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Abstract

The high-level ab initio procedures G2 and G2(t+)[ECP(S)]have been employed in an investigation g2 $eactions at
neutral tri-coordinated phosphorus. The process has been modeled by identity and nonidentity substitution reactions involvir
a series of halophosphines R and halide ions. We find that the reaction proceeds without an intervening barrier by way
of a tetra-coordinated phosphorus anion intermediatePE%—Y ~). This contrasts with the corresponding process for the
carbon and nitrogen analogues, where the tetra-coordinated species is a transition structure. The threshold for inversion of t
phosphorus intermediate is found to lie below the reaction energy in the cases whisrth€ leaving group, but above it in
all the other cases. Thg,3 reaction will therefore lead to racemization whenig expelled. In the other cases, it is possible
in principle that the reaction can be controlled to proceed with inversion, but because of the relatively low barriers for
inversion, this is not a very likely outcome. We predict that the tetra-coordinated intermediate should be detectable, if no
isolable, and that the,& reaction at neutral tri-coordinated phosphorus is exothermic when the reactant halide ion is more
electronegative than the product halide ion, and endothermic when the reverse applies. (Int J Mass Spectrom 210/211 (20C
1-11) © 2001 Elsevier Science B.V.
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1. Introduction recent years it has been the subject of a considerable
number of experimental [1] and theoretical studies
The 2 reaction of saturated alkyl halides with [2,3], and its mechanism is therefore well established.
halide ions is prominent in organic chemistry. In Itis, for example generally accepted that the lowest-
energy pathway of & reactions in the gas phase
follows a double-well potential and involves the
* Corresponding author. E-mail address: radom@rsc.anu. well-known inversion transition structure [4]. In a
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oratory, California Institute of Technology, Pasadena, California 9€n, we found a similar pattern of behavior [5]. This

91125, USA result is in line with several experimental investiga-
Dedicated to Professor Nico Nibbering on the occasion of his tions [6] and earlier theoretical [7] studies.

formal retirement from the University of Amsterdam and in . . . .

recognition of his outstanding contributions to gas-phase ion In contrast to these intensively studied reactions at

chemistry. saturated carbon and nitrogen, mechanistic studies of

1387-3806/01/$20.00 © 2001 Elsevier Science B.V. All rights reserved
PIl S1387-3806(01)00426-2



2 T.I. Salling et al./International Journal of Mass Spectrometry 210/211 (2001) 1-11

S\2 reactions at neutral tri-coordinated phosphorus,
i.e

Y~ + PHyX — Y-PH, + X~ (1)

are scarce [8—11] and inconclusive. For example, the
question of whether such Sy2 reactions proceed in a
concerted or a stepwise manner remains open. In
addition, the stereochemistry of the reaction is un-
clear, given that the entire span of stereochemical
outcomes ranging from inversion to retention of
configuration have been observed [8-10,12,13].

In an attempt to shed light on this opaque corner of
nucleophilic substitution reactions, we have embarked
on a systematic high-level ab initio investigation of
the S\ 2 reactions involving halophosphines (PH,—X)
and halideions (Y™) (X,Y = F, Cl, Br, I).

2. Computational methods

Ab initio molecular orbital calculations [14] were
carried out using modified forms of G2 theory [15]
with the caussian 94 [16] and caussian 98 [17]
program packages. The modifications have been in-
troduced to allow for a better description of anions,
and to reduce the computational cost, primarily in the
calculations involving bromine- and iodine-contain-
ing species. First, to obtain a better description of
anions, we have substituted the standard 6-31G(d)
basis set in the geometry optimization by the
6-31+G(d) basis set. Second, to reduce the computa-
tional cost, the frozen-core approximation was em-
ployed in the geometry optimization, and Stuttgart
energy-adjusted effective core potentials (ECPs) and
valence basis sets [18] were used for bromine- and
iodine-containing species. In geometry optimizations
of such species, a [31,31] contraction scheme was
used, whereas single-point calculations employ the
uncontracted (4s,4p)—[1111,1111] sets. These basis
sets were augmented with the appropriate number of
s and p diffuse functions as well as with p, d, and f
polarization functions. For the splitting of the d
functions, nongeometrical splittings were employed
as recommended previously [19,20]. These proce-
dures result in two modified G2 methods, which have

