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Gas-phase basicities (GBs) for a series of 11 W,N-dimethylformamidinea (15-25) bearing substituents with 
heteroatoms and/or *-bonds linked directly to the N2 atom or separated by a (CH,), group are obtained from 
proton transfer equilibria measurements using FT-ICR mass spectrometry. Comparison of the GBs obtained 
here with those reported previously for formamidines with alkyl groups (1-14) (J. Org. C k m .  1991,56,3669-3673) 
confirms the earlier conclusion that for all  derivatives, even for compounds with a second potentially basic site 
in the substituent, the N2 atom is the favored site of protonation in the gas phase. Relative GBs of formamidines 
1-25 are linearly correlated to the substituent polarizability and field effects. Deviations are observed for bifunctional 
compounds containing the OMe and NMez groups, for which the additional lone pair enhances the basicity. The 
sensitivity of the amidine group to the global substituent effect (polarizability, field and “two electron pairs‘) 
as compared to the amino group in amines appears to be reduced by a factor of about 1.6 because of charge 
delocalization. A comparison of the gas-phase substituent effecta with the substituent effects in a hydroxylic 
solvent (95.6% ethanol-water mixture) shows that the field effect in the gas phase is twice as large as that in 
solution. An electron-withdrawing field effect of the cyclopropyl group is confirmed. 

Introduction 
Although compounds containing the amidine group are 

known as very strong bases,lI2 investigations on the gas- 
phase basicities and substituent effects have been reported 
only for imidazole and its derivative~F-~ 1,1,3,3-tetra- 
methylguanidine (TMG),B which is the strongest mono- 
functional organic base in the current basicity scale) and 
a series of N’P-dimethyl-W-phenylformamidines 
(Me2NCH=N-4-C6H4X, X = NO2, CN, COMe, Br, H, 
Me).’ In a previous papers we have studied the gas-phase 

(1) (a) Huelinger, G. In The Chemistry of Amidines and Zmidates; 
, S .  Ed.; Wiley New York, 1975; Chapter 1, and references therein. 

%?ev&k, J.; Grambal, F., ref la,  Chapter 12. 
(2) Kleingeld, J. C.; Nibbering, N. M. M.; Halim, H.; Schwarz, H.; 

WIZrthwein, E.-U. Chem. Ber. 1983, 116, 3877-3883. 
(3) Lias, S. G.; Liebman, J. F.; Levin, R. D. J.  Phys. Chem. Ref. Data 

1984,13, 696-808. 
(4) Lias, S. G.; Bartmess, J. E.; Holmes, J. L.; Levin, R. D.; Liebman, 

J. F.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1. 
(5) Chen, L.4.; Flammang, R.; Maquestiau, A.; Taft, R. W.; Catalh, 

J.; Cabildo, P.; Claramunt, R. M.; Elguero, J. J. Org. Chem. 1991, 56, 
179-183. 

(6) Taft, R. W.; Gal, J.-F.; GBribaldi, S.; Maria, P.-C. J. Am. Chem. 
SOC. 1986,108,861-863. 

(7) Borgarello, N.; Houriet, R.; Raczyfiska, E. D.; Drapala, T. J. Org. 
Chem. 1990,55, 38-42, 
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basicity of ZPP-dimethyl-W-substituted-formamidines 
[FDM*R, substituent R at W restricted to alkyh Me (l), 
Et (2), n-Pr (3), i-Pr (4), c-CgH5 (61, n-Bu (6), i-Bu (7), s-Bu 

In this paper we extend our study to formamidines 
16-26 with R = (CH,),,X (n = 0, 1,2,3; X = heteroatomic 
and/or unsaturated group) a t  the N2 atom. We report 
also the revised GB value for the 1-adamantyl derivative 

(81, t-Bu (91, n-CSH11 (101, t-C$311 (11), n-CeH13 (12), C- 
CeH11 (13), and 1-Adam (14)]. 

Me2NCH=NR (FDM’R) 

15: R = OMe 
16: R = NMe2 
17: R = CH&N 
18: R = CH2CFa 
19: R = CHzC3CH 
20: R = CH&H=CH2 
21: R = CH2Ph 
22: R = (CH2)zCN 
23: R = (CH2)20Me 
24: R = (CH2)2NMe2 
25: R = (CH2)3NMe2 

(8) Decouzon, M.; Gal, J.-F.; Maria, P.-C.; Raczyfuka, E. D. J. Org. 
Chem. 1991,56, 3669-3673. 
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Table I. Ekperimental GB Values Obtained for 
Proton-Tranrfer Equilibria between FDM*R (B) and 

