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The equilibrium constants for the gas-phase proton transfer from protonatedrspylamine to lysinamide

at several temperatures have been measured using Fourier transform ion cyclotron resonance mass spectrometric
techniques. The thermodynamic values obtained from a van't Hoff ploAbire= —4.36+ 0.85 kcal mot?

andAS= —12.254 2.34 cal mof* K~%. These values lead to derived values of the proton affinity (PA) and
entropy of protonationAS,) of lysinamide of 241.4+ 0.9 kcal mof? and 10.9+ 2.2 cal mot! K4,
respectively. A sophisticated calculation in the literature suggests that the former is identical with the PA of
lysine as would be expected. The PA of lysinamide exceeds that of 1,5-diaminopentane by 2.5 k&al mol
which is consistent with an expected favorable interaction between the carbonyl oxygen of the GO

and the strong hydrogen bond in protonated lysinamide.Aevalue is in good agreement with a kinetic-
method determination of the entropy of protonation of lysine. It is suggested that the currently accepted PA
of lysine, which was determined by the kinetic method, is43kcal mol? too low. This discrepancy is
suggested to be the result of the fact that the kinetic method measures activation entropies and enthalpies,
rather than overall entropies and enthalpies, and thereby fails to measure the intramolecular proton-solvating
interaction of the carbonyl group in lysine.

Introduction CHART 1

The preferred conformation of gaseous protonated lysine HO o

might reasonably be assumed to involve solvation of the proton

between the side-chain amino group and the N-terminal amino

group. The thermodynamic consequences of such a strong H,N NH,
hydrogen bond should be a proton affinity (PA) larger than that
of a simple amine and a substantial negative entropy of
protonation AS). In addition to the amino groups it is possible HoN o
that the lysine carbonyl group might contribute to an intramo-

lecular solvating interaction with the proton. The role of the

carbonyl should also be reflected in the thermodynamics of the

Lysine

protonation of lysine. We report here measurements of the PA HoN NH,
and theAS, of lysinamide. Lysinamide should have the same Lysinamide
conformational preferences as lysine, although it is somewhat

more volatile than lysine, thus facilitating the gas-phase equi- HzN/\/\/\NH2

librium constant measurements necessary to determine these
quantities. Note in addition that, unless the lysine is at the C
terminus, lysinamide also models lysine in a peptide chain more
closely than does lysine. HL study takes the reinterpreted results to be definitive for

The PA of lysinamide has not been previously measured, but lysine, perhaps because no other measurement includes an
the several measurements of the PA of lysiiehave been  €ntropy determination. The present measuremeni$fand

1,5 -diaminopentane

critically evaluated by Hunter and LiagHL). An ab initio PA for lysinamide is relevant to that important judgment.
calculation of the PA of lysine is also available in the literafure. ~ In contrast to expectation from theory, the Hunter and Lias
Only one measurement of theS, of lysine has been reported, ~ (HL) lysine PA is slightly less than the HL PA of 1,5-
a kinetic-metho#?~12 measurement by Wu and Fensefalhe diaminopentané Lysine can be thought of as 1,5-diaminopen-

kinetic method derives PA andS, values from relative rate ~ tane with a COOH carboxylic acid substituent on carbon 1 (see
constants for decompositions of proton-bound dimers. The Chart 1). A stabilizing, solvating interaction of the carbonyl
method requires known PAs for a number of reference bases.oxygen of the COOH group with the strong hydrogen bond in
HL have compiled a new evaluation of the whole scale of known the protonated lysine should increase the PA of lysine bg 2
proton affinities? To obtain lysine PA and\S, values, they kcal mol relative to that of 1,5-diaminopentaP&ysinamide
reanalyzed the results of the Wu and Fenselau study using theMight be expected to behave in the same way, so the present
revised proton affinities of the bases used in that study. The Measurement provides a means to test the theoretical expecta-

tion.
tPart of the special issue “Jack Beauchamp Festschrift”. The AS; of lysine from the results of Wu and Fenselau as
*To whom correspondence should be addressed. analyzed by HL £10.0 cal mot® K=1) is significantly less
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negative than the HL value for th&S, of 1,5-diaminopentane 0.6
(—16.7 cal mot! K~1).8 The negative entropy change in both [
cases results from the loss of free internal rotations that 05+ f " =
accompanies the formation of a strong hydrogen bond between & = "on =
the terminal amine groups in the protonated species. The COOH 204n u
substituent in lysine presumably hinders internal rotations in "é lm T
the unprotonated lysine, thus lowering its entropy. Protonation % 03}
therefore produces less loss of entropy in lysine than in 1,5- § A
diaminopentane. A very similar effect should occur in lysina- » 0.2 Er A 4 A
mide, which the present measurement can verify. 5 A A A
Experimental Section 01

