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ABSTRACT: Theoretical calculations reveal that the model phosphagermylenes
{(Me)P(C4H,-2-CH,NMe,)}GeX [X = F (1F), Cl (1Cl), Br (1Br), H (1H), Me
(1Me)], which are chiral at both the phosphorus and pyramidal germanium(II) centers,
may be subject to multiple inversion pathways which result in interconversion between
enantiomers/diastereomers. Inversion via a classical vertex-inversion process (through a
trigonal planar transition state) is observed for the phosphorus center in all compounds and for the germanium center in 1H,
although this latter process has a very high barrier to inversion (221.6 kJ mol ™ '); the barriers to vertex-inversion at phosphorus
increase with decreasing electronegativity of the substituent X. Transition states corresponding to edge-inversion at germanium (via
a T-shaped transition state) were located for all five compounds; for each compound two different arrangements of the substituent
atoms [N and X axial (1Xy_x) or P and X axial (1Xp_x)] are possible, and two distinct transition states were located for each of
these arrangements. In the first of these (1Xn_x ™ and 1Xp_x "), inversion at germanium is accompanied by simultaneous
planarization at phosphorus; these transition states are stabilized by pzt—p interactions between the phosphorus lone pair and the
vacant p,-orbital at germanium. In the alternative transition states (IXy_x 4 and 1Xp_5 "), the phosphorus atoms remain
pyramidal and inversion at germanium is accompanied by folding of the phosphide ligand such that there are short contacts between
germanium and one of the ipso-carbon atoms of the aromatic ring. These transition states appear to be stabilized by donation of
electron density from the 77-system of the aromatic rings into the vacant p,-orbital at %ermanium. The barriers to inversion via
1Xp 79 and 1Xp_ x4 are rather high, whereas the barriers to inversion via 1Xy_x lanar o nd 1Xp_x" 29 are similar to those
for inversion at phosphorus, clearly suggesting that the most important factor in stabilizing these transition states is the
o-withdrawing ability of the substituents, rather than 77-donation of lone pairs or donation of 7z-electron density from the aromatic
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rings into the vacant p,-orbital at germanium.

B INTRODUCTION

The dominance of transition metal complexes in stereoselec-
tive catalysis is largely built on the successful isolation of enantio-
enriched or enantiopure chiral ligands, preeminent among which
are the tertiary pnictines PnR; (Pn = P, As, Sb, Bi)." Some of the
most useful ligands possess chirality at the pnictogen center itself;
in such compounds racemization is slow due to the large barriers
to inversion at the pnictogen center (cf. the rapid inversion of
tertiary amines).

The inversion behavior of the heavier tertiary pnictines has
been studied extensively by both experimental and theoretical
means, and there is now a substantial body of information regarding
the factors which affect both the barriers to inversion and the
inversion mechanisms of these compounds.” ® The inversion
barriers are significantly affected by (i) steric bulk, (ii) conjugation,
and (iii) the electronegativities of the substituents. Sterically bulky
substituents tend to confer a less pyramidal conformation at the
pnictine center and so typically reduce the barrier to inversion.
Similarly, incorporation of the pnictine center into a conjugated
(or aromatic) system, either by the addition of vinylic substituents
or through the incorporation of the pnictogen center in an
unsaturated ring system such as a phosphole, arsole, or stibole,
etc., significantly reduces the barrier to inversion; for example, the
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barriers to inversion at phosphorus for Et,PH, (CH,=CH),
PH, and phosphole have been calculated as 148.4, 119.6, and
60.4 k] mol ', respectively.*

The influence of substituent electronegativity has been studied
extensively by Mislow and co-workers, who have shown that
substitution of a tertiary phosphine by increasingly electropos-
itive EMe; groups (E = Si, Ge, Sn) leads to a progressive reduction
in the phosphorus inversion barrier.> For example, variable-tem-
perature NMR experiments reveal that the free energies of inversion
of i-PrPhP(EMe;) are 136.8, 89.5, and 80.8 k] mol ' for E = C, Ge,
and Sn, respectively.® For the limited data set explored, a linear
correlation was found between the free energy of inversion and the
electronegativity of the substituent atom E in these compounds; a
similar correlation was found for tertiary arsines, which have some-
what higher barriers to inversion than their phosphorus analogues.
In this regard, it is notable that the combination of the steric bulk and
the electropositive nature of the silyl groups in the tertiary phos-
phine (i-Pr3Si);P results in a near planar geometry at the phos-
phorus center, as shown by X-ray crystallography.*
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Scheme 1. Inversion Mechanism (Pn = P, As, Sb, Bi)
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The foregoing relates to classical inversion via a trigonal planar
transition state of essentially D3, symmetry (vertex-inversion (I),
Scheme 1). However, in 1986 Arduengo and Dixon reported an
alternative inversion mechanism which proceeds via a T-shaped
transition state of C,, symmetry (edge-inversion (II)).> This
report, along with several subsequent studies by these authors
and by others, showed that electronegative substituents favor the
latter mechanism; thus, whereas PH; and PH,F are calculated to
undergo vertex-inversion, PF,H and PF; favor an edge-inversion
mechanism.®” It has also been suggested that inversion at fluorine-
substituted tertiary pnictine centers may proceed via a Y-shaped
transition state (III), also of C,, symmetry; however, subsequent
calculations indicate that this is not a true transition state, but rather
a second-order saddle point connecting two T-shaped structures.®

As part of an ongoing study into the chemistry of phospha-
tetrylenes (R,P)EX (E = Ge, Sn, Pb; X = e.g,, halide, R,P), we
recently reported the synthesis and structural characterization of
the heteroleptic compounds [{(Me;Si),CH}(CsH,4-2-CH,N
Me,)P]ECI [E = Ge (1), Sn (2)] and the homoleptic dipho-
sphatetrylenes [ {(Me;Si),CH} (C4H4-2-CH,NMe, )PLLE [E = Ge
(3), Sn (4)] (Chart 1).”'° These compounds possess pyr-
amidal phosphorus and germanium/tin atoms and are thus
chiral at each of these centers. Multielement and variable-tempera-
ture NMR studies have shown that compounds 1—4 are highly
dynamic in solution due to the rapid interconversion of diastereo-
mers via epimerization at either the phosphorus or germanium/tin
centers.

