1384 J. Phys. Chem. A997,101,1384-1392

Gradient Line Reaction Paths for Hindered Internal Rotation in HoBNH> and Inversion
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The potential energy surfaces ofMBH, and P in the regions of the hindered internal rotation in aminoborane
and the inversion in trifluorophosphine have been studied in terms of the gradient line (steepest-descent)
reaction pathways. We find that the gradient line reaction path for the aminoborane internal rotation consists
of two equivalent paths separated in configuration space; the gradient line reaction path foy itheeRon
consists of three equivalent reaction paths. Hence, the aminoborane internal rotation and the=AP,

S*, Sh, As, Bi) inversion are fundamentally multidimensional processes.

Introduction SCHEME 1

We have previously explored the utility of gradient line
reaction pathsin analyzing potential energy surface (PES) F/ x
topologies for molecular rearrangements and elucidating the / 2ac, H ' \
corresponding reaction mechanisfitsin the present paper we
employ the same approach to study the hindered internal rotation ] T
in aminoborane, BBNH,, and the inversion in trifluorophos- AN H AN K AN M
phine, Pi. We define gradient lines as steepest-descent{aths F/B-_—N\ , '/B_N‘ H' 1-/ '\H,
in nonmass-weighted coordinates. Such paths are well-behaved
mathematical objects that depend only upon the Born-Oppen- 2 /
heimer potential energy surface. \ 1 .
Aminoborane is the simplest molecule to exhibit dative-N H Zsz
B z-bonding® The hindered internal rotation in this molecule B=—=N
has been studied by various semiempiricdhnd ab initid®-17 e %bC
methods. The first ab initio calculations revealed that upon e

rotation from the planar form, the nitrogen assumes a pyramidal 3 multidimensional process that cannot really be adquately
conformation so that rigid rotation is not a valid assumption in represented in one dimension.

this casé®!! More sophisticated ab initio calculations con- AR, (A = P, S, Sh, As, Bi) molecules4—7, seem to have
firmed this conclusiod®™1” However, the HBNH, PES

topology and the aminoborane internal rotation mechanism still N T H ﬁ\ Vi

remain uncertain. In early wokk1416the internal rotational F,N)A e A\—F /\\

pathway was thought to occur along a simple single-valley F F F

pathway. Orti2®>assumed the existence of two transition states 4Ca, 5,04, 6.Co 7.Ca

with pyramidal nitrogen, but he did not study theBiNH, PES

topology in the internal rotation region. In a recent pap@ten a more complicated PES topology than aminoborane in the

and Fink, on the basis of high-level ab initio calculations, found internal rotation region. It has long been assumed that a planar
that aminoborane has two rotational saddle points, onésof ~ Dan Structure, such as, is the only possible transition state
symmetry (with a pyramidal nitrogen) and one wity, geometry for the inversion of various three-coordinated pyra-
symmetry (orthogonal configuration with planar nitrogen), midal Cs, structures® 25 However, several ab initio calcu-
although the second of these has two imaginary normal modelationg>-% have produced surprising results. The pyramidal
frequencies. Hence, theBNH, PES in the configuration space ~ Ca» PR, SR™, Asks, and Sbk molecules4, invert through a

of the internal rotation has a rather complicated topology. Here, T-shapedCz, transition state6 rather than through th@®sn

we show that the gradient line reaction path of the aminoborane structure5, which corresponds to an index three stationary point
internal rotation consists of two equivalent reaction patles,  (three negative Hessian eigenvalues) on the corresponding PES.
= 2a= 1bandla= 2b = 1b (see Scheme 1), separated in Further theoretic&t-342and experiment&*’investigations of
configuration space. #BNH, is equally likely to follow either ~ the rearrangements of group 15 trivalent compounds cor-
one of these internal rotation paths, leading to a mechanismroborated the edge inversion of these compounds via the
different from the commonly accepted one for rigid internal T-shaped structure. However, recently Gu#égfound another

rotation. This means that the aminoborane internal rotation is C2» Y-shaped structure, which, according to this author, is a
more likely transition state for the RFnversion than the

: - T-shaped one. Clotet, Rubio, and Ifashoticed that the
Rostov State University. .. . .

