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Potential energy surfaces for the chemical reactions of neutral five-membered group 13 carbenoids have been
studied using density functional theory (B3LYP/LANL2DZ). Five five-membered group 13 carbenoid species, HCMeP-
(PhN),X, where X = B, Al, Ga, In, and TI, have been chosen as model reactants in this work. Also, three kinds
of chemical reaction, C—H bond insertion, alkene cycloaddition, and dimerization, have been used to study the
chemical reactivities of these group 13 carbenoids. Our present theoretical work predicts that the larger the ONXN
bond angle in the neutral five-membered group 13 carbenoid, the smaller the singlet—triplet splitting, the lower the
activation barrier, and, in turn, the more rapid are its various chemical reactions. Moreover, the theoretical investigations
suggest that the relative carbenoidic reactivity decreases in the order B > Al > Ga > In > Tl. That is, the heavier
the group 13 atom (X), the more stable is its carbenoid with respect to chemical reactions. As a result, we predict
that the neutral five-membered group 13 carbenoids (X = Al, Ga, In, and Tl) should be stable, readily synthesized,
and isolated at room temperature. Furthermore, the neutral five-membered group 13 carbenoid singlet—triplet energy
splitting, as described in the configuration mixing model attributed to the work of Pross and Shaik, can be used as
a diagnostic tool to predict their reactivities. The results obtained allow a number of predictions to be made.

I. Introduction containing anionic five-membered gallium(l), which is a
valence isoelectronic N-heterocyclic carbene (NHC) ana-
logue, has been structurally characterized to @afes
xpected, however, this compound is very nucleophilic
ecause of its anionic nature. Although many neutral six-
membered heterocycles containing group 13 elements have
now been investigateld8 little is yet known about their
neutral five-membered heterocyclic chemistry.

The search for stable group 13 spetiéshat are formally
analogous to singlet carbeféms aroused increasing interest
in recent years because such compounds can show greag
potential as ligands in synthetic and coordination chemfstry.
Much of the work in this area has centered on the neutral
six-membered heterocycles that contain a group 13 metal in
the+0 oxidation staté.* On the other hand, only one species

X
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pounds, is it possible to extend syntheses to include otherwe used the hybrid gradient-corrected exchange functional proposed
neutral five-membered group 13 carbenoid analogues? In thisby Beckel2 combined with the gradient-corrected correlation func-
theoretical work, five neutral group 13 carbenoid analogues tional of Lee, Yang, and Pat?.This functional is commonly known
with six zr-electrons {) were selected as model systems for 23S B3LYP and.has been shown to be qu.ite reliable bot.h for geomet-
investigation of their various reaction. As far as we know, €S and energiesiThese B3LYP calculations were carried out with
until now neither experimental nor theoretical studies have relativistic effective core potentials on group 13 elements modeled

. sing the doublé- (DZ) basis set$ augmented by a set of d-type
been performed on these systems. Our purpose here is (lgolarization functiond® Accordingly, we denote our B3LYP

to find potential five-membered group 13 carbenoid ana- 40y jations by B3LYP/LANL2DZ. The spin-unrestricted (UB3LYP)
logues that can be stabilized, (2) to predict trends in activation formalism was used for the open-shell (triplet) species. She
energies and reaction enthalpies, (3) to obtain a betterexpectation values of the triplet state for the open-shell reactants
understanding of the origin of barrier heights for such all showed an ideal value (2.00) after spin annihilation; therefore,
chemical reactions, and (4) to provide experimentalists with their geometries and energetics are reliable for this study. Vibra-
a theoretical basis for predicting the relative reactivities of tional frequency calculations at the B3LYP/LANL2DZ level were
neutral five-membered group 13 carbenoid analogues. used to characterize all stationary points as either minima (the
Three kinds of chemical reactions are therefore discussednumber of imaginary frequencies (NIMAG) 0) or transition states
in this work. They are insertion, cycloaddition, and dimer- (NIMAG = 1). The relative energies were thus corrected for
ization. These reactions have been chosen because thewbratlonal zero-point energies (ZPE, not scaled). Thermodynamic

Xorrections to 298 K, ZPE corrections, heat capacity corrections,

represent various possible neutral group 13 carbenoid reaCynq entropy correctionAS) were applied at the B3LYP/LANL2DZ

tions that have already been investigated extensively in the|ay el Thus. the relative free energh@) at 298 K was also

Co”e_Sponding group 14 SYSte'Eﬁ‘N? thus presenta density calculated at the same level of theory. All of the DFT calculations
functional theory (DFT) study to investigate the potential were performed using the GAUSSIAN 03 package of progréts.

energy surfaces and mechanisms of the following reactions: . .
[ll. Results and Discussion

CX+CH4 - X(gm W (1) Geometries and Electronic Structures of HCMeP-
(PhN),X. To highlight the questions which form the basis

(:x +H2C=CH2 = xq @ for our study, it is worthwhile to first examine the geometries
and electronic structures of the reactants (i.e., HCMeP-

2Cx—> G{=Q o (PhNXX, whose valence molecular orbitals based on the

(10) For the most recent reviews, see: (a) Weidenbructg. J. Inorg.
(( X=HCMeP(PhN)2X ; X =B, Al, Ga, In, and T) Chem.1999 373. (b) Haaf, M.; Schmedake, T. A.; West, Rcc.
Chem. Res200Q 33, 704. (c) Gehrhus, B.; Lappert, M. H.

