
Gas-phase structural (internal) effects in strong organic
nitrogen bases

E. D. RaczynÂ ska1*, M. Decouzon2, J.-F. Gal2, P.-C. Maria2, G. Gelbard3 and F. Vielfaure-Joly3

1Department of Chemistry, Agricultural University (SGGW), 02528 Warsaw, Poland
2Chimie des MateÂ riaux Organiques et MeÂ talliques, UniversiteÂ de Nice±Sophia Antipolis, 06108 Nice Cedex 2, France
3Institut de Recherches sur la Catalyse, CNRS, 69626 Villeurbanne Cedex, France

Received 17 May 2000; revised 17 September 2000; accepted 28 September 2000

ABSTRACT: Gas-phase basicities (GB) of strong organic bases containing the imino group were re-examined in the
light of the re-evaluatedGBvalues for the reference bases given in a recent compilation of Hunter and Lias. Structural
(internal) effects which influence the basicity are discussed and general relations for theGB prediction are proposed
for simple alkyl amidines and guanidines. These relations were used for estimation of cyclization and intramolecular
H-bonding effects. Copyright 2000 John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION

Systematic gas-phase studies on strong organic bases
containing the imino group started about 10 years ago.1,2

A great number of cyclic and acyclic nitrogen com-
pounds have been investigated: amidines, guanidines and
vinamidines. Their gas-phase basicities (GBs) have been
measured and results reported in a series of papers.1–12

Recently, we studied phosphazenes and biguanides
reported as the strongest organic bases known in
solution.13,14 However, theGB values could be deter-
mined with satisfactory precision only for three phos-
phazenes.12 Lack of the appropriate reference bases
renderedGB measurements impossible for other phos-
phazenes and biguanides.

In a search of structures having basicity comparable to
that of phosphazenes and biguanides, structural (internal)
effects in strong nitrogen bases have been re-examined.
For this analysis, all amidines, guanidines, vinamidines,
phosphazenes and biguanides (Scheme 1) studied pre-
viously have been considered. TheirGBvalues have been
revised according to the re-evaluatedGB values for the
reference bases given in a recent compilation of Hunter
and Lias,15 and a complete set of self-consistent data are
presented. Gas-phase substituent effects have been
analysed according to simple similarity models.16

RESULTS AND DISCUSSION

Gas-phase basicity (GB)

Deprotonation reactions in the gas phase for conjugated
acids of nitrogen bases are very endoergic,15,17–19and
thus the GB corresponding to the Gibbs free energy
change of the deprotonation reaction (1) is impossible to
determine in a direct experiment. Fortunately, the relative
basicity (DGB) can easily be obtained from the
equilibrium constant (K) of the proton-transfer reaction
(2) between two bases, one (B) with unknownGB value
and the other (B0), taken as reference base, for which the
GB value was determined earlier. TheGB value of the
base B can be determined from Eqn. (3)

BH� � B� H� �1�
BH� � B0� B� B0H� �2�
GB�B� � GB�B0� ÿ�GB� GB�B0� � RTlnK�2� �3�

For theGBmeasurements based on the proton-transfer
reaction (2), we used the Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometer constructed at the
University of Nice–Sophia Antipolis.20 The conditions
for measurements were the same for all bases investi-
gated: temperature of the cell 65°C (338 K), maximum
practical temperature of the inlet system 140°C (413 K)
and maximum pressures of bases B and B0 10ÿ6 mbar
(10ÿ4 Pa).

We started theGB measurements with series of
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N1,N1-dimethylformamidines(FDMs) (Scheme1) which
generallyareweakerbasesthan1,1,3,3-tetramethylgua-
nidine (TMG*H). Someexceptionswere found for the
FDM*1-adamantylandFDM*(CH2)3NMe2. At that time
(about 8–10 years ago), TMG*H was the strongest
monofunctionalorganicbase(in the gas-phasebasicity
scale)for which the GB valuewasknown.21,22 The GB
valuesfor pyridines,aminesanddiamines(weakerbases

thanTMG*H in thegasphase)werealsowell known,and
thesenitrogen derivativescould thereforebe used as
referencebasesfor theGB measurementsof FDMs.

The same referencebases(pyridines, amines and
diamines)wereusedfor amidinesweakerthanTMG*H.4

For amidinesof comparableor slightly strongerbasicity
thanTMG*H we usedFDMs andTMG*H asreference
bases.4 For other derivativesstrongerthan TMG*H we
could determine only their relative basicities (DGB
<12kJmolÿ1).4–6In thisway(stepby step),weextended
upwardsthegas-phasebasicityscalereportedby Lias et
al.22 in 1988 by �60kJmolÿ1, and we could try to
performmeasurementsfor vinamidines,biguanidesand
phosphazeneswhich have the highest strengthamong
organic neutral bases.We found that their gas-phase
basicitieswere higher than the correspondingprimary
aminesby �200kJmolÿ1.12

All revisedGB valuesobtainedfor amidines,guani-
dines, vinamidines, biguanidesand phosphazenesare
listedin Table1. Thesevaluesdiffer from thosereported
previously2–9,12,15 becausewe used the re-evaluated15

