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Abstract

Aliphatic amines, such as N,N-dialkyl secondary amines, represent important scaffolds in bioactive molecules,
driving significant interest in their regio- and stereoselective C—H functionalisation. While hydrogen atom transfer
(HAT) provides a powerful radical-based approach to elaborate such amines, achieving controllable, regio-
divergent, and enantioselective functionalisation across different N-alkyl groups remains challenging. Herein, we
report a Cu-catalysed a’/B-regiodivergent and B-enantioselective cyanation of secondary amine-derived ureas
through tunable 1,4’/1,5-HAT. The utilization of a sterically demanding ligand L14 enables the excellent a*-
selective C—H cyanation at the N-methyl position, while two developed ligands (L24 and L41) promote the -
chirality construction at the other N-alkyl group. The approach is demonstrated for a broad scope of ureas with
wide functional group compatibility. Experimental and computational studies reveal two distinct reaction pathways
regarding the different reactive sites (a’/B) and the choice of ligands could significantly influence the selectivity in

HAT process.

Introduction

With an estimate of more than 60% of the top 200 small molecule pharmaceuticals by retail sales containing
amine groups based on Njardarson’s reports, which are often along with chiral centers, there is an increasing
need to devise streamlined and efficient synthetic methods to access these motifs.?? In this context, developing
a modular synthetic strategy that enables the site-divergent and enantioselective functionalisation of C(sp®)-H
bonds at different positions (a, B, vy, etc.) would be promising for the structural diversification of amines.3®
However, two or more different alkyl substituents on the amines makes the situation over double complicated
compared to other compounds, albeit a-C—H bonds of amines might have higher reactivity for the appropriate

bond dissociation energies (BDEs).”° By contrast to the a-site, reports concerning 8-C—H bonds activation are



rather less,'*** and of course the a/B regio-divergent functionalisation of acyclic amines are still largely
unexplored.*®>*” In addition, current methods for asymmetric 8-C(sp®)—H bond functionalisation of amines mainly
focused on the intramolecular cycloamination®2° and the functionalisation of more reactive cyclic amines,%1621:22
while the enantioselective intermolecular C—H functionalisation at B-position of acyclic amines has met with
limited success.

C(sp®-H bond functionalisation of amines through intramolecular hydrogen atom transfer (HAT) process,
known as Hofmann-Lo6ffler-Freytag (HLF) reaction, has become a powerful tool to assemble elaborated
amines.?*25 Generally, the H-abstraction triggered by N-centered radicals (NCRs) usually occurs at the & position
via intramolecular 1,5-HAT from N(1) to C(5), given the stability of six-membered, chair-like conformational
transition state.?¢?° Nevertheless, incorporation of auxiliary groups (e.g. urea or sulfonylurea) can alter the
reaction sites to B/y-positions, which as well undergo the preponderant 1,5/6-HAT (Fig. 1A(a)).*®3%%2 In these
cases, the regioselectivity is dominated by intramolecular HAT step and is highly relied on the structure of
substrate, rather than the reaction conditions.?°3334 Therefore, the radical transfer from N to other C-centered
sites is of particularly difficult, especially for the rigid 1,4-HAT with coexisting of C(5) hydrogen.*® Searching for
suitable strategies that overcoming the intrinsic 1,5-HAT process is the key to unlock the a/B regio-divergent
functionalisation of acyclic secondary amines.

Several elegant strategies have been developed for the site- and enantioselective C(sp®)—H functionalisation
of molecules possessing multiple similar C—H bonds.*¢-%8 For instance, Rovis and co-workers reported the site-
selective C(sp®-H alkylation of tertiary amines at the more-crowded secondary a-position by turning the rate-
determining step from hydrogen abstraction to radical trapping in the presence of a robust silylthiyl HAT catalyst
(Fig. 1A(b)).®8 Alternatively, the groups of Liu and Lin also revealed that the Cu(ll)-bound N-centred radical
intermediates with a modular sulfonamide moiety and a specific bidentate ligand could be utilized as a tunable
HAT reagent to discriminate the similar allylic C—H bonds in the same molecules.®**“° Inspired by these
precedents, we envisioned that the regiodivergent intramolecular HAT of secondary amines at different N-alkyl
chains by NCRs could also be implemented by fine-tuning the ligand environment of the metal centre.

