36 J. Am. Chem. Soc. 1992, 114, 36—41

make predictions of the most stable form of MH,P, species with
bulkier phosphine ligands in solution more difficult, these results
indicate a greater tendency for Tc to display nonclassical structures
relative to Re. The positive ions of ReH;L, and Re(H,)H;sL, are
also investigated, with the IP of the latter form calculated to be
2.1 eV lower in energy.
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Abstract: Ab initio molecular orbital calculations predict that ethynamine is a substantially stronger acid but a substantially
weaker base than other amines such as methylamine and ethenamine in the gas phase, as previously observed experimentally
for other ynamine systems in aqueous solution. The high relative acidity of ethynamine can be attributed largely to stabilization
of the ethynylamide anion and the low relative basicity to a destabilization of the ethynylammonium cation. The preferred
site of protonation in both ethynamine and ethenamine is at carbon rather than nitrogen, a result which can be rationalized
in terms of stabilizing interactions in the C-protonated species. High-level (G2) theoretical data are presented for the related
oxygen-containing systems, ethynol, vinyl alcohol, ketene, and acetaldehyde, and used to derive new values of the heats of

formation for these molecules.

Introduction

In a recent experimental study of ynamines (RC=CNH,) in
aqueous solution, Kresge and co-workers! reported basicities and
acidities which differ dramatically from those of standard saturated
amines. For example, phenyl(cyclohexylamino)acetylene
(PhC=CNHC(H,,) was found to be more than 10 orders of
magnitude less basic than cyclohexylamine, while phenylamino-
acetylene (PhC=CNH,) was found to be more than 17 orders
of magnitude more acidic than ammonia. The C=cC triple bond
clearly has a massive effect, and an understanding of the operative
mechanism is highly desirable.

In previous related experiments, it had been found that ynols
were considerably more acidic than enols.2 For example, phe-
nylynol (PhC=COH) was found to be more acidic than
PhCH=CHOH by more than 7 pK, units. We subsequently
examined the acidity of ynols using ab initio molecular orbital
theory to see whether the very high acidity carried over to the
gas phase.? Indeed, deprotonation of the prototype ynol, ethynol
(HC=COH), was calculated to require 101 kJ mol™! less energy
than deprotonation of its enol analogue, vinyl alcohol (CH,=C-
HOH). By careful analysis of bond separation energies (BSEs),
we were able to show that this greater acidity could be attributed
to two contributing factors: (1) destabilization of the neutral ynol
relative to the enol and (2) stabilization of the ynolate anion
relative to the enolate anion.

It is the purpose of the present study to carry out a similar
investigation of the acidities and basicities of ethynamine, the
prototype ynamine. Ethynamine has attracted theoretical attention
as a possible interstellar species.* It was observed for the first
time by Schwarz, Holmes, and co-workers in neutralization—
reionization mass spectrometry experiments,’ and subsequently

(1) Chiang, Y.; Grant, A. S.; Kresge, A. J.; Pruszynski, P.; Schepp, N. P.;
Wirz, J. Angew. Chem., Int. Ed. Engl., in press.

(2) Chiang, Y.; Kresge, A. J.; Hochstrasser, R.; Wirz, J. J. Am. Chem.
Soc. 1989, 111, 2355.

(3) Smith, B. J.; Radom, L.; Kresge, A. J. J. Am. Chem. Soc. 1989, 111,
8297.

(4) Saebo, S.; Farnell, L.; Riggs, N. V.; Radom, L. J. Am. Chem. Soc.
1984, 106, 5047.
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Table I. Calculated Total Energies (hartrees) and Zero-Point
Vibrational Energies (kJ mol™)?

