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Abstract

Density functional calculations have provided evidence that a Ag(I)-mediated deconstructive 

fluorination of N-benzoylated cyclic amines (LH) with Selectfluor [(F–TEDA)-(BF4)2] begins 

with an association of the reactants to form a singlet state adduct {[(LH)–Ag]–[F–TEDA]2+}. 

The subsequent formation of an iminium ion intermediate, [L+–Ag]–HF–[TEDA]+, is, formally, a 

Ag(I)-mediated hydride abstraction event that occurs in two steps: (a) a formal oxidative addition 

(OA) of [F–TEDA]2+ to the Ag(I) center that is attended by an electron transfer (ET) from the 

substrate (LH) to the Ag center (i.e., OA + ET, this process can also be referred to as a F-atom 

coupled electron transfer), followed by (b) H-atom abstraction from LH by the Ag-coordinated 

F atom. The overall process involves lower-lying singlet and triplet electronic states of several 

intermediates. Therefore, we formally refer to this reaction as a two-state reactivity (TSR) event. 

The C─C bond cleavage/fluorination of the resulting hemiaminal intermediate via a ring-opening 

pathway has also been determined to be a TSR event. A competing deformylative fluorination 

initiated by hemiaminal to aldehyde equilibration involving formyl H-atom abstraction by a 

TEDA2+ radical dication, decarbonylation, and fluorination of the resulting alkyl radical by 

another equivalent of Selectfluor may also be operative in the latter step.
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INTRODUCTION

The functionalization of “inert” C─H bonds by converting them to C─C or C─X 

bonds (where X is a heteroatom such as O, N, B, etc.) has revolutionized the synthesis 

and production of pharmaceuticals, agrochemicals, materials, and fuels.1,2 Similarly, the 

utilization of C─C and C─X bonds to form new bonds by cleavage and functionalization 

of their constituent groups may lead to products which cannot be prepared efficiently by 

other means (i.e., these products possess high synthetic complexity).3-7 In particular, the 

development of methodologies for the deconstructive functionalization of cyclic amines (i.e., 

scaffold cleavage/functionalization) may provide new opportunities for diversifying these 

structural motifs that are abundant in pharmaceuticals and agrochemicals. Among the many 

deconstructive strategies that have been developed is a method by Sarpong and co-workers 

that is proposed to proceed through a distinct mechanism.8,9 This method transforms N-

acylated saturated aza-cycles (e.g., 1, Scheme 1) into versatile fluorine-containing acyclic 

amine derivatives (e.g., 3) using commercially available reagents Selectfluor (2) and AgBF4. 

Presumably, the transformation occurs through selective C(sp3)─C(sp3) bond cleavage in 

the presence of a C(sp3)─N bond. An in-depth understanding of the mechanism of this 

unusual transformation should (a) facilitate the development of a more general strategy for 

the deconstructive functionalization of cyclic amines, and (b) enable the identification of 

alternative oxidizing salts and fluorinating reagents that are less expensive and may improve 

the functional group compatibility of the process.

Sarpong and co-workers proposed a two-stage mechanism, each mediated by a silver salt 

and Selectfluor, for the transformation of 1 → 3 (Figure 1).8,9 In the first stage, cyclic amine 

1 is oxidized by the combination of AgBF4 and Selectfluor to the corresponding iminium 

ion (A), which is trapped by H2O to form hemiaminal B (Figure 1D). Selectfluor and AgBF4 

did not react in the absence of a substrate, indicating the importance of Ag(I) binding to 

the amide moiety of 1 to reactivity. In line with previous studies10-26 as well as their own 

mechanistic analysis, Sarpong and co-workers proposed that the Ag(I) center binds to 1 to 

form adduct 4 (Figure 1A). Upon interaction of this adduct with 2, a single electron transfer 

occurs from the ligated AgBF4 of 4 to 2 to generate a Ag(II) center and radical dication 

Roque et al. Page 2

J Am Chem Soc. Author manuscript; available in PMC 2021 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. The resulting Ag(II) then oxidizes 1 equiv of 1 through single-electron transfer (SET),27 

and subsequent hydrogen-atom abstraction by 5 delivers iminium ion A (Figure 1A,B). An 

alternative pathway, where radical dication 5 effects α-amino C–H abstraction from 1 to 

generate an α-amino radical (E) followed by single-electron transfer to Ag(II) to generate A, 

was also proposed (Figure 1C). In the next stage, iminium ion A is trapped by H2O to give 

hemiaminal B (Figure 1D).

In the second stage of the reaction, the resulting hemiaminal (B) is transformed to the 

final product (3 or 9; Figure 1E,F). This stage of the overall transformation was proposed 

to proceed through two possible pathways. In path A (Figure 1E), hemiaminal B reacts 

with Ag(I) and 2 to form radical C. Presumably, the deprotonation of the hemiaminal and 

single-electron transfer generate an alkoxy radical intermediate that is homolyzed through 

selective C(sp3)─C(sp3) bond cleavage to give C.3 A radical fluorination of C by 2 then 

forms alkyl fluoride product 3. Alternatively, path B (Figure 1F), referred to by Sarpong and 

co-workers as the “deformylation pathway” in their initial communications, would involve 

(a) heterolytic C─N bond cleavage of hemiaminal B to linear aldehyde 7 and subsequent 

oxidation of the formyl group to the corresponding carboxylic acid (8), and finally (b) 

decarboxylative fluorination to afford 9.8,9

Even though the proposed mechanistic scenarios in Figure 1 are consistent with those 

previously described for ring-opening functionalization and transition-metal-catalyzed 

fluorination methods,10-26 the elementary steps, relevant intermediates, and transition states 

remained to be fully elucidated. We viewed this fundamental knowledge to be vital 

to identifying simpler, more efficient protocols for the deconstructive fluorination of N-

acylated cyclic amines. Therefore, the aims of the computational studies reported here are 

to provide insight into the mechanism of the Ag(I)-mediated deconstructive fluorination of 

N-acylated cyclic amine 1 with Selectfuor.