Although it is not possible to distinguish between these epim-
erization processes experimentally, theoretical calculations pro-
vide a convenient method by which the barriers to inversion at
the P and Ge/Sn centers may be investigated. Perhaps surpris-
ingly, outside of our own preliminary studies, little is known
about the inversion of pyramidal Ge(II) and Sn(II) species; such
compounds are isoelectronic with the corresponding tertiary
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Figure 1. Optimized geometries for the local minima 1F, 1F,, and 1F;
[B3LYP/6-31G(d,p)] and the experimentally obtained crystal structure
of 1 (H atoms omitted for clarity).

arsine and stibine, R3As and R3Sb, respectively. The absence of
a comprehensive study of the inversion behavior of trigonal
pyramidal germanium(II) or tin(II) compounds, coupled with
the unusual conjunction of directly adjacent pyramidal Ge/Sn
and P centers in 1—4, both of which may undergo inversion,
prompted us to consider these species in more detail; the results
of this study are presented below.

B RESULTS AND DISCUSSION

Computational Details. Although our experimental data
pertain to the sterically hindered phosphatetrylenes 1—4,”"°
these compounds are sufficiently large that a comprehensive
theoretical treatment would be unfeasible. Therefore, in order to
save on computational resources, we have confined the current
study to the model phosphagermylenes {(Me)P(C4H,-2-CH,N
Me,)}GeX [X = F (1F), CI (1Cl), Br (1Br), H (1H), Me
(1Me)]. Our preliminary DFT studies have shown that ground
state geometries obtained at the B3LYP/6-31G(d,p) level of
theory for the closely related model compounds {(Me)P(CgH,-
2-CH,NMe,) },E (E = Ge, Sn) are very similar to the structures
obtained by X-ray crystallography for 3 and 4.”'° At this level of
theory, bond lengths within the EP,N cores are overestimated by
approximately 0.02—0.10 A in each case, a well-known defect of
B3LYP calculations. However, there is a close correspondence
between the calculated and experimental bond angles around
the P and Ge centers. In addition, several previous studies have
shown that calculations at the B3LYP/6-31G(d,p) level provide
equilibrium geometries for related tertiary pnictine systems
which correlate well with experiment; in these studies little advan-
tage was found in using alternative correlated methods such as MP2,
or more extended basis sets, for geometry optimizations.z’7a We
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were, therefore, confident that optimizations performed on our
model compounds at this level of theory would give representative
geometries for these species.

Geometry optimizations of the ground state molecules were
carried out at the B3LYP/6-31G(d,p) level of theory,""* and
stationary points were confirmed as local minima by the absence
of negative vibrational frequencies. Transition states were initi-
ally located using the QST3 method'? at the HF/3-21G* level of
theory;14 the geometries obtained were then reoptimized at the
B3LYP/6-31G(d,p) level of theory and were confirmed as true
transition states by the presence of a single negative vibrational
frequency which correlated with the expected displacement
vector for inversion at either phosphorus or germanium. It has
been reported that the energies of systems containing “dative”
covalent bonds (i.e, Lewis acid—base interactions) obtained
using the B3LYP hybrid functional are not always accurate and

Table 2. Relative Energies of Local Minima 1X,, 1X,, and 1X;
(kJ mol ")

B3LYP/6-31G(d,p) MP2/6-31G(d,p)

1F, 0.0 0.0
1F, 114 154
1F, 17.0 18.7
1Cl, 0.0 0.0
1Cl, 16.3 19.7
1Cl, 117 13.8
1Br, 0.0 0.0
1Br, 163 222
1Br; 14.6 21.8
1Me, 0.0 0.0
1Me, 172 20.5
1Me;, 8.0 13.0
1H, 0.0 0.0
1H, 163 184
1H, 8.0 9.6

that the effects of electron correlation are under-represented at
this level of theory;'> we have therefore obtained single-point
energies for all ground and transition state geometries using the
fully correlated MP2 method'® both with the 6-31G(d,p) basis
set and with the larger 6-3114+G(2d,p) basis set,'”"® which
includes both polarization and diffuse functions. Further details
of computational methods may be found in the Supporting
Information.

Ground State Geometries. Three distinct local minima (1X;,
1X,, and 1X;) were located for each of the molecules 1F, 1Cl,
1Br, 1H, and 1Me. The optimized geometries of the representa-
tive conformations 1F;, 1F,, and 1F; are shown in Figure 1, and
selected bond lengths and angles for all minimum energy
geometries are given in Table 1; relative energies for all minima
are given in Table 2. The ground state in each case (1X,) consists
of a trigonal pyramidal Ge center, coordinated by the P and N
atoms of a chelating phosphide ligand and by the substituent X;
the molecules are chiral at both the pyramidal Ge and P centers
and have a GegPg configuration. The angles about the germa-
nium atoms lie close to 90° but show no obvious trends across
the series; the rather small angles about Ge cause the substituent
X to lie close to the aromatic ring in this conformation.

For 1F the next highest energy conformation located in this
study (1F,) differs from the ground state largely in the orienta-
tion of the fluorine substituent, which lies in a position distal to
the aromatic ring. At the MP2/6-31G(d,p)//B3LYP/6-31G(d,p)
level of theory, this conformation lies just 15.4 kJ mol " higher in
energy than the ground state. For the remaining model compounds
this conformation represents the highest energy minimum located
and lies between 18.4 and 22.2 kJ mol " higher in energy than the
corresponding ground state geometry 1X;. The third minimum
energy geometry located (1X;) is the GegPy epimer of 1X,. For all
but 1F this is the second lowest energy conformation; for 1F this
geometry lies 18.7 kJ mol " above the ground state, whereas for
the remaining compounds this geometry lies between 9.6 and
21.81J mol " higher in energy than the corresponding ground state
geometry 1X.

