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Abstract: Heats of formation of aliphatic imines and immonium ions calculated with the G2(MP2) and CBS-Q
composite ab initio methods are in reasonable agreement with experimentally determined literature values,
particularly when the 298 K heats of formation of immonium ions are rederived from threshold energy
measurements with inclusion of the 298 K enthalpy contributions proposed by Traeger and McLoughlin. The
heats of formation calculated with the simplified procedures, G2(MP2,SVP) and CBS-q, can deviate significantly
from the G2(MP2) and CBS-Q results, whereas the four methods yield very similar proton affinities. The
increase in proton affinity brought about by the introduction of substituents at the imine carbon is substantial,
masking any effects of the nitrogen atom hybridization. Cis imines are more basic than their trans isomers,
which reflects that the energy difference between cis and trans isomers of imines is unusually ®ijh k15

mol~L. Protonation of imines changes the energy difference between the favored, eclipsed conformers. A Benson-
type additivity scheme for the heats of formation of immonium ions is proposed, and new group additivity
values for imines are determined.

A considerable number of experimental studies of the Inthe present study, we have used the G2(MRaj CBS-Q°
influence of substituents and hybridization on the proton affinity methods to calculate the proton affinities of aliphatic imines
(PA) of nitrogen-containing molecules have appeared, with and the 0 and 298 K heats of formation of imines and immonium
much of the early work summarized in the review by Aue and ions with up to four carbon atoms and several with five, to
Bowers! Their work included results for a small number of establish an internally consistent set of values for these
aliphatic imines, but experimental studies of this class of compounds. Results were also obtained with the G2(MP2,8VP),
compound have not been common, in part because simple imine<CBS-q, and CBS# methods, to examine whether these
are prone to undergo condensation and polymerization reac-computationally less demanding procedures would be useful
tions? These problems can be circumvented to some extent by alternatives in studies of larger imines or immonium ions. Our
examining the deprotonation of immonium ions (eq 1), and the results for the heats of formation of imines complement and
proton affinities of a few simple imines were recently determined extend the G2 calculations published by Seasholtz and co-
in this manne®* However, a comprehensive study of imine workers!® whereas no systematic computational studies of
proton affinities and heats of formation has not appeared. immonium ions have appeared.

Seasholtz et &f derived Benson group additivity values for
RCH=NHR™ + B= RCH=NR + BH™ (1) aliphatic imines from the G2 heats of formation of imines with
up to three carbon atoms. We have used the present more
¢ extensive set of heats of formation to revise and extend their
results. A number of predictive schemes have been proposed
to estimate the heats of formation of a variety of radical cations,

The situation is somewhat better with regard to the heats o
formation of aliphatic immonium ions. Lossing, Lam, and
MaccolP determined the heats of formation of immonium ions
with up to three carbon atoms, but data for larger species are, (7) Curtiss, L. A.; Raghavachari, K.; Pople, J. A.Chem. Phys1993
in most cases, not available. 98, 1293. _

Recent work has demonstrated that reliable proton affinities _, (8) Curtiss, L. A; Redfern, P. C.; Smith, B. J.; Radom, J..Chem.

. ) . > Phys.1996 104, 5148.
and heats of formation can be determined computationally with 2’9) @) 2etersson, G. A.; Tensfeldt, T. G.; Montgomery, JJAChem.

composite ab initio methods of the G2 and CBS famities. Phys.1991, 94, 6091. (b) Montgomery, J. A.; Ochterski, J. W.; Petersson,
G. A. J. Chem. Phys1994 101, 5900.
(1) Aue, D. H.; Bowers, M. T. InGas Phase lon ChemistrBowers, (10) Ochterski, J. W.; Petersson, G. A.; Montgomery, JJAChem.
M. T., Ed.; Academic Press: New York, 1979; Vol. 2, pp31. Phys.1996 104, 2598.
(2) Smith, P. A. S.The Chemistry of Open-Chain Organic Nitrogen (11) Ochterski, J. W.; Petersson, G. A.; Wiberg,JXAm. Chem. Soc.
CompoundsW. A. Benjamin: New York, 1965; Vol. 1, pp 297306. 1995 117, 11299.
(3) Peerboom, R. A. L.; Ingemann, S.; Nibbering, N. M. M.; Liebman, (12) (a) Smith, B. J.; Radom, J. Am. Chem. Sod993 115, 4885. (b)
J. F.J. Chem. Soc., Perkin Trans.1®90Q 1825. Smith, B. J.; Radom, LChem. Phys. Lettl994 231, 345.
(4) Bouchoux, G.; Salpin, J.-Yd. Phys. Chem1996 100, 16555. (13) Curtiss, L. A.; Raghavachari, K.; Redfern, P. C.; Pople, JJ.A.
(5) Lossing, F. P.; Lam, Y.-T.; Maccoll, ACan. J. Chem1981 59, Chem. Phys1997 106, 1063.
2228. (14) Hammerum, Sint. J. Mass Spectrom. lon ProcessE397, 165
(6) (a) Pople, J. A.; Head-Gordon, M.; Fox, D. J.; Raghavachari, K.; 63.
Curtiss, L. A.J. Chem. Phys1989 90, 5622. (b) Curtiss, L. A; (15) Smith, B. J.; Radom, LJ. Phys. Cheml1995 99, 6468.
Raghavachari, K.; Trucks, G. W.; Pople, J. A.Chem. Phys1991, 94, (16) Seasholtz, M. B.; Thompson, T. B.; Rondan, NJGPhys. Chem.
7221. 1995 99, 17838.
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and MaccoR° proposed a simple equation to relate the heats of
formation of immonium ions to the heats of formation of alkyl
cations. The heats of formation of the 35 immonium ions
included in this investigation allow us to derive group additivity
values for aliphatic immonium ions; to our knowledge, this
constitutes the first Benson-type additivity scheme for ionic
species.

Methods

Heats of Formation. The proton affinities and heats of formation
were derived from G2(MP2)G2(MP2,SVP} CBS-Q, and CBSH
total energies calculated with the Gaussian 94 program patkage
(Tables S1 and S2 in the Supporting Information).

