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Abstract

SuFEx click chemistry is a powerful method designed for the selective, rapid and modular 

synthesis of functional molecules. Classical SuFEx reactions form stable S-O linkages upon 

exchange of S-F bonds with aryl silyl-ether substrates, and while near-perfect in their outcome, 

are sometimes disadvantaged by relatively high catalyst loadings and prolonged reaction times. We 

herein report the development of ‘Accelerated SuFEx Click Chemistry’ (ASCC), an improved 

SuFEx method for the efficient and catalytic coupling of aryl and alkyl alcohols with a 

range of SuFExable hubs. We demonstrate Barton’s hindered guanidine base (2-tert-butyl-1,1,3,3-

tetramethylguanidine; BTMG) as a superb SuFEx catalyst that, when used in synergy with silicon 

additive hexamethyldisilazane (HMDS), yields stable S-O bond linkages in a single step; often 

within minutes. The powerful combination of BTMG and HMDS reagents allows for catalyst 

loadings as low as 1.0 mol% and, in congruence with click-principles, provides a scalable method 

that is safe, efficient, and practical for modular synthesis. ASSC expands the number of accessible 

SuFEx products and will find significant application in organic synthesis, medicinal chemistry, 

chemical biology, and materials science.

Graphical Abstract

We report accelerated SuFEx click chemistry utilizing a synergistic BTMG-HMDS catalytic 

system. The power and versatility of the reaction are showcased by the SuFEx synthesis of >100 

unique molecules from diverse SuFExable hubs. Accelerated SuFEx is a next generation click 

reaction that improves upon existing protocols and expands the scope of accessible products.
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The catalytic Sulfur(VI) Fluoride Exchange (SuFEx)[1–3] reaction, developed by Sharpless 

and co-workers in 2014, is becoming accepted as a second ideal click reaction for 

erecting stable and pharmacophoric linkages between pre-functionalized modules. The 

copper-catalyzed azide-alkyne cycloaddition (CuAAC), its predecessor, was found in 2002 

and represents a truly perfect reaction[4,5]. Between them, these two transformations are 

enabling unprecedented reliability and speed in producing in new substances in the never-

ending quest to find functional molecules[6–8].

Classical SuFEx typically involves substituting stable S-F bonds with aryl silyl ethers to 

give the corresponding S-O union (Fig 1a); although SuFEx reactions can also occur with 

amines[9–11], organometallic reagents[12], and other carbon nucleophiles[13] to yield stable 

S-N and S-C bonds, respectively. The operational simplicity and robust nature of SuFEx, 

coupled with the wide commercial availability of SuFExable substrates (sulfonyl fluorides, 

alcohols, amines, etc.), render this modern click reaction ideal for high-throughput modular 

synthesis[14] and for accessing diverse click libraries[15]. Another feature unique to SuFEx is 

the growing number of versatile SuFExable hubs, including SO2F2, SOF4, ESF, BESF, and 

SASFs[1,16–21], that serve as robust connectors for creating diverse functional molecules and 

expanding the ever-growing applications of click chemistry (Fig 1b)[21–26].

Pivotal to SuFEx reactivity is the transition of fluoride from a stable covalent S-F bond 

to a leaving group; a process assisted by interactions with H+, R3Si+ and/or mediated 

by catalysts including basic tertiary amines (e.g., triethylamine, TEA), amidines (e.g., 

DBU), phosphazenes (BEMP), and/or bifluoride ion salts[1,27–31] (Fig 1c). The relative 

electrophilicity of the sulfur core — a useful measure of ‘SuFExability’ — reflects the 

need for different catalysts; stronger bases being required to catalyze the SuFEx reactions of 

increasingly stable substrates as each S-F bond is replaced (e.g., SOF4 → A → B C, Fig 

1d). Steric factors also play an important role in SuFEx catalyst function; hence, through 

judicious selection of a catalyst and reaction conditions, impressive chemoselectivity 

between SuFExable functionality is possible[32,33].