GB valuesfor all referencebasesin our GB determina-
tion. Previouslyreporteddatawerebasedonly on there-
evaluatedGB valuesof three referencebases:n-Pr3N,
n-Bu3N andTMG*H.12,15 In Table 1, our experimental
dataobtainedfor the imine PhCH=NMe arealsogiven.
TheGB revisedfor FDM*aryl andFDM*heteroarylhave
beendiscussedin a separatepaper.23 The averagedGB
valuesaregiven in kcalmolÿ1 andnext recalculatedin
kJmolÿ1 (1 cal= 4.184J).This kind of datapresentation
is thought to be useful for structural effect analyses,
which haveoften beenreportedin kcalmolÿ1 for other
derivatives.24,25

First comparisonof the GB valuesindicatesthat for
simplealkyl derivatives,the basicity in seriesincreases
with the polarizability of alkyl groups. We can
distinguishthe following ordersof gas-phasebasicities:
GB(PDMs)> GB(ADMs) > GB(FDMs), GB(DBU) >
GB(DBD) > GB(DBN), GB(TEGs) > GB(TMGs),
GB(ITBD) > GB(ETBD) > GB(MTBD) > GB(TBD),
GB(MTTT) > GB(TTT), GB(P1*Me) > GB(P1*H) and
GB(Pp*t-Bu) > GB(Pp*H). Effects of the aryl groups
dependon their positionin themolecule.Higherbasicity
is observedfor derivativesbearingthearyl group(Ar) at
thefunctionalcarbonthanfor derivativeswith Ar on the
imino nitrogen,e.g. GB(H*BTM) > GB(ADM*Me) >
GB(FDM*Me) whereasGB(FDM*Me) >GB(FDM*Ph),
GB(TMG*Me) > GB(TMG*Ph) and GB(TEG*Me) >
GB(TEG*Ph).Acyclic derivativescontainingthehetero-
alkyl groups[(CH2)nX, n = 2 or 3, X = OMe or NMe2] at
the imino nitrogen deservecomment.Although these
groups have an electron-acceptingpower due to the
presenceof a heteroatom,they induce the strongest
increasein basicity.Theorderof this increaseis thesame
in eachseries,i.e. GB[(CH2)2OMe]> GB[(CH2)2NMe2]
> GB[(CH2)3OMe]> GB[(CH2)3NMe2]. An increasein
the number of amino groups in the molecule has an

Scheme 1. Strong organic nitrogen bases
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exceptionallystronginfluenceon thegas-phasebasicity.
Generally, vinamidines,biguanidesand phosphazenes
whichcontainthreeaminogroupsarestrongerbasesthan
guanidineswhichhavetwo aminogroups.Guanidinesare
strongerbasesthan amidineswhich contain only one
aminogroup,andamidinesarestrongerbasesthanimines
which haveno amino group. The samebehaviourwas
foundin solution.ThepKa valuesin acetonitrile(AN) for
vinamidines(26–27),biguanides(27–32)and phospha-
zenes(26–46) were larger than for the corresponding
guanidines(23–26)13 (G. GelbardandF. Vielfaure-Joly,
unpublished results). Good correlation between the
pKa(AN) and GB values(reportedas Fig. 1 in Ref. 5)

predict the GBs for MTTT (1060kJmolÿ1), BEMP
(1070kJmolÿ1) andBG*i-Pr (1170kJmolÿ1) which are
outsideour superbasicityscale (>1050kJmolÿ1). The
E–Z isomerismpresentin acyclicandcyclic amidineshas
only a weakeffecton theGB values.All thesestructural
(internal) effects which increasethe basicity of the N-
imino basesneedparticularattentionand are discussed
separatelybelow.

Site of protonation in alkyl derivatives

Amidines, guanidines, vinamidines, biguanides and

Table 1. GBs of superbases revised according to the re-

GB(B)av

Base kcalmolÿ1 kJmolÿ1

FDM*CH2CN 218.85 915.7
FDM*OMe 218.9 915.9
PhCH=NMe 220.8 924.0
FDM*CH2CF3 223.15 933.7
FDM*(CH2)2CN 226.5 947.7
BNH2 228.2 954.8
IDM 228.3 955.1
HA 229.5 960.3
FDM*CH2C�CH 229.6 960.8
FDM*NMe2 230.1 962.9
HP 231.0 966.6
FDM*Me 232.0 970.5
FDM*CH2CH=CH2 232.3 971.9
4-NO2*BTM 232.7 973.5
FDM*c-C3H5 232.8 974.0
FDM*Et 233.3 976.1
IP 233.65 977.6
FDM*n-Pr 234.1 979.5
FDM*n-Bu 234.5 981.1
FDM*i-Pr 234.8 982.4
FDM*CH2Ph 234.8 982.5
FDM*i-Bu 235.05 983.4
BMP 235.5 985.2
FDM*n-C6H13 235.6 985.8
FDM*n-C5H11 235.85 986.8
FDM*s-Bu 235.85 986.8
FDM*(CH2)2OMe 236.1 987.9
FDM*c-C6H13 236.35 988.9
FDM*t-Bu 236.6 989.8
FDM*t-C5H11 236.8 990.9
ADM*Me 237.4 993.2
ADM*c-C3H5 237.55 993.9
TMG*4-C6H4Cl 238.1 996.3
FDM*(CH2)2NM2 238.3 997.0
ADM*n-Bu 238.4 997.6
ADM*Et 238.75 998.9
TMG*4-C6H4F 238.8 999.0
ADM*n-Pr 239.1 1000.3
ADM*i-Pr 239.4 1001.5
FDM*1-Adam 239.6 1002.6
H*BTM 239.7 1002.9
ADM*n-C6H13 239.8 1003.2
ADM*n-C5H11 240.1 1004.5
ADM*(CH 2)2OMe 240.55 1006.5