i i i i Organomet. Chen001, 617—-618 209. (d) Hill, N. J.; West, RJ.
That is, we consider theoretically the reaction paths of Organomet. Chen2004 689 4165, () Kira, MJ. Organomet, Chern.

three kinds of model reactions involving a series of neutral 2004 689, 4475. (f) Alder, R. W.; Blake, M. E.; Chaker, L. Harvey,
group 13 carbenoids of the type HCMeP(PB)where X a % )NJ.; Paoligi, IJ: ichl)uté, Jl\.jr;geW-JCRemS- Int.hIIE%OO4C4h3, 58%6.

— a) Jones, C.; Junk, P. C.; Platts, J. A.; Staschl. Am. em. SocC.
= B, Al, Ga, In, and Tl. Each of these pathways was * 3556158 2206, (b) Jones, C.; Junk, P. C.; Platts, J. A.; Rathmann,
examined computationally, and each is described in detail D.; Stasch, AJ. Chem. Soc., Dalton Trang005 2497.

below. In fact, it should be pointed out that comparative (12) gﬂeﬁfcgf\&gg‘gg g)és';éZéA' 1988 38, 3098. (b) Becke, A. DJ.
studies are very useful in understanding similarities and (13 Lee, C.: Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

differences in the chemical properties of molecules. It will (14) 81) Su’zlt\)Ad;;Di]é F;%)fé C(h)eg- /3'\9'0%?8 %Z?Ergb) 52‘80“4'1%’%‘1{%
. . em. 1 . (C u, .- ur. J. em ,

be s_h_owr_1 that the HCMeP(Pm\lbgand is very suitable for and references therein.

stabilization of neutral five-membered carbene homologues (15) (a) Dunning, T. H.; Jr.; Hay, B. In Modern Theoretical Chemistry

; ; Schaefer, H. F., lll, Ed.; Plenum: New York, 1976; pp28. (b) Hay,
with higher elements of group 13 (% Al, Ga, In, and Tl). P. J.; Wadt, W. RJ. Chem. Phys1985 82, 270. (c) Hay, P. J.; Wadt,
Moreover, it is believed that, in view of recent dramatic W. R.J. Chem. Phys1985 82, 284. (d) Hay, P. J.; Wadt, W. R.
deve|opments in group 13 hea\/y_carbene Chem}sﬂ:?;ilo Chem. Phys1985 82, 299. (e) Hdlwarth, A.; Bohme, M.; Dapprich,

: . . S.; Ehlers, A. W.; Gobbi, A.; Jonas, V.; Kter, K. F.; Stegmann, R;
analogous extensive studies of group 13 carbenoids should  ygigkamp, A.; Frenking, GChem. Phys. Lett.993 208 237.

soon be forthcoming and will open up new arébs. (16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Vre-

Il. Theoretical Methods ven, T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.;
All geometries were fully optimized without imposing any symmet- Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalmani, G.; Rega,

. . . . N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.;
ry constraints, although in some instances the resulting structure Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y. Kitao

showed various elements of symmetry. For our DFT calculations, 0.; Nakai, H.; Klene, M.; Li, X.; Knox, J. E.; Hratchian, H. P.; Cross,
J. B.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yaz-
(8) For related theoretical studies on a five-membered Arduengo-type yev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala,
carbene with a group 13 metal(l), see: (a) Sundermann, A.; Reiher, P. Y.; Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
M.; Schoeller, W. WEur. J. Inorg. Chem1998 305. (b) Schoeller, Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas,
W. W.; Eisner, D.Inorg. Chem.2004 43. 2585. O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J.
(9) For instance, see: (a) Su, M.-D.; Chu, S.6hem. Phys. Letfl999 B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford, S.; Cioslowski, J.;
308 283. (b) Su, M.-D.; Chu, S.-YInorg. Chem1999 38, 4819. (c) Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;
Su, M.-D.; Chu, S.-YChem. Phys. Let00Q 320, 475. (d) Su, M.- Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
D. In Leading Edge in Organometallic Chemistry Reseafzato, M. Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
A., Ed.; Nova Science Publishers: New York, 2006; Chapter 7. (e) W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03Gaussian,
Chen, C.-H.; Tsai, M.-L.; Su, M.-DOrganometallic2006 25, 2766. Inc.: Wallingford, CT, 2003.
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Neutral Five-Membered Carbene Analogues

Figure 1. Calculated frontier molecular orbital for the HCMeP(PBXIYX = B, Al, Ga, In, and Tl) species. For more information see the text.

