
effective proton affinity of one of the amino groups; 2) the
stabilization effect caused by formation of the intramolecu-
lar hydrogen bond in the cation; 3) the relief of steric strain
on protonation by loss of repulsion between lone pairs of
electrons in the neutral molecule; 4) introduction of steric
strain by “folding” of the diamine molecule during the for-
mation of intramolecular hydrogen bonds; 5) the difference
in solvation energies of the neutral and the protonated
forms.

Energetic contributions of these effects to diamine basici-
ty have been estimated in several works. Aue et al have
studied a series of a,w-alkanediamines in the gas phase.[1]

Their results indicate that the protonated forms are cyclic
due to intramolecular hydrogen bonding. The formation en-
thalpies of the hydrogen bonds were estimated by using the
proton affinity (PA) values of monoamines of similar size
and polarizability, and were found to be in the range of
20 kcalmol�1.[1] Yamdagni et al have investigated several dif-
ferent reactions of amines in the gas phase, including the
proton transfer reactions between monoamines and a,w-al-
kanediamines.[2] The conclusions were similar to those given
in reference [12]. In addition, strain energy effects of hydro-
gen bond formation were investigated. Rigorous computa-
tional gas-phase thermochemical investigation of the proto-
nation of 1,2-ethanediamine and 1,4-butanediamine has

been carried out by Bouchoux et al.[3] However, the contri-
butions of different factors to the basicity were not dis-
cussed. An insightful quantitative estimation of these factors
(using a computational approach) has been performed by
Howard, who studied the basicity of a series of proton
sponge diamines (simple a,w-alkanediamines were not in-
cluded in that study) quantum-chemically using the ap-
proach of isodesmic reactions.[5] An interesting finding of
that work was that the loss of destabilizing strain energy on
protonation is usually not the dominating contribution to

the enhanced basicity in proton sponges; rather it is the effi-
cient intramolecular hydrogen bond formation. This finding
has been disputed for several bases by Alder[6] and the
debate continues.

The basicity of the simplest class of diamines—a,w-alka-
nediamines—and their alkyl-substituted derivatives has
been the topic of numerous reports.[1–3,13–15] However, to the
best of our knowledge no systematic studies aiming at in-
sight into the origin of their basicity (similar to ref. [5]) and
involving a wide structural variety of compounds, have been
reported.

Amines and diamines are bases with rather localized
charge in their protonated forms. Their basicity in solution
is thus strongly influenced by solvation.[1,10, 12] Nevertheless
we are not aware of any systematic studies available discus-
sing the basicities of simple diamines in different solvents.
This is due, at least in part, to the scarcity of data on dia-
mine basicities in different condensed media. For example,
most of the diamine pKa data in acetonitrile (AN) date back
to 1965[11] and there have to date been no reports on the ba-
sicity of a,w-alkanediamines in tetrahydrofuran (THF).

In this work we attempted to fill the aforementioned gaps
by carrying out a comprehensive basicity study of a,w-alka-
nediamines (Scheme 1), their alkylated derivatives, and
some related bases (Scheme 2) both experimentally and

computationally. As a result,
basicities (pKa values [Eq. (4)]
in AN, pKa values [Eq. (9)] in
THF, and GB values [Eq. (11)]
in the gas phase) were mea-
sured for 16, 14, and 9 diamine
bases in AN, THF, and GP, re-
spectively. In addition the gas-
phase basicities and equilibrium
geometries were computed for
19 diamino bases and 15 related
monoamines at the DFT
B3LYP 6-311+G** level. The
effects of the different factors
(intrinsic basicity of the amino
groups, formation of intramo-
lecular hydrogen bonds, and
molecular strain, see above) de-
termining diamine basicities
were estimated for a number of
a,w-alkanediamines and related
bases using the method of iso-
desmic reactions.

The basicity of a base B in solvent S is defined by using
Equation (1) and is expressed as a dissociation constant Ka

of the conjugate acid HB+ of the base B, or more commonly
its negative logarithm pKa (Eq. (2) ).

HBþ þ SG
Ka

HBþHSþ ð1Þ

Ka ¼
aðHSþÞ aðBÞ
aðHBþÞ pKa ¼ �logKa ð2Þ

Scheme 1. Diamines studied in this work.
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To exclude the necessity to measure the solvated hydro-
gen ion (HS+) activity in AN, the equilibrium shown in
Equation (3) between two bases B1 and B2 was studied.

B2 þHB1
þ Ð HB2

þ þ B1 ð3Þ

The relative basicity of the two bases B1 and B2 (DpKa) is
defined in Equation (4).