evaluated scale of Hunter and Lias15

GB(B)av

Base kcalmolÿ1 kJmolÿ1

TMG*Ph 240.7 1007.0
PDM*i-Pr 240.7 1007.2
ADE*n-Pr 240.75 1007.3
4-Me*BTM 240.8 1007.5
PDM*n-C5H11 240.9 1007.8
ADM*t-Bu 240.95 1008.1
DBN 241.0 1008.4
PMDBD 241.15 1009.0
FDM*(CH2)3NMe2 241.7 1011.2
TMG*4-C6H4Me 242.0 1012.6
PDM*t-Bu 242.15 1013.2
TEG*Ph 242.3 1013.9
DBD 242.5 1014.6
TMG*Me 242.8 1015.9
TMG*4-C6H4OMe 243.0 1016.6
DBU 243.4 1018.2
ADM*(CH 2)2NMe2 243.4 1018.4
TMG*Et 243.75 1019.9
ADM*1-Adam 244.0 1020.9
TBD 244.7 1023.8
TMG*i-Pr 244.8 1024.2
TEG*Me 246.1 1029.7
ADM*(CH 2)3NMe2 246.1 1029.8
TMG*t-Bu 246.4 1030.9
TMG*(CH2)2OMe 246.6 1031.7
MTBD 246.95 1033.2
TEG*Et 247.25 1034.5
ETBD 247.5 1035.4
TEG*i-Pr 248.0 1037.6
ITBD 248.3 1038.9
TMG*(CH2)2NMe2 248.4 1039.2
TMG*(CH2)3OMe 248.75 1040.8
TEG*(CH2)2OMe 248.8 1041.0
P1*H 249.2 1042.8
TMG*(CH2)3NMe2 250.65 1048.7
TEG*(CH2)2NMe2 250.7 1048.8
TEG*(CH2)3OMe 251.25 1051.2
TEG*(CH2)3NMe2 252.55 1056.7
P1*Me 253.25 1059.6
Pp*H 254.35 1064.2
TTT 254.85 1066.3
MTTT >258 >1080
BG*i-Pr >259.5 >1086
Pp*t-Bu >261 >1092
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phosphazenes(Scheme 1) contain the imino group
conjugatedwith one or more amino groupsby the n–p
resonanceeffect(theso-called‘push–pull’effect).14 This
conjugationstrongly increasesthe basicityof the imino
groupin comparisonwith thecorrespondingimines,and
stronglydecreasesthe basicityof the aminogroup(s)in
comparisonwith the correspondingamines.Ab initio
calculations performed for unsubstitutedacetamidine
(ANH2) andguanidine(GNH2) for protonationat theN-
imino atom are in good agreementwith experimental
results.10,11 Semiempiricalcalculationscarried out re-
cently for amidines7–9,26,27 and guanidines27 together
with the experimental results1–9 compared with the
correspondingimines confirm without any doubt that
the imino nitrogenis the preferredsite of protonationin
the gas phase.For example, the proton affinity (PA)
calculated26 for FDM*Me is higher by >100kJmolÿ1

whenprotonationoccurson the imino groupthanon the
amino group. On this basis,one can assumethat the
imino nitrogenis the preferredsite of protonationin the
gasphasefor vinamidinesandphosphazenes.Biguanides
contain two imino nitrogens.If the mechanismof n–p
conjugationis thesamein biguanidesasin other‘push–
pull’ molecules,the secondimino nitrogen(linked with
thealkyl groupR) is morebasicthanthefirst.

