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Abstract

Site selective amide reductions of the cyclic undecapeptide, cyclosporine A, have been developed 

using the combination of a heteroleptic borane catalyst and a silane reductant. Tertiary silane 

Me2EtSiH provides two unique cyclosporine A derivatives, one of which can be readily diversified 

in subsequent reactions. The secondary silane Et2SiH2 enables divergent reactivity that uses a free 

hydroxyl group to direct the reduction. The transient O-silyl hemiaminal intermediate of this 

reduction can additionally be trapped by reducing to the amine or by reductive cyanation.

Graphical Abstract

Achieving specificity over which chemically distinct but functionally identical groups are 

modified in a complex molecule (site selectivity) represents a significant challenge in 
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homogeneous catalysis.1,2 Nowhere is this challenge more acute than in the realm of late-

stage functionalization, a strategy in medicinal chemistry where complex natural products or 

drug candidates are site-selectively modified to optimize their physical, biological or 

pharmaceutical properties.3–6 The targeted diversification of an already bioactive structure 

removes the bottleneck imposed by de novo synthesis. While orthogonal reactivity can be 

exploited to achieve chemoselectivity, the challenge is magnified when a substrate bears 

multiple copies of the same reactive functional group. In these cases strategic use of 

catalysts and reagents can provide uniquely enabling methods.

Approaches for site-selective amide reduction in polyamides is not well studied.7,8 Although 

many ways to reduce amides exist,9,10 including stoichiometric metal hydrides (i.e., 

LiAlH4), these reactive reagents are not prone to tunable selectivity. Metal catalyzed 

hydrogenation of amides11,12 is in principle possible, but usually requires extreme 

conditions (temperature and pressure), which are inhospitable to selectivity. Arguably, the 

mildest subclass of amide reductions includes those employing silane reductants. Various 

metal catalysts13 (Ir, Rh, Pt, Zn, Ni) are effective and display varying degrees of 

chemoselectivity. Metal-free variations exist and use boranes14–17 and boronic acids18 as 

catalysts. We have recently shown that heteroleptic perfluoroaryl/alkyl borane catalysts, such 

as B2-Cat, are highly selective for amide reductions relative to their homoleptic counterparts 

(i.e., B(C6F5)3). Given the successful application of heteroleptic borane catalysts on 

substrates with the complexity of di- and tripeptides,19 we questioned whether they may also 

enable site-selective reductions in complex polyamide substrates, and that these reductions 

would then enable additional structural modifications.

The cyclic undecapeptide natural product, cyclosporine A (CsA, Figure 1), was used to 

investigate this question, as it provides an excellent test bed for developing site selective 

amide chemistries.7,8 CsA is a potent immunosuppressant used in the clinic to treat graft 

rejection, rheumatoid arthritis, and psoriasis. Its immunosuppressant activity stems from its 

ability to inhibit calcineurin (T cell activator) through formation of the ternary complex 

cyclophilin·CsA·calcineurin.20 Since the protein cyclophilin is also a target for treating viral 

infections (hepatitis and HIV) and neural protection, considerable effort has gone into 

discovering nonimmunosuppresant analogs of CsA,21–23 i.e., those that on binding 

cyclophilin do not inhibit calcineurin.

The conversion of an amide to an amine alters a peptide’s metabolism, membrane 

permeability, and bioavailability, all of which can be useful in optimizing a drug’s 

properties.24,25 Site selective reductions of CsA therefore enable interesting but largely 

inaccessible structural spaces to be populated. Positionally selective reduction of CsA’s 
secondary amides is particularly intriguing, as the resulting secondary amines provide new 

handles for further diversification. Catalysts able to reduce secondary amides, however, are 

rare.17,26–28

We began our studies using the heteroleptic catalyst, B2-Cat, which is conveniently prepared 

in situ by reacting Piers borane29,30 ((C6F5)2BH) with allyl-B(pin). B2-Cat in combination 

with a tertiary silane such as Me2EtSiH in toluene can reduce tertiary amides in the presence 

of secondary amides, alcohols, heterocycles, etc. Dehydrogenative silylation of the free 
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hydroxyl group of CsA was fast as assessed by the rapid effervescence of the solution. Since 

the subsequent amide reduction was relatively slow, the actual substrate for the reaction is 

the OH-silylated CsA-OSiR3. A brief solvent screen indicated that CHCl3 and 

trifluorotoluene gave higher conversions over 24 h and were thus used for further studies 

(Scheme 1).