MP4/6-
no. species HF/6-31+G* 311+G**  ZPVE!
1 CH,CHNH,* C, -133.44382 -133.99182 2322
2 CH,~CHNH,* C, ~-133.41418 -133.96992 236.4
3 CH,CH=NH C, -133.07708 -133.63297 193.7
4 CH,~=CHNH, C, -133.06884 -133.62639 194.4
5 CH,—CHNH- C, -13244951 -133.01338 1522
6 CH,=CNH,* C, -13221228 -13272702 161.7
7 HC=CNH,* C, -132.16913 -132.69350 169.2
8 CH~—C=NH C, -131.87654 -132.39942 123.6
9 HC=CNH, C, -131.85287 -132.37584 126.5
10 HC=CNH" C, -13125263 -131.78571  84.3
11 HC=CNH" C, -131.24952 -131.77949 819
12 CH;NH,* C,  -9557416 -95.98963 223.5
13 CH;NH, T -9521417  -95.63086  180.7
14 CH;NH- C, 9454326 -9496940 133.0
15 CH,CH, Dy, -79.22945  -79.61480 208.8
16 CH;CH,* C, -7831018 -78.65325 170.7
17 CH,=CH, D,,  -78.03582  -78.38334 143.6
18 CH,—CH* C, -11.07607 -77.39225  96.1
19 HC=CH D., -76.82307 -77.14000 77.2
20 CH,=NH C,  -94.03267 -94.41205 113.4
21 CH~=0 C, -11387116 -11426728  76.5
22 CH, T,  -40.19567 —40.40513 125.1
23 H, D.,  -112683  -1.16764  27.8

¢HF/6-31+G* optimized structures. °Zero-point vibrational ener-
gies (HF/6-314+G*). °Structure has one imaginary frequency.

some of its infrared absorptions have been recorded by Wentrup
etal.® The focus in this paper will be on the acid-base properties
of ethynamine. Comparisons will be presented with ethenamine,
the prototype enamine, and with methylamine. A particular point
of interest is to understand why the preferred site of protonation

(5) (a) van Baar, B.; Koch, W.; Lebrilla, C.; Terlouw, J. K.; Weiske, T.;
Schwarz, H. Angew. Chem., Int. Ed. Engl. 1986, 25, 827. (b) Buschek, J.
L.; Holmes, J. L.; Lossing, F. P. Org. Mass Spectrom. 1986, 21, 729.

(6) Wentrup, C.; Briehl, H.; Lorencak, P.; Vogelbacher, U. J.; Winter,
H.-W.; Maquestiau, A.; Flammang, R. J. Am. Chem. Soc. 1988, 110, 1337.
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Figure 1. Optimized structures at the HF/6-31+G* level. Bond lengths in angstroms and bond angles in degrees.

of ethynamine is on carbon rather than on nitrogen.
Method

Standard ab initio molecular orbital calculations’ were carried out
with the GAUSSIAN 88 and GAUSSIAN 9¢° systems of programs. Optimized

(7) Hehre, W. J.,; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986.

(8) Frisch, M. J.; Head-Gordon, M.; Schlegel, H. B.; Raghavachari, K;
Binkley, J. S.; Gonzalez, C.; DeFrees, D. J.; Fox, D. J.; Whiteside, R. A,;
Seeger, R.; Melius, C. F.; Baker, J.; Kahn, L. R.; Stewart, J. J. P.; Fleuder,
g. M.; g‘;piol, S.; Pople, J. A. GAUSSIAN 88; Gaussian Inc.: Pittsburgh,

A, 1988.

geometries and zero-point vibrational energies were obtained at the
HF/6-31+G* level. Improved energies were obtained by performing
MP4/6-311+G** calculations at the HF/6-314+G* optimized geome-
tries. Listed in Table I are the calculated total energies at both the
HF/6-31+G* and MP4/6-3114+G** levels, along with the calculated
zero-point vibrational energies. Reaction energies of interest are pres-
ented and compared with available experimental data! in Table II.

(9) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J. B.;
Schlegel, H. B.; Raghavachari, K.; Robb, M. A.; Binkley, J. S.; Gonzalez, C.;
DeFrees, D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker,
J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P,; Topiol, S.; Pople, J. A.
GAUSSIAN 90; Gaussian Inc.: Pittsburgh, PA, 1990.
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Table II. Calculated and Experimental Reaction Energies (kJ mol™')®

Smith and Radom

Table II. Calculated Heats of Formation (kJ mol™)¢

energy
reaction AE® AE< AE,.’

