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Accurate Heats of Formation of the “Arduengo-Type” Carbene and Various Adducts
Including H»> from ab Initio Molecular Orbital Theory
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The heats of formation of saturated and unsaturated diaminocarbenes (imadazol(in)-2-ylidenes) have been
calculated by using high levels of ab initio electronic structure theory. The calculations were done at the
coupled cluster level through noniterative triple excitations with augmented correlation consistent basis sets
up through quadruple. In addition, four other corrections were applied to the frozen core atomization
energies: (1) a zero point vibrational correction; (2) a core/valence correlation correction; (3) a scalar relativistic
correction; (4) a first-order atomic spiorbit correction. The value okH; 2% for the unsaturated carbene

is calculated to be 56.4 kcal/mol. The valueAdfi; 2 for the unsaturated triplet carbefikis calculated to

be 142.8 kcal/mol, giving a singletriplet splitting of 86.4 kcal/mol. Addition of a proton tbforms 3 with
AH2%§3) = 171.6 kcal/mol with a proton affinity fot of 250.5 kcal/mol at 298 K. Addition of a hydrogen

atom to1 forms 4 with AH;2%4) = 72.7 kcal/mol and a €H bond energy of 35.8 kcal/mol at 298 K.
Addition of H™ to 1 gives5 with AH;2°§5) = 81.2 kcal/mol andb is not stable with respect to loss of an
electron to form4. Addition of H, to the carbene center fornéswith AH;2°§6) = 41.5 kcal/mol and a heat

of hydrogenation at 298 K of14.9 kcal/mol. The value oAH;2% for the saturated carbee(obtained by

adding B to the G=C bond ofl) is 47.4 kcal/mol. Hydrogenation @fto form the fully saturated imidazolidine,

8, givesAH;2°§8) = 14.8 kcal/mol and a heat of hydrogenation at 298 K-82.6 kcal/mol. The estimated

error bars for the calculated heats of formation &0 kcal/mol.

Introduction A number of computational studies of carbenes based on the

There has been real excitement due to the discovery'[hatstablé’”g',n"3‘|14f]|1'75(:c’\’ery and our own follow-on computatlonql
carbenes (imidazol-2-ylidenes and/or imidazolin-2-ylidnenes, Studies;**" have been reported. The hydrogenation energies

often called the “Arduengo-type” carbefaan be made and  ©f the unsaturated carbenes and their homologues (with C:, S,
stored for long timed-4 This has led to a significant increase and Ge: at the carbene center) have been calculated at the MP4/
in the use of these species for a wide range of chemical 6-311G(d,p)//MP2/6-31G(d) level and the geometries of the
application$ 13 for example, as ligands to transition metals saturated carbenes with the same elements at the carbene center
involved in homogeneous catalysis. In developing new uses for have been reporteéd.The role of aromaticity in the carbenes
such species, it is important to have basic thermodynamic has been studied at the MP4/6-31G(d) |eéThe mechanism
information about their stability. However, for the simplest for insertion of the carbene and their homologues into, Géb
unsubstituted model compourgwhich can then be used as a been studied at the B3LYP and CCSD(T) lev&$he interac-
tion of a variety of carbenes with Cr(COhas been studied
A wow L Y A and compared to phosphifiést the B3LYP level following
H / + . - on earlier studies of the interaction of carbenes with WEZ®)
IBS V IB_“ IB_“ IB_“ The dimerization energies of a number of these carbenes have
N N
H N\H H Y H '\H Y been studied at the B3LYP lev& The proton affinities for a
1 2 3 4 5 number of substituted carbenes have been obtained at the CBS-
" ” QB3 level and Kys in a variety of solutions were also
H H H predictec®*
T
6 7 8

