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Abstract 

This thesis reports on synthesis of site-specifically 17O-labeled glucose and related 

molecules and their solid-state 17O NMR characterization. The thesis also describes the 

development of 17O NMR as a new probe of glucose metabolism in HeLa cancer cells. In 

particular, a total of seven 17O-labeled glucose compounds were made via chemical 

synthesis: [1-17O]-D-glucose, [2-17O]-D-glucose, [3-17O]-D-glucose, [4-17O]-D-glucose, 

[5-17O]-D-glucose, [6-17O]-D-glucose, and [6-17O]-2-deoxy-D-glucose. In addition, [6-

17O]-D-glucose-6-phosphate and [1,1,5-17O3]-glutamine were prepared through enzymatic 

reactions. Solid-state 17O NMR experiments were performed to determine 17O quadrupole 

coupling and chemical shift tensors in all seven glucose compounds. This is the first time 

that any carbohydrate molecule has been completely characterized by solid-state 17O NMR. 

This thesis demonstrates that [6-17O]-D-glucose and [1,1,5-17O3]-glutamine can be used as 

new tracers for monitoring glucose/glutamine metabolism in live cells. Effects of insulin, 

oxygen concentration, and glutamine concentration on the glycolysis process in live HeLa 

cancer cells were monitored by 17O NMR in real time. Finally, some preliminary results of 

17O NMR studies of hexokinase-glucose complex are reported.  
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Chapter 1 

Introduction 

1.1 17O NMR Spectroscopy 

 Oxygen is one of the most abundant elements in organic and biological molecules 

and plays an important role in many biological processes at the structural and physiological 

level due to its key position in most biologically important molecules such as proteins, 

nucleic acids, carbohydrates, and phospholipids. For example, the functionalities of many 

proteins are stabilized through multiple hydrogen bonds between the backbone oxygens 

and amide hydrogens; the catalytic center and the binding sites of many enzymes also 

involve oxygen. Many physiological processes are based on substrate–enzyme, drug–

receptor or protein–protein interactions where non-covalent bonding interactions such as 

hydrogen bonding require oxygen participation.1,2 It is therefore not a surprise that oxygen 

atoms are involved in triggering, signaling and activation mechanisms. Moreover, reactive 

oxygen derivatives, such as peroxides, have been involved in chemiluminescent and 

bioluminescent processes and are used as mechanistic and diagnostic research detection 

tools in many fields.3  

 Oxygen has three stable isotopes: 16O (natural abundance of 99.759%), 17O 

(0.037%), and 18O (0.204%). Currently, 17O and 18O are utilized in tracer studies involving 

NMR and mass spectrometry, respectively. Particularly, the use of  18O in mass 

spectrometry has been extensively studied.4,5 The 17O isotope, as the only NMR active 

isotope with a nuclear spin I = 5/2, however, is still not fully utilized in NMR spectroscopy. 

The progress in this field has been relatively slow mainly due to the following difficulties 

associated with the intrinsic properties of 17O NMR. Firstly, 17O has extremely low natural 
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abundance (0.037%). This means site-specific 17O enrichment for molecular systems of 

interest is almost a must for all 17O NMR studies, which may pose challenges for some 

organic and biological molecules. Secondly, the quadrupolar nature of 17O (I > 1/2) leads 

to significant line-broadening of NMR signals due to strong quadrupolar interactions (1~20 

MHz). Thirdly, the low gyromagnetic ratio (γ) of 17O hampers the sensitivity of 17O NMR 

experiments. For example, the Larmor frequencies, (γ/2π)B0, of 1H and 17O at 14.1 T are 

600 and 81 MHz, respectively.6  

 Luckily, due to the fast development in instrumentation, the adoption of different 

pulse sequences and novel enrichment methods, 17O NMR is gradually becoming more and 

more accessible in the past 20 years. Due to its large chemical shift range which spans 

between -30 to +1000 ppm, oxygen bonded to carbon, nitrogen, or sulfur becomes 

relatively distinguishable. To date, most of the biological activities involving oxygen are 

still indirectly studied by conventional 1H and 13C NMR spectroscopy. However, several 

previous researchers have shown the unique potential of 17O NMR in tackling a great 

variety of chemical and biological problems ranging from heme proteins and model 

compounds,7 hydration of biological molecules,8 in vivo 17O NMR imaging for studying 

cerebral oxygen metabolism in brain function,9 to hydrogen bonding in enzymes.10 It could 

also be used to track intermediates and investigate possible dominant reaction pathways, 

or to optimize reaction conditions and provide convincing mechanistic evidence. 

Considering its high abundance in biomolecules and the unique role it plays in almost all 

the biological processes, the potential of oxygen as a probe of structure and function in 

biological systems is tremendous. The 17O NMR parameters will serve as a powerful tool 

to directly probe structure, bonding, and dynamics of a wide range of oxygen-containing 



 

3 

 

compounds. Thus, more work needs to be done to further improve and expand the 

application of this technology.  

 To improve spectral resolution, one method used in solution-state 17O NMR studies 

is to acquire spectra at high temperatures where molecular tumbling correlation times are 

shorter than the NMR time scale and thus to reduce the line broadening resulting from 

quadrupolar relaxation. However, for biological systems, high temperatures may lead to 

loss of their physiological functions. Solid-state 17O NMR spectroscopy, in fact, can have 

better spectral resolution as molecular motion is restricted in the solid state, which leads to 

long intrinsic transverse quadrupole relaxation times and thus high intrinsic spectral 

resolution. It is a unique and powerful technique to study structure, kinetics, and dynamics 

of solid compounds containing oxygen. Direct detection of NMR tensors such as 17O 

chemical shift (CS) and 17O quadrupole coupling (QC) tensors for organic and biological 

molecules provides complementary structural information compared to other conventional 

NMR techniques for detecting 1H, 13C and 15N. In addition, hydrogen bonding, different 

physiological processes, and dynamic process occurring in solid materials can all be 

monitored due to the significant sensitivity of 17O NMR tensors towards molecular 

motions.11–14 Plus, some biological systems such as membrane proteins (e.g., ion channels) 

or insoluble proteins (e.g. amyloid fibrils) tend to have large molecular weights and cannot 

be well dissolved in water, which makes solid-state NMR as a default option.15  

 

1.2 Solid-State NMR 

Solid-state NMR is a technique used for molecular structure determination where 

the experimental sample is contained in media with little or no mobility. Compared with 
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X-ray diffraction (XRD), one great advantage of this technique is that no single crystal is 

required. Solid-state NMR can study non-crystalline materials, such as membrane, 

heterogeneous catalysts, or even amorphous solids such as glasses. In addition, solid-state 

NMR can be used to obtain information about dynamics and mobility, which is usually 

difficult to obtain by diffraction techniques. The main challenge for solid-state NMR is the 

significant line broadening resulting from the anisotropic spin interactions. Figure 1.1 

shows both liquid-state and solid-state 13C NMR spectra of glycine. In comparison to 

solution NMR, solid-state NMR gives a much broader signal that spans 200 ppm. Since 

the anisotropic spin interactions which are cancelled out in solution due to fast molecular 

tumbling are still present in solid-state NMR, no detailed information such as chemical 

shift and J-coupling can be observed.  

 

 

Figure 1.1 (a) Liquid-state 13C NMR spectrum (75 MHz) of 10 mM 1-13C labeled (10%) 

glycine in H2O. (b) Solid-state 13C NMR spectrum (125 MHz) of 1-13C labeled (10%) 

glycine powder (90 mg). The figure was reproduced from Laws et al.16  
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1.2.1 The Vector Model 

When a sample is placed in a magnetic field B0, there exists a net magnetization M 

(or a bulk magnetic moment) which is the vector sum of all the individual magnetic 

moments associated with all the nuclei as illustrated in Figure 1.2:  

 

 

Figure 1.2  The classical model of the formation of net nuclear magnetization in a sample. 

 

𝑀 = ∑ 𝜇𝑖𝑖  (1.1) 

where μi is the magnetic moment associated with the ith nucleus. μi is also related to the 

nuclear spin Ii, and the gyromagnetic ratio of the nucleus γ, in the following way: 

𝜇𝑖 = 𝛾𝐼𝑖  (1.2) 

In NMR experiments, because the applied magnetic field is along the z-axis, and is denoted 

as B0 = (0, 0, B0), a torque T will be exerted on the magnetization vector M which is given 

by: 

𝑇 = 𝑀 × 𝐵0 (1.3) 

This leads to the precession of M about B0 at a constant rate known as the Larmor 

frequency ω0: 

𝜔0 = 𝛾𝐵0 (1.4) 
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When a radiofrequency (RF) pulse with its oscillating magnetic field being 

perpendicular to the static field B0 is applied, the net magnetization M will be flipped away 

from its equilibrium position. Figure 1.3 displays the magnetization flip with a typical 90° 

pulse experiment. The RF pulse along x-axis flips the magnetization from z-axis to y-axis. 

Once the RF pulse is turned off, M will slowly go back to its original state which is along 

the z-axis, during which an NMR signal in the x-y transverse plane is detected.   

 

 

Figure 1.3 The magnetization flip during a typical 90° pulse experiment. 

 

1.2.2 Different Spin Interactions in Solid-State NMR 

In solid-state NMR, all NMR interactions can be described by Hamiltonian operator 

Ĥ which is written as  

�̂� = −γℏ�̂� ∙ 𝐀 ∙ 𝐉 = [𝑰𝒙, 𝑰𝒚, 𝑰𝒛] [

𝑨𝒙𝒙 𝑨𝒙𝒚 𝑨𝒙𝒛

𝑨𝒚𝒙 𝑨𝒚𝒚 𝑨𝒚𝒛

𝑨𝒛𝒙 𝑨𝒛𝒚 𝑨𝒛𝒛

] [

𝑱𝒙

𝑱𝒚

𝑱𝒛

]  (1.5) 

where �̂� is the spin angular momentum operator, A is a second-rank cartesian coupling 

tensor that describes a molecular level property that depends on local geometry, electronic 

structure and molecular orientation, and vector J is the ultimate source of the local 

M 

M 
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magnetic field at the nucleus, such as B0 field in the case of magnetic/chemical shielding, 

or another nuclear spin S in the dipolar interaction. Tensor A can be further diagonalized 

to yield tensor APAS that has three principal components (eigen values) which describe the 

interaction in its own principal axis system (PAS) and three eigen vectors which describes 

their respective orientations: 

𝐴𝑃𝐴𝑆 = [

𝑨𝟏𝟏 0 0
0 𝑨𝟐𝟐 0
0 0 𝑨𝟑𝟑

]  (1.6) 

Such spin interactions are commonly pictured as ellipsoids or ovaloids,17 with the A33 

component assigned to the largest principal component as shown in Figure 1.4.  

 

 

Figure 1.4 (a) Ellipsoid and (b) ovaloid representation of the three principal components 

of tensor APAS. The picture was generated with TensorView.17 

 

1/ The Zeeman Interaction 

When a nucleus is placed in a static, uniform magnetic field, there exists a dominant 

external interaction between the spin system and the applied field, which is called the 

Zeeman interaction. The Hamiltonian �̂�𝒛 can be written as:  

(a) (b) 
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�̂�𝒛 = −γℏ�̂�𝒛𝐁𝟎 (1.7) 

where �̂�𝒛 is the spin angular momentum operator along z-axis and B0 is the applied field. 

The eigen values for this Hamiltonian are the energies of the eigenstates which is given by 

𝐸 = −𝛾ℏB0𝑚 (1.8) 

Here m is the magnetic quantum number and is related to a spin I as: 

𝑚 =  −𝐼, −𝐼 + 1, … , 𝐼 − 1, 𝐼.  (1.9) 

Figure 1.5 displays typical Zeeman energy levels for nuclei with I = 1/2 (such as 1H) and I 

= 5/2 (such as 17O).  

 

 

Figure 1.5 Zeeman energy levels for nuclei with (a) I = 1/2 and (b) I = 5/2.  

 

2/ The Chemical Shift and Chemical Shift Anisotropy 

When a nucleus is placed in the magnetic field, the electrons around it will create a 

secondary field which will affect the total field “felt” by the nucleus, and thus change the 

resonance frequency of the nucleus. This interaction is known as the shielding interaction. 
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The frequency shift that this interaction causes in an NMR spectrum is called the chemical 

shift. The chemical shielding Hamiltonian acting on a spin I is 

�̂�𝑪𝑺 = −γℏ�̂� ∙ 𝛔 ∙ 𝐁𝟎  (1.10) 

where �̂�  is the spin angular momentum operator, B0 is the applied field and σ is the 

shielding tensor.  

𝛔 = [

𝛔𝒙𝒙 𝛔𝒙𝒚 𝛔𝒙𝒛

𝛔𝒚𝒙 𝛔𝒚𝒚 𝛔𝒚𝒛

𝛔𝒛𝒙 𝛔𝒛𝒚 𝛔𝒛𝒛

]  (1.11) 

The tensor σ can then further be diagonalized to yield a tensor σPAS with three principal 

components  

𝛔𝑃𝐴𝑆 = [

𝛔𝟏𝟏 0 0
0 𝛔𝟐𝟐 0
0 0 𝛔𝟑𝟑

]           (1.12) 

where 

σ11  ≤  σ22  ≤  σ33 and σiso =  
1

3
(σ11  +  σ22  +  σ33 ) (1.13)       

In practice, to make the shielding field-independent, chemical shift δ is introduced as 

δ =
𝜈−𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
=

𝜎𝑟𝑒𝑓−𝜎𝑠𝑎𝑚𝑝𝑙𝑒

1−𝜎𝑟𝑒𝑓
   (1.14) 

where ν is the spectral frequency of the signal for the spin of interest and νref is the 

resonance frequency of the same spin in some reference compound. For example, the 

reference for 17O NMR is liquid water with δ = 0 ppm at 298 K. When |σ𝑟𝑒𝑓| ≪ 1, 

Equation 1.14 is reduced to  

δ ≈ σ𝑟𝑒𝑓 − σ𝑠𝑎𝑚𝑝𝑙𝑒  (1.15) 

In this case, the three principal values of the CSA tensor are now δ11, δ 22 and δ33, where  

δ11  ≥  δ22  ≥  δ33 and δiso =  
1

3
(δ11  +  δ22  +  δ33 ) (1.16) 
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The chemical shielding anisotropy gives rise to frequency shifts with the following 

orientation dependence: 

𝜈𝑐𝑠 = 𝜈0(𝜎11 sin2 𝜃 cos2 𝜑 + 𝜎22 sin2 𝜃 sin2 𝜑 + 𝜎33 cos2 𝜃) (1.17) 

where θ and φ are the polar angle and azimuthal angle for B0 vector in the PAS spherical 

coordinate as illustrated in Figure 1.6.  

   

 

Figure 1.6 Representation of B0 vector in the PAS spherical coordinate.  

 

To describe the chemical shift anisotropy tensor, several conventions have been 

used. In this thesis, the Herzfeld-Berger convention is adopted and the two parameters, 

span Ω and skew κ, are defined as below:  

Ω = σ33 − σ11 = σ11  − σ33 > 0  (1.18) 

κ =
3(σiso−σ22)

Ω
=

3(σ22−σiso)

Ω
, −1 ≤  κ ≤  +1  (1.19) 

 

Figure 1.7 shows a typical CSA powder pattern spectrum using the Herzfeld-Berger 

convention. In a powder sample, different orientations are present and thus various θ and 

φ values exist, resulting in a much broader spectrum. The span Ω measures the breadth of 
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the CSA powder pattern, where the endpoint on the left is δ11 which is the largest, followed 

by δ22 and then δ33. The δiso is at the mass center of the spectrum, which is closer to δ22 in 

this case.  

 

 

Figure 1.7 A typical CSA powder pattern spectrum using the Herzfeld-Berger convention.  

 

CSA powder patterns suggest different chemical environments and thus yield 

different molecular structural information. If the nucleus is in a spherical symmetrical 

environmental, the chemical shielding will be the same in all directions and no anisotropy 

will present, such as 13C in methane (CH4). Therefore, only one single isotropic peak will 

be observed. However, when the nucleus is not spherically symmetrical, as shown in Figure 

1.8, chemical shift anisotropy occurs. When κ = 0.3, that means the nucleus is in a non-

axial symmetry position and shielding is different in three directions, such as 13C in ethene 

(C2H4). When κ = ± 1, either δ11= δ22 or δ22 = δ33, it means the nucleus of interest is in an 

axial symmetry environment, such as 13C in ethyne (C2H2).  

δ
iso

 δ
11

 

δ
22

 

δ
33
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Figure 1.8 Simulated CSA powder pattern with different span, skew values, and δiso = 0 

ppm.  

 

3/ Dipolar Coupling Interactions 

Since each nuclear spin possesses a magnetic moment, they will interact with each 

other in space through dipolar coupling. The dipolar coupling is the effect on nucleus I due 

to the magnetic field generated by nucleus S, as shown in Figure 1.9.  It can either be 

between two of the same nuclei (homonuclear dipolar coupling) or between two different 

nuclei (heteronuclear dipole coupling). The Hamiltonian for dipolar coupling between two 

spins I and S is described as  

�̂�𝒅𝒅 = −2�̂� ∙ 𝐃 ∙ 𝐒  (1.20) 



 

13 

 

where �̂� is the spin operator, D is the dipolar-coupling tensor and S is the local field at spin 

I. The three principal values of tensor D are -d/2, -d/2, +d. Here d is defined as dipolar 

coupling constant (in units of rad s-1)  

𝑑 = ℏ(
𝜇0

4𝜋
)

1

𝑟3 𝛾𝐼𝛾𝑠 (1.21) 

where μ0 is the vacuum permeability, ℏ is the reduced Planck’s constant, r is the distance 

between nuclei I and S, and γI and γS are the gyromagnetic ratio of I and S, respectively.  

 

 

Figure 1.9 Dipolar coupling between two spatially close nuclei I and S. 

 

In solid-state NMR, because every magnetic spin is coupled to every other magnetic 

spin, the signals are severely broadened. Figure 1.10 shows a typical “Pake doublet” 

powder lineshape for the I spin in a heteronuclear two-spin system. The horns are created 

by crystallites in which the I-S internuclear vector is perpendicular to the applied field B0 

(θ = 90o) where the two endpoints at the bottom are created when the I-S internuclear vector 

is parallel to B0 (θ = 0o). The splitting of the “horns” is equal to the dipolar coupling 

constant d as defined in Equation 1.21.  
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Figure 1.10 The dipolar powder lineshape for the spin I in a heteronuclear two-spin system.  

 

4/ Quadrupole Coupling Interactions 

About 74% of the NMR active nuclei are quadrupolar (I > 1/2) among all the 

elements in the periodic table.18 Figure 1.11 demonstrates the nuclear charge distribution 

difference between a spin 1/2 nucleus and a quadrupolar nucleus. For a nucleus with spin 

1/2, the positive charge is spherically distributed and consequently quadrupole moment is 

vanished. However, when I > 1/2, the positive charge distribution in the nucleus is no 

longer spherical and they experience an electric quadrupole moment Q. Hence the electric 

field gradient (EFG) will interact with the nucleus and thus quadrupolar coupling occurs.  

 

Figure 1.11 Nuclear charge distribution for a spin 1/2 nucleus (red circle) and a 

quadrupolar nucleus (green oval). 
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The quadrupole interaction Hamiltonian is described as: 

�̂�𝑸 =
𝑒𝑄

6𝐼(2𝐼−1)ℏ
�̂� ∙ 𝑽 ∙ �̂� (1.22) 

where e is the elementary charge, Q is the quadrupole moment of the nucleus, and ℏ is the 

reduced Planck constant. �̂�  is the spin operator, V is the second order EFG tensor 

represented as: 

𝑽 = [

𝐕𝒙𝒙 𝐕𝒙𝒚 𝐕𝒙𝒛

𝐕𝒚𝒙 𝐕𝒚𝒚 𝐕𝒚𝒛

𝐕𝒛𝒙 𝐕𝒛𝒚 𝐕𝒛𝒛

]  (1.23) 

The tensor V can then further be diagonalized to yield a tensor VPAS with three principal 

components as: 

𝐕𝑃𝐴𝑆 = [

𝐕𝒙𝒙 0 0
0 𝐕𝒚𝒚 0

0 0 𝐕𝒛𝒛

]  (1.24) 

where  

|Vxx| < |Vyy| < |Vzz|  and 𝑉𝑥𝑥  + 𝑉𝑦𝑦   +  𝑉𝑧𝑧  =  0.  (1.25) 

The three principal quadrupole tensor components are described as χxx, χyy, χzz, and are 

related to EFG tensors by:  

χii(MHz) =
e2QVii

h
(i = x, y, z)  (1.26) 

In solid-state NMR, two parameters are measured experimentally for the 

quadrupolar interaction, one is the nuclear quadrupole coupling constant (NQCC or CQ) 

and the other one is the asymmetry parameter ηQ. They are defined as:  

CQ = χzz =  
e2QVzz

h
 (1.27) 

ηQ  =
Vxx−Vyy

Vzz
(0 ≤  ηQ ≤ 1)  (1.28) 
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Since the quadrupolar interaction is the largest internal interaction in NMR (MHz 

magnitude), it usually dominates the spectra of quadrupolar nuclei and cannot be treated 

with just the first order like other interactions. In fact, previous studies have shown that 

under the ultraslow motion the second order quadrupolar interaction can become the 

predominant relaxation mechanism.19 The quadrupolar interaction thus is usually written 

as a sum of first and second order interactions using the following Hamiltonian:  

�̂�𝑄 = �̂�𝑄
(1)

+ �̂�𝑄
(2)

  (1.29) 

 

Figure 1.12 illustrates the effects of the first and the second order quadrupolar 

interactions on the energy levels of 17O with I = 5/2. The central transition (CT) is a 

transition between the +1/2 and -1/2 levels. It is not affected by the first order quadrupolar 

interaction and is perturbed by the second order quadrupolar interaction. There are also two 

sets of satellite transitions (ST): between -1/2 and -3/2 levels and between -3/2 and -5/2 

levels. They are usually quite broad due to the different orientations of the crystallites in 

the powder, thus are rarely observed in NMR.  
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Figure 1.12 The effects of the first and the second order quadrupolar interaction on the 

energy level of 17O NMR ( I = 5/2).  

 

Figure 1.13 shows typical solid-state 17O NMR spectra due to quadrupolar 

interactions with various CQ and ηQ values. One can see in Figure 1.13a that, as CQ 

decreases, the two horns gradually get closer to each other and eventually becomes one 

single peak when CQ = 0. As seen in Figure 1.13b, when ηQ increases, the two horns begin 

to merge and become only one peak for ηQ =1. 
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Figure 1.13 Simulated 17O stationary spectra with various ηQ values. Parameters used in 

the simulations are: B0 = 21.1 T, ν0 (17O) = 121.95 MHz, (a) ηQ = 0 with various CQ. (b) 

CQ = 9.0 MHz with various ηQ. Only Zeeman and quadrupole coupling interactions are 

considered here.  

 

If we take a closer look at Equation 1.29 numerically, the first-order interaction 

�̂�𝑄
(1)

is in fact proportional to CQ and the second-order interaction �̂�𝑄
(2)

is proportional to 

(CQ
2/ν0), where CQ is the quadrupole coupling constant and ν0 is the Larmor frequency.19 

Since very often only the central transition is observed in solid-state NMR for powder 

samples, spectra depend strongly on the applied magnetic field. Figure 1.14 shows the 

simulated 17O NMR spectra for the central transition at different magnetic fields with ηQ = 
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0.3 and CQ = 8 MHz. As the field increases, the spectrum becomes much narrower due to 

the drastic decrease from the second order quadrupolar coupling on the central transition. 

In addition, the center of gravity of the peak also shifts to higher frequency as field 

increases, although the isotropic chemical shift stays the same. 

 

 

Figure 1.14 Simulated 17O solid-state NMR for the CT in different magnetic fields with 

ηQ = 0.3 and CQ = 8 MHz. Only Zeeman and quadrupole coupling interactions are 

considered here.  
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1.2.3 Typical 17O Chemical Shifts and Quadrupole Coupling Constants 

Figure 1.15 displays the typical 17O chemical shifts for some functional groups in 

organic molecules. Compared with 13C, 17O chemical shift appears to be a more sensitive 

probe. For example, the 17O chemical shifts of ketone and aldehyde groups span around 

140 ppm, while the corresponding 13C chemical shifts span only about 40 ppm.15 Although 

many studies have been done for 17O isotropic chemical shifts, much less is explored in 

17O chemical shift anisotropy.  

 

Figure 1.15 Typical 17O chemical shifts measured from liquid water (δ = 0 ppm) for 

organic molecules. The figure was reproduced from Wu.15 
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Figure 1.16 Typical 17O nuclear quadrupole coupling constants found for organic 

molecules. The figure was reproduced from Wu.15 

 

Figure 1.16 displays the typical 17O quadrupole coupling constants for organic 

molecules. The largest CQ value so far reported in the literature is that for the terminal 

oxygen of ozone, which 19.96 MHz.15 Wu et al.20 observed very large values of 17O 

quadrupole coupling constants and chemical shift anisotropies in C-nitrosoarenes. These 

compounds have 17O chemical shift anisotropies greater than 1000 ppm and CQ values on 

the order of 15.0 MHz. The sign of CQ cannot be measured from solid-state 17O NMR 

experiments directly. However, it can be determined from either microwave (rotational) 

spectroscopic experiments or high-level quantum calculations. For this reason, very often 

only the absolute values of CQ are presented in this thesis.  
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1.2.4 High Resolution 17O NMR Techniques 

Recently, the resolution of solid-state 17O NMR has improved significantly because 

of the rapid development in NMR methodology, such as the use of ultrahigh magnetic field 

(21.1 T) to reduce second-order quadrupolar interactions, higher speed (> 60 kHz) MAS 

probes to reduce sidebands, and new pulse sequences to enhance sensitivities and 

resolutions.21,22 In general, to get a high-resolution 17O solid-state NMR spectrum, the 

following techniques are currently available. 