(1) CH;=C=NH — HC=CNH, 62 65

(2) CH;CH=NH — CH,=CHNH, 17 18 21

(3) HC=CNH, — HC=CNH" + H* 1549 1511

(4) CH,=C=NH - HC=C=NH" + H* 1611 1576

(5) CH;=CHNH, — CH,=CHNH~ + H* 1609 1572

(6) CH;CH=NH — CH,=CHNH" + H* 1627 1589

(7) HC=CNH, + CH, -~ HC=CH + CH;NH, 27 32

(8) CH;=CHNH, + CH, —~ 45 50 76
CH,=CH, + CH;NH,

(9) HC=CNH" + CH, — 214 215
HC=CH + CH;NH"

(10) CH,=CHNH" + CH, 173 172
CH,=CH, + CH;NH"

(11) HC=CNH, + H* — HC=CNH,* -834 -795

(12) HC=CNH, + H* — CH,=CNH,* -922 -890

(13) CH,=CHNH, + H* — CH,=CHNH,* -902 -864

(14) CH=CHNH, + H* — CH;CHNH," -959 -925 -896

(15) HC=CNH,* + CH, — -81 -76
HC=CH + CH;NH,*

(16) CH,=CHNH;* + CH, — 511
CH,=CH, + CH;NH,*

(17) CH,;NH, — CH;NH" + H* 1737 1694 1681

(18) CH,;NH, + H* — CH;NH,* -942 -903  -890

(19) HC=CH + H* - CH,=CH* 662 645 —636

(20) CH,=CNH,* - HC=CNH,* 88 95

(21) CHy=CNH,* + CH, — 286 277
CH,=CH* + CH;NH,

(22) CH,=CH, + H* — CH,CH," -709 -684 -674

(23) CH;CHNH,* —~ CH,=CHNH;* 58 6l

(24) CH,CHNH,* + CH, — 296 291 297

CH,CH,* + CH,NH,

¢Calculated using total energies from Table I. ®MP4/6.311+G** val-
ues. “MP4/6-311+G** values together with zero-point vibrational correc-
tions (scaled by 0.9). ¢Experimental values at 0 K evaluated using data
from ref 10 and, where necessary, theoretical temperature corrections.

Optimized geometries (1-23) are displayed in Figure 1. Throughout this
paper, the terms acidity and basicity refer, respectively, to enthaipies
(rather than free energies) of deprotonation (AH,.4) and protonation
(proton affinity, denoted PA) reactions.

Discussion

Structural Considerations. Most of the structures calculated
in this study are reasonably straightforward and do not warrant
further comment. For the ethynylamide anion (HC=CNH"),
however, previous calculations!! at the HF/4-31G level predicted
a planar arrangement. Our calculations at a higher level of theory
indicate that the planar C, structure (11) has one imaginary
frequency and distorts to a C) structure (10) when the symmetry
constraint is removed. Inspection of the Mulliken total atomic
charges shows approximately equal charges of —0.63 e and —0.61
e on the N and C(H) atoms, respectively, for the C, isomer (10),
suggesting significant contributions from both imine (24) and
acetylenic (25) valence structures. In contrast, charges for the
C, isomer (11) of —1.05 e and —0.17 e for the N and C(H) atoms,
respectively, indicate a domination by the acetylenic valence
structure (25). These differences are reflected in the calculated
structural parameters for 10 and 11 (Figure 1).

HC=C=NH HC=C—NH
24 25

Calculated and Experimental Thermochemical Information. In
our previous communication regarding the remarkably high acidity
of ethynol,’ we were able to show that the level of calculation used
was capable of reproducing available experimental estimates of
reaction energies with good accuracy. Here again we find a
satisfactory level of agreement in the few cases where comparisons
are possible (Table II) except for two reactions, (8) and (14),

(10) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, R.
D.; Mallard, W. G. J. Phys. Chem. Ref. Data Suppl. 1988, 17.

(11) Hopkinson, A. C; Lien, M. H.; Yates, K.; Mezey, P. G.; Csizmadia,
1. G. J. Chem. Phys. 1977, 67, 517.

