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The existence of intramolecular dihydrogen bonding in the main group elements is investigated at the ab
initio level of theory. The AH—XH,, complexes (with A= Li/B/Al and X= F/O/N/CI/S/P) in general do not

show intramolecular dihydrogen bond (DHB) in their equilibrium structures; however, it is observed in the
transition state for the dehydrogenation reaction,AMH, — AH-1—XHn-1 + Ha. The barriers to these
reactions have been calculated and are found to be least for the complexes having DHB in the equilibrium
structure or having eclipsed geometry favorable for DHB formation. The topological analysis of electron
density distribution provides crucial information on the existence of DHB as well as on the extent of the
dehydrogenation reaction. The above features indicate that the motivation for the formation of intramolecular
DHB is likely to facilitate the dehydrogenation reaction from complexes similar tg-A%Hn.

1. Introduction CHART 1
Hydrogen bonding is known to be one of the most important C,f‘a CHg
weak interactions having significant effect on the structures of g o
compounds in solid, liquid, and gas phases. In general, inter- \§ CHs ;
as well as intramolecular hydrogen bonding provides additional Al CH
3

stabilization to the structure, leading to a profound impact on ’ |
the physical and chemical properties of compouhdsn
analogous novel type of weak interaction has been identified H-""2.31
recently as dihydrogen bond (DHB), a bond of type-Wi---
H—X, where M is a transition metal and X is an electronegative O/S/N/P. These simple systems could serve as a reasonable
atom or a group. Transition metal complexes exhibit both intra- model for the compounds that undergo dehydrogenation via
as well as intermolecular DHBThis type of intermolecular ~ stable intramolecular DHB.
DH bonding has also been found in the complexes of main group  The methodology used herein is discussed in the next section,
elements and their dimefsRecently, we have systematically and the structural features and energetics of dehydrogenation
studied the occurrence of DHB in the complexes and dimers of reactions are discussed in section 3. In section 4, we discuss
second- and third-row hydridésThere exist several transition  the bonding features of transition-state structures of the dehy-
metal complexes that are stabilized by intramolecular DH drogenation reaction using topological analysis of electron
bonding® However, compounds exhibiting intramolecular DH  density, and concluding remarks have been made in section 5.
bonding in the main group elements are rather uncommon.
Crabtreé has attributed this to the tra_nsient intermediate nature 2. Methodology
of DH-bonded systems, which readily lose. Atwood et al
have recently reported a structure of 2,2,6,6-tetramethylpiperi- ~ The equilibrium structures for AlH+-XHn complexes (with
dine—alane complex (cf. Chart 1) that is stabilized by intramo- A being Li/B/Al and X being F/CI/O/S/N/P) have been obtained
lecular H--H bond. The H--H distance in this complex was at the MP2/6-3%-+g(d,p) and MP2/6-31++G(2d,2p) levels
reported to be 2.31 A. This complex readily undergoes dehy- using Gaussian 9%.An attempt has been made to obtain
drogenation and has been viewed as a transition state prior toStationary structures of these complexes with eclipsed geometry
dehydrogenation. Similar intramolecular DHB has been pro- Wherein the dihedral angle-HA---X—H is close to 0. Further,
posed in azolylborane adducts with-&+--H—B bonding from transition-state structures for the dehydrogenation reaction
their X-ray and NMR studies. starting from these complexes have been obtained. The nature
In view of the above facts, it is imperative to investigate the Of stationary points has been confirmed from vibrational
occurrence of intramolecular DHB and its role in the dehydro- frequency calculations at the respective levels of MP2 theory.
genation reaction. It is expected that transition-state structuresThat these transition states (TS) indeed correspond to dehydro-
for the dehydrogenation reactions might involve intramolecular genation from the complexes have been verified from intrinsic
DHB.6 We have investigated the dehydrogenation reaction pathsreaction coordinate (IRC) calculations at the MP2/6-3%G-
of several model complexes of second- and third-row hydrides (d,p) level. The energy barriers to dehydrogenation reactions

of the type AH—XH, with A being Li/B/Al and X being F/CI/ have also been obtained from single-point calculations of
transition states and complexes, which incorporate higher
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TABLE 1: Energy Barriers, E, (kcal/mol), for Dehydrogenation Reaction of Complexes AR—XH , Involving Intramolecular
Dihydrogen Bonding as a Transition State at the MP2/6-31+G(d,p) and MP2/6-31H1+G(2d,2p) Level (in Italics) Geometries