The calculations presented herein, consistent with previous proposals,8,9 show that the 

formation of iminium ion A from 1, in the presence of AgBF4 and Selectfluor (2), is 

formally a Ag(I)-mediated hydride abstraction event. We have established, for the first time, 

that this occurs through (a) a formal oxidative addition (OA) of [F–TEDA]2+ to the Ag(I) 

center that is attended by an electron transfer (ET) from the substrate (LH) to the Ag center 

(i.e., OA + ET, this process can also be referred to as F-atom coupled electron transfer, 

FCET), followed by (b) the abstraction of an H atom from the radical cation of 1 by the 

Ag-bound F atom. This reaction involves low-lying singlet and triplet electronic states of 

the reactive intermediates and therefore is characterized as a two-state reactivity (TSR) 

process28-35 rather than a classical single-electron-transfer (SET) event.

We have shown that the subsequent fluorination of the resulting hemiaminal (B) via the ring-

opening mechanism (path A, Figure 1E) begins with H-atom abstraction from the hydroxy 

group and is also a TSR event. However, the alternative “deformylative” fluorination 

pathway (i.e., 7 → 9) that may be initiated by the equilibration of the hemiaminal to 

aldehyde, followed by its oxidation to a carboxylic acid and subsequent decarboxylative 

fluorination or H-atom abstraction from 7 by 5, decarbonylation, and fluorination by another 

equivalent of Selectfluor, is not a TSR event. Both net C–C cleavage/fluorination pathways 
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(i.e., paths A and B) are feasible. The operative pathway likely depends on the reaction 

conditions and the electronic properties of the N-acyl group in 1.

EXPERIMENTAL SECTION: COMPUTATIONAL DETAILS

All reported structures were calculated using the Gaussian 16 suite of programs36 at 

the B3LYP-D3(BJ)/[6-31G(d,p)+Lanl2dz(Ag)] level of theory with the corresponding Hay–

Wadt effective core potential37-39 for Ag. Here we used the B3LYP density functional40-42 

with Grimme’s empirical dispersion correction (D3)43 and the Becke–Johnson (BJ) damping 

correction.44-46 Frequency analyses were used to characterize each minimum with zero 

imaginary frequency and each transition-state (TS) structure with one imaginary frequency. 

Intrinsic reaction coordinate (IRC) calculations were performed for all TSs to ensure 

their true nature. Bulk solvent effects were incorporated for all calculations (including 

geometry optimizations and frequency calculations) using the self-consistent reaction 

field polarizable continuum model (IEF-PCM).47,48 We chose water as the solvent. The 

reported thermodynamic data were computed at a temperature of 298.15 K and 1 atm of 

pressure. Various lower-lying electronic states, including the open-shell singlet states (where 

appropriate), were considered for all key species. Unless otherwise stated, energies are given 

as ΔH/ΔG in kcal/mol.

The open-shell singlet states of 5c and 10c are only slightly higher in free energy (see 

Supporting Information for details) as compared to the corresponding triplet states, which 

enabled us to characterize the 5c-s → 5c-t and 10c-s → 10c-t transitions as two-state 

reactivity events. Since these small energy values are subject to the level of theory 

employed, adiabatic transitions (i.e., singlet state–singlet state transitions involving high- 

and low-spin states) cannot be ruled out. A search for transition states associated with 

adiabatic transitions requires multideterminant approaches which are not practical for such 

large chemical systems. Triplet states were determined to be more in line with our analyses 

and allow consistency in our presentation of the major chemical outcomes of this study.

Following an extensive computational survey, we employ dication (F–TEDA)2+, without the 

two corresponding BF4 counteranions, as a model for Selectfluor (details in Figure S1 in the 

Supporting Information). Below we use Xc-y labeling to denote calculated structures, where 

X is a number associated with a structure and c denotes computed. Label y indicates singlet 

(s), doublet (d), and/or triplet (t) states.

To validate the [B3LYP-D3(BJ)+PCM]/[6-31G(d,p)+Lanl2dz-(Ag)] approach in this study, 

we have performed a series of calculations at the highest possible levels of theory for 

critical points along the computed potential energy surfaces. Specifically, the formation 

of [(LH)–AgBF4] from LH and AgBF4, ΔHcomp/ΔGcomp, and the singlet–triplet energy 

splitting [i.e., E(S–T)] in complexes 5c and 10c (see below)] were recalculated at 

the [B3LYP-D3(BJ)+PCM]/[cc-pVTZ+Lanl2dz(f)(Ag)]49 level of theory (to validate the 

[6-31G(d,p)+Lanl2dz(Ag)] basis sets that we employed) and at the [wB97XD+PCM]/

[cc-pVTZ+Lanl2dz(f)(Ag)]50 level of theory (to validate the use of the B3LYP density 

functional). The results of these calculations are given in the Supporting Information 

(Table S1). We found that changing the basis sets from [6-31G(d,p)+Lanl2dz(Ag)] to [cc-
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pVTZ+Lanl2dz(f)(Ag)] reduced the calculated complexation free energy and the E(S–T) of 

complexes 5c and 10c by ~1 to 2 kcal/mol. In addition, we found that the choice of the 

density functional strongly impacts several calculated properties. For example, upon going 

from [B3LYP-D3(BJ)] to wB97XD functionals, the complexation free energy decreased by 

3.4 kcal/mol and E(S–T) increased by 1.0 and 6.8 kcal/mol for complexes 5c and 10c, 

respectively. Importantly, using neither larger basis sets nor the wB97XD functional (instead 

of [B3LYP-D3(BJ)]) altered our conclusions.

RESULTS AND DISCUSSION

Mechanism of Iminium Ion Formation.

