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1. Introduction 

Stereochemical flexibility is one of the most remark- 
able properties of derivatives of hypervalent silicon, 
germanium, and tin; however, up to now, this property 
has been studied to a substantially lesser degree than, for 
example, structural features, specific reactivities, and 
biological activities of these compounds (see, for ex- 
ample, a number of reviews 1-4 and references therein). 
In addition, the majority of studies devoted to the 
dynamic stereochemistry of derivatives of the above- 
mentioned hypervatent elements are concerned with 

* For the series of works "Dynamic stereochemistry of 
hypervalent compounds of silicon, germanium, and tin," the 
author was awarded the Academia Europea Prize for young 
scientists from CIS in 1996. 

silicon and tin derivatives with C,N-chelating ligands in 
which the central pentacoordinated atom forms no less 
than two covalent bonds with electronegative substitu- 
ents. 

In connection with the hypervalence model devel- 
oped in recent years, 5,6 trigonal-bipyramidal (TBP) de- 
rivatives with one electronegative substituent has at- 
tracted particular attention. In these compounds, which 
incorporate markedly "milder" coordination units than 
their analogs containing several electronegative substitu- 
ents, an important consequence of hypervalenee 6 is 
manifested most clearly: the "coordination" component  
Y---~M of the hypervalent bond in an Y - - M - - X  axial 
fragment is enhanced not only upon an increase in the 
electronegativity of substituent X but also upon weaken- 
ing of the "covalent" component  M--X (Y is the coordi- 
nating donor atom in a C,Y-chelating ligand, for ex- 

Translated from I~estiya Akadernii Nauk. Seriya Khimicheskaaya, No. 1 I., pp. 1912--1934, November, 1997. 
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ample, an N or O atom; M = Si, Ge, or Sn; and X is an 
electronegative substituent, for example, halogen).* Com- 
pounds or this type are assumed to act as intermediates 
in SN2 reactions at tetracoordinated silicon s and tin 9 
atoms. 

Therefore, in recent years, considerable study has 
been made of  methods of  synthesis, structure, and reac- 
tivity of  organic derivatives of  pentacoordinated silicon 7 
and germanium 1~ with C,O-chelating ligands, namely, 
?r and N-(dimethylgermylmethyl) 
derivatives of  cyclic and acyclic amides, and some re- 
lated compounds as well as to their hexacoordinated 
analogs, including Sn derivatives, containing two 
C,O-chelating ligands and two monodentate electrone- 
gative ligands. I I, tz 

In this review, we briefly consider the current state of 
research in this field and survey the results of our studies 
on the structure and dynamic stereochemistry of  the 
above-listed compounds in solutions carried out by multi- 
nuclear QH, [3C, 15N, z70, 29Si, llgsn), 2D-correlation 
(COSY, H E T C O R ) ,  homonuc lear  J-resolved 
(HOM2DJ),  exchange (NOESY), and dynamic (IH) 
N M R  spectroscopy. 

2. Objects of studies: synthesis and structure 

By now, methods for the synthesis of the main types 
of penta- and hexacoordinated Si, Ge, and Sn derivatives 
containing amidomethyl and related C,O-chelating ligands 
have been developed fairly well. Most of  these methods 
are based on the reaction of  ch loro(ch loro-  
methyl)dimethylsilane with trimethylsilyl (TMS) deriva- 
tives of amides to give (O--Si)-chelate N-(chlorodimethyl- 
silylmethyl)amides discovered by Yoder et aI. 13-Is 
(transsilylation): 

t I 
~N/C--~-O CICH.~SiMe2C 1 ~N"'C'~o 

i ) ~' . . M e  

--i" ) 
SiMe 3 -Me3SiCI CH 2 It~Me 

Cl 

(l) 

Similar reactions of  N-TMS derivatives of lactams 16 
readily occur at room temperature or upon short-term 
heating of  the reactants without catalysts. The reactions 
of N-TMS-amides and -lactams with CICH2GeMe2CI 
afford the corresponding (O--Ge)-chelate N-(chloro- 
dimethylgermylmethyl)amides and lactams. 17 

The scheme of  reaction (t) was studied by N M R  
monitoring. The first step in the reaction of  N-TMS-N-  
methy lace tamide  and N-TMS- lac t ams  with 
CICH2MMe2CI (M = Si, Ge) is transmetallation with 
formation of  Me3SiC1. In the case of  C1CH2SiMe2CI, 

* The hypervalence model is discussed in more detail in 
Ref. 7. 

this step is completed over a period of  several minutes 
even at low temperatures ( -60  to - 8 0  ~ is When the 
temperature increases ( -20  to - 3 0  ~ the resulting 
intermediates undergo intramolecular O-alkylation to 
yield the corresponding imidates, which isomerize into 
the final N-alkylation products upon a further increase 
in the temperature (to 0--25 ~ According to 29Si 
N M R  spectroscopy, the products of O- and N-alkyla- 
tion contain pentacoordinated silicon atoms. 7,15,18A9 

In the case of  CICH2GeMe2C1, similar transforma- 
tions occur under somewhat more harsh conditions. 17 
The intermediate formation of  the transmetallation prod- 
ucts is observed at ~ -20  ~ the transformation into the 
O-alkylation product occurs at --10 to 10 ~ and the 
isomerization into the final product of  N-alkylation 
proceeds at 60 ~ or at higher temperatures. The trigo- 
nal-bipyramidal structures of some of the (N- -Ge) -  and 
(O--Ge)-chelate  intermediate and final products of 
O-and  N-alkylation, respectively, J7 and also of  the 
(O--Si)-chelate final products o f  N-alkylation s,13 con- 
taining chlorine and oxygen or nitrogen atoms in axial 
positions have been established by X-ray diffraction 
analysis. The IR spectra of  isostructural (O--Si)-  and 
(O--Ge)-chelates resulting from N-alkylation exhibit 
intense absorption bands at 1500-- 1510 and 1580-- 1620 
cm -t  corresponding to the strongly coupled v(C=O) 
and v(C=N) vibrations of  the chelate ligand. 13J4Ar,17 

It has been shown for few examples that 
CICH2SnMe2CI reacts with N-TM S-amides and -lactams 
under even more drastic conditions to give, according to 
l[gsn spectroscopy, mixtures of  O- and N-alkylation 
products. 19 

Another method for N-chlorodimethylsilylmethylation 
of  amides and lactams consists o f  direct amination of  
chloro(chloromethyl)dimethylsilane in the presence of  
Et3N 14-16,~-0 (reaction (2), a). However, better results 
from the synthetic viewpoint can be achieved in a one- 
pot -procedure  using the hexamethyld i s i l azane- -  
chloro(chloromethyl)dimethylsilane 2Lzz system (reaction 
(2), b) in which N-TMS-amides or  N-TMS-lactams are 
formed intermediately. 

I t a ~N/C-~-O ~ ~'N/C"~O 
I I ~ ,.. Me 
H CH2~?U~M e 

CI 

a. CICH2SiMe2C1/Et3N 
b. CICH2SiMe2CI/(Me3Si)2N H 

(2) 

The multistep scheme for reaction (i)  also roughly 
describes the interaction o f  N - T M S - l a c t a m s  with 
dichlorobis(chloromethyl)silane and -germane; however, 
when the ratio of  the reactants is 2 : I, this reaction 
yields derivatives of hexacoordinated Si and Ge atoms as 
the final products: 



Hypervatent silicon, germanium and tin compounds Russ.Chem.Bull., VoL 46, No. 11, November, 1997 1809 

I \N/~O \N-~O 
"c=~ L 

SiMe 3 

M = Si, Ge 
Reagent: (CICH2)2MCI 2 

(3) 

The reaction with (CICH2)2GeCI 2 leads to relatively 
stable products of  two types; under the conditions of 
kinetic control (an inert solvent, 80--100 ~ dichloro- 
bis(lactimo- O-methyl)germanes are formed (reaction (3), 
a), while under more drastic conditions, the reaction 
yields the rmodynamica l ly  more  stable dichloro-  
bis(lactamomethyl)germanes 23,z4 (reaction (3), a, b). 
When N-TMS-lactams reacted with (C1CH2)2SiCI2, only 
dichlorobis(lactamomethyl)silanes were isolated, zs. The 
hexacoordinated state of the central atom in all of the 
above-listed products was established using the data of  
IR spectroscopy,  and in the case of  dichloro- 
bis(lactamomethyl)germanes, an X-my diffraction study 
was carried out. z4 According to X-ray diffraction data, 
the Ge atom in dichtorobis(lactamomethyl)germanes 
has a somewhat distorted octa- 
hedral configuration and forms \ 
two intramolecular O-+Ge coor- ~ O  
dination bonds. The carbon at- " ~ N  i ~ t O ~ f  
ores occupy trans-positions, and "%'Ge_ / 
the chlorine atoms as well as the e l , f "  J ~ ' ~ . . . - N ~  

i coordinating oxygen atoms are Ct 
in the c/s-positions with respect 
to each other. 

To obtain isostructural Sn-analogs, a much more 
convenient synthetic method has been proposed: 11,12 

~==O 

] "~" N~ ",,, ~Sa~"~"O= ~"  (4) ~ N / c = O  
2 I +Sn 

CH2X X f "  I " ~ % / - N ~  

X 

X = CI, Br. 

These reactions occur under relatively mild condi- 
tions (refluxing solutions of  N-halomethyllactams in 
toluene or o-xylene in the presence of metallic tin for 
1--2 h), and the yields of products are -80%. 

The chlorine atoms in N-(chlorodimethylsi lyl-  
methyl)amides and -lactams and in related compounds 
can be replaced by other substituents by treating these 
compounds with trimethylsilane derivatives Me3SiX (X 
= Br, I, OSO.~R, O C ( O ) R ' ,  OAlk, OAr), (Me3Si)20, 
silyl ethers of  enols, 16,zr,z7 potassium fluoride and ac- 
etate, 16 anhydrides o f  carboxylic acids, 16 sodium 

alkoxides, z6 or trialkyl(alkoxy)stannanes, zs These trans- 
formations occur especially readily in the case where X 
is a better leaving group than CI, i.e., when the reaction 
yields compounds with a stronger O-~Si coordination 
bond. 

Alkoxy- and enoxy-derivatives and also 1,1,3,3- 
tetramethyl-l ,3-bis(amidomethyl)-  and l , l ,3 ,3- tetra-  
methyl-l,3-bis(lactamomethyl)-l ,3-disiloxanes can be 
easily obtained by the reactions of chlorides with alcohols, 
with enolyzable carbonyl compounds, or with water in 
the presence of  triethylamine, z6,27 In turn, alkoxy de- 
rivatives and disiloxanes in which intramolecular O ~ S i  
interaction is extremely weak (if it occurs at all) have 
been used to develop alternative approaches to various 
Si-substituted derivatives o f  N-(dimethyls i ly l -  
methyl)amides and -lactams. The most efficient method 
for the synthesis of these compounds via the corre- 
sponding isopropoxides is shown in Scheme 1. 22,29 

S c h e m e  1 

1 I 
~N..-'C~o ~ N.,-'C..~O 

1 ~ ,.. Me priOH/Et3N 
CH2-- ISi'~Me = [ ~ '  ..... Me CH2 ~ M e  

/ 
Cl OPr I 

..[ 

oi  1.1 ' 
1 
l 

a. CsFsOH, -POOH ~N.-"C-..~O 
b. BF s 'Et20 I ~ .Me 

AcX (X = Cl, Br, OAc) CHz~Si~M e 
d. Me3SiX (X = CI, Br, I, / 

OC6F 5, OC(O)Ph, OSO2Ph) X 

By now, a method for the synthesis of  compounds of  
hexacoordinated germanium with monodentate ligands 
other than chlorine has been developed fairly thor- 
oughly. The method is based on the reactions of 
dichlorobis(lactamomethyl)germanes with trimethylsilyl 
triflate, halotrimethylsilanes (Me3SiBr , MesSil), and 
lithium or silver salts (LiBr, LiI, LiCIO4, AgF). 3~ 
These reactions give rise to two types of  compounds, 
viz., the products of replacement of both chlorine atoms, 
in which the configuration of the coordination unit is 
similar to that in the initial dichlorides (Scheme 2, a), 
and the products of replacement of  one chlorine atom 
by a nucleophile containing trans-arranged carbon at- 
oms, oxygen atoms, and monodentate ligands (Scheme 
2, b). 

Various nucleophilic reagents incorporating identical 
nucleophiles (i.e., Me3SiX and LiX) lead to the same 
reaction products; in addition, reaction (b) yields mono- 
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Scheme 2 

~ 
3=o 

T-  
x f l  ~ " % I N - - .  

X 

X = F, Br 

N)===O 
"-\ ,! j o  T -  

C1 

J 

l /cJ 

Y = OTf, I, CIO 4 

a. Me3SiX, l iX,  AgX 
b. Me3S~,  LiY 

substitution products,  irrespective of the ratio of the 
reactants (1 : I or 1 : 2). 

The reac t ion  of  ( O - - S n ) - b i s - c h e l a t e  d i ch lo ro -  
bis( lactamomethyl)stannanes with lithium salts LiX (X 
= Br, I), unlike that of  germanium derivatives, results in 
the replacement  of  both monodentate  ligands by nu- 
cleophiles with the retention of  the configuration of the 
initial dichloride. 33 

Thus, the preparative methods outlined here make it 
possible to synthesize a fairly broad range of model 
derivatives of  penta-  and hexacoordinated silicon, ger- 
manium, and tin (1--25)  with amidomethyl  and related 
C,O-chelat ing ligands including compounds with chiral 
labels  (in pa r t i cu l a r ,  4 - p h e n y l - 2 - p y r r o l i d o n e  and 
N - ( l - p h e n y l e t h y l ) a c e t a m i d e ) ,  which are convenient  
models for investigating the processes of  permutational 
isomerization. 