On the other hand, the radical-mediated C—H cyanation has received great attention in recent years.3440-46
Given the importance of nitrile amines in medicine chemistry, the incorporation of a cyano-group onto amines at
the different positions in a selective fashion is highly attractive in the discovery of drug molecules (Fig. 1B)4"48,
Herein, we describe the ligand-controlled copper catalysed regiodivergent and B-enantioselective cyanation of
N-alkyl-N-methylamine-derived ureas by sliding 1,4'/1,5-HAT (Fig. 1C). Specifically, the more crowed ligand
enabled the unusual 1,4’-HAT pathway to deliver a-amino radicals followed by kinetically favorable N-methyl
cyanation while the sterically less demanding ligands promoted the B-cyanation through an entropically and

enthalpically favored 1,5-HAT.344%%0 Moreover, the enantioselective B-cyanation was also achieved with two



developed chiral ligands. The reaction features high regioselectivity and B-enantioselectivity, constituting an
efficient pathway to access divergent cyano-substituted amines from the same set of starting materials. In
addition, the mechanistic details have been elucidated by deuterium-labeling experiments and density functional

theory (DFT) calculations.

Results

Reaction optimization

Current methods for asymmetric C(sp®-H bond functionalisation of amines via Hofmann-Loffler-Freytag (HLF)
process mainly relies on the initial generation of NCRs through homolytic cleavage of N-F344551%4 or N-O5°
precursors in the presence of transition metal catalysts or photoinduced catalysis. However, the analogous
process triggered by homolytic cleavage of the readily-accessible N-Cl compounds have rarely been harnessed
in these transformations, probably due to the fact that easy trapping of in-situ generated C-centered radicals by
another N-ClI amine would usually lead to the side chlorination reaction or a subsequent intramolecular
amination.3>335657 However, it has also been reported that the HLF process could be intercepted through the
radical trapping by a Cu(ll) intermediate and thereby results in the selective C(sp®)—H bond functionalisation.5®
Given the well explored Cu-catalysed radical-mediated C—H bond cyanation, we envisioned that chloroamide
could be employed as a directing group for the regioselective C—H bond cyanation of amines via intercepted HLF
process in the presence of copper / chiral bisoxazoline ligands catalytic systems.#24346:59 With this consideration
in mind, we commenced our investigation by firstly testing the Cu(CHsCN)4BF4 catalysed a’/B-regioselective C—
H bond cyanation of a N-Cl urea derivative of N-Me phenylethylamine (1a) with TMSCN in the presence of
different N-containing ligands (Fig. 2A). The pyridine derived achiral ligands usually provided poor regioselectivity
and only the utilization of di(2-pyridyl) ketone (L4) afforded the S-cyanation product 3a with good regioselectivity
(a’/B = 1:9). The chiral BOX and diamine ligands usually offered satisfactory S-siteselectivity, albeit with poor (-
enantioselectivity (L5-L10). Among them, diamine ligand L8 performed best, affording 8-cyanation product 3a in
77% isolated yield with excellent selectivity. Intriguingly, the use of ligand L11 gave a mixture of 3a and 2a
(62%/23% yield, respectively), and a promising enantioselectivity of 3a was obtained (82.5:17.5 er). This result
encouraged us to attempt a broader set of such ligands based on L11. To our surprise, the sterically more
demanding analogous BOX ligands could give higher a*-selectivity and the ligand L14 bearing bulky bis-4-BuBn
group afforded the desired N-methyl cyanation product 2a in 69% isolated yield with excellent 30:1 site-selectivity.
Subjecting 1a with racemic ligand (obtained by mixing (1R,2S)-L14 and (1S,2R)-L14) gave a comparative yield
and selectivity (Fig. 2B, entry 2). Further screening on various copper catalysts did not give better results for the
selective formation of 3a (Fig. 2B, entries 3-6). Next, we tried to enhance both the regio- and enantioselectivity
for the B-cyanation of 3a using L11 as the ligand. After extensive evaluation of various reaction parameters (Fig.

2B, entries 7-12), CuSCN was identified as the optimal catalyst and CH3sCN was selected as the solvent, 3a was



obtained in good B-selectivity and enantioselectivity (75:5 rr and 91.5:8.5 er, entry 11). To further improve the
enantio- and regioselectivity, a careful investigation of diverse chiral ligands under condition B was performed
(Fig. 2C). It was found that the alkyl substituents at the central methylene position of BOX ligands could
significantly influence the regio- and enantioselectivity probably through the modulation of bidentate bite angles.®*
For instance, the utilization of mono-alkyl (e.g. Pr, cyclopentyl, cyclohexyl) substituted BOX ligands promoted
the enantioselectivity to around 95:5 er (L18-L20). On the basis of these results, several designed BOX ligands
bearing substituted cyclohexyl groups were prepared and tested (L21-L24). L24 that possessing a 4’,4'-
dimethylcyclohexyl group at the methylene position was identified as the optimized ligand, which afforded 3a with

both excellent enantioselectivity (97:3 er) and site-selectivity (25:1 B-selectivity).