The fidelity and versatility of SuFEx secures its place as a near-perfect click reaction; 

nevertheless, there are opportunities for improvement. For example, SuFEx reactions are 

sometimes disadvantaged by the need for relatively high catalyst loadings (>30 mol%)[1,30], 

particularly when the reaction conditions expedite catalyst degradation.[34,35]. Another factor 

affecting the rate of SuFEx reactions is the steric bulk around the silicon center. Smaller silyl 

groups like trimethylsilyl ethers tend to react rapidly, whereas bulkier tert-butyldimethylsilyl 

groups can require several hours for the reaction to reach completion[1]. Several prototypical 

examples of silicon-free SuFEx reactions with aryl alcohols[1,36,37] that negate the need 

to prepare the silyl ethers have been developed. While eliminating synthetic steps is 

practical and has both environmental and economic benefits, particularly when synthesizing 

large libraries of compounds[15], Si-free reactions do not profit from the formation of the 
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thermodynamically favorable Si-F bond (BDE = 135 kcal mol–1), and can also require 

stoichiometric catalyst loadings.

We report herein the development of ‘Accelerated SuFEx Click Chemistry’ (ASCC), 
a universal and improved method for clicking SuFExable hubs directly with alcohol 

substrates (Fig 1e). We demonstrate powerful SuFEx catalysis by the sterically hindered 

2-tert-butyl-1,1,3,3-tetramethylguanidine (Barton’s base, BTMG)[38,39] that, when used in 

concert with the silicon additive hexamethyldisilazane (HMDS), delivers SuFEx products in 

high yield within a matter of minutes.

Recent findings by Kelly, Sharpless and co-workers implicating arginine residues as 

potential mediators of biological SuFEx reactions caught our attention: a fluorosulfate probe 

was demonstrated to react selectively with a tyrosine residue situated within a conserved 

Arg-Arg-Tyr motif found in the binding site of intracellular lipid-binding proteins[40]. 

Experimental results suggest that the proximal guanidine-containing amino acid facilitates 

this covalent reaction by lowering the pKa of the Tyr-OH residue and stabilizing the 

departing fluoride anion. Since guanidine-type bases have been largely overlooked in the 

context of SuFEx click chemistry[41,42], we elected to explore this style of biomimetic 

catalysis. A screen of guanidine bases (20 mol%) was performed on the relatively 

sluggish SuFEx reaction between 8-quinolinesulfonyl fluoride (1) and the hindered tert-
butyl-dimethylsilyl ether of 3-dimethylaminophenol (2) in acetonitrile (Table 1). Barton’s 

hindered guanidine base (BTMG) was identified as the standout catalyst[43–45], accelerating 

the reaction between 1 and 2 to completion within just 2 hours (Table 1, Entry 6). In 

contrast, the comparative reaction catalyzed by DBU achieved only 17% conversion over the 

same period (Table 1, Entry 1). The SuFEx catalyst KHF2
[31] failed to deliver product 3a 

within 5 minutes (Table 1, Entry 8). As a base, BTMG pKaH ~26 (in MeCN)[46] occupies a 

‘sweet spot’ sitting between DBU (pKaH = 24.3 in MeCN)[35] and BEMP (pKaH = 27.6 in 

MeCN)[47], affording a unique balance between reactivity and selectivity.

BTMG is known to generate phenolate anions effectively[38,39], and we found that it could 

also enable catalytic SuFEx directly with alcohol substrates. We considered whether a 

suitable silicon additive could work synergistically with BTMG to activate the SuFEx 

process and sequester the released fluoride ion, thereby by preventing catalyst degradation 

by HF and allowing optimal loading (cf. DBU)[34].

