13,	
24,	29,	30,	36,	47‐49,	51‐54	and	57‐59	in	Table	2:	δΔН≠int	=	(0.29	±	0.12)	+	
(1.01	±	0.01)	δΔG≠,	r	=	0.998,	s	=	0.61,	n	=	27;	the	identity	of	the	numbers	is	
the	entry	number	in	Table	2.	

	
The	latter	means	that	the	dependence	of	the	changes	of	the	

free	energy	of	activation	is	governed	mainly	by	the	changes	in	
the	internal	enthalpy	of	activation	in	the	SN2	reactions:	δΔG≠	≈	
δΔН≠int	[24,27,36‐42].	

The	dependence	δΔН≠int	versus	δΔG≠	 (Figure	2)	 is	used	 to	
calculate	 the	 reaction	 constant	 δΔН≠int	 on	 the	 basis	 of	 the	
values	 of	 δΔG≠.	 The	 latter	 may	 be	 obtained	 by	 the	 Eyring	
equation	 [6]	 using	 the	 reaction	 rate	 constants	 at	 single	
temperature	 for	 entries	 14‐23,	 25‐27,	 37‐46,	 50,	 61‐79	 in	
Table	2.	It	was	shown	that	the	values	of	δΔG≠	calculated	by	the	
Eyring	 equation	 and	 the	Hammett‐like	 equation	 between	 the	
δΔG≠	 and	ρR	values	coincide	practically	 for	 these	entries.	 It	 is	
obvious	that	 the	majority	of	 the	SN2	reactions	 follow	through	
TS‐1	according	to	 the	dependence	δΔН≠int	versus	δΔG≠	(Figure	
2).	

However,	 there	 are	 the	 deviations	 from	 the	 dependence	
depicted	in	Figure	2	for	the	SN2	reactions	of	entries	28,	31‐35,	
55,	56	and	60	in	Table	2.	The	deviations	of	entries	28	and	60	
can	 be	 explained	 by	 the	 formation	 of	 the	 complexes	1	 and	2	
before	forming	the	distorted	trigonal‐bipyramidal	TS‐2	or	TS‐
3,	respectively	(Scheme	2)	[24,41].		

The	 latter	 leads	 to	an	 increase	 in	 the	magnitudes	of	δΔG≠	
and	 a	 decrease	 of	 the	 δΔН≠int	 values	 for	 these	 reactions.	 The	
assumption	 of	 the	 formation	 of	 the	 complexes	 1	 and	 2	 is	
supported	by	recent	DFT	computations	of	phenacyl	bromides	
with	pyridines	[41].	 It	 is	necessary	to	emphasize	that	the	SN2	
reactions	 of	 phenacyl	 derivatives	 with	 benzenethiol	 (entries	
48	and	49	 in	Table	2)	do	not	 lead	 to	 the	deviations	 from	 the	
dependence	between	δΔН≠int	and	δΔG≠	(Figure	2).	It	is	obvious	

that	these	reactions	follow	through	TS‐1	according	to	the	low	
positive	values	of	ρ	constants	[57].	

The	increase	in	the	magnitudes	of	δΔG≠	takes	place	also	for	
the	 Menschutkin	 reactions	 of	 benzyl	 halides	 with	 pyridine	
(entries	31‐35	in	Table	2)	(Figure	2),	possibly,	due	to	a	change	
of	 TS‐1	 to	 the	 distorted	 trigonal‐bipyramidal	 TS‐4	 by	 the	
influence	 of	 the	 substituents	 R	 and	 solvation	 [40].	 The	 latter	
has	 been	 confirmed	 by	 DFT	 computations	 of	 TS‐4	 in	 the	
reactions	 of	 benzyl	 bromides	 with	 pyridine	 in	 solutions	
showing	a	significant	change	of	their	geometry	in	comparison	
with	a	standard	structure	TS‐1	(Scheme	3)	[40].	

At	 the	 same	 time	 the	 variation	 of	 the	 solvent	 in	 the	
Menschutkin	 reaction	 of	 benzyl	 bromide	 with	 pyridine	 from	
acetonitrile	to	ionic	liquid	(entries	35	and	36	in	Table	2)	does	
not	give	the	deviation	from	the	dependence	δΔН≠int	versus	δΔG≠	
(Figure	 2).	 The	 origin	 of	 that	 is	 a	 lower	 interaction	 of	 ionic	
liquid	with	the	incipient	charges	in	TS‐1	leading	to	the	change	
in	 the	 entropy	 of	 the	 system	 (entries	 23	 and	 24	 in	 Table	 1)	
[56].	The	variation	of	the	activation	parameters	ΔН≠	and	ΔS≠	in	
this	Menschutkin	reaction	depends	also	on	the	structure	of	the	
ionic	 liquid	 cation.	 The	 importance	 of	 accessibility	 of	 the	
charge	 centre	 on	 the	 cation	 and	 the	 ability	 for	 generalized	
electrostatic	 interactions	 between	 the	 nucleophile	 and	 the	
cation	of	the	ionic	liquid	are	responsible	for	any	change	in	rate	
constants	[89].	

The	 deviations	 from	 the	 dependence	 δΔН≠int	 versus	 δΔG≠	
for	 entries	 55	 and	 56	 (Figure	 2)	 are	 connected	 with	 the	
decrease	in	the	magnitudes	of	δΔG≠	(Table	2)	due	to	a	change	
in	the	reaction	mechanisms.	It	was	shown	that	the	reactions	of	
allyl	 and	benzyl	bromides	with	anilines	 involve,	possibly,	 the	
formation	 of	 the	 four‐membered	 cyclic	 TS‐5	 or	 TS‐6,	
respectively,	with	frontside	attack	by	nucleophiles	(Scheme	4)	
[8,12,90,91].	 Usually	 the	 formation	 of	 the	 cyclic	 TSs	 with	
frontside	attack	by	nucleophiles	 is	accompanied	by	the	 lower	
values	of	activation	entropy	[90,92].	

Taking	 into	 account	 the	 Hammett‐like	 equation	 δΔG≠	 =	 ‐
2.303RTexpρ	[16,38]	and	considering	the	relationship	between	
δΔН≠int	and	δΔG≠	(Figure	2),	a	correlation	between	δΔН≠int	and	
ρ	for	SN2	reactions	carrying	out	through	TS‐1	also	takes	place	
(entries	1‐13,	24,	 29,	30,	36,	47‐49,	51‐54,	57‐59	 in	Table	2)	
(Figure	3)	[24].	The	intercept	 in	this	equation	is	close	to	zero	
and	 the	slope	 reflects	a	sensitivity	of	δΔН≠int	 to	a	 change	of	ρ	
equaling	 2.303RTexp.	 Realization	 of	 this	 dependence	 becomes	
possible,	 as	 magnitudes	 of	 ρ	 for	 these	 SN2	 reactions	
characterize	 charge	development	 in	TS‐1	 [16‐19,	93‐96].	 It	 is	
obvious	 that	 the	 δΔН≠int	 reaction	 constants	 characterize	 also	
the	 degree	 of	 developing	 negative	 charge	 in	 TS‐1.	 The	 large	
positive	 and	 negative	 values	 of	 δΔН≠int	 indicate	 essential	
charge	development	in	TS‐1	for	the	reactions	of	entries	10,	24,	
59	and	60	in	Table	2.	
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Figure	3.	The	plots	of	δΔН≠int	versus	ρ	 for	SN2	reactions	of	entries	1‐13,	24,	
29,	30,	36,	47‐49,	51‐54	and	57‐59	in	Table	2:	δΔН≠int	=	(0.27	±	0.17)	‐	(6.08	
±	0.01)	ρ,	r	=	0.995,	s	=	0.89,	n	=	27;	the	identity	of	the	numbers	is	the	entry	
number	in	Table	2.	

