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Insertion of Amines and Alcohols into Proton-Bound Dimers. A Density Functional Study
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Insertion complexes of various bases with the protonated acetonitrile and acetone dimers have been studied
using density functional methods including exact exchange contributions. The insertion mechanism has been
investigated using an intrinsic reaction coordinate calculation. For some thermochemical quantities, calibration
studies using larger basis sets and coupled cluster methods have been carried out. We find that B3LYP/cc-
pVDZ will somewhat overestimate association energies due to basis set incompleteness error, which is partially
compensated by an opposite error in the correlation treatment. B3LYP/4-21G will yield qualitatively correct
structures, which PM3 and HF/4-21G generally do not, yielding instead asymmetric insertion complexes.
The insertion energy increases with increasing proton affinity of the inserting base, while the association
energy between the protonated central base and the ligands decreases. For the insertion complexes of the
acetone dimer, the conformational equilibrium shifts from-sgyn to syr-anti with increasing proton affinity.

Ther. geometries of protonated acetone dimer and its complexes are found to exhibit slight deviations from
their intuitive symmetry that the calculations predict will be absent irrdlgometries. Computed association

and switching enthalpies are in very good agreement with experiment, while proton transfer enthalpies fare
less well due to the change in hydrogen bond number involved. Geometries and vibrational frequencies for
all structures considered are available as Supporting Information to the paper.

I. Introduction the reactant proton-bound dimers, (§HN)H'T and (CH-
COCH),H™, and of the insertion product trimers with amines
or methanol, and in order to verify the proposed insertion
mechanism. The dimers (GAN),H" and (CHCOCH,),H™

are known to be particularly stable because they do not possess
hydrogens that can form stable hydrogen-bonding networks
beyond the dimer. The special stability of some of these dimers
has been demonstrated by quantum mechanical calcul&ti&hs.
Cluster ionization and fragmentatiBrhas demonstrated that
although there are higher proton-bound clusters T)HT,

no further closed shell is visible beyond the first shell fior

2. Steric hindrance was invoked as the cause for the reduced
abundance of the trimer compared to the dimer in acétone
Ibecause the third molecule has to bind in a T-shaped structure.
The linear structure was found to be more stable than the
T-shaped structufdor the protonated acetonitrile trimer. The
thermochemistry, that isAH°, AG°, andAS’ of the clustering
reactions, is known for acetonitrl@nd aceton@ from high-
pressure mass spectrometry equilibrium studies. The DFT
calculations can therefore be compared with experimental values
for the dimers and extended for the mixed trimers.

We have studied in recent years a series of reactions of
proton-bound dimers in the gas phasé. A general pattern
for the reactions of small proton-bound clusters with bases has
been observed: fast reactions at near gas kinetic collision rate
constants for proton-bound dimers and trimers such as
(RCOOH)H" (n = 2, 3) and (ROHH' (n= 2, 3) (R=H,
CHs) and slow reactions for alkyl blocked dimers and trimers
such as (CBRCN);H*, (CH;COCH),H™, (CH;OCHz),H™, and
(CoHsOH)(CHCN),H*. The different behavior of the two
groups of cluster ions was ascribed to the ability of base
molecules to hydrogen bond to a molecule in the periphery of
the former cluster ion series and the inability to do so with the
latter. A base molecule was presumed to attack the central
proton of an alkyl blocked dimer in a T-shaped approach. A
unique insertion reaction has been obsetvied some alkyl
blocked dimers such as (GEN);H* and (CHCOCH),H" with
base molecules having hydrogen-bonding protons such as NH
CH;3NH_, (CHg)2NH, and CHOH capable of forming a multiply
hydrogen-bonded core ion. Trimethylamine, @&, although
having a higher proton affinity than ammonia, methylamine,
dimethylamine, or methanol, does not undergo any association||. Methods
reaction with either (CECN),H" or (CHsCOCH;),H*. A two-
step mechanism was propose(l) attack on the proton of the
O—H—0 or N—H—N bridge by the lone pair nitrogen or oxygen
electrons and (2) rearrangement to a Y-shaped trimer structure
Trimethylamine is unable to undergo the second step of the
mechanism proposed and as a result does not insert.

We have undertaken a density functional theoretical (DFT)
study in order to learn about the structure and energetics of

All density functional calculations have been carried out using
the Gaussian 94 packdgeunning on a DEC Alpha TurboLaser
8400 at the Institute of Chemistry, Hebrew University. Semiem-
pirical calculations using the PM3 moéitlvere also performed
using this package. All conventional ab initio calculations were
carried out using MOLPRO 98running on the same compu-
tational hardware.