The 0 K heats of formation were calculated via atomization enéfgies
as described by Nicolaides et?l(eq 2); as recommended by these
authors, the experimentally determined heats of formation for the
constituent aton?$ were used in the calculation.

AHgo(M) = E(M,0 K) — ZE(atoms,O K ZAH;O(atoms) 2)

In the calculation of 298 K heats of formation froneth K values

(eq 3), we used the integrated heat capacity of the molecules in question
derived from the scaled HF/6-31G(d) frequencies and the experimentally

determined integrated heat capacities of the elements invétved.

AH?66(M) = AHZ (M) + f C,(M) dT — z f Cylelem) dr (3)

The values obtained in this manner (Tables 1 and 4) correspond,

J. Am. Chem. Soc., Vol. 121, No. 25, 63D

PA=E(M,0K) + [CM)dT — E(MH",0K) -

f C,(MH™) dT + *,RT (5)

simplifying assumption that protonation does not change the heat
capacity significantly. For the compounds included in the present study,
making this assumption would change the calculated proton affinities
by 1 kJ mot? or less. We note that eq 4 should not be used with heats
of formation of M or MH" derived from calculations with simplified
composite methods such as CBS-q, since the vaIuesAH);(HJr)
obtained with these methods differ considerably from that determined
experimentally.

Group Additivity Values . The group additivity values for imines
(Table 2) and immonium ions (Table 6) were determined by a least-
squares fit of the contributions from each of the constituent groups to
the 298 K G2(MP2) heats of formation of the imines and immonium
ions examined. The fitting procedure involves solution of a linear least-
squares problem with more equations than unknowns. We used the
singular value decomposition method described by Press?et al.

Following Bensor® we assign the same value to methyl groups
bonded directly to the €N groups as to other CHyroups. The values
used for these and for methylene groups in aliphatic chains are Cohen
and Benson'’s 1992 valuésFor imines as well as for immonium ions,
we use Benson’s assignméifor the doubly bonded Citontribution,
the same value as that for a terminal alkene,CH

Results and Discussion

Heats of Formation of Imines. The heats of formation of

for ionic species, to experimental values derived using the stationary imines obtained with the G2(MP2) method are slightly lower

electron convention. The harmonic oscillator approximation was used
for all vibrational frequencies in the calculation of the integrated heat
capacity. A number of recent studié$6 have argued that the
calculated 298 K heats of formation are often not significantly improved
by considering low-frequency vibrations as torsions.

Proton Affinities. The proton affinity is definet as an enthalpy
change at 298 K and may be calculated from the 298 K heats of
formation of the species involved (eq 4).

PA= AH;505(M) — AH? 0 MH ") 4+ AHP 565(H ) (4)

than those derived from the CBS-Q calculations (average
difference 3 kJ mol!, maximum difference 5 kJ mot; see
Table 1). A similar trend can be found in the results reported
by Ochterski et al! and by ourselve! The G2(MP2,SVP)
results lie lower than the G2(MP2) results, and the difference
between the two sets of results increases with the size of the
imine (average-3 kJ mol™ for C; and G imines,—5 kJ mof®

for Cz imines, —7 kJ moi? for C4 imines). The CBS-Q and
CBS-q results are quite similar, with the exception of imines
with a fully substituted imine carbon atom. The heats of

Introduction of the heats of formation as expressed by egs 2 and 3 formation obtained with the CBS-4 method (not included in

into eq 4 yields eq 5, which makes it possible to obtain the proton
affinity directly from the calculat# O K total energies and the calculated

Table 1) are up to 20 kJ miol lower than those obtained with
CBS-q.

integrated heat capacities of the molecule and the protonated molecule. The results of experimental studies of the 298 K heats of

The results in Table 8 were obtained in this manner.
The heat capacity terms in eq 5 are sometimes omitted in proton
affinity calculations in the literature, which implicitly introduces the

(17) (a) Holmes, J. L.; Fingas, M.; Lossing, F.®an. J. Chem1981
59, 80. (b) Holmes, J. L.; Lossing, F. Ean. J. Chem1982 60, 2365.

(18) Bachiri, M.; Mouvier, G.; Carlier, P.; Dubois, J. . Chim. Phys.
198Q 77, 899.

(19) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G.J. Phys. Chem. Ref. Datt988 17, Suppl. Vol. 1.

(20) Maccoll, A.Org. Mass Spectronl985 20, 715.

(21) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; DeFrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94rev D3, SGI; Gaussian,
Inc.: Pittsburgh, PA.

formation of the three Cand G imines reported in the literature
were summarized by Seasholtz et8la limited number of
experimental values for higher imines are included in authorita-
tive compilations'®28 and a critical review and overview of
imine thermochemistry was recently presented by Slayden and
Liebman?® The agreement between the published results and
our calculated heats of formation is reasonable (Table 1). Wiberg
et al30 used isodesmic substitution calculations to predict heats
of formation for five simple imines; their values are well
reproduced by the present results. Our G2(MP2) heats of

(25) Press, W. H.; Flannery, B. P.; Tenkolsky, S. A.; Vetterling, W. T.
Numerical Recipes in C: The Art of Scientific Computi@ambridge
University Press: Cambridge, UK, 1988.

(26) Benson, S. WThermochemical Kinetic®Viley: New York, 1976.

(27) Cohen, N.; Benson, S. W. lithe Chemistry of Alkanes and
CycloalkanesPatai, S., Rappoport, Z., Eds.; Wiley: Chichester, 1992; p

(22) Our calculated atom energies are identical to those reported for the 215.

G2(MP2) and G2(MP2, SVP) procedures (refs 7 and 8) and for the CBS-Q
method (refs 10 and 11), except for a 0.03 mH difference for the oxygen
atom CBS-Q energy.

(23) Nicolaides, A.; Rauk, A.; Glukhovtsev, M. N.; Radom,X..Phys.
Chem.1996 100, 17460.

(24) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H,;
Halow, |.; Bailey, S. B.; Churney, K. L.; Nuttall, R. L1. Phys. Chem. Ref.
Data 1982 11, Suppl. Vol. 2.

(28) Benson, S. W.; Cruickshank, F. R.; Golden, D. M.; Haugen, G. R;;
O’Neal, H. E.; Rodgers, A. S.; Shaw, R.; Walsh,Ghem. Re. 1969 69,
279.

