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ABSTRACT: Using calculations, we show that a proposed Cu(I)-mediated deconstructive fluorination of N-
benzoylated cyclic amines with Selectfluor® is feasible and may proceed through: (a) substrate coordination to a Cu(I)
salt, (b) iminium ion formation followed by conversion to a hemiaminal, and (c) fluorination involving C—C cleavage
of the hemiaminal. The iminium ion formation is calculated to proceed via a F-atom coupled electron transfer (FCET)
mechanism to form, formally, a product arising from oxidative addition coupled with electron transfer (OA+ET). The
subsequent -C—C cleavage/fluorination of the hemiaminal intermediate may proceed via either ring-opening or
deformylative fluorination pathways. The latter pathway is initiated by opening of the hemiaminal to give an aldehyde,
followed by formyl H-atom abstraction by a TEDA?" radical dication, decarbonylation, and fluorination of the C3-
radical center by another equivalent of Selectfluor®. In general, the mechanism for the proposed Cu(I)- mediated
deconstructive C—H fluorination of N-benzoylated cyclic amines (LH) by Selectfluor® was calculated to proceed
analogously to our previously reported Ag(I)-mediated reaction. In comparison to the Ag(I)-mediated process, in the
Cu (I)-mediated reaction the iminium ion formation and hemiaminal fluorination have lower associated energy
barriers, whereas the product release and catalyst re-generation steps have higher barriers.
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1. INTRODUCTION

Computational studies have proven to be highly effective in guiding the development of novel synthetic
methodologies including selective C—H and C—C bond functionalization [1-47]. Despite ongoing advances, the
development of methods for selective C—H [48-64] and C—C [65-70] bond fluorination still remains a challenge. In
this context, a promising strategy is the use of transition metal complexes and N—F reagents such as N-
fluorobenzenesulfonimide (NFSI), N-fluoropyridinium salts (NFPy), and 1-chloromethyl-4-fluoro-1,4-
diazoniabicyclo[2.2.2]octane bis(tetrafluoroborate) (Selectfluor®) [71-100]. These versatile N—F reagents have been
shown to engage in electrophilic or radical fluorination reactions [80], in some cases participating in the cleavage of
C—H bonds through processes described as single-electron transfer (SET) events [81.82]. When used in combination
with transition metals, the metal complexes may also play multiple roles as either a promoter or catalyst [80,86,95].
For example, Lectka and coworkers [80] have shown that earth-abundant Cu(I) salts in combination with N—F reagents
mediate C—H bond fluorination of aliphatic substrates. In this case, the Cu(I)-center mediates F-atom transfer from
Selectfluor resulting in generation of a dicationic aminyl radical which abstracts a hydrogen atom from aliphatic
substrates. In contrast, it is only recently that methods for fluorination that rely on C-C cleavage (e.g.,
decarboxylation) have begun to emerge. Selective C—C functionalization to access alkyl fluorides is an unusual
transformation with opportunities to unearth new knowledge of practical benefit.

For fluorination reactions that rely on C-C cleavage, targeting C(sp>)-C(sp®) bonds in saturated heterocycles
could open new horizons for the diversification of bioactive heterocycles given the prevalence of these structural
motifs in pharmaceuticals and agrochemicals. Sarpong and coworkers [65,83-85] have recently reported a ring-
opening fluorination method involving C—C cleavage that transforms N-protected saturated aza-cycles (e.g., 1 or LH,
Scheme 1) into fluorine-containing acyclic amine derivatives (LOF and LF) using Selectfluor® (2; labeled as (F—
TEDA)*"), and AgBF, (i.c., Ag(I), below).

Scheme 1. Silver-Mediated Deconstructive Fluorination of N-Protected Cyclic Amine 1 (or LH) (see Ref. 83-85).

Cl
O @/_2&;4 AgBF4 (4 equiv) F
,N+\7 acetone: HZO (1:9) N&

N +
A F 40°C,1h ©
(1) orLH Selectfluor (2) (3) or LOF (4) or LF

(4 equiv) 81% yield

In a recent computational study by us [86], using existing experimental information [83-100], we showed that the
first stage of the overall transformation, i.e., iminium ion formation (see Scheme 2a), begins with rapid generation of
a singlet state adduct [(LH)-Ag], 5-s, that binds [F-TEDA]?" to form singlet state intermediate [(LH)-Ag][F-TEDA]*",
6-s. A subsequent addition of N-F across the Ag-center was characterized through calculations as a F-atom coupled
electron transfer (FCET) event that proceeds through two-state reactivity (TSR) [101-108] triggered by singlet-to-
triplet (S—T) seams of crossing [109]. The product of this event is [(LH")-AgF-]-[TEDA]", 7-t, which is a triplet state
intermediate that could also arise from a formal oxidative addition of the N-F group coupled with an electron transfer
(OA+ET)[110]. Rapid H-atom and F-atom coupling in intermediate 7-t transforms it to the singlet state iminium-ion
complex, [L*-Ag]-HF(TEDA)], 8-s. Iminium-ion 8-s traps H,O to form singlet state hemiaminal 9-s.