The n–p conjugationof the imino group with one
amino group in amidines,two amino groupsin guani-
dinesand threeamino groupsin vinamidinesaugments
thegas-phasebasicityby ca100,150and200kJmolÿ1,
respectively, in comparisonswith the model imines
(Scheme2). The GB valuesfor iminesweretakenfrom

Table1 andRef.15. It is interestingthattheeffectof the
amino group in imines is not additive. In 1,1,2,3,3-
pentamethylguanidine,theseconddimethylaminogroup
increases the basicity of the N-imino atom by
45kJmolÿ1 in comparison with N1,N1,N2-trimethyl-
formamidine,whereasthe first dimethylaminogroup in
formamidineaugmentsthebasicityof theN-imino atom
by 119kJmolÿ1 ascomparedwith N-methylimine.The
effect of the aminogroupin iminesdependsalsoon the
substituentat the functionalcarbonatom.The following
increasesin basicity havebeenfound for N1,N1,N2-tri-
methylformamidine(R@ = H), acetamidine(R@ = Me) and
benzamidine (R@ = Ph): 119, 102 and 79kJmolÿ1,
respectively.This indicates that a kind of resonance
saturationoperatesbetweenthe imino function and the
R@ group,althoughsomesteric interactionbetweenthe
introducedgroupsmay inducea decreasein the donor
effect of NMe2 by a geometryconstraint.A detailed
analysisof the effect of the R@ groupon the basicityof
amidineshasbeenreportedin a previouspaper.27

The n–p conjugationeffect of the imino group with
three amino groups in phosphazenesis difficult to
estimateowing to the lack of the GB (or PA) for the
respectivephosphoimine(e.g.H3P=NH or H3P=NMe).
However,comparisonof the GB of P1*Me with that of
FDM*Me andTMG*Me indicatesthatphosphazenesare
strongerbasesthan formamidinesandguanidinesby ca
100 and 50kJmolÿ1, respectively.Basicitiesof bigua-
nides may be comparedwith those of the respective
guanidines.Comparisonof the GB values of the iso-
propyl derivativesshows that biguanidesare stronger
basesthanguanidinesby ca50kJmolÿ1. Thesameorder
of magnitudehas beenfound recently by Maksić and
Kovačević betweentheprotonaffinitiesof unsubstituted
guanidineandbiguanideby ab initio calculations.28

The strongbasicity of amidines,guanidines,vinami-
dines,biguanidesand phosphazenesstudiedhereorigi-
natesfrom thehighstabilityof thecorrespondingcations,
resulting from protonationof the imino nitrogen atom
(Scheme3). The numberof resonancestructures,and
thusthe resonancestabilizationof thecation,dependon
the numberof the amino nitrogensconjugatedwith the
imino nitrogen.In amidinestherearetwo representative
resonancestructures(in which theresonanceeffectof R@
can be neglected)contributingto the basicity enhance-
ment, in guanidinesthreeandin vinamidinesandphos-
phazenesfour. Within thefamiliesof basesstudiedhere,
the basicity order follows roughly the possibilities of
charge delocalization: vinamidines, phosphazenes>
guanidines> amidines. In biguanidesthere are two
imino nitrogenatoms(guanidineandamidinefunctions).
The larger number of possible resonancestructures
indicatesthe preferredsite of protonation.For the first
(guanidine)imino-protonatedform only threeresonance
structures are possible, similarly as in guanidines,
whereasfor theother(amidine)four resonancestructures
are possible,similarly as in vinamidinesand phospha-

Scheme 2. Structural effects on gas-phase basicity of
nitrogen bases
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zenes.Thehighbasicityof biguanidesis similar to thatof
vinamidinesandphosphazenes(Table1). This is a good
indication that the secondimino nitrogen (with the R
group) is the preferredsite of protonation.The other
imino nitrogen may be engagedin an intramolecular
hydrogenbondingwith the NHR group.Representative
resonancestructures for the respective amidinium,
guanidinium,vinamidinium,biguanidiumand phospha-
zeniumcationsareshownin Scheme3.

Site of protonation in heteroalkyl and `push±pull'
derivatives

Heteroalkylderivativesin seriesof FDMs,ADMs, TMGs

and TEGs may be consideredas bifunctional bases,
containingtwo potentialbasicsites,theimino nitrogenin
theamidinegroupandtheheteroatomin theheteroalkyl
group. Separationof thesesites by methylenegroups
eliminatesany additional resonanceconjugationeffect.
Analysis of experimentalgas-phasebasicities of the
correspondingmonofunctional model series together
with theoretical calculations indicated that the imino
nitrogen in amidines and guanidines have stronger
basicity than the oxygen atom in ethersand than the
nitrogen atom in amines or nitriles.1–5,15,26,29 For
derivatives containing heteroalkyl groups bearing the
cyano,methoxyor dimethylaminogroupat theendof the
chain[(CH2)nX, n = 2 or 3, X = CN, OMe,or NMe2], the
imino nitrogenin theamidineandguanidinegroupis the
preferred site of protonation. Owing to the flexible
conformationof the side-chains,an intramolecularionic
hydrogenbond may be formed in the monoprotonated
form betweenthe protonatediminium group and the
unprotonatedheteroatomX (NH����X) in the methoxy
anddimethylaminoderivativesScheme4). This kind of
chelationof the proton explainsthe exceptionallyhigh
gas-phasebasicity of the heteroalkyl derivatives of
amidines and guanidines with the OMe and NMe2

groups. The same type of intramolecular interaction
effect (which stronglyinfluencesthe gas-phasebasicity)
has beenreportedin the literature for diamines,diols,
diethers,aminoalcoholsandaminoethers.15,17,30