	
The	linearity	between	the	magnitudes	of	δΔН≠int	and	ρ	over	

a	wide	range	of	 their	values	 (Figure	3)	 furthermore	supports	
the	 assumption	 that	 there	 is	 no	 change	 in	 the	mechanism	of	
the	SN2	reactions	carried	out	 through	TS‐1	with	the	variation	
of	the	substituents	R	in	the	leaving	and	nonleaving	groups	and	
neutral	 nucleophile.	 Therefore,	 the	 deviations	 from	 the	

correlation	 δΔН≠int	 versus	 ρ	 give	 a	 possibility	 of	 offering	
alternative	 ways	 for	 such	 SN2	 reactions.	 For	 instance,	 some	
dissociative	 (ρ	 <	 0)	 and	 associative	 SN2	 reactions	 (ρ	 >	 0)	 in	
which	 the	 substituent	 R	 is	 varied	 in	 the	 nonleaving	 group	
(entries	28,	31‐35	in	Table	2)	and	nucleophiles	(entries	55,	56	
and	 60	 in	 Table	 2)	 [8,12,97]	 deviate	 from	 the	 linear	
dependence	 δΔН≠int	 versus	 ρ	 (Figure	 3).	 Though	 this	
dependence	 describes	 normal	 SN2	 reactions	 in	 solution	
proceeding	 through	TS‐1,	 the	deviations	of	entries	28	and	60	
(Table	 2)	 from	 it	 are	 connected	 with	 the	 formation	 of	 the	
complexes	1	and	2,	TS‐2	and	TS‐3	on	the	reaction	coordinate,	
respectively	(Scheme	2)	[24,41].	Therefore,	the	magnitudes	of	
ρ	 is	equal	to	ρ	=	ρeq	(k1/k‐1)	+	ρnuc(k2).	The	magnitudes	of	ρnuc	
are	calculated	by	equation	δΔН≠int	versus	ρ	(Figure	3)	using	the	
δΔН≠int	values	(entries	28	and	60	in	Table	2),	respectively	[24].		

The	 deviations	 of	 entries	 55	 and	 56	 in	 Table	 2	 from	 the	
dependence	δΔН≠int	versus	ρ	(Figure	3)	are	connected	with	the	
formation	 of	 TS‐5	 and	 TS‐6,	 respectively,	 due	 to	 front	 side	
attack	 by	 nucleophiles	 (Scheme	 4).	 The	 large	 charge	
development	 in	 these	 transition	 states	 leads	 to	 the	 small	
negative	 values	 of	 ρ	 [8,12,54].	 On	 the	 other	 hand,	 the	
deviations	 of	 entries	 31	 –	 35	 in	 Table	 2	 (Figure	 3)	 with	 a	
distortion	 of	 TS‐1	 to	 TS‐4	 give	 the	 increase	 of	 the	 negative	
values	 of	 ρ	 indicating	 the	 less	 charge	 development	 in	 TS‐4	
[40].	
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Table	3.	Values	of	the	reaction	constants	δΔG≠	and	δΔH≠int,	the	Brønsted	slopes	βR,	the	Hammett	reaction	constants	ρR,	cross‐interaction	constants	ρRR	in	SN2	
reactions	at	saturated	carbon	atom	YCH2‐X	with	charged	nucleophiles	in	various	solvents.	
Entry	 Reactants	 Solvent	 δΔG≠	a		

kJ.mol‐1.σ‐1	
δΔH≠int	b	
kj.mol‐1.σ‐1	

βR	c	 ρR	d	 ρRR	e		 Reference	

Substituents	R	are	varied	on	leaving	groups	YCH2ZC6H4R
1	 RC5H4N+‐Me	+	I‐	 MeCN ‐33.8 ‐33.9 ‐0.95	 5.95	 ‐	 24,27,50
Substituents	R	are	varied	on	nonleaving	group	RC6H4ZCH2X
2	 RC6H4CH2Cl	+	PhSLi	 MeOH	 ‐5.1 ‐3.0 ‐	 0.58	 ‐0.62	 24,27,58
3	 RC6H4CH2Cl	+	PhONa	 Liquid NH3 ‐6.31 (‐5.69) ‐ (‐7.79) ‐	 1.11	 0	 52
4	 RC6H4CH(Me)Br	+	LiBr	 Acetone	 ‐2.7 ‐7.0 ‐	 1.13	 ‐	 24,27,59
5	 CH2=CH‐CH2‐OSO2C6H4R	+	sodium	1,2,4‐triazolate Liquid NH3 ‐5.11 (‐4.41) ‐ (‐7.44) ‐	 0.89	 ‐	 52
Substituents	R	are	varied	on	nucleophiles	RC6H4Z‐		
6	 BrCH2CH	=	CHCN	+	RC6H4SO2Na	 50	vol% EtOH‐H2O 16.7 12.2 ‐	 ‐	2.62	 ‐	 27,67
7	 BrCH2CH	=	CHBr	+	RC6H4SO2Na	 50	vol% EtOH‐H2O 19.5 12.0 ‐	 ‐	3.25	 ‐	 24,67
8	 PhCH2Cl	+	RC6H4SLi		 MeOH 2.80 (4.23) ‐ (0.86) 0.28	 ‐0.58	 ‐0.62	 8,58,99
9	 PhCH2Cl	+	RC6H4ONa		 Liquid NH3 10.22 (11.08) ‐ (5.895) 0.42	 ‐1.79	 0	 52
a	Calculated	by	Eyring	equation;	values	in	parentheses	are	calculated	by	the	Hammett‐like	equation	δΔG≠	=	‐2.303RTexpρ	[16,38].	
b	Calculated	by	Equation	6;	values	in	parentheses	are	calculated	by	Equation	7.	
c	Calculated	by	Brønsted	equation;	the	calculations	use	the	values	of	pK	for	substituted	pyridines	in	MeCN	[87]	in	entry	1,	substituted	benzenethiols	in	MeOH	
[57]	in	entry	8	and	substituted	phenols	in	liquid	NH3	in	entry	9	[52].	
d	Calculated	by	Hammett	equation;	σ	constants	are	taken	from	[28];	σ*	constants	are	used	in	entries	76	and	77	and	taken	from	[28].	
e	Calculated	by	Equation	9:	log	(kRR’/kHH)	=	ρRσR	+	ρR’σR’	+	ρRR’σRσR’	in	entries	2,	3,	8,	9.	
	

	

 
 

 
	

Scheme	4
	
	
It	 is	 obvious	 that	 the	 deviations	 from	 the	 dependence	

between	δΔН≠int	and	δΔG≠	or	δΔН≠int	and	ρ	 can	be	 interpreted	
in	terms	of	a	change	of	transition	state	structures.	
	
5.	SN2	Reactions	with	charged	nucleophiles		
	

The	changes	of	 the	reaction	constants	δΔG≠,	δΔН≠int	and	ρ	
of	 the	SN2	 reactions	with	charged	nucleophiles	are	presented	
in	 Table	 3.	 The	 linear	 dependences	 δΔН≠int	 versus	 δΔG≠	 and	
δΔН≠int	versus	ρ	have	been	developed	for	entries	1,	2,	4,	6,	7	in	
Table	 3	 (Equations	 7	 and	 8).	 The	 degrease	 of	 the	 slopes	 in	
these	 equations	 in	 comparison	 with	 that	 of	 the	 analogous	
equations	for	the	reactions	with	neutral	nucleophiles	(Figures	
2	and	3)	follows	from	the	difference	in	the	values	of	δΔG≠	and	
δΔН≠int	for	entries	2,	4,	6,	7	in	Table	3.	
	
δΔH≠int	=	(‐3.0	±	1.4)	+	(0.87	±	0.07	δΔG≠		 	
r	=	0.990,	s	=	3.1,	n	=	5		 	 	 	 (7)	
	
δΔH≠int	=	(‐2.11	±	0.97)	‐	(5.12	±	0.29)ρ		 	
r	=	0.995,	s	=	2.17,	n	=	5	 	 	 	 (8)	
	

The	origin	of	the	differences	between	δΔG≠	and	δΔН≠int	for	
the	reactions	of	entry	4	in	Table	3	is,	possibly,	the	formation	of	
the	 complex	 3	 before	 forming	 the	 distorted	 trigonal‐
bipyramidal	TS‐7	(	 (Scheme	5)	[24,27].	The	 latter	 leads	to	an	
increase	 of	 the	 δΔG≠	 value.	 The	 assumption	 is	 supported	 by	

DFT	 computations	 of	 complexes	 of	 1‐aryl‐1‐bromoethanes	
with	bromide	ion	[40].	