Substrate scope

With the optimized reaction conditions in hand, the generality of developed strategy for the synthesis of a/B-nitrile
amines was firstly investigated. Of note, despite various methods have been developed for a-C(sp®)-H cyanation
of secondary and tertiary amines, the regioselectivity among two or three side chains possibly cannot be
circumvented given the co-existing of similar a-C—H bonds.®%% To our delight, the a-cyanation took place
selectively at the N-methyl position of diverse urea protected N-methyl amines under the optimized condition A,
as shown in Fig. 3, left. A variety of N-methyl phenylethylamine derivatives involving electronically diverse
substituents (e.g. Me, Ph, halo, CF; et al.) at para, meta, and ortho positions of the aromatic ring were readily
accommodated to the reaction, affording the corresponding a-nitrile amines in good yields and a-selectivity (2a
and 2b, 2d-2m). A larger gram-scale transformation of 1a (5 mmol) also took place smoothly to afford the product
2a in 57% yield. In the case of B-naphthylethylamine substrate, the product 2n was obtained in 65% yield with
18:1 rr (a’/B). For di-substituted phenylethylamines, the reaction also proceeded well with moderate yield and
decent site-selectivity (20 and 2p). Besides the aryl group, the B-alkynyl substituent was also tolerated well in
this C—C coupling process, delivering the desired products in moderate yield and good a*selectivity (2r).
Substrate bearing two phenyl groups at the B-position was compatible for a-cyanation, despite the significant
stability of possible B-benzylic radical (2s). Moreover, linear y-phenylpropamine also survived the reaction
condition, albeit with slightly decreased a*-selectivity (9:1), indicating that the L14-ligated Cu(ll) intermediate
could differentiate the subtle difference in steric environments of primary and common secondary C—H bonds
(2t). In the case of N-Me benzylamine substrate that containing a competing highly reactive benzylic a-C—H bond,
the a*-cyanation product 2u could also be obtained by overriding the intrinsic reactivity en route 2u’ (rr = 1:1).
Besides, the reaction of a-naphthylethylamine delivered product 2v in a considerable yield with good selectivity
at the primary a’-site over many other possible C—H bonds. Furthermore, functional groups such as, cyclohexyl
(2w), and thienyl (2x) groups that tethered at the side chain of N-methyl amines were all tolerated without the

loss in reaction efficiency or selectivity control. Notably, substrates that derived from pharmaceutical or bioactive



molecules e.g. Isoxepac, Ibuprofen, and Nortriptyline could be well accommodated to the N-methyl C-H
cyanation, allowing the valuable late-stage C—H functionalisation of complex molecules (2z, 2aa and 2aj).
Subsequently we explored the scope of B-cyanation of the same set of starting materials by simply changing the
ligand L14 to ligand L8 (Fig. 3, right). Generally, the electron-donating and withdrawing substituents tethered at
different positions of aromatic ring were all tolerated under the reaction conditions and had negligible influence
on the reaction efficiency and regioselectivity (3a and 3b, 3c—-3l). The synthetic protocol for the 3-cyanation also
proved robust and readily scalable, with isolated 1.02 g of 3a on a 5 mmol scale. Moreover, substrates bearing
2-naphthalene, 1,3-benzodioxole, 2,3-dihydrobenzofuran, and thienyl groups were compatible as well (3n-3p,
3x). The late-stage cyanation of structurally complex substrates containing bioactive moieties, such as
Tryptamine, Isoxepac, and Ibuprofen, took place smoothly with exclusive B-selectivity (3y—3aa). Furthermore,
the ferrocene group was also tolerated to the reaction, affording 3ab in 62% yield. These results further
demonstrate that the regio-divergency could be well regulated in the presence of different ligands.

