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Abstract. Published data on stereodynamic processes in the
coordination units of di- and tetravalent silicon, germa-
nium, tin and lead compounds are summarized and ana-
lyzed. The bibliography includes 269 references.

I. Introduction

Compounds with non-classical types of chemical bond have
become the subject of vigorous research in recent years.!
These compounds include silicon,?~ 1 germanium !! and tin
derivatives '-12 in which the coordination sphere of the
element is extended as a result of additional intra- or
intermolecular coordination interaction.

The classical explanation for the ability of atoms of
Group 14 tetravalent elements to increase the coordination
number to five or six is based on participation of vacant
d-orbitals in the formation of coordination bonds.!>~ 15 An
alternative concept of increase in the coordination number
is based on the view on three-centre four-electron (3c—4e)
interactions.!®=26 Despite some criticism,?”-2® this model is
used successfully to interpret the results of physicochemical
studies. Compounds of this type can be used for modelling
Sn2-substitution reactions at tetracoordinate atoms (see for
example, papers®-2°-31) which is important for investiga-
tion of the general trends of nucleophilic substitution
involving organoelement compounds.
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Compounds of divalent Group 14 elements (heavy car-
bene analogues), unlike tetravalent ones, have a vacant np-
orbital of the central atom; hence, their molecules are
expected to exhibit acceptor properties to a higher extent
than tetravalent elements. As a rule, these compounds are
susceptible for oligomerization and polymerization; there-
fore, the monomeric form can be stabilized either kineti-
cally, by means of sterically crowded substituents, or
thermodynamically owing to intramolecular coordination
interactions. Many compounds of divalent Group 14 ele-
ments proved to be stable due to the stabilizing effect of
bulky chelating ligands containing donor atoms (N, O, P
and S).32

The stereochemical non-rigidity caused by relative ease
of intra- (permutational isomerization) and/or intermolecu-
lar rearrangement of the coordination polyhedron is one of
the most notable and perhaps least studied features of
chelate complexes of di- and tetravalent Group 14 elements.
The mechanisms of stereodynamic processes in the coordi-
nation unit of these complexes can be conventionally
divided into non-dissociative and dissociative ones.

For pentacoordinate complexes, non-dissociative (regu-
lar) mechanisms include reversible transition between trigo-
nal-bipyramidal (TBP) configurations through a square
pyramid (SP) (Berry pseudorotation).?3~35 After comple-
tion of the cycle, the molecule with five identical ligands
acquires a shape identical to the initial one. The relative
ease of interconversion between forms is due to similarity of
TBP and SP energies.
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An alternative to this interconversion is the turnstile
rotation 3%-37 characterized by higher activation energies



22

V V Negrebetsky, S N Tandura, Yu I Baukov

(AG# > 12 kcal mol—!) than the Berry pseudorotation
(2—8 kcal mol—1).33-35

According to non-dissociative mechanism, the permuta-
tion processes in hexacoordinate complexes are described as
trigonal 3 and digonal 3%-40 twists (Bailar twist and Rey—
Dutt twist, respectively). Their topology was described in
detail 4!

The dissociative (irregular) mechanisms in hypercoordi-
nate element complexes are accomplished through bond
cleavage and subsequent recovery.*? 43

The predominant mechanism of permutational iso-
merization in the coordination unit of Group 14 element
complexes is largely determined by the nature of bonds at
the central atom, which can be investigated by quantum
chemistry methods. A large number of studies in this field
have now been reported.** 5% Unfortunately, due to a
number of limitations, detailed discussion of this issue
could not be included in this review.

As a rule, the rate of stereodynamic processes in the
molecules varies from 10~ ! to 10° s—!, and NMR spectro-
scopy is the only method suitable for their investigation.
This fact accelerated the development of dynamic NMR
(DNMR) theory and promoted its practical application, in
particular, in organoelement chemistry. Since first funda-
mental works in this field,>> 3% a number of monographs
and comprehensive reviews devoted to theoretical and
applied aspects of the DNMR method appeared.” 8

Two procedural approaches to determination of the
activation parameters of stereodynamic processes are
known. The first one includes the calculation of the activa-
tion free energy for the exchange (AG?#) at signal coales-
cence temperature (7.) using the modified Eyring

equation:%?
10.32 + log (ZT?)} (1)

where T is the coalescence temperature (in Kelvins), Av is
the difference between the resonance frequencies of the
exchanging nuclei (in Hertz).

If the activation free energy for the exchange at the
coalescence point is calculated for a series of compounds
with similar structure, the systematic errors can be neglected
and the AG# values can be determined with high accuracy.
Indeed, in precision experiments where the temperature is
determined to an accuracy of +0.5 deg, the error in deter-
mination of AG# can be up to &1 kcal mol—!. Important
limitations of this approach are the facts that it does not
provide quantitative data on the activation enthalpy and
entropy and certain difficulties of comparison of AG#
values calculated at different coalescence temperatures.

The other approach devoid of this drawback is based on
full line shape analysis of NMR signals from the exchanging
nuclei. For a sufficient number of experimental points, the
least-squares method, despite its certain limitations,®’ gives
arandom error in AH# and AS estimation comparable with
the limiting accuracy in a precision experiment. However,

AGH = (4.57x 103 T

the least-squares method does not take into account the
errors in temperature measurement and, what is more
important, the rate constants, which increase considerably
for statistically significant temperatures far from the coa-
lescence point.>8

I1. Neutral pentacoordinate complexes
of tetravalent elements

Intramolecular ligand exchange in pentacoordinate Group
14 element complexes is slower due to the chelation effect.
This fact allows using multinuclear DNMR for investiga-
tion of stereodynamic processes.

1. Complexes with N — Si coordination bond

Most intramolecular complexes of pentacoordinate silicon
contain a five-membered chelate ring. The length of the
intramolecular coordination bond N — Si varies in the
range of 1.8 to 2.6 A depending on the structure, type and
the number of electronegative ligands.® The thermodynamic
parameters of N — Si bond dissociation for compounds 1, 2
are as follows:

Complex AHy ASq Ref.
/kcalmol ! Jecalmol— ! K !

1 1.52 5.12 69
7.53 —27.91 70

According to quantum chemical calculations
[MP2/6-311 + G(2d,p)], the formation of a TBP structure
for complex 2 is exothermic (AH = —6 kcal mol—1).7° Low
dissociation energies of the N — Si intramolecular coordi-
nation bond (<9 kcal mol—!) were also calculated [DFT,
M2P/6-31G(d)] for the series of complexes H3N — Si(OH),,-
Mey_, (n=1-3).7!
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Stabilization of intramolecular coordination bond is
promoted by the presence of an electronegative ligand. In
the complexes Z — SiXR3 (Z =N, O; X is an electroneg-
ative ligand), Z and X occupy axial positions thus forming a
linear fragment Z — Si—X. As the number of electroneg-
ative ligands increases, the probability of elimination of the
axial group X decreases in the series Cl, OC(O)R > F ~
SR > OR, NR» > Ar > Alk > H.7?

a. Complexes with one monodentate electronegative substituent

In complexes 3 and 4, an increase in the nucleofugacity of
monodentate electronegative ligand X in the series
SEt < F < OAc < Cl < Br is accompanied by parallel
variation of AG# (Table 1).73-7¢ In the authors’ opinion,
this attests to irregular (dissociation of the monodentate
ligand) mechanism of permutational isomerization, resul-
ting in exchange of positions of monodentate equatorial
ligands.”3-7¢
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Table 1. Activation barriers to permutation and coalescence temperatures of NMR signals for complexes 3—7.73-83

Complex Solvent AG# T./°C Complex Solvent AG# T./°C
/kcal mol—! J/kcal mol—!
3a CD,Cl» 10.8 —65 4i CDCl, 16.7 60
3b CDCl, 11.5 —52 Sa CDCl, <7.0 <—100
3c CD,Cl» 11.7 —46 5b 0-ClaC¢Dy4 22.0 160
3d CD,Cl, 12.3 —40 Sc 0-Cl,C¢Dy 20.0 130
3e CD,Cl, 13.8 —10 5d 0-Cl,C¢Dy >19.0 >110
3f CD,Cl, 10.3 —65 Se 0-Cl,C¢Dy 22.0 175
3g CD,Cl, 12.0 —35 5f 0-Clr,C¢Dy4 23.0 200
CCly 13.0 1 Sg 0-ClrC¢D4 >22.0 > 160
3h CD,Cl, 12.3 —35 Sh 0-ClaC¢Dy4 22.0 160
CDCl; 13.0 16 Si 0-ClaC¢Dy 21.0 200
CCly+ CDCl, 11.8 —40 6a CDCl, 10.2° —
3i CCls+ CDCls 13.0 1 6b CD,Cl» 10.5¢ —
3j CCls+ CDCl, 13.0 16 Ta CDCl; 14.6 —
3k CCly+ CDCl, 13.8 —10 Tc CD-,Cl, 10.9 —
4a CCls+CDCls 9.7 —70 7d CD-,Cl, 11.0 -
4b CCly + CD-Cl; 10.0 73 Te CDyCl, 11.4 —
4c CCly+CDCl3 13.4,14.32 10 Tt CDyCl, 10.6 —
4d CCly+ CDCl, 13.6,14.12 12 7g CDCl, 10.7 —
4e CDCl, 10.0 —66 7Th CDCl, 9.4 —
4f CD,Cl, 9.0 —86 Ti CDCl, 8.9 —
4g CD,Cl, 9.7 —72 7j CDyCl, <70 —
4h CD,Cl, 10.0 —65

2The spectrum exhibits signals for two diastereomers. " The AG# values calculated at the coalescence temperature of the SiH,-, NMes-,
NCH,-group protons are equal. The AG# values calculated at the coalescence temperature of NMep- and NCHz-group protons are 10.8 and

10.5 kcal mol~!, respectively.

N
~N
3a-k

R? = Me, R! = H: X = SEt (a),
F (b), OAc (c), Cl (d), Br (e);

R! = I-Naph: X = F (f),

OAc (g). Cl (h);

R! = 1-Naph, R? = H:

X = Cl (i), OAc (j), Br (k);
1-Naph is I-naphthyl .

R!'=R?2=X=H(a),

R! = Ph, R? = Me: X = H (b),
F (¢), CI (d), Br (e), OMe (f);
R!'=H, X = Cl: R? = Ph (g),
Me (h); R' = H, R? = Ph,

X = Br (i).

The increase in AG# by more than 10 kcal mol—! with
an increase in the size of the bidentate ligand on passing

X
2

SiR!
Me

HY N\‘\

X = F, R! = Me: R? = Me (a),
Ph (b); X = Cl, R2 = H:

R! = Ph (c), I-Naph (d);

X = R2=H:R! = H (¢), Me (f),

1-Naph (g), Ph (h); R! = R = H,

X = Cl ().

)y
O NMez

6a.b

R = H (a), Ph (b).

from ortho-substituted benzene derivatives (complexes 3
and 4) to 1,8-substituted naphthalene derivatives (com-
pounds 5b—i) may be due to greater steric effect of two
fused benzene rings for the transition state. In this case,
unlike complexes 3 and 4, variation of nucleofugacity of the
monodentate ligand X (F, Cl, Br, OMe, Ph) has no notice-
able influence on AG# (~20-22 kcal mol—!). However, in
the case of six-membered chelate ring (complex 6b), the
barrier to permutational isomerization (10.5 kcal mol—1) is
much lower than that for analogous complex Sb with more
stable five-membered chelate ring (22 kcal mol—!, see
Table 1). An exception is complex 5a with the SiH3; coordi-
nation unit in which steric interactions are insignificant
(AG# < 7 kcal mol—1).

The increase in the nucleofugacity of the substituent R!
in the chelating ligand of complexes 7a—1 resulting in a
decrease in the intramolecular coordination bond length is
accompanied by a decrease in the barrier to permutation
(see Table 1).77-83

Me R2? = H: R! = Ph (a), CH(Me)Ph (b);
lec}/\PN\\\\Me R2 = Me: R! = Me (¢), CH2Ph (d),
\ - wR2 CH(Me)Ph (e), Ph (f), 4-MeC¢Hy4 (g),
Ofs‘l‘\Ph 4-NO>CeHa (h), 3,5-(NO»)>-CsHs (i),
say Cl CF; (j); R = CH(Me)Ph: R? = H (),

Me (I).

As a result, an intramolecular mechanism of permuta-
tion through reversible dissociation of the N — Si bond with
subsequent nitrogen inversion was proposed.
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The 'H and '3C NMR spectra of complexes 7b,e with
two chiral centers (silicon and carbon atoms) under slow
exchange conditions (—50 °C, in CDCl3) contain signals
for two diastereomers.”’-82 The interconversion barrier
for the diastereomers of complex 7e is much higher
(>18.7 kcal mol—1') than the value ~11.4 kcal mol—! cal-
culated for the exchange of NMe, groups (see Table 1).

In the opinion of the authors,3%85 the permutation
barrier for complex 8 (~ 18 kcal mol—! in CD,Cl,) corre-
sponds to the dissociative mechanism with N — Si bond
cleavage.

N

v «Me
Sit

| \Me
8 Cl

N

Note, however, that this high AG# value for a relatively
polar solvent casts doubt upon this conclusion. An alter-
native is elimination of Cl— in polar solvents to give a
tetracoordinate ionic intermediate or transition state fol-
lowed by inversion of Si configuration as a result of frontal
attack of Cl— or the formation of topomers with diequato-
rial bidentate ligand during the Berry pseudorotation. Note
that high AG# values can also be caused by steric hindrance
for the turnstile rotation.