The subsequent C—C bond cleavage /fluorination of hemiaminal 9-s occurs through either ring-opening (Path A)
or deformylation (Path B). Path-A involves H-atom abstraction from hemiaminal 9-s by the F-atom [of [F-TEDA]*']
to form Ag-alkoxide intermediate 12-t. This HAT/FAT process, which has a low energy barrier, is also a 7SR event
(see Scheme 2) and leads to the singlet state intermediate 13-s. The C(sp®)-F bond formation that completes Path A
occurs through a formal fluorine atom transfer mechanism (shown in Scheme 2). The competing deformylative
fluorination pathway (Path B) is initiated by equilibration of hemiaminal 9-s to aldehyde 17-s, followed by H-atom
abstraction from the formyl group by a previously generated TEDA?" radical dication, decarbonylation of the resultant
18-d to form 19-d, and fluorination of 19-d by another equivalent of [F-TEDAJ*". A decarboxylative fluorination
mechanism involving heterolytic C—N bond cleavage and oxidation of the aldehyde to the carboxylic acid may also
be operative.

We have shown that the electronic properties of the group on nitrogen is critical for both the iminium ion
formation and C3-fluorination.
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Scheme 2. Previously proposed mechanism of the Silver(I)-mediated deconstructive fluorination of N-protected cyclic
amine 1 (or LH) by using the commercially available N-F reagent Selectfluor® (2;(F-TEDA)?") [see also, ref. 86]

In order to design less expensive reagents and conditions that will serve as alternatives to the Ag(I)-mediated
deconstructive fluorination [83-86], here, we investigate the mechanism of the analogous reaction with Cu(I) at the
density functional level of theory (DFT). Our calculations show that (a) coordination of substrate to Cu(I), which is
the first step, is important for the overall process, and (b) iminium ion formation occurs through a two-state reactivity
(TSR) process here as well, proceeding via a F-atom coupled electron transfer (FCET) to give the oxidative addition



coupled electron transfer (OA+ET) product. The C—C cleavage/fluorination of the hemiaminal is also calculated to be
a two-state reactivity (TSR) event. Compared with the Ag(I)-mediated process, for the Cu(I) reaction (a) the iminium
ion formation and hemiaminal fluorination have lower associated energy barriers, whereas the (b) product release and
catalyst regeneration steps have higher energy barriers.

Computational Details

All reported computational results were obtained using the Gaussian-16 suite of programs [111] at the B3LYP-
D3(BJ)/[6-31G(d,p) + Lanl2dz (Cu and Ag)] level of theory with the corresponding Hay-Wadt effective core potential
[112-114] for Cu and Ag. In the calculations described here, we used the B3LYP density functional [115-117] with
Grimme’s empirical dispersion-correction (D3) [118] and Becke-Johnson (BJ) damping-correction [119-121].
Frequency analyses were used to characterize each minimum and transition state (TS) with zero and one imaginary
frequency, respectively. Intrinsic reaction coordinate (IRC) calculations were performed for all TSs to ensure their
true nature. Singlet-triplet interactions were characterized by minimizing the energy of singlet-triplet (i.e. SO/T1)
seams of crossing (MSX). Singlet-(open-shell-singlet) (i.e., SO/S1) conical intersections (CX) were estimated as single
point energy calculations of the open-shell singlet at the located MSX geometries. The MSX calculations were
performed with the mecpro-1.0.3 suite of codes [122]. 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) [123,124]. We chose water as solvent. The reported thermodynamic data were computed
at a temperature of 298.15 K and at 1 atm of pressure. Various spin states (including the open-shell singlet states,
where that is appropriate) were considered for all key species. Unless otherwise stated, energies are given as AH/AG
in kcal/mol.

Here, as in our previous report [86], we use dication [F-TEDA]*" as a model for Selectfluor®. We use “X-y-M”
labeling to denote calculated structures, where X is a number associated with the reported structure, and y is assigned
for the singlet (s), doublet (d), or triplet (t) states of the calculated structures, and M denotes Cu or Ag.

