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Abstract 

Transition metal-catalyzed, non-enzymatic nitrene transfer (NT) reactions to selectively transform C–H 

and C=C bonds to new C–N bonds are a powerful strategy to streamline the preparation of valuable amine 

building blocks. However, many catalysts for these reactions use environmentally unfriendly solvents that 

include dichloromethane, chloroform, 1,2-dichloroethane and benzene. We developed a high-throughput 

experimentation (HTE) protocol for heterogeneous NT reaction mixtures to enable rapid screening of a 

broad range of solvents for this chemistry. Coupled with the American Chemical Society Pharmaceutical 

Roundtable (ACSPR) solvent tool, we identified several attractive replacements for chlorinated solvents. 

Selected catalysts for NT were compared and contrasted using our HTE protocol, including silver supported 

by N-dentate ligands, dinuclear Rh complexes and Fe/Mn phthalocyanine catalysts. 

Introduction 
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  The prevalence of the carbon-nitrogen (C–N) bond in drugs, biomolecules and agrochemicals has 

stimulated new strategies to introduce nitrogen into building blocks in an efficient manner. Transition-

metal-catalyzed, non-enzymatic nitrene transfer (NT) is one approach to convert strong C–H bonds to new 

C–N bonds;1 however, useful catalysts must show good selectivity. Our group has developed a suite of 

silver catalysts for chemo-, site- and enantioselective additions of metal-supported nitrenes to alkenes, 

allenes and diverse C–H bonds.2 Interestingly, the ligand identity can tune the chemo- and site-selectivity 

of the NT event, a situation unique compared to most first-row transition metal chemocatalysts (Fe, Mn, 

Co)3-5 and precious metal (Rh, Ru)6,7 catalysts ligated by bridging carboxylates. Such catalysts, with the 

exception of tailored porphyrin ligands for Co designed by the Zhang group,8 tend to show selectivity only 

for specific types of C–H bonds and modifying the supporting ligands to tune selectivity is challenging. In 

contrast, simple N-dentate ligands on Ag(I) salts enable controlled chemo-,2f,g site-2b,c,e and 

stereoselective2h,i transformations, where the right combinations of silver(I) salts and sp2 nitrogen-

containing ligands enforce diverse coordination environments at the metal nitrene that predictably impact 

reaction selectivity. 

    A drawback of Ag-catalyzed NT is the perceived need to use chlorinated solvents. Non-

chlorinated solvents have certainly been employed in NT reactions catalyzed by diverse metals 

(acetonitrile, pivalonitrile, benzene, isopropyl acetate, PhCF3);6i,9 however, the impact of solvent 

on the solution-state structure of Ag complexes and non-covalent interactions (NCIs) that may 

drive selectivity is largely unknown. Solvent screening in academic settings typically include only a few 

standard solvents, many of which are problematic with respect to safety, health and environment.10 The 

American Chemical Society Pharmaceutical Roundtable (ACSPR) tool11 and solvent selection guides from 

GSK12, Pfizer,13 Sanofi14 and others15 offers appealing alternatives, but exploring diverse solvents using a 

traditional approach is onerous. In this work, we implemented a high-throughput experimentation (HTE) 

platform for heterogeneous NT reactions based on ChemBeads technology for rapid screening of solvents, 

metals (Ag, Fe, Mn, Rh), ligands and oxidants. Our goals were to identify replacements for chlorinated 
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solvents and obtain insights into the influence that the solvent might have on the tunability and selectivity 

observed with Ag and other common catalysts for NT. 

Experimental design 

Rationale for initial solvent choices. While CH2Cl2 is an excellent solvent for Ag-catalyzed NT, health16 

and environmental concerns17 necessitate alternatives outside the academic laboratory. Previous studies in 

CH2Cl2 suggest that the tunable chemo- and site-selectivity displayed in Ag-catalyzed NT is due to:2 1) 

steric pressure around the nitrene impacting the trajectory of approach of a functional group (e.g. alkene or 

C–H bond) to the reactive species, 2) NCIs present between the substrate and catalyst, and 3) the sensitivity 

of bond dissociation enthalpies to the nitrene precursor and catalyst.2 To assess solvent impact on these 

factors, multivariate Principal Component Analysis (PCA) in the ACS solvent tool was used to reduce a 

large number of potentially correlated parameters describing solvent features to two main descriptors. These 

PCA descriptors were polarity (PC1) and the ability to accept a H-atom from a donor (PC2).11 A 

representative range of solvents (24) were chosen from amongst 272 entries in the database for initial 

investigations and divided into five classes (abbreviations are given in Figure 1): 1) aromatic solvents 

bearing π-withdrawing (PhNO2), σ-withdrawing (PhCF3), σ-donating (PhH, p-xylene), and π-donating 

(PhOMe) groups, 2) alkyl ethers (trimethoxymethane, t-amylmethylether, dioxane, THF) to test for possible 

intermolecular amination, 3) carbonyl-bearing solvents (acetone, methyl-iso-butyl ketone, EtOAc, iPrOAc, 

dimethyl carbonate) to ascertain if Lewis basic groups coordinate to Ag as L- or L2-type ligands and 

influence selectivity, 4) alcohols (iPrOH, tert-amyl alcohol, hexafluoroisopropanol (HFIP)) and H2O to test 

whether these solvents coordinate to the catalyst or react with PhIO, and 5) typical NT solvents (CH2Cl2, 

(CH2)2Cl2 (DCE), MeCN, PivCN) and hexane as controls.   