Table 2 summarizes the AG# values for permutational
isomerization in complexes 9—11 resulting in averaging of
signals from Me groups and benzene ortho-protons. The
barriers were calculated from DNMR data using
Eqn (1).86-8°

Table 2. Activation barriers to permutation and coalescence temperatures
of NMR signals for complexes 9—11.86-89

Comp- Solvent Group Av/Hz T./°C AG* AGY,
lex (see?) (see®)
9 CDCl, NCH; 36.0 —83 9.3 9.2

SiMe 194.54 —73 9.1
10a CDCl3 NCH> 200.68 —50 10.2 10.2
SiMe 156.28 —53  10.2
C¢DsCDs3 NCH> 296.32 —48  10.2 10.2
SiMe 212.94 —51 10.2
10b C¢DsCDs3 NCH> 68.94 —-55 10.5 10.4
SiPh¢ 63.88 —57 104
11a C(,Dsch — — — — 10.7
11b C¢DsCD3 — — — — 13.0
11c C¢DsCDs3 — — — — 13.2
11d C¢DsCDs3 — — — — 13.5
2In kecal mol—!. ® Averaged parameter, in kcal mol—!. ¢Calculated

based on the signal of the ortho-proton.

Me

10a,b Me

R = Me (a), Ph (b).

R! = 4-FC¢H4: R? = Me (a), Ph (b);
R! = R2 = Ph (¢);

R!-R!is adamantylidene,

R2 = Ph (d).

As can be seen from the presented data, the replacement
of Me by Ph and a change in the solvent polarity do not
affect the activation barrier to permutation in complexes
9-11. Meanwhile, an increase in the size of substituents R!
and R? on going to complexes 11 is accompanied by a
considerable increase in AG # (see Table 2).

b. Complexes with several monodentate electronegative substituents
The much lower barrier to permutation for silicon chelate
complexes 12 and 13 with two or three electronegative
ligands (7-9 kcal mol—1) 8589 compared to complexes with
one ligand (> 14 kcal mol—!) (Tables 1 and 3) attests to
different mechanisms of stereodynamic process in these two
cases.

z R=H:X=Me Y = OMe, Z = F (a);
Si\\\\\\\l X = 1-Naph, Y =Z = Cl (b);
X =Me,Y=F,Z=Cl(c)
) NQ‘Me X=Y=Z=F@),R=Me: X = Ph,
R Me Y=Z=O0OMe(e); X=Me,Y=Z=F(),
12a-¢g X =Ph,Y=2Z=Cl(g).
z
| Y
O Si~x X = Ph: Y = Z = Cl (a), F (b), OMe (c);

Y=Z=ClX=Me(d),H )
X =Y =Z=F(f), OMe (g), OEt (h).

-
Me

13a—h

Table 3. Activation barriers to permutation and coalescence temperatures
of NMR signals for complexes 12 and 13 in CD,Cl, .3%%

Comp- AG# T./°C Comp- AG#, T.)°C
lex /kcal mol—! lex /kcal mol—!
12a 9.0 —90 12h 7.6 —110
12b (see *) 10.6 —50 13a 11.0 —43
12¢ (see ) 11.8 —40 13b 12.0 —26
12d 11.7 0 13c 9.0 —84
12e <8.0 <—110 13d 9.0 —75
12f 9.4,11.8¢ —75° 13e 10.2 —62
—25¢ 13f 12.0 20
12¢ 1.1LP122¢  —45° 13g  <7.0 <100
—17¢ 13h <7.0 —

21n the case of complexes 12b and 12¢, mixtures CCls+ CDCl; and
CCly + CDCly, respectively, were used as solvents. ® Determined with
respect to the chiral silicon atom. ¢ Determined with respect to the
chiral carbon atom.
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In complexes 12d,f,g two stereodynamic processes were
found: a low-temperature process corresponding to pseu-
dorotation and a high-temperature process attributed to
dissociation of the N — Si bond.”? The retention of the spin-
spin coupling constant 'Jsi_g over a broad temperature
range (from —100 to +60 °C) attests, in the authors’
opinion, to the absence of intermolecular exchange invol-
ving fluorine atoms.

The turnstile rotation (A=2B=2C), an equilibrium
involving the open and ring forms (A2D=2C) and a
combination of these processes have been considered as
possible mechanisms of permutation in the coordination
unit of trifluorides 12d and 13f.72

3
FZ

lp/ B N“&Me \\’i’ FI

) L

SI\FI ﬂ ~p2

1L\\““\Me T \\\\\\\Me

12d(A)  “Me ‘ WP C NMe
A Sl\\\Fl /

D NMez

The decrease in the N — Si bond length on going from
mono- to di- and then to trifluorides would have increased
the barrier to permutation along the route A=2D=2C,
which is at variance with published data.’?73 Therefore, in
our opinion, permutation by the regular mechanism
A 2 B 2 C is more likely.

It was suggested 3485 that the ligand permutation in
complexes 14a,b follows an intramolecular irregular mech-
anism with N — Si bond cleavage. The barriers to permuta-
tion determined by DNMR (in CD,Cl,) were 10.1 and
9.9 kcal mol—!, respectively. These values exceed insignif-
icantly the values calculated by MNDO for complexes 14a
and 15 (AG# = 7.5 and 7.7 kcal mol—!, respectively).84-8>

N-Ng©
~ ‘ R— Vi \MC
N v ¥ . Ph
N ' O—Si
T—SiXF, /N SiF; | NF
14a.b Me 15 16a—d
X = F (a), Cl (b). R = Me (a), Ph (b),
CH>Ph (c),
Me.,, CH(Me)Ph (d).
NR> N
s Me” X
o | F i OF
F F
17a,b 18

R = H (a), Me (b).

In difluorides 16, permutation is fast on the NMR time
scale: even at temperatures below —90 °C, the fluorine
signals in the 'F NMR spectra remain equivalent. There-
fore, the activation parameters of the process cannot be
calculated.?®3

The activation barriers to permutation in trifluorides
17a,b determined by '"F DNMR were 9.2 and
8.8 kcal mol—!, respectively.?® Upon comparison of the
29Si NMR spectral parameters and AG# values for com-

plexes 17a,b and 18 (9.9 kcal mol—1),°! it was concluded
that a stronger intramolecular coordination bond is formed
in the latter case.

In the '"H NMR spectra of complexes 19 and 20, the
signals of non-equivalent protons of the CH> and NMe
groups are recorded as singlets, which is indicative of silicon
pentacoordination.’?°3 As the temperature decreases, the
signals are broadened (equimolar mixture of CDCls; and
CD»Cl,), and finally two signlets for each of the indicator
groups are observed at —90 °C. The following activation
barriers were calculated:

Complex AG [kcal mol—! Ref.
19a 9.7 92
19b 11.1 92
20a 9.8 93
20b 11.5 93
R : N(Me)NMe,
:: : /,/////?ixz “SiX,
@NMQ N e
\
19a—c¢ 20a,b Me

X = CL: R = H (a), CH:NMe; (b):;
X = OEt, R = CH;NMe; (¢).

X = OEt (a), Cl (b).

For stereodynamic transformations in complexes 19b,
20a,b with two electron-donating centres (nitrogen atoms),
a mechanism involving intermediate hexacoordinate tran-
sition state has been proposed.®? 3 According to 'H NMR
spectroscopy, transition state has C, symmetry, trans-
arrangement of N and Cl being preferred from the energy
standpoint (i.e., TS1 rather than TS2).

NMCZ

I

cl M N/Ci—© NMe:
€ W

\ T s .

~al -

Si—Cl === ; — /’””//?i—d
QL TR gt
NMe; TSI
19 )
NMez
L, |«
////Si\\

Nl

DA

TS2

The '"H NMR spectrum of complex 19¢ at —93 °C is
identical to the spectrum at room temperature, which was
attributed to a fast, on the NMR time scale, exchange
between two isomers.”* A similar process was found for
2,4,6-tris[(dimethylamino)methyl]phenoxysilanes.”>

"y,
1y,
1y,
/

NMez

2. Complexes with N — Sn coordination bond

The equivalence of NMes-group protons observed in the
"H NMR spectra of bromide 21 at room temperature may
be caused by two processes: (1) configuration inversion of
the tin atom in the pentacoordinate conformer and (2) dis-
sociation of the N — Sn bond followed by inversion of
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nitrogen, rotation through 180° around the CH>—N bond
and formation of a new N — Sn bond.”®

NMez
Me

n\\\\\\\
| ph
Br
21

The AG# value (> 20 kcal mol—!) exceeds considerably
the activation energy for the pyramidal inversion of nitro-
gen in N,N-dialkylbenzylamines (< 6 kcal mol—!).6! There-
fore, the latter process was preferred.®®

Unlike bromide 21 with one electron-donating nitrogen
atom, the mechanism of ligand permutation in bis-chelate
complex 22 includes, in the authors’ opinion, the formation
of hexacoordinate intermediates with trans- (A) or
cis-arrangement (B) of the intramolecular coordination
bond.®”

oM
Hal l\}‘Me
l \\\Me J— L~
?n\\ [
Me
Br Y
Hell N/ €
Me
22 NMe, i wMe
_ SHPN\ —
‘ Me
‘ uwH
Br H
NMe» B

The position exchange of the equatorial ligands Ph and
Me in the complexes 23a—d with two chiral centres (carbon
and tin atoms) occurs apparently without cleavage of the
intramolecular coordination bond.”®

NMSZ

~75 %

23a—d

NMez

~109(1 Ph | B

R = Me (a), Et (b), Pri (¢), Bu' (d).

The probability of dissociative mechanism with elimi-
nation of Br~ anion requiring considerable change in the
chelate ring geometry is relatively low compared with the
associative mechanism involving nucleophile (Nu). In the

latter case, stereoisomerization occurs either through hexa-
coordinate intermediate A or through sterically more
strained pentacoordinate cation C.%8

Nu <90 °C Mez
—N
R " SneNu
NMe; Me
~75°C B . Br —Nu
Sn“\\\\\ r N Nu
‘ Me NMe
Br 2
23a-d Nu |
—Nu S
? \Me
R L Nu
NMCz C
~75°C
— Sn
" pp
T
In the 'H NMR spectrum of the complex

[2-(M€2NCH2)C6H4]SHC13 in CDC13, the CH2 and NMCz
proton signals appear as a somewhat broadened singlet even
at —60 °C, which is indicative of fast, on the NMR time
scale, position exchange in the coordination unit involving
three chlorine atoms.”® Similar fast processes are typical of
silicon complexes with several electron-withdrawing sub-
stituents (Section II.1.b).

The calculated barriers to permutation for complexes
24a.,b are higher (Table 4) than those for silicon analogues
10 and 11 (see Table 2).'190 Experimental data do not
contradict the dissociative permutation mechanism with
N — Sn bond cleavage and subsequent inversion of nitro-
gen. 100

R =
\N/§ |
Me,, N
l% Zsio
o —
Me*Sni Me ) S¢n““\\\Me
1\‘/{ O MesSim ‘ \OC(O)CFg,
N MesSi OC(O)CF;
24a.b 5

R = H (a), Me (b).

Table 4. Activation parameters of permutational isomerization for com-
plexes 24.100

Comp- Solvent AG#] T./°C AH?# E,

lex (see?) (see?) (see?)

24a CDCls 15+1 11 12+3 12+3
(CD3),CO 161 24 23+3 23+3

24b CDCl; 15+1 10 21+3 21+3
(CD3)2CO 15+1 13 2243 2243

aIn kcal mol—!

Dissociative mechanism (reversible cleavage of intra-
molecular coordination bond) was proposed to interpret
the exchange of OC(O)CF; groups (AG# = 14.8 kcal
mol—!) observed in the 'H and '""F NMR spectra (in
THF) of complex 25.1°!
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The '3C NMR spectrum of complex (Me;NCHo.
.CH»0),SnFe(CO)4 recorded at room temperature exhibits
only one signal corresponding to two carbonyl carbon
atoms.!0? In the authors’ opinion, this attests to a fast (on
the NMR time scale) stereodynamic process involving
bidentate ligands. According to DFT quantum chemical
calculations, the activation barrier for this process was
estimated '°2 as 1.6 kcal mol—1.

3. Complexes with O — Si coordination bond

a. Complexes with one electronegative substituent

Most neutral monochelate complexes with O — Si bond

contain a five-membered chelate ring and have a nearly

TBP geometry.'03- 194 The average length of the O — Si bond

determined over 481 compounds was 1.699 A.105
Migration of O — Si bond between two donor centres

was first described in a number of studies8!-106.107 jp

relation to degenerate isomerization of Si-substituted

(O —Si)-dimethyl(/N-acetylacetaminomethyl)silanes 26.

O Me Me O
A X
e Me
\\\\\\\ Me — Me//,/// ¢
Me Me
26a—e X X

X = Cl(a), Br (b), I (c), OAc (d), OC(O)CFj (e).

The migration of intramolecular coordination bond
between the oxygen atoms of two acetyl groups includes
its dissociation, rotation around the C—N bonds and
formation of a new O — Si bond with the oxygen atom of
the other acetyl group. The activation free energy for the
degenerate isomerization (7.7—10.5 kcal mol—!, Table 5) is
close to typical barriers to hindered rotation around the
amide bond in N-diacetyl derivatives of aliphatic amines.!%%
The AG# value increases upon variation of X in the series
OAc < CI < OC(O)CF3, Br < I, which corresponds to
strengthening of the O — Si bond (decrease in its length).
This prompted authors '%° to suggest that the energy expen-
diture for dissociation of intramolecular coordination bond
dissociation determines the process thermodynamics and
the capability of this bond for migration.

