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Abstract

6,6′-Aryl trehalose derivatives have been synthesized with a view towards identifying novel 

Th-17-inducing vaccine adjuvants based on the high affinity Mincle ligand Brartemicin.The initial 

structure-activity relationships of these novel trehalose-based compounds were investigated. All 

compounds have been evaluated for their ability to engage the Mincle receptor and induce a 

potential pro-Th17 cytokine profile from human peripheral blood mononuclear cells based on IL-6 

production in human peripheral blood mononuclear cells. The preliminary biological 

characterization of the designed analogs presented in this paper should aid in the future design and 

testing of more affine ligands that may foster the discovery of novel adjuvants with improved 

pharmacological properties.
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1. Introduction

Tuberculosis (TB) remains a leading cause of death worldwide contributing to 1.5 million 

deaths and 10 million new cases of Mycobacterium tuberculosis (Mtb) infection reported in 

2018.1,2 Development of vaccine adjuvants capable of driving strong, antigen specific 

immune responses will be essential in preventing Mtb infection.3 The most commonly used 

and century-old vaccine, Bacille Calmette-Guérin (BCG), does not prevent primary infection 

or reactivation of latent Mtb infection in adults.4 To address the limitations of the BCG 

vaccine, subunit vaccines have been developed but have had limited success due to their lack 

of immunogenicity and inability to mobilize a sufficient immune response for protective 

immunity.5 Adjuvants are therefore needed to enhance the immunogenicity of subunit 

vaccines targeting TB. A limited number of adjuvants adjuvants have been approved for 

human use in combination with a subunit vaccines. These include aluminum salts, 

monophosphoryl lipid A, QS-21 CpG synthetic oligodeoxynucleotides and oil emulsions. 

Vaccine adjuvants such as monophosphoryl lipid A (MPL) in combination with QS-21 

(AS01) or aluminum hydroxide (Alum; AS04) have proven partially effective against Mtb 
when combined with subunit vaccines.6 Recent evidence has suggested a Th17 or Th1/Th17 

combination response may be beneficial in driving protective immune response against Mtb, 

but no Th17-inducing adjuvant has been approved for human use.7 There is accumulating 

evidence that stimulation of the C-type lectin receptors (CLRs) by their cognate ligands 

induces differentiation of naïve CD4+T cells into Th17 cells.8

The CLR Pattern Recognition Receptor (PRR) Mincle is essential for the recognition and 

adjuvanticity of mycobacterial cord factor (trehalose 6,6′-dimycolate (TDM)), the key 

immunogenic component of the Mtb cell wall,9 and a synthetic analog trehalose-dibehenate 

(TDB)10 (Figure 1). TDB and TDM have proven useful as adjuvants for mycobacterial 

subunit vaccines, inducing a strong Th17 and Th1 immune responses when co-administered 

with vaccine antigen11,12 TDM has proven too reactogenic for human vaccine applications 

in part due to its highly potent immune-stimulating properties.13 The development of TDB14 
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and other trehalose diesters (TDEs) (Figure 1),15 have partially met the need for Th17 

inducing adjuvants although the physiochemical properties of these adjuvants, being very 

lipophilic with limited aqueous solubility, limits their application to complex liposomal 

formulations.16 Therefore, there remains an unmet need to identify novel, safe and 

efficacious Th17 inducing adjuvants with improved formulation and physiochemical 

properties. The natural product Brartemicin has been identified as a high-affinity ligand of 

the carbohydrate-recognition domain (CRD) of the C-type lectin mincle.17,18 In recent years 

several lipidated diaryl derivatives have been described to elicit Th17 cytokines in a Mincle-

dependent fashion with improved adjuvant activity overTDB.15,18a,19 We recently reported 

the first relatively small 6,6′-aryl trehalose derivatives with demonstrated ability to promote 

a Th1/Th17 immune response in vitro and in vivo.20b UM1024 was identified one of the 

most potent compounds and we were interested in further exploring the structural basis for 

Mincle activation in this class of ligand. We were very interested to determine if the steric 

bulk of the t-butyl groups was playing a key role in the observed activity and we wanted to 

determine in the electronic properties of the aryl substituents could be modified using 

trifluoromethyl aryl derivatives, because of the unique size, electronic properties and 

excellent metabolic stability, in comparison to small alkyl, nitro and pyridine functionality...

2. Results and discussions

2.1 Synthesis of brartemicin analogs

As our continuous interest in exploring the potential effect of the substituents on the aryl 

ring, we have prepared an additional series of Brartmicin analogs that feature structural 

modification for better understanding of the electronic factors involved for biological 

activation and the effect of the position of the substituents on the aryl ring. 6,6′-Di-O-aryl-

chemical modification of trehalose is one of the most effective approaches to understand the 

biological potential of these compounds.22 In the course of our structure-activity studies of 

6,6′ aryl trehalose based Mincle ligands,20b we prepared a series of trifluoromethylated 

substituted brartemicin analogs using trehalose (Scheme 1). These brartemicin analogs were 

prepared via two synthetic routes based on the reactivity of the substrate (Scheme 1; Table 

1). The useful TMS-protected 6,6′-trehalose diol 3 was synthesized using commercially 

available α,α′-D-trehalose which was per-silylated using N,O-bistrimethylsilylacetamide 

(BSA) and catalytic TBAF, and the more labile primary TMS ethers were selectively 

removed via treatment with K2CO3 in methanol in 82% yeild.21,22 This versatile 

intermediate was then utilized for the efficient double ester coupling with various aryl 

carboxylic acids (2.5 equiv. per 1 equiv. of TMS-protected trehalose) using an excess of 

EDCI-MeI or DCC and DMAP. Under these optimized reaction conditions, coupled 

products were synthesized in a range of isolated yields (30–90%) after purification. We also 

optimized reaction conditions for coupling aryl acids containing an unprotected hydroxyl 

moiety (UM1053 and UM1055), electron withdrawing CF3 group on 2- and 6- position of 

aromatic ring (UM1065) and methyl group on 2- and 6- position (UM1114) that are 

inaccessible via carbodiimide strategies. These were synthesized in three steps from diol in 

80–90% overall yield by employing the highly reactive 6,6′-bis-O-trifluoromethanesulfonate 

(triflate) 4 in conjunction with potassium salts of aryl carboxylic acids. These salts of the 

aryl carboxylic acids were generated in quantitative yield in THF using potassium 
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trimethylsilanoate. A solution of the acid (1 equiv.) and KOSiMe3 (1.2 equiv.) were stirred 

for 30 min at room temperature and then solvent was removed in vacuo to obtain the 

precipitated salt which was used without further purification. The crude ditriflate (1 equiv.) 4 
was condensed with the potassium salts (2.2 equiv.) of aryl carboxylic acid and 18- crown 

ether in toluene at 80 °C to give symmetrical hexa-O-trimethylsilyl 6,6′-diesters in good to 

excellent yield (40–85%).23. Having accomplished the synthesis of the protected diesters, 

global deprotection of TMS groups using Dowex-H+ resin was used to prepare the targeted 

compounds.19 These reactions do not require the use of strictly anaerobic or scrupulously 

anhydrous reaction conditions. All these novel compounds were fully characterized by 

spectroscopic techniques.

2.2 Structure-activity relationships of brartemicin analogs

Previous studies from our group demonstrated that the bulky group at 3 and 5 positions on 

benzene ring were essential for human Mincle activity20b and herein we anticipated that 

incorporation of triflouromethylated group on benzene ring may improve the interactions 

and effectively reduce the requirement for bulky group on benzene ring. For preliminary 

screening, the compounds were assayed for IL-6 production in human PBMC’s as this is one 

of the key cytokines for Th17 differentiation,.20c,24 Briefly, compounds were serially diluted 

in ethanol, applied to tissue culture plates and the solvent was evaporated. Freshly isolated 

human PBMCs were added and incubated with the compound for 18–24 hours. Supernatants 

were collected and evaluated for IL-6 levels by ELISA. TDB and TDM, which are Mincle 

ligands,25, were used as positive controls. Recently, Lang and co-workers26 demonstrated 

IL6 production by stimulation of isolated APCs with TDM and TDB. The experiments 

reported here use PBMCs and thus the IL-6 levels are lower than reported in the literature 

for these Mincle ligands. In addition, the solvent used for plate coating greatly influences the 

responsiveness of PBMCs to these compounds (data not shown). Here, we used ethanol as 

the solvent whereas other reports in the literature have used IPA or other solvents. Ethanol 

was selected to maximize the in vitro activity of our synthetic ligands and may not be 

optimal for the activity of TDM or TDB. We presume this difference is due to conformation 

obtained in the drying process of the compound which is critical for the activity of these 

PRR ligands. Studies are ongoing to further explore the tertiary structural requirements of 

Mincle receptor binding and activation.

