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SOLUTION AND SOLID STATE STUDIES OF SOME NEW SILICON AND GERMANIUM COMPOUNDS
STABILIZED BY TRIDENTATE LIGANDS
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Abstract: The preparation and studies of novel heterocyclic compounds, containing silicon or
germanium, is described. All of them incorporate the 2,6-bis(dialkylaminomethyl)-4-(1,1-
dimethylethyl)phenyl tridentate ligand (Structures 1 - 2, Scheme 1) as a main substructure. The report
furnishes sets of experimental data that further clarify the actual solution and solid state structures of
these new molecules with potentially hypervalent silicon or germanium centers.
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INTRODUCTION
The preparation of hypervalent compounds of the Group IVA elements with trigonal bipyramidal geometry has been of

considerable interest to us and a number of other groups.1 -5 The interest stems from the fact that the expected structure of these

compounds resembles in geometry the SN2 transition state. A large body of theoretical work, done in recent years to clarify and

generalize the theory of hypervalency, has concentrated on model compounds containing pentavalent central atoms of elements from
Group IVA.

antibonding
nonbonding

bonding

Figure 1. A modified 3c-4e bonding scheme.
The theorctical investigations have led to the introduction of new models of hypervalency which incorporate the idea of the three-

center four-clectron bond.6 -9 The new element is the participation of equatorial ligands in the hypervalent bonding scheme realized
by the overlap of the classical nonboding orbital within the Musher-Rundle approach with an antibonding orbital distributed over the

central atom and the equatorial substitucnts. Shaik and coworkers reached to this conclusion after extensive valence-bond
computations of CHs~ and SiHs" and the proposed by them modified 3c4e bonding diagram is shown in Figure 1.9, 10 Reed and
von Schleyer propose the same idea (which thcy have termed negative hyperconjugation) afier theoretical studies of hypervalent

molecules with n-electrons. 11
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We have reported the synthesis of new potentially hypervalent silicon species by means of the tridentate ligand 1 (Scheme
1.1 Ligand 1 is very similar to the "pincer” ligand of G. van Koten12 but it is better suited for extensive, variable temperature
NMR studics. The replacement of the proton at the 4-position of the benzene ring with a tertiary butyl group simplifics
considerably the NMR spectrum and allows for easier, more precise monitoring of the aromatic resonances in the final compounds

which has proved important for the low tempcerature NMR measurements.
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Scheme 1. A gencral synthetic sequence for the preparation of compounds 3 - 7.

The NMR propertics of compound 3, discussed previously, revealed the presence of the tetravalent asymmetrical forms 3a
and 3a' in solution in a process of rapid dynamic cquilibrium instcad of the expected hypervalent structure 3b (Figure 2). Parallel
studics were conducted on similar compounds by Corriu and coworkers.13 The authors, on the basis of room temperature NMR

spectra in chloroform-d and conductivity measurements, asserted originally that the compounds prepared by them contained a silicon
atom in a pentavalent state ("siticonium” iuns)Ba, but more recent work by the same group has confirmed our conclusions about the

structurcs of the specics in solution,13b

There arc in fact two gencral, fundamentally different hypotheses by means of which compounds 3 and 4, as well as the
molccules prepared by Corriu and coworkers, can be described.  According to hypothesis 1, the molecules cxist in a statc with
tetravalent silicon atom. Two identical forms in a 1:1 ratio arc involved in a process of rapid cquilibrium (Figure 2a). The
symmetrical pcntavalent structure is a transition statc along the rcaction coordinate of an SN2-like identity exchange. According 10
hypothesis 2, the identity exchange proceeds through an intermediate which is the symmetrical form (Figure 2b).  If the intermediate
is sulficicntly stabilized, it may become lower in cnergy compared to the open forms in which case it can be termed as a "frozen
transition statc”. The explanation, originally suggested by Corriu and coworkers, obviously supports the "frozen transition state”
hypothesis. Our conclusions as well as their later obscrvations are consistent with hypothesis 1.

Compounds 5, 6 and 7 contain germanium atom as a potential hypervalent center. The atomic properties of silicon and
germanium, covalent radii, electronegativitics and ionization potentials, are strikingly similar.14 Thus, it was of particular interest

to preparc and study germanium compounds derived on the basis of the same or similar tridentate ligand.
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Figure 2. Two hypothescs for the state of the silicon-containing

specics 3 and 4 in solution.

EXPERIMENTAL

General Remarks. The variable temperature TH and 13C NMR measurements were performed on Bruker AMA400
spectrometer, The 295i NMR spectra were measured on Bruker AC200 and Bruker AM400 spectrometers. I5N NMR spectra were
obtaincd on Bruker AM400 spectrometer. Chemical shifts are reported in ppm (on the 8-scale) relative to TMS (0 ppm) for the 1y,
13Cand 29Si-spcctra. The 29si spectra were run without the actual presence of TMS in the studied solutions.  Instcad, preliminary
mcasurcments were done with TMS in a varicty of solvents in order to obtain the corresponding spectrum reference (SR) values
which were subsequently used for the standardization of spectra of the investigated compounds.  All silicon spectra were acquired by
using an inverse-gated decoupling icchnique (INVGATE).IS The 15N spectra were referenced to liquid ammonia (O ppm at 25°C).
The actual standardization was indircct, bascd on the SR valucs for NH4NO3 in D20 (8NO3 = 376.25 ppm) and conversion tables

from the literature.16 X-ray structural analysis was performed on AFC6S diffractometer with graphitc monochromatic Mo Ko
radiation. Mass spectra were obtaincd on a HEWLETT-PACKARD 5890 SERIES Il GC-MS instrument.  High-resolution mass
spectromelry studics were done on KRATOS 4-SECTOR DOUBLE-FOCUSING instrument.  The spectra were run in the positive
Fast-Atom Bombardment (FAB) mode with a Cs-atoms source. The samples were studicd in a glycerol/DMSO/3NBA matrix.
Mclting points were measured on BUCHI 510 melting point apparatus. The tctrahydrofuran used in the synthesis of the final
compounds was doubly dried over Najbenzophenone followed by LiAlHY4. Incrt atmosphere was achicved by use of dry nitrogen gas.
Some of the silicon- and germanium-comaining precursors werc purchased from ALDRICH Chemical Co.

2,6 - Bis(Dimethylaminomethyl)-4-(1,1-dimethylethyl)phenyl lithium (1). 26 -
Bis(Dimclhylaminomcthyl)—4-(1,1-dimclhylclhyl)bromobcnzenc1 (0.39 g, 0.0012 mol) was dissolved in dry THF (10 mL) in a 25
mL 3-ncck round-bottomed flask cquipped with magnctic stirrer, addition funnel and under incrt atmosphere.  n-Buli (0.74 ml,
0.0012 mol, 1.6 M solution in hexanc) was added dropwise at RT. The resulting solution was stirred for 1 h. An aliquot quenched
with DO showed more than 95% incorporation of deuterium according to the 1H NMR spectrum. TH NMR (chloroform-d) & 7.20
(s, 2H), 3.41 (s, 4H), 2.23 (s, 12H), 1.32 (s, 9H).