Table 5. Activation free energy of migration of the O — Si ICB and
coalescence temperatures of indicator signals in the '"H and '3C NMR
spectra of compounds 26a—e.!0°

Com- T./°C AG# [kcal mol—!
pound

26a —100 —88 8.3 8.5
26b —82 —-170 9.3 9.3
26¢ —55 —45 10.6 10.4
26d —108 —101 7.8 7.7
26e —-90 -70 9.2 9.5

The competitive n,m-conjugation of the lone electron
pair of nitrogen with two C=O carbonyl groups in five-
(27a,b) and six-membered (27¢,d) imides is less efficient than

in the above-considered amides with one C=0 group. This
results in a decrease in the electron-donating ability of
oxygen atoms and explains the degenerate isomerization in
complexes 27 and 28 fast on the NMR time scale.!09-117

H
CHb), )\
( 2)1)\ ?/ N—Ph
= Me,,
O N \O /Sl<<
\ Me” | N—Ph
Sy cl
[ Yy o%
7af X 28 H

n=1,Y = Me: X = F (a), Cl (b);
n=2,Y=Me: X =F(c),Cl(d),
X=Y=F:n=1(),n=2().

For complex 27e, the free energy of ‘transcoordination’
was determined by '"F DNMR (8.5 kcal mol—!); taking
into account the error of measurement, this is close to the
value 8.4 kcal mol—! found by '3C DNMR.!!3

The dynamic process resulting in averaging of NCH»
proton signals at elevated temperature in CDCls also takes
place in complexes 29 with different monodentate equato-
rial ligands.''"® The dissociative-associative mechanism
includes Si— O bond cleavage, attack of the chloride anion
on silicon with inversion of silicon configuration and then
restoration of the oxygen coordination to silicon.

Ph  Me Ph  Me
) i—Cl - a—Si—Cl -
C \\\\\‘H — \\\\\‘H
/ ~
R! ITI H O\C/N\ H
R2 ‘ R2
292.b R!
PR Me Mg Ph
Cl—Si—-Cl cr
— oH — g wH
Oy N H R~ N7 NH
? R2 L,
R! R
R' = NEt,, R2 = Ph (a); R! = R2 = Me (b).

The dependences of the activation parameters of permu-
tational isomerization in Si-substituted N-(silylmethyl)-
amides, lactams and related compounds (complexes
30-33) on the type of monodentate axial and equatorial
ligands, solvent polarity, the presence of an external nucle-
ophile, and the structure of the bidentate ligand have been
considered in the literature.!17-119-123

It was found that the formation of acidic impurities
upon hydrolysis of pentacoordinate silicon halides has a
pronounced influence on the permutation barrier: in the
presence of 1,8-bis(dimethylamino)naphthalene (‘proton
sponge’) additive, the AG# values of complexes 30g—i with
good leaving groups (Br, I, OTf) increase by 0.5, ~1 and
1.5 kcal mol !, respectively.!!7-121 The decrease in the AG#
value in the series of derivatives 30e—h occurs monotoni-
cally following the increase in the nucleofugacity of the
ligand X in the series F < Cl < Br < I < OTf (Table 6).
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Table 6. Activation parameters of compounds 3033 in various solvents.!?!-123
Comp-  Solvent AGHy, AH%, AS% Comp-  Solvent AGH, AHZ AST,
lex /kcal mol—! /kcal mol—! (see?)  lex /kcal mol—! /kcal mol—! (see?)
30a CDCl; 14.5 7.0 -25 30g CD;CN 14.1 5.9 —26
30b CDCl; 14.0 4.8 —31 C¢DsCDs3 14.3 6.5 —26
30c CDCl; 14.3 8.0 -21 30h CDCl; 12.9 22 -31
30d CDCl; 13.0 5.4 —26 CDCl; (see®) 13.5 4.4 —42
30e CDCl; 25.3 19.3 —-20 30i CDCl; 12.1 3.5 -29
CDCl; (see®) 14.4 6.7 —26 CDCl; (see®) 13.8 1.2 -36
30f CDCl; 14.5 6.2 —28 30§ CDCl; 28.9 26.2 -9
CDCl; (see©)  14.6 5.0 —-32 30k CDCl; 17.9 9.0 -30
CD-,Cl, 14.2 6.2 —27 301 CDCl; 15.2 3.0 —41
(CD3)CO 15.5 8.5 —24 30m CDCl; 26.9 23.3 —-12
CD;CN 14.1 6.4 —26 30n CDCl; 18.42 8.6 —-33
C¢DsCDs3 16.0 3.8 —-29 31a CDCl; 10.6 13.6 10
30g CDCl; 13.7 6.2 -25 31b CDCl; 14.0 — -
CDCl; (see®)  14.2 7.4 -23 32a CDCl; 9.6 13.1 12
CD,Cl, 14.3 4.0 -35 32b CDCl; 29.4 25.8 —-12
(CD3),CO 14.0 5.3 —-29 33 CDCl; 17.8 9.5 —28

Note. Solution concentration ~0.1 mol litre—!. #In cal mol—! K—!. ®In the presence of [BusN]F -3 HO (0.01 mol litre~'). ¢ In the presence of

1,8-bis(dimethylamino)naphthalene.

The replacement of the Me ligand in an equatorial
position of TBP by a Ph group (complexes 30j—n, 33) is
accompanied by increase in AG# by 3—4 kcal mol—! oppo-
site to the change in the O — Si bond length from 2.215 A

(compound 30f) to 2.197 A (compound 30n) (see
Table 6).117-121
/11’ Com- R! R2 X Y
pound 30
R~
\ élY a Me CHEtCH,OAc Cl Me
| SMe b CHMeOAc Me Cl Me
30a-n X c CHPhOAc Me Cl Me
d CHMeCl Me Cl Me
e Me CHMePh F Me
f Me CHMePh Cl Me
g Me CHMePh Br Me
h Me CHMePh 1 Me
i Me CHMePh OTf Me
i Me Me F Ph
k Me Me Cl Ph
1 Me Me Br Ph
m Me CHMePh F Ph
n Me CHMePh Cl Ph
Ph Me Me, Ph
D, wii, e
|
N TN Y 1
Me «Me wMe
Si& \ (0) \ Me
‘ Me ‘ Me
31ab X 32a,b X 33
X =Cl(a), X = F (a), Cl (b).
OC(O)CF; (b).

Low permutation barriers for compounds 31a and 32a
are due to the ease of dissociation of the relatively weak
O — Si bond (2.535 A in compound 31a).!17- 121 The positive
activation entropies indicate that the rate-determining step
of the process involves a transition state structurally similar
to a tetracoordinate intermediate resembling that shown for
compounds 29.

For halosilanes 30g—i,l with good leaving monodentate
ligands and for chlorosilanes with relatively short O — Si
bond and elongated Si— Cl bond (complexes 30a—d.f.k, 33),
the activation barrier to permutation in polar solvents is
lower than in aprotic C¢DsCD3 (by 2-3 kcal mol—!, see
Table 6). In view of these data, a mechanism including
dissociation of the Si—X bond to give a new ionic tetra-
coordinate intermediate B was proposed.!!7- 121

R! R!
A PN
R N7 Mo X R N0 X-
\ ¢ \\\\Meh \ ‘ \\\\Meb
Si\‘\\ Si‘\\\
A )‘( Me, B Me,
(2
30a—d.f-ik,l 33
R2 R!
1 A
R ¥ (3 stages) R N N (0]
I
,Si<—0O Si\\\\
Me, ‘ , ‘ Mey,
X C A X

The subsequent nucleophilic attack by X~ takes place
from the rear with respect to the C—Si bond and affords
pentacoordinate intermediate C. Topomer A’ is formed
after pseudorotation in intermediate C. High negative
activation entropy (see Table 6) may be attributed to
efficient solvation of intermediate B by solvent mole-
cules.!!”

Bearing in mind the found concentration dependence in
the '"F NMR spectra and negative activation entropies
(from —10 to —20 cal mol~! K—1) for monofluorides
30e,j,m, it was concluded that ligand permutation can
occur via the formation of intermolecular associates with
bridging fluorine atoms.!!7-121

For complex 30e, a representative of fluorosilanes hav-
ing the least susceptibility for hydrolysis in the series of
halosilanes, it was found that -catalytic amount of
CF3CO;H added decreases the barrier to permutational
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isomerization.!?* It was shown by multinuclear (‘H, '3C,
19F, 29Si) NMR that protonation of oxygen resulting in the
tetracoordinate intermediate may involve either CF;CO,H
or HF formed upon the electrophilic attack of the F
atom.!17. 124

The barrier to permutational isomerization of complexes
30-33 in the presence of external nucleophiles {KF, LiX
(X =Cl, Br), [BujN]JF-3H,0, [Ets;NCH,Ph]X (X = CI,
Br)} decreases on average by more than 10 kcal mol—!
(Refs 117, 119 and 125). These pronounced differences
were explained in terms of associative mechanism including
the formation of hexacoordinate intermediates both with-
out cleavage of the O — Si bond (Scheme 1) and with
cleavage of this bond (Scheme 2).%

T In Scheme 2 and below a popular way of designating enantiomeric TBP
is used. Donor atoms are numbered arbitrarily, TBP is designated by
indicating the axial ligands, for example (25). If for the look from the side
of axial ligand with a smaller number, the numbers of equatorial ligands
increase clockwise, these are designated by characters without the stroke,
ie., (25), and if they increase counter-clockwise, by characters with a
stroke, i.e., (25).

In the former case, the exchange of diastereotopic
methyl groups Me, and Mey, can proceed through a frontal
(with respect to oxygen) attack of Si by the nucleophile from
the side opposite to the CH» group of the chelating ligand
(A 2 G). The subsequent elimination of the halide ion from
the axial position in hexacoordinate intermediate G and
pseudorotation in pentacoordinate intermediate D’ results
in topomer A’.

The second mechanism (with cleavage of the O — Si
bond, see Scheme 2) may involve intermediate adducts with
either one nucleophilic species (I: A=2I1=21) or with two
species (H: A2G2H or A2l=2H) and so on. The
probability of pseudorotation along the route I =1’ is high
because all ligands are monodentate in this case.!!7- 119,125

b. Complexes with several electron-acceptor substituents

The much lower barrier to the process resulting in position
exchange of fluorine atoms in monochelate pentacoordinate
di- and trifluorosilanes 34—37 (9—11 kcal mol—!, Table 7)
compared with the barrier to the exchange of methyl groups
in monofluorosilanes (>20 kcal mol—!, see Table 6) is
attributed to differences in permutation mecha-
nisms.!17-126-128 T ow activation barriers are also typical of

R! R! R2 Scheme 1
\
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An is nucleophylic addition; Sy is nucleophylic substitution.
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Table 7. Activation parameters of ligand exchange in polyfluorides 34 —37
(in CDCly).117. 126128

Complex  AGH, AH%, AST AGE T./°C
(see?) (see?) (see?) (see?)

34a 9.6 11.3 -5 9.9 —76
34b 9.9 13.0 —10 10.2 —170
34c 9.7 12.1 -7 9.7 —78
34d 9.6 10.8 -2 9.8 —75
34e 9.3 11.1 —6 9.4 —76
35a 9.7 11.2 —4 9.6 —74
35b 9.8 10.2 —4 9.9 —75
35¢ — — — 9.6 —73
35d — — — ~9.5 —
36 9.9 13.3 -8 9.9 =72
37 9.7 10.9 —4 10.0 71

aIn kcal mol—!; Pin cal mol—! K—1.

ligand exchange in
T.= —8°C).'»

R! (CH2),
e A LN

complex 38 (10.2 kcal mol—1,

0 N~ >0
1\\ 1, 1\\
| p R | F
34a-e¢ F F
35a—d

Y = Me: R! = Ph, R2 = H (a),
R! = R? = Me (b);

R!' = Me:R2 = Me, Y = F (¢);
R2 = CHMecPh, Y = Me (d);
R2 = CHMePh, Y = F (e).

R=H,Y =Me,n=3(a);
R=H,Y=F:n=1(),2(c);
R=Me, Y=F,n=1(@).

M F Me
<, Me:N.  NMes
O—>Si—F N Np?
Me PR
\ N —N ?
N \ F
Me \ ¥ Me Sis)
O Y Si\\ ‘ \F
M | F F
36 37 F 38

The permutation entropy in polyfluorides 34—37 is
smaller in magnitude than analogous values for monofluo-
rides (see Table 6). In the concentration range studied
(0.02—-0.3 mol litre '), the activation parameters for poly-
fluorides are roughly the same within the accuracy of
measurements irrespective of the structure. This attests to
predominantly intramolecular character of the proc-
ess. 117,126 128

According to X-ray diffraction data, on going from
monofluoride 30e to difluoride 34d and then to trifluoride
34e, the O — Si bond length decreases: 2.149, 2.016 and
1.898 A, respectively.!!7-130 A dissociative mechanism
involving the ‘open’ intermediate like D for complex 12d
should have resulted in an increase in AG# values in this
series, which contradicts experimental data. The A<= A’
mechanism without silicon inversion including two pseu-

dorotation steps, which is equivalent to turnstile rotation as
regards the stereochemical outcome, is more likely.!!”?

R’ R’
\ ¢ \\\\\ng
Si\\‘\
A }‘?1 X
ax

O ¥ (2 stages)

This conclusion is supported by X-ray diffraction data
indicating similar geometric structures of the distorted TBP
and the transition state of turnstile rotation (the Felq —Si—X
angle is 98 —100°) in the polyfluorides in question.!'!7- 130

4. Complexes with O - M (M = Ge, Sn) coordination bond
Unlike chelates of pentacoordinate silicon, the stereochem-
ical non-rigidity of analogous derivatives of germanium and
tin with O - M bond (M = Ge, Sn) is much less studied.
Published data on stereodynamic processes in complexes
39-42 known to date are summarized in Table 8.131-133

OR!