Ea Ea Ea Ea Ea Ea
complex (MP2) (MP2+ZPE) (MP3+ZPE) (MP4SDQHZPE) (CCSD+ZPE) (CCSDT+ZPE)
LiH—H,0 00.48 -1.34 00.27 00.42 00.11 —0.36
00.78 -1.28 00.80 00.37 00.69 00.03
LiH—H,S 2.12 1.92 2.71 3.10 3.36 2.76
0.55 0.59 0.84 1.05 1.14 0.84
BHs—HF 14.71 14.95 18.49 17.03 17.97 16.31
15.87 15.63 19.35 19.39 19.24 17.25
BHs—H,0 24.96 2251 25.50 24.78 25.29 24.06
24.66 22.15 25.53 24.82 25.22 23.68
BHs—NH; 40.81 36.91 39.12 39.01 39.20 38.25
40.59 36.54 38.95 38.92 39.81 38.82
BHs—HCI 12.50 13.00 15.50 15.98 16.29 14.43
11.06 10.87 13.38 13.99 14.23 12.32
BHs—H,S 19.23 17.73 19.26 19.83 21.29 19.11
19.05 17.30 19.13 19.89 20.09 18.68
AlH;—HF 02.72 01.98 03.83 03.02 03.51 02.70
03.26 02.19 04.63 03.96 04.34 03.32
AlH3—H.0 17.44 15.40 18.45 17.59 18.03 16.96
16.40 14.33 17.80 17.11 17.54 16.19
AlH3—NH3 34.21 30.81 33.40 33.11 33.35 32.26
32.16 28.76 31.68 31.62 31.90 30.49
AlHz—HCI 06.83 06.54 07.69 08.04 08.24 07.24
04.70 04.17 05.66 06.20 06.37 05.29
AlHs—H,S 17.23 17.86 19.12 19.68 20.12 18.87
14.85 12.49 14.26 15.32 15.51 14.02
AlH3—PH, 4254 40.07 40.87 4153 41.88 40.55
40.24 37.88 39.02 40.03 40.67 38.97

; ; : TABLE 2: Energies (kcal/mol) of Dehydrogenation
Plesset perturbative calculations up to third order and fourth Reactions Including ZPE of AH,—XH . Complexes at the

orderI v(\;ithlout incluslior; o_f triples fMdI_DS, MP4|SDQ) a; vc\j/elléils MP2/6-311++G(2d,2p) Level Geometry

coupled-cluster calculations including singles an oubles

(CCSD) as well as singles, doubles, and triples in a noniterative complex MP2 MP3 MP4SDQ CCSD  CCsDT
way (CCSDT). LiH—H,O —-17.97 -13.91 —15.39 —-1498 -—15.10

The bonding features of the dihydrogen-bonded TS have been LiH-H,S  —30.18 ~—27.69 —2665 —26.97 ~—27.47

. . . f . . BHs—HF —30.34 —2857 —29.58 —29.38 -—29.35
studied with the aid of topographical analysis of their electron gy .0 2285 —21.66 -22.34 -22.60 -22.28
density (ED) distributiod. Such studies are vital for the  BH,—NHs -8.14 -6.91 —7.57 -7.07 -6.75
knowledge of extent of reaction as well as nature of dihydrogen BHs—HCI ~ —20.04 -18.12 —18.34 —18.62 —18.58

bonding in the TS. For some of the TS, the atoms in molecule BHs—H.,S ~ —11.20 -10.27 -10.64 —-11.06 -10.71
(AIM) approach in Gaussian 94 could not result in identification AlHs—HF = —35.50 —32.60 —3373 —-33.27 -33.32