3. Spectral indications of the occurrence of O-~M 
intramoleeular interaction in solution (M = Si, Ge, Sn) 

3.1. Derivatives of pentacoordinated silicon 

Rel iable  ev idence  for  the  exis tence of  pen ta -  
coordinated Si atoms, carrying relatively electronegative 
subst i tuents ,  in N- (d ime thy l s i ly lme thy l )amides  and 
- lactams in solutions were obtained by N M R  spectros- 
copy (see Refs. 7 and 15 and references therein and also 
Refs. 19, 34, and 35). Up to now, criteria permitting one 
to establish the presence of  an O-~Si intramolecular 
coordinat ion bond (IntraCB) in the molecules of these 
compounds have been developed rather thoroughly. The 
formation of  a hypervalent X - - S i - - O  bond in Si-substi- 
tuted N-(dimethylsi lylmethyl)amides and -lactams 1--7  

Me R R..~ (C, H2)n 

I ~ ..... Me I ~' ....... Me I ~ .... Me 
C H 2 - - ~ M e  CH2--?'-~Me C H 2 - - ~ M e  

X CI x 

1---3 4----6 7a---d 

1: R = Me 4; R = MeCH(OAc)  a: n = 1, R = H 
2- R = Ph 5: FI = PhCH(OAc)  b" n = 1, R = Ph 
3, R= MeCH(Ph)  6" R = M e C H ( C I )  (::- n = 2, R = H 

d : n = 3 ,  R = H  
M = S i ,  Ge, Sn 
X = F, CI, Br, I, 0/ '2, OMe, OPr ~, OPh,  OCsFs, OCOMe,  

OCOPh, OCOCF3, OSO2Me, OSO2Ph,  OTf 

causes redistribution of the e lec t ron density on the N, 
O, Si, and C atoms in the f i ve -mem-  

t t r---. (c, H2)n 
bered chelate ring SiCH2NC(O) with "N- " L" / ~ ' 0  

respect to that characterizing the  corre-  I 
sponding model compounds with tetra-  CH2SiMe. 3 
coordinated Si atoms in which there is 
no O ~ S i  interaction. 36-3s 

The formation of an In t raCB is accompanied by 
deshielding of  the [3C nucleus o f  the carbonyl group; as 
a result, the 13C NMR signal shifts downfield by 2--3 
ppm (Table I) in relation to this  signal for compounds 
containing te tracoordinated Si  a tom. However,  the 
change in the 13C chemical shifts cannot be used for 
quantitative estimation of the s t rength of  this coordina-  
tion bond, because it is difficult to choose an appropri-  
ate model compound and because the range of  variation 
of  613C(=O) upon the formation of  the O ~ S i  IntraCB is 
relatively small. Additional compl ica t ions  arise due to 
the necessity to take into account  the ratio of  the 
paramagnetic  and d iamagnet ic  contr ibut ions  to the 
shielding constant. 

Deshielding of the 170 nucle i  in compounds  con- 
taining a hypervalent fragment increases  by 60--70 ppm 
on the average, as compared to  that  in unsubstituted 
N,N-dimethylacetamide (340.2 ppm39),  which implies a 
decrease in the degree of double bonding in the carbonyl 
group. 4~ The fact that the tSN N M R  chemical  shifts of 
compounds 1--3 (M = Si) with pentacoordinated Si 
atoms are somewhat greater (by 10--20 ppm) than that 
of N,N-dimethylacetamide ( -258 .1  ppm) indicates that 
the formation of IntraCB decreases  the n-electron 
density on the nitrogen atom. 41,4z 

The 29Si N M R  method provides  most information 
and is used most frequently to detect  IntraCB and to 
estimate its strength. The signals of  the 29Si nuclei  in 
penta- and hexacoordinated s i l icon derivatives occur  at 
markedly higher fields (at abou t  - 1 2 0  ppm or more) 
than those of  the te t racoordinated silicon derivatives. 

As an example, we shall cons ider  compounds  820,'13 
containing two silicon atoms, o n e  of  which is tetra- 
coordinated and the other of which  is pentacoordinated.  
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Table 1. Chemical shifts (8) of the characteristic groups in the 13C, JSN, 170. 29Si, a~,d l l9Sn NMR spectra of compounds 
1~11,13,14,16 (20 *C) T M  

Com- M X Solvent 6 
pound 13C(O) 15N tToa 29Si or ll9Sn 

1 Si 0 / 2  CDCI 3 169.77 b 3.4 b 
Si C1 CD2CI 2 173.87 -249  259 -37.8  
Si CI 14 CDCI3 173.2 -252  c 258 -37 .6  

2 Si O/2 CDCI3 169.43 3.2 
Si C1 CD~CI 2 173.91 -230  281 -36 .8  
Si CI 14 CDCI3 173.8 -235  c -34.1 

3 Si Me CDC13 170.59 0.1 
Si 0 / 2  CDCI 3 169.61 -0 .1  
Si OPr i CDCl3 169.92 350 7.9 
Si OMe CDC13 169.77 -246  320 6.0 
Si F CDCI3 171.45 -247  258 -19 .4  
Si CI CDC13 173.03 -252  245 -38.1 (-37.7 d) 
Si Br CDCI3 174.23 -28 .3  ( -38.6 ~) 
Si I CD2CI 2 173,99 -221 230 -22.7  
Si OTf CDCI3 175.30 -5 .3  
Ge Me C6DsCD 3 167.93 
Ge CI CDCI 3 172.65 294 
Ge Br C6DsCD 3 172.60 
Sn C1 CDC13 173.94 -47.3 

4 Si CI CD2CI 2 173.09 -31.6  

5 Si C1 CD2CI 2 172.67 -32 .0  

6 Si CI CD2CI 2 172.46 -33 .9  

7a Si 0 / 2  CDCI3 173.92 5.0 
Si CI CDCI 3 177.8l -6 .7  e ( -9 .7)  7 

7b Si CI CDCI3 175.67 -15 .0  ( -5 .7)  7 
Ge CI CDCI 3 176,79 

7c Ge Me CDCI3 169,76 
Si Me CDCI3 168,06 0.9 
Si CI CDCI 3 172.68 -42 .4f  ( -38.5)  7 

7d S i Me C DCI 3 174.06 0.3 
Si F CDCI3 176,80 306 -19 ,5  (-20.6)  7 
Si OC6F 5 CDCI 3 177.2 -27 .6  
Si C1 (CD3)2C=O 179.54 -41.1 
Ge CI CDC13 178.14 
Sn CI CDCt 3 179.32 -35.3  

8 Si F 43 CDC13 29; -23.5 
Si Clg CDCI 3 25.6; -38.7  
Si OC(O)CF 3 CDCI 3 6 . 8 ; - 4 2 . 2  

9 Si CI CDCI 3 32.3; -35 .2  
10 Si CI CDCI 3 10.6; -37 .6  

11 Si Ci 49 h 175.8 -24 .2  

13 Si C1 CDCI3 173.29 5.5 
14a Si CI CDC13--CD2C12 t70.42 -7 .3  

14b Si C1 CDCI3--CD2CI 2 172.97 -10 .3  i 

16 Si Me CDCI 3 160.88 -248  348 1.2 
Si 0 / 2  CDC13 161.26 2.0 
Si Cl CDCI 3 163.80 -31.6  

o At 50 ~ b Three sets of signals are observed, the lowest-field chemical shift for the C=O group is presented, while other signals 
are observed at 169.16 and 169.42 ppm, 829Si: 0.I. and 3.2 ppm. c ~14N. a The spectrum was recorded in C6DsCD 3. e The spectrum 
was recorded in (CD3)2C=O. f c ~0.2 mol L-I ;  at ~20 ~ a concentration-dependent shift is observed, g C. H. Yoder, private 
communication, h In a CDCI3--CC14--CH2C12 mixture of solvents (2.5 : 1.5 : 6). i On prolonged keeping in (CD3)2C=O, two 
signals are recorded: -10 .4  and -12 .3  ppm. 
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T h e  chemica l  sh i f t s  of  Me 

829Si v) in the spectra of XMe2SiCH ~- 
these  c o m p o u n d s  are 29 and  Me 
- , _ . 5  ppm (8, X = r ) ,  Me 
25.6 and  - 3 8 . 7  p p m  (8, X = x 

CI),* and 6.8 and  - 4 2 . 2  p p m  8, x = F, Cl, OC(O)CF 3 
(8, X = OC(O)CF3) .**  

Chlor ides  9 and  10 also can  serve as examples ;  ~ the  
629Si TM and ~29Si v va lues  for these  c o m p o u n d s  are 32.3, 
- 3 5 . 2  ppm and  10.6, - 3 7 . 6  p p m ,  respectively.  

Me Me 
~,~ Me Me 

~ / C  o~Si o 3d o, 

0 .,.,...,~ /CH 2 O.~sftC H 2 
S_i.... 

M d  "-'= Cl M~ - ~e Me 
9 10 

T h e  upfie[d shif t  o f  the  s ignal  in  the  29Si N M R  
spec t rum of N - ( d i m e t h y l s i l y l m e t h y l ) a m i d e s  and  - lac tams  
1 - - 8  o c c u r s  in  p a r a l l e l  w i t h  t h e  i n c r e a s e  in t h e  
nuc leofugal  p roper t i e s  o f  the  subs t i t uen t  X. 7 T he  c h e m i -  
cal shifts of  the  s ignals  in the  29Si and  t3C N M R  spect ra  
of  alkoxides and  ha t ides  3 (M = Si) in a so lu t ion  in 
t o l u e n e - d  8 are r e l a t ed  by a l inear  d e p e n d e n c e ,  descr ibed 
sat isfactori ly  by t he  fo l lowing equa t ion :  37 

829Si = 1685.88 - 9.94-5t3C, n = 6, r = 0.983. (5) 

To  es t imate  quan t i t a t i ve ly  the  degree  of  coo rd ina t ion  
in te rac t ion ,  it is s ign i f ican t  to  choose  cor rec t ly  the  ap-  
p ropr ia te  mode l  c o m p o u n d s  wi th  t e t r a c o o r d i n a t e d  Si 
a toms.  The  d i f f e rence  be t w een  the  c h e m i c a l  shifts (AS = 
8Si v - 8Si Iv) is d e t e r m i n e d  by t he  c o n t r i b u t i o n  of  the  
coo rd ina t i on  c o n s t i t u e n t  of  the  hype rva len t  f r agment  to 
t h e  s h i e l d i n g  o f  t h e  s i l i c o n  a t o m .  In  p a r t i c u l a r ,  
ch lo romethy l s i l anes  CICH~_SiMe2X are regarded as model  
c o m p o u n d s  fo r  S i - s u b s t i t u t e d  N - ( d i m e t h y l s i t y l -  
m e t h y l ) a m i d e s  a n d  - l a c t a m s  1 - - 7  (M = Si). 7,19,34,3s As 
in o t h e r  der iva t ives  o f  hype rva l en t  s i l icon,  7,45,46 the  
degree  of  sh ie ld ing  o f  29Si nuc le i  in  c o m p o u n d s  1 - -7  
(M = Si) is g r ea t e r  t h a n  t ha t  in  the  mode l  c o m p o u n d s  
C I C H 2 S i M e 2  X. T h e  c o o r d i n a t i o n  c o n t r i b u t i o n s  
(A61 = 8Si v - 8 S i ( C I C H 2 S i M e 2 X ) )  for  c o m p o u n d s  3 (M 
= Si) and  7 a - - d  ( M  = Si) are l is ted in Table  2. How-  
ever,  the  mode l  c o m p o u n d s  C I C H 2 S i M e 2 X  are k n o w n  
to  r e a r r a n g e  r e a d i l y  i n t o  i s o m e r i c  c h l o r o s i l a n e s  
XCH2SiMe2CI ;  47 t he re fo re ,  it shou ld  be no t ed  t ha t  in 
some  cases, syn thes i s  o f  these  c o m p o u n d s  can  prove to 
be a fairly c o m p l i c a t e d  task. 

There fore ,  t he  T M S  der ivat ives  Me3SiX can  also be 
used as a d e q u a t e  m o d e l s  (i t  is also s ignif icant  tha t  
pub l i shed  data  on  29Si N M R  c h e m i c a l  shifts for  these  

* C. H. Yoder, private communication.  
** Our results. 

c o m p o u n d s  con ta in ing  va r ious  e l e c t ronega t i ve  subs t i tu -  
ents  are more  accessible42). T h e  c o r r e s p o n d i n g  coo rd i -  
n a t i o n  con t r ibu t ions  (~52 = 8Si  v - 5S i (Me3SiX) )  are 
also inc luded  in Table  2. 