Analysis of the reaction mixture by LC-MS revealed two major products, a single and a 

double amide reduction. The same products were observed across the solvents tested. The 

single (1, 37%) and double reduction (2, 16%) products were isolable by flash column 

chromatography. The structure of the double reduction (2) product was ascertained by a suite 

of 1H and 13C NMR experiments. Briefly, the amide region of the 13C NMR spectrum 

confirmed the loss of two amides; the amide region of the 1H NMR spectrum revealed that 

one secondary amide had been reduced. Selectively irradiating the remaining amide NH 

resonances via 1D-TOCSY experiments localized the reduction to Ala7 or Ala8, and 2D 

spectra (HSQC, HMBC, and COSY) identified the site to be Ala7. The site of tertiary amide 

reduction could then be traced to Abu2 by analysis of the 2D spectra (HSQC, HMBC, 

COSY).

In contrast to 2, the NMR spectra of 1 were significantly broadened. Since resubjecting 1 to 

reaction conditions smoothly converted it to 2, the site of reduction was logically either 

Abu2 or Ala7. This was disambiguated by adapting a peptide sequencing mass spectrometry 

experiment.

The characterization of peptides via MS/MS is a powerful proteomics technique, but 

applying these methods to cyclic n-mer peptides is problematic, as the first (ring-opening) 

fragmentation can occur at any of the (O)C–N bonds to give “n” distinct primary ions, all of 

which have the same molecular weight. We sought to distinguish between Abu2 or Ala7 

being the first site reduced by analyzing the fragmentation of each of the 10 possible ions 

created by ring opening of a monoreduced CsA. To illustrate, consider the putative linear 

peptides that result from a ring-opening cleavage at the 5/6 junction in the mass 

spectrometer of the two isomeric monoreduced possibilities (1a and 1b, Scheme 2). 

Although the two parent ions (1a and 1b) have the same m/z, sequential fragment loss from 

these ions predicts a set of b-series ions that are unique to the two possible reduction sites.31 

Using a sensitivity threshold of 6σ, 247 fragments were found for 1 in the MS/MS 

experiment. These ions were then matched to those predicted for 1a and 1b. As indicated by 

the blue (observed) and red (not observed) coding in Scheme 2, the fidelity of the predicted/

observed ions of deoxy-Ala7 is a significantly poorer match than that predicted for deoxy-
Abu2. The analyses of the other nine ring opening sites were similarly consistent with 1 
being deoxy-Abu2 as described in the Supporting Information.

Having successfully identified 1 and 2 we sought to optimize the reaction conditions. As 

shown in Table 1, the best conditions (entry 7) utilized 15 equiv of silane and were robust to 

scale up (×8, ~500 mg CsA). The reaction was quite sensitive to the sterics of the silane, as 

the bulkier Et3SiH (5 or 15 equiv) stops after dehydrocoupling of the free OH.
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B2-Cat’s selectivity for first reducing a tertiary (Abu2) over a secondary site in 1 agrees 

with results on simple substrates. We surmise that B2-Cat selects Abu2 over the tertiary 

valine and isoleucine sites on steric grounds; however, its preference over the normally more 

reactive Gly3 is unprecedented. For example, Gly3 is the site reduced by Beller in his Rh 

catalyzed hydrosilylation protocol7 and it is also the site activated by [Me3O][BF4]32 en 

route to acyclic CsA derivatives (after MeOH treatment). The preferred reduction sites of 

B2-Cat are therefore not those that are most sterically accessible, and they additionally differ 

from previous derivation efforts.21

The secondary amine created in 2 resides at the edge of the calcineurin binding domain but 

could also modulate its binding to cyclophilin A.21–23 Despite being a difficult nitrogen to 

alkylate in CsA,21 the amine form in 2 is readily allylated, propargylated, benzylated, and 

benzoylated in moderate yields (Scheme 3). The allyl and propargyl groups provide 

excellent handles for further derivations.33–35 Traces of overalkylation were observable by 

LC-MS. In situ protection of the alcohol under the reduction conditions conveniently 

prevents O-alkylation in the follow-up derivation steps.