/ /

»>= ’><H In addition to the chemical interest in such species, there is
H

N

\ \

H H

.
& &

H also substantial interest in the development of new materials to
store hydroged® We propose, on the basis of our calculated
energetics, that such carbenes may be useful as hydrogen storage
materials. On the basis of our analysis as well as that of others,
species through the use of appropriately chosen isodesmiclt 1S clear that one needs to have compounqs that can adq and
reactions, the heat of formation is not available. In addition, '€l€ase hydrogen near room temperature with free energies of
the ability of the carbene to bind other species is of interest, "€action that are near zero. This is required to manage the

basis for the prediction of heats of formation of substituted

e.g., a proton to determine its basicity, a hydride, er H pressure of the hydrogen that is released as well as tg .keep costs
for regeneration of the hydrogenated species (readditiornp)of H
T E-mail: dadixon@bama.ua.edu. at an energetic cost that can be managed.
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We have been associated with a group that has beenTABLE 1: Calculated Imine 2 Geometry Parameterst
developing an approa¢hs® to the reliable calculation of MP2/ ccsD(T)  ccsD(Ty
molecular thermodynamic properties, notably heats of formation, parameter cc-pVTZ  aug-cc-pVDZ  cc-pvQZ*®  expfl
based on ab initio molecular orbital theory. Our approach is

- o C=N 1.275 1.292 1.274 1.273
based on calculating the total atomization energy of a molecule  cp1 1.086 1.101 1.087 1.09
and using this with known heats of formation of the atoms to  CH2 1.090 1.105 1.092 1.09
calculate the heat of formation at 0 K. This approach starts with ~ NH 1.020 1.032 1.020 1.021
coupled cluster theory, including a perturbative triples correction ~ H1CN 118.5 118.5 118.7 117.9
(CCSD(T))3%41 combined with the correlation-consistent basis Eﬁg\' %(2)3'; %(2)3'2 igg '96 ﬁgi

setg?43extrapolated to the complete basis set limit to treat the
correlation energy of the valence electrons. This is followed *Bond distances in A and bond angles in degrees.
by a number of smaller additive corrections including cere
valence interactions and relativistic effects, both scalar and
spin—orbit. Finally, one must include the zero point energy
obtained from experiment, theory, or some combination. The
standard heats of formation of compounds at 298 K can then
be calculated by using standard thermodynamic and statistical
mechanics expressiofts.

We have applied this approach to predict the heat of formation

of the model carbené. To develop a scaling procedure for _ e STy
calculating the zero point energy, we also calculated the heatE(n) Ecgs T Aexp[-(n = D]+ Bexpl-(n—1y] (1)

g;rf:én;it‘i)c;gazzthgusrirrr;glﬁﬁtcigin;é com%a?édbzviliﬁi?r?etziat ofWith n =2 (D2), 3(T2) and 4 (Q2), as first proposed by
. : : P > Thi lati hod h h
formation recently calculated at the W2 |edreby Martin and eterson et & This extrapolation method has been shown to

Kerds wh lculated th it : yield atomization energies in the closest agreement with
co-workers® who caiculate € zero point enérgy from an experiment by a small measure as compared to other extrapola-
anharmonic force field. The recent paper by Martin and co-

. ; X X ) tion approaches up through= 427
workers provides a detailed discussion of various aspects of Core—valence corrections\Ecy, were obtained at the CCSD-
the structures, frequencies, and heat of fo_rmatl(_m W¥e have (T)/cc-pwCVTZ level of theory? Scalar relativistic corrections
also calcsulated the energy of the first excited triplet state of_ the (AEsR), which account for changes in the relativistic contribu-
c?;gene, 1. we Qa\f/e furtg%r Ca:]llgylatig tlhf ?eat gf lf_?;mi\tlon tions to the total energies of the molecule and the constituent
f ¢ € czr?_lp_otunlf ?rmes ygl Itng;t ; 0 gr:n ’dd't'o atoms, were included at the €8D (configuration interaction
v(\?e%rg:/e, calcSIateod (t)r:g] ai:)ﬁirt]y g]’ftge c(;rgtrerne .tonaa:j dcli-lit%r(]a, singles and doubles) level of theory using the cc-pVTZ basis
" set.AEsris taken as the sum of the mass-velocity and 1-electron
double bond to form the saturated carb&nend the ability of SR v

