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Introduction 

Carbohydrate chemistry remains a popular field of research due to its importance in 

biology. Like other important bio-molecules such as peptides, oligosaccharides are 

usually synthesized chemically using a bottom-up approach, starting with 

monosaccharide units and coupling them together via glycosylation.[1] This synthetic 

approach is highly adaptable for various oligosaccharides, but often contains numerous 

synthetic steps. This is because carbohydrates contain multiple hydroxy (OH) groups, 

which must first be selectively protected before glycosylation can occur in a regio- and 

stereoselective manner.[1,2] Site-selective (regioselective) reactions on (unprotected) 

carbohydrates are, therefore, highly desired and are often employed in the synthesis of 

functionalized carbohydrates. These reactions are well-developed to suit a variety of 

monosaccharides with different stereochemical configuration and with controllable 

selectivity for the desired transformation[3] and include, but are not limited to, acylation, 
[4,5] alkylation,[6] silylation,[7] and oxidation. While the utility of acylation, alkylation and 

silylation is clear in protecting-group chemistry, and acylation allows for limited 

subsequent modifications,[8] oxidation, on the other hand, allows further modifications 

such as epimerization, reductive amination, nucleophilic addition[9] and epoxidation[10] 

without further protection. One of the most well-studied oxidation reactions is the 

selective oxidation of pyranosides at C6 with TEMPO[11] or transition metal catalysts such 

as rhodium.[12]  This makes use of the inherent lack of steric crowding of this primary 

hydroxy group. On the other hand, regioselective oxidation of the secondary hydroxy 

groups is far less common. Tin acetal mediated oxidation has been reported to induce 

high regioselectivity in glycosides containing cis-diols.[13] Our group reported on the 

catalytic C3-selective oxidation of glucopyranosides using Waymouth’s catalyst 2[14] and 

has studied this reaction intensively (Scheme 1).[15] 

 
Scheme 1. C3-selective oxidation of methyl β-glucoside with Waymouth’s catalyst. 

 

Since the discovery that glucosides can be oxidized selectively at the C3 position, this 

methodology has been used for the oxidation of various other monosaccharides and 

oligosaccharides.[16] In parallel, a number of studies have been carried out to investigate 

and challenge the C3-selectivity of the palladium catalyzed oxidation.[17] The effect of 
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the following factors on C3-selecitivity have been studied (Scheme 2): 1) steric crowding, 

2) the stereochemical configuration and substitution pattern of the glycoside substrate, 3) 

the solvent, and 4) the temperature (Scheme 2). A competition experiment between 1 and 

its C4-THP protected variant showed that steric hindrance near C3 only results in 

decreased reactivity. However, it did not affect the site-selectivity.[17b] Varying 

substitution patterns on the glycoside do not alter the site-selectivity for C3 either.[15,17] 

The apparent loss in regioselectivity in xylosides, galactosides and mannosides is the 

result of subsequent oxidation reactions on the keto-product, which leads to over-

oxidation and rearrangement.[17b] Switching the solvent from a water/acetonitrile mixture 

to DMSO or trifluoroethanol affects the reaction rate, but in all cases the oxidation of the 

C3 OH is favored.[15,17a] Lastly, elevated reaction temperature erodes selectivity and 

results in the formation of the C4-oxidized product.[17a] Nevertheless, the C3 product 

dominates in all cases. Despite these mechanistic studies, the pertinent C3-selectivity has 

not been adequately explained. In this study, we show that the endocyclic oxygen is 

essential for the observed selectivity using a combination of synthetic experiments and 

computational chemistry. 

We began our study by investigating the palladium-catalyzed oxidation of carba-β-

glucose and carba-1-deoxyglucose, where the ring oxygen has been substituted by a 

methylene (CH2) group. These substrates were synthesized and subjected to oxidation 

conditions using catalyst 2. Interestingly and in contrast to methyl β-glucoside, the 

oxidations of the carba-glucose derivatives were unselective and provided a nearly equal 

amount of C2, C3, and C4 oxidation products (and C1 oxidation in the case of carba-β-

glucose) (Scheme 3). These experiments suggest that the ring oxygen plays a significant 

role in the regioselective C3 oxidation of methyl β-glucoside. To understand the influence 

of the ring oxygen on the regioselectivity, we next turn to density functional theory (DFT) 

calculations. 
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Scheme 2. Mechanistic studies carried out by our group and Waymouth and coworkers. 