Table 1

G2(+)? and G2(+)[ECP(S)]" total energies (Hartrees, 0 K)

Species Energy Species Energy
F~- —99.760 60 15 —901.645 73
ClI~ —459.809 00 16 —455.257 38
Br~ —13.429 88 17 —541.657 24
[ —11.460 56 18 —541.654 61
1 —441.856 50 TS: 6 — 15 —901.636 30
2 —801.846 77 TS 15— 6* —901.643 92
3 —355.456 94 TS 7—16 —455.249 78
4 —353.476 69 TS 16 = 7* —455.257 33
5 —541.685 25 TS 5— 17 —541.646 30
6 —901.695 02 TS 17 — 18 —541.637 93
7 —455.311 25 TS 18 — 18’ —541.647 61
8 —453.337 14 TS 8 —> 8 —453.273 26
9 —1261.695 04 TS 9 — 9 —1261.63991
10 —815.309 35 TS 10 — 10* —815.253 80
11 —813.33285 TS 11 — 11* —813.276 69
12 —368.92351 TS 12 — 12* —368.867 82
13 —366.946 86 TS 13 — 13* —366.890 90
14 —364.969 98 TS 14 — 14* —364.913 99

2Fluorine- and chlorine-containing molecules.
b Bromine- and iodine-containing molecules.

previously been referred to as G2(+) and
G2(+)[ECP(S)] [5]. They have been shown to yield
reliable thermochemical quantities[3,19]. In addition,
the standard HF/6-31+G(d) ZPV Es have been substi-
tuted in the present work by MP2(fc)/6-31+G(d)
ZPVEs scaled by 0.9670 [21] because of certain
inconsistencies between the two levels[22]. However,
for convenience we shall still refer to these levels of
theory as G2(+) and G2(+)[ECP(S)]. Table 1 pre-
sents the G2(+) and G2(+)[ECP(S)] total energies of
the species investigated. Relative energies within the
text correspond to G2(+) valuesat O K for fluorine- and
chlorine-containing species and to G2(+)[ECP(S)] val-
ues a 0 K for bromine- and iodine-containing species.

3. Results and discussion

The potential energy surfaces for the lowest-en-
ergy pathway of the gas-phase S2 reactions of a
monohal ophosphine (PH,—X) and halideion (Y ™), for
different combinations of halophosphine and halide
ion, al have a similar form. The halophosphine
combines with the anion in a barrier-free exothermic
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Fig. 1. Generdlized energy profile for the Y™ + PH, - X — Y —
PH, + X~ S2reactions. X and Y are chosen among F, Cl, Br, or
I

process to form an intermediate tetra-coordinated
phosphorus species [Y—PH,—X]". This species then
dissociates to the product halophosphine (Y—-PH,) and
halide anion (X7) in an endothermic step which, in
the reverse direction, is aso barrier-free. Thus, there
are no transition structures along the reaction coordi-
nate for the S2 reactions of monohal ophosphines
with halide ions. This reactivity pattern is depicted
schematically in Fig. 1. The MP2(fc)/6-31G+(d)
optimized structures and selected geometrical param-
eters of the halophosphines are shown in Fig. 2, whereas
Fig. 3 displays the optimized geometries of the interme-
diate tetra-coordinated phosphorus species.

In the following sections, the energetics of the set

3(c) 4(c)

Fig. 2. Optimized (MP2(fc)/6-31+G(d)) geometries of the halo-
phosphines PH,—X. Bond lengths are in units of angstroms.

of Sy2 reactions are discussed in detail. Also, the
feasibility and stereochemistry of such reactions are
examined. For both sets of results, comparisons are
made with the results of our previous investigations of
the corresponding nitrogen and carbon systems [3,5].