Consistent with previous8,9 experimental findings, our calculations show that AgBF4 

(denoted as Ag(I) below) binds the substrate (LH, Figure 2) to form adduct [(LH)–Ag(I)], 

4c. For the ground singlet electronic state of this complex (i.e., 4c-s), the calculated 

interaction between LH and Ag(I) (favorable by 20.5/8.9 kcal/mol) results in a slight 

elongation of the carbonyl C─O bond (from 1.238 to 1.264 Å) and a shortening of the 

N─carbonyl bond (from 1.361 to 1.341 Å).52 A charge density analysis indicates that in 

4c-s a 0.20 ∣e∣ charge is transferred from LH to Ag(I). (For more details, see Figure S2 in the 

Supporting Information.)

The interaction of 4c-s with (F–TEDA)2+ leads to complex 5c-s. As seen in Figure 3, the 

geometry and charge distributions in the [(LH)–Ag] and (F–TEDA)2+ fragments did not 

change noticeably upon interaction of (F–TEDA)2+ and [(LH)–Ag]. In complex 5c-s (Figure 

3), a charge of almost +2 is located on (F–TEDA), and only an additional 0.12 ∣e∣ electron is 

distributed from LH to the AgBF4 unit.

Calculations show that the generation of iminium 6c-s from complex 5c-s is highly 

unfavorable on the singlet energy surface (see below). However, reasonable energies were 

computed for the reaction proceeding via a singlet–triplet seam of crossing. Here, we were 

not able to locate/optimize the minimum in the seam of crossing (MSX) for such large 

and conformationally unrestrained systems.52 However, triplet-state intermediate 5c-t is only 

13.4/13.5 kcal/mol higher in energy than 5c-s (Figure 4). As seen in Figure 3, the 5c-s 
→ 5c-t transition results in the cleavage of the F–TEDA bond and the formation of the 

Ag–F (bond distance = 2.040 Å) and Ag–TEDA (Ag–N2 = 2.246 Å) bonds. Furthermore, 

in 5c-t, the LH-fragment has 0.96 ∣e∣ positive charge and 1.11 ∣e∣ unpaired α-spin (i.e., it 

is a radical cation similar to 1ox in Figure 1B), another unpaired α-spin is delocalized on 

AgF (as 0.39 ∣e∣ and 0.26 ∣e∣ spins on Ag and F, respectively), and a monocationic TEDA+ 

fragment is coordinated to Ag.53 The Ag center has also lost electron density compared 

to that in 5c-s: it now bears a +0.68 ∣e∣ positive charge and a 0.39 ∣e∣ unpaired α-spin. 

Thus, the Ag center is further oxidized in 5c-t. The computed charge, spin distributions, 

and geometry parameters enabled us to characterize 5c-t as a Ag(II) species with a weak 

Ag–F interaction [(LH+)•−(AgF•)−(TEDA)+] and the 5c-s → 5c-t transition as a fluorine 

atom coupled electron transfer (FCET) process. Formally, the 5c-s → 5c-t transition can 

also be viewed as an oxidative addition (OA) of F–TEDA to Ag(I) coupled with an electron 
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transfer (ET) from LH (an OA + ET). However, the exact nature of this dynamic process 

(synchronous versus asynchronous) remains undetermined.

Historically, Ag(I) has been implicated in mainly one-electron redox chemistry. Therefore, 

we propose that the formal oxidative addition involves multiple steps (vide infra). However, 

the exact nature of this dynamic process remains to be determined since we observe 

only rapid electron transfer from LH. Reports proposing Ag(III)–F species have remained 

unsubstantiated. However, recently, Ribas and co-workers have reported the synthesis 

of well-defined Ag(III)–aryl complexes generated from a Ag(I)/Ag(III) redox cycle.54 

Furthermore, Musaev and co-workers have recently identified a critical Ag(III) intermediate 

in the Cu-catalyzed, Ag-salt mediated, Ullmann-type coupling reaction.55

Since (a) we were not able to locate transition states for the Ag(I) oxidative addition to 

F–TEDA (neither on the singlet nor triplet state PESs) and (b) the 5c-s → 5c-t transition 

involves lower-lying singlet and triplet states of the initial 5c-s and product 5c-t complexes, 

here we describe the 4c-s + [F–TEDA]2+ → 5c-s → 5c-t transformation as a two-state 

reactivity (TSR) event.28-35

In 5c-t, H─F bond formation leads to iminium ion 6c{[L–Ag]–(HF)–[TEDA]}2+, the 

ground electronic state of which is the singlet state: complex 6c-s lies 59.2/60.9 kcal/mol 

lower in energy than prereaction complex 5c-s. The triplet state of 6c (i.e., 6c-t) lies 

58.6/61.2 kcal/mol higher in energy than 6c-s (Figure S3 in the Supporting Information). 

Rigid scanning of the singlet potential energy surface for HF formation indicated that the 

singlet transition state [TS1(H–F form)-s] that may directly connect 5c-s with 6c-s lies 

very high in energy (dotted black line in Figure 4). Therefore, a search for TS1(H–F 
form)-s was not pursued. Gratifyingly, we were able to locate the triplet transition state, 

TS1(H–F form)-t, that directly connects 5c-t with 6c-t (Figure 5). Our analyses show that 

TS1(H–F form)-t is an H-atom-abstraction transition state from LH by the Ag-coordinated 

F atom.56 The reactivity of amidyl radical cation 5c-t is consistent with observations from 

prior studies wherein an amine participates in a hydrogen-atom-transfer event upon single-

electron oxidation.57 Notably, the α-C─H bond of an amine is estimated to be significantly 

weakened (lower BDE) following single-electron oxidation.57 In resulting product complex 

6c-s, where an HF molecule is formed, the [L+–Ag] fragment possesses only one positive 

charge, which is mostly located on the now oxidized piperidine ring of L. As illustrated in 

Figure 4, TS1(H–F form)-t lies higher (by 0.8/0.2 kcal/mol) relative to triplet-state complex 

5c-t.