All density functional calculations employed the B3LYP
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TABLE 1: Convergence of Proton Affinity (kcal/mol) and Protonated Dimer Dissociation Energy (kcal/mol) of Acetonitrile and
Acetone with Respect to (One-Particle) Basis Set ana-Particle (Correlation) Treatment

acetonitrile acetone
PA De(AH*+-A) PA De(AH*+-A)
B3LYP/cc-pvVDZ 194.47 35.21 205.15 35.00
with BSSE correction 192.85 32.80 203.53 31.39
B3LYP/cc-pVTZ 195.04 32.53 204.25 32.00
with BSSE correction 194.60 31.96 203.61 30.95
B3LYP/aug-cc-pVTZ 194.45 32.19
HF/cc-pvDZ 195.02 27.96 207.98 27.32
MP2/cc-pVDZ 190.89 34.70 201.36 34.37
CCSD/cc-pvDZ 193.30 32.30 204.50 32.38
CCSD(T)/cc-pvDz 193.12 33.42 203.83 33.53
best estimate 193.25 30.17 202.93 29.48
zero-point contribution —6.59 +0.60 —7.96 +0.82
best estimate at 0 K 186.66 30.77 194.33 30.30
at 298 K AE) 186.44 30.22 194.33 29.51
at 298 K AH) 187.03 30.81 194.92 30.10
experiment 188.4 248 29.8+ 1.¢¢ 193.7+ 0.6% 30.14+ 1.0
a1n the “hypothetical motionless state”.
Apart from the standard 4-21G basis &ktll basis sets Because of the very appreciable change in geometry upon
employed belong to the correlation consistéat family of protonation (particularly, in the proterbase distance), all

Dunning and co-workers. The first one, cc-pVDZ (correlation calculations involved in determining the basis set superposition
consistent polarized valence doubig, is a [3s2pld/2slp] error were carried out at the product geometry, including the
contraction of a (9s4pl1d/4slp) basis set. The second, cc-pVTZmonomer calculations:

(correlation consistent polarized valence trig)eis a [4s3p2d1f/

3s2p1d] contraction of a (10s5p2d1f/5s2p1d) basis set. The third BSSE= E[A(B)] + E[(A)B] — E[A] —E[B] (1)

one, aug-cc-pVTZ (augmented cc-pVTZ), additionally carries

one low-exponent basis function of each angular momentum
to accommodate anions, highly polar molecules, and weak
molecular interactions.

To assess the quality of the B3LYP correlation treatment,
CCSD(T)2324 or coupled cluster with all single and double
substitution®® and a quasiperturbative treatment of connected
triple substitutiong? calculations were carried out using the cc-
pVDZ basis set and from B3LYP/cc-pVDZ reference geom-
etries.

Finally, an approximate correction for basis set superposition
error for the dimers was attempted using the familiar Boys
Bernardi counterpoise methé#l.

whereE[A(B)] stands for the energy of A with the basis set of
B added as “ghost” basis functions, and all atoms were kept at
their positions from thée[AB] calculation.

For the B3LYP/cc-pvVDZ calculations, the counterpoise
corrections amount to 2.41 kcal/mol for the protonated aceto-
nitrile dimer and 3.61 kcal/mol for the protonated acetone dimer.
For the B3LYP/cc-pVTZ basis set, however, these numbers drop
to 0.57 and 1.05 kcal/mol, respectively. This largely offsets
the fairly big difference between the uncorrected results with
the cc-pVDZ and cc-pVTZ basis sets.

From comparing CCSD(T) and B3LYP results with the cc-
pVDZ basis set, it seems that the B3LYP exchangarrelation
functional overestimates the protonated difefor acetonitrile
by about 1.79 kcal/mol and that of acetone by about 1.47 kcal/
o mol. It should be noted that this is on the same order of

A. Calibration of the Method. Computed results for the  magnitude as the effect of the triple excitations contribution:
PAs (proton affinities) of acetonitrile and acetone, as well as 1 12 and 1.15 kcal/mol, respectively. The total correlation
the dissociation energies of the corresponding protonated dimersenergy contribution td, is fairly significant: 5.46 kcal/mol
are given in Table 1, together with the relevant experimental fqr (CH:CN),H* and 6.21 kcal/mol for (CECOCH),H*, or
values. about one-fifth of the total. MP2 overestimates the correlation

The results for the protonated dimig values (dissociation  contributions by 1.28 and 0.84 kcal/mol, respectively, while
energies) are both about 5 kcal/mol higher than experiment atccsp, of course, underestimates them by 1.12 and 1.15 kcal/
the B3LYP/cc-pVDZ level. Taking the zero-point energy into  mg|, respectively.
account actually increases the gaps by 0.60 and 0.82 kcal/mol, e can now define a “best estimate” energy as follows.
respectively. While the rigid rotor-harmonic oscillator approach
for the thermodynamics is of very limited value in such floppy E = E[B3LYP/cc-pVTZ] + E[CCSD(T)/cc-pVDZ]—
molecules, we may assume that the errors more or less cancel E[B3LYP/cc-pVDZ] — BSSE (2)
in the dimerization reaction. If so, the thermal contribution
actually nearly cancels out with the zero-point contribution.  Thus we obtain values in the hypothetical motionless state of