Table 1. Bond Lengths and Angles for the Local Minimum Geometries 1X;, 1X,, and 1X; and for the Crystallographically

Characterized 1

Ge—P (A) Ge—X (A) Ge—N (A)
1F, 2.445 1.809 2.206
1F, 2.468 1.825 2.169
1F; 2.440 1.806 2.176
1Cl, 2.444 2311 2.261
1ClL, 2.447 2.325 2.257
1Cl; 2422 2.316 2.158
1° 2.4205(16) 2.2965(16) 2.191(5)
1Br; 2434 2.445 2217
1Br, 2.462 2.456 2.190
1Br; 2.403 2.445 2.161
1Me, 2.446 2.010 2.21S5
1Me, 2438 2.014 2.220
1Me; 2.405 2.010 2.243
1H, 2.430 1.597 2.175
1H, 2.433 1.600 2.186
1H; 2.392 1.591 2.204

“ Sum of angles at the germanium center. b Experimentally determined values from X-ray crystallography.
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P—Ge—N (°) N—Ge—X (°) P—Ge—X (°) 3Ge (°)"
90.64 91.79 96.36 278.78
95.08 86.85 97.79 279.73
95.58 89.64 99.69 284.90
87.57 98.14 99.35 285.06
96.39 96.97 95.64 290.33
93.26 94.41 98.51 286.18
88.70(13) 95.73(14) 99.42(6) 283.82
89.23 98.58 98.79 286.58
95.90 94.29 98.85 289.04
90.64 95.64 98.03 283.83
88.49 98.31 99.64 286.43
97.12 96.61 97.07 290.80
97.59 97.01 94.40 289.00
90.73 89.32 92.24 27229
97.78 88.75 92.24 278.76
98.17 88.91 89.75 275.83
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The ground state geometry 1Cl; differs in conformation
from the crystal structure of 1, which adopts a GegPy con-
formation (for consistency we use the same Cahn—Ingold—
Prelog priority for the CH(SiMe3), group in 1 as for the Me
group in 1Cl,). However, calculations on our model com-
pounds are likely to underestimate the impact of steric effects
associated with the bulky CH(SiMe;), group in 1; in this
regard, we note that all three minimum energy geometries
lie close in energy and that the corresponding GegrPr

Figure 2. Transition state geometry 1F, [B3LYP/6-31G(d,p)] with H
atoms omitted for clarity.

conformation 1Cly lies just 13.8 kJ mol ' higher in energy
than the ground state. Although 1Cl; and 1 possess the same
stereochemistry, the conformations of the chelate rings differ
between these compounds, and this leads to small differences
in their bond lengths and angles. The bond lengths within the
GePNClI core of 1Cl3 are close to those observed crystal-
lographically for 1;'° for example, the Ge—P distances for
1Cl; and 1 are 2.422 and 2.4205(16) A, respectively, while the
Ge—Cl distances are 2.316 and 2.2965(16) A, respectively.
The calculated P—Ge—N angle for 1Cl; [93.26°] is somewhat
larger than the corresponding angle in 1 [88.70(13)°], but
there is a good correspondence between the P—Ge—CI1[98.51
and 99.42(6)°, respectively] and the N—Ge—Cl angles [94.41
and 95.73(14)°, respectively] in 1Cl; and 1.

The relative energies of the higher energy local minima 1X,
and 1X; are calculated to be slightly higher at the MP2/6-31G(d,p)
compared to the B3LYP/6-31G(d,p) level of theory, although
the relative ordering of these minima is the same for both methods.
The reversal in the ordering of the higher energy conformations of
1F (1F, < 1F3) compared to the remaining structures (1X, > 1X,
X # F) may reasonably be attributed to a steric effect. Pauling gives
the van der Waals radii of F, Cl, Br, and Me as 1.35, 1.80, 1.95, and

Table 3. Bond Lengths (A) and Angles (°) for the Ground and Transition States for Inversion at Phosphorus and Germanium

in 1X
Ge—P Ge—X Ge—N P—C(Me) P—C(Ar) P—Ge—N N—Ge—X P—Ge—X Cl1-P—C8 C1-P—Ge C8-P—Ge XP°

1F, 2445 1.809 2206 1.877 1.843 90.64 91.79 96.36 101.93 93.68 96.10  291.71
1F, 2373 1819 2181 1.850 1.794 86.25 85.55 101.77 112.20 127.89 119.91 360.00
1R 2289  1.809 2815 1.849 1.816 75.81 165.24 89.80 109.45 116.59 13086 35690
1EpRner 2627 1833 2315 1.866 1.811 79.94 85.21 164.31 105.27 131.73 12300  360.00
1R Med 2409  1.800  2.822 1.871 1.863 75.70 163.48 96.45 103.59 100.58 8276 28692
lFf)(ll‘li:ed b _ _ _ _ _ _ _ _ _ _ _

1Cl 2444 2311 2261 1.874 1.837 87.57 98.14 99.35 103.06 101.27 9722 30154
1Cl, 2381 2346 2188 1.849 1.790 86.36 95.68 102.02 113.06 127.84 11872 359.62
1ICIF™ 2295 2338 2710 1.851 1.823 78.98 167.95 93.08 107.35 121.37 12479 35321
ICIHR™S 2521 2493 2294 1.860 1.808 82.43 94.64 173.56 106.79 129.97 12322 359.98
1ICIEM 2407 2322 2797 1.866 1.871 76.17 173.70 100.52 10325 106.77 78.11 288.12
ICEI%Y 2748 2475 2277 1.874 1.825 83.13 92.33 169.11 100.94 95.34 60.74  257.02
1Br, 2434 2445 2217 1.871 1.840 89.23 98.58 98.79 103.13 97.52 97.01 297.66
1Br, 2377 2471 2189 1.848 1.789 86.13 96.84 10223 113.56 127.64 11853  359.72
IBrS 2289 2475 2702 1.850 1.821 79.34 169.70 93.66 107.67 122.34 12503 355.04
IBLR™% 2514 2620 2298 1.860 1.809 82.62 95.91 174.18 106.74 129.97 12329  360.00
1B 2405 2458 2770 1.866 1.869 76.54 170.28 100.59 103.39 107.06 7825  288.69
IBrpSd 3149 2502 2198 1.874 1.772 81.88 96.23 172.06 10275 113.18 57.31 27323
1Me, 2446 2010 2215 1.874 1.838 88.49 98.31 99.64 10291 98.96 97.06 29893
1Me, 2435 2011 2174 1.853 1.784 86.24 97.84 98.19 11222 129.77 11800  359.99
IMep™r, 2253 2032 3.181 1.856 1.823 77.31 170.70 94.61 106.72 123.59 12958 359.89
IMep™ye  3.033 2045 2228 1.880 1.821 81.54 95.32 174.54 101.52 147.44 111.04  360.00
IMel %2 2417 2011 3.067 1.874 1.876 71.22 161.51 101.88 102.57 108.87 80.41 291.85
IMej?dsd 3363 2042 2188 1.875 1.776 77.60 94.38 168.52 102.73 115.35 59.11 277.19
1H, 2430 1597 2175 1.874 1.842 90.73 89.32 92.24 102.44 96.21 9640 29505
1H, 2322 1591 2259 1.853 1.802 90.44 83.23 90.07 11532 133.47 111.21 360.00
1H, 2218 1498  2.036 1.902 1.875 107.28 108.29 144.30 97.40 107.09 100.54  305.04
THRr 2227 1597 3.187 1.853 1.823 77.25 160.09 84.14 107.15 122.62 130.16  359.93
THpr 2892 1647 2246 1.876 1.817 79.54 82.40 16145 102.53 140.73 11674  359.99
1HRM 2365 1608 3262 1.875 1.870 67.81 159.49 92.93 103.02 105.39 86.33 294.74
1HEOled 3306 1626 2115 1.875 1.758 84.68 95.32 179.99 103.66 130.09 58.96 292.71