 

1/ Single-Crystal NMR 

When a sample is in its single-crystal state, all the molecules are aligned in the 

specific directions in the unit cell and thus sharp signals can be observed. In practice, the 

central transition signals are recorded as a function of crystal orientation, from which both 

tensor components and their orientation in the crystal lattice can be determined due to the 

fact that the central transition frequency is affected by both chemical shift and second-order 

quadrupole shift. For organic molecules, Wittebort et al. characterized the 17O NMR 

tensors for several important functional groups including those in crystalline hydrates,23 α-

oxalic acid,24 and model peptides25 with single-crystal 17O NMR. Recently Xu et al.26 

established the 17O single-crystal NMR as a new probe to characterize halogen bonds. 

Single-crystal 17O NMR can also be used to study oriented samples such as membranes 

and membrane proteins which can be prepared either by a strong magnetic field27 or by 

pressing lipid-water dispersions between flat glass plates.28 For example, Cross and co-

workers29 observed two sharp oxygen signals at 200 and 500 ppm, respectively, for 17O-

labeled gramicidin A (gA) in dimyristoylphosphatidylcholine (DMPC) bilayers when it is 
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positioned parallel and perpendicular to the external magnetic field and determined that 

17O-labeled carbonyl group is involved in the ion-binding process in gA. However, since 

large single crystals can be challenging to obtain, this technique is not very commonly used 

in 17O NMR.  

 

2/ Magic Angle Spinning 

To date, magic-angle spinning (MAS) is still a routinely used technique in 17O 

solid-state NMR after Oldfield and co-workers30,31 demonstrated its use in inorganic solids 

for the first time almost 40 years ago. In solution-state NMR, chemical shift anisotropy, 

dipolar coupling etc., are rarely observed due to the rapid tumbling of the molecules. By 

mechanically rotating the solid sample around an axis tilted at the “magic angle” 54.74° 

with respect to the magnetic field, as depicted in Figure 1.17, the solution-state situation 

can be mimicked as all the first-order (3cos2θ-1) orientation dependent interactions such as 

CSA, heteronuclear dipolar coupling etc., can be averaged out and the spectral resolution 

can then be greatly improved.  
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Figure 1.17 The magic angle spinning experiment. The sample is spun rapidly in a 

cylindrical rotor about a spinning axis oriented at the magic angle (β = 54.74o) with respect 

to the applied magnetic field B0.  

 

Figure 1.18 (a-d) and Figure 1.18 (e) show both the MAS NMR spectra and the 

static spectrum of a uniformly 13C-labeled (10%) glycine powder sample rotating at 

different frequencies. In comparison to the static spectrum, the resolution of the MAS NMR 

spectra is drastically improved. When the sample is rotated at different frequencies, 

the CSA powder line shape is split into many peaks called the sidebands. The difference of 

the frequency between two nearby sidebands is called the MAS frequency. With the 

increase of the MAS frequency, the frequency separation is increased, and the number of 

sidebands is decreased. Figure 1.18 (a) demonstrates that when rotated fast enough (usually 

at least three times bigger than the magnitude of the broadening interaction), as for the 

carboxylic group above 10 kHz, only the isotropic peak is observed. By fitting the 

sidebands, the CSA and the asymmetry parameter can be produced.  
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Figure 1.18 Solid-state 13C NMR spectra (125 MHz) of a uniformly 13C-labeled (10%) 

glycine powder sample; the spectra were acquired under CW 1H decoupling and MAS at 

the given spinning speeds. As the spinning speed decreases the envelope of the spinning 

sidebands begins to resemble the simulated static NMR spectrum e). The figure was 

reproduced from Laws et al.16  

 

For most functional groups in organic molecules, as Figure 1.16 demonstrated, the 

17O quadrupole coupling constants can be quite large (0-20 MHz) and are challenging to 

study with the MAS technique alone since the second order quadrupolar interaction still 

contributes a lot for the linewidth broadening and cannot be removed by MAS. Because 

the second order quadrupole interaction is inversely proportional to the square of the 

applied magnetic field strength, acquiring spectra at higher magnetic fields will 

significantly reduce the line width and thus improves the spectral resolution considerably.19 

Therefore in practice high magnetic fields are usually combined with MAS to reduce the 

second order quadrupolar interactions. Figure 1.19 below shows typical 17O static and 

MAS spectra under a high magnetic field (21.1 T) with various ηQ values, assuming that 
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the sample spinning frequency is much greater than the total width of the static spectra (in 

this case 30 kHz). Under this condition the line widths from MAS spectra is now 

approximately one fifth of those from static spectra. Currently the highest magnetic field 

in the world is 35.2 Tesla from the National High Magnetic Field Laboratory in Florida. 

With such a high magnetic field, combined with MAS, it is now possible that all the 

quadrupolar nuclei can be studied with unprecedented resolution.  

 

 

Figure 1.19 Simulated 17O static and MAS spectra with B0 = 21.1 T, ν0 (17O) = 122.95 

MHz and CQ = 9 MHz. Only Zeeman and second-order quadrupole interactions are 

considered here. 

 



 

27 

 

3/ Cross Polarization 

Another commonly used technique in solid-state NMR is called cross polarization 

(CP). It is utilized to enhance signal intensity for a dilute nucleus X (such as 13C or 15N) by 

transferring the magnetization from abundant spins with large gyromagnetic ratios (such 

as 1H or 19F) via heteronuclear dipolar coupling. Figure 1.20 below shows the pulse 

sequence for a typical CP experiment that involves abundant spin 1H and dilute spin X. An 

initial 1H 90° pulse along the x-axis creates 1H magnetization along the y-axis in the 1H 

rotating frame. After that, a contact pulse that is on resonance is applied simultaneously to 

both spin types along the y-axis. For 1H, the field due to this pulse (along y axis) is known 

as the spin-lock field and is labeled as B1(1H), which maintains the 1H magnetization along 

y-axis. For X, there will also be a concomitant spin-lock field B1 (X) in a rotating frame 

rotating at the 13C radiofrequency pulse frequency. To reach efficient cross polarization, 

the amplitudes of the two contact pulses will be carefully adjusted to achieve the 

Hartmann–Hahn matching condition: 

γHB1(1H) = γXB1(X)  (1.30) 
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Figure 1.20 A typical cross-polarization pulse sequence where X is the dilute spin and 1H 

is the abundance spin. This figure was reproduced from Duer.32 

 

The detailed cross-polarization process is demonstrated in Figure 1.21. The α* and 

β* states are the spin states of the spins in their respective rotating frames in the absence 

of any other interactions. Initially, there is no polarization for spin X as the number of spins 

are the same at both spin states. When the Hartmann–Hahn matching condition is met, the 

energy gaps between the respective rotating frame spin states of 1H and X spins are equal. 

Therefore, the 1H and X magnetization precess in the rotating frame at the same rate and 

the polarization is transferred from 1H to X without net energy change.  

 



 

29 

 

 

Figure 1.21 Explanation of the cross-polarization process between abundant spin 1H and 

dilute spin X. Figure was reproduced from Duer.32  

 

The theoretical signal enhancement factor is γI/ γX, where I is the abundant spin and 

X is the dilute spin. For example, in 1H-13C cross polarization, the theoretical 13C signal 

intensity enhancement is 𝛾H/𝛾C ≈ 4 times. For 17O NMR, the theoretical signal enhancement 

would be γH/γO ≈ 7.4. This kind of signal enhancement usually cannot be achieved in actual 

experiments due to the relaxation of both spin-locked 1H transverse magnetization and the 

developing 13C transverse magnetization during the contact pulses. Another benefit of 

cross-polarization is that the recycle delay (d1) for the dilute spin X can now be 

significantly shortened as in CP experiments, d1 depends on the T1 relaxation of 1H instead 
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of X. This leads to an increased number of scans within the same time frame, and together 

with the increased signal intensity for each scan, a desired S/N ratio can be reached within 

a shorter period. For cross-polarization magic angle spinning (CPMAS), because the spin-

locking process is much more complicated for quadrupolar nuclei (such as 17O) under 

sample spinning conditions, the overall enhancement from 17O CPMAS is very limited and 

thus is not commonly used.  

 

4/ DOR, DAS, MQMAS and STMAS 

As mentioned above, although MAS can average out first order interactions, second 

order spatial anisotropy cannot be eliminated by rotation about a fixed axis or by multiple-

pulse techniques. The spectra can still be quite broad for quadrupolar nuclei such as 17O. 

More techniques thus have been developed to completely average out the second order 

quadrupolar interactions. 

Dynamic-angle-spinning (DAS) and double-rotation (DOR) NMR involve 

spinning a sample around two axes, averaging away both the first-order and second-order 

anisotropy interactions, which are responsible for the main line broadening in solid-state 

NMR. For DAS NMR, since there is only one paper on organic solids reported by Gann et 

al.33 about polycrystalline L-alanine, where they confirmed the distinct properties of the 

two oxygen atoms in the carboxyl group of L-alanine, it will not be further discussed here. 

DOR NMR, on the other hand, is more commonly used. Dupree and co-workers34 used this 

technique to study solid amino acids and were able to successfully differentiate various 

oxygen sites with a 40 times higher resolution than that seen in MAS spectra. A 

representative example for the DOR technique is the work by Wong et al.35 that 
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demonstrates the excellent spectral resolution (< 1 ppm) from DOR experiment with line 

widths comparable to spin-1/2 nuclei, as seen in Figure 1.22. The isotropic resonances were 

determined by comparing spectra obtained with two different outer rotor speeds of 1800 

and 1650 Hz. The spinning sidebands are marked by asterisks (*). Compared to the regular 

MAS spectrum shown in Figure 1.22 (a), there is a 123-fold resolution improvement in the 

DOR spectra seen in Figure 1.22 (b).  

 

 

Figure 1.22 (a) 17O MAS and (b) DOR spectra of monosodium L-glutamate (20% 17O 

atom) with 4800 (red) and 6000 (blue) transients at 14.1 T. This figure was reproduced 

from Wong et al.35  

 

One of the main drawbacks of DAS and DOR techniques, however, is that they 

usually require a special probe. Another commonly used technique is called multi-quantum 
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magic-angle spinning (MQMAS) NMR that can be readily conducted with most 

commercial MAS probes. It is used to obtain high-resolution NMR spectra of quadrupolar 

nuclei and involves creating a triple-quantum (3Q) coherence. The triple-quantum 

transition (m = +3/2 ↔ -3/2) is correlated with the easily observable single-quantum central 

transition (m = +1/2 ↔ -1/2). During the 3Q evolution, the second order quadrupolar 

interaction can be averaged as well. Figure 1.23 shows a typical 17O MQMAS NMR 

spectrum for [2,4-17O]-uracil at 11.75 T. Compared to traditional 17O MAS, the main 

advantage of this technique is that each isotropic peak in the F1 dimension is related to a 

sub-spectrum along the F2 dimension, from which δiso, CQ and ηQ can be estimated.  

 

 

Figure 1.23 2D 17O MQMAS (left) and 1D MAS spectra (top right) for [2,4-17O]-uracil at 

11.75 T. This figure was reproduced from Wu.15 
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Satellite-transition magic angle spinning (STMAS) is another similar technique that 

was developed in 2000 by Gan.36 It is normally the innermost satellite transition (±3/2 ↔ 

±1/2) that are correlated with the central transition (-1/2 ↔ +1/2). Satellite signals are part 

of the first-order quadrupolar coupling broadened NMR spectra for half‐integer 

quadrupolar nuclei. If the MAS frequency is larger than the second-order broadening and 

smaller than the first-order broadening, satellite MAS sideband will appear. Like MQMAS, 

an isotropic one-dimensional spectrum can be obtained from which δiso, CQ and ηQ can be 

estimated. Since all the 17O STMAS studies so far are on inorganic solids37,38, it will not 

be further discussed here.  

 

1.2.5 Quantum Chemical Calculations  

 To better understand the experimental results, quantum chemical calculations are 

usually carried out to determine the sign of the quadrupole coupling constant and the Euler 

angles between both EFG tensor and the shielding tensor. In this thesis, all the calculations 

were conducted using the Density-functional theory (DFT) modeling method with the 

Amsterdam Density Functional (ADF) package.39   

 

1/ The EFG Calculations 

 As mentioned in section 1.2.2, the three principal quadrupole coupling tensor 

components are described as χxx, χyy, χzz, and are related to EFG tensors by: 

χii(MHz) =
e2𝑄Vii

h
= −2.3496 × 𝑄[fm2] ×  Vii[a. u], (i = x, y, z)  (1.31) 
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where Q is the nuclear quadrupole moment of the 17O nucleus (in units of fm2,1 fm2 =10-

30 m2) and the coefficient of 2.3496 arises from unit conversion. The standard value for Q 

(17O) is -2.558 ± 0.022 fm2.15  

When a molecule is in the gas phase, it is usually straightforward to calculate the 

EFG tensors. However, to compare them with the experimental 17O solid-state NMR 

results, intermolecular interactions such as hydrogen bonding and ionic interactions are 

necessary to be included in the model. There are generally two approaches to simulate these 

situations. One is to use a model that includes all the surrounding atoms that participate in 

the interactions with the target atoms both directly and indirectly. For example, this method 

was used to calculate 17O NMR tensors in organic solids containing both hydrogen 

bonding40 and ion-carbonyl interactions.8  The other approach is to treat the entire crystal 

lattice as a periodic system. In this thesis, we used the first approach and followed the work 

of Brinkmann and Kentgens41 for all the 17O EFG calculations.  

 

2/ Chemical Shielding Calculations 

 Since only the absolute chemical shielding values σsample are produced in quantum 

chemical calculations, the absolute shielding scale needs to be established to directly 

compare with the experimental results. In 17O NMR, the signal from a liquid H2O sample 

is used as a reference and the latest σref for 17O NMR is determined to be 287.5 ppm through 

the microwave spectral data for C17O as reported by Wasylishen and Bryce.42 Therefore, 

the 17O chemical shift can be calculated as: 

δ =  287.5 ppm −  σ (1.32) 
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3/ Simulation of 17O NMR spectra for stationary powder sample 

For solid-state 17O NMR, when CQ is large, the satellite transitions are severely 

broadened and very often only the central transition can be observed in practice. Thus, only 

the second-order quadrupolar interaction and the chemical shielding interaction will be 

considered in this thesis. As discussed before, diagonalization of the EFG and shielding 

tensors yields two sets of eigenvectors which relate their respective principal axis systems 

to the cartesian coordinate system. To describe the relative orientation between the two 

tensors, three Euler angles (α, β, γ) are introduced. There are several different conventions 

that are currently used relating these two tensor coordinate systems. Here, we chose to 

follow the convention used by Mehring43 among others. The EFG PAS is chosen to be the 

reference coordinate system. As shown in Figure 1.24, when the three axes from both 

principal axis systems are aligned respectively, the two tensors are viewed as “coincident”. 

Starting with coincident tensor PASs, the angles α, β, and γ describe the rotations of the 

shielding tensor PAS away from the EFG reference PAS: first  the shielding tensor PAS is 

rotated by an angle α about the σ33 direction, followed by rotation of β about the new 

direction of σ22, and then followed by rotation of γ about the new direction of σ33. The 

angle β can be then easily visualized as the angle between the largest components of the 

two tensors, V33 and σ33.  
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Figure 1.24 Explanation of Mehring’s Euler angle convention where EFG PAS is the 

reference coordinate system. This figure was reproduced from Bryce et al.17 

 

Many programs have been developed to simulate 17O NMR spectra, such as 

QUASAR,44 Winfit,45 Simpson,46 Quest,44 WinSolids, etc.47 In this thesis, all the static and 

MAS 17O solid-state NMR data were fitted through the QUASAR module in the program 

called DMFit48 where CSA and second-order quadrupole interactions are considered. For 

DMFit, the following CS and QC tensor definitions are used: CS: |δzz- δiso| ≥ |δxx- δiso| ≥  

|δyy- δiso|, δiso = (δxx+ δxx+ δxx)/3, δaniso = δzz – δiso, ηCS = (δyy-δxx) / (δzz-δiso). QC: χzz = 

(eQ)Vzz/h = (eQ)(Vzz)/h, |Vzz| ≥ |Vxx| ≥ |Vyy|, ηQ = (Vyy-Vxx)/Vzz. The Euler angles are 

defined as the convention used by Mehring43 and are in agreement with definitions used by 

Simpson.46  

 

1.3 Quadrupole Central Transition (QCT) NMR 

Although solid-state NMR can yield a lot of useful information, conducting 

quadrupolar NMR experiments in aqueous solution is still highly desirable, as it would 

enable scientists to directly study the interactions between macromolecules in biological 

systems under physiologically relevant conditions. One method used to get high-resolution 

17O NMR in solution-state is called Quadrupole Central Transition (QCT) NMR. It is a 

technique that particularly focuses on detection of the central transition (CT) signals in 
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liquids.49 It is based on the well-established theories that predict that the transverse 

relaxation process of a half-integer spin exhibits multi-exponential relaxation 

characteristics and that only the CT signal can be detected under the slow motion condition 

(ω0τc >> 1, where ω0 is the angular Larmor frequency of the nucleus under detection and τc 

is the molecular rotational correlation time).50 Compared to the spin-1/2 nuclei, 

quadrupolar nuclei such as 17O display unique relaxation properties such that the linewidth 

narrows with increasing rotational correlation time in the slow isotropic motion.  

Oldfield and Lee51 first reported 17O NMR spectra for C17O NMR signals for C17O 

ligands bound to proteins (peroxidases, myoglobins, and hemoglobins) in aqueous 

solution. However, since the nuclear quadrupole coupling constant (CQ) for C17O is 

extremely small (CQ < 1 MHz), it was not clear whether the multi-exponential relaxation 

properties of 17O can be generalized as a standard method for studying other oxygen-

containing functional groups that usually have much larger CQ values (ca. CQ = 6-20 MHz). 

In 2011, Zhu and Wu9 increased the size limit of molecular systems previously attainable 

by solution 17O NMR by 1000 fold using the QCT method. They showed that 17O QCT 

NMR spectroscopy is applicable even when the quadrupolar coupling constant of the 

molecule is in the range of 5-10 MHz which is typical of many organic compounds.  

One unique feature of QCT NMR is that since the central transition peak position 

is perturbed by a second-order magnetic field dependent frequency shift, the true isotropic 

chemical shift needs to be extracted by measurements at multiple magnetic fields.52,53 This 

field-dependent line shape also allows for the extraction of quadrupole coupling and CSA 

product parameters, PQ and PSA. Another feature for QCT NMR signal is that the effective 
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90o pulse width for the CT signal is I + 1/2 times shorter than that of a conventional 90o 

pulse, and the relative spectral intensity of the CT signal is given by the following equation: 

ICT

Iconventional
=

3

4I(I+1)
 (1.33) 

Therefore, the maximum CT signal for 17O generated by a single RF pulse is only 3/35 ≈ 

8.6% of the total signal intensity under the selective excitation condition according to 

Equation 1.33.  

In 2011, Zhu et al.54 also provided the direct experimental verification of the theory 

of nuclear quadrupole relaxation in liquid over the entire range of molecular tumbling 

motion. They showed that the quadrupole transverse relaxation increases with the 

rotational correlation time (τc) of the molecules in liquids (i. e., the tumbling motion of 

molecules) until it reaches a maximum at τc ≈ 1/ω0. As the molecular motion is further 

slowed down, only the central transition is observed and its transverse relaxation rate 

decreases drastically as τc increases. This is generally true when ω0τc ≈ (ω0/ωQ)2, where ωQ 

is the nuclear quadrupole coupling constant in angular frequency unit (i.e., ωQ = 2πCQ). 

However, previous workers50,55 predicted that, when the molecular motion becomes 

ultraslow (e.g., ω0c > (ω0/ωQ)2), the second-order quadrupole interaction experienced by 

the CT should become a dominant factor for the transverse relaxation rate and thus with 

the increase of c, so does the quadrupole transverse relaxation rate. After that, Wu56 

proposed an approximate analytical expression that can be used to analyze nuclear 

quadrupole transverse relaxation data of any half-integer spin in liquids over the entire 

range including the ultraslow motion range. The proposed equation yields result that are in 

excellent agreement with the exact numerical calculation, making the choosing of most 

optimal condition for getting best resolution more practical. 
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Since then, QCT NMR spectroscopy has gradually become a standard technique to 

obtain high-resolution 17O NMR spectra for large biological micromoles in aqueous 

solution. Mueller and co-workers57 showed how to use 17O QCT NMR as a probe to 

characterize biomolecular systems. They characterized enzymatic intermediates with 

active catalysis, catching kinetically competent intermediates in the act of chemical 

transformation in solution state. Shen et al.19 also reported the variable temperature (VT) 

17O NMR spectra of [5-17O]-D-glucose in aqueous solution and in glycerol at 14.1 T and 

21.1 T with 5 orders of magnitude changes of the molecular rotational correlation time, 

from which the PQ and PSA parameters were obtained. Later, Shen et al.53 also confirmed 

for the first time the cross-correlation between second-order quadrupole interaction and 

magnetic shielding anisotropy by measuring the 17O QCT NMR signals for [17O]-

nicotinamide in glycerol at different magnetic fields under various temperatures.  

In general, QCT NMR is particularly suitable at higher magnetic field as the line 

width from intrinsic T2 is still relatively broad and insensitive to residual field fluctuations 

and inhomogeneity. Figure 1.25 shows the 17O QCT spectra of [3,5,6-17O]-D-glucose in 

glycerol solution at different magnetic fields, which shows the dramatic resolution and 

sensitivity enhancement at the highest magnetic field as 35.2 T using a series-connected 

hybrid (SCH) magnet.21   
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Figure 1.25 17O QCT spectra of [3,5,6-17O3]-D-glucose in glycerol acquired at 270 K with 

2048, 8192 and 20480 scans for 35.2, 28.1 and 18.8 T, respectively, and with 0.01 s recycle 

delay. This figure was reproduced from Gan et al.21  

 

1.4 Why Glucose? 

 Carbohydrates are one of the most important group of biomolecules that contain 

carbon, hydrogen, and oxygen atoms with a ratio of 1:2:1. In general carbohydrates are 

classified into monosaccharides, oligosaccharides, and polysaccharides. They are also one 

of the most abundant storage compounds in plants and are important sources of food and 

fiber for humans and feed for animals.58 Carbohydrates are central to many essential 

metabolic pathways. Plants convert carbon dioxide and water to carbohydrates through 

photosynthesis, and thus store the energy absorbed from sunlight internally; animals and 

fungi use cellular respiration to break down the sugar and use the energy produced.  
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 Among them, glucose is the simplest yet most fundamental molecule. It is the 

simplest form of sugar and plays an important role in human metabolism to maintain our 

living state. Glucose often comes from the breakdown of foods consumed and is absorbed 

into the bloodstream. It is an important energy source needed by all the cells and organs of 

our bodies. For example, brain and muscles both need glucose to function properly. Too 

much glucose in the bloodstream, however, can also bring health problems such as type II 

diabetes. In addition, glucose consumption is currently used as an indicator for cancer 

detection as tumor cells consume much more glucose compared to normal cells in 

biological systems. Both diseases are closely related to the malfunction of glucose 

metabolism. In our research, we will mainly focus on glycolysis, which is the most 

important glucose metabolic pathway.59,60 It is the fundamental metabolic pathway that 

cells utilize energy. During glycolysis, one glucose molecule is broken down into two 

pyruvate molecules, the produced energy is then stored as Adenosine Triphosphate (ATP) 

and Nicotinamide adenine dinucleotide hydrogen (NADH). This process occurs in nearly 

all organisms and happens in the cytosol of the cell. This pathway is anaerobic and consists 

of ten steps, as summarized in Figure 1.26. For the first part, two ATP molecules are 

required to be broken down. In the second part, energy obtained is stored in ATP and 

NADH. The two pyruvate molecules produced are then further oxidized to produce more 

energy in the later processes.  
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Figure 1.26 Key steps in glycolysis. 

 

 When oxygen is available, cells can go through the aerobic respiration and the 

produced pyruvate molecules from glycolysis will be turned into acetyl-CoA which enters 

the citric acid cycle, as shown in Figure 1.27. After the cycle, three molecules of NAD+ are 

converted into three NADH, and one molecule of FAD (Flavin adenine dinucleotide) into 

one FADH2. The NADH and FADH2 generated by the citric acid cycle are then used by 

the oxidative phosphorylation pathway to generate energy-rich ATP.  
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Figure 1.27 Key steps in citric acid cycle. 

   

 When oxygen is absent, lactic acid will be formed in the cytoplasm of animal cells 

after glycolysis. This type of respiration happens when suddenly a large amount of energy 

is required within a short time. Although this process only produces 2 ATP molecules for 

every glucose molecule used, it is much faster. For plants, yeast and other microorganisms, 

fermentation occurs when there is lack of oxygen and these living organisms convert 

glucose into ethanol and carbon dioxide.  