In order to validate the [B3LYP-D3(BJ)+PCM]/[6-31G(d,p) + Lanl2dz(Cu)] basis set in this study, we have also
performed a series of calculations at the highest possible levels of theory for the important steps of the reported
potential energy surfaces. Specifically, the formation of a [(LH)-Cu(I)] intermediate from LH and CuBFa, F-atom
abstraction by Cu(I) and [(LH)-Cu(I)] from F-TEDA?*, and the energy of the 6-s-Cu — 7b-t-Cu and 10-s-Cu —> 11-
t-Cu transformations were re-calculated at the [B3LYP-D3(BJ)+PCM]/[cc-pVTZ + Lanl2dz(f)(Cu)] [125] (to validate
the basis sets), and [wB97XD+PCM]/[cc-pVTZ + Lanl2dz(f)(Cu)] [126] level (to validate the B3LYP density
functional). Results of these calculations are given in the Supporting Information (see Table S1), and in the main text
where that is appropriate. We found that changing the basis sets from [6-31G(d,p) + Lanl2dz(Cu)] to [cc-pVTZ +
Lanl2dz(f)(Cu)], as well as the density functional (from B3LYP-D3(BJ) to wB97XD) resulted in only a few kcal/mol
change in the calculated energies and does not impact our main conclusions.

Results and Discussion

For the starting substrate (LH), in the presence of CuBF4 (denoted as Cu(I), below), and Selectfluor (2) (modeled
as [F-TEDA]*") [127] reaction of either LH or [F-TEDA]** with Cu(I) is anticipated. Previous experiments [83-85]
have established that no reaction occurs between LH and [F-TEDA]?". On the basis of a seminal report by Lectka and
coworkers, [80] Cu(I) and [F-TEDA]?>" may react via a fluorine abstraction pathway, leading to a FCu(Il) intermediate
and a TEDA?" dicationic radical. Our calculations (see Figure 1) show that the reaction:

Cu(l) + [F-TEDAJ?* — Cu(I)[F-TEDAJ?* —> FCu(II) + TEDA?" (Eq. 1)

is only slightly exergonic (by 1.6/2.6 kcal/mol; relative to the reactants), and intermediate Cu(I)[F-TEDA]?*" has a
small complexation energy of 12.3/0.7 kcal/mol. A competing reaction pathway is the dimerization of the putative
FCu(II) species, a process which has been calculated to be highly exergonic (by 52.7/39.7 kcal/mol). However, this
dimerization is not expected to impact the TEDA?* radical formation process [128]. Although, Musaev, Itami, and
coworkers showed both experimentally [78] and computationally [79] that the dimer [LCu(II)F]> forms during the
(6,6’-Me:xbpy)Cu(I)-catalyzed C—H imidation of arenes, a different N-F reagent (NFSI) was used. Therefore, the most
important factor impacting the outcome of the fluorine abstraction reaction (Eq. 1) is the energy barrier at the minimum
of the singlet-triplet seam of crossing (MSX) as well as the conical intersection (CX) region of the S0/S1. Our DFT
calculations indicate that the MSX and CX energy barriers are about 17.4 and 8.1 kcal/mol, respectively, higher



relative to the singlet minimum, and the activated F-TEDA and forming Cu-F bond distances at the MSX are 1.82
and 1.83 A, respectively (see Figure S1 in the Supporting Information). Since MSX is not a true stationary point on
the potential energy surface, below we will report only the AE values for the barrier associated with the MSX
structures.
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Figure 1. Schematic presentation of energy profiles of the F-atom abstraction (left), and the LH coordination (right)
pathways of the reaction LH + Cu(I) + [F-TEDA]*". The relative energies are given as AH/AG, in kcal/mol. Here,
MSX represents the minimum of the SO/T1 curve crossing, and CX represents the SO/S1 conical intersections. See
the Supporting Information for geometries of the presented structures.

Along the reaction coordinate, the fluorine abstraction is calculated to be disfavored on kinetic grounds than
coordination of LH to Cu(I), i.e. the formation of singlet state adduct [(LH)-Cu(I)], 5-s-Cu, (see Figure 1), which is
calculated to be exergonic [129] by 35.8/25.2 kcal/mol and proceeds with no energy barrier. A charge density analysis
(see the Supporting Information) indicates that in 5-s-Cu, 0.27 |e| charge is transferred from LH to Cu(I). Comparison
of the calculated data for [(LH)-Cu(I)] with those for the [(LH)-Ag(I)] analog [86], shows that: (a) the Cu(I)-LH
interaction is stronger than the analogous Ag(I)-LH interaction, and (b) substrate LH is oxidized to a larger extent in
[(LH)—Cu(I)] than in [(LH)-Ag(I)]. This is likely the result of the less positive Cu(I)/Cu(0) redox potential (+0.52 eV
vs SHE) compared to the Ag(I)/Ag(0) potential (+0.80 eV SHE) [130].