Formationof an intramolecularhydrogenbondis also
possiblefor the monoprotonatedhistamine(Scheme4),

Scheme 3. Resonance structures for monoprotonated forms
of amidines, guanidines, vinamidines, biguanides and
phosphazenes

Scheme 4. Site of protonation in polyfunctional bases

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2001;14: 25–34

GAS-PHASESTRUCTURALEFFECTSIN STRONGORGANIC N BASES 29



for which an exceptionally high basicity has been
observed.4,31 In histamine,thering imino nitrogenseems
to bemorebasicthantheside-chainaminonitrogen.5 The
same conclusion is possible for its N,N-dimethyl
derivative although the ab initio calculationsindicate
theside-chainaminonitrogenasslightly morebasicthan
the ring imino nitrogen.32

Biguanides(BG) discussedin theprevioussectionmay
be consideredas an exampleof ‘push–pull’ molecules.
Biguanidescontaintwo groups(guanidineandamidine)
linked in sucha way that they display complementary
electroniccharacter(pushingandpulling). Theguanidine
group (R'2N)2C=N linked by its imino nitrogento the
amidine group presents a strong electron-donating
character,and the amidinegroup C(NHR)=NR linked
by its functionalcarbonto theguanidinegrouppresentsa
strongelectron-acceptingcharacter.Therefore,the n–p
conjugation possible in the guanidine group may be
transmittedto theimino nitrogenin theamidinegroup.In
biguanides, this ‘push–pull’ effect may explain the
strongerbasicityexhibitedby theamidineimino nitrogen
than the guanidine imino nitrogen. The exceptionally
high basicityof biguanidesmayadditionallyresultfrom
theformationof intramolecularhydrogenbonds(Scheme
4).

Amidinescontainingastrongelectron-accepting group
(e.g. COPh, CN, 4-, 3- and 2-azinyl, 1,3-diazin-2-yl)
directly linked to the imino nitrogen atom in FDMs
(Scheme4) belong also to the family of ‘push–pull’
molecules.For thesebifunctional amidines,the imino
nitrogen in the amidine group is the preferredsite of
protonationonly for the benzoyl derivative.33 For the
cyano derivative, analysis of the experimental and
theoretical results indicates that both nitrogens(imino

andcyano) havecomparablegas-phasebasicity,andit is
difficult to indicate the preferred site of protona-
tion.15,26,34 For the azinyl derivatives, the experimental
resultsindicate,withoutanydoubt,thattheazanitrogenis
morebasicthanthe imino nitrogenin theamidinegroup,
independently on the position of the aza-nitrogenin the
ring, andthusit is thepreferredsiteof protonation.23 For
the ortho position, an enhancement of basicity was
observeddueto formationof anintramolecularhydrogen
bondin themonoprotonatedform. All theseeffectshave
beendiscussedin previouspapers.23,26,33

Substituent electronic effects

First perusalof thegas-phasebasicityof strongnitrogen
bases indicates that the total gas-phasesubstituent
electroniceffects are similar in all investigatedseries.
The GB values of alkyl and heteroalkyl derivatives
substitutedat the imino nitrogen(FDMs,ADMs, PDMs,
TEGs,P1s) correlatewell with thoseof TMGs takenas
model series [Fig 1(a)]. Similarly, the GB values of
derivatives substitutedat the amino nitrogen (TBDs)
correlatewell with theGBof TMGs(Fig. 1b). In Fig. 1b,
the GB of N-substitutedimidazoles(Ims) studiedpre-
viously by Taft andco-workers35 is alsoplottedagainst
theGB of TMGs. For unsubstitutedandN-methylimida-
zoles,theGB valuesweretakenfrom Ref. 15. For other
derivatives(Et andt-Bu), the GB valueswereestimated
on thebasisof substituenteffectsgiven in Ref. 35

Generally,theslopesof regressionlinesin Fig.1(a)are
close to unity (Table 2). Even for phosphazenes(P1s),
which contain three amino groupsand the phosphorus
atom (insteadof the functional carbonatom), the total
substituenteffectsseemto bealmostthesameasthosein
TMGs.This permitsusto esimatequickly theGB values
for otherderivativesin seriesof P1s.Forexample,theGB
valuesfor the Et, i-Pr, and t-Bu derivativesshouldbe
close to 254, 255 and 256.5kcalmolÿ1, respectively.
Assumingthatthetotalsubstituenteffectsin seriesof Pps
arecloseto thosein TEGs(owing to similarities of the
bulk amino groups),the following GB valuesproposed
for theMe,Et, i-Pr andt-Bu derivativesare258,259,260
and261kcalmolÿ1, respectively.Errorsof theseestima-
tionsshouldnot behigherthan1 kcalmolÿ1.