DpKa ¼ pKaðHB2
þÞ�pKaðHB1

þÞ ¼ log
aðHB2

þÞ aðB1Þ
aðHB1

þÞ aðB2Þ
ð4Þ

The simple acid dissociation equilibrium [Eq. (1)] used to
describe the strength of an acid in polar solvents (water,
acetonitrile, etc.) does not describe the actual situation in
media of relatively low polarity (D�15…20)[16] such as
THF, where an extensive ion-pairing takes place. The extent
of ion-pairing of the protonated base cations with anions
(A�) depends on the solvent, the size of the ions, and the
charge distribution in the ions. The general trend is that
small ions tend to form solvent separated ion-pairs (SSIP)
[Eq. (5)], while large ions with delocalized charge tend to
form contact ion-pairs (CIP) [Eq. (6)].

HBþ þA� Ð HBþs �A�s ð5Þ

HBþ þA� Ð ½HBþA�
s ð6Þ

In THF we consider the ions to be fully ion-paired, and
thus the proton distribution equilibrium between two bases
B1 and B2 [Eq. (3)] can be presented as in Equation (7).

B2 þHB1
þA�G

K
HB1

þA�

d
HB2 þHB1

þ þA�G
Ka

HHB2
þ

þB1 þA�G
1=K

HB2
þA�

d
HHB2

þA� þ B1

ð7Þ

The constants Kd are the dissociation constants of the re-
spective ion pairs. The directly measured quantity is the rel-
ative ion-pair basicity—DpKip—of bases B1 and B2. This is
expressed by Equation (8).

DpKip ¼ pKipðHB2
þA�Þ�pKip ¼ pKipðHB1

þA�Þ

¼ log
Ka K

HB1
þA�

d

KHB2
þA�

d

¼ log
aðHB2

þA�Þ aðB1Þ
aðHB1

þA�Þ aðB2Þ
ð8Þ

If the Kd values can be measured or estimated then the
DpKa (an estimate of the DpKa) can be found using Equa-
tion (9).

DpKa ¼ pKaðHB2
þÞ�DpKaðHB1

þÞ ¼ DpKip�log
KHB1

þA�

d

KHB2
þA�

d

ð9Þ

The term gas-phase basicity (GB) refers to the equilibri-
um shown in Equation (10).

BþHþG
DGb

HBHþ ð10Þ

GB is defined as negative GibbsQ free energy of reac-
tion (10) [Eq. (11)].

GB ¼ �DGb ð11Þ

The directly measured quantity, similarly to the case of
AN or THF, is the relative basicity of two bases DDGb,
given by Equations (12)–(14).

B2 þ B1H
þ
G

DDGb

HB2H
þ þ B1 ð12Þ

DDGb ¼ DGbðB2Þ�DGbðB1Þ ¼ RT lnK ð13Þ

K ¼ pðB1Þ IðB2H
þÞ

pðB2Þ IðB1HþÞ
ð14Þ

The p values are the partial pressures, and the I values
are the relative ion intensities of the respective species in
the mass spectra.

Experimental Section

Chemicals and solvents : Compounds B1 and B2 were the same origin as
in previous work.[17] Other diamines D2-D10, Hp, Sp, P1–P3, and monoa-
mines M1–M7, Pi1, and Pi2, were of commercial origin. The reference
compounds used in this work R1–R18 (see Scheme S1 in Supporting In-
formation) were of the same origin as in previous work.[18–24] Solutions of
commercial trifluoromethanesulfonic acid (�99%) or methanesulfonic
acid (�99%) were used as acidic titrant. Solutions of phosphazene bases
R19 (tBuP1ACHTUNGTRENNUNG(pyrr), �98%) in AN and R20 (EtP2 ACHTUNGTRENNUNG(dma), �98%) in THF
were used as basic titrants (see Scheme S1 in Supporting Information for
exact structures). Commercial THF (�99.9%) and AN (�99.9%) with
water concentration stated by the producer as below 0.005% were used.
The water content of AN determined in our lab by coulometric Karl
Fischer titration was below 0.004%. THF was distilled from LiAlH4

under argon before use.

Methods of pK determination in AN and THF : Most diamino bases used
in the present work do not have favorable spectra in the UV range. Due
to this, the “pure” spectrophotometric DpK calculation method that was
used for constructing self-consistent basicity scales in these two media in
previous works,[18,19, 21, 23] was not applicable. As an alternative, a more
commonly known DpK calculation method, which is also described in

Scheme 2. Studied monoamines related to the diamines in this work.
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ACHTUNGTRENNUNGamines the strain energy in the neutral diamine has a negli-
gible effect on the basicity enhancement, being below 1 kcal

mol�1 in all 1,3-propanediamines. The (HB+SE)+ effects
(see above) computed using the isodesmic reactions vary

Table 1. Results of experimental basicity determinations in the gas phase, AN, and THF, and calculations in the gas phase.[a]