On the basis of our computations, the reaction mixture of LH, CuBF3, and Selectfluor®, is expected to lead to
adduct 5-s-Cu, if equimolar quantities of substrate LH and Cu(l) salt are employed. In other words, iminium-ion
formation is expected through the reaction of 5-s-Cu with 2 (Selectfluor®). Notably, this conclusion differs from that
reached in the seminal paper by Lectka and coworkers [80]. In their study of a Cu(I)-promoted C—H fluorination of
aliphatic substrates, Lectka and coworkers concluded that in the fluorination of an aliphatic substrate by the
combination of Cu(I) and Selectfluor®, the reaction proceeds by (a) F-atom abstraction by Cu(I) and TEDAZ" radical
formation, (b) C—H bond abstraction from the alkyl substrate by the TEDA?" radical, and (c) C-radical fluorination by
another equivalent of [F-TEDA]*". This difference between our conclusion (i.e., initial coordination of Cu(I) to the
amide substrate, LH) and that reached by Lectka and coworkers (direct reaction of Cu(I) with Selectfluor®) likely
arises due to the difference in substrates examined. In our case, cyclic amine LH bears an amide carbonyl group which
binds strongly to the Cu(I)-center and initiates partial reduction of Cu(I). On the other hand, Lectka and coworkers
used aliphatic substrates which could not bind the Cu(l) center. Therefore, the electronics and functional groups of
the substrate are important contributors to the reaction path. However, in line with the report from Lectka and co-
workers, we cannot rule out the alternative pathway that starts with the generation of a TEDA?* radical followed by
a-C—H abstraction.

Mechanism of the Iminium-ion formation.

Interaction of 5-s-Cu with (F-TEDA)?*" results in a meta-stable complex [(LH)-Cu(I)]-[F-TEDA]*" (6-s-Cu) in
the singlet ground electronic state (see Figure 2, and the Supporting Information). The calculated complexation energy
of the reaction

[(LH)-Cu(I)], 5-s-Cu + [F-TEDA]*" — [(LH)-Cu(I)]-[F-TEDAJ?* (6-s-Cu)

is only 16.6/2.9 kcal/mol. From 6-s-Cu the reaction may proceed via two competing pathways involving either (a) a
F-atom abstraction by [(LH)-Cu(I)] to form triplet state complex [(LH)-Cu(I[)F]-TEDA?*, 7a-t-Cu, or (b) a N-F
oxidative addition coupled with electron transfer (OA+ET), as proposed in the previously reported Ag(I)-mediated
reaction [86]. Our calculations indicate that F-atom abstraction by [(LH)-Cu(I)], (i.e., Eq. 2)



(6-s-Cu) — MSX-1-Cu — (7a-t-Cu) (Eq.2)

is exergonic by 4.6/4.4 kcal/mol and has a barrier of 10.7 and 6.1 kcal/mol, respectively (at the minimum of the singlet-
triplet seam of crossing, MSX-1-Cu, and at the corresponding S0/S1 conical intersection). On the basis of the
calculated spin density and charge analyses (see Figure 3), complex 7a-t-Cu was characterized as a triplet state
complex [(LH)-FCu(I)]-TEDA?" with one unpaired electron located on the CuF and one unpaired electron on the
[TEDAZ?"] fragment. Its open-shell singlet electronic state is just 0.2 kcal/mol higher in free energy.
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Figure 2. Energy profiles of the F-atom abstraction coupled electron transfer (left), and the N-F oxidative addition
coupled electron transfer (OA+ET, right) pathways of the reaction 5-s-Cu + [F-TEDAJ** — [(LH")-(CuF)—
(TEDA)'], (7b-t-Cu). The relative energies are given as AH/AG, in kcal/mol. Here, MSX represents the minimum of
the SO/T1 crossing, and CX represents the S0/S1 conical intersection. See Figure 3 for the important structural and
electronic parameters of critical points along these potential energy profiles.
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Figure 3. The calculated structures of the MSX-1-Cu, oxidative addition (OA) transition state TS (OA), intermediates
7a-t-Cu and 7b-t-Cu alone with their important geometry parameters (in A), Mulliken charges (Q, in |e|) and spin
densities (S, in |e|).

The pathway leading to the oxidative addition coupled with electron transfer (OA4+ET) product, i.e., triplet state
complex [(LH")-(CuF)~(TEDA)'] (7b-t-Cu), while highly exergonic (by 20.9/20.9 kcal/mol), has a calculated
energy barrier of 24.4/20.4 kcal/mol (26.6 kcal/mol, at the electronic energy level), at the singlet state oxidative



addition transition state TS(OA) relative to intermediate 6-s-Cu. Detailed analyses (see Figure 3) show that in complex
7b-t-Cu, LH is oxidized by 1-electron, which has transferred to the TEDA-fragment. Therefore, two unpaired spins
are localized in the oxidized substrate (LH*) and CuF-units. The overall reaction

[(LH)-Cu(I)] *+ [F-TEDAJ*"] — [(LH")-(CuF) ~(TEDA)], (7b-t-Cu) Eq. 3)

is calculated to be exergonic by 37.5/23.8 kcal/mol. Employing more rigorous levels of theory do not significantly
alter the calculated energy values. For example, at the [B3LYP-D3(BJ)+PCM]/[cc-pVTZ + Lanl2dz(f)(Cu)] and

[wB97XD+PCM]/[cc-pVTZ + Lanl2dz(f)(Cu)] levels of theory, values for the exergonic nature of Eq. 3 are 35.0/21.2
and 33.3/22.7 kcal/mol, respectively.