 

 
Scheme 3 Oxidation of carba-glucosides in DMSO using catalyst 2. Only 1 eq benzoquinone was 

used. All yields are NMR yields. 
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Results and discussion 

All calculations were carried out using the Amsterdam Density Functional (ADF) 

program[18] with dispersion-corrected relativistic density functional theory at ZORA-

BLYP-D3(BJ)/TZ2P.[19] When noted, solvent effects of DMSO were modelled with 

COSMO.[20] Experimentally, it was observed that the use of solvents other than DMSO 

results in the same regioselectivity but with differing reaction rates.[15,17a] Throughout this 

paper, we focus on the electronic energies of the molecular systems. The Gibbs free 

energies at 298.15 K and 1 atm were calculated for the reactions as well, and trends in 

reactivity turned out to be unchanged. All open-shell systems were treated with the spin-

unrestricted formalism at ZORA-(U)BLYP-D3(BJ)/TZ2P. 

The reaction energies were computed for the oxidation of β-glucoside 1 with catalyst 2 

in the presence of benzoquinone 3, leading to all possible products and hydroquinone 4 

(Scheme 4). Based on the experimental results and computations by Waymouth and 

coworkers,[14] we ruled out the possibility of oxidation at C6 and focused on the difference 

between the seemingly similar equatorial secondary alcohols at C2, C3, and C4. There 

are thus three possible outcomes of the oxidation: oxidation at C2, C3, C4, forming 5.2, 

5.3 and 5.4, respectively. When the reaction was carried out at room temperature, product 

5.3 was the observed product (Scheme 1). Our calculations found that formation of 

product 5.3 is the most exergonic reaction (∆Grxn = –15.3 kcal mol−1), followed by 5.4 

(∆Grxn = –15.0 kcal mol−1), and then 5.2 (∆Grxn = –13.8 kcal mol−1). The small ∆∆Grxn 

(0.3 kcal mol−1) between 5.3 and 5.4 suggests that the formation of the experimentally 

observed 5.3 is under kinetic control, in line with the report of Waymouth[17a] whereby 

5.4 was formed only when the reaction was heated. 

 
Scheme 4. Computed Gibbs free reaction energies (kcal mol−1) for the formation of oxidized 

products 5.2-5.4 computed at COSMO(DMSO)-ZORA-BLYP-D3(BJ)/TZ2P. 

 

The reaction mechanism proposed by Waymouth and co-workers[14]  identifies the β-

hydride elimination from a palladium-alkoxide species to a palladium-hydride species 

forming the carbonyl to be the rate determining step. The computed activation barriers 

and reaction energies for this step of the catalytic cycle associated with the formation of 

the oxidized products 5.2, 5.3, and 5.4 are provided in Table 1. The reaction begins with 

the reversible formation of hydroxyalkoxide reactant complexes S2-4. The β-hydride 
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elimination is initiated by the isomerization of S to the agostic alkoxide S’. A four-

membered transition state was found for the β-hydride elimination T to form the 

corresponding palladium-hydride complex U. The energy differences between the 

different forms of S have little influence on the selectivity of the reaction, in line with the 

experimental observations.[17b] No significant rate difference was observed for the 

oxidation of glucoside 1, 2-deoxyglucoside and 4-deoxyglucoside, despite the absence of 

a chelation equilibrium in the latter two substrates. The ~5 kcal mol−1 difference between 

the resting state S of C3 and C2/C4 could be attributed to the enhanced hydrogen bonding 

between the electron deficient Pd2+ bound O-H on C4 and O lone pair on C6, which does 

not exist in either the resting state S of C2 or C4. In the case of the resting state S of C2, 

a hydrogen bond is present between the O-H on C4 and O lone pair on C6, but it is very 

weak due to the fact that the acidity of the O-H proton on C4 is not enhanced by the 

coordination of O to Pd2+. Structure T is the rate-determining transition state (TS) in all 

three pathways. The barrier of the C3-oxidation pathway has the lowest ∆E‡ (12.7 kcal 

mol−1). This ∆E‡ is significantly lower than for C2/C4 oxidation (∆∆E‡ of 2.9 kcal mol−1 

and 2.0 kcal mol−1, respectively). The ∆G‡ follows the same trend as the ∆E‡. Calculations 

in DMSO show the same trend in selectivity (∆G‡: C3 < C4 < C2). In agreement with 

experiments, this indicates that solvation has little influence on the regioselectivity.[15, 17a] 