Equilibrium constants were measured using methods previ- 0 . * } *
ously described which we summarize h&é:Lysinamide was 0 10 20 30 40 50
introduced on a heated probe to the source cell of an FTMS Time (sec)

2000 Fourier transform ion cyclotron resonance mass spec-

gomete.r (Thern:c’Fl.nmgan’ B.remsn’ Gder?a?ﬂﬂ)ﬁAhrefgrenﬁt_al (n-CsH7)sN vapor at a nominal total pressure of 10Torr and a
ase, trin-propylamine, was introduced through the batch inlet (o nerature of 99C. The ratio of the pressure of the amine to that of

to an indicated pressure of ca. fOTorr. lonization was  |ysinamide is 2.3. The ions are trapped in the cell of an FT-ICR mass
produced by a short 20-eV electron beam pulse—limolecule spectrometer after ionization is initiated by electron ionization. The

reactions converted most of the ionization to the two protonated squares represent the abundancens€{H-)sNH*, and the triangles
parents within a few-second trapping time. Fourier transform represent the abundance of (lysinamide)H

ion cyclotron resonance (FT-ICR) mass spectra of the ions in
the cell were obtained at various trapping times. Typically, the
ratio of the two protonated parents was constant for trapping
times between 10 and 60 s. Ejection experimEntsrified the
occurrence of reversible proton transfer. The long time ratio of
the FT-ICR signals was taken as the ratio of the equilibrium
ion concentrations. The ratio of the neutral concentrations was
estimated from the FT-ICR mass spectrum of the mixture
obtained at 70-eV electron energy and zero trapping time. The
ionization cross sections of the two neutral species were taken
to be proportional to their polarizabiliti€sas estimated by the
method of Miller and Savick?

The temperature was taken to be that provided by the
instrument’s temperature-control system. The main body of the
vacuum system is encased in heaters, and thermocouples are 0 10 2 30 40 50
located on the stainless steel wall of the vacuum system. The
reported temperature readings are those of the thermocouple Time (sec)
located outside the vacuum container near where the cell supporfFigure 2. Ratio of the (lysinamide)Hand (-CsH7)sNHT abundances
makes contact with the inside of the vacuum container. After varying with time and approaching equilibrium as a result of reaction
thermal equilibrium was established (sometimes after a number?: The.squares are data from abundances in Figure 1. The [lne represents
of hours), thermocouples near the end flanges of the container,;go;gg‘gzrcf?st;ﬂﬁ?gﬁﬁr;'t' to the data of a simple kinetic model for
more than 40 cm from the cell, gave the same or slightly lower

readings (typically within less than"®’). Variation of the batch  for a typical case is shown in Figure 1. The typical approach to
inlet temperature had no effect on the equilibrium constants equilibrium is illustrated in Figure 2. The results of equilibrium
measured. The electron gun is located some 40 cm from theconstant measurements at temperatures of 75, 90, anéCL10
cell, so it does not produce anomalous heating effects. are summarized in a van't Hoff plot in Figure 3. The
As in previous studie¥} the validity of the temperature  thermodynamic values obtained from the plot Até(reaction
readings was tested by comparing the entropy of proton transfery) = —4 36+ 0.85 kcal mot! and AS(reaction 1)= —12.25
to 1,6-hexanediol measured by the present apparatus with they. 2 34 eu. The uncertainties reflect the deviations from linearity
high-pressure mass spectrometry re¥Uixcellent agreement  of the van't Hoff plot (2.13 times the standard deviation or 90%
was found. The procedures used for the hexanediol FT-ICR confidence limits for four degrees of freedom).
measurements were the same as those for the lysinamide The proton affinity (PA) and gas-phase basicity (GB) of M
measurements except that the diol was admitted to the vacuumgre defined as\H and AGysg of reaction 2, which leads to eqs