1\\46 Ogv\ Hy
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i \\H R2 *(i}e\\\\\\\s
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X O\)
39a.b

X = OTf (), I (b). O d0a-d

R!' = H: R2 = Bu! (a), Ph (b);
R! = NHCeHs: R? = But (c), Ph (d).

Me Ph
Ph(Me)CH /K
(Me) N (3
\ Me
M N \1)
_ Me \ wMe
4la—c Ge\‘\
| "Me
M = Ge: X = Cl (a), Br (b); 42 Cl

M = Sn, X = Cl (¢).

Table 8. Activation parameters of permutation for complexes
394 117.131-133

Comp-  Solvent AG# AH#*  ASH# T.)°C
lex (see?)  (see?) (see®)

39a CDCl3 10.5 - — —50
3% CDCl3 10.8 — — —41
40a (CD3).CO 12.2 — — —-23
40b (CD3)>CO 12.4 — — —-25
40c CDCL+CS>(2:1) 121 - — —34
40d CDCl» 11.6 — — -39
41a CD3;CN 22.0 4.6 —25 >70
41b CD3;CN 17.0 10.6 —-22 67
41c CDCl3 25.1 17.3 —26 > 60
42 CDCl3 17.6 12.6 —16 50

a1n kcal mol—!; Pin cal mol—! K—1,
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For the process responsible for averaging of the signals
of indicator groups in complexes 40, a mechanism was
proposed according to which the coordination bond is not
cleaved but a prototropic shift and subsequent pseudorota-
tion at the germanium TBP take place (Scheme 3).132

Scheme 3

S pseudorotation
N _.. =

In view of the great negative activation entropies of
permutational isomerization (down to —26 cal mol—!' K1)
for complexes 41 and 42, a mechanism including dissocia-
tion of the M —Hal bond with subsequent effective solva-
tion of particles in the transition state similar to mecha-
nism (2) was proposed.!!”

I11. Neutral hexacoordinate complexes
of tetravalent elements

Octahedral bis-chelate complexes with Z — M intramolecu-
lar coordination bond (M = Si, Ge, Sn; Z is the oxygen or
nitrogen donor atom in bidentate C,Z-chelating ligand) can
a priori exist as five diastereomers (the notation Z.Cc.X;
means, for example, that pairs of Z and C atoms are cis- and
X atoms are trans-arranged) (Hereinafter the dashed arrows
designate coordination bonds directed backward beyond
the page.)
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According to X-ray diffraction data, a pair of mono-
dentate ligands in neutral bis-chelate complexes of hexa-
coordinate silicon,”-38-134-136 germanium and tin!'!>12137
occupy mainly the cis-position with respect to each other.
However, there are some exceptions: bulky monodentate
ligands, for example, Br and Cl atoms in complexes
43a,b,'3% 44 3% and [(AcN(Me)CH>),SiCl] " Cl— (Ref. 140)
occupy sterically more favourable trans-positions with
respect to each other.
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1. Complexes with N — M coordination bond (M = Si, Ge)
An early study devoted to the use of NMR for investigation
of the structure of neutral complexes of chiral hexacoordi-
nate silicon described the dependence of the rate of permu-
tation and/or intermolecular exchange processes on the
structure of bi- and monodentate ligands at the central
atom.'#! This study dealt with compounds 45d.1. Later, the
stereodynamic processes in the coordination unit of similar
complexes 46 —48 were studied by DNMR 142156
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X =H,Y = Cl: R = Me (a), Ph (b),
46a—e

CF;(c); X = Me, Y = Cl: R = Me (d),
Ph (e), CF; (f), Bu' (g): X = Ph,

Y = CI: R = Me (h), Ph (i), CF; (j),
CH,Ph (k); X = Y = CI: R = Me (I),

Ph (m), CF3 (n); X = R = Ph, Y = F (o);
X = CyClO-CGHH N Y = C], R = CF3 (p)

X—Y = 1,2-0,C¢Ha4 (a);
X =H:Y = OMe (b),

F (¢), Me (d);

X =Me,Y = Ph(e).
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R = H (a), Ph (b), CF; (c).

The activation barriers to stereodynamic processes in
the coordination units of complexes 45;39-142-144 46,
47145147 48 49 139.148-155 determined by DNMR are
presented in Table 9.
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The patterns of variation of NMR spectra depending on
temperature clearly demonstrated that in the coordination
unit of some studied complexes, two stereodynamic proc-
esses take place (with activation barriers of AGT’£ and AG#,
respectively). (For more symmetrical complexes, for exam-
ple, 451—n, 49a, only one process takes place.) On the basis
of analysis of spectral parameters, it was concluded that the
first of two processes occurs via reversible dissociation of
the N — Si bond without silicon inversion.!4?143 Weaken-
ing of the intramolecular coordination bond as a result of
additional coordination of Si to an external nucleophile
molecule, for example, CD3;NO,, is accompanied by a
decrease in the first activation barrier by more than
3—4 kcal mol—!, whereas the second barrier remains almost
unchanged. In the researchers’ opinion, this supports the
dissociative mechanism.

For the second process with a higher activation energy
(15—20 kcal mol—!, see Table 9), a regular 1,2-shift mech-
anism was proposed; this includes the formation of a two-

cap tetrahedral transition state or intermediate with two
covalent and two coordination bonds N — Si followed by
position exchange of either monodentate ligands (X', X?-
shift) or oxygen atoms of the chelate rings (O,O-
shift).142. 143
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The authors state three arguments in favour of 1,2-shift
mechanism.!4® First, topomerization according to the Bailar
or Ray— Dutt mechanism requires at least two twists [mech-
anisms (5) and (6)] unlike 1,2-shift. Second, two successive
twists do not account for the occurrence of two stereo-
dynamic processes. Finally, the proposed mechanisms (3)
and (4) are indirectly supported by X-ray diffraction data
for some chelates (for example, for compounds 47 and 50)
having a two-cap tetrahedron structure in the crystalline
state,145.147

Table 9. Activation free energy of exchange in complexes 45— 49,139 142,143, 145155

Complex Solvent AG:{@'E AG;I’E Complex Solvent AG# AG;‘@'E
/kcal mol—! /kcal mol—! /kcal mol—! /kcal mol—!
45a CsDsCDs3 17.0 17.8 450 CDCl; 15.8 15.9
45b CsDsCD3 17.5 18.5 46a CDCl; 20.5 —
45¢ CsDsCD3 17.5 18.0 46b CDCl3 15.2 —
45d CsDsCD3 13.8 14.8 46¢ CDCl3 14.7 —
45¢ CsDsCD3 13.7 14.8 46d CDCl3 9.3 —
45f CsDsCD3 13.7 14.6 46e CDCl3 12.7 —
45h CsDsCD3 15.9 16.9 47 CDCl3 8.4 11.5
45i CsDsCDs3 15.8 16.4 48a Ce¢DsCD3 15.8 16.7
CD3NO; 10.6 16.0 CDCl; 13.6 15.0
45j CsDsCDs3 15.9 16.3 48b CsDsCD3 17.4 18.8
45k CsDsCDs3 15.9 16.9 48¢c CsDsCD3 16.6 21.2
451 CsDsNO» 17.9 - CsDsNO» 16.8 >20.0
45m CsDsNO» 19.5 - 49a CDCl3 21.1 —
45n CsDsNO» 20.5 - 49b CDCl3 15.7 17.0
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An unusual exchange of chelating ligands takes place on
mixing of equimolar amounts of two different complexes
out of compounds 45e,g,h.p in C4DsCD3 or CDCl3.!3¢
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The low-temperature spectra exhibited four sets of
signals assigned to two initial structures (L}, L3) and two
mixed bis-chelates (L'L? and L2L").15¢ On warming-up to
room temperature, the latter signals are broadened and
coalesce into an averaged set. The activation barrier to this
process for mixed complexes 45e +45p was 14.7 kcal mol—!
(Ref. 156).

The 'H NMR  spectrum  of the  complex
PhGe(OCH,;CH>NMe,),Cl depends on temperature.!37-159
The observed two sets of signals correspond, in the authors’
opinion, to neutral and ionic [PhGe(OCH,CH>NMe,)3 Cl—]
species present in solution in a dynamic equilibrium.

2. Complexes with N — Sn coordination bond

Complexes 51a—d were found to undergo ligand exchange
whose activation parameters were calculated at the coales-
cence temperature of NMe; signals.!0

Mem,,”
Me—N.__
M ASn
C/N/ SR R = OPh (a), OCsH4Bu'-4 (b),
Me OCsH4NO-4 (¢), OCsH4F-2 (d),
1o e SPh (e).
Complex AG# [kcal mol !
51a 11.7
51b 12.6
51c 11.2
51d 15.2

Since 2Jsnoc disappears from the ''°Sn NMR spectra, a
permutation mechanism comprising cleavage of the cova-
lent Sn—O bond followed by multistep pseudorotation in
the resulting TBP cation was proposed for such com-
plexes. !0

€,

AN
Me W | (WOAT _pio-
Me ’mmN/v “NOAr ArO—
Me »

5la—d

Me,///

Me=[-N.. WOAr

‘ N
Me.,,,, / OAr
//N
Me”™”

The increase in the chemical shift of the ''”Sn NMR
signal of complex 51a with an increase in temperature is
slight, whereas the !''Sn NMR signal of complex 5le
undergoes considerable downfield shift in the same temper-
ature range, as typical of tetracoordinate tin.!60

Complex T/°C o('*%Sn) /ppm
Sla +30 —245

—50 —257
Sle +30 1.70

—50 —45.3
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Relying on this, it was concluded !¢ that complex 5le
tends to undergo fast (on the NMR time scale) exchange
between hexa- (A), penta- (B) and tetracoordinate (C)
structures.

Me///////
Me/N\‘\ \\\\\\SPh dissociation
MC//,/WN/ \SPh
Me”™”
S51e (A)
NMez
i, S‘ (CH)sNM dissociation
-— n— 2)3 (S
Phs”” |
SPh
B
NMez
MezN‘\—\
— Sn
PhS C SPh
For explaining the stereodynamic process

(AG# = 11.8 kcal mol—!) taking place in complexes 52a,b

NMez

W
W
W
W

Y,
Y,
.
Sn

~o
CIIIMez

52a,b

R = H (a), OMe (b).

and resulting in equivalence of NMes-group signals, two
mechanisms were proposed.!°

Me/,,/,”N TMCZ
- \O . .. //,,////
Me”™™ Sage > dissociation /’Snf(CH2)3NMez
Me,,/,/”N/ ~o0 O C‘)
Me”™ N A
52ab NMe:
MezN
dissociation ‘\—\
~ Sn\
o 0
B ~_ “

multistep Berry HZN/>

pseudorotation o
S —— N

MezN(CH2)3fSn
[ Yo

c O J

Cleavage of the N — Sn bond results in pentacoordinate
intermediate A with two O—Sn covalent bonds. This is
followed by either dissociation of the second N — Sn bond
to give structure B or by multistep pseudorotation giving
rise to structure C. The latter mechanism is supported by
the fact that calculated activation energy for enantiomeriza-
tion for complex 52a (11.8 kcal mol—!) does not differ, to
within the error, from the activation barriers for complexes
S1a—c (11.2—-12.6 kcal mol—!) for which a similar ligand
exchange mechanism has been proposed. The activation
parameters of enantiomerization for complex 52b have not
been determined. However, the similarity of structures of
compounds 52a and 52b suggests similar mechanisms for
ligand exchange in them.

For some pentacoordinate complexes of silicon (see
Section I1.3), it was shown that dissociation of relatively
weak O — Si bond has a lower barrier than pseudorotation
(~10 and ~13-14 kcal mol—!, respectively). Therefore,
low activation barriers to enantiomerization in complexes
51, 52 with activation entropy being unknown rather
correspond, in our opinion, to the dissociative mechanism
with reversible cleavage of the intramolecular coordination
bond and inversion of the central atom in the TBP inter-
mediate.

Difluoride 53 existing in the solid state as a single isomer
with the N(C{F; geometry was found to occur in solution as
a dynamic equilibrium of diastereomers N(CF; (80%) and
N.CFe (20%).161

Me,, q
N .
Me”  Trage™
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F e \N\\\\\
Me
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Me,,,
»
Me -
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The behaviour of the spin-spin coupling constants
3J('°Sn < NCH) through the intramolecular coordination
bond for both fast and slow, on the NMR time scale,
exchange processes and disappearance of the spin-spin
coupling constant 'J(1'°Sn —F) at high temperatures led to
the conclusion that the N — Sn coordination in complex 53
is retained upon diastereomerization.!®! Elimination of the
fluoride ion yields a pentacoordinate intermediate, which is
then attacked in the cis-position with respect to another
fluorine atom. Note that diastereomerization in the cis-
isomer N.C(F. should be accompanied by enantiomeriza-
tion; however, the authors'®! did not consider this proba-
bility.