(29) Slayden, S. W.; Liebman, J. F. Tihe chemistry of double-bonded
functional groupsPatai, S., Ed.; Wiley: Chichester, 1997; Supplement A3,
p 537.

(30) Wiberg, K. B.; Nakaji, D. Y.; Morgan, K. MJ. Am. Chem. Soc.
1993 115 3527.
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Table 1. Heats of Formation of Iminés

expP isode G2(MP2) G2(MP2,SVP), CBS-Q, CBS-q,

298 K 298 K 0K 298 K 298 K 298 K 298 K
CH:=NH g’ 86 95 8?7 85 92 93
E-CH:CH=NH 33 40 58 43 39 47 45
Z-CH;CH=NH 60 46 42 50 49
CH=NCH;, 72 77 94 79 76 84 86
E-CHaCH,CH=NH" 45 24 18 28 26
Z-CH;CH,CH=NH 49 28 23 32 30
(CHs).C=NH 23 2 -4 5 -2
E-CH:CH=NCHs 33 57 36 31 40 40
Z-CH;CH=NCH;, 51 73 53 48 57 58
CH=NCH,CH; 74 53 48 58 58
E-CHaCH,CH,CH=NH) 32 5 -3 7 5
Z-CH;CH,CH,CH=NH 35 8 1 10 7
E-(CHa).CHCH=NH 25 -2 ~10 0 -2
Z-(CHs)2CHCH=NH 29 1 -7 3 1
E-CHaCHa(CHs)C=NH 9 -17 —25 -16 —21
Z-CH;CH4(CHs)C=NH 10 -17 —25 -17 —21
E-CHsCH,CH=NCHj 44 17 10 20 20
Z-CH;CH,CH=NCHj 61 35 27 38 39
(CHs),C=NCH, 34 9 2 11 8
E-CHsCH=NCH,CH3* 18 37 10 3 13 12
Z-CH;CH=NCH,CH 52 26 19 29 30
CH=NCH,CH,CHs 60 32 25 37 36
CH=NCH(CH). 46 19 12 23 20
CHaCHa(CHs) CHCH=NH 10 -23 -33 —22 —24
E-CHaCH,CH=NCH,CHs 093m 24 -9 ~19 -7 -9
Z-CHgCHzCH=NCH2CH3 40 7 -2 10 9
(CHs)2C=NCH,CHs —36 12 -20 -29 -19 —21
E-CHsCH=NCH,CH,CHs —5g—2m 23 ~10 ~19 -9 -11
CH=NCH(CHs;)CH.CHs 31 -2 ~12 0 -3

3 Heats of formation in kJ mot. The sameAH?, o, — AHY, difference was obtained for all four methods2referred values, see refs 16 and 29

for summaries of literature resultsCalculated by isodesmic substitution (ref 30From ref 43.¢ G2 calculations by Smith et al. (ref 44) yielded
a value of 86 kJ mot-.  The heat of formation reported in ref 3 was reevaluated, takiFig,,(CHsCH=NH,") to be 666 kJ motf* (this work).
9 From ref 28." NCCC dihedral angle of) AH?,45 0f the conformer with an NCCC angle of 128 26, 29 kJ mol* [G2(MP2), CBS-Q]. CNCC
dihedral angle of 120 AHg,qg of the conformer with a CNCC angle of @ 60, 64 kJ mot! [G2(MP2), CBS-Q]J NCCC dihedral angle of 0
AH¢,45 Of the conformer with an NCCC angle of 12& 6, 7 kJ mot! [G2(MP2), CBS-Q]X CNCC dihedral angle of 120 AH?,qg Of the
conformer with a CNCC angle of’Gs 18, 21 kJ mol* [G2(MP2), CBS-Q].' From ref 19.™ From ref 29.

formation of imines are almost the same as those derived from N\ R—\\N H
G2 calculations by Seasholtz etlél. CHy N-R ‘<CH

The introduction of methyl groups on the nitrogen atom of a b °
the imine lowers the heat of formation by about 8 kJ Mdih Figure 1. Preferred eclipsed conformations of imines. (a) Methyl group
the absence of steric interactions, whereas the availablé'data in C=N plane; (b) H in G=N plane.
suggest that introduction &f-methyl groups in saturated amines
often only changes the heat of formation margin&iiivethyl
substitution at the imine carbon atom causes a much larger
change,—40—45 kJ mofl. This change is more pronounced
than that found upon methyl substitution at alkene double bonds
but somewhat less pronounced than that observed for carbony
compounds, suggesting that the=R group in imines is less
polarized than is the €0 group in aldehydes and ketones.

Steric and Conformational Factors. The calculated heats
of formation of highly substituted imines show that steric effects
influence the imine thermochemistry significantly. Table 1
includes the heats of formation of several pairs of cis/trans
isomeric imines. When a hydrogen atom and an alkyl group
are involved, the trans-form (also denoteédor anti in the
literature) is lower in energy by -23 kJ mol?, in good
agreement with the results of experimental stiidiasd previous
calculations®* When two alkyl groups are involved, the trans-

form is more stable by 1517 kJ motL. This energy difference

is considerably larger than that found for immonium ions or
for alkenes, e.g., the cis/trans energy differences for-CH
CH=NCHs, CH;CH=NHCHjs", and CHCH=CHCH; are 17,

7, and 4 kJ moll. The reason cis-imines are destabilized to
this extent is not yet clear.

The lower-energy conformation of imines with two-carbon
or longer chains on the imine carbon atom is one in which the
pB-carbon atom eclipses tkeNR group (NCCC dihedral angle
close to 0; Figure 1a). NMR studies by Karabatsos and co-
workers>38showed that this conformation predominates in the
condensed phase, and Dorigo, Pratt and Hbukscussed
possible reasons why the eclipsed conformations are preferred.
For both CHCH,CH=NH and CHCH,CH,CH=NH, we find
the energy difference between this conformation and that in
which a hydrogen eclipses the=Q\ to be quite small, close to

(33) (a) Hine, J.; Yeh, C. YJ. Am. Chem. Sod967 89, 2669. (b)
(31) Pedley, J. B.; Naylor, R. D., Kirby, S. Rhermochemical Data of Parry, K. A. W.; Robinson, P. J.; Sainsbury, P. J.; Waller, Ml. Zhem.
Organic CompoundsChapman and Hall: London, 1986. Soc. B197Q 700. (c) Fraser, R. R.; Banville, J. Chem. Soc., Chem.