. - . AlH;—H,O —1553 —-12.09 —13.23 —13.28 -—13.47
of DHB, leading to the nonvalidity of the Poincarklopf AlHs—NHs 2.06 4.89 4.43 373 331
relationshipt® Therefore, ED analysis using the program UNI-  A|H.—HCI —32.98 -30.81 —30.42 —30.42 —29.99
PROP°was used to verify and correct ED topography in such AlH;—H,S —1591 -13.85 —13.36 —14.04 -14.17
situations. To understand the driving force behind this reaction, AlHz—PHs 2.66 3.84 4.32 4.33 4.14
the atomic charges of TS from Mulliken and those from natural

population analysié have been used were reported in our earlier studigswith one involving

intramolecular DHB with H:+H bond of 1.674 and 1.580 A at
the 6-34++G(d,p) and 6-31%+G(2d,2p) levels, respectively.
The corresponding H-H distances in the transition states are
In the present work, an attempt has been made to assess th&.212 and 1.165 A, respectively (cf. Figure 1). The'ld—H
intramolecular DHB and its connection with the dehydrogena- angle is reduced by 7°1 whereas the (Li)H-H—O angle
tion reactions, viz. AH—XHy — AHp-1—XHm-1 + Ha. The widens by 12.5in the TS compared to that in the LiH,0

3. Results and Discussion

optimized structures of Af+XHy, complexes (A= Li/B/Al complex. Since the LiHH,O has DHB in the equilibrium
and X= F/CI/O/SIN/P) reveal that the majority of complexes structure and is reasonably stabilized, it is expected to readily
are minima with staggered geometry, with the-A---X—H undergo the dehydrogenation reaction. This can be verified from

dihedral angle close to 180The equilibrium geometries of  meager energy barriers to dehydrogenation of-tH}O from
some of these complexes at the MP2/6+31G(d,p) level have Table 1. On the other hand, the LiHH,S complex does not
been portrayed and discussed in our earlier widrkmost of contain the DHB in its equilibrium structure and its TS has a
the cases, the structural parameters of these complexes at thiong H---H distance (cf. Figure 1). Because of these structural
MP2/6-31H+G(2d,2p) level are quite similar to the earlier features, the LiH-H,S requires more energy for dehydrogena-
reported ones. The energy barriers for the dehydrogenationtion compared to LiH-H,O, as can be seen from Table 1.

reaction of AH—XH, complexes at the MP2/6-33H-G(2d,- Further, the TSs for dehydrogenation from other complexes
2p) level are reported in Table 1, whereas the correspondingLiH—NH; and LiH—PH; were not found and the stable
energies of reaction are reported in Table 2. complexes of LiH with HF and HCI do not exit.

3.A. Dehydrogenation from LiH—XH, complexes The 3.B. Dehydrogenation from BH—XH,, Complexes The
equilibrium and transition-state structures of EMH,, com- transition-state (TS) structures for model dehydrogenation

plexes are shown in Figure 1. For LiHH,0, two structures reactions from BH—XH, are portrayed in Figure 2, and the
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Figure 1. Equilibrium and transition-state structures of L#H,0O and
LiH—H,S at the MP2/6-311+G(2d,2p) level. The distances are in
angstrom units, angles are in degrees (bold), and Mulliken atomic
charges are shown in italics.
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Figure 2. Transition-state structures for the dehydrogenation reaction

BH3;—XHy— BH,—XHp-1 + H; at the MP2/6-31%++G(2d,2p) level. . .
The distances are in angstrom units, angles are in degrees (bold), and" Natural charges are analogous to those observed for Mulliken

Mulliken atomic charges are shown in italics.