Several silicon reagents, including TMS-OH[48,49], hexamethyldisiloxane, and HMDS, were 

screened in the SuFEx reaction between 4-(trifluoromethyl)benzenesulfonyl fluoride (4) and 

sesamol (5) with BTMG (Table 2). HMDS (1.0 equiv) was found to be the superior choice 

when used with 20 mol% BTMG, with quantitative conversion through to the sulfonate 

product 3b observed in just 1 min (Table 2, entry 6). The control reaction in the absence of 

HMDS reached only 77% conversion after 5 min (Table 2, entry 1). Further, we found that 

the catalyst loading could be lowered to 1.0 mol% without impacting the reaction rate (Table 

2, Entry 9), but lower levels (e.g., 0.1 mol%) resulted in longer reaction times to reach the 

same level of conversion.
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Recently, Niu and co-workers reported a one-pot SuFEx O-sulfation employing HMDS as an 

in situ silylating agent[42] in the presence of DBU. We too observed that HMDS markedly 

accelerates the DBU catalyzed SuFEx reaction: with 20 mol% DBU, a 20% conversion 

to the sulfonate 3b was noted after 30 minutes (Table 2, Entry 2), compared to >99% in 

just 1 minute (Table 2, Entry 12) when used in concert with HMDS. However, we find 

the BTMG-HMDS mediated conditions superior overall with the benefit of allowing simple 

product purification by removing the volatile BTMG catalyst and reaction by-products 

(e.g.,TMS-F[49], TMS-OH[50], Fig 1e).

We next explored the substrate scope with a selection of aromatic sulfonyl fluorides and 

aryl alcohols (Scheme 1a; see Supporting Information for a complete list of examples). 

The coupling of electron-poor sulfonyl fluorides with electron-poor and electron-rich aryl 

alcohols proceeded smoothly under the new ASCC conditions. Most reactions reached 

complete conversion within 5 minutes to afford the sulfonate products 3a–3x in excellent 

isolated yields. The products were quickly recovered in each case by evaporating the volatile 

components under reduced pressure or passing the reaction mixture through a short pad of 

silica. In some instances, with electron-rich sulfonyl fluoride substrates, increased catalyst 

loadings and reaction times were found necessary (e.g., 3h, 3i). Notably, the reaction 

performed well with nitrogen heterocyclic sulfonyl fluorides (e.g., 3a, 3p).

SuFEx reactions with aliphatic alcohol nucleophiles are rare and more challenging than with 

aryl alcohols, not least due to competing SN2 pathways of the sulfonate products[51,52]. 

Under ASCC conditions, SuFEx between aromatic sulfonyl fluorides and primary alkyl 

alcohols proceed smoothly at room temperature, albeit requiring a high catalyst loading of 

20 mol% (Scheme 1b; see Supporting Information for a complete list of examples). The 

transformations are generally complete within 30 minutes, delivering the sulfonate products 

6a–6r in high yield and purity. Even secondary alkyl alcohols under microwave-assisted 

heating to 60 °C for 30 minutes gave good product yields (e.g., 6g, 6h, 6q, and 6r). 

Alkyl sulfonyl fluoride substrates also perform well under microwave irradiation (Scheme 

1c; see Supporting Information for a complete list of examples), expanding the scope of 

SuFEx to alkyl variants of both coupling partners (7a–7l). However, attempts to couple alkyl 

sulfonyl fluorides with alkyl alcohol substrates under the ASCC reaction conditions proved 

unfruitful.

The sulfuryl fluoride (SO2F2) connective hub — an invaluable reagent that grants access 

to fluorosulfates for further derivatization — was next investigated. The classic SuFEx 

reaction between SO2F2 and aryl alcohols generally requires at least 1.5 equivalents of 

the given base catalyst (e.g., TEA), with prolonged reaction times between 2–6 hours. 

Under accelerated SuFEx conditions with 5.0 mol% loading of BTMG, we find that 

the reactions are generally complete within 15 minutes to deliver the fluorosulfates (8a–

8p) in excellent yield (Scheme 1d; see Supporting Information for a complete list of 

examples). Particularly noteworthy are the syntheses of the fluorosulfate derivates of the 

drugs oxymetazoline (8f), diethylstilbestrol (8g), and mecarbinate (8h). The challenging 

benzene-1,3,5-triyl tris(sulfurofluoridate) (8e) is also accessible in good yield directly from 

benzene-1,3,5-triol; this is a marked improvement over the previously reported synthesis of 

8e from benzene-1,3,5-tris(trimethylsilyl)ether, which required a 4 h reaction time and high 
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catalyst loading (30 mol% DBU)[1]. The accelerated SuFEx protocol with SO2F2 is also 

readily scalable, and exemplified by the 50 mmol scale synthesis of fluorosulfate 8c from 

eugenol (Scheme 1d).