We next envisioned that the free hydroxyl group in CsA could be used to direct reactivity to 

proximal amide sites, as we previously demonstrated with natamycin.2 While preparing this 

manuscript, the Kanai group applied this strategy using (C6F5)3B and PhMeSiH2.8 Our own 

conditions (Scheme 4) similarly provided the directed reduction product 3 (at MeBmT1) in 

62% yield. HRMS analysis of the product indicated that the residual silyl group is the bis 

silyl ether that would result from ring opening the intermediate O-silyl hemiaminal. As 

shown in Scheme 4, the targeted proximal amide generates the six-membered ring 

intermediate A. Reaching back to Val11 was also considered feasible, but this would require 

a seven-membered ring intermediate. Since NMR spectra of 3 were sharp, the site of 

reduction could be identified through selective irradiation of the amide proton resonances in 

1D-TOCSY experiments. The reaction also performed well on a 0.5 gram scale giving a 

50% isolated yield of chromatographically purified 3.

O-Silyl hemiaminals such as A are additionally prone to selective chemistry.36–39 Although 

we have not directly observed this intermediate by in situ 13C or 1H NMR spectroscopy, we 

hoped that it could be intercepted productively. To this end, CsA was reacted first with 

stoichiometric Et2SiH2 to putatively generate A. After 1 h, 5 equiv of Bu3Sn-CN were added 

and the residual B2-Cat was able to catalyze the opening/cyanation to yield the α-amino 

nitrile 4 in 43% yield as a single diastereomer (Scheme 5). α-Amino nitriles can also be 

diversely transformed to other potentially interesting structures.36,40

The development of amide reduction catalysts able to function under mild conditions has 

enabled the development of diverse site selective reactions on a complex polyamide 

structure. Despite being the subject of extensive synthetic studies for its diverse medicinal 

effects, the observed selectivities with tertiary silanes are novel. Even though the origins of 

the innate site selectivity are not yet clear, the B2-Cat system reduces amide sites not 

targeted in other systems and doubles the number of known amide reduced CsA derivatives. 

Reduction of secondary amide Ala7 additionally reveals a secondary amine that is prone to 

diversity generating reactivity. Furthermore, the B2-Cat catalyzed amide reductions can be 
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directed using secondary silanes, in this case using the MeBmT1 hydroxyl to select for 

MeBmT1 reduction over other sites.8 We also report that the O-silyl hemiaminal 

intermediate (A) can be intercepted to form new C–C bonds, and products that can be further 

diversified. These studies provide a framework for using nonmetal catalysts to site 

selectively diversify complex polyamides with important biological properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of cyclosporine A and borane catalyst.
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Scheme 1. 
Reduction of 1 with Me2EtSiH
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Scheme 2. 
Sample MS2 Analysis of 1
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Scheme 3. 
Derivations of 3
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Scheme 4. 
Directed Reduction of 1
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Scheme 5. 
Reductive Cyanation of CsA
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Table 1.

Optimization of the Reaction in Scheme 1 with Me2EtSiH
a

entry solvent x equiv of Me2EtSiH yield (%) 1 yield (%) 2

1 PhCF3 5 24 13

2 PhCF3 9 38 16

3 CHCl3 5 37 16

4
b CHCl3 5 31 17

5 CHCl3 9 39 26

6
c CHCl3 9 40 26

7 CHCl3 15 35 44

a
All reactions were performed with 10 mol % B2-Cat. on 0.05 mmol scale. Isolated yields are given.

b
Reaction performed at 50 °C.

c
Reaction performed on 0.4 mmol scale
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