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ab initio 3-21G geometry optimizations for eight derivatives of formamidine with up to three fluorine
substituents, and all corresponding formamidinium cations protonated at the imino nitrogen, show
strong conjugation in the amidine system between the C=N double bond and the lone electron pair
on the amino nitrogen atom. Substitution with fluorine at each atom of the N=C-N group exerts
considerable influence on this conjugation, and as a result the geometry of the molecule can be
drastically changed. The introduction of the electron-withdrawing fluorine substituent at the amino
nitrogen atom of formamidines leads to a tetrahedral bond arrangement at this atom. For amidines
unsubstituted at the amino group and for all protonated systems, co-planarity is predicted by
calculation, and all substituents lie in the plane of the N=C-N group.

Calculations of energies of protonations as well as proton transfer between amidines and
ammonia show that changes in basicities of amidines caused by substitution at certain sites of the
amidine group depend on polar effects of substituents at other sites. This provides an explanation for the
observed changes of p values caused by substituents at different sites in correlations of experimental pK,
values of amidines with Hammett ¢ constants. The influence of substitution at both nitrogen atoms on
tautomeric equilibria in amidines is discussed.

In the course of studies on structure-basicity relations of
amidines it was found?® that the pK, values of amidines
containing a substituted phenyl ring at the carbon atom, the
amino nitrogen atom, or the imino nitrogen atom of the
amidino group correlate in each case with Hammett substituent
o constants according to equation (1). For each of the three

pK, = pK.,° — p-c 1

sites for phenyl substitution on the amidino group, another p
value is obtained because of different distances from the imino
nitrogen atom ie. the centre of protonation.

In addition, it was found that the p values obtained
for a series of amidines containing variable substituents at
the imino nitrogen atom depend, to a considerable degree, on
the kind of substituents at the amidino carbon atom.”~® Thus
it was concluded that the sensitivity of the amidino group to
substituent effects at one site depends on the effects of
substituents at other sites,'® and that the pK, values of amidines
containing two substituted phenyl rings did not obey the well-
known linear equation (2) but rather equation (3), containing

pK, = pK.,° — p;:0, — p;-0, 2

an additional term which takes into account the mutual
interaction of the substituents. This equation ensures that if the

pK, = pK.° — p,;*0; — p;0, — W:G,-0, 3

substituent at one of these sites is not varied, a linear correlation
[equation (1)] will be obtained. The observed p value depends
on the ¢ value of the invariant substituent, and on the term p
representing the mutual interaction of substituents.!' From
several series of N,N-dimethylamidines'!-!? it was shown that

the p value for substitution at the imino nitrogen atom (referred
to as p;,) depends on the effect of substituents at the amidino
carbon atom. Recently it was shown!-!® that the p value for
substituted phenyl rings at the amino nitrogen atom (referred
to as p,) also depends on substitution at the amidino carbon
atom, and that the p,, value depends also on substitution at
the amino nitrogen atom.

Thus the question arose as to how, and to what extent, simple
substituents at each of the three amidino positions interact and
affect the influence of substituents at other sites of the amidino
group. The aim of this work was to find an explanation of these
phenomena on the basis of ab initio calculations, using fluorine
as a simple substituent for modelling of the electronic behaviour
of substituted phenyl rings. For this study, eight formamidines
containing the overall electron-withdrawing fluorine substi-
tuent at each of the three amidino sites, and in all possible
combinations of substitution at more than one site (Figure 1),
have been considered with the corresponding products of
protonation at the imino nitrogen atoms.