The	 large	 magnitudes	 of	 δΔG≠	 in	 comparison	 with	 the	
δΔН≠int	 values	 for	 the	 reactions	 of	 entries	 6	 and	 7	 in	Table	3	
can	 be	 explained	 by	 the	 formation	 of	 the	 distorted	 trigonal‐
bipyramidal	 TS‐8	 [27].	 The	 Br‐C‐S	 angle	 deviates	 from	 180	
degrees	and	the	longer	C	–	S	bond	leads	to	an	increase	of	the	
δΔS≠	 values	 (entries	 41	 and	42	 in	Table	1)	 on	passing	 to	 the	
electron‐withdrawing	substituent	R	in	nucleophile	(Scheme	6)	
[67].	

It	is	worth	noting	that	the	differences	in	the	magnitudes	of	
the	reaction	constants	δΔG≠	and	δΔН≠int	for	SN2	reactions	with	
the	charged	nucleophiles	in	entries	4,	6	and	7	in	Table	3	give	a	
possibility	to	elucidate	some	peculiarities	of	the	changes	of	the	
transition	state	structure.	

It	 is	 very	 interesting	 that	 the	 SN2	 reaction	 of	 charged	
nucleophile	 with	 an	 ionic	 electrophile	 in	 the	 medium	 of	 the	
ionic	 liquid	 shows	 a	 linear	 dependence	 of	 the	 reaction	 rate	
constant	upon	nucleophile	concentration.	Such	dependence	is	
absent	for	this	reaction	proceeding	in	the	molecular	solvents.	
The	 linear	 kinetic	 behavior	 seen	 in	 the	 ionic	 liquid	 solutions	
clearly	indicates	that	the	reactions	are	not	progressing	via	ion	
pairs,	 but	 via	 free	 solvated	 ions	 which	 are	 considerably	 less	
reactive	 than	the	 ion	pairs	 forming	 in	 the	molecular	solvents.	
Thus	the	ionic	liquids	are	extremely	dissociating	solvents	[98].	
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Scheme	5	

	

 
	

Scheme	6	

	

 
	

Scheme	7	
	
	
6.	Mechanistic	criteria	for	SN2	reactions	on	the	basis	of	the	
Brønsted	and	Hammett	equations		
	

The	 concept	 of	 the	 linear	 free	 energy	 relationship	
developed	 on	 the	 basis	 of	 the	 kinetic	 researches	 in	 the	
frameworks	 of	 the	 Brønsted	 and	Hammett	 equations	 is	 used	
most	 frequently	 to	 study	 the	 substituent	 effects	 into	 the	
product	 relation	 and	 the	 reaction	 rate	 for	 the	 reaction	
mechanism	[16‐19].	Therefore,	the	analysis	of	the	kinetic	data	
is	important	to	elucidate	a	properties	of	the	transition	state	for	
the	 SN2	 reactions	 with	 the	 rate‐determining	 step	 kc	
[8,10,73,75,91,92,97,99].	

The	magnitudes	of	the	Brønsted	slopes	βR	for	the	reactions	
with	neutral	and	charged	nucleophiles	when	 the	 substituents	
R	are	varied	 in	benzene	derivatives	of	 the	 leaving	group	and	
nucleophile	 are	 equal	 to	 ‐0.95÷‐0.32	 and	 0.28÷0.66,	
respectively	 (entries	2,	9,	14‐24,	51,	54‐57,	61‐78	 in	Table	2;	
entries	 1,	 8,	 9	 in	 Table	 3).	 These	 values	 reflect	 the	 SN2	
reactions	 with	 the	 mechanism	 proceeding	 via	 TS‐1	
[8,10,73,75,92,99].	 However,	 there	 are	 the	 reaction	 series	 in	
which	 the	 substituent	 R	 in	 the	 nucleophile	 is	 varied	 in	 α‐
position	to	the	reaction	center	(entries	76	and	77	in	Table	2).	
In	these	cases,	the	values	of	the	Brønsted	slope	βR	are	changed	
from	 ‐10.2	 up	 to	 3.38	 for	 electron‐donating	 and	 electron‐
withdrawing	 substituents	 R,	 respectively	 [66].	 It	 is	 obvious	
that	a	curved	Brønsted	plot	for	these	reactions	can	arise	from	
the	variable	TS‐9	(Scheme	7)	[20].	

At	the	same	time,	the	sign	and	magnitude	of	the	Hammett‐
like	 cross‐interaction	 constants	 ρRR’	 where	 R	 and	 R’	 are	 the	
substituents	 in	 the	 leaving	 and	 nonleaving	 groups	 and	
nucleophile,	 respectively,	provide	mechanistic	 criteria	 for	 the	
SN2	reactions	[10,73,75,91,92,97,100].	

log	(kRR’/kHH)	=	ρRσR	+	ρR’σR’	+	ρRR’σRσR’			 	 (9)	
	

The	magnitude	ρRR’	 is	positive	for	more	active	nucleophile	
and	 nucleofuge	 at	 the	 variation	 of	 the	 substituent	 in	
nucleophile	and	leaving	group.	The	latter	leads	to	the	early	TS‐
1	 on	 the	 reaction	 coordinate	 with	 a	 low	 degree	 of	 the	
formation	and	breakdown	of	the	bond	(entries	14‐21,	61‐71	in	
Table	 2).	 On	 the	 contrary,	 the	 more	 late	 TS‐1	 is	 formed	 at	
negative	 values	 of	 ρRR’	 (entries	 22,	 23,	 62,	 63,	 72‐75,	 79	 in	
Table	2)	[8,12,91].	Therewith,	the	larger	negative	values	of	ρRR’	
indicate	 the	 formation	 of	 TS‐5	 or	 TS‐6	 as	 a	 result	 of	 the	
frontside	 nucleophile‐substrate	 interaction	 [8,12,90‐92].	
Further,	the	magnitude	of	ρRR’	is	negative	and	almost	constant	
(ρRR’	 =	 ‐0.70	 ±	 0.08)	 upon	 change	 of	 the	 substituent	 in	
nucleophile	 and	 nonleaving	 group.	 The	 latter	 characterizes	
close	degree	of	the	bond	formation	in	TS‐1	(entries	37‐42,	63,	
74,	75,	79	in	Table	2;	entries	2,	8,	9	in	Table	3)	[8].	

So,	the	analysis	of	the	cross‐interaction	constants	ρRR’	gave	
an	 opportunity	 to	 determine	 the	 properties	 of	 the	 transition	
state	 for	 the	 SN2	 reactions	 in	 solution	 including	 both	 the	
backside	 and	 frontside	 attacks	 by	 the	 nucleophile	 onto	 the	
reaction	centre.	
	
7.	Relationship	between	the	mechanism	of	SN2	reactions	
and	the	changes	of	the	activation	parameters	
	

The	 activation	 parameters	 ΔН≠,	 ΔS≠	 and	 ΔG≠	 are	 widely	
used	 for	 characterizing	 the	 structures	 of	 transition	 states	 in	
solution	 SN2	 reactions	 [6,16,52,58,92,100].	 It	 was	 found	 that	
the	 solvolysis	 of	 benzyl‐	 and	 benzhydryl	 halides	 follows	 the	
SN2	and	SN1	mechanisms,	 respectively,	as	SN2	reactions	show	
more	negative	values	of	ΔS≠	[101,102].	
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Scheme	8	
	
	
It	 was	 also	 shown	 that	 the	 interaction	 of	 4,4’‐

dichlorobenzhydryl	 bromide	with	morpholine	 in	DMSO	 leads	
to	the	alkylation	product	through	the	SN2	and	SN1	mechanisms	
with	the	ratio	of	70,	respectively,	at	more	negative	value	of	ΔS≠	
for	the	SN2	pathway	through	TS‐1	with	backside	attack	by	the	
nucleophile	onto	the	substrate	[103].	