Kulkarni

of X is changed from B—NH3 to BHz;—HF. A similar trend
is also seen for BEH,S and BH—HCI, although the TS for
dehydrogenation from B§t+PH; could not be located at the
MP2 level. For the TS of dehydrogenation of BHHCI (cf.
TS5 of Figure 2), the BCI bond has shortened substantially
(0.554 A) in the TS compared with that in the complex. A
similar shortening of B-X bonds in BB—XH, has been
observed in all TS structures compared to their complexes. This
shortening is considerable for the TS with X being halogens.
For most of the structures of BHXHy, the X—H bonds
involved in DH bonding are more elongated compared to their
equilibrium distances (shown by dotted lines in Figure 2). Since
the equilibrium structures of Bf+XH,, complexes have stag-
gered H-B---X—H bonds, they have higher barriers to dehy-
drogenation compared to LiHXH, complexes. This is due to
the requirement of undergoing rotation around-® bond for
a structure to be favorable for dehydrogenation (cf. Figure 2).
The energies of the dehydrogenation reaction from-BKH
complexes in Table 2 indicate that reactions are exothermic.
3.C. Dehydrogenation from AlH;—XH,, Complexes Some
important equilibrium and transition-state structures for model
dehydrogenation reactions of AHXH, are portrayed in Figure
3. For AlH;—HF and AlHs—HCI complexes the equilibrium
structures have eclipsed geometry anetH distances of 2.372
and 2.722 A, respectively. The corresponding-H distances
in the TSs (TS8 and TS11 of Figure 3) are 1.199 and 1.297 A,
respectively. This large distance reorganization in the TSs along
with the changes in the F/€AI—H angle compared to the
angles of corresponding complexes (cf. Figure 3) is expected
to require more energy than in the case of the +tHO
complex. The expected trends are indeed observed in Table 1.
However, for Alls—HF and AlHs—HCI, the barriers to the
dehydrogenation reaction are the least in the AIM{H,, series
(cf. Table 1). For other complexes, first they have to pass the
barrier to rotation around the AtX bond and further strengthen
the intramolecular DHB to reach the transition state for the
dehydrogenation reaction. Table 2 reveals that the dehydroge-
nation reactions from Alg-NH3; and AlHs—PH; are endo-
thermic, whereas all other AHXH,, complexes have exo-
thermic reactions.

Apart from the above-reported observations, some general
salient features of the TSs for dehydrogenation are noteworthy.
The shortest H-H bond distance in the TS for dehydrogenation
is 0.988 A (cf. TS1 for BH—NHzs in Figure 2), whereas the
longest is 1.297 A (cf. TS11 for Ali+-HCI in Figure 3). The
DHB angle, (Ay-H--+H—X for the BH;—XH, series, is in the
range 138-149, whereas it is in the range 14253 for the
AlH3;—XH, series. The barrier for dehydrogenation seems to
be inversely proportional to the-HH bond distance in the TS.
Energy barriers for the dehydrogenation reactions increase with
a decrease in the electronegativity of the heteroatom, X gfAH
XHp, in a group as well as in the period. Further, for a given
XHmgroup in AH,—XHp, the dehydrogenation barrier decreases
as the electropositive nature of A increases (cf. Table 1). The
Mulliken charges for the TS structures indicate that in general
the hydrogens involved in DHB have either more negative or
positive charge compared to those hydrogen atoms not involved
in DHB (cf. Figures +3). The natural charges for all equilib-
rium and TS structures have also been comptitddhe trends

charges, implying suitability of Mulliken charges for the analysis
in this case. The exothermicity of the dehydrogenation reaction

corresponding barriers to dehydrogenation reactions are reportecseems to be decreasing in accordance with the electronegativity

in Table 1. The H-H distances in the TS increase as the group

of X in the AH,—XH,, complexes (cf. Table 2).



Dihydrogen Bonding J. Phys. Chem. A, Vol. 103, No. 46, 1999333

AIH3-HCL

Figure 3. Some equilibrium and transition-state structures for the dehydrogenation reactigi s, — AlH,—XHqn-1 + H; at the MP2/6-
311++G(2d,2p) level. The distances are in angstrom units, angles are in degrees (bold), and Mulliken atomic charges are shown in italics.

An attempt was made to analyze the model structure of bonding features have also been observed in our earlier studies,
piperidine-alane complex at the Hartre€&ock/6-3H-+g(d,p) especially in the case of seemingly bifurcated DHB. It is known
level. However, the ab initio structure exhibits only the staggered from our earlier work that the bonding patterns of intermo-
configuration. This indicates that the stability of the experi- lecular DHB are similar to that of the conventional hydrogen
mentally observed eclipsed structtireay be due to its crystal  bond. In view of this, it is rather interesting to understand the

environment. bonding features of intramolecular dihydrogen bonding that
) _ exists in equilibrium structures as well as in the TS. The ED,
4. Electron Density Analysis its Laplacian, and bond ellipticity (defined from eigenvalues