The amidino group gives rise to Z-E isomerism with
respect to the CN double bond and to conformers (rotamers)
due to restricted rotational isomerism at the amide-like CN
single bond. Usually, if the substituent X* at the amidino
carbon is sterically undemanding, the Z-orientation of the
substituent X* at the imino nitrogen with respect to the
substituent X* at the amidino carbon is calculated to be
the most stable?* and is also observed experimentally.'* Of
the two possible rotamers at the planar amino nitrogen N, the
one with substituent X? in s-tfrans arrangement to X> at the
carbon is preferred for stereochemical reasons. Therefore, for
fluorine-substituted formamidines the most probable stereo-
chemical arrangements (as shown in Figure 1) have been
selected to model the stereochemistry of corresponding
phenyl-substituted derivatives.
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free bases protonated forms
Substituents
Compd. Name b CHEED CHED ¢
(1) HHH Formamidine H H H
(2) FHH N%-Fluoroformamidine H H F
(3) HFH Fluoroformamidine H F H
(4) FFH (N?-Fluoro)fluoroformamidine H F F
(5) HHF (N!-Fluoro)formamidine F H H
(6) FHF N,N’-Difluoroformamidine F H F
(7) HFF (N !'-Fluoro)fluoroformamidine F F H
(8) FFF (N,N’-Difluoro)fluoroformamidine F F F
(1p) PHHH Formamidinium cation H H H
(2p) PFHH N-Fluoroformamidinium cation H H F
(3p) PHFH Fluoroformamidinium cation H F H
(4p) PFFH (N-Fluoro)fluoroformamidinium cation H F F
(5p) PHHF N-Fluoroformamidinium cation F H H
(6p) PFHF N,N’-Difluoroformamidinium cation F H F
(7p) PHFF (N-Fluoro)fluoroformamidinium cation F F H
(8p) PFFF (N,N’-Difluoro)fluoroformamidinium cation F F F

Figure 1. Molecular formulas, conformations, and numbering of the amidines considered in this work [(2) (FHH) and (5) (HHF) as well as (4) (FFH)
and (7) (HFF) are pairs of tautomers; (2p) and (5p) as well as (4p) and (7p) are corresponding conformers].

Because protonation of amidines occurs at the imino
nitrogen, with preservation of the stereochemistry of the free
base due to allylic conjugation in the amidinium cation, the
conformers shown in Figure 1 have been selected for
calculations.

Methods of Calculations.—For the eight amidines and their
protonation products (with the stereochemical configurations
as shown in Figure 1), single-determinantal ab initio SCF
Hartree-Fock MO calculations ' *~!? with full optimization of
molecular structures have been performed. The analytical
gradient optimization procedure of Murtagh and Sargent?2°
implemented in Pople’s GAUSSIAN 82 program,?! and the
split-valence 3-21G basis set?? have been used in an IBM
MVS/XA version on a COMPAREX 7/88 computer.?* The
3-21G basis set was selected for reasons of economy and to aid
comparison with the elaborate calculations of Zielinski et
al?*2% on formamidine and related systems. Use of the
STO-3G minimal basis set?’ leads to incorrect CN bond
lengths and a tetrahedral geometry for the amino group of
formamidine.2®

Calculated 3-21G bond distances and bond angles are shown
in Tables 1 and 2. For formamidine (1) and formamidinium
cation (1p) results of optimizations using the 6-31G basis set 2°
which was shown to be best suited for calculations of C-C
distances *® are also included in Tables 1 to 4. Experimental
X-ray determinations of the formamidinium cation give
1.282(9) and 1.286(4) A for the CN bond lengths in the
hexachloroferrate(in) 3! and the triformatozincate(ir) 2 which
are not too far from those calculated, 1.302 and 1.306 A, in 3-
21G and 6-31G basis sets. The experimental NCN angle 32 is
125.6(6)° which corresponds closely to 1253 and 124.8°
calculated with 3-21G and 6-31G basis sets.

Table 3 shows obtained dihedral angles at the amino group
of formamidines. For compounds (1)-(4), and all protonated
molecules, these values are close to 180 and 0° indicating
planarity of the NH, group with the rest of the molecule, but

in amidines (5)-(8) with fluorine substitution at the amino
nitrogen this group is close to a tetrahedral (ie. non-
planar) arrangement. Calculated total energies are given in
Table 4.