“Sum of angles at phosphorus. ” Transition state not located (see text).
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Table 4. Energies of Transition States 1X, (Corresponding to
Vertex-Inversion at Phosphorus) Relative to 1X; in kJ mol '

B3LYP/6-31G(dp) MP2/6-31G(dp) MP2/6-311+G(2d,p)

1F, 69.3 783 66.1
1Cl, 81.6 100.0 90.8
1Br, 874 106.9 93.4
1Me, 91.8 108.8 98.7
1H, 87.4 96.0 83.5

H
H—PS (@)

H QH
D) ©®  hp

H HO
HOMO LUMO

Figure 3. HOMO and LUMO of the transition states for (a) vertex- and
(b) edge-inversion of PH;.

2.00 A, respectively;' the van der Waals radius of hydrogen is
significantly affected by the electronegativity of the atom to which it
is bound. While Bondi suggests a van der Waals radius of 1.20 A
for aliphatic hydrogen,*® Batsanov suggests a value of 0.75 A for the
van der Waals radius of the hydrogen atom in HC], but 1.52 A in
H,;*' since germanium is more electropositive than hydrogen, it is
reasonable to assume that the van der Waals radius of the hydridic
hydrogen in 1H will exceed this latter value. In conformation 1X,
the substituent X lies in close proximity to the P-methyl and one
of the N-methyl groups, whereas in 1Xj this substituent lies close to
only one of the N-methyl groups and is therefore less sterically
congested. Thus, steric repulsion between X and the P- and
N-methyl groups in 1X, is likely to be considerable for the larger
substituents Cl, Br, H, and Me, outweighing any other stabilizing
factors for this conformation over 1X3. Nonetheless, it is notable
that the differences in energies between conformations 1X, and 1X;
are only very small (lying between 0.4 and 8.8 k] mol " at the MP2/
6-31G(d,p) level of theory).

Inversion at Phosphorus. For all of the ground state con-
formations 1X, a single transition state (1X,) was located which
corresponds to inversion at phosphorus. This contains a trigonal
planar phosphorus atom and corresponds to a vertex-inversion
process. We were unable to locate a transition state correspond-
ing to edge-inversion at phosphorus for any of the model com-
pounds; all such attempts converged to the vertex-inversion trans-
ition state 1X4. The geometry of transition state 1F,, which is
representative of all the 1X, geometries, is shown in Figure 2, and
selected bond lengths and angles for all of the phosphorus inversion
transition states 1X, are given in Table 3; relative energies for
transition states 1X, are given in Table 4.

Previous calculations by Dixon and co-workers suggest that in
the vertex-inversion transition state of PH; the lone pair on
phosphorus lies in an out-of-plane p-type orbital of a,’” symmetry
(Figure 3).%” Consistent with this, for all of the phosphorus
inversion transition states 1X, natural bond orbital (NBO)
analyses®” confirm that the lone pair on phosphorus is located in

Table 5. Wiberg Bond Indices for the Ground and Transition
States for Inversion at Phosphorus and Germanium in 1X

Ge—P Ge—N Ge—X P—C(Ar) P—C(Me)
1F, 0.818 0.273 0.401 0.941 0.963
1F, 0.851 0.285 0.376 1.019 0.988
1Ry L1111 0.051 0.365 0.974 0.975
1Fpanar 0.774 0231 0.296 0.969 0.958
1RRMed 0.799 0.054 0.364 0.926 0.964
1Cl, 0.849 0.276 0.661 0.944 0.965
1CL 0.854 0.285 0.609 1.030 0.988
1CIRna 1.149 0.070 0.604 0.967 0.976
1l 0.933 0.239 0.399 0.965 0.970
1CIEded 0.826 0.060 0.622 0911 0.965
1CI50Med 0.425 0215 0.473 1.000 0.949
1Br, 0.853 0.283 0.732 0.944 0.965
1Br, 0.849 0.287 0.693 1.041 0.991
1By 1173 0.070 0.678 0.967 0.976
1Brplngs 0.910 0.241 0.490 0.965 0.969
1Brided 0.826 0.063 0.708 0911 0.965
1Brpoded 0.237 0.240 0.638 1258 0.947
1Me, 0.823 0.287 0.769 0.946 0.958
1Me, 0.754 0.298 0.740 1.067 0.985
IMeRr 1218 0.022 0.732 0.970 0.958
1IMep 3, 0.539 0.236 0.548 1015 0.933
IMel?ded  0.817 0.030 0.712 0913 0.949
1Mepolded 0.256 0.243 0.603 1222 0.941
1H, 0.845 0.305 0.896 0.940 0.958
1H, 0.944 0.255 0.883 0.974 0.982
1H, 1.136 0.398 0.963 0.884 0.879
THR 1317 0.019 0.853 0.956 0.956
THp 0.638 0.257 0.734 0.992 0.941
1HEMed 0.874 0.018 0.858 0.917 0.950
1HR g 0.129 0.297 0.842 1.434 0.943

an orbital perpendicular to the C,PGe plane of essentially pure 3p-
character. This is clearly manifested in the P—Ge, P—C(Me), and
P—C(Ar) distances, which decrease significantly on going from the
pyramidal ground state conformation to the trigonal planar transi-
tion state, due to decreased repulsion between the phosphorus lone
pair and the bonding electron pairs in the latter geometry.