General process for high-throughput experimentation (HTE). One barrier to extensive solvent screening is 

the need for large quantities of valuable metals and ligands. HTE generates large data sets on much smaller 

scales than traditional reactions.18 However, the poor solubility of AgOTf and other metal salts in many 

organic solvents presents a challenge. Attempts to run HTE using reagent slurries showed poor shelf life 

and inconsistent results; thus, we sought a solid delivery vehicle to dispense sub-milligram amounts of 
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required reagents in a reproducible manner. ChemBeads technology was ideal for our needs and with the 

help of AbbVie, Ag and other metal salts used in this study were successfully loaded onto ChemBeads.19  

 

Figure 1. Solvents and catalysts employed in this study. 
 

   HTE reactions were carried out on a 0.01 mmol scale. ChemBeads coated with either the catalyst or the 

precursor metal salt were added to a 96-well plate, followed by addition of a stock solution of ligand in a 

suitable solvent dispersed using a multi-channel pipetter. The contents were mixed and the solvent 

evaporated in a dry box. A stock solution of substrate in DCE was added and the mixture dried overnight 

in a dry box purged with N2. A portion of 4 Å MS was added using a 50 mg ChemBead scoop, followed by 

addition of PhIO or suitable oxidant using a 5 mg scoop, then addition of the solvent. Selected HTE studies 

were validated with control experiments run on at least a 10x scale using conventional glassware and/or 

vials equipped with a stir bar. Once HTE results were validated by scale-up, conditions were applied to a 

broader screen of solvents. Analysis was carried out using 1-chloro-2,4-dinitrobenzene as the internal 

standard (IS) and yields reported as the ratio of (product + starting material)/IS (Sections III-VI in the 

Supporting Information contain additional details). 

Results and discussion 
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Studies of chemoselective NT using carbamate precursors. Carbamates containing both alkenes and allylic 

C–H bonds often give poor chemoselectivity with Rh catalysts.20 We found selectivity for aziridination vs. 

C‒H insertion is tunable using Ag-catalyzed NT in CH2Cl2, depending on the Ag:ligand ratios (Scheme 

1).2c,g  Bicyclic aziridines (BA) cis-1a and trans-2a dominate at low 1,10-phenanthroline (phen) (1:1.25 

AgOTf:phen) loadings, but higher ligand loadings (1:3 AgOTf:phen) reverse the selectivity to favor C–H 

amination (CH) cis-1b and trans-2b. We were curious as to the solvent impact on chemoselectivity and 

whether green alternatives for CH2Cl2 could be identified that maintain the tunable selectivity.2f,g (Z)-1 and 

(E)-2 were treated with 10 mol % AgOTf and either 10 mol % or 40 mol % phen (Scheme 1, Figure S3 in 

the SI for a full solvent list). Scheme 1A shows the total conversion of  (Z)-1 or (E)-2 to products cis-1a, 

cis-1b, trans-2a and/or trans-2b, while the heat map in Scheme 1B shows the preference for BA or CH. 

Several solvents showed little-to-no conversion with 1:1 AgOTf:phen, due to poor reagent solubility, 

coordination of polar solvents to the Ag catalyst or reaction of the nitrene with the solvent; however, seven 

solvents (PhNO2, PhCF3, PhOMe, DCE, PivCN, acetone, CH2Cl2) gave moderate-to-excellent conversions 

of both (Z)-1 or (E)-2. When a 1:4 ratio of AgOTf:phen was used, five solvents (PhNO2, PhCF3, acetone, 

CH2Cl2, DCE), showed good conversion to cis-1b and trans-2b.  

   In terms of chemoselectivity (Scheme 1B), reactions in CH2Cl2 and DCE at a 1:1 ratio of AgOTf:phen 

agreed with previous results2f in favor of the BAs cis-1a and trans-2a. PhNO2 (and to a lesser extent, PhCF3) 

also gave good selectivity for aziridine (BA:CH 6.7:1 to 20:1). While PhOMe gave promising conversion, 

the lower chemoselectivity (BA:CH 2.6:1 to 3:1) is likely due to interactions of the e-rich PhOMe with Ag 

that increase bulk around the Ag nitrene to favor C–H insertion. Acetone gave more C–H amination (CH) 

to cis-1b and trans-2b and other carbonyl- and nitrile-containing solvents (Tables S1, S3 in the SI) gave 

poor results due to binding of the Lewis basic groups to Ag. 

     A 1:4 ratio of AgOTf:phen (Scheme 1A) gave high ratios of CH:BA in CH2Cl2.2f PhNO2 and PhCF3 also 

preferred C–H amination in low conversion, but did show tunability for BA vs CH, depending on the 

Ag/ligand ratio. While PivCN can be used in aziridination, chlorinated solvents are justified when tunable 

chemoselectivity is desired by altering the Ag:phen ratios. 
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    Reaction of (Z)-1 with Rh2(OAc)4 (Scheme 1A) gave good conversions across a broad range of solvents, 

with BA:C‒H cis-1a:cis-1b ratios ranging from ~1.3:1 to 3.2:1. However, Rh catalysis does not facilitate 

tunable chemoselectivity.  