Darwin (MVD) terms in the BreitPauli HamiltoniarP® Most
the saturated carbene to addtH the carbene center to foré electronic structure computer codes do not correctly describe
For comparison purposes, we note that we find errors under 1

kcal/mol in using our approach to calculate the heat of formation the lowest energy spin multiplet of an atomic state. Instead,
the energy is a weighted average of the available multiplets.
of CoHa, CHy (3B1 and!A;), and NH32:34 9y 9 9 P

For N in the“S state, no such correction is needed, but a
correction is needed for th# state of C. To correct for this
effect, we apply an atomic spirorbit correction of 0.08 kcal/
For the current study, we used the augmented correlation mol for C on _the basis of the excitation energies of Modre.
consistent basis sets aug-cc-pVnZ for H, C, and N=(B, T, By comblnlng our computed Dy values with the known
Q)47 Only the spherical components (5d, 7f, and 9g) of the heats of formatioff at 0 K for the elementsAH;°(N) = 112.53
Cartesian basis functions were used. All of the current work kcal molt, AH;*(C) = 169.98 0.1 kcal mot*and AH;*(H)
was performed with the molpro suite of prograffisthe = 51.63 kcal mot!), we can deriveAH;® values for the
Gaussian suite of prograri,and the NWChem suite of molecgles under study in thg gas phase. We obtalr} heats of
programs® All of the calculations were done on a massively form_atlon at 298 K by following the procedures outlined by
parallel HP Linux cluster with Itanium-2 processors in the Curtiss et aft*
Molecular Sciences Computing Facility in the William R. Wiley ) )
Environmental Molecular Sciences Laboratory (MOLPRO and Results and Discussion
NWChem) or on a 16 processor SGI computer system (Gaussian The calculated geometry parameters for the inZiage given
and MOLPRO). in Table 1 and those for the other molecules in Table 2. The
The geometries were optimized at the frozen core MP23&vel calculated vibrational frequencies for the imipare reported
with the cc-pVTZ correlation-consistent basis set. The vibra- in Table 3 and for the remaining molecules in Table 4. The
tional frequencies were calculated at the MP2/cc-pVTZ level geometry for CHNH is in excellent agreement with the
except for those radicals (see below) that were calculated afterexperimental structuféand with the high level CCSD(T)/aug-
reoptimization at the density functional theory level, B3LYP/ cc-pVQZ structure calculated by Martin et*4lThe calculated
DzVP25253 For the imine,2, the geometries and frequencies frequencies at the CCSD(T)/aug-cc-pVDZ level for Sl are
were also calculated at the CCSD(T)/aug-cc-pVDZ level. The in qualitative agreement with the experimental vaféeon-
MP2/cc-pVTZ geometries were used in single point CCSD(T)/ sidering the differences between harmonic and anharmonic
aug-cc-pVvnZ calculation, = D, T, Q calculations for boti frequencies. Comparison of our CCSD(T) values with those of
and2 to determine the valence correlation energy. We also usedMartin and co-worker$ using the cc-pVTZ basis set shows
the CCSD(T)/aug-cc-pVDZ geometry fatto predict its valence good agreement within 2040 cnTl. The MP2/cc-pVTZ
correlation energy. The open-shell CCSD(T) calculations for frequencies are larger than the CCSD(T)/aug-cc-pVDZ values.

the atoms were carried out at the R/'UCCSD(T) level. In this
approach, a restricted open shell Hartréeck (ROHF) cal-
culation was initially performed and the spin constraint was
relaxed in the coupled cluster calculatit#> The orbitals were
not symmetry equivalenced in the atomic calculations. The
CCSD(T) total energies were extrapolated to the CBS limit by
using a mixed exponential/Gaussian function of the form