There are three obvious candidates for the cause of the30.17 kcal/mol for the protonated acetonitrile dimer and 29.48
error: (a) basis set incompleteness; (b) (relatedly) basis setkcal/mol for the protonated acetone dimer. After bringing zero-
superposition error (BSSE); (c¢) inadequate electron correlation point and thermal corrections into account, we finally obtain
method. values of 30.81 and 30.10 kcal/mol, respectively. The former

Extending the basis set from cc-pVDZ to cc-pVTZ lowers is 1 kcal/mol higher than experiment (which is on the borderline
De by 2.68 kcal/mol for acetonitrile and 3.00 kcal/mol for of the experimental error bar); the latter agrees to the first
acetone. A further extension to the aug-cc-pVTZ basis set for decimal place.
acetonitrile lowers the value by a further 0.34 kcal/mol; the  Best estimates for the proton affinities can be obtained
corresponding calculation for the protonated acetone dimer likewise. Again, both values thus obtained are in very good
proved beyond our computational resources. agreement with experiment.

Ill. Results and Discussion
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Figure 1. Overview of structures for the insertion complexes of the protonated acetonitrile dimers. APT charges and hydrogen bond distances at
the B3LYP/cc-pVDZ level are shown in plain and italic numbers, respectively.

In conclusion, we can state that B3LYP/cc-pVDZ calculations where the discrepancy is consistent with the expected (large)
of association energies on the other species will be too high by anharmonicity for such modes:s,, the internal rotation of the
about 5 kcal/mol, of which about two-thirds will be due to basis CHs; and OH groups with respect to each other, is subject to
set incompleteness (of which, plainly, BSSE is yet another strong coupling with the overall rotation, and therefore the listed
manifestation) and the remainder due to inadequacies in thefundamental is only indicative®
electron correlation treatment. For CHCN, a series of high-resolution IR measurements (e.g.

As for the harmonic frequencies for the various species and refs 29, 30, 31) have recently been performed, aside from the
the reliability of the derived zero-point energies, we will consider older work of Duncan and co-worket. The present B3LYP/
four molecules in detail: C§OH, CHCN, CHsNH,, and CH- cc-pVDZ calculations reproduce the experimental frequencies
COCH;. remarkably well, considering the comparatively low level of

The computed harmonic frequencies for methanol agree quitetheory. For the CH stretching bandsandv,, the difference
well with the experimental fundament#sfor the “pure” between calculated) and observed is consistent with the
vibrational modes;—v11, except for the CH and OH stretches, expected anharmonicity. The discrepancy for the CN stretching
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Figure 2. Profile of the B3LYP/4-21G reaction coordinate for the insertion ofsNiio the acetonitrile dimer.

bandv; lies well beyond reasonable anharmonicity and is due is found to haveDsy symmetry, with a linear CN-H*---NC
partly to a known deficiency of B3LYP for high bond ordérs  arrangement, the proton midway, and the two methyl groups
and partly to a strong Fermi type 2 resonance wiht v,. staggered. It should be noted that the methyl group internal
For CHsNH,, experimental values are taken from refs 33 and rotations in this complex will be essentially free at room
34. The only discrepancies out of the ordinary between temperature. The dissociation energy of the protonated dimer
calculatedw; and observed; are found forvg (the NH, wag, is calculated as 35.3 kcal/mol at the B3LYP/cc-pVDZ level.
which exhibits inversion doubling) anehs (the CH; internal (Cybulski and Scheinét found that, at the SCF level, the
rotation). Neither is expected to be well reproduced by a protonin (CN:-H---NC)~ is placed off-center. Repeating their
harmonic-only frequency calculation to begin with: this limita- calculations at the B3LYP level, however, leads to a centrosym-
tion should be kept in mind for the other species. (Good DFT metric structure, consistent with the present results.)
results for this molecule were previously obtained in, for  An NH3molecule was then placed in a T-shaped arrangement

example, ref 35.) with the free electron pair directed toward the protonated dimer
For acetone, experimental values are taken from refs 36 in its staggered conformation (one of the hydrogens perpen-
38. The only vibration that poses significant problems;is dicular to the NHN plane, resulting in no symmetry at all), and
the antisymmetric combination of the Gltbrsions; the sym-  a transition-state search was carried out. The resulting stationary
metric combination is fortuitously well reproduced. point exhibits one imaginary frequency (323i) at the B3LYP/

These sorts of problems may compromise the accuracy of 4-21G level. To ascertain that it indeed belonged to the reaction
computed absolute zero-point energies and thermodynamiccoordinate of interest, an IRC (intrinsic reaction coordinate)
properties; however, when considering, for example, differences calculatiorf3#4was then carried out. A profile of the reaction
between dimer and monomer, or unprotonated and protonatedcoordinate is given in Figure 2, while an overview of some
species, it can be assumed that these effects largely cancel. salient structures thereof is given in Figure 3.