In light of the lack of adaptive strategy for constructing B-chiral centers of amines via intermolecular C-H
conversion,™ we next explored the applicability of these asymmetric B-cyanation protocol. Generally, a suite of
N-Me phenylethylamines were site-specifically transformed into the optical pure B-nitrile amines with comparable
yields, excellent regio- and enantioselectivity (Fig. 4). Both electron-donating (3a*-3d*) and electron-withdrawing
(3e*-3i*) substituents at para-position were tolerated to the reaction with satisfactory results (er > 95:5 in most
cases). To demonstrate the practical utility and scalability of this methodology, a large-scale (5 mmol) synthesis
of the chiral compound 3a* was carried out and a comparable result was obtained. Moreover, meta-substituted
phenylethylamines were subjected to the reaction conditions and the corresponding cyanation products 3j*-3I*
were formed with intact yields and selectivity. It is worth mentioning that substrate bearing ortho-F group delivered
the product 3m* in 65% yield, along with excellent 99:1 er and over 20:1 S-selectivity. Moreover, the reaction also
exhibited perfect compatibility with di-substituted substrates at both 3,4-positions of aromatic ring (3n*-3q*).
Varying the phenyl derivatives to thiophene did not hamper the reactivity of the reaction, albeit with slightly
decreased yield and selectivity (3x*). Importantly, several complex bioactive relevant molecules were compatible
as well and the corresponding chiral 8-cyanation products were successfully obtained with excellent regio- and
enantioselectivity (3y*—3aa*). Intriguingly, the protocol could also provide rapid access to both enantiomers by
simply alternating the configuration of chiral ligand (3z* & ent-3z*). In addition, this methodology also worked
smoothly with ferrocene-containing substrate, which gave 3ab* with excellent enantioselectivity and site-
selectivity (95:5 er, 18:1 rr). The absolute configuration of 3a* was determined to be S by comparing the optical
rotation and the chiral HPLC diagram of a 3a* derivative with that of an authentic chiral sample (See Section 6
in Supplementary Information for details). That of the other cyanation products was assigned accordingly.

Next, inspired by Liu’s work on the asymmetric allylic C—H bond cyanation,*> we continued to investigate the



asymmetric allylic 8-C—H cyanation of amines under the developed condition B. However, a series of oxazoline-
derived chiral ligands including L24 gave negative results. Gratifyingly, after extensive exploration of diverse
ligands, it was found that the elaborately modified chiral diamine ligand (1S,2S)-L41, which was designed by
incorporating two particular bulky groups as ‘long spreading arms” at side chains,®® could provide decent
enantioselectivity with exclusive B-selectivity (see Table S6 in Supplementary Information for more details). Under
these conditions, various N-methyl homoallylic amines were efficiently converted into the stereochemically pure
cyanides with comparable enantioselectivity (3ac*-3af*). Furthermore, the cyanation of 1,1-disubstitutied olefins
also took place smoothly and only the B-nitrile chiral amines were obtained with good enantioselectivity
(3ag*-3aj*). Beyond aryl alkylene variants, cycloalkenes were also tested, furnishing the target products with

excellent regioselectivity and acceptable enantioselectivity (3ak* and 3al*).

Mechanistic studies

To get further insight into the reaction mechanism, several control experiments and isotope labeling experiments
were conducted. It was previously found that the reaction of 1u, a substrate having both N-methyl and N-benzyl
moieties, under the condition A led the formation of a mixture of 2u/2u’ (Fig. 3). However, running the reaction in
the absence of L14 exclusively provided the benzylic cyanation product 2u’ (Fig. 5A). Itis in line with the fact that
benzyl C-H bond is more likely to undergo intramolecular 1.4-HAT than methyl because of the stabilized benzylic
radical.®” These results also suggest that the ligand should play a pivotal role in regioselectivity control and could
even reverse the intrinsic reactivity. To elucidate the different radical species involved in the selective cyanation
mechanism, a series of radical experiments were conducted (Fig. 5B). The addition of radical inhibitor 2,2,6,6-
tetramethyl-1-piperdinyloxy (TEMPO) to the standard conditions of either condition A or condition B completely
shut down the reactions, suggesting that these two reactions should proceed through radical pathways (Fig.
5B(a)). However, the a’radical adduct product 2a-BHT was not observed in the presence of butylated
hydroxytoluene (BHT) under condition A, probably due to the instability of primary methyl radical. In contrast, the
formation of the B-radical was verified by the identification of its trapping product 3a-BHT under condition B (Fig.
5B(b)). Overall, these results firmly establish the involvement of radical pathways in the selective cyanation
mechanism. Moreover, the non-linear effect study of 1a revealed a linear relationship between the ee value of
3a* and ligand (1R,2S)-L24, implying that a single chiral ligand-ligated copper intermediate should be involved
in the enantio-determining transition state (Fig. 5C). Next, a series of deuterium-labeling experiments were
performed to probe the nature of C—H bond cleavage steps. The cyanation of deuterated substrate 1a-[a’]d3
under condition B provided the B-nitrile product 3a*-[a’]ds while the N-CDsremained intact (Fig. 5D(a)). In sharp
contrast, treating 1a-[a’]ds with condition A resulted in the formation of a 1:1 mixture of 2a-[a’]d2and 3a*-[a’]ds,
in which no H/D distribution between a’and S positions were observed (Fig. 5D(b)). These results unambiguously

demonstrate that the site-divergent C—H cyanation undergoes straightforward 1,5-HAT or 1,4’-HAT, rather than