B3LYP/LANL2DZ calculations are presented in Figure 1). These two effects combined lead to an increased HGMO
The optimized geometries for these neutral five-membered LUMO energy difference for the HCMeP(PhiX) reactant
group 13 carbenoids calculated at the B3LYP/LANL2DZ in the heavier group 13 species (vide infra). However, it
level of theory and their selected geometrical parameters areshould be noted that the nature of the HOMO and the LUMO
collected in Table 1. Their Cartesian coordinates are includedin HCMeP(PhN)X, especially for X= In and TI, is quite
in the Supporting Information. different from that encountered in most group 14 divalent
As one can see in Figure 1, the substitution of a single X compounds$® Here, the HOMO of HCMeP(PhiX (X =
atom at the HCMeP(PhB)X center decreases the energy of B, Al, and Ga) is essentially a nonbondingorbital. This

theo orbital on going from B to Tl (i.e.Eo(B) > Eo(Al) > lone-pair orbital is arranged in the cyclic plane of the
Eo(Ga) > Eo(In) > Eo(TI)). Similarly, this substitution also ~ HCMeP(PhN)X species in a pseudotrigonal planar fashion
decreases thepr orbital energy down group 13 (i.eep— with respect to the two sets of XN linkages. As a result,
m(B) > Ep—m(Al) > Ep—n(Ga)> Ep—an(In) > Ep—n(TI)). such lone pairs can be viewed as being located within an
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Table 1. Selected Geometric Values and Relative Energies for Singlet The HCMeP(PhNX compounds have been calculated both
and Triplet Group 13 Carbenoids, HCMeP(PBK)where X= B, Al, as spin-paired (singlet state) and as spin-unpaired (triplet state)

Ga, In, and T X molecules. As one can see in Table 1, regardless of multipli-
Ph\N(C)\QN’Ph city, both the X-N1 and X~N2 bond lengths show a mono-
P/ tonic increase from X= B to Tl. For instance, both the
H SMe X—N1 and X-N2 distances increase in the order=XB
oystom B XA X—ca x=m x=Ti (1.485 and 1.416 Ax Al (2.222 and 1.928 Ax Ga (2.312
: and 1.965 A)< In (2.471 and 2.146 Ax Tl (2.662 and
X—N1 (&) 1485 ;'_gg';t 2312 2471 2662 2.398 A). The same thing can be found in the triplet neutral
X—N2 (A) 1.416 1.928 1.966 2146  2.398 group 13 carbenoids as shown in Table 1. Moreover, our
N1-C (A) 1371 1306  1.302 1303  1.301 theoretical investigations also point out that both X1 and
g,z\l;(';(é)eg) i‘ff_‘; %33? %é %327 %é 17g %; %g%g X—N2 distances are larger for the singlet than for the equiva-
triplet lent triplet species, while the bond andIiNXN is smaller
X—N1 (A) 1.449  1.875  1.894 2085  2.444 for the singlet than for its equivalent triplet. In addition, re-
X—N2 (A) 1415  1.837  1.853 2.049 2637 gardless of its multiplicity, the bond angléNXN decreases
m;:g ((ég 1‘;% 1'@% iggg 1'2391 1‘223 uniformly as the central atom, X, is changed from B to TI.
ONXN (deg) 1153 9821  97.69 90.80  75.86 Accordlngly, it is apparent that, as the X atom bgcomes heav-
AEg(kcalmoFl) —12.90 1622 2450 3248  34.69 ier, a more acute bond andleNXN is favored. Again, the rea-
i _ son for this may be the relativistic effétas discussed above.
a All calculations were performed at the B3LYP/LANL2DZ (singlet) and . . .
UB3LYP/LANL2DZ (triplet) levels of theory? Energy relative to the Although one may identify the spin of the ground state

corresponding singlet state. A positive value means the singlet is the groundby experiment (e.g., from ESR spectroscopy), it is quite

state. . difficult to experimentally determine the magnitude of the
orbital of predominant sp character. It should therefore be ging|et-triplet splitting (AEs; = Eqipiet — Esinge)- FOrtunately,

noted that the existence of a nonbonded lone pair of electronsmoderately sophisticated molecular orbital theory can provide
at the X center strongly endorses the singlet carbene characteg good estimate of the singtetriplet splitting in these neutral

of the neutral group 13 carbenoids (vide infra). In addition, ye-membered group 13 carbenoids. As demonstrated in
the reason that the indium and thallium lone pajrdrbitals Table 1, the DFT results show that the valuesAd,, for
(HOMO-1) are located below their HOMOs may be oron, aluminum, gallium, indium, and thallium ard.2.90,

attributed to the “orbital nonhybridization effect”, also known 16 22 124 50 +32.48, and+34.69 kcal/mol, respectively

as the “inert s-pair effect®? This would make the valence s (j ¢ 'AE, increases in the order B Al < Ga < In < TI).
orbital more strongly contracted than the corresponding p That is to say, the heavier group 13 atoms have larger
orbitals. In turn, the size difference between the valence Ssinglet-triplet splitting. Again, these phenomena can be
and p orbitals increases from B to Tl. Consequently, it tends gatisfactorily explained by the relativistic effétas men-

to form a nonbonding orbital acquiring mainly s character, tioned previously. In addition, it should be pointed out that
whereas the remaining p electrons are used to fowonds  he stabilities of these carbene analogues are determined by
with the neighboring heavy atom. Moreover, such phenom- {heir singlet-triplet splitting. Namely, ifAE is small, the

ena can also be found in the LUMO of heavy HCMeP- carhene-like structures will be unstable and will be capable
(PhN}X compounds. As can be seen in Figure 1, our present of facjle chemical reactions (such as with solvents, éttt.).

theoretical results indicate that the LUMO in each case is || pe demonstrated below that the singtetiplet splitting
entirely ligand-based and afsymmetry. Indeed, the valence ot the neutral five-membered group 13 carbenoids can be
unoccupied orbital of HCMeP(PhbK corresponding tothe  ;seq as a guide to predict its reactivity.