Since the harmonic frequencies of the remaining species, In the reverse direction, the IRC leads to an-alipole
particularly the protonated ones, are not really germane to thecomplex, as expected. In the forward direction, the structure
present discussion but may be useful to assist future experi-at first seems to lead to the products of the switching reaction,
mental work, they are made available as Supporting Information but as one proceeds further along the reaction coordinate, the
to the present paper. Infrared intenstities are also made availablehydrogens in the ammonia group undergo torsion, leading
there: from a recent study by De Proft et#lit is known that eventually to a bridged structure and finally a Y-shaped insertion
B3LYP/cc-pVDZ intensities are generally in at least semiquan- complex in which two protons on NH each are hydrogen-
titative agreement with experiment. bonded to one CECN molecule. This “bridged complex”,

B. Insertion Complexes. 1. Acetonitrile All relevant which hasC,, symmetry, is considerably lower in energy (10.7
structures are depicted in Figure 1. Full geometry information kcal/mol at the B3LYP/cc-pVDZ level) than the T-shaped
is available as Supporting Information to the present work; bond structure. The numerical experiment just described reveals the
lengths for the hydrogen bonds are provided in the figure, as exact mechanism proposed in ref 2 and described in the
are the APT (atomic polarizability ten$8y atomic charges of Introduction. Computer time limitations precluded carrying out
all atoms except the methyl hydrogens. (All the charges are the IRC calculation (which involved some 300 gradient calcula-
given along with the geometries in the Supporting Information.) tions in the forward direction alone) at the B3LYP/cc-pVDZ
As shown previously?#! B3LYP/cc-pVDZ APT charges are  level, but since we found in the present work that B3LYP/4-
close to convergence in both basis set and electron correlation21G and B3LYP/cc-pVDZ are in at least qualitative agreement
method. for the structures considered, we see no reason why the results

As expected, protonated acetonitrile (methyl cyanide)Zys of a B3LYP/cc-pVDZ IRC calculation would be appreciably
symmetry like the unprotonated structure. The protonated dimer different.
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Figure 3. Some salient structures along the reaction coordinate for insertion gfiftitithe protonated acetonitrile dimer.

We did recalculate the structures of the entrance channelion level, which is somewhat less than twice the dissociation energy
dipole complex and of the transition state at the B3LYP/cc- of the mixed dimer cation Nkt--*NCCHs, 29.9 kcal/mol. This
pVDZ level. The former is found to be 6.79 kcal/mol below underscores that, rather than a solvation complex of the mixed
the reactants in the hypothetical motionless state (HMS) and dimer, the mixed trimer represents a situation with two
5.38 kcal/mol at 0 K. The BN---H distance is found to be  equivalent strong hydrogen bonds of somewhat lower strength
about 2.72 A, while the two methyl groups are in nearly than an isolated single one.
perfectlygeschrankteonformations. The transition state still If this view were correct, experimentally one would observe
lies 4.89 kcal/mol (HMS) or 2.78 kcal/mol (0 K) below the such protonated trimers GAN---BH*--*NCCH; for B = NH3,
reactants, while the products are a respectable 39.26 kcal/moNH;R, and NHRR but not for NRRR": as noted in the
(HMS) or 33.90 kcal/mol (0 K) below the reactants. The Introduction, the trimer is observed experimentally with am-
imaginary frequency for the reaction coordinate at the transition monia, methylamine, and dimethylamine, but not with trimeth-
state was found to be 465i cth ylamine.

The dissociation energy of the insertion complex into,NH We have considered insertion complexes with a number of
+ 2CHCN is found to be 52.2 kcal/mol at the B3LYP/cc-pVDZ  other “insertors”. A summary of the computed thermochemical
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TABLE 2: Comparison of Computed (B3LYP/cc-pVDZ) Harmonic Frequences (cnt!) and Observed Fundamentals (cm?) for
Methanol, Acetonitrile, Methylamine, and Acetone

CH:OH
experimert’
a 3681.5, 2999.0, 2844.3, 1477, 1454.3, 1340, 1074.5, 1033.5
a' 2970, 1465, 1145, 295
B3LYP/cc-pvVDZ
a 3779.5,3101.4, 2964.1, 1485.2, 1467.6, 1378.3, 1091.3, 1061.7
a' 3008.0, 1465.8, 1155.4, 336.0
CHsCN
experiment
A 2953.92%22266.45%21385.171(23%2 920.290284 (13}
E 3009.16%2 1449.728(263° 1041.854706(28 365.015965(12F
B3LYP/cc-pvDZ
A 3128.8, 2371.3, 1388.7, 938.7
E 3047.5,1443.4,1044.2, 384.4
CH3NH;
experiment®
a 3360, 2962, 2820, 1623, 1474, 1430, 1130, 10442780
a' 3424, 2985, 1485, 1338,97234 264
B3LYP/cc-pvDZ
a 3453.5, 3051.2, 2943.0, 1652.3, 1470.7, 1441.3,1170.1, 1068.4, 871.8
a' 3524.7,3091.5, 1491.4, 1348.3, 978.5, 329.6
CH;COCHy
experiment—38
a 3004, 2937, 1731, 1435, 1355, 1072, 777, 385
& 2972, 1426, 872, 112
b, 3018, 2920, 1410, 1364, 1216, 891, 530
by 2972, 1454, 1090, 484, 130
B3LYP/cc-pvDZ
& 3152.4, 3032.7,1811.7, 1437.8, 1361.3, 1070.9, 789.4, 376.4
& 3089.9, 1435.4, 869.3, 36.0
b, 3151.6, 3025.8, 1427.1, 1370.4, 1229.2, 879.6, 531.1
by 3097.0, 1458.4,1104.1, 488.8, 146.3

aThis fundamental is not well-defined due to strong coupling between internal and overall rotations. The listed value is the recommended one
of Shimanouch#®

data is given in Table 4 for the association, switching, and proton  Considering that the cooperativity factor
transfer reactions, together with the available experimental data