AH{ AH{®58

MP4/6- MP4/6-
molecule G2 311+G** exptl? G2 311+G** exptl’
CH;CH=0 -153  -151 -155 -164  -162 -166
CH,~=CHOH 113 -113 -115¢ -124  -124 -125
CH,=C=0 -43 -50 -45  -47 -53 -48

HC=COH 95 96 92 93
CH,CH=NH (3) 52 41 8
CH,=CHNH, (4) 70 55 29

CH,=C=NH (8) 182 175

HC=CNH, (9) 255 249

¢Evaluated from bond separation energies together with experimental
heats of formation for reference molecules (see refs 10, 16, and 17). ® From
ref 10, unless otherwise noted. ¢Calculated from the AH;®,y4 value in ref 10
together with the theoretical temperature correction to 0 K.

involving CH;=CHNH, (4) where the calculated and experi-
mental reaction energies differ by 26 and 29 kJ mol™, respectively.
However, we note that the tabulated value'° for the “experimental”
heat of formation for CH,—CHNH, (4) (29 kJ mol™) is in fact
derived from an approximate heat of formation'2 for CH,CH=
NH (3) (8 £ 17 kJ mol™!) and a theoretical isomerization en-
ergy'>'4 between 3 and 4 (21 kJ mol™), and so the experimental
energies for reactions 8 and 14 are associated with considerable
uncertainty.

Our direct calculations indicate an energy difference at 0 K
between ethynamine (HC=CNH,, 9) and ketene imine (CH,—
C=NH, 8) of 65 kJ mol}, significantly larger than the ethena-
mine (CH,=CHNH,, 4) - acetaldimine (CH,CH=NH, 3)
difference of 18 kJ mol™'. A similar but even more pronounced
trend was observed® for the ethynol—ketene (155 kJ mol™!) and
ethenol-acetaldehyde (56 kJ mol™) energy differences, calculated
at the same level of theory as used here.

In light of the uncertainties in the experimental heats of for-
mation of CH;CH=NH (3) and CH,=CHNH, (4), and the
absence of experimental values for CH,=C=NH (8) and
HC=CNH, (9), we have estimated new values. These were
obtained from our calculated values of the appropriate bond
separation energies'® together with experimental heats of formation
(AH®)'016 of the other species involved in the corresponding bond
separation reactions. Heats of formation for formaldimine
(CH;=NH) of 86 (94) kJ mol™ at 298 K (0 K), required for this
analysis, were taken from our recent reevaluation.” Values
obtained in this manner for AH°,o; (AH:°) are summarized in
Table III. These heats of formation lead to improved energy
differences between 8 and 9 at 298 K of 74 kJ mol™! and between
3 and 4 of 14 kJ mol™.

In order to assess the likely accuracy of these results, we have
carried out a parallel evaluation of heats of formation for CH,-
CH=0, CH,=CHOH, CH,=C=0, and HC=COH for which
available experimental data and higher level theoretical data are
more extensive. Results at the MP4/6-311+G** level are com-
pared with experimental values and with theoretical values ob-
tained using energies calculated at the somewhat higher G2 level
of theory'®!% in Table III. It can be seen that the G2, MP4/6-

(12) Ellenberger, M. R.; Eades, R. A.; Thomsen, M. W; Farneth, W. E ;
Dixon, D. A. J. Am. Chem. Soc. 1979, 101, 7151.

(13) Eades, R. A,; Weil, D. A; Ellenberger, M. R.; Farneth, W. E.; Dixon,
D. A.; Douglass, C. H. J. Am. Chem. Soc. 1981, 103, 5372.

(14) Ellenberger, M. R.; Dixon, D. A,; Farneth, W. E. J. Am. Chem. Soc.
1981, 103, 5377.

(15) Hehre, W. J,; Ditchfield, R.; Radom, L.; Pople, J. A. J. Am. Chem.
Soc. 1970, 92, 4796.

(16) Experimental heats of formation at 298 K (0 K), taken from ref 10
and used in the analysis, are (kJ mol™) -74.5 (-66.8) for CH,, -84.0 (-68.4)
for CH;CH,, 52.2 (60.7) for CH,—CH,, 228.0 (228.6) for HC=CH, -23.0
for CH;NH,, -201.6 (-190.7) for CH;OH, and —108.7 (-104.7) for CH,=0.
Values (kJ mol™!) of 86 (94) for CH,=NH and -8.0 at 0 K for CH;NH, were
taken from ref 17.