Unlike symmetric structure 54a, complexes 54b—d with
different monodentate ligands exist in solution at low
temperatures as two hexacoordinate isomers in a slow
dynamic equilibrium.!62

Meo:N— X
X =Y =Cl(a); Y = 1. X = Me (b), Et (¢);
X = Br, Y = Ph (d).
54a—d

One of these has two linear X(Y)—Sn «—NMe, frag-
ments and trans-arrangement of carbon atoms, while the
other has cis-configuration. The conclusion about non-
dissociative reaction mechanism was based on the retention
of the spin-spin coupling constant 3J(!'°Sn «NCH) on fast
exchange.!63
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The 'H NMR spectra of complexes 55a,g,h show a single
set of signals. Conversely, in solutions of complexes 55b—e,
an equilibrium involving two isomers, slow on the NMR
time scale, was found.'¢3-1%4 In the authors’ opinion, the
structure of one of these corresponds to Nc.O(R., that of the
other, to NcOcR.. Note that the absence of a temperature
dependence of the signals of one of the forms of complex
55¢, as follows from temperature-dependent 'H NMR

spectrum,'®®> can be attributed to the equilibrium
NOR: 2 NOR;.
XZ
Xl
Ar =Ph, X! =X2=Cl:
Y R = Me (a), CH,Ph (b);
. N Ar = Ph, X! = But, X?> = H:
R/“ o A R = Me (c), CH,Ph (d), Bu" (e);
O Ar = C(,Fs, Xl = BU[,
X? = H: R = Me (), CH,Ph (g),
Bu® (h).
55a—h

3. Complexes with O — M coordination bond (M = Si, Ge,
Sn)
a. Complexes with a five-membered chelate ring
The structure and stereochemical non-rigidity of complexes
with the O - M bond (M = Si, Ge, Sn) have now been
studied in considerable detail.'®>~175 In the coordination
unit of these complexes, two stereodynamic processes take
place: enantiomerization and diastereomerization.
Enantiomerization. The activation parameters of permu-
tational isomerization in the coordination unit of bische-
lates 56 —58 are presented in Table 10.

ﬂ /\7©i(
C \Me

S56a—c, 57a—m, 58a—m

56: M =Si,X=F:R'=R2=
N\

RI-R2=C C(o). —

57: M =Ge, X =F:R!'—R2? = (CHy), [n=3(a),4(b),5()),C C(d);
X/Z\Cl: R! = R? = Me (e); R'—=R? = (CH»), [n = 3 (1), 4 (), 5 (h)],
C C(i);X=Br:R' =R?=Me (j); R'—=R? = (CH»),
[n=1(k),2®@),3 (m)].

58: M =Sn,X = F: R'—=R2 = (CH,), [n = 3 (a), 4 (b), 5 (¢)];
X =Cl: R!' = R?> = Me (d), R'—=R? = (CHa),, [n = 3 (e), 4 (f), 5 ()];
X = Br: R'—R2 = (CHa), [n = 3 (), 4 (i), 5 ()];
X = I: R'—R2 = (CHa), [ = 3 (k), 4 (1), 5 (m)].

Me (a); R' = Me, R2 = CHMePh (b);

Table 10. Activation parameters of enantiomerization of compounds 56—58.117-171-174

Comp-  Solvent AG ﬁ)x AH;’;S AS;’;X Comp- Solvent AG ﬁ)g AH;%,x AS ﬁ)x
lex /kcal mol—! /kcal mol—! (see?) lex /kcal mol—! /kcal mol—!  (see?)
56a CDCl; 13.5 15.2 6 571 CDCl; 12.1 14.0 5
56b CDCl3 16.5 19.0 9 57m CDCl3 12.6 14.2 6
56¢ CDCl; 16.4 19.2 9 CDsCN 12.9 13.8 3
57a CDCl; 12.1 13.3 4 58a CDCl; 13.8 15.6 6
57b CDCl; 13.9 16.6 5 58b CDCl; 13.7 15.8 7
57¢ CDCl; 13.6 15.6 5 58¢ CDCl; 14.0 16.9 10
57d CDCl; 15.3 16.8 5 58d CDCl; 13.6 13.9 1
57¢ CDCl; 12.1 13.2 4 (CD3),CO 10.2 12.0 6
57f CDCl; 10.6 12.2 7 58e CDCl; 13.6 13.9 1
57g CDCl; 12.8 16.9 15 CDCl; (see©) 13.5 14.1 2
57h CDCl; 13.6 18.2 15 58f CDCl; 13.8 14.9 4
CDCl; (see®) 13.4 18.0 16 58g CDCl; 13.8 14.7 3
CD;CN 13.6 17.0 12 58h CDCl; 13.5 13.9 1
(CD3),CO 13.3 17.8 15 58i CDCl; 13.8 14.8 3
CsDsCDs3 13.3 18.3 17 58j CDCl; 13.7 14.9 4
(CD3),CO 14.0 15.2 4 58k CDCl; 12.6 12.9 1
57i CDCl; 13.6 14.9 4 CDsCN 12.7 16.2 11
57j CDCl; 11.9 14.3 8 581 CDCl; 13.8 14.6 3
57k CDCl3 10.0 11.2 4 58m CDCl3 13.8 14.5 2

Note. Solution concentration ~0.03 mol litre—!. 2In cal mol—! K—!. P In this case, the concentration was ~0.8 mol litre—!. ¢In the presence of

[Et;NCH,Ph]CI.




36

V V Negrebetsky, S N Tandura, Yu I Baukov

Depending on the nature of the central atom and the
halogen atom and the structure of the bidentate ligand, the
barrier to ligand exchange in bischelate hexacoordinate Si,
Ge and Sn complexes varies from 10 to 16 kcal mol—!. The
highest AG# values are charecteristic of silicon difluorides
56b,c.

In dihalogermanes 57a—m, the barrier to permutation
decreases by 1-2 kcal mol—! on going from difluorides to
dichlorides and then to dibromides. A similar dependence of
AG# on the nucleofugacity of a monodentate ligand was
also found for neutral monochelates (see Section II.3).
The highest AS# value was found for germanium dichlo-
rides 57g,h (see Table 10). Among bischelates with
R'—R? = (CH3),, dihalogermane complexes 57a,fk with
the weakest O - Ge bond have the lowest barriers to
permutation (~10 kcal mol—1).117,167.174,176 =~ A gimilar
trend of variation of AG# as a function of the ring structure
is also characteristic of neutral complexes of pentacoordi-
nate silicon (see Section II.3).

The scheme proposed for description of the enantiome-
rization in bis-chelates 56 — 58 comprises either formation of
two-cap transition state A or reversible dissociation of the
O — M bond, resulting, in the case of relatively long bond,
in pentacoordinate transition state B followed by pseudor-
otation in this transition state (Scheme 4).117-171

Scheme 4

The higher electrical conductivity of complex 57m com-
pared  with  dichlorogermane S57h  (~3220 and
100 mS cm? mol !, respectively ''7-175.176) and the decrease
in the activation entropy on going from dibromides to
dichlorides (see Table 10) imply that enantiomerization
may also proceed through the M —X bond dissociation
step (structure C, see Scheme 4).''7 Note that transforma-
tions A2 A=2A and A2 B2 A generally resemble the
1,2-shift pattern for the permutation mechanism in the
complexes of hexacoordinate silicon [mechanisms (3) and
(4]

Diastereomerization. Dynamic equilibrium with partic-
ipation of diastereomers O.CBr. and O,CBr slow on the
NMR time scale was found in solutions of dibromogermane
complexes 57j—m; its activation and thermodynamic
parameters are given in Table 11.117-171.174 The activation
barriers to diastereomerization are higher than the enantio-

Table 11. Activation and thermodynamic parameters of diastereomeriza-
tion in complexes 57j—m.!'!7

Comp- AGH, AHZL, ASL, AGSs AHSs ASSe
lex (see?) (see?) (see?) (see?) (see?)  (see®)
57j 16.0 7.5 —28 1.0 0 3
57k 15.8 14.5 —4 0.5 —-0.9 -5
571 15.7 13.3 —8 0.1 —1.8 —6
57m 15.5 13.6 —6 0.1 —-1.9 —6
aIn kecal mol—!; Pin cal mol—! K.

merization barriers in the complexes L>GeHal, (see

Table 10). In view of this fact and the opposite sign of
activation entropy change compared to that for enantiome-
rization, a mechanism starting with dissociation of the
Ge—Br bond was proposed for diastereomerization
(Scheme 5).

Data on the high electrical conductivity of dibromides in
solution '17-175:176 are in agreement with Ge—Br bond
dissociation to give pentacoordinate germylium ion (struc-
ture B) in the step preceding the rate-limiting step. The
subsequent attack by the Br atom from the rear in the rate-
limiting step may occur as reaction with either dibromide
molecule (A) (B+A=2ABC=C+B) or free halide ion
(B=2BC 2 C). The process B2 BD 2 D 2 DC =2 C includ-
ing pseudorotation in an intermediate (B = BD =2 D) was
considered as an alternative.!!” Note that negative activa-
tion entropies of diastereomerization may also be caused by
effective solvation of the pentacoordinate cation formed as
a result of reversible dissociation of the O — Ge bond.!17-172

Intermolecular exchange. In the case of solutions of
mixtures (1:1) of complexes of dihalostannanes L,SnX,
and L,SnY, (58a—m) with various monodentate ligands,
the '"Sn NMR spectra exhibit an additional signal apart
from the signals of two initial compounds with a chemical
shift equal to the arithmetic mean between the &('!'°Sn)
values of the single dihalides. This led to the conclusion that
the additional signal is due to the mixed dihalide
L>SnXY.!''7 Experimental data attest in favour of retention
of mutual cis-arrangement of the monodentate ligands in
the coordination unit of mixed dihalides, which distin-
guishes them from the Si and Ge analogues. These differ-
ences are caused by the nature of the central atom and, first
of all, its size: the cis-arrangement of two monodentate
ligands is sterically more favourable for the tin atom, which
is larger than the germanium atom.

b. Complexes with a six-membered chelate ring

The calculated values for activation free energy, enthalpy
and entropy for diacetylacetonate complexes of silicon
59a.b,!77-178 germanium 60 '77-17° and tin 6la—d 80182
are summarized in Table 12.

R
R—\ O e B B )
0, WY 59:M = Si: X = Cl, Y = Ph, R = Me (a);
/M\ X =Y = Bu'O, R = Bu! (b);
R (\) X 60: M = Ge, X = Cl, Y = Ph, R = Me:
_ 61: M = Sn, R = Me: X = Cl, Y = Ph (a);
% X =Y = Ph (b), Cl (c);

X =Me, Y = Cl(d).
59a.b; 60; 61a—d
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Table 12. Activation parameters of ligand exchange in complexes
59_6].177-182

Comp-  Solvent AG ﬁ)x AH?:X AS 3%)8
lex /kcal mol—! /kcal mol—! (see?)
59a CDCl;+CCly  13.1 6.4 —-22
59b CeDs 14.4 — —
60 CDCl3+CCly  16.6 12.8 —13
6la CDCl3 16.6 12.2 —16
CHBr3 16.8 14.1 -9
61b CDCl; 13.9 7.5 —-22
CH-Cl, 14.1 6.8 —24
6lc CDCl; — — —11
61d CDCl; 15.3 14.1 —4

aIn cal mol—! K~

The lowest barrier was found for hexacoordinate silicon
dichlorides, while the barriers for analogous germanium
and tin derivatives almost do not differ. As in complexes
56 —58 (see Table 10), the barriers to enantiomerization do
not depend on the solvent. No final conclusion in favour of
a particular permutation mechanism was drawn: the
authors cited !77-182 discussed all possible mechanisms
including both non-dissociative and dissociative ones.

IV. Anionic complexes of tetravalent elements

1. Pentacoordinate chelate anions

The exchange between fluorine atoms in the axial and
equatorial positions takes place in the TBP structures of
most anionic silicon fluoride complexes, which became
historically the first models for studying the permutation

processes in the coordination unit of Group 14 elements.!83
The exchange rate increases with an increase in the number
of fluorine atoms and upon the introduction of electron-
withdrawing substituents into the phenyl group of aryl
fluoride complexes and decreases under the action of
bulky, sterically strained substituents at the silicon atom.
Thus in solutions of complexes containing [SiFs]~ ions and
acyclic [RSiF4]~ and [R,SiF3]~ ions, the 'F NMR spectra
exhibit an averaged signal of fluorine atoms over the whole
temperature range irrespective of the medium polarity due
to their fast position exchange.!®3-184 An exception is
[K(18-crown-6)]*[2,4,6-BuiCsH>SiF4]—, as the exchange
in its anion has a rather large activation energy
(12.8 kcal mol—1).185 This is due to steric restrictions
caused by the presence of two bulky ortho-substituents in
the phenyl group.!85

In acyclic anions [R>SiF3]~ (61—-74), the activation free
energies of permutational isomerization vary in the range of
9—13 kcal mol—! (see !83-186),

AG#
(see?)

AG#
(see?)

Anion Anion

[(4-NO»CgH.):SiFs]~ (61) 8.8  [(4-MeCsHy).SiFs]~ (69)  10.7

[(1-Naph),SiFs]~ (62) 9.3 [(4-MeOCgH,)(Ph). 10.8
[(4-CF3CeH4)(Ph). 97 SiF3]" (70)

SiFs]~ (63) [2-MeCgH, . 11.3
[(2-MeCgH4):SiFs]~ (64) 9.9  .(2,6-Me2CgHs3)SiFs]~ (71)
[(4-CIC¢H4)(Ph). 102 [(2,6-MexCgHs)(Ph). 114

SiF3]~ (65) SiF3]~ (72)

[But(Ph)SiF3]~ (66) 104 [(2.6-MexCHy). 12.3
[PhoSiFs]~ (67) 104 .(3,5-MexCeHs3)SiF3]~ (73)
[PhMeSiFs]~ (68) 107 [(2,6-Me;CeH3)oSiFs]~ (74) 13— 14

aTn kcal mol—!.
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In the anions with para-substituted phenyl groups,
electron-withdrawing substituents (anions 61, 63, 65)
decrease the barrier to permutational isomerization, while
electron-donating substituents (anions 71, 72) increase this
barrier. However, in difluoride [Ph3;SiF>;]~ no fluorine
exchange takes place even at elevated temperatures,'s®
which is apparently due to the high configurational stability
of complexes with apical fluorine atoms and the necessity of
replacement of the axial fluorine atom by a Ph group during
the exchange.