+ +
(compiled in ref 2) and the experimental branching ratisme Po= AE[A,BH" —2A + BH'] )
ancillary thermochemical data are given in Table 5. ©  2AE[ABHT — A + BH"]

A number of trends can be seen in these tables. For instance, ) ) .
with increasing proton affinity in the series 8 NHz < CHs- Is less than unity, anticooperativity appears to be present.
NH, < (CHa)NH, the first and second association energigmt appears to be Ilnea_rly correlated with PA(B), consistent with
is, the energy changes of the reactions'BHA — ABH™ and theories presented in the literatufe. _ _
ABH* + A — A,BH*, respectively-decrease, somewhat more It should be noted that the impact of the zero-point energy is

notably so for the first than for the second association energy. f&irly appreciable: it reduces the insertion energies by about 5

As a result, the overall association energy of the base decrease&ca!/mol. .
with increasing proton affinity. This may be clarified by the ~ FOr BH=CHiOH, we also calculate such a Y-shaped insertion

following thermodynamic cycle: complex (withCs symmetry) to have a dissociation energy into
MeOH," + 2CHsCN of 66.1 kcal/mol and into C¥CNH™ +

N -D, N MeOH + CH3CN of 62.5 kcal/mol. (This difference reflects
BH" +2A —— ABH +A the somewhat higher proton affinity of GEIN.) The energy
for loss of a single CECN is calculated to be 26.88 kcal/mol.
—PA(B)? | -D, It may be of interest to compare the trends in the branching
N ratios between association, switching, and proton transfer
2A+B+H" A.BH 3) observed experimentaflywith the exothermicities for these

reaction channels based on the calculations in Tables 4 and 5.
The experimental trends (summarized in Table 4) are clearly
. -p, N consistent with the DFT calculations.
AH"+A+B— AH +B Agreement with the limited experimental association and
switching enthalpies is as good as can reasonably be expected
Inspection of the computed geometries reveals that the increas{or this comparatively low level of theory (B3LYP/cc-pVDZ).

_PA(A) | f AEinsertion

ing proton affinity is itself linked to an increasing-+HNC For the proton transfer reaction, the agreement between theory
hydrogen bond distance. In the insertion enerthat is, the and experiment is decidedly less good and seems to deteriorate
energy change of the reactiontA" + BH — (A---H),B™—we as the PA of the inserting base decreases. This phenomenon is

see a slight increase with increasing PA, thanks to a compensaundoubtedly related to the fact that the proton transfer reaction
tion between the loss of association energy and the somewhainvolves a change in the number of hydrogen bonds, while their
larger difference in proton affinities. number is conserved in the association and switching reactions.
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TABLE 3: Overview of Stationary Points for the Species Considered in the Present Paper
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species E(B3LYP/cc-pVDZ) (hartrees) ZPE (kcal/mol) point group Hessian ifdex
CHsCN —132.761 505 8 28.23 Cs, 0
CHSCNH* —133.071416 1 34.82 Cs, 0
CH3CN-+-H*++:NCCHs —265.889 120 2 62.45 Dag 0
CHZCN-+-NH,* —189.708 924 8 59.80 Cs 0
NH3 —56.554 254 7 21.37 Cs, 0
NH* —56.899 711 6 30.72 dl 0
CH3NH, —95.858 029 2 39.87 c 0
CHsNH3* —96.218 7751 49.38 C 0
(CHs).NH —135.166 469 4 57.49 £ 0
(CHz)NH,* —135.536 358 9 67.30 Ca 0
CHs;OH —115.722 816 8 31.87 £ 0
CH3OH,* —116.026 907 7 39.95 £ 0
CH3OH:--H*NCCH; —248.850939 5 67.91 C 0
CH3CN-+*NH,*+-*NCCH; —322.505 946 6 89.18 Ca 0
insertion transition state of safe —322.451 1739 85.93 C 1
entrance channel ierdipole complek —322.454 190 3 85.23 C 0
CH3CN-+-CH30OH;"+-*“NCCHs —381.655 273 8 97.80 £ 0
CH3CN-+-CH3NHz* —229.022 992 6 78.30 Cy 0
CH3CN-+-CH3NH;z*--*NCCHs —361.817 561 4 107.34 £ 0
CH3CN-++(CHg),NHz" —268.337 297 5 96.13 £ 0
CH3CN-++(CHg),NH;"-:*NCCH; —401.130 142 2 125.08 Ca 0
acetone —193.164 301 6 51.99 Ca 0
acetoneH —193.491 036 6 59.87 £ 1
acetoneH —193.491 180 5 59.96 Ci 0
acetone-NH4" —250.111 504 4 83.32 £ 2
acetone-NH, " —250.1115754 83.44 Cy 0
acetone-CH3;OH," syn —309.263 162 1 92.76 C 0
acetone-CH3;OH, ' anti —309.263 161 5 92.77 C 0
acetone-CH3;OH,*---acetone syrsyn —502.465 527 8 145.32 £ 0
acetone-CH3;OH,"---acetone syranti —502.465 398 8 145.58 C 0
acetone--NH4---acetone syfasyn —443.309 976 9 136.50 Ca 2
acetone-NH4*---acetone synsyn —443.3100221 136.69 £ 0
acetone--NH,"---acetone synanti —443.312 639 4 136.88 £ 2
acetone-NH,*---acetone synanti —443.312 683 3 137.06 C 0
acetone--H*---acetone —386.7111718 110.93 Con 2
acetone-H"---acetone —386.711 3296 111.14 C 0
acetone-CH3NHs*---acetone syrsyn —482.620 367 4 154.84 £ 1
acetone-CHzNHz*---acetone syranti —482.624 099 2 155.33 C 0
acetone-CHsNHg" —289.425 856 2 102.19 Cy 0