 

Scheme 1. Impact of solvent on chemoselective NT using (E)- and (Z)-alkenes and Ag or Rh catalysts. 
Conversions were determined via 1H-NMR with 1-chloro-2,4-dinitrobenzene as an internal standard. Site-
selectivity was determined for >10% conversion and was not determined (nd) if the conversion was <10%.  
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Site-selective C–H amination using bis-homobenzylic sulfamates as nitrene precursors. The 1,3-

aminoalcohol moiety is common in pharmaceuticals and bioactive natural products. Intramolecular 

amination of sulfamates via NT favors the formation of 6- over 5-member rings, due to a more favorable 

7-member transition state dictated by the longer O‒S bonds in sulfamates compared to the O‒C bonds in 

the analogous carbamates.2b Indeed, sulfamate 3 (Scheme 2) formed only 4, irrespective of the catalyst (Ag, 

Rh or Fe) or solvent. Comparing the efficiency of NT using (tpa)AgOTf (tpa, tris(2-pyridylmethyl)amine), 

[Ag(Py5Me2)OTf]2 (Py5Me2, 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine), Rh2(OAc)4, Rh2(esp)2, White-

Paradine, White-Clark and [FePc]SbF6 catalysts revealed solvent-dependent differences. The (tpa)AgOTf-

catalyzed NT of 3 to 4 was effective in non-chlorinated solvents, including PhOMe, dimethyl carbonate, 

iPrOAc and PivCN (Scheme 2, Condition A). PhMe, MIBK, tert-amyl alcohol and PhNO2 gave lower 

conversions, but are also potential alternatives to chlorinated solvents.11 In general, [Ag(Py5Me2)OTf]2 gave 

lower conversion than (tpa)AgOTf, although methyl-iso-butyl ketone, tert-amyl alcohol and PhNO2 gave 

higher yields (Scheme 2, Condition B). In comparison to Ag catalysts, Rh2(OAc)4 and Rh2(esp)2 displayed 

better yields across the range of tested solvents (Scheme 2, Conditions C-E), although Ag is less expensive. 

   Conversion of 3 to 4 were lower with phthalocyanine-supported [Fe] and [Mn] complexes (typically used 
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Scheme 2. Performance of various catalysts and solvents in benzylic C–H amination of 3 (% yield). 
Reaction conditions for each catalyst system are in Tables S6-S12 in the Supporting Info. Solvents are listed 
in order of ET

N polarity scale values. Solvents without ET
N values are denoted as not available (n/a). 

in PhH or solvent mixtures) compared to Rh and Ag complexes (Scheme 2, Conditions F-H). However,  

 

PhOMe, PhCF3, dimethyl carbonate, iPrOAc and PivCN were suitable replacements for PhH or (CH2)2Cl2, 

with the White-Paradine catalyst superior to the [FePc]SbF6 or the White-Clark catalyst overall. 

Gratifyingly, all three catalyst systems (Ag, Rh, Fe/Mn) tolerate a greater diversity of solvents than 

anticipated, with dimethyl carbonate and iPrOAc recommended by the GSK solvent selection guide as the 

most suitable alternatives for chlorinated solvents.12 

Amination of 3º C(sp3)–H vs. 2º benzylic C–H bonds with sulfamate nitrene precursors. Achieving good 

site-selectivity between two competing γ C–H bonds, such as an electron-rich 3° C(sp3)–H and a weaker 

benzylic C–H bond in 6 (Scheme 3) to furnish 3-amino-1-propanols 7 and 8, is challenging.2b-e We first 

wanted to determine solvent scope with eight different catalysts, then ascertain the impact of catalyst and 

solvent on the site-selectivity to furnish 7 and 8 (Schemes 3-4).    
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   Of the Ag-based catalysts, Ag(tpa)OTf was the most tolerant of solvent identity, giving good-to-excellent 

yields. Non-chlorinated alternatives include aliphatic and aromatic hydrocarbons, ethers, esters, dimethyl 

carbonate, ketones, alcohols and nitriles; even water could be employed. The other two silver catalysts, 

Ag(o-Me3tpa)OTf and Ag(tBubpy)2OTf, showed a narrower range of useful solvents, but again, several 

non-chlorinated options were identified. Dinuclear Rh(II) complexes Rh2(OAc)4 and Rh2(esp)2 showed the 

best yields and solvent scope of the tested catalysts, with [FePc]SbF6 and Mn-based catalysts showing lesser 

solvent tolerance compared to Rh and Ag catalysts. 

   Of greater interest was the impact of solvent and catalyst on the site-selectivity of the C‒H insertion 

reaction. Ag binds simple sp2 N-dentate ligands to yield diverse coordination geometries that enable flexible 

site-selective amination of either type of C–H bond of 6 to give 7 and 8, respectively. As shown in Scheme 

4, Ag(tpa)OTf favors 7, while (tBubpy)2AgOTf strongly prefers 8 in certain solvents. Computational studies 

suggested that non-covalent interactions in the Ag(tpa)OTf nitrene transition state bias selectivity towards 

7,2b,d where the aromatic ring of 6 participates in a π-π stacking or Ag-π interactions with a pyridine on the 

bound ligand. All solvents preferred 7 in varying ratios of 7:8 using this catalyst; HTE data agreed with 

results from larger scale reactions performed in typical glassware (see Section XIII in the Supporting  
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Scheme 3. Solvent effects on total yield in the site-selective amination of a 3º C(sp3)–H vs. a 2º benzylic 
C–H bond. 
 