Fluorosulfates are themselves SuFExable substrates, although generally requiring longer 

reaction times than their aryl sulfonyl fluoride counterparts. For example, the accelerated 

SuFEx coupling of aryl fluorosulfates and aryl alcohols proceed with good conversion 

at room temperature in 24 h with a BTMG catalyst loading of 5.0 mol%. Increasing 

the catalyst loading to 20 mol% results in total consumption of the fluorosulfate starting 

material within 30 minutes, giving the corresponding diaryl sulfates (9a–9s) in excellent 

yield (80%–99%) (Scheme 1e; see Supporting Information for a complete list of examples) 

— even at scale (9I, 40.6 mmol – see SI).

The multidimensional SOF4 derived iminosulfur oxydifluoride hubs also work well: the 

ASCC coupling of a range of aryl alcohols proceed to completion within 15 minutes 

with a catalyst loading of just 5.0 mol% at room temperature. This is a significant 

improvement over DBU, which requires loadings of between 10–20 mol% and a reaction 

time of over 1 h with aryl silyl ether equivalent substrates. In addition, these reactions 

are chemoselective with no observed competitive SuFEx of the remaining S-F bond of the 

sulfurofluoridoimidate products (10a–10h)[16] (Scheme 1f; see Supporting Information for a 

complete list of examples).

Finally, a selection of diverse sulfonyl fluoride hubs derived from the Diversity Oriented 

Clicking of BESF[18] and SASF[21]; including pyrazole, 1,2,3-triazoles, diene, and 

isoxazoles, were explored as substrates (Scheme 2). The aromatic heterocyclic sulfonyl 

fluoride substrates are notably challenging substrates for SuFEx, often requiring high DBU 

catalyst loadings and long reaction times with aryl silyl ether substrates. Under accelerated 

SuFEx conditions, we find that with a catalyst loading of just 5.0 mol%, the reactions 

between the sulfonyl fluoride hubs and a range of aryl alcohols proceed to completion within 

just 5 minutes to give the corresponding aryl sulfonate derivatives (11a–11i) in good yields.

To help elucidate mechanistic details[3,53], we next performed a series of NMR experiments 

(Fig 2 & Supplementary Information) using the relatively slow SuFEx reaction between 

8-quinolinesulfonyl fluoride (1) and 3-(dimethylamino)phenol (12) as a model system. In 

the presence of 1.0 equivalent of HMDS and 1.0 mol% BTMG, the gradual formation of 

sulfonate 3a was observed with no apparent intermediates detected on the NMR timescale 

(Fig 2a, Fig S1).

Gembus and co-workers proposed a mechanism of activation of p-toluenesulfonyl fluoride 

by DBU via formation of an arylsulfonyl ammonium fluoride salt[27].. However, titrating the 

sulfonyl fluoride 1 with 1.0 equivalent of BTMG gave no observable shift in the 19F (Fig 

2b) or 1H NMR (Fig S2–S4) spectra, suggesting no obvious interaction between BTMG and 

1[27]. We next considered whether the catalytic cycle might begin with deprotonation of the 

phenol 12 by BTMG to form the guanidinium salt 13. Gradual addition of 1.0 equivalent of 

BTMG to the phenol 12 in MeCN-d3 resulted in an upfield shift in the aromatic region of 

the proton spectrum (e.g., H6 shifted from 6.26 to 6.00 ppm and H5 from 7.00 to 6.85 ppm 

Smedley et al. Page 5

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2023 January 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(proton positions labelled in Scheme 3; see Fig S5–S7 for spectra)). The change in chemical 

shift is consistent with the formation of the phenoxide guanidinium complex 13[54] and was 

corroborated by the facile reformation of phenol 12 upon addition of deuterated acetic acid 

(Fig S12)[55]. Titration of the sulfonyl fluoride 1 to the ion pair 13 resulted in the steady 

formation of the sulfonate product 3a (Fig S8–S9). Collectively, these experiments support 

13 as a feasible intermediate in the SuFEx reaction.