X p—x orbital would be the LUMG-1 (X =B, In, and TI)

or the LUMO+2 (X = Al and Ga) level. Accordingly, these
effects cause the energy gap for the neutral five-membered
group 13 carbenoids to increase in the order B\l < Ga

< In < TI (vide infra).

Indeed, according to Su’s woik, which is based on the
theory of Pross and Shaik?! the singlet-triplet splitting
of a carbene plays a crucial role in many chemical reactions
(i.e., the relative stabilities of the lowest singlet and triplet
states are in turn a sensitive function of the barrier height
(17) One referee pointed out that a single-point calculation with a large fOr carbenic reactivity). Since, as mentioned above, neutral

quality basis set on each of structures should be good for this kind of five-membered group 13 carbenoids are analogues of CH
problem. We used the WTBS basis set (&em. Phys. Lett1993

212 260) based on the B3LYP level of theory to do the single-point
calculations for each stationary point studied in this work. Our results, (20) For details, see: (a) Shaik, S.; Schlegel, H. B.; Wolfe, Shieoretical

based on the B3LYP/LANL2DZ//B3LYP/WTBS method, are basically Aspects of Physical Organic Chemistdphn Wiley & Sons Inc.: New
similar to those found on the B3LYP/LANL2DZ level of theory. We York, 1992. (b) Pross, A. ITheoretical and Physical Principles of
have made discussion on these molecular systems. See the Supporting  Organic Reactiity; John Wiley & Sons Inc.: New York, 1995. (c)
Information. Shaik, S.Prog. Phys. Org. Cheml985 15, 197. (d) Shaik, S. In

(18) (a) Su, M.-D.; Chu, S.-YInorg. Chem.1999 38, 4819. (b) Su, M.- Theory and Applications of Computational ChemisBykstra, C. E.,
D. J. Phys. Chem. A2002 106, 9563. (c) Su, M.-DInorg. Chem. Frenking, G., Kim, K. S., Scuseria. G. E., Eds.; Elsevier: New York,
1995 34, 3829. 2003.

(19) (a) Pykko P.; Desclaux, J.-PAcc. Chem. Resl979 12, 276. (b) (21) (a) For the first paper that originated the CM model, see: Shalk, S.
Kutzelnigg, W.Angew. Chem., Int. Ed. Endl984 23, 272. (c) PykKo Am. Chem. Sod.981, 103 3692. (b) For the most updated review of
P.Chem. Re. 1988 88, 563. (d) PyykKo P. Chem. Re. 1997, 97, the CM model, see: Shaik, S.; Shurki, Angew. Chem., Int. Ed.
597. Engl. 1999 38, 586.
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B Al Ga In T
Q@) 1.485 2.222 2312 2.471 2.662

(@ 1.416 1.928 1.966 2.146 2.398
(@ 111.7 83.56 82.08 78.02 73.73
@ 1.371 1.306 1.302 1.303 1.301
() 1.904 1.791 1.791 1.784 1.780
(® 2361 2481 2.526 2.621 2.714
(@ 1.377 1.737 1.823 1.940 2.239
1.323 1.610 1.573 1.709 1.747
(9 29.68 44.17 45.88 47.71 55.26
1.624 1.984 1.985 2.149 2.270
@D 1.215 1.622 1.596 1.749 1.829
(2 113.0 117.6 120.1 123.3 1358

Product-CH4

Figure 2. B3LYP/LANL2DZ-optimized geometries (in A and deg) of the reactants (singlet), transition states, and insertion products of HCM¥P(PhN)
(X =B, Al, Ga, In, and TI) and Chkl The relative energies for each species are given in Table 2. Hydrogens are omitted for clarity.

one may envision that these predictions for carbenic reactivity (2) Geometries and Energetics of HCMeP(PhNX +
should also apply to the neutral five-membered group 13 CH,4. We shall consider mechanisms which proceed via eq
systems. Moreover, our findings show that it is the size of 1, focusing on the transition states as well as on the insertion
this energy gap that in large part controls the chemical products themselves. For convenience, the chemical reactions
behavior of these chemical species. In fact, combining considered here are as follows: reactarReg-CHy) —
insights from the configuration-mixing (CM) mod@ftand  transition state TS-CH4) — insertion product Pro-CH.).

the previous bond-angle model predictions, one may there-The optimized geometries calculated at the B3LYP/LANL2DZ
fore conclude that the larger tHeNXN bond angle, the  |eye| of theory involvingRea-CHi, TS—CH., andPro-CH,
smaller A, the lower the barrier height, the greater the gre collected in Figure 2. The corresponding energetics are
exothermicity, and in turn, the faster the chemical reactions. g, mmarized in Table 2. Cartesian coordinates calculated for

Finally, as seen from Table 1, our DFT calculations o gationary points at the B3LYP level are available as
demonstrate that the HCMeP(PRX)X = Al, Ga, In, and

TI) species possess a singlet ground state, except for the
boron casé? This strongly implies that all three reactions (22) However, as one can see in Table 1, the ground state of HCMeP-

- P (PhNYB is the triplet state with the singletriplet splitting of —12.90
(eq T 3) should pr(_)ceed on the Smglet surface. We shall kcal/mol. Nevertheless, for consistency, we still use the singlet state
thus focus on the singlet surface from now on. in all three reactions (eqs—B).