reversible HAT process®2® or radical transfer process (e.g. a-C radical to 8-C radical through 1,4-HAT).67:68
Furthermore, the successful regioselectivity control partially relied on the similar BDE of B-benzylic and a’
hydrogens (~89 kcal/mol vs ~93 kcal/mol),” since a poor regioselectivity (1:1) was obtained when increasing the
BDE of a-C—H bonds by replacing N-CHs with N-CD3 (~89 kcal/mol vs ~96 kcal/mol, Fig. 5D(b)). Finally, several
kinetic isotopic effect (KIE) experiments were conducted between different 1a-dn (n = 0, 2 to 5) in mixed and
parallel modes. The obtained KIE values of a*-cyanation from intermolecular competition (KIE = 2.2) and parallel
reactions (KIE = 2.1) under condition A suggested that the 1,4’-HAT process might be the rate-determining step
(Fig. 5E). Moreover, large primary KIE values (knw/kp > 2.5) were observed either in the intermolecular /
intramolecular B8-H/D competing reaction, or two parallel reactions under condition B, indicating that the 1,5-HAT
process is probably involved in the rate-determining steps in the presence of (1R,2S)-L24 (Fig. 5F).%°

To gain insight into the origin of selectivity, density functional theory (DFT) calculations were performed (See
Section 8 in Supplementary Information for details). The free energy profiles for C—H cyanation at the 8- and a’-
positions in the Cu(CN)(L24) system are shown in Figs. S16-S18.%7" DFT results indicate that the hydrogen
atom transfer step serves as the rate-determining step, consistent with the kinetic isotope effect experiments,
whereas the enantioselectivity in 3-C—H cyanation is established during the radical recombination and reductive
elimination steps. The steric repulsion between the substrate and the L24 ligand was found to play a crucial role
in the observed enantioselectivity (Fig. S19). For the Cu(CN)(L14) system, the regioselectivity calculations were
focused on the hydrogen atom transfer step, which was identified as irreversible. The computed transition states
show a small energetic preference for the pathway leading to the experimentally observed a’-cyanation product
(Fig. S21). Additional analysis suggests that weak noncovalent interactions may contribute to stabilizing the

transition state (Fig. S22).

Discussion

In this work, we have achieved the regio-divergent a’/B-C(sp?)-H bonds cyanation of secondary N-alkyl-N-methyl
amines through ligand-controlled selective 1,4’/1,5-HAT. The reaction indicated that the presence of bulky ligand
could facilitated the a*-selective C—H cyanation of secondary amines at the N-methyl moiety, while the less
sterically demanding diamine ligand enabled the B-cyanation. Furthermore, two chiral ligands were developed
that successfully mediated the enantioselective C—H cyanation of secondary amines at B-benzylic and allylic
positions. This protocol facilitates rapid cyanation of various secondary amine-derived ureas under mild
conditions, demonstrating broad substrate compatibility, excellent a’/B-regioselectivity, and remarkable -
enantioselectivity. Mechanistic studies suggest that the copper-bounded nitrogen-centered radical (NCR) species
with different ligand environments plays a critical role in site selectivity during the irreversible HAT step, and the
following two distinct reaction models would eventually lead to the regiodivergent C-H cyanation of secondary

amines at different sites. In addition, the origin of the high site- and enantioselectivity has also been clarified by



the DFT calculations. This study not only provides the alternative strategy for the regiodivergent and
enantioselective C—-H functionalisation of amines but also deepens the mechanistic understanding in the
controllable HAT process. The pursue of ligand-controlled diverse functionalisation of dialkylamines with other

reagents through selective HAT is on the way in our laboratory.

Methods

Regioselective for the a’/B-C(sp®)-H cyanation (Condition A). In a dried sealed 10 mL Schlenk tube equipped
with a stir bar, Cu(CHsCN)4BF4 (0.01 mmol, 5 mol%), L14 / L8 (0.024 mmol, 12 mol%) and N-chloro substrate 1
(0.2 mmol) were dissolved in degassed DCM (4 mL) under N2 atmosphere, then TMSCN (0.6 mmol) was added.
The tube was sealed with Teflon septum and stirred at room temperature for 0.5 h. After completed, the mixture
was concentrated under reduced pressure, and the residue was purified by column chromatography or

preparative thin-layer chromatography (PE / EA =10/ 1) to provide desired products 2 / 3.

Enantioselective for the B-C(sp®)-H cyanation (Condition B). In a dried sealed 10 mL Schlenk tube equipped
with a stir bar, CuSCN (0.006 mmol, 3 mol%), (1R,2S)-L24 / (1S,2S)-L41 (0.015 mmol, 7.5 mol%) and N-chloro
substrate 1 (0.2 mmol) were dissolved in degassed CH3CN (4 mL) under N2 atmosphere, then TMSCN (0.6 mmol)
was added. The tube was sealed with Teflon septum and stirred at room temperature for 0.5 h. After completed,
the mixture was concentrated under reduced pressure, and the residue was purified by column chromatography

or preparative thin-layer chromatography (PE / EA =10/ 1) to provide desired products 3*.