Next our attention turned to exploring the role of the silicon additive HMDS in the catalytic 

cycle. As HMDS is known to act as a silylating agent[42], we could not discount the in 
situ formation of TMS ether 14 during the ASCC reaction. When 14 was titrated with 

1.0 equivalent of BTMG (see Fig 2c for aromatic region, see Fig S13–S14 for additional 

spectra), we observed the rapid BTMG mediated[56,57] desilylation of 14 and formation 

of the BTMG-phenoxide ion pair 13[58]. Subsequent titration of sulfonyl fluoride 1 to this 

reaction mixture led to the rapid SuFEx reaction and formation of sulfonate 3a (see Fig 

2c for aromatic region, Fig S15–S16 for full spectra), along with TMS-F. The immediate 

consumption of the sulfonyl fluoride was in stark contrast to the accumulation of 1 when the 

SuFEx reaction was conducted in the absence of a silicon source (compare Fig S8–S9 to Fig 

S15–S16), demonstrating the accelerating effect of HMDS.

Based upon these preliminary NMR experiments, we conceive two plausible pathways 

from the BTMG-phenoxide ion pair 13 (Scheme 3). In path a, the phenoxide ion reacts 

with HMDS to form the TMS ether 14[42,59]; itself rapidly desilylated by BTMG to form 

the guanidinium-phenoxide 15[57,60]. The transient intermediate 15 is primed to undergo 

rapid exchange with the incoming sulfonyl fluoride 1 — perhaps through a six-membered 

transition state TS1 — whereby the interaction of the fluoride with the TMS group would 

likely enhance the electrophilicity of the sulfur center, facilitating attack of the closely held 

phenoxide. In this manner, it is reasonable that a complex such as 15 would activate both the 

SuFEx electrophile and nucleophile. Alternatively, in pathway b, the ion pair 13 could itself 

participate directly in the SuFEx reaction via the related transition state TS2[36][33]. In this 

instance, the proton would activate the sulfonyl fluoride toward phenoxide addition, with the 

fluoride ion being rapidly sequestered by HMDS. Both pathways a & b yield the sulfonate 

product 3a, TMS-F, and the regenerated BTMG catalyst. Further work to thoroughly explore 

the catalytic mechanism is ongoing in our laboratory and will be reported in due course.

To summarize, we report Accelerated SuFEx Click Chemistry (ASCC) as a powerful click 

method for the rapid coupling of alkyl and aryl alcohols directly with SuFExable hubs – 

accessing >100 unique products in good to excellent yields. We demonstrate the hindered 

guanidine base BTMG (Barton’s base) as an excellent SuFEx catalyst that, in concert 

with the silylating reagent HMDS, functions as a powerful and universal accelerator of 

SuFEx click chemistry across the board. The accelerated SuFEx reactivity is achieved 

with relatively low catalyst loadings while circumventing the need to prepare silyl-ether 

substrates that are required in classical SuFEx click chemistry. The reaction coupling 

partners are easily prepared or are widely available with great abundance and structural 

diversity. Product isolation is straightforward through simple evaporation of the volatile 

BTMG catalyst and side-products, rendering the procedure attractive for high-throughput 
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modular synthesis. We believe accelerated SuFEx click chemistry will be of general interest 

for modular function discovery in a diverse range of fields.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. SuFEx Click Chemistry;
a) Classical Si-free and Si-mediated SuFEx click reactions; b) Exemplary connective SuFEx 

hubs for modular click chemistry; c) pKaH values of representative SuFEx catalysts; d) 

Example of the relationship between SuFExability and catalyst activity; e) The development 

of BTMG-HMDS mediated Accelerated SuFEx Click Chemistry (ASCC); direct coupling of 

aryl and alkyl alcohols with SuFExable hubs mediated by HMDS.
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Fig 2. Key NMR experiments.
All spectra taken in MeCN-d3; 1H NMR = 400 MHz, 19F NMR = 376 MHz; [a]Conducted 

on a 0.1 mmol scale; [b]Conducted on a 0.05 mmol scale.
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Scheme 1. BTMG-HMDS mediated ASCC reaction between a variety of SuFEx hubs and aryl or 
alkyl alcohols.
Reaction conditions: a) Aromatic sulfonyl fluoride (0.1 mmol), aryl alcohol (0.1 mmol), 