The electronic energies for the key structures of the mechanistic steps S S’  T  U 

in the oxidation of carba-glucoside 1a were also computed (Table 1). Carba-glucoside 1a 

has the same molecular structure as β-glucoside 1, except that the ring oxygen in 1 is 

replaced by a methylene (CH2) group. In contrast to the results obtained for 1, in the case 

of 1a all three ∆E‡ values are within 1.5 kcal mol−1. Thus, the regioselectivity in the 

oxidation reaction disappears when moving from 1 to 1a, in line with our experimental 

observations shown in Scheme 3. 
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Table 1. Electronic energies (∆E) and [Gibbs free energies (∆G)] (in kcal mol−1) of key 

intermediates and transition states in the β-hydride elimination of 1 and 1a by the palladium-

neocuproine complex relative to the most stable reactant complex S3 computed at ZORA-BLYP-

D3(BJ)/TZ2P. The C3 pathway is depicted below. 

 

 

 

From these results, it becomes clear that the ring oxygen has an influence on the 

regioselective oxidation of 1. The correlation between the reactivity and the stability of 

the resulting oxidized products (5.1, 5.2, and 5.3) prompted us to next analyze model 

pyran systems 10a/b, 11a/b, 12a/b, and 13a/b (Scheme 5). These systems were 

judiciously selected with the aim to minimize any complicating features such as 

intramolecular hydrogen bonding and to allow for the underlying physics to be revealed. 

Furthermore, these model pyrans are ideal probes to establish the relationship between 

the carbonyl group that is formed during the reaction and the oxygen in the ring. 

1 

Pathway S S’ T U 

C2 5.3 [5.3] 9.4 [7.9] 15.6 [11.7] 9.3 [6.2] 

C3 0.0 [0.0] 9.1 [7.2] 12.7 [9.1] 5.0 [1.9] 

C4 5.3 [5.8] 11.5 [9.2] 14.7 [10.7] 9.7 [5.9] 

 

1a 

Pathway S S’ T U 

C2 6.4 [6.8] 11.0 [8.9] 14.9 [11.6] 7.6 [6.0] 

C3 0.0 [0.0] 10.2 [8.9] 13.8 [10.8] 5.0 [2.6] 

C4 6.5 [5.9] 12.3 [10.5] 14.5 [11.1] 6.9 [3.7] 



152 

 

 

 
Scheme 5. Relative electronic energies (E, in kcal mol–1) of isoelectronic C2- and C3-

ketoglucosides mimics. Note that, in every case, the C3-ketoglucoside analogs (red) are more stable 

than the corresponding C2-ketoglucoside analogs (blue). 

 

As we can see, each isoelectronic structure has a thermodynamic preference for the C3-

keto structures (10a-13a) regardless of the substituents on the ring. Interestingly, the ring-

opened structures (14a/b) again show a clear energetic preference for 14a, the linear chain 

C3-keto analog of 10a, over its regioisomer 14b. From this, it can concluded that the C3 

preference retains in both cyclic and acyclic systems. The results in Scheme 5 suggest 

that the effect of the ring oxygen is inductive, i.e., the ring oxygen disfavors proximal 

carbonyl groups (as in 10b). In order to gain further insights into the relationship between 

the ring oxygen and the stability of the oxidized product, we focused our analysis on 

model systems 10a’ and 10b’ that have been optimized with a mirror plane (h) in the 

C2v and Cs point group, respectively. The bonding mechanism of the planar model 

systems 10a’ and 10b’ were analyzed using our energy decomposition analysis (EDA)[21] 

method. The EDA decomposes the Eint between the two fragments M and N (Scheme 

6a) into three physically meaningful energy terms: classical electrostatic interaction 

(Velstat), steric (Pauli) repulsion (EPauli) which, in general, arises from two-center four-

electron repulsions between the closed-shell orbitals of both fragments, and stabilizing 

orbital interactions (Eoi) that account for, among others, HOMO–LUMO interactions. 