Reference Bases (ref) in kcal mol-' 
no. R ref GB(W AGO GB(BY 
14 l -Adm FDM*- t-Ca11 233.9 +2.3d 

FDM*(CH2)2NMe2 234.8 +1.9 
(Md%C-NH 234.8 +0.6d 

M%NC(Ma)-=NCHMe2 235.8. +0.4 
Me2NC(Me)=-NCMe3 237.4. -1.2 236.0' 

EhNH 217.8 -0.7 217.0 
16 NMez 224.4 +3.0 

n-PrsN 226.9 +0.6 
n-BusN 228.3 -1.0 227.4 

FDM*OMe 217.0 0.0 217.0 

MepNC(Me)==NEt 235.1. +1.1 

15 OMe pyrrolidine 216.9 0.0 

17 CH2CN pyrrolidine 216.9 0.0 

IS CHGF. FDM*OMe 217.0 >+3.5 . "  
n-PrzNH 219.7 +0.9 
N-Me-pyrrolidine 221.1 -0.1 220.8 

19 CH2-H FDM*NMe2 227.4 -0.8 
n-Bu3N 228.3 -1.8 
FDM*Me 228.7. -1.9 226.6 

20 CH2CH=CH2 FDM*NMe2 227.4 +1.9 
FDM*Et 229.sd -0.7 229.3 

21 CH2Ph FDM*Et 229.9 +1.1 
FDM*-i-Pr 231.2d +0.1 
FDM*(CH2)20Me 232.4 -0.9 231.3 

22 (CH2)zCN FDM*CH&FS 220.8 +2.9 
224.4 -0.6 
224.9 -0.6 223.9 

EbN 
c-C&IllNMe2 

25 (CH2)zOMe FDM*-i-Pr 2312' +1.1 
FDMW-BU 233.0" -0.1 
Me2N(CH2),NMeZ 233.0 -1.2 
(MezN)2C=NH 234.8 -2.4 232.4 

24 (CH1)zNMe2 FDM*-t-Call 233.9 +1.5 
(M%N)z*NH 234.8 +0.1 234.8 

25 (CH1)sNMez FDM*(CH1)2NMe2 234.8 1+2.6 
FDM*-l-Adm 236.0 +1.9 
Me2NC(Me)=NCHMe2 235.8. +2.3 
M%NC(Me)=NCMe3 237.4' +0.5 238.0 

OValue~ of Taft et al. cited in refs 3 and 4. A G O  = -RT In K obtained 
from the equilibrium conetaut K for proton transfer between FDM*R and 
the reference base. c+0.3 kcal mol-'. dAs in ref 8. 'As in ref 9. fbvised 
value. 

obtained in our current work on the extension of the 
gas-phase basicity scale? All compounds have been syn- 
thesized and their GB values obtained from proton- 
transfer equilibrium constant measurements using FT-ICR 
mass spectrometry. The measured GB values are com- 
pared with those found previously for derivatives con- 
taining alkyl groups. The influence of alkyl and (CH2),X 
Substituents at the N2 atom on the gas-phase basicities of 
FDM*R is studied and compared with that found for the 
corresponding primary amines (RNH2) and N,N-di- 
methylamines (RNMe2). Comparison of GB with the 
Gibbs free energy of proton transfer in hydroxylic solution 
is also carried out. 

Experimental Section 
The procedures of synthesis, purification, confirmation of 

structure, and GB memurementa of FDM*R were the same as 
previously deacribed.~lo The experimental GB values of FDM*R 
are given in Table I. 

Results and Discussion 
Site of Protonation. N,N-Dimethylformamidines 

15-2s contain two nitrogen atoms, the amino (N') and the 

(9) RanyAska, E. D.; Maria, P.-C.; Gal, J.-F.; Decouzon, M. Prelimi- 
nary results presented a t  the 1'2th International Mass Spectrometry 
Conference; Amsterdam, 1991; communication MoA-A26. 
(10) Decouzon, M.; Gal, J.-F.; Maria, P.-C.; RaayAeka, E. D. Org. Mass 

SDectrom. 1991.26. 1127-1130. ,--. --- ----  
(ll)-T&R;W.; Topsom, R. D. hog. Phys. Org. Chem. 1987,16,1-83. 
(12) Taft, R. W. hog. Phys. Org. Chem. 1983,14, 247-350. 
(13) Hansch, C.; Leo, A.; Taft, R. W. Chem. Rev. 1991,91, 165-195. 
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Scheme In 

OX = O M e , n  = 2;X = NMe2;n = 2,3 .  

imino (N2) atoms in the amidine group, and heteroatoms 
and/or 7r-bonds in substituent R, each electron-rich center 
being a potential protonation site in the gas phase. All the 
compounds can be considered as polyfunctional bases, 
either as derivatives of dimethylamines with the imino 
CH-NR group as substituent, as derivatives of imines 
with the NMe, and R groups as substituent, or as deriv- 
atives of ethers (compounds 15 and 23), amines (com- 
pounds 16,24, and 251, nitriles (compounds 17 and 22), 
and *-bases (compounds 14-21) bearing a Me2NCH=N- 
(CH,), group (n = 0, 1, 2, or 3) as substituent. 