Base pKa(AN) pKip ACHTUNGTRENNUNG(THF) pKa ACHTUNGTRENNUNG(THF) pKaACHTUNGTRENNUNG(H2O) GBexp
[b] GBcalcd

diamines
D1 – – – 7.67[c] – 226.3
D2 18.68 13.4 12.8 9.15[c] 230.5, 232.0[d] 231.2
D3 19.27 13.6 13.0 10.6[c] 235.2, 235.5[d] 234.8
D4 19.93 13.4 13.1 10.80[c] 237.3[d] 236.4
D5 20.01 14.9 14.3 – 233.3 234.7
N,N’-dimethyl-
ethanediamine

19.63[c] – – 10.1[c] 226.3[d] –

D6 20.39 15.5 14.9 – – 231.2
D7 19.57 15.3 14.7 9.75[c] 231.9, 233.1[d] 234.2
D8 20.04 15.8 15.2 – 227.3 231.4
1,2-ethanediamine 18.46[e] – – 10.1[c] 218.1[d] –
D9 19.70, 19.70[e] – – 10.6[c] 224.7[d] 226.9
1,4-butanediamine 20.12[e] – – 10.72[c] 228.1[d] –
D10 20.09 14.1 13.4 – 237.9 236.7
B1 21.55 – – – – 232.7
B2 22.74 15.5 15.4 9.38[f] 240.8 238.5
Sp 21.66[g] 14.2 14.3 11.96[f] ,12.11[c] 243.4 240.8
Hp 19.10 15.1 14.4 10.41[f] 223.6 225.0
P1 18.69 14.9 14.2 9.7[c] 218.6[d] 218.8
P2 18.07 14.1 13.4 9.32[c] – 223.0
P3 17.36 13.1 12.4 8.54[c] – 227.2

monoamines
M1 18.43, 18.22[e] 14.7 13.8 10.7[c] 211.3[d] 211.8
M2 18.92 14.6 13.7 – – 218.2
N,N-dimethyl-
propylamine

18.3[h] 13.5[h] 12.7[h] 10.16[f] 222.7[d] 221.2

M3 18.33 13.6 12.6 10.16[f] 222.1[d] 221.4
M4 18.24 13.4 12.8 10.19[f] , 10.65[c] 224.2[d] 222.8
M5 18.81 14.6 13.6 11.2[c] 222.9, 224.3[d] 222.1
M6 18.82[i] 14.0[j] 12.5[j] 10.7[c] 226.1, 227.0[d] 228.2
M7 18.25, 18.10[e] 13.1 13.0 10.7[c] 229.5[b] 229.0
Pi1 19.29, 18.92[e] 15.0 14.3 11.1[c] 220.0[d] 220.4
Pi2 18.25, 18.01[k] 13.6 12.9 10.1[c] 224.7[d] 224.0

various other bases
aniline 10.62[i] 7.0[j] 5.2[j] 4.6[f] 203.3[d] 204.4[j]

N,N-dimethylaniline 11.43[i] 6.5[j] 4.9[j] 5.1[f] 217.3[d] 216.2[j]

pyridine 12.53[i] 7.4[j] 5.5[j] 5.3[f] 214.7[d] 215.2[j]

guanidine – – – 13.6[c] 226.9[d] 230.6[j]

TMG 23.3[j] 17.0[j] 15.5[j] 13.6[f] 238.4[d] 240.7[j]

PhTMG 20.84[i] 15.0[j] 14.0[j] 11.77[l] 240.4[d] 240.5[j]

DBU 24.34[i] 18.1[j] 16.9[j] – 242.7[d] 241.3[j]

TBD 26.03[i] 21.7[j] 21.0[j] – 244.3[d] 246.5[j]

MTBD 25.44[i] 18.6[j] 18.6[j] – 246.2[d] 248.0[j]

HP1 ACHTUNGTRENNUNG(pyrr) 27.01[i] 20.8[j] 20.8[j] 13.9 [m] 255.2[j] 255.0[j]

tBuP1 ACHTUNGTRENNUNG(pyrr) 28.42[i] 20.2[j] 20.2[j] – 258.7[j] 258.2[j]

PhP1 ACHTUNGTRENNUNG(pyrr) 22.34[i] 16.0[j] 16.0[j] 11.52[l] 251.7[j] 250.9[j]

HP1 ACHTUNGTRENNUNG(dma) 25.85[i] 19.7[j] 19.7[j] 13.3[m] 249.6[j] 249.9[j]

tBuP1 ACHTUNGTRENNUNG(dma) 26.98[i] 18.9[j] 18.9[j] - 252.9[j] 252.1[j]

PhP1 ACHTUNGTRENNUNG(dma) 21.25[i] 15.3[j] 15.3[j] 10.64{l] 246.1[j] 245.3[j]