The corresponding energy decomposition analysis (EDA) results are presented in Table 

2. 
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Scheme 6. a) EDA fragmentation scheme. 10a’ and 10b’ are artificially planar analogs of 10a and 

10b, respectively and possess a mirror plane (σh). 10a’ and 10b’ were fully optimized and analyzed 

in C2v and Cs symmetry, respectively. b) Hirschfeld charges (milli a.u.) of carbons with singly 

occupied orbitals on fragments M and N. 

 

 

Table 2. Energy decomposition analysis (in kcal mol–1) of structures 10a’ and 10b’ computed at 

ZORA-(U)BLYP-D3(BJ)/TZ2P. 

EDA term 10a’ 10b’ Difference (Ex)[a] 

Eint −190.1 −189.9 −0.2 

Velstat −288.7 −287.5 −1.2 

EPauli 475.0 473.3 +1.7 

Eoi −370.5 −369.9 −0.6 

[a] The difference is calculated as Ex = Ex (10a’) − Ex (10b’), where Ex is the EDA term 

(Eint, Velstat, EPauli, Eoi). A negative value for Ex corresponds to an EDA term that favors the 

C3 oxidation product. 

 

Since 10a’ and 10b’ are regioisomers comprised of the same molecular fragments M and 

N, the thermodynamic preference for 10a’ over 10b’ should be reflected in the ∆Eint 

between the two fragments. Indeed, we see that the ∆Eint slightly favors 10a’ over 10b’ 

(Table 2). By examining the contributions towards ∆Eint, the electrostatic interaction 

∆Velstat is the most significant contributor for a favorable ∆Eint for 10a’. To understand the 

trend in ∆Velstat, we analyzed the Hirschfeld charges of the terminal carbons of each 

fragment (Scheme 6b). Carbonyl carbon 1 on fragment M is the most positively polarized 

carbon in the fragment, while carbon 1’ on fragment N is more negatively polarized 

compared to carbon 3’. The positively polarized carbonyl atom therefore interacts 

favorably with the (strongly) negatively polarized alkyl carbon during bond formation, 

which explains the thermodynamic preference for 10a’ over 10b’. Generalizing this 

result, we argue that the build-up of positive charge is disfavored when the neighboring 

carbon is the α-carbon of the ring oxygen (in the case of compound 1, C1 and C5). 
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(Scheme 7) Therefore, the oxidation is disfavored at C2/C4 relative to C3 because of the 

positive charge build-up during the formation of the carbonyl (i.e. β-hydride elimination). 

 

 
Scheme 7. Inductive effect of the ring oxygen on the selectivity of the β-hydride elimination. 

 

Conclusion 

In summary, we have computationally analyzed the mechanism of the C3 selective 

palladium-catalyzed oxidation reaction of methyl β-glucoside. Experimentally it was 

shown that the oxidation of methyl β-glucoside was regioselective for C3, whereas the 

same conditions for the oxidation of carba-β-glucoside (in which the ring oxygen is 

replaced with a methylene (CH2) group) were unselective. These findings indicate that 

the ring oxygen plays a crucial role in the regioselective C3 oxidation. DFT studies verify 

that the β-hydride elimination of methyl β-glucoside at C3 has both the lowest activation 

barrier and is most exergonic compared to that at C2 or C4. These reactivity differences 

between C2, C3, and C4 vanish when the ring oxygen is removed in the case of carba-β-

glucoside. Our bonding analyses on model methyl β-glucosides reveal that the 

predominant factor for the thermodynamic C3 preference originates from the unfavorable 

electrostatic interaction between the positively polarized α-carbon of the ring oxygen and 

the carbonyl carbon during β-hydride elimination. We envisage that the newly identified 

intramolecular electrostatic repulsion can serve as a general guideline for other molecules 

involving the creation of a ketone in a six-membered ring, in which an electronegative 

heteroatom is present. 
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Experimental section 

Computational details 

Energies, geometries and vibrational analyses of stationary points were carried out 

using the Amsterdam Density Functional (ADF) program[18] (version 

ADF.2017.103) using dispersion-corrected relativistic density functional theory at 