# University Chemical Laboratories. Y-shaped structurd |s.|ndeed a stationary point on the PF
€ Abstract published ilAdvance ACS Abstract&ebruary 1, 1997. PES but with two imaginary normal mode frequencies. Dixon,
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Figure 1. Energy profile and evolution of the transition vector along the gradient line aro 1a corresponding to the aminoborane internal
rotation. Sis the integrated path length in nuclear coordinate space. On the right is the evolution of the structure along this pathway. The arrows
show the components of the reaction vector that corresponds to the transition ve2éoairaf to the smallest positive Hessian eigenvalugaf

The shaded atom is nitrogen.

SCHEME 2 TABLE 1: Relative Energies (in kcal/mol) and the Number

of Negative Hessian Eigenvalues (in Parentheses) Calculated

/F for Stationary Points of Aminoborane at Different Levels of
A—F 2 Theory
\F , structure
6a.Co, method 1,Cy 2,GC; 3,Co ref
/ \ MP2/6-31G(d) 0(0) 33.5(1) 388(2) 16
DZP/CISD 0(0) 320() 37.2(2) 17
- . . RHF/6-31G(d) 0(0) 28.8(1) 332(2) 15
\ | s RHF/DZP 0(0) 291(1) 331() 17
F”yA _— A\—F 8 _— A s RHF/DZP 0(0) 29.4 (1) 33.2(2) present work
F F? F TABLE 2: Relative Energies (in kcal/mol) and the Number
4a.C, 6b.C 4b.C,, of Negative Hessian Eigenvalues (in Parentheses) Calculated
T R for Stationary Points of PF; at Different Levels of Theory
\\ / structure
IF 2 method 43, Cs, 6, Ca, 5, Dan ref
A—F1 RHF/DZP 0(00) 689(1) 1247(3) 27
\, MP2/DZP 0(©) 53.8(1) 853(3) 27
F RHF/ECP 0(0) 67.7(1) 35
6o MP2/ECP 0(0) 524() 35
G RHF/6-311G* 0(0) 69.0(1) 32
RHF/DZP 0(0) 59.8(1) (3) 31
Arduengo, and Fukunagé,applying the microscopic revers- RHF/DZP 0 (0) 66.6 (1) (3) 36
ibility principle, concluded that the RFRnversion process can ,\CAESLDTZ;DZP % ((%)) i%%((ll)) ((33)) ?é%
occur in two degenerate ways. However, g structureb RHF/DZP 0(0) 66.3 (1) 1232(3) presentwork

of AF3 (A =P, S, Sh, As, Bi) can distort into three equivalent
C,, T-shaped transition state®a, 6b, and6c, rather than into As, Bi), which needs to be elucidated in order to correctly define
one or two, and all three permutational isomers must play an the inversion mechanism.

equivalent role in the inversion process (see Schenie 2936 In the present paper we study thesAFES topology in the
Hence, we expect there to be three equivalent pathways inversion region and show that the gradient line reaction path
6a = 4b, 4a == 6b = 4b, and 4a == 6¢c == 4b on the of the PF inversion consists of three equivalent paths. This
corresponding PES for the inversion process in Allecules. implies that, as in the case of the aminoborane internal rotation,
The existence of the three equivalent transition states reflectsthe PF inversion is really a multidimensional process and that
the complexity of the PES topology in ARA = P, S', Sb, the AR (A = P, S, Sb, As, Bi) PES for inversion can only be
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TABLE 3: Total Energy ( Ei«: in hartree), Relative Energies
(AE in kcal/mol),2 the Number of the Negative Hessian
Eigenvalues 4), Dipole Moment (¢ in debye), Bond Lengths
(I in A), and Bond Angles (in deg) Calculated at the RHF/
DZP Level of Theory for Structures 1—3 of Aminoborane®

Minyaev et al.