For a trigonal pyramidal PnR3 molecule, the barrier to vertex-
inversion is a function of the difference in energy between the 2a,;
HOMO in the ground state Cs, geometry and the a,”” HOMO in
the Dj, transition state.”® The ground state 2a; orbital is stabilized
by mixing with the 3a; LUMO (a second-order Jahn—Teller effect);
greater mixing is possible when the HOMO—LUMO gap is small,
lowering the energy of the 2a; HOMO in the ground state and so
increasing the barrier to inversion. The presence of electropositive
substituents causes all of the orbitals in both the ground and tran-
sition states to increase in energy, especially those with high
coefficients at the substituents. However, the a,” HOMO in the
Dy, transition state is nonbonding and is located on the central atom
and so is only slightly raised in energy. Therefore, the energy
difference between the ground and transition state HOMOs is
reduced and so the barrier to inversion is decreased.

Somewhat surprisingly however, we find that the relative
barriers to inversion at phosphorus via transition states 1X,
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Figure 4. Optimized geometry of transition state 1Hs [B3LYP/6-
31G(d,p)] with H atoms, other than that bound to Ge, omitted for
clarity.

increase in the order 1F, < 1Cl; < 1Bry < 1Mey, ie, with
decreasing electronegativity of the substituent X (the Pauling
electronegativities for F, Cl, Br, and Me are 3.98, 3.16, 2.96, 2.52,
respectively).'” This behavior cannot be explained using the
arguments presented above, since an electronegative substituent
X would be expected to make the adjacent germanium center
more electron poor and so stabilize all orbitals except the trans-
ition state HOMO, leading to an increase in the barrier to
inversion. Rather, we tentatively suggest that these transition
states are stabilized by delocalization of the phosphorus lone pair;
the presence of electronegative substituents at germanium
enhances this delocalization, stabilizing the transition state and
so lowering the barrier to inversion. Although such an interaction
is likely not to be completely responsible for the increased stabi-
lization of these transition states with increasing electronegativity
of the substituent X, NBO analyses reveal significant delocaliza-
tion of the phosphorus lone pair into both a 7-antibonding
orbital of the aromatic ring and a vacant Ge—X ¢ orbital. For
these four transition states, the latter interaction is greatest for
1F, and 1Cl, (with E(2) energies of 124.9 and 164.8 kJ mol ",
respectively) and lowest for 1Me, (with an E(2) energy of just
23.4 k] mol ). Consistent with this, for these four compounds
the Wiberg bond indices (WBIs) for the P—C(Ar) bond are
significantly higher in transition states 1X, than in the corre-
sponding ground states (Table S).

Although the Pauling electronegativity of H is 2.20, the relative
energy of 1H, lies between those of 1F, and 1Cl, at the MP2/6-
311+G(2d,p)//B3LYP/6-31G(d,p) level of theory. It is difficult
to account for the anomalous vertex-inversion barrier for 1H,,
although it may be a consequence of the highly polarizable nature
of the electron density associated with the hydridic hydrogen
atom. It is notable that for this transition state the E(2) energy for
the delocalization of the phosphorus lone pair onto germanium
(65.3 kJ mol ) is substantially greater than for 1Me,.

Inversion at Germanium. A transition state corresponding to
vertex-inversion at the germanium center was located only for
1H; all attempts to locate a transition state of this nature for the
remaining compounds yielded geometries corresponding to edge-
inversion at germanium. This is consistent with previous observa-
tions that electronegative substituents favor edge- over vertex-
inversion (see above). The optimized geometry of this transition
state (1Hs) is shown in Figure 4, and selected bond lengths and
angles are given in Table 3; relative energies are given in Table 6.

Transition state 1Hg possesses an essentially planar germa-
nium center, while the phosphorus center retains a pyramidal
geometry (sum of angles at germanium 359.87°; sum of angles at

phosphorus 305.04°). The P—Ge—N bite angle of the phosphide

Table 6. Energies of Transition States Involving Inversion at
Germanium Relative to the Ground States 1X; (kJ mol ")

B3LYP/6-31G(d,p) MP2/6-31G(d,p) MP2/6-311+G(2d,p)

1Fhanar 93.4 116.5 94.1
1Fphner 172.8 197.2 169.3
1FEQled 733 90.9 76.9
1FEolded —a - -
1CIRna 89.9 116.6 100.3
1CInar 176.3 216.0 186.7
1CIERMed 72.8 92.7 82.7
1CI50Med 150.0 154.9 146.9
1Bronar 97.4 129.3 101.8
1Broener 1842 2222 185.4
1Briplded 79.6 104.7 85.5
1Brpolied 157.6 171.6 156.1
IMen™s, 106.8 1432 109.0
1Mepnar 251.8 306.5 264.3
IMelRded 99.0 125.3 103.1
1IMepolded 195.6 219.0 196.1
1H; 233.1 2243 2216
1HRRr 100.1 128.8 97.1
THpr 2523 294.7 257.7
1HEMed 109.1 133.8 107.1
1HEled 204.2 2187 208.4

“ Transition state not located (see text).

ligand is significantly wider in 1Hjs than in the ground state
geometry (107.28 vs 90.73°), while the Ge—N, Ge—P, and Ge—H
distances are all substantially shorter in 1Hj than in 1H;, consistent
with localization of the germanium lone pair in a p-orbital perpen-
dicular to the GePNH plane; NBO analysis indicates that the
germanium lone pair in this transition state has 99.94% 4p,-character.
Inversion via this mechanism is substantially distavored: the barrier to
inversion via transition state 1Hy is calculated to be 221.6 k] mol .

For all but 1F, four distinct transition states were located
which correspond to edge-inversion at germanium. Due to the
asymmetric nature of the chelating phosphide ligand, two T-shaped
arrangements are possible: either the phosphorus center lies in an
equatorial position with the N and X centers in trans-axial positions
(1Xn_x), or else the nitrogen center lies in an equatorial position
with the P and X centers in trans-axial positions (1Xp_x) (Figure S).

For each of these arrangements, two distinct transition states
were located. Our initial calculations located a rather unusual
transition state in which both the germanium and phosphorus
centers approach planarity (1XN™%" and 1Xp%"). We subse-
quently located a second pair of transition states, for all com-
pounds except 1F, in which only the germanium center is planar,
but in which the aromatic ring is significantly folded toward the

. Folded Folded
germanium atom (I1Xx"x° and 1Xp7X); we were unable to

locate a stable transition state corresponding to 1F5oded, Repre-
sentative geometries are shown in Figure 6, selected bond lengths
and angles are given in Table 3, and relative energies are given in
Table 6.