Inorganic Chemistry, Vol. 45, No. 20, 2006 8221
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Table 2. Relative Energies for Singlet and Triplet Group 13 are more reactant-like. This is consistent with the Hammond
Carbenoids (HCMeP(PhBY) and for the CH Insertion Process, 3 ; ; ; e ;
Reactants (HCMeP(PhbY + CH,) — Transition State— Insertion pOStUIatéZ’ Whl(.:h aSSO.CIateS an earlier transmo_n .State Wlt.h
Productb a smaller reaction barrier and a larger exothermicity. As will
AES ONXN AEH AHe be shown below, the insertion reaction of a neutral f|ye-
system  (kcal motd) (deg)  (kcalmol?)  (kcal mord) membered group 13 system with a more reactant-like
X =B —12.90 1117 1627 4718 transition structure d_oes have a smaller activation barrier and
X =Al 16.22 83.56 49.07 —22.04 a larger exothermicity.
éfﬁ]a ggfg ?82'828 g’f-glz _9-%117 The barrier heights predicted at the B3LYP/LANL2DZ
X =Tl 34.69 73.73 1005 4779 level for these insertion reactions are given in Table 2. In

_ accordance with the trends of the transition structures,
aAll calculations were performed at the B3LYP/LANL2DZ level of . . . . . .
theory. For the B3LYP optimized structures of the stationary points, see the barrier heights for the insertion reactions of neutral five-
Figure 2.* Energies differences have been zero-point corrected. See the membered group 13 carbenoids increase in the following
text. ¢ Etr;]ergy rzlal?_tivtehto the c(;)rr&tsgr?ndirlg s;_nglet state. }Athpotsitive'tyalue order (kcal/mol):TS-B-CH4 (16.27)< TS-AlI-CH, (49_07)
rmeans e S e ground e achaton STy O NEVNSON < TS, Ga-Ch (56.92)< TS-In-CH (67.81)< TS-T-CH,
product, relative to the corresponding reactants. (100.5). Thus, our calculations indicate that the more
electronegative the atom involved in the insertion reaction,
Supporting Information. Figure 2 and Table 2 reveal some the lower the activation barrier for its insertion reaction.
noteworthy features. The neutral five-membered group 13 systems studied here
For the reaction path in eq 1, we have located the transition produce five insertion products (i.€2ro-B-CH,, Pro-Al-
state TS-CH,) for each neutral five-membered HCMeP- CH,, Pro-Ga-CH,, Pro-In-CH,, and Pro-TI-CHJ). The
(PhNRX species at the B3LYP/LANL2DZ level of theory,  optimized geometries for these insertion products are also
along with the imaginary frequency eigenvector (see Figure depicted in Figure 2. In these products, the newly formed
2 and Table 2). These reactions appear to be concerted; wéntermolecular bond lengths (XC and X—H bond) range
have been able to locate only one TS for each reaction andfrom 1.624 and 1.215 A ifPro-B-CH, to 2.270 and 1.829
have confirmed that it is a true transition state on the basis A in Pro-TI-CH,. These bond lengths are typical for the
of frequency analysis. The B3LYP/LANL2DZ frequency X—C and X-H (X = B, Al, Ga, In, and TI) single bonds
calculations for the transition stat&€S-B-CHg, TS-Al-CH,, and follow the same trend that the more electropositive the
TS-Ga-CH,, TS-In-CHy4, andTS-TI-CH,4 suggest that the X atom, the longer the %XC and X—H bonds. Furthermore,
single imaginary frequency values are 1018i, 1204i, 1140i, as shown in Table 2, only three insertion reactions are
1088i, and 1068i crmt, respectively. As shown in Figure 2,  thermodynamically exothermic (i.e., ¥ B, Al, and Ga),
vibrational motion for the 1,2-hydrogen migration involves whereas the other two insertion reactions are thermodynami-
bond formation between the group 13 (X) atom and the cally endothermic (i.e., ¥= In and Tl). That is, the energies
carbon in concert with one-€H bond breaking. Moreover,  of Pro-In-CH 4, and Pro-TI-CH , are above those of their
our attempt to locate the abstraction transition states betweercorresponding starting materials. This strongly suggests that
the neutral five-membered HCMeP(PhNX)species and  the insertion reactions into neutral five-membered indium
methane failed. Thus, our theoretical investigations suggestand thallium systems are energetically unfavorable and would
that the addition reaction of neutral five-membered HCMeP- be endothermic. As Table 2 shows, the order of enthalpy
(PhN)X to CH, proceeds via a one-step process. That such follows the same trend as that of the activation energy (kcal/
addition reactions follow a concerted pathway is also mol): Pro-B-CH, (—47.18)< Pro-Al-CH 4 (—22.04)< Pro-
supported by the geometries of the transition states asGa-CH,(—9.841)< Pro-In-CH4 (+4.917)< Pro-TI-CH 4
demonstrated in Figure 2. (+47.79). Namely, our theoretical findings suggest that the
A further detailed comparison of the five transition insertion products of HCMeP(Phpi and HCMeP(PhNJT
structures leads to the following remarks: for instance, as are not produced from the methane insertion reactions of
seen in Figure 2, all transition states are early, as shown by
the large values of the newly breaking-€& bond length
that ranges from 1.377 A for the-€H bond length inTS-
B-CH, to 2.239 A for the G-H bond length inTS-TI-CH..
Moreover, the newly formed €X bond length increases in  and
the following order: TS-B-CH, (2.361 A) < TS-AI-CH,
(2.481 A) < TS-Ga-CH, (2.526 A) < TS-In-CH, (2.621 HCMeP(PhN) 2T1 + CH4 — HCMeP(PhN) 2TIC
A) < TS-TI-CH,4 (2.714 A). Also, our B3LYP calculations s
show that the newly formed XH bond length in these