In the previous paper: concerning the protonation in 
the gas phase of FDM*Rs with alkyl groups, we have 
shown that all derivatives can be treated as monofunctional 
compounds, in which the N2 atom in the amidino group 
is the preferred site of protonation. 

Comparison of the GB values of FDM*R studied here 
(Table I) and previouslf with those of the corresponding 
amines (RNH2 and RNMe2)3p4J4-16 shows that the 
Me2NCH=N group is more basic by about 20-30 kcal 
mol-' than the NH2 group and by about 10-15 kcal mol-' 
than the NMe2 group. 

Further comparison of the GB values reported previ- 
ously for the parent compound FDM*Me* and the GBs 
for Me20, MeCN, Me-CH, MeCH=CH2, and MePh3?' 
show that the former compound is more basic by at least 
40 kcal mol-'. In the case of Me3N the difference amounts 
to 10 kcal mol-'. Therefore, we expect a preferred pro- 
tonation at the w nitrogen. In compounds 17-26 the two 
basic groups are separated by at least one CH2 group, thus 
preventing any conjugation. In compounds IS and 16 the 
Me2NCH=N group is directly linked to the Me0 and 
Me2N groups, reapectively. Since the Me2NCH=N, MeO, 
and Me2N groups are considered as electron-donating 
substituents, the conjugation effect can be negleded. The 
basicity of the Me0 and Me2N groups in 15 and 16 is not 
expected to be increased markedly as compared to an ether 
or an amine, reapectively. For amidines 15-25 the amidine 
group is more basic than the other basic group in the 
substituent R. 

These observations suggest that in all compounds 
studied here and previouslf the amidine group (the N2 
atom) is the favored site of protonation in the gas phase. 
However, the basicity may be increased considerably by 
the second basic group (X) in substituent R, particularly 
in the case of compounds (Scheme I) in which the intra- 
molecular hydrogen bonding may take place in the form- 
amidinium ions (compounds 23-25). 

Additional proof that the N2 atom is the preferred site 
of protonation is given by the analysis of gas-phase sub- 
stituent effects. 

Substituent Polarizability and Field Effects. 
Correlations with u, and UP. According to the Taft and 
Topsom analysis," the gas-phase basicities for nonconju- 
gated alkyl derivatives depend only on the polarizability 
of alkyl group and should obey eq 1, where pa is the re- 
action constant for polarizability effects and u, is the di- 

(14) Silvestro, T.; Topsom, R. D.; Bock, C. W.; Taft, R. W. J. Mol. 

(15) Headley, A. D. J. Am. Chem. SOC. 1987,109, 2347-2348. 
(16) Headley, A. D. J.  Org. Chem. 1988,53,312-314. 

S t r u t .  (Theochem) 1989,184,33-37. 
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Scheme I1 .. i .. 
[Me&CH=iHR - Me2N-CH -NHR - 

Raczyibka et al. 

be excluded, and only hyperconjugation C-H or C-C ef- 
fects [almost constant for (CH2),X groups] may occur. 
Thus, in the present series, the gas-phase basicities may 

depend on the combination of the substituent P and F 
effects,"-l3 in the form of the mdtiple linear relation 4, 
where pF and UF are the reaction constant and substituent 
parameter of Taft and c ~ - w o r k e r s ~ ~ J ~  for field effect, re- 
spectively, and pa and a, have the same meaning as in 
relation 1. 

(4) 

The 6GB values for compounds 15-25, together with 
field and polarizability parameters, are presented in Table 
11. For comparison purposes, 6GB values for corre- 
sponding amines (RNH2 and RNMe2), except Me2N- 
(CH2),NH2 in which the Me2N group is preferentially 
protonated, are also given in this table. 

Table I1 shows that the amidine group is the least sen- 
sitive to the gas-phase (CH2),X substituent effects as it 
has been observed previously for the other FDM*Ra con- 
taining alkyl groups at the N2 atom. 