The formation of the iminium ion is summarized in Scheme 2 from 5c-s and involves (a) 

F-atom transfer from [F–TEDA]2+ to the Ag center of the adduct [(LH)–Ag] which is 

coupled with an electron transfer from the substrate (LH) to the AgF fragment [a fluorine 

atom coupled electron transfer (FCET); formally, a Ag(I) oxidative addition to N–F coupled 

with an electron transfer, i.e., OA + ET)], triggered by a singlet-to-triplet (S–T) transition to 

arrive at 6c-t, followed by (b) H-atom abstraction from LH by the Ag-coordinated F atom. 

Since this reaction involves lower-lying singlet and triplet electronic states of the reactive 

intermediates, we characterize it as a two-state reactivity (TSR) process.28-35

Roque et al. Page 6

J Am Chem Soc. Author manuscript; available in PMC 2021 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A plausible alternative mechanism consistent with literature precedent (predominantly 

in oxidative photoredox as well as in first-row transition-metal catalysis) may also be 

operative.15,18,25 This may begin by single-electron transfer from Ag(I) to Selectfluor to 

form aminium dication radical TEDA2+, Ag(II), and a fluoride ion. H-atom abstraction 

of the α-C─H bond of the substrate (LH) by aminium radical dication TEDA2+ forms 

an α-amino radical, which can undergo further oxidation to generate an iminium ion. Our 

calculations show that this process is highly unfavorable (by 36.4/35.0 kcal/mol). Since both 

our calculations and our empirical observations8,9 indicate that LH and Ag(I) salt form an 

adduct [(LH)–Ag(I)] (i.e., 4c-s), we also studied the thermodynamics of the reaction

[(LH) − Ag(I)] + [F − TEDA]2 +

[(LH) − Ag(II) − F] + TEDA2 +

and found that this reaction is endergonic (by 27.8/26.4 kcal/mol). Furthermore, 

coordination of the TEDA2+ radical to [(LH)–Ag(II)–F] to form the triplet-state complex 

5c-t, discussed above, is exergonic by 14.3/25.7 kcal/mol. Our computational data has 

therefore enabled us to rule out this alternative mechanism which resembles the pathway 

depicted in Figure 1C. These data support a formal oxidative addition of Ag(I) to F–TEDA, 

which proceeds in a stepwise fashion (vide supra).

Mechanism for the Conversion of Iminium Ion Complex 6c-s to Hemiaminal Complex 8c-s.

Even though the mechanism for hemiaminal formation was anticipated to be 

straightforward, we have nonetheless computed energies and structures of the relevant 

intermediates and products for the completeness of the discussion. In this regard, iminium 

ion complex 6c-s, [(L+–Ag)–(HF)–(TEDA)+], undergoes HF → H2O exchange to form 

[(L+–Ag)–(H2O)–(TEDA)+] (7c-s, Figure 6). This process requires 13.3/2.9 kcal/mol of 

energy for the HF dissociation (Figure 4) and is exergonic by 11.6/12.0 kcal/mol. In 7c-s, 

the (L+–Ag) fragment bears one positive charge, and another positive charge is delocalized 

on the [TEDA]+ fragment. The deprotonation of the Ag-bound water by TEDA and the 

subsequent C2─OH bond formation is expected to be a facile process. Here, we were not 

able to locate the transition state associated with the conversion of 7c-s to 8c-s, [(LOH)–Ag]

(H–TEDA)2+. Calculations show that the overall process for the conversion of iminium ion 

complex 6c-s to hemiaminal complex 8c-s is exergonic by 10.0/8.3 kcal/mol.

A close examination of the calculated Mulliken charges supports the characterization of 8c-s 
as a [(LOH)–Ag(I)](H–TEDA)2+ complex (Figure 6).58

Fluorination of Hemiaminal Complex 8c-s.

As illustrated in Figure 1, hemiaminal B (i.e., LOH in Figures 6 and 7) can be converted 

to the final fluorinated products via two competing pathways: homolytic β-C─C cleavage 

(path A, Figure 1E) or loss of the aldehyde group (by oxidation to the carboxylic acid and 

decarboxylation; path B, Figure 1F).
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Homolytic C–C Cleavage Pathway (Path A).

Path A is proposed to be initiated by an (H–TEDA)2+ → (F–TEDA)2+ exchange that 

converts hemiaminal complex 8c-s to intermediate 10c-s [i.e., [(LOH)–Ag](F–TEDA)2+, 

Figures 7 and 8]. This process is endergonic by 5.2 kcal/mol and may proceed via either 

the dissociation of (H–TEDA)2+ and the coordination of (F–TEDA)2+ (i.e., stepwise) or 

a concerted (H–TEDA)2+ → (F–TEDA)2+ exchange pathway. Calculations show that the 

stepwise pathway requires 10.3 kcal/mol free energy for the dissociation of (H–TEDA)2+. 

This energy value can also be taken as an upper limit for the concerted (H–TEDA)2+ → 
(F–TEDA)2+ exchange. Thus, the free energy required for 8c-s → 10c-s (at a maximum of 

10.3 kcal/mol) is unlikely to impact the overall outcome of the reaction.