 In the past three decades, there have been many studies of glucose metabolism 

using NMR. A considerable amount of studies focused on enzyme-ligand interactions 

during the metabolism process. For example, in 1990, Kenkare61 used 1H and 31P NMR to 
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investigate the regulation on the inhibition of bovine brain hexokinase by glucose-6-

phosphate. They determined that the binding sites for glucose and glucose-6-phosphate are 

nearly the same in the enzyme. Peters et al.62 in 2009 used the technique of Saturation 

Transfer Difference (STD) NMR to investigate enzyme-ligand interactions in yeast 

hexokinase isoform PII under physiological conditions. The role of the enzyme pyruvate 

dehydrogenase complex in the anaerobic fermentation of glucose was identified by 

Gonzalez63 and his colleagues in 2010 by characterization of wild-type Escherichia coli 

(E. coli) MG1655 and a pyruvate dehydrogenase complex derivative using [U-13C]-

glucose, [1-13C]-glucose and unlabeled glucose via two-dimensional 13C, 1H NMR. In 

2013, Berger’s64 group employed an NMR method related to 2D C-H correlation with an 

additional double quantum filter for 31P spin coupling to follow the reaction kinetics of the 

two anomers of glucose during phosphorylation catalyzed by the enzyme yeast hexokinase 

using [6-13C]-glucose and [U-13C]-glucose. Recently, Abbas et al.65 used 1H and HSQC 

NMR to study the fate of the hydrogen atom at C2 of glucose-6-phosphate (G6P) and C1 of 

fructose-6-phosphate (F6P) in the reaction catalyzed by phosphoglucose isomerase from 

Thermococcus kodakarensis.  

 Researchers also used NMR as a tool to measure brain glucose concentrations in 

humans using [1-13C]-glucose. In 1998, Ugurbil and co-workers66 used in vivo time course 

13C NMR to study the specific activity of glucose in human brain using [1-13C]-glucose at 

4 Tesla. Subsequent label incorporation was measured for glutamate, glutamine, and 

aspartate. They also proposed a model of cerebral glutamate metabolism which predicts 

that glutamatergic action, pyruvate carboxylase flux, TCA cycle activity, glucose 

consumption and exchange across the mitochondrial membrane can be assessed 
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simultaneously in the human brain. Recently, Mishkovsky et al.67 used hyperpolarized 13C 

magnetic resonance spectroscopy (MRS) to measure cerebral glucose metabolism, which 

shows the feasibility about direct detection of glycolysis in vivo.  

 Another area of research was to study diabetes using 13C labeled glucose, which 

was extensively investigated by Shulman and his colleagues.68,69 Some preliminary work 

was carried out in the early 1990s. They initially utilized 13C NMR to monitor the peak 

intensity of C1 resonance of the glucosyl units of hepatic glycogen to determine the effect 

of insulin-dependent diabetes mellitus on rates and pathways of hepatic glycogen synthesis, 

as well as flux through hepatic pyruvate dehydrogenase during a hyperglycemic-

hyperinsulinemic clamp using [1-13C]-glucose. Afterwards, they applied 1H NMR to study 

the brain glucose changes during euglycemia and hyperglycemia, and suggest that glucose 

is distributed throughout the entire aqueous phase of the human brain, implying substantial 

intracellular concentration. In the past two decades,70,71 Shulman’s group has proved that 

by monitoring of liver glycogen in real-time using [1-13C]-glucose with NMR, the 

pathogenesis of hyperglycemia in type 1, type 2 and MODY diabetes can be further 

determined. Later, they also used in vivo 13C/31P NMR and determined the relative 

contributions of glucose transport/hexokinase, glycogen synthase, and glycolysis to the 

control of insulin-stimulated muscle glycogen synthesis with [1-13C]-glucose. In 2017, 

Carvalho and Nogueira72 used 13C NMR isotopomer analysis to evaluate the metabolic 

profile of major salivary glands following the infusion of [U-13C]-glucose in order to define 

the true metabolic character of submandibular and parotid glands at rest and during salivary 

stimulation and to determine the metabolic remodeling driven by diabetes.  
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 NMR has also become a popular tool for profiling metabolites. Sekiyama et al.73 in 

2007 developed a new method for measuring the dynamic metabolic network of crude 

extracts that combines [6-13C]-glucose stable isotope labeling of Arabidopsis thaliana and 

multi-dimensional heteronuclear NMR analysis. They monitored the incorporation profile 

of [6-13C]-glucose into A. thaliana and its metabolic dynamics, which change in a time-

dependent manner with atmospheric 12CO2 assimilation. In 2010, they also developed a 

new approach for monitoring the metabolic dynamics in microbial ecosystems and tracking 

the carbon flux within a microbial community using DNA fingerprinting and metabolome 

analysis using [U-13C]-glucose.74 In the same year, Venema and co-workers75 used [U-

13C]-glucose to selectively profile the human intestinal microbial metabolic products of 

carbohydrate food components, as well as the measurement of the kinetics of their 

formation pathways in a single experiment. Cody and his colleagues76 in 2013 tracked the 

incorporation of 1H and 2H metabolic fluxes into different cellular components of E. coli 

during growth on two sets of media: (1) 10% D2O and non-deuterated glucose and (2) H2O 

and 10% deuterated glucose by using multi-nuclear (1H, 2H, and 13C) solid-state NMR and 

GC-MS. In 2014, Jacob’s group77 performed 1H-13C 2D NMR on Heparan sulfate isolated 

from 13C-glucose metabolic labeling cells and determined both the sulfation and the 

iduronic/glucuronic profiles of the polysaccharide by integrating the peak volumes 

measured at different chemical shifts. Kikuchi and his co-workers78 also used NMR and IR 

to qualitatively examine the Jatropha curcas seeds stored at different conditions and to 

monitor the metabolism of J. curcas during its initial growth state under stable isotope 

labeling condition. Isotopic labeling pattern of metabolites in germinated seedling cultured 
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in 13C-glucose and 15N-nitrate was analyzed by zero-quantum-filtered-total correlation 

spectroscopy (ZQF-TOCSY) and heteronuclear correlation spectroscopy (HETCOR). 

Recently, with the rapid development of NMR techniques, there has been a growing 

interest in using 17O as a probe to study glucose metabolism. For example, Shah and his 

collegues79 showed how the cerebral oxygen metabolism rate was measured using 17O 

MRS/MRI (Magnetic Resonance Imaging) at high magnetic fields. Bock’s group80 used 

the enriched 17O-glucose and dynamic 17O-MRS to investigate glucose metabolism in 

mouse brain, and demonstrated that dynamic 17O-MRS of highly 17O-labeled glucose could 

provide a valuable non-radioactive alternative to 18F-2-fluoro-2-deoxy-D-glucose (18F-

FDG) positron emission tomography (PET). 

 

1.5 Aims of the PhD Thesis Project 

Since many biological processes are directly associated with hydroxyl groups, 17O 

NMR would act as a valuable non-invasive probe for directly studying these activities. In 

our project, we aim to use this non-conventional NMR tool to conduct a comprehensive 

17O NMR study of glucose and other related molecules such as 2-deoxy-glucose, glucose-

6-phosphate and glutamine through 17O-labeling, and to explore the use of these 17O-

labeled compounds as new tracers to monitor metabolism in HeLa cancer cells. In Chapter 

2 detailed experimental procedures to incorporate the 17O isotope in a site-specific fashion 

into glucose, 2-deoxy-glucose, glucose-6-phosphate, and glutamine are described. Their 

respective NMR characterizations are also conducted to confirm the correct structures. In 

Chapter 3 solid-state 17O NMR studies of 17O-labeled glucose and 2-deoxy-glucose are 

reported and the 17O NMR tensor parameters are measured. Chapter 4 investigates the real-
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time effects of insulin, oxygen concentration and glutamine concentration on the glycolysis 

process in live HeLa cells with [6-17O]-D-glucose. Chapter 5 discusses the potential of 17O 

as a probe to study 17O-labeled glucose bound to hexokinase using the QCT NMR 

technique.   
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Chapter 2 

Site-Specific 17O-Labeling of Glucose and Related Molecules 

2.1 Background 

 Considering the significant role oxygen plays in both chemical and biological 

processes, further exploration of oxygen isotope labeling is of fundamental importance. 

Since the isotopes of oxygen are chemically equivalent, all the reactions involving 16O can 

be utilized to incorporate 17O and 18O. Compared with 18O, 17O-enriched compounds are 

much more expensive because of the technical difficulty in enriching 17O from a very low 

natural abundance. For example, according to Cambridge Isotope Laboratories, Inc., one 

gram of 17O-labeled water costs between $388 to $2176 for enrichment levels ranging from 

10% to 70%. As a result, the limiting reagent must be the 17O-enriched starting material 

(such as H2
17O, C17O2, or 17O2) and careful modifications of existing reaction conditions 

are required.  

 Although there are many different methods of isotope labeling, oxygen enrichment 

remains challenging due to its complicated synthetic approaches. So far, very few 

comprehensive reviews have been published on 17O/18O enrichment methods. Kabalka and 

Gerothanassis81,82 summarized the different reaction types for 17O enrichment. 

Gerothanassis and his co-workers83 further reviewed the most significant developments on 

17O and 18O synthetic strategies based on different oxygen-containing functional groups. 

The mostly commonly used methods for 17O-labeling of small organic molecules are 

briefly discussed below:  

 The first method is through nucleophilic substitution reaction which involves the 

substitution of a labeled hydroxide for a labile leaving group such as a halide to prepare 
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simple 17O-labeled alcohols, as illustrated in Figure 2.1. The alcohol can then be 

subsequently oxidized to form a carbonyl derivative: 

 

  

Figure 2.1 Synthetic scheme of nucleophilic substitution reactions. 

 

 The second method is called addition-elimination reaction. This reversible addition 

of water to the electron deficient carbon of a carbonyl group can be carried out under either 

acid or base catalyzed conditions, which can be used to label molecules in the acid, ester, 

acid chloride, and anhydride form, as shown in Figure 2.2. 

 

   

Figure 2.2 Synthetic scheme of addition-elimination reactions. 

 

 The third method is called oxidation reactions. It is a straightforward approach for 

oxygen enrichment which is the simple oxidation reaction between 17O2 and reactive 

substrates. For example, Figure 2.3 shows the work from Kabalka et al.84 that [17O]-O2 can 

react rapidly with organoboranes under very mild condition to produce the corresponding 

17O-labeled alcohols.  
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Figure 2.3 Synthetic scheme of oxidation reactions. 

 

 Another method is called photochemical isotopic enrichment. Kinetic isotope 

effects can be utilized to isotopically enrich either the products or the starting materials due 

to differences in the reaction rate between different isotopes. For example, as described in 

Figure 2.4, Marling85 reported a 27-fold enrichment of 17O-labeled carbon monoxide with 

a neon-22 in laser  based on selective reactivity of 17O in a photodissociation reaction.  

 

    

Figure 2.4 Synthetic scheme of  photochemical isotopic enrichment reactions. 

 

2.2 Site-Specific 17O-Labeling of Glucose 

 For carbohydrates, a basic molecule consists an aldehyde or ketone group and 

hydroxyl groups on all other carbon atoms. Hence, they are also called 

polyhydroxyaldehydes or polyhydroxyketones as their chemistry is essentially the 

chemistry of two functional groups: hydroxyl and carbonyl. In the cyclic form of 

carbohydrates, there are three major types of oxygen atoms: hydroxyl oxygen, ring oxygen, 

and glycosidic oxygen. The oxygen enrichment of monosaccharides plays an important 

role as substrates in metabolic-tracer experiments,86 for studying 17O NMR parameters,87 

and kinetics and mechanisms of structural rearrangements.88 Introduction of oxygen 

isotopes into carbohydrates is usually carried out using a hydration/reduction strategy. As 
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illustrated in Figure 2.5, a protected monosaccharide bearing an aldehyde or ketone is 

treated with H2
17O or H2

18O to provide the labeled molecule, which is then converted to 

the alcohol by reduction.  

 

  

Figure 2.5 Synthetic scheme of 17O enrichment of carbohydrates with 17O-labeled water.89 

 

For example, Follmann and Hogenkamp90 synthesized a series of [18O]-containing 

hexoses and pentoses through the uncatalyzed hydration between H2
18O and a keto sugar 

that forms a gem-diol group to the carbonyl oxygen. Followed by reduction with NaBH4 

gives the 18O-labeled alcohol. They also prepared [2′-18O]-adenosine, [3′-18O]-adenosine 

and their phosphates from the above labeled D-ribose derivatives as outlined in Figure 2.6 

(a-c). Later Gorin and Mazurek87 described the synthesis of 17O-enriched monosaccharide 

derivatives by exchange reactions between H2
17O and the carbonyl oxygen of the 

appropriate aldehydes, ketones, or reducing sugars. Labeled alcohol was also obtained 

through reduction with NaBH4, as illustrated in Figure 2.6 (d). Clark and Barker91 also used 

the exchange between H2
18O and the carbonyl oxygen to produce multi-oxygen-enriched 

aldoses or ketoses at various sites through molybdate-resin catalyzed fragment inversion 

and subsequent epimerization between the first two carbon atoms of monosaccharides 

combined with chain extension using cyanide addition, as displayed in Figure 2.6 (e).  
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Figure 2.6 Synthesis of labeled sugars by oxygen exchange. The scheme was reproduced 

from Theodorou et al.83  

 

 These approaches suffer from the following disadvantages: firstly, the exchange 

process requires a large excess of expensive 17O-labeled water, which must be recovered 

after the hydration step such as by condensation into a cold trap. Secondly, stereoisomeric 

mixtures are obtained after reduction of the carbonyl and must be separated.  

 Many other alternative techniques were attempted as well by previous researchers. 

For example, as shown in Figure 2.7, Korth et al.92 used 1,2-acyloxyl rearrangement to 

migrate the 18O label introduced through [18O]-benzoyl chloride on O-2 of  1,3,4,6-tetra-

O-acetyl-glucopyranose to O1 on product 3,4,6-tri-O-acetyl-2-deoxy-1-O-benzoyl-[18O]-

α-D-glucopyranose.  
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Figure 2.7 Introduction of oxygen isotope into carbohydrates. The scheme was reproduced 

from Theodorou et al.83 

 

 Indurugalla and Bennet93 explored the syntheses of [1-18O] and [5-18O] α-anomers 

and β-anomers, methyl xylopyranosides, and thioxylopyranosides through nucleophilic 

substitution with 18O enriched methanol and sodium acetate. Their reaction schemes are 

shown in Figure 2.8.  

     

 

Figure 2.8 Synthetic scheme of enriched glucosides. The scheme was reproduced from 

Theodorou et al.83 

  

 Souza and Lowary89 introduced oxygen isotopes into both mono- and disaccharides 

through nucleophilic substitution with either Mitsunobu reaction or triflate displacement, 

as explained in Figure 2.9. The nucleophile used was either 17O-labeled benzoic acid or its 

sodium salt. The advantage of this approach is that the reaction is stereoselective and 



 

55 

 

irreversible. In addition, only a slightly more than stoichiometric amount of the labeling 

species was required. The yield around 90% also makes it a much more efficient method 

compared to previous approaches.  

 

         

Figure 2.9 Synthetic scheme of 17O enrichment of carbohydrates using nucleophilic 

substitution. The scheme was reproduced from D’Souz et al.89 

 

2.2.1 Experimental Details 

 In this thesis, we mainly followed Lowary’s method89 to introduce oxygen isotopes 

into glucose at both primary and secondary centers due to its excellent yield and much 

lower requirement of 17O-labeled starting material. It is well known that in aqueous 

solution, glucose is always in equilibrium among several forms including the chain form, 

two pyranose forms (α and β) and two furanose forms (α and β) through the opening and 

closing of the ring, with pyranose form being predominate, as shown in Figure 2.10. Due 

to this property, O1 exists as both hydroxyl and aldehyde group, while O5 exists as both 
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ether and hydroxyl group, which means hydration/reduction would be a great method to 

firstly label them.  

 

   

Figure 2.10 Equilibrium of glucose in aqueous solution. 

 

1/ Hydration/Reduction Method 

(a) Synthesis of [1-17O]-D-glucose (1I) 

 [1-17O]-D-glucose was synthesized in three steps as shown in Figure 2.11. First, the 

17O was introduced through the exchange process between glucose anomeric hydroxyl 

group and the 17O-labeled water (40% 18O, 40% 17O and 20% 16O), followed by the 

dehydration of the open chain form glucose. Finally, the open chain form is equilibrated 

back to the more stable pyranose form. The hydration of the open chain form with 17O 

water is the rate determining step. The synthetic details are explained below.  

 

 

Figure 2.11 Synthetic scheme of [1-17O]-D-glucose (1I). 
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 In an NMR tube, natural abundance D-glucose (150 mg, 0.83 mmol) was dissolved 

in 0.2 mL H2
17O (40% 17O, purchased from Cambridge Isotope Laboratories). After being 

left at 40 oC for 2 days, 17O NMR showed that the exchange process was complete. The 

mixture was evaporated to give syrup 1I (125 mg, 0.65 mmol, yield 83%). 17O NMR (67.7 

MHz, D2O): δ = 47 (β form), 37 (α form), 0 ppm (D2O). 

 

(b) Synthesis of [5-17O]-D-glucose 

 [5-17O]-D-glucose was synthesized in four steps as illustrated in Figure 2.12. First, 

1,2-O-isopropylidene-D-glucofuranurono-6,3-lactone was oxidized to 1,2-O-

isopropylidene-D-xylo-hexofuranurono-6,3-lactone-5-ulose hydrate (5I) by chromium 

trioxide.94 Second, the 17O-labels were introduced to 5I to form [5,5-17O2]-5I via an 

equilibrium process between the 5-keto and 5,5-gem-diol derivatives in methanol/H2
17O. 

Third, [5,5-17O2]-5I was reduced with NaBH4 to 1,2-O-isopropylidene-[5-17O]-α-D-

glucofuranose (5II).95 Fourth, removal of the protecting group led to the formation of [5-

17O]-D-glucose (5III).96 The synthetic details are given below. 

 

 

Figure 2.12 Synthetic scheme of [5-17O]-D-glucose (5III). 
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1,2-O-isopropylidene-D-xylo-hexofuranurono-6,3-lactone-5-ulose hydrate (5I)94  

CrO3 (3.5 g, 35 mmol, Sigma Aldrich) was slowly added over 10 minutes to a solution of 

1,2-O-isopropylidene-D-glucofuranurono-6,3-lactone (3.8 g, 18 mmol, Alfa Aesar) in 

ethyl acetate (50 mL) with stirring. The dark red solution was stirred at room temperature 

for two days to result in a black slurry reaction mixture. The reaction mixture was filtered 

under vacuum and the black cake was further washed with hot ethyl acetate (15 mL). After 

decoloring with activated carbon, the clear filtrate was evaporated to dryness. The white 

solid was dissolved in ethyl acetate (30 mL) and then hexane (10 mL) was added to 

precipitate white solid 5I (4.0 g, 17.2 mmol, yield: 96%). 1H NMR (300 MHz, DMSO-d6): 

δ = 7.49 and 7.33 (s, gem-OH), 5.97 (H-1, d, J1,2 = 3.5 Hz, 1H), 4.83 (H-2, d, J1,2 = 3.5 Hz, 

1H), 4.87 (H-3, d, J3,4 = 2.8 Hz, 1H), 4.40 (H-4, d, J3,4 = 2.8 Hz, 1H), 1.39 (Me, s, 3H), 1.24 

(Me, s, 3H). 13C NMR (75.0 MHz, DMSO-d6): δ = 172.80, 112.53, 106.72, 93.60, 82.35, 

82.19, 82.13, 27.16, and 26.84 ppm. 

 

Exchange process of [5,5-17O2]-5I 

 1,2-O-isopropylidene-D-xylo-hexofuranurono-6,3-lactone-5-ulose hydrate (II) 

(220 mg, 0.950 mmol) was dissolved in 8 mL methanol and 160 L H2
17O (40% 17O atom, 

purchased from CortecNet), to which 5 grains of Amberlite-IR 120 (H+) resins were added. 

The solution was left at room temperature for 5 days, during which 17O NMR was used 

periodically to monitor the equilibrium process. 17O NMR (67.7 MHz, methanol-d4): δ = 

57, 46, 0 ppm (water) and -22 ppm (methonal). 
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1,2-O-isopropylidene-α-D-[5-17O]-glucofuranose (5II)95  

 To a solution of [5,5-17O2]-5I (220 mg, 0.950 mmol) in 8 mL methanol (directly 

from Step 2), a solution of sodium borohydride (150 mg, 3.96 mmol, Sigma Aldrich) in 

methanol (5 mL) was added dropwise. After 40 min, the solution was neutralized with 

Amberlite-IR 120 (H+). The residue was treated several times with methanol to remove 

borate. The white solid (190 mg) was then further recrystallized from ethyl acetate to give 

5II (103 mg, 0.47 mmol, yield: 49%). 1H NMR (600 MHz, methanol-d4,): δ = 5.87 (H-1,d, 

J1,2 = 3.6 Hz, 1H), 4.48 (H-2, dd, J1,2 = 3.6 Hz, J2,3 < 0.1Hz, 1H), 4.21 (H-3, dd, J3,4 = 2,62 

Hz, J 2,3 < 0.1 Hz, 1H ), 4.02 (H-4, dd, J3,4 = 2.62 Hz, J4,5 = 8.38 Hz, 1H), 3.89 (H-5, ddd, 

J4,5 = 8.38 Hz, J5,6b = 6.0 Hz, J5,6a = 3.16 Hz, 1H), 3.76 (H-6a, dd, J5,6a = 3.16 Hz, J6a,6b = 

11.53 Hz, 1H), 3.60 (H-6b,dd, J5, 6b = 6.0 Hz, J6a,6b = 11.53 Hz, 1H), 1.45 (Me, s, 3H), 1.31 

(Me, s,3H); 13C NMR (150 MHz, methanol-d4,): δ = 112.72, 106.15, 86.44, 81.13, 75.32, 

70.51, 65.71, 27.30, 26.03 ppm. 17O NMR (81.4 MHz, methanol-d4): δ = 3, -37 ppm 

(MeOD). 

 

[5-17O]-D-glucose (5III)96  

 A mixture of 1,2-O-isopropylidene-α-D-[5-17O] glucofuranose (5II) (103 mg, 0.470 

mmol) and 4 mL of 0.1 M HCl was heated at 80 oC for 1 h. The solution was then 

neutralized with AmberLite A26 OH- resin. The solution was evaporated to dryness to give 

syrup 5III (80.0 mg, 0.44 mmol, yield: 94%). 1H NMR (300 MHz, D2O): δ = 5.32 (αH-1), 

4.74 (βH-1), multiple peaks from 3.5-4 ppm. 13C NMR (75.0 MHz, D2O): δ = 96.05 (αH-

1), 92.18 (βH-1), 75.89, 75.70, 74.08, 72.72, 71.40, 69.58, 60.72, 60.56 ppm. 17O NMR 

(67.7 MHz, D2O): δ = 62, 0 ppm (D2O). 
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2/ Nucleophilic Substitution 

 For both primary and secondary hydroxyl groups (O2, O3, O4, O6), 17O was 

incorporated into the corresponding protected epimer starting materials through 

nucleophilic substitution via either triflate displacement route or Mitsunobu reaction with 

SN2 mechanism in excellent yield.97 17O-labeled benzoic acid was prepared by heating 

benzotrichloride in 40% H2
17O at 100 oC overnight, as illustrated in Figure 2.13.96 The 

detailed processes are explained below. 

 

    

Figure 2.13 Synthetic scheme of [17O]benzoic acid. 

 

In a high-pressure tube with Teflon cap was added 1.25 g (6.4 mmol) of 

benzotrichloride and 0.5 g (26.3 mmol) of [17O]-H2O with a stirring bar. The mixture was 

heated at 100 oC for 24 hr. Light yellow solid crystalline was formed once cooled down 

and a large amount of vapor was released when the cap was opened. The reaction mixture 

was transferred to a round bottom flask and was dried under reduced pressure. It was then 

dissolved in around 8 mL 1 M NaOH basic solution. Then 12 M HCl (aq) was added 

dropwise until no further solid appeared. The solid was filtered under vacuum and 700 mg 

(5.74 mmol) white crystal solid was obtained. Yield: 90%. 17O NMR (54.24 MHz, CDCl3, 

δ): δ = 249 ppm.  
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(A) Triflate Displacement Route 

 The synthesis of [2-17O]-D-glucose, [3-17O]-D-glucose and [4-17O]-D-glucose 

involved triflate displacement route. First, two well protected C-2, C-3 and C-4 glucose 

epimer derivatives were selected as starting materials. The 17O atoms were introduced 

using 17O-labeled sodium benzoate.89 All the acetoxy and benzoyl protecting groups were 

removed under basic condition and the methoxy group was removed under acidic condition 

(see Figures 2.14-2.16).97  

 

(a) Synthesis of [2-17O]-D-glucose (2I) 

  

Figure 2.14 Synthetic scheme of [2-17O]-D-glucose (2II). 