aNumber of negative eigenvalues of the Hessian. 0 means a minithartransition state, 2 and more higher-order saddle pdigse Figure

3, structure b¢ See Figure 3, structure a.

TABLE 4: Calculated and Observed Reaction Enthalpies (kcal/mol) and ObservedBranching Ratios (%) for Some Relevant

Reactions

association AH* + B — A,BH* switching AH* + B — ABH* + A proton transfer AH" + B — BH" + 2A

calcAE. calcAE;, exptAH expfratio calcAEe calcAE, exptAH exptratio calcAE. calcAE, expf AH expfratio
With Protonated Acetonitrile Dimer
CH;OH —-27.19 —23.71 21 95.3 -031 +15 +1° 47 +38.92 +41.01 +36.3 0
NH3 —39.26 —33.9 70 —-16.97 -—-12.77 30 +12.96 +16.32 +14.2 0
CHNH, —44.18 -39.16 -37.6¢ 62.3 —23.43 —19.22 -20.4 37.3 +3.37 +65 +4.1 0.4
(CH3),NH —46.78 —41.64 42 —27.11 —22.69 51 —2.37 +1.45 —2.4 7
With Protonated Acetone Dimer

CH;OH —19.69 -—17.38 +4.19 +7.11 +49.34 +50.26 +44.9
NH3 —29.56 —25.01 -25.& 60 —6.46 —3.54 —5.5 40 +13.79 +16.44 +22.8
CHsNH,  —34.35 -30.03 -28.1 54 —-13.05 —-9.88 -11.3 46 +8.06 +10.70 +12.7 <1

aReference 2° EI-Shall, M. S.; Olafsdottir, S. R.; Mautner (Meot-Ner), M.; Sieck, L. ®hem. Phys. Lettl991, 185 193. El-Shall, M. S.
Personal communicatiof From relations between solvation enthalpies: Mautner (Meot-Ner)).Mm. Chem. Sod.984 106, 1265.¢ Mautner
(Meot-Ner), M.J. Am. Chem. S0d.984 106, 1265.¢ Mautner (Meot-Ner), M. Private communication quoted in ref 2.

TABLE 5: Summary of B3LYP/cc-pVDZ Model Thermochemistry of the Insertion Complexes of Various Bases with
Protonated Acetonitrile Dimer (kcal/mol)

PA(B) ABHT — ABHT+A ABHT — 2A+BH* ABH* — A+BH*

B PAe PA De Do De Do De Do
CH3OH 190.82 182.74 26.88 25.21 66.11 64.72 39.23 39.50
a 62.46 59.58 35.58 34.36
NHs 216.78 207.42 22.29 21.13 52.22 50.22 29.94 29.09
CHzNH: 226.37 216.86 20.75 19.94 47.55 46.05 26.80 26.11
(CHs).NH 232.11 222.30 19.67 18.95 44.41 43.09 24.74 24.14

a Considering the formation of GJENH" rather than CHOH," in the products.
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-0.64

CH3COCHg...CH30H* CH3COCHg...NH3CHg* CH3COCHg..NHy*

(CHaCOCHg);...

1.709 0.20

(CH3COCHg),...CHgNHg™ (syn-syn) (CH3COCHg),...CHaNHg* (syn—anti)

Figure 4. Overview of structures for the insertion complexes of the protonated acetone dimers. APT charges and hydrogen bond distances at the
B3LYP/cc-pVDZ level are shown in plain and italic numbers, respectively.