ZORA-BLYP-D3(BJ)/TZ2P.[19] The orbitals were expanded in a large, doubly polarized, 

triple-z basis set of Slater-type orbitals, denoted TZ2P. Scalar relativistic effects are 

accounted for using the zeroth-order regular approximation (ZORA).  The ZORA-BLYP-

D3(BJ)/TZ2P approach has been extensively tested against ab initio reference 

benchmarks from hierarchical series up till CCSD(T).[22] Energy minima and transition 

states were verified through vibrational analysis. All minima were found to have zero 

imaginary frequencies, while all transition states had a single imaginary frequency. The 

energy decomposition analyses[21] were carried out at the same level of theory using the 

program PyFrag 2019.[23]  When explicitly stated, solvation effects of DMSO were 

included in computations using the COnductor-like Screening MOdel (COSMO).[20] This 

level is referred to as COSMO(DMSO)-ZORA-BLYP-D3(BJ)/TZ2P. All open-shell 

systems were treated with the spin-unrestricted formalism at ZORA-(U)BLYP-

D3(BJ)/TZ2P. 
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Computed Gibbs free reaction energies (kcal mol−1) for the formation of 

oxidized products 5.2-5.4. 

 

Starting material 1 (DMSO) 

 
E = -3421.55 

H = -3276.54 

G = -3312.78 

Nimag = 0 

C        -3.495878   -3.296990    3.690096 

H        -3.340050   -0.040859    3.327655 

C        -4.542194    0.310118    1.566626 

H        -1.732837   -2.065164    3.645849 

O        -1.545566   -3.557938    2.197979 

H        -4.082045   -3.924827    3.003881 

H        -3.439526   -2.165749    1.112573 

C        -2.361751   -2.610928    2.926197 

H        -3.889677   -1.600884    5.012026 

C        -6.262407   -2.042493    5.806922 

H        -7.020127   -2.685529    6.257570 

H        -4.742537    1.945621    2.659682 

H        -5.227367   -0.260730    0.931046 

H        -3.764051    0.754330    0.935213 

H        -1.061931   -4.095976    2.850995 

O        -5.343807    1.337268    2.192996 

O        -5.508247   -2.883917    4.891450 

C        -4.429833   -2.230946    4.282559 

H        -5.598931   -1.644129    6.585050 

H        -3.620256   -4.551228    5.198236 

O        -2.894481   -4.103849    4.724328 

H        -6.741391   -1.218615    5.267622 

C        -2.904235   -1.611426    1.898982 

O        -4.935090   -1.391130    3.219858 

C        -3.886991   -0.631904    2.573973 

O        -1.823632   -0.851283    1.315759 

H        -1.141947   -1.497487    1.049596 
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Product 5.2 (DMSO) 

 
E = -3248.06 

H = -3117.75 

G = -3152.75 

Nimag = 0 

  

C        -3.310384   -3.172516    3.781326 

H        -3.639885    0.030111    3.575700 

C        -4.782063    0.267579    1.749041 

H        -1.717452   -1.766392    3.900236 

O        -1.257289   -3.207065    2.480751 

H        -2.238056    0.319786    1.282563 

O        -1.779025   -0.444164    1.700822 

H        -3.196474   -1.917631    1.239085 

H        -4.062357   -1.630573    5.132521 

C        -6.419271   -2.435747    5.696240 

H        -7.095409   -3.197466    6.086200 

H        -4.233269    1.634403    0.416314 

H        -5.639461    0.730615    2.251253 

H        -5.141652   -0.357933    0.923398 

H        -1.558062   -4.123497    2.668098 

O        -3.872941    1.290044    1.252646 

O        -5.447633   -3.146872    4.873275 

C        -4.451230   -2.332244    4.372907 

H        -5.907536   -1.926915    6.522328 

C        -2.212817   -2.353290    3.107557 

O        -3.277284   -4.392878    3.785070 

H        -6.974711   -1.710772    5.093427 

C        -2.822996   -1.349110    2.105483 

O        -4.975414   -1.553302    3.251998 

C        -4.011969   -0.598459    2.751122 
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Product 5.3 (DMSO) 