Among the mono-substituted compounds with CF3 substitution at 2-, 3- and 4- position of 

the aromatic ring, the CF3 group at ortho position (UM1042) resulted in dose-responsive 

IL-6 production while the meta (UM1043) and para (UM1044) substituted analogs 

generated little to no IL-6. To determine if the observed activity of ortho substituted 

compound (UM 1042) is due to the steric or hydrogen bonding properties of CF3 groups or 

the electronic effects of the electron withdrawing properties of the CF3 on the aromatic ring, 

we introduced an ortho-nitro group, one of the powerful electron withdrawing groups in 

structural organic chemistry (UM 1079). This addition proved deleterious and resulted in a 

complete loss of IL-6 induction. Similarly, replacement of the benzoyl moiety with ortho-

CF3 substituted heterocyclic ring (UM 1083) led to the loss of activity (Figure 2c). This 

stressed the importance of the benzoyl moiety and substitution at 2-position was preferred 

for the induction of IL-6 response in hPBMCs.

Rasheed et al. Page 4

Bioorg Med Chem. Author manuscript; available in PMC 2021 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For the di-substituted trifluoromethylated substituted trehalose diesters (TDE’s), the CF3 

group at 2- and 6- position (UM1065) or 3- and 5- disubstituted (UM1054) were more 

potent for IL-6 induction compared to 2- and 4- (UM1084) or 2- and 5- (UM1066) 

disubstituted analogs. The substitution with CF3 group at the 2- and 6- position gave the best 

results and appeared crucial for activity, therefore its methylated counterpart (UM1114) was 

synthesized. This compound is inactive as compared to 2,6-disubstituted trifluoromethylated 

trehalose diester UM1065 (Figure 2). From this, it becomes apparent that electronic factors 

are important for the activity as compared to the steric factors of this class of molecules. The 

interesting reduced activity of many of the compounds at higher concentrations was not 

associated with toxicity or cell deaths (data not shown) and will be a subject of future 

investigations.

To further elucidate the effect of electron density of the aromatic ring, we designed and 

synthesized a panel of compounds bearing a variety of substituents such as methoxy and 

hydroxy in combination with trifluoromethyl groups and replacement of the trifluoromethyl 

with nitro functionality on the phenyl ring. These compounds (UM1045, UM1053, 
UM1055, UM1067, UM1085, UM1136) showed no significant response compared to ortho-

substituted trifluoromethylated diester (UM1042) and ortho-ortho-disubstituted 

trifluoromethylated diester (UM1065). Interestingly, the incorporation of two nitro groups 

into the aromatic residue at meta-position (UM1080) increased the IL-6 response from 

human PBMCs at the highest dose tested but exhibited lower potency in comparison to 

ortho- substituted trifluoromethylated diester trehalose (UM1042) (Figure 2). In addition, 

introducing of methylene spacer between the phenyl ring and carbonyl group (UM1136) 

resulted in loss of activity. As a working hypothesis, we therefore, suggest that the 

introduction of CF3 group either at 2- position or at 2- and 6- position or at 3 and 5- position 

facilitated the active IL-6 response in hPBMCs.. Interestingly, the relative activity of this 

series of derivatives was lower than that our initial lead UM1024 (Figure 2d).

Next, this library of compounds was assessed for their ability to signal specifically through 

Mincle using human embryonic kidney (HEK) cells along with an NF-κB-driven secreted 

embryonic alkaline phosphatase (SEAP) reporter. Several of these analogs were able to 

induce the production of SEAP in a dose dependent manner. HEK null cells (HEK cells 

containing the NF-κB reporter without Mincle receptor) were used as negative controls to 

confirm the receptor specificity of the compounds (Figure 3d). ortho- substituted 

trifluoromethylated diester (UM1042) demonstrated a modest dose response in the hMincle 

HEK reporter cells (Figure 3a), albeit at much lower levels than TDM and TDB. Similarly, 

2- and 6- disubstituted trifluoromethylated diester (UM1065) and 2- and 5- disubstituted 

aryl TDE’s (UM1045) showed moderate dose-dependent increase in SEAP production from 

hMincle HEK cells (Figure 3b). Interestingly, introducing a methylene spacer between the 

phenyl ring and carbonyl group (UM1136) resulted in complete loss of IL-6 production in 

human PMBCs (Figure 2c) demonstrated activity in the HEK cell line but (figure 3c). In 

general, compounds with different substitution on aromatic ring other than the trifluoro-

substituted heterocyclics were unable to induce measurable SEAP production from hMincle 

(Figure 3). Further investigations into immunomodulatory properties, adjuvant activity and 

mode of action of this class of TDEs are currently underway.
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3. Conclusion

We recently reported on the synthesis of several brartemicin derivatives as a new class of 

relatively small and potent Mincle receptor selective agonists (e.g UM1024; figure 1) with 

significantly improved pharmacology over existing Mincle ligands and with improved in 
vitro and in vivo adjuvant activity.20c In this work, we have prepared an additional series of 

novel aryl trehalose derivatives that feature various structural modifications on the aromatic 

ring to demonstrate that electronic factors on the aromatic ring are important for the activity 

as compared to the steric factors. The targeted analogs were efficiently prepared from 

commercially available materials (4–5-steps) and in very acceptable overall yield 70–90%. 

While the activity of this class of compounds is not as high,as UM1024, the structure 

activity relationships elucidated by this study will aid in the future development of new 

pharmaceutically acceptable and useful Mincle selective Th17 inducing adjuvants. Our 

observations confirm the a very strong hydrophobic and steric interaction of the t-butyl 

groups of UM1024, in addition to the position of the substituents on the ring, are required 

for the remarkable activity of these molecules, especially when compared to TDM and TDB. 

Results for this family of CLR compounds indicate low responses in the human Mincle HEK 

system but strong IL6 production from PBMCs. This disparity may be due to the absence of 

co-receptors in the transgenic HEK system preventing full activation of the signaling 

pathways present in the primary human PBMCs. Compound presentation and tertiary 

structure (plate coating from ethanol) also impacts compound activity across different in 

vitro systems based on Mincle and co-receptor expression levels.. Expansion of SAR and 

biological activity of this class of molecules is ongoing in our laboratory.

4. Experimental

General Experimental. All reagents and solvents were used as received. Reactions were 

monitored by TLC-analysis on Merck Silica gel 60 F254 plates and visualized by UV at 254 

nm and dipping in vanillin (vanillin/water/ethanol/sulfuric acid, 0.2 g:5 mL:5 mL:1 mL) or 

phosphomolybdic acid in ethanol (PMA) and developed with heat. All compounds were 

confirmed to be >95% pure by NMR and HPLC-CAD analysis. 1H and 13C NMR spectra 

were recorded on an Agilent or Bruker 400 MHz instrument and were referenced to TMS or 

a solvent peak. High resolution HPLC-MS analysis was obtained on an Agilent 6520 Q-TOF 

mass spectrometer utilizing electrospray ionization source in positive or negative mode. 

Chromatography was performed on Grace or Biotage automated medium pressure 

chromatography instruments with preloaded Buchi silica gel cartridges. Human Mincle 

expressing HEK cells were obtained from Invivogen (San Diego, CA). Cells were cultured 

according to the manufacturer’s instructions in DMEM with 10% FBS, 50 U/ml penicillin, 

50 mg/ml streptomycin, 100 mg/ml Normocin, 2 mM L-glutamine, 30 μg/ml blasticidin, 1 

μg/ml puromycin and 1x HEK-Blue™ CLR Selection. Intermediate compounds 5j, 5p, and 

5q were not isolated and partially characterized by HPLCMS.

2,2′,3,3′,4,4′-Hexa-trimethylsilyl-α,α-D-trehalose (3)

To a solution of trehalose dihydate (25 g, 66 mmol) in dry DMF (100 mL) was added BSA 

(140 mL) followed by TBAF (4 mL, 0.04 mmol) dropwise. The reaction mixture was stirred 
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for 1 hour and then quenched with 2-propanol (25 mL). Freeze the reaction mixture to −20 

°C for 1 hour and then treated it with a cooled solution of K2CO3 (9.1 g, 66 mmol) in 2000 

mL of MeOH. After stirring for 10 min, the solution was neutralized with acetic acid and 

then methanol was removed in vacuo. The resulting residue was extracted with heptane and 

then washed the organic layer with brine and concentrated in vacuo to afford crude product. 