It is noteworthy that while B3LYP/cc-pVDZ and B3LYP/4- The fact that there is only a single H-bonding site onsCH
21G consistently predict two equivalent hydrogen bonds, PM3 CN makes the situation relatively simple here from a confor-
predicts two inequivalent ones, as do SCF/4-21G calculations. mational point of view. We will now proceed to the somewhat
Therefore, both PM3 and HF/4-21G are essentially useless formore complicated case of acetone.
generating starting geometries. In contrast, we found that 2. Acetone All relevant structures are depicted in Figure
B3LYP/4-21G geometries were consistently in at least semi- 4, together with the lengths of hydrogen bonds and APT charges
guantitative agreement with the B3LYP/cc-pVDZ ones and that for all atoms except the methyl hydrogens. Full geometry and
the qualitative features of the various potential energy surfacesAPT charge information is again available as Supporting
considered here were all well reproduced. Information to the present work.
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The expected fullC,, symmetry for acetone is found at all Let us now consider the insertion complexes with methanol.
levels of theory considered: PM3, B3LYP/4-21G, and B3LYP/ Because the intrinsic symmetry of the sysyn and syr-anti
cc-pVDZ, with one hydrogen of each methyl group standing conformers is lowered to begin witlC{ andC,, respectively),
eclipsed toward the O atom. In protonated acetone, however,we only have to consider two stationary points. In the present
a repulsive interaction between the proton on the oxygen andcase, the synsyn conformer is actually lower in energy than
the nearest H on a methyl group causes staggering of the methythe syn-anti conformer by 0.08 kcal/mol at the B3LYP/cc-
group by about 12 leading to a minimum energy structure pVDZ level. The dissociation energy into @BIH,™ + 2(CHg),-
without any symmetry at all levels of theory. As expected, the CO is computed to be no less th& = 69.04,Dy = 67.39
energy lowering with respect to th& symmetric structure is  kcal/mol: the insertion reaction yields only, = 19.69,Dg =
very small (0.09 kcal/mol). We are therefore dealing with a 17.12 kcal/mol. This has everything to do with the fact that
symmetric double-well potential, where the central barrier height the proton affinity of methanol is lower than that of acetone.
is on the same order of magnitude as the harmonic frequencyAs for the loss of a single acetone from the bridged complex,

at the bottom of the well. (This is illustrated by the fact that
including the zero-point energy in the comparisavhich

that would requirdDe = 23.89,Dy = 23.06 kcal/mol.
For the insertion complex with methylamine, again oGly

essentially compares the barrier height and the zero-point energysyn—syn andC, syn—anti conformers have to be considered.

level in the harmonic approximatierreduces the energy
difference to 0.02 kcal/mol.) Under such circumstances,
even at low temperatures rapid tunneling will take place,

Here, the syr-anti conformer is again lower than the sysyn
one by 2.33 kcal/mol. The dissociation into gNHst +
2(CH3),CO requiresDe = 48.1, Dy = 46.2 kcal/mol at the

resulting in an averaged structure that approximately correspondsB3LYp/CC_pVDZ level; the insertion reaction yields = 34.34;

to the C; “transition state”. This kind of “quasisymmetric”
structure-reminiscent of the “quasiplanar” structure in the water
tetramefé—is a recurrent theme in the present section.

The structure one would expect for the protonated acetone e scetonitrile case. As the proton affinity of the

dimer hasCy, symmetry. Because of the aforementioned steric
interaction, reoptimizing without any symmetry lowered the total
energy by 0.10 kcal/mol. However, the optimized structure
exhibitedC, symmetry (symmetric combination of the staggered
conformations) to within the precision of the optimization.
Actually, inclusion of zero-point energy changes the energetic
ordering of theC, and Cy;, structures and might suggest that
even thero geometry will haveCy, symmetry.

The dissociation energy of the protonated acetone dimer is

found to beD. = 35.04,D, = 35.85 kcal/mol at the B3LYP/
cc-pVDZ level. While B3LYP clearly finds two equivalent
proton—oxygen distances with both the 4-21G and cc-pvVDZ

basis sets, PM3 finds a spurious structure with the hydrogen
tightly bound to one acetone and a weak hydrogen bond to the

Do = 30.02 kcal/mol. The loss of a single acetone would require
De = 21.30,Dp = 20.14 kcal/mol.

Comparing these results reveals trends similar to those for
insertor”
increases, the energy required for acetone loss decreases, which
is consistent with the observation that the 8 hydrogen bond
lengths become longer. Overall, the energy gain of the insertion
reaction still increases, but not as rapidly as the proton affinity
due to the concomitant loss in hydrogen bond strength.

It is interesting to note that the symnti conformer is
apparently stabilized with respect to the sygyn conformer as
the PA increases. Some inspection of the-B hydrogen bond
lengths turns out to be rather informative.