(17) Smith, B. J.; Pople, J. A,; Curtiss, L. A.; Radom, L. Aust. J. Chem.
1992, 45, 285,

(18) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, J. A. J.
Chem. Phys. 1991, 94, 7221.
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311+G**, and experimental values are all in close agreement,
the largest discrepancy between theory and experiment being just
5 kJ mol™! at MP4/6-311+G** and just 2 kJ mol™ at G2. This
lends confidence to our predicted heats of formation for the ni-
trogen analogues described above. We believe that the values given
in Table III are the most reliable currently available for these
nitrogen-containing systems.

Gas-Phase Acidities. Our calculations predict gas-phase
acidities for ethynamine (Table II, reaction 3), ethenamine (re-
action 5), and methylamine (reaction 17) of 1511, 1572, and 1694
kJ mol™, respectively. Thus, as for the ynol-enol-alcohol coun-
terparts, ethynamine is predicted to be more acidic than ethe-
namine (in this case by 61 kJ mol™!), and both the unsaturated
amines are predicted to be more acidic than methylamine (by 183
and 122 kJ mol™!, respectively) in the gas phase. The much greater
acidity predicted for ethynamine compared with methylamine
indicates that the strong acid-strengthening effect of the acetylenic
linkage observed in aqueous solution carries over to the gas phase.

The calculated acidities for ethynamine and ethenamine may
be compared with the acidities of ethynol and vinyl alcohol of 1390
and 1491 kJ mol™!, where a difference of 101 kJ mol™! was cal-
culated.? Both the ynamine and enamine are calculated to be less
acidic than their respective oxygen counterparts, as might have
been expected for amines vs alcohols.

We turn now to the problem of providing a rationalization for
the acidity ordering. A higher relative acidity implies relative
stabilization of the neutral and/or relative destabilization of the
anion. We can determine which of these factors operate in the
case of the amine acidities by examining bond separation energies
of appropriate reactions, e.g.

HC=CX + CH; - HC=CH + CH;X

which provide a measure of the energies of interaction of a sub-
stituent X with double or (in the above example) triple bonds.
Our calculated BSEs for ethynamine and ethenamine of 32 kJ
mol™! (reaction 7) and 50 kJ mol™! (reaction 8), respectively,
indicate small but favorable interactions of the NH, group with
the multiple bond in both these neutral molecules. These inter-
actions would contribute to acid-weakening rather than acid-
strengthening effects.

The dominant effects occur in the ethynylamide (HC=CNH",
10) and ethenylamide (CH,=—=CHNH", 5) anions (which corre-
spond to the conjugate bases of ethynamine and ethenamine) which
show strong favorable interactions of the NH™ group and the
multiple bonds, reflecting the benefits of charge delocalization.
As a consequence, the bond separation energies are large and
positive: 215 kJ mol™! (reaction 9) and 172 kJ mol™! (reaction
10). The greater stabilization of the anions compared with the
neutral amines indicates immediately that both ethynamine and
ethenamine are more acidic than methylamine, as shown dia-
grammatically in Figure 2.

In order to rationalize the greater acidity of ethynamine com-
pared with ethenamine, we begin by noting (as pointed out pre-
viously”?%) that g-electron withdrawal from a carbon—carbon triple
bond is quite unfavorable, whereas =-electron donation is quite
favorable. Carbon—carbon double bonds also benefit from -
electron donation but are much less sensitive than triple bonds
to the o effect of substituents. Because of the o-electron-with-
drawing nature of the NH, group, this leads to the less favorable
interaction between the amine group and the triple bond of eth-
ynamine (32 kJ mol™!) than with the double bond of ethenamine
(50 kJ mol™!), corresponding to a relative destabilization of eth-
ynamine compared with ethenamine of 18 kJ mol™'.