The purification of crude product is carried out with column chromatography. White powder 

(42 g; 82%); 1H NMR (400 MHz, DMSO-d6) δ 4.82 (d, J = 2.93 Hz, 1H), 4.58 (s, 1H), 

3.81–3.89 (m, 1H), 3.69 (d, J = 10.51 Hz, 1H), 3.50 (d, J = 8.93 Hz, 2H), 3.40 (dd, J = 3.06, 

9.17 Hz, 1H), 3.33 (s, 1H), 0.03–0.16 (m, 27H); 13C NMR (125 MHz, DMSO-d6) δ 93.5, 

73.5, 73.3, 72.4, 71.0, 59.8, 1.1, 0.15. HRMS: C30H70O11Si6Calc. [M+ H]+ 775.3606, 

Found 775.3602.

General procedure for esterification via carbodiimide mediated coupling

To a stirred mixture of 2,2′,3,3′,4,4′-Hexa-trimethylsilyl-α,α-D-trehalose (1 equiv.; 1 

mmol), aryl carboxylic acid (2.2 equiv.; 2.2 mmol) and DMAP (3 equiv.; 3 mmol) in 

anhydrous DCM (10 mL) was added DCC (3 equiv.; 3 mmol) or EDCI-MeI (5 equiv.; 5 

mmol) at 0 °C for 30 min and then at room temperature overnight. The reaction mixture was 

diluted with water and then extracted it with DCM. The combined organic layer was dried 

over MgSO4 and reduced in vacuo. The crude mixture was subjected to chromatography 

using the Biotage system with a 12 g silica column and a zero to 20% ethyl acetate in 

heptane gradient. This yielded the silyl intermediate in good to excellent yields.

General procedure for sulphonylation via SN2 coupling

To a stirred solution of protected trehalose in anhydrous DCM (10 mL/g) and pyridine (6 

equiv. for each OH) were added triflic anhydride (2.5 equiv. for each OH) at - 5 °C 

dropwise. The reaction mixture was allowed to warm gradually at room temperature stirred 

for 30 min. After this the mixture was diluted with DCM and washed with cold 1 M HCl, aq. 

NaHCO3 and then with water. The organic layer was evaporated under reduced pressure and 

used it for next step without any purification for intermediate 4. 1H NMR (400 MHz, 

CDCl3) δ 4.94 (d, J = 3.06 Hz, 1H), 4.61 (d, J = 1.96 Hz, 1H), 4.55 (d, J = 4.52 Hz, 1H), 

4.07–4.14 (m, 1H), 3.87 (t, J = 9.05 Hz, 1H), 3.37–3.47 (m, 2H), 0.12–0.20 (m, 27H); 13C 

NMR (125 MHz, CDCl3) δ 123.7, 120.5. 117.3, 114.2, 95.6, 75.4, 73.4, 72.7, 71.6, 70.8, 

1.3, 1.1, 0.38; HRMS: C32H68F6O15S2Si6 Calc. [M+NH4]+ 1056.2858, Found 1056.2854

The mixture of potassium salt of an aryl acid (2.2 equiv.) [synthesis (2.5 mmol of acid and 

1.5 mL of KOTMS were dissolved in THF and stirred for 10 min and then solvent was 

removed under reduced pressure and used without purification)] triflate (1 equiv. ) and 18-

crown-6 (1 equiv. ) were heated in toluene at 70 °C for 12 hrs. After this reaction mixture 

was diluted with DCM and washed the organic layer with water. The organic layer was dried 

over MgSO4 and reduced in vacuo. The crude mixture was subjected to chromatography 

using the Biotage system with a 12 g silica column and a zero to 20% ethyl acetate in 

heptane gradient.
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Synthesis of intermediates for Diaryl ester analogs

Synthesis of 6,6′-Bis(O-2-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-
trimethylsilyl)-α,α-trehalose (5a)—The diaryl ester was prepared according to the 

general procedure for esterification via carbodiimide mediated coupling. White Powder 

(0.23 g, 84%); 1H NMR (400 MHz, CDCl3) δ 7.56–7.86 (m, 4 H), 4.77 (d, J=3.06 Hz, 1H), 

4.37 (d, J=2.45 Hz, 1H), 4.20–4.29 (m, 1H), 3.87–3.97 (m, 1H), 3.69–3.82 (m, 1 H), 3.27–

3.38 (m, 2 H), 0.03–0.04 (m, 18H), 0.10–0.04 (m, 9H); 13C NMR (125 MHz, CDCl3) δ 
165.1, 132.8, 130.9, 129.6, 129.1, 126.5, 94.5, 85.0, 73.5, 72.7, 72.0, 70.9, 64.2, 1.11, 0.89, 

0.23; HRMS: C46H76F6O13Si6 Calc. [M+NH4]+ 1136.4144 Found 1136.4140.

Synthesis of 6,6′-Bis(O-3-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-
trimethylsilyl)-α,α-trehalose (5b)—The diaryl ester was prepared according to the 

general procedure for esterification via carbodiimide mediated coupling. White Powder 

(0.32 g, 87%); 1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 7.81 Hz, 1H), 8.15 (s, 1H), 8.03 

(d, J = 7.91 Hz, 1H), 7.71 (t, J = 7.80 Hz, 1H), 4.92 (d, J = 2.93 Hz, 1H), 4.57 (d, J = 2.32 

Hz, 1H), 4.35–4.43 (m, 1H), 4.05–4.13 (m, 1H), 3.84–4.00 (m, 1H), 3.51 (d, J = 9.05 Hz, 

1H), 3.41 (dd, J = 3.00, 9.35 Hz, 1H), 0.12–0.17 (m, 18H), 0.04–0.07 (m, 9H); 13C NMR 

(125 MHz, CDCl3) δ 165.1, 132.8, 139.8, 129.5, 126.6, 94.5, 85.0, 73.5, 72.7, 72.0, 70.9, 

64.2, 1.11, 0.89, 0.23; HRMS: C46H76F6O13Si6 Calc.[M+NH4]+ 1136.4144, Found 

1136.4142.

Synthesis of 6,6′-Bis(O-4-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-
trimethylsilyl)-α,α-trehalose (5c)—The diaryl ester was prepared according to the 

general procedure for esterification via carbodiimide mediated coupling. White Powder 

(0.28 g, 86%); 1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 8.07 Hz, 2H), 7.92 (d, J = 8.31 

Hz, 2H)4.92 (d, J = 2.93 Hz, 1H), 4.57 (d, J = 2.32 Hz, 1H), 4.35–4.43 (m, 1H), 4.05–4.13 

(m, 1H), 3.84–4.00 (m, 1H), 3.51 (d, J = 9.05 Hz, 1H), 3.41 (dd, J = 3.00, 9.35 Hz, 1H), 

0.12–0.17 (m, 18H), 0.04–0.07 (m, 9H); 13C NMR (125 MHz, CDCl3) δ 166.0, 141.8, 

131.8, 130.4, 127.2, 94.1, 73.1, 72.3, 71.6, 70.5, 64.3, 21.1, 0.74, 0.53, 0.28; HRMS: 

C46H76F6O13Si6 Calc. [M+NH4]+ 1136.4144, Found 1136.4141.

Synthesis of 6,6′-Bis(O-2-methoxy-5-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-
hexakis(O-trimethylsilyl)-α,α-trehalose (5d)—The diaryl ester was prepared 

according to the general procedure for esterification via carbodiimide mediated coupling. 

White Powder (0.29 g, 76%); 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 2.08 Hz, 1H), 7.74 

(dd, J = 2.14, 8.86 Hz, 1H), 7.18 (d, J = 8.80 Hz, 1H), 4.95 (d, J = 2.93 Hz, 1H), 4.51 (d, J = 

2.32 Hz, 1H), 4.26–4.38 (m, 1H), 4.05–4.15 (m, 1H), 3.88–4.01 (m, 1H), 3.73 (s, 3H), 3.53–

3.61 (m, 1H), 3.44 (dd, J = 3.06, 9.29 Hz, 1H), 0.08–0.22 (m, 27H); HRMS: 

C48H80F6O15Si6Calc. [M+NH4]+ 1164.4457, Found 1164.4460.