Data availability

The experimental data generated in this study are provided in the Supplementary Information. The computational
coordinate data generated in this study are provided in the Source Data, The X-ray crystallographic coordinates
for structures reported in this study have been deposited at the Cambridge Crystallographic Data Centre (CCDC),
under deposition numbers of CCDC 2382322 (2d), and CCDC 2382282 (3k). These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. All data

are available from the corresponding author upon request.
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Figure Legends/Captions

Fig. 1 Site-selective a’/f-amino C(sp®)-H bonds functionalisation. A Site-selective functionalisation of
aliphatic amines through radical pathways; B Ubiquitous a/B-nitrile amine structural motifs in pharmaceuticals
and natural product; C This work: regiodivergent and enantioselective cyanation of ureas through ligand-

regulated selective hydrogen atom transfer of a’/B-amino C(sp®)-H bonds.

Fig. 2 Optimization of reaction conditions. ®Condition A: 1a (26.9 mg, 0.1 mmol), TMSCN (29.7 mg, 0.3
mmol), Cu(CHsCN)4BF4 (1.6 mg, 5 mol%), L (12 mol%), DCM (2 mL), N2, rt, 0.5 h; PICondition B: 1a (26.9 mg,
0.1 mmol), TMSCN (29.7 mg, 0.3 mmol), CuSCN (0.36 mg, 3 mol%), L* (7.5 mol%), CHzCN (2 mL), Nz, rt, 0.5 h;



solation yield is in parentheses. The yields and regioselectivity ratios (rr, 2a/3a) were determined by GC-MS
using dodecane as internal standard, and the enantiomeric ratios (er) were determined by HPLC analysis. A.
Ligand screening for «/B-regioselective cyanation; B. Optimization of other parameters for «-regioselective and

B-enantioselective cyanation; C. Ligand screening for B-enantioselective cyanation.

Fig. 3 Scope of &’/B-cyanation. Condition A: 1 (0.2 mmol), Cu(CHsCN)4BF4 (3.1 mg, 5 mol%), L (12 mol%),
TMSCN (59.5 mg, 0.6 mmol), DCM (4 mL), Nz, rt, 0.5 h; isolated yield; the regioselectivity ratios (rr) were
determined by GC-MS or HPLC. @Al rr (2/3) < 1:20.

Fig. 4 Scope of enantioselective g-cyanation. Condition B: 1 (0.2 mmol), CuSCN (0.7 mg, 3 mol%), L* (7.5
mol%), TMSCN (59.5 mg, 0.6 mmol), CHsCN (4 mL), Nz, rt, 0.5 h; isolated yield; the regioselectivity ratios (rr)
were determined by GC-MS analysis or HPLC, and the enantiomeric ratios (er) were determined by HPLC

analysis. BICu(OTf)2 (3 mol%) was used.

Fig. 5 Control experiments and preliminary mechanistic study. Condition A: Cu(CHsCN)4BF4 (5 mol%), L14
(12 mol%), TMSCN (3.0 equiv), DCM (0.05 M), N2, rt; Condition B: CuSCN (3 mol%), (1R,2S)-L24 (7.5 mol%),
TMSCN (3.0 equiv), CH3CN (0.05 M), N2, rt. More details see Sl. A. Control experiments for 1u with/without L14;
B. Radical inhibition and trapping experiments under condition A/B; C. Non-linear effect study of S-cyanation
under condition B; D. Deuteration experiments; E. KIE experiments of a’-cyanation under condition A; F. KIE

experiments of -cyanation under condition B.

Editor’s Summary

The controllable regio-divergent and enantioselective C—H bond transformation of secondary amines at different N-
alkyl groups has remained underdeveloped. Herein, the authors report a Cu-catalyzed o’/B-regiodivergent and
Benantioselective cyanation of secondary amine-derived ureas through ligand-controlled adjustable 1,4°/1,5-hydrogen
atom transfer.