TaMe 2. The coordination contr ibut ions (Ar) 7,37,49 to the 29Si 
N M R  chemical shifts of compounds  3, 7a--d. and 11 (M = Si) 

Com- X Solvent -z~81 -AS 2 Ret~ 
pound 

3 Me CDCI 3 0.l 37 
0 / 2  * 7.5 
OPr i ,, 5.0 9.3 
OMe * 6.9 11.2 
F . 43.0 49.9 
CI ,, 62.4 68.0 
Br * 46.0 54.3 
OTf * 49.0 
I ,, 23.4 31.3 

7a OCOMe CH2CI 2 8.8 14.7 7 
F , 9.4 16.3 
CI ~ 34.0, 39.6, 

31.0 a 36.6 a 
OSO2Me ~ 40.3 50.3 
OSO2Ph ~ 41.0 51.2 
OCOCF 3 ~ 42.6 51.1 
Br ~ 28.1 36.4 

7b OCOMe CH2C12 4.0 9.9 7 
F ,~ 7.1 14.0 
CI ,, 30.0, 35.6, 

CDC13 39.3 a 44.9 a 
OSO2Me ~ 36.6 46.7 
OCOCF 3 ~ 38.8 47.3 
Br * 29.5 37.8 

7c OCOMe CH2C12 50.8 56.7 7 
F ,, 44.4 51.3 
CI * 62.2, 68.4, 

(CD3)2C(O) 66.7 ~,b 72.3 b 
OSO2Me CH2CI 2 60.3 
OSO2Ph ,~ 56.5 66.7 
OCOCF 3 ~ 66.5 75.1 
Br ,, 40.3 48.6 

7d OCOMe CH2C12 50.8 56.7 7 
OC6F 5 ,~ 56.5 
F * 45.4 52.3 
CI ~ 59.3, 64.9, 

(CD3)2C(O) 65.4 a,b 71.0 b 
OSO2Me CH2C12 58.8 68.8 
OSO~Ph ,, 55.4 65.6 
O C O-CF 3 ,> 66.1 74.7 
Br , 45.5 53.8 

11 OCOMe c 26.2 32.1 49 
CI , 47.7 0.16 
OCOCF 3 , 54.6 55.3 
Br ,, 48.0 56.3 
I ,, 15.6 23.5 

Note. 48 i is referred to the model compounds CICH2SiMe2X 
and 462 is refered to the model compounds  Me3SiX. The -481 
(-482) values for compounds 1, 2, 4 - - 6  (M = Si; X = Cl) were 
62.1 (67.7), 61.I (66.7), 55.9 (61.5), 56.3 (61.9), and 58.2 
(63.8). a Our data. b The increase in  --AS is due to the increase 
in the coordination number  of si l icon upon interaction with 
the solvent, e In a CDCI3--CCI4--CH2CI 2 solvent mixture 
(2.5 : 1.5 : 6). 
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It is noteworthy that compounds 8 also could serve 
as convenient models; however, at present, these deriva- 
tives are quite l imited in number. It should also be 
mentioned that alkoxy derivatives (X = OAlk), which 
have been assumed to incorporate no O--r IntraCB, 
had also been considered as model  compounds for 
N-(dimethylsilylmethyl)lactams 7 (M = Si). 7 However, 
our most recent results suggest the hypervalent state of 
the silicon atom in, at least, some of  these derivatives. ~ 
For example, the occurrence of the O ~ S i  intramolecu- 
lar interaction in alkoxides 3 (M = Si, X = OMe, OPr i) 
is indicated by the fact that their N M R  spectra contain 
only one set of signals (i.e., there are no signals due to 
the second rotamer that would result from the hindered 
rotation around the C - - N  bond in aliphatic amides). 
Nevertheless, this interaction is much weaker than that 
in the corresponding hatides, triflates, acylates, and aryl 
oxides as indicated by a comparison of the 29Si N M R  
spectral parameters of alkoxides 3 (M = Si; X = OMe, 
OPt ~) (~529Si - 4 - - 7 )  with those of  the model compound 
CICH2SiMe2OMe (629Si 12.9, -&81 ~7, see Table 2) 
and also by the fact that the 170 N M R  signals for the 
alkoxides in question (fi170 -340--350,  CDCI3, 50 ~ 
are exhibited in a markedly lower field (by -100 ppm) 
than the corresponding signals of  chlorides of penta- 
coordinated silicon (240--270 ppm). At the same time, 
the N M R  spectra of  TMS derivatives 3 (M = Si, Ge; 
X = Me) contain two sets of  signals, whose ratio de- 
pends on the nature of  the solvent. The spectrum re- 
corded in nonpolar  toluene-d s exhibits only one set of  
signals, which has been assigned to the E-rotamer. The 
less intense set of  signals includes the lower-field signal 
of the C atom of  the carbonyl group. Therefore, we 
assigned these signals to the Z-rotamer.  

A comparison of  the chemical shifts of the low-field 
~Si  signals for the corresponding disiloxanes (previ- 
ously, they had been considered to contain no O--+Si 
IntraCB based on the data of  IR spectroscopy zs) with 
those for the model  disiloxane (Me3Si)20 (5(29Si) 4.042) 
shows that -~82 varies from - 2  to +8 ppm; this can 
indicate that weak O ~ S i  interaction does occur in some 
of these compounds.  In particular,  the occurrence of 
this interaction in the solid state has been confirmed by 
an X-ray diffraction study of disiloxane 3 (M = Si, X = 
0 / 2 )  in which weak O...Si contacts (2.82 A) have been 
found. 

I I 

Mev .] (.y e 
Me Me 

3 
R* = (S)-CH(Ph)Me 

Analysis of the corresponding coordination contribu- 
tions (see Table 2) indicates that an increase in the 
nucleofugal properties of substituent X, estimated from 

the pK a value of the conjugated acid, is generally ac- 
companied by an upfield shift of the signal in the 29Si 
N M R  spectrum and by an increase in 13,81. The differ- 
ence between the 29Si chemical  shifts of  C|CH2Me2SiX 
and Me3SiX (zXSt) is smaller  in magnitude than the 
corresponding value for the compound with a penta-  
coordinated silicon atom (3,82) by - 5 - - 9  ppm; the gen- 
eral tendency of the variation of  A61 and 3,82 as func- 
tions of  the nature of the substituent X is retained. Note 
that there is also a fairly good correlation with the 
strengths of  IntraCB in the solid phase est imated from 
the X-ray data based on the deviation of  the silicon 
atom from the equatorial plane (Asi) (Table 3 ) )  ,s ,m,~ 
In compounds 3 and 7a - -d  (M = Si) containing rather 
poor leaving groups (X = OPh,  OCOPh,  F), the silicon 
atom deviates from the equatorial plane toward the 
substituent X (3,si ~0.15--0.30 E); in the case of  good 
leaving groups (X = Br, OTf, I), this atom deviates 
toward the coordinating oxygen atom (~si - - 0 . 1 5  to - 
0.30 E); the properties of  CI as a leaving group are 
intermediate (see Table 3; deviation toward the substitu- 
ent X is taken as positive). 

However, in the case of  substituents X possessing 
high nucleofugal capacities (Br-;  I - ;  RSO20- ;  R = Me, 
Ph; TfO-;  CF3COO-;  p K  a of  the conjugate acid is less 
than 1), in most cases in relatively polar  solvents 
(CD2C12, CDC13), the upfield shift of the 29Si N M R  
signal and the coordination contribution become smaller 
than those for the corresponding chlorides, although the 
degree of  O...Si interaction in the crystal obviously 
increases I,s,zz,4s (according to X-ray diffraction data). 
As a result, chlorides are normally characterized by 
larger ~5 parameters (except for compounds with weaker 
IntraCB, viz., 2-pyrrolidone derivatives 7a,b (M = Si, 
X = CI), see below). 

For example, the difference between the 529Si values 
of the chloride and bromide 3 (M = Si) in nonpolar  
to luene-d 8 is relatively small and amounts to ~1 ppm 

Table 3. Deviations of the silicon 
equatorial plane (Asj/A) g,n,aa in 
7a--d, and 11 (M = Si) 

atom from the 
compounds 3, 

Compound X &Si 

3 F 020 
C1 0.05 

7a OPh 0.30 
F 0.29 
OCOPh 0.205 

"/b Cl 0.10 
7c Cl 0.06 

Br -0.22 
OTf -0.30 
I -0.35 

7d OCrF s 0.16 
C1 0.05 

I1 CI 0.16 
Br 0.05 
I -O.O9 
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(unlike the corresponding value for model trimethylsilyl 
derivatives Me3SiX) (see Table I). However, in CDC13, 
the 29Si signal of  bromide 3 ( -28 .3  ppm) occurs at a 
lower field than that  of  chloride 3 (-38.1 ppm). On 
going to the iodide and triflate 3 (M = Si) in CDCI3, the 
8(29Si) signal continues to shift downfield ( -22 .7  and 
-5 .3  ppm, respectively) and the coordination contribu- 
tions A6 decrease (see Table 2). 

The transit ion from X = CI to substituents with 
higher nucleofugal capacities (Br, I, and Tf) results in 
characteristic changes in the 1500--1700 cm - l  region of 
the IR spectra of  these compounds (a broadened me- 
dium-intensi ty absorption band at 1620--1640 cm - i  
appears instead of  the two medium-intensi ty  bands at 
1500--1520 cm -~ and the highly intense band at 1600-- 
1610 cm - t )  and also leads to a sharp increase in the 
e lec t r ica l  conduc t i v i t i e s  of  thei r  so lu t ions  in 
CH2CI2.to,16, 30 

Thus, the whole set of data obtained by 29Si N M R  
and IR spectroscopy, X-ray diffraction analysis, and 
conductometry indicates that when substituent X is 
a relatively poor nucleofuge, the O--Si  bond is the 
"coordination" bond (canonical structure A), whereas in 
compounds  in which X is a good leaving group, 
Si - -X becomes the "coordination" bond (canonical struc- 
ture B )  

f ~ .... Me = = I [ ..... Me 
CH2--~i'~,~Me CH2--~' i~Me 

X X -  

A B 

"-J'-o 
= I I 

C H 2 ~  i 

Me 
C 

- - X -  tk 

(6) 

In addition, the latter bond can dissociate in relatively 
polar solvents to give cation C with a tetracoordinated 
silicon atom; apparently,  this is the main cause for the 
decrease in the upfield shift of  the 529Si signal and for the 
decrease in the coordination contribution ~ for these 
compounds compared to these values for the correspond- 
ing chlorides. Yet another reason for this shift in the case 
of  chlorides is that in solutions, these compounds are 
converted into associated forms in which the coordina- 
tion number of  silicon is greater (see Section 4). 

In particular,  the assumption that  iodide 3 (M = Si) 
in solution is most ly  ionic is supported by the param- 
eters of the 15N and t70 N M R  spectra. Thus, the fact 
that the 170 signal of iodide 3 (230 ppm, CD2CI 2, 
50 ~ occurs at a higher field than that  of  chloride 3 
(M = Si) (245 ppm) points to enhancement  of  shielding 
of  the oxygen a tom caused by a decrease in the degree of 
double bonding in the carbonyl group. Conversely, the 

15N signal of iodide 3 (M = Si) is exhibited at a 
somewhat lower field ( -221 ppm,  CD~CI2) than that  for 
chloride 3 (M = Si) ( -252  ppm,  see Table 1). 

A comparison of  the data of  29Si N M R  spectroscopy 
(see Tables 1 and 2 and Ref. 7) and X-ray diffraction 
data 1,$,z2,~ made it possible to arrange substituents X, 
in terms of their effect on the strength of  the O ~ S i  
coord ina t ion  in t e rac t ion  in N-  (d ime thy l s i l y l -  
methyl)amides and -lactams 1 - -8  (M = Si), in the 
following sequence: 

Me << O/2, AIkO < PhO, F < PhCOO, MeCOO,  
C6F50 < PhSO20 < MeSO20 < C1 < CF3COO << Br < 
T f O <  I. 

This series demonstrates one of  the important  conse- 
quences of the hypervalence model:  6 the degree of 
O--S i  bonding of pentacoordinated silicon in a hyper- 
valent O- -S i - -X  fragment depends  not only on the 
electronegativity of  substituent X but it depends more 
appreciably on its nucleofugal capacity.  

The few data currently available on the effects of  the 
nature of the substituents at the  nitrogen atom and at 
the carbonyl C atom of  the amide  group as well as the 
effects of the size of the lactam ring and of the heteroa- 
toms incorporated into it on the  degree of  the O ~ S i  
intramolecular interaction indicate  that electron-with-  
drawing groups decrease the donor  ability of  the coordi-  
nating oxygen atom in the chelat ing ligand. In fact, a 
chlorine atom or an acetoxy group in the c~-position of  
substituent R in compounds 4 - - 6  (see Table 1) some- 
what weakens the O--+Si coordinat ion  bond as indicated 
by the fact that the 79Si signals of  chlorides 4 - -6  occur 
at a lower field than those of  chlorides 1--3 (M = Si). 

An additional N-acetyl group exerts a more appre- 
ciable effect. The fact that the  O--+Si intramolecular  
interact ion in N- (d ime thy l s i ly lme thy l ) -N-ace ty lace t -  
amides 11 is weaker than that  in the corresponding 
derivatives of amides and lactams 1--3  and 7a - -d  (M = 
Si) is indicated by the decrease in the upfield shift of the 
29Si N M R  signal and in the coordinat ion contribution 
for pairs of compounds with ident ical  substituents X (see 
Table 3). 49 This is also conf i rmed by the X-ray diffrac- 
tion data for halides 11 (M = Si; X = C1, Br, I) in which 
the displacements of  the Si a toms  toward the oxygen 
atom were found to be smaller 7,8 than those for halides 
7e (M = Si) (see Table 3). Hence ,  only in iodide 11, 
S i - -X can be regarded as an "additional" bond, i.e., as a 
bond with a coordination nature ,  whereas in bromide 
11, unlike bromide 7e (M = Si), this is a covalent bond. 

1 ~ ....... Me 1 ~, ,,..Me 
CH2--~I"~Me C H 2 - - ~ M e  

X Cl 
11 1 2 a , c  

X = CI, Br, [, OCOMe, OCOCF 3 n = 1 (a), 2 (c) 



Hype~alent  silicon, germanium and tin compounds Russ.Chem.BulL, VoL 46, No. 11, November, 1997 1815 

Note  tha t  for c o m p o u n d s  11, a new type of  
stereodynamic transformations in derivatives of penta- 
coordinated silicon, namely,  migration of a silicon atom 
bound by an O ~ S i  intramolecular  coordination bond 
between two donor centers, was discovered. 

Weakening of  the O ~ S i  IntraCB is also observed in 
the case of  derivatives of  irnides 12a,e. The ~29Si values 
for these compounds are 24.2 and 6.1 ppm, 5~ and the 
Iz56i values (in relat ion to C1CH2SiMe2CI and Me3SiC1) 
are 0.1 and 5.7 ppm and 18.2 and 23.8 ppm, respec- 
tively. Thus, occurrence of  an IntraCB in succinimide 
12a seems unlikely. 