Synthesis of 6,6′-Bis(O-2-hydroxy-3-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-
hexakis(O-trimethylsilyl)-α,α-trehalose (5e)—The diaryl ester was prepared 

according to the general procedure for esterification via triflate SN2 coupling. White Powder 

(0.84 g, 81%); 1H NMR (400 MHz, CDCl3) δ 11.45 (s, 2H), 8.04 (d, J= 7.0 Hz, 2H), 7.78 

(d, J= 7.0 Hz, 2H), 7.00 (t, J= 7.5 Hz, 2H), 4.95 (d, J= 2.0 Hz, 2H), 4.65 (d, J= 11.2 Hz, 2H), 
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4.32 (dd, J= 11.4, 2.6 Hz, 2H), 4.13 (d, J= 8.8 Hz, 2H), 3.97 (t, J= 8.8 Hz, 2H), 3.60 (t, J= 

8.9 Hz, 2H), 3.49 (dd, J= 8.9, 2.6 Hz, 2H), 0.18 (s, 18H), 0.15 (s, 18H), 0.14 (s, 18H) 13C 

NMR (125 MHz, CDCl3) δ 169.39, 159.86, 133.63, 133.21, 118.40, 113.50, 94.73, 73.53, 

72.72, 71.91, 70.68, 64.41, 1.10, 0.94, 0.29; LRMS C46H76F6O15Si6 Calc: 1168.4048 [M

+NH4]+ Found: 1168.4054 m/z.

Synthesis of 6,6′-Bis(O-3,5-ditrifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis (O-
trimethylsilyl)-α,α-trehalose (5f)—The diaryl ester was prepared according to the 

general procedure for esterification via carbodiimide mediated coupling. White Powder 

(0.53 g, 82%). 1H NMR (400 MHz, CDCl3) δ 8.47 (s, 4H), 8.07 (s, 2H), 4.96 (br, 2H), 4.69 

(d, J= 11.7 Hz, 2H), 4.36 (dd, J= 11.7, 3.3 Hz, 2H), 4.10 (d, J= 9.3 Hz, H2), 3.97 (t, J= 8.8 

Hz, 2H), 3.57 (t, J= 9.1 Hz, 2H), 3.47 (d, J= 9.3 Hz, 2H), 0.18 (s, 18H), 0.16 (s, 18H), 0.13 

(s, 18H) 13C NMR (125 MHz, CDCl3) δ 163.76, 132.46, 132.20, 132.12, 129.77, 129.74, 

126.53, 124.18, 121.46, 94.39, 73.40, 72.75, 72.14, 70.91, 64.73, 31.90, 22.71, 14.13, 1.09, 

0.88, 0.17; LRMS C48H74F12O13Si6 Calc: 1272.4 [M+NH4]+ Found: 1272.4.

Synthesis of 6,6′-Bis(O-2-hydroxy-5-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-
hexakis(O-trimethylsilyl)-α,α-trehalose (5g)—The diaryl ester was prepared 

according to the general procedure for esterification via triflate SN2 coupling. White Powder 

(0.53 g, 75%); 1H NMR (400 MHz, CDCl3) δ 10.98 (s, 2H), 8.11 (s, 2H), 7.69 (d, J= 9.2 Hz, 

2H), 7.08 (d, J= 8.3, 2H), 4.96 (br, 2H), 4.70 (d, J= 12.0 Hz, 2H), 4.33 (d, J= 11.4 Hz, 2H), 

4.11 (d, J= 9.7 Hz, 2H), 3.96 (t, J= 9.7 Hz, 2H), 3.57 (t, J= 8.7 Hz, 2H), 3.47 (d, J= 9.9 Hz, 

2H), 0.18 (s, 18H), 0.16 (s, 18H), 0.14 (s, 18H); 13C NMR (125 MHz, CDCl3) δ 169.92, 

165.2, 133.45, 133.42, 128.73, 122.90, 119.83, 113.50, 95.63, 73.53, 72.72, 71.91, 70.68, 

64.41, 1.55, 1.02, 0.30 LRMS: C46H76F6O15Si6 Calc: 1168.4 [M+NH4]+ Found: 1168.4 

m/z.

Synthesis of 6,6′-Bis(O-2,6-ditrifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis (O-
trimethylsilyl)-α,α-trehalose (5h)—The diaryl ester was prepared according to the 

general procedure for esterification via triflate SN2 coupling. White Powder (0.36 g, 87%); 
1H NMR (400 MHz, CDCl3) δ 7.98 (d, J = 7.95 Hz, 2H), 7.69 – 7.78 (m, 1H)4.95 (d, J = 

2.93 Hz, 1H), 4.51 (d, J = 2.32 Hz, 1H), 4.27 – 4.37 (m, 1H), 4.06 – 4.14 (m, 1H), 3.89 – 

4.00 (m, 1H), 3.37 – 3.61 (m, 2H), 0.04 – 0.20 (m, 27H); HRMS: C48H74F12O13NH4
+ Calc. 

[M+NH4]+ 1272.3892 Found 1272.3895.

Synthesis of 6,6′-Bis(O-2,5-ditrifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis (O-
trimethylsilyl)-α,α-trehalose (5i)—The diaryl ester was prepared according to the 

general procedure for esterification via carbodiimide mediated coupling. White Powder 

(0.41 g, 91%); 1H NMR (400 MHz, CDCl3) δ 9.24 (t, J=2.08 Hz, 1 H), 9.15 (d, J=2.08 Hz, 2 

H) 5.00 (d, J=2.93 Hz, 1 H), 4.73 (d, J=2.32 Hz, 1 H), 4.42 (br. s., 1 H), 4.09–4.19 (m, 1 H), 

4.03–3.94 (m, 1 H), 3.50–3.63 (m, 2 H), 0.02 – 0.31 (m, 27 H); 13C NMR (125 MHz, 

CDCl3) δ 162.3, 148.7, 133.6, 129.5, 122.5, 94.2, 73.5, 72.0, 70.8, 65.3, 1.06, 0.21; HRMS: 

C48H74F12O13Si6 Calc.[M+NH4]+ 1272.3892, Found 1272.3898.

Synthesis of 6,6′-Bis(O-2,nitrobenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-
α,α-trehalose (5k)—The diaryl ester was prepared according to the general procedure for 
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esterification via carbodiimide mediated coupling. Yellow Powder (0.30 g, 77%); 1H NMR 

(400 MHz, CDCl3) δ 7.73 (dd, J=7.76, 1.28 Hz, 1 H), 7.66 (dd, J=7.52, 1.53 Hz, 1 H), 7.43 

– 7.59 (m, 2 H), 4.77 (d, J=3.06 Hz, 1 H), 4.37 (d, J=2.45 Hz, 1 H), 4.20–4.29 (m, 1 H), 

3.88–3.97 (m, 1 H), 3.72–3.82 (m, 1 H), 3.26–3.37 (m, 2 H), 0.30–0.03 (m, 18 H) - 0.11–

0.05 (m, 9 H); 13C NMR (125 MHz, CDCl3) δ 165.0, 148.5, 132.6, 131.9, 130.2, 127.1, 

123.8, 94.4, 73.3, 72.4, 72.0, 70.8, 65.3, 1.04, 1.04, 0.88, 0.01; HRMS: C44H76N2O17Si6 

Calc. [M+Na]+ 1095.3652 Found 1095.3650.

Synthesis of 6,6′-Bis(O-3,5-dinitrobenzoyl)-2,3,4,2′,3′,4′-hexakis(O-
trimethylsilyl)-α,α-trehalose (5l)—The diaryl ester was prepared according to the 

general procedure for esterification via triflate SN2 coupling. Yellow Powder (0.30 g, 75%). 
1H NMR (400 MHz, CDCl3) δ 9.24 (t, J=2.08 Hz, 1 H), 9.15 (d, J=2.08 Hz, 2 H), 5.00 (d, 

J=2.93 Hz, 1 H), 4.73 (d, J=2.32 Hz, 1 H), 4.42 (dd, J=16.02, 5.62 Hz, 1 H), 4.08–4.16 (m, 1 

H), 3.94–4.05 (m, 1 H), 3.48–3.64 (m, 2 H), 0.11–0.25 (m, 27 H); 13C NMR (125 MHz, 

CDCl3) δ 162.4, 148.7, 133.4, 129.4, 122.5, 94.2, 73.4, 72.7, 72.0, 70.8, 65.3, 1.06, 0.93, 

0.21; HRMS: C44H76N2O17Si6 Calc. [M+Na]+ 1185.3353, Found 1185.3351.