Figure 1. Correlation of the GB of nitrogen bases substituted
by alkyl group(s) at (a) the N-imino and (b) N-amino with the
GB of 1,1,3,3-tetramethylguanidines (TMGs)

Table 2. Slopes of regression lines given in Fig. 1 for
correlations between the GB of nitrogen bases and TMGs

Series Slope r(s) n

FDMs 1.19� 0.06 0.994(0.39) 7
ADMs 1.07� 0.07 0.990(0.45) 7
PDMs 0.91 1.0 2
TEGs 0.80� 0.04 0.994(0.28) 7
P1s 0.92 1.0 2
Ims 0.85� 0.10 0.986(0.58) 4
TBDs 0.55� 0.03 0.997(0.15) 4
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The slope of the regressionline for TBDs (cyclic
guanidines)in Fig 1(b) is considerably smallerthanthat
found for imidazoles (cyclic amidines).This is in good
agreementwith thepreviouslyobserved attenuation of the
n–p conjugationeffectin guanidines(‘Y- conjugation’)in
comparisonwith amidines(Scheme2).5,27 As shownin a
previoussection,one NMe2 group in TMG*Me has a
smaller effect on the GB of N-methylimine than one
NMe2 group in FDM*M e (Scheme 2). The attenuation
factorof this effect is about 0.7.A slightly smaller value
(0.65) is found for the ratio of regressionline slopes
calculatedfor TBDs andimidazoles.

Seriesof TTTs containingdifferentsubstituentsat the
aminonitrogencannotbe consideredeitherasamidines
or asguanidines.Theybelongto vinyloguesof amidines
(vinamidines).Therefore,it is difficult to estimatetheGB
valuesfor other alkyl derivatives,becausethere is no
informationon the transmissionof substituenteffectsin
suchtypesof molecules.

Substituentelectroniceffectsat the functionalcarbon
atomhavebeenstudiedin previouswork27. It hasbeen
shownthattheGBvaluesof differently substitutedseries
of acyclic derivativescan be correlatedwith the GB
valuesof FDMs.However,separateregressionlineshave
been distinguished for aryl, alkyl and heteroalkyl
derivatives.For this reason,in searchof somegeneral
relations for the GB prediction in amidines and
guanidines,subfamiliesof aryl, alkyl and heteroalkyl
derivativesshouldbe consideredseparately.This is in
good agreementwith our observationsbasedon the
comparisonwith imines (Scheme2) that somekind of
‘Y-conjugation’ cantakeplacebetweenthe substituents
at the functionalcarbonatomandthe imino group.

The good correlations found for N1- and N2-alkyl
substitutedderivativeswhich display strongerbasicity
thanaryl derivativesentitleusto performcorrelationsfor
acyclic amidinesand separatelyfor acyclic guanidines
studiedhereaccordingto Eqn.(4):

GB� GB°ÿ ���Im����Im� ÿ ���Am�����Am�
ÿ ���F����F� �4�

GB° is thegas-phasebasicityof unsubstitutedderivative,
formamidineH2NCH,=NH for amidinesandguanidine
(H2N)2C=NH for guanidines;ra(i) and sa(i) are the
reaction constants for polarizability effects and the
directional polarizability parametersof Taft and co-
workers,25,36respectively,for substituentsat theN-imino

(Im), N-amino (Am) and C-functional atom (F). The
sumation� is madeon all alkyl groupsat the amino
nitrogenatom(s).

For thecalculationof theparametersin Eqn.(4), only
derivativeswith hydrogenandsimplealkyl groups(Me,
Et, n-Pr, i-Pr, t-Bu and l-Adam) at the atoms of the
functionalgroupwereconsidered.Their GB valueswere
taken from Table 1. For unsubstitutedacetamidine
[H2NC(Me)=NH], a componentequal to RTln4 was
added to the measuredGB value given in Ref. 15
(224.2kcalmolÿ1) to obtain the microscopic (statisti-
cally corrected)GB value(225.0kcalmolÿ1). Similarly,
for unsubstitutedguanidine[(H2N)2C=NH], a compo-
nentequalto RTln6 wasaddedto themeasuredGBvalue
given in Ref. 15 (226.9kcalmolÿ1) to obtain the
microscopic GB value (228.0kcalmolÿ1). We added
RTln2 for TMG*H. Themicroscopicbasicityparameters
result from the considerationof deprotonationreaction
(1). The formamidinium cation may lose one of four
hydrogensto give freebase,andtheguanidiniumcation
one of six hydrogens.In the case of TMG*H, the
guanidiniumcationmayloseoneof two hydrogens.The
microscopic GB values were taken into account in
calculationsof theparametersof Eqn.(4).

Parametersof Eqn. (4) calculatedfor acyclic alkyla-
midinesandguanidinesaregiven in Table3. Thesingle
substituentat theN-aminohasaslightly smallereffecton
thebasicityof bothamidinesandguanidinesthanthatat
the N-imino. It hasalsoa smallereffect thanthat at the
functionalcarbon.The orderof thera valuesis ra(F) >
ra(Im) > ra(Am). Thera valuesrepresentthesensitivity
to thepolarizability effect,which decreasesrapidly with
increasingdistancebetweenthe charge and the sub-
stituent in non-conjugatedsystems.25 In the system
describedhere,it canbe seenthat the sensitivity is not
directly linked to the distance substituent-function,
becauseof the chargedelocalizationon threeatomsor
more(Scheme3).