(32) The data for the feW-methylated amines reported in ref 31 include  Communl1979 47.
results that have not been published (Liebman, J. F., personal communica- (34) Lammertsmaa, K.; Prasad, B. ¥.Am. Chem. S04994 116, 642.
tion); however, the apparent trend is confirmed by preliminary G3 (35) Karabatsos, G. J.; Lande, S.T®trahedron1968 24, 3907.

calculations which show that-methylation of methylamine, ethylamine,
and propylamine causes a slightreasein the 298 K heat of formation

(about 4 kJ mol?).

(36) Karabatsos, G. J.; Fenoglio, D.Tbp. Stereocheni97Q 5, 167.
(37) Dorigo, A. E.; Pratt, D. W.; Houk, K. NJ. Am. Chem. S0d.987,

109 6591.
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Table 2. Group Additivity Values for Imines ment$ are converted to 298 K heats of formation. The auxiliary
NimH 60.5 Gn—(C,H) 24.8 thermochemical information used is collected in Table 5, and
Nim—(C) 95.2 Gn—(2C) 21.7 the revised experimental values are included in Table 4.
CHz—(Nim,C) -26.8 CH—(Cim,C) -18.6
CH—(Nim,2C) -18.8 CH-(Cim,2C) -3.8 ot
CH3_(Nim) _418J CHg_(Cim) _4183 M D + N (6)
CH;—(C) -41.8  CH,—(2C) -20.9 o +y + 0 NI
C_imHg _ 26.Z cis-CH correction 3.2 AHf,zgs(D ) =AE(D") + AHf,zgs(M) AHf,zga(N) +
cis-CC correction 165 fcp(D+) dT + fcp(N) a7 — 5/2RT
2Values in kJ mot™. ® Assigned (ref 27)¢ Assigned to be the same

as GH (ref 28).9 Thecis-CH correction applies when théhydrogen Heats of formation are derived from threshold energy

is cis with respect to &-alkyl group.© Thecis-CC correction applies — megsyrements on the premise that the reverse reaction, in this
when two alkyl groups on the=EN double bond are cis with respect . - . . . ’
to each other. case the addition of alkyl radicals to immonium ions, proceeds
without an appreciable energy barrier. This assumption may not
always be valid#® and when failing, the derived heats of
formation will be too high. Our calculations suggest that this
may be the case for G@H,CH=NH," and (CH),C=NH,".
Experimental evidence has been presented to show that forma-
tion of the latter ion byx-cleavage of théert-butylamine radical

1 kJ mof?%; the difference increases upon protonation (see
immonium ions, below). Eclipsed conformations are also
preferred forN-alkyl-substituted imines, but the lower-energy

conformer is here one where hydrogen rather than carbon

eclipses the K-C group (CNCC dihedral angle close to 220 L ) S
Figure 1b). The energy difference between the eclipsed con- cation is indeed accompanied by an energy barrier in excess of
formers is considerably higher fdx-alkyl imines than for the reaction endothermicif.We take the observation that our

C-alkyl imines; for CH=NCH,CH; and CHCH=NCH,CHs calculated heat of formation of (GH#C=NH," and the value
we find a diﬁe’rence of 28 kJ mol. ’ reported by Lossingare almost the same to indicate that, in

Group Additivity Values for Imines. The results for the this case, the 298 K enthalpy contributions and the energy barrier

29 imines included in the present study enable us to extend the2'€ fortuitously of the same magnitude.

additivity scheme suggested by Seasholtz & ahd to suggest The in+troduction of a methyl group on the carbon atom of
revised group additivity values. All groups for which values he C=N" group lowers the heat of formation by approximately

are required are present more than once in the set of iminestWic® as much as does introduction of a methyl group on the

examined. Use of the revised scheme (Table 2) to estimate thehitrogen atom. This suggests that a considerable fraction of the

heats of formation of imines yields results that are within 1.3 POSitive charge is located on carbon. The effect of a second
kJ mol! of the G2(MP2) values (Table 3). methyl group on nitrogen or on carbon is slightly lower than

Heats of Formation of Immonium lons. The composite ab (e €ffect of the first. As pointed out by Lossing et fathe
initio methods compare for immonium ions much as they do stabilization caused by introduction of substituents at the doubly

for imines. The CBS-Q heats of formation are up to 6 kJhol bonded carbon_is less pronognced fo_r immonium ions than for
higher than those obtained with the G2(MP2) method (average, N corresponding oxonium ions derived from aldehydes and
“+4 kJ mol%); however, this difference appears to decrease with KEtoNnes, suggesting that the aminocarbonium ion canonical
the number of carbon atoms (Table 4). The G2(MP2,SVP) structure is Ies_s appropnate fqr immonium ions than is the
results lie lower than the G2(MP2) results, with a maximum nydroxycarbonium ion for oxonium ions.
deviation of 7 kJ motl; this difference increases with the N N N N
number of carbon atoms. The difference between the CBS-Q ~C=OH" < >C"—OH >C=NH,” < >C"—NH,
and CBS-q heats of formation increases with substitution on
the nitrogen atom, e.g., the differences for £HIH,", MaccolP suggested that the appearance energy for methyl
CHy=NHCH;3", and CH=N(CH)," are 6, 9, and 13 kJ mol, loss from the diethylamine molecular ion was sufficiently low
respectively. The CBS-4 method yields immonium ion heats as to indicate that rearrangement accompaniedeavage, to
of formation (not included in Table 4) that in many cases agree Yyield a GHgN* isomer more stable than GHNHCH,CHz".
reasonably with the G2(MP2,SVP) results, but the deviations Our results do not lend support to this suggestion.
encountered can be relatively large, and they are not obviously Steric and Conformational Factors. The preferred confor-
systematic. mations of immonium ions with two-carbon or longer substit-