In silacycloalkanes with six- (75b)'%7 and seven-mem-
bered rings (76),'8% the barriers to permutational iso-
merization (9.1 and 10.5 kcal mol—!, respectively) are
comparable with the barriers calculated for acyclic anions
[R2SiF3]— (61—-74). The lowest barrier is typical of the
anions with five-membered silacarbocycles (75a'%7 and
77189). The pseudorotation in these compounds is so fast
that the 1°F NMR spectra show only the averaged signal of
axial and equatorial fluorine atoms even at low tempe-
ratures (—105 °C). The activation barrier for anion 77
estimated from the Eyring equation (1) is <6 kcal mol—!
(Ref 189).

X/\S.\\\“\\FF M
-
AN

F

75a,b ¥ ]L “F
X = (CHy), (n = 1(a), 2 (b)); 76

M = [K(18-crown-6)]. M = [K(18-crown-6)].

F F R
Ph Si<—F dF
X i M
- F | M+ @\
— F
Ph 78a—f

Fe(CO);

7 X = CF; (a), Cl (b), H (¢c),

Me (d), OMe (e), NMe: (f);

M = [K(18-crown-6)]. M = [K(18-crown-6)].

F R
=R
F [KL]* R = Ph: L = [2.2.2]cryptand (a),
7]3/ 18-crown-6 (b);
Mes’g Mes R = Me: L = [2.2.2]cryptand (c),
18-crown-6 (d).
79a—d

For anions 78a—f, a linear correlation between the
activation barrier to permutation and the Hammett con-
stants (o) was found.'” As can be seen from the data
presented below, the growth of electron-withdrawing prop-
erties of substituents results in lower AG# value.

Anion AG# Anion AG#
/kcal mol—! /kcal mol—!
78a 9.7 78d 10.8
78b 10.2 78e 11.6
T8¢ 10.4 78f 12.3

The temperature dependence of the 'F NMR signals of
complexes 79a,b attests to exchange involving two fluorine

atoms.!”! The activation barrier of the process calculated at
the coalescence temperature (88 °C) was 15 kcal mol—1.
However, in the spectra of complexes 79¢,d, no coalescence
was observed (up to 110 °C).

The conclusion about the intramolecular character of
ligand exchange in pentacoordinate anionic silicon fluoride
complexes was based on the retention of the 2°Si—!°F
coupling constants in the 2°Si and 'F NMR spectra over
the whole temperature range of measurements (from + 30 to
~ —100 °C).> 185187192 [t was shown that for mixed
systems SiF4—[SiFs]—, MeSiF;—[MeSiF4]~, PhSiF3—
[PhSiF4]—, SiF5 —[SiF¢]>—, MeSiF;—[SiF¢]>~, additives
(HF, MeOH, H,0, F—, pyridine, [PryN]*[MeSiF,]~) can
both  catalyze and inhibit  the intermolecular
exchange.!93.194

As a result of fast dynamic equilibrium, the NMR
spectra of most anionic pentacoordinate acyclic alkoxy-
silanes exhibit only broadened signals of the indicator
groups. Exceptions are the ions [(PriO);SiH,]~ (80) and
[(Bu'O)3SiH,]~ (81) where the '"H NMR signals of the two
protons are separate singlets at room temperature. The
measured AG# value for ion 80 in deuteriotoluene was
16.3 kcal mol—! (Ref. 195).

Quantum chemical calculations result most often in
lower barriers to pseudorotation compared to experimental
values obtained by DNMR. Thus according to semiempir-
ical (AM1) and ab initio [MP2/6-31+ + G(d,p)] calcula-
tions, the barriers of this process in [SiHs]~ and [SiH4F]~
are only 2.4 and 2.3 kcal mol—!, respectively.!?% 197 Similar
AG# values were found for [SiFs]— and [SiCls]—
(~3 kcal mol—1).198 In the authors’ opinion, this is due to
the fact that the potential energy surface tends to SP with an
increase in the number of electronegative substituents at
silicon. The permutation barriers for heavier Group 14
homologues are close to that calculated for the [SiHs]~
anion: 2.4 kcal mol~! for [GeHs]~ and 1.7 kcal mol—! for
[SnHs]— (Ref. 197). According to quantum chemical calcu-
lations, the mechanism of permutational isomerization in
the [FSiH4] —, [F2SiH3]~ and [F3SiH,] ~ anions includes the
attack on the silicon atom by fluoride or hydride ions to
give hexacoordinate intermediates.*3- 199

For the permutational isomerization of monodentate
ligands in the coordination units of anions 82 —84,

[ ]__:Cq :ch - Ph—_ :F‘q
Phal>, . For & —Ph Pha g P
1 1
Fu ™ T“Fux Fa TFu
i 82 ’ 83
oy Fu ,
Phal>. For & __Ph
N i <
Fdx Fdx
i 84

resulting in averaging of the '’F NMR signals of all fluorine
atoms, a mechanism including pseudorotation, exchange
involving the bridging fluorine atom and rotation around
the Si—C bond was proposed.?%°
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In these complexes, the exchange involving the bridging
fluorine atom Fp,—Si! 2 Fy,, —Si? is fast on the NMR time
scale: even at —90 °C, the signals of two silicon atoms in the
29Si NMR spectrum are indistinguishable.

In chiral monochelate complexes 85a—d, two stereo-
dynamic processes take place, namely, silicon and nitrogen
inversions. The activation energies found by DNMR are as
follows: 20.7 (compound 85¢) and 11.7 kcal mol—! (85d) for
the former process and 17.0 (85a—¢) and 20.8 kcal mol~!
(85d) for the latter process.?!

Ph F;C.  CF;

TN e e ¢
O__ NH "y,
Ngil . -
/\\CHZNH ‘
Me Me

85a—d Fi:C CF;

86a—j

R = Me (a), Pr’ (b), Bu' (¢),
F (d). Y = Bun (a), 4-MeOCsHa (b),
Ph (¢), 3,5-(CF3).CeHs (d),
OPh (e), CN (f), PhMeCH (g),

F (h), C6Fs (i), 3-CF3CsHs (j).

The barrier to permutational isomerization for anions
86a—j does not depend on the concentration or solvent
polarity (1,2,4-trichlorobenzene — C¢DsNO> mixture,
1,2-dichloroethane or CD3;CN).202.203 The AG# value for
anion 86c¢ is lower (Table 13) than that for isostructural
isoelectronic phosphorane (AG# = 28.3 kcal mol—1).204,205

The lack of dependence of the exchange rate in anions
86a—j on the addition of external nucleophiles (hexame-
thylphosphoric triamide and hexamethyldisilazane) and
relatively low activation entropy (see notes to Table 13)
rule out the associative mechanism, resulting in the forma-
tion of hexacoordinate transition state or intermedi-
ate.202:203 In view of high inversion barriers, irregular
mechanism of the process via Si—O bond cleavage is
unlikely.

Table 13. Activation free energies of silicon inversion in anions 86
(in C¢DsNO,).202

Anion Cation AGH, T4 Jkeal mol—!
86a EtyN™* 28.6
86b EtyN™* 26.62
86¢ EtyN* 26.0
86d Bu;N* 25.5
86e Li* 20.4
86f (Me>N);S ™+ 16.8
86g MesN~* 29.0
86h (Me>N);S ™+ 17.5b
86i BulN* 21.9¢
86j ELN* 25.6

aIn this case, AG Zy, . ® According to other data: 203 AG# = 16.6 kcal
mol 1, AH# = 14.1 kcal mol—1, AS#= —8 cal mol~! K~
¢ AH# = 23.8 kcal mol—!', AS# = 4.5 cal mol—! K.

According to B3LYP/6-31G(d) calculations, pentacoor-
dinate anion 87 has three stable diastereomers (87, 87" and
87") with different orientations of two identical bidentate
ligands.200

Q Y10
N \Me ‘ N \Me
87 87
(\ j \©
Me
N

In the NMR spectra of this anion the authors found
only two sets of signals: the signals with higher intensity
were assigned to diastereomer 87, whereas for the minor
set of signals it was impossible to distinguish between
diastereomers 87 and 87”.20¢ Interconversions involving
these diastercomers can occur through Berry pseudorota-
tion or turnstile rotation. 'H DNMR data indicate that
diastereomer 87 is thermodynamically more stable
(by ~1.7 kcal mol—"') than diastereomers 87 and 87"
and the barrier to the 87=87(87") transition is
15.5 kcal mol— . This is consistent with quantum chemical
data (1.8 and 15.0 kcal mol—! for these values, respec-
tively).206

The anionic complexes of pentacoordinate silicon, ger-
manium and tin with two identical unsymmetrical O,O-
bidentate ligands can « priori exist as five different geo-
metric isomers with different TBP and SP configura-
tions.207 210
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TBP TBP TBP Me Me Me Me
c'is trans
R
Q{ OB Q{OA
Oa OB> In equimolar mixture of compounds 90c¢ and 90d in
SP DMSO-d, intermolecular ligand exchange similar to proc-

Quantum chemical (ab initio SCF-MO) calculations of
anion 88 have shown that its ground state has a nearly TBP
geometry.?%8 Similar results were obtained 2°% during quan-
tum chemical analysis of anion 89.20°

\ e H—"

—SiY
\\0

89

In the case of these anions, Berry pseudorotation with
a hydrogen atom as the reference ligand resulting in
TBP diastereomer has a very low activation barrier
(1.39 kcal mol—"). Conversely, two successive Berry pseu-
dorotations with oxygen as the reference atom have much
higher activation energy (15.9 kcal mol—!'). The Ilatter
mechanism is supported by similarity of the AG# values
determined by DNMR (16.6 kcal mol—') and calculated
theoretically.210- 211

A rather high Dbarrier to ligand permutation
(20.7 kcal mol—1) is also characteristic of complexes with
bulky tert-butyl substituent (90a).2!? Since the geometry of
this complex resembles a square pyramid, Berry pseudo-
rotation was proposed as the process mechanism. The
replacement of the rert-butyl group by F atom (90b) results
in a decrease in AG# to 11.7 kcal mol—! (Ref. 212).

R o)
RH ﬁHMez O

O\§/O lTIH
e 1\ CHZ
0 0o O)N ol o But!
N\l 7/
R%— N \©:/Si\
R O O
90a—d
91 But

R = But (a), F (b), H (c), Me (d).

The NMR spectra of complex 91 contain signals of two
TBP diastereomers assigned to trans-O- and cis-O-struc-
tures.?!3 The calculated activation barriers were 16.7 and
17.2 kcal mol—! | respectively.

Compound 92, which is configurationally stable on the
NMR time scale at room temperature, was found to
undergo enantiomerization at silicon.?°® The AG# value
calculated at the coalescence temperature (7. = 65 °C) of
the 'H NMR signals of the SiCH,N group was
16.3 kcal mol—! (Ref. 208).

ess (7) takes place.?!? This gives a zwitter-ion with different
bidentate ligands; its chemical shift 6(?°Si) is equal to the
arithmetic mean between the §(3°Si) values of compounds
90c and 90d.

The exchange process for complexes 93a,b results in
zwitter-ion 93c¢.2!! Germanium analogues of the silicon
anions, for example, zwitter-ions 94 and 95, have much
higher stereochemical stabilities, and no stereodynamic
processes were found for these compounds in solu-
tions.200.211

X! X!

Me lo)

1 1
X X Me V/

o._0 .

0.0 .

/Si\*CHszH GC*CH2NM63
O (6] o~ "o O
Me%—é

Me Y
94 95

0._0 -
/GQ-CHzNEt3

X2 X2

X2 X2 93a-c¢

X! = X2 = Cl(a), Br (b);
X!=Cl, X? = Br (c).

2. Chelate hexacoordinate anions with the N — Si

and O — Si bond

Publised data on the stereodynamic behaviour in solution of
anions with hexacoordinate silicon atom known to date are
limited to complexes 96—-99 {M* = [K(18-crown-6)]"} in
which position exchange of fluorine atoms fast on the NMR
scale takes place at room temperature.!28.214

X
Me,,, F
‘N—>Si—F

Me/ \F M*

97a,b

X = F (a), Ph (b).
i - 1o

e,
“N HSl —F
N

M™)
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For this process, Bailar and Ray—Dutt mechanisms
have been considered.!?8-214 The calculated AG# values for
complexes 96 and 97 vary in the range from 11 to 15 kcal -
mol~!. Using anions 97 as examples, it was found that the
nature of substituent X does not affect the activation barrier
to permutational isomerization.?!4

V. Cationic complexes of tetravalent elements

1. Complexes with N — M coordination bond

(M = Si, Ge, Sn)

The trigonal-bipyramidal structure both in solution and in
the solid phase 1is typical of cationic complexes
100,147-215-217 101,218 102, 103 2!° with so-called pincer
tridentate N,C,N-chelating ligands.

f\rIM MC/,,//{(IﬁR3
e cl-
WR! R!
RS But N
e “ e
NMe; N R3
100, 101 Me

100: M = Si: X = CL, Br, 102a,b; 103a—c

I, OTf, [3,5—(CF3)2C6H3]4B, 102: M = Si, R3=H:
Ph4B, BF4; R], R2 = H, MC, R!=R2= Me (a); R! = Me,
Ph, PhCHz 5 CHZZCH, Cl; R2 = CHZZCH (b);
101: M = Sn: X = Br; 103: M = Ge: R3 =H:
R!, R2 = Me, Et, Ph. R! = R2 = Me (a),
4-Bu'-3-MeC¢Hj3 (b);
R! = R2 = R? = Me (c).