H
HCMeP(PhN) 2In + CH4 — HCMeP(PhN) 2In{
N\ CH3

transition states increases in the or@i&B-CH, (1.323 A) respectively, but possibly exist if these compounds,
< TS-Ga-CH, (1.573 A) < TS-AI-CH,4 < (1.610 A) TS-

In-CH 4 (1.709 A) < TS-TI-CH, (1.747 A). Namely, the HCMeP(PhN) 21

above structural features indicate that the transition structures CH3

for the insertion reaction of neutral five-membered group
13 carbenoids containing a more electronegative atom (X) (23) Hammond, G. SJ. Am. Chem. Sod.954 77, 334.
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and the lengths of the €C bond forTS-B-C;H4, TS-Al-CoHy,
TS-Ga-GH,4, TS-In-C,H4, and TS-TI-C,H, are 1.358,
1.441, 1.465, 1.502, and 1.602 A, respectively, in comparison
with free ethene (1.330 A). In addition, one may easily see
are produced through other reaction paths. that the activation energy (kcal_/mol)_of the t.ra}nsition state
follows the same trend as the singt¢tiplet splitting of the

Furthermore, as mentioned previously, tiBIXN bond X )
angle of a neutral five-membered group 13 carbenoid seemsnEUtraI five-membered HCMeP(Phbsystem (i.e..rS-B-

to parallel the same trend as the barrier height and reactiongz'__ll“s(|2'928l)_|< Tzséél(-)CiH_?éSiQﬁg):' Ti%GféozH_l‘_‘élf".Blt)
enthalpy for its insertion reaction with methane, as given in -In-C2H, (28.30) "Tl-CoH, (75.18)). That is to

Table 2. Namely, the larger thHeNXN bond angle of the Say, aC(_:ording to the CM mod€%* one predif:ts that a
neutral five-membered group 13 carbenoid, the smaller the neutral five-membered HCMeP(PhM)species with a more

singlet-triplet splitting and, in turn, the easier the insertion electronegative atom would have a larg2dXN bond angle,

reaction. As a consequence, our model observations providea smallerAE, and a more facile cycloaddition to ethylene.

strong evidence that an electronic factor resulting from the Finally, as one can see in Table 3, the energy of the final
bending of thelINXN bond as well as the singletriplet cycloproducts relative to their corresponding reactants are

energy gap AEs) plays a decisive role in determining —48.51 Pro-B-C.H,), —8.483 Pro-Al-C2Hy), +6.940 Pro-

the reactivity of neutral five-membered group 13 car- G&CeHa), +25.70 Pro-In-C2Hy), and +75.10 keal/mol

benoids4 (Pro-TI-C2H,), indicating that the neutral five-membered
(3) Geometries and Energetics of HCMeP(PhNX + HCMeP(PhN)X molecule with a more electropositive group

C,H.. We next consider addition mechanisms which proceed 13 &om (X) should be more endothermic. Also, it should
via eq 2. For consistency with our previous work, the be noted that the order of the reaction enthalpy seems to
following reaction mechanism has been used to explore thefollow the same trend as tHiéNXN bond angle, as well as

cycloaddition reaction of a heterocyclic group 13 system to the singlet-triplet splitting (AEs). In other words, our model
ethylene: reactantsRea-GH,) — transition state TS— calculations demonstrate that the valueg\&t; are remark-

C,Hz) — addition productPro-C,H.). For the systems (X ably diagnostic of the reactivities of neutral five-membered

= B, Al, Ga, In, and TI), their geometries and energetics Neterocyclic species. _ _
have been calculated using the B3LYP/LANL2DZ level of  (4) Geometries and Electronic Structures of Dimer-

theory. The selected geometrical parameters and the relativéZation Reactions.To understand more information about
energies of stationary points for the above mechanism arethe kinetic stability of the neutral five-membered HCMeP-
collected in Figure 3 and Table 3. Cartesian coordinates (PhN)ZX molecule, its dimerization reacnon was investigated
calculated for the stationary points at the B3LYP level are IN this work. Selected geometrical parameters for the
available as Supporting Information. The major conclusions Stationary point structures along the pathway given in eq 3
drawn from the current study can be summarized as follows, @nd calculated at the B3LYP/LANL2DZ level are shown in

As predicted before, a neutral five-membered HCMeP- Figure 4. The relative energies obtained at the same level of

H
HCMeP(PhN) 2Tl Q
CH3

(PhNXX species and ethylene should undergo a21
cycloaddition with a barrier to form a cycloaddition product.

theory are collected in Table 4. Cartesian coordinates for
these stationary points are included in the Supporting

As one can see in Figure 3, it is evident that these transition Information. There are several important conclusions from

states (i.e.TS-B-C;Hy, TS-Al-C,Hy, TS-Ga-CHy, TS-In-

these results to which attention should be drawn.