The	less	values	of	ΔG≠	and	ρR	are	characteristic	of	the	SN2	
reactions	 than	 the	SN1	one’s	 (entry	43	 in	Table	2)	due	 to	 the	
charge	 decrease	 in	 the	 transition	 state	 [83].	 Usually,	 the	 SN2	
reactions	are	characterized	by	the	magnitudes	of	ΔН≠	and	ΔS≠	
equaling	 8.0	 ÷	 100.8	 kJ.mol‐1	 and	 ‐2.3	 ÷	 ‐277	 J.mol‐1.K‐1,	
respectively	 [23,104].	 These	 limit	 magnitudes	 for	 the	
activation	parameters	can	be	used	to	determine	the	properties	
of	 the	 transition	 state	 structure	 for	 the	 SN2	 reactions.	 For	
instance,	the	low	values	of	ΔН≠	and	the	larger	negative	values	
of	ΔS≠	characterize	the	SN2	reactions	with	the	frontside	attack	
by	 nucleophile	 at	 the	 α‐carbon	 of	 the	 substrate	 with	 the	
formation	of	the	cyclic	transition	states	TS‐5	or	TS‐6	[90,92].	

Considering	the	values	of	ΔG≠	and	ρR	,	it	is	seen	that	the	SN2	
reactions	 with	 neutral	 nucleophiles	 are	 characterized	 by	 the	
less	values	of	 these	magnitudes	 than	 the	analogous	 reactions	
with	charged	nucleophiles	(entries	25‐27	in	Table	2;	entries	3,	
5	in	Table	3).	The	comparison	confirms	that	there	is	the	small	
charge	 onto	 the	 α‐carbon	 atom	 in	 the	 TS‐1	 for	 the	 SN2	
reactions	 with	 neutral	 nucleophiles.	 At	 the	 same	 time,	 the	
large	 sensitivity	 to	 a	 change	 of	 substituents	 in	 the	 aromatic	
ring	 for	 these	 reactions	with	 charged	 nucleophiles	 affords	 to	
increase	a	negative	charge	in	the	TS‐1	[52].		

When	 electron‐donating	 and	 electron‐withdrawing	
substituents	are	introduced	to	the	same	central	carbon	at	the	
reaction	centre	of	Menschutkin‐type	SN2	reaction,	the	π	–	π*,	σ	
–	 π*	 and	 π	 –	 σ*	 interactions	 among	 these	 substituents	 in	 the	
transition	 state	 cooperatively	 accelerate	 this	 reaction	 by	
stabilizing	 its	transition	state	[105].	However,	when	electron‐
donating	and	electron‐withdrawing	substituents	are	varied	in	
α‐position	 to	 the	 reaction	 centre	 of	 neutral	 nucleophile	
(entries	76,	77	in	Table	2),	there	is	a	curved	Brønsted	plot	for	
the	 SN2	 reactions	 (Scheme	 7)	 [66]	 due	 to	 the	 variable	 TS‐9	
[20].		

The	analysis	of	 the	 influence	of	structural	 changes	on	 the	
barriers	 of	 SN2	 reactions	 of	 alkyl	 halides	with	 cyanide	 ion	 in	
acetonitrile	 revealed	 quantitatively	 the	 contribution	 of	
different	 substituents	 to	 the	ΔG≠	value	 [106].	For	 instance,	α‐	
and	β‐	methylation	of	the	substrate	increases	the	ΔG≠	by	8	and	
4	 kJ.mol‐1,	 respectively.	 Benzyl	 and	 carbonyl	 substituents	
decrease	 significantly	 the	 reaction	 barriers	 of	 SN2	 reactions	
(up	 to	 20‐28	 kJ.mol‐1)	 [106].	 It	 is	 noting	 that	 the	 same	
influence	of	 the	substituent	variation	 in	α‐	and	β‐positions	 in	
alkyl	halides	on	the	energetic	barrier	of	SN2	reactions	revealed	
in	 the	 gas	 phase	 [106,107].	 Therewith,	 in	 according	 with	
Galabov’s	 work	 [108],	 substrate‐nucleophile	 electrostatic	
interactions	 in	 the	 SN2	 transition	 state	 rather	 than	 π‐
conjugation	 lower	 net	 activation	 barriers	 and	 enhance	
reaction	 rates	 unaltered	 by	 solvation	 effects.	 The	 energetic	
barriers	and	the	transition	state	structure	of	the	gas	phase	SN2	
reactions	 of	 para‐substituted	 phenoxides	 with	 halomethanes	
are	 thermodynamically	 controlled.	 Furthermore,	 the	

energetics	 barriers	 display	 good	 linear	 correlations	 with	 the	
substituent	constants	σ	in	the	nucleophile	[100,109].	

The	 increase	 of	 the	 chlorine	 atoms	 by	 substitution	 of	
hydrogen	 atoms	 in	 methyl	 chloride	 leads	 to	 the	 lowest	 free	
energy	activation	barrier	for	the	reaction	with	OH‐	in	aqueous	
solution	 due	 to	 both	 the	 solvation	 effects	 and	 the	 solvent‐
induced	 polarization	 effect	 [110].	 The	 solvent	 effect	 on	 the	
activation	 free	 energy	 of	 the	 Finkelstein	 reaction	 between	
methyl	 iodide	 and	 Cl‐	 ions	 depends	 linearly	 on	 the	 reaction	
free	 energy	 [111].	 It	 was	 found	 that	 the	 effects	 of	 the	
microsolvation	 of	 water	 in	 the	 I‐	 +	 CH3I	 →	 ICH3	 +	 I‐	 SN2	
reaction	 can	 effectively	 inhibit	 this	 reaction	 increasing	 the	
barrier	height	[112].	The	intramolecular	hydrogen	bonding	in	
alkoxide	anions	acting	as	a	good	model	system	for	studying	of	
intramolecular	mictosolvation	on	nucleophilicity	increases	the	
intrinsic	 barrier	 height	 of	 SN2	 reactions	 of	 alkoxides	 with	
methyl	chloride	by	~	12.5	kJ.mol‐1	[113].	

It	 was	 shown	 that	 the	 structure	 of	 the	 TS‐1	 in	 the	 SN2	
reaction	 between	 n‐butyl	 chloride	 and	 thiophenoxide	 ion	 is	
slightly	 changed	 in	 both	 methanol	 and	 DMSO	 when	 the	
reacting	nucleophile	 is	the	solvent‐separated	ion‐pair	and	the	
free	 ion,	 respectively.	However,	 the	 reaction	 rate	 in	MeOH	 is	
significantly	 lower	 than	 in	 DMSO	 in	 the	 presence	 of	 sodium	
nitrate	 due	 to	 the	 solvation	 leading	 to	 the	 tighter	 transition	
state	[114].	

The	effect	of	the	substituents	γ	for	the	reactions	of	trans‐γ‐
substituted	allyl	chlorides	γCH=CHCH2Cl	with	Cl‐	and	LiCl	has	
been	 studied.	 It	 was	 shown	 that	 the	 computed	 reaction	
barriers	 give	 reasonable	 correlations	 with	 the	 Hammett	 σp	
constants	 leading	 to	 ρ	 =	 ‐8.3	 and	 +18.8,	 respectively.	 It	 is	
obvious	 that	 ionic	 and	 ion	 pair	 reactions	 give	 ρ	 values	 of	
opposite	 signs	 [115].	 The	 Hammett	 correlations	 for	 the	
reactions	of	benzylic	 chlorides	with	ethoxide	 ion	and	 sodium	
ethoxide	 ion	pairs	 give	 also	 the	ρ	 values	of	2.2	and	 ‐0.6	with	
opposite	signs,	respectively	[116].	Note	that	an	ionic	structure	
of	the	transition	state	is	stabilized	by	electrostatic	polarization	
of	the	double	bond	than	π‐conjugation	[108].	At	the	same	time,	
the	 significant	 charge	 delocalization	 takes	 place	 for	 the	 ion	
pair	 structure	 of	 the	 transition	 state.	 In	 general,	 ion	 pair	
reactions	 are	 less	 favorable	 than	 the	 corresponding	 ionic	
reactions	[115].		

The	 steric	 effect	 in	 SN2	 reactions	 of	 alkyl	 chloronitriles	
with	 chloride	 ion	 was	 quantitatively	 estimated	 (Scheme	 8).	
The	magnitude	of	the	steric	effect,	however,	is	not	significantly	
different	in	the	gas	phase	and	in	solution	[117].	Moreover,	the	
solvation	 energy	 of	 the	 SN2	 transition	 state	 TS‐10	 does	 not	
depend	 on	 the	 size	 of	 the	 substituent	 R.	 The	 weak	 size	
dependence	 results	 from	 the	 compensation	 between	 a	 direct	
shielding	 effect	 of	 the	 substituent	 and	 an	 indirect	 ionic	
solvation	 effect,	 which	 arises	 from	 the	 geometric	
perturbations	introduced	by	the	substitution	[117].	