 
E = -3249.70 

H = -3119.31 

G = -3154.25 

Nimag = 0 

C        -3.580669   -3.393100    3.518576 

H        -3.501101   -0.083174    3.529069 

C        -4.676370    0.393462    1.770494 

C        -2.444024   -2.589167    2.890228 

O        -1.268083   -2.790617    3.149005 

H        -4.132611   -3.900032    2.711152 

O        -1.803561   -0.696043    1.530290 

H        -3.422876   -1.957955    1.102553 

H        -4.085773   -1.854772    5.004367 

C        -6.471072   -2.453192    5.638267 

H        -7.226099   -3.169256    5.965335 

H        -4.003776    1.744710    0.479141 

H        -5.444852    0.938268    2.331564 

H        -5.146793   -0.139031    0.935410 

H        -2.188250    0.142116    1.183823 

O        -3.659722    1.311667    1.280412 

O        -5.659773   -3.147853    4.646962 

C        -4.576218   -2.403475    4.182121 

H        -5.847006   -2.150274    6.487743 

H        -3.822444   -4.774305    4.862543 

O        -3.055165   -4.324332    4.460476 

H        -6.951284   -1.576073    5.192729 

C        -2.918589   -1.475639    1.957900 

O        -5.044343   -1.461309    3.194273 

C        -3.992948   -0.613641    2.699113 
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Product 5.4 (DMSO) 

 
E = -3249.09 

H = -3118.71 

G = -3153.98 

Nimag = 0 

C        -3.473094   -3.229096    3.571959 

H        -3.690656    0.087749    3.757123 

C        -4.755822    0.556967    1.926383 

H        -1.852386   -1.860964    3.897134 

O        -1.391304   -3.079441    2.264375 

H        -3.934674   -3.780331    2.741014 

O        -2.453827   -0.876728    1.103208 

C        -2.342070   -2.337900    3.027384 

H        -4.157857   -1.805581    5.094753 

C        -6.529763   -2.602343    5.566020 

H        -7.243715   -3.383224    5.831637 

H        -3.149699    1.187430    1.016015 

H        -5.593638    1.022982    2.450997 

H        -5.140103    0.027177    1.045071 

H        -1.109935   -3.828580    2.823280 

O        -3.853593    1.614784    1.543029 

O        -5.604519   -3.207237    4.618316 

C        -4.560527   -2.368201    4.233889 

H        -5.987047   -2.270117    6.459561 

H        -3.516684   -4.821834    4.727037 

O        -2.860039   -4.135614    4.506215 

H        -7.051529   -1.756179    5.107477 

C        -2.900173   -1.184337    2.199321 

O        -5.064389   -1.422704    3.252131 

C        -4.072211   -0.441085    2.867573 
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Benzoquinone (DMSO) 

 
E = -1792.28 

H = -1736.31 

G = -1759.43 

Nimag = 0 

C         0.000000    1.437515    0.000000 

C        -1.270557    0.672726    0.000000 

C        -1.270557   -0.672726    0.000000 

C         0.000000   -1.437515    0.000000 

C         1.270557   -0.672726    0.000000 

C         1.270557    0.672726    0.000000 

H        -2.188111    1.255874    0.000000 

H        -2.188111   -1.255874    0.000000 

O         0.000000   -2.678344    0.000000 

H         2.188111   -1.255874    0.000000 

H         2.188111    1.255874    0.000000 

O         0.000000    2.678344    0.000000 
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Hydroquinone (DMSO) 

 
E = -1979.53 

H = -1908.96 

G = -1933.26 

Nimag = 0 

C        -0.963863   -1.986196    0.006769 

C        -2.203756   -2.637287    0.006715 

C        -2.261335   -4.031166   -0.060481 

C        -1.079254   -4.778931   -0.127819 

C         0.159764   -4.129243   -0.128033 

C         0.217440   -2.732472   -0.060884 

H        -3.117771   -2.051334    0.059323 

H        -3.220630   -4.542339   -0.060750 

O        -1.194341   -6.163612   -0.192616 

H         1.080057   -4.707530   -0.180501 

H         1.182336   -2.229458   -0.061406 

O        -0.964403   -0.596882    0.075526 

H        -0.301914   -6.553953   -0.236280 

H        -0.042766   -0.278802    0.069770 
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Oxidation of carba-glucosides 

 