In transition states 1XN™"" the phosphorus center adopts a
trigonal planar geometry, while the germanium center adopts a
T-shaped geometry in which the N and X atoms are mutually
trans. The lone pair at the germanium center has largely 4s-char-
acter, as expected, while the lone pair at phosphorus is essentially an
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Figure 6. Transition state geometries for edge-inversion at germanium
in 1Cl [B3LYP/6-31G(d,p)] with H atoms omitted for clarity.

sp3—hybrid in 1TFo 1 CI" and 1B but has effectively pure
3p-character in IMen™ . and 1HR™"E. In all of these transition
states the formally vacant orbital at germanium has essentially 100%
4p-character.

In such a T-shaped transition state, the bonds between the
axial substituents and the central germanium atom arise from a
three-center —four-electron hypervalent bonding interaction, in
which each of the Ge—X and Ge—N bonds has a formal bond
order of 0.5, and in which the nonbonding orbital is primarily
localized on the X and N atoms. This is clearly reflected in the
very long Ge—N distances: for IFRRT 1CIN" and 1Bras,
these distances are 0.609, 0.449, and 0.485 A, respectively, greater
than the Ge—N distances in the corresponding ground states. In
these transition states the coeflicient of the hypervalent non-
bonding orbital will be largest at the electronegative nitrogen and
halogen atoms, stabilizing this interaction. However, in IMepnr
and THA™ the more electropositive Me or H substituent is less
able to support this nonbonding electron density and so the
coefficient of this orbital at the methyl or hydride substituent is
reduced and the coefficient at nitrogen is increased; the nonbonding
orbital thus becomes essentially antibonding with respect to the Ge
and N atoms and bonding with respect to the Ge—H/Me atoms,
i.e, the Ge—N bond order tends to zero, while the Ge—H/Me
bond tends to a straightforward o-bond. This is reflected in the
Ge—N and Ge—X distances in these transition states: in IMen",
the Ge—N distance is 0.966 A longer than in the ground state,

whereas the Ge—C distance is just 0.021 A longer than in 1Me,. In

ITHY™ the Ge—N distance is 1.012 A longer than in the ground
state, whereas the Ge—H distances in this transition state and in the
ground state are identical. Consistent with this, the WBIs for the
Ge—N bonds in 1X0™% are substantially lower than in the ground
state; for example, the WBIs for 1F, and IFR™™ are 0273 and
0.051, res%ectively.

For 1FR%" 1CIN"% and 1Braa’ the Ge—X distances are
0.000, 0.027, and 0.030 A greater, respectively, than the Ge—X
distances in the corresponding ground states. However, for these
transition states a somewhat different explanation may prevail. In
contrast to 1IMen™s¥, and THI¥ the electronegative halogen
atoms are able to support a significant proportion of the hyper-
valent nonbonding electron density, and so the o-bonding
situation for the axial substituents is close to a typical three-
center—four-electron interaction. The small difference in Ge—X
bond lengths between 1X; and IXpr may be attributed to
complementary pz—pst bonding between the vacant p-orbital
on germanium and one of the lone pairs on the halogen atom,
counteracting the bond lengthening effect of the hypervalent o-
bonding situation for these atoms. Inspection of the molecular
orbitals reveals low-lying Ge—X s-interactions; for example,
the highest energy molecular orbitals exhibiting significant Ge—F
and Ge—Cl 7t-interactions are the HOMO—10 and HOMO—6,
respectively. In this regard, it is notable that the Ge—X WBIs are
very similar in IX0% and the corresponding ground states 1X.

The Ge—P distances in these transition states are significantly
shorter than the Ge—P distances in the corresponding ground
states, consistent with a typical o-bond supplemented by sig-
nificant pr—pst interactions between the p-type lone pair at
phosphorus and the vacant p,-orbital at germanium. For each of
these transition states, inspection of the molecular orbitals reveals
that the HOMO comprises a 77-type orbital localized largely on the
Ge and P atoms. This is reflected in the WBIs for these interactions,
which are substantially higher in the transition states than in the
corresponding ground states (see Table S).

For transition states IXEIfgé“, a similar situation arises: the
phosphorus and germanium centers adopt trigonal planar and
T-shaped geometries, respectively. The lone pair and vacant
p-orbitals at germanium have essentially pure 4s- and pure 4p.-
character, respectively; perhaps surprisingly, the lone pair at phos-
phorus has between 61.5 and 68.1% 3s-character. Once again the
bonds between germanium and the axial substituents are longer
than the corresponding distances in the respective ground states;
this lengthening is most pronounced for the Ge—P distances in
IMep™ and 1HR™5Y and has the same origins as the increased
bond lengthening for the Ge—N distances in IMep™. and
1Hanar Inspection of the molecular orbitals reveals low-
lying orbitals corresponding to Ge—X m-interactions for
1FE 1CIE and 1Brp™% and, for all transition states 1Xp %",
a HOMO comprised largely of a Ge—P 7-type orbital. The
bonds between germanium and the equatorial N-substituent
are also longer in these transition states than in the correspond-
ing ground states. This contrasts with the observation by Dixon
and Arduengo and others that the P—F.q bond in the edge-
inversion transition state of PF; is shorter than the P—F
distance in the ground state.’ However, this difference may
readily be attributed to the ability of fluorine to participate in
pT—p7T interactions in the latter transition state, compared to
the nitrogen in 1X5R%r which may only form a dative Ge—N
o-bond; thus, the nitrogen atom experiences repulsion from
the s-type lone pair at germanium, which cannot be mitigated
by pr—p7 interactions.
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Folded

Table 7. Distances (A) between Germanium and the ipso-Carbon Atoms in Transition States 1X§°,k§fd and 1Xp X © with Distances
for the Corresponding Ground States 1X; Included for Comparison (Wiberg Bond Indices in Square Brackets)

Ge...Cipso(CHz) (A)

Ge...Cpuo(P) (A)

Ge—P—Cy,, (°)

X 1X, 1XEed 1X50lded 1X,
F 3.499 3.417 - 3215
[0.009] [0.014] [-] [0.015]
Cl 3.541 3.313 2712 3236
[0.011] [0.021] [0.083] [0.016]
Br 3.505 3.301 2.333 3.225
[0.010] [0.021] [0.267] [0.017]
Me 3.500 3.483 2.557 3235
[0.010] [0.020] [0.207] [0.019]
H 3.471 3.660 2210 3.209
[0.010] [0.011] [0.426] [0.018]