 

1,3,4,6-Tetra-O-acetyl, [2-17O]-benzoyl-beta-D-mannopyranose (2I)89 

 In a 100 mL flask added with 1,3,4,6-tetra-O-acetyl-beta-D-mannopyranose (174 

mg, 0.5 mmol) and anhydrous pyridine (20 mL). After fully dissolved, Tf2O (0.17 mL, 1 

mmol) was added into the solution at 0 oC and stirred for an hour. The solution became 

pale yellow. DCM (20 mL) was then added to dilute the solution and the mixture was 

washed with ice cold 5% HCl and cold water, and dried using Na2SO4. The concentrated 

oil was later dissolved in DMF (20 mL) added with 17O-labeled sodium benzoate (88 mg, 

1.2 mmol) and stirred for 12 h. The mixture was then diluted with DCM, washed with 
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water, saturated NaHCO3, and NaCl, and then concentrated to dryness. The mixture was 

later re-dissolved in minimum amount of DCM and column chromatography (Hexane: 

EtOAc = 3: 1) was run to give the product 2I (194 mg, 0.32 mmol, yield: 90%). 1H NMR 

(400 MHz, CDCl3-d): δ = 8.00 (d, J= 7.65 Hz,2H, aromatic), 7.61 (t, J= 7.65 Hz, 1H, 

aromatic), 7.48 (d, J=7.65 Hz, 2H, aromatic), 5.91 (H-1, d, J1,2 = 7.82 Hz, 1H), 5,46 (H-2, 

H-5, m, 2H), 5.23 (H-3, t, J3,2 = J3,4 = 9.01 Hz, 1H), 4.35 (H-6a, dd, J6a,5 = 4.42 Hz, JH6a,6b 

= 12.38 Hz, 1H), 4.16 (H-6b, dd, JH6a,6b =12.38 Hz, J5,6b = 1.81 Hz, 1H), 3.94 (H-4, m, 1H), 

2.14 (Me, s, 3H), 2.06 (Me, s, 6H), 1.95 (Me, s, 3H). 13C NMR (100 MHz, CDCl3-d): δ = 

170.61, 170.01, 169.39, 164.90, 133.69, 129.87, 128. 60, 91.90, 72.93, 72.58, 70.63, 67.85, 

61.55, 20.76, 20.71, 20.57, 20.49 ppm. 17O NMR (54 MHz, CDCl3-d): δ = 342, 152 ppm.  

 

D-[2-17O]-glucose (2II)97 

 All the product 2I was dissolved into methanol (20 mL), NaOMe powder (30 mg, 

0.56 mmol) was added and the mixture was stirred for 3 hours and then neutralized using 

Amberlite IR 120 H+ and then filtered. The solution was dried to give syrup product 2II 

(65 mg, 0.36 mol, yield: 84%). 17O NMR (54 MHz, D2O): δ = 10, 0 ppm (D2O). 

 

(b) Synthesis of [3-17O]-D-glucose (3III) 

 

 

Figure 2.15 Synthetic scheme of [3-17O]-D-Glucose (3III). 
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[3-17O]-Benzoyl-1, 2-O-isopropylidene-α-D-glucofuranose (3I)89 

 In a 100 mL flask added with 1,2:5,6-Di-O-isopropylidene-α-D-allofuranose (260 

mg, 2 mmol) and 20:1 DCM/anhydrous pyridine solvent (50 mL). After fully dissolved, 

Tf2O (0.68 mL, 4 mmol) was added into the solution at 0 oC and stirred for an hour. The 

solution became pale yellow. DCM (50 mL) was then added to dilute the solution and then 

the mixture was washed with ice cold 5% HCl, cold water and dried using Na2SO4. After 

that, the mixture was dissolved in DMF (50 mL) and 17O-labeled sodium benzoate (432 

mg, 3 mmol) was added, and the mixture was stirred for 12 h. The mixture was then diluted 

with DCM, washed with water, saturated NaHCO3, and NaCl, and then concentrated to 

dryness. The mixture was then re-dissolved in minimum amount of DCM and column 

chromatography (Hexane: EtOAc = 3: 1) was run to give the product 3III (500 mg, 1.37 

mmol, yield: 69%). 1H NMR (400MHz, CDCl3-d): δ = 8.03 (m, 2H, aromatic), 7.60 (m, 

1H, aromatic), 7.47 (m, 2H, aromatic), 5.96 (H-1, d, J1,2 = 3.6 Hz, 1H), 5,52 (H-3, d, J3,4 = 

2.7 Hz, 1H), 4.64 (H-2, d, J2,1 = 3.6 Hz, 1H), 4.34 (H-4, H-5, m, 2H), 4.11 (H-6a, H-6b, m, 

2H), 1.56 (Me, s, 3H), 1.43 (Me, s, 3H), 1.33 (Me, s, 3H), 1.28 (Me, s, 3H); 17O NMR (54 

MHz, CDCl3-d): δ = 340 ppm, 151 ppm (Benzoyl group). 

 

[3-17O]-1,2;5,6-Di-O-isopropylidene-α-D-glucofuranose (3II)89  

 All the product from previous step was dissolved in methanol (30 mL), and NaOMe 

powder (30 mg, 0.56 mmol) was added. The mixture was stirred for 2 hours and then 

neutralized using H+ resin and then filtered, dried to give 3II (340 mg, 1.31 mmol, yield: 

96%). 1H NMR (300MHz, CDCl3-d): δ= 5.92 (H-1, d, J1,2 = 3.56 Hz, 1H), 4.51 (H-2, d, 

J2,1 =3.56 Hz, 1H), 4.30 (H-3, H5, m, 2H), 4.14 (H-6a, dd, J6a,6b = 8.62 Hz, J6a,5 = 6.40 Hz, 
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1H), 4.08 (H-4, dd, J3,4 = 7.63 Hz, J4,5 = 2.71 Hz, 1H), 3.99 (H-6b, dd, J6a,6b = 8.62 Hz, J6b,5 

= 5.42 Hz, 1H), 1.48 (Me, s, 3H), 1.43 (Me, s, 3H), 1.35 (Me, s, 3H), 1.30 (Me, s, 3H); 17O 

NMR (400 MHz, CDCl3-d): δ = 0.58 ppm, -37 (methanol). 

 

[3-17O]-D-glucose (3III’)96 

 A mixture of [3-17O]-1,2;5,6-Di-O-Isopropylidene-α-D-glucofuranose (340 mg, 

1.31 mmol) and 5 mL of 0.1 M HCl was heated at 80 oC for 1 h. The mixture was then 

neutralized with OH- resin. The solution was evaporated to dryness, it was then re-

dissolved in minimum ethanol and evaporated to dryness for several times until all the 

water was removed to give powder form glucose 3III (112 mg, 0.62 mmol, yield: 47%). 

17O NMR (54 MHz, D2O): δ= 13, 0 ppm (D2O). 

 

(c) Synthesis of [4-17O]-D-glucose (4III) 

 

Figure 2.16 Synthetic scheme of [4-17O]-D-glucose (4III). 

 

[4-17O]-Methyl 2,3,4,6-tetra-O-benzoyl-α-D-glucopyranoside (4I)89 

 In a 100 mL flask added with methyl 2,3,6-tri-O-benzoyl-α-D-galactopyranoside 

(126.5 mg, 0.25 mmol) and 20:1 DCM: pyridine (10 mL). After fully dissolved, 

trifluoromethanesulfonic anhydride (Tf2O, 0.08 mL, 0.5 mmol) was added into the solution 

at 0 oC and stirred for an hour. The solution became pale yellow. DCM (20 mL) was then 
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added to dilute the solution and then the mixture was washed with ice cold 5% HCl and 

then cold water and dried using Na2SO4. After that, the mixture was dissolved in DMF (10 

mL) and 17O-labeled sodium benzoate (44 mg, 0.3 mmol) was added, and the mixture was 

stirred for 12 h. The mixture was then diluted with DCM, washed with water, saturated 

NaHCO3, and NaCl, and then concentrated to dryness. The mixture was then re-dissolved 

in minimum amount of DCM and column chromatography (Hexane: EtOAc = 3:1) was run 

to give product 4I (130 mg, 0.21 mmol, 84%). 1H NMR (500 MHz, CDCl3-d): δ = 7.76 (m, 

8H), 7.15 (m, 12H), 5.99 (H-3, dd, J3,2 = J3-4 = 9.9 Hz, 1H), 5.49 (H-4, dd, J4,3 = J4,5 = 9.9 

Hz, 1H), 5.08 (H-2, dd, J2,1 = 3.34 Hz, J2,3 = 9.9 Hz ), 5.28 (H-1, d, J1,2 = 3.34 Hz, 1H), 4.42 

(H-6a, dd, J6a,6b = 11.71 Hz, J6a,5 = 2.25 Hz, 1H), 4.30 (H-6b, dd, J6a,6b = 11.71 Hz, J6b,5 = 

5.41 Hz, 1H), 4.26 (H-5, m, 1H), 3.29 (OMe, s, 3H) . 17O NMR (67 MHz, CDCl3-d): δ = 

336 ppm, 149 ppm (Benzoyl group). 

 

[4-17O]-Methyl-α-D-glucopyranoside (4II)97 

 All the [4-17O]-methyl-2,3,4,6-tetra-O-benzoyl-α-D-glucopyranoside (130 mg, 

0.21 mmol) was dissolved in MeOH (20 mL), NaOMe powder (15 mg, 0.27 mmol) was 

added. The mixture was stirred for 1 h. After that, H+ resin was added to acidify the mixture 

and the mixture was concentrated to give 4II (40 mg, 0.21 mmol, yield: 98%). 1H NMR 

(300 MHz, D2O): δ = 4.62 (H-1, d, J1,2 = 3.47 Hz, 1H), 3.74 (H-6a, dd, J6a,5 = 1.44 Hz, J6a,6b 

= 12.09 Hz, 1H), 3.62 (H-6b, dd, J6b,5 = 5.41 Hz, J6a,6b = 12.09 Hz, 1H), 3.52 (H3, H-5, m, 

2H), 3.43 (H-2, dd, 1H), 3.29 (OMe, s, 3H), 3.27 (H-4, m, 1H); 17O NMR (54 MHz, D2O): 

δ = 11, 0 ppm (D2O). 
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[4-17O]-D-glucose (4III) 

 40 mg of [4-17O]-methyl-α-D-glucopyranoside was dissolved in 1 mL D2O and 20 

grains of H+ resin. The reaction mixture was heated at 90 oC for three days and neutralized 

to give syrup form glucose 4III (38 mg, 0.21 mmol, yield: 100%). 17O NMR (54 MHz, 

D2O): δ = 8, 0 ppm (D2O). 

 

(B) Mitsunobu Reaction 

 For [3-17O]-D-glucose and [6-17O]-D-glucose, 1,2:5,6-di-O-isopropylidene-α-D-

allofuranose, 1,2-O-isopropylidene-α-D-glucofuranose and 1-methyl-2-deoxy-glucose 

were chosen as the starting materials. The 17O was introduced through Mitsunobu reaction 

using 17O-labeled benzoic acid.97 The benzoyl group was deprotected under basic 

condition.97 Next, the protecting groups were removed either under acidic conditions.96 The 

furanose form of glucose was spontaneously equilibrated to the more stable pyranose forms 

in aqueous solution (see Figures 2.17-2.18).  

 

(a) Synthesis of [3-17O]-D-glucose (3III’) 

 

 

Figure 2.17 Synthetic scheme of [3-17O]-D-glucose (3III’). 

 

 



 

67 

 

[3-17O]-Benzoyl-1, 2-O-isopropylidene-α-D-glucofuranose (3I’)97 

 In a 100 mL flask added with 1,2:5,6-Di-O-isopropylidene-α-D-allofuranose (260 

mg, 2 mmol) and anhydrous THF (50 mL). After fully dissolved, 17O-labeled BzOH (366 

mg, 3 mmol), PPh3 (1048 mg, 4 mmol) was added. Then it was treated with (0.64 mL, 4 

mmol) DEAD dropwise in 0 oC with ice-bath. The mixture was stirred for 24 h at room 

temperature. TLC plate analysis shows four points (the second one is the product) in eluent 

(hexane/EtAc 1:1, v/v), the mixture was then re-dissolved in 4 mL DCM and column 

chromatography (Hexane: EtAc = 20:1 to 8:1) was run to give product 3I’ (325 mg, 0.89 

mmol, yield: 45%). 1H NMR (400MHz, CDCl3-d): δ=8.03 (m, 2H, aromatic), 7.60 (m, 1H, 

aromatic), 7.47 (m, 2H, aromatic), 5.96 (H-1, d, J1,2 = 3.6 Hz, 1H), 5,52 (H-3, d, J3,4 = 2.7 

Hz, 1H), 4.64 (H-2, d, J2,1 = 3.6 Hz, 1H), 4.34 (H-4, H-5, m, 2H), 4.11 (H-6a, H-6b, m, 

2H), 1.56 (Me, s, 3H), 1.43 (Me, s, 3H), 1.33 (Me, s, 3H), 1.28 (Me, s, 3H); 17O NMR (54 

MHz, CDCl3-d): δ = 340 ppm, 151 ppm (Benzoyl group). 

 

[3-17O]-1,2;5,6-Di-O-isopropylidene-α-D-glucofuranose (3II’)97 

 All the first step products were then treated with NaOH in MeOH (~ 0.5 M, ~ 10 

mL) and was stirred for 1 h. The mixture was concentrated to 1 mL and then CHCl3 (10 

mL) and water (4 mL) was added. The organic phase was separated, and the water phase 

was further extracted twice (10 mL×2) with CHCl3. The mixture then became white 

product 3II’ (220 mg, 0.85 mmol, yield: 95%). 1H NMR (300MHz, CDCl3-d): δ= 5.92 (H-

1, d, J1,2 = 3.56 Hz, 1H), 4.51 (H-2, d, J2,1 =3.56 Hz, 1H), 4.30 (H-3, H5, m, 2H), 4.14 (H-

6a, dd, J6a,6b = 8.62 Hz, J6a,5 = 6.40 Hz, 1H), 4.05 (H-4, dd, J3,4 = 7.63 Hz, J4-5 = 2.71 Hz, 

1H), 3.99 (H-6b, dd, J6a,6b = 8.62 Hz, J6b,5 = 5.42 Hz, 1H), 1.48 (Me, s, 3H), 1.43 (Me, s, 
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3H), 1.35 (Me, s, 3H), 1.30 (Me, s, 3H); 17O NMR (400 MHz, CDCl3-d): δ=1 ppm, -37 

(methanol). 

 

[3-17O]-D-glucose (3III’)96 

 A mixture of 3-17O-1,2;5,6-di-O-isopropylidene-α-D-glucofuranose (220 mg, 

85%) and 5 mL of 0.1 M HCl was heated at 80 oC for 1 h. The mixture was then neutralized 

with OH- solution. The solution was evaporated to dryness to give colorless syrup 3III’ 

(150 mg, 0.83 mmol, yield: 98%). 17O NMR (54 MHz, D2O): δ= 13, 0 ppm (D2O). 

 

(b) Synthesis of [6-17O]-D-glucose (6III) 

 

Figure 2.18 Synthetic scheme of [6-17O]-D-glucose (6III). 

[6-17O]-Benzoyl-1,2-O-isopropylidene-α-D-glucofuranose (6I)97  

 In a 100 mL flask added with 1,2-O-isopropylidene-α-D-glucofuranose (330 mg, 

1.50 mmol, Sigma Aldrich) and 24 mL anhydrous THF. After fully dissolved, 17O-labeled 

BzOH (193 mg, 1.58 mmol), PPh3 (786 mg, 3.00 mmol, Sigma-Aldrich) was added. Then 

it was treated with diethyl azodicarboxylate (0.480 mL, 3.00 mmol, Alfa Aesar) dropwise 

in 0 oC with ice-water bath. The mixture was then stirred for 48 h at room temperature. 

TLC plate analysis [5:95, (v/v) MeOH/CH2Cl2] showed the reaction was complete. The 

mixture was evaporated, and the crude residue was purified by column chromatography 

(9:91 (v/v) MeOH/CH2Cl2) to afford the white solid 6I (400 mg, 1.23 mmol, yield: 82%). 
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1H NMR (300 MHz, DMSO –d6): δ = 7.55-8.01 (m, 5H, Ar-H), 5.82 (H-1, d, 1H, J1,2 = 3.6 

Hz), 5.29 (OH, d, 1H, J = 5.0 Hz), 5.20 (OH, d, 1H, J = 5.7 Hz), 4.43 (H-6, dd, 1H, J5,6 = 

1.9 Hz, J6,6’ = 11.3 Hz), 4.42 (H-2, d, 1H), 4.22 (H-6’, dd, 1H, J5,6’ = 5.5 Hz, J6,6’ = 11.3 

Hz), 4.08 (H-4, dd, 1H, J3,4 = 2.3 Hz, J4,5 = 4.9 Hz), 4.04 (H-5, m, 1H), 4.02 (H-3, d, 1H), 

1.37 (s, 3H, CH3), 1.27 (s, 3H, CH3).  

 

1, 2-O-Isopropylidene-α-D-[6-17O]-glucofuranose (6II)97  

 A solution of NaOMe in MeOH (~ 0.5 M, ~ 4 mL) was added to [6-17O]-benzoyl-

1,2-O-isopropylidene-α-D-glucofuranose (6I) (400 mg, 1.23 mmol). The mixture was 

stirred for 1 h until it was shown by TLC analysis [5:95, (v/v) MeOH/CH2Cl2] that the 

reaction was complete. After that, the reaction mixture was neutralized by about 3 mL 

Amberlite H+ (1.8 meq/mL) and was filtered and concentrated. Later the residue was 

purified by another column chromatography [7:93, (v/v) MeOH/CH2Cl2] to give the white 

solid product 6II (257 mg, 1.17 mmol, yield: 94%). 1H NMR (600 MHz, methanol-d4): δ 

= 5.87 (H-1, d, J1,2 = 3.6 Hz, 1H), 4.48 (H-2, dd, J1,2 = 3.6 Hz, J2,3<0.1 Hz, 1H), 4.21 (H-3, 

dd, J3,4 = 2.62 Hz, J 2,3 < 0.1 Hz, 1H), 3.90 (H-4, dd, J3,4 = 2.62 Hz, J4,5= 8.38 Hz, 1H), 3.75 

(H-5, ddd, J4,5 = 8.38 Hz, J5, 6b = 6.0 Hz, J5,6a = 3.16 Hz, 1H), 3.61 (H-6a, dd, J5,6a = 3.16 

Hz, J6a,6b = 11.53 Hz, 1H), 3.57 (H-6b, dd, J5, 6b = 6.0 Hz, J6a,6b = 11.53 Hz, 1H); 13C NMR 

(150 MHz, methanol-d4): δ = 112.67, 106.33, 86.50, 81.28, 75.35, 70.34, 65.13, 26.99, 

26.28 ppm. 17O NMR (54 MHz, methanol-d4): δ = -15 ppm, -37 ppm (MeOD). 
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[6-17O]-D-glucose (6III)96  

 A mixture of 1,2-O-isopropylidene-α-D-[6-17O]-glucofuranose (6II) (257 mg, 1.17 

mmol) and 5 mL of 0.1 M HCl was heated at 80 oC for 1 h. The solution was then 

neutralized with OH- resin. The solution was evaporated to dryness to give syrup 6III (180 

mg, 1.00 mmol, yield: 85%). 1H NMR (300 MHz, D2O): δ = 5.32 (αH-1), 4.74 (βH-1), 

multiple peaks from 3.5-4 ppm. 13C NMR (75.0 MHz, D2O): δ = 96.05 (αH-1), 92.18 (βH-

1), 75.89, 75.70, 74.08, 72.72, 71.40, 69.58, 60.72, 60.56 ppm. 17O NMR (67.7 MHz, D2O): 

δ = -7, 0 ppm (D2O). 

 

2.2.2 Solution-State 17O NMR Characterizations of Intermediates and Final 

Products 

 In order to get the final white powder form of the glucose, all the glucose syrup 

samples were finally purified through silica gel chromatography with dichloromethane 

containing increasing amount of methanol (7.5% to 20%).67 After combining all the 

fractions, a colorless syrup was obtained. It was then further dissolved in ethanol and 

ultrasonicated for about 1 hour until a white cloudy suspension appeared. After that, the 

supernatant was taken out and the residue was dried using nitrogen gas to give fine white 

powder. The chemical shifts of selected compounds are presented in Table 2.1. All the 

intermediate spectra were recorded at room temperature while all the spectra for the final 

17O-labeled glucose samples were recorded at 353 K. The concentrations of the samples 

were around 0.2 M. All the spectra were obtained within 10 min or less with excellent 

signal-to-noise ratios. 
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Table 2.1 17O NMR chemical shifts intermediates and final products 

Compound 17O Shift (ppm) Compound 17O Shift (ppm) 

1Ia 46.5 (β form), 36.3 (α form) 4IIIb 8.3 

2Ia 151.5d, 341.5e [5,5-17O2]-5If 57.1, 46.2 

2IIb 10.1 [5,5-17O2]-5Ig 562.1 

3Ia 150.8d, 340.1e 5IIc 3.2 

3IIc 0.6  5IIIb 62.0 

3IIIb 12.8 6IIc -14.6 

4Ia 148.9d, 335.5e  6IIIb -7.6 

4IIb 11.0   
a In CDCl3, referenced to external H2O at 0.0 ppm. b In H2O, referenced to H2O at 0.0 ppm. c In MeOD, 

referenced to external H2O at 0.0 ppm. d PhCOOR shift. e PhCOOR shift. f Gem-diol form. g Ketone form. 
 

2.2.3 Results and Discussions 

1/ Solution-State 17O NMR of 17O-Labeled D-Glucose 

Figure 2.19 shows the 17O NMR spectra of site-specifically 17O-labeled glucose 

samples. [5-17O]-D-glucose has the largest chemical shift, which is around 62.0 ppm. The 

α and β forms of [1-17O]-D-glucose can also be well resolved, appearing at around 36.3 

ppm and 46.5 ppm, respectively. The chemical shifts for 2,3,4 17O-labeled glucose are 

roughly 2 ppm apart, with values as 10.1 ppm, 12.8 ppm, and 8.3 ppm each. [6-17O]-D-

glucose shows up at -7.6 ppm. The overall 17O chemical shifts range is about 75.0 ppm, 

which is much larger than the corresponding 13C NMR chemical shifts that change from 

92 ppm to 61 ppm.98 This clearly shows that once compounds are 17O enriched, which is 

feasible due to the reactivity of oxygen, the 17O chemical shifts are quite sensitive to the 

molecular structure because of the large chemical shifts.  
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Figure 2.19 17O NMR spectra of site-specifically 17O-labeled D-glucose molecules in 

aqueous solution at 353 K. 

 

2/ Exchange Process Monitoring 

As illustrated in Figure 2.11, the hydration of the open chain form of glucose is the 

rate determining step for the anomeric hydroxyl group exchange. The exchange process 

between α and β forms of pyranose glucose, as described in Figure 2.20, can be monitored 

by the ratio between H1(α) and H2(β) signal integral over time.  

 

 

Figure 2.20 The exchange process between α-glucose and β-glucose.  

To determine the exchange rate, 50 mg D-α-glucose was dissolved in 0.5 mL D2O 

at room temperature, followed immediately by the time course 1H NMR, as demonstrated 

in Figure 2.21. It is noted that the process is quite slow without acidic or basic catalyst. 

After about 210 min, the ratio between H1(α) and H2(β) became 1:1, and after around 17 h, 

it reaches equilibrium with H1(α) to H2(β) equals to 1:2.  Figure 2.22 (a) shows the ratio 

β 
α 

-1090 80 70 60 50 40 30 20 10 0 ppm

D-[1-17O]-glucose D-[2-17O]-glucose 

D-[3-17O]-glucose 

D-[4-17O]-glucose 

D-[5-17O]-glucose 

D-[6-17O]-glucose 
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between H1(α) and H2(β) signal integrals over time. By taking the logarithmic scale, Figure 

2.22 (b) shows that this is a first order reaction with the rate constant determined as 0.0028 

min-1.  

 

 

Figure 2.21 Partial 1H NMR spectra of 50 mg α-D-glucose in 0.5 mL D2O over time at 

298 K. 
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Figure 2.22 (a) The ratio between H1(α) and H2(β) signal integrals over time and  (b) 

logarithmic scale of H1(α) over time. 

 

3/ Determination of Oxygen-17 Enrichment Levels with 13C NMR and Mass 

Spectrometry 

 In this section, 1,3,4,6-tetra-O-acetyl,2-benzoyl-beta-D-mannopyranose (2I) is 

used as an example to illustrate in general how 17O enrichment can be determined. Since it 

is relatively difficult to observe small isotopic shifts in 13C NMR with the presence of both 

α and β forms of glucose, the intermediate instead of the final product was selected. This 

is reasonable because once oxygen atoms are labeled on non-anomeric carbons, they would 

not be diluted through exchange process and thus the final products would have the same 

enrichment level as the intermediates. A detailed examination of COSY (Homonuclear 

correlation spectroscopy) and HSQC (Heteronuclear single quantum coherence 

spectroscopy) spectra in Figure 2.23 confirms the C-2 chemical shift of 1,3,4,6-tetra-O-

acetyl,2-benzoyl-beta-D-mannopyranose (2I) to be around 70 ppm. After a careful analysis 
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of the 13C NMR in Figure 2.24, it is noted that the peak for C-2 is split into two with one 

at 70.63 ppm and the other one at 70.60 ppm. It is known that heavy isotopic substitution 

shifts the NMR signal of a nearby nucleus toward lower frequency (higher magnetic 

field),99 hence the peak at 70.63 ppm should come from isotope 16O and the peak around 

70.60 ppm corresponds to 18O. Given that 17O has spin 5/2 and is quadrupolar, seeing the 

six equally spaced broad peaks for C-17O spin-spin coupling is challenging. From the 13C 

NMR spectrum, the integral ratio for 16O to 18O is 3:1. Since the starting enriched water 

used was 20% 16O, 40% 17O and 40% 18O, and we assume the ratio between 17O and 18O 

atoms would be constant during reaction, the enrichment for the final product was 

determined to be 60% 16O, 20% 17O and 20% 18O respectively.  