The experimental 298 K heats of formation of aliphatic uents on the &N carbon are eclipsed. Experimental studies
immonium ions with up to three carbon atoms were determined have shown that a similar arrangement is preferred for carbonyl
by Lossing et al®who used appearance energy measurementscompounds and for imine%$;*°the present results indicate that
after ionization by energy-selected electrons; the possible errorthe energy difference between the eclipsed conformers is
was estimated to be&8 kJ molL. A comparison of our results  particularly pronounced for immonium ions. The conformation
with Lossing’s results shows that many of the immonium ion of CH;CH,CH=NH," in which thes-carbon atom eclipses the
heats of formation calculated with the composite ab initioc C=N group (NCCC dihedral angle close t8; Figure 2a) is 5
methods (Table 4) are outside the ustdl0 kJ mof? target kJ mol* lower in energy than that in which a hydrogen atom
accuracy: the G2(MP2) results are up to 18 kJ thdligher is the eclipsing atom (NCCC dihedral angle close to°}2bhe
than Lossing’s values, with an average differencetd0 kJ energy difference between the eclipsed conformers does not
mol~1, and the CBS-Q results lie yet higher, between 5 and 23 change much upon N-substitution (gEH,CH=NHCHs", 5
kJ mol* above Lossing's values (averagel5 kJ mof?). (38) Traeger, J. C.; McLoughiin, R. G. Am. Chem. Sod 981, 103

The agreement between the 298 K heats of formation derived3647.
from Lossing’s appearance energy measurements and our (39) Hammerum, S.; Derrick, P.J.Chem. Soc., Chem. Commui885
calculated values is considerably improved if Traeger and 996

. Lo . (40) (a) Kagan, HOrganic Stereochemistrfgdward Arnold: London,
McLoughlin’s 298 K enthalpy contributiof%are taken into 1979. (b) Eliel, E. L.; Wilen, S. HStereochemistry of Organic Compounds

account (eq 6) when the reported threshold energy measureWiley: New York, 1994; pp 616618.
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Table 3. Heats of Formation of Imines Calculated by Additivity

add diffe add diffe add diff¢
CH,=NH 87 0 E-CH;CH,CH,CH=NH 4 -1 Z-CH3;CH=NCH,CH;z 26 0
E-CHsCH=NH 44 1 Z-CH3CH,CH,CH=NH 7 -1 CH,=NCH,CH,CHz 32 0
Z-CH;CH=NH 47 1 E-(CH3),CHCH=NH -2 0 CH=NCH(CHs), 19 0
CH,=NCH; 80 1 Z-(CHz),CHCH=NH 1 0 CH;CH2(CH3)CHCH=NH -23 0
E-CH;CH,CH=NH 25 1 E-CH3CH,(CH3)C=NH —-17 0 E-CH;CH,CH=NCH,CHjs -9 0
Z-CH3CH,CH=NH 28 0 Z-CH3CH,(CHg)C=NH -17 0 Z-CH3CH,CH=NCH,CHjs 8 1
(CH3)2C=NH 2 0 E-CH3CH2CH=NCH3 18 1 (CH;)2C=NCH2CH3 —-19 1
E-CH3;CH=NCH;3 36 0 Z-CH3CH,CH=NCHjs 34 -1 E-CH3;CH=NCH,CH,CHjs -11 -1
Z-CH3;CH=NCHjz 53 0 (CH;).,C=NCH; 8 -1 CH,=NCH(CH;)CH,CHs -2 0
CH;=NCH,CHs 53 0 E-CH3;CH=NCH,CHjs 10 0
aValues in kJ mot!; group additivity values in Table 2.Value calculated by additivity: AHJadditivity] — AHG2(MP2)].
Table 4. Heats of Formation of Immonium lofs
exp, 298 K G2(MP2) G2(MP2,SVP), CBS-Q, CBS-q,
lit.> rederiv 0K 298 K 298 K 298 K 298 K
CH=NH," 745 752 761 749 749 754 760
CH3CH=NH,* 657 668 685 666 664 671 675
CH,=NHCH;z* 695 706 726 708 706 714 723
CH3CH,CH=NH,"f 636 652 661 636 631 640 643
(CHg),C=NHz" 590 608 616 593 588 595 599
E-CH;CH=NHCHs" 615 631 657 633 629 638 645
Z-CH3sCH=NHCHz" 664 640 636 645 653
CH,=NHCH,CHz" " 653 666 695 670 667 676 684
CH=N(CHa);" 661 676 694 669 666 675 688
CH3CH,CH,CH=NH,"! 643 612 605 614 616
(CHz),CHCH=NH," 635 604 597 607 611
CH3CHy(CH3)C=NH,* 594 564 557 564 570
E-CH3CH,CH=NHCH" 635 604 598 608 614
Z-CH3;CH,CH=NHCH;* 646 616 610 620 627
(CH3),C=NHCH;z" 601 571 565 574 581
E-CH3;CH=NHCH,CHs* 615¢ 627 597 591 601 607
Z-CH3CH=NHCH,CHz" 635 605 598 609 616
CH;=NHCH,CH,CH;"! 677 646 640 649 657
CH,=NHCH(CH;)," 659 628 622 633 637
CH3CH=N(CH)," 640 639 610 604 614 625
CH=N(CHjz)C,Hs" 666 635 630 641 652
CH3CH,CH,CH,CH=NH;" 626 590 580 586 591
CH3CH,CH,(CH3)C=NH," 577 541 532 533 542
CH3CHy(CH3)CHCH=NH,* 617 581 572 580 584
E-CH3;CH,CH,CH=NHCHz*™ 617 581 572 582 587
E-CH3CH,(CH3)C=NHCHz* 579 543 535 541 550
(CHs),C=NHCH,CHs* 572 537 528 538 545
E-CH3;CH=NHCH,CH,CHz" 609 573 565 574 580
E-CH3;CH=NHCH(CHg)," 592 556 549 559 562
CH;=NHCH,CH,CH,CHz" 660 623 615 624 633
CH;=NHCH(CH;s)CH,CH3z" 639 602 593 605 610
(CHjz),C=N(CHj3),* 593 558 550 560 569
CH;=N(CH3)CH,CH,CH3z" 647 611 603 614 626
CH=N(CHz)CH(CH)," 634 597 589 601 609
CH;=N(CH,CHj3)," 638 601 593 606 616