The	 influence	 of	 microsolvation	 on	 the	 Cl‐	 +	 RCl	 SN2	
reaction,	with	 R	 being	methyl,	 ethyl,	 i‐propyl,	 and	 tert‐butyl,	
has	been	investigated	in	the	presence	of	0‐4	water	molecules,	
and	0‐2	molecules	of	methanol,	acetonitrile,	acetone,	dimethyl	
ether	and	propane	by	the	calculations,	using	B3LYP/6‐31	+	G*	
level	with	the	polarizable	continuum	model	(PCM)	[118,119].		
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Scheme 9
	
	
The	calculated	barrier	heights	increase	with	the	number	of	

solvent	 molecules	 and	 the	 size	 of	 the	 R	 substituent.	
Microsolvation	causes	only	small	changes	in	the	TS	geometries	
for	 the	methyl,	 ethyl,	 and	 i‐propyl	 substituents,	 whereas	 the	
tert‐butyl	 TS	 becomes	 significantly	 looser	 [118].	
Microsolvation	decreases	the	steric	effect	of	the	substituent	R	
depending	 on	 the	 dielectric	 constant	 of	 the	 solvent.	 The	
decrease	 in	 steric	 effect	 of	 the	 substituent	 is	 due	 to	 an	
increased	 solvation	 of	 the	 TS	 mediated	 by	 the	 electron	
donating	effect	of	the	methyl	groups	at	the	central	carbon.	The	
latter	 leads	 to	 an	 increased	 interaction	 with	 the	 solvent	
[118,119].	

It	 should	 be	 noted	 that	 the	 variation	 of	 the	 activation	
parameters	 for	 SN2	 reactions	 depend	 on	 the	 reacting	 species	
and	 solvents	 [120‐126].	 For	 instance,	 the	 activation	
parameters	 ΔН≠	 and	 ΔS≠	 for	 the	 reaction	 of	 sodium	 4‐
nitrophenoxide	and	iodomethane	in	acetone‐water	mixtures	at	
25‐35	 °C	 form	 the	 compensation	 dependence	 reflecting	
electrostatic	 and	 specific	 interactions	 between	 a	 nucleophile	
and	a	solvent	mixture	[120].	However,	a	Menschutkin	reaction	
between	2‐amino‐1‐methylbenzimidazole	and	iodomethane	in	
acetonitrile	at	20‐50	°C	leads	to	non‐Arrhenius	behavior	of	the	
kinetic	 data	 steming	 from	 the	 conjunction	 of	 a	 nucleophile	
with	a	dipolar	aprotic	solvent	that	is	protophobic	[121].	

Recently,	a	new	concept	based	on	selective	solvation	of	the	
TS‐11	 by	 double	 hydrogen	 bonding	 in	 the	 reaction	 of	 the	
cyanide	 ion	 with	 ethyl	 chloride	 in	 carbon	 tetrachloride	
solution	in	the	presence	of	1,4‐benzenedimethanol	(BDM)	was	
proposed	(Scheme	9)	[122,123].	The	high	stability	of	the	BDM‐
cyanide	complex	induces	a	substantial	rate	acceleration	effect	
leading	to	lower	activation	barrier	[122,123].	

The	SN2	reactions	using	alkali	metal	salts	MX	(M+	=	Cs+,	K+;	
X	=	F‐,	Br‐,	I‐,	CN‐)	as	nucleophile	agents	and	C3H7OSO2CH3	as	a	
substrate	 in	 the	 presence	 of	 n‐oligoethylene	 glycols	
demonstrate	 a	 new	 concept	 for	 elucidating	 the	 promoting	
effects:	the	nucleophiles	react	as	ion	pairs,	whose	metal	cation	
is	 coordinated	 by	 the	 oxygen	 atoms	 in	 oligoethylene	 glycols	
acting	 as	 Lewis	 base	 to	 reduce	 the	 unfavorable	 electrostatic	
effects	 of	 M+	 on	 X‐.	 The	 calculated	 SN2	 barriers	 of	 various	
nucleophiles	 (F‐	 >	 CN‐	 >	 Br‐	 >	 I‐)	 were	 in	 agreement	 with	
experimental	observations	[125,	126].	The	effect	of	counterion	
on	the	reactivity	of	ion	pairs	along	the	backside	and	frontside	
reactions	Nu‐	+	CH3X	→	CH3Nu	+	X‐	(X	=	F,	Cl,	Br;	Nu‐	=	X‐,	Li+X‐,	
Na+X‐,	K+X‐)	in	solvent	media	shows	that	the	calculated	energy	
barriers	increase	with	decreasing	the	size	of	counterion	[124].	

The	 analysis	 of	 the	 potential	 energy	 surfaces	 of	 various	
model	SN2	reactions	of	Cl‐	+	CR3Cl	and	Cl‐	+	SiR3Cl	(R	=	H,	Me,	
Et,	OMe)	shows	that	the	central	SN2	@C	barrier	is	retained	by	
the	 interplay	 of	 steric	 and	 electronic	 effects	 between	
nucleophile	 and	 substrate.	 However,	 the	 central	 SN2	 @Si	
barrier	disappears	because	there	is	less	steric	congestion.	Such	
a	 comparison	of	 the	mechanisms	of	 the	 SN2	@C	and	 SN2	@Si	
reactions	gives	the	possibility	to	elucidate	the	steric	nature	of	
the	SN2	barrier	[127].	

The	 comparison	 of	 the	 potential	 energy	 surfaces	 of	 the	
backside	as	well	as	frontside	SN2	reactions	of	X‐	+	CH3Y	with	X,	
Y	 =	 F,	 Cl,	 Br,	 and	 I,	 using	DFT	 at	 ZORA‐OLYP/TZ2P	provides	
that	backside	SN2‐b	barriers	increase	along	the	nucleophiles	F‐	
>	Cl‐	>	Br‐	>	I‐	and	decrease	along	the	substrates	CH3F	>	CH3Cl	>	
CH3Br	>	CH3I.	 Frontside	SN2‐f	barriers	 show	 the	 same	 trends	
but	are	in	all	cases	much	higher	(~	42	÷	250	kJ.mol‐1)	because	
of	more	steric	repulsion	between	the	nucleophile	and	 leaving	
group	 [128,129].	 Therewith,	 the	 frontside	 substitution	
becomes	gradually	more	competitive	when	the	substitution	in	
the	 substrate	 becomes	 bigger	 and	 the	 leaving	 group	 /	
nucleophile	 become	better	 [9].	However,	 the	 solvation	 of	 the	
SN2	 reaction	 in	 water	 of	 Cl‐	 +	 CH3Cl	 leads	 into	 unimodal	
reaction	 profile	 via	 one	 single	 barrier	 TS‐1	 to	 the	 product	
[130].	The	significant	increase	of	the	energetic	barrier	by	over	
63‐71	 kJ	mol‐1	 for	 the	 SN2	 reactions	 of	 CN‐	 +	 CH3I	 and	 CN‐	 +	
C2H5I	occurs	in	protic	and	aprotic	solvents	in	comparison	with	
the	 gas	 phase.	 The	magnitudes	 of	 the	 electrostatic	 attraction	
between	 the	 partial	 negative	 charges	 on	 the	 nucleophiles	 in	
the	 transition	 state	 and	 the	 partial	 positive	 charge	 on	 the	 α	
carbon	are	much	larger	in	the	gas	phase	than	in	solvent	where	
solvation	 will	 reduce	 these	 interactions	 between	 ions	 in	 the	
transition	state	[131].	
	
8.	Conclusions	
	

The	parameters	 from	 the	 linear	 free	 energy	 relationships	
providing	mechanistic	criteria	for	the	SN2	reactions	in	solution	
allow	one	 to	determine	 the	peculiarities	 in	 the	mechanism	of	
these	reactions.	