Information). The 7:8 ratio tracked with ET
N in hexane and aromatic solvents, with p-xylene (ET

N 0.074) 

providing the highest 7:8 ratio at 7.5:1, dropping to 2.7:1 in p-PhNO2 (ET
N 0.324). Ethers gave moderate 

selectivity for 7, while ketones and esters showed little difference in the benzylic:tertiary (B:T) 7:8 ratios, 

varying from 4.6:1 with dimethyl carbonate to 3.4:1 with EtOAc. Protic solvents gave varied results. The 

B:T 7:8 ratio in H2O agreed with previous results (HTE 3.1:1; literature 2.7:1),21 but to our surprise, tert-

amyl alcohol (ET
N 0.32) gave a higher B:T 7:8 ratio of 7.3:1 vs. PhNO2 (B:T 2.7:1), which has a similar 

ET
N value of 0.324. Benchmarking tert-amyl alcohol on a 0.1 mmol scale gave similar results (B:T = 5.3:1), 

indicating that polarity is not the only factor that controls site-selectivity. The alcohol can serve as a ligand 
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Scheme 4. Site-selective amination of a 3º C(sp3)–H vs. a 2º benzylic C–H bond using 22 solvents and 8 
different catalysts. Solvents are listed in order of ET

N polarity scale values. Solvents without ET
N values are 

denoted as not available (n/a). 

 
for Ag, where its bulk minimizes competing formation of dimeric Ag species in solution that favor 

amination of the 3° C‒H bond to give 8. This occurs to a lesser extent with iPrOH, while HFIP is too 

electron-poor to function as an effective ligand. Control solvents for NT (CH2Cl2, DCE, MeCN, PivCN) 

using (tpa)AgOTf gave B:T ratios from 1.9:1 to 3:1, again correlating reasonably well with ET
N values. 

  In contrast to Ag(tpa)OTf, Ag(tBubpy)2OTf selects for the 3º C(sp3)–H bond of 6 in chlorinated solvents 

to give 8.2b- This catalyst shows a strong solvent dependence, where the majority of aromatic, ether, ester 
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and alcohol-containing solvents gave poor selectivity. PivCN, MeCN and dimethyl carbonate all strongly 

favor 8 and are promising alternatives to chlorinated solvents.  

   The case of AgOTf supported by (o-Me3)tpa is an interesting one, as the fluxionality of Ag complexes in 

solution can yield solvent-dependent monomer-dimer equilibria.22 Ag(o-Me3tpa)OTf shows significantly 

more dimer formation in CD2Cl2 by VT-NMR compared to Ag(tpa)OTf and Ag(tBubpy)2OTf. While 

similar conversion to Ag(tpa)OTf is noted, Ag(o-Me3tpa)OTf displays a narrow range of B:T 7:8 ratios 

(0.7:1 – 2.6:1) compared to the two other Ag catalysts and less sensitivity to solvent effects.  Overall, the 

best Ag conditions for benzylic C‒H amination to 7 at rt use (tpa)AgOTf in t-amyl alcohol, while the best 

conditions for amination to 8 use [Ag(o-Me-tpa)OTf]2 in PivCN. When it is desirable to use the same 

solvent in tunable site-selective NT by changing only the ligand identity, both dimethyl carbonate and 

PhCF3 are superior to chlorinated solvents.  

   The minimal response of the 7:8 ratio with [Ag(o-Me-tpa)OTf]2 prompted us to compare it to dimeric 

Rh2(OAc)4 and Rh2(esp)2 catalysts.2c Reaction of 6 in CH2Cl2 with Rh2(OAc)4 gave a 1.5:1 T:B 8:7 ratio 

and all solvents gave full conversion of 6. Observed T:B 8:7 ratios ranged from 2.0 – 2.7:1; these ratios 

were higher with Rh2(esp)2, but showed similar trends, highlighting the minimal impact of solvent on site-

selective NT catalyzed by dinuclear Rh complexes, behavior similar to dimeric [Ag(o-Me3tpa)OTf]2. 

   [Fe] and [Mn] phthalocyanine-supported complexes show excellent selectivity for amination of benzylic 

C–H bonds.4a,b Sulfamate 6 was reported to give the best selectivity with [FePc]SbF6 (14:1 B:T 7:8) in a 

mixture of PhH/MeCN, while the White-Paradine catalyst gave modest selectivity (3:1 B:T 7:8).4a A set of 

12 solvents were tested with [FePc]SbF6, White-Paradine (WP) and White-Clark (WC) catalysts (Scheme 

4). All solvents gave products with the exception of TMM. In agreement with literature, [FePc]SbF6 gave 

superior selectivity for benzylic amination to 7 as compared to the WP catalyst (for solvents with Pdt/IS 

ratios > 0.20, selectivity is represented by 20:1). Selectivity using the WC catalyst appeared more sensitive 

to solvent compared to [FePc]SbF6 or THE WP catalysts, perhaps due to the increased Lewis acidity of the 

former. As expected, none of these catalysts preferred 8 over 7 in any solvent. 

Formation of 5- vs. 6-member rings via C–H amination of carbamates. The challenge in directly comparing 
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the reactivity of sulfamate 3 (Scheme 2) to carbamate 9a (Scheme 5, top) is that 9a can form either 10a or 

11a, depending on the catalyst. The same is true for 9b, although the challenge is to differentiate between 

two similar methylene C(sp3)‒H bonds (Scheme 5, bottom). Reactivity and site-selectivity with 

Ag(dmBOX)ClO4, [Ag(Py5Me2)ClO4]2 and Rh2(OAc)4 were compared in diverse solvents for both 9a-b. 