Thera(Im) valuesareconsiderablysmallerthat those
found for primary amines(18.65)and nitriles (19.03).2

Thevaluesobtainedfor thera(Am) parameterin acyclic
amidines(9.98) and guanidines(7.24) are of the same
orderof magnitudeasthosefoundin imidazoles35 (11.69)
and TBDs (5.77) consideredas cyclic amidines and
guanidines,respectively.Thera(F) parameterin acyclic
amidines (12.46) is close to that found for N,N-di-
methylamidesdifferently substitutedat the functional
carbon(12.3)25

Thegoodcorrelations(r > 0.99)obtainedin bothcases

Table 3. Parameters of Eqn. (4)) for alkyl derivatives of acyclic amidines and guanidines (GB° and ra are in kcal molÿ1)

Eqn.(4) Series Formula GB° ra(Im) ra(Am) ra(F) r s n

(4a) Amidines R'2NC(R@)=NR 220.8� 0.6 11.89� 0.77 9.98� 1.88 12.46� 0.76 0.994 0.57 16
(4b) Guanidines (R'2N)2C=NR 228.5� 0.5 9.98� 0.86 7.24� 1.15 — 0.997 0.53 9
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indicatethatEqns(4a)and(4b) (seeTable3) canbeused
for general GB prediction for other simple alkyl
derivatives.The most interestingare derivativeswith a
basicitycomparableto that of the strongestbasesin the
current scale (Table 1). However,applicationof Eqns
(4a) and (4b) to derivativescontainingthe i-Pr or t-Bu
groupsat eachatomof the functionalgroup(derivatives
not yet studied in the gas phase)shows that neither
amidinesnorguanidineshaveapredictedGBvaluelarger
than255kcalmolÿ1, andthereforetheycouldnotbeused
asreferencebasesfor the GB measurementsof vinami-
dines, phosphazenesand biguanideswith GB >258
kcalmolÿ1. Only for the1-adamantylderivatives(if they
couldbesynthesized)arethepredictedGB valueshigher
than260kcalmolÿ1. This indicatesthat for the stronger
basesin our scaleand proposedin the literature28,37–40

(GB> 258kcalmolÿ1), seriesof simplevinyloguesand
iminologuesof amidinesandguanidinesshouldbetested.

Cyclization effects

It is well known that for acyclic amidinestwo config-
urationsattheC=N doublebondarepossible,oneE with
theaminogroupandthesubstituentat theimino nitrogen
in the transpositionandtheotherZ with bothgroupsin
cis positions.Generally,acyclic amidinesprefer the E
form.14,41In thecyclic amidinesstudiedhere,eachatom
of the amidinegroup belongsto the ring, and thus the
configurationZ ontheC=N bondis well determined.To
seethe effect of cyclization on the basicity of the N-
imino, theGB valuesmeasuredfor cyclic amidineswere
comparedwith thosepredictedfrom Eqn.(4a)for acyclic
amidines(Table 4). For estimationof the GB value of
N-ethylbenzamidine,thera(Im) andra(Am) valueswere
takenfrom Eqn.(4a).For theunsubstitutedbenzamidine
(BNH2, Scheme1), thestatisticallycorrected(RTln4) GB
wasused.

The comparisongiven in Table 4 shows that five-
memberedcyclic amidines(IDM andIP, Scheme1) are
weaker basesthan the correspondingacyclic models,

whereassix-memberedcyclic amidines(HP,DBN, DBD
and DBU) are strongerbases.The differencesare not
very large,but they indicatethat thenumberof atomsin
thering determinesomekind of straineffects,e.g.strain
angleeffectswhichslightly changetheelectronicproper-
tiesof ring atoms.Bouchouxandco-workersattributeda
part of the cyclization effectsobservedin ketonesand
esters to hybridization changes.42,43 An increase in
basicity in lactones(in comparisonwith acyclic esters)
hasalsobeenexplainedby anextrastabilizinginteraction
betweentheprotonatedcarbonylgroupandtheether-like
oxygen.Exceptionshavebeenobservedfor b-propiolac-
tone44 and2-azetidinone,45 for which cyclizationeffects
werenegative.All theseexplanations,howevercannotbe
transferred to amidines and guanidines,becausethe
imino nitrogen atoms are intracyclic, whereas the
carbonyloxygensareexocyclic in ketonesandlactones.

In thecaseof guanidines,similar comparisonof cyclic
andacyclic derivativesgivespossibilitiesfor estimation
of the cyclization effect. For the cyclic guanidines
studiedhere (TBDs), the four atomsof the guanidine
group belongto two six-memberedrings. This cycliza-
tion increasesthe basicity of the N-imino by ca 2–
2.5kcalmolÿ1, relative to the GB of the corresponding
acyclic guanidines predicted from Eqn. (4b). The
cyclization effect in guanidinesis of the sameorder of
magnitudeasthat for six-memberedcyclic amidines.