2 Heats of formation in kJ mol. The sameAH?,q; — AH?, difference was obtained for all four method98 K heats of formation taken from
ref 5 unless otherwise indicateétRederived heats of formation, using the experimentally determined appearance energies (ref 5) and Traeger and
McLoughlin's 298 K enthalpy contributions (ref 38). The au><|||ary thermochemistry is given in Talll&le G2(MP2) heats of formation differ
slightly from the values reported in ref 14, owing to differences between vibrational frequencies calculated at the HF/6-31G(d) and HF/6-31G(d,p)
levels. ¢ Dyke (ref 45) reports 755 kJ mdl. NCCC dihedral angle of 9 AHf,qs of the conformer with an NCCC angle of 12 641, 645 kJ
mol~1 [G2(MP2), CBS-Q].9 Value presumed to be high owing to barrier to the reverse reaction (see€NCC dihedral angle of 120AH?,q,
of the conformer with an NCCC angle of & 671, 677 kJ mot* [G2(MP2), CBS-Q]. NCCC dihedral angle of) AH?,q of the conformer with
an NCCC angle of 120is 615, 618 kJ motf* [G2(MP2), CBS-Q]J NCCC dihedral angle of 9 AH¢,q Of the conformer with an NCCC angle of
12¢° is 609, 613 kJ mot* [G2(MP2), CBS-Q] X From ref 19.! CNCC dihedral angle of 120 AH?,q of the conformer with an NCCC angle of 0
is 648, 651 kJ mof' [G2(MP2), CBS-Q]." NCCC dihedral angle of ) AH? 4 0f the conformer with an NCCC angle of 1218 584, 586 kJ mott
[G2(MP2), CBS-Q].

kJ molY), but it is slightly lower when longer-chain substituents than for N-substituted imines (see above), e.g., foF€ENHCH,-

are present (e.g., G8H,CH,CH=NH," and CHCH,CH,- CHs™ and CH=NHCH,CH,CHs", we find energy differences
CH=NHCHj3", 3 kJ molY). The preference is reversed for alkyl of between 1 and 2 kJ mol between the eclipsed conformers.
chains on the N-terminus of the immonium ion, in that the more ~ The presence of secondary alkyl groups on C or N (Figure
stable conformer has hydrogen rather than carbon eclipsing the3) will, in many cases, give rise to gauche interactions. Our
N=C group (CCNC dihedral angle close to 22€igure 2b). calculations for immonium ions in various conformations show
The difference in energy depends on whether the nitrogen is that gaucheanti energy differences amount to about 4 kJThol
protonated; it is considerably lower fdkalkyl immonium ions when two methyl groups are involved, in good agreement with
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Table 5. Auxiliary Thermochemistry SR R+ H
- - CHs "N-R N

AHf,298 AHf,298 a Fll R b CHj

(HZH . ﬁi 8:32:2’\“_' _4213 Figure 2. Preferred eclipsed conformations of immonium ions. (a)
3 3L 2 2 - (e . e
CoHe 11 CHNHCHs 19 Methyl group in G=N plane; (b) H in G=N plane.
CH.OH —18'  CH3;CH,CH;NH, =70
(CH2),CHNH, 84 /\( hd

HOCH,CH:NH, —202 CHCH,NHCH;3 —46° \IJ\]H HN\\CH
HOCH,CH(CHs)NH; —238  (CHy):N —24 , 2 2
HOCH,CH,NHCH; —200  GHs(CH3)CHNH,  —105 Figure 3.
:8gt'z|2(CCHHf\)fg'|\_‘|H2 :%i g—zb(%sHC“E%:H CH __1% only one of the immonium ions examined in this study will
HOC,_bCHle(_'c,j);CH3 207 (CH),CHNHCH, ~  —8% necessarily have gauche @8Hs interactions.
HOCH,.CH(CHsNH,  —259  (CH).NCH,CHs —48 We have chosen to assign the conventional additivity value

for methyl groups also to the GHgroups that are bonded

i 2-N\|+
formation of neutral amines are taken from ref 31 and additivity Q|rectly to _the_C N group and to take the value for an
estimates of the heats of formation of amino alcohols from ref 5. The IMmonium ion=CH; group, GmoHz, to be the same as that for
integrated heat capacities calculated [based on scaled HF/6-31G(dy=CH. in imines, that is, the value for a terminal alker€Hs.
frequencies] for Cht, CHs', and"CH,OH are 11, 13, and 11 kJ md| It may appear questionable to perform an assignment by analogy
respectively? From ref 19.¢ From ref 46.9 From ref 47.¢ From ref to a component of the formally charge-carrying part of the
immonium ion, but some assignments are by nature arbitrary
and should, as far as possible, be chosen to yield group additivity

aValues in kJ mot!; unless otherwise indicated, the heats of

Table 6. Group Additivity Values for Immonium loris

values that are consistent and comparable across compound

“:EZTZ(C’H) %251 azﬂiC,H) _22'5’ classes. Other assignments fardEl, (or another of the &N
Nimo—(2C) 7287  Gno—(2C) —33.3 parameters) would be possible, but all valid assignments result
CHo—(Nimo,C) —35.5 CH—(Cimo,C) —29.0 in equivalent sets of group additivity values, which yield the
CH—(Nimo,2C) —35.9  CH-(Cimo,2C) —18.3 same predictions for the heats of formation.

gﬂz:EcN:i)mO) :ﬁ'g g:z:gggﬁ) :gé'g Of the 35 immonium ions included in the present study, three
cis correctiof 8.8 » correction (N-subst.) P were not included in the der_iva_tion of t_he group additi\_/ity values
y correction (C-subst) —2.7 because unfavorable steric interactions in these ions would

require the introduction of additional correction terms: the
N-methyl group inZ-CHsNH=CHCH,CHs" prevents the ter-
minal methyl group from occupying the otherwise favored
eclipsing position, Ck#=N(CH3z)CH(CH;);* exhibits gauche-
type interactions, and the double cis interactions in {gH
N=C(CHs)," require additional corrections, as do tetrasubsti-
tuted ethylene3® The heat of formation of the smallest
immonium ion, CH=NH_,", is not well reproduced by our