Our calculations up to this stage point to a two-state reactivity (TSR) event for N-F addition to the [(LH)—~(Cu(I)]
adduct that starts from a F-atom abstraction by the Cu(l)-center at the minimum of the singlet-to-triplet seam of
crossing (MSX-1-Cu), involving the lower lying S0/S1 CX. This is followed by electron transfer (from LH to a
TEDA?" radical dication) to form a product, [(LH")—(CuF)—(TEDA)*], 7b-t-Cu, that is formally the outcome of an
oxidative addition coupled electron transfer (O4+ET). Direct formation of 7b-t-Cu requires a much higher energy
barrier at the transition state TS(OA) and is, therefore, kinetically unlikely.

Our comparison of the Cu(I)-, and the previously reported Ag(I)-mediated deconstructive fluorination shows that
the transition metal impacts the reaction path. As seen in a comparison of Figures 2 and 4, the Cu(I)-mediated 6-s-Cu
— 7b-t-Cu transition has a lower barrier compared to the Ag(I)-mediated 6-s-Ag — 7b-t-Ag transition. Indeed, the
former has a 10.7 kcal/mol barrier for the F-atom transfer at the MSX-1-Cu (and 6.1 kcal/mol at the S0/S1 CX) and
is exergonic by 20.9/20.9 kcal/mol. In contrast, the 6-s-Ag — 7b-t-Ag transition has a barrier of 30.1 kcal/mol for the
F-atom transfer at the minimum of the singlet-to-triplet seam of crossing MSX-1-Ag, and 25.5 kcal/mol via the S0/S1
CX, and is endergonic by 13.4/13.5 kcal/mol. The calculated difference in energies of the Cu(l)- and Ag(I)-mediated
F-atom transfer coupled electron transfer (O4+ET) leading to 7b-t can be mostly explained by the difference in the
Cu(I)/Cu(Il) and Ag(I)/Ag(Il) redox potentials, which are +0.159 and +1.98 eV SHE, respectively [130]. These
changes also correlate with the calculated geometry of the MSX structures: in MSX-1-Cu the calculated F-TEDA
bond distance (1.856 A) is shorter than in the MSX-1-Ag (1.941 A: see Figure 3 and the Supporting information).

From intermediate 7b-t-Cu, as in the Ag(I)-mediated process [86], H-F bond formation via hydrogen atom tranfer
leads to the iminium ion complex 8-s-Cu, [L*-Cu]-(FH)-[TEDA"], in the ground singlet state (see Figure 5). Our
calculations show that the 7-t-Cu — 8-s-Cu transformation is (a) exergonic by 38.7/40.3 kcal/mol and occurs through

an almost barrierless H-F bond formation (in the case of the Ag(I)-mediated process, this energy barrier was calculated
to be 1.4/1.5 kcal/mol), [86].
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Figure 4. Energy profiles of the F-atom abstraction coupled electron transfer (left), and the N-F oxidative addition
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The conversion of iminium ion complex 8-s-Cu to hemiaminal complex 9-s-Cu is anticipated to proceed with a very
low energy barrier (see Figure 5). As shown previously, this occurs via HF — H>O exchange, deprotonation of the
metal-bound water by monocationic TEDA", and a subsequent C2—OH bond formation [86]. The overall process 8-s-
Cu + H20 — 9-s-Cu + HF is exergonic by —2.5/-1.2 kcal/mol. The resultant 9-s-Cu is a Cu(I) complex, [(LOH)-
Cu()](H-TEDA)?** (see Figure 5, and the Supporting Information).
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Figure 5. Calculated iminium-ion, 8-s-Cu, hemiaminal 9-s-Cu and 10-s-Cu complexes, along with their important
geometry and electronic parameters (distances are in A, and Mulliken charges, Q, are in |e])). See also the Supporting

Information.

C. Fluorination of hemiaminal complex 9-s-Cu. Hemiaminal LOH is converted to the final fluorinated
products LOF or/and LF (see Scheme 1) under the Ag(I)-mediated conditions. As shown previously, this can occur
via “ring-opening” (Path-A, Scheme 2b) or “deformylative” (Path-B, Scheme 2c) fluorination mechanisms [83-86].