Synthesis of 6,6′-Bis(O-3-trifluoromethylpyridne-2-carbonyl) −2,3,4,2′,3′,4′-
hexakis(O-trimethylsilyl)-α,α-trehalose (5m)—The diaryl ester was prepared 

according to the general procedure for esterification via triflate SN2 coupling. White Powder 

(0.26 g, 68 %); 1H NMR (400 MHz, CDCl3) δ 8.83 (d, J=4.77 Hz, 1H), 8.07 (d, J=8.07 Hz, 

1H), 7.56 (m, J=4.80 Hz, 1H), 4.94 (d, J=2.81 Hz, 1H), 4.56 (d, J=2.08 Hz, 1H), 4.46 (d, 

J=5.14 Hz, 1H), 4.08–4.15 (m, 1H), 3.82–3.98 (m, 1H), 3.35–3.57 (m, 2H), 0.10–0.19 (m, 

27H); 13C NMR (125 MHz, CDCl3) δ 165.3, 152.5, 149.3, 135.1, 125.1, 124.3, 121.6, 94.5, 

73.7, 72.9, 72.3, 70.9, 65.9, 1.36, 0.2; HRMS: C44H74F6N2O13Si6 Calc. [M+NH4]+ 

1143.3603, Found 1143.3600.

Synthesis of 6,6′-Bis(O-2,4-ditrifluoromethylbenzoyl) −2,3,4,2′,3′,4′-
hexakis(O-trimethylsilyl)-α,α-trehalose (5n)—The diaryl ester was prepared 

according to the general procedure for esterification via carbodiimide mediated coupling. 

White Powder (345 mg, 83 %); 1H NMR (400 MHz, CDCl3) δ 8.02 (s, 1H), 7.91 (d, J=0.98 

Hz, 2H), 4.92 (d, J=2.93 Hz, 1H), 4.57 (d, J=2.32 Hz, 1H), 4.39 (s, 1H), 4.05–4.13 (m, 1 H), 

3.88–3.98 (m, 1H), 3.51 (d, J=9.05 Hz, 1H), 3.41 (dd, J=9.35, 3.00 Hz, 1H), 0.11–0.17 (m, 

18 H) 0.03–0.08 (m, 9H); 13C NMR (125 MHz, CDCl3) δ 165.3, 134.5, 133.6, 130.8, 129.9, 

129.6, 128.7, 124.2, 124.1, 123.9, 123.8, 94.3, 73.2, 72.5, 71.9, 70.7, 65.3, 1.03. 0.02; 

HRMS: C48H74F12O13Si6 Calc. [M+NH4]+ 1272.3892, Found 1272.3890.

Synthesis of 6,6′-Bis(O-2-trifluoromethyl-4-methylbenzoyl)- 2,3,4,2′,3′,4′-
hexakis(O-trimethylsilyl)-α,α-trehalose (5o)—The diaryl ester was prepared 

according to the general procedure for esterification via carbodiimide mediated coupling. 

White Powder (0.46 g, 91%); 1H NMR (400 MHz, CDCl3) δ 7.74 (d, J=7.95 Hz, 1 H), 7.57 

(s, 1H), 7.42 (d, J=7.70 Hz, 1H), 4.95 (d, J=2.93 Hz, 1 H), 4.51 (d, J=2.32 Hz, 1H), 4.34 (dd, 

J=16.63, 4.03 Hz, 1H), 4.06 – 4.13 (m, 1H),, 3.90 – 3.98 (m, 1 H), 3.56 (d, J=9.05 Hz, 1H), 

3.44 (dd, J=9.29, 3.06 Hz, 1H), 2.47 (s, 3H), 0.06–0.18 (m, 27H); 13C NMR (125 MHz, 
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CDCl3) δ 166.3, 142.1, 132.1, 130.7, 127.5, 94.4, 73.4, 72.6, 71.9, 70.7, 64.6, 21.4, 1.06, 

0.84, 0.04; HRMS: C48H80F6O13Si6 Calc. [M+NH4]+ 1164.4457, Found 1164.4455.

General procedure for Deprotection of silyl Ether

The silyl intermediate (0.333 mmol) was dissolved in equal amount of methylene chloride 

and methanol (8 mL) treated with Dowex 50WX8 resin (668.4 mg) with magnetic stirring. 

Upon consumption of the starting material as determined by TLC (20% methanol in 

methylene chloride and charring with vanillin stain) the reaction was filtered, concentrated 

and chromatographed on a silica column eluting with a 40% to 80% methylene chloride to 

methanol gradient on silica gel to provide the desired product.

Synthesis of 6,6′-Bis(O-2-trifluoromethylbenzoyl)-α,α-trehalose (UM1042)—
White Powder (55 mg, 88%); 1H NMR (400 MHz, DMSO-d6) δ 7.74–7.90 (m, 4H), 5.20 (d, 

J = 5.38 Hz, 1H), 4.95 (d, J = 4.89 Hz, 1H), 4.90 (d, J = 5.87 Hz, 1H), 4.86 (d, J = 3.42 Hz, 

1H), 4.49 (d, J = 10.27 Hz, 1H), 4.32 (dd, J = 5.32, 11.68 Hz, 1H), 4.07 (dd, J = 3.85, 9.72 

Hz, 1H), 3.59 (dt, J = 4.95, 9.02 Hz, 1H), 3.26 – 3.32 (m, 1H), 3.22 (dt, J = 5.50, 9.29 Hz, 

1H); 13C NMR (125 MHz, DMSO-d6) δ 165.8, 132.8, 131.9, 130.1, 127.0, 126.7, 124.6, 

121.9, 93.8, 72.7, 71.4, 70.0, 69.7, 64.9; HRMS: C28H28F6O13Calc. [M+NH4]+ 704.1772, 

Found 704.1770

Synthesis of 6,6′-Bis(O-3-trifluoromethylbenzoyl)-α,α-trehalose (UM1043)—
White Powder (52 mg, 85%); 1H NMR (400 MHz, DMSO-d6) δ 8.24 (d, J = 7.83 Hz, 1H), 

8.17 (s, 1H), 8.04 (d, J = 7.95 Hz, 1H), 7.79 (t, J = 7.83 Hz, 1H), 5.25 (d, J = 5.38 Hz, 1H), 

5.01 (d, J = 4.77 Hz, 1H), 4.90 – 4.96 (m, 2H), 4.46–4.54 (m, 1H), 4.35 (dd, J = 5.93, 11.68 

Hz, 1H), 4.12 (ddd, J = 1.71, 5.96, 9.93 Hz, 1H), 3.61 (td, J = 4.60, 9.02 Hz, 1H), 3.25 (dt, J 
= 5.38, 9.48 Hz, 1H); 13C NMR (125 MHz, DMSO-d6) δ 164.3, 133.1, 130.8, 130.3, 129.8, 

129.7, 129.4, 125.4, 125.0, 122.3, 93.7, 72.8, 71.5, 70.1, 69.7, 64.6; HRMS: 

C28H28F6O13Calc. [M+NH4]+ 704.1772, Found 704.1775

Synthesis of 6,6′-Bis(O-4-trifluoromethylbenzoyl)-α,α-trehalose (UM1044)—
White Powder (51 mg, 84%); 1H NMR (400 MHz, DMSO-d6) δ 8.16 (d, J = 8.07 Hz, 2H), 

7.92 (d, J = 8.31 Hz, 2H), 5.25 (d, J = 5.38 Hz, 1H), 5.00 – 5.04 (m, 2H), 4.89 (d, J = 3.67 

Hz, 1H), 4.46–4.52 (m, 1H), 4.38 (dd, J = 5.81, 11.68 Hz, 1H), 4.16 (ddd, J = 1.53, 5.78, 

9.93 Hz, 1H), 3.57–3.65 (m, 1H), 3.35–3.40 (m, 1H), 3.22–3.31 (m, 1H); 13C NMR (125 

MHz, DMSO-d6) δ 164.6, 133.5, 132.7, 130.0, 125.8, 125.1, 122.4, 94.2, 72.8, 71.4, 70.1, 

69.8, 64.6; HRMS: C28H28F6O13 Calc.[M+NH4]+ 704.1772, Found 704.1773

Synthesis of 6,6′-Bis(O-2-methoxy-5-trifluoromethylbenzoyl)-α,α-trehalose 
(UM1045)—White Powder (61 mg, 86%); 1H NMR (400 MHz, DMSO-d6) δ 7.95 (s, 1H), 

7.91 (dd, J = 2.14, 8.86 Hz, 1H), 7.35 (d, J = 8.80 Hz, 1H), 5.19 (d, J = 5.38 Hz, 1H), 4.97 