Computational Approach
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TABLE 2: Calculated Carbene and Associated Molecule TABLE 4: Calculated Harmonic Vibrational Frequencies
Geometry Parameter$ for the Carbenes and Associated Molecules (cm)
parameter 1 81 3 4 1 51 3 4
:C—N 1.366  1.409 (1.418)  1.335  1.418(1.433) sym o sym o sym o sym o
=C—N 1.380 1.419 (1.428) 1.372 1.394 (1.407) by 603 a 291 a2 632 a 354
c=C 1.362  1.346(1.354) 1.368  1.351(1.353) & 624 & 416 h 641 & 473
=CH 1.074 1.076 (1.082) 1.074 1.075 (1.080) & 695 a 614 a2 706 a 502
:C—H 1.075 1.086 (1.093) by 708 a 671 b 746 a 574
NH 1.004 1.016 (1.023) 1.011 1.007 (1.013) by 756 a 710 h 770 a 683
NCC 105.3 110.7 (110.5) 106.4 108.3 (108.7) S 803 a 813 b 853 a 798
CNC 114.7 102.6 (102.9) 110.3 108.1 (107.9) & 916 a 835 a2 886 a 850
NCN 99.9 113.1(112.3) 106.7 103.5(103.9) b, 921 a 869 b 912 a 889
HNC: 121.1 117.9 (119.1) 124.1 118.4 (118.2) b, 1065 a 1030 a 934 a 898
HNC= 124.1 115.0 (115.9) 125.6 119.6 (118.9) ' 1092 a 1045 b 1084 a 1000
HC=C= 130.8 128.4 (128.5) 131.0 129.4 (129.3) & 1147 a 1083 a 1116 a 1045
HC=N 123.9 120.8 (120.7) 122.7 122.1 (122.1) & 1176 a 1146 a 1155 a 1125
HC:N 126.7 117.2 (117.0) b, 1230 a 1185 b 1205 a 1141

b, 1388 a 1316 a 1218 Ed 1146
parameter 5 6 7 8 b 1411 a 1320 b 1356 a 1265
:C—N 1523  1.468 1.348 1.464, 1.464 @ 1427 & 1347 a 1464 & 1358
—_ & 1595 a 1619 b 1486 a 1397
C—N 1.425 1.423 1.469 1.472,1.472 ’
c=C 1.346  1.340 1.528 1.561 b, 3307 & 3253 b 1587 & = 1405
_ Y 3329 a 3277 a 1613 a 1635
CH 1.086 1.076 1.086(u)  1.089(u), 1.089(u) ,
b, 3698 a 3395 b 3331 EE 3093
1.092(d)  1.087(d), 1.087(d) ,
e & 3698 E 3399 a 3325 a 3278
:C—H 1.107  1.087(u) 1.091(u)
& 3338 a 3301
1.105(d) 1.087(d) b 5
NH 1019 1011 1003 1015, 1.014 2 3621 4 3599
NCC 1116 1093 1003  106.1,106.0 a 3628 & 3604
CNC 105.1 103.4 114.8 102.6, 102.8 5 6 7 8
NCN 103.7 102.0 104.1 108.4
HNC: 111.0 1118 120.1 107.2,107.2 sym o sym o sym @ sym o
HNC= 108.5 113.1 121.6 108.0, 108.0 a 326 a 254 a 178 a 92
HC=C= 126.0 128.6 112.8(u) 110.2(u), 110.2(u) a" 369 a 526 b 360 a 331
111.3(d)  113.1(d), 113.0(d) a 666 & 601 a 546 a 672
HC=N 1224 1213 112.2(u)  109.1(u), 109.3(u) a 685 & 704 b 641 a 717
110.9(d)  110.4(d), 110.4(d) a 762 & 716 b 696 a 807
HC:N 100.2  111.4(u) 108.0(u), 108.1(u) a 776 & 819 a 879 a 840
111.1(d) 111.7(d), 111.6(d) a' 781 & 876 b 902 a 886
HC:H 109.7 108.9 a’ 837 a 916 a 969 a 931
HCH 109.3 107.9, 107.9 a’ 877 a 984 b 987 a 943
aBond distances in A and bond angles in degrees. Values in Z[,, 1%2‘2 2 ﬂég : ﬂgg Z 1%%

parentheses for the radicals are the B3LYP/I:_)ZVP2 geometries. For a 1065 & 1121 a 1188 a 1074

6—8, (u) and (d) correspond to the H atom being up or down. a 1113 a 1143 b 1198 a 1095

TABLE 3: Calculated Harmonic Vibrational Frequencies Z, Egi g i%g; g ggg : i%gg

et :