Results and Discussion

Geometries of the Molecules—In accordance with classical
organic chemistry, the m-electron pair of the CN double bond
is conjugated with the lone pair p electrons on the amino
nitrogen atom as indicated in equation (4). It was shown 3334
that the amino nitrogen atom referred to in the literature as

the sp® nitrogen3>37 may, at least in some cases, be sp?
hybridized.
1 1
R'-K=C-N-R? — R'-N-C=N-R? @)
R ke
(4a) (4b)

It would seem obvious that substituents at both nitrogen
atoms have an influence on the extent of conjugation, and that
electron-withdrawing substituents at the imino nitrogen atom
cause an increase of the conjugation favouring the mesomeric
form (4b), whereas at the amino nitrogen atom these cause a
decrease of conjugation favouring form (4a). Thus electron-
withdrawing substituents at the imino nitrogen should lead to an
increase in the length of the formal C=N double bond and
decrease the length of the formal C-N single bond 3* and, as
known from experimental data,'~!* decrease the basicity of the
amidine. If the acceptor substituent is at the amino nitrogen atom
a decrease of conjugation should shorten the C=N double bond
and increase the length of the single C-N bond. However it also
involves a decrease of amidine basicity, but to a much smaller
extent than the same substituent at the imino nitrogen atom, as
the observed p,,, value amounts to about one half of that of p; .2
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Table 1. 3-21G calculated bond distances (r,, and r;,, = C-N single and C=N double bonds of amidino group; A =r,,

of CN bond lengths; X = either H or F).

1553

— r,m, = difference

Bond lengths/A

r

am

r

im

Compd. ren! rc=nN? Ng! Nl x? rex N x4 n2_ys A

(1) HHH 1.364 1.260 0.993 0.997 1.081 1.009 - 0.105
1) (6-31G)° 1.369 1.267 0.990 0.992 1.074 1.008 — 0.102
(2) FHH 1.351 1.271 0.994 0.997 1.070 1.449 - 0.081
(3) HFH 1.349 1.239 0.994 0.994 1.367 1.005 — 0.111
(4) FFH 1.342 1.265 0.995 0.995 1.335 1.435 - 0.077
(5) HHF 1410 1.245 1.007 1.422 1.079 1.009 — 0.165
(6) FHF 1.391 1.257 1.006 1.421 1.069 1.440 — 0.134
(7) HFF 1.393 1.223 1.005 1413 1.362 1.006 — 0.170
(8) FFF 1.385 1.250 1.005 1413 1.332 1.428 — 0.134
(1p) PHHH 1.302 1.302 1.003 1.004 1.071 1.003 1.004 0.000
(1p) (6-31G)* 1.306 1.306 0.996 0.998 1.072 0.996 0.998 0.000
(2p) PFHH 1.297 1.301 1.004 1.005 1.071 1.396 1.004 0.004
(3p) PHFH 1.295 1.295 1.006 1.003 1.314 1.006 1.003 0.000
(4p) PFFH 1.292 1.303 1.008 1.004 1.303 1.393 1.004 0.011
(5p) PHHF 1.303 1.291 1.003 1.397 1.071 1.003 1.006 0.011
(6p) PFHF 1.296 1.291 1.005 1.397 1.071 1.393 1.006 0.005
(7p) PHFF 1.303 1.284 1.006 1.393 1.309 1.007 1.006 0.019
(8p) PFFF 1.299 1.292 1.007 1.393 1.299 1.391 1.007 0.007

2 Calculated values from the 6-31G method for comparison.

As a measure of the conjugation in the amidino group the
difference of calculated CN bond distances A = r,,, — r;, as
shown in Table 1 may be taken. In the extreme case of the
formamidinium cations where bond equalization by conjug-
ation is at a maximum, this value is zero. In the other extreme
case, with no conjugation between the two CN bonds, the
amino nitrogen atom should be sp® hybridized and the bond
distances correspond approximately to the C-N single bond in
methylamine (experimental 3% 1.474 A) and to the isolated
C=N double bond in formaldimine (experimental 3° 1.273 A)
which lead to an experimental estimate of A, = 0.201 A.
Calculations in the 3-21G basis set*® for these compounds
yield values of 1.472 and 1.256 A leading to a 3-21G maximum
value of A, = 0.216 A.