For the anions, we note that the NH™ group is both a strong
m-electron donor and a weak o-electron donor. As a consequence,
both ¢ and = interactions with the triple bond in ethynylamide

(19) G2 energies were taken from ref 18, together with the following values
(hartrees): acetaldehyde, —153.576 82; vinyl alcohol, —153.559 02; ketene,
-152.369 13; ethynol, —152.313 63.

(20) Radom, L.; Hehre, W. J.; Pople, J. A. J. Am. Chem. Soc. 1971, 93,
284,
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Figure 2. Schematic representation of calculated relative energies in-

cluding calculated gas-phase acidities (AH,,) (MP4/6-311+G** to-
gether with zero-point vibrational corrections).

anion (HC=CNH, 10) are favorable, leading to the calculated
BSE (reaction 9) of 215 kJ mol™'. Perhaps because of the de-
creased sensitivity of double bonds to the o effect of substituents,
we see for the ethenylamide anion (CH,=CHNH", §) a smaller
BSE of 172 kJ mol™! (reaction 10). Thus, the HC=CNH-" anion
(10) is relatively more stable than the CH,=—CHNH" anion (5)
by 43 kJ mol™.

Both the relative destabilization of the neutral HC=CNH, (9)
(by 18 kJ mol™!) and the relative stabilization of the anion
HC=CNH" (10) (by 43 kJ mol™!) contribute to the greater acidity
of HICECNHZ (9) compared with CH,—=CHNH, (4) (by 61 kJ
mol™),

Gas-Phase Basicities. We can make a similar type of analysis
for the basicities of ethynamine, ethenamine, and methylamine.
The calculated proton affinities (at nitrogen) are 795 kJ mol™!
(reaction 11), 864 kJ mol™! (reaction 13), and 903 kJ mol™
(reaction 18), respectively. Thus, we calculate that ethynamine
is a substantially weaker (nitrogen) base (by 108 kJ mol™!) than
methylamine in the gas phase, as is found experimentally! for
larger ynamine/amine systems in aqueous solution.

A lower relative basicity requires relative stabilization of the
base and/or relative destabilization of the conjugate acid. Ex-
amination of Figure 3 shows that the dominant interaction in-
fluencing the basicity of ethynamine is a very strong (76 kJ mol™)
destabilization of HC=CNH,* resulting from an unfavorable
interaction of NH;* with the triple bond (Table II, reaction 15).
The latter may be attributed to the strong o-electron-withdrawing
and weak r-electron-donating properties of the NH;* group. We
have already noted the smaller stabilizing interaction (32 kJ mol™!)
of the NH, group with the triple bond in ethynamine itself. Both
the stabilization of the base (HC=CNH,) and the destabilization
of the conjugate acid (HC=CNH,*) contribute to the 108 kJ
mol™! lower proton affinity of ethynamine compared with me-
thylamine.

Ethenamine is also less basic than methylamine. In this case,
the effect is much smaller (39 kJ mol™!), the stabilization of the
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Figure 3. Schematic representation of calculated relative energies in-
cluding calculated gas-phase proton affinities (PA) for ethynamine and
related systems (MP4/6-311+G** together with zero-point vibrational
corrections).

base (CH,=CHNH,, 4) by 50 kJ mol™! being partly compensated
by a stabilization by 11 kJ mol™! of the conjugate acid (CH,=
CHNH;*, 2) (see Figure 4 and Table II, reaction 16).

The lower basicity of ethynamine compared with ethenamine
must clearly be the result of destabilization of the ethynyl-
ammonium cation (HC=CNH,*, 7) relative to the ethenyl-
ammonium cation (CH,=CHNH,*, 2) since we have already seen
that the neutral ethynamine is relatively Jess stable than ethe-
namine (by 18 kJ mol™!'). The strong (76 kJ mol™') unfavorable
interaction of the triple bond with the NH;* substituent in the
ethynylammonium cation and the slight (11 kJ mol™) favorable
interaction of the double bond with the NH,* substituent in the
ethenylammonium cation combine to make HC=CNH,* (7)
relatively less stable than CH,—CHNH,* (2) by 87 kJ mol™'.
This is the major factor contributing to the 69 kJ mol™! lower
basicity of ethynamine than ethenamine.