(cm™) for Imine 2 4 1307 & 1203 a 1337 a 1300
mode B3LYP/  MP2/ CCSD(T)/  cCSD(T)/ a' 1345 & 1366 b 1343 a 1316
sym DZVP2 cc-pVTZ aug-cc-pVDZ cc-pVTZ*®  expf? a’' 1423 a 1414 b 1450 a 1320

a 3467 3482 3405 3440 3263 a 1615 & 1466 a 1498 a 1335
a 2864 a 1542 b 1524 a 1373
a 3154 3197 3159 3152 3024 '
a 3144 a 1662 a 1538 a 1450
a 3047 3090 3049 3052 2914 a 3177 a 2021 a 3075 a 1470
a 1702 1679 1651 1675 1638
a 3410 a 3140 b 3076 a 1510
a 1480 1494 1464 1483 1452 a' 3424 & 3282 a 3157 a 1514
a 1361 1378 1371 1387 1344 ,
a 3308 b 3168 a 1529
a 1070 1074 1063 1073 1058 ,
" a 3585 b 3702 a 3084
a 1154 1178 1141 1162 1127 a’ 3585 a 3706 a 3094
a 1086 1100 1056 1080 1061 a 3104

The largest errors were found for the CH and NH stretches. a 3149

Previously, we have found that averaging the CCSD(T)/aug- a 3168

cc-pVDZ frequencies with the experimental values provides a a gégg

good estimate of the zero point enef§yhis yields 24.46 kcal/ : 3533

mol in quite good agreement with the value of 24.69 kcal/mol

found by Martin and co-worket&using the CCSD(T)/cc-pVTZ  experimental data is known. We used the 0.982 scale factor for
quartic force field. We then developed a set of scale factors for the modes between 2000 and 1000 érand the 0.962 scale
the MP2/cc-pVTZ frequencies f@to scale them to the average factor for modes below 1000 crh The calculations of the

of the CCSD(T)/aug-cc-pVDZ frequencies and the experimental radicals®1 and 4 led to frequencies that were not reasonable
values. The scale factors thus derived are 0.957 for the NH (an extra high energy mode) so we reoptimized the geometries
stretch, 0.966 for the €H stretch, and 0.982 for all of the at the BALYP/DZVP2 level and calculated frequencies at this
remaining modes except for the out of plane modes, for which level. The scale factors, obtained as described above for the
we obtain 0.962. These scale factors were then used to calculaté83LYP calculations, are 0.979, 0.983, 0.979, and 0.962 starting
the zero point energy for the other compounds for which no from the highest frequency scale factors.



Heats of Formation of the “Arduengo-Type” Carbene

S

= b T

Figure 1. Optimized geometries fot—8.

The optimized geometries @f-8 exhibit changes in features
similar to our earlier calculations and X-ray structures of known
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TABLE 5: Calculated Contributions to Imine 2 Atomization
Energies in kcal/mol

contributior? value
AEqe{CBSY 437.75
AEc© 1.32
AEsg —-0.38
AEsc® —0.08
AEzpd —24.46
>D¢? 413.8
AH;(0K) 23.6
AH(OK) w2h 23.0
AH;(298K) 21.7
AH{(298K) W2 21.1
AH;(298K) expt 26.4+ 3.2
25+ 3
21+ 4k
<224+ 3¢

substituted analogues where they exist. Optimized structures are

depicted in Figure 1. The structure of the parent imidazol-2-
ylidenel reveals the characteristically smalHC—N angle of
99.9 and G-N distances of 1.366 A at the carbene center and
1.380 A to the olefin. The €C distance inl is 1.362 A.
Protonation ofl to form 3 leads to a widening of the NC—N
angle to 106.7and shortening of the €N bonds to the former
carbene center to 1.335 A. The-C bond in3is 1.368 A and
the two nonadjacent €N bonds are 1.372 A.

As electron density is added to the imidazole ring by addition
of a hydrogen atom, a hydride, orHo the carbene center to
form 4, 5, and 6 respectively, the imidazole ring becomes
distinctly nonplanar and the nitrogens pyramidalize. Larger

geometric changes are observed for the more reduced species.