For 9a, Ag(dmBOX)ClO4 preferred 10a, with PhOMe, PhCF3 and MIBK serving as good replacements for 

chlorinated solvents. In contrast, [Ag(Py5Me2)ClO4]2 preferred 11a over 10a;2e although (CH2)2Cl2 was the 

best solvent, PhOMe and PhCF3 were reasonable alternatives. Rh2(OAc)4 showed a slight preference for 

11a across multiple solvents.  

 

Scheme 5. Site-selectivity with dissimilar (9a) and similar (9b) C–H bonds: formation of 6-MR 10a-b vs. 
5-MR 11a-b carbamates with Ag(dmBOX)ClO4, [Ag(Py5Me2)ClO4]2 and Rh2(OAc)4.  
 
 
    The impact of solvent and catalyst on site-selectivity in the reaction of 9b was also explored (Scheme 5, 

bottom). The best combinations of yield and 10b:11b ratios were noted with PhOMe (62%, 3.4:1), PhCF3 
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 (99%, 3.8:1), PhNO2 (71%, 4:1), DCE (99%, 3.5:1) and PivCN (99%, 3:1). Formation of 11b using 

[Ag(Py5Me2)ClO4]2 showed similar solvent trends to Ag(dmBOX)ClO4. PhCF3 (52%, 1:20), PhNO2 (54%, 

1:20) and DCE (63%, 1:20); surprisingly, PivCN gave low conversion. Finally, Rh2(OAc)4 gave low 

conversions of 9b, favoring 11b:10b in >20:1 ratio, highlighting the benefits of less expensive 

[Py5Me2AgClO4]2 compared to Rh2(OAc)4 using carbamates as nitrene precursors.  

Conclusion  

   An HTE approach to rapidly screen heterogeneous nitrene transfer reactions catalyzed by Ag, Rh, Fe and 

Mn catalysts revealed alternatives to chlorinated solvents that give high yields and selectivities, while 

shedding insight into how reaction outcomes are impacted by the nature of the substrate, solvent and 

catalyst. General findings include: 1) sulfamates are more tolerant of diverse solvents as compared to 

carbamates, due to the need to coordinate the carbonyl group of the latter to the metal to promote good 

reactivity, 2) Rh catalysts tolerate a broader range of solvents than Ag, Fe and Mn complexes, but selectivity 

in the presence of multiple reactive sites is lower, and 3) the most promising replacements for chlorinated 

solvents include PhNO2, PhCF3, dimethyl carbonate, iPrOAc, PhOMe and PivCN. 

   Tunable chemoselective aziridination vs. C‒H amination of carbamates by varying Ag:ligand ratios 

performed best in CH2Cl2, but PhNO2 and PhCF3 are potential substitutes. Solvents with lone pairs or 

electron density that engage with Ag should be avoided, as they disrupt the coordination environment and 

give poor chemoselectivity. Rh2(OAc)4 gave poor chemoselectivity and no tunability in the NT.  

   Amination of bis-homobenzylic sulfamates gave only the six-membered heterocycle, irrespective of the 

catalyst (Ag, Rh, Fe or Mn). Solvents giving good results with all tested catalysts include PhOMe, iPrOAc, 

dimethyl carbonate, PhCF3, PhNO2 and PivCN; these are good substitutes for CH2Cl2 and DCE. The 

analogous bis-homoallylic carbamates gave mixtures of 5- and 6-member rings, depending on the catalyst; 

however, moderately tunable, catalyst-controlled NT was observed in PhCF3 or PhNO2 using Ag catalysts. 

Ag(dmBOX)ClO4 preferred to form the 6-membered ring using PhOMe, dimethyl carbonate, MIBK, t-

amyl alcohol and trimethoxymethane, all suitable replacements for chlorinated solvents. Carbamates were 
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more sensitive to solvent identity, providing decreased or no conversion in polar protic solvents, due to the 

disruption of key coordination between the Ag and the carbamate carbonyl oxygen. 

   Interestingly, the site-selectivity of amination in sulfamates bearing competing benzylic and 3° alkyl 

C(sp3)‒H bonds responded differently to solvent effects depending on the catalyst. A (tpa)AgOTf catalyst 

favored benzylic amination in all tested solvents, with selectivity ranging from 1.9:1 in CH2Cl2 to 7.5:1 in 

xylene. Surprisingly, many solvents could replace CH2Cl2, delivering both high yield and selectivity for the 

benzylic amine product. Selectivity was reversed using Ag(tBubpy)2OTf, ranging from 1:1 to 20:1 

depending on solvent. With this catalyst, hexane, dimethyl carbonate, iPrOAc and PivCN can replace 

chlorinated solvents. Selectivity using [(o-Me3tpa)AgOTf]2 and Rh2(OAc)4 as catalysts was low; Rh2(esp)2 

showed higher selectivity for amination of tertiary C‒H bond, but all three catalysts showed little response 

to solvent. Fe- and Mn-based catalysts were selective for benzylic C‒H bond amination. Overall, this study 

highlights the benefits of using HTE, ChemBead technologies and a range of solvent selection tools to 

explore a broader range of solvents than is typical in academic labs. These insights enable a better 

understanding of how yields and selectivities in NT reactions respond to substrate, catalyst and solvent 

identity to provide attractive alternatives to environmentally unfriendly or unsustainable solvents. 

 

AUTHOR INFORMATION 

Corresponding Author 

*schomakerj@chem.wisc.edu  

Author Contributions 

The manuscript was written through contributions of all authors. All authors have given approval to the 

final version of the manuscript.  