 

 

Figure 2.23 COSY (left) and HSQC (right) of 1,3,4,6-tetra-O-acetyl, 2-benzoyl-beta-D-

mannopyranose (2I) in CDCl3 at 9.4 T. 
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Figure 2.24 Partial 13C NMR spectrum of 1,3,4,6-tetra-O-acetyl, 2-benzoyl-beta-D-

mannopyranose (2I) in CDCl3 at 9.4 T.  

 

 Electrospray ionization (ESI) mass spectrometry is another technique used to 

ascertain the 17O enrichment level of the compound. The bar chart in Figure 2.25 shows 

both the experimental and calculated mass-to-charge ratio of ions. Both the 16O/17O/18O 

and the 12C/13C contributions were taken into considerations. From the calculated data, the 

enrichment level for 17O was confirmed to be 13%, with 74% 16O and 13% 18O, 

respectively. However, there are some discrepancies between the 13C NMR data and the 

mass spectrum data. This may be due to the comparatively large integration measurement 

error for 13C NMR data as the digital resolution is not high enough and the two peaks are 

close to each other and could not be integrated accurately.  
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Figure 2.25 Experimental and calculated isotopic peaks in the ESI mass spectrum of 

1,3,4,6-tetra-O-acetyl, 2-benzoyl-beta-D-mannopyrsanose (2I). 
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2.3 17O-Labeling of 2-Deoxy-D-glucose 

2-Deoxy-D-glucose (2DG) is a glucose analogue that lacks one hydroxyl group at 

C-2 position as seen in Figure 2.26. Upon entering the cell, 2DG is rapidly phosphorylated 

by hexokinase to form 2-deoxyglucose-6-phosphate (2DG-6-P), which is then trapped in 

the tissue because the lack of a hydroxyl group on C-2 of 2DG prevents the entry of 2DG-

6-P into glycolysis. In fact, the 2DG method is considered the gold standard for the 

determination of glucose uptake in clinic. Its radioactive analog [18F]-2-deoxy-D-glucose, 

for example, is currently extensively used in clinic medical imaging (PET scanning) to 

track tumors due to the rapid glucose consumption for cancer cells.100  

 

 

Figure 2.26 Molecular structure of 2-deoxy-D-glucose. 

 

Over the past few decades, many techniques have been used to measure 2DG and 

2DG-6-P, such as enzymatic assays,101 autoradiography, MRI, and 1H, 13C and 31P NMR. 

Radioactive isotope 14C has been used for a long time to trace 2DG and 2DG-6-P with 

autoradiography.102–105 For example, Kern et al.106 showed for the first time that human 

malignant melanoma will image with FDG-PET with 14C-deoxy-D-glucose. 3H was later 

developed to improve the resolution of autoradiography.107,108 However, the problems of 

these radioactive 2DG methods are that they cannot differentiate 2DG and 2DG-6-P and 
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that the radio isotopic method requires a specialized facility for handling of radioisotopes. 

With the development of NMR techniques, stable isotopes such as 2H, 31P and 13C have be 

applied to study glucose and 2DG metabolism. The product 2DG-6-P was monitored by 

31P NMR.109,110 In 13C-NMR, both 2DG and 2DG-6-P can be determined at the same time. 

2-[6-13C]-deoxy-D-glucose was used by Sokoloff et al.111 to measure the rate of cerebral 

glucose utilization for a period of 15 min. 2-[6-13C]-deoxy-D-glucose uptake in glioma 

cells was detected by Luca et al.112 using double-resonance J-edited 1H-NMR. Deuel 113 

report results of external measurement in the brains of conscious rats with simultaneous 

resolution and quantification of both 2-deoxy-D-glucose and its phosphorylated product by 

NMR that used 2-[6-13C]-deoxy-D-glucose together with proton-decoupled 13C surface-

coil spectroscopy.  However, so far, no one has used 17O NMR to study it due to its 

difficulty in enrichment. Because of the successful incorporation of 17O into glucose from 

our research, we decided to use a similar nucleophilic substitution approach to label the O6 

in 2-deoxy-D-glucose considering its great potential.  

 

2.3.1 Experimental Details 

The synthetic method for [6-17O]-2-deoxy-D-glucose is very similar to the [6-17O]-

D-glucose using the Mitsunobu reaction with 17O-labeled benzoic acid (as outlined in 

Figure 2.27). Firstly, the anomeric hydroxyl group was protected by methylation in MeOH 

at 60 oC under acidic condition.114 Then 17O-labeled benzoic was used to incorporate 17O 

using the Mitsunobu reaction. The 17O-labeled benzoate group was then deprotected under 

basic condition using NaOMe. Finally, the methoxy group was deprotected under acidic 

condition in H2O at 70 oC.115 
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Figure 2.27 Synthetic scheme of [6-17O]-2-deoxy-D-glucose (7IV). 

 

1-Methyl-2-deoxy-D-glucose (7I)114 

In a 250 mL round bottom flask, 2-deoxy-D-glucose (1200 mg, 7.27 mmol) was 

dissolved in MeOH (50 mL), 30 mL of Amberlite-IR 120 (H+) resin was added. After 

heating at 60 oC for 5 hours, the resin was filtered out. The mixture was concentrated using 

rotary evaporator and then some hexane was added to further remove the residual 

methanol. In the end, the mixture was further dried with pump until solid powder 7I formed 

(~1300 mg, 7.26 mmol, yield: 100%).  

 

[6-17O]-Methyl-O-benzoyl-2-deoxy-D-glucose (7II)97 

7I (180 mg, 1.01 mmol) was added to anhydrous THF (30 mL). After fully 

dissolved, 17O-labeled BzOH (134 mg, 1.1 mmol), PPh3 (524 mg, 2.0 mmol, Sigma-

Aldrich) was added. The mixture was then added with diethyl azodicarboxylate (0.32 mL, 

2.00 mmol, Alfa Aesar) dropwise in 0 oC with ice-water bath. The mixture was stirred for 
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30 min at room temperature. TLC plate analysis [5:95, (v/v) MeOH/CH2Cl2] showed the 

reaction was complete. The mixture was evaporated, and the crude residue was purified by 

column chromatography (9:91 (v/v) MeOH/CH2Cl2) to afford the white solid 7II (~95 mg, 

0.33 mmol, yield: 33%). 1H NMR (300 MHz, methanol-d4): δ = 8.07 (d, 7.06 Hz, 2H, 

aromatic), 7.64 (d, 7.47 Hz, 1H, aromatic), 7.50 (t, 7.47 Hz, 2H, aromatic), 4.81 (H-1, dd, 

J1,2 = 5.04 Hz, J1,2’ = 3.60 Hz, 1H,), 4.65 (H-6, dd, J6,6’ = 11.45 Hz, J6,5 = 1.77 Hz, 1H,), 

4.47 (H-6’, dd, J6’,5 = 5.91 Hz, J6,6’ = 11.45 Hz, 1H), 3.85 (H-3, H-5, m, 2H), 3.50 (OMe, 

s, 3H), 3.35 (H-4, dd, 1H), 2.13 (H-2, dd, J2,1 = 5.04 Hz, J2,2’ = 13.03 Hz, 1H), 1.67 (H-2’, 

td, J2’,1 = 3.60 Hz, J2,2’ = 13.03 Hz, 1H). 13C NMR (75 MHz, methanol-d4): δ = 136.62, 

132.94, 129.18, 128.17, 98.47, 72.03, 70.19, 68.44, 64.09, 53.63, 37.48. 17O NMR (67.7 

MHz, methanol-d4): δ = 336, 148, -31 ppm (MeOD).  

 

[6-17O]-1-Methyl-2-deoxy-D-glucose (7III) 97 

NaOMe (15 mg, 0.27 mmol) was added to [6-17O]-methyl-O-benzoyl-2-deoxy-D-

glucose (7II) (95 mg, 0.33 mmol) methanol solution. The mixture was stirred for 1 h until 

it was shown by TLC analysis [5:95, (v/v) MeOH/CH2Cl2] that the reaction was complete. 

After that, the reaction mixture was neutralized with 4 mL Amberlite-IR 120 (H+) resin 

(1.8 meq/mL) and was filtered and concentrated to give the colorless syrup product VII (50 

mg, 0.28 mmol, 85%). 1H NMR (300 MHz, methanol-d4): δ = 4.79 (H-1, dd, J1,2’ = 3.40 

Hz, J1,2 = 5.14 Hz, 1H), 3.82~3.72 (H-3, H-6, m, 2H), 3.68 (H-6’, dd, 1H), 3.50 (H-5, m, 

1H), 3.24 (H-4, t, J3,4 = J4,5 = 9.23 Hz, 1H), 2.06 (H-2, dd, J2,1 = 5.14 Hz, J2,2’ = 13.08 Hz, 

1H), 1.61 (H-2’, td, J2’,1 = 3.40 Hz, J2,2’ = 13.08 Hz, 1H). 13C NMR (100 MHz, methanol-
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d4): δ = 98.47, 72.45, 71.95, 68.52, 61.41, 53.46, 37.40 ppm. 17O NMR (54 MHz, methanol-

d4): δ = -14, -36 ppm (MeOD). 

 

[6-17O]-2-Deoxy-D-glucose (7IV) 115 

All the [6-17O]-methyl-2-deoxy-D-glucose (50 mg, 0.28 mmol) was dissolved in 15 

mL water with H+ resin. The mixture was stirred at 70 oC for 3 hours. The resin was then 

filtered out and the mixture was neutralized with Amberlite 26 OH- resin. After evaporation 

with rotary evaporator, colorless syrup product 7IV (45 mg, 0.27 mmol, 96%) was 

obtained. 1H NMR (700 MHz, D2O): δ = 5.30 (αH-1, d, J = 2.84 Hz, 1H), 4.85 (βH-1, d, J 

= 9.77 Hz, 1H), multiple peaks from 3.85~3.64 and 3294~3.16, 2.18 (βH-2), 2.04 (αH-2), 

1.62 (αH-2’), 1.42 (βH-2’) ppm. 13C NMR (175 MHz, D2O): δ = 93.44, 91.33, 76.06, 71.98, 

71.20, 70.85, 70.51, 67.96, 60.98, 60.74, 39.53, 37.32 ppm. 17O NMR (67.7 MHz, D2O): δ 

= 0 (D2O), -7 ppm. 

   

2.3.2 Solution-State 17O NMR Characterizations of Reaction Intermediates and [6-

17O]-2-Deoxy-D-glucose 

 In order to get the final white powder form of 2-deoxy-D-glucose, the syrup sample 

was finally purified through silica gel chromatography with dichloromethane containing 

increasing amount of methanol (7.5% to 20%).67 After combining all the fractions, a 

colorless syrup was obtained. It was then further dissolved in ethanol and several grains of 

commercial glucose or 2-deoxy-D-glucose were added as seeds for crystallization. The 

solution was left in the fridge until crystals were formed. The chemical shifts of selected 

compounds are presented in Table 2.2. All the intermediate spectra were recorded at room 
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temperature while the spectrum for the final 17O-labeled 2-deoxy-D-glucose sample was 

recorded at 353 K. The concentrations of the samples were around 0.2 M. All the spectra 

were obtained within 10 min or less with excellent signal-to-noise ratios. 

 

Table 2.2 17O NMR chemical shifts for intermediates and final products 

Compound 17O Shift (ppm) 

7IIa 336.5c, 148.2d 

7IIIa -14.0 

7IVb -6.6 
a In MeOD, referenced to external H2O at 0.0 ppm. b In H2O, referenced to H2O 

at 0.0 ppm. c PhCOOR signal. d PhCOOR signal. 

 

Figure 2.28 below shows the 17O chemical shift of [6-17O]-2-deoxyglucose in H2O 

at 11.7 T at 353 K. The signal appears at -6.6 ppm. It is very close to the 17O-labeled [6-

17O]-2-D-glucose, which is around -7.7 ppm. This is due to their structure similarity and 

that O6 is far away from C2 and thus is very insensitive to the structure change on position 

C2.  

 

Figure 2.28 17O NMR spectrum of [6-17O]-2-deoxy-D-glucose in aqueous solution.   



 

84 

 

2.4 17O-Labeling of Glucose-6-phosphate 

Glucose-6-phosphate (G6P) is a glucose sugar phosphorylated at the hydroxy group 

on C-6. This is an important molecule in cells as the free glucose molecules need to be 

phosphorylated to enter cells. It occupies a prominent position in glucose metabolism and 

lies at the start of two major metabolic pathways: glycolysis and the pentose phosphate 

pathway. If extra glucose is present, it will first be converted to G6P and then converted to 

glycogen or starch for storage.116 

In the past, most of the enrichment on glucose-6-phosphate are based on the 

enzymatic reactions with radioactive isotopes 3H or stable isotope 13C. For instance, Epel 

and Swezey117 used unfertilized sea urchin eggs loaded with radiolabeled [5-3H] and [1-

13C] glucose to synthesize G6P by transient electroporation, followed by irradiation of the 

eggs, and thus to determine the in vivo rate of glucose-6-phosphate dehydrogenase activity. 

Moller and co-workers118 reported a convenient enzymatic method to synthesize 

radiolabeled [32P]-glucose-6-phosphate of high specific activity and high yield. Jones and 

co-workers119 demonstrated the glucose-6-phosphate H-5 enrichment from deuterated 

water by trans aldolase-mediated exchange. Kuchel and his collegues120 used 13C DQF 

NMR to investigate isotopic exchange reactions of the non-oxidative pentose phosphate 

pathway in human erythrocytes, which results in the formation of different isotopic isomers 

of glucose-6-phosphate after incubation of a mixture of universally 13C-labeled and 

unlabeled glucose-6-phosphate with fructose 1,6-bisphosphate and haemolysates. Due to 

the success of 17O enrichment of glucose, we decided to use the same enzymatic approach 

to label glucose-6-phosphate and study its 17O NMR properties.  
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2.4.1 Experimental Details 

The enzymatic reaction between [6-17O]-D-glucose and ATP with hexokinase was 

carried out at room temperature to introduce the 17O isotope into glucose-6-phosphate in 

pH = 7.6 Tris-HCl buffer. The stoichiometric ratio for glucose, ATP and MgCl2 was 

optimized to be 1:2:2 to produce best results as shown in Figure 2.29.121  

 

 

Figure 2.29 Synthetic scheme of [6-17O]-D-glucose-6-phosphate. 

 

[6-17O]-D-glucose-6-phosphate (8I) 

In a 20 mL vial equipped with a stir bar were added 3 mL pH = 7.6 Tris buffer 

solution (300 μmol) with a concentration of 0.5 M. Then 0.1 mL 20 mg/mL 6-[ 17O]-D-

glucose in H2O (20 μmol), 2 mL 10 mg/mL ATP in H2O (40 μmol), 0.4 mL 3.6 mg/mL 

MgCl2 in H2O (40 mmol) were mixed together before 0.5 mL 4U/mL Hexokinase (Alfa 

Aesar) in H2O were added . The reaction mixture was stirred at 25 oC overnight and was 

monitored later by both TLC plate analysis (9:1 MeOH: H2O) and 31P NMR. Once the 

reaction was complete, the mixture was dried with nitrogen gas and was dissolved in D2O 

and it was observed by 31P NMR that the reaction went to completion. Glucose-6-

phosphate was successfully purified from the reaction mixture using a 20 cm × 20 cm 
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square TLC plate. The reaction mixture was loaded to the bottom of the plate, 9:1 MeOH: 

H2O was run through the plate, and KMnO4 was used to stain a small vertical band on the 

right side of the plate to determine the location of the components. The area that contained 

G6P was cut out and filtered through a column to remove the silica gel. The silica was 

rinsed with water, and the resulting solution was dried using nitrogen gas. Later a larger 

scale purification of [6-17O]-D-glucose-6-phosphate was attempted with normal silica 

chromatography. A constant 9:1 MeOH: H2O eluent system was applied to the small 

vacuum column (Rf: Glucose = 0.8, G6P = 0.56, ATP = 0.15, ADP = 0.15, Tris-HCl Buffer 

= 0.15). Several 10 mL fractions were collected, and 31P NMR was run to track the labeled 

fraction. However, the separation was not very successful as the product still turned out to 

be a mixture. In the future, ionic exchange column may be a promising method to test large-

scale separation according to Kuchel’s report.120  

 

2.4.2 Results and Discussions 

1/ 31P NMR Monitoring of Glucose-6-phosphate Reaction Mixture 

Figure 2.30 displays a typical 31P NMR spectrum of glucose-6-phosphate reaction 

mixture at 7.05 T. The G6P signal appears at 7.73 ppm, α- and β- ADP phosphate signals 

appear at -7.12 ppm and -2.81 ppm, while α- and β- and γ- ATP signals appear respectively 

at -7.50 ppm, -16.69 ppm and -2.41 ppm, respectively.  
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Figure 2.30 31P NMR spectrum of D-glucose-6-phosphate reaction mixture at 7.05 T. 

 

2/ 31P NMR Kinetic Studies of [6-17O]-D-Glucose-6-Phosphate 

Kinetic studies of [6-17O]-D-glucose-6-phosphate synthesis were also conducted 

successfully using 31P NMR with the stoichiometric ratio for glucose, ATP and MgCl2 as 

1:1:1. Figure 2.31 shows that after 5 hrs all the ATP has been consumed and only the two 

products ADP and G6P can be detected.  
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Figure 2.31 31P NMR kinetic studies of [6-17O]-D-glucose-6-phosphate. 

 

3/ Solution-State 17O NMR Studies of [6-17O]-D-Glucose-6-Phosphate  

Figure 2.32 demonstrates the solution-state 17O NMR characterization of [6-17O]-

D-glucose-6-phosphate in H2O solution. The signal appears at 53 ppm, which lies in the 

shielding range for O=P(OR)3 functional group from literature.82   
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Figure 2.32 17O NMR spectrum of [6-17O]-D-glucose-6-phosphate in aqueous solution. 

 

4/ 17O Enrichment Level Determination of [6-17O]-D-Glucose-6-Phosphate with 

Solution-State 31P NMR 

 

 

Figure 2.33 31P chemical shift of [6-17O]-D-glucose-6-phosphate. 

 

31P NMR was carried out to determine the oxygen enrichment level of the G6P. As 

seen from Figure 2.33, the 31P peak for G6P was split into two with one at 4.24 ppm and 

the other one at 4.14 ppm. Since heavy isotopic substitution shifts the NMR signal of a 
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nearby nucleus toward lower frequency (higher magnetic field),99 the peak at 4.24 ppm 

should come from [6-16O]-D-glucose-6-phosphate and the peak at 4.14 ppm corresponds 

to [6-18O]-D-glucose-6-phosphate. The peak for [6-17O]-D-glucose-6-phosphate is 

invisible due to its quadrupolar properties. From the 31P NMR spectrum, the integration 

ratio for [6-16O]-D-glucose-6-phosphate and [6-18O]-D-glucose-6-phosphate was 1:0.86. 

Since the starting enriched water used was 20% 16O, 40% 17O and 40% 18O, and we assume 

the ratio between 17O and 18O atoms would be constant during reaction, the enrichment for 

the final product was determined to be 40%, 30% and 30% for [6-16O]-D-glucose-6-

phosphate, [6-17O]-D-glucose-6-phosphate and [6-18O]-D-glucose-6-phosphate, 

respectively. 

 

2.5 17O-Labeling of [17O]-Glutamine 

Glutamine is a five-carbon amino acid with a polar neutral side chain. Aside from 

carboxylic acid group and the NH2 group, it also contains an amide group. The molecular 

structure of glutamine is shown in Figure 2.34. It is the most abundant free amino acid in 

the circulation with high turnover rate due to its many metabolic functions in the body. 

Firstly, it is an important source of carbon and nitrogen for metabolic intermediates and 

macromolecular synthesis. It acts as a “nitrogen shuttle” to transport about 30-35% of the 

amino acid nitrogen in the plasma to avoid the toxic effects of high circulating levels of 

ammonia in the body.122 Secondly, it also participates directly or indirectly in 

macromolecular synthesis such as protein synthesis, nucleic acid synthesis, and fatty 

acids.123 Thirdly, glutamine can act as a fuel for rapidly dividing cells. When glucose is not 

available, the oxidation of glutamine can also generate adenosine triphosphate (ATP) for 
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cellular respiration. Unlike many chemicals, glutamine, as the highest concentration of 

free-floating amino acid in the blood, can cross the blood-brain barrier. In fact, glutamine 

serves as the primary respiratory fuel in some cells such as enterocytes and lymphocytes.123  

 

   

Figure 2.34 Molecular structure of glutamine. 

 

In the past few decades, the general procedure for 17O enrichment of the carboxylic 

acid group on amino acid was through acid-catalyzed exchange with 17O-labeled water at 

elevated temperatures.124–126 17O enrichment of the amino acids was also obtained by the 

saponification of their esters with labeled hydroxide.127–129 Currently there is an increasing 

demand for 17O labeling the side chains of amino acids and peptides. So far, only the side 

chain 17O labeling of tyrosine and threonine have been reported through chemical reaction. 

Eckert et al.125 developed a simple synthetic procedure for 17O enrichment of both the 

carboxylic and the phenolic oxygens in tyrosine by mononitration of L-phenylalanine to p-

nitrophenylalanine, followed by reduction to p-aminophenylalanine. Singel and his co-

workers130 described the synthesis of [17O]-γ-enriched threonine with an asymmetric aldol 

reaction between 17O enriched acetaldehyde and (4S)-3-(isothiocyanoacetyl)-4-

(phenylmethyl)-2-oxazolidinone. To date, however, nobody has tried the 17O enrichment 

of glutamine. In 2001, Shvets and his colleagues131 reported the synthesis of glutamines 
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labeled with 15N, 13C and 2H in 70-80% yield using an enzymatic approach starting from 

the corresponding labeled glutamic acids. We decided to follow this approach to 

incorporate the 17O isotope into glutamine with the 17O-labeled glutamic acid.  

 

2.5.1 Experimental Details 

The 17O isotope was incorporated into glutamine through an enzymatic reaction 

between 17O-labeled glutamic acid and NH4Cl with glutamine synthetase (GS) at pH = 7.1 

and 38 oC, as outlined in Figure 2.35.131  

 

 

Figure 2.35 Synthetic scheme of [1,1,5-17O3]-glutamine. 

 

[1,1,5-17O3]-glutamine (9II)131 

In 50 mL of 80 mM imidazole buffer (pH = 7.1) were dissolved 0.5 mmol of labeled 

glutamic acid 1.5 mmol of ATP, 1 mmol of NH4Cl, and 4 mmol of MgCl2; then was added 

2.5 mg (70 U) of glutamine synthetase (Sigma Aldrich). The mixture was maintained for 

24 h at 38 oC and monitored using 17O NMR. The solution obtained was dried under 

nitrogen gas, and the mixture was then purified using a 20 cm × 20 cm silica gel square 

TLC plate (70:30, (v/v) MeOH/H2O), around 10 mg product was obtained and 

characterized with 17O NMR. Later, cation and anion exchange columns were attempted to 
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purify large quantities of glutamine. However, it was not successful and further 

optimization is required.  

 

2.5.2 Results and Discussions 

1/ 17O NMR Monitoring of the Reaction 

Figure 2.36 shows the kinetic studies of glutamine synthesis. In the beginning, only 

17O-labeled glutamic acid can be observed, which shows two peaks with 1:1 ratio at 280 

ppm and 270 ppm, respectively. Gradually the signal at 280 ppm decreases and eventually 

after 24 hours a new peak at 284 ppm appeared, which corresponds to the signal for the 

amide oxygen. The peak at 96 ppm was from the inorganic phosphate group that got 

displaced.   

 

 

Figure 2.36 Kinetic monitoring of glutamine 17O enrichment reaction. 
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2/ Solution-State 17O NMR Studies of [1,1,5-17O3]-Glutamine 

Figure 2.37 shows the 17O NMR spectrum of  0.28 mg/mL [1,1,5-17O3]-glutamine 

in D2O. The chemical shift for carboxylic group on glutamine is around 270 ppm and that 

for the carbonyl group on amide group is 284 ppm. The integral ratio was 2:1, suggesting 

two oxygen atoms on carboxyl group and one oxygen atom on amide group.  

 

 

Figure 2.37 17O NMR spectrum of [1,1,5-17O3]-glutamine in D2O (0.28 mg/mL). 