Figure 1. Variation of ion abundance with time in lysinamide and
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system through the batch inlet. 3 and 4

Results MH* —M+H" (2)
The time variation of the concentrations of the reactant and ) ] ]

product ions of reaction 1 PA[(n-C3H,)3N] — PA(lysinamide)= AH(reaction) (3)

(n-C3H7)3NH+ + lysinamide— GB[(n-C;H,);N] — GB(lysinamide)= AG,q4reaction) (4)

(lysinamide)H + (n-CgH,)oN (1) Taking AH(reaction 1) andASreaction 1) as temperature-
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Figure 3. van't Hoff plot of equilibrium constants for reaction 1 against
reciprocal temperature.
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TABLE 1: Thermochemistry of Protonation of Lysine and
Lysinamide

PA2 ASP GBe

species (kcal mol?) (cal mol* K1) (kcal molt) method
(n-CgH7)sN 236.9 1.34 229.5 ICte
1,5-diaminopentane 238.9 —-16.7 226.1f HPMS, ICRe
1,5-diaminopentane 238.8 thebry
lysine 238.0 -10.1 kinetiée
lysine 241.4 theory
lysinamide 241.3:0.9 —10.94+2.3 230.2-1.1 FT-ICR9

aPA = proton affinity or AH for reaction 22 AS, = entropy of
protonation orASfor half-reactions® GB = gas-phase basicity &Gzos
for reaction 29ICR, ion cyclotron resonance mass spectrometry;
HPMS, high-pressure mass spectrometry; FT-ICR, Fourier transform
ion cyclotron mass spectromet®Reference 8. Uncertainty in ref 8
proton affinity scale ist2 kcal molL. f Reference 129 Present results.
Uncertainties from linear regression of data in van't Hoff plot (Figure
3) represent 90% confidence limits.

independent gives-0.71+ 1.10 kcal mot? for AGyeg(reaction

1). Using egs 3 and 4 and combining the®®236.9 kcal mot?)

and GB (229.5 kcal mot?) of tri-n-propylamine withAH(re-
action 1) andAGyog(reaction 1) gives 241.% 0.9 and 230.2t

1.1 kcal mof?, respectively, as the PA and GB of lysinamide.
In HL, the uncertainties in the PA and GB values ofrti-
propylamine were neglected in determining the uncertainties
in the PA and GB values of lysinamide. Specifying the
uncertainties in the HL values is a complex issue that is
discussed below. HL definelS, of M asASof the half-reaction

52 leading to eq 6. Although eq 5 is not balanced, HL found
the corresponding entropy to be useful because it reflects the
entropic effect of protonation unique to M. Although it
eliminates the entropy of the proton, the entropy of the proton
is not needed to find the entropy change of a proton-transfer
reaction. Combining two half-reactions such as eq 5 gives a
proton transfer and an equation such as eq 6.

M— MH" (5)

AS(reaction 1)= AS(lysinamide)— AS[(n-C;H,);N]  (6)

Using ASreaction 1) with the HL value oAS[(n-C3H7)sN]
(1.34 cal mott K™1)8in eq 6 leads to a value 6f10.9+ 2.3
cal mol* K~ for AS(lysinamide). The thermochemical values
derived from the present results are compared with various
literature values in Table 1.

Comparison to Lysine. The PA value obtained for lysina-
mide (241.3+ 0.9 kcal mot?) is somewhat larger than the HL
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values for lysine (238.0 kcal mof) and for 1,5-diaminopentane
(238.9 kcal mot?). The three molecules each contain five carbon
chains with terminal amine groups capable of di-solvating a
proton. The differences in the PAs could reflect conformational
preferences important in determining peptide conformations.
Consideration of the origin of these differences is therefore
important. Before considering conformational explanations of
the differences, it is necessary to examine the possibilities of
various kinds of measurement error.