Funding Sources 



 16

J.M.S. thanks the NSF CHE-1954325 and the American Chemical Society Pharmaceutical Roundtable 

Green Chemistry Institute Panel for funding. NMR facilities at UW-Madison are funded by the National 

Science Foundation (NSF; CHE-9208463, CHE-9629688) and National Institutes of Health (NIH; 

RR08389-01). The Q-Exactive mass spectrometer was acquired from an NIH-S10 award (NIH-

1S10OD020022-1). The Bruker D8 VENTURE Photon III X-ray diffractometer was partially funded by 

NSF Award #CHE-1919350 to the UW–Madison. The Bruker Quazar APEX2 was purchased by UW–

Madison Department of Chemistry with a portion of a gift from Paul J. and Margaret M. Bender.  

Supporting Information. Experimental procedures, computational details, and characterization data for 

all new compounds are available in the Supporting Information.  

The following files are available free of charge: Supporting Information (PDF) 

The authors have cited additional references within the Supporting Information.[1-4] 
 
ACKNOWLEDGMENT 

Dr. Callie Bryan (Janssen), Dr. Darren Poole (GSK), Dr. Charles Yeung (Merck) and Dr. Isamir Martinez 

(ACS-GCI) are thanked for many helpful suggestions through the ACS Green Chemistry Institute (ACS-

GCI) Pharmaceutical Roundtable. Dr. Charlie Fry and Dr. Heike Hofstetter of the University of Wisconsin-

Madison are thanked for assistance with NMR spectroscopy, while Dr. Martha Vestling of UW-Madison 

is thanked for her assistance with collecting MS data. Nate Loud of the Weix group and Prof. Dan Weix 

are thanked for their helpful advice in setting up our high-throughput experimentation platform. 

ABBREVIATIONS 
 
dr, diastereomeric ratio; ee, enantiomeric excess; INT, intermediate; NCI, non-covalent interaction 

REFERENCES 

1. For selected reviews on transition metal-catalyzed nitrene transfer, see:  a) J. A. Halfen, Curr. Org. Chem. 
2005, 9, 657-669. b) J. L. Roizen, M. E. Harvey, J. Du Bois, Acc. Chem. Res. 2012, 45, 911-22. c) J. C. K. 
Chu, T. Rovis, Angew. Chem. Int. Ed. 2018, 57, 62–101.  d) M. Ju, J. M. Schomaker, Nat. Rev. Chem. 2021, 
5, 580–594. e) D. N. Zalatan, J. Du Bois, Top. Curr. Chem. 2009, 292, 347–378.  f) Y. Park, Y. Kim, S. 
Chang, Chem. Rev. 2017, 117, 9247–9301.  g) D. Hazelard, P.-A. Nocquet, P. Compain, Org. Chem. Front. 
2017, 4, 2500–2521. h) J. M. Alderson, J. R. Corbin, J. M. Schomaker, Acc. Chem. Res. 2017, 50, 2147-



 17

2158. i) P. Müller, C. Fruit, Chem. Rev. 2003, 103, 2905-2920. j) S. Fantauzzi, A. Caselli, E. Gallo, Dalton 
Trans. 2009, 5434-5443. k) F. Collet, R. H. Dodd, R. Dauban, Chem. Commun. 2009, 5061-5074. l) J. 
Chang, T. Ton, P. Chan, Chem. Rec. 2011, 11, 331-357. m) K. M. van Vliet, B. de Bruin, ACS Catal. 2020, 
10, 4751-4769. 
 
2. For selected examples of silver-catalyzed NT, see: a) M. Dehghany, J. Eshon, J. M. Roberts, J. M. 
Schomaker, Silver in Organic Synthesis, Wiley-VCH Verlag GmbH & Co., Weinheim, 2019, p. 439. b) L. 
E. Vine, E. E. Zerull, J. M. Schomaker, Synlett 2021, 32, 30-44. c) Y. Fu, E. E. Zerull, J. M. Schomaker, P. 
Liu, J. Am. Chem. Soc. 2022, 144, 2735-2746. d) J. M. Alderson, A. M. Phelps, R. J. Scamp, N. S. Dolan, 
J. M. Schomaker, J. Am. Chem. Soc. 2014, 136, 16720-16723. e) M. Huang, T. Yang, J. D. Paretsky, J. F. 
Berry, J. M. Schomaker, J. Am. Chem. Soc. 2017, 139, 17376-17386. f) M. Ju, M. Huang, L. E. Vine, M. 
Dehghany, J. M. Roberts, J. M. Schomaker, Nat. Catal. 2019, 2, 899-908. g) J. W. Rigoli, C. D. Weatherly, 
J. M. Alderson, B. T. Vo, J. M. Schomaker, J. Am. Chem. Soc. 2013, 135, 17238-17241. h) C. D. Weatherly, 
J. M. Alderson, J. F. Berry, J. Hein, J. M. Schomaker, Organometallics 2017, 36, 1649-1661. i) M. Ju, E. 
E. Zerull, J. M. Roberts, M. Huang, J. M. Schomaker, J. Am. Chem. Soc. 2020, 142, 12930-12936. j) M. 
Ju, C. D. Weatherly, I. A. Guzei, J. M. Schomaker, Angew. Chem. Int. Ed. 2017, 56, 9944-9948. k) Y. Cui, 
C. He, Angew. Chem. Int. Ed. 2004, 43, 4210-4308. l) Z. Li, D. A. Capretto, R. Rahaman, C. He, Angew. 
Chem. Int. Ed. 2007, 46, 5184-5186. m) B. P. Gomez-Emeterio, J. Urbano, M. M. Diaz-Requejo, P. J. 
Perez, Organometallics 2008, 27, 4126-4130. n) L. Maestre, W. M. Sameera, M. M. Diaz-Requejo, F. 
Maseras, P. J. Perez, J. Am. Chem. Soc. 2013, 135, 1338-1348. o) J. Llaveria, A. Beltran, W. M. Sameera, 
A. Locati, M. M. Diaz-Requejo, M. I. Matheu, S. Castillon, F. Maseras, P. Perez, J. Am. Chem. Soc. 2014, 
136, 5342-5350.  
 