Ring opening from 10c-s could, in principle, proceed through either direct H─F bond 

formation on the singlet-state energy surface or a two-state reactivity (TSR) mechanism 

initiated by a singlet-to-triplet seam of crossing (i.e., via the (S–T) transition). Our studies 

indicate that HF formation in 10c-s via a TSR mechanism is more favorable and requires 

about 11.0–12.0 kcal/mol of free energy (Figures 7 and 8). As depicted in Figure 7, the 

transition from 10c-s to 10c-t results in not only a ground electronic state change but also 

significant geometry alterations: in 10c-t, the Ow─H and N2─F bonds are significantly 

elongated, and the H─F bond (0.997 Å) and the Ag─Ow bond (2.168 Å) are almost 

fully formed. Spin, charge density, and geometry analyses of 10c-t show that the 10c-s → 
10c-t transition leads to simultaneous F-atom and H-atom coupling to form HF along with 

dicationic TEDA2+ and [(LO)–Ag] radicals. In the TEDA2+ radical, a 0.75 ∣e∣ unpaired 

electron is located on the proximal N2 center. Importantly, in the [(LO)–Ag] fragment, the 

Ag center has acquired more positive charge (compared to that in 10c-s) and has a 0.25 ∣e∣ 
unpaired α-spin. These findings are indicative of Ag being partially oxidized in complex 

10c-t. On the basis of these analyses, we characterize 10c-t as diradical intermediate [(LO)–

Ag(II)]•–(HF)–(TEDA)2+•.

In the next stage, intermediate 10c-t is converted to alkoxide complex 11c, which is 

{[(LO)–Ag]–(FH)–(TEDA)}2+ featuring a hydrogen and TEDA interaction. This transition 

is expected to be a facile process since it mostly involves the breaking and formation of 

weak O…HF and FH─TEDA hydrogen bonds, respectively. Therefore, we assume the 

energy difference between the 10c-s and 10c-t intermediates to be an approximate energy 

(11 to 12 kcal/mol) required for H─F bond formation between Selectfluor (i.e., F–TEDA2+) 

and AgBF4-coordinated hemiaminal (LOH). Notably, the open-shell singlet and triplet 

electronic states of resulting adduct 11c are very similar in energy. As illustrated in Figure 8, 

overall 8c-s → 11c-s is endergonic by 9.8/11.4 kcal/mol.59

Interestingly, a comparison of the 5c-s → 5c-t and 10c-s → 10c-t transitions shows that the 

5c-s → 5c-t transition is a F-atom transfer from (F–TEDA)2+ to the Ag center (or formal 

N–F oxidative addition) with an attendant electron transfer from the substrate to the AgF 

unit. This results in the oxidation of both the Ag center and the substrate [from LH to LH+]. 

In contrast, the 10c-s → 10c-t transition is a simultaneous HF formation with only a slight 

oxidation of the Ag center.

Roque et al. Page 8

J Am Chem Soc. Author manuscript; available in PMC 2021 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The conversion of alkoxide intermediate 11c-s to the final alkyl fluoride product (i.e., 

LOF or 3; Figure 8) is a complex multicomponent process. It may occur through several 

pathways, including (a) direct reaction with another equivalent of Selectfluor

{[(LO) − Ag] − (FH) − (TEDA)}2 + (11c‐s) + (F − TEDA)2 +

(LOF)(3) + AgBF4 + HF + 2TEDA2 + (1)

and/or (b) directly by the HF byproduct

{[(LO) − Ag] − (FH) − (TEDA)}2 + (11c‐s)
(LOF)(3) + AgBF4 + [H − TEDA]2 + (2)

Since the reaction depicted in eq 1 is less exergonic than the reaction in eq 2 (by 0.1/20.1 

kcal/mol vs 21.2/51.2 kcal/mol, calculated relative to complex 11c-s), below we discuss eq 

2 in detail and include all calculated data for the reaction depicted in eq 1 in the Supporting 

Information (Figures S7 and S8). Path 3 depicts direct conversion of 11c-s by treatment 

with an equivalent of selectfloro. This pathway resembles the reaction depicted in Figure 

1E. Unfortunately, we were not able to locate the transition state associated with this radical 

fluorination process.

The reaction depicted in eq 2 can proceed through multiple pathways. One of them is a 

stepwise or dissociative–associative pathway (path 1), which is initiated by the dissociation 

of [(FH)–TEDA]+ (i.e., by the following reaction):

{[(LO) − Ag] − (HF) − (TEDA)}2 + (11c‐s)
[(LO)+ − Ag](12c‐t) + [(FH) − TEDA]+ (3)

Our calculations show that the dissociation of [(FH)–TEDA]+ from 11c-s is endergonic 

by 30.8/13.1 kcal/mol and leads to the formation of 12c-t and [(FH)–TEDA]+. Complex 

12c-t, [(LO)+–Ag], where fragment (LO) bears almost one positive charge, has a triplet 

ground electronic state. Close analysis shows that most of the 1.70 ∣e∣ unpaired spin of the 

fragment (LO) is localized on the O atoms (0.72 ∣e∣ and 0.37 ∣e∣ on the Ow and Oamide, 

respectively). The C2 and C3 centers also have acquired unpaired spins of 0.08 ∣e∣ and 0.17 

∣e∣, respectively. Importantly, the C2─C3 bond is elongated from 1.545 to 1.613 Å upon 

going from intermediate 11c-s to 12c-t. Thus, the oxidation of the (LO) unit of 11c-s is 

critical for the facile C2–C3 selective deconstructive fluorination of N-benzoylated cyclic 

amine 1. In the next step, the [(FH)–TEDA]+ fragment coordinates to the C3 center of 

12c-t and initiates the heterolytic cleavage of HF by the C3 center of 12c-t and the TEDA+ 

monocation. Reaction 12c-t + [(FH)–TEDA]+ → 13c-s + [H–TEDA]2+ is calculated to 

be highly exergonic (by 61.1/70.1 kcal/mol). However, it is associated with an additional 

energy barrier at the triplet–singlet seam of the crossing transition state. This transition state 

was not located because path 1 is energetically more uphill than path 2, which does not 

require the dissociation of [(FH)–TEDA]+ from 11c-s and has a lower associated energy 

barrier.
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Indeed, path 2 starts by translation of the [FH–TEDA] fragment to the vicinity of C3 

followed by fluoride–C3 coupling and C3─C2 bond cleavage via the fluoride-transfer 

mechanism. All of our efforts to identify relevant intermediates and transition states and 

their associated energies were unsuccessful. The scanning of the potential energy surface 

for F─C3 bond formation in 11c-s led to the direct formation of [(LOF)–Ag(I)], (13c-s), 

and [H–TEDA]2+ species with a low associated energy barrier (Figure S10 in the Supporting 

Information). The overall reaction

{[(LO) − Ag] − (FH) − (TEDA)}2 + (11c‐s)
[(LOF) − Ag], (13c‐s) + [H − TEDA]2 + (4)

is calculated to be exergonic by 30.3/57.0 kcal/mol. The dissociation of Ag(I) from [(LOF)–

Ag(I)] completes the formation of alkyl fluorinated product LOF (or 3), which requires only 

5.8 kcal/mol of free energy.