HP1 ACHTUNGTRENNUNG(tmg) – 27.9[j] 28.6[j] – – 276.1[j]

PhP1 ACHTUNGTRENNUNG(tmg) 31.4[j] 23.7[j] 24.3[j] – – 274.0[j]

PhP2 ACHTUNGTRENNUNG(pyrr) 27.55[i] 20.2[j] 20.9[j] – – –
EtP2 ACHTUNGTRENNUNG(dma) 32.94[n] 24.9[j] 25.3[j] – 264.6[j] 265.9[j]

PhP2 ACHTUNGTRENNUNG(dma) 26.46[i] 19.4[j] 19.9[j] – 261.7[j] 259.2[j]

VerkadeQs base 32.9[o] – – – 259.1[j] 255.0[j]

[a] Values from this work if not indicated otherwise. The data for various other bases have been added for reference. For structures of bases see
Scheme S1 and S3 in the Supporting Information. [b] The new measured gas-phase GB values (in kcalmol�1) are anchored to the Tripropylamine (M7)
GB value taken from reference [31]. [c] Taken from reference [32]. [d] Taken from reference [31]. [e] Taken from reference [11]. [f] Taken from refer-
ence [33]. [g] Taken from reference [34]. [h] Estimated as the average of measured basicities of M3 and M4. [i] Taken from reference [23] [j] Most recent
value from taken from references [18, 19,21, 35]. [k] Taken from reference [36]. [l] Taken from reference [37]. [m] Estimated values taken from reference
[37]. [n] Taken from reference [38] [o] Taken from reference [39].
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fects—1) intramolecular HBs with low efficiency of solva-
tion, or 2) higher efficiency of solvation in the absence of in-
tramolecular HB—prevails (given the low solvation energy
of the neutral molecule). THF is a rather strong HB accept-
or (B’=287, b=0.55, DN=20.5)[16,46,47] and strongly solvates
protonated amino groups. Qualitative conclusions can be
drawn from pair-wise basicity comparisons of diamine basic-
ities with basicities of similar monoamines. All our attempts
to measure the basicity of D9 in THF failed. Out of the sub-
stituted 1,3-propanediamines that were measured D8 is the

strongest (pKa =15.8). All 1,3-
propanediamines except D3 are
stronger, by at least one pKa

unit, than the respective mono-
amines, indicating stabilization
of the protonated form by in-
tramolecular HBs. The fully
methylated diamine D3 is only
stronger than N,N-dimethylpro-
pylamine by 0.3pKa units, indi-
cating almost complete mutual
cancellation of the effects of in-
tramolecular HB formation and
more efficient solvation of the
non-hydrogen-bonding cation.
If the intramolecular HB is
formed in the protonated form
of this base then there will be
no proton left with which the
solvent can form a hydrogen
bond.

In AN the basicity order of
the monoamines is the same as
in THF. Thus the same protona-
tion site preferences are to be
expected. The basicity order of
1,3-propanediamines is, howev-
er, different from both THF
and the gas phase, and the ba-
sicity range of the substituted
1,3-propanediamines is around
two times narrower than in
THF. The strongest of them is
D6 while D3 is the weakest.
The hydrogen bond acceptor
strength of AN (B’=160, b=

0.31, DN=14)[16,46,47] is signifi-
cantly lower than that of THF,
but at the same time it has a
smaller molecule size with a
negatively charged cyano nitro-
gen readily accessible for solva-
tion. Thus it is expected that
D8, the high basicity of which,
in THF, relies heavily on solva-
tion, would be relatively
weaker in AN than in THF, and

the bases that have crowded protonation centers—D3, D5,
and D6—are relatively stronger in AN compared to THF. It
is evident from Figure 1 that this is exactly the case. Com-
paring the basicities of the 1,3-propanediamines and the re-
lated monoamines indicates that all protonated 1,3-propane-
diamines form intramolecular hydrogen bonds in AN. The
same conclusion about D9 has been reached in refer-
ence [11].

The basicity range in water is also strongly compressed
compared to the gas phase, and the basicity change on suc-

Figure 1. Interrelations between the basicities of some of the studied bases in different media. a) The absolute
pKa values in different media are not directly comparable, so tripropylamine has been used as an arbitrary ref-
erence compound for placement of the scales on the figure. The pKa axis is divided into pKa units but for the
same reason absolute numbers cannot be added. The insert at the bottom left shows an expanded view of the
AN and THF basicities. b) pKa values. c) The pKa values for the gas phase (GP) are found according to the
following equation: pKa(GP)=GB·2.30/RT=GB/1.364. The GB values (in kcalmol�1) are given in brackets.
Experimental values are used except for compounds B1, D6, and M2.
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