3. For selected examples of iron-catalyzed nitrene transfer, see: b) J. P. Mahy, P. Battioni, D. Mansuy, J. 
Am. Chem. Soc. 1986, 108, 1079-1080. b) E. T. Hennessy, R. Y. Liu, D. A. Iovan, R. A. Duncan, T. A. 
Betley, Chem. Sci. 2014, 5, 1526-1532. c) Y. Liu, C.-M. Che, Chem. Eur. J. 2010, 16, 10494-10501. d) P. P. 
Chandrachud, H. M. Bass, D. M. Jenkins, Organometallics 2016, 35, 1652-1657. e) S. Paradine, M. C. 
White, J. Am. Chem. Soc. 2012, 134, 2036-2039. f) E. T. Hennessy, T. A. Betley, Science 2013, 340, 591-
595. g) Y. Liu, T. You, T.-T. Wang, C.-M. Che, Tetrahedron 2019, 75, 130607. 
 
4. a) S. Paradine, J. Griffin, J. Zhao, A. L. Petronico, S. M. Miller, M. C. White, Nature Chem. 2015, 7, 
987-994. b) J. R. Clark, K. Feng, A. Sookezian, M. C. White, Nat. Chem. 2018, 10, 583-591. c) Y. Kohmura, 
T. Katsuki, Tetrahedron Lett. 2001, 42, 3339-3342. 
 
5. a) G.-Y. Gao, J. D. Harden, P. Zhang, Org. Lett. 2005, 7, 3191-3193. b) Y. Liu, T. You, H.-X. Wang, Z. 
Tang, C.-Y. Zhou, C.-M. Che, Chem. Soc. Rev. 2022, 49, 5310-5358. c) A. I. Olivos Suarez, H. Jiang, X. 
P. Zhang, B. de Bruin, B. Dalton Trans. 2011, 40, 5697–5705. 
 
6. For selected examples of Rh-catalyzed nitrene transfer, see: a) J.-L. Liang, S.-X Yuan, W. H. Chan, C.-
M. Che, Org. Lett. 2002, 4, 4507-4510. b) C. G. Espino, J. Du Bois, Angew. Chem. Int. Ed. 2001, 40, 598-
600. c) C. G. Espino, P. M. Wehn, J. Chow, J. Du Bois, J. Am. Chem. Soc. 2001, 123, 6935-6936. d) A. 
Padwa, A. C. Flick, C. A. Leverett, A. Leverett, T. Stengel, J. Org. Chem. 2004, 69, 6377-6386. e) C. G. 
Espino, K. W. Fiori, M. Kim, J. Du Bois, J. Am. Chem. Soc. 2004, 126, 15378-15379. f) K. W. Fiori, J. Du 
Bois, J. J. Am. Chem. Soc. 2007, 129, 562-568. g) I. Nageli, C. Baud, G. Bernardinelli, Y. Jacquier, M. 
Moraon, P. Mullet, Helv. Chim. Acta 1997, 80, 1087-1105. h) E. N. Bess, R. J. DeLuca, D. J. Tindall, M. 
S. Oderinde, J. L. Roizen, J. Du Bois, M. S. Sigman, J. Am. Chem. Soc. 2014, 136, 5783-5789. i) N. D. 
Chiappini, J. B. Mack, J. Du Bois, Angew. Chem. Int. Ed. 2018, 57, 4956-4959. j) A. Nasrallah, V. Bouquet, 
A. Hecker, P. Retauilleau, B. Darses, P. Dauban, Angew. Chem. Int. Ed. 2019, 58, 8192-8196. k) E. Brunard, 
V. Bouquet, E. Van Elslande, T. Saget, P. Dauban, J. Am. Chem. Soc. 2021, 143, 6407-6412. 
 



 18

7. For selected examples of Ru-catalyzed nitrene transfer, see: a) C. Damiano, D. Intrieri, E. Gallo, Inorg. 
Chem. Acta 2018, 470, 51-67. b) H. Kawabata, K. Omura, T. Uchida, T. Katsuki, Chem. - Asian J. 2007, 
2, 248-256. c) Y. Liu, K.-P. Shing, V. K.-Y. Lo, C.-M. Che, ACS Catal. 2023, 13, 1103–1124. d) E. 
Milczek, N. Boudet, S. Blakey, Angew. Chem. Int. Ed. 2008, 47, 6825-6828. e) M. Ichinose, H. Suematsu, 
Y. Yasutomi, Y. Nishioka, T. Uchida, T. Katsuki, Angew. Chem. Int. Ed. 2011, 50, 9884-9887. f) M. E. 
Harvey, D. G. Musaev, J. Du Bois, J. Am. Chem. Soc. 2011, 133, 17207-17216. g) Q. Xing, C.-M. Chan, 
Y.-W. Yeung, W.-Y. Yu, J. Am. Chem Soc. 2019, 141, 3849-3853. 
 