On the basis of our computational findings, we propose a radical fluorination from 11c-s 
(path 3), or electron transfer followed by fluoride trapping by the nascent cation occurs (i.e., 

for the transformation of 11c-s to LOF). This mechanistic scenario is consistent with that 

previously postulated by Sammis and co-workers.60

The data presented thus far shows that both stages of the deconstructive fluorination of LH 
(or 1) (i.e., the hemiaminal formation (Figure 1A-D) and the subsequent β-C–C cleavage 

and fluorination (Figure 1E, path A)) proceed via TSR mechanisms (triggered by the (S–T) 

seam of crossing). Since electron transfer from the substrate to the Ag center is vital to 

the success of these reactions, the electronic properties of the N-benzoyl group of LH 
is expected to impact the nature of the reaction. Therefore, we extended our studies to 

substrates bearing para-NO2 and NH2 substituents on the benzoyl group. The calculated 

structures of (p-X)-(5c-s), (p-X)-(5c-t), (p-X)-(10c-s), (p-X)-(10c-t), (p-X)-TS1(H–F form)-
t, and (p-X)-TS1(H–F form)-t are given in the Supporting Information. Our calculations 

show that the reaction for (p-NO2)–N-benzoylated cyclic amine will occur through a TSR 

mechanism, but barriers for both iminium ion formation (i.e., analogous to 5c-s → 5c-t) and 

the β-C–C cleavage/fluorination (i.e., analogous to 10c-s → 10c-t) increase to 10.7/12.1 and 

18.3/16.9 kcal/mol, respectively (Figure 8). Thus, the AgBF4-catalyzed fluorination of cyclic 

amines bearing an electron-withdrawing para substituent on the N-benzoylated ring requires 

slightly higher energy barriers but still proceeds via a TSR mechanism.

On the other hand, the presence of electron-donating groups on the N-benzoyl ring (for 

example, para-NH2 substitution) not only changes the calculated energy barriers but also 

switches the mechanism of the reaction from TSR to the classical SET. As seen in 

Figure 8, for a para-NH2-substituted N-protected cyclic amine [(p-NH2)-LH], the triplet 

electronic state of (p-NH2)-5c is more stable than its singlet electronic state by 14.5/12.9 

kcal/mol. Therefore, upon the interaction of (p-NH2)-(4c-s) with Selectfluor simultaneous 

spin decoupling occurs, and electron transfer from (p-NH2)-LH to (AgF)+ takes place via 

the classical SET mechanism. The hydrogen-atom-transfer/fluorine-atom-transfer coupling 

energy barrier at the triplet transition state [(p-NH2)-TS1(H–F form)-t] is only 4.3/3.8 kcal/

mol, relative to the triplet state in prereaction complex (p-NH2)-(5c-t).
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Similarly, we found that the ground electronic state of (p-NH2)-(10c) is the triplet state, 

which is 11.2/11.5 kcal/mol more stable than its singlet state. This results in a mechanism 

switch from TSR to SET in the C–C cleavage/fluorination of the hemiaminal via the 

ring-opening pathway. However, the calculated hydrogen-atom transfer and fluorine-atom 

transfer (HAT/FAT coupling) barrier for (p-NH2)-TS2(H–F form)-t is 10.0/10.3 kcal/mol, 

which is only slightly lower than the 11.0–12.0 kcal/mol barrier assumed for the reaction of 

LH, where the benzoyl group does not bear any substituents.

On the basis of these computations, we conclude that deconstructive fluorination (via the β 
C–C cleavage pathway) of electron-poor N-benzoylated cyclic amines has a higher energy 

barrier and proceeds through a two-state reactivity mechanism. On the contrary, increased 

electron density on the N-benzoylated cyclic amine may not only slightly enhance its 

ring-opening fluorination by Selectfluor but may also introduce a mechanism switch into the 

broadly accepted SET mode.

Deformylative Fluorination Pathway (Path B).

We have also investigated the alternative pathway for C─C bond cleavage/fluorination 

that begins from the hemiaminal complex {[(LOH)–Ag](H–TEDA)}2+, 8c-s, (i.e., the 

“deformylative” fluorination pathway). This pathway is initiated by equilibration of the 

hemiaminal (LOH) to the corresponding aldehyde (Ald; Figure 9), which may occur either 

directly from complex 8c-s or following the dissociation of (H–TEDA)2+ (i.e., in 9c-s; 

see Figures 7 and 9). While computations cannot unambiguously support either of these 

possibilities, they show that the conversion of (LOH) to linear aldehyde (l-Ald) is exergonic 

by 6.0 kcal/mol in the absence of other coordinating groups and by 2.0 kcal/mol for the 

Ag-coordinated complex (i.e., complexes 9c-s and 14c-s, in Figure 9).

Because the interaction of [(LOH)–Ag] and [(Ald)–Ag] with Selectfluor [i.e., (F–TEDA)2+] 

has a minimal impact on the calculated geometries and energies, we began our analyses from 

the [(LOH)–Ag] and [(Ald)–Ag] complexes, which possess several isomers that are similar 

in energy. A few of the energetically most favorable isomeric forms of these species are 

shown in Figure 9 (Figure S11 in the Supporting Information).