2Values in kJ molt, ® Assigned to be equal to Benson's value (ref
27) for CyH.. © Assigned (ref 27)¢ The cis correction applies when
two alkyl groups on the €N double bond are cis with respect to each
other.¢The y corrections are applied when the immonium ion
substituents on C, respectively, N inclugecarbon atoms.

many experimental result$ Gauche interactions involving the
—CH=NH;" or —-NH=CH,* groups appear not to give rise to
substantial energy differences. additivity scheme, and results for this ion were not included in
Group Additivity Values for Immonium lons. Additivity the derivation of the immonium ion group additivity values in
methods are not in common use for assessing the heats offable 6. Preliminary studies of additivity schemes for oxonium
formation of ionic species. Cohen and BerfSdmave pointed ions indicate similar deviations for the first member of the
out, using polyfluoroalkanes as an example, that molecules with series’?
strongly polarizing groups may exhibit significant deviations ~ The additivity scheme reproduces the G2(MP2) heats of
from additivity, and the presence of a charge could be expectedformation to within 2 kJ mot* for the 31 immonium ions used
to have similar consequences. Furthermore, it has been dfgued t0 derive the group additivity values (Table 7), and the values
that simple additivity schemes cannot be expected to work well for the three compounds not included in the derivation for
for ions because the ionization energies for homologous seriesStereochemical reasons are off by only 3 kJThdThis suggests

do not exhibit a linear dependence on molecular size; whetherthat our group additivity values can be used with confidence to
this argument would apply to the heats of formation of even- €Stimate the heats of formation of immonium ions without severe

electron ions is not clear. However, we find that the G2(MP2) Steric congestion.
heats of formation of immonium ions are well reproduced by a  (42) Hammerum, S., manuscript in preparation.
Benson additivity scheme. To derive the group additivity values (43)1|£|0|mes, J. L, Lossing, F. P.; Mayer, P. @hem. Phys. Letl.992
in Table 6, we have |ncludeq results for 14!@1mon|urr_1 ions, (44) Smith. B. J.: Pople, J. A Curtiss, L. A.; Radom Aust. J. Chem.
to ensure that each group is represented several times in theggy 45, 285,
data. The resulting set of additivity values includes two  (45) Dyke, J. M, Lee, E. P. F.; Niavaran, M. H.[At. J. Mass Spectrom.
; _ _nei ; ; lon Processed989 94, 221.
correctlon terms for non n.earest neighbor interactions, namely (46) Tsang, W. IrEnergetics of Organic Free RadicalSimes, J. A.
a Cis correction that applies whenever two alkyl subsytuents M., Greenberg, A., Liebman, J. F., Eds.; Blackie Academic: London, 1996;
are cis with respect to the=eN double bond and @ correction p 22.
it i ; iliza.  (47) Traeger, J. C.; Kompe, B. M. I&knergetics of Organic Free
t_hat accou_nts for _the gddltlonal charge-induced dipole stabiliza Radicals Simes, J. A. M., Greenberg. A.. Liebman, J. F., Eds.: Blackie
tion of the immonium ion brought about by alkyl groups longer  academic: London, 1996: p 59.
than ethyl. They correction is different forC- and N-alkyl (48) Suarez, D.; Sordo, T. 1. Phys. Chem. AL997, 101, 1561.

i i _ 1 (49) (a) Hunter, E. P; Lias, S. @. Phys. Chem. Ref. Date098 27,
groups .bUt is, in both cases, _smaH2.6 and—4.2 kJ mqf ' . 413. (b) Hunter, E. P.; Lias, S. G. NIST chemistry webbodkomputer
respectively. The set does not include a gauche correction, sinC&ijg). Mallard, W. G., Linstrom, P. J., Eds.. NIST Standard Reference
Database 69; National Institute of Standards and Technology: Gaithersburg
MD, August 1997 (http://webbook.nist.gov).

(41) Cohen, N.; Benson, S. \Chem. Re. 1993 93, 2419.
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Table 7. Heats of Formation of Immonium lons Estimated by Additi%ity

ade  diffe add  diffc add  diffc
CHy=NH," ¢ 737 -12 E-CH3CH,CH=NHCH;" 604 0 E-CH3;CH,CH,CH=NHCH;" 581 0
CH3CH=NH,* 664 —2  Z-CH3CH,CH=NHCH;" ¢ 613 -3 E-CHz;CH,(CHz)C=NHCHz* 542 -1
CH,=NHCH" 706 —2  (CHs),C=NHCHs" 571 0  (CH).C=NHCH,CHs" 536 -1
CH3CH,CH=NH,* 636 -1 E-CH;CH=NHCH,CHz" 598 1 E-CH;CH=NHCH,CH,CHz" 573 0
(CHs)2C=NH," 594 1 Z-CHsCH=NHCH,CHs" 607 2 E-CH;CH=NHCH(CH,),* 556 0
E-CH3;CH=NHCHz" 633 0 CH=NHCH,CH,CHz" 645 -1 CH,=NHCH,CH,CH,CHs* 624 1
Z-CH;CH=NHCH;* 642 2 CH=NHCH(CH)," 628 0  CH=NHCH(CH;)CH:CHs* 603 1
CH;=NHCH,CHs* 670 0 CHCH=N(CH):" 608 —2  (CHs).,C=N(CHa),* ¢ 558 -3
CH2=N(CH3)2+ 671 2 CF&=N(CH3)CH2CH3+ 636 1 CF&=N(CH3)CH2CH2CH3+ 611 0
CH3CH,CH,CH=NH" 612 0 CHCH,CH,CH,CH=NH;" 591 1 CH=N(CH3)CH(CH)," ¢ 594 -3
(CH3),CHCH=NH," 604 0 CHCH,CH,(CHz)C=NH," 541 0 CH=N(CH,CHj3)," 600 -1
CH3CH2(CH3)C=NH,* 565 1 CHCH,(CH3)CHCH=NH,* 581 0

2Values in kJ molt; group additivity values in Table 6.Value calculated by additivity: AHJadditivity] — AHG2(MP2)]. ¢ lon not included
in the derivation of group additivity values; reasons given in the f&Qts interactions treated as for tetrasubstituted ethylenes (ref 26), i.e., three
cis corrections applied.