3.1. Reaction energies

The reaction energies, ranging up to 209.4 kJ
mol ~* in magnitude, are presented in Table 2. The
data show that the reactions of a specific halophos-
phine with varying halide ions (Y ~) become increas-
ingly endothermic (or less exothermic) in the order:
F~<ClI”< Br < I". Conversely, the reactions of a
specific halide ion with varying halophosphines
become more exothermic in the order: PH,—F <
PH_—Cl < PH,—Br < PH,—I. These two observations
are of course coupled and can be rationalized in terms
of a simple thermodynamic cycle (Scheme 1).

Y- —= Y' + e~ EAY)
t e — X~  -EAXX)
PHAX —= PH;  + X' EgeseclPX)
Y : + PH; - Y_PHZ _Edissoc(P_Y)
YT + PHyX — Y-PH; + X7 AE

AE, = EA(Y) - EA(X) + Edissoc(P—X) — Edgissoc(P-Y)

Scheme 1

It can be seen that the reaction energy is just the
sum of two energetic contributions: the difference
between the electron affinitiesof Y "and X *, and the
difference between the P-X and P-Y bond energies.
Given that the electron affinitiesof F*, Cl *, Br ", and
| * lie in a relatively narrow range (Table 3) [23],
whereas bond strengths to halogens typically vary
significantly, decreasing from Fto | (see, e.g. Table 3)
[24], this indicates that the reaction energies are
dominated by the relative strengths of the different
phosphorus—halogen bonds. Thus, the S 2 reaction is
exothermic whenever the less electronegative halide
is displaced (Table 2). The exothermicity is particu-
larly pronounced when the incoming halogen (Y 7) is
F~, which may be attributed to the high P-F bond
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Fig. 3. Optimized (MP2/6-31+G(d)) geometries of the tetra-coordinated phosphorus intermediates Y-PH —X-involved in the S 2 reactions

at tri-coordinated phosphorus. Bond lengths are in units of angstroms.

strength (Table 3). Further evidence in this direction
can be obtained from a comparison with the reaction
energies in the corresponding carbon and nitrogen
cases (see Sec. 3.6).

3.2. Binding energies of the tetra-coordinated
phosphorus species

The binding energies of the intermediate tetra-
coordinated phosphorus adducts between a halide ion
and a halophosphine to form [Y-PH,—X] ", calculated
relative to Y™ +PH,—X, are included in Table 2.
Calculated values range between 52.7 and 262.2
kdmol L. The magnitudes of the binding energies
increase with increasing electronegativity of Y but
decrease with increasing el ectronegativity of X. Bind-
ing energies of [Y-PH,—X]", when calculated with
respect to the lower-energy dissociation products
(either Y~ +PH,—X or Y-PH,+X7), tend to be great-
est in the symmetrical cases (X=Y) and to decreasein
the order F>CI>Br>I. The changes in binding en-

ergy with variation in Y may be attributed to reduced
P-Y bonding as the size of the haide ion Y~
increases, This trend is in line with data for the
proton-bound dimers of halide ions, as discussed
previously by Shaik and Shurki [25].

3.3. Feasihility of §2 reactions at tri-coordinated
phosphorus

Since the S 2 reactions at tri-coordinated phospho-
rus do not have any intermediate barrier, their feasi-
bility as gas-phase reactions will be solely governed
by the reaction energy. Accordingly, a clear predic-
tion may be made for the formation of fluorophos-
phine from chloro-, bromo-, or iodophosphine since
these reactions are accompanied by a substantial
exothermicity (Table 2). Thus, it would seem that S2
reactions involving a reactant fluoride ion and a
halophosphine should, indeed, be feasible. Con-
versely, the endothermicity of the reaction between
any halide ion (other than F~) and PH,F is consider-
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Table 2

Reaction energies (AE,) for S\2 reactions involving
halophosphines (PH, — X) and halide ions (Y ), and binding
energies (AE,;,q) of the associated tetra-coordinated phosphorus
species (Y — PH, — X7)?