One of the factors impacting the selectivity of the radi

cal ring opening pathway depicted in pathway A (i.e., C-N vs

C—C cleavage) is the difference between the bond dissociation energies (BDEs) of the C2—C3 and N—C2 bonds. Here,

we discuss only enthalpy (AH) values of the calculated

BDEs. The details of these calculations are described in Figure

S2 in the Supporting Information. The calculated BDEs of the N-C2 and C2—C3 bonds are 74.2 and 73.2 kcal/mol,
respectively in LOH. Complexation of LOH with AgBFa leads only to small changes in the values of the calculated

BDE’s: in [(LOH)-Ag] adduct the N-C2 and C2—-C3

BDE:s are 74.2 and 72.3 kcal/mol, respectively. These small

changes correlate with a computed weak interaction between hemiaminal LOH and AgBFs, which nonetheless makes
the cleavage of C2—C3 slightly more favorable compared to N—C2 cleavage.
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Figure 6. Schematic comparison of the (S-T) seam of crossing, oxidative addition coupled with electron transfer
(OA+ET), and H-F bond formation steps of the Ag(I) (left) and Cu(I) (right) mediated ring-opening fluorination of
the hemiaminal.

In contrast, in adduct [(LOH)-Cu], a strong interaction between the hemiaminal LOH and CuBF4 was calculated.
In this case, the calculated N—C2 and C2—C3 BDEs are significantly smaller (48.6 and 20.1 kcal/mol, respectively).
Therefore, in [(LOH)-Cu], a facile fluorination of both N—C2 and C2-C3 is anticipated. However, higher selectivity
for C3-fluorination is expected as compared to the [(LOH)-Ag] case.

C.1. Ring-opening fluorination of hemiaminal (Path A). As shown previously by us [86], Path-A begins with
an (H-TEDA)** — (F-TEDA)*" exchange in 9-s. This step has a lower barrier for the Cu(I)- as compared to the Ag(I)-
mediated process. Indeed, we find that intermediate 10-s-Cu (i.e., [(LOH)-Cu](F-TEDA)*', is only 5.0/4.1 kcal/mol
higher in energy than 9-s-Cu, and the 9-s-Cu — 10-s-Cu transformation requires only by 6.5 kcal/mol free energy
barrier (for more details see Figure 5, and Figure S3 in the Supporting Information). In the Ag(I)-mediated case, this
process was reported to be endergonic by 5.2 kcal/mol and required by 10.3 kcal/mol free energy barrier [86].
Regardless, in both cases, this step of the reaction has a lower barrier and is unlikely to impact the outcome of the
overall “ring-opening” fluorination of hemiaminal LOH.

The next step of the ring-opening fluorination of hemiaminal 10-s is more facile for the Cu(I)-mediated reaction
than the Ag(I)-mediated one, and proceeds via a conceptually different mechanism (see Figure 6). In the case of M =
Ag, this step is a concerted F-atom and H-atom coupling (i.e., direct H-F bond formation) event that occurs via the
two-state reactivity (TSR) scenario, has a 11.0 kcal/mol of free energy activation, and leads to the diradical alkoxide
intermediate [(LO)-Ag(I)]'~(HF)~(TEDA)*** 12-t-Ag. In 12-t-Ag dicationic TEDA?*" and [(LO)-Ag] units each
possess almost one unpaired electron. This intermediate is meta-stable and isomerizes to the energetically most stable
open-shell singlet intermediate {[(LO)-Ag(11)’']<(FH)~(TEDA)}?*, 13-s-Ag. In contrast, when M = Cu, the process is
initiated from 10-s-Cu and is a F-atom abstraction followed by an electron transfer event that leads to the triplet state,
formally, oxidative addition coupled electron transfer (OA+ET) product [(LOH")*~FCu(Il)]"<(TEDA)", 11-t-Cu.
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Figure 7. The calculated O4+ET complex, [(LOH")~FCu(II)]'<(TEDA)", 11-t-Cu, and the  following H-F bond
formation transition state TS2(H-F)-t with their important geometry and electronic parameters, The geometries of the
presented structures are in A, and their charge (Q) and spin (S) densities are in |e].

This step of the reaction is a two-state reactivity (TSR) event, and should theoretically occur via similar intermediates
and transition states as those presented for the 6-s-Cu — 7b-t-Cu transition. In fact, the electronic structure of the
product complex (11-t-Cu) is similar to that of the 7b-t-Cu intermediate (discussed above in Figure 3). Indeed, in 11-
t-Cu, as in 7b-t-Cu, two unpaired spins are located mostly in the ligand (i.e., LOH) and CuF fragments (see Figure
7).