Compensation	 relationships	 between	 the	 changes	 of	 the	
activation	 parameters	 δΔН≠	 and	 δΔS≠	 give	 a	 possibility	 to	
estimate	 the	 changes	 of	 the	 internal	 enthalpy	 δΔН≠int.	 These	
reaction	 constants	 give	 rise	 to	 two	 linear	 dependences	 with	
the	 values	 of	 the	 reaction	 constants	 δΔG≠	 or	 the	 Hammett	
values	ρ	for	SN2	reactions	in	solution	with	neutral	and	charged	
nucleophiles.	Furthermore,	the	different	deviations	from	these	
dependences	 indicate	 the	 alternative	 TS	 structures	 in	
comparison	with	the	standard	structure	of	TS‐1	on	the	ground	
of	their	activation	parameter	variations.	

Computations	with	 the	 PCM	method	 give	 a	 possibility	 to	
evaluate	the	 influence	of	solvation	as	microsolvation	onto	the	
activation	 parameters	 in	 the	 SN2	 reactions	 in	 solution.	
Moreover,	 microsolvation	 can	 offer	 greater	 insight	 into	 the	
role	 of	 the	 hydrogen	 bonding,	 conjugation	 and	 steric	
hindrance	in	these	reactions.	

The	analysis	presented	opens	a	perspective	to	evaluate	the	
effects	 of	 substituents	 in	 the	 nucleophile,	 leaving	 and	
nonleaving	 groups	on	 a	wide	variety	 of	 the	 reactivity	 for	 the	
SN2	 reactions	 in	 solution,	 thus	 being	 of	 help	 for	 practical	
organic	chemists	in	designing	reaction	schemes.	
	
	
	
	



Vlasov	/	European	Journal	of	Chemistry	6	(2)	(2015)	225‐236	 235	
 

References	
	
[1]. Ingold,	C.	K.	Structure	and	Mechanism	in	Organic	Chemistry.	Cornell	

University	Press,	Ithaca,	New	York,	1953.		
[2]. Carey,	 F.	 A.;	 Sundbery,	 R.	 J.	 Adv.	 Org.	 Chem.	 A:	 Structure	 and	

Mechanisms,	5th	Ed.	Springer,	New	York,	2007.		
[3]. Williams,	 A.	 Concerted	 Organic	 and	 Bio‐organic	 Mechanisms.	 CRC	

Press,	Boca	Baton,	2000.		
[4]. Shaik,	 S.	S.;	Schlegel,	H.	B.;	Wolfe,	S.	Theoretical	Aspects	of	Physical	

Organic	Chemistry,	the	SN2	Mechanism.	Wiley,	New	York,	1992.		
[5]. Pross,	 A.	 Theoretical	 and	 Physical	 Principles	 of	 Organic	 Reactivity.	

Wiley,	New	York,	1995.		
[6]. Anslyn,	 E.	 V.;	 Dougherty,	 D.	 A.	Modern	 Physical	 Organic	 Chemistry.	

University	Science	Books,	Sausalito,	CA,	2006.		
[7]. Reichardt,	 C.	 Solvents	 and	 Solvent	 Effects	 in	Organic	 Chemistry.	4th	

Ed.	VCH,	Weinheim,	2003.		
[8]. Lee,	I.	Chem.	Soc.	Rev.	1990,	19,	317‐333.		
[9]. Uggerud,	E.	J.	Phys.	Org.	Chem.	2006,	19,	461‐466.		
[10]. Lee,	 I.;	 Sung,	 D.	 D.	 Anilines	 as	 Nucleophiles.	 In	 The	 Chemistry	 of	

anilines.	 Rappoport,	 Z.,	 Ed.	 Wiley,	 Chichester,	 2007,	 pp.	 537‐581,	
Chapter	10.		

[11]. Ji,	P.;	Atherton,	J.;	Page,	M.	I.	Org.	Biomol.	Chem.	2012,	10,	5732‐5739.		
[12]. Lee,	I.	Chem.	Soc.	Rev.	1995,	24,	223‐229.		
[13]. Westaway,	K.	C.	Adv.	Phys.	Org.	Chem.	2006,	41,	217‐270.		
[14]. Hengge,	A.	C.	Acc.	Chem.	Res.	2002,	35,	105‐112.		
[15]. Simmon,	E.	M.;	Hartwig,	 J.	 F.	Angew.	Chem.	 Int.	Ed.	2012,	51,	 3066‐

3072.		
[16]. Leffler,	 J.	F.;	Grunwald,	E.	Rates	and	Equilibria	of	Organic	Reactions.	

Wiley,	New	York,	London,	1963.		
[17]. Hammett,	L.	P.	Physical	Organic	Chemistry,	Reaction	Rates,	Equilibria	

and	Mechanisms.	McGraw	Hill,	New	York,	1970.		
[18]. Johnson,	 C.	 D.	 The	Hammett	 Equation.	 Cambridge	University	 Press,	

Cambridge,	1973.		
[19]. Williams,	 A.	 Free	 Energy	 Relationships	 in	 Organic	 and	 Bio‐organic	

Chemistry.	The	Royal	Society	of	Chemistry,	Cambridge,	2003.		
[20]. Ammal,	S.	C.;	Mishima,	M.;	Yamataka,	H.	J.	Org.	Chem.	2003,	68,	7772‐

7778.		
[21]. Itoh,	S.;	Yamataka,	H.	Chem.	Eur.	J.	2011,	17,	1230‐1237.		
[22]. Itoh,	S.;	Yoshimura,	N.;	Sato,	M.;	Yamataka,	H.	J.	Org.	Chem.	2011,	76,	

8294‐8299.		
[23]. Vlasov,	V.	M.	Russ.	Chem.	Rev.	2006,	75,	765‐796.		
[24]. Vlasov,	V.	M.	J.	Phys.	Org.	Chem.	2010,	23,	468‐476.		
[25]. Vlasov,	V.	M.	New	J.	Chem.	2010,	34,	1408‐1416.		
[26]. Vlasov,	V.	M.	New	J.	Chem.	2010,	34,	2962‐2970.		
[27]. Vlasov,	V.	M.	J.	Phys.	Org.	Chem.	2012,	25,	296‐308.		
[28]. Hansch,	C.;	Leo,	A.;	Taft,	R.	W.	Chem.	Rev.	1991,	91,	165‐	195.		
[29]. Nummert,	V.;	Piirsalu,	M.	J.	Chem.	Soc.	Perkin	Trans.	2	2000,	583‐593.		
[30]. Tsuno,	Y.;	Fujio,	M.	Chem.	Soc.	Rev.	1996,	25,	129‐139.		
[31]. Krygowski,	T.	M.;	Stepien,	B.	T.	hem.	Rev.	2005,	105,	3482‐3512.		
[32]. Palusiak,	M.;	Krygowski,	T.	M.	New	J.	Chem.	2009,	33,	1753‐1759.		
[33]. Exner,	O.;	Bohm,	S.	Curr.	Org.	Chem.	2006,	10,	763‐778.		
[34]. Hepler,	L.	G.	J.	Am.	Chem.	Soc.	1963,	85,	3089‐3092.		
[35]. Hepler,	L.	G.	Can.	J.	Chem.	1971,	49,	2803‐2807.		
[36]. Ruff,	F.	J.	Mol.	Struct.	(Theochem)	2002,	617,	31‐45.		
[37]. Ruff,	F.	J.	Mol.	Struct.	(Theochem)	2003,	625,	111‐120.		
[38]. Ruff,	F.	Internet	Electron.	J.	Des.	2004,	3,	474‐498.		
[39]. Ruff,	F.;	Farkas,	O.	J.	Org.	Chem.	2006,	71,	3409‐3416.		
[40]. Ruff,	F.;	Farkas,	O.;	Kucsman,	A.	Eur.	J.	Org.	Chem.	2006,	5570.		
[41]. Fabian,	A.;	Ruff,	F.;	Farkas,	O.	J.	Phys.	Org.	Chem.	2008,	21,	988‐996.		
[42]. Exner,	O.	Prog.	Phys.	Org.	Chem.	1973,	10,	411‐482.		
[43]. Liu,	L.;	Guo,	Q.	X.	Chem.	Rev.	2001,	101,	673‐695.		
[44]. Robertson,	R.	E.;	Stein,	A.;	Sugamori,	S.	E.	Can.	J.	Chem.	1966,	44,	685‐

688.		
[45]. Robertson,	R.	E.	Can.	J.	Chem.	1953,	31,	589‐601.		
[46]. Hoffman,	R.	V.;	Shankweiler,	J.	M.	J.	Am.	Chem.	Soc.	1986,	108,	5536‐

5539.		
[47]. Sentega,	R.	V.;	Vizgert,	R.	V.;	Mikhalevich,	M.	K.	Org.	React.	1970,	7,	

512‐537.		
[48]. Vizgert,	R.	V.;	Sentega,	R.	V.	Org.	React.	1969,	6,	197‐213.		
[49]. Sentega,	R.	V.;	Mikhalevich,	M.	K.;	Vizgert,	R.	V.	Org.	React.	1971,	8,	

153‐168.		
[50]. Arnett,	E.	M.;	Reich,	R.	J.	Am.	Chem.	Soc.	1980,	102,	5892‐5902.		
[51]. Ji,	P.;	Atherton,	J.;	Page,	M.	J.	J.	Chem.	Soc.	Faraday	Discuss.	2010,	145,	

15‐25.		
[52]. Ji,	P.;	Atherton,	J.;	Page,	M.	J.	J.	Org.	Chem.	2011,	76,	1425‐1436.		
[53]. Svetkin,	Y.	V.;	Mirza,	M.	M.	Org.	React.	1971,	8,	875‐880.		
[54]. Lee,	I.;	Koh,	H.	J.;	Lee,	B.	C.;	Park,	B.	S.	Bull.	Korean	Chem.	Soc.	1994,	

15,	576‐581.		
[55]. Haberfield,	P.;	Nudelman,	A.;	Bloom,	A.;	Romm,	R.;	Ginsberg,	H.	J.	Org.	

Chem.	1971,	36,	1792‐1795.		
[56]. Yau,	 H.	 M.;	 Howe,	 A.	 G.;	 Hook,	 J.	 M.;	 Croft,	 A.	 K.;	 Harper,	 J.	 B.	 Org.	

Biomol.	Chem.	2009,	7,	3572‐3575.		
[57]. Gohar,	G.	A.	N.;	Khattab,	S.	N.;	Farahat,	O.	O.;	Khalil,	H.	H.	J.	Phys.	Org.	

Chem.	2012,	25,	343‐350.		
[58]. Westaway,	K.	C.;	Waszczylo,	Z.	Can.	J.	Chem.	1982,	60,	2500‐2520.		

[59]. Stein,	A.	R.;	Tencer,	M.;	Moffatt,	E.	A.;	Drawe,	R.;	Sweet,	J.	J.	Org.	Chem.	
1980,	45,	3539‐3543.		

[60]. Evans,	 D.	 P.;	 Watson,	 H.	 B.;	 Williams,	 R.	 J.	 Chem.	 Soc.	 1939,	 1345‐
1348.		

[61]. Matsui,	T.;	Tokura,	N.	Bull.	Chem.	Soc.	Jpn.	1970,	43,	1751‐1762.		
[62]. Rao,	T.	J.;	Punnaiah,	G.;	Sundaram,	E.	V.	Proc.	Indian	Acad.	Sci.	(Chem.	

Sci.)	1986,	97,	55‐61.		
[63]. Saksena,	S.	P.;	Rose,	A.	N.	Indian	J.	Chem.	1975,	13,	421‐422.		
[64]. Vlasov,	V.	M.	Monatsh.	Chem.	2013,	144,	41‐48.		
[65]. Soni,	A.	N.;	 Pathak,	S.	B.;	 Patel,	 S.	R.	 J.	Prakt.	Chem.	1972,	314,	 780‐

784.		
[66]. Ravi,	 R.;	 Sanjeev,	 R.;	 Jagannadham,	 V.	 Int.	 J.	 Chem.	Kinet.	2013,	 45,	

803‐810.		
[67]. Khamis,	G.;	Stoeva,	S.;	Aleksiev,	D.	J.	Phys.	Org.	Chem.	2010,	23,	461‐

467.		
[68]. Perez‐Benito,	J.	F.	Monatsh.	Chem.	2013,	144,	49‐58.		
[69]. Cooper,	A.;	 Johnson,	C.	M.;	Lakey,	 J.	H.;	Nollmann,	M.	Biophys.	Chem.	

2001,	93,	215‐220.		
[70]. Cornish‐Bowden,	A.	J.	Biosci.	2002,	27,	121‐126.		
[71]. Starikov,	E.	B.;	Norden,	B.	J.	Phys.	Chem.	B	2007,	111,	14431‐14435.		
[72]. Lee,	I.;	Choi,	Y.	H.;	Rhyu,	K.	W.;	Shim,	C.	S.	J.	Chem.	Soc.	Perkin	Trans.	2	

1989,	1881‐1886.		
[73]. Lee,	I.;	Rhyu,	K.	W.;	Lee,	H.	W.;	Shim,	C.	S.	J.	Phys.	Org.	Chem.	1990,	3,	

751‐756.		
[74]. Oh,	H.	K.;	Koh,	H.	 J.;	Lee,	I.	 J.	Chem.	Soc.	Perkin	Trans.	2	1991,	1981‐

1984.		
[75]. Oh,	H.	K.;	Cho,	J.	H.;	Jin,	M.	J.;	Lee,	I.	J.	Phys.	Org.	Chem.	1994,	7,	629‐

633.		
[76]. Ando,	T.;	Tanaka,	H.;	Yamataka,	H.	J.	Am.	Chem.	Soc.	1984,	106,	2084‐

2088.		
[77]. Lee,	 I.;	 Sohn,	S.	C.;	Kang,	C.	H.;	Oh,	Y.	 J.	 J.	Chem.	Soc.	Perkin	Trans.	2	

1986,	1631‐1634.		
[78]. Yoh,	S.	D.	J.	Korean	Chem.	Soc.	1975,	19,	116‐122.		
[79]. Lee,	I.;	Huh,	C.;	Koh,	H.	J.;	Lee,	H.	W.	Bull.	Korean	Chem.	Soc.	1988,	9,	

376‐378.		
[80]. Ballistreri,	 F.	 P.;	 Maccarone,	 E.;	 Mamo,	 A.	 J.	 Org.	 Chem.	 1976,	 41,	

3364‐3367.		
[81]. Lee,	I.;	Sohn,	S.	C.;	Song,	H.	B.;	Lee,	D.	C.	J.	Korean	Chem.	Soc.	1984,	28,	

155‐162.		
[82]. Lee,	I.;	Park,	Y.	K.;	Huh,	C.;	Lee,	H.	W.	J.	Phys.	Org.	Chem.	1994,	7,	555‐

560.		
[83]. Kim,	S.	H.;	Yoh,	S.‐D.;	Lim,	C.;	Mishima,	M.;	Fujio,	M.;	Tsuno,	Y.	J.	Phys.	

Org.	Chem.	1998,	11,	254‐260.		
[84]. Lim,	 C.;	 Kim,	 S.‐H.;	 Yoh,	 S.‐D.;	 Fujio,	M.;	 Tsuno,	 Y.	Tetrahedron	Lett.	

1997,	38,	3243‐3246.		
[85]. Lee,	I.;	Kim,	I.	C.	Bull.	Korean	Chem.	Soc.	1988,	9,	133‐135.		
[86]. Davies,	W.	C.;	Addis,	H.	W.	J.	Chem.	Soc.	1937,	1622‐1627.		
[87]. Li,	J.‐N.;	Fu,	Y.;	Liu,	L.;	Guo,	Q.‐X.	Tetrahedron	2006,	62,	11801‐11813.		
[88]. Kaljurand,	 I.;	 Kutt,	 A.;	 Soovali,	 L.;	 Rodima,	 T.;	Maemets,	 V.;	 Leito,	 I.;	

Koppel,	I.	A.	J.	Org.	Chem.	2005,	70,	1019‐1028.		
[89]. Tanner,	E.	E.	L.;	Yau,	H.	M.;	Hawker,	R.	R.;	Croft,	A.	K.;	Harper,	J.	B.	Org.	

Biomol.	Chem.	2013,	11,	6170‐6175.		
[90]. Lee,	I.;	Kim,	H.	Y.;	Kang,	H.	K.;	Lee,	H.	W.	J.	Org.	Chem.	1988,	53,	2678‐

2683.		
[91]. Lee,	I.;	Lee,	H.	W.	Collect.	Czech.	Chem.	Commun.	1999,	64,	1529‐1550.		
[92]. Oh,	Y.	K.;	Yang,	 J.	H.;	Lee,	H.	W.;	Lee,	 I.	New	 J.	Chem,	2000,	24,	 213‐

219.		
[93]. Bernasconi,	C.	F.;	Michoff,	M.	E.	Z.;	de	Rossi,	R.	H.;	Granados,	A.	M.	 J.	

Org.	Chem.	2007,	72,	1285‐1293.		
[94]. Bernasconi,	C.	F.;	Perez‐Lorenzo,	M.;	Codding,	S.	J.	J.	Org.	Chem.	2007,	

72,	9456‐9463.		
[95]. Kondo,	 Y.;	 Urade,	 M.;	 Yamanishi,	 Y.;	 Chen,	 X.	 J.	 Chem.	 Soc.	 Perkin	

Trans.	2	2002,	1449‐1454.		
[96]. Edwards,	D.	R.;	Montoya‐Peleaz,	P.;	Crudden,	C.	M.	Org.	Lett.	2007,	9,	

5481‐5484.		
[97]. Lee,	I.;	Lee,	B.	S.;	Koh,	H.	J.;	Chang,	B.	D.	Bull.	Korean	Chem.	Soc.	1995,	

16,	277‐281.		
[98]. Hallett,	J.	P.;	Liotta,	C.	L.;	Ranieri,	G.;	Welton,	T.	J.	Org.	Chem.	2009,	74,	

1864‐1868.		
[99]. Lee,	 I.;	 Shim,	 C.	 S.;	 Chung,	 S,	 Y.;	 Kim,	H.	 Y.;	 Lee,	H.	W.	 J.	Chem.	 Soc.	

Perkin	Trans.	2	1988,	1919‐1923.		
[100]. Kim,	W.	K.;	Ryu,	W.	S.;	Han,	I.	S.;	Kim,	C.	K.;	Lee,	I.	J.	Phys.	Org.	Chem.	

1998,	11,	115‐124.		
[101]. Cowie,	G.	R.;	Fitches,	H.	J.	M.;	Kohnstam,	G.	J.	Chem.	Soc.	1963,	1585‐

1593.		
[102]. Fox,	J.	R.;	Kohnstam,	G.	J.	Chem.	Soc.	1963,	1593‐1598.		
[103]. Phan,	T.	B.;	Nolte,	C.;	Kobayashi,	S.;	Ofial,	A.	R.;	Mayr,	H.	J.	Am.	Chem.	

Soc.	2009,	131,	11392‐	11401.		
[104]. Bel’skii,	V.	Е.	Russ.	Chem.	Bull.	2000,	1968‐1973.		
[105]. Jiang,	L.;	Orimoto,	Y.;	Aoki,	Y.	J.	Phys.	Org.	Chem.	2013,	26,	885‐891.		
[106]. Rablen,	 P.	 R.;	 McLarney,	 B.	 D.;	 Karlow,	 B.	 J.;	 Schneider,	 J.	 E.	 J.	Org.	

Chem.	2014,	79,	867‐879.		
[107]. Nettey,	S.;	Swift,	C.	A.;	Joviliano,	R.;	Noin,	D.	O.;	Gronert,	S.	J.	Am.	Chem.	

Soc.	2012,	134,	9303‐9310.		
[108]. Wu,	C.	H.;	Galabov,	B.;	Wu,	J.	I.	C.;	Ilieva,	S.	I.;	Schleyer,	P.	von	R.;	Allen,	

W.	D.	J.	Am.	Chem.	Soc.	2014,	136,	3118‐3126.		



236	 Vlasov	/	European	Journal	of	Chemistry	6	(2)	(2015)	225‐236	
	
[109]. Li,	Q.	G.;	Xue,	Y.	J.	Phys.	Chem.	A	2009,	113,	10359‐10366.		
[110]. Wang,	 T.;	 Yin,	 H.;	 Wang,	 D.;	 Valiev,	 M.	 J.	 Phys.	 Chem.	 A	 2012,	 116,	

2371‐2376.		
[111]. Jaworski,	J.	S.	J.	Phys.	Org.	Chem.	2002,	15,	319‐323.		
[112]. Doi,	K.;	Togano,	E.;	Xantheas,	S.	S.;	Nakanishi,	R.;	Nagata,	T.;	Ebata,	T.;	

Inokuchi,	Y.	Angew.	Chem.	Int.	Ed.	2013,	52,	4380‐4383.		
[113]. Chen,	X.;	Brauman,	J.	I.	J.	Am.	Chem.	Soc.	2008,	130,	15038‐15046.		
[114]. Westaway,	 K.	 C.;	 Gao,	 Y.;	 Fang,	 Y.	 R.	 J.	Org.	 Chem.	2003,	 68,	 3084‐

3089.		
[115]. Streitwieser,	 A.;	 Jayasree,	 E.	 G.;	 Leung,	 S.	 S.‐H.;	 Choy,	 G.	 S.	 C.	 J.	Org.	

Chem.	2005,	70,	8486‐8491.		
[116]. Cayzergues,	P.;	Georgoulis,	C.;	Mathieu,	G.	J.	Chim.	Phys.	1987,	84,	63‐

70.		
[117]. Chen,	 X.;	 Regan,	 C.	 K.;	 Craig,	 S.	 L.;	 Krenske,	 E.	 H.;	 Houk,	 K.	 N.;	

Jorgensen,	W.	L.;	Brauman,	 J.	 I.	 J.	Am.	Chem.	Soc.	2009,	131,	 16162‐
161710.		

[118]. Mohamed,	A.	A.;	Jensen,	F.	J.	Phys.	Chem.	A	2001,	105,	3259‐3268.		
[119]. Laerdahl,	J.	K.;	Uggerud,	E.	Int.	J.	Mass	Spectrom.	2002,	214,	277‐314.		
[120]. Humeres,	E.;	Nunes,	R.	J.;	Machado,	V.	G.;	Gasques,	M.	D.	G.;	Machado,	

C.	J.	Org.	Chem.	2001,	66,	1163‐1170.		
[121]. Melo,	A.;	Alfaia,	A.	 J.	 I.;	Reis,	 J.	C.	R.;	Calado,	A.	R.	T.	 J.	Phys.	Chem.	B	

2006,	110,	1877‐1888.		
[122]. Almerindo,	G.	I.;	Pliego,	J.	R.	Jr.	Chem.	Phys.	Lett.	2006,	423,	459‐462.		
[123]. Pliego,	J.	R.	Jr.	J.	Phys.	Chem.	B	2009,	113,	505‐510.		
[124]. Ebrahimi,	 A.;	 Habibi,	 M.;	 Amirmijani,	 A.	 J.	Mol.	 Struct.	 (Theochem)	

2007,	809,	115‐124.		
[125]. Im,	S.;	Jang,	S.	W.;	Kim,	H.	R.;	Oh,	Y.	H.;	Park,	S.	W.;	Lee,	S.;	Chi,	D.	Y.	J.	

Phys.	Chem.	A	2009,	113,	3685‐3689.		
[126]. Kim,	J.	Y.;	Kim,	D.	W.;	Song,	C.	E.;	Chi,	D.	Y.;	Lee,	S.	J.	Phys.	Org.	Chem.	

2013,	26,	9‐14.		
[127]. Bento,	A.	P.;	Bickelhaupt,	F.	M.	J.	Org.	Chem.	2007,	72,	2201‐2207.		
[128]. Bento,	A.	P.;	Bickelhaupt,	F.	M.	J.	Org.	Chem.	2008,	73,	7290‐7299.		
[129]. Bento,	A.	P.;	Bickelhaupt,	F.	M.	Chem.	Asian	J.	2008,	3,	1783‐1792.		
[130]. Van	Bochove,	M.	A.;	Bickelhaupt,	F.	M.	Eur.	 J.	Org.	Chem.	2008,	649‐

654.		
[131]. Garver,	 J.	 M.;	 Fang,	 Y.	 R.;	 Eyet,	 N.;	 Villano,	 S.	 M.;	 Bierbaum,	 V.	 M.;	

Westaway,	K.	C.	J.	Am.	Chem.	Soc.	2010,	132,	3808‐3814.		
	
	
		
	
	