Halophosphine (PH, — X) lon (Y7) AER 4 AEP

PH,-F 1 F~ 178.9 0.0
ClI~ 775 152.6
Br- 65.3 180.7
I~ 52.7 209.4
PH,-CI 2 F 230.1 —152.6
Cl~ 103.1 0.0
Br- 85.9 281
I~ 67.0 56.8
PH,-Br 3 F 246.0 —180.7
Cl~ 114.0 —-281
Br—- 96.3 0.0
I~ 77.1 28.7
PH,-1 4 F 262.2 —209.4
Cl~ 123.8 —56.8
Br- 105.8 —28.7
I~ 85.9 0.0

aG2(+) or G2(+)[ECP(S)] values in kJmol~* at O K.
b Calculated relative to Y~ plus PH— X, see Fig. 1.

able, and therefore such reactions would be unlikely
to take place. More generaly, it would appear that a
nonidentity reaction between a halophosphine and a
halide ion is likely to be successful when the reactant
halide ion is more electronegative than the product
halide ion. ldentity reactions, being thermoneutral,
should also be feasible.

3.4. Existence of the tetra-coordinated phosphorus
species

The combination of a halide ion and a halophos-
phine to form a tetra-coordinated phosphorus species
is accompanied in most cases by a significant binding
energy. Thus, quite apart from being involved in the
reaction mechanism for Sy2 at tri-coordinated phos-
phorus, the intermediate is of interest in its own right.
Accordingly, we predict that adducts of this type
should be experimentally observable under appropri-
ate conditions. The most stable intermediates corre-
spond to the symmetrical cases ([ X—PH,—X]").

Table 3

Experimental electron affinities (EAs) of halogen radicals and
calculated homolytic dissociation energies (Egssoc) Of

hal ophosphines®

Halogen radical  EA® Halophosphine  Efjecoc

F 3.401 (3.477) PH, - F 4763
cl 3.601 (3.602) PH, - Cl 3.306
Br- 3.364 (3.297) PH, - Br 2710
I 3.059 (2.958) PH, — | 2.074

2Vauesin eV, experimental data are taken from [23]. 1 eV =
96.485 kJmol 2.

®Numbers in parentheses are calculated G2(+) or
G2(+)[ECP(S)] values (0 K).

¢ G2(+) or G2(+)[ECP(9)] values (0 K).

3.5. Sereochemistry of the §2 reaction at tri-
coordinated phosphorus

Tri-coordinated phosphorus compounds generally
have high inversion barriers and it is therefore possi-
ble to obtain optically pure phosphines [26]. The
intermediate in an Sy, 2 reaction which involves a chiral
phosphine is also chiral, as can be seen in

Q 9 77 Q _
Br;f}—{‘cl . Br’P‘;‘H' . « (2)

Consequently, the reaction should be stereospecific
[27]. However, because the intermediate can in prin-
ciple undergo an inversion of configuration, then the
size of the inversion barrier will determine the actual
stereoselectivity of the reaction [28]. A high barrier
for the inversion of the intermediate would effectively
preclude this process and a high degree of stereo-
selectivity should result. If, on the other hand, the
barrier for the inversion of the intermediate islow, the
stereochemical integrity of the phosphorus center may
be lost and the product halophosphine would be
expected to be racemic. Mechanisms including Berry
pseudorotation or “turnstile” rotation of the type
depicted in Fig. 4, have been suggested for penta-
coordinated phosphorus compounds [28-30]. It has
been found that pseudorotation is dominant in the
apical/equatorial ligand interchange of symmetric
penta-coordinated phosphorus species (e.g. PH5) [28].
However, the processes that bring about ligand inter-
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Fig. 4. Two mechanistic proposals for interchange of ligands in
PXs: (a) Berry pseudorotation ([29]), and (b) “turnstile” rotation
([30aD).

change in unsymmetric phosphoranes (e.g. PH3F,)
and in systems with a lone-pair acting as a phantom
ligand are much more complicated [28,31]. Our re-
sults for the ligand interchanges that lead to inversion
in the [X-PH,-Y]  intermediates are in line with
these findings.