The knowledge of bonding features of various structures 4i'S Of the Hessian matrix as = 44/2> —1 with |41] > |42])
involved in the dehydrogenation reaction including transition Parameters have been used in the present analysis (cf. Table
states is vital. This is made possible via a topographical analysis3)- The negative Laplaman s an indicator of a cov_alent bpnd,
of the electron density distribution. The topographical analysis Whereas a positive Laplacian indicates noncovalent interattion.
involves isolation and characterization of critical points (CPs) The bond ellipticity is a measure of stability, and the higher
of ED. Critical points are those at whictip(r) = 0 and are  Value indicates instability in the borid.
characterized from the eigenvalues of the corresponding Hessian The ED topographical analysis of equilibrium and TS
matrix’ (a matrix of second-order partial derivatives). The structures that might have intramolecular DHB is presented in
existence of (3,—1) type CP between the two nuclei is an Table 3. In the case of LiHH,O, the TS has stronger +iO
indicator of the existence of a bond between them and is termedand H--H bonds and weaker-©H(D) and Li—H(D) bonds than
a bond critical point (BCP). This property of ED is rather crucial the corresponding equilibrium structure (cf. Table 3). The above
because the mere existence of two nuclei in proximity does not observations in conjunction with the negative Laplacian ef H
necessarily mean the existence of a bond between them. SuchlHd bond in TS indicate that the reaction has progressed in the
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TABLE 3: Electron Density and Laplacian of Electron Density and Bond Ellipticities at the Bond Critical Points (BCP) of
Some Complexes and Transition Structures of Dehydrogenation Reactions at the MP2/6-3t+G(2d,2p) Level Geometry

TS structure location of CP o(r) V2p(r) € TS structure location of CP o(r) V2p(r) €
LiH—H,0 Li—O bond 0.0285 0.2318 0.22 TS6 AN bond 0.0716 0.4011 0.16
Li—H (D) bond 0.0340 0.1379 0.08 +\H (D) bond 0.1331 —0.1254 0.13
O—H (D) bond 0.3168 —2.433 0.02 N-H bond 0.3471 —1.7803 0.03
O—H bond 0.3752 —2.908 0.02 ArH (D) bond 0.0484 0.1897 0.52
H---H bond 0.0388 0.0453 0.12 AH bond 0.0834 0.2564 0.02
LiH—H20 (TS) Li—O bond 0.0376 0.3215 0.19 -HH bond 0.1426  —0.3391 0.07
Li—H (D) bond 0.0301 0.1433 0.48 TS7 AD bond 0.0625 0.4336 0.13
O—H (D) bond 0.2182 —1.057 0.02 O-H (D) bond 0.1709 —0.4022 0.07
O—H bond 0.3749 —2.870 0.01 O-H bond 0.3700 —2.8560 0.01
H---H bond 0.0901 —0.0806 0.05 ArH (D) bond 0.5324 0.1923 0.29
LiH—H,S Li—S bond 0.0155 0.0739 0.02 AH bond 0.8394 0.2566 0.02
Li—H bond 0.0386 0.1515 0.00 AH bond 0.8524 0.2608 0.02
S—H bond 0.2200 —0.6534 0.13 F-H bond 0.1241 —0.2285 0.09
S—H bond 0.2200 —0.6534 0.13 AlH—HF Al—F bond 0.0224 0.1411 0.48
LiH—H,S (TS) Li—S bond 0.0149 0.0785 0.36 —H (D) bond 0.3607 —3.581 0.00
Li—H (D) bond  0.0382 0.1483  0.00 AH (D)bond  0.0799 0.2449  0.01
S—H (D) bond 0.2162 —0.6230 0.12 ArH bond 0.0833 0.2557 0.02
S—H bond 0.2185 —0.6412 0.13 TS8 At+F bond 0.0412 0.2963 0.47
H---H bond 0.0139 0.0249 0.36 —-fH (D) bond 0.2320 —1.4740 0.02
TS1 B—N bond 0.1365 0.3383 0.04 AH (D) bond 0.0632 0.2042 0.08
N—H (D) bond 0.1384 —0.0616 0.53 ArH bond 0.0859 0.2627 0.02
N—H bond 0.3539 —1.8760 0.05 H-+H bond 0.0866 —0.0448 0.16
B—H (D) bond 0.1101 0.2607 0.21 AHHCI Al—Cl bond 0.0152 0.0334 4.23
B—H bond 0.1812 —0.2062 0.05 CtH (D) bond 0.2521 —0.7798 0.01
H---H bond 0.1628 —0.3935 0.31 ArH (D) bond 0.0815 0.2515 0.02
TS2 B—0O bond 0.1088 0.4932 0.04 AH bond 0.0830 0.2551 0.02
O—H (D) bond 0.1575 —0.1517 0.27 TS9 AP bond 0.0438 0.1123 0.20
O—H bond 0.3744 —2.8921 0.01 P-H (D) bond 0.1066 —0.1381 0.19
B—H (D) bond 0.1172 0.2041 0.04 - bond 0.1694 —0.1081 0.18
B—H bond 0.1880 —0.2656 0.07 ArH (D) bond 0.0549 0.1874 0.14
H---H bond 0.1530 —0.3306 0.35 ArH bond 0.0839 0.2574 0.01
TS3 B—F bond H--H bond 0.1169 —0.1890 0.08
F—H (D) bond 0.1822 —0.5097 0.11 TS10 AtS bond 0.0383 0.1310 0.94
B—H (D) bond 0.1285 0.1224 0.27 -%1 (D) bond 0.1341 —0.2057 0.14
B—H bond 0.1926 —0.3101 0.13 SH bond 0.2159 —0.6158 0.05
H---H bond 0.1372 —0.2395 0.37 ArH (D) bond 0.0616 0.2105 0.16
TS4 B—S bond ARH bond 0.0844 0.2603 0.02
S—H (D) bond 0.1324 —0.1503 0.42 H-+H bond 0.0997 —0.1004 0.14
S—H bond 0.2203 —0.6432 0.10 TS11 AtCl bond
B—H (D) bond 0.1391 0.1065 0.08 €H (D) bond 0.1812 —0.4325 0.02
B—H bond 0.1855 —0.2242 0.06 AH (D) bond 0.0692 0.2214 0.07
H---H bond Al=H bond 0.0856 0.2622 0.02
TS5 B—Cl bond H--H bond 0.0713 0.0000 0.17
Cl—H (D) bond 0.1599 —0.2873 0.12
B—H(D)bond  0.1456 0.0412 0.26
B—H bond 0.1887 —0.2421 0.14
H---H bond 0.1135 —0.0873 0.54