C, N, N'-[2,6-Bis(Dimethylaminomethyl)-4-(1,1-dimethylethyl)phenylldimethyl siliconium
chloride  (3). Dichlorodimethylsilanc (0.15 g, 0.0012 mol, 0.14 mL) was dissolved in dry THF (5 mL) in a 25 mL 3-ncck round-
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bottomed flask equipped with magnctic stirrer, addition funnel and under inert atmosphere.  The solution of 1 from the previous
cxperiment was added dropwise to the resulting mixturc at room temperature. A white solid precipitated immediately. The mixture

was stirred for 4 h, filtered and the white solid was crystallized from DMSO to yicld 0.28 g (0.0008 mol, 69%) of colorlcss crystals.
m.p. 240 - 242°C. 1H NMR (DMSO-dgs) 8 7.30 (s, 2H), 3.98 (s, 4H), 2.47 (s, 12H), 1.30 (s, 9H), 0.57 (s, 6H); 13c NMR

(DMSO-gg) 5 155.8, 144.0, 125.3, 121.1, 63.7, 46.1, 34.9, 31.0, -4.7; 29Si NMR (DMSO-ds) & -2.61; Elem. Analysis: Caled.
(C18H33CIN2Si Hp0) C 60.22, H 9.83, N 7.80; Found (C18H33CIN2Si. Hp0) C 60.02, H 9.70, N 7.53; MS C1gH33CIN2Si
Caled.: Mt = 340; Found: m/z 305 (M* - CI).

C, N, N'-[2,6-Bis(Dimethylaminomethyl)-4-(1,1-dimethylethyl)phenyllmethylvinyl siliconium
chloride (4). A solution of 1 in THF prcpared from 6 (0.97 g, 0.0030 mol) and n-BuLi (1.85 mL, 0.00296 mol) was added
dropwisc 10 a solution of dichloromethylvinylsilanc (0.42 g, 0.0030 mol, 0.39 mL) in THF at room temperature under nitrogen
atmosphere. A white solid precipitated and the resulting mixture was stirred for additional 4 h.  The solid material was scparated by
vacuum filtration and dried to yield 0.40 g (0.00112 mol, 38%). m.p. 196 - 198°C. 1H NMR (D20) 8 7.49 (s, 2H), 6.39 (m, 1H),
6.15 (dd, 1H, J1 = 3.43 Hz, J = 14.80 Hz), 5.90 (dd, 1H, J1 = 3.43 Hz, Jp = 20.30 Hz), 4.28 (s, 4H), 2.64 (s, 12H), 1.21 (s, 9H),
045 (s, 3Hy; 13C NMR (methanol-dg) § 154.7, 136.8, 135.1, 133.0, 130.2, 65.1, 43.9, 35.4, 31.3, -3.6; MS C19H33CINSi
Caled.: M* = 352; Found: m/z 317 (Mt - Cl).

1-Bromo-4-(1,1-dimethylethyl)-2,6-benzenedicarboxylic acid (9). 2,6-dimcthyl-4-(1,1-
dimcthylcthyl)bromobenzene (10 g, 0.0415 mol) was placed in a 500 mL 3-neck flask and 300 mL of 1:1 (v/v) mixture of water and
t-butanol was added. The mixture was stirred and heated until all the starting material dissolves. KMnOg (14 g, 0.0886 mol) was
added and the resulting mixturc heated at reflux for 1 h followed by addition of the rest of KMnO4 (13 g, 0.0820 mol; total of 27 g
or 0.1706 mol). The reflux was continucd for 14 h. The mixture was cooled to RT and MnOp was scparated by vacuum filtration.
This solution was concentrated to half of its original volume and acidified with conc. HCI. The precipitate was collected and dried to
yicld 10.20 g (0.0339 mol, 82%) of white solid, m.p. 237 - 239°C. I NMR (acctonitrile-d3) 8 9.80 (broad s, 2H), 7.76 (s, 2H),
1.30 (s, 9H); 13C NMR (acctone-dg) & 168.1, 151.8, 137.0, 129.5, 1144, 36.3, 31.1; MS mie (rclative intensity) 302 (14.0, (M
+2)7), 300 (16.0, M*), 287 (98.0, (M + 2)* - CH3), 285 (100, M* - CH3), 257 (20.0, M* - CH3 - HpO).

1-Bromo-4-(1,1-dimethylethyl)-2,6-henzenedicarboxylic acid dichloride (10). 1-bromo-4-(1,1-
dimethylethyl)-2,6-benzenedicarboxylic acid (9) (5.00 g, 0.0166 mol) and PCls (6.92 g, 0.0332 mot) were mixed in the solid state in
a 50 mL round-bottomed flask cquipped with a condenser and a drying wbe. The flask was immersed in oil bath heated 10 150°C. A
vigorous rcaction takes place and the solid mixturc wrned into a homogenous liquid which was heated for additional 0.5 h. The side
product, POCIl3, was removed under reduced pressure at 150°C.  The remaining liquid solidificd upon rapid cooling to -20°C.
Petrolcum cther was added to dissolve the sotid matcrial and the resulting solution left for 12 h at -20°C.  Large needle-type crystals
formed. They were collected by vacuum filtration and dricd to yicld 4.05 g (0.0120 mol, 72%) of purc dichloride. m.p. 45 - 46°C.

TH NMR (benzene-dg) § 7.53 (s, 2H), 0.83 (s, 9H); 13C NMR (benzenc-dg) & 166.0, 151.8, 138.7, 131.1, 114.2, 34.6, 30.3; MS
mie (rclative intensity) 340 (1.6, (M+4)%), 338 (2.6, (M+2)*), 336 (2.1, M*), 327 (0.5, (M+6)* - CH3), 325 (5.1, (M+4)t -
CH3), 323 (10.8, (M+2)* - CH3), 321 (7.2, M* - CHg), 305 (24.2, (M+4)* - CI), 303 (100, (M+2)* - CI), 301 (78.9, Mt - Cl).

1-Bromo-4-(1,1-dimethylethyl)-2,6-benzenedicarboxylic acid, bis (N,N-dimethyl amide),l SN
labeled  (11). 1-Bromo-4-(1,1-dimcthylcthyl)-2,6-benzencdicarboxylic acid dichloride (10) 2.10 g (0.0061 mol) was dissolved in
50 mL of dichloromethane and the solution transferred into a 100 mL 3-neck round-bottomed flask equipped with a cold finger

condenser (dry ice/iso-propanol mixturc) and addition funnel. Dimethylamine hydrochloride (1.00 g, 0.0123 mol, 99% 15N) was
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added to the solution and the system was immersed in an ice/water bath. Tricthylamine (2.50 g, 0.0246 mol, 3.45 mL) 10 mL of
CHClp was added dropwise to the mixturc. A white solid precipitated after about S min. The stirring was continued for 3 h while