The addition of a hydrogen atom leads to a folding of the former

carbene center 0.277 A below the plane of the other four ring

atoms in4. Pyramidalization of the nitrogens occurs4nin a
syn-fashion and two NH's are trans to the added hydrogen
atom. The adjacent-€N bonds in4 lengthen to 1.419 A and
the N-C—N angle opens to 103:5elative tol.

The addition of a hydride to the carbene centet tdads to
a very distorted geometry for the ring i The displacements

of the hydrogens around the ring occur in the same fashion as
for 4, but the changes are more exaggerated and the nitrogen
and former carbene center are more pyramidal. The carbanion

(former carbene) center i lies 0.267 A above the plane of
the other ring atoms. TheNC bonds to the carbanion center
are quite long at 1.523 A and the other- bonds are also
somewhat lengthened to 1.425 A. The-C bond in5 is 1.345

A and the N-C—N valence angle is 10327(similar to the
corresponding values if).

Reduction of the carbene center ith by H, to form
imidazoline6 also results in a folding of the ring structure as
observed fort and5. The former carbene centeréris displaced
0.524 A below the plane of the other four ring atoms. The

aResults are given in kcal/mol. The atomic asymptotes were
calculated with the R/JUCCSD(T) methotlExtrapolated to the com-
plete basis set limit by using eq 1 with aD, aT, &Qore/valence
corrections were obtained with the CCSD(T)/cc-pwCVTZ basis sets
at the optimized geometrie$AEgr is taken as the sum of the mass-
velocity and 1-electron Darwin (MVD) terms in the Breit-Pauli
Hamiltonian at the CISD/cc-pVTZ levet.Correction due to the
incorrect treatment of the atomic asymptotes as an average of spin
multiplets. Value of 0.08 for C is based on C. Moore’s Tables, ref 59.
fThe zero point energies were obtained by averaging the CCSD(T)/
aug-cc-pVDZ frequencies with the experimental val§eghe theoreti-
cal value of=Dg(0K). " Reference 46.DeFrees, D. J.; Hehre, W. J.
Phys. Chem1978 82, 391.i Grela, M. A.; Colussi, A. Jint. J. Chem.
Kinet. 1988 20, 733.% Reference 64.

bonds are also lengthened to values of 1.419 A and th€ C
bond shortens to 1.346 A (relative 19.

The imidazolin-2-ylidene7 shows a geometry in which a
twisting of 22.0 has occurred about the saturatedCbond.
The C-N bonds at the carbene center (1.348 A) are slightly
shorter than those fdr. The N—=C—N angle of 104.2is larger
than that inl and is characteristic of such “saturated” imidazolin-
2-ylidenes.

Full saturation of7 affords the imidazolidin®. There is only
a slight twist (0.8) about the G-C bond so that four of the

ing atoms are nearly planar with the unique aminal carbon rising
0.526 A above the best plane of the other four atoms. ThBIC
bond distances of 1.464 A at the aminal center and 1.472 A at
the GH4 unit are consistent with single-bonded, approximately
sp? centers in the ring. The-€C bond distance is 1.561 A and
the N—C—N angle is 108.24

The total atomization energy and its components are given
in Table 5 for2 and in Table 6 for the remaining molecules.
The AH¢(0K) values were converted to 298 K following the
procedure of Curtiss et &.and are given in Table 7 except for
that of 2, which is given in Table 5. The calculated value of
23.6 kcal/mol forAH¢(0K) of 2 is in quite good agreement with

nitrogens are pyramidalized to an extent comparable to that inthe W2 value of 23.0 kcal/mdf The difference of 0.6 kcal/
4 and again show a preference for the syn-geometry. The mg| are due to a number of small differences on the order of

N—C—N valence angle is 1022Gand the aminal €N bonds
are 1.468 A. The other-€N and G-C bonds iné remain close
to the values observed f@ 1.423 and 1.340 A, respectively.

The structure ofl reveals a ring geometry that is reminiscent
of 4 and to a lesser extent & A smaller degree of ring
distortion is observed and the-NC—N angle is widened to
113.%7. This is consistent with the well-established behavior of

0.2 kcal/mol for the zero point energiFeed CBS), andAEcy.