Peer review information: Nature Communications thanks Shuichi Nakamura and the other anonymous reviewer(s)
for their contribution to the peer review of this work. A peer review file is available.
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CN Me CN  Me

oo

30, 67% yield 3p, 65% yield

CN Me

t
] T By
/N
Boc
3y, 54% yield
(from Tryptamine)

CN  Me

o/©)\/\"/ “But

Me
O

Me
3aa, 57% yield
(from Ibuprofen)

g i A
IS¢ B &
[e] Br o

3e, 61% yield

H CN l\llle H

N\"/'\LBU'
o

-\
CCDC: 2382282

CN Me

fcens aiivacs

3x, 59% yield

o -
O CN ’\,\'/‘Ie H
SR o
e}
3z, 56% yield
(from Isoxepac)

CN Me

@

3ab, 62% yield



CUSCN (3 mol%)
(1R,2S)-L24 / (15,25)-L41 (7.5 mol%)

H
j 9' Me._..CN
NGNS + M S
R \n/ Bu e Me CH3CN (0.05 M), rt, 0.5 h
(3.0 equiv)

1 (R = aryl / alkenyl)

Me

H
@/\/N\[OrN\

3a*, 68% yield, 97:3 er
(3a*:2a = 25:1)
(5 mmol, 0.60 g,
46% yield, 94:6 er)

Bu!

Me |

N.__N
a - gt
A
oY
3f*, 67% yield, 96:4 er
(3f*:2f > 20:1)

3I*, 52% yield, 95:5 er
(31*:21 = 19:1)

3x*, 52% yield, 91:9 er
(3x*:2x = 15:1)1

3ac*
55% yield, 93:7 er

Me I\I/Ie H
N

N N\n/ “Buf

)

3ag*
53% yield, 94:6 er

oy
Me ©

3b*, 74% yield, 96:4 er
(3b*:2b > 20:1)

oy
Br ©

39*, 55% yield, 90:10 er
(3g™:2g = 16:1)

Me

SO
AV
(@)

3m*, 65% yield, 99:1 er
(3m*:2m > 20:1)

3y*, 55% yield, 96:4 er
(3y*:2y =19:1)
(from Tryptamine)

3ad*
49% yield, 93:7 er

A

@)

“Bu!

\g_/ 5

Ph

3ah*
43% yield, 92:8 er

Oy
MeO 0

3c¢*, 71% yield, 95:5 er
(3c*:2c =19:1)

ot
FsC 0

3h*, 56% yield, 93:7 er
(3h*:2h > 20:1)

7 e
X )

3n*, 65% yield, 95:5 er
(3n*:2n > 20:1)lal

W N put

3z*, 62% yleld 94:6 er with (1R,25)-L24
or ent-3z*, 60% yield, 5:95 er with (1S,2R)-L24

(3z*:2z > 20:1)
(from Isoxepac)

Me
BNORRS

3ae*
41% yield, 91:9 er

Me
I\I/Ie
| N N Bu "
=
3ai*

41% yield, 87:13 er

'\r{/lle H
7 ~ t
Ph X

3d*, 65% yield, 97:3 er
(3d*:2d > 20:1)

Me y

NN,

r e
FsCO ©

3i*, 57% yield, 93:7 er
(3i*:2i = 18:1)

Me
1 H
¢ "y e
0 O

30*, 67% yield, 98:2 er
(30*:20 > 20:1)

Me
N N.
R B!
0]
3
oy
E (0] § (0] @)
’ </: \
3 N
3e*, 60% yield, 95:5 er ¥
(3e*:2e > 20:1) (new)
(1R,25)-L24
Me Me

1 H
N

F N\n/ “But
O

3j*, 61% yield, 95:5 er
(3j*:2j > 20:1)

NN
(j@/\/ \ﬂ/ N
0 O

3p*, 64% yield, 93:7 er
(3p*:2p > 20:1)

Me

ZT

3k*, 62% yield, 96:4 er
(3k*:2k > 20:1)

Me

MeO N H
Pt
MeO ©

3q*, 71% yield, 94:6 er
(39*:2q > 20:1)
(from Dopamine)

3aa*, 67% yield, 95:5 er

Me N
12e8Sead
Me

-0 °

Me
NN
@)ko 0

Fe

= 3ab*, 51% yield, 95:5 er

(3aa*:2aa > 20:1)

(from Ibuprofen)

O Me
(i

3af*
39% yield, 90:10 er

ﬁ\/ But

3aj*
57% yield, 89:11 er
(from Nortriptyline)

(3ab*:2ab = 18:1)

“Bu!

TBS (1,0 TBS
(15,25)-L41
H Me
Me Me s
A N\n’N“Buf Me Y Bu
O H O

3ak*

34% yield, 78:22 er

3al*
37% yield, 80:20 er
(from (-)-Nopol)