Steric factors can also be significant for the forma- 
tion of lntraCB. For  example,  the 29Si N M R  spectrum 
of N- (chlorodimethyls i ly lmethyl) -  
acetamide (13) in a dilute solution 
at room temperature  contains one 
low-field signal (5.5 ppm in ac- 
etone-ds and 5.1 ppm in CDC13); 
this points to the presence of  a 
te t racoordinated Si a tom in this 
compound. In our opinion, this may 

2 
Me--C 

\ N~H 
I CH2S~Me2Cl 
13 

be caused by the increase in the relative stability of the 
E-conformer owing to steric factors, sl 

According to X-ray diffraction data, the variation of  
the size of  the ring in lactams 7a--d  (M = Si) in the 
crystalline state exerts a relatively weak influence on the 
degree of the O--+Si coordinat ion interaction. On going 
from derivatives of  five-rnembered lactams 7a,b (M = 
Si) to the corresponding derivatives of six- and seven- 
rnernbered lactams 7c,d (M = Si), the coordination 
interaction tends to slightly increase (the I~t  value 
increases, see Table 2). s~z Since the strengths of the 
O-~Si IntraCB in the derivatives of  acyclic, s ix-mem- 
bered, and seven-membered  lactarns I - -3  and 7e,d 
(M = Si) are close (see Table 2), the smaller [AS{ values 
found in the case of 2-pyrrol idone derivatives are caused 
apparently by the known fact that the electron-donating 
ability of the carbonyl O atom i n  the five-membered 
lactam ring is lower (because this ring is strained) than 
those for the O atoms in the six- and seven-rnembered 
rings. In particular,  the pK a values of  the conjugated 
acids of five-, six-, and seven-rnernbered lactams are 
-0 .33 ,  0.75, and 0.36, respectively. 5z 

According to X-ray diffraction, the introduction of 
an oxygen atom as an additional heteroatom into a 
lactam ring weakens the O ~ S i  coordination bond in the 
case where this a tom exhibits only electron-withdrawing 
effect and cannot  be conjugated with the amide frag- 
ment. Thus in 4-oxazol idinone 14b and morpholin-3-  
one 15 derivatives (M = Si), the deviations of  the silicon 
atoms from the equatorial  plane are 0.25 zs and 0.08 A, s3 
respectively (whereas those in chlorides 7b and 7e (M = 
Si) are 0.10 and 0.06 A). s As a result, the O ~ S i  interac- 
tion in the crystal o f  oxazolidinone 14b is the weakest 
among those in N-(chlorodimethylsilylrnethyl)amides and 
-lactarns.  In turn ,  the  ~(29Si) and 1~51 values in 
oxazolidinones 14a,b and 2-pyrrolidone derivatives 7a,b 

(M = Si; X = CI) are quite close to one another  and are 
smaller than those for chlorides 1--3 (M = Si) and 7c,fl 
(M = Si) (see Table 2). Apparently,  this is due a 
common reason associated with the possible formation 
of  intermolecular  homoassociates in solutions of com- 
pounds of pentacoordinated silicon with weak lntraBC 
(see Section 4). 

t ~ .... Me CH2 ~SiL~Met~Me CH2~I~Me 
c1 C~ 

14a,b 15 

R = H (a) ,  Me (b)  M = Si, R 1 = Et, R 2 = H 
M = G e ,  R 1 = H, R 2 =  Et 

Cl 

16 

It is noteworthy that, according to X-ray diffrac- 
t ion z6 and 29Si N M R  data (see Tables 2 and 3), the 
electron-donat ing capacity of the carbonyl oxygen atom 
in 1,3-oxazin-4-one derivative 16 virtually does not 
decrease (Asi = 0.06 A, IA~511 = 55.9). This can be 
explained by conjugation of the endocyclic oxygen atom 
and the C=O group with the ~-electrons of  benzannelated 
aromatic ring resulting in increased electron density on 
the oxygen atom of  the lactam carbonyl group. 

3.2. Derivatives of  pentacoordinated germanium 
and tin 

The above-considered regularities of  variation of the 
spectral parameters and geometric characteristics of the 
hypervalent fragment in pentacoordinated silicon de- 
rivatives are also typical of their Ge and Sn analogs. In 
particular, the IR  spectra of chlorides 7a - -d  (M = Ge; X 
= CI), like the spectra of isostructural silicon com- 
pounds, 16 exhibit two absorption bands in the 1500-- 
1750 cm - l  region characterizing the N = C = O  fragment, 
namely,  a more intense band at -1600 cm -1 and a less 
intense band at -1510 cm - I .  This implies a ( O - - G e ) -  
chelate structure of chlorides 7a- -d  (M = Ge).  rt The 
formation of O--+Ge IntraCB in chlorides 3 (M = Ge) 
and 7a (M = Ge)  and in bromide 3 (M = Ge)  results in 
a downfield shift (equal to - 6 - - 8  ppm) of the signal of 
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the C = O  group in the 13C N M R  spectra with respect, 
for example, to the signal of  the carbonyl C atom in 
N-( t r imethylgermylmethyl) -2-piper idone (7c, M = Ge; 
X = Me) containing a tetracoordinated Ge atom. 33,s4,ss 
The ~70 N M R  signal o f  chloride 3 (M = Ge)  is mani- 
fested at a lower field (294 ppm in CDC13) than the 
corresponding signals o f  chlorides of  pentacoordinated 
silicon (see Section 3.1); this points to a lower electron- 
donating ability of  the oxygen atom in chloride 3 (M = 
Ge). 

The increase in the nucleofugal capacity of  substitu- 
ent X on going from the corresponding chloride to 
bromide is accompanied by a slight downfield shift of 
the 13C N M R  signal of  the carbonyl group (172.12 ppm 
for chloride 3 (M = Ge)  and 172.60 ppm for bromide 3 
(M = Ge) in to luene-d  s, Table 1). 33 The X-ray diffrac- 
tion data on the deviations of the germanium atom from 
the equatorial plane (AGe/A) proved to be much more 
valuable. 10 In fact, the AGe values for chloride and 
bromide 3 (M = Ge)  are 0.13 and 0.07, while those for 
chloride and triflate 7e (M = Ge) are 0.15 and -0 .18  A, 
respectively. These results, together with conductomet-  
ric data indicating that the electrical conductivity of 
triflate 7e (M = Ge)  is appreciably higher than that of  
chloride 7c (M = Ge) ,  1~ provide grounds for believing 
that the increase in the strength of the O - , G e  intramo- 
lecular interaction following an increase in the nucleo- 
fugal capacity of  substituent X occurs in the same order 
as that  for the s t ruc tu ra l ly  s imi lar  derivat ives of 
pentacoordinated silicon. 

The strength of  the O ~ G e  IntraCB in chlorides 
7a - -d  (M = Ge),  as in the case of the corresponding Si 
derivatives, s increases on going from the f ive-membered 
lactam ring to six- or seven-membered rings and de- 
creases when an electron-withdrawing oxygen heteroa- 
tom is introduced into the lactam ring (morphol in-3-  
one derivative 15 (M = G e ) ) )  ~ In turn, a comparison of 
chlorides and triflates 7c (M = Si, Ge;  X = C1, OTf) 
shows that, at least in these cases, interaction with 
the coordinating oxygen atom in silicon compounds is 
more efficient than that  in their Ge  analogs (cf 6sl 
values for chloride and triflate 7c (M = Si) given in 
Table 3 with the above-presented AGe values for their 
Ge analogs). 

Unl ike  their  Si and  Ge analogs,  N- (d ime thy l -  
s tannylmethyl)amides and -lactams have scarcely been 
studied to date. The pentacoordinated state of  the tin 
atom in chlorides 1, 3, and 7d (M = Sn) follows from 
the fact that the 119Sn N M R  signals of  these compounds 
( -40 .6 ,  -47 .3 ,  and --35.3 ppm, respectively) are mark- 
edly shifted upfield with respect to this signal for the 
mode l  d i ch lo r ide  CICH2SnMe2C1 (112.3 ppm,  
CDC13)) 9,54,55 The resonance of  the carbonyl group in 
the 13C N M R  spectra,  as in the case of  Si and Ge 
analogs, is displaced downfield with respect to 813C(=O) 
in N,N-dimethylacetamide.  33,56 

3.3. Derivatives of hexaeoordinated silicon, 
germanium, and tin 

The hexacoordinated state of  the central a tom in 
bis(lactamomethyl)silanes, -germanes,  and -stannanes 
L2MX'Y (L is the lac tamomethyl  bidentate chelating 
ligand; M = Si, Ge, Sn; X, Y are halogens or some other 
identical or different monodenta te  ligands) is indicated 
by the fact that the positions and numbers of  absorption 
bands in the 1500--1750 cm - l  regions of the IR spectra 
of these compounds are virtually identical to those of 
their isostructural pentacoordinated analogs containing 
one chelating ligand, l~ In fact,  the IR spectra exhibit 
two characteristic absorption bands at ~1500--1510 and 
at -1580--1620 cm -1 and conta in  no additional absorp- 
tion bands that could be at tr ibuted to the monodentate  
lactamomethyl ligand. The presence of hexacoordinated 
silicon and, hence, an (O--S i ) -b i s -che la te  structure, has 
been suggested (based on the data  of IR spectroscopy) 
for bis(lactamomethyl)dichlorosilanes, which are the only 
silicon derivatives with two amidomethyl  C,O-chelat ing 
ligands described to date. These compounds  are amor- 
phous hygroscopic powders, zs whose structures have not 
yet been confirmed by N M R  spectroscopy or X-ray 
diffraction analysis. 

The available data concerning bis( lactamomethyl)-  
dihalogermanes and -stannanes and related compounds 
make it possible to discuss the effect of  the increase in 
the coordination number of  the  central a tom (from five 
to six) on the spectral and structural  parameters.  

R T ( C H 2 ) .  ~(CH2)n 

~ N  "/~==O O~.._...,.(CH2 ) n 

X f ' "  I " ' ~  N~../  ..... Ge'2:"~  f"I \ 
0 N 

(CH2)n 

17a . -d  18a,c,d 

M = Ge, Sn; X = CI, Br; 
X = F, CI, Br, I Y = OTf, CIO4, ! 

n =  1, R =  H ( a ) ; n  = 1, R =  P h ( b ) ;  
n = 2 ,  R =  H ( e ) ; n  = 3, R =  H (d) 

According to X-ray diffraction data, the central atom 
in compounds 17 (M = Ge,  Sn) with two identical 
monodentate ligands in the crystal l ine state is hexa- 
coordinated and forms an octahedral  environment in 
which the carbon atoms occupy  trans-positions and the 
coordinating oxygen atoms as well as halogen atoms 
occupy c/s-positions with respect  to each o t h e r )  2,24,32 
Compounds 18 in which monoden ta te  ligands X and Y 
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possess markedly different nucleofugal capacities are 
actually ionic. 3~ The Ge atom has an octahedral 
coordination, strongly distorted toward a trigonal one- 
cap bipymmid, with trans-arranged carbon atoms, oxy- 
gen atoms, and monodenta te  ligands. 

The 119Sn N M R  signals of compounds 17a,e,d (M = 
Sn; X = F, C1, Br, I) are observed in a higher field 
( -190  to - 3 4 0  ppm,  lz Table 4) than those of com- 
pounds of pentacoordinated tin (see Table 1). An in- 
crease in the nucleofugal capacity of substituent X nor- 
mally results in an upfield shift of  the tlPSn signal; the 
~(l '9Sn ) values for fluorides and chlorides with identical 
bidentate ligands are virtually identical. 54,s5 

The chemical shifts of the signals in the llPSn N M R  
spectra depend also on the size of  the lactam ring. The 
upfield shifts of  the t lPSn signals of dichlorides 17e,d 
(M = Sn) with respect to those of dichlorides 17a,b 
(M = Sn) suggest that the O ~ S n  coordination interac- 
tion in the six- and seven-membered lactam derivatives 
is stronger than that  in f ive-membered derivatives. This 
is consistent with the results of X-ray diffraction analysis 

Table 4. 13C NMR chemical shifts of the C=O groups and 
119Sn NMR chemical shifts for (O--Ge)- and (O--Sn)-bis- 
chelate bis(lactamometlayl)dichlorogerrnanes and -stannanes 
17a--d (M = Ge, Sn) and 18a,e,d (20 ~ CDC13) lz,33'54's5 

Corn- M X 2 513C(=O) ~119Sn 

pound ppm 

17a Ge F 2 176.66 
Ge CN 176.62 
Ge Br 2 176.81 
Sn F 2 177.78 
Sn C1 z 177.35 
Sn Br 2 177.29 
Sn 12 177.07 

17b Sn CI 2 176.60 
17e Ge F, 171.53 

Ge Cl 2 172.67 
Ge Br~ 174.78 a 
Sn F 2 t73.24 
Sn CI 2 172.98 
Sn Br2 172.97 
Sn I2 172.87 

17d Ge F 2 177.31 
Ge CI 2 177.61 
Ge Br2 177.85 b 
Sn C12 178.72 
Sn Br 2 178.64 
Sn 12 178.65 

18a Ge (CI)OTf 180.71 
Ge (CI)CIO 4 180.74 

18c Ge (C1)OTf 174.84 
18d Ge (CI)OTf 180.47 

Ge (C1)CIO4 180.39 
Ge (Br)OTf 180.35 
Ge (Br)l 180.39 

-194.6 
-194.6 
-241.3 
-272.5 
-195.9 

-271.6 
-270.2 
-312.7 
-336.5 

-256.2 
-293.7 
-294.5 

A second less intense set of signals with 513C(=O) 172.30 is 
observed, b A second less intense set of signals with ~I3C(=O) 
180.08 is observed. 

of dichlorides 17a,e,fl (M = Sn) and with the data on 
their electrical conductivities 12 and is also in line with 
the above-discussed effect of the size of the lactam ring 
on the strength of the intramolecular  interaction in 
isostruetural compounds of  pentacoordinated silicon and 
germanium with one chelating ligand. 

The 13C N M R  spectra of cis-dihalides 17a--fl (M = 
Ge,  Sn) are characterized by substantial (180 ppm and 
larger) downfield shifts of the 13C signals of  the carbonyl 
group (see Table 4). The spin-spin coupling of  the tin 
atom with the carbonyl carbon atom and with some 
carbon atoms of the lactam r i n g ,  which has been ob- 
served in the 13C N M R  spectra  of cis-dichlorides 
17a--d (M = Sn; X = C1), is also retained at low 
temperatures. 12 The J'(~3C--~IgSn) value for the C atom 
of the carbonyl group increases following an increase in 
the degree of the O ~ S n  coordination in the following 
series of tin dichlorides 17a, 17b << 17d < 17e. In the 
case of dichloride 17e, which contains, according to 
t i9Sn N M R  spectroscopy, the strongest O ~ S n  coordi-  
nation bond, spin-spin coupling of  the tin atom with the 
carbon atom in position 3 of  the lactam ring is observed. 
Based on this finding, it is believed that the 13C--~19Sn 
spin-spin coupling in dichlorides 17a--d (M = Sn) is 
transferred directly through the coordination bond. 

The 13C(=O) signals for compounds 18a,c,d (M = 
Ge) with the trans-eonfiguration of the coordination 
unit occur at lower field (up to ~180 ppm) than those of  
compounds of hexacoordinated germanium with the cis- 
arrangement of monodentate ligands (up to ~177 ppm). s4 
This is apparently due to the deshielding of  the carbonyl 
carbon atom caused by the substantial delocalization of  
the positive charge resulting from (partial) dissociation 
of these compounds in solutions to give germacenium 
ions, which is indicated by the data of  conducto-  
merry.10, 30 

X • 

+ 'r-  (7) 

It has been found in 13C N M R  studies that  the 
signals of  the carbonyl carbon atoms of  Ge and Sn six- 
membered lactam derivatives are markedly shifted upfield 
(in some cases, by up to 6 ppm) with respect to the 
corresponding signals of  derivatives of  five- and seven- 
membered lactams. 12,s4,55 An upfield displacement  of 
the I3C N M R  signal for the carbonyl carbon atom is also 
observed for pentacoordinated chloride 7e (M = St) 
with respect to chlorides 7a,d (M = St). 3s 

The upfield displacement of the 13C(=O) signals of  
s ix -membered  lactam derivatives with pen ta -  and 
hexacoordinated central atoms with respect to the corre- 
sponding signals for the derivatives of  five- and seven- 
membered lactams is apparently due to more efficient 
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de loca l i za t ion  o f  the  r~-electron densi ty  in the 
N - - C - - O - - M  fragment in the six-membered lactam 
ring. In this case, owing to the decrease in the length of  
the O ~ M  coordinat ion bond, the paramagnetic contri-  
bution to the constant of shielding of the carbonyl 
carbon atom changes more rapidly than the diamagnetic 
contribution. This effect was observed for the first time 
in a study dealing with the reactivity of some highly 
basic aromatic ketones, phenalenone and tropone de- 
rivatives, in acid media. 41 

4. Intermoleeular coordination interactions 
in solutions of 

N-(halodimethylsilylmethyl)amides and -laetams 

4.1. Low-temperature studies 

The chemical  shifts of the N M R  signals for com- 
pounds of  pentacoordinated silicon depend on the tem- 
perature and on the nature of solvents. 7,34-38 When 
solutions of fluorides 3 (M = Si), 7d (M = Si), chlorides 
1--7 (M = Si), and iodide 3 (M = Si) are cooled, the 
signals in their 29Si N M R  spectra shift upfield. 3s-38 

The magnitudes of  the upfield shifts of the 29Si 
N M R  signals at low temperatures depend on the nature 
of  the solvent. The greatest shifts of the 29Si signals of 
fluorides and chlorides at - 9 0  ~ are observed in a low- 
polarity solvent exhibiting no electron-donating proper- 
ties ( toluene-ds),  while the smallest shifts are observed 
in solvents with high electron-donating abilities such as 
acetone-d6, CD3CN , and CD3OD. 3s 

The 29Si signals of  bromides 3 (M = Si) and 7c,d 
(M = Si) and iodide 1 1, 49 unlike those of chlorides and 
fluorides, were found to substantially (by up to 12 ppm) 
shift downfield in solvents with relatively low electron- 
donat ing abili t ies ( to luene-d  s, CD2C12, CDC13) at 
- 9 0  ~ 7,3s An increase in the electron-donating ability 
of the solvent (CD3CN, CD3OD), on the contrary, 
causes an upfield shift (2--4 ppm) of  signals in the 29Si 
N M R  spectra, 38 which may be due to association of  the 
halide with solvent molecules. 

In terms of the model  of the effect of the medium 
and the temperature on the structures of  pentacoordinated 
silicon derivatives developed by V. A. Pestunovich and 
M. G. Voronkov,  s7 the solvent- -solute  interact ion 
s t ren~hens  the coordinat ion in the case where the di- 
pole moment  ~a of  the molecule increases as the coordi-  
nation bond becomes shorter and weakens the coordina- 
tion if the ~t value and the length of  IntraCB vary in 
parallel. Thus, the change in the shielding of  the silicon 
a tom following a decrease in the temperature is due to 
the increase in the dielectric constant of  the solvent and 
to the fact that the more polar state of the halide is 
stabilized as a result of  shortening of the O--*Si coordi-  
nation bond (in fluorides and chlorides) or the S i ~ H a l -  
bond (in bromides and iodide 11) and/or  a decrease in 
the degree of its dissociation.  7'49 In terms of  the 
hypervalence model,  s these data imply the "coordina- 

tion" character of  the O ~ S i  bond and the "covalent" 
character of the S i - -Hal  bond in the axial f ragment  of  
fluorides and chlorides and, conversely, the "covalent" 
and "coordination" characters o f  the O - - S i  and S i ~ H a l -  
bonds, respectively, in the case of  bromides and iodide 
11. Iodide 3 (M = Si) and triflate 3 do not fit in this 
dependence: for these compounds,  shielding of  the NSi 
nuclei increases as the temperature  decreases. Note  that 
the preliminary results obtained in conductomet r ic  stud- 
ies of halides 3 (M = Si, Hat = F, CI, Br, I) demon-  
strate that in all cases, the electrical  conductivi ty at low 
temperatures (down to the freezing point  o f  the solvent; 
~ -95  ~ for CH2C12) is somewhat  lower (by a factor of 
1.5--2) rather than higher than that at room tempera-  
ture; this is inconsistent with the assumption that the 
degree of dissociation of the coordinat ion bonds in 
bromides and iodides increases. 

In the t3C N M R  spectra of  fluorides 3 and 7d (M = 
Si) recorded at low temperatures  ( - 5 0  ~ CDCI3), 
long-range spin-spin coupling between the F and C(=O)  
atoms (nJF,c(o) = 1.8 and 1.7 Hz, respectively) was 
detected. 58 This coupling can be accomplished in two 
ways: across four bonds in the F - - S i - - C - - N - - C  frag- 
ment  of the five-membered chelate  ring (~JF,C(O)) or 
directly through the O - - S i - - F  hypervalent bond. The 
latter seems more likely because the 19F--t3C(-=-O) spin- 
spin coupling is recorded only at low temperatures,  
which can be due to the increase in the strength of the 
O ~ S i  coordination bond after cooling of the solution. 

4.2. Homo- and heteroassociation of pentacoordinated 
silicon derivatives in solution 

Derivatives of pentacoordinated silicon with O-+Si 
IntraCB relatively easily form complexes with rather 
strong nucleophiles such as dimethyl  sulfoxide, hexa- 
methyltr iamidophosphate,  N-methyl imidazole ,  pyridine, 
or fluoride ions (see, for example,  Refs. 59 and 60 and 
references therein). Using IR spectroscopy,  it has been 
found that the complex formation between chlorides 
7a,c,d (M = Si) and tertiary amines (tr iethylamine, 
N-methylmorpholine)  proceeds to equilibrium. The silyl 
chlor ide--amine ratio in the complexes with a non- 
coordinated carbonyl group amounts  to 1 : 2. 27 

The formation of intermolecular  associates between 
chlorides 1, 2 (M = Si) and N,N-dimethylacetamide 
(DMA) in a solution in CD2C12 has been studied by 
N M R  spectroscopy. 36 The XH and 13C N M R  chemical 
shifts are relatively insensitive to complex formation. 
Only the slight downfield displacement  (~1 ppm) of the 
signal corresponding to the C atom of  the carbonyl 
group of D/vIA in the assoiciate with respect to this 
signal for free DMA can be regarded as characteristic. A 
similar slight downfield shift of  the signal of  the carbo- 
nyl group has been observed upon deuterat ion of  DMA 
in a solution in CF3COOD. 39 The 29Si signal of the 
associate is manifested at room temperature  as a sub- 
stantially broadened singlet with ~ - 3 2 + 2  (Avv2 ~ 100-- 
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200 Hz). At low temperatures ( - 9 0  ~ the spectrum 
contains only one narrow singlet, which is shifted ~10 
ppm upfiled in relation to the signal of the correspond- 
ing chloride. This provides grounds to believe that the 
coordination number  of silicon does not increase upon 
the formation of  the associate. Taking into account the 
fact that in the presence of DMA, the electrical conduc- 
tivity of N-(halodimethyls i ly lmethyl)acetamides  and 
-lactams increases -3-fold ,  it can be assumed that asso- 
ciates partially dissociate in solution. 

Me\ /NM% 
C 
II 
O 

1, 2 + DMA . . . .  ~" MeC.NCH2SitZ~,MeI - - - -  -' - 

M = S i  R [ 
x = CI CI 

Me .5,,NMe2 
\C"  

I 
_ . ,  O O 

II ~ C I -  ( 8 )  
MeC INCH2--S~,.... Me 

R ' ~  
Me 

R = Me, Ph 

The formation of homoassociates of derivatives of 
pentacoordinated silicon in solutions has not been stud- 
ied in detail until recently, 
although species of  this type [ OR H ] 2-- 
with a bridging alkoxy or H.. , ..H.. .H 

..... ,~i" ' . . . . . .  Si'"' I aryloxy group and a hydro-  t 
R O / I  ",,~9 f "  ~ 'OR I gen atom have been as- 

sumed 2 as intermediates in L OR ~ OR I 
the migration of  OR and H 
groups between two pentacoordinated silicon atoms in 
anionic pentacoordinated hydridosilicates [H2Si(OR)3]- 
(R = OMe, OEt, OPh). 

It has also been noted that dimers with bridging 
halogen atoms can play a crucial  role in stereo- 
isomerization with inversion of  the configuration at the 
pentacoordinated tin atom in the optically active bro- 
mide 2-[ I - (S)-Me2NCH(Me)]C6H4SnMePhBr.  9 

A determination of the molecular  weight of N,N- 
bis(chlorodimethylsi lylmethyl)aeetamide (8, X = CI) in 
benzene has shown that in highly concentrated solu- 
tions, it exists as an associate; 13,14 the structure of  the 
associate has not been discussed in detail. In a study of 
difluoro(aroyloxymethyl)methytsilanes carried out by IR 
spectroscopy, it has been found that the intensities of 
the absorption bands corresponding to the S i - -F  stretch- 
ing vibrations depend on the concentration; in the opin- 
ion of the authors, ~l the form of  this dependence indi- 
cates the presence of  boat -shaped sLx-membered cyclic 
dimers stabilized by intermolecular  (InterCB) O--~Si 
coordination bonds in the solutions. The occurrence of 

the concentration dependence of  the chemical  shifts in 
the 29Si N M R  spectra of  fluorides 6z 7a,b (M = Si) has 
been explained by high sensitivity of  the intramolecular  
O--,Si interaction to the polarity of the medium,  whereas 
the hypothesis about the formation of associates stabi- 
lized by InterCB has not been considered. 

We have obtained data confirming the existence of  
homoassociates with hypervalent silicon, stabilized by 
intermolecular coordination,  in a study of  two series of 
S i - subs t i tu ted  N - ( d i m e t h y l s i l y l m e t h y l ) a m i d e s  and 
-lactams R 'C(O)N(R)CH2SiMe2X by N M R  spectros- 
copy at low temperatures. 36,38 In the first series that 
included N-(c~-phenylethyl)acetamide 3 (M = Si) and 
lactam 7 (M = Si) derivatives, the nature of  substituent 
X varied (X = F, C1, Br, OPri), while in the second 
series comprising compounds 1--7 (M --- Si; X = C1), 
the structure of the chelating ligand varied. 

The low-temperature (from - 7 0  to - 9 5  ~ tH, 13C, 
and 29Si N M R  spectra of  chlorides 1--6,  7e,d (M = Si) 
in relatively polar aprotic solvents possessing virtually no 
donor ability (CDCI3, CDxC12) and in acetone-d  6 con- 
tained double sets of signals with different integrated 
intensities. Both signals recorded at low temperatures in 
the 29Si N M R  spectra occur at a very hitch field (in the 
region o f - 3 5  to - 4 2  ppm) ,  which indicates  the 
hypervalent state of the silicon atom. The concentrat ion 
and temperature dependences of  spectral parameters 
imply the existence of a dynamic equil ibrium between 
monomers in which the silicon atom is pentacoordinated 
owing to the O-~Si intramolecular  interaction and the 
intermolecular homoassociates. The fact that the I H 
signals of  the SiMe 2 groups in chlorides 3 and 4- -6  
(M = Si) containing chiral carbon atoms remain non- 
equivalent is due either to the fact that  the process 
occurs without inversion of the silicon configuration or 
to the fact that the process is slow on the N M R  time 
scale. 

Based on the analysis of the spectral data, one set of 
signals was assigned to type A monomer  incorporating a 
O--*Si IntraCB, and the other set of signals character- 
ized by a higher-field position of  the 29Si N M R  signal 
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was attributed to a homoassociate  stabilized by an 
InterCB. Dimers D and n-mers D" containing O-~Si 
InterCB can be considered as possible structures for 
these homoassociates. 3n 

The higher-field position of  the 29Si signal for the 
intermolecular associate does not rule out the possibility 
that species characterized by a higher coordination num- 
ber of the silicon atom, in particular, dimer E with 
bridging chlorine atoms and hexacoordinated silicon, 
are present in the solution. The formation of the latter 
can be thermodynamical ly  preferable, because it does 
not include the energetically unfavorable cleavage of  the 
O ~ S i  IntraCB. It should be noted that the presence of 
bridging fluorine atoms in pentacoordinated anionic 
b is (s i l iconates)  63 and hexak i s (d ime thy l f luo ros i ly l ) -  
benzene 64 has been confirmed by X-ray diffraction data. 

R '  

R_N"~O 
i b,,. 

I '~Me 
CI 

.& 
R ~ Me Me 

"~o. . . . I . . . . . . .c1. .  I,,,,,,."~N_R 
1 " ILl . I R S~ S~ 
- -N- - . . .~ f  I "-,cl---J i ~'--.0 ==~. 

Me Me R" 
(9) 

Since the the intermolecular  O--+Si coordination in- 
teraction in associates D and D" is weaker than the 
intramolecular interaction,  it can hardly account for the 
observed upfield shift of the 29Si signal of the intermo- 
lecular associate with respect to that of  monomer  A. It 
should be emphasized once more that the formation of 
associates D and D" should be preceded by the cleavage 
of the fairly strong O--+Si IntraCB, and this is rather 
unlikely. This is also supported by the fact that  for 
compounds with weak intramolecular  interaction, viz., 
fluoride 3 (M = Si), derivatives of  f ive-membered 
lactams, and chlorides 7a,b (M = Si), and for iso- 
propoxide 3 (M = Si; X = OPr  i) in which the O---~Si 
IntraCB appears to be very weak if existing at all (see 
above), no addit ional  N M R  signals can be recorded in 
the accessible temperature  range (down to -100  ~ ~s 

The results of  semiempirical  M N D O  and M N D O /  
PM3 studies of  electronic and spatial structures of 
pentacoordinated monomers  and their  hornoassociates 
(dimers as models  of  oligomers) also support the pre- 
dominant  formation of  type E associates. Quantum- 
chemical calculations have demonstrated that at least 
three main factors should be taken into account in a 
discussion of  preferred existence of one or another struc- 
ture. These factors are the heat of formation, the charge 
on the Si atom, and the total  dipole moment  of  the 
molecule. 38 In the condensed phase, in which polar 
interactions between the molecules are stronger than 

those in the gas phase, the lat ter  two factors are appar-  
ently more significant. The conclus ion that  homo-  
association is a charge-controlled process was based on 
the fact that the charge magnitudes on the Si and CI 
atoms in homoassociates E are greater than those in 
monomers A. 

In nonpolar aprotic solvents (benzene-d6, toluene-  
ds) and in solvents with relatively high donor  abilities 
(CD3CN, CD3OD), no second set of  signals was ob- 
served in the spectra of chlorides 1--6 ,  7e,d (M = Si) in 
the temperature range studied. In  the latter case, this is 
evidently due to the possibility of  compet ing hetero- 
association with the highly e lec t ron-donat ing  solvent 
(Scheme 3) acting as an external nucleophile  (Nu). 38 
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This reaction can yield both adducts with one nu- 
cleophile molecule formed without  cleavage of  the O--,Si 
coordination bond (structures F and H) and those with 
two nucleophile molecules, whose formation requires 
the cleavage of the O ~ S i  bond (structure G). This has 
been shown in a study of the complexa t ion  of  chlorides 
7a,e,d (M = Si) with tertiary a m i n e s Y  The formation of 
heteroassociates containing pen ta -  and /o r  hexaeoor- 
dinated silicon atoms may be one  of the reasons for the 
absence of a linear correlation between the 13C and 29Si 
N M R  chemical  shifts for s o m e  N - ( h a l o d i m e t h y l -  
silyl)acetamides in solvents posessing high donor abili- 
ties. 37 
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As has been noted previously, ~ the 29Si NMR 
signal of bromide 3 (M = Si) in solvents with low donor 
abilities shifts downfield as the temperature decreases. 
Conversely, in CD3OD or CD3CN , as in the case of 
chlorides 1--7 (M = Si), the 29Si signal shifts upfield 
with a decrease in the temperature. This is apparently 
due to the weakening of the O ~ S i  coordination compo- 
nent following the formation of type [7, G and/or H 
heteroassociates. 

In the N M R  spectra of bromide 3 (M = Si), two sets 
of signals were detected at low temperatures only when 
acetone-d 6 was employed as the solvent. The 29Si NMR  
spectrum recorded at - 9 0  ~ exhibited two high-field 
signals at 6 -30 .8  and -44.7 .  Since the difference 
between the chemical shifts of these signals is la~e  (for 
the above-discussed chlorides, this difference was no 
more than ~5 ppm), neither of them can be assigned to 
the homoassociate with hexacoordinated silicon. In our 
opinion, the first signal should be attributed to monomer 
3 in form A (M = Si; X = Br), while the second (higher- 
field) signal refers most likely to heteroassociates F 
(M = Si; X = Br) and/or  t t  (M = Si; X = Br). 
Apparently, in relatively highly electron-donating sol- 
vents such as CD3OD and CD3CN, the equilibrium 
shown in Scheme 3 is also shifted toward the latter 
heteroassociates. This is indicated by the fact that at low 
temperatures, the ~gsi signals in these solvents are dis- 
placed upfield (to -48 .0  ppm) with respect to these 
signals in t o luene -d  8 and CD2CI 2 ( -26 .5  and 
-20.4  ppm, respectively, at - 9 0  ~ 

5. Stereodynamic processes in compounds of 
pentacoordinated silicon, germanium, and tin 

Since the central atom in hexacoordinated deriva- 
tives is chiral and some of the compounds of penta- 
coordinated silicon, germanium, and tin incorporate an 
additional asymmetric center, these derivatives are prom- 
ising objects for the investigation of permutational isomer- 
ization. Owing to the pres- 
ence of asymmetric carbon 
atoms in compounds  3, 
4--6, and 7b, the prochiral 
NCH 2 and MMe:  groups be- 
come chemica ly  n o n -  
equivalent in the IH N M R  
spectra (this is observed, for 
example, for compounds 3 
(M = Si, Ge, Sn; X = F, CI, 
Br, I, OTf)). 

Ph Me 

Me--*/N...N.~O 
\ + ...M% 

As a result, at room temperature and at lower tem- 
peratures, the protons of the NCH2 group are mani-  
fested in the NMR spectra as a multiplet of an AB- 
system (2JHH ~16 Hz), and the protons of the MMe~ 
group are exhibited as a doublet with an intensity ratio 
of 1 : 1. When the temperature is increased, the 
nonequivalence of the protons of the CH 2 group is 
retained (AB spectrum), whereas the doublet of the 

MMe2-grou p protons undergoes a temperature evolu- 
tion typical of permutational processes: the components 
of the doublet become broader and coalesce into a 
singlet characterized by the average chemical shift. A 
decrease in the temperature is accompanied by restora- 
tion of the initial spectral pattern. The activation free 
energies (AG n) found by dynamic 1H N M R  at the 
temperature of coalescence of the doublet components 
are listed in Table 5. 

It can be seen from the presented data that in the 
series of halides 3 (M = Si; Hal = F, C1, Br, I), the 
barrier to the permutational isomerization decreases from 
fluoride to iodide in parallel with the increase in the 
strength of the O--Si bond and the corresponding weak- 
ening of the Si--Hal bond, 7 which implies a crucial role 

Table 5. The barriers to the permutational isomerization (AG -~) 
ofamidomethyl derivatives of pentacoordinated silicon, germa- 
nium, and tin 3--737",54,56 

Corn- M X Solvent AG~+__0.1 
pound /kcal mol - l  

3 Si F CDCI 3 >24 
Si CI C6DsCD 3 >18,6 

CDC13 14.9 
CD3CN 14.4 
CD2C12 14.7 
(CD3)2C(O) >16.2 
CD3OD 12.0 

Ge CI a CD3CN >21 b 
CD3OD 15.7 

Ge Br CD3CN 17.0 
CD3OD 15.3 

Sn C1 CD3OD 12.5 
Si Br C6DsCD 3 15.2 

CDCI 3 14.6 
CD3CN 14.2 
CD2CI 2 14.1 
(CD3)2C(O) 14.2 
CD3OD 11.9 

Si OTf CDCI 3 15.4 
C D3CN 15.9 c 
(CD3hC(O) 15.6 

Si I '~ CrDsCD3 14.8 
CDCI 3 13.8 
CD2C12 12.7 

4 Si C1 CDCI 3 15.6 
5 Si CI C6DsCD 3 >17.6 

CDCI 3 14.3 
CD3CN 13.5 

6 Si CI CDCI 3 13.9 
7b Si C1 CDCI 3 l 1.0 

(lO.8) ~ 
Si OC(O)CF 3 (14) 34 
Ge CI CDCI 3 17.8 

a l H NMR signals of the GeMe 2 ~oup in CDCI 3 and toluene- 
d 8 are recorded as a doublet with equal intensities of the 
components; heating of a solution in toluene-d s to 70 ~ does 
not result in coalescence of the signals, b Tc > 76 ~ c At a 
concentration of-0.5 tool L -j (after dilution to ~0.1 tool L -I, 
the AG -~ value was 17.1 kcal tool-l), dThe AG ~ value depends 
on the concentration, c -0.4 mol L -I. 
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of the nucleofugal properties of substituent X. For ex- 
ample, in 0.4--0.5 tool L -1 solutions in low-polarity 
solvents, iodide 3 (M = Si; see Table 4) is characterized 
by a smaller A G ~ value than bromide 3 or chlorides 
3--6  (M = Si). In more polar and more electron- 
donating solvents (CDC13, CD2C12, acetone-d 6, CD3CN, 
CD3OD), these values decrease by 2--3 kcal tool -1, 
and, simultaneously, the 29Si N M R  signals shill downfield 
by ~15--20 ppm. 

In the case of  fluoride 3 (M = Si), no coalescence of 
I H signals has been observed in the temperature range 
from 20 to 90 ~ However, in this case, too, the 
occurrence of  ligand exchange is indicated by the cross- 
peak between the signals for the SiMe,  group recorded 
by the exchange 2D N M R  spectroscopy using the 
NOESY technique (CD3OD, 60 ~ According to the 
estimates based on the slight broadening of  the signals 
for the SiMe 2 group, the AG n value is >24 kcal tool -1. 
Note that in non-polar  to luene-d 8, the cross-peak was 
not observed even at 90 ~ In the case of alkoxides 3 
(M = Si; X = OMe,  OPri), unlike for halides, no 
dynamic exchange between the methyl groups at the 
silicon atoms was detected even at 100 ~ 

A similar dependence  of  the X 
barrier to the permutat ional  iso- ~ " ~  ] ..Me 
merization orl the nature of the ~ ~ ' - - , S ~ p  h 
halogen has been established for 
m o n o f u n c t i o n a l  ha l ides  of  I -  ~\ //x'--NMe2 
dimethylamino- 8-silylnaphthalene 
19 with N--~Si coordination.  45'6s 19 

In the opinion of the researchers cited, 4s'65 the 
observed relatively large &G n values (23, 20, and >19 
kcal mo1-1 for X = F, C1, and Br, respectively) corre- 
spond most probably to a nonregular mechanism of the 
process consisting of cleavage of the N ~ S i  coordination 
bond and subsequent rotation and inversion at the nitro- 
gen atom. 

The addit ion of  external nucleophiles (LiCI, LiBr, 
KF, Et3N(CH2Ph)C1, Et3N(CH2Ph)I, Me3N(CH2Ph)Br) 
incorporating the same halide anion as halide 3 (M = 
Si) in nearly s toichiometr ic  quantities decreases the 
barrier to the permutat ion for all halides except for 
iodide 3 (M = Si). The a G  ~ values for bromide and 
chloride 3 (M = Si) determined by dynamic IH N M R  
spectroscopy in CD3CN in the presence of LiBr and 
LiCI, respectively, amount  to 13.3 and 13.9 kcal tool -1, 
whereas the corresponding values found in the absence 
of these salts are 14.2 and 14.4 kcal tool - l ,  respectively. 
In addition, the signals in the 29Si N M R  spectra of these 
halides at --40 ~ shift 6- -7  ppm upfield with respect to 
their posit ions in CD3CN in the absence of external 
nucleophiles.  

The addition of KF to a solution of fluoride 3 (M = 
Si) in CD3OD decreases the AG '~ value even more sub- 
stantially. In this case, the IH N M R  signals of the SiM% 
group coalesce already at 16 ~ (AG ~ = 14.3 kcal tool- l ) ,  
and the 29Si N M R  spectrum exhibits a high-field signal at 
-31.4  ppm ( -23 .7  ppm in the absence of KF). 

In the case of iodide 3 (M = Si), the addi t ion of  a 
stoichiometric amount of  Et3N(CH2Ph)I  resulted in a 
slight increase in the barrier (&G "n = 14.0 kcal m o l - l ) .  It 
should be noted that the height  of  the barr ier  to the 
permutat ional  isomerization in iodide  3 (M = Si) proved 
to depend on the concentration: as the concentra t ion of  
the  compound in CD2CI 2 increased from -0 .4  to ~0.7 
tool L - l ,  the/~G "~ value increased from 12.7 to 14.5 kcal 
tool -1. 