Our value confirms the W2 value and is in good agreement
with the best estimated value of 2# 4 kcal/mol value of
Holmes et aP* This result together with our previous calcula-
tions for GH4, CH, (®B; and!A;), and NH; suggest that our
approach for calculating the heat of formationlo$hould be
good to+1 kcal/mol. We note that use of the CCSD(T)/aug-

triplet carbenes that have larger bond angles at the divalentcc-pVDZ optimized geometry gives a heat of formation that is

carbon than in the singlét.The carbene center i1 lies only
0.05 A out of the plane of the other ring atoms. TheNCbonds

0.5 kcal/mol higher than that obtained by using the MP2/cc-
pVTZ optimized geometry.

at the carbene center are 1.409 A, lengthened relative to their As shown in Table 6, the\Ecy corrections excluding the

values inl similar to our earlier model. The enamine-®

ions are~4.0 + 0.3 kcal/mol. TheAEsg values are all about
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TABLE 6: Calculated Energetic Contributions to the TABLE 8: Hydrogenation Energies (kcal/mol) of Carbenes
Molecular Dissociation Energies Based on CCSD(T)/CBS 0 :
K Atomization Energies? reaction ~AHn(298K)
molecule CCSD(T)/CBS AEzre® AEc® AEs® AEsd =D 1+H,—6 14.9
zre AEcy SR so  2ZDo(0K)¢ 7+H,—8 326
1 922.38 43.73 3.93-1.15 —-0.24 881.19 ICR, + H,— CRH; 62.2
31 834.15 41.34 3.78 -1.23 —0.24 795.12 81+ H,—6 101.3
865.93 52.07 4.27 -1.21 —0.24 816.68 SCF, + H,— CRH; 108.2
962.78 4942 4.11 —1.24 —0.24 915.99 SCH, + Hy— CH, 110.9

952.83 4751 3.55-1.18 —0.24 907.45

1825'28 g;'gg g'gg :f%g :8'53 ggz';g to form CHs with a bond energy of 110.1 kcal/mol at 298°K.
1196.52 73.07 3.87-1.24 —0.24 1,125.84 This further demonstrates the remarkable stability of the
aResults are given in kcal/mol. The atomic asymptotes were Arduengo-type” carbene. The ability of the carbene to add H
calculated with the R/UCCSD(T) methotiExtrapolated to the com- IdS Vetry tshma”’ only 8|'8 Igcallgml att 0 K’tﬁs WOlgld be Ie)ép.e(;ted
plete basis set limit by using eq 1 with aD, aT, and ahe zero ue to the excess electron density on the carbene. InJast,
point energies were obtained as described in the f&are/valence not expected to be_ stable with respect to loss of an electron as

corrections were obtained with the CCSD(T)/cc-pwCVTZ basis sets sShown by comparing the energies otnd5.

at the optimized geometrie$The scalar relativistic correction is the Addition of H, to the carbene is exothermic by 13.2 kcal/
sum of the mass-velocity and 1-electron Darwin (MVD) terms in the mo| at 0 K and by 14.9 kcal/mol at 298 K and thus the release
Breit—Pauli Hamiltonian at the CISD/cc-PVTZ levéiCorrection due of H, from 6 is endothermic by the same values. This can be

to the incorrect treatment of the atomic asymptotes as an average of . .
spin multiplets. Value of 0.08 for C is based on C. Moore's Tables, compared to the energy released on addingd-Chb, which