C.H., andTS-TI-C,Hy), which all are at the first-order saddle ~ AS expected, a double bond between the two group 13
point as determined by the frequency calculations at the atoms should be formed during the dimerization reaction.
B3LYP/LANL2DZ level, proceed in a three-center pattern Nevertheless, repeated attempts to find the transition state
involving the group 13 and two carbon atoms. Our B3LYP/ for a concerted dimerization of two HCMeP(PhXspecies
LANL2DZ frequency calculations for the transition states Using the DFT methodology came to nothing. It was therefore
TS-B-C,Hy4, TS-Al-C,H,, TS-Ga-CH,, TS-In-C,H,4, and concluded that no transition states exists on the B3LYP
TS-TI-C,H, indicate that the single imaginary frequency surface for such a dimerization. Furthermore, our thermo-
values are 112i, 176i, 177i, 130i, and 142idyrespectively. dynamic results prove that all five dimers (i.Brp-B-dimer,
Their normal modes associated with the single imaginary Pro-Al-dimer, Pro-Ga-dimer, Pro-In-dimer, andPro-Al-
frequency are consistent with the=C activation process, ~ dimer) contain no imaginary frequency and, in turn, can be
primarily the G=C bond stretching with a group 13 atom considered as true minima on the B3LYP potential energy
migrating to the double bond. It should be pointed out that surfaces. As already shown in Figure 4, it is clear that the
such characteristic three-centered cyclic transition states ardW0 monomer molecules were positioned with the two five-
quite analogous to mechanisms observed for the additionmembered ring planes nearly orthogonal to each other
reactions of singlet carbe&2s because of the two bulky protecting groups around the group
Moreover, our B3LYP/LANL2DZ results demonstrate that 13 center. Unfortunately, as we have mentioned earlier,
the larger théINXN bond angle, the more reactant-like the
transition state structure. From Figure 3, it is apparent that

(25) (a) Hoffmann, RJ. Am. Chem. Sod.968 90, 1475. (b) Zurawski,
B.; Kutzelnigg, W.J. Am. Chem. Sod 978 100, 2654. (c) Rondan,
N. G.; Houk, K. N.; Moss, R. AJ. Am. Chem. Sod98Q 102 1770.
(26) Su, M.-D.J. Phys. Chem1996 100, 4339 and references therein.

(24) Su, M.-D.J. Chin. Chem. So@005 52, 599.
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2.471
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1.303
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2.316
2.160
1.502
64.85
2.145
2.142
1.581
68.25

Tl
2.662

2.398
73.73
1.301
1.780
2.290
2.254
1.602
68.15
2.275
2.264
1.611
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Chen and Su

@ Product-CzHa

Figure 3. B3LYP/LANL2DZ-optimized geometries (in A and deg) of the reactants (singlet), transition states, and addition products of HCM&P(PhN)
(X =B, Al, Ga, In, and Tl) and gH,. The relative energies for each species are given Table 3. Hydrogens are omitted for clarity.

because of a lack of experimental and theoretical data onTabLe 3. dRG(latg/e En(err?é;S) fordeinglﬁt a(gd Trig(ljet Group 13

. - . .Carbenoids (HCMeP(P and for the GH4 Addition Process,
such bonded species, the geometnce}l yalues presentgd in thlgeactants (HCMeP(PhBY + CHa) — Transition State— Addition
work should be considered as predictions for future inves- product®

tigations.

i o AEsf ONXN AEHd AHe
Our B3LYP computations indicate that the greater the system  (kcal mor?) (deg)  (kcalmoll)  (kcal mol?)
atomic number of the group 13 element, the greater the x =g —12.90 111.7 2.938 —48.51
pyramidalization angle,§ (or out-of-plane angle). For X=Al 16.22 83.56 5.048 —8.483
i iAalizati i i X =Ga 24.50 82.08 14.61 6.940
instance, the pyramidalization anglg increases in the order = 3218 78,02 28 30 2570
15.35 (B=B) < 61.45 (AFAIl) < 66.85 (Ga=Ga) < 70.20 X=Tl 34.69 73.73 75.18 75.10

(In=In) < 84.2#& (TI=TI). Likewise, as demonstrated in
Figure 4, the trend in X bond length in the dimer
molecule was calculated to be in the order 1.692E <
2.757 (AFAl) < 3.064 (Ga=Ga) < 3.433 (Ir=In) < 4.394

A (TI=TI), correlating with the atomic size of the main group
13 element X.