TABLE 4: Total Energy ( Ei: in hartree), Relative Energies
(AE in kcal/mol),2 the Number of the Negative Hessian
Eigenvalues 4), Dipole Moment (# in debye), Bond Lengths
(I'in A), and Bond Angles (in deg) Calculated at the RHF/
DZP Level of Theory for Structures 4—7 of

Trifluorophosphine

structure
value 1,Ca 2,C. 3, Ca structure
Eur —81.51126 8146435  —81.51126 value 4 Cs 5 Dan 6, Cav 7. Ca
AE 0 29.4 33.2 Ew 63921228 —639.01598 —639.10657 —639.03078
i 0 1 2 AE 0 123.2 66.3 113.9
u 1.758 (1.844) 1.619 0.972 A 0 3 1 2
I(BN) 1.395 (1.391) 1.472 1.459 p 1563 (1.030) 0 0.834 1.970
I(BH) 1.193 (1.195) 1.195 1.202 I(PF) 1560 (1561  1.660 1.630 1.836
I(BH) 1.193 (1.195) 1.203 1.202 I(PF) 1560 (1561  1.660 1.550 1.584
I(NH) 0.995 (1.004) 1.006 0.994 FPF.  97.2(97.7) 120.0 172.8 133.3
HBH 121.3 (122.2) 117.8 116.8 FPE  97.2(97.7) 120.0 86.4 933
HNH 114.0 (114.2) 104.3 114.1

21 hartree= 627.5095 kcal/mol® The experimental valuésare
given in parentheses.

negative Hessian eigenvalues), and the relative energies for the
aminoboranel—3 and trifluorophosphine structuréls-6 cal-
culated in the present work at the RHF/DZP level agree with
those obtained by higher-level ab initio calculations (see Tables
1 and 2)?8-32:3536 The PES topology of these systems in the
region of these rearrangements is not affected by larger basis
sets or correlation enerd§.323536 Hence, we employ the
relatively low-cost RHF/DZP approach to study the rearrange-
ment mechanisms in the present work.

a1 hartree= 627.5095 kcal/mol? The experimental valué%-43-45
are given in parentheses.

correctly described by at least three internal coordinates. Such
an approach is required to calculate tunneling splittings for low-
energy rearrangements such as thesRifversion.

Method

All the stationary point optimization calculations in this work
were performed by standard restricted HartrEeck calcula-
tions with double zeta plus polarization basis sets (RHF/BZP) The CADPAC derivatives were used in geometry optimiza-
using the CADPA® program and employing analytic firstand  tion and pathway calculations by our program OPTIM, which
second derivatives at every step. The geometric parametersjs based upon eigenvector-following in Cartesian coordinates.
the Hessian indeX, (hereafterd designates the number of the Details of the precise algorithm employed can be found
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Figure 2. Energy profile (left) and evolution of the two Hessian eigenvectors (right) corresponding to the two negative eigenvalues of structure
3 for the gradient line from index two saddBeto transition stat®a. The other side of the path frofto 2b is analogous.Sis the integrated path

length in nuclear coordinate spac® is the Hessian eigenvector 8fwhich correlates with the transition vector & and corresponds to the
smallest magnitude negative eigenvalu@.ofThe other Hessian eigenvectér, corresponds to the lowest Hessian eigenvalug wfhich correlates

with the smallest positive eigenvalue 24 Arrows designate the atomic components of the Hessian eigenvectors.



Gradient Line Reaction Paths

0.16 T T T T T T T T
B O i
014}
S S —
el
02| -

0.10

0.08

0.06

0.04

0.02

Hessian eigenvalues/atomic units

0.00

-0.02

-0.06

3G 2a(Cy)

Figure 3. Evolution of the six lowest eigenvalues of the projected
Hessian (nonmass-weighted) along the approximate gradient line from
3 to 2a as determined by overlap of the corresponding Hessian
eigenvectors. The eigenvector-following steps correspond to the points
in Figure 2. The smallest negative eigenvalue (left) smoothly trans-
forms into the smallest positive eigenvalue (right), and the other negative
eigenvalue (left) correlates with the unique negative eigenvalue (right).
The evolution of the eigenvalues along the gradient line fBotm 2b

is a mirror image.