We initialy investigated the possibility of direct
inversion by way of a planar transition structure for
the identity reactions. However, we find that such
planar species lie high in energy (e.g., planar
[Br—PH,—Br]~ lies at 116.3 kJmol ~* relative to the
separated products, i.e. at 212.7 kamol ~* relative to
the tetra-coordinated intermediate) and, in the cases of
FPH,—F and CI-PH,—CI~, represent higher-order
saddle points.

Fig. 5 displays the lowest energy pathway for the
inversion process in

Apical
AN _ -
c 1 cl 3
H'.w};Q - o F!Q“H. ( )
Equatoria—> H"_ | \H
Br Br

A pathway of this type involving a single transition
structure is followed in most of the cases investigated
(Table 4). The geometries of the transition structures
for inversion are presented in Fig. 6. The inversion

®
O +
TS: 10 - 10*
319
+ 0
281

(AE¥)

Fig. 5. Schematic representation of the potential energy surface for
the one-step inversion of the tetra-coordinated intermediates in the
Br +PH,Cl S\2 reaction. All energies (kJmol~?) are given
relative to PH,Br+Cl ™.

barriers are generally about 145-147 kJmol ~* but
there is a somewhat higher barrier of 167.7 kJmol 1
for —PH 1"

The lowest-energy pathway for inversion of
FPH_—CI~ isshown in Fig. 7. It can be seen that the
inversion proceeds by way of an additional confor-

Table 4

Barriers for the one-step inversion processes®

Intermediate AE$P
F-PH,— I~ 8 167.7
Cl-PH,-CI~ 9 144.8
Cl - PH,-Br~ 10 145.9
Cl-PH,- 1" 11 147.4
Br— PH, - Br~ 12 146.2
Br—PH,-1" 13 146.9
I -=PH, - 1" 14 147.0

aG2(+) or G2(+)[ECP(S)] vauesin kJmol ~* at 0 K.
P Inversion barriers calculated relative to the tetra-coordinated
intermediate: see Fig. 5.
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TS: 14 14* (Cy)

Fig. 6. Optimized MP2(fc)/6-31+G(d) geometries of the species
involved in the one-step inversion of the tetra-coordinated interme-
diates. Bond lengths are in units of angstroms.

mation of the intermediate tetra-coordinated phospho-
rus species, having one apica and one equatoria
halide substituent, and therefore involves two transi-
tion structures. The lowest-energy pathway for the
inversion of FPH,—Br~ has a similar form. The
relevant thermochemical data for these two systems
are listed in Table 5 and the optimized geometries of
the species involved are presented in Fig. 8. For
FPH_-Br~ and FPH_—CI~, structures with the flu-

+

o6
-230.1

Fig. 7. Schematic representation of the potential energy surface for
the two-step inversion of the tetra-coordinated intermediates in the
Cl™+PH,F S2 reaction. All energies (kJmol™%) are given
relative to PH,CI+F~.

orine substituent in an equatorial position do not
correspond to minima.

The inversion of —PH,—F" is even more compli-
cated than that of —PH,—CI~. The potential energy
surface for the process is symmetric around the
transition structure (TS: 18 — 18’) which connects
the two possible isomers with one apical and one
equatorial fluorine substituent. Apparently the high
electronegativity of fluorine and the high proton
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Table 5
Barriers for the two-step inversion process and energies for the
higher-energy conformer®

Inverting molecule AEFP AEP AES
F-PH,-ClI~ 6 154.1 1294 134.1
F-PH,-Br~ 7 161.4 141.4 141.6

aG2(+) or G2(+)[ECP(S)] valuesinkJmol ~* at 0 K, calculated
relative to the more stable conformer of the tetra-coordinated
intermediate.