 

2.6 Conclusions and Future Work 

To sum up, in this chapter we have successfully labeled D-glucose with 17O on each 

position and incorporated 17O isotope into other related molecules such as [6-17O]-2-deoxy-

D-glucose, [6-17O]-D-glucose-6-phosphate, and [1,1,5-17O3]-glutamine. Solution-state 17O 

NMR spectra were obtained for structural characterization. [17O]-D-Glucose was 

synthesized either through hydration/reduction method with 17O-labeled water or through 

nucleophilic substitution reaction using 17O-labeled benzoic acid. The exchange process 

between α and β forms of pyranose glucose were monitored using 1H NMR. The 

enrichment level was determined by 13C NMR and mass spectrometry to be 17 % and 23 

% respectively. [6-17O]-2-deoxy-D-glucose was synthesized through Mitsunobu reaction 
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from 17O-labeled benzoic acid. In the future, other oxygen positions in 2-deoxy-D-glucose 

can be labeled if simple and efficient synthetic methods become available. [6-17O]-D-

glucose-6-phosphate was successfully labeled from [6-17O]-D-glucose and hexokinase 

enzymatically. 31P NMR was used to confirm the completion of the reaction, to conduct 

the kinetic studies of [6-17O]-D-glucose-6-phosphate and to determine the 17O enrichment 

level of [6-17O]-D-glucose-6-phosphate from isotopic shift effect. [1,1,5-17O3]-glutamine 

was also successfully synthesized using an enzymatic approach in small scale.  

In the future, more investigation is required to further optimize the ionic exchange 

column separation for large production of [6-17O]-D-glucose-6-phosphate and [1,1,5-17O3]-

glutamine for solid-state 17O NMR characterization. In addition, the conversion from [6-

17O]-2-deoxy-D-glucose to [6-17O]-2-deoxy-D-glucose-6-phosphate via hexokinase, and 

the metabolic roles of these molecules in cells should be further investigated using 17O as 

a direct probe.   
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Chapter 3 

Solid-State 17O NMR Studies of Site-Specifically 17O-Labeled Glucose and [6-17O]-2-

Deoxy-D-glucose 

3.1 Background 

 The scope of 17O NMR studies has expanded rapidly in the past few years and 

several reviews on solid-state 17O NMR of organic and biological molecules have been 

published.6,132 This fast development was largely due to the advances in high-field 

instruments and novel NMR methodologies. To further expand the application of 17O 

NMR, more fundamental 17O NMR data for all the basic organic functional groups need to 

be collected. So far, 17O quadrupole coupling and chemical shift tensors have been 

experimentally characterized for many oxygen-containing organic functional groups, such 

as carboxylic acids,24,133–135 amino acids,34,136–140 polypeptides,141 nucleobases,142 

nucleosides,8 amides,143 ketones,53 aldehydes,144 alpha-keto acids,145 and C-nitroso-

arenes.20 Although several carbonyl or carboxylic acid oxygen sites have been examined 

by solid-state 17O NMR,146 hydroxyl groups and ether linkages in organic compounds have 

received little attention. In 2007, Grandinetti et al.22 performed MAS solid-state 17O NMR 

measurement at 19.5 T on [4-17O]-methyl-α-D-galactopyranoside, [2-17O]-methyl-β-D-

glucopyranoside, [4-17O]-methyl-α-D-glucopyranoside, [6-17O]-methyl-α-D-

glucopyranoside, α-D-glucopyranosyl (O1→O6) and [6-17O]-α-D-glucopyranoside. The 

17O quadrupole coupling constants (CQ) and asymmetry parameters (ηQ) were predicted 

with a model based entirely on the first-coordination sphere around oxygen. They found 

that the quadrupole coupling parameters are nearly identical for the hydroxyl sites observed 

in the methyl glucosides. Since then, carbohydrates, the representative compounds that 
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consist of many alcohol groups with high oxygen content, lacked further exploration in 

solid-state 17O NMR studies. Very recently, Yamada et al.147 measured the 17O NMR 

tensors for [6-17O]-glucosamine.  

To further accumulate fundamental solid-state 17O NMR data for biologically 

important molecules, we decided to take on the challenge to determine the 17O NMR 

tensors for all the oxygen atoms present in the simplest carbohydrate, glucose, and for the 

O6 atom on 2-deoxy-D-glucose. Syntheses of site-specifically 17O-labeled D-glucose and 

[6-17O]-2-deoxy-D-glucose have been described in Chapter 2. In this chapter, we will 

report solid-state 17O NMR characterization of these compounds.  

Figure 3.1 displays the molecular structures of glucose and 2-deoxy-D-glucose. For 

glucose, there are six oxygen atoms in total and five of them are hydroxyl groups with the 

remaining O5 as a hemiacetal group. O2, O3, O4 are all secondary alcohols while O6 is the 

primary alcohol group. Two anomers are present in glucose. If O6 and O1 are on the 

opposite sides of the ring, it is an α-anomer; if O6 and O1 are on the same side of the ring, 

it is a β-anomer. For 2-deoxy-D-glucose, O2 is replaced with hydrogen and thus only five 

oxygen atoms are present. In this chapter, all the solid glucose samples were prepared as a 

glucose/NaCl/H2O complex to make sure that only the α form exists and only glucose will 

be used as a short-hand notation for all the glucose/NaCl complex samples.  
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Figure 3.1 Molecular structures of (a) D-glucose and (b) 2-deoxy-D-glucose. 

 

3.2 Experimental Details 

3.2.1 Solid-State 17O NMR Measurements 

The MAS 17O NMR experiments for glucose on Bruker 900 MHz (21.1 T) 

spectrometer operating at 122 MHz for 17O were obtained with a 3.2 mm Bruker MAS 

probe. A rotor-synchronized Hahn echo sequence (90o-delay-180o) was used with a 

spinning rate of 22 kHz. The effective 90o and 180o pulse widths for the central transition 

were 3.0 and 6.0 μs, respectively. For a liquid H2O sample, the 90o pulse width was 

measured to be 9.0 μs at the power level of pl1 = 6.50 dB. All experiments were conducted 

at 298 K. The 17O MAS NMR spectra acquisition parameters for different oxygen atoms 

in glucose at 21.1 T are as follows: (a) [1-17O]-D-glucose (recycle delay 5 s, 16k transients, 

23 hrs), (b) [2-17O]-D-glucose (recycle delay 10 s, 6k  transients, 17 hrs),  (c) [3-17O]-D-

glucose (recycle delay 5 s, 20k transients, 1 day 20 hrs),  (d) [4-17O]-D-glucose (recycle 

delay 5 s, 16k transients, 23 hrs), (e) [5-17O]-D-glucose (recycle delay 5 s, 44k transients, 

2 days and 14 hrs), (f) [6-17O]-D-glucose (recycle delay 5 s, 12k transients, 17 hrs).  

The static 17O NMR spectra for glucose samples were acquired on a Bruker 900 

MHz (21.1 T) spectrometer operating at 122 MHz for 17O . A quad-echo (90o-delay-90o) 

sequence was used to eliminate the acoustic ringing from the probe. A home-built 5 mm 
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H/X solenoid probe was used with solid samples packed into a 5 mm Teflon tube to reduce 

the background signal. High-power 1H decoupling (60 kHz) was applied in all static 

experiments. For this static probe, the 90o pulse width for a liquid H2O sample was 6.0 μs 

at the power level of pl1 = 3.5 dB. The data acquisition parameters for different glucose 

samples were as follows: (a) [1-17O]-D-glucose (recycle delay 5 s, 16k transients, 23 hrs), 

(b) [2-17O]-D-glucose (recycle delay 10 s, 8k transients, 23 hrs),  (c) [3-17O]-D-glucose 

(recycle delay 5 s, 10.5k transients, 15 hrs),  (d) [4-17O]-D-glucose (recycle delay 5 s, 16k 

transients, 23 hrs), (e) [5-17O]-D-glucose (recycle delay 5 s, 30.5 transients, 2 days), (f) [6-

17O]-D-glucose (recycle delay 5 s, 5k transients, 7 hrs). The 17O static NMR spectra 

parameters for different oxygen atoms in glucose at 14.1 T are as follows: (a) [1-17O]-D-

glucose (recycle delay 2 s, 32 k transients), (b) [2-17O]-D-glucose (recycle delay 10 s, 7k 

transients),  (c) [3-17O]-D-glucose (recycle delay 10 s, 14 k transients),  (d) [4-17O]-D-

glucose (recycle delay 10 s, 14 k transients, 23 hrs), (e) [5-17O]-D-glucose (recycle delay 

2 s, 85k transients), (f) [6-17O]-D-glucose (recycle delay 10 s, 9 k transients).  

The MAS 17O NMR experiments for [6-17O]-2-deoxy-D-glucose were obtained 

with the following parameters: a 2.5 mm H/X MAS Bruker probe was used, a 90o ~180o 

2U- 4U rotor synchronized echo was used with a spinning rate of 31.25 kHz. pl1 = 1.5 dB, 

p1(90o) = 6 μs. The experiment was conducted at 278 K. The 17O MAS NMR spectra 

parameters for O6 in [6-17O]-2-deoxy-D-glucose at 21.1 T are as follows: [6-17O]-2-deoxy-

D-glucose (recycle delay 20 s, 2584 transients, 20 hrs). The 17O MAS NMR spectra 

parameters at 16.4 T are as follows: recycle delay 10 s, 2515 transients. The 17O MAS 

NMR spectra parameters at 14.1 T are as follows: recycle delay 10 s, 2170 transients. 
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The static 17O NMR spectra for [6-17O]-2-deoxy-D-glucose on Bruker 900 MHz 

(21.1 T) spectrometer operating at 122 MHz for 17O were obtained with the following 

parameters: a quad-echo 90o-90o hpdec static sequence was used to eliminate the acoustic 

ringing from the probe, a home-built 5 mm H/X solenoid probe was used with solid 

samples packed into a 5 mm Teflon tube to reduce the background signal. d6 = 50 μs, 1H 

decoupling (75 kHz) was applied. pl1 = 6.5 dB, p1(90o) = 6 μs. The 17O static NMR spectra 

parameters for O6 in [6-17O]-2-deoxy-D-glucose at 21.1 T are as follows: recycle delay 20 

s, 3584 transients, 20 hrs. The 17O static NMR spectra parameters at 16.4 T are as follows: 

recycle delay 5 s, 10k transients.  

A liquid H2O sample was used for both RF power calibration and 17O chemical 

shift referencing (δ = 0 ppm) for all the measurements. 

 

3.2.2 Quantum Chemical Calculations 

Quantum chemical calculations of 17O magnetic shielding and EFG tensors were 

performed with a DFT code within the Amsterdam density functional (ADF) Modeling 

Suite 2017.39 The crystal structure of D-glucose/NaCl/H2O was used as the starting 

structures for geometry optimization. The calculations were performed using the TZ2P 

basis set. The scalar relativistic effects were treated using the zeroth-order regular 

approximation (ZORA) formalism.148 The computed 17O magnetic shielding values (σ) 

were converted to chemical shifts (δ) by δ = 287.5 ppm – σ.144 All quantum chemical 

calculations were carried out remotely through Compute Canada. 
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3.3 Results and Discussions 

13C CPMAS of the glucose solid sample, as displayed in Figure 3.2, confirms the 

existence of the crystallographically non-equivalent glucose molecules in the α anomer and 

ensures that a comparison between experimental and computed NMR parameters is 

meaningful. The two peaks at 92.7 ppm and 92.0 suggest the two different types of C-1 for 

α-glucose. The experimental solid-state 13C chemical shifts for all the sites in α-glucose are 

also listed in Table 3.1. Since they display similar δiso(17O) values, we assumed in our 

spectral analysis that for 17O NMR tensors only one single set of principal tensor 

components are present for each site in glucose.  

 

 

Figure 3.2 Natural abundance 13C CPMAS of glucose/NaCl cocrystal with 12 kHz rotating 

speed. 

 

17O MAS spectra of site-specifically 17O-labeled D-glucose obtained at 21.1 T are 

shown in Figure 3.3. In each case, the central band displays a characteristic line shape due 

to the second-order quadrupole interaction. Very weak spinning sidebands are also present, 
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suggesting that the 17O chemical shift anisotropies are small in these compounds. 

Therefore, the line broadening mainly comes from second-order quadrupole coupling. 

From the spectral simulations, all the ηQ values should be very close to 1, as is demonstrated 

in chapter 1. In addition, O5 has the largest quadrupole coupling with the broadest CT 

signal.   

 

 

Figure 3.3 Experimental (black trace) and simulated (color trace) 17O MAS spectra of site-

specifically 17O-labeled glucose molecules at 21.1 T. 

 

Figures 3.4 and 3.5 show the experimental and simulated 17O static NMR spectra 

of site-specifically 17O-labeled glucose samples at 21.1 and 14.1 T, respectively. The 
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spectral quality seen at 21.1 T is significantly higher than that at 14.1 T, which suggests 

the huge benefits in conducting experiments at high magnetic fields. Compared with Figure 

3.3 using MAS, both techniques allowed direct examination of the range of oxygen nuclear 

environments within the solid. The large breadth of O5 again indicates its large quadrupolar 

coupling interaction.  

 

 

Figure 3.4 Experimental (black trace) and simulated (color trace) 17O static NMR spectra 

of site-specifically 17O-labeled glucose molecules at 21.1 T.  



 

104 

 

 

 

Figure 3.5 Experimental (black trace) and simulated (color trace) 17O static spectra of site-

specifically 17O-labeled glucose molecules at 14.1 T.  

 

In both MAS and static NMR spectra, a well-defined line shape from the 17O 

quadrupolar interactions was observed, which can be satisfactorily reproduced by spectral 

simulation using DMFit.48 MAS spectra were first used to obtain δiso, CQ, and ηQ. These 

parameters are then used as a starting point to fit the static spectrum to extract the chemical 
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shift tensor parameters. Complete experimental results on the 17O NMR tensors in these 

compounds are summarized in Table 3.1. Note that the sign of the quadrupole coupling 

constant of the experimental results are determined by quantum calculation results, which 

will be discussed later.  

 

Table 3.1 Experimental and computed 17O chemical shift tensor components and carbon 

chemical shift for site-specifically labeled glucose and [6-17O]-2-deoxy-D-glucose.  

 

 

It is previously known that the value of δiso (17O) for the hydroxyl groups have the 

following general trend: phenol149 > hemiketal150 > hemiacetal150 ≈ gem-diol145 > 

secondary alcohols22 > primary alcohols22 ≈ crystalline hydrates. Our results show that in 
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glucose, the experimental δiso (17O) value for hemiacetal oxygen O5 indeed has the largest 

value as 56.0 ppm, which is very similar to the measurement of the hemiacetal group in 2-

[3-17O]-formyl-benzoic acids as 54 ppm.150 The δiso (17O) for O1 is the second largest as 

32.0 ppm, which is also consistent with measurement of α-D-glucopyranosyl (O1→ O6), as 

32.2 ppm.22 O2 has a chemical shift as 0 ppm. Grandinetti and co-workers22 determined the 

δiso for [2-17O]-methyl-β-D-glucopyranoside as 2.9 ppm, which is 3 ppm apart. The δiso 

(17O) values for secondary alcohol O3 and O4 in solid state are the same, which is 12.5 ppm. 

For primary alcohol O6, the isotropic chemical shift is -8.0 ppm, which is very close to the 

value from the solution 17O NMR as -7.6 ppm. It is also the smallest compared to other 

second alcohol groups, which is in accordance with the general trend for different hydroxyl 

groups mentioned earlier. Regarding chemical shift anisotropy parameters, the span (Ω = 

δ11- δ33) for O1 is the largest, which is 100.0 ppm. The span for O2 and O3 are both 46.0 

ppm. O4, O5, and O6 have close span values as 70.0 ppm, 74.0 ppm and 66.5 ppm, 

respectively. For skew κ, all of them are very close to zero, suggesting the asymmetry of 

the powder pattern, which also means the different shielding in all three directions.  

The 17O quadrupole coupling parameters (CQ and ηQ) found in these different sites 

are also listed in Table 3.1. The experimental CQ absolute values for all the hydroxyl groups 

(O1~O4, O6) are between 8.5 MHz to 9 MHz. Note that when some of the signs are different 

for different oxygen atoms, it does not necessarily mean they are actually very different. 

Since ηQ is very close to 1 in all the oxygen atoms, and the definition for CQ is the largest 

quadrupole coupling component in its absolute value, that means Vxx is very close to zero 

and Vyy and Vzz are very similar in size but with opposite signs. This leads to the change 

of signs when either Vyy is slightly larger than Vzz and vice versa. These CQ values for 
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hydroxyl groups are comparable with the literature, which are usually between 9~10 

MHz.22,145,147,149,151,152 The differences may come from the local structural differences in 

the first-coordination sphere of glucose, such as the C-O-C angle, C-O distance, and the 

presence (or absence) of the hydrogen bond donors and acceptors.22 The existence of the 

NaCl may also contribute to the inconsistency due to the strong electrostatic interactions. 

From crystal structure shown in Figure 3.6, Na+ ion is 2.256 Å away from O1. Na+ ion is 

2.461 Å away from O2. For O3 and O4, the H3 hydrogen is 2.136 Å away from Cl- ion while 

the H4 hydrogen is 2.202 Å away from Cl- ion. The O4 is also 2.377 Å away from Na+ 

atom. O6 acts as both hydrogen donor and hydrogen acceptor as Cl- ion is 2.048 Å away 

from H6 and O6 is 1.727 Å away from the hydrogen atom from the nearby water molecule 

in glucose.  

 

Figure 3.6 Crystal structure of glucose/NaCl cocrystal cluster.153 Red is oxygen atom, 

white is hydrogen atom, black is carbon, purple is Na+ ion, and green is Cl- ion.  
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As a hemiacetal group, O5 displays the largest CQ value, 9.8 MHz. Previously, 

from literature paper, Kong et al.150 reported that the CQ values for the hemiacetal group 

in 2-[3-17O]-formyl-benzoic acid is 8.65 MHz. The discrepancy may be because O5 in 

glucose exists as a ring form, therefore the hemiacetal group is also considered as an ether 

group. Recently, Rinald et al.154 published a 17O solid-state NMR study of oxiranes and 

experimentally determined the quadrupole coupling constant for the ether oxygen for 

oxirane to be between 12.1~13.4 MHz and also calculated the CQ value for dimethyl ether 

to be 12.3 MHz with Gaussian. They attributed the larger values in oxirane compounds to 

the highly constrained geometry.  

In general, for ether group (C-O-C bond), CQ usually is between 10-12 MHz.155,156 

Our experimental results agree well with it. Here O5 acts as a hydrogen bond acceptor while 

all the other hydroxyl groups in glucose act as both donor and acceptor in glucose. 

Previously, we also used the 17O QCT NMR technique and determined the quadrupolar 

product parameter PQ to be 12.4 MHz, from which CQ was calculated as 10.7 MHz.19 The 

results also show good agreement between these two methods.  

Figure 3.7 (a) shows the experimental (black trace) and simulated (color trace) 17O 

static spectra and 17O MAS spectra of [6-17O]-2-deoxy-D-glucose at different magnetic 

fields. As the field increases, the spectrum becomes much narrower due to the reducing 

second order quadrupolar interaction. This suggests the quadrupolar interaction is much 

larger compared to chemical shift anisotropic interactions. Figure 3.7 (b) also shows that 

although the isotropic peak position stays the same, the center of gravity of the peak also 

shifts to high frequency as field increases. These spectra display very similar features as 

those observed for [6-17O]-D-glucose. A similar spectral analysis as described earlier 
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yielded the 17O NMR parameters for [6-17O]-2-deoxy-D-glucose; also given in Table 3.1. 

For [6-17O]-2-deoxy-D-glucose, the chemical shift for O6 is -13 ppm, which is even smaller 

than that in glucose. The span as 60.0 ppm is very similar to that in [6-17O]-D-glucose as 

66.5 ppm. Overall, the three CSA tensors for both O6 in glucose and O6’ in [6-17O]-2-

deoxy-D-glucose are very comparable.  

 

 

Figure 3.7 Experimental (black trace) and simulated (color trace) (a) 17O static spectra and 

(b) 17O MAS spectra of [6-17O]-2-deoxyglucose at different magnetic fields. 

 

Afterwards, the DFT quantum calculations of glucose/NaCl cocrystal were 

conducted to compare with the experimental data and to determine the accurate Euler 

angles. For glucose, we used a molecular cluster model to include intermolecular 



 

110 

 

interactions that the oxygen atoms are involved in. Figure 3.8 below displays the hydrogen 

optimized structure of glucose/NaCl cocrystal. Both the 17O quadrupole coupling tensor 

and chemical shift tensor were calculated with the original (see Figure 3.6) and the 

optimized crystal structure by ADF. For [6-17O]-2-deoxy-D-glucose, since no crystal 

structure is available, the isolated molecule was optimized and calculated, as shown in 

Figure 3.9. Complete computational results for 17O NMR tensors are also given in Table 

3.1.  

    

Figure 3.8 Optimized structure of glucose/NaCl cocrystal cluster. Red is oxygen atom, 

white is hydrogen atom, black is carbon, purple is Na+ ion, and green is Cl- ion.  

 



 

111 

 

 

Figure 3.9 Optimized structure of 2-deoxy-D-glucose.  

 

Grandinetti and his colleagues22 reported in his solid-state 17O NMR in 

carbohydrates that for glycosidic oxygen, the orientation of the glycosidic oxygen EFG 

principal axis system will be similar to the Si-O-Si linkage, with the x- and z-axis lying in 

the C-O-C plane AND the x-axis bisecting the C-O-C angle. Our DFT calculation confirms 

this observation with the C1-O5-C5 linkage. Figure 3.10 displays the different tensor 

orientations on the plane C1-O5-C5 for both the original crystal and optimized structures 

with TensorView software tool17. The sign was indicated by the shading of the surface, 

with dark color as positive and light color as negative. For EFG tensor, both Vzz and Vxx 

are approximately on the C-O-C plane while Vyy is perpendicular to it in both structures. 

The Vxx bisects the C-O-C angle and Vxx is 58° away from the O5-C1 bond. Vzz is 31.65° 

away from C1. The computations confirm the sign for CQ (17O) is negative in both cases.  
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Figure 3.10 CSA tensors for O5 in (a) crystal and (b) optimized structure. EFG tensors for 

O5 in (c) crystal and (d) optimized structure. The picture was generated with TensorView.17 

 

Rinald et al.154 reported that for the C-O-C bond in oxirane and dimethyl ether, the 

largest components Vzz is aligned perpendicular to the molecular plane and the 

computations confirm the sign for CQ (17O) is positive in both cases. Our results may seem 

contradictory to theirs at first, but a detailed examination confirms that the results are very 

comparable. Since the absolute value of Vzz and Vyy are very close in our sample with ηQ 

being close to 1, a small change in the values of Vzz and Vyy will result in the swap of the 

labels. Thus, if we replace Vyy with Vzz in Rinald’s case, we will get the same EFG tensor 

orientation. Because the ηQ value for dimethyl ether reported by them is 0.84, which is 

close to our ηQ values for O5, our tensors resemble those for the dimethyl ether more 

compared to oxirane. For CSA tensors, in the crystal structure, δ33 is about 23.71° off C1-

O bond while in the optimized structure, δ33 is about 26.39° off C5-O bond. The angles 
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between δ33 and Vzz are 46° in crystal glucose structure and 56° in optimized glucose 

structure. 

  

Table 3.2 Bond lengths (in pm) and bond angles (in °) from original and optimized crystal 

structure of glucose and 2-deoxy-D-glucose (2DG). 

 

 

For oxygen atoms in different hydroxyl environments, Grandinetti and his group22 

also mentioned that the relevant structural parameters are the C-O-H angle, C-O and O-H 

distance. Table 3.2 lists the bond lengths and bond angles for both models of glucose. Since 

the variations for O-H distance and C-O distance are both very small for glucose and 2-

deoxy-D-glucose, we decided to only examine the correlation between EFG components 

and C-O-H angles.  Figure 3.11 demonstrates that there is no clear correlation between C-

O-H bond angles and the EFG components. This suggests that the observed 17O quadrupole 

couplings for hydroxyl groups are generally structurally invariant, which may be beneficial 
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in future NMR studies of oriented samples such as membranes,157 and in correlation 

experiments with other NMR interactions.146  

 

  

Figure 3.11 Relationships between EFG tensor components and C-O-H bond angle (°) for 

both crystal and optimized glucose structure. Red is Vxx, black is Vzz, orange is Vyy 

components, respectively. Circle is crystal glucose, square is optimized glucose and 

triangle is optimized [17O]-2-deoxy-D-glucose, respectively.   

 

For primary hydroxyl group O6, the tensors for both glucose and 2-deoxy-D-

glucose are shown in Figure 3.12. For CSA tensors, Figure 3.12 (a-b) shows the 

orientations for glucose in both crystal and optimized structure are very similar, with δ33 

only 7.85° off the O-H bond in crystal structure and 16.14° off the O-H bond in the 

optimized structure. For [6-17O]-2-deoxy-D-glucose in Figure 3.12 (c), δ33 is 12.9° off the 

O-H bond in the optimized structure. For EFG tensors, Figure 3.12 (d-e) displays that in 

all three structures, C-O-H plane is perpendicular to the plane formed by Vyy and Vzz while 
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Vxx bisects C-O-H angle. In crystal glucose structure, Vyy is 22.9° off O-C bond and Vxx is 

31.33° off O-H bond. In optimized glucose structure, Vzz is 25.9° off O-C bond and Vxx is 

39.84° off O-H bond. In [6-17O]-2-deoxy-D-glucose, Vyy is 30.72° off O-C bond, Vxx is 

50° off O-H bond. The angles between δ33 and Vzz are 86° in crystal glucose structure, 61° 

in optimized glucose structure and 90° in optimized [6-17O]-2-deoxy-D-glucose.  