warmning (o room temperature. The mixture was poured into an equal volume of water to dissolve the triethylamine hydrochloride.
The organic layer was separated and the aqueous layer extracted with 50 mL of ether. The organic layers were combined and dried
over MgaSO4. Removal of solvent yielded product as a white solid (2.05 g, 0.0058 mol, 94%) used for the next step without
further purification. m.p. 196 - 198°C. 'H NMR (chloroform-d) § 7.28 (s, 2H), 3.14 (d, 6H, J = 1.01 Hz), 2.86 (d, 6H, J = 0.94
Hz), 1.30 (s, 9H); 13C NMR (chloroform-d) § 169.0 (d, J = 17.22 Hz), 152.1, 139.1 (d, J = 7.84 Hz), 125.0, 112.5, 38.2 (d, J =
11.50 Hz), 34.8, 34.5 (d, J = 10.92 Hz); MS m/e (relative intensity) 358 (7.7, (M+2)*), 356 (8.2, M*), 313 (98.5, (M+2)* -
I5N(CH3)2), 311 (100, M* - ISN(CH3)p), 277 (34.5, M* - Br), 73 (38.7, COIOIN(CHz»*).
2,6-Bis(Dimethylaminomethyl)-4-(1,1-dimethylethyl)bromobenzene, 15N labeled (12). Compound
11 (1.05 g, 0.0030 mol) was dissolved in anhydrous THF and transferred into a 100 mL 3-neck flask equipped with addition funnel
and under inert atmosphere. BH3.THF (9.87 mL, 0.0099 mol, 1 M solution in THF) was added dropwisc at 0 - 5°C. The resulting
solution was stirred for 40 h at room temperaturc. 6N HCI (5 mL) was then added dropwisc.  The mixture was heated to reflux and
THF was distilled. A small amount of water was added followed by cxtraction with cther (2 x 20 mL). The layers were scparated,
concentrated KOH was added to the aqueous layer until alkaline reaction (pH = 12 - 13) and the mixture extracted with cther (2 x 50
mL). The combined organic layers were dricd over MgSO4 and the solvent was removed under reduced pressure. The residue was
crystallized from DMSO and dricd 1o yield 0.75 g (0.0023 mol, 77%) of white crystalline solid. 15N NMR (chloroform-d) & 25.95
C, N, N'-[2,6-Bis(Dimethylaminomethyl)-4-(1,1-dimethylethyl)phenyl]dimethyl germanium
chloride (5). A solution of 1 in THF prcparcd from 2,6-bis(dimcthylaminomethyl)-4-(1,1-dimethylethyl)bromobenzene (0.52 g,
0.0016 mol) and n-BuLi (1.00 mL, 0.0016 mol) was added dropwise to a solution of dimcthylgcrmanium dichloride (0.28 g, 0.0016
mol, 0.18 mL) in THF at RT under nitrogen atmosphere. The mixture was stirred for 4h axd the white precipitation was scparaied
by vacuum filtration. The solid material was further crystallized from DMSO to yicld 0.43 g (0.0011 mol, 71%) of whitc solid.
m.p. 286 - 288°C. 1H NMR (mcthanol-dy) & 7.34 (s, 2H), 3.88 (s, 4H), 2.49 (s, 12H), 1.33 (s, 9H), 0.95 (s, 6H); 13¢ NMR
D20) & 156.4, 142.3, 128.0, 122.3, 63.2, 45.3, 34.5, 304, -2.5; Elem. Analysis: 1.Rccrystallized from DMSO:  Caled.
(C18H33CIGeN2. Hp0) C 53.57, H 8.74, N 6.94; Found: (C18H33CIGeN2.H20) C 53.33, H 8.54, N 6.87; 2.Crystallized from
CHpCl2: Caled. (C18H33CIGeN2. 0.60 CHaClp) C 51.18, H 7.90, 6.42; Found: (C18H33CIGeN2.0.60 CH2Clp) C 51.21, H

7.90, N 6.68; MS C18H33ClGeNy Caled.: M* = 386; Found: m/e 351 (M* - CI).

C, N, N'-[2,6-Bis(Dimethylaminomethyl)-4-(1,1-dimethylethyl)phenyl]-[4,4'-bis (1,1-
dimethylethyl)-2,2'-biphenyl]germanium chloride (6). 2,6-Bis(dimecthylaminomethyl)-4-(1,1-
dimethylethyl)bromobenzene (0.30 g, 0.0009 mol) was dissolved in dry THF in a 25 mL 3-ncck round-bottomed flask equipped with
magnctic stirrer addition funnel and under incrt atmosphere. n-BuLi (0.06 g, 0.0009 mol, 0.57 mL of 1.6 M soln. in hexanc) was
added dropwise to the solution and the resulting mixture was stired for 1 h. The solution was then akbd dropwise to a stirred
solution of 2,7-bis(1,1-dimethylethyl)-9,9-dichlorogermafluorene (0.37 g, 0.0009 mol) in THF at RT. White solid product
precipitated immediately. The reaction mixturc was stirred for 4 hat RT. The solid was isolated by filtration and crystallized from
DMSO to yicld colorless crystals (0.41 g, 0.0007 mol, 73%). m.p. 268 - 270°C. 1y NMR (acetonc-dg) & 8.14 (d, 2H, J = 8.24
Hz), 8.07 (d, 2H, J = 2.14 Hz), 7.69 (dd, 2H, J1 = 8.24 Hz, J» = 2.14 Hz), 7.60 (s, 2H), 4.21 (s, 4H), 2.17 (s, 12H), 1.42 (s, 9H),

135 (s, 18H); 13C NMR (acctonc-dg) & 198.5, 197.7, 1582, 152.9, 144.5, 142.6, 132.0, 129.6, 124.0, 123.2, 63.6, 46.8, 36.0,
35.6, 31.7, 31.5; Elem. Analysis: Calcd. (C36H51CIGeN2. Hp0) C 67.78, H 8.37, N 4.39; Found (C36H51CIGeN2.H20) C

67.51, H 8.16, N 4.08; MS C36H51CIGeNy Calcd.; Mt = 620; Found: m/e 585 (M* - CI).
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2,6-Bis(Methylaminomethyl)-4-(1,1-dimethylethyl)bromobenzene (14).  2,6-bis(bromomethyl)-4-(1,1-
dimcthylethyl)bromobenzene (3.00 g, 0.0075 mol) was dissolved in THF (25 mL). Mecthylamine (9.34 g, 0.3008 mol, 26.0 mL of
40% soln. in water) was addod to the solution and the resulting mixture heated at reflux for 4 h. The layers were separated. The
organic layer was washed with water and dricd over MgSO4. THF was removed under vacuum lcaving a yellow oil (1.92 g, 0.0064

mol, 84%) uscd for the next step without further purification. Iy NMR (benzene-dg) & 7.45 (s, 2H), 3.78 (s, 4H), 2.24 (s, 6H),
1.25 (s, 9H), 0.98 (s, 2H); MS m/e (relative intensity) 300 (2.6, (M + 2)+), 299 (13.5, (M + 1)*), 298 (3.1, M*), 297 (16.1, M -
1)%), 271 (89.1), 269 (100.0), 240 (47.7), 225 (52.3), 188 (70.0), 161 (28.0), 132 (34.7), 57 (17.6).
2,6-Bis[Methyl(acetyl-d;)aminomethyl]-4-(1,1-dimethylethyl) bromobenzene (15). Compound 6 (2.20
g, 0.0074 mot) was dissolved in 30 mL of dry methylene chloride in a 100 mL 3-ncck round-bottomed flask cquipped with magnetic