HMDS (0.1 mmol), and BTMG (1.0 mol%) stirred in MeCN for 5 min; b) Aromatic 

sulfonyl fluoride (0.1 mmol), alkyl alcohol (0.1 mmol), HMDS (0.1 mmol), and BTMG (20 

mol%) stirred in MeCN for 30 min; c) Alkyl sulfonyl fluoride (0.2 mmol), aromatic alcohol 

(0.1 mmol), HMDS (0.1 mmol), and BTMG (20 mol%) stirred in MeCN under microwave 

irradiation for 30 min at 60 °C; d) Aryl alcohol (0.1 mmol), HMDS (0.1 mmol), and BTMG 

(5.0 mol%) were stirred in MeCN under an atmosphere of sulfuryl fluoride (balloon) for 
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15 min; e) Aryl fluorosulfate (0.1 mmol), aryl alcohol (0.1 mmol), HMDS (0.1 mmol), 

and BTMG (20 mol%) were stirred in MeCN for 30 min; f) Iminosulfur oxydifluoride (0.1 

mmol), aryl alcohol (0.1 mmol), HMDS (0.1 mmol), and BTMG (5.0 mol%) were stirred 

in MeCN for 5 min; [a]Select examples shown, see Supporting Information for a full list of 

examples; [b]Reaction stirred for 30 min using 5.0 mol% BTMG; [c]Reaction stirred for 60 

min using 10 mol% BTMG; [d] Reaction conducted on 0.2 mmol scale using 1.0 equiv of 

alkyl sulfonyl fluoride; [e]Conducted on a 50 mmol scale; [f]Reaction run for 20 min.
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Scheme 2. BTMG-HMDS mediated ASCC reaction between BESF/SASF derived sulfonyl 
fluoride hubs and aryl alcohols.
Reaction conditions: Sulfonyl fluoride hubs (0.1 mmol), aryl alcohol (0.1 mmol), HMDS 

(0.1 mmol), and BTMG (5.0 mol%) were stirred in MeCN for 5 min.
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Scheme 3. 
Plausible catalytic cycle for the BTMG-HMDS accelerated SuFEx reaction.
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Table 1.
SuFEx catalyst screen.

Reactions were performed on 0.1 mmol scale, and conversions were determined by 1H NMR analysis.

Entry Catalyst Conversion (%)

1 DBU 17

2 L-arginine methyl ester•HCl 0

3 N-Boc- L-arginine methyl ester 0

4 1,3-diphenylguanidine 0

5 1,1,3,3-tetramethylguanidine 0

6 BTMG >99

7 1,5,7-triazabicyclo(4.4.0)dec-5-ene 0

8 KHF2 0
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Table 2.
Optimization of silicon additive and catalyst loadings.

Reactions were performed on 0.1 mmol scale, and conversions were determined by 1H NMR analysis.

Entry Si additive (equiv) Catalyst (mol%) T (min) Conversion (%)

1 — BTMG (20) 5 77

2 — DBU (20) 30 20

3 — BTMG (1.0) 5 18

4 TMS-OH (1.0) BTMG (20) 5 >99

5 (TMS)2O (1.0) BTMG (20) 5 >99

6 HMDS (1.0) BTMG (20) 1 >99

7 HMDS (1.0) BTMG (10) <5 >99

8 HMDS (1.0) BTMG (5.0) <5 >99

9 HMDS (1.0) BTMG (1.0) <5 >99

10 HMDS (1.0) BTMG (0.5) 30 96

11 HMDS (1.0) BTMG (0.1) 60 98

12 HMDS (1.0) DBU (20) 1 >99

13 HMDS (1.0) DBU (1.0) 180 67

14 HMDS (1.0) DBU (0.1) 180 1.5

15 HMDS (0.5) BTMG (1.0) 30 66
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