 

 

Figure 3.12 CSA tensor (a-c) for O6 in crystal glucose, optimized glucose and 2DG. EFG 

tensor (d-f) for O6 in crystal glucose, optimized glucose and 2DG. The picture was 

generated with TensorView.17 

 

For secondary hydroxyl groups O1~O4, Figure 3.13 displays their relative CSA 

orientations in accordance with the molecular frame. For anomeric O1, in crystal structure, 

δ11 is almost perpendicular to plane C-O-H, about 76° off C-O-H plane. δ33 lies 23.16° off 

the O-H bond. For O2 atom, δ11 is perpendicular to C-O-H plane while δ33 is 47.1° away 

from O-H bond in the crystal structure and 17.86° away from O-H bond in the optimized 
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structure. For O3, δ33 is 13.43° off O-H bond in the crystal structure and 6.90° off in the 

optimized structure. For O4, δ33 is 27.42° away from O-H bond in the crystal structure and 

38.97° away in the optimized structure. Because the 17O chemical shift anisotropy is rather 

small for this group, it is not possible to identify predominant molecular orbital 

contributions to individual tensor components. Therefore, they will not be further 

discussed.  

 

 

Figure 3.13 CSA tensors for O1~O4 in both crystal (a-d) and optimized structure (e-h). The 

picture was generated with TensorView.17 

 

Figure 3.14 displays the relative EFG tensors orientations to the molecular frame 

for O1~O4. Like O5, the C-O-H plane is perpendicular to the plane formed by Vyy and Vzz 

while Vxx bisects C-O-H angle. For anomeric O1 atom, in crystal structure, Vxx is around 

41.44o off O-H bond and Vyy is 153.14o off O-C bond.  In the optimized structure, Vxx is 

88.09o off O-H bond and Vzz is 47.72o off O-H bond. For O2, in crystal structure, the angle 
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between Vxx and OH is 144.04° and Vyy is 164.80o off O-C bond. In the optimized structure, 

the angle between Vxx and OH is 136.84°, Vyy is 149.18o off O-C bond. For O3, in the 

crystal structure, Vxx is 45.23° off O-H bond and Vzz is 44.82o off O-H bond. In the 

optimized structure, Vxx is 42.3° away from OH and Vyy is 164.76o off O-C bond. For O4, 

in the crystal structure, Vxx is 152.58° off O-H bond and Vyy is 117.42o off O-H bond. In 

the optimized structure, Vxx is 141.03° off O-H bond and Vyy is 51.03o off O-H bond. The 

angles between δ33 and Vzz in both structures are generally in good agreement, as shown 

by the β angle values in Table 3.1.  

 

 

Figure 3.14 EFG tensors for O1~O4 in both crystal (a-d) and optimized structure (e-h). The 

picture was generated with TensorView.17 

 

Figure 3.15 exhibits the comparison between experimental and computed 17O 

quadrupole coupling tensor components and the chemical shift tensor components for all 

the oxygen atoms in glucose in solid state. Figure 3.15 (a) presents that both glucose models 
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show excellent agreement between the observed values and the computed values for 

quadrupole coupling tensor components with slopes around 1.15 and 1.17, and a R2 value 

around 1.00. The observed values for 2-deoxy-D-glucose optimized structure also agree 

well with the computed results with a slope as 1.08 and R2 as 1.00.  

Figure 3.15 (b) displays that there is a good agreement between the experimental 

and the calculated 17O chemical shift tensor components for both sets of glucose molecular 

models. The crystal glucose structure gives slightly better fit with the R2 as 0.95 while the 

optimized structure has a R2 as 0.94. The CS tensor for the calculated optimized 2-deoxy-

D-glucose structure also fits the experimental results well with a R2 as 0.94.  

 

  

Figure 3.15 Comparison between experimental and computed (a) 17O quadrupole coupling 

tensor components (b) 17O chemical shift tensor components for all the oxygen atoms in 

glucose and 2-deoxy-D-glucose. 
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Figure 3.16 demonstrates that there is a general agreement between experimental 

and computed 13C chemical shifts for all the carbon atoms in the crystal glucose model. 

The computed results for the optimized structure glucose model agree well with the 

measured values with R2 values as 0.97.  

 

 

Figure 3.16 Comparison between experimental and computed 13C chemical shift for all the 

carbon atoms in glucose.  

 

3.4 Conclusions and Future Work 

In conclusion, we have carried out 17O solid-state NMR experiments and 

determined the 17O NMR chemical shift tensors and quadrupole coupling tensors for all 

the oxygen atoms in D-glucose. This is the first time that 17O NMR tensors are measured 

for this important molecule as well as the first time that a complete 17O NMR 

characterization is performed for any carbohydrate molecule. We also successfully 

extended the work by measuring the chemical shift tensors and quadrupole coupling 
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tensors for the primary hydroxyl group in [6-17O]-2-deoxy-D-glucose. This further 

broadens our understanding of the fundamental 17O NMR properties for the important 

hydroxyl functional groups. The theoretical tensors were successfully calculated using 

DFT in ADF software package and agree well with the experimental values. In the future, 

more complicated carbohydrates such as disaccharide or polysaccharide can be studied 

once the chemical synthesis method is available. In addition, other biological process 

involving glucose or 2-deoxy-D-glucose such as metabolic or enzymatic processes should 

be further investigated with this technique as well.  
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Chapter 4 

Real-Time Monitoring of Glucose and Glutamine Metabolism of HeLa Cells with 17O 

NMR 

4.1 Introduction 

Altered glucose metabolism is usually a critical feature of many diseases such as 

diabetes and cancer. So far, only the steady-state concentrations of metabolites are 

measured most of the time instead of their real time changes, which inevitably involves the 

destruction of the experimental system such as cells. In addition, previous efforts to directly 

observe metabolism in live cells usually encompass complicated setup or uncommon NMR 

hardware. Even with that, previous techniques still suffer from low sensitivity, which 

prevent the wider appreciation by general NMR users and metabolism researchers.158 

Therefore, a simple and more sensitive approach for metabolism studies with NMR is 

highly desirable. Recently, in-cell NMR spectroscopy has become a unique tool for 

characterizing biological macromolecules in their physiological environment at atomic 

resolution. Kuser et al.159 used [6-13C]-D-glucose and heteronuclear two-dimensional (2D) 

in-cell NMR spectroscopy to study metabolism of live cancer cells in real-time. They were 

able to differentiate between HepG2 cancer cells and NKNT-3 normal cells based on time-

dependent changes in metabolite concentrations. Barbieri et al.160 used 1H and 1H-15N 

correlation NMR experiments to characterize proteins by in-cell NMR in cultured 

mammalian cells. So far, however, no 17O NMR studies on live cells have been conducted. 

Using 17O-labeled glucose as a direct probe to study glycolysis, the most representative 

metabolic pathway, may produce important complementary information to conventional 

1H and 13C NMR. Through collaboration with the Ottawa Hospital Research Institute, we 
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were able to get live HeLa cancer cells, which is the oldest and most used human cell 

line.161 It was derived from cervical cancer cells taken from Henrietta Lacks, a patient who 

died of cancer in 1951.162 It is a cell line that will not die even after numerous cell divisions 

and therefore is “immortal”. Cervical cancer cells virtually always contain the DNA of 

high-risk Human papillomaviruses (HPVs), which are some of the most important known 

cancer risk factors and are closely related to the development of every 20th human cancer 

worldwide.163 Figure 4.1 below shows a fluorescence micrograph of HeLa cells stained 

with the actin binding toxin phalloidin (red) and cell nuclei (blue). Our goal is to test the 

feasibility of tracing glycolysis using 17O as a direct probe and to study the real-time effects 

of insulin, oxygen concentration, and glutamine concentration on the glycolysis process in 

live HeLa cancer cells by 17O NMR.  

 

 

Figure 4.1 A fluorescence micrograph of HeLa cells, Tomasz Szul/Visuals Unlimited, 

Inc./Getty Images. 
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4.2 Materials and Methods 

4.2.1 Chemicals and Reagents 

[6-17O]-D-glucose was synthesized using the method discussed in Chapter 2, the 

enrichment level of [6-17O]-D-glucose was determined to be 15%. 2 % Fetal Bovine Serum 

(FBS) solution and Bovine Serum Albumin (BSA) serum was obtained from Sigma 

Aldrich. Glucose-free Dulbecco’s Modified Eagle Medium (DMEM) was purchased from 

ThermoFisher Scientific. 1 M stock hydroxyethyl piperazineethanesulfonic acid (HEPES) 

buffer solution was prepared by adding 119.15 g HEPES and 400 mL distilled water to a 

500 mL Erlenmeyer flask. NaOH was used to adjust the pH to be 7.8. More distilled water 

was added to make the final volume as 500 mL.  

 

4.2.2 Cell Lines and Culture Conditions 

The HeLa cells were grown in high glucose (4500 mg/L) DMEM supplemented 

with 10% heat-inactivated FBS and penicillin (100 U/mL, Thermo Fisher Scientific) at the 

Ottawa Hospital Research Institute at 37 oC in a 5% CO2 humidified incubator. Once the 

cells reach confluent state (around 107 cells), they were washed twice with Phosphate-

buffered saline (PBS) and starved in serum free glucose free DMEM overnight to boost 

glucose uptake. The cells were then washed 3 times with PBS and the starved cells were 

later concentrated into 115 μL and shipped on ice in a tube to Queen’s University the next 

day.  
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4.2.3 Cell Counting and Cell Viability Measurements with a Hemocytometer 

After the HeLa cells were received, the cell number and cell viability were 

calculated using the conventional Hemocytometer, which is a microscopy chamber slide 

with a small square (3 mm × 3 mm) etched onto the surface and a coverslip, which rests 

exactly 0.1 mm above the slide. Figure 4.2 shows the square on the surface of the 

Hemocytomer. The following procedure was conducted for cell counting and viability 

measurement. 5 μL from the original 115 μL cell solution was pipetted out and first diluted 

with 20 μL DMEM medium, then 5 μL of that solution was pipetted out and further diluted 

with 20 μL DMEM medium. The 25 μL solution was mixed well with 25 μL trypan blue 

and then 25 μL of the mixture was pipetted out to fill the chamber. Based on the principle 

that live cells possess intact cell membranes that can exclude certain dyes such as trypan 

blue, whereas dead cells do not, Figure 4.3 shows the comparison under microscope 

between live cells that have clear cytoplasm and dead cells that have blue cytoplasm.  

 

 

Figure 4.2 The counting square etched onto the surface of a Hemocytometer. 

 



 

125 

 

 

Figure 4.3 Live and dead HeLa cells dyed with Trypan Blue under microscope with a 

Hemocytometer. 

 

The number of the live and dead cells in the four large corner squares were added 

together and divided by 4 to get an average count for both the live and dead cells. The total 

cell number in the original sample and the cell viability were then calculated using the 

equations below:  

Cell number = average count × 2 ×  10000 × dilution factor × volume (mL) (4.1) 

 Viability (%) =
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 
× 100% (4.2) 

 

4.2.4 NMR Measurements 

All the 17O NMR experiments were run at 37 °C on a 700 MHz Bruker 

spectrometer. Each 17O NMR spectrum was acquired by collecting 10000 scans with a total 

time of 5 min. Spectral widths: 1548 ppm. Acquisition time 0.028 s. d1 = 0 s, de = 6.5 μs. 

SI = 4 k, TD = 8 k. The integration of the glucose signal was determined with DMFit.48 

After NMR acquisition for 2 hours, the color of the mixture turned yellow, and the pH 
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changed from 7.8 to 7.4. All the white cells precipitated at the bottom and the volume of 

cells to the clear medium was 1:1.  

 

4.2.5 Glucose and Glutamine Intake Determination 

[6-17O]-D-glucose is metabolized to water through glycolysis as shown in Figure 

4.4. The first step of glutamine metabolism is the conversion from glutamine to glutamate 

catalyzed by glutaminase as seen in Figure 4.5. Therefore, if the decrease in the 17O NMR 

signals from [6-17O]-D-glucose and [1,1,5-17O3]-glutamine signals and the increase in the 

water and glutamate signals can be measured, we will be able to determine the metabolic 

rate. 

 

 

Figure 4.4 The trace of 17O label during the metabolism of [6-17O]-D-glucose in glycolysis.  
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Figure 4.5 The trace of 17O label during the first step of [17O]-glutamine hydrolysis. 

 

The following method was used to determine both glucose and glutamine intake. 

The signal intensity of [6-17O]-D-glucose and [17O]-glutamine signals will be determined 

and plotted out within the time course. An exponential simulation will then be applied 

using the following equation: 

A = A0e−kt  (4.3) 

where A0 is the initial glucose (glutamine) mass in μg, e is the natural exponential constant, 

k is the signal decay rate in min-1 and t is the experimental time in min. Once A0 and k was 

determined, the overall glucose (glutamine) intake was determined using the following 

equation:  

Glucose (Glutamine) Intake =
k×A0

×107cell numbers
  (4.4) 

with unit as μg/min/107 cells.  

 

4.3 The Glucose Metabolism of HeLa Cells and Their Responses to Insulin 

To test the feasibility and sensitivity of 17O NMR real-time monitoring of glucose 

consumption in HeLa cells, insulin was used to boost glucose consumption. Two samples 

were prepared following the procedure described below, one with insulin stimulation and 

the other one without as a control experiment.  
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4.3.1 Sample Preparation 

JS-03-135-1: The initial cell viability was 80 % and the number of total live cells 

were determined to be 7.28 × 107 in 115 μL × 2 glucose free DMEM medium. 51 μL 1 M 

HEPES (70 mM final concentration) and 0.6 mg [6-17O]-D-glucose in 75 μL DMEM 

medium with 2 % BSA (6 mg) were added and the mixture was transferred to a NMR tube 

and the sample was run for 2 hrs. After the experiment was done, the viability was 

determined to be 48 %.  

JS-03-135-2: The initial cell viability was 88 % and the number of live cells were 

determined to be 4.85 × 107 cells in 115 μL × 2 glucose free medium. 51 μL Krebs-Ringer-

Phosphate-HEPES (KRPH) buffer (70 mM final concentration) and 10 μL insulin (28 nM 

final concentration) was added and the sample was incubated on ice for 2.5 hrs, after which 

0.6 mg [6-17O]-D-glucose in 75 μL DMEM medium with 2 % BSA (6 mg) were added. 

The mixture was transferred to an NMR tube and was run for 2 hrs.  

 

4.3.2 Results and Discussions 

Figure 4.6 shows the 17O NMR spectra of both the control group and the insulin 

stimulated group. Both samples have 9.36 mM glucose. The [6-17O]-D-glucose signal 

decay at around -10 ppm shows that the insulin stimulated sample JS-03-135-2, although 

has less cells, consumes glucose at a much higher rate compared with the control sample 

JS-03-135-1. The glucose signal disappeared at 40 min for insulin simulated sample while 

the glucose signal can be still observable after 2 hrs for the one without insulin simulation.  
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Figure 4.6 17O NMR spectra of (a) 7.28×107 live cells without insulin stimulation and (b) 

4.85×107 live cells with insulin stimulation in 0.356 mL medium at 310 K. The initial [6-

17O]-D-glucose concentration was 9.36 mM.  

 

To quantitatively analyze the glucose consumption between two samples, Figure 

4.7 (a) shows the time course of 17O glucose signal intensities between the control group 

and the experimental group with insulin stimulation. Apparently, the slope for the 

experimental group with insulin stimulation is much steeper than that for the control group 

and the cells stop glucose consumption at around 35 min while cells from the control group 

did not stop glucose consumption until after about 70 min. Using Equation 4.4, the glucose 

intakes were calculated, and the results are shown in Figure 4.7 (b). The results show a 4.8-

fold glucose intake increase for the insulin stimulated sample, with the intake as 9.2 

μg/min/107 cells and the glucose consumption rate as 1.9 μg/min/107 cells for the control 

group. Previous literature164 shows that 3-5 fold increase was observed for insulin 

stimulated starved HeLa cells, which is consistent with our observations. Our results for 
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glucose consumption rate are also in the same magnitude of the previous glucose 

consumption rate calculation for HepG2 cancer  cells using HSQC NMR method,158 which 

is between 5-17 μg/min/107 cells.   

 

  

Figure 4.7 (a) Time courses of 17O glucose signal intensity and (b) glucose intake 

comparison between control and the insulin stimulated one. 

 

4.4 Effects of Oxygen Tension on Glucose Metabolism in HeLa Cells 

In Section 4.2, the viability of HeLa cells was determined to be 48 % even after 70 

min incubation at 37 °C, which means cells were dormant at that time but stopped 

consuming glucose for some reason. For HPV-positive cancer cells, it is known that the 

oncogene expression for viral E6/E7 must be sustained to keep the continuous blockage of 

the tumor-suppressive senescence response from the host cell. This also suggests that this 

pathway is not irreversible. A previous study163 showed that the HPV positive cancer cells 

will become dormant under hypoxic conditions, which means that although E6/E7 
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oncogenes are downregulated, induction of senescence is avoided. Therefore, growth arrest 

is reversible and can be overcome by reoxygenation. In addition, under hypoxia condition, 

glycolysis usually becomes the primary pathway for ATP generation so that mitochondrial 

activity is avoided. When the oxygen balance is restored, normal cells will switch back to 

the predominantly oxidative metabolism. For cancer cells, the ability to develop enhanced 

glycolytic metabolism provides a survival advantage. Some even develop the ability to 

maintain enhanced glycolysis when sufficient oxygen supply returns, which is known as 

the Warburg effect.165 Since the ability of cells to increase the rate of glycolysis in response 

to hypoxia has important implications in both health and disease, it is of fundamental 

importance to further investigate the mechanism behind these metabolic changes. To study 

the relationship between oxygen and glucose consumption with 17O NMR in HeLa cells, 

two sets of experiments were conducted. The first set of experiments tests the cell 

dormancy concept, which is to check if cells will resume glucose consumption upon 

reoxygenation by bubbling with O2 after cells stop glucose consumption. The second set 

of experiments tests the effect of oxygen concentration on glucose consumption rate of 

HeLa cells by bubbling with O2 and N2 respectively in the beginning. 

 

4.4.1 Sample Preparation 

JS-04-05-1: The initial cell viability was 96 % and the number of total live cells 

was determined to be 1.41 × 107 in 115 μL glucose free DMEM medium. 115 μL cell 

sample, 51 uL 500 mM HEPES buffer (70 mM final concentration), 1.2 mg [17O-]-D-

glucose in 75 μL DMEM medium and 6 mg BSA were added together and then bubbled 

with O2 for 5 min. The mixture was transferred to an NMR tube and was run 17O NMR 
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experiment for 1 hr. The sample was then bubbled with O2 for 5 min and run for another 1 

hr.   

JS-04-07-1: The initial cell viability was 93 % and the number of total live cells 

was determined to be 2.9 × 107 in 115 μL glucose free DMEM medium. 51 μL 500 mM 

HEPES buffer (70 mM final concentration), 1.2 mg [17O-]-D-glucose in 75 μL DMEM 

medium and 6 mg BSA were added together and then bubbled with O2 for 5 min. Then 115 

μL cell was added and the mixture was transferred to an NMR tube and run for 1 hr. After 

that, the sample was bubbled with O2 for 5 min and run for another 1 hr.  

JS-04-05-4: The initial cell viability was 96 % and the number of total live cells 

was determined to be 1.41 × 107 in 115 μL glucose free DMEM medium. 51 μL 500 mM 

HEPES buffer (70 mM final concentration), 1.2 mg [17O-]-D-glucose in 75 μL DMEM 

medium and 6 mg BSA were added together. The mixture was bubbled with O2 for 5 min 

and mixed with 115 μL cell sample. The mixture was transferred to an NMR tube and was 

run 17O NMR experiment for 2 hrs.   

JS-04-07-4: The initial viability was 93 % and the number of total live cells was 

determined to be 2.9 × 107 in 115 μL glucose free DMEM medium. 51 μL 500 mM HEPES 

buffer (70 mM final concentration), 1.2 mg [17O-]-D-glucose in 75 μL DMEM medium 

and 6 mg BSA were added together. The mixture was then bubbled with N2 for 5 min and 

mixed with 115 μL cell sample. The mixture was transferred to an NMR tube and was run 

17O NMR experiment for 2 hrs.  
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4.4.2 Results and Discussions 

Figure 4.8 shows the 17O NMR spectra monitoring of sample JS-04-05-1 and JS-

04-07-1 in real time. Both samples were bubbled with oxygen in the beginning and after 1 

hr. In both samples, when cells stopped consuming glucose after half an hour, the 

consumption resumed once oxygen is bubbled into the system, as shown by the further 

decrease of glucose signal after 1 hr. To determine the glucose consumption rate 

quantitatively, Figure 4.9 (a) shows the time course of glucose signal intensities. In both 

samples, cells stopped consuming glucose at around 33 min but resumed glucose 

metabolism with the same metabolic rate as before once oxygen was bubbled into the 

system. This suggests that the metabolic rate can be fully resumed once oxygen is 

reintroduced into the system after dormancy. The metabolic rates for the two samples were 

determined to be 3.8 μg/min·107 cells and 4.4 μg/min·107 cells, respectively, which also 

shows good reproducibility. This set of experiments confirms the dormancy phenomenon 

described from previous literature163 and explains that although E6/E7 are considered 

attractive therapeutic targets for immunotherapy or for functional inhibition, hypoxic HeLa 

cancer cells are protected against chemotherapy as well as against virus-specific 

therapeutic approaches and serve as reservoirs for cancer recurrence on reoxygenation.  
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Figure 4.8 17O NMR spectra monitoring of sample (a) JS-04-05-1 and (b) JS-04-07-1 at 

310 K. Both samples were bubbled with O2 in the beginning AND after 1 hr.   
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Figure 4.9 (a) Time courses of 17O glucose signal intensity and (b) glucose intake 

comparison between sample JS-04-05-1 and JS-04-07-1.  

  

To compare the effect of oxygen concentration on glucose consumption in HeLa 

cells, Figure 4.10 shows the 17O NMR spectra of glucose consumption in HeLa cells under 

both oxygen rich and oxygen deprived conditions. Sample JS-04-05-4 was bubbled with 

O2 while sample JS-04-07-4 was bubbled with N2 in the beginning. Both samples stopped 

glucose consumption after around 33 min. The quantitative fitting from glucose signal in 

Figure 4.11 (b) shows that the glucose intakes for the two samples were 4.1 μg/min·107 

cells and 3.6 μg/min·107 cells, respectively. Previous literature166 reported an enhanced 

rate of glycolysis in cells under hypoxic condition so that this pathway becomes the 

primary source of cellular ATP generation, whereas actively decreasing oxidative 

phosphorylation. In addition, when oxygen concentrations are high, HeLa cells respond 

similarly to a completely anaerobic system,166 which means the major portion of the 

glucose will be metabolized into lactic acid and the specific rate of glucose utilization will 
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be accelerated. Our experimental results showed comparable glucose consumption rates 

between the sample with O2 bubbling and the sample with N2 bubbling. The metabolic 

rates were also in good agreement with previous set of experiments where O2 was bubbled 

in the system, indicating good reproducibility. In addition, compared to the control sample 

in section 4.3, the glucose intake with both O2 and N2 was elevated, suggesting the increase 

of glycolysis of HeLa cells under both hypoxia and hyperoxia conditions.  

 

 

Figure 4.10 17O NMR spectra monitoring of experiment (a) JS-04-07-1 with O2 bubbling 

and (b) JS-04-07-4 with N2 bubbling in the beginning at 310 K.  
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Figure 4.11 (a) Time courses of 17O glucose signal intensity and (b) glucose intake 

comparison between sample JS-04-05-4 and JS-04-07-4.  

  

4.5 Glutamine Metabolism in HeLa Cells 

Since cancer cells are usually in a poorly vascularized, nutrient deprived 

microenvironment due to their rapid proliferation, they usually require a reprogrammed 

metabolism to meet the tremendous energy need. Although glucose can provide carbon for 

biosynthesis, it cannot provide the amino acids and glutathione that the synthesis of nucleic 

acids requires. In fact, previous literature has shown that glutamine, not glucose, is the 

major nutrient for cultured HeLa cells.167 Clinically, glutamine metabolism inhibition is 

also considered as an important treatment direction for many malignancies.168 However, 

its regulatory mechanism and the relationship with glucose consumption still need further 

investigation. Therefore, in this section both [17O]-glutamine and [6-17O]-D-glucose 

consumptions in HeLa cells were monitored in real time using 17O NMR. Two sets of 
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experiments were prepared with different glucose and glutamine concentrations following 

the procedures below.   

 

4.5.1 Sample Preparation 

JS-03-146-1: The initial cell viability was 96 % and the number of total live cells 

was determined to be 3.74 × 107 in 115 μL × 2  glucose free DMEM medium. Then 51 μL 

500 mM HEPES buffer (70 mM final concentration) and 1.2 mg [6-17O]-D-glucose in 75 

μL DMEM medium, 6 mg BSA and 0.6 mg 17O-labeled glutamine were mixed and added 

to the 115 μL × 2 cell sample. The mixture was transferred to an NMR tube and was run 

17O NMR experiments for 1 hr.  