Figure 4. Schematic three-dimensional representation of tsigNH,

PES (above) and its two-dimensional projection (below) in the region
of the aminoborane internal rotation. The dashed lines indicate the
two equivalent gradient lines linkingia to 1b via transition state@a
and?2b. The gradient lines corresponding to the two negative Hessian
eigenvalues o8B are the perpendicular solid lines.
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Figure 5. Distribution of stationary points in the restricted planar
configuration space of BF

elsewheré® Convergence was considered to have been achieved
when the root mean square force was less tharf afomic

units and the largest unscaled step was less than 0.005 bohr.
These conditions generally reduce the six “zero” Hessian
eigenvalues to less than 1 chin magnitude. The basis sets
employed were those supplied in the standard CADPAC
library 3941

Stationary Points on the HBNH, PES

According to our calculations, structur@¢Cy,), 2 (Cs), and
3 (Cy) correspond to a minimuml (= 0), a transition statel(
= 1), and an index twoA(= 2) saddle point, respectively. The
calculated energies and geometrical parametefs 2f and3
are listed in Table 3 and are in good agreement with previous
ab initio calculationg®-17

In structurel, the boron atom forms a-dative (donot
acceptod bond with the nitrogen atom. When the BH
fragment is twisted through 90nto an orthogonaC,, form 3
or into Cs configuration2 with a pyramidal nitrogen, the-dative
NB bond is broken, thus increasing the BN distanc2 and3
compared tol. Two enantiomericCs structures2a and 2b,
are true transition state structutesith a calculated energy
barrier of 29.4 kcal/mol for the aminoborane internal rotation.
This energy barrier appears to be in reasonable agreement with
the experimental activation barrier to internal rotation obtained
by 'H NMR spectroscopy for various substituted aminoboranes,
which ranges from 17 to 27 kcal/m#.

Structure3 (Cy,) might be considered a “transition state” for
the “inversion process” at nitrogen between the two enantiomeric
structure2a and2b. However, it is not a true transition state
in the Murrell-Laidler sense because it has two negative
Hessian eigenvalues.

Internal Rotation Pathway in H,BNH,

The internal rotation pathway (gradient line reaction path)
in H,BNH; consists of two parts. Employing the eigenvector-
following*”~4° method with starting displacements parallel and
antiparallel to the transition vector &fa, we calculated the
pathway and energy profile as well as the evolution of the
transition vector along one of these paths between minliana
and1b. The part connectin@a to lais shown in Figure 1.
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Hessian eigenvalue of structuse Figure 2 shows the pathway
from index two saddle8 to transition stat®a, as well as the
evolution of the two lowest Hessian eigenvectors along the path.
In Figure 2 one can see that the Hessian eigenvector corre-
sponding to the smallest negative Hessian eigenvalu8 of
transforms smoothly into the Hessian eigenvector with the
smallest positive eigenvalue of transition staée whereas the
Hessian eigenvector corresponding to the other negative eigen-
value of3 transforms into the transition vector2a. In Figure

3, evolution of the six lowest Hessian eigenvalues is shown
along the pathway fron3 to 2a. The eigenvalues plotted in
Figure 3 are for the nonmass-weighted Hessian with overall
rotation and translation projected déd. The correct correlation
was ensured by evaluating the overlap between all the Hessian
eigenvectors at consecutive steps. Gradient lines terminate only
at stationary points on a PE8. Hence, there are probably no
stationary points other thaba, 1b, 2a, 2b, and3 on the H-
BNH; PES in the region of the aminoborane internal rotation.
This mechanism therefore corresponds to two distinct valleys

Figure 7. Evolution of the six lowest eigenvalues of the projected beginning at one minimurha, circumnavigating the hif8, and
Hessian (nonmass-weighted) along the approximate gradient line fromthen ending at the other minimudtb. The schematic three-

saddle poinb to transition stat®a and to7b as determined by overlap

of the corresponding Hessian eigenvectors. The eigenvector-following
steps correspond to the points in Figure 6.

The above pathway is not an exact gradient line, since the g i !
eigenvector-following steps are not strictly parallel to the rotation angle about the BN bond and the inversion angle at
gradient vectof’30 However, it is close enough for the present
purposes and has the same symmetry properties.