This estimation of the CN single bond length may be too
large because the carbon atom of the amidine system is not
sp> but sp? hybridized. Zielinski et al.?* calculated for two
perpendicularly twisted tetrahedral sp® amino groups in
formamidine, with the lone pair in the amidine plane, 3-21G
bond lengths of 1.434 and 1.435 A for C-N as well as 1.252 and
1.251 A for C=N, leading to a more realistic 3-21G estimate
for the maximum of a hypothetical unconjugated amidine
group A,.. in the range of 0.182 and 0.184 A. The 3-21G
calculated value for planar formamidine as a standard for
regular amidine conjugation, from data of Table 1, is 0.105 A
which amounts to about 449, gain in conjugation from the
standard of A, = 0.184 A. The experimental A for
acetamidine*! with r,, = 1.344 A and r,, = 1.298 A from
X-ray structure determination is 0.046 A. This is believed to
include trends for bond equalization due to H-bridging effects.
(For the fluorine substituted compounds studied here, the
experimental determinations of molecular geometries are not
known, and the calculated geometries strongly depend on
applied basis sets, which were studied recently for hydro-
carbons.3® The calculated distances refer to usually experi-
mentally inaccessible r, values of minima of the energy
hypersurface).

Calculated CN distances shown in Table 1 provide support
for the above formulated assumptions.

(a) An electron-withdrawing fluorine substituent at the

imino nitrogen atom causes an increase of the C=N double
bond length of 0.011 [(1) vs. (2)] and 0.026 A [(3) vs. (4)]. Tt
also causes a decrease of the C-N single bond length by 0.013
[(1) vs. (2)] and 0.007 A [(3) vs. (4)].

(b) Fluorine substitution at the amidino carbon in (3) leads to
a A value of 0.111 A comparable to 0.105 A of unsubstituted
formamidine (1), whereas for those amidines containing fluorine
at the imino nitrogen [(2) and (4)] lower values of 0.081 and
0.077 A show an increase of conjugation.

(c) Fluorine substitution at the amino nitrogen atom leads
to non-planarity and causes a decrease of the C=N double
bond length of ca. 0.015 A [(1) vs. (5) and (3) vs. (7)], and it
causes an increase of the C-N single bond length of ca. 0.04 A
[(1) vs. (5) and (3) vs. (7)]. This is an indication of the change
of hybridization at amino nitrogen from sp? towards sp>. As
a result, the influence on bond lengths due to substitution by a
fluorine atom at the amino nitrogen atom is more prominent
than that at the imino nitrogen. The A values of 0.165 and
0.170 A for compounds (5) and (7) clearly indicate that in this
case the resonance is considerably decreased.

It should be pointed out that substitution at the amidino
carbon atom has no influence on the difference of the bond
lengths, however it definitely has an effect on their absolute
values. Substitution by fluorine at the amidino carbon atom
causes a decrease of both bond lengths by 0.015 A [(1) vs. (3)]
and 0.010 A [(2) vs. (4)] for the C-N single bond and 0.021 A
[(1) vs. (3)] and 0.024 A [(2) vs. (4)] for the C=N double bond.
This effect is easily understandable by application of Walsh
rules:*? the electron-attracting substituent fluorine causes an
increase of p-character in its bond to carbon which leads to
an increase of s-character in both bonds to nitrogen and
consequent shortening. Another observable effect is that the
bond angle [W(NCN)] at carbon opens appreciably to about
127° in (3) and (7) (see Table 2).

Krygowski er al.*? recently showed that for X-ray solid-state
structures of eight free-amidine bases, a shortening of the C-N
single bond is related to a lengthening of the C=N double bond
as described by equation (5).

Rcon = 2.059 — 0.567-Rc_n %
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Table 2. 3-21G calculated bond angles (X = either H or F).
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Angle/°
H!-N'-C X2-N2-C N!-C-N? X3-C-N! X*-N2-C H-N2-C