stirrer, addition funnel and under nitrogen atmosphere. Tricthylamine (1.49 g, 0.0147 mol, 2.05 mL) was added to the solution.
Acctylchloride-d3 (1.20 g, 0.0147 mol, 1.05 mL) in 20 mL of dry mcthyicne chloridc was akkd dropwise over 10 min. The
resulting mixture was stirred for 4 h at room temperature, then added to an equal volume of watcr, the organic layer was separated and
dricd over MgSO4. The solvent was removed under vacuum lcaving a yellow oily material (2.53 g, 0.0065 mol, 89%) which was
used dircetly for the next step. 1§ NMR (benzene-dg) 8 7.10 (m, 2H), 4.43 (m, 4H), 2.53 (m, GH), 1.15 (m, 9H); MS m/e
(relative intensity) 309 (100.0, (M - Br)*), 265 (38.3), 175 (27.5), 59 (38.9).
2,6-Bis[Methyl(ethyl-2,2,2-d3)aminomethyl]-4-(1,1-dimethylethyl) bromobenzene (16). Compound 7
(2.53 g, 0.0065 mol) was dissolved in anhydrous THF and transferred into a 100 mL 3-neck flask cquipped with addition funncl,
reflux condenser and under inert atmosphere. BH3. THF (21.70 mL, 0.0217 mol, 1 M solution in THF) was addod dropwisc at 0 -
5°C. The resulting solution was stirred for 10 h at 60°C and 12h at room temperature. 6N HCI (10 mL) was addod dropwise. The
mixturc was heated to reflux and THF distilled at normal pressure. A small amount of water was added followed by extraction with

cther (2 x 20 mL). The layers were separated and a concentrated solution of KOH addod to the aqueous layer until alkaline reaction
(pH = 12 - 13). The mixture was extractcd with cther (2 x 50 mL). The combined organic layers were dried over MgSO4. Solvent

was removed under reduced pressure 1o produce a heavy yellow oil (1.70 g, 0.0047 mol, 72%). 1y NMR (benzene-dg) 8 7.69 (s,
2H), 3.67 (s, 4H), 2.36 (s, 4H), 2.16 (s, 6H), 1.30 (s, 9H); 13¢ NMR (benzene-dg) 8 149.8, 139.9, 126.4, 123.7, 62.4, 51.6,

419, 34.6, 31.4; 2H NMR (CClg) & 1.08 (s); MS m/e (rclative intensity) 361 (1.0, (M + 1)*), 359 (1.0, M - 1)*), 344 (27.3),
342 (28.3), 302 (34.5), 301 (37.1), 300 (41.8), 299 (33.0), 241 (65.5), 239 (68.6), 162 (25.8), 75 (100.0), 50 (19.6).
2,6 - Bis[Methyl(ethyl-2,2,2-d3)aminomethyl]-4-(1,1-dimethylethyl) phenyllithium (2). Compound 8
(0.60 g, 0.0017 mol) was dissolved in dry THF in a 25 mL 3-ncck round-bottomed flask cquipped with magnetic stirrer, addition
funncl and under inert atmosphere. n-BuLi (1.04 mL, 0.0017 mol, 1.6 M solution in hexanc) was adkkd dropwise at RT. The
resulting solution was stirred for 1 h. An aliquot quenched with D20 showed more than 95% incorporation of deuterium according
10 the |H NMR spectrum. 1H NMR (chloroform-d) & 7.20 (s, 2H), 3.48 (s, 4H), 2.41 (s, 4H), 2.19 (s, 6H), 1.32 (s, 9H).
C,N,N'-[2,6-Bis[Methyl(ethyl-2,2,2-d3)aminomethyl]-4-(1,1-dimethylethyl)phenyl]dimethylgermanium
chloride (7). A solution of 2 in THF prcpared from 16 (0.60 g, 0.0017 mol) and n-BuLi (1.04 mL, 0.0017 mol) was akiod
dropwisc 1o a solution of dimethylgermanium dichloride (0.30 g, 0.0017 mol, 0.20 mL) in THF at RT under nitrogen atmosphere.
The mixture was stirred for 4h and the whitc precipitation was scparated by vacuum filtration. The solid material was further

crystallized from CH2Ch to yicld 0.40 g (0.0009 mol, 57%) of colorless crystals. m.p. 258-260°C. 14 NMR (D0) & 7.27 (s,
2H), 3.73 (s, 4H), 2.81 (s, 4H), 2.14 (s, 6H), 1.18 (s, 9H), 0.85 (s, 6H); 13C NMR (methanol-dy) 8 157.6, 143.6, 128.6, 123.8,

62.5, 53.0, 41.4, 36.0, 31.7, 9.5, -0.7; 2H NMR (methanol) § 1.30 (s); Elem. Analysis: Calcd. (C20H37CIGeN2.0.55 CHaClp)



Studies of some new silicon and germanium compounds 10139

C 53.63, H 8.35, N 6.09; Found (C20H37CIGeN2.0.55 CHpClp) C 52.38, H 8.24, N 6.04; MS CopH31CIDgGeNy Caled.:
M+ =420; Found: m/z 385 (M* - CI).

Crystal data of 7. A clear prism crystal of C21H39CI3GeNy (Co0H37CIGeN2. CH2Clp) having approximate
dimensions of 0.700 x 0.300 x 0.300 mm was mounted on a glass fiber. All mcasurements were made on a Rigaku AFC6S
diffractometer with graphite monochromatic Mo Ka radiation. Cell constants and orientation matrix for data collection, obtained
from a lcast-squares refinement using the angles of 24 carefully centercd reflections in the range 34.64 < 26 < 36.26° corresponded to
a monoclinic cell with these dimensions: a=9.96 (6) A, b =24.47 8) A,c=10.71 (N A,V =2415 Q) A, B= 1124 (4)°. For Z =
4 and F.W. = 498.50, the calculated density is 1.371 g/cm3. Based on packing considerations, statistical analysis of the intensity
distribution and the successful solution and rcfincment of the structure, the space group was determined to be P21/n (#14). The data
werc collected at a temperature of -80 + 1°C using the ® scan technique to a maximum 26 value of 50.7°. Omega scans of several
intense reflections, made prior to data collection, had an average width at half-height of 0.28° with a take-off angle of 6.0°. Scans of
(1.34 + 0.30 tan 6)° were made at a speed of 8.0°/min (in omega). Weak reflections (I < 10.0 (1) ) were rescanned (up to S rescans)
and counts were accumulated to assure good statistics.  Stationary background counts were recorded on each side of the reflection.
The ratio of pcak counting to background counting time was 2:1. The diameter of the incident beam collimator was 0.5 mm. The
crystal to detector distance was 200.0 mm.

Of the 4671 reflections which were collected, 4407 were unique (Rijpg = 0.113). Intensitics of three represcntative
reflections measured after every 150 reflections declined by -3.50%. A lincar correction was applicd to account for this phenomenon.
The lincar absorption coefficient for Mo Kat is 16.0 cm™l. An empirical absorption correction, based on azimuthal scans of scveral
reflections, was applied giving transmission factors from 0.85 to 1.00. Data were corrected for Lorentz and polarization effects.