The permutational isomerizat ion in (O- -S i ) -che la te  
(N-dimethylsi lylmethyl)amides and - lactams is accom-  
panied by the inversion at the pentacoord ina ted  silicon 
atom. In this respect, these compounds  differ consider-  
ably from a broad range of compounds  with the N->Si  
coordination bon d, in part icular,  derivatives of  type 

I 
M%NCH(Me)C6HaSiXYZ, in which nondissocia t ive  

permutation of  ligands and processes involving cleavage 
of  the chelate ring and inversion at the nitrogen atom 
have been observed, but no processes involving inversion 
at silicon are known, z,4s,66 

The occurrence of a regular  process involving the 
inversion at silicon (Berry pseudo-rota t ion  or the "turn- 
stile" rotation mechanism equivalent  to it) characterized 
by a relatively low activation free energy ( -14- -15  
kcal mol - l ) ,  which is normally observed for these pro- 
cesses, is relatively unlikely in the  case of halides 3 (M 
= Sb and 4- -6  (X = Cl), if one takes into account  that 
this process requires that topomers  with a diequatorial  
position of  the chelate ligand part icipate in pseudo- 
rotation; to ensure this, the O - - S i i C  angle in the 
virtually planar f ive-membered ring needs to increase 
from ~90 ~ to ~ 120 ~ Thus, in this case, only monodenta te  
ligands can act as the "pivot" l igands, a and the process as 
a whole does not lead to equivalence of  the methyl 
groups at the silicon atom (Scheme  4). 

The possible equilibrium processes that require real- 
ization of  nonregular mechanisms involving the initial 
pentacoordinated silicon halides,  products of  their  ion- 
ization, and external nucleophi les  are presented below 
(Eqs. (10)--(12a,b)). 

2 LSiVMeaX ~ L M e 2 S i V I < ~ X ~ s i ~ M %  L , (10) 

LSiVMe2X _ - [LSiWMe2] § + X-,  (11) 

LSiVMe'2X + X-  ~ LSiVtMe2X2 -, (12a) 

LSiVMe2X + X-  ~ L 'S iVMe2X2 -, (12b) 

L is a b identate chelate l igand, 
L" is a monodenta te  l igand, X = Hal. 

An exchange process involv ing  d imer ic  h o m o -  
associates containing hexacoordinated  silicon atoms (Eq. 
(10)) has a l ready been  d i scus sed  for a series of  
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Scheme  4 

Me 1 

'M 9- 5 (Me 
5 / 4 a Me a 

(L 25) (a, f i )  

R" Me 

11 " / 'N~  . M e  4 
4 I ..... X )<" \ i ...... Me ~ Me;---M~-2~/ , = 

M% M% 
(N, 13) (K, 23) 

Me R* + 
5 ~o'" ebN~R . . . . .  "- 3 I ,.. Me 

Me a 5X 

(M,  24) (L, 15) 

Note. In this review, we use a known system for designa- 
tion of TBP stereoisomers. Substituent.s bound directly to the 
central atom are arbitrarily denoted by digits (from 1 to 5). The 
configuration of a particular isomer is specified by the digits 
corresponding to the numbers of axial ligands (for example, 15 
and 25) if the ordinal numbers of equatorial ligands increase 
clockwise. If the ordinal numbers of the equatorial ligands 
increase counterclockwise (as in the case of the corresponding 
enantiomers), a bar is placed over the digit denoting an axial 
ligand (for example, I3, .'2-5", see Scheme 5). 

From here on, the number of the "pivot" ligand, which 
retains its equatorial position during pseudo-rotation, is given 
in brackets at the arrows. 

pentacoordinated chlorides including chloride 3 (M = 
Si) (see Eq. (9)). In our opinion, this process can hardly 
be responsible for the observed exchange of the 
diastereotopic methyl groups at the silicon atom, which 
is relatively slow (on the N M R  time scale). In fact, in 
the absence of external nucleophiles, the rate of this 
exchange in toluene-d s is sufficient for detecting it on 
the NMR time scale only at temperatures above I00 ~ 
(AG ~ >18.6 kcal mol - I )  (see Table 5) at which the 
homoassociate is virtually missing in the equilibrium 
(according to the above-discussed data on the position 
of the equilibrium between the monomers and the dimeric 
homoassociates). 

Based on the obvious difference between the heights 
of the barriers in halides 3 (M = Si; X = CI, Br, I) 

(~12--15 kcal tool -~) in most solvents without external 
nucleophiles, on the one hand, and those for fluoride 
and chloride 3 (M = Si) in toluene-riB, on the other 
hand (A6 ~ >24 and >18.6 kcal mo1-1, respectively) (see 
Table 4), it can be assumed that the nonregular dissocia- 
tive mechanism of permutational isomerization (Eq. 
(11), Scheme 5) can be realized under these conditions. 
Apparently, this mechanism can be accomplished for 
chlorides 3--6 and bromide 3 (M = Si) in relatively 
polar solvents without external nucleophiles added. In 
the case of iodide 3 (M = Si), this mechanism is 
apparently retained in the presence of I -  ions as external 
nucleophiles, which suppress the dissociation of iodide 3 
and thus shift equilibrium (11) to the left. ConsequentIy, 
the barrier to the permutational isomerization increases. 

Scheme 5 
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Note. ~ is pseudo-rotation. 

Taking into account the above-mentioned ability of 
substituted N-(dimethylsilylmethyl)lactams with relatively 
good leaving groups X to exhibit high electrical conduc- 
tivities in appropriate solvents, ~~176 it can be assumed 
that dissociation to give ionic intermediate O with a 
tetrahedral silicon atom is the first step of the nonregular 
dissociative mechanism. The subsequent attack of this 
intermediate by a halide ion should occur not only from 
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the rear but also from the front with respect to oxygen 
leading to intermediate L" and should be followed by 
pseudo-rotat ion (three steps). Only in this case, the 
configuration of the silicon atom would be inverted. 

The practicality of this assumption is supported by 
the fact that, depending on the natures of the nucleo- 
phile and the nucleofuge, bimolecular nucleophilic sub- 
stitution at a tetrahedral silicon atom can occur both 
with inversion and retention of  the configuration. 45 In 
the latter case, it is assumed that the nucleophile attacks 
the molecule from the frontal side with respect to the 
nucleofuge to give a TBP-intermediate  (or a transition 
state) in which the entering group occupies an axial 
position, while the nucleofuge occupies an equatorial 
position; after that, pseudo-rotation occurs resulting in 
the nucleophile passing into an equatorial position and 
the nucleofuge passing into an axial position. 67 

Note that the dissociative exchange of  ligands in 
siliconate 20 occurring without racemization of silicon 
is believed to involve an equilibrium between derivatives 
of tetra- and pentacoordinated silicon, which is respon- 
sible for the fast intermolecular exchange of  fluorine 
atoms. 68 

,r Fsq CF3 - -  Ph Me 

O O-~Si--N. , ,  N--Me 

Ph--  N--CH2 
I 1 \  I Me 
L F Me J 

20  21 

Data on the stereochemistry of nucleophilic substitu- 
tion at a pentacoordinated silicon atom are few in 
number. It is known that reactions involving Si--C} 
bonds occur with the retention of configuration. 45 An 
N M R  study of  the kinetics and stereochemistry of the 
degenera te  exchange between derivative of  pen ta -  
coordinated silicon 21 and N-methyt imidazole  has 
shown 69 that  processes occurring with the inversion and 
with retention of the configuration at the silicon atom 
both contribute to the overall rate of  the exchange. The 
following activation parameters of this reaction were 
found from kinetic measurements: AH ~10 kcal mol - l  
and AS ~ -4 .8  cal tool - l  K - t .  

The dissociative mechanism shown in Scheme 5 is 
close in some aspects to one of the two competing 
mechanisms discussed for the racemization of  halosilanes 
PhMeCHSiMe2X cata lyzed by nucleophiles.  67 This 
mechanism involves a nucleophilic attack followed by 
inversion of  the configuration in the silane complex with 
a nuc leophi le  [ P h M e C H S i M e 2 N u ]  + (Nu = Et3N, 
HMPA,  D M F ,  N-methyl imidazole ,  etc.) formed at the 
preceding stage as a result of the replacement of the 
halogen atom by the nucleophile.  Note that in the case 
of  (O--Si ) -che la te  (N-dimethyls i lylmethyl)amides and 
-lactams, the NC(O)  fragment in the bidentate chelate 

ligand acts as the neutral nucleophile bound in a com- 
plex with the silane, while the nucleophil ic  at tack of the 
complex is accomplished by a halide ion. 

The decrease in the barrier  to the permutat ional  
isomerization in halides 3 (M = Si; X = F, C1, Br) in 
the presence of an external nucleophile  indicates that 
this process might occur by an associative mechanism 
involving the formation of  intermediates  with hexa- 
coordinated silicon atom. This mechanism can be real- 
ized with or without cleavage of  the O--+Si bond.  The 
mechanism of the exchange o f  diastereotopic methyl 
groups Me a and Me b without cleavage of the coordina-  
tion bond (Eq. ([2a), Scheme 6, I - .  " I ' )  includes a 
frontal attack, with respect to oxygen, on the silicon 
atom by the nucleophile that  occurs from the side 
opposite to the C H ,  group of the chelate ligand, the 
subsequent elimination of the halide ion from the axial 
position in hexacoordinated intermediate P, and pseudo- 
rotation (three steps) in the resulting pentacoordinated 
intermediate L'. 

Scheme 6 
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The nonregular mechanism with cleavage of the 
O ~ S i  bond (Eq. (12b), Scheme 7) can follow two 
alternative pathways: the intermediate  hexacoordinated 
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Scheme 7 
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adducts can conta in  e i ther  one (P) ( I -  =-  P or 
I - - - R - : - P ' )  two (Q) nuc leophi l i c  species  
( 1 - ~ -  P ~  Q or I -  " R - ' "  Q). The 
(R  - = L R') transformation by pseudo-rotation (5 steps) 
is quite probable in view of the fact that all the five 
ligands in these intermediates are monodentate.  In turn, 
data supporting the possible formation of I : 2 adducts 
(i.e., adducts Q) have been obtained in a study of the 
reaction between N-(chlorodimethylsi lylmethyl)lactams 
with tertiary amines, z7 

In our opinion, the mechanism of permutational  
isomerization that includes cleavage of  the O- -S i  bond 
as the first step appears less likely. First, in the case of 
fluoride 3 (M = Si) and alkoxides 3 (M = Si; X = OlVle, 
OPri), i.e., compounds with the weakest O--+Si coordi- 
nation, realization of  this mechanism should be associ- 
ated with the lowest energy barrier; however, this is not 
observed in reality (see Table 5). Second, the cleavage of 
the O--Si  bond followed by the recoordination could 
result in the inverted configuration at the silicon atom 
either as a result of  the subsequent inversion in the 
tetrahedral intermediate due to exchange with a nucleo- 
phile or as a result of recoordination including an attack 
on the oxygen atom, frontal in relation to the electrone- 
gative substituent X, which is relatively unlikely. 

The processes of  permutat ional  isomerization in 
N-(d imethylgermylmethyl ) -  and N-(dimethyls tannyl-  
methyl)amides and -lactams, unlike similar processes in 
their Si analogs, have been little studied by now. A 
comparison of  the barriers to the permutational isomer- 
ization in chlorides 3 (M = Ge),  7b (M = Ge) ,  and 3 
(M = Sn) with the corresponding parameters of  chlo- 
rides of pentacoordinated silicon (see Table 5, CDCI~) 
indicates that ~ increases on going from silicon de- 
rivatives to their  Ge-analogs and then to Sn-analogs. s4,s6 
However, since the Lewis acidity of germanium and tin 
halides is higher than that of  silicon halides, an increase 

in the donor properties of  the solvent ( transit ion from 
CDCI 3 to CD3OD) leads to a more substantial decrease 
in the barrier to isomerization (to 15.7 kcal tool - I  for 3 
(M = Ge; X = C1) and 12.5 kcal tool - l  for 3 (M = Sn; 
X = CI)). AS in the case of Si analogs, an increase in the 
nucleofugal capacity of the substituent X at the Ge atom 
decreases the barrier to the permutat ional  isomerization 
(for bromide 3 (M = Ge),  the ZxG ~ value in CD3CN is 
17.0 kcal tool - l ) .  

According to the 19F N M R  spectra of trifluorides 
22 70 and 23, 34,71 the axial and equatorial  fluorine 
atoms are nonequivalent. The geminal F a - - F  e spin-spin 
coupling constants vary in the 40--50 Hz range. The 
nonequivalence of the equatorial F atoms and their 
spin-spin coupling was observed for the first t ime for 
trifluoride 22. The barrier to the inversion of  the SiF 3 
group was estimated from the coalescence temperature 
(-9.5 kcal mol - l ) .  

- ~ 0  i F ... F 

F o.c . .o  
Me ~ F  I g C6H4X 

22 23 

The fast (on the N M R  time-scale)  exchange between 
the fluorine atoms in (aroyloxymethyl)trifluorosilanes 
23 is due either to pseudo-rotat ion involving the silicon 
atom or to consecutive cleavage and format ion of  the 
O ~ S i  coordination bond. 71 The fact that  the 29Si--19F 
and 19F--tH constants are retained rules out the  possi- 
bility of  intermolecular exchange of fluorine atoms. The 
results obtained indicate that  the thermodynamic  stabil- 
ity and the strength of the O--.Si IntraCB in trifluorides 
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increase as the electron-donating ability of  substituents 
in the aromatic ring increases. 

A new type of  dissociative-associative stereodynamic 
transformations, namely,  migration of silicon bound by 
an intramolecular O ~ S i  coordination bond between two 
donor centers, was described for the first time in relation 
to the degenerate isomerizat ion of  (O- -S i ) -che la te  
dimethyl(N-acetylacetamidomethyl)s i lanes 11.49 

0 Me Me 0 

[ | ' " M e  Me~'? l - O H 2  CH2__Si~Me ~ Me ..... ~. I 

X X 
11 

(t3) 

O(1)...Si+--O(2) - " O(1)~Si . . .O(2)  exchange (conver- 
sion of  coordination) in solution. According to X-ray 
diffraction data, the silicon a tom in solid chloride 24 has 
a distorted TBP-environment  with two nonequivalent  
O--S i  bonds (1.99 and 3.12 A). 