Preferred Site of Protonation of Ynamines and Enamines. Since
the proton affinity of methylamine is calculated to be greater than
that of acetylene by some 258 kJ mol™! (see Figure 3 and Table
11, reactions 18 and 19), one might expect a strong preference
for protonation of ethynamine on nitrogen rather than on carbon.
However, our calculations, in agreement with the results of lower
level theoretical calculations?! and solution-phase experiments,’
predict that the thermodynamically preferred site of protonation
in ynamines is on carbon. Thus, CH,=CNH,"* (6) lies lower in
energy than HC=CNH,* (7) by 95 kJ mol"!. How can this
preference for protonation at carbon be explained?

The rationalization is included in Figure 3. The interactions
within CH,=CNH,"* are highly favorable, as reflected in the
calculated bond separation energy of 277 kJ mol™! (reaction 21,

(21) (a) Wurthwein, E.-U. J. Org. Chem. 1984, 49, 2971. (b) Nguyen,
M. T.; Ha, T.-K. J. Chem. Soc., Perkin Trans. 2 1984, 1401. (c) DeFrees,
D. J.; McLean, A. D.; Herbst, E. Astrophys. J. 1985, 293, 236.
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Figure 4. Schematic representation of calculated relative energies in-
cluding calculated gas-phase proton affinities (PA) for ethenamine and
related systems (MP4/6-311+G** together with zero-point vibrational
corrections).

Table IT). In contrast, the interactions within HC=CNH,* are
unfavorable by 76 kJ mol™l. The combination of these two effects
(353 kJ mol™') more than compensates for the intrinsically greater
basicity of an NH, group compared with a C=C triple bond (by
258 kJ mol™!) to lead to a preference for carbon protonation by
95 kJ mol™.,

Very similar considerations apply to the protonation of ethe-
namine, which has previously been studied in detail by Dixon,
Farneth, and co-workers.!?"'422  Their theoretical and gas-phase
experimental studies show convincingly that enamines protonate
exclusively at carbon rather than nitrogen. Our calculations show
that the product arising from protonation at carbon
(CH;CHNH,*, 1) lies 61 kJ mol™! lower in energy than the
product arising from protonation at nitrogen (CH,—=CHNH,*,
2). This occurs despite the fact that the proton affinity of ethylene
is much smaller (by 219 kJ mol™') than that for methylamine
(Table II, reactions 18 and 22). Again, however, it is the favorable
interactions within CH;CHNH,* (by the massive amount of 291
kJ mol™!) (Table II, reaction 24) which leads to the apparent
reversal of the preferred protonation site (Figure 4).

Conclusions

Several important points emerge from our theoretical study of
the relative acidities and basicities of ethynamine, ethenamine,
and methylamine: (1) Ethynamine has a very high relative acidity.
This can be attributed largely to a relative stabilization of the
ethynylamide anion. (2) Ethynamine has a very low relative
basicity. This can be attributed largely to a relative destabilization
of the ethynylammonium cation. (3) For both ethynamine and
ethenamine, the preferred site of protonation is on carbon rather
than on nitrogen. This can be attributed to strong stabilizing

(22) See also, Barone, V.; Lelj, F.; Grande, P.; Russo, N. J. Mol. Struct,
Theochem. 1985, 124, 319.
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interactions in the carbon-protonated species. (4) Our results are
consistent with recent experimental findings for ynamines in
aqueous solution.
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Abstract: The majority of condensed polycyclic benzenoid aromatic hydrocarbons exist as highly nonplanar molecular structures.
Group additivity methods, AM1 calculations, and molecular mechanics are compared as general tools for estimating relative
and absolute stabilities in nonplanar members of this class of compounds and for correlating the sparse experimental AH°
data. The AM1 computations give large, variable (positive) errors compared to the experimental AH;°’s, whereas molecular
mechanics and group additivity precisely model the same data. Molecular mechanics calculations for 153 polybenzenoid compounds
with up to seven benzenoid rings indicate that 72 are highly nonplanar. The ability of group additivity methods to represent
structural strain and the energetic consequences of nonplanarity in the polycyclic benzenoids is demonstrated by a precise
partition of the calculated molecular mechanics AH;° as a sum of CC and CH bond energy terms, steric interference parameters,

and resonance energies.