Compd. W(CNH') W(CNX?)  W(NCN) W(NCX?)  W(CNX*)  W(CNH?%)
(1) HHH 122.2 118.5 1224 112.5 114.7 —
(1) (6-31G)° 122.1 1188 1222 113.6 1154 —
(2) FHH 121.0 120.2 122.0 116.8 105.3 —
(3) HFH 120.5 1189 126.8 109.9 116.8 —
(4) FFH 119.8 1199 122.9 112.8 108.0 —
(5) HHF 1154 1104 123.8 109.2 1153 —
(6) FHF 116.4 110.1 122.8 114.0 105.6 —
(7) HFF 116.1 109.8 127.8 106.7 118.1 -
(8) FFF 1164 109.5 1239 110.0 107.9 —
(1p) PHHH 120.9 123.0 125.3 117.3 1209 123.0
(1p) (6-31G)“ 120.7 123.2 124.8 117.6 120.7 12322
(2p) PFHH 120.2 123.7 125.3 1194 1140 1329
(3p) PHFH 119.6 123.2 127.5 116.3 123.2 127.5
(4p) PFFH 119.2 123.8 1254 117.6 1150 131.0
(5p) PHHF 131.2 115.2 1235 116.2 1215 121.1
(6p) PFHF 131.1 114.7 123.2 118.6 1145 1309
(7p) PHFF 130.0 1142 1254 115.2 120.3 121.3
(8p) PFFF 129.9 1137 1234 116.9 114.9 129.5

“ Calculated values from the 6-31G method for comparison.

Our 3-21G calculated bond lengths together with data of
Zielinski?#2° yield similar results [presented in equation (6)]
for 12 data points, with a correlation coefficient r = 0.945
and a standard deviation e.s.d. = 0.005. The data points for
fluorine substituents on amidino carbon [(3) and (7)] are,
owing to the aforementioned operation of Walsh rules, far off
the correlation line and have been omitted.

reen = 1.930 — 0.488-r y (6)

In the protonated forms of the amidinium cations (1p)—(8p),
which are optimized to planarity, both CN bond distances are
nearly equalised and, as an effect of the fluorine substitution,
slightly shortened. The A values are all ca. zero. Closer
inspection of Table 1 shows that in the cases of asymmetric
substitution with fluorine either in a synperiplanar [(S5p) and
(7p)] or antiperiplanar conformation [(2p) and (4p)], the CN
bond bearing the fluorine substituent is elongated and the
other one is shortened.

For cationic species, Krygowski’s correlations of experi-
mental data*3 indicated that substituents at the amidino carbon
atom cause simultaneously an increase or decrease of both CN
bond distances, thus a positive slope of a statistically poor
linear regression is obtained. Our 3-21G calculated CN bond
lengths of protonated amidines (nine data points with inclusion
of the calculated CN distance of 1.309 A for acetamidinium
cation 28) yield the regression equation (7) with » = 0.479 and
esd = 0.007 which is statistically poor due to too small
differentiations of bond lengths, but it does show a positive
slope indicating simultaneous variation of bond lengths.

Feon = 0.197 + 0.844-rc_y ™

Configuration and Conformation.—Planarity of the molecules
(which was not assumed as a constraint by input geometry) is
best shown by the dihedral angles H!-N!-C-N? and
X2-N!-C-N2. As is readily seen in Table 3, unsubstituted
formamidine and derivatives containing the fluorine substituent
at the imino nitrogen or at the amidino carbon atom [(1)—(4)]
have planar conformations.

Fluoro-substituted formamidines (5)-(8) containing a fluor-
ine substituent at the amino nitrogen atom are calculated to be
non-planar. The values of dihedral angles H'-N'-C-N? of
Table 3 are in the range of 131 to 140° and dihedral angles
F2-N!-C-N2 are between 11 and 18° for compounds (5)—(8).
These values leave no doubt that the configuration on the
amino nitrogen atom in these amidines is close to tetrahedral,
and the fluorine atom is slightly off the plane of the amidine
group. Further evidence is provided by the values of the valence
bond angles H!-N!'—C (ca. 116°), as well as the values of angles
F2-N!-C (ca. 110°), and an inner group angle H!-N'-F? of
ca. 116° as shown in Table 2. Observed values indicate that
these angles are also affected by fluorine substitution of the
amidino carbon atom.