It should be noted that this  type of migration of  
pentacoordinated silicon is also typical of  compounds  
with N--.Si  coordination. For  example, as shown by 
X-ray diffraction analysis, one 2-(dimethylaminomethyl)-  
phenyl group in dichlorosilane 25 in the solid state is a 
bidentate ligand, while the o ther  one is a monodenta te  
ligand, and the silicon atom exists in a pentacoordinated 
state. 74 However, at elevated temperatures ,  rapid posi- 
tion exchange Cfl ip-f lop"-coordinat ion)  between the 
chelating and nonchelating ligands occurs in solutions of  
this compound (~XG ~ = 11.2 kcal  tool - l ) .  

X = Cl, Br, 1, OCOMe, OCOCF 3 

Based on the data of  13C and 29Si N M R  spectros- 
copy, the authors 49 su~ that the migration of 
silicon between the two oxygen atoms of the two acetyl 
groups occurs via dissociation of the IntraCB, rotation 
of  the silylmethyl fragment and the two acetyl fragments 
through 180 ~ around the corresponding C - - N  bonds, 
and formation of  the new O- ,S i  bond with the oxygen 
atom of the second acetyl group. Note that the free 
energy of activation of  the degenerate isomerization 
(7.7--10.5 kcal tool - t )  is slightly higher than the typical 
barriers to the hindered rotation around the amide bond 
of N-diacetyl derivatives of aliphatic amines. 7z Depend- 
ing on the substituent X, the height of the barrier to the 
s t e r eodynamic  process  increases  in the  sequence 
OC(O)Me << CI < O C ( O ) C F  3, Br << I, which matches 
the order in which the interaction between the silicon 
and oxygen atoms is enhanced. Therefore, it was as- 
sumed that it is the energy required for the dissociation 
of the O--+Si bond that  determines the thermodynamics 
of the degenerate isomerization and the ability of the 
silicon atom to migrate. 

A similar migrat ion has also been observed for 
dimethyl(N, N" diformanil idomethyl)chlorosi lane (24). 73 

NMe. 2 

PhN\ ~ ,,... Me 
,2 ---si '~ 'Me q~./cl 

24  25  

According to 29Si N M R  spectroscopy, the Si atom in 
this compound is pentacoordinated (6 -33.7) .  However, 
the pairwise isochronism of the 1H and 13C N M R  
signals of  the  me thy l  and formyl  groups  up to 
- 6 0  ~ suggests  the  occu r rence  of  rapid 

6. Polytopic rearrangements in compounds of 
hexacoordinated germanium and tin 

Stereochemical flexibility is a known characteristic 
feature of  octahedral metal complexes.  75 A typical ex- 
ample  is provided by tris-chetate a l u m i n u m ( n t ) ,  
cobalt(m),  and rhodium(In) complexes,  s tereodynamic 
processes in which have been investigated 76 by dynamic 
IH N M R  spectroscopy. The heights of the barriers to 
the permutational  isomerizat ion (pol.vtopic rearrange- 
ment)  were calculated to be 11--17 kcal tool - l .  The 
barriers to the polytopic rearrangements in iron com- 
plexes containing a FeS 6 coord ina t ion  unit  (8--10 
kcal t oo l - l ) ,  77 in 13-ketoenolate complexes of  silicon(Iv), 
ge rman ium( Iv ) ,  t in( iv) ,  a n d  t i t an ium( iv )  (6 - -13  
kcal t oo l - l ) ,  7s-sx and in 1,4-bis{[2,6-bis((dimethyl-  
a m i n o ) m e t h y l ) p h e n y l ] d i h y d r o s i l y l } b e n z e n e  (8.3 
kcal m o l - l )  sz were determined in a similar way. 

The data on the s tereochemical  flexibility of organic 
derivatives of hexacoordinated silicon with N--,Si coor-  
dinat ion accumulated by now have been presented in a 
review z and in a number of papers.  83-8s More extensive 
experimental  information on the polytopic rearrange- 
ments in organic compounds o f  hexacoordinated tin has 
been surveyed in a review. 3 Data on the polytopic 
processes in organic derivatives of hexacoordinated tin 
and, especially, germanium characterizing their  configu- 
rational stabilities are quite scarce. The effect of  the 
nucleofugal properties of the substituents at the central 
atom on the height of  the barr ier  to the isomerization 
has virtually not been considered until recently. 

Due to the presence of an asymmetrical  center, the 
M atom, the methylene protons of  the NCHaHb M 
groups in compounds c / s -17a- -d  (M = Ge,  Sn) and 
trans-Ge-18a,c,d are diastereotopic.  Consequently,  they 
are nonequivalent in pairs in the  IH N M R  spectra and 
are exhibited as an AB-sys tem quartet; in the case of 
compounds  18a,c,d, this is observed even at room tem- 
perature,  whereas for dihalides 17a--d this is manifested 
at low temperatures (at a r oom temperature,  the spec- 
trum exhibits a somewhat broadened singlet). 
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(-(c~), 

X H b (CH2)n 

cis-17a--d trans-18a,e,d 
M = Ge, Sn; X = CI, Br; 
X = F, CI, Br, ! Y = OTf, C|O 4, l 

As the temperature  increases, the components  of the 
quartet are reversibly broadened and coalesce into a 
singlet. This dynamic picture is typical of polytopic 
rearrangements in which the arrangement of ligands in 
octahedral complexes change. 75 

The activation free energies for dihalides 17a--d 
(M = Ge,  Sn) found by dynamic IH N M R  spectroscopy 
are listed in Table 6. Iz,ss,sn The fact that these AG ~ 
values do not depend on the concentration of the solu- 
tion implies a mostly intramolecular mechanism of the 
steps determining the rates of  the polytopic processes 
under study. 

It follows from the data presented in Table 6 that the 
barriers to the polytopic rearrangement for Sn deriva- 
tives are normally 1--3 kcal tool - l  higher than those for 
their Ge analogs. An increase in the size of the lactam 
ring in the bidentate ligand is accompanied by an in- 
crease in AG ~. This change is more pronounced in the 
case of Ge derivatives. As in the above-considered ha- 
lides of  pentacoordinated silicon and germanium 3 and 
7b, an increase in the nucleofugal capacity of  the sub- 
stituent X in the series CI, Br, I results in a decrease in 

Table 6. The barriers to the poiytopic rearrangement 
in (O--Ge)-  and (O--Sn)-bis-chelate dihalo- 
bis(laetamomethyl)germanes and -stannanes 17a--d 
(CDCI3)lz,s5, s6 

Corn- M X2 '~Ga:i:0.2 
pound /kcaI rnol -I  

17a Ge CI 2 10.6 
Ge Br 2 10.2 
Sn C12 13.6 
Sn Br 2 13.3 
Sn 12 12.6 

17b Sn CI 2 13.7 
17e Ge CI 2 12.8 

Ge Br2 12.1 
Sn CI 2 13.6 
Sn Br 2 13.8 
Sn 12 13.8 

17d Ge C12 13.6 
Ge Br 2 12.9 
Sn C12 13.9 
Sn Br 2 13.9 
Sn 12 13.8 

the AG n value. Note that in the case of  tin dihalides, this 
tendency can be observed only for derivatives with five- 
membered lactam rings, i.e., for compounds with weaker 
O--~Sn coordinated bonds. 

Our preliminary results concerning the activation 
free energies for compounds 18a,c,d with trans-configu- 
rations make it possible to estimate the height of the 
barrier as >22 kcal mol - I  (the temperature of  coales- 
cence in CDCI3 is > 55 ~ 54.ss which distinguishes 
these compounds from cis-dihalides 17a--d.  

The dynamic process observed in solutions of com- 
pounds 17a--d and 18a,e,d can occur by the following 
mechanisms: (a) abstraction of one monodenta te  Iigand 
to give a TBP-intermediate  followed by Berry pseudo- 
rotation; (b) cleavage of the O-~M coordinat ion bond, 
formation of a TBP intermediate,  and subsequent Berry 
pseudo-rotation;  (c) abstraction of one monodentate  
ligand or cleavage of the O-+M coordinat ion bond to 
give a square-pyramidal transition state; (d) a trigonal 
twist mechanism involving a tr igonal-pfismatic transi- 
t ion state. However, no data have yet been obtained that 
would permit one of these mechanisms to be preferred 
or rejected for the compounds in question. 

Based on the results of  theoretical permutat ion analy- 
sis of octahedral complexes, it has been assumed that 
low barriers to the polytopic rearrangements are in 
better agreement with a regular trigonal twist mecha-  
nism. sn The fact that a high activation free energy was 
found for the dichlor ide Cl2Ge(dpm)2 ( d p m H  2 is 
dipivaloylmethane) (25.3 kcal tool - I )  and was not ob- 
served in the case of  the m o n o c h l o r i d e  
(C6Hs)CIGe(acac) 2 (12.8 kcal tool - l )  suggests, in the 
opinion of the authors cited, 7s that the mechanism of  
the process may be different depending on structural 
factors and on the nature of the ligands. 

The sizes of the f ive-membered bidentate chelating 
ligands attached to the central atom in the compounds 
mentioned above are virtually identical; hence,  the dif- 
ferent AG ~ values are caused by the nature of  the 
monodentate  ligands and by the properties of  the central 
atom, most of all, by the bond lengths in its coordina- 
t ion polyhedron including the O ~ M  coordinat ion bonds 
(M -- Ge,  Sn), whose strength depends on the size of 
the lactam ring (see Section 3). 

The lower barriers found for f ive-membered lactam 
derivatives, i.e., for compounds with weaker O--~M co- 
ordination bonds (M = Ge,  Sn), are not at variance with 
the mechanisms involving cleavage of  this bond in the 
first step. However, the decrease in the AG n values 
following an increase in the nucleofugal capacity of  the 
substituent at the M atom, which strengthens the coor- 
dination bond in the hypervalent fragment, is inconsis- 
tent with the above. The low electrical conductivity of 
solutions of 17a--d (M = Ge,  Sn) 12 is evidence against 
the dissociative mechanism according to which halide 
anions and germacenium or stannacenium cations con- 
taining a pentacoordinated germanium or tin atom, 
respectively, and stabilized by two O---~M coordination 
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bonds are formed during the reaction. Note that the 
relatively low free energies of  the polytopic rearrange- 
ment  in these compounds (10--14 kcal tool -1) suggest 
that the mechanisms including pseudo-rotation steps in 
which the coordinating atoms of  the chelate rings act as 
the pivot ligands are relatively unlikely, 79'sz,s7 as has 
already been discussed for the permutat ion of  ligands in 
derivatives of  pentacoordinated silicon and germanium 
(see Section 5). 

The increase in the barrier to the polytopic rear- 
rangement on going from dihalides 17a--d to their Sn 
analogs suggest that in these two cases, the process 
follows different mechanisms. The close heights of the 
barriers to the polytopic rearrangements in Sn deriva- 
tives of  six- and seven-membered lactams 17c,d, indi-  
cates, in our opinion, that the trigonal twist mechanism 
is the most probable for these compounds (Scheme 8). 

Scheme 8 

1 2 

5 x 2 ,., 5 

5e'~" i " ~ 3  5" 6 : L . . . . /  
4 3 

1 3 

"'-.., ,..." I / : 

6 3 6 4 
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5 .. " , 2  . ~ ~ 1  _ 5 4 .  

6 3 6 2 
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5 . ~ 2 5. [ ' ~ . 3  
�9 ..., .,.,. -...,,1= z ,h I zs, L ~ __~ : 

p 

6 3 5" 6 1 
6 t ~  
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Note. The digits 1, 4 denote oxygen atoms, 2, 3 denote the 
CH 2 groups, and 5, 6 correspond to the chlorine atoms. 

A similar mechanism of  stereoisomerization has been 
proposed,  in part icular,  for dibromobis[(2-dimethyl-  
aminomethyl)phenyl]stannane, ~s and also for triorganotin 
halides containing two C,N-che la t ing  8-dimethylamino-  
l -naphthyl  ligands, s9 

Apparently,  the substantial difference between the 
barriers to the permuta t iona l  isomerizat ion of eis- 

dihalides 17a--d (M = Ge) and compounds 18a,c,d 
with the trans-configuration ( -10  kcal mol - t )  is most ly 
due to the different spatial structures of  these com-  
pounds. The coordination polyhedron of  the central 
atom in compounds 18a,e,d is  more "rigid," and the 
bonds between the germanium atom, the coordinat ing 
oxygen atoms, and one of  t h e  monodenta te  ligands 
(X) are markedly shorter than those  in dihalides 17a- -d  
(M = Ge).  7 Conversely, the bond with the second 
monodentate  ligand is extremely weak and, according to 
the results of conductometrie  studies, 7 it is able to 
dissociate under appropriate condi t ions  to give germa-  
cenium cations stabilized by two O ~ G e  coordinat ion 
bonds (see Eq. (7)). 

Therefore, to describe the poly topic  rearrangements 
in compounds 18a,c,d with the  trans-configurations of 
the coordination unit, we assume a two-step mechanism 
consisting of the dissociation o f  the monodenta te  ligand 
and Berry. pseudo-rotation (Scheme 9). A similar mecha-  
nism of  dissociative isomerizat ion has been considered 
for difluorodialkoxydiarylpersul fumnes.  9~ 

Scheme 9 
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Note. The digits I, 4 denote the oxygen atoms, 2, 3 denote 
the CH 2 groups, and 5 corresponds to the halogen atom. 

Thus, the polytopic rearrangements  in amidomethyl  
derivatives of  hexacoordinated ge rmanium and tin with 
C,O-chelat ing ligands can apparent ly  occur by different 
mechanisms depending on the s tructure of  the part icular 
compound.  A stricter reasoning supporting one or an- 
other mechanism requires addi t ional  experimental  data 
and the results of quan tum-chemica l  calculations, which 
is the object of  our further studies.  
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