Intramolecular H-bonding

IntramolecularH-bondingin monocationsof bifunctional
derivatives(Scheme4) inducesstrongenhancementof
the gas-phasebasicity.5,12,30–32Comparisonof the GB
values found for such derivatives with those of the
correspondingmonofunctionalmodelderivativespermits
us to estimatethis effect.

For bifunctional derivativesof the general formula
X(CH2)nY, where X is the OMe or NMe2 group and
Y is the amidine (N=CR—NR'2) or guanidinegroup
[N=C(NR'2)2], the monofunctional derivatives
H(CH2)nY can be taken as reference models. The
differencebetweenthe GB valuesof bifunctional and
modelderivatives(�totGB) is thesumof two effects:the
substituentelectroniceffect of the X group(�XGB) and
theintramolecularH-bondingeffect(�IHBGB). Assuming
that(i) the�XGB valuesfor theOMe andNMe2 groupin
eachtypeof acyclicamidinesarethesameasthosefound
for FDMsusingEqn.(4a)from Ref.3, and(ii) the�XGB
effects are smaller in guanidinesthan amidinesby the
samefactorasthera(Im) valuesin Table3 (1.2),we can
easily estimate the �IHBGB. The �totGB, �XGB and
�IHBGB estimatedin this way arelisted in Table5. The
GB valuesfor bifunctionalandmodelcompoundswere
takenfrom Table1. TheGBvaluesfor modelTMG*n-Pr
and TEG*n-Pr were calculated from Eqn. (4b). For
histamine, such a kind of estimation is difficult to

Table 4. Effects of cyclization (�GB in kcal molÿ1) estimated
for amidines and guanidines (see text)

Cyclic
compound GB Acyclic model GB �GB

IDM 228.3 H2NCH=NBut 229.7 ÿ1.4
IP 233.6 H2NC(Ph)=NEt 234.8 ÿ1.2
HP 231.0 H2NCH=NPrn 227.2 3.8
DBN 241.0 Et2NC(Me)=NMe 239.1 1.9

Me2NC(Et)=NEt 239.7 1.3
DBD 242.5 Et2NC(Et)=NMe 240.8 1.7

Me2NC(Prn)=NEt 240.3 2.2
DBU 243.3 Et2NC(Prn)=NMe 241.5 1.8
MTBD 246.7 Et2NC(NMe2)=NMe 244.15 2.55
ETBD 247.35 Et2NC(NMe2)=NEt 245.5 1.85
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performowing to lack of the GB value for model4(5)-
ethylimidazole,andeventhepossibilityof predictingits
GB.

The calculated�XGB valuesfor the NMe2 derivative
arevery smallandcanbeneglectedin estimationsof the
�IHBGB for other derivatives.However, for the OMe
derivativesthe �XGB are considerablylarger than the
error of this estimation(<0.4kcalmolÿ1), and should
alwaysbe takeninto account.

Generally, in amidines and guanidines,larger IHB
effectsarefoundfor theNMe2 thanOMederivatives,and
for three(n = 3) thantwo (n = 2) methylenegroupsin the
chain.This maybeexplainedby thefact thataminesare
strongerbasesthan ethers,and that the six-membered
ring with intramolecularH-bondingis morestablethan
the five-memberedring. The samebehaviourhas also
beenobservedfor diaminesandaminoethers.15,17,30IHB
effectshavebeenfoundto be(i) largerfor diaminesthan
for amino ethersand (ii) larger for compoundswith 3-
methylenethan2-methyleneside-chains.ThelargestIHB
effects have beenobservedwhen a 4-methyleneside-
chain links the basicsites,and this was attributedto a
chair-likeconformation46 In this geometry,thehydrogen
bondis almostlinear, reducingthestrainto a minimum.

All theseobservationsindicatethattheIHB effectsare
mainly dueto two contributions:thestrengthof thebasic
siteswhich can chelatethe protonand the geometryof
monocationswhich favours formation of an intramol-
ecularH-bond.

EXPERIMENTAL

The origin of acyclic (BMP, FDMs, ADMs, ADEs,

PDMs, BTMs, TMGs, TEGs, P1s) and cyclic (DBD,
MTBD, ETBD, ITBD, TTT, MITT, Pps, BEMP)
derivativeswasthe sameasdescribedpreviously2–5,9,13

Biguanidesweresynthesizedasdescribed47 by addition
of guanidinesto carbodiimides.Otherderivatives(imine,
BNH2, IDM, IP, HA, HP, DBN, DBU, PMDBD, TBD)
andreferencebaseswerecommercialproducts(Aldrich,
Merck or Fluka). The procedure for the gas-phase
basicity measurementswas the same as described
previously.2–5
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21. Taft RW,GalJ-F,Géribaldi S,MariaP-C.J.Am.Chem.Soc.1986;

108: 861.
22. LiasSG,BartmessJE,HolmesJL,Levin RD,LiebmanJF,Mallard

WG, J Phys.Chem.Ref.Data 1988;17: Suppl.1.
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