(d, J = 4.89 Hz, 1H), 4.91 (d, J = 3.55 Hz, 1H), 4.83 (d, J = 5.99 Hz, 1H), 4.46 (d, J = 10.15 

Hz, 1H), 4.26 (dd, J = 5.62, 11.74 Hz, 1H), 4.03 (td, J = 4.00, 5.81 Hz, 1H), 3.90 (s, 3H), 

3.61 (dt, J = 4.89, 9.11 Hz, 1H), 3.26–3.32 (m, 1H), 3.20 – 3.26 (m, 1H); 13C NMR (125 

MHz, DMSO-d6) δ 164.2, 161.2, 130.8, 128.0, 125.5, 122.8, 121.0, 120.6, 120.5, 113.7, 
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93.5, 72.9, 71.7, 70.4, 70.0, 64.4, 56.5; HRMS: C30H32F6O15 Calc. [M+Na]+ 769.1538, 

Found 769.1534

Synthesis of 6,6′-Bis(O-2-hydroxy-3-trifluoromethylbenzoyl)-α,α-trehalose 
(UM1053)—White Powder (0.37 g, 75%); 1H NMR (400 MHz, DMSO-d6) δ 11.31 (br, 

2H), 8.10 (d, J=7.8 Hz, 2H), 7.91 (d, J= 7.7 Hz, 2H), 7.15 (t, J= 7.9 Hz, 2H), 5.27 (d, J= 
4.8Hz, 2H), 5.02 (d, J= 5.9 Hz, 2H), 4.99 (d, J= 4.9 Hz, 2H), 4.88(d, J= 3.3 Hz, 2H), 4.52 (d, 

J= 10.5 Hz, 2H), 4.45 (dd, J= 11.5, 5.4 Hz, 2H), 4.17 (m, 2H), 3.60 (dt, J= 9.0, 4.9 Hz, 2H), 

3.27 (m, 2H); 13C NMR (125 MHz, DMSO-d6) δ 168.39, 158.28, 134.49, 132.92, 121.95, 

119.33, 114.08, 94.29, 72.72, 71.39, 70.07, 69.57, 65.11; HRMS: C28H28F6O15 Calc. [M

+NH4]+ 736.1676, Found 736.1662.

Synthesis of 6,6′-Bis(O-3,5-ditrifluoromethylbenzoyl)-α,α-trehalose (UM1054)
—White Powder (65.1 mg, 20%); 1H NMR (400 MHz, DMSO-d6) δ 8.45 (s, 2H), 8.43 (s, 

4H), 5.28 (d, J= 5.2 Hz, 2H), 5.02 (d, J= 4.7 Hz, 2H), 4.94 (d, J= 3.4 Hz, 2H), 4.90 (d, J=5.7 

Hz, 2H), 4.60 (d, J= 10.4 Hz, 2H), 4.36 (dd, J= 11.6, 6.4 Hz, 2H), 4.13 (br, 1H), 3.62 (dt, J= 
8.9, 4.5 Hz, 2H), 3.24 (m, 2H); 13C NMR (125 MHz, DMSO-d6) δ 163.05, 132.33, 131.16, 

130.83, 129.42, 126.89, 124.17, 121.46, 93.57, 72.77, 71.56, 70.17, 69.74, 65.10; HRMS: 

C30H26F12O13 NH4
+ Calc. 840.1526, Found 840.1530.

Synthesis of 6,6′-Bis(O-2-hydroxy-5-trifluoromethylbenzoyl)-α,α-trehalose 
(UM1055)—White Powder (0.18 g, 57%); 1H NMR (400 MHz, DMSO-d6) 10.93 (br, 2H), 

8.02 (s, 2H), 7.83 (d, J= 8.6 Hz, 2H), 7.17 (d, J= 8.6 Hz, 2H), 5.25 (br, 2H), 4.99 (d, J= 3.5 

Hz, 2H), 4.95 (br, 2H), 4.87 (br, 2H), 4.52 (d, J= 11.3 Hz, 2H), 4.35 (dd, J= 11.1, 5.5 Hz, 

2H), 4.10 (br, 2H), 3.61 (br, 2H), 3.24 (t, J= 9.2 Hz, 2H); 13C NMR (125 MHz, DMSO-d6) δ 
166.65, 162.37, 131.75, 127.48, 125.26, 122.56, 118.73, 114.20, 93.49, 72.73, 71.54, 70.15, 

69.56, 64.68; HRMS: C28H28F6O15 Calc. [M+NH4]+ 736.1676, Found 736.1670.

Synthesis of 6,6′-Bis(O-2,6-di-trifluoromethylbenzoyl)-α,α-trehalose (UM1065)
—White Powder (60 mg, 76%); 1H NMR (400 MHz, DMSO-d6) δ 8.21 (d, J = 7.95 Hz, 

2H), 7.97 (t, J = 8.44 Hz, 1H), 5.09 (br. s., 1H), 4.81 (d, J = 3.55 Hz, 1H), 4.70 (br. s., 1H), 

4.45–4.52 (m, 1H), 4.32–4.41 (m, 1H), 4.00 (ddd, J = 1.71, 5.23, 9.93 Hz, 1H), 3.57 (t, J = 

9.11 Hz, 1H), 3.34 (br. s., 1H), 3.09–3.23 (m, 2H); 13C NMR (125 MHz, DMSO-d6) δ 
164.9, 132.0, 131.1, 129.7, 127.9, 127.6, 127.3, 126.9, 124.3, 121.6, 93.6, 72.8, 71.4, 70.1, 

69.4, 66.3; HRMS: C30H26F12O13 Calc. [M+NH4]+ 840.1519 Found 840.1517.

Synthesis of 6,6′-Bis(O-2,5-di-trifluoromethylbenzoyl)-α,α-trehalose (UM1066)
—White Powder, (71 mg, 81%); 1H NMR (400 MHz, DMSO-d6) δ 8.10–8.24 (m, 3H), 5.22 

(d, J = 5.38 Hz, 1H), 4.95 (d, J = 4.89 Hz, 1H), 4.89 (d, J = 3.55 Hz, 1H), 4.84 (d, J = 5.87 

Hz, 1H), 4.57–4.65 (m, 1H), 4.33 (dd, J = 5.69, 11.68 Hz, 1H), 4.04–4.13 (m, 1H), 3.60 (dt, 

J = 4.89, 9.11 Hz, 1H), 3.27 (ddd, J = 3.79, 5.81, 9.48 Hz, 1H), 3.19 (dt, J = 5.44, 9.32 Hz, 

1H); 13CNMR (125 MHz, DMSO-d6) δ 164.8, 132.6, 131.9, 130.4, 128.9, 128.4, 126.9, 

123.9, 93.8, 72.6, 71.4, 70.0, 69.6, 65.4; HRMS: C30H26F12O13 Calc. [M+NH4]+ 840.152, 

Found 840.1521.
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Synthesis of 6,6′-Bis(O-2-trifluoromethyl-4-methoxybenzoyl)-α,α-trehalose 
(UM1067)—White Powder (61 mg, 82%); 1H NMR (400 MHz, DMSO-d6) δ 7.85–7.98 (m, 

2H), 7.35 (d, J = 8.61 Hz, 1H), 5.18 (d, J = 5.48 Hz, 1H), 4.93 (dd, J = 4.11, 14.28 Hz, 2H), 

4.81 (d, J = 6.26 Hz, 1H), 4.42–4.49 (m, 1H), 4.19 – 4.31 (m, 1H), 3.98–4.08 (m, 1H), 3.90 

(s, 3H), 3.55–3.66 (m, 1H), 3.21 – 3.26 (m, 2H); 13C NMR (125 MHz, DMSO-d6) δ 170.0, 

133.2, 132.3, 127.6, 125.6, 93.5, 72.6, 71.3, 69.6, 63.8; HRMS: C30H32F6O15 Calc. [M+Na]
+ 769.1538, Found 769.1537.

Synthesis of 6,6′-Bis(O-2-nitrobenzoyl)-α,α-trehalose (UM1079)—Brown Powder 

(43 mg, 76%); 1H NMR (400 MHz, DMSO-d6) δ 8.00–8.05 (m, 1H), 7.78–7.91 (m, 3H), 

5.18 (br. s, 1H), 4.90 (br. s., 1H), 4.84 (d, J = 3.55 Hz, 1H), 4.44–4.50 (m, 1H), 4.32 (dd, J = 

5.32, 11.68 Hz, 1H), 4.00–4.09 (m, 1H), 3.52–3.60 (m, 1H), 3.28 (d, J = 3.55 Hz, 1H), 3.10–

3.22 (m, 1H); 13C NMR (125 MHz, DMSO-d6) δ 164.5, 148.4, 133.6, 133.3, 130.3, 125.9, 

124.2, 94.2, 72.9, 71.5, 70.1, 69.9, 65.4; HRMS: C26H28N2O17 Calc. [M+NH4]+ 658.1726, 

Found 658.1720.