Solution and refinement of the structure of 7. The structure was solved by dircct methods!?> 18 The non-
hydrogen atoms were refined anisotropically. The final cycle of full-matrix lcast-squarcs refinement!9 was based on 2564 observed
rcllections (1> 3.00 o(I) ) and 208 variable positional and thermal parameters and converged (largest parameter shift was 0.35 times

its csd) with unweighted and weighted agreement factors of: R =0.093 and Ry, = 0.140. The standard deviation of an obscrvation of
unit wei gh120 was 4.84. The weighting scheme was based on counting statistics and included a factor (p = 0.03) to downwcight the
intensc refllections. Plots of £ w (IFg! - !F‘CI)2 versus {Fol, reflection order in data collection, sin 8/A, and various classcs of indices
showed no unusual trends. The maximum and minimum peaks on the final diffcrence density Fouricr map corresponded to 1.16 and -
1.04 /A3, respectively. Neutral atom scattering factors were taken from Cromer and Waber2!.  Anomalous dispersion cffects were
included in Fcalc22; the valucs for AC and Al" were those of Cromer23.  All calculations were performed using the TEXSAN24

crystallographic software package of Molccular Structure Corporation.
RESULTS

Synthesis and characterization of compounds 3, 4, 5 and 6. These compounds are preparcd in a moderate to
high yicld by using the synthetic sequence outlined in Scheme 1. The final materials are insoluble in THF and precipitate from the
solution with the progress of the rcaction. Solubility tests are consistent with an ionic naturc of the compounds. Solubility in watcr
is dependent on the size of the hydrocarbon substitucnts as manilest by the significantly lower solubility of 6 in comparison to 5.
All compounds are well soluble in alcohols. The solubility in polar aprotic and halogenated solvents scems to be dependent on the
central atom and increases upon transition from silicon to germanium. The melting points of all compounds arc high, around and
above 200°C. Thus, the melting points and the solubility trends, combined with positive AgNO3 tests, arc indicative for an ionic

nature of these compounds. Corriu and coworkers performed conductivity measurements on similar structurcs which also confinned
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the ionic nature of the studied compounds.13a In the solid state the ionic nature of the compounds, with a chloride anion as a
counterpart, is supported by evidence from the X-ray crystal structures of both compound 3 and compound 7.

Synthesis of the 1 5N-enriched analog of compound 3 (compound 3*). Compound 3 * was prepared from
the brominated precursor 12 * according to the previously discussed synthetic procedure of Scheme 1. However, compound 12* was
prepared by a substantially modified sequence outlined in Scheme 2. The main requircment was to find a more efficient way of
introducing the dimethylamino moiety in the molecule. The procedure used for the synthesis of 12 utilizes a water solution of
dimcthylamine but a large excess is necessary to drive the reaction to complction.zsv 26 Therefore the substitution at benzylic
carbon was replaced with a substitution at an acyclic carbon atom in the form of the corresponding acyl chloride. The first step of
the modificd synthetic sequence is the introduction of bromine which proceeds in high yield under ordinary conditions for aromatic
clectrophilic substitutions.2? Compound 8 is then oxidized to the corresponding dicarboxylic acid with KMnO4 in a 1:1 water/-
butanol mixture. The conversion of the diacid 9 to the dichloride 10 is achicved with PCls in the solid phasc at clevated
temperaturcs. Compound 10 is reacted with the isotopically enriched ammonium salt in the presence of triethylamine according to a
slight modification of the original proccdurc.28 At these conditions, the tricthylaminc acts as a base and abstracts a proton from the
ammonium salt liberating dimethylamine which reacts with the acid chloride to yicld compound 1 1. The final step is a reduction of
11 to give 12* with a boranc/ictrahydrofuran complcx.29v 30

Br

o B O
B KMnO,
T, Ny 110 ol
ccl, water/t-BuOll (1:1)
(82%)
8
rCy
A
(o] Br O O Br O
15
Me’N N"Me; @) BPNiiicr @ cl
PR e
C N
ac
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Scheme 2. Prcparation of an 15N-labeled precursor for tridentate ligand 1.

Synthesis of compound 7. Compound 7 is prepared according to the synthetic sequence outlined in Scheme 1 {rom
the new tridentate ligand 2. The precursor for 2 was synthesized according to the sequence outlined in Scheme 3. The synthesis

utilizes the tribromide 731> 32 which is subjected to a reaction of nucleophilic substitution with methylamine in nonhomogenuous
conditions.25 The resulting bisamine 14 is converted to the bisamide 15 upon reaction with acetylchloride-d3. Compound 15 is

reduced with borane/THF complex to yield the brominated precursor 1 6,29 which is converted, upon reaction with n-BuLi, to the
ncw tridentate ligand 2. Ligand 2 is reacted with (CH3)2GeCl2 at room temperature in THF to give the target compound 7.
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Scheme 3. Synthetic scquence for the preparation of the precursor to tridentate ligand 2.
15N NMR data for compound 3. The variable temperature 1 and 13C NMR profiles of compound 3 were
described in an earlier work. All data are rigorously consistent with the existence of asymmetrical structures in solution. The 15N
studics provide further support for this hypothesis. The 15N spectra at 315 K and 200 K in methanol-d4 are presented in Figure 3.

As scen from the figure, at higher tcmperaturcs, in conditions of fast exchange, the spectrum is an averaged signal for both nitrogen
atoms at 40.35 ppm. At lower temperatures, with the exchange sufficiently slow, the two nitrogen signals arc clearly distinguished
at 47.70 ppm and 35.92 ppm.

@ ®

Figure 3. ISN NMR spectrum of compound 3
at (a) 315 K and (b) 200 K in mcthanol-dy.

NMR properties of compound 4. Although very similar to compound 3, compound 4 provides more structural
information due to the lower symmetry of the pattern of substitution around the central silicon atom. If the real state in solution is a
pair of asymmetrical structures, then in each of these structures there would be a silicon chiral center present.  The chiral silicon
cnvironment causes the generation of diastercotopic centers, the two methylene carbon atoms as well as the quatemary nitrogen
bound to silicon as indicated in structure 4a. The spectral properties of NMR active nuclei, connccied to a particular diastereotopic

centcer, are different in general.
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The variable tcmperature g NMR profilc of 4 in methanol-dy is shown in Figurc 4. At 298 K the spectrum contains a
well defined singlet for the two aromatic protons at 7.39 ppm. The vinyl protons exhibit scparatc signals at 6.26 ppm, 6.16 ppm
and 5.83 ppm respectively. There are two broad singlets in the spectrum, one for the N-methylene and one for the N-methyl protons
at 3.95 and 2.44 ppm. The signals for the protons belonging to the tertiary butyl group and the Si-methy!l groups are at 1.34 and
0.51 ppm respectively. The substantial broadening of the signals for the N-methyl and the N-methylcne groups is a good indication
for a dynamic process in solution. As expected, with decrease of the temperature, these averaged signals reach coalescence points.
For the N-methylcne protons this occurs at Tg = 258 K leading to the gencration of four doublets of cqual intensity at 4.52, 4.23,
3.81 and 3.15 ppm, corresponding to the four differcnt hydrogen atoms. The doublet patiem is duc to the geminal spin coupling.
Morc interesting is the behavior of the N-mcthyl resonance. The averaged signal for all methy! groups gencrales a pair of broad
singlcts of equal intensity at 265 K. The peak at lower ficld reaches in its tumn a coalescence point at 253 K giving, upon further
reduction of the temperature, a pair of singlets with intensity ratio 1:1 at § = 2.98 ppm and 8 = 2.81 ppm. The changes in the
aliphatic region are accompanicd by changes in the aromatic region as well, where the singlet for the two aromatic protons rcaches a
point of coalescence at 238 K and also generates a pair of singlets at 7.50 and 7.36 ppm. At 213 K (Figurc 4b) the spectrum
contains two singlets for the aromatic protons, four doublets for the N-mcthylene protons and three singlets for the N-methyl groups
with ratio 1:1:2 (in upfield dircction). Further decrease of the temperature causcs additional broadening of the upfield N-mcthyl
resonance with double intensity located at 8 = 2.00 ppm.