P See Fig. 7.

affinity of F~ result in the formation of an interme-
diate complex (17) between HF and HPF~ en route to
18 (Fig. 9). The detailed geometric features of the
intermediates and transition structures are shown in
Fig. 10. It is worth noting that the inversion of
FPH_—F~ involves two conformers with one apical
and one axial halogen substituent (connected by TS:
18 — 18") as opposed to the inversion of —PH,—Cl~
which involves only one such conformer. Again, this
arises because species with one equatorial and one
apical halogen substituent do not appear to correspond
to minima unless fluorine is in the apical position.
For al the S2 reactions where fluoride ion is
expelled, the transition structures for inversion of the

TS: 716 (Cp) 16(Cy)

TS: 16 7% (C))

Fig. 8. Optimized MP2(fc)/6-31+G(d) geometries of the species
involved in the two-step inversion of the tetra-coordinated inter-
mediates —PH,—CI~ and F-PH,—Br~. Bond lengths are in units of
angstroms.

intermediate lie lower in energy than the product, and
therefore it would be impossible for the tetra-coordi-
nated intermediates to retain their configurational
integrity during the course of the reaction. Accord-
ingly, this type of substitution reaction should lead to
a racemic halophosphine product. On the other hand,
when CI~, Br~, or |~ is expelled, the transition
structure for inversion lies dlightly higher in energy
than the product, and in theory it might therefore be
possiblefor the configuration of the intermediate to be
retained under controlled conditions, thereby leading
to an inverted product. These general predictions
regarding the stereochemistry of gas-phase S2 reac-
tions at tri-coordinated phosphorus will of course
depend on the additional effect of the substituents that
are required to create chirality. However, they are in
line with the conclusions reached by Kyba[12] and by
Pabel et a. [10] on the basis of experimental data
Kyba found that tetra-alkyl-coordinated phosphorus
anions do not racemize easily, whereas Pabel et al.
found that optically pure datively bonded fluorophos-
phines do indeed racemize.

It does not seem a simple matter to extend the
above predictions beyond the reactions of halides and
halophosphines. On the basis of the present results,
we are not surprised by the broad range of stereo-
chemical outcomes reported by Nielsen and Dahl [9]
for condensed-phase S 2 reactions involving neutral
bases and various tri-coordinated phosphorus species.

3.6. Comparisons with the carbon and nitrogen
systems

The striking similarity between the trigonal -bipy-
ramidal-type transition structure in Sy2 reactions at
saturated nitrogen and carbon on the one hand, and
the tetra-coordinated phosphorus intermediate on the
other, is evident. However, the tetra-coordinated
phosphorus species is a loca minimum and not a
transition structure. This major difference is presum-
ably related to the well-known fact that molecul es that
contain second-row elements frequently do not obey
the octet rule (e.g. PFg is a well-known compound,
whereas the corresponding carbon and nitrogen spe-
cies are unknown).
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Fig. 9. Schematic representation of the potential energy surface for the inversion of —PH_—F". A single fluorine atom and a single hydrogen
atom are shaded in order to simplify the visualization of the nuclear motion. All energies (kJmol ) are given relative to PH,F+F .

In general, wefind that the energy changesfor Sy2
reactions at carbon [3] and nitrogen [5] are similar to
those of the corresponding reactions involving phos-
phorus. However, for S\2 reactions of fluorophos-
phine, the reaction energies are significantly greater
(-more endothermic by about 20—30 kJmol ~ %) than
for the corresponding reactions involving fluorometh-
ane or fluoramine. Equivalently, the reaction energies
are more exothermic when a fluorophosphine is
formed. Thisresult is attributed to the greater strength
of the P-F bond.

4. Concluding remarks

Gas-phase S,2 reactions at tri-coordinated neutral
monohal ophosphines proceed in a barrier-free process
by way of a tetra-coordinated anionic intermediate.
This intermediate resembles the classical S 2 transi-
tion structure. The intermediate tetra-coordinated spe-
cies is generaly strongly bound and should be ob-
servable in the gas phase. The S,2 reaction itself
should be feasible when the less electronegative
halide ion is displaced because the reaction is exo-
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Fig. 10. Optimized MP2(fc)/6-31+G(d) geometries of the species
involved in the inversion of F—PH,—F". Bond lengths are in units
of angstroms.

thermic in such instances. The reaction may in prin-
ciple be controlled to proceed with inversion except
when F~ is expelled, in which case it will lead to a
racemic halophosphine product.
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