1. Introduction

We are engaged in systematic studies of various classes of
condensed polycyclic benzenoid aromatic hydrocarbons
(PBAHs),'? with an emphasis on understanding the effects of
topological variations in structure on planarity, nonplanarity, and
molecular stabilities. As part of this work, we have recently used
a computerized coding system® and graph-theoretical algorithms
to demonstrate that the majority of PBAHs capable of actual
existence must possess highly nonplanar chiral and nonchiral
molecular geometries. Thus, for example, 6693 distinct polyhex
graphs with ten rings can be drawn that correspond to catacon-
densed® PBAH constitutional isomers with the formula Cy,H,,.
However, easily perceived steric factors ensure that the C4,Hoy
polybenzenoid system will actually consist of 12 882 nonplanar
pairs of enantiomers, 47 achiral nonplanar species, and only 600
planar or near-planar compounds.’

Other than the graph-theory approach, the main tools for our
studies have been AM16 and molecular mechanics’ (MM) cal-
culations. The reliance on computation is due primarily to the
sparse amount of available experimental AH;® data, which is
limited to values for only nine catacondensed and two pericon-
densed compounds.®® Therefore, in part, the work which is
reported here was carried out to evaluate the general reliability
and convenience of alternate and readily available theoretical
protocols for obtaining the structural and thermodynamic prop-
erties of polybenzenoid systems.

The collected experimental information on thermodynamic
stabilities is compared with the results of MM, AM1, and group
additivity procedures in the following section of this paper. Then
results of MM calculations for PBAHs with as many as seven rings
are tabulated and discussed. Simple group additivity (GA)
analyses are shown to provide acceptable replications of both the
experimental and the theoretical thermodynamic data. The GA
formalism also allows a delineation of the substructures which

* Author to whom correspondence should be addressed.
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Table I. Experimental and Calculated AH® (kcal/mol) for PBAHs

compd exptl® PCM’ MM3° AMI?Y GAl° GARF/

benzene 20.0 (0.2)¢ 193 203 220 184 203
naphthalene 36.0 (0.3) 349 360 40.6 358 352
anthracene 55.2(0.6) 556 552 629 533 53.8
phenanthrene  49.7 (0.6) 49.2 50.7 574 522 506
tetracene 723(1.3) 782 762 869 708 74.1
benz[a]- 70.3 (0.9) 68.1 68.6 783 69.7 67.6

anthracene
chrysene 66.0 (1.1) 659 67.0 762 68.5 67.1
triphenylene 66.5(1.0) 669 675 755 673 67.1
benzo[c]- 69.6 (1.1) 69.3 71.8 812 696 69.6

phenanthrene
pyrene 540 (0.3) 574 582 674 58.6f 55.3*
perylene 78.4 (0.6) 79.3 893 7388 77.2%
av error (exptl 1.4 1.5 9.1 1.9 1.1

vs calc)

¢Reference 14. °Reference 10. °Reference 11. “Reference 6.
¢Based on a five parameter group additivity equation. See Table II.
/Group additivity models with a resonance energy parameter (GA2-
(RE) and GA3(RE)) give essentially identical predicted AH;°>. See
text and Table II. #Estimated absolute value of experimental error.
See ref 14. ”Experimental and estimated AH®’s modified by ener-
gy/enthalpy correction term. See text.

induce both small and large degrees of nonplanarity in PBAH
molecular frameworks.

(1) Herndon, W. C. In Polynuclear Aromatic Compounds, ACS Advances
in Chemistry Series No. 217; Ebert, L., Ed.; American Chemical Society:
Washington, DC, 1988.
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435,
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F. H.; Schmidt, G. M. J.; Hirshfeld, A. L. J. Chem. Soc. 1954, 3288. Also,
see: Ferguson, G.; Robertson, J. M. Adv. Phys. Org. Chem. 1963, 1, 203.
Clar, E. Polycyclic Hydrocarbons;, Academic Press: New York, 1964; Vol.
1, Chapter 16.
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