The pairs of protonated compounds (2p) and (5p), and
(4p) and (7p), are the two possible conformers of N-fluoro-
substituted formamidinium and fluoroformamidinium cations,
respectively. The total energies in Table 4 indicate that in the
protonated form the more stable isomer is that with the fluorine
substituent at nitrogen in the synperiplanar orientation with
respect to the second nitrogen atom.

Basicities of Amidines—It seems evident that the basicity
of amidines expressed as pK, values are related to cor-
responding protonation energies, i.e. the difference between
3-21G calculated total energies of pairs of protonated and
unprotonated amidines which are shown in Table 4. For
scaling, calculated basicities relative to ammonia are obtained
as energies of the reaction equation (8) of proton transfer

am + NH,* == amH* + NH, (8)

between ammonia and amidines in the gas phase at 0 K. The
corresponding values are shown in the last column of Table 4.
If AE < 0 the protonated amidine is predicted to be a weaker
acid than NH, ", or vice versa the corresponding amidine is a
stronger base than NH;. These values do not contain any
contributions from zero-point vibrations or any entropy
effects, but often in solution changes in entropy parallel those
in enthalpy.*4
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Table 3. 3-21G calculated valence and dihedral angles at amino nitrogen (X = H or F).

Angle/°
H!-N'-Xx?2 H3-N2-Xx* H!-N!-C-N? X2-N'-C-N? NI-C-N2-Xx* N'-C-N2-H?*

Compd. DHI1 DX2 DX4 DHS5

(1) HHH 119.3 — 179.96 —0.01 — —

1) (6-31G)“ 119.1 — 180.0° 0.0t — —

(2) FHH 118.7 — 179.2 0.6 — —

(3) HFH 120.6 — 179.4 0.5 — —

(4) FFH 120.2 — 179.3 0.6 — —

(5) HHF 105.3 — 130.8 11.6 — —

(6) FHF 106.2 — 1314 10.6 — —

(7) HFF 110.6 — 140.0 17.6 — —

(8) FFF 108.2 — 138.0 149 — —

(1p) PHHH 116.2 116.2 179.96 —0.01 179.96 -0.01

(1p) (6-31G)“ 116.1 116.1 180.0° 0.0* 180.0° 0.0*

(2p) PFHH 116.1 113.1 179.4 —-06 179.5 -0.7

(3p) PHFH 117.3 117.3 180.1 —0.1 180.1 -0.1

(4p) PFFH 117.0 1140 180.0° 0.0° 180.0° 0.0°

(5p) PHHF 113.7 117.4 179.5 0.04 179.96 —0.08

(6p) PFHF 1143 114.7 180.0° 0.0* 180.0° 0.0*

(7p) PHFF 115.9 118.3 180.0° 0.0° 180.0% 0.0°

(8p) PFFF 116.3 1156 179.1 04 179.5 0.7

@ Calculated values from the 6-31G method for comparison. ® Dihedral angles fixed to planarity.
Table 4. 3-21G calculated total energies and protonation energies.
Protonation energies
Unprotonated Protonated (U—P) Basicities
amidines (U) amidines (P) relativetoNH

Compd. Hartree Compd. Hartree Hartree kcal mol! AE/kcal mol™!
(1) HHH —148.237 77 (1p) —148.643 51 —0.405 74 —254.6 —283
(1) HHH —148.23777° (1p) —148.643 51° —0.405 74 —254.6 —283
(1) 6-31G* —149.011 46 (1p) —149.41073 —0.399 27 —250.6 —
(2) FHH —246.500 86 2p) —246.850 27 —0.349 41 —219.3 7.1
(3) HFH —246.580 21 3p) —246.958 35 —0.378 14 —2373 —-110
(4) FFH —344.823 36 (4p) —345.154 95 —0.331 59 —208.1 18.2
(5) HHF —246.468 63 (5p) —246.856 13 —0.387 50 —2432 —16.8
(6) FHF —344.726 34 (6p) —345.059 46 —0.33313 —209.0 17.3
(7) HFF —344.803 16 (7p) —345.162 98 —0.359 82 —2258 0.5
(8) FFF —443.041 06 (8p) —443.356 92 —0.31586 —198.2 28.1
NH, —55.872 20% NH,* —56.232 86" —0.360 66 —226.3 0.0
MeNH, —94.681 70¢ MeNH, * —95.059 34¢ —0.377 64 —237.0 —10.7
EtNH, —133.503 68¢ EtNH,* —133.886 40¢ —0.38272 —240.2 —138
FCH,NH, —193.014 74 FCH,NH,* —193.358 00¢ —0.343 26 —2154 10.9
FCH,- —231.821 56¢ FCH,- —232.187 15¢ —0.375 59 —235.6 -94
—CH,NH, —CH,NH,;*