The structure of complexes 100 is determined by the
nature of the anion: for example, relatively nucleophilic
anions (Cl—, I7) stabilize the tetracoordinate state of
silicon, less nucleophilic tetraarylborate anion, pentacoor-
dinate state, and tetraphenylborate anion, both
states.!#7-217 In solutions such complexes undergo ligand
permutation with configuration inversion at the central
atom as a result of attack of silicon by the halide ion.'47-217

-+ +
NMez NMEZ cl-
— N
o fxa,
Cl— NMSZ NMGZ

Complexes 100—102 occur in dynamic equilibrium fast
on the NMR time scale similar to that found for neutral

_+

Me Me [ Me, Me
\ / 2/
N N
o <RI
Bu ML == Bu ML (X~ =
\Rz ‘ \Rz
Nl N
102 Me Me L Me Me |
Me Me
N" c-
R!
— Bu! N
\Rz
ZaN
Me Me

complexes of pentacoordinate silicon (compound 19b), for
example:218.219

A similar scheme was also proposed for the complexes
R[NCN]SnOAc (R = Ph, Bu, Me).??° Going from silicon
derivatives to their Ge analogues (complexes 103a,b) is
accompanied by an increase in AG# (Table 14). A similar
change in the activation barrier was found for neutral
complexes of pentacoordinate silicon with the O > M
bond (see Section 11.3).

Table 14. Activation parameters of dissociation of the N —» Ge ICB in

complexes 103.21°

Compound Solvent AG# [kcal mol—! T./°C

103a CDs;0OD 9.5 —70
C,DsOD 9.8 —63

103b CDs;0OD 14.1 15

The activation barriers determined by 'H DNMR for
fast, on the NMR time scale, configuration inversion of the
chiral silicon atom in pentacoordinate complexes 104a,b
with  different bidentate ligands were 17.2 and
16.9 kcal mol—!, respectively.??!

N
R
/
Me,N \v/

. Le9 a-
Mezl‘\l' ‘ Me
N O
\( R = Bu! (a), Ph (b).
CF; 104ab

These results, however, do not allow one to distinguish
between two possible mechanisms of silicon inversion:
intramolecular non-dissociative exchange and reversible
dissociation of the N — Si bond.??!

Solvation of cation 105 in DMSO is an exothermic
process (AH = —5.2 kcal mol—1).222 The hexacoordinate
state of Si atom in complex 106 is indicated by an upfield
shift of the 2°Si NMR signal (—159.3 ppm). An increase in
temperature results in dissociation of complex 106
(AS = —20.4 cal mol—! K—1).223

§:§ \“( /E; + Me,SO ==
MeO

2. Complexes with O — M coordination bond (M = Si, Ge)
a. Mononuclear complexes

Complexes 107-109 223-230 and 110 23! with two mono-
dentate substituents considerably differing in the nucleo-
fugal properties have a nearly ionic structure. A
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stereodynamic process, slow on the NMR time scale,
resulting in averaging of diastereotopic protons of the
NCH; group, takes place in the coordination TBP unit of
these complexes. The AG# values are higher: more than

22-25 kcal mol—! (for compounds 107-109)!'7 and
20.5 kcal mol—! (110).23!
I /RL ] " r CH(Me)Ph 1"
R
(f /N/ O//kN/
l /
a _ WN—M
XM Y Me—sSitl ¢ la-
1 \\ # N-Me
Y ~
\( Y Me
L R! ] I CH(Me)Ph |
107a—e; 108; 109a.b 110

107: M =Si:X = F, Y = BF; R! = R2 = Me (a), R'—R2 = (CHa); (b),
VR 7N\ 7N\
C C@.(C CY@):;X=F,Y=0T,R'-R2=C C(e);

¢

VR VY
Con O - T
0~ “Me

108: M = Ge, X = Cl; Y = OTf, OClOs3, 1, I3;
R!'—R? = (CHp), (n = 3-5).
109: M = Ge, X = Br, R'—R2 = (CH»)3: Y = I (a), OTf (b).
The dissociation scheme with the formation of contact
ion pairs [L.GeX]*Y ~ was proposed for complexes 108 on
the basis of dependence of the electrical conductivity of
their solutions on concentration (in the range of
0.5—11 mmol litre—1!).11,117.232-234 The presented mecha-
nism (8) of permutational isomerization includes dissocia-
tion of the M—Y bond in the first step (not shown) and
subsequent five-step pseudorotation in the pentacoordinate
cation (the reference atom is asterisked).!!”

/o

4C,,
Sy == 2o > = Y= 0
5C C4 5C

* \102 \102

,, «C \\C4
R *o > e
4C 02 C 5

Quantum chemical (DFT, PBE) calculations carried out
according to this scheme demonstrate good agreement
of experimental and theoretical (25 kcal mol—') AG#
values.!17

In cationic germanium bromide complexes 109, permu-
tation has a much lower barrier (7—9 kcal mol—!, Table 15)
than that in the fluorides or chlorides.

Table 15. Activation parameters of ligand exchange in complexes
109a,b.117

Com- Solvent AG#  AH#* AS# T.)°C

pound (see?) (see?) (seeP)

109a CDCI;+ CD,Cl; (see©) 7.7 0.5 —24 —103
CDsCDs (see 9) 15.4 12.0 -8 40

109b CDCl; + CD;Cl; (see©) 8.9 34 —18 —73

aln kcal mol~'. PIn cal mol~!' K—! c¢Solution concentration

~0.1 mol litre—!. 4 Solution concentration ~0.01 mol litre ~

High nucleofugacity of monodentate ligands Br, I and
OTf promotes ionization of the M—Y bond with subse-
quent dissociation in relatively polar solvents (CDCls,
CD,Cl,) to give bischelate pentacoordinate cation A
(Scheme 6). Then the Br— anion attacks cation A from the
rear with respect to Br atom; this results in configuration
inversion at the central atom via transition state (B), via
synchronous process A 2 B2 A’, or upon the formation of
trans-dibromide C (A2 B =2 C 2 A’) as intermediate fol-
lowed by elimination of Br— anion.!!” This mechanism is
supported by negative AS# value in equimolar mixture of
CDCI3 and CD)Cl, (see Table 15) and high stability of
trans-diastereomers of the dibromides of hexacoordinate
germanium (see Section II1.3.a).!'7-19% An increase in the
barrier to polytopic rearrangement by 7.7 kcal mol—! in
nonpolar C¢DsCDs; may be caused by the absence of
dissociation of the bond with the monodentate ligand and
a change in the ligand exchange mechanism (Section
I11.3.a).

Scheme 6

+

—Br—

b. Binuclear complexes

The 'H, 13C and 2°Si NMR spectra of binuclear complexes
111 at room temperature were found to exhibit two sets of
signals with different integral intensities assigned to two

diastereomers (A and B).233
2

0 3
R2 \‘O o :
\N)\\O O//LN/ 5(‘) AN /
A A 0
/STI*O*STI”\ X2 (25)sil, (25)-si2
/N 0 O N\ O2
R2 Y \( R2 ‘ \\\\% 2 O 1
L R! R! ] S| o
111a—-c \ YO—SiY
50" 4 ‘ 3
R!—R2 = (CHy),: n = 3, X = Hg:Clg (a); g S0—/
n=4,X = HgCly (b); n = 5, X = Hg,Clg (c). (25)-Si', (25)-Si?

Only the signals of anisochronic protons of the prochiral
NCH,Si group, which are present in each set of signals as
AB-system quartets, are well-resolved. The integral inten-
sity ratio of the signals of two diastercomers depends on
both the structure of the bidentate ligand and the nature of
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the solvent. For example, for complex 111b the ratio
changes from ~70:30 to ~60:40 on going from CD»Cl,
to DMSO.

An increase in temperature is accompanied by successive
broadening and coalescence of the component of two
proton doublets of the AB-system corresponding to the
NCH,Si group of complexes 111. The AG# (T.) values for
compounds 111la—c¢ determined in DMSO at the coales-
cence temperature were 17.9 (78 °C), 18.5 (82 °C) and 16.4
(74 °C) kcal mol—! (Ref. 235). For complex 111b in less
basic solvent (CD>Cl,), AG# is higher than 19 kcal mol—!.

VI. Complexes of divalent elements

The pyramidal structure of the tricoordinate complexes of
divalent Group 14 elements is related to the presence of
stereochemically active lone pair. In these structures, intra-
molecular ligand exchange without bond cleavage proceeds
through inversion for which two mechanisms have been
proposed.

1. Vertex inversion is similar to the classical process in
amines and occurs via planar trigonal transition state in
which the lone pair is perpendicular to the plane of the
molecule (D3, symmetry).

c c
Vb
Ve

C
b, 4
M N

|
MDD = |OMOI| =
a b

Vertex inversion

a

2. Edge inversion is typical of tricoordinate compounds
of Group 15 elements MX3 (M = P, As, Sb)23¢-240 and
isoelectronic anions of divalent Group 14 -eclements
[MIX3]= (M = Si, Ge, Sn, Pb). In this case, transition
state is a planar T-shaped structure with planar arrange-
ment of three ligands and the lone pair (C», symmetry).

C

b, 4 -
‘M —_
i 2 0%

Edge inversion

¢ O N b b ‘1,
\M R .

Theoretical (ab initio) calculations for the [SiF3]—,
[GeF3]—, [SnFs3]—, [SnCl3]~ and [SnCl,NH>]~ anions
attested in favour of the edge inversion mechanism. The
barriers to the process are 40.3, 34.3, 27.8, 27.8 and
14.2 kcal mol—!, respectively.?*!

1. Germylenes and stannylenes with the Z — M coordination
bond (Z = N, O; M = Ge, Sn)

According to quantum chemical calculations (DFT) for
the chelate GeCl[PMe(CcH4CH2NMes-2)], the inversion
of the tricoordinate central atom rather than cleavage
of the coordination bond is the optimal process resulting
in a change in the Ge configuration.?*? The lower activation
barrier for a T-shaped transition structure
(38.5 kcal mol—!') compared to the activation barrier
for the trigonal planar state was attributed to the effect
of the electron-withdrawing substituent. According to
X-ray diffraction data, the germylene complex
Ge{PMe(CsH4CH>NMe»-2)}» with two chelating ligands is
tricoordinate. The calculated barrier to germanium inver-
sion through the tetracoordinate pseudo-TBP intermediate

is 3.0 kcal mol—!, whereas the barrier to Ge inversion
through the trigonal planar state is much higher
(48.5 kcal mol—1).242 The fact that a trigonal rather than
T-shaped transition state was identified is consistent with
the replacement of Cl by less electronegative P in the
coordination unit of the last-mentioned complex.

As in the case of molecular inversion, cleavage of the
coordination bond of the central atom in tri- and tetracoor-
dinate complexes results in a change of molecular config-
uration. In the NMR spectra of these complexes signal
broadening is observed over the whole accessible temper-
ature range. In some cases, the non-equivalence of atomic
groups is also retained at high temperatures, for example, in
tricoordinate chelates GeR[C6H2CH2NM62-2-Bu12-4,6],
where R = OEt, OPri, OBu!, C=CH, C=CPh.?*3 This
points to fast dynamic processes for which the signal
coalescence temperature could not be attained.?*4 249

The activation free energies for ‘transcoordination’ in
Ge(CsH,Bu5-2,4-CH,0OR-6), (112a,b) determined at the
coalescence temperature of the proton signals of the dia-

stereotopic CH, groups are similar: 11.2 and
10.3 kcal mol~!, respectively.?>° R
/
R 0!
e
Bu! (l)1 Bu!
Ge3) Ge D)
Bu! - Bu!
Bu! Bu'
02
R
Bu! 02\ Bu!
112a.b R

R = Bu! (a), Pri (b).

The ‘transcoordination’ activation barrier in the germy-
lene GeCl[OCsH2(CH2NMe»)3-2,4,6] (113) has a similar
value (10.7 kcal mol—1).23!

In the '"H NMR spectrum of the germylene dimer
[Ge(OC(,H3Pri2-2,6)2]2 (114) at room temperature, the pro-
ton signals of the Me groups of ortho-isopropyl substituents
are manifested as a broadened doublet, which splits into
two singlets as temperature decreases to —20 °C.2>2 These
signals were assigned to bridging and terminal groups.
Splitting of one singlet into a doublet observed on further
cooling of the solution to —60 °C is caused by the diaster-
eotopic nature of the two bridging isopropyl substituents
resulting from the transoid arrangement of the terminal
aryloxy groups around the pyramidal Ge atoms.?5?

The first of the dynamic processes found for dimer 114 is
accompanied by Ge inversion (AG#< 13.5 kcal mol—1),

Ar Ar
Ar—Q \ /o Ar—O0 \ O—Ar
Ge/O\Ge — \ e/O\G/e -
\ O—Ar \
114 Ar Ar
Ar
Q | O—Ar
O~/
— Ge,\o/Geb
Ar—O |

Ar
Ar = 2,6-PI'12C6H3 .
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resulting in the exchange by diastereotopic Me groups of the
bridging aryloxy groups.?>3

The mechanism of the second dynamic process,
exchange between the bridging and terminal positions of
the aryloxy groups, remained obscure. The authors sug-
gested either ring opening or dissociation of the molecule
into monomers.2>2

At low temperatures (about —80 °C), the 'H NMR
spectrum of complexes 115 and 116 consists of ABMX
multiplets for the CH,CH,N protons and two signals of
the diastereotopic methyl groups.!3” The observed spectral
pattern corresponds to a structure with the N — Sn bond.
On temperature rise, Me-group signals are broadened and
then coalesce. The ABMX multiplets are thus converted
into A,X, multiplets.'57 The temperature variations in the
NMR spectra indicate, in the authors’ opinion, that rever-
sible dissociation of the N — Sn bond takes place in these
complexes. The activation energy determined by DNMR for
complex 116¢ was 10.2 kcal mol—!, which is consistent with

the data of quantum chemical -calculations (DFT,
10.9 kcal mol—1).15¢
NMez
/134 M = Ge (115), Sn (116): R = N(SiMe3): (a),
o \R O(CH,»),0OEt (b), O(CH»)>SMe (c).