At 203 K it is at a coalescence point and further lowering of the temperature leads to the generation of another pair of
singlets of cqual intensity at 2.22 and 1.78 ppm (Figure 4¢). At very low temperaturcs we obscrve specics in which the sccond
nitrogen atom is also a diastercotopic center, i.c. it is also coordinated to silicon. The specics retains its asymmetrical structure as
cvidenced by the different shape of the two pairs of singlets in the N-methyl region of the spectrum in Figure 4c.

The 13C NMR spectrum at 298 K cxhibits averaged singlets for the N-methylene and the N-methyl carbon atoms at 65.06
and 43.93 ppm respectively. At 193 K the spectrum contains two singlets for the N-mecthylene groups at 65.09 and 63.41 ppm and
four broad singlets for the N-methyl carbons at 46.03, 44.11, 41.12 and 40.08 ppm. The number of singlets for the aromatic carbon

atoms increases from four to six in accordance with a lower symmetry of the specics in solution.

Kinetic parameters from NMR studies of compound 4. The variable temperature NMR profile of compound
4 offers scveral coalescence temperaturcs and allows for the construction of Arrhenius and Eyring plots and elucidation of activation
parumclcrs.33 The results are listed in Table 1. The Eyring plot is presented in Figurc 5. The good straight line fit (R = 0.99) is an

cvidence that the coalescence temperatures all pertain to the same dynamic equilibrium.
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Figure 4. Seclected region from the 1H NMR spectrum of compound 4
at (a) 298 K, (b) 213 K and (¢) 193 K in mcthanol-y.
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Figure 5. Eyring plot for compound 4 in mcthanol-dy.

Table 1. Kinetic Parameters from Variable Temperature NMR Studics of Compound 4

AG* AH* AS* E,

lvent InA
sotven (k/mol] | (k¥/mol] | W/molK)| [ki/mol]
CD,0D 5.0 | 372 | -s54 | 398 24.1

C;Hs0D 53.8 - - - -

10143
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Table 2. Experimental Results and Activation Parameters for the Si-N Ring Opening in
Compound 4 at low temperatures

Solvent T, K] | av [Hz] | kx10%[sY] | AG,* [kI/mol]
Methanold, 203 105 2.33 39.8
Ethanoldg 210 120 2.66 41.0

Information was extracted about the sccond dynamic process from the low temperature coalescence of the upficld N-methyl resonance.

Tablc 2 presents the experimental results and the activation cnergies in methanol-dy and ethanol-dg solutions of compound 4.

NMR studies of compounds 5 and 6. The I NMR spectra of compound 5 in methanol-dy at 298 K and 183 K
arc shown in Figure 6. There is an obvious difference between the NMR behavior of this germanium containing compound,
compared to its silicon analog, compound 2. At room temperature the spectrum contains only well defined, sharp singlets. The
spectral pattern is preserved throughout the studied region. The broadening at 183 K of the N-methylene and the N-methyl
resonances, at 3.94 ppm and 2.50 ppm respectively, can be partially attributed to the considerable incrcase of the viscosity of the
solution and the concomitant worsening of the homogeneity of the magnetic ficld, Icading to an overall broadening of the signals. It
is important to notice that the signal for the aromatic protons is not affected, which means that the dynamic process, leading to the
broadening of the N-methy! and the N-mcthylene peaks, is not identical with the process occurring in the silicon-containing specics.

(a) (b)

700 5.8 500 o 100 250 .00

®

Figure 6. 1y NMR spectrum of compound 5
at (a) 298 K and (b) 183 K in mcthanol-dy.

The 13C NMR spectra of 5 do not show any changes of pattern over the studied region 298 K - 183 K and rcmain

consistent with a symmetrical pentavalent structure.  The 1H and 13C NMR spectra of 6 are similarly in agrecment with the
pentavalent structure within the studicd temperature interval.
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NMR studies of compound 7. An lH variable temperature NMR profile of compound 7 is shown in Figure 7.

o
L

L e o

T M T
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Figure 7. Sclected region from the 1H NMR spectrum of compound 7 at (a) 343 K in
DMSO-dg, (b) 298 K in methanol-ds and (c) 223 K in methanol-dy.

Figure 7b is the spectrum of 7 in mcthanol-dg at 298 K. It contains a singlet for the aromatic protons at 7.40 ppm, a
broad singlet for the benzylic N-methylene protons at 3.91 ppm, a broad singlet for the ethyl N-methylene groups at 2.97 ppm, a
broad singlct for the N-methyl groups at 2.30 ppm, a singlet for the protons of the tertiary butyl group at 1.33 ppm and a singlct for
the Ge-methyl groups at 1.00 ppm. Figure 7¢ is the spectrum of 7 in methanol-dg at 223 K. As scen from the figure, changes
occur only in the region of the signals for groups attached to the nitrogen atoms. It is quite cvident that in this region there arc two
scts of signals, identical in pattern but very diffcrent in intensity. Each sct consists of two AB paticrn multiplets for the benzylic
and cthyl N-methylene groups respectively, and a singlet in the N-methy! region. The intensity ratio is 8:1.

The behavior of the system is similar in other solvents. In DMSO-ds and in methylene chloride-dy the specira at room
tempcrature exhibit similar broadening of selccied peaks and the coalescence temperatures are 300 K for methylene chloride and 305 K
for DMSO. Figure 7a is the spectrum of 7 in DMSO-dg at 343 K. Noticeable is the considerable sharpening of the N-methylene
and N-methyl signals. NMR obscrvations allow quantitative conclusions about the energy baricr AG*. In mcthanol-dg the

coalescence temperature is 288 K with separation of the peaks Av = 54 Hz. Such scparation corresponds to an unimolccular rac

constant of 119571, leading to a Gibbs free encrgy barrier of 58.9 kl/mol (14.1 keal/mol).33
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Figure 8. An ORTEP drawing of the cationic part of compound 7.
Ellipsoids drawn with 30% probability.

X-ray crystal structure of compound 7. Figurc 8 shows an ORTEP drawing of the crystal structure of the
cationic part of compound 7. The ellipsoids arc drawn with 30% probability. Sclected bond lengths and bond angles arc given in
Table 3. The geometry around the central germanium atom is a distorted trigonal bipyramid (TBP). The germanium-carbon bonds
arc within the expected range, all three carbon ligands are located in the equatorial plane with proper values for the C - Ge - C bond
angles. The Ge - N distances are essentially equal, with values of 2.31 A and 2.36 A indicating that compound 7 possesses a
symmctrical structure in solid state. The N - Ge - N angle is distorted from the perfect 180° with a real value of 158° at this level of
rcfincment.  The distortion is in a direction opposite to the Berry pscudorotation coordinate and the immediate surrounding of the
germanium atom acquires a2 Cy symmetry. The five-membered rings are not planar. The only flexible point in cither ring is
located at the nitrogen atom, which is shiftcd from the plane determined by the other four atoms of the ring. The distortion is in
opposite direction for the two nitrogen atoms relative to the plane of the benzene ring and the overall environment around the central

germanium atom resembles closely an SN2-like transition state with a backside attack of the incoming nucleophile.