The subsequent H-F bond formation in 11-t-Cu was calculated to be a proton/fluoride coupling event triggered
by an electron transfer from the TEDA" fragment to the CuF-unit. It proceeds via the H-F formation transition state
TS2(H-F)-t (see Figure 7). This complex has a triplet ground state (its open-shell singlet state is only 0.06/0.6 kcal/mol
higher in free energy) and leads to 12-t-Cu (see Figure 8). Spin density and charge analyses show that intermediate
12-t-Cu is a [(LO)-Cu(Il)]'-(HF)~(TEDA)*" species. Thus, in this intermediate, like in the previously reported 12-t-



Ag intermediate, dicationic [TEDA]*" and [(LO)-Cu] units each possess almost one unpaired electron. However, this
intermediate is meta-stable and isomerizes to the energetically most stable triplet state intermediate {[(LO)’-Cu(Il)]-
(FH)~«(TEDA)}*", 13-t-Cu. As seen in Figure 8, in intermediate 13-t-Cu two unpaired c-spins are located in the
[(LO)-Cu] unit and distributed as 1.20 |e| and 0.65 |e| in the LO and Cu, respectively. Interestingly, the FH-TEDA?"
fragment of 13-t-Cu can be best represented as zwitterionic structure F—(HTEDA)*".
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Figure 8. The calculated geometries (in A), charge (Q) and spin (S) densities (in |e|) of the complexes [(LO)-Cu(II)]-
(HF)(TEDA)?", 12-t-Cu, [(LOY—Cu(Il)|-(FH)«(TEDA)*", 13-t-Cu, and [(LO)-Cu(1)]"**, 14-t-Cu.

Conversion of alkoxide intermediate 13-t-Cu to the alkyl fluoride product (i.e., LOF, or 3, see Scheme 1), as also
shown previously for the Ag-systems [86], is a multi-component process. It may occur through several competing
pathways (see Scheme 4). Path-1 (stepwise) and path-2 (concerted) engage the HF by-product as a fluoride source,
while path-3 utilizes another equivalent of Selectfluor®. As we have shown previously [86], the analyses of the
reactions

{[(LO)-Cu]-(HF)«(TEDA)}*" (13-t-Cu) — {[(LO)-Cu] + [(FH)-TEDA]*" (Eq. 3)
and

{[(LO)-Cul-(HF)~(TEDA)}?* (13-t-Cu) — {[(LO)-Cu]’ (14-t-Cu)+ [(FH)-TEDA]*  (Eq.4)

provide insight into the nature of the 13-t-Cu conversion to the final alkyl fluoride product LOF. Here, we found that
the reaction depicted in Eq. 3 is thermodynamically less favorable than the reaction in Eq. 4 (see Figure S4 in the
Supporting Information). Therefore, we only discuss the reaction depicted in Eq. 4 (path-1 in Scheme 4), which has a
barrier of 34.9/20.5 kcal/mol associated with formation of the triplet state complex [(LO)-Cu]" (14-t-Cu) (see Figures
8, and Scheme 4). Spin density and charge analyses show that in intermediate 14-t-Cu, the Cu-center has 0.62 |e| of
unpaired a-spin, and, critically, the C2 and C3 centers have also acquired additional unpaired o-spins (0.11 and 0.25
le|, respectively). This spin distribution is consistent with a significant elongation (by 0.148 A) of the C2—C3 bond
distance. A similar effect was previously reported for the Ag-mediated reaction [86], but it is more pronounced for
the Cu-system, which is consistent with the (smaller) calculated C2—C3 BDEs in [(LOH)-Cu] than [(LOH)-Ag]
adducts. The C3-center in 14-t-Cu is well suited to coordinate [(FH)-TEDA]" and initiate heterolytic cleavage of HF
leading to formation of the [(LOF)-Cu(1)], 15-s-Cu, and the [H-TEDA]*" dication. Therefore, the oxidation of the LO
unit (a result of a stronger Cu-LOH interaction) is critical for the facile selective C2—C3 cleavage/ fluorination of the
N-protected cyclic amine LH.
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Scheme 4. Schematic presentation of elementary reactions involved in the 13-t — [(LOF)—[Cu(l)], 15-s-Cu,
transformation.

As anticipated, the reaction 14-t-Cu + [(FH)-TEDA]" — 15-s-Cu + [H-TEDAJ*" is highly exergonic (by
32.3/34.7 kcal/mol). However, it may require additional energy to overcome the minimum of the triplet-singlet seam
of crossing, which is not reported in this paper, because we anticipate that path-1 will not compete with path-2 or path-
3. The pathways that follow are exergonic by 14.2 kcal/mol and are expected to proceed with smaller energy barriers
for the fluoride—C3 coupling. Notably, a mechanism involving electron transfer followed by fluoride trapping by the
nascent cation (path-2) was previously postulated by Sammis and co-workers [81].