“ Values taken from ref. 24 show the high degree of agreement with our calculations. ® Taken from ref. 40. € Taken from ref. 40; ref. 49 obviously
contains a misprint of the total energy of methylamine (given: —94.681 07). ¢ Taken from ref. 49. ¢ Calculated values from the 6-31G method for

comparison.

The molecules of Table 4, in order of decreasing basicity are
as follows:
(1) > (5) > EtNH, > (3) > MeNH, > FCH,CH,NH, >
NH; > (7) > (2) > FCH,NH, > (6) > (4) > (8)

Unsubstituted formamidine (1) is the most basic compound
of this series. Fluorine substitution in each case reduces the
basicity. The smallest effect is shown by substitution at amino
nitrogen (5) because the protonation occurs far away at the
imino nitrogen of the amidino group. Fluorine substitution at
the amidino carbon (3) leads to a basicity comparable to
methylamine. Numerically, this change in basicity from (1) to

*1cal = 4.184].

(3) by 17.32 kcal mol™ * is close to the calculated change of
21.6 kcal mol™! from methylamine to fluoromethylamine. Two
fluorine atoms at both amino-N and carbon [compound (7)]
leads to basicity in the range of NH;. Substitution by fluorine
at the imino nitrogen [compound (2)] shows the most
pronounced substituent effect due to the attachment to the
centre of protonation. The other compounds show basicities
lower than NH; decreasing from (6) over (4) to (8).

Relation of Protonation Energies to Hammett p Values—
Figure 2 shows the inter-relation of substituted amidines (1)
(8) applied for the discussion of mutual interaction of fluorine
substituents. As we consider only two substituents hydrogen
and fluorine at three different sites of substitution, the difference
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Figure 2. Selection of pairs of molecules for estimation of influences
of fluorine substitution at various sites of formamidine on p values
Coeos Pims == == PG~ Pam)-

Table 5. Influence of substitution by fluorine at various sites of the
amidine group to simulate p values of the Hammett equation, (1).

Differences in energies

Influence of of proton transfer

Marker second subst. Based on

subst. at compds. kcal mol™* )

Pim none (1) vs. (2) 35.351 0.0
Nim (5) vs. (6) 34.121 —1.230
C 3) vs. (4) 29.210 —6.141
Nim + C (7) vs. (8) 27.585 —17.766

Pc none (1) vs. (3) 17.323 0.0
Nim (5) vs. (T) 17.373 0.050
Nim (2) vs. (4) 11.182 —6.141
Nim + Nam (6) vs. (8) 10.837 —6.486

Pam none 1) vs (5) 11.447 0.0
C 3) vs. (7) 11.497 0.050
Nim (2) vs. (6) 10.217 —1.230
Nim + C (4) vs. (8) 9.872 —1.575

between o values of the two substituents is in each case the
same. Therefore all calculated differences in protonation
energies (or proton transfer energies) should reflect changes in
p values for a hypothetical two-point Hammett treatment.
Numerical values are shown in Table 5. [The experimentally
determined p values!-7~!3 are obtained for meta- and para-
substituted phenyl substituents which are too large for ab initio
calculations. However, in our discussion we neglect difficulties
with fluorine as a substituent bound directly to two different
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nitrogens and the carbon atom which may give rise to different
c-acceptor and m-donor contributions, ie. different c-con-
stants. We also neglect difficulties of basis set balance for
fluorine relative to carbon and nitrogen as well as effects due
to the change of hybridization to non-planar sp® nitrogen in
compounds (4) to (8).]