As seen in Figure 9, in [(l-Ald)–Ag], 14c-s, the aldehyde group is coordinated to the Ag 

center via the amide oxygen. In the lowest-energy isomer of the nonlinear aldehyde (n-Ald) 

and Ag-salt complex (i.e., 15c-s, iso-1), Ag is coordinated to the oxygen atom (Ow) of the 

formyl group and the Ph ring of the benzoyl group. This isomer is 3.8–3.9 kcal/mol more 

stable than iso-2 (i.e., complex 16c-s), where Ag is coordinated to the aldehyde and amide 

carbonyl groups.

In principle, the formyl group could be oxidized to the corresponding carboxylic acid under 

the reaction conditions. The mechanism of the Ag(I)-catalyzed decarboxylative fluorination 

of aliphatic carboxylic acids by Selectfluor has been previously investigated,15,19 and it 

was established that these processes start with carboxylate coordination to the Ag(I) center 

followed by oxidation of the resulting Ag-carboxylate by Selectfluor:
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RCOOH+Ag(I) RCOO − Ag (5)

RCOO−Ag + [F − TEDA]2 +

Ag(II) − OOCR + [TEDA]2 + . + F− (6)

To the best of our knowledge, no detailed mechanistic studies on Ag-catalyzed 

deformylative fluorinations of hemiaminals by Selectfluor have been reported in the 

literature. In our previous studies, attempts to monitor these processes only led to line 

broadening in the 1H NMR and the appearance of carboxylic acid and aldehyde.8,9 

Therefore, the direct deformylative pathway cannot be ruled out. To investigate this 

possibility, we studied the Ag-catalyzed deformylative fluorination of aldehydes by 

Selectfluor initiated from [(n-Ald)-Ag], 15c-s.

Our analyses indicate that the deformylative fluorination of 15c-s may proceed through 

several pathways. (See Figure 11 and the Supporting Information for more details.) We 

found that a pathway initiated by H-atom abstraction from 15c-s by previously generated 

radical dication TEDA2+ (Figure 10) has the lowest associated energy barrier. The initial 

step of this pathway (eq 7)

[(n‐Ald) − Ag], (15c‐s) + TEDA2 + .

[L(CO) − Ag]., (17c‐d) + [H − TEDA]2 + (7)

occurs with almost no associated energy barrier and is exergonic by 20.3/20.0 kcal/mol. This 

result is in line with the findings of MacMillan and co-workers,61 who have demonstrated a 

facile aldehyde H-atom abstraction by a quinuclidinium radical cation.

In the resulting complex (17c-d), the unpaired electron is localized on the CO fragment 

(by 0.65 ∣e∣), whereas the C3 center bears only 0.12 ∣e∣ unpaired spin. From this radical 

intermediate, the loss of a CO molecule (that requires only 11.4 kcal/mol of free energy, 

see Figure 10) leads to [L–Ag], (18c-d). In intermediate 18c-d, one unpaired electron is 

distributed between the C3 and Ag centers (0.71 ∣e∣ and 0.23 ∣e∣, respectively), indicating 

that the C3 center is slightly oxidized and the Ag(I) center is slightly reduced. (See Figure 

10c in the Supporting Information for more details.)

On the basis of the preceding discussion, it is anticipated that the C3 radical center 

of 18c-d will undergo facile fluorination by another equivalent of Selectfluor. A full 

scan of the reaction path (using the C3–[F–TEDA]2+ distance as a reaction coordinate) 

demonstrates that this process has a very small associated energy barrier and proceeds with 

the participation of the Ag center. However, we were not able to locate any intermediates 

that possess a Ag─F bond (Figures S12 and S13 in the Supporting Information).21 The 

overall reaction

[L‐Ag], (18c‐d) + (F − TEDA)2 +

[(LF) − Ag] − (TEDA)]2 + , (19c‐d)
(8)
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is exergonic by 67.3/55.2 kcal/mol. On the basis of spin density analyses, we characterize 

19c-d as an (LF)–[Ag(I)]–[(TEDA)2+.], which possesses a dicationic TEDA radical. The 

dissociation of LF (i.e., 9, in Figure 1) from 19c-d is endergonic by 35.7/23.0 kcal/mol 

(Figure 10).

In Figure 11, we compare the initial steps of the ring-opening (i.e., β-C–C cleavage) 

and deformylative fluorination of hemiaminal 9c-s by Selectfluor. Overall, the free-energy 

barrier required for the ring-opening pathway, leading to the alkyl fluorinated product 

(LOF, or 3), is 11.0 kcal/mol (using the energy span approach62). The initial steps of the 

deformylative fluorination of the aldehyde intermediate, leading to LF (i.e., 9), have an even 

smaller free-energy barrier. Since we were not able to identify an energy barrier required for 

the hemiaminal → aldehyde equilibration (which is expected to be small), here we conclude 

that both pathways are feasible and the preference of one over the other depends on the 

reaction conditions and the substrates that are employed.

CONCLUSIONS

Computational studies on the mechanism of the Ag(I)-mediated deconstructive fluorination 

of N-benzoylated piperidines (LH) described here provide the following evidence:

1. The first stage of the reaction (i.e., iminium ion formation) is formally a 

hydride abstraction event and proceeds via subsequent formation of an iminium 

ion intermediate, [L+–Ag]–HF–[TEDA]+, which is formally a Ag(I)-mediated 

hydride-abstraction event that occurs in two steps: (a) a formal oxidative addition 

(OA) of [F–TEDA]2+ to the Ag(I) center that is attended by an electron transfer 

(ET) from the substrate (LH) to the Ag center (i.e., OA + ET, this process can 

also be referred to as a fluorine atom coupled electron transfer, FCET) and (b) 

H-atom abstraction from LH by the Ag-coordinated F atom. The overall process 

involves lower-lying singlet and triplet electronic states of several intermediates 

and is therefore best characterized as a two-state reactivity (TSR) event.28-35

2. The second stage of the reaction is fluorination of the hemiaminal intermediate. 

This process may occur through either ring opening or deformylative fluorination 

pathways. We found that a ring-opening fluorination (i.e., via β-C–C cleavage/

fluorination) is also a two-state reactivity (TSR) event. However, a competing 

deformylative fluorination is not a TSR event. Rather, it is initiated by a 

hemiaminal to aldehyde equilibration, followed by a formyl H-atom abstraction 

by a TEDA2+ radical dication, decarbonylation, and fluorination of the C3-

radical center by another equivalent of Selectfluor. Both fluorination pathways 

are feasible, and preference for one over the other is subject to the reaction 

conditions and the substrates that are employed.