The uncertainty in the difference between the present lysin-
amide result and the reported PA of lysine is difficult to assess.
In addition to the measurement error in the present measurement
of the difference between the proton affinities afQsH7)sN
and lysinamide, the uncertainty in the difference between the
proton affinities of (-CsH7)sN and lysine on the HL scale must
be considered.

HL took the uncertainty in the absolute values in their scale
to be4-2 kcal mol1.8 The error in relative values in the scale
might be lower, but there is no simple, objective way to assess
how much less. The relative proton affinities of the amines were
derived from equilibrium constant measurements using
ion cyclotron resonané& (ICR) and high-pressure mass
spectrometr§t® (HPMS) methods. The relative proton affinities
were then anchored to experimental and theoretical absolute
proton affinities. The reported temperatures of the original
equilibrium constant measurements were adjusted to provide
consistency between the ICR results, the HPMS results, and
the various absolute proton affinities. The equilibrium measure-
ments provided free energies, whereas the experimental and
theoretical methods used to find absolute proton affinities usually
provided energies or enthalpies. To connect the relative and
absolute values, it was therefore necessary to assign entropies.
This was done in the HL analysis on the basis of theory,
statistical mechanics, temperature-dependent equilibrium con-
stant measurements, requirements of consistency among various
determinations, and finally requirements of “reasonableness”.
The adjusted measurements from different laboratories using
different methods are quite consistent, especially over short
ranges and especially for values derived from equilibrium
constant measurements. This consistency suggests an estimated
error in such adjusted relative measurements of no more than
+1.0 kcal mot?, significantly less than the 3.3 kcal mél
difference between the present measurement of PA(lysinamide)
and the HL value of PA(lysine).

The uncertainty in the HL value for PA(lysine) might differ
from that of other amines. The lysine PA value was derived
from kinetic measurements using the HL proton affinities of a
series of basesThe uncertainty in the lysine PA depends in a
complicated way on the uncertainties in the proton affinities of
the bases, as well as uncertainties in the kinetic measurements.
Furthermore, Armentrout has recently pointed out that the
method of analysis originally used in kinetic-method determina-
tions masks the actual measurement error, and he suggests
methods for finding statistically valid estimates of erfér.
Armentrout also points out that applying his method of error
analysis to kinetic-method results in the literature frequently
gives very large uncertainti@s Unfortunately, the data in the
literaturé are insufficient to reanalyze the kinetic-method results
on PA(lysine) using the techniques suggested by Armentrout.
We are therefore unable to determine in an entirely objective
way whether the difference between the present determination
of the lysinamide PA and the HL lysine PA is simply the result
of imprecision in the measurements or an indication that lysine
and lysinamide actually have different PAs. Nevertheless, one
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of the two must be the case. Either the kinetic method gives a The minimum-energy conformation of protonated lysine
value of PA(lysine) different from that of lysinamide, or there found theoretically benefits from a stabilizing interaction
is a substantial error in one or both measurements. We addresdetween the proton-bound amino groups and the carbonyl
this issue further below in connection with a consideration of oxygen of the COOH groupThis interaction accounts for the
theoretical calculations of the lysine PA and the conformational difference between PA(lysine) and PA(1,5-diaminopentane).
preferences indicated by the calculations. Lysinamide should have a very similar interaction involving
The difference between the HL value for PA(1,5-diamino- the carbonyl oxygen of the CONHdroup, and hence, we expect
pentane) and the present PA(lysinamide) value depends in athat lysine and lysinamide should have essentially the same PA
simpler way on the accuracy of the HL scale. That is, it depends Values. We conclude that the agreement between the theoretical
directly on the difference between the HL values of PA(1,5- PA oflysine and the present result for lysinamide indicates that
diaminopentane) and PAFCsH-)sN]. As indicated above, the  the present result has at least the accuracy of the HL scale in
self-consistency of the values in the HL scale that depend on Poth an absolute and relative sense. We also conclude that the

gas-phase equilibrium constant measurements suggests that th¥Sinamide PA reflects a subtle stabilizing interaction involving

difference between the 1,5-diaminopentane amC4H)3N the carbonyl oxygen as well as the strong hydrogen bond
proton affinities (2.0 kcal mof) is in error by no more than ~ between the amino groups.