To prove that the gradient line reaction path of the aminobo- | ' . _ -
rane internal rotation consists of two equivalent pathways, we [norganic systems, particularly those with two equivalent rotors.

calculated the energy profile and the evolution of the two

Hessian eigenvectors corresponding to negative Hessian eigen*

values along the gradient lines emanating from the index two
saddle poinB. Figures 2 and 3 summarize the results obtained (C,,), and7 (Cy,) correspond to a minimurmi.(= 0), an index
on following the gradient line, which correlates with displace- three § = 3) stationary point, a transition state<£ 1), and an
ments along the eigenvector corresponding to the most negativendex two @ = 2) stationary point on the BPES, respectively.

dimensional shape of the;BNH, PES and its projection are

depicted in Figure 4. Thus, the internal hindered rotation in
aminoborane is a multidimensional process that can only be
correctly described by at least two internal coordinates: the

the nitrogen center.
The observed topology of the,BNH, PES may be quite
common for the internal rotation of various organic and

Stationary Points on the PR PES

According to our calculations, structurdqCs,), 5 (Dah), 6
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Calculated energies and geometrical parameters of structures
4—7 are listed in Table 4 and are in good agreement with
previous ab initio calculatiod® 3¢ and available experimental xx, ot
data®® On the Pk PES there are three equivalent transition i o ]
states6a, 6b, and6c, and three equivalent index two saddles "'*..,* ‘,,,x-"**

7a, 7b, and7c. The molecular structure @a, 6b, and6cis a 080 ““'\\‘ aesipeeserlll o
T-shapedC,, configuration with different axial and equatorial o e

PF bond lengths of 1.630 and 1.550 A, respectively. The axial

fluorines have a larger negative charge than the equatorial
fluorine according to Mulliken population analysis. These data
are in agreement with the polarity rule for bisphenoid struc-
tures®?

The stationary point distribution in the neighborhood of planar
PF; is shown schematically in Figure 5. To prove that this
topology is correct, we consider the network of gradient lines
connecting all the stationary points and the evolution of the
Hessian eigenvectors and eigenvalues along these lines. The
energy profile and evolution of the three Hessian eigenvectors 0, 5 0 15 2 2% N B 4 45
corresponding to the negative eigenvalues in strudiuat®ng steps
the gradient lines emanating from the index three saddle
toward transition statéa and toward the index two saddfd 6a Cz) Ta Cy) 6b (C,,)
are presen.ted in Figure 6. The two 'Hessian.eige.nvectors igure 9. Evolution of the six lowest eigenvalues of the projected
corresp_ondmg to the degenerate negfitlve HeSS|an_ elge_nvalu essian (nonmass-weighted) along the approximate gradient line from
of 5 split apart and convert smoothly into the Hessian eigen- y5int7ato transition statea andéb as determined by overlap of the
vectors corresponding to the two smallest positive eigenvaluescorresponding Hessian eigenvectors. The eigenvector-following steps
of 6a. The Hessian eigenvector corresponding to the most correspond to the points in Figure 8.
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Figure 10. Surface (a) and its contour and gradient lines (b) for the
simple analytic function, which mirrors the topology of the;FFES

in the region of the planar configuration (see Figure 5). The gradient 0.00
lines are shown by bold lines. An infinite number of gradient lines _,_._«/
connect poinb to each “minimum’®a, 6b, 6¢, while only three gradient )

lines connecb to 7a, 7b, and7c. o 5 0 eps 15 20 25

negative eigenvalue d@ transforms into the transition vector 6 C,) 4 Cy)

of 6a. On the gradient line frond to 7b, one of these three ) ) . ) )

eigenvectors o6 chanaes into the Hessian eigenvector corre- Figure 12. Evolution of the six lowest eigenvalues of the projected
genv 9 " . 9 Hessian (nonmass-weighted) along the appropriate gradient line from

sponding to the smallest positive eigenvalue and the other tWohe transition statéa to the minimuméaas determined by the overlap

become the two eigenvectors corresponding to the negativeof the corresponding Hessian eigenvectors. The eigenvector-following

Hessian eigenvalues. Figure 7 shows the evolution of the six steps correspond to the points in Figure 11.