3. Facile oxidation of the substrate is critical for both stages (i.e., the iminium 

ion formation and hemiaminal fluorination) of the N-benzoylated cyclic amine 

deconstructive fluorination. We have shown that ring-opening fluorination of the 

substrates bearing para electron-withdrawing substituents on the benzoyl group 

has a higher free-energy barrier. On the contrary, substrates bearing electron-
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donating substituents on the N-benzoyl group enhance ring-opening fluorination 

by Selectfluor.

The insights presented here are expected to aid in (a) identifying simpler, more efficient 

protocols for the deconstructive fluorination of N-acylated cyclic amines, (b) elucidating 

conditions that will effect deconstructive functionalization in aqueous solvent mixtures, and 

(c) the widespread adoption of this method for late-stage skeletal diversification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Proposed mechanisms for the deconstructive fluorination: (A) overall oxidation sequence, 

(B) single-electron transfer (SET) occurs first, (C) hydrogen-atom transfer (HAT) occurs 

first, (D) hemiaminal B formation from iminium ion A, (E) homolytic C–C cleavage, path 

A, and (F) heterolytic C–N cleavage, path B.
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Figure 2. 
Selected structural and electronic parameters (distances are in Å; Mulliken charges, Q, are 

in ∣e∣). Relative energies (ΔH/ΔG in kcal/ mol) are indicated for LH (or 1), AgBF4, and 

singlet-state adduct (LH)[AgBF4], 4c-s.
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Figure 3. 
Calculated intermediates 5c-s, 5c-t, and 6c-s and triplet transition state TS1 (H–F form)-
t along with their important geometry (distances are in Å) and electronic parameters 

(Mulliken charges, Q, and spin densities, S, are in ∣e∣). For simplicity, the BF4 anion 

and noninteracting H atoms are omitted. For details, see Figure S3 in the Supporting 

Information.
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Figure 4. 
Schematic representation of the calculated energy profile for iminium ion formation upon 

the interaction of N-protected cyclic amine LH, the AgBF4 catalyst, and Selectfluor. 

Energies are provided relative to the 5c-s intermediate. Energies given in parentheses are 

relative to the dissociation limit of [(LH)–Ag(I)], 4c-s, +2[F–TEDA]2+.
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Figure 5. 
Computed triplet transition state TS1(H–F form)-t for H–F formation that connects 

intermediates 5c-t and 6c-t (distances are in Å).
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Figure 6. 
Calculated iminium ion and hemiaminal complexes 7c-s and 8c-s, along with their important 

geometry and electronic parameters (distances are in Å; Mulliken charges, Q, are in ∣e∣)). 
For more details, see Figure S4 in the Supporting Information.
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Figure 7. 
Computed structures for 9c-s, 10c-s, and 10c-t, along with their geometry and electronic 

parameters (distances are in Å; Mulliken charges, Q, and spin densities, S, are in ∣e∣). 
Energies of each step of the reaction are provided as ΔH/ΔG in kcal/mol. For more details, 

see Figure S5 in the Supporting Information.
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Figure 8. 
Energy profile of reaction 8c-s + [F–TEDA]2+ → LOF (or 3) + Ag(I) + [H–TEDA]2+. 

Energies given in parentheses are relative to the dissociation limit of [(LH)–Ag(I)], 4c-s, 

+2[F–TEDA]2+.
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Figure 9. 
Energy surfaces (energies are given as ΔH/ΔG in kcal/mol) of the iminium ion formation and 

fluorination of hemiaminal via a ring-opening pathway for the unsubstituted (X = H) and 

para-X substituted N-protected cyclic amines (where X = NO2 and NH2).

Roque et al. Page 26

J Am Chem Soc. Author manuscript; available in PMC 2021 December 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Calculated representative structures of hemiaminal–AgBF4, 9c-s, linear aldehyde–AgBF4, 

14c-s, and two nonlinear aldehyde–AgBF4 complexes, 15c-s and 16c-s, along with their key 

geometry parameters (distances are in Å) and relative energies given as ΔH/ΔG in kcal/mol.
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Figure 11. 
Calculated representative structures, along with their key geometry parameters (distances 

are in Å), for the proposed deformylative fluorination pathway. Energies (in kcal/mol) are 

provided relative to the prereaction complex as ΔH/ΔG.
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Figure 12. 
Comparison of the relative free energies of the initial steps of the ring-opening and 

deformylative fluorination of hemiaminal by Selectfluor.
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Scheme 1. 
Silver-Mediated Deconstructive Fluorination of N-Benzoylated Cyclic Amine 1
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Scheme 2. 
Proposed Two-State Reactivity Mechanism for 6c-s Formation From N-Benzoylated Cyclic 

Amine LH, Ag(I) Salt, and [F–TEDA]2+
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Scheme 3. 
Schematic Presentation of Elementary Reactions Involved in the Proposed Electron Transfer 

[from Alkoxide to (FH–TEDA)2+], Followed by the Fluoride Trapping (by the C3 Center of 

the Alkoxy Group) Mechanism of the 11c-s Transformation to [(LOF)–[Ag(I)]
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