Oxidation of carba--D-glucose Prior to the reaction, carba--D-glucose was freeze-

dried from D2O. To a solution of freeze-dried carba--D-glucose (17.4 mg, 0.0974 mmol, 

1 equiv.) in DMSO-d6 (0.22 mL) was added p-benzoquinone (11.6 mg, 0.107 mmol, 1.1 

equiv.) in DMSO-d6 (0.38 mL). The yellow mixture was placed in an NMR tube and a 
1H NMR spectrum (d1=60) was obtained, followed by a start NMR spectrum to determine 

the ratio of DMSO : Starting material. Next, [(2,9-dimethyl-1,10-phenanthroline)Pd(-

OAc)]2(OTf)2 (2.8 mg, 2.7 µmol, 2.7 mol%) was added and the NMR tube was shaken to 

obtain a homogeneous mixture. The tube was kept at room temperature for 28 h and NMR 

spectra (1H (d1=60), 13C, COSY, me-HSQC, HMBC, HSQC-TOCSY) were obtained to 

determine the distribution of the oxidation products. The residual solvent peak of DMSO 

was used as an internal standard. Four major products were obtained, namely C4, C3, C2, 

and C1 oxidized with an NMR yield of 22%, 25%, 19%, and 11%, respectively. 

Products partially characterized on 1H-NMR, full characterization given in 13C-NMR. 

NMR data C1-ketone 25-1: 
1H NMR (600 MHz, DMSO-d6) δ 3.94 – 3.88 (m, 1H, H2, overlaps with H2 of 25-3 and 

H3 of 25-4), 3.59 – 3.53 (m, 1H, H6a, overlaps with H6a of 25-3), 3.51 – 3.47 (m, 1H, 

H6b, overlaps with H6b of 25-3), 3.47 – 3.43 (m, 1H, H4, overlaps with H6b of 25-3), 3.13 

– 3.07 (m, 1H, H3, overlaps with H4 of 25-2), 2.38 (t, J = 13.5 Hz, 1H, H7a), 2.22 (dd, J 

= 13.9, 4.2 Hz, 1H, H7b), 1.51 – 1.45 (m, 1H, H5). 13C NMR (151 MHz, DMSO-d6) δ 

208.1 (C1), 79.0 (C3), 78.0 (C2), 71.4 (C4), 61.3 (C6), 41.6 (C5), 39.3 (C7). 

NMR data C2-ketone 25-2: 
1H NMR (600 MHz, DMSO-d6) δ 4.22 (ddd, J = 12.3, 6.5, 1.3 Hz, 1H, H1), 3.99 – 3.94 

(m, 1H, H3, overlaps with H4 of 3), 3.63 (dd, J = 10.4, 3.6 Hz, 1H, H6a), 3.41 (dd, J = 

10.5, 6.3 Hz, 1H, H6b), 3.12 – 3.08 (m, 1H, H4, overlaps with H3 of 25-1), 2.12 – 2.07 

(m, 1H, H7a, overlaps with H7a of 25-4), 1.81 – 1.72 (m, 1H, H5), 1.15 (q, J = 12.9 Hz, 

1H, H7b). 13C NMR (151 MHz, DMSO-d6) δ 208.4 (C2), 79.2 (C3), 75.2 (C4), 72.5 (C1), 

61.4 (C6), 40.5 (C5), 34.1 (C7). 

NMR data 1-ketone 25-3: 
1H NMR (600 MHz, DMSO-d6) δ 3.99 – 3.94 (m, 1H, H4, overlaps with H3 of 25-2), 

3.93 – 3.89 (m, 1H, H2, overlaps with H2 of 25-1 and H3 of 25-4), 3.60 – 3.53 (m, 1H, 

H6a, overlaps with H6a of 25-1), 3.49 – 3.44 (m, 1H, H6b, overlaps with H4 and H6b of 

25-1), 3.33 – 3.27 (m, 1H, H1, overlaps with H6b of 25-4), 1.94 (dt, J = 13.4, 4.1 Hz, 1H, 

H7a), 1.59 – 1.49 (m, 1H, H7b), 1.43 – 1.34 (m, 1H, H5). 13C NMR (151 MHz, DMSO-

d6) δ 209.0 (C3), 79.9 (C2), 73.7 (C4), 73.5 (C1), 61.5 (C6), 42.4 (C5), 32.3 (C7). 