A. Control experiments for 1u

b ~96 kcal/mol > 99%

H CN CH > 99% D D CN >99%
% 3 : ition A, L14 |
N CuCHCNBF, (5 moi%) H Pho NN " CD Gl ; gondition A, 114 ¢ H \|/ H ¢0s
Ph NS Ngut — TMSON Goeauy) TSNS N * \r i “Bu' NN /K/N N, ¢ F o SN NS
YOY Be (3.0 equiv)  Bu N PR “But  thenH'workup  Ph But  Ph Bu
H O DCM (0.05 M), 1, 0.5 h 0 ~89 kcal/mol o 2a-[2]d; O 3a*-[2]d; O
1u 2u 2u' 1 d 1 1
a-[a’ :
wlo L14:  not observed 65% yield [elds
w/ L14: 43% yield 40% yield 1,4'-HAT product 1,5-HAT product
B. Radical experiments E. KIE experiments of a'-cyanation
a) Radical inhibition experiments a) KIE determined from intermolecular competition
H NC
H Cl
?\‘ v condition A, L14 / 3oy o Me D p GHs €l
Ph N~ \n/ “Bu!  condition B, L24 Ph/\/N\n/N‘Bu’ Ph/\/N\n/N‘Bu‘ Ph N\n/N‘Bu’
(0] TEMPO (2.0 equiv) 0 o) o) condition A, L14 E b b rCNH

D\T/CN
D D H
N

1a 2a, not observed 3a, not observed 1a-[f]d. =
Ad; . + Ph)k/N\n/N\Bu’ * )k/ N<g,t
b) Radical trapping experiments DD (iID3 (i‘,l 5 min; then H™ work up Ph \n/ Bu
Bu' N__N. 0 0
o Ph \ﬂ/ Bu'
L H ol NC d 2a-[Ald, 2a-d,
?\‘ N condition A, L14 WN H . Me 1a-ds 2.2 : 1
Ph N N Bu' T BHT (1.0equiv) P N~ N But B H
0 o) Ph/\/N\n/N\Bu' b) KIE determined from paralle! 'r-e-a-c-ti-o-ris: ---------- o
0 b P §Hs ¢ ! condition A, L14 | P T w
1a 2a, 17% yield 2a-BHT, not observed M UNNG S ] XN A
Ph Y Bu — " Ph Y oB
o o) 4 min; then H™ work up o
Hﬁ Ve But But 1a-[Ald, 2a-[fld; (16.5% yield)
Cl \ H
\ condition B, L24 N_ _N KIE = ky/ kp=2.1
N _No - N gyt + LR D
PR BUY BHT (10equv) N \Ig BT e ",{’l'e H D D GDs Cl ! condition A, L14 ! 5 DD\|/CN
(0] N ~pt N N Pommmmmmmmmmmmoaan 1 H
Ph Bul N —
\IO]/ Ph \Ic])/ Bu 4 min; then H* work up Ph)k/N\n/N‘Bu’
1a 3a*, 23% yield 3a-BHT, 21% yield o
1a-ds 2a-d, (8% yield)

C. Non-linear effect study of p-cyanation with 1a

F. KIE experiments of f—cyanation
a) KIE determined from intermolecular competition

100
a H H CHs Cl
] N N.
Ph \"/ Buf | ;ossemoiioiieieoen
50 e} 1 condition B, L24 | C|:H3 (i‘,H3 H
B 1a e ! H D
AN But * ph NN Nagyt
- -] > 99% 5 min; then H* work up Ph \I]/ Bu' " Ph \ﬂ/ Bu
? 1 DD (|3H3 CI)I e} o
e Ph NN gyt 3a* 3a*-[Ald
60 - y = 0.9409x 0 33 1
— 1a-[f]d.
5 R2 = 0.9993 Adz
é_ b) KIE determined from parallel reactions
£ 40 [
o | H H CH3 Cl 1 condition B, L24 | CHj
i P — HN N
1 Ph YoB — N P~ B
S 0.5 min; then H" work up o
20 4 u 1a 3a* (37% yield)
[ KIE = ky/ kp = 2.6
4 D D CHj Cl 1 condition B, L24 ! s CHs H
| | L, U
D
N N N N
~o it —_— P ~pi it
0 T T T T T T T T T T PR \IC])/ Bu 0.5 min; then H* work up Ph \g/ Bu
0 20 40 60 80 100 1a-[4]d, 3a*-[A]d (14% yield)

Enantiopurity of (1R,2S)-L24 (% ee)

D. Deuteration experiments

a)
>99%
?Da 9' . condition B, L24 |
[ieskastni St |
AN AN ot
Ph \(I)I/ Bu then H* work up
1a-[a]d;

¢) KIE determined from intarmolecular competition
> 99%

¢D; |, D H GDs C ! condition B, L24 |} 5 EDs H 9’ ED3 H
.................. }
Ph/\/N\n/N‘Bu' 1,5-HAT product Ph N\n/N\Bu, Ph” Y oButt Ph” " e
5 min; then H* work up o) 0
o] o)
3a*-[o’]d; 1a-d, 3a*-d, 3a*{o’]d;

3.5 : 1