1XEIed 1X50lded 1X, 1XEIed 1X50lded

2.854 - 96.10 82.76 -
[0.046] [-]

2727 2444 97.22 78.11 60.74
[0.075] [0.119]

2729 2.651 97.01 78.25 57.31
[0.074] [0.060]

2.802 2.887 97.06 80.41 59.11
[0.066] [0.027]

2.920 2.833 96.40 86.33 58.96
[0.049] [0.029]

. Folded :
In transition states lXNO,)E , only the germanium centers

adopt a planar (T-shaped) geometry, while the phosphorus
atoms remain pyramidal. As observed for transition states
IXAr the Ge—P distances are somewhat shorter in 1X5 9
than in the corresponding ground states; however, this bond
shortening is substantially less pronounced in the latter transition
state due to the absence of significant P—Ge pr—ps interac-
tions. Similarly, the Ge—N distances are substantially longer in

IXEﬂ%Ed than in the corresponding ground state geometries.

Perhaps the most unusual aspect of transition states 1XEMed i
that in each case the aromatic ring of the phosphide ligand is
folded over such that there is a relatively close contact between
the germanium atom and the ipso-carbon of the ring directly
bonded to cFhosphorus (Table 7).

In 1X575¢ the phosphorus atoms once again adopt a trigonal

P—X phosp ¥ P g
pyramidal geometry. As observed in 1XE% the aromatic ring in
each case is folded toward the germanium center; however, in
1x§3‘§‘§d there is a close contact between the germanium atom
and the ipso-carbon directly bonded to the dimethylaminomethyl
group (Table 7). The folding in transition states 1X5°'5¢ appears
to be more pronounced than in IXIF\IOld)Ed, significantly affecting
the bonding in the aromatic ring such that the following occur:
(i) the benzylic carbon atom deviates significantly from copla-
narity with the aromatic ring, (i) the C—Cj,, distances within
the ring increase substantially (by up to 0.09 A) compared to the
corresponding distances in the ground state geometries, and (iii)
the rings themselves distort appreciablly from planarigy.

The greatest effect is observed in 1Br£i§‘§d and lHIFf,lde , where the
ipso-carbon bonded to the dimethylaminomethyl group is signifi-
cantly distorted away from planarity. Indeed, for these two transition
states, NBO analyses suggest a substantial bonding interaction
between the germanium and ipso-carbon atoms, with concomitant
dearomatization of the ring; this is consistent with the short
Ge...C,-ps‘,(CHz) distances and the extremely long Ge—P distances in
these cases (the Ge—P distances for 1Br§3‘§:’ and ng‘il‘}_eId are 3.149
and 3.306 A, respectively). The P—C(Ar) distances in 1Brp % and
1HE are also substantially shorter (1.772 and 1.758 A, re-
spectively) than in the corresponding ground states (1.840 and
1.842 A, respectively), consistent with the development of P—C(Ar)
multiple-bond character associated with dearomatization of the ring,
Supporting this, the WBIs for the Ge...C,,(CH,) interactions are
0267 and 0426 for 1Br%d and 1HESS respectively, compared
with a WBI of 0.010 for this interaction in both ground states.
Similarly, the WBISs for the P—C(Ar) bond increase from 0.944 and

Scheme 2. (a) Stabilization of T-Shaped Transition States
PnABC through Intra- or Intermolecular Donation of Lone
Pairs into the Vacant Pnictogen p,-Orbital (Pn = P, AS, Sb, Bi);
(b) Stabilization through Intramolecular Donation of 77-Electron
Density in 1Xn %" (Left) and 1X52% (Right)

A—Bn—B A—Pn B
(a)
V)
O ‘_.NMEZ
P—Ge—X
Me” xlo Me”
(b)

0.940 in 1Br; and 1Hj, respectively, to 1.258 and 1.434 in 1Br§‘11§§id

and IHIFﬁkIl_?d, respectively.

The above suggests that transition states ngold)Ed and ngcllc)lfd
are stabilized by delocalization of electron density from the
qr-system of the aromatic ring into the vacant p,-orbital at
germanium. This is clearly related to the observation by Arduengo
and co-workers and by Akiba and co-workers that edge-inversion
of tertiary pnictines is accelerated significantly in the presence of
intramolecularly coordinating donor groups or donor solvents
such as pyridine.**** In such cases the T-shaped transition state is
stabilized by the intra- or intermolecular donation of lone pair(s)
into the vacant p,-orbital at the pnictogen atom (Scheme 2a). For
1X50Med and 1X5°'4%d the function of the donor group is filled
by the 77-system of the aromatic ring of the phosphide ligand,
which donates electron density into the vacant p_-orbital at
germanium, stabilizing these transition states (Scheme 2b);
we term this new inversion pathway “aromatic anchimerically
assisted edge-inversion”.
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Figure 7. Energies (in k] mol ') of transition states relative to the
ground states 1X,.

Relative Barriers to Inversion. The trends in barrier height
for inversion at phosphorus (via transition states 1X,) are
described above and may largely be related to the electronega-
tivity of the substituents, which enhance delocalization of the
phosphorus lone pair in the transition states. In general, a similar
relationship is observed for inversion at germanium: for each of
the series of transition states 1Xh25% 1X5o4ed and 1xEoded
there is a gradual increase in the barrier to inversion at germa-
nium with decreasing electronegativity of the substituent X, as
expected for such edge-inversion processes (Figure 7). For both
IXEI;“;(“ and ngo_k)i(Ed, there is a marked increase in this barrier when
the substituent is either Me or H, both of which are unable either to
participate in stabilizing pst—pt interactions with the vacant p,-
orbital at germanium or to stabilize the hypervalent o-bonding
situation for the axial groups in these transition states (see above);
for the remaining transition states this dramatic increase in barrier
height is not observed. The trend in barrier heights for transition
states IXn""% appears somewhat anomalous; indeed, for this series
the second lowest barrier to inversion, after that of 1Fa™"" (94.1 kJ
mol ™), is calculated for nglaff_f (97.1 kJ mol ), although the
range of barrier heights for this transition state is rather small
(94.1-109.0 kJ mol ). In fact, barriers to inversion via both
IXp¥ and 1XE4 vary relatively little across the series (for
1X1%" the barrier heights fall in the range 76.9—107.1kJ mol ).