Quantitative analysis of the experimental 6GB values, 
based on relation 4 (Table 1111, c o n f i i  that the global 
gas-phase substituent effect in FDM*R, except compounds 
containing the NMe2 and OMe groups, is correctly de- 
scribed by P and F contributions. For calculating param- 
eters of relation 4 for the 6GB values of the FDM*R, RNH2 
and RNMez series, a common set of 15 substituents (R = 
CH2CF3, CH2C---CH, CH2CH==CH2, and CH2Ph and the 
11 alkyl groups which fit eq 1) has been taken into account 
(for this set of substituents ua and aF are, as required, 
poorly correlated, r = 0.297). Consequently, compounds 
15-17 and 22-25 cannot be included in the set because of 
the lack of either gas-phase data for amines or substituent 
constants. 

The sensitivity to both P and F effects of the amidino 
group in the FDM*R series compared to that of the amino 
group in RNH2 is significantly decreased (by a factor of 
about 1.6). This lowering of sensitivity has been attributed 
previously to the difference in localization of the positive 
charge on the functional group in the corresponding acids? 
In the case of FDM*R the charge is delocalized between 
the N1 and N2 atoms (Scheme 11) while in RNH2 the 
charge is localized on the reaction site, i.e., the amino 
nitrogen. 

The 6GB values for FDM*OMe (15) fitlg eq 4a: if the 
resonance effect is not operative (vide supra), we can ex- 
clude any synergy (basicity enhancement) between the lone 
pair of the N2 atom in the functional group and the lone 
pairs of the oxygen atom for the binding of the proton. 

It will be noted that the 6GB values for FDM*NM+ (16) 
by +1.9 kcal mol-' from eq 4a and that the 6GB 

6GB = paa, + PFUF + c 

+ .. + 
Me2N=CH -NHR] E Me2N =CH - N H R  

Table 11. Polarizability and Field Effects in Formamidines 
(FDM*R), Primary Aminer (RNH2), and NJV-Dimethylamines 

(RNMed 

"Pd 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 

R 
l -Adm 
OMe 
NMez 
CHZCN 
CHZCFS 
CH2-H 
CHzCHlCHz 
CHzPh 
(CH3zCN 
(CHZh0Me 
(CH2hNMe2 
(CHzhNMez 

-0: 

0.95 
0.17 
0.44 

(0.54)f 
0.46 
0.61 
0.57 
0.70 

(0.57)f 
0.52 

(0.57)f 
(0.59)' 

OFb 

0.00 
0.25 
0.10 

(0.32)f 
0.23 
0.12 
0.03 
0.05 

(0.17)f 
0.07 

(0.03)f 
(0.Ol)f 

bGB." kcal mol-' 
I~ 

FDM*R RNHp RNMezd 
7.3e 11.4 10.0 

-11.7 
-1.3 0.4 

-11.7 -16.0 -14.3 
-7.9 -11.7 -10.3 
-2.1 -2.4 -2.1 
0.6 2.6 1.9 
2.6 3.4 4.4 

3.7 6.W 
6.1 11.2 
9.3 14.5 

-4.8 -7.2 

Values relative to the methyl-substituted base; GB(FDM*Me) = 
228.7 kcal mol-*; see text. bPolarizability and field Substituent param- 
eters of Taft and co-workers: refs 11 and 12. 'Value8 from the Taft 
group: ref 14 and refs cited in refs 3 and 4. dValues from the Taft 
group: ref 15. 'Revised value. /&timated values, see note 17. *As in 
ref 18. 

rectional polarizability parameter of Taft and co-work- 
e r ~ . ~ ~ - ~ ~  

6GB = paaa + c (1) 

The relative basicity of IVP-dimethylformaidines, 
6GB = GB(FDM*R) - GB(FDM*Me), represents the 
Gibbs free energy for reaction 2: 

Me2N=CH=NRH+ + Me2N-CH=NMe + 
Me2N+H=NR + Me2N-CHrr=NMeH+ (2) 

In the previous pape$ we found that the relative GBs of 
11 FDM*R-containing alkyl groups (compounds 1-4,6-9, 
l1,13, and 14) are linearly correlated to alkyl substituent 
polarizability. Using the revised 6GB value for the 1- 
adamantyl derivative 14, the following equation (in kcal 
mol-') is found 

(3) 

Substituents containing heteroatoms and/or r-bonds 
can exert some influence on the reaction site not only by 
polarizability (P) effect but also by field (F) and resonance 
(R) effects. If we exclude compounds 15 and 16, all the 
substituents at the W atom in the FDM*R studied here 
are of the (CHJ,X type (n 1 1, X = heteroatomic and/or 
r-bonds group). As discussed above, resonance effect can 