Table 3. Selected Bond Distances [A] and Bond Angles [Degrees] from
X-Ray Structural Analysis of Compound 7

Ge-C1 1.88 (1)
Ge - C10 1.91(2)
Ge - C11 1.97(2)
Ge - N1 2.31(2)
Ge - N2 2.36(2)
C1-Ge - N1 79.8(5)
C1-Ge-N2 78.2(5)
N1 - Ge - N2 158.0(4)

C10-Ge - C11 119.0(7)
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DISCUSSION

The structure of compound 4. There are two different ways to account for the ionic structure of compounds 3 and
4. Onc utilizes the idea of dynamic equilibrium between tetravalent forms, the other is based on the hypothesis for a stable
hypervalent species. Observations for compound 4, in analogy with the earlier results for 3, unambiguously demonstrate a dynamic
process in solution. This is a good argument in favor of the tetravalent structures 4a and 4a’. However, there is an altcrnative

cxplanation, which has been successfully employed in a varicty of silicon-containing, hypercoordinated and hypervalent systems.5d.¢,
34 It is based on the interconversion of hypervalent forms via a process not involving breaking and remaking of bonds, such as the

Berry pscudorotation or the turnstile rotation.35> 36 Three such forms for compound 4 are shown in Scheme 4. In form 4b the two
nitrogen atoms occupy the axial positions of the trigonal bipyramid, while the carbon ligands are located at the cquatorial sites. In
the form 4 ¢, the axial positions are occupicd by the Si-methyl group and the aromatic carbon atom. The two nitrogen atoms arc

cquatorial ligands. In form 4d the axial sites are occupied by the carbon atom from the vinyl group and the aromatic carbon.

0 n un I H
Cll, i Cll; Cliy
. ll;L\N + benzene
“3C"‘N 4 ]]3C—’N -~ Ting
CHy =—— e \
HiCn J H,C L o UsCa J
+ ~— +
Cl
>\\cu3 ch« : Cil,
HH o H HH
ad 4b 4c

Scheme 4. Pscudorotational forms arising due to a hypothetical pentavalent

silicon center in compound 4.

All three forms possess a high degree of symmetry and within each of them the aromatic hydrogen atoms are equivalent.

Ideally, in conditions of slow exchange, the LH NMR spectrum would be expected to show three singlets in the aromatic region, but
taking in account the similarity of forms 4¢ and 4d, and the remoteness of the aromatic sitcs from the center of inversion, some of
the signals may coincide. In forms 4 ¢ and 4d, however, the nature of the groups attached to silicon is different. In 4¢ for example,
the Si-methyl group is occupying an axial position whereas in 4d the same group is at an cquatorial sitc. Overall, at lcast two (in
the ideal case three) signals for the Si-methyl and the vinyl group would be expected in the NMR spectra or at least broadening of the
corresponding signals. The fact is that ncither in the proton nor in the carbon spectra is this observed at any temperawre within the
studied range. The lower symmctry of 4¢ and 4d would also causc inequivalency of the N-methyl groups and the N-methylence
hydrogen atoms within each structure, and an overall complicated NMR pattern would be expected.  The actual pattern, as
demonstrated in Figures 4b and 4c is simple and well resolved. Our conclusion is that the accumylated NMR cvidence docs not
support the idca of equilibrium between hypervalent forms in solution. The experimental data are, however, consistent with the
presence of the asymmetrical, tetravalent forms,

In our previous report we discusscd briefly the mechanism of identity exchange in compound 3. The considerable solvent
cffect upon transition from methanol to chloroform is indicative for a process with a charge delocalized transition state, leading to

increasc of the reaction rate upon reduction of the solvent polarity, i.c. an SN2 like mechanism. An associative rate-detcrmining step

is also supported by the considerable negative cntropy of activation AS* = - 54 J/mol.K in mcthanol-d4 for compound 437,38
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1t was pointed out that at very low temperatures (below 203 K in methanol-dy) the upfield N-methyl signal at 2.00 ppm,

in the 1H NMR spectrum of 4, generates a pair of singlets of equal intensity. As mentioned, it is an evidence for the prescnce of
another, distinct species in solution, structure 4 ¢, in which the second nitrogen atom is also coordinated to the silicon center.
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Form 4e is the most stable since it is the onc obscrved at the low tcmperature limit. Thercfore, in solution of 4 there are four
asymmctric forms. Two of them arc the open, tetravalent forms, the other two are forms with a partial bonding to the sccond

nitrogen atom. The closed forms arc related to the open via an cnergy barricr AGr* of about 40 kJ/mol in deuterated alcohols, and

arc related between themselves via a central barricr AG* which is slightly more than 50 kJ/mol.

The proposed energy profile for the identity cxchange in compound 4 is shown in Figurc 9. Such profilcs arc

characteristic for SN2 reactions at carbon in the gas phasc:.39 The global minima arise duc to the formation of the so called

nuclcophilc-substrate association complexes. In solution, especially in polar protic solvents, the magnitude of these minima is

largely reduced leading to their virtual disappcamncc.40
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Figure 9. Two-dimensional potential cnergy surface for the identity

exchange in compound 4.

The structure of compounds 5 and 6. These (wo germanium compounds arc prepared by mcans of the same
tridentate tigand 1. Compound 5 is the germanium-containing analog of compound 3. Compound 6 is particularly intercsting from
a structural point of view since it incorporatcs a tridentate and a bidentate ligand at a single center of hypercoordination.

As NMR studies demonstrate, the behavior of § and 6 in solution is significantly different in comparison to the silicon
specics. Down to 183 K, there is no change in the spectral pattern. This could mean cither that the identity exchange reaction is
very fast or that they exist in solution as stable hypervalent structures and thus their NMR spectra do not change with temperature.
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Particular attention attends the fact that the broadening is restricted only to the N-methyl and N-methylene groups. The aromatic
signal is not affected. It must be a process which docs not destroy the overall symmetry in the molecule and exerts only a local
clfect on the groups attached to nitrogen. A good cxplanation would be the dynamic process of pscudorotation of the five-membered
ring via cnvelope-type vibrations as shown in Figure 1041 The only flexible point is the nitrogen atom and distortions at this
point, above and below the planc determined by the other four atoms, would explain the broadening of the N-methylene and the N-
mcthyl groups. In the case of assigning structurcs to both § and 6, caution must be excrecised, because the available facts agree with

the presence of hypervalent structures in solution, but they need not rigorously exclude equilibrium between open, tetravalent forms.

Poa—
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Figure 10. Pscudorotational envelope vibrations

in the five-membered ring.

The structure of compound 7. Compound 7 is derived on the basis of a different tridentate ligand, one with a lower
symmetry of substitution at the nitrogen atoms. The replacement of one of the methyl groups with a 2,2,2-tridentcrocthy! group at
cach nitrogen center has important conscquences.  Upon bonding with germanium the nitrogen atom becomes a chiral center.
Therefore, presence of the tetravalent forms in solution, as is the case with the silicon-containing matcrials, would lead to a pair of
cnantiomers, indistinguishable by NMR. Howcver, if both nitrogen atoms are connected to germanium, that would lcad to the
gencration of two chiral centers in the molecule and hence to the formation of two diastcrcomers, whose NMR properties are different
in general and whose distribution is not required to be 1:1.