Transition states 1Xo®"% and 1XHoor correspond to a co-
operative process involving both edge-inversion at germanium
and vertex-inversion at phosphorus and, as such, might be
expected to have the highest barriers to inversion. However,
the concomitant inversion at phosphorus appears not to be the
defining factor in determining the relative barrier to inversion at
germanium. Thus, whereas transition states nglfgé“ are the
highest energy transition states located for each substituent X,
with relative energies ranging from 169.3 to 264.3 kJ mol ',
transition states 1Xo"" are substantially lower in energy, with
relative energies ranging from 94.1 to 109.0 kJ mol'; indeed,
THR™ is only the second highest energy transition state located
for 1H and, for this compound, has a higher barrier to inversion
than only 1H, (which corresponds to inversion solely at the
phosphorus center). Transition states 1Xp>'5 form the second
highest energy series of transition states for each substituent X
(with barrier heights ranging from 146.9 to 208.4 kJ mol 1),

Folded . . . L.
whereas 1X"x  have barriers to inversion similar to those for

inversion via transition states 1Xm% and 1X,. This clearly

implies that the dominant factor in determining the barrier to
edge-inversion at germanium is the nature of the groups in the
axial positions. The T-shaped transition states are significantly
stabilized by the presence of electronegative substituents in the
hypervalently bonded axial positions, which are better able to
support the substituent-centered nonbonding component,
whether these can participate in pT—psr interactions or not.
Thus, T-shaped transition states where nitrogen adopts an axial
position are substantially more stable than those where phos-
phorus lies in an axial position. Indeed, the ability of the
phosphorus or X substituent to participate in pst—psr bonding
interactions with the vacant p_-orbital at germanium appears to
be only a secondary consideration, although we note here that
all of the edge-inversion transition states located for 1F, 1Cl,
and 1Br benefit to at least some extent from stabilizing Ge—X
pT—p7 interactions. In addition, in view of the similar energies
for transition states 1Xa"" and 1X529 it appears that deloca-
lization of electron density from either a planar phosphorus
center or the aromatic ring of the ligand stabilizes the T-shaped
transition states to a very similar extent.

Bl CONCLUSIONS

The current study represents the first in-depth investigation of
the inversion behavior of trigonal pyramidal germanium(II)
compounds. While in many respects this parallels the behavior
of the isoelectronic tertiary pnictines, this study reveals some quite
intriguing features. In particular, the juxtaposition of the pyramidal
Ge and P centers, each of which is able to undergo inversion,
directly adjacent to one another provides a means to deconvolute
the relative influence of o-withdrawing and 77-donating effects on
the stability of the respective transition states. The most important
findings from the present study are summarized below:

(i) Interconversion between stereoisomers of 1X may occur
via several mechanisms involving inversion solely at phos-
phorus, solely at germanium, or, simultaneously at phos-
phorus and germanium. The latter mechanism inter-
converts two enantiomers, whereas the first two inversion
mechanisms result in epimerization of 1X.

(i) Inversion solely at phosphorus proceeds via a vertex-
inversion mechanism in each case; the barrier to inversion
decreases with increasing electronegativity of the substi-
tuent X due to increasing delocalization of the p-type
phosphorus lone pair in the transition state.

(iii) Inversion at germanium via a vertex-inversion mechan-
ism is observed only for 1H and is highly disfavored; this
is consistent with previous observations that the inver-
sion of tertiary pnictines PnX; via this mechanism is
disfavored when X is an electronegative substituent.

(iv) Inall cases inversion at germanium via a T-shaped (edge-
inversion) transition state is favored; for all bar 1H,
attempts to locate transition states corresponding to
vertex-inversion converged to T-shaped geometries.
For each arrangement of the substituents (P trans to X
or N trans to X), two distinct transition states may be
located, 1X"*" and 1X7°!4*d, I, the former, inversion at
germanium via a T-shaped geometry is accompanied by
inversion at phosphorus via a trigonal planar geometry,
whereas in the latter, inversion occurs solely at the
germanium center and is accompanied by a folding of
the ligand such that the aromatic ring lies in close
proximity to the germanium center.
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(v) In transition states 1X ™ the germanium center is
stabilized by sr-donation from the phosphorus lone pair
into the vacant p_-orbital at germanium; for 1F, 1Cl, and
1Br there is additional stabilization through psz—pm
interactions with the halogen lone pairs. Transition states
1X"°d gre stabilized by donation of electron density
from the aromatic ring into the vacant p-orbital at
germanium. Such an “aromatic anchimerchically assisted”
inversion process has not been observed previously; its
location suggests that the inversion mechanisms of trigo-
nal pyramidal main group compounds may be much more
complicated than previously thought, especially where
compounds have aromatic or unsaturated substituents
or where aromatic solvents are employed. The interaction
between the aromatic ring and the germanium center
appears to be significant, resulting in dearomatization of
the ring and incipient Ge—C,,, bond formation in
some cases.

(vi) The two possible arrangements of the substituents permit
us to distinguish unambiguously between the effects of o-
withdrawing and 77-donating groups on the stabilities of
edge-inversion transition states. From the data presented
above, it is quite clear that stabilization of these transition
states is dominated by the presence of o-withdrawing
substituents in the axial positions. Thus, transition states

1X0ar and 1XEe are significantly more stable than

transition states 1Xb 2" and 1X5°9°4; whether the transi-
tion state is further stabilized by s-donation from an
adjacent phosphorus atom or donation of electron density

from the aromatic ring is of less importance.

In summary, the current study reveals that the inversion
behavior of trigonal pyramidal germanium(II) compounds is far
from straightforward. In the compounds studied, in which a
phosphorus substituent is directly bonded to the germanium center
and in which a remote aromatic ring is present, several inversion
mechanisms are possible. In each case inversion at germanium
proceeds via an edge-inversion mechanism. It is apparent that the
most important factor in the stabilization of such edge-inversion
transition states is the o-withdrawing nature of the substituents in
the axial positions; 77-donor effects are somewhat less important. In
addition, our calculations have revealed for the first time that edge-
inversion transition states may be stabilized by the donation of
electron density from the 77-system of a distal aromatic ring into the
vacant p-orbital at the inversion center.
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