Synthesis of 6,6′-Bis(O-3,5-dinitrobenzoyl)-α,α-trehalose (UM 1080)—Brown 

Powder (49 mg, 73%); 1H NMR (400 MHz, DMSO-d6) δ 9.03 (t, J = 2.14 Hz, 1H), 8.92 (d, 

J = 2.08 Hz, 2H), 4.99 (d, J = 3.55 Hz, 2H), 4.69 (d, J = 9.90 Hz, 1H), 4.35 (dd, J = 6.66, 

11.55 Hz, 1H), 4.18–4.27 (m, 1H), 3.56–3.64 (m, 1H), 3.39 (dd, J = 3.61, 9.60 Hz, 2H), 3.21 

– 3.28 (m, 2H); 13C NMR (125MHz, DMSO-d6) δ 162.4, 148.4, 132.6, 128.9, 122.4, 94.5, 

72.8, 71.4, 70.2, 69.8, 65.9; HRMS: C26H26N4O21 Calc. [M+NH4]+ 748.1428, Found 

748.1430.

Synthesis of 6,6′-Bis(O-3-trifluoromethylpyridne-2-carbonyl)-α,α-trehalose 
(UM1083)—Yellow Powder (21 mg, 43%); 1H NMR (400 MHz, DMSO-d6) δ 8.91 (d, J = 

4.65 Hz, 1H), 8.38 (d, J = 8.07 Hz, 1H), 7.82 (dd, J = 4.89, 8.07 Hz, 1H), 5.14 (br. s., 1H), 

4.86 (d, J = 3.55 Hz, 1H), 4.80 (br. s., 1H), 4.48 – 4.54 (m, 1H), 4.36–4.45 (m, 1H), 4.00–

4.08 (m, 1H), 3.57 (t, J = 9.17 Hz, 1H), 3.34 (br. s., 1H), 3.15–3.27 (m, 2H); 13C NMR (125 

MHz, DMSO-d6) δ 165.1, 153.1, 148.4, 135.9, 126.1, 123.2, 122.8, 121.6, 93.9, 72.9, 71.5, 

69.6, 65.8: HRMS: C26H26N2O13F6 Calc. [M+H]+ 689.1412, Found 689.1416.

Synthesis of 6,6′-Bis(O-2,4-di-trifluoromethylbenzoyl)-α,α-trehalose (UM1084)
—White Powder (68 mg, 83%); 1H NMR (400 MHz, DMSO-d6) δ 8.24 (d, J = 8.19 Hz, 

1H), 8.19 (s, 1H), 8.09 (d, J = 8.07 Hz, 1H), 5.21 (d, J = 5.38 Hz, 1H), 4.90–4.99 (m, 2H), 

4.85 (d, J = 3.55 Hz, 1H), 4.52–4.58 (m, 1H), 4.36 (dd, J = 5.56, 11.68 Hz, 1H), 4.09 (ddd, J 
= 1.77, 5.50, 9.96 Hz, 1H), 3.54–3.62 (m, 1H), 3.25–3.30 (m, 1H), 3.19 (dt, J = 5.26, 9.35 

Hz, 1H); 13C NMR (125 MHz, DMSO-d6) δ 164.8, 134.5, 131.9, 131.6, 131.4, 130.2, 128.0, 

127.7, 124.3, 123.8, 123.7, 121.5, 121.1, 94.1, 72.6, 71.3, 69.7, 65.5; HRMS: C30H26F12O13 

NH4
+ Calc. 840.152, Found 840.1518.

Synthesis of 6,6′-Bis(O-2-trifluoromethyl-4-methylbenzoyl)-α,α-trehalose 
(UM1085)—White Powder (54 mg, 88%); 1H NMR (400 MHz, DMSO-d6) δ 7.78 (d, J = 

7.95 Hz, 1H), 7.69 (s, 1H), 7.60 (d, J = 7.95 Hz, 1H), 5.19 (d, J = 5.38 Hz, 1H), 4.95 (d, J = 

4.89 Hz, 1H), 4.89 (d, J = 5.87 Hz, 1H), 4.86 (d, J = 3.67 Hz, 1H), 4.47 (dd, J = 1.65, 11.55 

Hz, 1H), 4.30 (dd, J = 5.50, 11.74 Hz, 1H), 4.06 (ddd, J = 1.77, 5.35, 10.00 Hz, 1H), 3.59 
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(dt, J = 4.95, 9.14 Hz, 1H), 3.29 (ddd, J = 3.73, 5.90, 9.57 Hz, 1H), 3.21 (dt, J = 5.44, 9.38 

Hz, 1H), 2.43 (s, 3H); 13C NMR (125 MHz, DMSO-d6) δ 166.1, 142.9, 133.4, 130.8, 128.1, 

127.6, 127.6, 127.5, 127.2, 125.1, 122.4, 94.2, 73.1, 71.8, 70.4, 70.1, 65.2, 21.2; HRMS: 

C30H32F6O13 Calc. [M+NH4]+ 732.2087, Found 732.2090.

Synthesis of 6,6′-Bis(O-2,6-di-methylbenzoyl)-α,α-trehalose (UM1114)—White 

Powder (38 mg, 56%); 1H NMR (400 MHz, DMSO-d6) δ 7.24 (t, J = 7.95 Hz, 1H), 7.09 (d, 

J = 7.46 Hz, 2H), 5.16 (d, J = 5.38 Hz, 1H), 4.89 (d, J = 5.14 Hz, 1H), 4.85 (d, J = 3.55 Hz, 

1H), 4.83 (d, J = 5.99 Hz, 1H), 4.52 (dd, J = 1.77, 11.68 Hz, 1H), 4.33 (dd, J = 5.07, 11.80 

Hz, 1H), 3.97–4.07 (m, 1H), 3.57 (dd, J = 5.07, 9.11 Hz, 1H), 3.13–3.28 (m, 2H), 2.24 (s, 

6H); 13C NMR (125 MHz, DMSO-d6) δ 169.4, 134.8, 134.3, 129.7, 127.9, 94.2, 73.0, 71.8, 

70.5, 70.2, 64.2, 19.6; HRMS: (C30H38O13 + NH4)+ Calc. 624.2651, Found 624.2650.

Synthesis of 6,6′-Bis(O-2-(trifluoromethyl)phenylacetyl)-α,α-trehalose 
(UM1136)—White Powder (45 mg, 62%); 1H NMR (400 MHz, DMSO-d6) δ 7.71 (d, J = 

8.22 Hz, 1H), 7.60–7.67 (m, 1H), 7.45 – 7.56 (m, 2H), 5.03 (d, J = 5.48 Hz, 1H), 4.86 (d, J = 

4.70 Hz, 1H), 4.77 (d, J = 3.52 Hz, 1H), 4.72 (d, J = 6.26 Hz, 1H), 4.30 (dd, J = 1.76, 11.54 

Hz, 1H), 4.07 (dd, J = 5.48, 11.74 Hz, 1H), 3.84–3.94 (m, 3H), 3.53 (dd, J = 4.89, 9.19 Hz, 

1H), 3.25 (ddd, J = 3.91, 6.06, 9.59 Hz, 1H), 3.12 (dd, J = 5.48, 9.39 Hz, 1H); 13C NMR 

(125 MHz, DMSO-d6) δ 170.2, 133.4, 132.5, 127.8, 125.8, 93.7, 72.9, 71.5, 70.2, 69.9, 64.1, 

37.7; HRMS: C30H32F6O15 Calc. [M+Na]+ 737.1639, Found 737.1645.

Biological Activity

Transgenic HEK cell SEAP assays—Human Mincle expressing HEK cells were 

obtained from Invivogen (San Deigo, CA). Cells were cultured according to the 

manufacturer’s instructions in DMEM with 10% FBS, 50 U/ml penicillin, 50 mg/ml 

streptomycin, 100 mg/ml Normocin, 2 mM L-glutamine, 30 μg/ml blasticidin, 1 μg/ml 

puromycin and 1x HEK-Blue™ CLR Selection. For assay, indicated compounds were 

serially diluted in diluent (EtOH), 20 μl of a 10x final concentration were applied to the 

bottom of a 96-well tissue culture plate and the solvent was evaporated for > 1 hr in a 

biosafety hood. HEK cells were applied to the plates at a density of 3×105 cells/well and 

incubated for 18–24 hour at 37 ˚C. Cell supernatants were harvested and analyzed via the 

manufacturer’s instructions using Hek-Blue™ Detection. SEAP activity was assessed by 

reading the optical density (OD) at 620–655 nm with a microplate reader; data are expressed 

as the fold change in OD over vehicle treated cells.