NMR data 1-ketone 25-4: 
1H NMR (600 MHz, DMSO-d6) δ 3.93 – 3.89 (m, 1H, H3, overlaps with H2 of 25-1 and 

H2 of 25-3), 3.70 – 3.64 (m, 2H, H1 and H6a), 3.35 – 3.29 (m, 1H, H6b, overlaps with H1 
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of 25-3), 3.07 – 3.01 (m, 1H, H2), 2.61 – 2.52 (m, 1H, H5), 2.14 – 2.10 (m, 1H, H7a, 

overlaps with H7a of 25-2), 1.15 – 1.05 (m, 1H, H7b). 13C NMR (151 MHz, DMSO-d6) δ 

208.5 (C4), 79.7 (C2), 78.1 (C3), 70.1 (C1), 59.2 (C6), 46.3 (C5), 33.0 (C7). 

 

 

 

Oxidation of carba-1-deoxy-D-glucose To a solution of carba-1-deoxy-D-glucose (19.5 

mg, 0.12 mmol, 1 equiv) in DMSO-d6 (400 µl) was added p-benzoquinone (13 mg, 0.12 

mmol, 1 equiv). The yellow mixture was placed in an NMR tube and a 1H NMR spectrum 

(d1=60) was obtained, followed by a start NMR spectrum to determine the ratio of DMSO 

: Starting material. Next, [(neocuproine)PdOAc]2OTf2 (3 mg, 3 µmol, 2.5 mol%) was 

added to the NMR tube, and the NMR tube was shaken to obtain a homogeneous mixture. 

The tube was kept at room temperature for 45 min and NMR spectra (1H (d1=60), 13C, 
13C-APT, ASAPHMQC) were obtained to determine the distribution of the oxidation 

products. The residual solvent peak of DMSO was used as an internal standard. Upon full 

conversion, the selectivity was determined and product characterized by 1H- and 13C-

NMR. Three major products were obtained, namely C4, C3 and C2 oxidized with an 

NMR yield of 38%, 40% and 22%, respectively. 

Products partially characterized on 1H-NMR, full characterization given in 13C-NMR. 

NMR data 2-ketone 26-2:  
1H NMR (400 MHz, DMSO-d6) δ 3.94 (d, J = 8.8 Hz, 1H, H3, overlaps with H3 of 26-

4), 3.71 – 3.64 (m, 1H, H6a, overlaps with H6a of 26-4), 3.39 (dd, J = 10.4, 6.6 Hz, 1H, 

H6b), 3.14 (apt, J = 9.8 Hz, 1H, H4) 13C NMR (101 MHz, DMSO-d6) δ 208.9 (C2), 80.6 

(C3) 75.5 (C4), 61.93 (C6), 44.3 (C5), 38.2 (C1), 31.4 (C7, overlaps with C1 of 26-4). 

NMR data 2-ketone 26-3:  
1H NMR (400 MHz, DMSO-d6) δ 4.12 (ddd, J = 12.2, 6.6, 1.7 Hz, 1H, H2) 3.88 (dd, J = 

9.3, 1.4 Hz, 1H, H4), 3.57 (dd, J = 10.4, 2.8 Hz, 1H, H6a), 3.46 (dd, J = 10.5, 5.4 Hz, 1H, 

H6b) 2.15 (dtt, J = 15.8, 6.5, 2.8 Hz, 1H, H1) 13C NMR (101 MHz, DMSO-d6) δ 211.1 

(C3), 81.5 (C4) 73.5 (C2), 61.88 (C6), 49.3 (C5), 34.9 (C1), 22.9 (C7). 

NMR data 2-ketone 26-4:  
1H NMR (400 MHz, DMSO-d6) δ 3.94 (d, 8.8 Hz, 1H, H3, overlaps with H3 of 26-2), 

3.71 – 3.64 (m, 1H, H6a, overlaps with H6a of 26-2), 3.35 – 3.26 (m, 2H, H2 + H6b) 13C 

NMR (101 MHz, DMSO-d6) δ 209.0 (C4), 75.4 (C2), 74.3 (C3), 59.6 (C6), 49.9 (C5), 

31.4 (C1, overlaps with C7 of 26-2), 24.5 (C7). 
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