2 All values in atomic units? (D) implies hydrogen expected to be involved in dihydrogen bonding.

direction of products. On the other hand, for LH,S, the goes from their complexes with HF to Nks well as HCI to

equilibrium structure does not contain the DHB and in its TS PH; and is reflected in their ED values and Laplacian (bond

the H--H bond is significantly longer having a small ED value has acquired more covalent character). Further, the bond

and a positive Laplacian (closed-shell interaction) at the ellipticity values are greater for a weaker bond (having less ED

corresponding BCP analogous to intermolecular DHB observed at the H--H BCP). The ED topography of TS of BHHF,

in our earlier studie$.Similarly in the case of Alg—HF and BH3;—HCI, BH;—H,S, and Al—HCI shows the absence of

AlH 3—HCI, the equilibrium structures do not contain the DHB, BCP corresponding to the-AX bond. This could be a result

whereas their TSs show existence of DHB. of a shifting of the A--X bond ED in the H--H bond region
Some salient general features of the ED topography of for the stability of the structure. In the case of BHH,S (TS4),

intramolecular dihydrogen-bonded equilibrium and TS are the DHB could not be observed despite an-H distance of

noteworthy. The short H-H distances in the TS are reflected 1.128 A.

by their negative Laplacian values, with the exception of the

TS of LiH—H,S and Al—HCI. This indicates that the covalent 5 concluding Remarks

character has encrypted in the-HH bond of most of the TS

and that the reaction has proceeded toward the product after The possibility of the existence of intramolecular dihydrogen

passing through the phase of DHB (although stationary struc- bonding is explored for main group elements at the ab initio

tures proving this point are rather rare, e.g., EH,O complex level of theory. The equilibrium structures of LitH,O, AlH3—
in this case). As the H-H bond becomes shorter, it has more HF, and Alls—HCI complexes have eclipsed thetA---X—H
ED value at the BCP. For TS structures of LiH, Bldnd AlH; structure and therefore have feasibility for intramolecular DHB.

complexes, more ED gets localized in the-4Hl bond as one These complexes undergo dehydrogenation reactions fairly
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