JS-03-146-2: The initial cell viability was 96 % and the number of total live cells 

was determined to be 3.74 × 107 in 115 μL × 2 glucose free DMEM medium. Then 51 μL 

500 mM HEPES buffer (70 mM final concentration) and 1.2 mg [6-17O]-D-glucose in 75 

μL DMEM medium, 6 mg BSA and 1.9 mg 17O-labeled glutamine were mixed and added 

to the 115 μL × 2 cell sample. The mixture was transferred to an NMR tube and was run 

17O NMR experiments for 3 hrs.  

JS-03-149-1: The initial cell viability was 80 % and the number of total live cells 

was determined to be 2.94 × 107 in 115 μL × 2 glucose free DMEM medium. Then 51 μL 

500 mM HEPES buffer (70 mM final concentration) and 1.2 mg [6-17O]-D-glucose in 75 

μL DMEM medium, 6 mg BSA, 1.0 mg non-labeled glutamine were mixed and added to 

115 μL × 2 cell sample. The mixture was transferred to an NMR tube and was run 17O 

NMR experiments for 1 hr. After that, the cell viability was determined as 65 %. 
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JS-03-149-2: The initial viability was 80 % and the number of total live cells were 

determined to be 2.94 × 107 in 115 μL × 2 glucose free DMEM medium. Then 51 μL 500 

mM HEPES buffer (70 mM final concentration) and 1.2 mg [6-17O]-D-glucose in 75 μL 

DMEM medium, 6 mg BSA, 0.9 mg 17O-labeled glutamine was mixed and added to 115 

μL × 2 cell sample. The mixture was transferred to an NMR tube and was run 17O NMR 

experiments for 1 hr and 40 min.  

JS-03-149-3: The initial viability was 80 % and the number of total live cells were 

determined to be 1.47 × 107 in 115 μL glucose free DMEM medium. Then 51 μL 500 mM 

HEPES buffer (70 mM final concentration) and 1.2 mg [6-17O]-D-glucose in 75 μL DMEM 

medium, 6 mg BSA, 2.8 mg 17O-labeled glutamine was mixed and added to the 115 μL 

cell sample. The mixture was transferred to an NMR tube and was run 17O NMR 

experiments overnight.  

 

4.5.2 Results and Discussions 

Figure 4.12 shows the 17O spectra of glucose consumption for sample JS-03-146-

1, JS-03-149-1, JS-03-146-2, and JS-03-149-3 with the same glucose concentration and 

increasing glutamine concentrations at 310 K. The glucose signal decays the fastest for 

sample JS-03-146-1 with the lowest level of glutamine concentration while the signal 

decays the slowest for sample JS-03-149-3 with the most concentrated glutamine.  

 



 

140 

 

 

Figure 4.12 17O NMR spectra of [6-17O]-D-glucose metabolism in sample (a) 4.3 mM 

glutamine (b) 5.3 mM glutamine (c) 9.8 mM glutamine (d) 13.1 mM at 310 K.  

 

The time course of the glucose signal intensity was shown in Figure 4.13 (a) and 

the glucose intakes were shown in Figure 4.13 (b). The glucose consumption rate was 10.2 

μg/min/107 cells and 7.7 μg/min/107 cells, respectively for sample JS-03-146-1 and JS-03-

149-1 with glutamine concentrations as 4.3 mM and 5.3 mM. For sample JS-03-146-2 and 

sample JS-03-149-3, where the glutamine concentrations were 9.8 mM and 13.1 mM, the 

glucose intakes were 6.3 μg/min/107 cells and 3.5 μg/min/107 cells. This suggests that 

higher level glutamine inhibits the utilization of glucose in HeLa cells.  

 



 

141 

 

  

Figure 4.13 (a) Time courses of 17O glucose signal intensity and (b) glucose intake for 

samples with 4.3 mM, 5.3 mM, 9.8 mM and 13.1 mM glutamine.  

 

Figure 4.14 shows the 17O NMR spectra of glutamine consumption of HeLa cells 

in sample JS-03-149-2, JS-03-146-2, and JS-03-149-3. Sample JS-03-149-0 has 5.2 mM 

glutamine without glucose. Sample JS-03-146-02 and Sample JS-03-149-3 have 9.8 mM 

and 13.1 mM glutamine, respectively, they both have 14.8 mM glucose. The initial 

integration ratio between peak 271 ppm and peak 284 ppm is 2:1 as the peak at 271 ppm 

is from the carboxylic acid and the peak at 284 ppm is the carbonyl oxygen atom from the 

glutamine side chain. Once glutamine is converted into glutamate, the peak at 284 ppm 

will slowly be shifted towards 281 ppm, which is the carboxylic oxygen atoms from the 

glutamate side chain. Sample JS-03-149-2 in Figure 4.14 (a) had no added glucose and the 

decay of the glutamine signal shows that HeLa cancer cells can still survive with only 

glutamine. This confirms that glutamine is also an important source of nutrients for cancer 

cell survival compared to glucose. Sample JS-03-146-2 in Figure 4.14 (b) and sample JS-
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03-149-3 in Figure 4.14 (c) both have 14.8 mM glucose. The glutamine concentration as 

13.05 mM in Figure (c) is higher compared to that in Figure (b) which is 9.81 mM. Overall, 

compared with glucose, the glutamine consumption rate seems much slower, as the signal 

continue to decay after about 3 hrs.  

 

 

Figure 4.14 17O NMR spectra of glutamine metabolism in sample (a) JS-03-149-2 (b) JS-

03-146-2 (c) JS-03-149-3 at 310 K.  

 

To quantitatively compare their glutamine metabolic rates, the time course of the 

glutamine signal intensity was shown in Figure 4.15 (a) and the calculated glutamine 

intakes were shown in Figure 4.15 (b). Compared with JS-146-2 and JS-149-3 where 

labeled glucose was added, the glutamine consumption rate for sample JS-149-2 was the 

highest, which is 2.57 μg/min/107 cells. For sample JS-03-146-2 and JS-03-149-3, with the 

increasing glutamine concentrations, the glutamine intakes also increase from 1.17 
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μg/min/107 cells to 2.10 μg/min/107 cells. This suggests that less inhibition from glucose 

leads to higher glutamine consumption, which again confirms previous studies conducted 

by Brindle and his co-workers169 alleging that glucose and glutamine utilizations follow 

reciprocal regulations in HeLa cancer cells.   

 

  

Figure 4.15 (a) Time courses of 17O glutamine signal intensity and (b) glutamine intakes 

for samples with 5.1 mM, 9,8 mM and 13.1 mM glutamine.  

 

4.6 Conclusions and Future Work 

This chapter shows that 17O NMR can be used as a powerful tool to monitor 

metabolism in live cells in real time. By fitting the signal intensities, we were able to 

quantitatively determine the glucose and glutamine metabolic rates. The glucose 

consumption rate for insulin stimulated cells are around 5 times faster than those without 

insulin in HeLa cells. This shows 17O NMR can be used as a very sensitive tool to monitor 

glucose consumption quantitatively in real time. In addition, we were able to confirm the 
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dormancy for hypoxic HeLa cells with 17O NMR in real time. Results show that glucose 

consumption was resumed and the rate was almost unaffected once oxygen was 

reintroduced into the system when the HeLa cells stopped to consume glucose, which 

explains why chemotherapy or virus-specific therapeutic approaches may not be so 

effective towards killing of the hypoxic HeLa cancer cells. We also measured the glucose 

consumption rate of HeLa cells under both hyperoxia and hypoxia conditions. Both 

samples showed elevated glucose intake compared to the control sample under normal O2 

condition. The glucose consumption rates were comparable between oxygen rich and 

oxygen deprived conditions. Later the glutamine metabolite as glutamate was also 

identified using 17O NMR and both the glucose and glutamine metabolisms were 

simultaneously monitored in real time. Results confirmed the glucose and glutamine 

reciprocal regulation in HeLa cells.  

All these preliminary results have demonstrated that 17O NMR can be used as a 

sensitive tool to study real-time metabolism in live cells quantitatively. In the future, more 

experiments are needed to test the reproducibility of the current data. In addition, similar 

experiments need to be extended for the normal cells to compare the metabolic differences 

between benign and malignant cells.   
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Chapter 5 

Quadrupole-Central-Transition (QCT) 17O NMR Studies of Hexokinase-Glucose 

Complex in Aqueous Solution 

5.1 Introduction 

Hexokinases catalyze the first step of the glycolytic pathway where the C6 position 

of glucose is phosphorylated to glucose-6-phosphate (G6P) and ATP is converted into ADP 

(Figure 5.1). This step is essentially irreversible as once glucose is phosphorated, it is 

trapped in cells as the cell membranes are negatively charged.  

There are four important hexokinase isozymes, and each has distinct properties and 

physiological functions. They are designated as hexokinases I, II, III, and IV 

(Glucokinase). Hexokinase I, II, III are all dimeric and have a molecular weight of 

~100 kDa size, consisting of two halves (N and C terminal) and each weigh ~50 kDa. 

Hexokinase I is the main isoform in the brain, but is also ubiquitously expressed. 

Hexokinase II is the predominant isoform in insulin-sensitive tissues such as adipose, 

skeletal, and cardiac muscle. Hexokinase III is universally expressed as well but not 

predominant in any tissue. Glucokinase (Hexokinase IV), is monomeric and has a 

molecular mass of ~50 kDa. It is mainly expressed in liver and pancreas.170 Hexokinase I, 

II and III have an approximately 250-fold higher affinity for the substrate glucose (Km = 

0.02 mM) relative to Hexokinase IV (Km = 5 mM) and are all strongly inhibited by their 

product glucose-6-phosphate, while glucokinase is not allosterically inhibited by its 

product, glucose-6-phosphate.171  
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Figure 5.1 Glucose phosphorylation catalyzed by Hexokinase. 

 

In the last decade, many studies have emphasized the importance of metabolic 

reprogramming in cancer biology and suggested the major role Hexokinase II regulation 

plays in elevated glycolysis in cancer cells, which is known as Warburg effect.165 During 

tumor development, the genes that express Hexokinase IV in normal tissues are silenced 

while those express Hexokinase II are induced. Since Hexokinase II has higher affinity 

towards glucose than Hexokinase IV, this change meets the high energy demand in tumors. 

Therefore, Hexokinase II upregulation is considered a consequence of metabolic 

reprogramming in cancer.172  

 The catalytic activity of both domains is preserved in Hexokinase II while activity 

is restricted to the carboxyl terminal domain of Hexokinase I and Hexokinase III. Both N- 

and C-terminal domains in Hexokinase II possess catalytic ability and can be inhibited by 

G6P, though the C-terminal domain demonstrates lower affinity for ATP and is only 

inhibited at higher concentrations of G6P. It is proposed that glucose binding at one site 

induces a conformational change which prevents a second glucose from binding the other 

site. However, the detailed mechanism is still puzzling. 17O quadrupolar central transition 

(QCT) NMR may provide unique information due to its advantage in handling large 

molecules and molecular complexes.  
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5.2 Experimental Details 

5.2.1 NMR Measurements  

Solution 17O NMR experiments were performed using Bruker 700 (16.4 T) 

operating at 95 MHz for 17O nuclei. A liquid sample of H2O was used for radio frequency 

(RF) field strength calibration as well as for 17O chemical shift referencing (δ = 0 ppm). 

For 17O QCT NMR experiments, the effective 90° pulse is approximately one-third (6 μs) 

of that calibrated using a liquid H2O sample (18 μs).  

 

5.2.2 Sample Preparation 

The glucose-hexokinase complex was prepared in the following fashion. 

Approximately 0.2 mg [6-17O]-D-glucose and 0.2 mg MgCl2 was dissolved in 0.2 mL pH 

= 7 Tris buffer, followed by addition of 45.0 mg Hexokinase (10 kU, Alfa Aesar).   

 

5.3 Results and Discussions 

The amount of free [6-17O]-D-glucose ligands in the protein sample was monitored 

by solution 17O NMR. Figure 5.2 (a) shows the experimental 17O NMR spectra of glucose-

hexokinase complex in aqueous solution with water suppression at 16.4 T with different 

hexokinase concentrations. With the increase of added hexokinase, the free [6-17O]-D-

glucose ligand decreases and in the end is below detection limit when 45 mg hexokinase 

was added in total. Figure 5.2 (b) shows the 17O QCT NMR spectra of the glucose-

hexokinase complex in aqueous solution at different temperatures. The strong peak at 177 

ppm may be from ammonium sulphate molecules and the peak at 97 ppm is from the NMR 

glass tube. Theoretically, the hexokinase-glucose complex should appear around -70 ppm. 
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The negative results may be because the concentration for the formed complex was too low 

or the signal was too broad under those conditions.  

 

 

Figure 5.2 (a) Experimental 17O NMR spectra of glucose-hexokinase complex in aqueous 

solution with water suppression at 16.4 T with different hexokinase concentrations. 

Number of transients and total experimental time d1 = 0.2 s, pw = 22 dB. (b)  QCT 17O 

NMR of glucose HK binding with different temperatures, LS = 14. 298 K: ns ~ 3000k, 

collection time ~24 hr, the signal with * is from the glass tube.  

 

The actual protein concentration was determined by the absorption at 280 nm on an 

UV-vis spectrometer. Figure 5.3 shows the UV-vis spectrum of glucose-hexokinase 

complex. From the molar extinction coefficient (ε) of 51000 M-1 cm-1, the concentration of 

Hexokinase was determined to be 1.5 mM.  
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Figure 5.3 UV-vis spectrum of glucose HK complex. (2.28 mg glucose + 45 mg HK in 0.2 

mL H2O).   

 

Since hexokinase II from yeast are known to exist predominantly as dimers at 

neutral pH, with the dissociation constant Kd of Hexokinase-glucose complex as around 3 

mM,173 the final ratio between free [6-17O]-D-glucose: MgCl2: Hexokinase-glucose 

complex  can be determined in order to expect the signal intensities. For example, if the 

initial glucose concentration is 6.3 mM, the ratio between free [6-17O]-D-glucose: MgCl2: 

Hexokinase-glucose complex can be determined as around 5.3: 10.6: 1 when it reaches 

equilibrium (Table 5.1). From equation (13) of the 17O NMR line width as a function of ν0, 

τc, PQ and PSA proposed by Shen et al.19,  

𝜏𝑐 ≈
17.2

𝜔𝑄
 (5.1)  

where ω𝑄 = 2𝜋𝐶𝑄 , some insights into the optimal condition for 17O QCT signal from 

hexokinase-glucose complex can be achieved. Assuming the quadrupole coupling constant 

CQ for hexokinase-glucose complex is 9 MHz, the optimal τc can be calculated as 300 ns. 
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Since the crystal structure of Hexokinase II has a volume as 59 × 78 × 54Å3 from 

literature,174 optimal temperature and viscosity can be therefore calculated in order to 

optimize the experimental conditions.  

 

Table 5.1 An ICE (Initial, Change, Equilibrium) table for hexokinase-glucose complex 

equilibrium. 

 Glucose HK Complex 

I 0.0063 0.0015 0.0000 

C -0.0010 -0.0010 0.0010 

E 0.0053 0.0005 0.0010 

 

 
Kd = 0.0027 

 

5.4 Conclusions and Future Work 

A preliminary exploration on 17O QCT NMR of glucose-hexokinase binding was 

conducted. Since QCT signals change as a function of the applied field due to the presence 

of dynamic frequency shifts, it is necessary to further collect data at various magnetic fields 

to get the real isotropic chemical shifts. Moreover, the linewidths of QCT signals depend 

critically on the value of τc for a system, factors such as temperature and solvent viscosity 

that may change τc will need to be carefully determined to find the optimal resolution. After 

that, PQ and PSA values can then be obtained by fitting the linewidths at different magnetic 

fields.     
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Chapter 6 

Concluding Remarks 

This thesis documents the synthesis of site-specifically 17O-labeled glucose, 

subsequent solid-state 17O NMR characterization, exploration of 17O as a direct probe for 

real-time monitoring of the first step of glycolysis in live HeLa cancer cells, and a 

preliminary attempt to study hexokinase-glucose complex using 17O QCT NMR.  

Detailed synthetic methods for 17O-labeling glucose, 2-deoxy-D-glucose using 

hydration/reduction method with 17O-labeled water and 17O-labeled benzoic acid, and the 

incorporation of 17O into glucose-6-phosphate and glutamine using enzymatic reactions 

were described and their solution-state 17O NMR characterizations were also presented. In 

the future, other oxygen positions in 2-deoxy-D-glucose can be labeled if simple and 

efficient synthetic methods become available. In addition, further investigation is required 

to optimize the ionic exchange column separation for large-scale production of [6-17O]-D-

glucose-6-phosphate and [1,1,5-17O3]-glutamine that are needed for solid-state 17O NMR 

characterization. The conversion from [6-17O]-2-deoxy-D-glucose to [6-17O]-2-deoxy-D-

glucose-6-phosphate via hexokinase, and the metabolic roles of these biologically 

important molecules in cells should also be further investigated using 17O as a direct probe.  

Solid-state 17O NMR experiments were also successfully carried out to determine 

the 17O NMR chemical shift tensors and quadrupole coupling tensors in glucose site-

specifically and [6-17O]-2-deoxy-D-glucose. This is the first time that 17O NMR tensors are 

measured for both hydroxyl group and hemiacetal group in D-glucose and the 6-position 

hydroxyl group in 2-deoxy-D-glucose. This broadens our understanding of the 

fundamental 17O NMR properties for these important organic functional groups. The 



 

152 

 

theoretical tensors were also successfully calculated using DFT in ADF software which 

agree well with the experimental values. In the future, more complicated carbohydrates 

such as disaccharide or polysaccharide can be studied once the chemical synthesis method 

is available.  

Furthermore, real-time 17O monitoring of the first step of glycolysis in live HeLa 

cells were also successfully conducted. The glucose and glutamine metabolic rates were 

determined quantitatively by fitting the signal intensities. The glucose consumption rate 

for insulin stimulated cells are around 5 times faster than those without insulin in HeLa 

cells. The dormancy for hypoxic HeLa cells was also confirmed with 17O NMR in real 

time. Results show that glucose consumption was resumed and the rate was almost 

unaffected once oxygen was reintroduced into the system when the HeLa cells stopped to 

consume glucose, which explains why chemotherapy or virus-specific therapeutic 

approaches may not be so effective towards killing of the hypoxic HeLa cancer cells. The 

glucose consumption rate of HeLa cells under both hyperoxia and hypoxia conditions were 

also measured. The results show that the glucose consumption rates were comparable under 

these two conditions and they are both higher than that under normal oxygen conditions, 

which confirms that the HeLa cancer cells increase glycolysis in response to both hypoxia 

and hyperoxia. Later the glutamine metabolite as glutamate was identified using 17O NMR 

and the metabolism was monitored in real time. The measurements of both glucose and 

glutamine consumption rates at different glucose and glutamine concentrations also 

confirmed their reciprocal regulation in HeLa cells, indicating that both glucose and 

glutamine are important energy courses. All these results demonstrate the advantage of 17O 

NMR as a non-invasive and sensitive tool for studying real-time metabolism in live cells 
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quantitatively. In the future, more experiments need to be done to test the reproducibility 

of the current data and similar experiments need to be extended for the normal cells to 

compare the metabolic differences between benign and malignant cells.  

In the end, some preliminary explorations on 17O QCT NMR of glucose-hexokinase 

binding were conducted. Since QCT signals change as a function of the applied field due 

to the presence of dynamic frequency shifts, measurements at various magnetic fields are 

necessary to get the real isotropic chemical shifts. The linewidths of QCT signals also 

depend critically on the value of τc for a system, thus factors such as temperature and 

solvent viscosity that may change τc will need to be carefully determined to find the optimal 

resolution, followed by the determination of  PQ and PSA values through  fitting the 

linewidths at different magnetic fields.      
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Appendix I: (Supplementary NMR Data for Chapter 2) 

 

Figure A-1. 17O NMR of [1-17O]-D-glucose (1I) in H2
17O at 11.7 T at 355 K. 
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Figure A-2. 1H NMR of 1,3,4,6-Tetra-O-acetyl, [2-17O]-benzoyl-beta-D-mannopyranose (2I) in CDCl3 at 9.4 T. 
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Figure A-3. 13C NMR of 1,3,4,6-Tetra-O-acetyl, [2-17O]-benzoyl-beta-D-mannopyranose (2I) in CDCl3 at 9.4 T. 
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Figure A-4. 17O NMR of 1,3,4,6-Tetra-O-acetyl, [2-17O]-benzoyl-beta-D-mannopyranose (2I) in CDCl3 at 9.4 T. 
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Figure A-5. 17O NMR of [2-17O]-D-glucose (2II) in D2O at 9.4 T at 355 K. 
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Figure A-6. 1H NMR of [3-17O]-Benzoyl-1, 2-O-isopropylidene-α-D-glucofuranose (3I) in CDCl3 at 11.7 T. 
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Figure A-7. 17O NMR of [3-17O]-Benzoyl-1, 2-O-isopropylidene-α-D-glucofuranose (3I) in CDCl3 at 9.4 T. 
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Figure A-8. 1H NMR of [3-17O]-1,2;5,6-Di-O-isopropylidene-α-D-glucofuranose (3II) in CDCl3 in 9.4 T. 
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Figure A-9. 17O NMR of [3-17O]-1,2;5,6-Di-O-isopropylidene-α-D-glucofuranose (3II) in CDCl3 at 9.4 T. 
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Figure A-10. 17O NMR of [3-17O]-D-glucose (3III) in H2O in D2O at 9.4 T at 355 K. 
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Figure A-11. 1H NMR of 1-Methyl-2, 3, [4-17O], 6-tetra-O-benzoyl-α-D-glucopyranoside (4I) in CDCl3 at 7.1 T. 
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Figure A-12. 17O NMR of 1-Methyl-2, 3, [4-17O], 6-tetra-O-benzoyl-α-D-glucopyranoside (4I) in CDCl3 at 11.7 T. 
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Figure A-13. 1H NMR of [4-17O]-1-Methyl-α-D-glucopyranoside (4II) in D2O at 9.4 T. 
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Figure A-14. 17O NMR of [4-17O]-1-Methyl-α-D-glucopyranoside (4II) in D2O at 11.7 T. 
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Figure A-15. 17O NMR of [4-17O]-D-glucose (4III) in D2O at 9.4 T at 355 K. 
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Figure A-16. 1H NMR spectrum of 1, 2-O-isopropylidene-D-xylo-hexofuranurono-6, 3-lactone-5-ulose hydrate (5I) in DMSO-d6 at 

9.4 T. 
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Figure A-17. 13C NMR spectrum of 1, 2-O-isopropylidene-D-xylo-hexofuranurono-6, 3-lactone-5-ulose hydrate (5I) in DMSO-d6 at 

7.1 T.  
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Figure A-18. 17O NMR spectrum of [5,5-17O2]-1, 2-O-isopropylidene-D-xylo-hexofuranurono-6, 3-lactone-5-ulose hydrate (5I) in 

methanol-d4 at 9.4 T. 
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Figure A-19. 1H NMR of 1, 2-O-isopropylidene-α-[5-17O]-D-glucofuranose (5II) in methanol-d4 at 11.7 T. 
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Figure A-20. 13C NMR of 1, 2-O-isopropylidene-α-[5-17O]-D-glucofuranose (5II) in methanol-d4 at 7.1 T. 
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Figure A-21. 17O NMR spectrum of 1, 2-O-isopropylidene-α-[5-17O]-D-glucofuranose (5II) in methanol-d4 at 11.7 T. 
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Figure A-22. 17O NMR spectrum of [5-17O]-D-glucose (5III) in D2O at 11.7 T, 355 K. 
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Figure A-23. 1H NMR of [6-17O]-Benzoyl-1, 2-O-isopropylidene-α-D-glucofuranose (6I) in DMSO-d6 at 7.1 T. 
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Figure A-24. 17O NMR of 1, 2-O-Isopropylidene-α-[6-17O]-D-glucofuranose (6II) in Methonal-d4 at 9.4 T.  
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Figure A-25. 17O NMR of [6-17O]-D-glucose (6II) in D2O at 11.7 T, 355 K. 
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Figure A-26.1H NMR of [6,17O]-methyl-O-benzoyl-2-deoxy-D-glucose (7II) in MeOD at 7.1 T at 298 K. 
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Figure A-27.13C NMR of [6,17O]-methyl-O-benzoyl-2-deoxy-D-glucose (7II) in MeOD at 7.1 T at 298 K. 
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Figure A-28.17O NMR of [6,17O]-methyl-O-benzoyl-2-deoxy-D-glucose (7II) in MeOD at 9.4 T at 298 K. 
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Figure A-29.1H NMR of [6,17O]-methyl-2-deoxy-D-glucose (7III) in MeOD at 7.1 T at 298 K. 
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Figure A-30.13C NMR of [6,17O]-methyl-2-deoxy-D-glucose (7III) in MeOD at 9.4 T at 298 K. 
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Figure A-31.17O NMR of [6,17O]-methyl-2-deoxy-D-glucose (7III) in MeOD at 11.7 T at 298 K. 
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Figure A-32.1H NMR of [6-17O]-2-deoxy-D-glucose (7IV) in D2O at 16.4 T at 298 K. 
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Figure A-33.13C NMR of [6-17O]-2-deoxy-D-glucose (7IV) in D2O at 16.4 T at 298 K. 
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Figure A-34.17O NMR of [6-17O]-2-deoxy-D-glucose (7IV) in H2O at 14.1 T at 355 K. 
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Figure A-35. 17O NMR of [6-17O]-D-glucose-6-phosphate (8I) in H2O at 9.4 T at 298 K.  
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