a All were calculated at the B3LYP/LANL2DZ level of theory. For the
B3LYP-optimized structures of the stationary points, see Figutd&Bergies
differences have been zero-point corrected. See thetExiergy relative
to the corresponding singlet state. A positive value means the singlet is the
ground stated The activation energy of the transition state, relative to the
corresponding reactantsThe reaction enthalpy of the product, relative to
the corresponding reactants.
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B Al Ga In T
() 1.485 2.222 2312 2.471 2662

(@ 1.416 1.928 1.966 2.146 2.398
() 111.7 83.56 82.08 78.02 73.73
(@ 1.371 1.306 1.302 1.303 1.301
() 1.904 1.791 1.791 1.784 1.780
(® 1.692 2.757 3.064 3.433 4.394
@ 1.474 1.924 1.963 2.140 2.386
1.495 2.122 2.246 2411 2.665
(® 1507 2.093 2.236 2.402 2.651
1.475 1.937 1.975 2.151 2.395
@) 106.7 85.67 83.00 79.09 73.70
@2 106.6 86.02 82.96 79.14 73.69

+HCMeP(PhN) 2X

Product-Dimer

Figure 4. B3LYP/LANL2DZ-optimized geometries (in A and deg) of the reactants (singlet) and dimer products of HCMeR{RXN¥ B, Al, Ga, In,
and TI). The relative energies for each species are given in Table 4. Hydrogens are omitted for clarity. For more information see the text.

Table 4. Relative Energies for Singlet and Triplet Group 13 3 at 298 K, which are also given in Table 4. As shown there,

Carbenoids (HCMeP(PhB¥) and for the Dimerization Process, ;

Reactants (2HCMeP(PhbY — Dimerization Produc® the values ofAG between reactants and dimer ar63.17,
+2.208,+4.481,+4.342, and+6.822 kcal/mol for boron,

AEsf ONXN AHd AG® ; : " ; ;
system  (kcal mol%) (deg)  (kcalmol)  (kcal mot) aluminum, gallium, |nd|um,_ and thallium, r_espectlvely.
< —B 12.90 L7 o162 5317 Consequently, our computational results predict that boron
X = Al 16.22 8356  —11.02 2208 derivatives with B=B-bonded dimeric structures are both
X =Ga 24.50 82.08 —7.439 4.481 kinetically and thermodynamically stable with respect to
X=In 32.48 78.02 —6.274 4.342 dissociation. In contrast to the boron compounds, the
X=Tl 34.69 73.73 —3.722 6.822

theoretical results demonstrate that, after consideration of
a All were calculated at the B3LYP/LANL2DZ level of theory. For the the thermodynamic factorS, the total energies of the remain-
B3LYP-optimized structures of the stationary points, see Figut&aergies . . .
differences have been zero-point corrected. See the‘tExtergy relative ing double-bonded dimers are still above that O_f two
to the corresponding singlet state. A positive value means the singlet is theseparated monomers (HCMeP(PBX)) The theoretical
ground-stage‘-’The reagﬁ? g}géalay of the nggg% “?'ahtlve t% the findings therefore suggest that the dimerization reaction
corresponding reactantdThe Gibbs free energy of the product, . . .
relative to the corresponding reactants. should not occur during the formation of the neutral five

membered HCMeP(PhBX (X = Al, Ga, In, and TI) species.
In additiion, the B3LYP calculations show that the energy

of the final products (dimers) relative to their corresponding V- €onclusion

reactants are-81.82 (B=B), —11.02 (AFAl), —7.439 (Ga= In this work, we have studied the mechanisms of three
Ga), —6.274 (In=In), and—3.722 (TETI) kcal/mol. Also, kinds of chemical reactions of neutral five-membered
we have calculated the free energy difference®&) for eq HCMeP(PhN)X species by density functional methods. It
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should be pointed out that this study has provided the first of the neutral five-membered group 13 carbenoids from both
theoretical demonstration of the reaction trajectory and kinetic and thermodynamic viewpoints.
theoretical estimation of the activation energy and reaction Furthermore, we have demonstrated that the computational
enthalpy for these chemical processes. results can be rationalized using a simple CM model.
Our present theoretical investigations demonstrate that theAlthough the relative reactivity of various chemical species
chemical reactivity of boron, aluminum, gallium, indium, and is determined by the entire potential energy surface, the
thallium decrease in the order B Al > Ga> In > TI. concepts of the CM model, focusing on the singleiplet
From another point of view, our theoretical findings confirm splitting in the reactants, allows one to assess quickly the
a general belief that one of the important influences on the relative reactivity of a variety of neutral five-membered group
isolability of a group 13 carbenoid is its group 13 atom 13 carbenoids without specific knowledge of the actual
centert~* That is to say, our theoretical works strongly imply energies of the interactions involved.
that, compared with the HC(CMeNRB) species which is We encourage experimentalists to carry out further experi-
highly reactive, the other neutral five-membered group 13 ments to confirm our predictions.
carbenoids (X= Al, Ga, In, and TI) should be stable and
readily synthesized and isolated at room temperature.
Regardless of which chemical reaction is considered,
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Qualitatively, a greatdriINXN bond angle results in a smaller

AEg, a lower the activation barrier, and, in turn, more rapid
chemical reactions with various chemical species. Specifi-
cally speaking, electronic, as well as steric factors, should
play an important role in determining the chemical reactivity 1C0608593
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