Table 8. Proton Affinities of G—C, Aliphatic Imine$ cis/trans energy difference is considerably larger for imines than
G2(MP2, for immonium ions.

exp G2(MP2) SVP) CBS-Q CBS-q To associate proton affinity and hybridization on N may well
CH,=NH 860 86F 867 868 871 be less useful than assumed by previous authors. The proton
E-CH;CH=NH 897 907 9206 907 9209 affinity of CH3NH; is some 30 kJ mott higher than that of
Z-CH;CH=NH 910 909 910 912 CHy=NH, possibly indicating that the $ybridized nitrogen
CH,=NCH;, 880" 902 901 900 901 is less basic than gybridized nitrogen. However, the proton
E-CH:CH,CH=NH 918 et 918 920 affinity difference between C#€H=NH and CHCH,NH, is
ZCHCH,CH=NH 223 922 922 924 less than 10 kJ mot, which could be taken to indicate that
(CHs)2C=NH 934 940 939 941 937 | , T )1
E-CHsCH=NCH; 934 933 932 933 there is only little difference between the basicity of spmd
Z-CH;CH=NCH;z 943 942 942 943 sp? nitrogen, and the proton affinity of (GHC=NH is some
CH,;=NCH,CH; 913 912 912 912 15 kJ mot?® higher than that of (CkJ,CHNH,, which would
55:38:;'%:28':':“: ggg ggé ggg ggg perhaps suggest that the?sptrogen is the more basic. These
E-(CI—3|3)2(§HC2I—|=NH 024 923 923 995 variation_s arise bec_ause the proton aff_inity refl_ects the proper@ies
Z-(CHz),CHCH=NH 927 926 926 927 of the acid-base pair under consideration, not just the properties
E-CH;CH,(CH3)C=NH 949 948 950 947 of the base. It would appear that, in the present system,
Z-CH3CH(CHz)C=NH 950 949 950 947 hybridization effects are less important than the effects that
E-CH,CH,CH=NCHs 944 943 942 944 influence the stabilization of charge on the immonium ion
Z-CH3CH,CH=NCH; 950 949 948 950 carbon atom.
(CH3)2,C=NCHjs 968 967 967 965
E-CHsCH=NCH,CH; 936 943 942 942 943 .
Z-CHiCH=NCH,CH; 952 951 951 952 Conclusions
g:;“g:z(g:é)cz"h gg g%g g%g g% The agreement obtained between the heats of formation and

proton affinities calculated with ab initio methods and the values

2 Proton affinities in kJ mot. ® From ref 4.© Suarez and Sordo (ref  derived from experimental measurements suggests that the
g?)lfg(osréfgg) '?gvngl‘ffi:?é’rtﬁ“r”;d?’zyF"fg'mC”r'gf"Zg_,alt::g; r%?'fD(T)/G' computational results are sufficiently accurate to be useful in

studies of the formation and reactions of imines and immonium

Proton Affinities of Imines. The four composite methods ions in the gas phase. The results emphasize that 298 K enthalpy
yield proton affinities of the €-C, aliphatic imines (Table 8)  contributions such as those proposed by Traeger and McLough-
that are, in most cases, within 2 kJ mbbf each other. The lin38 should be included when heats of formation are derived
differences between the results obtained with the four methodsfrom threshold energy measurements. The reported appearance
are much less pronounced for the proton affinities of imines energies for the formation of (CH),C=NH," and CHCH,-
than for the heats of formation of the imines and immonium CH=NH," appear to be higher than the thermochemical
ions, presumably because the use of eq 5 to determine protorthreshold, which supports previous evidence to indicate the
affinities allows for significant error compensation. Only five presence of energy barriers in excess of the reaction endother-
experimentally determined proton affinities of-€C4 imines micity for simple a-cleavage in some systerifs.
are available (Table 8); the agreement between experiment The CBS-Q heats of formation of small imines and immo-
and calculation is reasonable, with the exception of PA- nium ions are consistently higher than the G2(MP2) values, but
(CH,=NCHj3). the available experimental data are not sufficiently accurate to

For amines, the increase in proton affinity caused by the indicate if one method is to be preferred over the other. Practical
introduction of alkyl substituents on the nitrogen atom is considerations would suggest the use of the CBS-Q method, as
considerably more pronounced than that caused by substituentshis is somewhat more economical in terms of computer
on thea-carbont The reverse situation obtains for imines, PA- resources. The differences between the G2(MP2,SVP) heats of
(CH3CH=NH) being some 6 kJ mol higher than PA- formation and those obtained with the G2(MP2) or CBS-Q
(CH,=NCHj3). This reflects that alkyl substituents on carbon methods for imines and immonium ions increase with the size
stabilize the immonium ion more than do alkyl substituents on of the molecule, suggesting that G2(MP2,SVP) results for larger
nitrogen. We note also that cis imines are more basic than transsystems should be used with caution (and possibly with
imines, e.g. the proton affinity ofissCHsCH=NCHj3 is 9 kJ adjustment, since the deviations appear to be systematic). The
mol~! higher than that of the trans form, illustrating that the CBS-q results also differ from the G2(MP2) and CBS-Q results
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in a somewhat systematic fashion, but neither this method nor The additivity scheme established to determine heats of
CBS-4 appears well suited for studies of the present systems.formation for immonium ions reproduces the ab initio results
Despite these shortcomings, the proton affinity calculations with well, but we do not expect that the present scheme will provide
the G2(MP2,SVP) and CBS-q methods yield almost the same quite the same degree of accuracy as Benson-type additivity
results as do calculations with the G2(MP2) and CBS-Q methods do when used for neutral molecules.
methods, indicating error compensation to a considerable extent. )
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difference is more pronounced for imines than for immonium the Intemnet at http:/pubs.acs.org.
ions (16-17 kJ mot?); the reasons for this are not clear. JA984077N

Supporting Information Available: Calculated total enegies