6GB = 411.5 f 0 . 7 ) ~ ~  - 4.3 r = 0.984 
s = 0.37 

Table 111. Correlations between ~ B s  of FDM*R, RNH, and RNMez with u, and up Values" for the 15 Substituentsb (eqs 
4a-c), and of FDM*CHzX, XCH2NH, and XCH2NMe2 for the 10 Substituents: Common to the T h  Series (eqs 4d-f) 

no. series P. PF C correl coeff etd dev 
4a FDM*R -11.77 f 0.77 -38.16 f 1.81 -4.52 0.994 0.42 
4b RNHZ -18.63 f 0.57 -62.49 f 1.34 -6.09 0.999 0.31 
4c RNMez -17.09 f 0.77 -52.91 f 1.80 -5.93 0.997 0.41 
4d FDM*CHZX -5.18 f 0.86 -21.81 f 0.89 -0.31 0.995 0.57 
4e XCHZNHZ -8.30 0.45 -32.84 * 0.47 0.20 0.999 0.30 
4f XCHzNMez -8.19 f 0.90 -28.67 * 0.93 -0.32 0.997 0.60 

"bGB value relative to the GB of FDM*Me (eq 2). Data from Table I1 in ref 8 and Table I1 presented here. bR: Me, Et, n-Pr, i-Pr, n-Bu, 
i-Bu, 8-Bu, t-Bu, t-C&Hl1, c-C6HI1, 1-Adam, CHzCFa, CH&=CH, CH&H=CHz, CHzPh. 'X: H, Me, Et, n-Pr, i-Pr, CN, CF,, C 4 H ,  
CH3CH2, Ph; u, and OF values taken from refs 11 and 13. 
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Figure 1. Field contributions (-Fg in kcal mol-') for the FDM*R 
(w, line A) and FDM*CH2X series (A, line B) vs field parameters 
up(R) and UF(X), respectively. The open symbols correspond to 
data points excluded from calculations of parameters for eq 4 
(Table 110, see text. 

for MezNNMez deviates by +4.1 kcal mol-' (3.7 kcal mol-' 
with statistical correction) from eq 4c. Taft et aLZo have 
evaluated the relief of lone pair/lone pair repulsion in the 
neutral base upon protonation to approximately +2.0 kcal 
mol-' for pyridazine. Though the three systems are not 
strictly similar (rigid framework or not, same or different 
hybridization of nitrogens), we assign the two deviations 
to the relief of lone pairs repulsion. 

Aue and Bowers have interpreted the basicity en- 
hancement in compounds &N(CHJ,X (e.g. X = OR, m; 
R = H, Me) in terms of intramolecular hydrogen bonding 
in the protonated forms.'* 

In the case of formamidines we observe de~iations'~ for 
FDM*(CHz),X (compounds 23-26) from eq 4a by +5.4 
kcal mol-' (n = 2, X = OMe), +5.1 kcal mol-' (n = 2, X 
= NMe,), and +7.3 kcal mol-' (n = 3, X = NMez). These 
deviations (basicity enhancement) are 1.4-1.8 times smaller 
than those calculated for amines. We explain the lower 
basicity enhancement by intramolecular hydrogen bonding 
in bifunctional formamidines by the charge delocalization 
in the protonated form (see Scheme I). The 1.4-1.8 at- 
tenuation factor is to be compared to the 1.4-1.6 attenu- 
ation factore of the P and F effecta when going from amines 
to formamidines (Table 111). 

(17) The IT, and UF values for the (CH2),,NMez and (CH3,CN groups 
have been estimated by using eq i and ii. The reduction factor of (1/2.3)" 

u,[(CH~),,X] 4.338 + (1/2.3)"~,[(CH2),-1X] (i) 

~~F[(CHZ)~XI  = (1/1*9)"'JF(X) (ii) 

for the P effect has been proposed by Taft and Topsom" for alkyl sub- 
stituents. The u, values for alkyl Substituents being essentially additive, 
we have taken u.(C,HJ - (1/2.3)u,(CH3) = -0.338 88 u, increment for 
the CHI group directly linked to the reacting center. We arrived a t  the 
reduction factor of 1/1.9 for the F effect by averaging the various fall off 
factor for X groups other than NMez and CN for which UF are known for 
the corresponding (CH3,X moieties (X = CI, Ph, F, OMe, CF,). 

(18) Aue, D. H.; Bowera, M. T. In Gw P h e  Zon Chemistry; Bowers, 
M. T., Ed.; Academic Preee: New York, 1979; Vol. 2; Chapter 9. 