+1.0 kcal mot?l. Combining this error estimate with the The theoretical results and the present measurement both
estimated error im\H(reaction 1) gives 2.4 1.1 kcal mot? indicate that PA(lysine) should be-3 kcal mol* greater than

for the PA difference between lysinamide and 1,5-diaminopen- PA(1,5-diaminopentane). Instead, the HL scale has PA(lysine)
tane. The present results thus indicate that PA(lysinamide) is@bout 1 kcal mot* lessthan PA(1,5-diaminopentane). This, in
significantly larger than PA(1,5-diaminopentane). The consid- turn, indicates that the kinetic-method value used in the HL
eration of theoretical results presented below provides a con-Scale underestimates the lysine PA by&kcal mol. This
formational explanation of this difference. error is somewhat greater than the usual 2 kcalabsolute

The AS, of lysinamide (10.9+ 1.1 cal mot™ K- is only accuracy of the scale and more substantially greater than the

slightly more negative than the HL value for lysineX0.0 cal usual 1 kcal moi? relative accuracy of the scale. If this error
mol~t K~1). Because very similar structural changes should be is not the result of expe_rimental measurement error, it. is
involved in protonating the two molecules, this agreement in _probably th‘? result of the failure of some underlying assumption
the entropyAS, is expected and provides support for the in the kinetic method. . L
reliability of the kinetic-method determination of the lysin, One factor that suggests that measurement imprecision is not
value. TheAS, value of 1,5-diaminopentane-(6.7 cal mot? the source of the lysinelysinamide discrepancy comes from
K-1),8 however, is significantly more negative than those of the results used to assign values for 1,4-diaminobutane in the

lysine and lysinamide. As mentioned in the Introduction, the HL Scale. Kinetic-method values for the PA and;, of that
probable explanation for this difference is that the internal SPSCEs are in very good agreement (within 0.3 kcalthahd
rotations in neutral lysinamide are more sterically hindered than 0-3 €&l moi K™% respectively) with ICR and HPMS valués,
those in 1,5-diaminopentane, thus decreasing the entropy of the?"d as noted above, the HL value for PA(1,4-diaminobutane)

neutral lysinamide relative to that of 1,5-diaminopentane. Is in very good agreement with the ab initio result. o
Comparison with Theoretical Calculations. A theoretical The possibility remains that the apparent error in the kinetic

calculatiof of the PA of lysine gives 241.4 kcal md| in nearly determl_nanon of PA(Iysme) IS the_ re_sult of a failure Of th'_':‘
. underlying assumptions of the kinetic method. The kinetic
exact agreement with our result of 241.3 kcal mdbr the PA o . L
. i i . . method actually measures activation enthalpies and activation
of lysinamide. The computational approach involved performing

a high-level ab initio calculation (MP2/TZ2P//DZP) on a model entropy changes rather than differences in the properties Of.
o - : separated reactants and products of proton transfer. The transi-
compound and adjusting the results slightly (net adjustments

of 1.5 kcal mot™ or less) on the basis of semiempirical tion state for dissociation of a proton-bound dimer is very loose,
o o> i but the products are not entirely separated. A transition state
calculations. The model used was 1,4-diaminobutane in lieu of

1,5-diaminobutane because experiment and semiempirical caI-COUId’ for example, have intermolecular interactions that

e S .=~ interfere with such subtle intramolecular interactions as that
culations suggested that the PA of 1,4-diaminobutane is within between the carbonyl oxygen and the proton-bound amino
1 keal mor of the PA of 1,5-diaminopentane. The MP2/TZ2P// groups in protonated lysine. Such an effect would account for
DZP methodology gives results comparable in quality to MP2/ ;

; . . the fact that the kinetic method appears to underestimate the
6-3114-(2d,2p)//6-31G(dy. The semiempirical adjustments were PA of lysine although it gives theprléA of 1.4-diaminobutane
based on MNDO/M, AM1, and PM3 calculations. All three '

. X very accurately. Such an effect might also account for the fact
mett\lods gave adjustments that agreed 0 withih5 keal that the kinetic-method\S, value is not quite as negative as
mol~%, and the average of the adjustments from the three

L _ that from the equilibrium constant measurement.
methods was used. The ab initio result for PA(1,4-diaminobu- q
tane) was 239.9 kcal mol,® in excellent agreement with the