Considering first the case of substitution at imino-N (p;,),
comparison of compounds (1) and (2) leads to the most
pronounced decrease in basicity of 35.35 kcal mol~. Additional
substitution at amino-N shown by comparison of (5) and (6)
leads to a value of 34.1 kcal mol™!, and a second substitution
at amidino-C from comparison of (3) and (4) yields only 29.2
kcal mol™! for the stabilization energy. The combined action of
both fluorine substituents from comparison of (7) and (8) leads
to 27.6 kcal mol™'. The differences of these values are shown in
Table 5 as & values. These show a small effect of —1.2 kcal
mol™! for the second substitution at N, and a larger effect of
—6.1 kcal mol™ for the second substitution at amidino-C. The
combined effect with —7.8 deviates from additivity by 0.4 kcal
mol~". Corresponding values in Table 5 for substitution at the
amidino carbon (p¢) from comparison of (1) and (3) yield 17.3
kcal mol™! stabilization energy and substitution at the amino-N
(Pam) from compounds (1) vs. (5) leads to only an 11.4 kcal
mol™! decrease of basicity.

The & values indicate that the strongest influence is exerted
if one of the substituents is at the amidino carbon atom and
the second at the imino nitrogen atom. This influence is much
lower if the substituents are at both nitrogens. However, if one
of the substituents is at the amino nitrogen atom and the
second at the amidino carbon atom, the & value is very low
and has the opposite sign. This means that a substituent at
the amidino carbon causing an increase of the p;,, value may
cause a decrease of the p,, value. This conclusion provides
good support for the same assumption drawn on the unex-
pected relation between substitution at the amidino carbon
atom and observed p values for symmetrically N,N’-disub-
stituted amidines.*®

The results we obtained are in good agreement with earlier
conclusions based on experimental results. Calculated differ-
ences between protonation energies are highest for substitution
at the imino nitrogen atom, lower for that at the amidino
carbon, and lowest for substitution at the amino nitrogen atom.
The differences 8 between protonation energies indicate that, in
accordance with equation (3), as a result of substitution at the
second site the observed p value is changed by the same value,
which depends only on the polar effect of the substituent, and
which in the empirical relation [equation (3)] is represented by
the term p-o,-0,.

Tautomerization—Two pairs of compounds studied here
are tautomeric forms; compounds (2) and (5) are tautomers
of N-fluoroformamidine whereas (4) and (7) are tautomers of
(N-fluoro)fluoroformamidine.

It can be assumed that the differences in total energies
between both tautomers are related to equilibrium constants.
If there is no difference between total energies (e.g. in the
case when both tautomeric forms are identical) than the
equilibrium constant is equal to unity.

For the tautomers in equation (9) the calculated difference

FN=CH=NH, == FNH-CH=NH ©9)
2 )

in total energies is 20.2 kcal mol™!, and for the tautomers in
equation (10) the difference is 12.7 kcal mol'. These data

FN=CF-NH, —= FNH-CF=NH (10)
C) )



J. CHEM. SOC. PERKIN TRANS. 2 1990

indicate that the tautomeric equilibrium is shifted towards the
tautomer containing the electron-withdrawing substituent at
the imino nitrogen atom. This is in accord with an earlier
conclusion *® that the less basic tautomer predominates in the
equilibrium mixture of tautomers.

In the case of fluoroformamidine the difference between total
energies of both tautomers is lower than in the case of
formamidine. This provides further support for an earlier
assumption, based on the dependence of the p-values, that a
substituent at the amidino carbon atom exerts an influence on
tautomeric equilibrium, causing considerable differences in the
values of equilibrium constants for various amidines identically
substituted at both nitrogen atoms. Fluoroformamidine is a
weaker base than formamidine. Obtained results indicate that
in this case the equilibrium constant is closer to unity. Thus
the general conclusion may be drawn that the more basic the
amidine the larger the difference between the energy of the two
tautomeric forms, and in consequence the higher should be the
difference between concentrations of tautomers. This may
provide an explanation why some authors have claimed *74®
that amidines exist in one tautomeric form only, as this
concerned strongly basic amidines with substituents of
considerably different polar effects at the two nitrogen atoms.
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