The broad singlets at 298 K certainly indicatc a dynamic process. Indeed, the behavior of the system around and above
room emperatures is consistent with the presence of the open tetravalent forms in cquilibrium.  The spectrum at 223 K is not,
however, in agreement with such hypothesis. The two cquivalent in pattern but different in intensity sets of signals in the (N-
mcthylene + N-methyl) region are suggestive for the presence of two diastercomers.  Therefore, an cnergy surface with a low laying

intermediate is proposed for the dynamic process in solution of 7 (Figure 11). The intermediatc is the pentavalent symmetrical

structure and its cnergy is actually Jower compared to the open forms.2: 9 The cnergy barricr is sulficiently small so that above
room lemperature it is overcome and a cenain amount of the open forms 7" is gencrated. The open forms have one of the
dialkylaminomethy! moieties free and therefore rotation around single bonds and inversion at the nitrogen become possible.  This
process leads to a loss of stereochemistry and broadening of the peaks of groups attached to the nitrogen atoms. As the temperaturc
is decrcasced, the rate of the transition 7' — 7" isreduced and eventually the molccule is trapped inside the potential well. The
cotlapse to 7° leads to the formation of two diastercomers in a ratio dependent on their relative encrgies.

The X-ray studics of 7 rcveal a symmeltrical, pentavalent structure with a C2y geometry around the germanium atom.
The distortion of the N - Ge - N angle is very important in our opinion, as one significant causc for the structural difference between
the studied silicon and germanium molecules. It is also important to remark here that the Xeray information may be in many
instances insufficicnt for correct conclusions about the nature of certain species. Thus, for compound 7 it shows a symmetrical and
hypervalent structure, but, as demonstrated, this is the prevailing structure in solution only at low temperatures. At higher
temperaturcs, solution studies yield a more complex exchange process. Therefore hypercoordination ad hypervalency in the

condensed phase may not be necessarily exhibited in solution.
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Figure 11. Two-dimensional cncrgy surface for the intramolccular exchange in 7.

Comparison between the silicon and germanium molecules. A dctailed investigation of their solution
bchavior has shown that the silicon-containing molecules (Compounds 3 and 4) are asymmetrical, with loose or no bonding of the
sccond nitrogen atom to the silicon center. On the other hand, the germanium compounds exhibit propertics consistent with a
hypervalent structure.  For some of them (compounds 5 and 6) the solution NMR behavior is uniform throughout the studicd
temperature range and consistent with hypervalent symmetrical structure involving an equal extent of bonding {rom both nitrogen
atoms. Onc of the studied compounds (Compound 7) demonstrates an interesting NMR profile corresponding to a different type of
potential energy surface with a stable "intermediate”. The "intermediate™ is in fact the hypervalent structure and is lower in cnergy
comparcd 10 the open, tetravalent forms. Solid state studics (X-ray analysis) have also revealed a hypervalent symmetrical structurc
for this compound. An important qucstion then is: What are the reasons for such a considerable difference between these two classes
of compounds? Germanium exhibits an obvious tendency for hypervalent bonding while the silicon compounds remain tetravalent.

An answer can be found by rclating the known experimental results to the contcmporary theorctical models.  The
following facts have to be considered:

1. Asrcvealed by the X-ray data and scmicmpirical calculations, the axial ligand-central atom-axial ligand angle is less
than 180°. Its actual values arc about 160° and arc predetermined by the propertics of the tridentate ligand. The resultant gecometry is
a distorted TBP and the immediate environment of the central atom determines a Coy instcad of D3y symmetry point group. Such
gcometry is unachievable in the absence of a tridentate ligand. It is in fact a distortion in a direction oppositc the Bemry
pscudorotation coordinate.

2. Scmiempirical calculations (AM1, PM3)42 =46 of small molecules: SiHs", GeHs", SiH3F2", GeH3F2", with both
D3h and Coy symmetries, show a considerable difference in the arrangement of the molccular orbitals on the energy scale. The
results for SiH5™ and GeHs™ with Coy symmetry are shown in Figure 12, The orbitals of concern arc 1B, 3A1, 4A1 and 2By for
the silicon-containing molecule and 1B, 3A1, SA1 and 2B for the germanium molccule. Comparison with Figure 1 shows that
the B2 orbitals in Figure 12 corrcspond to the bonding and antibonding orbitals in Figure 1. On nonbonding level the diagram from

Figurc 1 displays an interaction between a classical Musher-Rundle nonbonding orbital and an antibonding orbital distributed over the

central atom and the equatorial substitucnts. Such intcraction Ieads Lo the gencration of two orbitals as illustrated in Figure 13.
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GeHs'

Figure 12. MO corrclations for SiHs™ and GeHs™ with Cpy symmetry.

AE

Figure 13. Orbital interaction on nonbonding levcl

in hypervalent molecules.

The resultant orbitals in Figurc 13 arc the analogs of the 3A] and 4A; (or 3A1 and 5Aj) orbitals for the silicon
(germanium) species in Figure 12. The lower cncrgy orbital Wy, always remains close to the nonbonding level since the effects of
axial and equatorial overlap nearly canccl cach other. The sccond orbital W*, with strong antibonding interactions, is significantly
higher in cnergy. The separation AE depends on the efficiency of overlap between the equatorial fragment antibonding orbital and the
orbitals of the axial ligands. Comparison with Figure 12 leads to the conclusion that, for germanium, the overlap is substantialty

stronger, causing a much greater separation AE. This axial-equatorial overlap is essential for the formation and stability of
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hypervalent molecules. Therefore, germanium containing molecules have a higher chance of being hypervalent because of the
significantly more efficient overlap.

The overlap depicted in Figure 13 is of o type and will be sensitive to changes in the axial ligand-center-axial ligand

ungle.47 It is strongest at an angle of 180° and decreases with any distortion towards bigger or smaller values. The tridentate ligand,
however, forces the molecule to adopt a distorted TBP geometry. And with the overlap being initially smaller in the Si-molecule, it
is [urther reduced with this transition from D3h to Cpy symmetry, which eventually makes it impossible to form a stable
hypervalent structure. The effect of angle reduction is the same in Ge-molecules, but the overlap is initially much stronger and the

formation of a hypervalent molecule remains energetically possible.
CONCLUSION

The NMR observations of the studied by us silicon- and germanium-containing spccies have demonstrated important
differenccs in their solution structures. All the studied systems have proved to be stable isolable compounds with ionic nature. The
silicon molccules have exhibited propertics consistent with the presence of an intramolecular identity exchange process. The studics
have shown, for compound 4, that unlike the SN2 reactions at carbon, in the case of silicon the nucleophile-substrate complex is
detectable in polar protic solvents and is located at the lowest minimum along the reaction coordinate of the exchange process. This
phcnomenon can be, at least partially, attributed to the reduced magnitude of the negative entropy of its formation, due to the
propertics of the tridentate ligand.

The studies of these silicon-containing systems have virtually excluded the presence of pentavalent, symmetrical forms as
stable species in solution. The idea of a pseudorotational process of interconversion between hypervalent structures can, in theory,
be cmployed to explain the dynamic NMR phenomena. However, the expected NMR patterns significantly contradict the actual
measurcments.

The studies of compounds 5 and 6 are incomplete. Although the NMR cvidence supports the presence of stable
pentavalent and symmetrical species, there remains a finite probability for intramolecular identity exchange. Compound 7 has been
studied thoroughly, both in solution and in the solid state. Its solution bchavior is a rare cxample of a profile with a stable,
observable "frozen transition state".

All studied compounds contain a tridentate ligand incorporated in their structures. The use of tridentate ligands for
preparation of hypervalent compounds is beneficial because it fixes to a large extent certain ligand sites around the central atom.
Thus it reduccs, in magnitude, the entropy of formation of hypervalent molecules by decrcasing the negative entropy of association.
On the other hand, the tridentate ligand causes distortions from the ideal TBP geometry. Such distortions reduce the efficiency of
certain orbital overlaps responsible for the formation of hypervalent structures.
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