lowest eigenvalues of the projected nonmass-weighted Hessian

Hessian eigenvalues/atomic units

along the approximate gradient line frdito 6aand from5 to 7b, and7c. Gradient lines connecting structur@sand 7 are
7b. The energy profile and evolution of the Hessian eigenvec- omitted for clarity. Hence, the gradient line network presented
tors and eigenvalues along gradient lines froato 6aand6éb in Figure 5 (and also in Figure 10) indicates that there are

are shown_ in Figures 8 and 9. _ The_ Hessian eigenvectorpmbamy no stationary points other than5, 6a, 6b, 6¢, 7a,
_correspondmg_to the smallest negative agenvalﬂ@cbnverts 7b, and7cin this region. In a restricted space corresponding
into the transition vector for bot6aand6b. The eigenvector planar configurations of Rithe pathwayba=> 7a= 6b =
corresponding to the other negative eigenvalugathanges 7b= 6c== 7c= 6amight be considered the “pseudorotation”

into the eigenvector corresponding to the smallest positive
Hessian eigenvalue for bot®a and 6b. This correlation is path for the T-shaped structu where structure/ would
correspond to a “transition state”. Howev@&r,js not a true

confirmed by the evolution of the five lowest Hessian eigen- > . ; & th
values (see Figure 9). We have also obtained the corresponding}rans't'on state in the MurreliLaidler sensebecause it has two

correlations for the other stationary points. Gradient lines Negative Hessian eigenvalues. Thes PES topology in this
terminate only at stationary pointd,and to illustrate this, we ~ estricted space is probably common to molecules with a
calculated the gradient lines for a simple analytic function that T-shapedCz, minimum energy structure. For example,s§E
mirrors the topology of the planar RIPES (Figure 10). An = Cl, Br, |, At),5354BrCl3, and AR~ (A = P, Sb, As, Bi}>*
infinite number of gradient lines emanating from the three all have T-shaped,, minima. If a Dz, structure is not a
minima 6a, 6b, and6c¢ terminate at poinb, while only three minimum on the corresponding PES for these molecules, then
gradient lines connect poirg with the index two points7a, it may be an index two saddle point. Then the PES of these



Gradient Line Reaction Paths J. Phys. Chem. A, Vol. 101, No. 7, 1997391

F
F / ‘...F
P
4bh.C3y (A=0)

2
/

P~—pF3

1 F/
7a,C,, (A=2) 2
3 o
~

[— Fa
1P —F3 1F
GathV 0;1) 6vaZV ()‘;1)

F2

1g—~P
\Fa

7¢.Co (0=2)

P
e Npa

7b,C,, (A=2)

4a,Cs, (4=0)

Figure 13. Schematic representation of thesRfversion pathways. Filled circles designate minidzand4b. Filled, half filled, and unfilled
ellipses designate the index three saddle pdjribhe index two saddle point&, 7b, 7c and transition state@a, 6b, 6¢, respectively. Solid lines
represent the corresponding gradient lines connecting these points.

molecules would probably exhibit a topology similar to that of ~ The observed topology of the PPES seems to be the same

the planar PErearrangement. as that for the inversion of AF(A = S*, Sh, As, Bi)
compounds.
Internal Inversion Pathway in PF3 Conclusions

The total inversion pathway (gradient line reaction path) of ~ The gradient line reaction path of the aminoborane internal
PF; consists of three equivalent paths passing through threerotation consists of two equivalent gradient line paths separated
equivalent transition stateda, 6b, and6c. For one of these  in configuration space by an index two stationary point. The
reaction pathways, the energy profile and the evolution of the gra(j|ent line reaction path for the Bﬁyersmn consists of threg
transition vector are given in Figure 11. In Figure 12 we present €duivalent paths separated by one index three and three index
the evolution of the six lowest Hessian eigenvalues along the tWO stationary points. The hindered internal rotation in ami-
gradient lines emanating from the transition s@aealong the noborane and the inversion in trifluorophosphine may proceed
transition vector toward minimda. Hence, the inversion of ~ a@long these equivalent pathways with equal probabilities.
PF; is essentially a multidimensional process and it should be Hence, the aminoborane internal rotation and the ¢= P,
described by at least three internal coordinates: one inversionS™, Sb, As, Bi) inversion are essentially multidimensional
angle and two bond angles. It is difficult to represent thg PF Processes.

PES for inversion in only two dimensions. Here, we provide a  Acknowledgment. R.M.M. and D.J.W. thank INTAS for
reaction graph that shows the network topology of the gradient financial support of this work through Grant 94-0427. T.R.W.
lines connecting all stationary points in the inversion configu- thanks the Cambridge Commonwealth Trust for financial
ration region (Figure 13). support.
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