The dissociation of Cu(I) from [(LOF)—Cu(I)] completes the formation of fluorinated product LOF (3). This step
is endergonic by 25.2 kcal/mol, and is calculated to be the highest energy demanding step of the entire Cu(I)-mediated
deconstructive fluorination process. In contrast, in the analogous Ag(I)-mediated reaction, this step was calculated to
be endergonic by only 5.8 kcal/mol [86].
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Figure 8. Calculated representative structures, along with their key geometry parameters (distances are in A), of the
proposed mechanism for the deformylative fluorination by Selectfluor®. Energies (in kcal/mol) are provided relative
to pre-reaction complex as AH/AG.

C.2. Deformylative fluorination of hemiaminal (Path-B). The alternative “deformylative” C2-C3 bond
cleavage/fluorination pathway also starts from hemiaminal complex {[(LOH)-Cu](H-TEDA)}*, 9-s-Cu, but is
initiated by equilibration of the hemiaminal (LOH) to the corresponding aldehyde (Ald). This hemiaminal to aldehyde
transformation may occur either directly from 9-s-Cu, or following dissociation of [H-TEDAJ*, or via a metal-free
LOH — Ald equilibration. While we have previously stressed that calculations alone cannot unambiguously
distinguish these possibilities [86], we have now calculated that the conversion of (LOH) to linear aldehyde (I-Ald)
is exergonic by 6.0 kcal/mol in the absence of other coordinating groups, but endergonic by 2.2 kcal/mol for the Cu-
coordinated hemiaminal (see the Supporting Information). We have identified several lower energy isomers of the
[(Ald)-Cu] complex (see also Figure S5 in the Supporting Information), and use the lowest energy complex 16-s-Cu
as an initial point for calculations of the “deformylative” fluorination process. As previously demonstrated by us [86],
this multistep process involves a formyl H-atom abstraction by a TEDA?" radical dication, decarbonylation, and
fluorination of the C3-radical center by another equivalent of Selectfluor® steps.

In the current study, we examined the same mechanistic steps (see Figure 8) and found that a formyl H-atom
abstraction by [TEDA]*" radical dication from 16-s-Cu is exergonic by 21.0/20.6 kcal/mol and proceeds without free
energy barrier (the calculated energy barrier at the enthalpy level is only 1.2 kcal/mol, see Figure S7 of the Supporting
Information). The resulting intermediate, 17-d-Cu, has one unpaired a-spin delocalized at C2 (0.30 |e|), C3 (0.13 |e|),
Cu (0.21 |e|), and O (0.34 |e|). The subsequent decarbonylation from 17-d-Cu is endergonic by only 10.9 kcal/mol
and leads to another radical intermediate [L-Cu], 18-d-Cu, which upon reaction with another equivalent of
Selectfluor® completes fluorination of the C3-center. This step of the reaction is highly exergonic (by 58.3/46.4
kcal/mol). As in the “ring-opening” fluorination pathway discussed above, the crucial step of the “deformylative”
fluorination is also the product-releasing and catalyst-regeneration step, i.e. reaction 19-d-Cu — LF + [Cu-TEDA]*
— LF + Cu(l) + [TEDA]*', which is endergonic by 27.4 kcal/mol. This energy value is comparable to the 25.2
kcal/mol for the product-release step of the ring-opening pathway.

Conclusions

The computational studies and analyses presented here lead us to conclude that the Cu(I)-mediated deconstructive
fluorination of an N-benzoylated cyclic amine (LH) by Selectfluor® proceeds via: (a) substrate coordination, (b)
iminium ion formation followed by transformation to a hemiaminal species, and (c) hemiaminal fluorination.

1. Coordination of the amide substrate to the Cu center, occurs in a first step of the reaction.

2. Iminium ion formation from the [(LH)—(Cu(I)] adduct and Selectfluor® proceeds through F-atom coupled
electron transfer (FCET) mechanism to form, formally, an oxidative addition coupled electron transfer (OA+ET)
product [(LH")—(CuF)—~(TEDA)*], 7b-t-Cu.

3. Fluorination of the hemiaminal intermediate may occur via either ring-opening or deformylative fluorination
pathways. A ring-opening fluorination (i.e., via 3-C—C cleavage/fluorination) is a two-state reactivity (TSR) event.
However, a competing deformylative fluorination initiated by a hemiaminal to aldehyde equilibration, followed by H-
atom abstraction by a TEDA?" radical dication from the formyl group, decarbonylation, and fluorination of the C3-
radical center by another equivalent of Selectfluor® is also possible.

4. Facile oxidation of substrate is critical for both the iminium ion formation and hemiaminal fluorination steps.

5. In general, the Cu(I)- and previously reported [86] Ag(I)-mediated deconstructive fluorination of N-
benzoylated cyclic amine (LH) by Selectfluor® proceeds through similar mechanisms. In comparison to the Ag(I)-
mediated reaction, for the Cu(I)-mediated process, (a) iminium ion formation and hemiaminal fluorination have
smaller energy barriers, and (b) product release and catalyst re-generation are the most energy demanding steps.
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