HL value of 240.3 kcal mol*.8 Applying the semiempirical Conclusions

adjustmentsgave 241.4 kcal mol for PA(lysine) and 238.8 The PA andAS, values for lysinamide determined here are
kcal mol® for PA(1,5-diaminopentane), the latter in nearly 241.4 + 0.9 kcal mot! and —10.9 + 2.3 cal mot! K1,
exact agreement with the experimental HL v&lyU238.9 respectively. The former is in excellent agreement with a

kcal mol%). The fact that both theory and experiment indicate sophisticated theoretical calculation of the PA of lysine, as would
that PA(1,4-diaminobutane) exceeds PA(1,5-diaminopen- be expected. The PA of lysinamide exceeds that of 1,5-
tane) by about 1 kcal mol is reminiscent of the generally  diaminopentane by 2.5 kcal md] consistent with the theoretical
observed small increase in ring strain with ring size for rings results on lysine and 1,5-diaminopentane as well as with an
with seven or more membet$.Protonation of the diamines,  expected favorable interaction between the carbonyl group and
of course, involves formation of seven- and eight-membered the solvated proton in protonated lysinamide. T value is
rings. in good agreement with the kinetic-methad, of lysine in
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the HL compilatior? It is significantly less than thaS, of 1,5- 27, 413-656. See also NIST Chemistry Webbook, NIST Standard

diaminopentane probably because the hindered rotations in th‘{ifsf?r:erg;tt%?ts%tﬁze'ml\éo'z:gglﬁlIr?t;g': //\v’vvébcﬁéok_'ﬂfjs?_téir@b Ife: nrﬂétrs.ds';

neutral lysinamide reduge its entropy so that there is [ess loss (9) Bliznyuk, A. A.; Schaeffer, H. F., Ill; Amster, | J. Proton affinities
of entropy upon protonation and formation of a strong internal of lysine and histidine: A theoretical consideration of the discrepancy
hydrogen bond. between experimental results from the kinetic and bracketing metfiods.
A : . . Am. Chem. Sod 993 115 5149-5154.
The kinetic-method P,A of ,Iysme as given by HL is probably (10) Cooks, R. G.; Kruger, T. L. Intrinsic basicity determination using
somewhat too low. It is slightly less than the PA of 1,5- metastable ionsl. Am. Chem. Sod977 99, 1279-1281.

diaminopentane, whereas it is expected to be slightly more. It (11) McLuckey, S. A;; Cameron, D.; Cooks, R. G. Proton affinities from
is also less than the PA of lysinamide, whereas lysine and dissociations of proton-bound dimeds.Am. Chem. Sod981, 103 1313~

lysinamide might be expected to have nearly the same PA. The™ (15) cooks, R. G.; Koskinen, J. T.; Thomas, P. D. The kinetic method
discrepancy is suggested to be the result of the fact that theof making thermochemical determinatiors.Mass Spectroml999 34,
kinetic method measures activation enthalpies and entropies85—92.

: : : (13) Lin, H. Y.; Rockwood, A.; Munson, M. S. B.; Ridge, D. P. PA
rather than overall enthalpies and entropies of reaction. The and collision-induced decomposition of ethoxylated alcohols: effects of

kinetic method thus measures the effect of di-solvation of the intramolecular hydrogen bonding on polymer ion collision-induced decom-
proton by the lysinamide amino groups, because that effect is position. Anal. Chem1993 65, 2119-2124.

present in the transition state, but it does not measure the weaket, (14) Chen,, H. L.; Ellis, P. E., Jr.; Wijesekera, T.; Hagan, T. E.; Groh,
L . . L . E.; Lyons, J. E.; Ridge, D. P. Correlation between gas-phase electron
solvating interaction of the carbonyl with the proton, which is  aginities, electrode potentials, and catalytic activities of halogenated
evidently not present in the transition state. metalloporphyrinsJ. Am. Chem. Sod994 116, 1086-1089.
(15) Cody, R. B., Jr.; Kinsinger, J. A.; Ghaderi, S.; Amster, I. J.;
McLafferty, F. W.; Brown, C. E. Developments in analytical Fourier
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