Isolation of PBMC—Peripheral blood samples were collected from healthy adult donors 

after approval by the University of Montana Institutional Review Board (43–16) and signed 

written informed consent was obtained from each donor. Peripheral blood mononuclear cells 

(PBMC) were isolated from peripheral blood using Ficoll-Paque. Briefly, heparin-

anticoagulated blood was diluted with an equal volume of Dulbeccos phosphate-buffered 

saline, pH 7.4 (DPBS), 35 mL of diluted blood was layered over 15 ml of the Ficoll-Paque 

(Sigma). Gradients were centrifuged at 400 × g for 30 min at room temperature in a 

swinging-bucket rotor without the brake applied. The PBMC interface was carefully 

removed by pipetting and washed with PBS-5%FBS by centrifugation at 250 × g for 10 min. 
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This was followed by a second wash with PBS-5%FBS. Cells were resuspended in RPMI 

media with 5% autologous plasma. Cell number and viability were determined using a 

hemocytometer. Non-viable cells were identified by staining with trypan blue and cell 

counts calculated on viable cells only.

Cytokine analysis—Compounds were serially diluted in 100% Ethanol to the bottom of a 

tissue culture plate and solvent was allowed to fully evaporate (i.e. plate coating). Freshly 

prepared PBMCs purified via Ficoll gradient in RPMI/5% autologous plasma were added to 

the indicated compound concentrations by addition to plates containing plate coated 

compounds. Cells were incubated at 37 °C/5% CO2.

Supernatants were harvested from treated cells 18–24 hour post cell application. 

Supernatants were analyzed using either a DuoSet IL6 ELISA (R&D Systems, Minneapolis, 

MN) ELISAs were read on a plate reader at 450 nm and raw OD values potted using Prism 

software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Representative Mincle ligands: Trehalose Dimycolates (TDM), α-Trehalose Diesters 

(Vizantin), Trehalose Dicorynomycolates (TDCM), Trehalose dibehenate (TDB), 

Brartemicin analogs and UM1024.
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Figure 2: 
Cytokine production from primary human mononuclear cells in response to stimulation with 

synthetic compounds; The indicated compound was dissolved in ethanol and dried to the 

bottom of a tissue culture plate. hPBMCs were added and incubated at 37 °C for 18–24 

hours. IL-6 secretion was measured by ELISA; n=3 independent donors for all experiments; 

error bars indicate SEM.
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Figure 3: 
(a-c) Activation of human Mincle in response to synthesized library. The indicated 

compounds were plate coated in EtOH and HEK cells transfected with human Mincle and an 

NF-κB-driven SEAP reporter were added and incubated with the compounds for 18–24 hour 

followed by assessment of the supernatants for SEAP levels. Data are represented as fold 

change in OD650 over vehicle treated cells. n=3 for all experiments; error bars indicate 

SEM. (d) results in HEK null cells.
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Scheme 1: Reagents and reaction conditions:
i) BSA, TBAF, DMF; ii) K2CO3, MeOH (90%); iii) (CF3SO2)2O, pyridine, DCM (95%); iv) 

K salt of acid, 18-crown ether, toluene, 80 °C (40–85%); v) aryl acid, EDCI-MeI, DMAP, 

DCM or aryl acid, DCC, DMAP, DCM (30–90%); vi) Dowex-H+, DCM:MeOH (1:1) (70–

90%). a) conditions iii, iv were used; b) conditions v were used

Rasheed et al. Page 21

Bioorg Med Chem. Author manuscript; available in PMC 2021 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Introduction
	Results and discussions
	Synthesis of brartemicin analogs
	Structure-activity relationships of brartemicin analogs

	Conclusion
	Experimental
	2,2′,3,3′,4,4′-Hexa-trimethylsilyl-α,α-D-trehalose (3)
	General procedure for esterification via carbodiimide mediated coupling
	General procedure for sulphonylation via SN2 coupling
	Synthesis of intermediates for Diaryl ester analogs
	Synthesis of 6,6′-Bis(O-2-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5a)
	Synthesis of 6,6′-Bis(O-3-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5b)
	Synthesis of 6,6′-Bis(O-4-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5c)
	Synthesis of 6,6′-Bis(O-2-methoxy-5-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5d)
	Synthesis of 6,6′-Bis(O-2-hydroxy-3-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5e)
	Synthesis of 6,6′-Bis(O-3,5-ditrifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis (O-trimethylsilyl)-α,α-trehalose (5f)
	Synthesis of 6,6′-Bis(O-2-hydroxy-5-trifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5g)
	Synthesis of 6,6′-Bis(O-2,6-ditrifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis (O-trimethylsilyl)-α,α-trehalose (5h)
	Synthesis of 6,6′-Bis(O-2,5-ditrifluoromethylbenzoyl)-2,3,4,2′,3′,4′-hexakis (O-trimethylsilyl)-α,α-trehalose (5i)
	Synthesis of 6,6′-Bis(O-2,nitrobenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5k)
	Synthesis of 6,6′-Bis(O-3,5-dinitrobenzoyl)-2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5l)
	Synthesis of 6,6′-Bis(O-3-trifluoromethylpyridne-2-carbonyl) −2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5m)
	Synthesis of 6,6′-Bis(O-2,4-ditrifluoromethylbenzoyl) −2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5n)
	Synthesis of 6,6′-Bis(O-2-trifluoromethyl-4-methylbenzoyl)- 2,3,4,2′,3′,4′-hexakis(O-trimethylsilyl)-α,α-trehalose (5o)

	General procedure for Deprotection of silyl Ether
	Synthesis of 6,6′-Bis(O-2-trifluoromethylbenzoyl)-α,α-trehalose (UM1042)
	Synthesis of 6,6′-Bis(O-3-trifluoromethylbenzoyl)-α,α-trehalose (UM1043)
	Synthesis of 6,6′-Bis(O-4-trifluoromethylbenzoyl)-α,α-trehalose (UM1044)
	Synthesis of 6,6′-Bis(O-2-methoxy-5-trifluoromethylbenzoyl)-α,α-trehalose (UM1045)
	Synthesis of 6,6′-Bis(O-2-hydroxy-3-trifluoromethylbenzoyl)-α,α-trehalose (UM1053)
	Synthesis of 6,6′-Bis(O-3,5-ditrifluoromethylbenzoyl)-α,α-trehalose (UM1054)
	Synthesis of 6,6′-Bis(O-2-hydroxy-5-trifluoromethylbenzoyl)-α,α-trehalose (UM1055)
	Synthesis of 6,6′-Bis(O-2,6-di-trifluoromethylbenzoyl)-α,α-trehalose (UM1065)
	Synthesis of 6,6′-Bis(O-2,5-di-trifluoromethylbenzoyl)-α,α-trehalose (UM1066)
	Synthesis of 6,6′-Bis(O-2-trifluoromethyl-4-methoxybenzoyl)-α,α-trehalose (UM1067)
	Synthesis of 6,6′-Bis(O-2-nitrobenzoyl)-α,α-trehalose (UM1079)
	Synthesis of 6,6′-Bis(O-3,5-dinitrobenzoyl)-α,α-trehalose (UM 1080)
	Synthesis of 6,6′-Bis(O-3-trifluoromethylpyridne-2-carbonyl)-α,α-trehalose (UM1083)
	Synthesis of 6,6′-Bis(O-2,4-di-trifluoromethylbenzoyl)-α,α-trehalose (UM1084)
	Synthesis of 6,6′-Bis(O-2-trifluoromethyl-4-methylbenzoyl)-α,α-trehalose (UM1085)
	Synthesis of 6,6′-Bis(O-2,6-di-methylbenzoyl)-α,α-trehalose (UM1114)
	Synthesis of 6,6′-Bis(O-2-(trifluoromethyl)phenylacetyl)-α,α-trehalose (UM1136)

	Biological Activity
	Transgenic HEK cell SEAP assays
	Isolation of PBMC
	Cytokine analysis


	References
	Figure 1.
	Figure 2:
	Figure 3:
	Scheme 1:

