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Abstract

Aqueous silicon chemistry plays a major and as yet unappreciated role in many 

fields o f science. Emerging technologies such as the fabrication o f biomimetic 

ceramics require a thorough understanding o f all factors affecting aqueous silicon 

chemistry. In biology, silicon is known to be essential for the normal growth and 

development o f most plants and animals, and yet almost nothing is known o f  the 

chemical mechanisms by which it is absorbed, transported and ultimately used. A 

careful characterization o f silicon’s interaction with sugars and sugar derivatives 

would be a significant step forward to unraveling this element’s enigmatic biological 

role. In this study, ^^Si and '^C NM R spectroscopy were employed to determine the 

structures and stability constants o f aqueous silicon complexes formed with organic 

ligands containing either proximal hydroxy or vicinal cw-diol functionality.

Five-coordinated Si complexes formed with acyclic polyhydroxy molecules 

(polyols) are structurally analogous to the monomeric [(L=)2SiOH]~ species obtained 

with furanoidic cw-diol molecules, each with a single silicon centre bound via ester 

linkages to two bidentate ligands. Polyol complexes tend to be shorter lived, however, 

owing to ligand-ligand steric interactions. Glucoheptonic acid has a unique polyol 

configuration which enables it to wrap around a silicon centre with all o f  its hydroxyl 

groups directed inwards, yielding long-lived wo«o-ligand complexes that contain two 

([L=Si(0 H)3]^), three ([L=Si(0 H)2]”) or four ([L^SiOH]') ester linkages (in addition 

to the usual array o f labile èw-ligand complexes).
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Two distinct hexaoxosilicon tm -ligand structures occur in highly alkaline 

solutions containing either acyclic polyol or furanoidic cM-diol ligands. They are 

inequivalent diastereomers o f [(L=)3Si]“ ,̂ with delta-delta-delta and delta-delta-lambda 

ligand configurations. If  the ligands are very bulky, as in the case o f the 

ribonucleosides guanosine and adenosine, the delta-delta-lambda diastereomer is 

nearly absent owing to severe ligand-ligand steric interference. It was therefore 

surprising to discover that solutions containing certain mixtures o f ribonucleosides 

(adenosine and guanosine, adenosine and uridine, guanosine and cytidine), contain 

both the delta-delta-delta and delta-delta-lambda diastereomers. The latter 

configuration brings the different ribonucleoside base groups face to face, inferring 

that the delta-delta-lambda diastereomer in mixed-ligand systems is stabilized by 

multi-point H-bonding or 7i-stacking interactions between the bases.

The ligand binding affinities o f silicon and boron were compared for 

representative polyols (D-arabitol and D-gluconic acid) and furanoidic cw-diols {cis- 

1,2-cyclopentanediol, 1,4-anhydroerythritol, guanosine). The stability constants o f the 

boron èw-ligand complexes at 24 °C did not vary significantly between the different 

ligands (205 ± 10 for polyols, 69 ± 23 for vicinal cw-diols). These values were 

roughly two orders o f magnitude higher than those obtained for the analogous bis- 

ligand silicon complexes. Gluconic acid and guanosine exhibited relatively large Si 

binding affinities, however, for both te -lig an d  (K = 10.8 and 1.3, respectively) and 

tris-ligand (K = 175 and 13, respectively) complexes. These results indicate that silicon
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might play a similar mechanistic role as boron in biological systems in which the 

dissolved Si concentration generally far exceeds that o f B.
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Chapter 1 -Introduction

1.1 Importance o f aqueous silicon

Aqueous silicon chemistry plays a major role in a number o f  important and 

topical fields [1-5]. The two most abundant elements o f the Earth’s crust, silicon 

(27.7%) and oxygen (46.6%), are the basic building blocks o f silicates, the largest and 

most complex mineral group. Silicate minerals interact with water on a massive scale, 

yielding life-sustaining soils and mineral deposits along with dissolved silicon in the 

form o f monomeric (H4Si04) and various oligomeric silicate species. Aqueous 

silicates are used in industry for the production o f a wide range o f products ranging 

from adhesives to zeolite catalysts [6-7]. In the biological world, aqueous silicon is 

taken up and used by most organisms and, indeed, it is truly essential for the growth 

and development o f numerous fungi, lichens, algae (diatoms) and primitive plants [8- 

11]. Higher plants such as bananas, tomatoes, sugarcane, grass, wheat and rice 

exhibit increased susceptibility to a wide range o f biotic and abiotic stresses if  they 

are deprived o f silicon [12-17]. In animals, it is needed to maintain healthy growth o f 

connective tissue including bone and cartilage [18-21]. Chicks fed silicon-deficient 

diets exhibit structural abnormalities in their skulls and long bones, poorly formed 

joints, plus defective growth o f endochondral and articular cartilage [22-23]. Similar 

abnormalities have been observed in silicon-deprived rats [24-29]. Silicon deficiency 

in humans has been linked to heart disease, cancer, osteoporosis and 

neurodegenerative disorders [30-33]. The modern Western diet is low in silicon owing 

to food processing and water treatment practices. The most important dietary sources
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are grain products (including beer), bananas and green beans [34-36], Food 

supplements may have promise for clinical treatment o f diseases such as connective 

tissue disorder and osteoporosis [37]. Remarkably, almost nothing is known at the 

molecular level about the uptake, transport and biofunctionality o f this important 

element [38].

1.2 Aqueous silicon chemistry

In nature, silicon is usually found coordinated to four oxygens -  although not 

exclusively (see below). The notation system described by Kinrade et al. [39-40] is 

used to denote the coordination number and the connectivity at silicate Si centres. Q,

P and H are used to represent tetra-, penta- and hexaoxosilicon centres, respectively, 

and a superscripted figure employed to indicate the corresponding number o f  siloxane 

(Si-O-Si) linkages at each centre. For instance, the silicate monomer (H4_qSi04^") is 

represented by Q°, the dimer (He-qSizO?''”) denoted by Q 'q ' or simply Q'z, and the 

cyclic trimer (He-qSiaOg’’") as Q 'Q 'Q ' or simply The subscripted figure indicates 

the number o f chemically equivalent centers in a symmetrical species.

The solubility o f amorphous silica, SiOz, is relatively low at pH 7, with 

reported values ranging between 100 and 130 ppm at 25°C [41]. However, it 

dramatically increases above pH 10. The main anion present under very dilute and/or 

highly alkaline conditions is the silicate monomer. The equilibrium between the 

different silicate anions is governed by the rules o f polymer chemistry. The variety of 

silicate anions in alkaline solutions rises as silicon concentration is increased, pH is
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decreased and/or temperature is decreased. In solutions containing equimolar 

concentrations of SiOz and alkali metal hydroxide there are as many as 42 different 

silicate anions undergoing rapid chemical exchange with one another [42-47].

1.3 Acyclic polyol interactions with aqueous silicon

Kinrade and co-workers [40] have shown that stable, alkoxy-substituted 

anions form when alcohols are added to highly alkaline silicate solutions. Moreover, 

certain aliphatic polyhydroxy molecules (“polyols”) such as mannitol, xylitol and 

threitol were found to produce novel complexes containing either pentaoxo- or 

hexaoxosilicon (Figure 1.1) [48]. These ligands all contain four or more adjacent 

hydroxyl groups, with two being in threo configuration. The resulting complexes are 

especially stable if there is also a carboxylate group on the ligand, existing even at pFI 

7 and biologically relevant silicon concentrations [49]. Hexacoordinated silicon 

complexes tend to be favored over the pentaoxosilicon species under highly alkaline 

conditions [39, 48, 50]. Molecular orbital modeling studies indicate that the silicon 

diester bonding site on these polyol ligands is the threo pair o f hydroxy groups [51- 

53].
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Figure 1.1. Silicon-29 NM R ^H-coupled spectrum (99.36 MHz) o f a solution 

containing 1.2 mol kg“' S102, 2.9 mol kg“' NaOH and 1.7 mol kg”' monopotassium D- 

saccharic acid at 298 K.

1.4 Furanoidic-l,2-c«-diol interactions with aqueous silicon

Furanoidic-1,2-cw-diol molecules are also capable o f forming 

hypercoordinated silicon complexes [54-56]. These include 1,4-anhydroerythritol, 

cw -l,2-dihydroxycyclopentane, ribose along with various ribonucleosides (e.g., 

uridine, cytidine, guanosine) and ribonucleotides (ATP and NAD+) [54]. Silicon-29 

NM R spectra o f solutions containing pentaoxosilicon complexes are generally
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characterized by three strong signals between ca. -9 7  and -102  ppm. Detailed 

analysis has revealed that these resonances correspond to three different diastereomers 

o f  the monomeric èw-(diolato)-hydroxo complex, [(L=)2SiOH]' (where L represents 

the cw-diol ligand), in which the ligands are oriented in syn-syn, anti-anti or syn-anti 

configuration [55-56].

1.5 Diester forming ability o f boron and silicon compared

The biochemistry o f boron is better understood than that o f silicon. Boron, 

like silicon, is able to form reversible diester bonds with molecules containing either 

proximal hydroxy or vicinal cw-diol functionality in a favorable conformation [57-61]. 

Boron’s coordination number in the resulting complexes is only 4, however. The 

mechanistic basis for boron’s biofunctionality appear to be related to this ability to 

form reversible diester bonds with molecules such as rhamnogalacturonan-II (RG-II) 

in plant cell walls [62], sorbitol in plant phloem extracts [63], bacterial signaling 

molecule AI-2 [64], and a number o f antibiotics [65]. Our objective here was to 

compare silicon’s binding affinity with that o f boron in order to assess its potential for 

taking part in the same kinds o f biochemical processes.
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C hapter! -  Experimental

2.1 General sample preparation

Type-I deionized/distilled water (DDW) was used throughout this study. It 

was purified through “macropure”, “ultrapure” and “organic-free” resin cartridges 

(Barnstead E-pure) and then filtered (0.2pm). The silicon concentrations o f the 

purified DDW  and deuterated water (D2O) used to provide a NM R field/frequency 

lock was below the ICP-AES (Varian Vista Pro Radial) detection limit o f  0.02 pg L”'. 

All samples were prepared and stored in containers o f low density polyethylene 

(LDPE), Teflon FEP or Teflon TFE. Plastic labware was cleaned by successively 

soaking in 10% nitric acid, 10% hydrochloric acid, 0.01 M Na2H2EDTA and, finally, 

DDW. Solutions were transferred using non-lubricated polypropylene syringes 

(Sigma-Aldrich) in conjunction with Teflon FEP needles and LDPE pipettes.

The amorphous silica was prepared by hydrolysis o f SiCU at room temperature, 

followed by repeated rinsing with DDW until the pH value was equal to that o f the 

DDW  (ca. pH 5.7), and then dried at 110 °C for 24 hours.

Sodium hydroxide stock solutions were made by mixing NaOH pellets 

(99.998%) with pre-boiled DDW, and then titrated against potassium hydrogen 

phthalate using a 1% phenolphthalein indicator.
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Sodium silicate solutions were prepared by tumbling aqueous NaOH with 

dried amorphous silica at 70 °C, or by heating ^^Si-enriched silica with aqueous 

NaOH for 24 hours at 220 °C in a PTFE-lined pressure vessel,

pH measurements were performed at room temperature or 0 °C using an Orion 

Ross combination semi-micro pH electrode, calibrated at pH 4.00, 7.00, and 10.00 

prior to each use.

The chemical reagents employed in this study are listed in Table 2.1.

Table 2.1. Chemical reagents

Reagent Supplier/Purity

Molecular 

formula/structures 

(F.W . /g mol”')

pKa

silicon tetrachloride
Sigma-Aldrich / 

99.998 %
SiCl, (169.9) 9.21

deuterium oxide
Sigma-Aldrich / 

99.9 atom% ^H
^HzO (20.03) 5.5

sodium hydroxide
Sigma-Aldrich / 

99.998 %
NaOH (40.00) -

hydrochloric acid
Sigma-Aldrich / 

37%
HCl (36.46) -4

silicon-29 oxide 

(amorphous)

Isonics /

99.35 atom% '̂ Ŝi
^^SiOz (60.97) -
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boric acid
Sigma-Aldrich / 

99.998%
H3BO3 (61.83)

9.14,
12.74,
13.8

a-D-glucoheptonic 

acid, sodium salt
Sigma-Aldrich

C7H,30g (248.2)
CH 2 OH 

HO— CM 

HO— CH 

H C— OH 

H O — CH

H O— CH

1
COOH

3.3

D-sorbitol
Sigma-Aldrich / 

97%

CôHuOô (182.17)

H O - C H
1

H C - H O

1
H O - C H

1
H O - C H

1
C H 2 O H

-

D-ribose
Sigma-Aldrich / 

98%

C5H 10O5 (150.13)
OH

O H  OH

-

D-fructose
Sigma-Aldrich / 

99+%

CeHnOg ^  

(180.16)
H C - O H

1
H O — C H  

1
H O — C H  

1
H 2 C - O H

-
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potassium D- 

gluconate

Sigma-Aldrich / 

9 9 %

H0 CH2[CH(0 H)]4C02K
(234.25)

CH2OH

HO------C— H
1

HO----C---- H
1

H----C— OH
1

HO— 0 ----H

COOK

-

D-saccharic acid 

monopotassium salt

Sigma-Aldrich / 

9 8 %

CeOgHgK (248.24)
COOH
1

HO----- 0 ------H
1

HO— C----- H

H----- C------OH
1

HO----- C------H
1
COOH

-

guanos ine hydrate
Sigma-Aldrich / 

9 8 %

C 10O5H11N 5 (283.24)

• V i - ' V ' "
N==̂  OH

-

(-) adenosine
Sigma-Aldrich / 

99+%o

C 10O4H 11N6 (267.25)
OH

. - P "  t r

-

uridine
Sigma-Aldrich / 

99%

C906H,2N2 (244.20) 

0 -
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cytidine
Sigma-Aldrich / 

9 9 %

CgOgHisN] (243.22)

%  /P " 0 

"O '.

-

D-arabitol
Sigma-Aldrich / 

9 9 %

C5O5H 12 (152.15) 

CH2OH

HO------0 ------H
1

H----- C— OH
1

H----- C— OH
1
CH2OH

-

1,4-anhydroerythritol
Sigma-Aldrich / 

95 %

C4O3H8 (104.11)
HO

-

cis-\,2-

cyclopentanediol

Sigma-Aldrich / 

9 8 %

C5O2H 10 (102.13)

- - b

-

10
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2.2 NM R measurements

Silicon-29 NM R spectra were obtained on a Varian Inova 500 (Lakehead 

University), Bruker AMX 500 (University o f Manitoba) and Varian Inova 750 

(Keck N M R Facility, University o f  Illinois at Urbana-Champaign) spectrometers 

operating at 99.28, 99.31 and 149.00 MHz, respectively. Glass coil supports in the 

AMX 500 probe head were replaced with Vespel SP-1 polyimide components in order 

to eliminate ^bSi background signals.

Chemical shifts are reported relative to tetramethylsilane, employing the 

orthosilicate monomer peak set to -71 .0  ppm as a secondary reference. Carbon-13 

and 'H  N M R spectra were obtained at 125.67 and 499.72 MHz, respectively, on the 

Varian Inova 500 spectrometer. Attention was paid to avoid sample contamination by 

contact with glass surfaces, and all samples were contained in custom 10 mm Kel-F 

NM R tubes (9 mm I.D.) or Teflon FEP-lined glass NM R tubes (8 or 4 mm I.D.). The 

detailed spectral parameters are provided in the individual figure captions. Spectra 

were usually acquired both with and without ^H decoupling, gated to avoid NOE 

effects. B oron-11 NM R was acquired with the Varian Inova 500 spectrometer. The 

bottom was removed from the borosilicate NM R tube in order to eliminate the 

corresponding broad background signals.

II

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



2.3 Spéciation of pentaoxosilicon complexes formed with glucoheptonic acid

Table 2.2 lists the samples which were prepared to investigate pentaoxosilicon 

complexes o f glucoheptonic acid using ^*Si NM R spectroscopy. Table 2.3 lists the 

samples used for running '^C NM R spectra.

Table 2.2. Samples used to study pentaoxosilicon complexes o f glucoheptonic 

acid using ^®Si NM R spectroscopy

Concentration (mol kg *)
Temperature (°C)

SiOz NaOH sodium glucoheptonate

27 1.00 TOO 1.26

27 0.998 0.948 2.06

10 & -5 1.00 3.50 1.72

-5 0.972 1.16 0^93

-5 TOO 1.20 2.11

-5 0.993 (^^Si) 1.19 2.11

Table 2.3. Samples used to study pentaoxosilicon complexes o f glucoheptonic

acid using NM R spectroscopy (at -5 ° C)

Concentration (mol kg

pH

SiOz NaOH sodium glucoheptonate

0.993 (^^Si) 1.19 2.11 12.28

0 1.20 2.10 12.21

1 2
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2.4 Spéciation o f hexaoxosilicon complexes formed with acyclic polyols

The samples used to investigate the structure o f hexaoxosilicon complexes 

formed with acyclic polyol ligands are listed in Table 2.4. Silicon-29 NM R spectra 

were acquired at -5  ° C.

Table 2.4. Samples used to study hexaoxosilicon complexes of acyclic polyols 

Concentration (mol kg'^)
pH

SiOz NaOH Ligand

1.36 2 J 2
potassium gluconate, 2.04 
potassium hydrogen saccharate, 2.04 13.365

T33 2 j^ potassium gluconate, 3.99 12.998

1.36 7.00 potassium hydrogen saccharate, 4.08 13.258

2.5 Spéciation of hexaoxosilicon complexes formed with furanoidic vicinal cis- 

diols

The samples used to investigate the structure of hexaoxosilicon complexes 

formed with furanoidic vicinal cw-diol ligands are listed in Table 2.5. Silicon-29 

NM R spectra were acquired at -5  ° C.

1 3
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T able 2.5. Samples used to study hexaoxosilicon complexes formed with 

furanoidic vicinal cA-diols

Concentration (mol kg

SiOz NaOH Ligand

0.43 1.72 guanosine, 0.43 
adenosine, 0.43

0.43 1.72 guanosine, 0.86

0.43 1.72 adenosine, 0.86

0.43 1.72 guanosine, 0.43 
uridine, 0.43

0.43 1.72 guanosine, 0.43 
cytidine, 0.43

0.43 1.72 adenosine, 0.86 
cytidine, 0.86

0.43 1.72 guanosine, 0.86 
adenosine, 0.86

0.43 1.72 adenosine, 0.86 
uridine, 0.86

1 4
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2.6 Stability constants for boron and silicon diester complexes

The stability constants o f complexes formed between aqueous silicon or 

aqueous boron and (a) D-arabitol, (b) 1,4-anhydroerythritol, (c) gluconic acid, (d) cis- 

1,2-cyclopentanediol or (e) guanosine hydrate were determined using ^bSi and ‘'B  

NM R spectroscopy.

Two complete sets o f silicate samples were prepared, one with NaOH : SiOz = 

1.0:1 and the other with NaOH : SiOz = 3.0:1. (See Table 2.6.) The samples were 

then adjusted to pH 12.3 at 22 °C by addition o f 36.7% HCl. Silicon-29 NM R spectra 

were then recorded at 22 °C on the Bruker AMX 500 spectrometer (with silicon-free 

probe and sample tube). Two more sets o f samples, identical to those just described, 

were adjusted to pH 12.2 at 0 °C and ^^Si NM R spectra recorded at 2 °C. (See Table

2.7.)

A single set o f borate samples was prepared and adjusted to pH 12.0 at 24 °C 

by addition o f 36.7% HCl. (See Table 2.8.) Boron-11 NM R spectra were recorded at 

24 °C using the Varian Inova 500 spectrometer.

1 5
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Table 2.6. Samples prepared for determining the stability constants o f silicon

complexes at 22 °C

NaOH : SiOz
Adjusted

pH

Concentration (mol kg 

SiOz Ligand

3:1 12.30 1.00 D-arabitol, 2.50

1:1 12.30 0.992 D-arabitol, 2.48

3:1 12.30 0.916 1,4-anhydroerythritol, 2.36

1:1 12.30 0.972 1,4-anhydroerythritol, 2.22

3:1 12.30 0.891 gluconic acid, 2.23

1:1 12.30 ITG gluconic acid, 2.32

3:1 12.29 0.902 1,2-cyclopentanediol, 2.30

1:1 12.30 0.980 1,2-cyclopentanediol, 2.24

4.3:1 12.00 0A3 guanosine, 0.851

1 6
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Table 2.7. Samples prepared for determining the stability constants o f  silicon

complexes at 0 °C

NaOH : SiOz Adjusted pH
Concentration (mol 1^ *) 

SiOz Ligand

3:1 12.15 0.95 D-arabitol, 2.38

1:1 12.19 0.95 D-arabitol, 2.37

3:1 12.20 0.96 1,4-anhydroerythritol, 2.66

1:1 12.19 0.96 1,4-anhydroerythritol, 2.45

3:1 12.20 0.87 gluconic acid, 2.18

l.T 12.19 0.94 gluconic acid, 2.36

3:1 12.19 &89 1,2-cyclopentanediol, 2.28

1:1 12.01 0.91 1,2-cyclopentanediol, 2.35

4.3:1 12.01 0.43 guanosine, 0.85

4:1 12.00" &43 guanosine, 0.85

" NM R for this particular sample was run at -5  °C.

1 7
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Table 2.8. Samples prepared for determining the stability constants o f boron

complexes at 24 °C

N aO H  : H3BO3
Adjusted

Concentration (mol kg'*)

pH H3BO3 Ligand

4:1 12.05 0.11 D-arabitol, 0.11

4:1 12.06 0.10 1,4-anhydroerythritol, 0.10

4:1 12.00 0.10 gluconic acid, 0.10

4:1 12.01 0.11 1,2-cyclopentanediol, 0.12

4:1 12.00 0.11 guanosine, 0.11

3:1 12.06 0.1 (external reference)

1 8
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Chapter 3 -  Results and Discussion

3.1 The structure of pentaoxosilicon complexes formed with acyclic polyols

Figure 3.1.1 shows ^^Si NM R spectra o f three characteristic acyclic polyol and 

furanoidic cw-diol silicate solutions, expanded to show the penta-coordinate silicon 

region. Pentaoxo Si complexes formed by furanoidic cw-diol ligands such as 

anhydroerythritol are typically represented by three pentet ^bsi NM R resonances in 

the -97.2  to -98 .6  ppm region, clearly showing that that each Si centre is coupled to 

four nearly-equivalent hydrogens via Si-O-C-H ester linkages (Figure 3.1.1a).

Detailed structural analysis reveals that all three complexes are monomeric and 

contain two bidentate ligands [55]. By comparison, the pentaoxo Si complexes 

formed with acyclic polyol ligands generally yield several exchange-broadened 

resonances that are located at the upfield end o f the penta-coord Si region (-100.5 to -

102.4 ppm) and lack resolvable fine structure from ’H-^^Si coupling (Figure 3.1.1.b) 

[39, 54].

Glucoheptonic acid, however, is an acyclic polyol ligand that yields both types 

o f  ̂ ^Si resonances, that is, a well-resolved pentet at the high frequency end o f the 

penta-coord Si region plus exchange-broadened resonances at the low frequency end 

(Figure 3.1.1c) [48]. Moreover, additional multiplet resonances appear which would 

suggest the existence o f complexes containing as few as two ester linkages at the 

silicon centre.

In this study, we examined the glucoheptonic acid system more fully in hope 

o f ascertaining the structures o f pentaoxo silicon complexes formed with acyclic

19

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



polyols. The first task was to find solution conditions which optimize the appearance

o f  strong signals in the 5-coord Si region o f the ^^Si NM R spectrum. Formation o f 

pentaoxo Si complexes is favoured at high ligand concentrations (Figure 3.1.2) and 

low temperature (Figure 3.1.3). Ultimately, we determined the optimum solution 

condition to be 1.0 mol kg"' SiOz, 12  mol kg"' NaOFI, 2.1 mol kg ' sodium 

glucoheptonate and -5  °C, as demonstrated in Figure 3.1.4.

anhydroerythritol
HO OH

CH2OH

xylitol

HC-OH
HO-CH

HC-OH
CH2OH

CH2OH
H O -CH
H O -C H

glucoheptonic acid
(GHA) H O -C H  r -

COOH -100 -102

Figure 3.1.1. Silicon-29 NM R (99.36 MHz) 'H-coupled spectra, expanded to show 

the 5-coord Si region, o f aqueous solutions containing: (a) 0.5 mol kg ' SiOz, 0.65 

mol kg"' NaOH and 4.0 mol kg"' anyhydroerythritol at 5 °C; (b) 1.75 mol % o f both 

SiOz and NaOH, and 12.5 mol % xylitol at 7 °C; (c) 0.95 mol kg"' o f  both SiOz and 

NaOH, and 1.4 mol kg"' sodium glucoheptonate at 27 °C.

20
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[Na0H]:[Si0H 02]:[ligand]

hexaoxosilicon
complexes

-  .0 :1 .0 :2 .1pentaoxosilicon 
complexes

§( Si)/ppm

Figure 3.1.2. Silicon-29 NM R (99.36 MHz) 'H-decoupled spectra o f aqueous 

solutions at 27 °C containing: (a) 1.0 mol kg"' SiOz, 10  mol kg"' NaOH and 1.26 mol 

kg"' sodium glucoheptonate; or (b) 1.0 mol kg"' SiOz, 10  mol kg"' NaOH and 2.1 

mol kg"' sodium glucoheptonate.

2 1
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[N a0H ]:[Si02]:[ligand] 
= 3.5 : 1.0 : 1.7

a I
I** . ■“ M . l  i l — L

a 1 0  °C

i o .

b - 5  ° C

T
•50

-1

"T I I I I I I— I— I------ 1— r

^98 -100 ■ m "

^H-decoupled
JuJ

H-coupled

■J,., 1 .Jil-
^H-decoupled

kti

^H-coupled

-JO -90 -100 ■no -120
T

-130 -140

ô p S i )  /  ppm

Figure 3.1.3. Silicon-29 NM R (99.36 MHz) 'H-decoupled and coupled spectra o f 

aqueous solutions containing 1.0 mol kg“' SiOg, 3.5 mol kg"' NaOH and 1.7 mol kg ' 

sodium glucoheptonate at (a) 10 °C and (b) -5  °C.
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hexaoxosilicon complexes

pentaoxosilicon complexes

b

\

: \

o
A

V

AJ|
. . .  '-.•l’N'V.'  ̂ - -

V

- W . . _  -99.0 -9 9 J  -100.0 -1005 -101.0 -1015 -1020 , . - 4 0 2 ^  ' ^ ' 'U U . , _ _ - w i i i«o -itü

1̂ 1   .

b
^ « ,L # i# i# iii i.»io # 'iiiiiii II p t'i*# '

JLI,4»?»
-70 -80 -90 -ICO

5(^^Si)/ppm

-110 -120 -130 -140

Figure 3.1.4. Silicon-29 NM R (99.36 MHz) 'H-decoupled and coupled spectra of 

aqueous solutions a t -5  °C containing: (a) 1.0 mol kg"' Si02 , 1.16 mol kg"' NaOH and 

0.6 mol kg"' sodium glucoheptonate; (b) 1.0 mol kg"' SiO:, 1.16 mol kg"' NaOH and 

2.1 mol kg"' sodium glucoheptonate; or (c) 1.0 mol kg"' ^^Si02 (99% isotopic 

enrichment), 1.16 mol kg"' NaOH and 2.1 mol kg"' sodium glucoheptonate.
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Although glucoheptonic acid produces exchange broadened ^^Si NM R signals 

in the -100.5 to -102.2 ppm region as observed for other non-cyclic polyol ligands 

such as xylitol, sorbitol, saccharic acid and gluconic acid, it also yields three 

resonances centred at -98.3, -100.3 and -102.4 ppm, which exhibit distinct 'H-^^Si 

splitting patterns. (See Table 3.1). As shown in Figure 3.1.3, these peak positions are 

reasonably temperature independent. The relative positions and splitting patterns o f 

the three equally spaced multiplets provide insight into the structure o f the 

corresponding complexes. The pentet at -98.3 ppm has a chemical shift and J- 

coupling very near to that of the pentets that are characteristic o f furanoidic cA-diol Si 

complexes [54, 55] and, therefore, similarly corresponds to a complex with four Si-O- 

C-H ester linkages at its silicon centre. The quartet at -100.3 ppm is consistent with a 

structure in which silicon has three ester linkages. Finally, the triplet at -102.4 ppm 

corresponds to a complex containing two silicon ester linkages.

Carbon-13 NM R spectroscopy was employed to determine the location o f the 

glucoheptonic acid coordination sites in these complexes. In accordance with the 

previously established binding rules for acyclic polyols [39, 44], the expected Si- 

diester formation sites on glucoheptonic acid are the threo hydroxy groups at carbons 

C3/C4 and C4/C5 (Figure 3.1.5). Analysis o f '^C  NM R spectra obtained o f alkaline 

glucoheptonate solutions in the presence and absence o f dissolved silica (Figure 3.1.6) 

reveals the following.

2 4
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T able  3.1. NM R assignments for the pentaoxosilicon glucoheptonic acid

complexes "

Species
â (^^SiŸ

/ppm

M ultiplicity [V('^"Si-0-C- 

*H) /Hz]

[r|^-2,3,4,5-(4-)-glucoheptonato]silicate 
[ (L ^  Si OH]"

[ri^-3,4,5-(+)-glucoheptonato] silicate 
[(L=) Si (0H)2]"

[ri^-3,4-(+)-glucoheptonato] silicate 
([(L=) Si (0H)3]"

-98.3

-100.3

-102.35

pentet [5.6] 

quartet [6 .8] 

triplet [7.4]

- 100.68 indeterminate

- 101.1 indeterminate

Other [(L=)2SiOH]" species
- 101.2 indeterminate

-101.26 indeterminate

-101.4 indeterminate

-101.5 indeterminate

- 102.0 indeterminate

" Chemical shift and coupling constants are dependent on solution conditions and here 

correspond to a solution containing 0.99 mol kg"' SiO:, 1.2 mol kg"' NaOH and 2.11 

mol kg"' sodium glucoheptonate at 269 K. * Chemical shift from tetramethylsilane, 

employing the orthosilicate monomer peak (assigned here at -71 ppm) as a secondary 

reference.

2 5
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CHoOH 1
I

H O - C H  2

H ' O - e - H  3

I ' '
4

H O - C H . ' '  5
'   ------   p

H O - C H  6
I

COOH 7

Figure 3.1.5. The Fischer projection o f glucoheptonic acid, showing the two threo 

pairs o f  hydroxy groups which are potential sites for Si diester formation in 

accordance with the established Si-bonding rules for acyclic polyols [43, 47]. Thus, 

the C4 hydroxy group is expected to be a common Si-binding site in all complexes.
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R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



— 1—n —I—]—I—m —I—pT—i—i—I—|—I—rn —;—p i —r n —i—p i—rn —i—|—i—r—i—i—p i —1—|—i—|—

78 76 74 72 70 68 66 64 62

8 76 7. 70 6674 68 64 62
Ô (*^C)/ppm

Figure 3.1.6. Carbon-13 (125.66 MHz) 'H-decoupIed NM R spectrum o f  aqueous 

solutions at -5  °C containing: (a) 1.0 mol kg“’ enriched SiO:, 1.2 mol kg”’ NaOH and 

2.1 mol kg”’ sodium glucoheptonate; (b) 1.2 mol kg”’ NaOH and 2.0 mol kg”’ sodium 

glucoheptonate. Peaks corresponding to carbons 1-6 o f glucoheptonic acid are 

labeled accordingly. (Refer to Figure 3.1.5.) The peaks labeled C /  and C4’ 

correspond to silicon-complexed ligands. The arrows indicate the shift o f  carbon 

resonances due to the formation o f the silicon complexes with glucoheptonate.

(1) As expected, the C4 hydroxy group is a Si binding site in every pentaoxo Si- 

glucoheptonate complex in solution. Spectral integration shows that all C4’ peaks -  

i.e., peaks corresponding to €4 in ligands that are bound to Si -  are located on the
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low-frequency side o f the “free” C4 resonance, consistent with the strong shielding 

influence o f-O S i groups [55]. Comparison o f the integration data with those 

obtained from corresponding ^^Si NM R spectra reveals that the peaks clustered 

between 1.2 and 3.6 ppm up-field o f the “free” C4 resonance account for ca. 24.4% o f 

the total C4’ concentration in solution. The remaining 6.1 % of C4’ carbons are even 

more shielded, with their peaks shifted well into the Ci region.

(2) The C5 hydroxy group is evidently a minor Si-binding site since there are no 

significant resonances corresponding to C5’ located anywhere up-field within 3.8 ppm 

o f  the “free” C5 peak. This is supported by NM R integration. Consequently, it is 

the C3/C4 threo pair o f hydroxy groups that represents the principal location o f silicate 

diester formation in every Si-glucoheptonate complex .

(3) Ligand complexation leads to C f  peaks appearing on both sides o f the “free” C; 

resonance, although the majority appear to be shifted down-field. However, the up- 

field peaks are shifted only slightly in comparison with the C4’ resonances, indicating 

that the few Si-O-C linkages formed at this site are relatively weak. By contrast, a 

relatively high fraction o f the Cg' resonances appear up-field o f the “free” Cg peak, 

indicating that (a) the Cg hydroxy groups participate in ester link formation, and (b) 

they are more important in this regard than C,. Thus, both tri- and tetra-ester 

complexes result when the hydroxy groups at Cg and/or Ci participate with the C3/C4 

threo pair in binding to silicon. This is consistent with coexistence o f triplet, quartet 

and pentet ^*Si resonances having characteristic scalar V(^^Si-0-C-^H) three-bond
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coupling constants between 5.5 and 7.5 Hz. As would be expected, the coupling strength

decreases as the number o f ester linkages at the Si centre rises.

Glucoheptonic acid has a unique configuration o f hydroxy groups that enable 

it to surround silicon with each hydroxy group directed inwards, as shown in Figure

3.1.7. W ith silicon bound to the hydroxy groups at C3/C4, the groups at Ci and Cg 

readily adopt approximate trigonal bipyramidal coordination positions, providing 

support for the ^^Si and " C  NM R findings. The triplet, quartet and pentet 'H-coupled 

^^Si NM R resonances would therefore correspond to monomeric species 

[L=Si(OH)3]~, [L = Si(0H )2]" and [L=SiOH]“, respectively, where L = glucoheptonate 

ligand. Based on the NM R evidence, we conclude that the ester linkages in 

[L=Si(0H)3]^ occur at ligand sites C3/C4, while in [L=SiOH]~ they occur at 

C 1/C3/C4/C6. The NM R evidence is insufficient to determine with certainty if  the 

ester links in [L=Si(0H )2]~ are at C1/C3/C4 or C3/C4/C6. The ^^Si NM R resonances 

o f  these three solution species exhibit very little exchange broadening compared with 

those o f  other known pentacoordinated silicon complexes formed with acyclic polyol 

ligands [48]. The implied kinetic stability is attributable to the efficient 

intramolecular H-bonding network established when all glucoheptonate hydroxy 

groups are oriented towards the Si centre. Moreover, the ligand’s outward-facing 

hydrocarbon backbone is expected to yield significant hydrophobic stabilization o f the 

complex from subsequent hydrolysis [52].

In addition to the three well-resolved '̂ ^Si NM R multiplets discussed above, 

the pentaoxosilicon spectral region contains up to ten or more exchange-broadened
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resonances between -100.5 and -102.2  ppm. (See Figures 3.1.4 and 3.1.7.) The 

chemical shift range and broadened appearance o f these resonances is analogous to 

that o f pentacoordinated ^^Si NM R resonances observed for all other acyclic polyol 

ligands known to complex silicon. (Compare, for example, the case o f xylitol in 

Figure 3.1.1.) We have previously determined that the complexes corresponding to 

these broad signals are monomeric and possess a 2:1 ligand-to-silicon ratio [44, 55]. 

Glucoheptonic acid yields a larger number of such =  SiOH] complexes

compared, e.g., with xylitol because o f the multitude o f bonding configurations this 

ligand provides. The lability o f all polyol =  SiOH] complexes is clearly higher 

than [^2 =  SiOH] species formed with furanoidic c/s-diols and also than the mono- 

glucoheptonate complexes discussed above. Moreover, the ^^Si NM R chemical shifts 

are anomalously low compared with other Si tetraester complexes (Figures 3.1.1 and 

3.1.7), indicating that the ester linkages in these species are significantly weakened by 

steric interaction between their two coordinating polyol ligands.

3 0
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[L=SiOH]- [USi(OH)2l- [L=8i(OH)3]-

"I
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[L.sSiOH]-

II

r/  «W/

-98.0 -99.0 - 100.0 - 101.0 -102.0 ppm P S i)

F igure  3.1.7. Models o f Si-glucoheptonate diester, triester and tetraester complexes. 

The blue, red and black atoms represent Si, O and C, respectfully.
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3.2 The structure of hexaoxosilicon complexes formed with acyclic polyols

Hexaoxosilicon complexes formed with acyclic polyols yield ^^Si NM R 

resonances in the -1 4 0  to -145  ppm chemical shift region (Figure 1.1). Two 

complexes are typically evident, each having a 3:1 ligand-to-silicon ratio [39, 48, 50]. 

To facilitate their structural characterization we prepared aqueous silicate solutions 

containing D-gluconic acid and/or D-saccharic acid. Both ligands are strong Si- 

binders and contain just one threo pair o f hydroxy groups (Figure 3.2.1). Moreover, 

the hexaoxosilicon complexes that they form have distinctly different ^^Si NM R 

chemical shifts.

COOH 

OH —  OH

H O —

H C -

HC OH

a COOH

COOH

HC OH

H O ^ C H

HC— OH

CHoOH

Figure 3.2.1. Fischer projections o f (a) D-saccharic acid and (b) D-gluconic acid. 

Each ligand contains a threo pair o f hydroxy groups (circled) flanked by two other 

hydroxy groups, creating a single binding site for silicon.
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Figures 3.2.2 (a) and (b) show the ^^Si NM R spectra o f equivalent silicate 

solutions containing D-saccharic acid and D-gluconic acid, respectively. When 

saccharic acid is present, two resonances appear in the 6-coord Si spectral region at 

-140.04 and -141.88 ppm. Gluconic acid similarly yields two peaks at -142.18 and 

-142.62 ppm. Integration o f the corresponding ^^Si and NM R spectra indicates 

that all four resonances represent monomeric [SiLs]^” silicate complexes, each 

containing three bidentate ligands. The coexistence o f two such species in each 

solution would suggest they are inequivalent diastereomers, that is, one having all 

three ligands oriented in a single direction (LgLgLg) and the other with one ligand 

reversed (LgLgLi) (Scheme 1). The latter species would be sterically hindered 

somewhat, which leads us to assign the LgLgLx diastereomer to the upfield resonances 

in Figures 3.2.2 (a) and (b) owing to the lower signal intensities.

Our structural hypothesis was tested by preparing a silicate solution containing 

both gluconic acid and saccharic acid. I f  the above interpretation is correct, this 

system should yield twelve different [SiLsj^'species: two GOG diastereomers 

(containing three gluconic acids); two SSS diastereomers (containing three saccharic 

acids); four GGS diastereomers; and four SSG diastereomers. The ^®Si NM R 

spectrum o f this solution, shown in Figure 3.2.2 (c), does indeed exhibit twelve 

distinct resonances in the 6-coord Si region. Two resonances at -140.04 and -141.84 

ppm correspond to the SgSgSg and SgSgSx diastereomers. The resonances at -142.18 

and -142 .68  ppm correspond to GgGgGg and GgGgGx. The remaining eight 

resonances can be divided into two groups. One group represents complexes
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containing one gluconate and two saccharate ligands: G5S5S5; GxSgSg; G5S5S1; and 

GxSiSg. The other group represents species with one saccharate and two gluconate 

ligands: G5G5S5; GgGgS^; GgG^Sg; and GgG^Sj..

L5  L 5  L5

Scheme 1. The two diastereomers o f [SiLg]^ .

34

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



sss

GGG

GGS
GSS

- 140.8  - 141.0  - 141.2  - 141.4  - 141.6  - 141.8  - 142.0  - 142.2  - 142.4  - 142.6  - 142.8

Ô (^^Si) / ppm

Figure 3.2.2. Silicon-29 NM R (99.36 MHz) spectra o f aqueous solutions at -5  °C 

containing (a) 1.36 mol kg~' SiOz, 6.82 mol kg”' NaOH and 4.10 mol kg”' D- 

saccharic acid monopotassium salt; (b) 1.33 mol kg”' SiOz, 2.66 mol kg”' NaOH and 

4.05 mol kg”' potassium D-gluconate; and (c) 1.36 mol kg”' SiOz, 2.75 mol kg”' 

NaOH, 2.04 mol kg”' D-saccharic acid monopotassium salt and 2.06 mol kg”' 

potassium D-gluconate. Each solution contains approximately equal concentrations o f 

SiOz, OH” and ligand. Here, ‘S ’ represents saccharic acid, ‘G ’ represents gluconic 

acid, and thus ‘SGG’ is used to represent a [SiLs]^” complex containing one saccharic 

acid ligand and two gluconic acid ligands.
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3.3 The structure of hexaoxosilicon complexes formed with furanoidic m -d io l

molecules

The hexaoxosilicon complexes formed with most furanoidic vicinal c«-diol 

ligands -  e.g., 1,4-anyhydroerythritol, guanosine, adenosine -  yield two ^*Si NM R 

resonances in the -135  to -139  ppm spectral region (Figure 3.3.1) which, in 

accordance to and ^^Si NM R spectral integration data, correspond to two different 

[SiLz]^ species (Figure3.3.2). (Ribose yields many more such species owing to the 

presence o f two Si-binding sites Figure 3.3.3). The situation is exactly analogous to 

that o f the acyclic polyol Si-complexes discussed in section 3.2, and therefore the two 

6-coord Si-complexes can be identified with reasonable certainty as the LgLgLs and 

LgLgLi diastereomers o f [SiLs]^”.

In support o f this conclusion, we find that bulky ligands such as guanosine and 

adenosine (Figure 3.3.4) significantly suppress the upfield ^*Si NM R resonance that 

we assign to the LgLgLx diastereomer (Figure 3.3.5). Thus, guanosine (G) yields one 

major 6-coord ^®Si peak at -137.3 ppm from G5G5G5, whereas adenosine (A) yields 

one peak at -138.3 ppm from AgAgAg (Figures 3.3.5a & b). Since the LgLgLp, 

diastereomers are severely hindered, one would logically predict that a solution that 

contains both o f these bulky ligands would lead to a total o f four 6-coord ^®Si 

resonances, corresponding to species G5G5G5, GgGgAg, GgAgAg and AgAgAg. Instead, 

guanosine-adenosine mixtures consistently yield six large peaks in the hexaoxosilicon 

region at ca. -137.3, -137.5 , -137.7, -138.0, -138.2  and -138.4  ppm (Figure 3.3.5c).
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adenosine

guanosine

“ 1----------- 1----------- 1----------- ]----------- 1----------- 1----------- i----------- 1--------
-70 -80 -90 -100 -110 -120 -130 -140 ppm

/29cô r s i )

Figure 3.3.1. Silicon-29 NM R spectra o f sodium silicate solutions containing 0.43 

mol kg”' SiOz, 1.7 mol kg”' NaOH and 0.86 mol kg”' (a) adenosine; (b) guanosine at 

5 °C.

2 -

Figure 3.3.2. Structure o f furanoidic hexaoxosilicon species [SiLg]2 -
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OH

HO OH

Figure 3.3.3. Structure o f D-ribose showing the vicinal cw-diol groups that serve as 

bidentate Si-binding sites.

NH

HO

HO OH

guanosine

0

A

NH

HO

'vHO OH

adenosine

Figure 3.3.4. The structures o f guanosine (G) and adenosine (A), showing the vicinal 

cA-diol groups that serve as bidentate Si-binding sites for these ligands.
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-137.0 -137.2 -137.4 -137.6 -137 8 -138.0 -138.2 -1384 -138.6 .

ô(^^Si) /  ppm

Figure 3.3.5. Silicon-29 NM R (99.36 MHz) spectra o f the aqueous solutions at -5  °C 

containing 0.43 mol kg“' SiOi, 1.72 mol kg“' NaOH and: (a) 0.86 mol kg“’ guanosine; 

(b) 0.86 mol kg“' adenosine; (c) 0.43 mol kg“' guanosine and 0.43 mol k g '' adenosine.

Rudimentary molecular modeling, as presented in Figure 3.3.6, reveals that the 

additional two resonances likely correspond to species GgGgAx and A5A5G1 in which 

adenosine and guanosine ligands are directed towards each other, with their aromatic 

base groups positioned face-to-face, to form multi-point intramolecular H-bonding or 

rr-stacking. We have also investigated other ribonucleoside i.e., cytidine or uridine 

combinated with guanosine or adenosine, the ^^Si NM R results are shown in Figure

3.3.7. As shown in Figure 3.3.7a and 3.3.7b, the combination o f guanosine with
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uridine or cytidine produces two ^^Si NM R resonances at -137.0 ppm and -137.4  

ppm; it also produces some exchange-broadened ^^Si NM R signals in the -136.3  ppm 

to -136.9 ppm region, where the strict guanosine, uridine or cytidine produces only 

one ^^Si NM R resonance. Similarly the combination o f adenosine with cytidine or 

uridine, yields two ^^Si NM R resonances in the -137 .7  to -138.0  ppm spectral region 

(Figure 3.3.7c and 3.3.7e), and quite a few more exchange-broadened signals are 

produced in the -136.0  ppm to -137.6 ppm region. All these results indicate that the 

combination other ribonucleosides with either guanosine or adenosine yields the 

similar effect as the combination o f guanosine and adenosine (Figure 3.3.7d).

A  O

%

Figure 3.3.6. M olecular model o f the guanosine-guanosine-adenosine GgGgAg 

hexaoxosilicon complex. Grey = Si, black = C, red = O and green = H.
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- » v < — / %  V  i I I . 1 |,

-135 -136 -137 -138 -139

5(^^Si) / ppm

F igure  3.3.7. Silicon-29 NM R (99.36 MHz) spectra at - 5  °C o f aqueous solutions 

containing 0.43 mol kg”' SiOz, 172  mol kg”' NaOH and (a) 0.43 mol kg”' o f  each 

guanosine and uridine; (b) 0.43 mol kg”' o f each guanosine and cytidine; (c) 0.86 mol 

kg”' o f  each adenosine and cytidine; (d) 0.86 mol kg”' o f each guanosine and 

adenosine; (e) 0.86 mol kg”' o f each adenosine and uridine.
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3.4 Stability constants for the silicon and boron complexes formed with

acyclic polyol and furanoidic cw-l,2-diol ligands

A series o f quantitative NM R experiments were carried out to determine the 

stability constants for representative acyclic polyol and furanoidic cw-l,2-diol 

complexes o f  aqueous silicon, and to compare the binding affinity o f silicon to that o f 

boron for these two types o f ligands. The representative acyclic polyols chosen were 

D-arabitol and D-gluconic acid. For the furanoidic ligands, we selected 

cA-1,2-cyclopentanediol, 1,4-anhydroerythritol and guanosine.

Two sets o f aqueous silicate solutions were prepared, each containing 

approximately 1.0 mol kg”' SiOz, 2.3 mol kg”' ligand, and either 1.0 or 3.0 mol kg”' 

NaOH. The solutions were then carefully pH adjusted (using microliter additions o f 

10.14 mol kg”' HCl) to either pH 12.30 ±0.01 at 22 °C or 12.20 ± 0 .01  at 0 °C. 

Silicon-29 NM R spectra o f all the solutions are shown in Fig. 3.4.1 to 3.4.5.
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■SO -90 100 ■110 -120 130 140

Figure 3.4.1. Silicon-29 NM R (99.36 MHz) spectra at 22 °C o f solutions adjusted to

pH 12.30 ± 0.01 and containing: (ai) 1.00 mol kg“ Si02, 2.50 mol kg" D-arabitol and 

3.06 mol kg"' Na'*'; (a^) 0.99 mol kg”’ SiO^, 2.48 mol kg ' D-arabitol and 1.06 mol 

kg” ' Na^; (bi) 0.89 mol kg”' SiOz, 2.23 mol kg ' potassium D-gluconate and 2.67 mol 

kg”' Na" ;̂ and (bz) 1.02 mol kg”' SiOz, 2.32 mol kg”' potassium D-gluconate and 1.02 

mol kg”' Na’*'.
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Figure 3.4.2. Silicon-29 NM R (99.36 MHz) spectra at 22 °C o f solutions adjusted to 

pH 12.30 ± 0.01 and containing: (a,) 0.90 mol k g '' SiOz, 2.30 mol kg”'

1.2-cyclopentanediol and 2.71 mol k g '' Na" ;̂ (az) 0.98 mol k g '' SiOz, 2.24 mol kg"'

1.2-cyclopentanediol and 0.98 mol k g '' Na" ;̂ (b,) 0.92 mol k g '' SiOz, 2.36 mol k g '' 

anhydroerythritol and 2.75 mol kg ' Na" ;̂ and (bz) 0.97 mol k g '' SiOz, 2.22 mol k g '' 

anhydroerythritol and 0.97 mol kg'* Na" .̂
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-100 -110■70 120 -130 140

Figure 3.4.3. Silicon-29 NM R (99.36 MHz) spectra at 2 °C of solutions adjusted to 

pH 12.30 ± 0.01 and containing: ( a j  0.95 mol kg^’ SiOz, 2.38 mol kg”' D-arabitol and 

3.00 mol kg”' Na" ;̂ (az) 0.95 mol kg”' SiOz, 2.37 mol kg”' D-arabitol and 0.95 mol 

kg”' Na" ;̂ (bi) 0.87 mol kg”' SiOz, 2.18 mol kg”' potassium D-gluconate and 3.00 mol 

kg” ' Na" ;̂ and (bz) 0.91 mol kg”' SiOz, 2.35 mol kg”' potassium D-gluconate and 1.00 

mol kg”' Na" .̂
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Figure 3.4.4. Silicon-29 NM R (99.36 MHz) spectra at 2 °C of solutions adjusted to 

pH 12.30 ± 0.01 and containing: (ai) 0.89 mol kg”' SiOz, 2.28 mol kg”'

1.2-cyclopentanediol and 2.99 mol kg”' Na”̂; (az) 0.91 mol kg”' SiOz, 2.35 mol kg”'

1.2-cyclopentanediol and 1.00 mol kg”' Na^; (bi) 0.96 mol kg”' SiOz, 2.66 mol kg”'

anhydroerythritol and 3.00 mol kg ' Na" ;̂ and (bz) 0.96 mol kg ‘ SiOz, 2.45 mol kg 

anhydroerythritol and 1.00 mol kg ' Na^.

- 1
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Figure 3.4.5. Silicon-29 NM R (99.36 MHz) spectra o f solution adjusted pH 12.00 ±

0.01 containing; (ai) 0.85 mol kg”' SiOz, 0.43 mol kg”’ guanosine and 1.82 mol kg” ' 

Na"  ̂at 22 °C; (az) 0.85 mol kg”' SiOz, 0.43 mol kg”' guanosine and 1.82 mol kg” ' Na"*" 

at 2 °C; and (b) 0.43 mol kg”' SiOz, 0.86 mol kg”' guanosine and 1.72 mol kg”' Na"'" at 

-5  °C.

The formation of the pentaoxo- and hexaoxosilicon complexes can be 

represented as follows. In this analysis, the three different diastereomers o f [SiLz]'

are treated as a single entity as are the two diastereomers o f [SiLz] 2 -
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Formation o f  the 5-coord Si complexes:

O H  O H O H

or simply,

+ 2 L [PL2] '  + 3 H2O

Using square parentheses to represent solute concentration, and assuming ideal 

solution behaviour, we obtain

[PL2-
K [P L 2 ] -

['Q'] [L]'

Formation o f  the 6-coord Si complexes:

H^SiO, 2-
o . 2 -

o
+ 4 H 2O

O H  O H
O  1 O '

or + 3 L

which yields

[HL3I
K [H L 3 ] -

[ V ]  [L]'
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Silicic acid deprotonation équilibra [66];

T+H4S1O4 H3Si04" + H"

V  = =

and H3S104" -= = =  H2Si04 “̂ +

>q O = + P f  Kai =

The total silicate monomer concentration is given by:

[ V ]  = [‘’q V [ ' q °] + [ 'q °]

Since [°Q°] ~  0 at pH 12,

[ V ]  = [ V ]  +
[ V ] K ,2

[H1

['Q°]

and [^Q°]

[ V ]  [H1

Ka2 + [H+]

[ % K a 2

Ka2 + [H"]

Therefore,

[P L 2 - ] (K a 2  +  [ H D

K[pl2] = ..........   [1]
[ L ] '  [ V ]  [ H 1

[H L 3I  (K a2 +  [T T ])

and K[hl3] = -----------------------------  [2]
[L]' [ V ]  [H1
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Accordingly, stability constants K[pu] and K[hl3] were calculated from the 

integrated spectra in Fig. 3.4.1 -  3.4.5. The results are presented in Tables 3.4.1 and 

3.4.2. Following pH adjustment, the only significant difference between the two sets 

o f  solutions prepared for each ligand and temperature was the NaCl concentration.

A close survey o f the spectra in Fig. 3.4.1 -  3.4.5 shows that the silicate equilibria are 

shifted in favour o f the hexaoxosilicon complexes in the solutions with elevated salt 

concentration. Therefore, only the solution set with [Na]:[Si] = 1.0:1 were used to 

calculate stability constants Kgpi] and K[hl3]- The overall findings are summarized 

in Table 3.4.3.

Table 3.4.1. Stability constants o f silicate complexes at 22 °C, pH = 12.30 ± 0.01, 

and [Na]:[Si] = 1.0:1.

Ligand
Solute concentration (mol kg 

Si02 Ligand Na^
K[PL2] K [ h l 3]

D-arabitol 0.99 2.48 1.06 0.207 4.89x10"^

D-gluconic acid 1.02 2.32 1.02 10.8 175

c A-1,2-cyclo­
pentanediol

0.98 2.24 0.98 0.109 a

1,4-anhydro­
erythritol

0.97 2.22 0.97 6.96 a

guanosine * 0.43 0.85 1.82 1.28 13.0

“ Complex concentration is too small to enable calculation o f the stability constant.

’ pH = 12.00 for this solution.
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Table 3.4.2. Stability constants o f silicate complexes at 2 °C, pH = 12.20 ± 0.01, and

[Na]:[Si] = 1.0:1.

Ligand
Solute concentration (mol kg 

Si02 Ligand Na^
K(PL21 K[HL3J

D-arabitol 0.95 2.37 1.00 0.190 0.664

D-gluconic acid 0.94 2.36 1.00 576 3.74x10^

cA-l,2-cyclo-
pentanediol

0.91 2.35 1.00 0.0377 a

1,4-anhydro-
erythritol

0.96 2.45 1.00 21.4 a

guanosine * 0.43 " 0.86 1.72 559

Complex concentration is too small to enable calculation o f the stability constant. 

* pH = 12.00 and at -5  °C for this solution.

Table 3.4.3. Summary o f silicate complex stability constants.

Ligand
K[PL2]

2 °C" 22 °C*

K[hL31

2 °C “ 22 °C^

D-arabitol 0.190 0.207 0.664 4.89x10"^

D-gluconic acid 576 10.8 3.74x10^ 175

c A-1,2-cyclo­
pentanediol

0.0377 0.109 C C

1,4-anhydro­
erythritol

21.4 6.96 C C

guanosine C 1.28 559'' 13.0"

" pH = 12.20 ± 0.01. * pH = 12.30 ± 0.01.  ̂Complex concentration is too small to 

enable calculation o f the stability constant. pH = 12.00 and at -5  °C for this 

solution. pH = 12.00 for this solution.
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Figure 3.4.6 shows the ” B NM R spectra o f various boron-carbohydrate 

solutions at 24 °C. The signal at -17 .6  ppm corresponds to the borate anion 

B(0H)4~. Whereas silicon exclusively binds acyclic polyols at their //zreo-pairs o f 

hydroxy groups, boron forms diester linkages at both threo and erythro hydroxy group 

pairs [61, 67-72]. In Fig 3.4.6 (b) and (c), for example, "B  NM R peaks located 

between -13 .4  and -13 .7  ppm and at ca. -9 .5  ppm correspond, respectively, to 

mono-ligand ([B X ]) and èA-ligand ([B X j]) complexes in which boron is bound only 

at threo hydroxy sites [70-72]. The signals at ca. -18  ppm correspond to 

mono-ligand complexes in which boron is coordinated at erythro sites [71]. 

Additionally, peaks located between -13.8  and -14.8  ppm represent mono-ligand 

diboron ([B^2L]) complexes. In the case o f furanoidic-cA-1,2-diol ligands, boron is 

again able to form both mono- and 6A-ligand complexes. The corresponding "B  

NM R peaks are located at -12.5 to -13 .4  ppm and -7 .8  to -9 .0  ppm, respectively, as 

shown in Fig 3.4.6 (d)-(f) [72].

The equilibrium between boric acid B° and the borate ion B is given by:

B(0 H)3 + OH" B(0 H)4“

or B° + OH" B"

[B]
Ka = ----------------  = 4.0 X 10" [70].

[B°] [OH ]

At pH 12.0, therefore, the concentration o f B(0H)3 in solution is negligible. The 

formation o f the mono-ligand boron complex (B”L), 6A-ligand boron complex (BX2)

5 2

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



a BLo t------- ^ ...— \

B L
- A -

B(0H)4

A

d

f

A

v \

A

“jT T ^r* ''f  I' I I" T'T "I' "1 " T H 'T iT 'r i i^ r  'j*'T" 1"'

'6  -7  “S *9 ’1 0

A

l\
y  V.

l\

J I
l i p  I , , I I.......................................................................................................................... | ' |

11 -12 -13 -14 -15 -16 -17 -18 -19
1118 ( B ) / p p m

F igure 3.4,6. Boron-11 NM R (160.33 MHz) spectra at 24 °C corresponding to 

solutions that have been adjusted to pH 12.03 ±  0.03 and contain; (a) 0.10 mol kg“’ 

H3BO3; (b) 0.11 mol kg"’ H3BO3 and 0.11 mol kg“’ D-arabitol; (c) 0.10 mol kg”’ 

H3BO3 and 0.10 mol kg”’ potassium D-gluconate; (d) 0.11 mol kg”’ H3BO3 and 0.11 

mol kg”’ cA-1,2-cyclopentanediol; (e) 0.10 mol kg”’ H3BO3 and 0.10 mol kg”’ 

1,4-anhydroerythritol; and (f) 0.11 mol kg”’ H3BO3 and 0.11 mol kg”’ guanosine.
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and mono-ligand diboron complex (B zL) can be represented as follows [61, 70-72],

• B + L - B L + 2 H2O

[B"L]
K[b-l] = -----------

[ B I  [L]

• B L + L - B L2 + 2 H2O

[B-L2]
K [ B - L 2 ]  = ----- ------------------

[B X ] [L]

or B 2 L ■ B L2 + 4 H2O 

[B X 2]
K ’[b-L2] = -------------

[B I  [L]'

where K ’[b-l2] = K[b-l] ^ K[b-l2]

• B + B L ■ B 2L + 2 H2O

[B IL ]
K [B -2 L ]  = ----- --------------------

[ B I  [B X ]

or 2 B + L ~ B 2L + 4 H2O

[ B I L ]

[B-2L]

[ B I '  [L ]

K ’ [B-2L] -  K [ b -L ] ^  K [B -2 L ]
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The total ligand concentration in solution from all sources is given by 

C l = [L] + [B L] + 2 [B L2] + [B 2L]

Thus, [L] = C l -  [B“L] -  2 [B X 2] -  [ Bf L]

[B X ]
and K[b-l] = --------------------------------------------------- [3]

[ B I  ( C l  -  [B X ] -  2 [B 'L 2] -  [B IT ])

[BX2]
K[b-l2] = ...............-—................ -—......................  [4]

[B X ] ( C l  -  [B X ] -  2[BXz] -  [B IT ])

[B X 2]
K ’[b-l2] = - -------------      [5]

[B I  ( C l  -  [B X ] -  2 [B X 2] -  [B ^L ])'

Stability constants K[b-l], K[b-l2] and K ’[b-l2] were calculated for alkaline 

solutions at 24 °C from the integrated spectra in Fig. 3.4.6. (Since the diboron 

complex was a negligible component o f these solutions, it was not considered in the 

present analysis.) The calculated stability constants are given in Table 3.4.4, and 

compared with those we obtained for the corresponding Si-complexes in Table 3.4.5. 

In addition, Tables 3.4.6 and 3.4.7 show values reported in the literature for 

B-complexes formed in alkaline solution (pH 11-12) at 25 °C with various dihydroxy 

[70] and acyclic polyol ligands [71]. Data reported for furanoidic cA-diol boron 

complexes formed in neutral solution at 25 °C [72] are listed in Table 3.4.8.
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Table 3.4.4. Boron-11 NM R chemical shifts and stability constants o f  boron

complexes formed with acyclic polyol and furanoidic cA-l,2-diol ligands in alkaline

solution at 24 °C. "

Ligand (binding sites)
0 /p p m  

BL B L :
K [B 'L | K [B-L2] K ’ [B-L2]

{threo)

D-arabitol {erythro-3,4) 

{erythro-1,3)

-13 .6  -9 .60 

-14.2 

-18.1

28.9

4.02 35.4 5.64 200 

2.50

{threo)
gluconic

{erythro-4,5)
acid

{erythro-2,4)

-13.2  -9.25 

-14.0  

-18.2

37.5

11.8 66.2 3.16 209

16.9

cis-1,2-cyclopentanediol -13 .4  -9.3 10.9 6.20 67.9

1,4-anhydroerythritol -12.8  -12.8 22.2 4.15 92.1

guanosine -12 .4  -12.4 16.6 2.75 45.6

In solutions containing 0.1 mol kg ' boric acid and 0.1 mol kg ’ ligand at pH 12.0.
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Table 3,4.5. Stability constants o f silicon and boron complexes

Ligand
Si complexes at 22°C B complexes at 24°C

K(PL2] K [ h l 3] K [B-L] K(B*L2] K ’ [B-L2]

D-arabitol 0.207 4.89xlQ-^ 35.4 5.63 200

gluconic acid 10.8 1.75x10' 66.2 3.16 209

cis-1,2-cyclopentanediol 0.109 a 10.9 6.20 67.9

1,4-anhydroerythritol 6.96 a 22.2 4.15 92.1

guanosine 1.28 13.0 16.6 2.75 45.6

Table 3.4.6. Literature data for "B  NM R chemical shifts and stability constants o f 

boron complexes formed with dihydroxy ligands in alkaline solution at 25 °C [7 0 ]/

Ligand
Ô / ppm 

B L B X :
K(b-l] K[B-L2] K’[B-L2]

1,2-ethanediol -13.7 -10.0 1.0 -

1,2-propanediol -13.6 -9.9 1.4 0.4 0.56

(±)-2,3-butanediol -13.6 -9.6 8.7 2.4 20.9

c A-1,2-cyclopentanediol -13.6 -9.4 33.3 78.1 2600

cA-l,2-cyclohexanediol -14.2 -10.7 1.2 -

trans-1,2-cyclohexanediol -14.3 - <0.1 -

1,3-propanediol -18.4 -19.8 0.9 -

1,3-butanediol -18.2 -18.9 1.9 -

" Solutions contain 0.1 mol 1 ’ boric acid and 0.1 mol 1 ’ ligand at pH 12.
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Table 3.4.7. Literature values for "B  NM R chemical shifts and stability constants o f

boron complexes formed with acyclic polyols in alkaline solution at 25 °C [71].“

Ligand (binding sites)
Ô / ppm

B L B L2

K[B-L] K | b -L2] K ’ [B-L2]

{threo-2,3)

(erythro-3,4)
arabinonate

(4,5)

(2,4/3,5)

-13 .2  -9 .3

-14.2

-13.5

-18.1

44 13 572 

10 

18 

0.31

(erythro-2,3)

(erythro-3,4)
ribonate

(4,5)

(2,4)

-13 .8  -9 .9  

-14.4

-13.3 -9 .3  

-18 .0

13 4.3 55.9 

6.6

10 0.98 9.8

14

(threo)

gluconate (erythro-4,5) 

(2,4)

-13 .4  -9 .4

-14.2

-18.2

240 31 7440

72

19

(threo-3,4) 

mannonate (erythro-4,5) 

(2,4/3,5/4,6)

-13 .4  -9 .2

-14.5

-18.3

1200 48 57600

140

54

“ Solutions contain 0 to 0.15 mol 1 ’ boric acid and 0 to 1 mol 1 ’ ligand, respectively. 

Measurements were performed with D2O as solvent at pD = 11.0.
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Table 3.4.8. Literature data for B NM R chemical shifts and stability constants o f

boron complexes formed with furanose ligands in neutral solution at 25 °C [72]. "

Ligand (binding sites)
5 / ppm

B X  B Lz
K[b' li

-13.7 -9.2 6000
P-arabinofuranose

(LCV5) -13.0 b

(2/3) -13.7 6000
p-fructofuranose

(2/3/6) -13.0 b

(L%0 -13.0 -8.5 45000

(1/2 + 5/6) b

a-glucofuranose
(1/2 + 3/5) b

(1/2 + 3/5/6) b

" Solutions contain 0.1 mol 1"’ boric acid and 0.1 mol p ’ ligand at pH 7.

* The stability constants o f these esters could not be determined because o f the low 

amount o f free carbohydrate ligand present under the conditions in which these esters 

occurred.
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Unlike the three furanoidic cw-diol ligands (cw-l,2-cyclopentanediol,

1,4-anhydroerythritol and guanosine) with only one binding site (threo), there are 

three different binding sites in the two acyclic polyol ligands, D-arabitol with threo, 

erythro-3,4 and erythro-1,3 binding sites and gluconic acid with threo, erythro-4,5 and 

erythro-2,4 binding sites. As shown in Table 3.4.4, the binding affinity o f the threo 

sites is larger than that o f the erythro binding sites. Among the five investigated 

ligands, the two acyclic polyol ligands gluconic acid and D-arabitol show larger 

binding affinity (K’[b-l2] = 209 and 200, respectively) than the three furanoidic 

cA-diol ligands which decreases in the order o f 1,4-anhydroerythritol (K’[b-l2] = 92) > 

cA -1,2-cyclopentanediol (K’[b-l2] = 68) > guanosine (K’[b-l2] = 46). The K ’[b-l2] 

value o f B-complex formed with gluconic acid is 3 times larger than that o f 

B-complex formed with cyclopentane diol, which is consistent with the literature data 

reported by van Bekkum and co-workers [70-72].

Further comparison o f the stability constants of silicate complexes with those 

o f  borate complexes shows that: (i) the stability constant o f the two acyclic polyol 

ligands, K ’[b-l2] = 205 ± 10 at 24 °C, the stability constant o f the three furanoidic 

cA-diol ligands, K ’[b-l2] = 69 ± 23 at 24 °C, these values are, on average, roughly 

100 times greater than those obtained for the analogous 6A-ligand silicon complexes 

( K [ p l 2 ]);  and (ii) gluconic acid, cyclopentanediol and guanosine yield approximately 

comparable stability constants for PLz" (10.8, 7.0 and 1.3) and B X z (3.2, 4.2 and 2.8, 

respectively), indicating that silicon may play a similar mechanistic role as boron in 

biological systems.
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Conclusions

In the present study, we have employed and '^C NM R spectroscopy to 

determine the structures o f organosilicate species in alkaline aqueous solution, namely 

pentaoxosilicon complexes formed with acyclic polyol ligands and hexaoxosilicon 

complexes formed with both acyclic polyol and furanoidic cA-diol ligands. All 

species are proved to be monomeric.

The five-coordinate Si complexes formed with acyclic polyols are structurally 

analogous to the monomeric [(L=)zSiOH]" species obtained with furanoidic cA-diol 

ligands, each containing a single silicon centre bound via ester linkages to two 

bidentate ligands. However, they tend to be much shorter lived, presumably owing 

to the greater steric interaction existing between polyol ligands. Some o f the 

pentaoxosilicon complexes formed with glucoheptonic acid are exceptions to this rule. 

This particular polyol is able to wrap around the pentaoxosilicon centre with all o f  its 

hydroxy groups directed inwards, resulting in three unique long-lived mono-ligand 

complexes -  with two ([L=Si(0H)3]~), three ([L=Si(OH)z] ) or four ([L=SiOH]") ester 

linkages -  and the usual array o f labile bis-ligand complexes ([(L=)2SiOH]~)-

Two distinct hexaoxosilicon AA-ligand structures occur at elevated pH in 

solutions containing either acyclic polyol or furanoidic cA-diol ligands. Additional 

species appear if the ligand contains more than one bidentate binding site. We have 

determined that they are inequivalent diastereomers o f [(L=)3Si]~^ with 5-5-8 and 

5-5-1 ligand configurations. I f  the ligands are extremely bulky, as in the case o f 

ribonucleosides such as adenosine and guanosine, the 5-5-1 diastereomer is virtually
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eliminated because o f steric ligand interactions. It was therefore surprising to 

discover that solutions containing particular combinations o f different ribonucleosides 

{i.e., adenosine and guanosine, adenosine and uridine, guanosine and cytidine), 

contain both the 5-5-5 and 5-5-1 diastereomers. The latter configuration brings the 

two different ribonucleoside base groups face to face, inferring that the 5-5-1 

diastereomer is stabilized by multi-point H-bonding or n-stacking interactions 

between the bases.

Binding affinity constants were measured and compared for silicon and boron 

complexes o f  two representative acyclic polyol ligands, D-arabitol and D-gluconic 

acid, and three furanoidic cA-diol ligands, cA-1,2-cyclopentanediol,

1,4-anhydroerythritol and guanosine. The stability constant o f the boron 6A-ligand 

complex does not vary significantly for the different ligands. In the case o f the two 

acyclic polyol ligands, the stability constant o f K ’[b-l2] = 205 ± 10 at 24 °C. For the 

three furanoidic cA-diol ligands, K ’[b-l2] = 69 ± 23 at 24 °C. These values are, on 

average, roughly 100 times greater than those obtained for the analogous 6A-ligand 

silicon complexes (K[pl2])- Nevertheless, gluconic acid and guanosine show quite 

high binding affinity with silicon, yielding both bis-ligand pentaoxosilicon complexes 

(K[pl2] = 10.8 and 1.3, respectively) and tris-ligand hexaoxosilicon complexes (K[hl3] 

= 175 andl3 , respectively). These results indicate that silicon may play a similar 

mechanistic role as boron in biological systems.
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