oO~NOOTh W

ref 59.9 The theoretical value of the total dissociation eneZgy(0K). is a much larger 110.9 kcal/mol at 298%(see Table 8). To
see if “Arduengo-type” carbenes can be used for astdrage
TABLE 7: Calculated Heats of Formation at 0 and 298 K system, we must also look at the free energy of the reaction.
(kcal/mol) and Calculated Entropies at 298 K The calculated (and experimental entrofdsr H, HT, H-,
molecule AH(0K) AH¢(298K) S(298K) and H) are given in Table 7. The value GAS at 298 K is
1 60.3 56.4 63.8 —8.2 kcal/mol and at a likely operating temperature of°80
31 146.4 142.8 69.4 is —9.7 kcal/mol. Although the carbene itself cannot serve as
3 176.5 171.6 63.9 an H storage system because the enthalpy is not favorable
4 77.2 2.7 68.8 enough, substituents can be used to tune this value and
2 i?; ii:é g;:g substi_tue_nts are net_a(_JIed to s_tab_ilize the carber_le aga}ins_,t tau-
7 52.8 47.4 67.3 tomerizations. In addition, application of Le Chatelier’s principle
8 222 14.8 70.4 suggests that removal of the, Hy pumping will easily shift
H, 0.0 0.0 31.2 the reaction equilibrium and thus enhance the ability of the
n. 32%-23 32%-%% 222-‘(1) system to provide dihydrogen. This observation further suggests
H- 34 94 34.71 26.0 that pressurizing with kHwill be useful in regenerating the,H

storage system. The lower level MP4 calculatingive a

1.2 kcal/mol. Our calculated value fadxH; of 1 is 60.3 kcal/ hydrogenation energy for the carbene-&0.8 kcal/mol without

mol at 0 K and 56.4 kcal/mol at 298 K. Our error analysis zero point corrections.

suggests that we should be able to calculate this quantity to The energy to hydrogenate the=C bond in the carbene to

within £1 kcal/mol and we estimate our error bar tob&.0 form 7 is —7.5 kcal/mol 40 K and —9 kcal/mol at 298 K as

kcal/mol. The first excited triplet state is 86.1 kcal/mol above compared to the value 6f32.4 kcal/mol for the hydrogenation

the singlet. We previously calculated this value at the ROHF- of CH; to CoHg at 298 K% The entropy term for the

(triplet)/ TCSCF(singlet) level with a DZP basis set and obtained hydrogenation of the €C bond in the carbene is8.3 kcal/

79.4 kcal/mol for the electronic energy difference (the current mol at 298 K so this would be a reversible storage system at

calculated electronic energy difference between the singlet and298 K. Hydrogenation of the saturated carbene at the carbene

the triplet is 88.2 kcal/mol}* Thus, the earlier calculations at  center is exothermic by 30.6 kcal/mdl@K and by 32.6 kcal/

a lower level provided a semiquantitative value for the sirglet mol at 298 K (Table 8). Although this reaction is too exothermic

triplet splitting. for an H, storage system, the hydrogenation energy is still far
The calculated proton affinity of the carbene is 250.5 at 298 less than that of CiHto form CHy. The lower level MP4

K. This value is extremely high for such a simple compound calculation® give a hydrogenation energy for the carbene of

with no substituents. The current calculated value is lower than —39.7 kcal/mol without zero point corrections.

the value of 257.3 kcal/mol calculated previously at the MP2  The hydrogenation energies of the carbenes at the carbene

level 14 where we noted that the MP2 value was too high by center in Table 8 provide information on the stability of the

about 8-10 kcal/mol and estimated a proton affinity for the “Arduengo-type” carbenes. On the basis of the smallest heats

carbene of~250 kcal/mol, in excellent agreement with our more of hydrogenation, we would expect that carbefieend 7 are

accurate model. We note that the MP2/6-31G** and B3LYP/ the most stable carbenes as is found experimentally. The fact

6-31G* values of 2628 and 258.4°% kcal/mol, respectively, that the hydrogenation energy f@ris larger than that of is

are too high by up to almost 12 kcal/mol, suggesting that one consistent with the fact that molecules such7asre more

must be careful in directly calculating accurate proton affinities reactive than molecules based on the framework ifis clear

of these types of carbenes with lower level methods. The CBS- that CH is unstable on the basis of the large heat released upon

QB37 value® is 250.2 kcal/mol at 298 K in good agreement hydrogenation. We can also calculate the hydrogenation energy

with our higher level value. of the triplet state ofL and its value is comparable to that of
The ability of the carbene to add an H atom is low with a CH, showing that®1 is similar in stability to CH. The

C—H bond energy of 34.7 kcal/mok & K and 35.8 kcal/mol hydrogenation energy of the carbene,C&n be calculated from

at 298 K. This can be compared to the ability of Od add H the available literature d&6°7%and it is intermediate between
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