115a—c¢, 116a—c

Unusual dynamic process takes place in transition metal
complexes (117) in which the vacant p. orbital as the
acceptor and the occupied c-orbital as the donor participate
simultaneously in coordination interactions. The activation
energies of the dynamic process resulting in the coalescence
of TH NMR signals of the OMe groups were 15.5, 12.8 and
12.3 kcal mol—! for complexes 117a—c¢, respectively. It was
suggested 253 that averaging of the OMe signals is due to
cleavage of the O - M bond followed by rotation around
the Si— Fe bond.

MeO /OMe PPh,

Me /Si?Q

I‘;ut 0 Fe(CO);
PPh,
N l
~
Mesil M @—»M’/
~
|
But! 117a-c

M’ = Pd: M = Ge (a), Sn (b); M’ = Pt, M = Sn (c).

The activation barrier to the stereodynamic process
resulting in averaging of the 'H NMR signals of two
SiMes groups at the C atom of tricoordinate complex 118a
was 10.2 kcal mol—! (Ref. 254). On the basis of downfield
shift of the ''°Sn signal in C¢DsCD3; upon an increase in
temperature from 5°C (0 =315.7ppm) to 75°C
(0 = 329.4 ppm), the authors suggested that the process
involves dissociation of the intramolecular coordination
bond. For complex 118b a similar exchange with close

MC}Si SiMC} MC}Si SiMe; p—

X X \

D = W
—

118a.b Free rotation

X = N(SiMe;): (a), Cl (b).

activation barrier AG# takes place (10.4 kcal mol—!,
T. = —53 °C).?5%255 Note that for complex 118a hindered
rotation of the N(SiMes)> group around the Sn—N bond
also takes place (AG# = 18.2 kcal mol—1).2%4

The dynamic process in complexes 119a,b includes
successive cleavage of the N? — Sn bond, inversion of the
pyramidal N2 atom, rotation around the N! — Sn bond and
closure of the N2> —» Sn bond.?36-2%7

1\‘/[(-:
Me But Bu!— N!
NG u ~__
Si / _H Sn)
TSN ‘ R/T
- = Xl
Sn) Me \H
119ab R But

R = cyclo-CsHs (a),

g (b).

The AG# values for complexes 119a,b (12.4 and
14.2 kcal mol—!, respectively) were calculated at the coa-
lescence temperature of the signals of non-equivalent SiMe;
groups. The high barrier to intramolecular ‘transcoordina-
tion’ for indenyl derivative 119b is consistent with stronger
N2 — Sn bond in the crystalline state (2.468 A for 119a and
2.312 A for 119b).256 In complex 119b, 1,3-migration of Sn
between two carbon atoms of the indenyl group also takes
place; the activation barrier for this process was esti-
mated 2% as ~ 14 kcal mol—1.

The stannylenes considered above contain chelating
ligands, which form four-membered rings in the presence
of intramolecular coordination bond. The ligands discussed
below form more stable five- or six-membered chelate rings.

The stereodynamic process resulting in coalescence of
the '"H NMR signals of the SiMes group of complex 120
(AG?# = 16.9 kcal mol—!) was proposed to follow a mecha-
nism involving two diastereomers (120 and 120').258

SiMes SiMes
X
n<—N\ N
120 \_/
\
— N
X
~d H
&/ SiMes
120’

Using DNMR in a PhMe + C¢D¢ mixture at a coales-
cence temperature, the activation barriers to the process
resulting in coalescence of two signals of the SiMes group in
the complexes SnX[N(SiMe3;)CPhCHCPhN(SiMes3)] with
X = Cl and Br were found to be 16.6 and 17.4 kcal mol—!,
respectively.?>®

The activation energy for ‘transcoordination’ in
SnN(SiMe3),[OCcH2(CH2NMe»)3-2,4,6] (121) is
16.4 kcal mol—!, which is more than 5-—6 kcal mol—!
higher than the barrier calculated for the tricoordinate
germanium analogue 113.25! Note that the 'H NMR spec-
trum of complex 121 exhibits at room temperature only two
singlets of two ortho-NMe, groups.?>! The observed spec-
tral pattern corresponds to a tetracoordinate tin atom.
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The exchange barrier of the pyrazole rings in 122 was
10.2 kcal mol—! according to '"H NMR data.?¢°

H H
H— B*
C xS C AS
Nl N2
2+ Sz<
n
2l e
MAD
-
/ /
H 122 H

A study of the 'H NMR spectra of the complex
[B(Pz)4]>Sn (123, Pz is pyrazol-1-yl) at various temperatures
(from +24 to —87 °C) has shown?% that only three
pyrazole rings exchange positions in each of the [B(Pz)4]~
anions. The barrier to the process taking place through a
pentacoordinate transition state is 10.5 kcal mol—

For distannylene 124, which exists in the crystal as a
dimer with bridging chlorine atoms and cis-arranged termi-
nal substituents, cis—trans-isomerization was found in a
CsDsCD3 solution. 26!

Me
Me —_—
N
\ /Cl\s /Q

Me Me@\l/ & Me Me

cis-124
Me
Me
\S /Cl @ Me Me
— n
Me Me \Cl/ \N
Me
trans-124 Me

The activation parameters of this process calculated by
full line shape analysis were as follows:
AG# = 8.2 kcal mol—! AH# =70 kcal mol—! and
AS# =187 cal mol—! K~!. The positive activation entropy
implies that dissociation is the driving force of isomer-
ization. As an alternative mechanism, the formation of
ionic transition state [RoNSn]*[Cl.SnNR,]~ was pro-
posed.?®! Note that for complex [Sn(u-CI)N(SiMes)a]o
with similar structure and frams-arranged terminal
N(SiMes), groups in the crystal, no cis— trans-isomerization
was found.

The isotropic '"”Sn NMR chemical shift (CP-MAS
method) for the stannylene Sn(C¢HBut'-2-Mes-4,5,6), (125)

(0iso = 819) attests to its dimeric structure in the crystalline
state.?®2 At low temperatures, fast equilibrium between the
monomer and the dimer is established in C¢DsCDs; at
100 °C, it is shifted completely towards the monomer. The
activation barrier calculated?® at the coalescence tem-
perature of ''Sn NMR signals was 8.1 kcal mol~!

R R
Q QL —Q
2 Sn@ —  Sn=si—R = Sn@ si—R
RY/D R/ RO «— &0
R R R
125

R = 2-Bu'-4,5,6-Me3;CcH.

The low-temperature (— 108 °C) 'Sn NMR spectrum
(in toluene) of compound 126, associated under these
conditions into a dimer with Sn—Sn double bond,2%¢
exhibited two signals (740 and 725 ppm) close to the
CP-MAS '""Sn NMR signal (692 ppm).2%3 On heating, a
downfield shift and signal broadening took place, resulting
in their disappearance at ~ —48 °C. At elevated temper-
atures, ''”Sn NMR spectra were found to exhibit a broad
singlet at 2270-2315 ppm; as the temperature increased
from 72 to 102 °C, the signal assigned to monomeric
stannylene 126 underwent a slight downfield shift and
narrowed down.

CH(SiMC3)2

CH(SiMe :
(SiMe) o —CH(SiMe3),

2> Sn< = Sn=
CH(SiMe;), ~ (MesSiRHC
126 (M6351)2HC

On the basis of temperature changes of the *C NMR
signals of the methine carbon atom, the thermodynamic
process  parameters  were  estimated?®® to  be
AH = 12.8 kcal mol—! and AS = 7.9 cal mol—! K—!. Note
that spin — spin coupling constants 'J('3C—11°Sn) are the
same for the monomer and the dimer, which is indicative of
the retention of C—Sn bond order upon the formation of
Sn — Sn multiple bond.

2. Plumbylenes with N — Pb coordination bond

The splitting of 'TH NMR signals (in THF-dg) of plumbylene
127a observed on decrease in temperature was attributed to
an intramolecular process following a dissociative mecha-

nism (AG# = 10 kcal mol— = —63 °C).10!
- ‘ Me\
Me N Me/c\/M@
Me/‘sl N al T
Me—_ l T Me—yg N
C 1
Me” MDD Mo
ql =~
127a—c¢

M = Pb (a), Sn (b), Ge (c).

No signal coalescence was observed for isostructural Sn
(127b) and Ge (127¢) compounds. Signal broadening in the
NMR spectra led to the conclusion that the strength of
intramolecular coordination bond in solution increases in
the series Pb < Sn < Ge. This is in line with the decrease in
the bond length in the crystalline state: 2.466 A (M = Pb),
2.271 A (M = Sn) and 2.0814 A (M = Ge).!0!

For hindered (by steric interactions of the bulky silyl
and isopropyl groups) rotation around the Pb— N(SiMes)»
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bond in plumbylene B-diketiminate 128, the AG# value at
the coalescence temperature of SiMes signals was calcu-
lated 2°¢ to be 14 kcal mol—!.

Me

/4//\<N/Ar
Me i /SiM63

}\I\Pb—N

Ar@

128

SiMes  Ar = 2 6-PryCeHs.

According to X-ray diffraction and '3C NMR spectro-
scopy (CP-MAS), the plumbylene Pb{C,N-[Fe(n?>-
CsHs)(n3-CsH3CH,NMe»-2)]}» exists in the crystal as a
chelate tetracoordinate meso-form.?¢” Meanwhile in solu-
tion, both diastereomers, meso-129 and rac-129, were iden-
tified by 'H and '3C NMR spectroscopy; their ratio varies
from 6:1 to 8:1 depending on the solvent nature.

@ Fe Me
Fe /Me Ni

N Me

%l \Me l
Pb )

@ Pb o) =—= i ]
Fe ] _Me
/Me Fe N\M
e

e D
meso-129 rac-129

Averaging of the signals of non-equivalent ferrocenyl
ligands in the meso-form is due to reversible dissociation of
the N - Pb bond, fast on the NMR time scale.2°” On
further cooling, intermolecular exchange between meso
and racemic diastereomers was found to occur, which is an
exceptionally rare case for plumbylenes. The thermo-
dynamic parameters of this process are as follows:
AH = 1.2 kcal mol—!, AS = 0.24 cal mol—! K—'. Two pos-
sible exchange mechanisms were considered: synchronous
intramolecular migration of two o-bonded ferrocenyl
groups and formation of the zwitter-ion structure with one
ferrocenyl group followed by the shift of the second ferro-
cenyl group to the lead atom.?¢7

At low temperature, the NMR spectra of complex 130
containing Schiff bases exhibited 2°® two sets of signals of
three ligands with integral intensity ratio of 2:1. An
increase in temperature was accompanied by signal broad-
ening. At the coalescence temperature of the azomethine
proton signals, activation free energy of the process was
determined (11.2 kcal mol—1).

N

0
S

130

The 'H NMR spectrum (in CD3CN) of complex
[PbL']- (ClO4)> with C,;, molecular symmetry contained

four signals due to aliphatic protons. At —5 °C, the geminal
protons C'H, are non-equivalent; however, as the tem-
perature increases to 35 °C, their signals coalesce.?%?
An opinion was stated that this was due to conformational
exchange between the ligands in equatorial and axial posi-
tions of the five-membered chelate ring. The barrier to the
process was 15.8 kcal mol—!. The AG# value for a similar
process in [PbL!]- (SCN), is lower (13.6 kcal mol—1).26°

Me
\ \
?\NHZ HZN/? N OH  \
4 o N
N O
N NN
o ol
2 1 N\/\O/\/N
o 0
L! AN
L2
The low-temperature (—25°C) 'H NMR spectrum

(in CD3CN) of the complex [PbL?]-(ClOy4)> contained two
singlets for imine protons, which are broadened and coa-
lesce on heating to 47 °C.2%° Averaging of the signals at
higher temperature is caused by dynamic exchange between
the enantiomers where the Pb!! ion passes inside the macro-
bicyclic cage. The activation energy of the process calcu-
lated 2°° at the coalescence temperature (7. = 36 °C) of the
aromatic proton signals of the phenolic fragment was
16.3 kcal mol—1.

The presented published data on the stereochemical non-
rigidity of a broad range of neutral, anionic and cationic
complexes of di- and tetravalent Group 14 elements de-
monstrate convincingly that the use of multinuclear NMR
spectroscopy and dynamic NMR spectroscopy for different
nuclei in combination with other methods of physicochem-
ical analysis considerably extended the views on the nature
and mechanisms of stereodynamic processes. Of no little
significance is also integrated analysis of the whole set of
factors that affect the course and mechanism of stereo-
dynamic processes: the nature of solvent, the structure of
mono- and bidentate ligands, the presence of external
nucleophile, efc.

Meanwhile, it should be borne in mind that the mecha-
nisms discussed in the review are, to an extent, hypothetical
and, therefore, they may be disputable. It is beyond doubt
that further research in this, still intriguing, field of organo-
element chemistry would not only provide answers to the
existing questions but also bring about new, equally impor-
tant problems.
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