For the CHOH insertion complexyO---H in syn—syn is
1.426 A, compared to ROH = 1.463 and 1.416 A in the syn
anti conformer. The distance in the @bH:--THOC(CH),
complex is 1.409 A. If we use a simplistic model of two “local

other acetone. Experimentation with SCF/4-21G and SCF/6- mode” Morse potentials for the hydrogen bonds, it would follow,

31G* calculations revealed the same phenomenon: we therefor

conclude it is an artifact of the Hartre&ock approximation.
Adding an NH molecule to the complex results again in a

bridged complex with two protons of N# hydrogen-bonding

to one acetone each. Because there are two lone pairs on th
acetone oxygen, there are three distinct configurations for doing

this: syn—syn, syn-anti, and anti-anti with respect to the two
“free” hydrogens of the central Nfi. The anti-anti isomer
leads to excessive steric hindrance between the methyl group
of the two acetones and was not considered further. The syn
syn conformer ha€s symmetry, being very slightly (0.03 kcal/
mol at the B3LYP/cc-pVDZ level) distorted from the idez,
geometry by the repulsive interaction noted for protonated
acetone. Actually, inclusion of ZPE shifts the equilibrium by
0.19 kcal/mol toward th€,, structure. The synanti conformer

is notably lower in energy than the sysyn one (1.70 kcal/
mol): its re minimum energy conformation has no symmetry
at all, the distorted geometry being 0.03 kcal/mol lower in
energy than the ideaCs structure. Once more, however,
including ZPE makes th€;s structure the more stable one by a
margin of 0.15 kcal/mol. The dissociation into BHH +
2(CHs)2CO requiresDe = 52.94,Dy = 50.59 kcal/mol at the
B3LYP/cc-pVDZ level: the insertion reaction [(GHCO]LH"

+ NH3 — (CHj3)2,CO--*NH4*---OC(CH), yields D = 29.56,

Do = 25.02 kcal/mol. The insertion complex is stable with
respect to losing one acetone by a respectBile 23.10,Dg

= 21.40 kcal/mol at the B3LYP/cc-pVDZ level.

e

S

Al other things being equal, that the syanti situation

represents an overall energy loss compared to the-sym
situation. For the NHlinsertion complexy(O---H) in syn—

syn is 1.629 A, compared to RGH = 1.678 and 1.590 A in
the syn-anti conformer. The distance in the NH--OC(CHy),
complex is 1.478 A. The shorter of the two distances in the
syn—anti conformer actually represents a significant energy gain
compared to the synsyn distance, since we are on the far
side of the equilibrium distance. In the case of thesSH,
Insertion complexr(O-:-H) is 1.709 in the syasyn case and
1.723 vs 1.639 in the syranti case. Following the same
reasoning, there should be a significant gain in energy in
going from syr-syn to syr-anti, on account of the hydrogen
bonds alone.

As it turns out, in the relatively tightly bound GBH
insertion complex, there is a certain degree of sterical crowding
in the syn-anti conformer. As the hydrogen bonds become
longer, there is more conformational “leeway”, and the closer
of the two acetones in the symnti conformer can actually
approach somewhat more closely.

Finally let us turn to the thermochemical quantities (Table
4). As for the acetonitrile complexes, agreement with experi-
ment is very good for the association and switching reaction
(where the overall number of hydrogen bonds stays constant at
2) and decidedly less goetleteriorating with decreasing PA
of the inserting basefor the proton transfer reaction (which
involves the breaking of one hydrogen bond).
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IV. Conclusions

The insertion complexes of the protonated acetonitrile and

Martin et al.

(9) Deakyne, C. A.; Meot-Net (Mautner), M.; Campbell, C. L.; Hughes,
M. G.; Murphy, S. PJ. Chem. Phys1986 84, 4958.
(10) Aviyente, V.; Varnali, T.J. Mol. Struct.1992 277, 285.

acetone dimers have been studied using density functional (11)0(;\/'65tda9hv3- M.; Binet, A.; Sublemontier, D Phys. Cheml989

methods. We can summarize our conclusions as follows.
B3LYP/cc-pvVDZ will somewhat overestimate association

d

(12) Meot-Net (Mautner), MJ. Am. Chem. S0d.992 114, 3312.
(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

energies due to basis set incompleteness error, which is partiallyJohnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.

compensated by an opposite error in the correlation treatment.”
The method is more than adequate for calculating the zero-

point energies of the species concerned.

While B3LYP/4-21G will yield qualitatively correct sym-
metric structures for the insertion complexes, HF/4-21G and
the semiempirical PM3 method will not.

The mechanism proposed in ref 2 has been confirmed.

Quite stable insertion complexes are formed.

The insertion energAEJA,H" + B — A,BH™] increases
with increasing proton affinity of the inserting base, while the

association energy between protonated central base and ligands,

AEJBH* + 2A — A,BH"], decreases.

For the insertion complexes of the acetone dimer, the
conformational equilibrium shifts from syrsyn to sym-anti
with increasing PA.

While the ro geometries of protonated acetone and its
complexes exhibit small distortions from their intuitive sym-
metry, these probably are absent in theand other effective
geometries.

B3LYP/cc-pVDZ computed association A" +B — A,BH™)
and switching (AH™ +B — ABH™ + A) enthalpies agree well
with experiment, while computed proton transfeniX + B
— BH™ + 2A) enthalpies-which involve breakage of a
hydrogen bond-deteriorate as the PA of base B decreases.
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