8. For selected references, see: a) J. E. Jones, J. V. Ruppel, G. Y. Gao, T. M. Moore, X. P. Zhang, J. Org. 
Chem. 2008, 73, 7260–7265. b) J. Tao, L.-M. Jin, X. P. Zhang, Beilstein J. Org. Chem. 2017, 10, 1282–
1289. c) H. Lu, K. Lang, H. Jiang, L. Wojtas, X. P. Zhang, Chem. Sci. 2016, 7, 6934-9. d) Y. Hu, K. Lang, 
J. Tao, M. K. Marshall, Q. Cheng, X. Cui, L. Wojtas, X. P. Zhang, Angew. Chem. Int. Ed. 2019, 58, 2670–
2674. e) X. Cui, X. Xu, L. M. Jin, L. Wojtas, X. P. Zhang, Chem Sci. 2015, 6, 1219-1224. f) H. Jiang, K. 
Lang, H. Lu, L. Wojtas, X. P. Zhang, J. Am Chem. Soc. 2017, 139, 9164–7. g) H. Lu, X. P. Zhang, Chem. 
Soc. Rev. 2011, 40, 1899-909. h) K. Lang, C. Li, I. Kim, X. P. Zhang, J. Am. Chem. Soc. 2022, 142, 20902–
11. 
 
9. a) Q. Wang, J. A. May, Org. Lett. 2020, 22, 3039. b) J. J. Maul, P. J. Ostrowski, G. A. Ublacker, B. 
Linclau, D. P. Curran, Top. Curr. Chem. 1999, 206, 79-105.  
 
10. C. Jimenez-Gonzalez, C. S. Ponder, Q. Broxterman, J. B. Manley, Org. Process Res. 
Dev. 2011, 15, 912-917. 
 
11. L. J. Diorazio, D. R. J. Hose, N. K. Adlington, Org. Process Res. Dev. 2016, 20, 760-773. 
 
12. R. K. Henderson, C. Jimenez-Gonzalez, D. J. C. Constable, S. R. Alston, G. G. A. Inglis, G. Fisher, J. 
Sherwood, S. P. Binks, A. D. Curzons, Green Chem. 2011, 13, 854-862. 
 
13. K. Alfonsi, J. Colberg, P. J. Dunn, T. Fevig, S. Jennings, T. A. Johnson, H. P. Kleine, C. Knight, M. A. 
Nagy, D. A. Perry, M. Stefaniak, Green Chem. 2008, 10, 31-36. 
 
14. D. Prat, O. Pardigon, H.-W. Flemming, S. Letestu, V. Ducandas, P. Isnard, E. Guntrum, T. Senac, S. 
Ruisseau, P. Cruciani, P. Hosek, Org. Process Res. Dev. 2013, 17, 1517-1525. 
 
15. a) D. Prat, A. Wells, J. Hayler, H. Sneddon, C. R. McElroy, S. Abou-Shehada, P. J. Dunn, Green Chem. 
2016, 18, 288-296. b) G. Quaglia, F. Campana, L. Latterini, L. Vaccaro, ACS Sustainable Chem. Eng. 2022, 
10, 9123-9130. c) D. M. Venturi, F. Campana, F. Marmottini, F. Costantino, L. Vaccaro, ACS Sustainable 
Chem. Eng. 2020, 8, 17154. 
 
16. S. Vidal, ACS Cent. Sci. 2020, 6, 83-86. 
 
17. a) R. Hossaini, M. P. Chipperfield, S. A. Montzka, A. A. Leeson, S. S. Dhomse, J. A. Pyle, Nat. 
Commun. 2016, 8, 15962. b) J. Sherwood, Angew. Chem. Int. Ed. 2018, 57, 14286-14290. 
 
18. S. A. Biyani, Y. W. Moriuchi, D. H. Thompson, Chem. Methods 2021, 1, 323-339. 
 
19. a) N. P. Tu, A. W. Dombrowski, G. M. Goshu, A. Vasudevan, S. W. Djuric, Y.  Wang, Angew. Chem. 
Int. Ed. 2019. 58, 7987-7991. b) M. C. Martin, G. M. Goshu, J. R. Hartnell, C. D. Morris, Y. Wang, N. 
P. Tu, Org. Process Res. Dev. 2019, 23, 1900-1907. c) A. L. Aguirre, N. L. Loud, K. A. Johnson, D. J. 
Weix, Y. Wang, Chem.–Eur. J. 2021, 27, 12981-12986. 
 



 19

20. C. J. Hayes, P. W. Beavis, L. A. Humphries, Chem. Commun. 2006, 43, 4501-4502. 
 
21. Alderson, J. M.; Corbin, J. R.; Schomaker, J. M. Bioorg. Med. Chem. 2018, 26, 5270-5273. 
 
22. M. Huang, J. R. Corbin, N. S. Dolan, C. G. Fry, A. Vinokur, I. A. Guzei, J. M. Schomaker, Inorg. 
Chem. 2017, 56, 6725-6733. 
 

Table of Contents Graphic  

 

A high-throughput experimentation protocol for heterogeneous nitrene transfer (NT) reactions was used 

to identify replacements for chlorinated solvents. Selected catalysts for NT, including silver supported by 

N-dentate ligands, dinuclear Rh complexes and Fe/Mn phthalocyanine catalysts, were compared and 

contrasted using our HTE protocol in terms of both yields and selectivity. 

 