(19) Deviations (A, in kcal mol-') of OMe, NMe2, and CN derivatives 
of FDM*R, RNH2, and RNMez from eqs 4a-c, respectively. R, 
A(FDM*R), A(RNH3, A(RNMeJ: OMe, M.4, -, -; NMR, +1.9, -, +4.1; 
CH,CN, -1.3, 0, +0.7; (CHa,CN, -0.6, -1.1, -; (CH2),0Me, +5.4, +7.4, 
-; (CHz)2NMe2, +5.1, -, +9.0; (CH2)3NMe2, +7.3, -, +10.9. 

(20) Taft, R. W.; Anvia, F.; Taagepera, M.; Catalh,  J.; Elguero, J. J. 
Am. Chem. SOC. 1986,108, 3237-3239. 
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Figure 2. Relative gas-phase basicities (GGBs in kcal mol-') of 
FDM*R (& line A: eq 6) and RNMe, (a, line B) w 6GBs of RNHp 
for all Substituents studied here (Table 11) and previously! The 
only significant deviations in the same direction from lines A and 
B correspond to the PhCHz derivatives. 

The  deviation^'^ observed for FDM*(CH2),CN (n = 1, 
-1.3 kcal mol-'; n = 2, -0.5 kcal mol-') from eq 4a are not 
significant and exclude intramolecular hydrogen bonding 
in these cyano derivatives. 

It is interesting to include the two cyano substituents 
in eq 4a because of their statistical weight, particularly the 
CH2CN group, in regard to the precision of the regression 
for a predictive purpose. 

(5) 

When we apply eq 4 to the subset FDM*CH& including 
X = alkyl, we observe very similar deviationsz1 for com- 
pounds 23-26. The parameters of these correlations are 
given in Table I11 (eq 4d). For comparison, eqs 4e and 4f 
for XCHzNH2 and XCHzNM+, reapectively, are ale0 given 
using a common set of 10 substituents (footnote c to Table 
111). 

Figure 1 illustrates the field (Fg) gas-phase substituent 
effect in the FDM*R (line A) and FDM*CH& (line B) 
series. Fg contributions (Fg = 6GB - P) are equal to 6GB 
+ 4.52 + 11.77aJR) or 6GB + 0.31 + 5.18ca(X) for the 
FDM*R or FDM*CHzX series, respectively. The open 
symbols correspond to Compounds 16-17 and 22-25 con- 
taining the OMe, NMez, or CN group as substituent. 
Compounds 23-26 which can form an intramolecular hy- 
drogen bond in the protimated forms strongly deviate from 
both correlation lines A and B by more than 5 kcal mol-'. 

Correlations with Amines. A good correlation is 
found between the 6GB values of FDM*R and RNHz (eq 
6, line A in Figure 2) for all substituents studied here and 
previously,8 including the (CH,),OMe group. 

(6) 

For comparison, the 6GB values of RNMe, have also 
been plotted against the 6GB values of RNH, in Figure 
2 [line B, 6GB(RNMe2) = 0.886GB(RNHz) - 0.081. It is 
noteworthy that only the CH2Ph derivative deviate in the 

6GB = -(11.6 f 0.8)~~~ - (40.9 * 1.2)~p - 4.3 
r 30.996 s = 0.45 

GGB(FDM*R) = (0.64 f O.OQ)bGB(RNH,) - 0.60 
r = 0.993 s = 0.53 n = 21 

(21) Deviations (A in kcal mol-') of OMe and NMe2 derivatives of 
FDM*CH2X from eq 4d; -u, and UF for the CHzNMe2 and (CH2)2NMe2 
groups were estimated." X, -u,,(X), up(X), A CH20Me, 0.42,0.14,4.% 
CH2NMe2, (0.53), (0.05), 4.8; (CH2),NMe2, (0.67), (0.03), 7.3. 
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Table IV. Correhtionr of the Relative Baricitier of FDM*R, RNH2, and R N M q  in the Gar Phaae and in Solution (Ethanol or 
Water) with u,, and UP Valuer: Rerpectively, Uaing a Common Set of 15 8ubrtituentrb 

no. seriee solvent Pa PF C correl coeff etd dev 
8a FDM*R (gas phase) -10.83 f 1.17 -41.24 f 1.22 -3.89 0.997 0.43 
8b FDM*R 95.6% EtOH -1.23 f 0.85 -17.60 f 0.89 -0.59 0.989 0.32 
8c RNH2 (gas phaee) -18.37 f 1.19 -63.28 f 1.24 -5.97 0.999 0.44 
ad RNH2 95.6% EtOH -2.01 * 1.14 -20.99 * 1.19 -0.85 0.986 0.42 

-0.59 f 1.37 -24.18 f 1.43 -0.43 0.984 0.51 
-17.72 f 1.26 -54.25 f 1.37 -6.25 0.998 0.47 

8e RNH2 HZO 
8f RNMe2 (gas phase’) 
8g RNMe2 HZO -4.53 f 2.36 -26.69 f 2.46 -1.90 0.967 0.87 

nData from Table I1 and refs 8. 15. 16. 22. and 23. * R  = Me, n-Pr, i-Pr, n-Bu, i-Bu, t-Bu, c-CgHI1, CH2CN, CH2CFa, CH2C=CH, 

6GB[ Me2N(CH2)nNMe2] 

-.5 0 5 I l l  I S  2 0  

Figure 3. Relative gas-phase basicities (bGBs in kcal mol-’) of 
FDM*(CH&,NMe, (line B) and of the other FDM*R (line A eq 
7) vs 6GBs of Corresponding dimethylamines. 

same direction from the two correlation lines, A and B, by 
more than 1 standard deviation. These unexpected de- 
viations may be due to an error in the GB reported for 

Similarly, a good correlation is found between the 6GB 
of FDM*R and RNMe2 (eq 7, line A in Figure 31, except 
for derivatives containing the NMe2 group in the sub- 
stituent (compounds 16, 24, and 26). The three com- 

(7) 

pounds deviate (by about 1 kcal mol-’) from eq 7 (line A) 
in the same direction as shown in Figure 3, in which the 
6GB of FDM*(CH2),NMe2 have been plotted against the 
6GB of the corresponding Me2N(CH2),NMe2 ( l i e  B). A 
part of theae systematic deviations is to be assigned to the 
statistical factor RT In 2 in favor of the symmetrical teb 
ramethyldiamines. 

Equations 6 and 7 are of higher predictive power than 
those using ua and oF, because the global gas-phase sub- 
stituent basicity effect (polarizability, field, lone pairs 
repulsion relief upon protonation, intramolecular hydrogen 
bonding in the protonated forms) is similar to that ob- 
served in the corresponding amines. A wide variation of 
substituents R, including those bearing a basic site, may 
be described by eqs 6 and 7. 

It will be noted that the slope (0.82) of the least squares 
line 6AGd&FDM*R) vs 6AGdc(RNH2) in hydroxylic me- 
diumZ2 (95.6% ethanol-water azeotropic mixture) is 1.3 
times larger than the slope of the Corresponding line in the 

PhCH2NHp 

GGB(FDM*R) = (0.73 f 0,02)6GB(RNMeJ - 0.67 
r = 0.996 8 = 0.43 n = 16 

(22) RaczyfLska, E. D. J. Chem. Res. 1991 (M), 763-782; (S), 90-91. 
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Figure 4. Relative gas-phase basicities (SGBs in kcal mol-’) of 
FDM*R vs relative Gibbs free ener ‘8s of ionization of form- 

mixture. 

gas-phase (eq 6). This observation will be discussed in the 
next section. 

Comparison of the Substituent Effects in the 
Gas-Phase and in Solution. Inwtigations of substituent 
effects on the basicity of FDM*Ra in solution (95.6% 
ethanol) reported recentlyn have shown that the imino 
nitrogen atom is the favored site of protonation in solution, 
as in the gas phase. Thus, the substituent effects on the 
basicity of FDM*R in the gas phase (6GB) can be directly 
compared with t h w  (JAG& in solution. 6AGae representa 
the relative Gibbs free energies of ionization for form- 
amidinium ions in 95.6% ethanol, bAG, = AG&(FDM*R) 
- AGnIc(FDM*Me) = 1.3643[pKn(FDM*R) - pK,- 
(FDM*Me)]. 

A plot of the 6GB values against the 6AGdc values 
(Figure 4) show significant differen- in the transmission 
of the polarizability and field effects to the W atom in the 
gas phase and in solution. Two kinds of behavior can be 
distingukhed, one companding to aUcyl substituents (only 
P effect, uF = 0) and the other to substituents with het- 
eroatoms and/or T bonds (P  + F + other effecta). A sim- 
ilar trend has been observed by Headley15 for dimethyl- 
amines, when the 6GB values were plotted against the 
relative basicities in water (6AG,). 

For quantitative analysis of these differences in the 
substituent effects on basicity of FDM*R in the gas phase 
and in solution (95.6% ethanol) relation 8 is applied (Table 
IV), where a,, 3, pa, and pF have the same meaning as in 
eq 4 and SQ represents bGB, 6AGdc, or 6AG, values. For 
calculation of the parameters of relation 8 applied to the 
6GB and 6AGdc values of FDM*R, the same set of 13 
substituents has been used (footnote b to Table IV). These 

amidinium ions (6AGdc in kcal mol- F ) in 96.6% ethanol-water 
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parameters are also given for the 6GB, bAGdc, or 6AG,, of 
the corresponding amines RNH, and RNMe, taken from 
refs 3, 4, 13-16, 22, and 23. 

6Q = P,Q, + P F ~ F  + c (8) 
Correlations with u, and UF values show clearly that the 

polarizability effect does not parallel the field effect in the 
gas phase and in solution for the FDM*R, RNH2, and 
RNMe, series. The significant P effect observed in the 
gas phase is strongly reduced by solvation. Solvent po- 
larizability attenuation factors, p,(g) /p,(sln) as proposed 
by Headley,l6 cannot be.calculated to a useful precision 
due to the low statistical significance of p,(sln) values. The 
very weak P effect observed for amines in water was at- 
tributed by Taft to specific solvation of the ammonium 
ions.11J2 The solvation effect reduces also the F effect, but 
to a lesser extent. 

Solvent field attenuation factors, pp(g)/p&ln), of 2.3 for 
FDM*R and 3.0 for RNH,, on going from the gas phase 
to ethanol, indicate that the solvation effect of the form- 
amidinium ions, [Me,N-=CH-NHR]+, is about 1.3 times 
smaller than that for the ammonium ions RNH3+. A sim- 
ilar factor of 1.3 is observed when we compare the solvent 
field attenuation factors (gas phase vs water) of 2.0 as 
obtained by Headleyls for RNMe, and 2.6 obtained for 

The same 1.3 factor value observed in the two com- 
parisons presented above (FDM*R vs RNH,/ethanol and 
RNMe, vs RNH,/water), though not corresponding to 
strictly the same solvent, indicates a similar solvation effect 
of protonated FDM*R and RNMe2. The main factor ap- 
pears to be the number of hydrogens on the protonated 
nitrogen. 

Strikingly, a ratio of 1.3 is obtained between the slopes 
of direct correlations between the relative basicities (global 
substituent effect) of FDM*R and RNH, in the gas phase 
and in ethanol (vide supra). Similarly, a ratio of 1.3 is 
observed in the comparison of the relative basicities be- 
tween RNMe, and RNH, in the gas phase and in wateraZ4 

It is noteworthy that the electron-withdrawing effect of 
the cyclopropyl group on the basicity of FDM*R observed 
in the gas phase8 (deviation of the c-Pr group from the 6GB 

RNHZ. 

(23) Perrin, D. D. Diasociation Constants of Organic Bases in Aque- 

(24) GB and valuee of RNMe, and RNHz have been taken from 
om Solution; Butterwortha: London, 1965. 

refs 3,4,  14-16, and 23. See also: Figure 2 in ref 22. 
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vs u, correlation) is comparable to that in solution. We 
suggest that the cyclopropyl should have a positive UF 
value. The field contribution to the 6GB is close to that 
of the allyl group, if the resonance effect (aR- = 0.0) is 
neglected. The electron-withdrawing effect of the cyclo- 
propyl group is also observed for the 6GB of RNH, in the 
gas phase as discussed previously.8 

Summary and Conclusion 
In the gas phase, formamidines [FDM*R with R = alkyl 

and (CH,),X] are more basic by about 1+15 kcal mol-' 
than the corresponding N,N-dimethylamines (RNMe,). 
The GB values for R = l-Adam and (CH2),NMe2 (n = 2 
and 3) are close to, or higher than, the GB value of 
1,1,3,3-tetramethylguanidine. For all derivatives studied 
here and previously, even for those containing another 
basic site in the substituent R, the imino (N2) nitrogen 
atom is the favored site of protonation. The gas-phase 
basicity of FDM*R depends linearly on the polarizability 
and field effects of alkyl and (CH2),X groups linked to the 
imino nitrogen atom. The resonance effect is negligible. 
An additional lone pair in bifunctional formamidines 
containing the (CH2),0Me and (CH2),NMe2 groups in- 
creases considerably their basicity. As compared to pri- 
mary amines, the sensitivity of the amidine group to the 
global substituent effect-polarizability, field, "two electron 
pairs", and other possible effects of substituent R at the 
imino nitrogen atom-is decreased by a factor of about 1.6 
because of charge delocalization in the formamidinium 
ions. The sensitivity of the amidine group to field effect 
of substituent R in the gas phase is lowered by a fador of 
about 2 by solvation (charge dispersion) in hydroxylic 
solvent (95.6% ethanol). As compared to RNH,, the 
solvent field attenuation factor is reduced by about 1.3, 
as it is observed for the solvent attenuation of the global 
substituent effect. For the cyclopropyl group the field 
parameter (uF) should have a positive value, close to the 
UF of the allyl group. 
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