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From Strong to Weak NF Bonds: On the Design of a
New Class of Fluorinating Agents’

Dani Setiawan,* Daniel Sethio,? Dieter Cremer,’* and Elfi Kraka’*

A set of 50 molecules with NF bonds was investigated to determine the factors that influence
the strength of a NF bond, with the aim of designing a new class of fluorinating agents. The
intrinsic bond strength of the NF bonds was used as bond strength measure, derived from local
stretching NF force constants obtained at the CCSD(T)/aug-cc-pVTZ and wB97XD/aug-cc-pVTZ
levels of theory. The investigation showed that the NF bond is a tunable covalent bond, with
bond strength orders ranging from 2.5 (very strong) to 0.1 (very weak). NF bond strengthening
is caused by a combination of different factors and can be achieved by e.g. ionization. Whereas,
the NF bond weakening can be achieved by hypervalency on the N atom, using a N—Ch (Ch: O,
S, Se) donor-acceptor type bond with different electron-withdrawing groups. These new insights
into the nature of the NF bond were used to propose and design a new class of fluorinating
agents. Hypervalent amine-chalcogenides turned out as most promising candidates for efficient
electrophilic fluorinating agents.

1 Introduction

The field of fluorination chemistry is an active area of research. !
Due to the favorable properties of fluorinated compounds, espe-
cially with respect to metabolic degradation and thermal stabil-
ity, fluorinated molecules have found many applications as phar-
maceuticals, agrochemicals, and materials.%>> More than 25 per-
cent of pharmaceuticals and 40 percent of agrochemicals on the
market contain fluorine atoms. ®7 The fluorinated drug molecules
bind stronger to the target active sites through possible halo-
gen bond formation and improve metabolic stability in living
cells. 817

The development of fluorination chemistry has been a long
journey, from one century ago with the first examples of elec-
trophilic and nucleophilic fluorination to the more recent flu-
oromethylation, difluoromethylation and trifluoromethylation. !
While the source for nucleophilic fluorine is abundantly avail-
able, the source for electrophilic fluorine is limited. 18 Initially,
radical fluorination with gaseous molecular fluorine F, (BDH(F-
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F) = 37.9 kcal/mol) 1920 was the only option for electrophilic
reactions. However its toxicity and the risks associated with its
handling, brings forward the effort to look for another source of
electrophilic fluorinating agents, starting from the 1960s, from
the O-F bonds, 2124 and recently in late 1980s and early 1990s
with NF bonds. 25-30

Recently, Togni’s reagents have become well known triflu-
oromethylating reagents in organic synthesis3'33 as the CF,
group can dramatically enhance chemical and metabolic stabil-
ity, lipophilicity, and binding selectivity.343¢ The discovery of
new fluorination agents in the last two decades, such as Se-
lectFluor 2830 and DAST (diethylaminosulfur trifluoride),3” has
provoked increasing interest in the development of fluorinating
agents. 1,38

Fluorination chemistry faces many challenges, such as lacking
generality, practicality, and predictability, making this an active
field of research. Many of the fluorinating agents on the market
contain NF bonds. Thus, it is important to understand the key
factors that influence the strength of the NF bond.

The efforts to relate bond lengths and bond strengths can be
traced to the works initiated in the 1920s by Kratzer3® and later
by Badger, “4! where they found an empirical relationship be-
tween bond lengths and stretching frequencies. This empirical
relationship was the basis for the tenet relating bond lengths
and bond strengths: "the shorter bond is always the stronger
bond". 4246 In the last three decades, it has been proved that this
tenet is not always true. A reverse bond length-bond strength
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(BLBS) relationship were observed, for example: in the fluoro
amines H NF; . and methyl fluoro amines (CH;) NF;  with
(n = 0-2),47-56 the fluorine bonds in substituted ethane homo-
logues, >’~>° the O-F bonds in HOF, OF,, and FNO, ®0-%4, and the
S-F bonds in the SF2 dimer. 9566

Vibrational spectroscopy is a powerful tool to identify and char-
acterize a molecule with the help of its vibrational modes. How-
ever, on a routine basis, the amount of information contained
in a measured vibrational spectra is not explored to its full ex-
tent. Konkoli and Cremer©7:%8 developed the extended use of vi-
brational spectroscopy by empowering the theory of local modes
for a dynamical model of the bond strength. They demonstrated
that the local mode analysis gives a direct way of determining
the intrinsic strength of a bond,>®%%71 which has successfully
been applied to both covalent bonds”1~74 and weak chemical in-
teractions. 141%75-85 In this work, we systematically studied the
strength of the NF bonds in a set of 50 representative molecules
and in the commercial fluorinating agent, SelectFluor. %13:86-88
SelectFluor is one of the most economical, stable (in various sol-
vents), and safe fluorinating agents '3 which are used in pharma-
ceuticals, agrochemicals, and advanced materials. 11:12:89-91 ge.
lectFluor has an electrophilic fluorine which can be donated to
other compounds. Thus, the knowledge of the key factors that
influence the strength of the NF bonds can be a guide to design a
new class of fluorinating agents.

The main objectives of this paper are: (i) to evaluate why the
NF bond becomes stronger upon ionization of the fluoroamine
molecules; (ii) to evaluate why the NF bond becomes weaker in
the case of hypervalent fluoroamine chalcogenides, and how an
additional electron withdrawing group (EWG) or electron donat-
ing group (EDG) affect the NF bond strength; (iii) to investigate
the interplay of electronic effects causing the strengthening or
weakening of NF bonds in general; (iv) to investigate the NF bond
strength in connection with the electrophilic fluorinating agent,
SelectFluor, and to show that upon ionization, the NF bond in the
SelectFluor radical becomes much weaker; and (v) to propose a
new class of electrophilic fluorinating agents which are based on
hypervalent fluoroamine chalcogenides.

To fulfill the objectives, a large number of quantum chemical
calculations were carried out on 50 fluoroamine molecules (see
Figure 1). The computational methods that were used in this
work are discussed in Section 2. In the Results and Discussion
Section (Section 3), we introduce the factors that influence the
strength of the NF bonds of the molecules investigated in this
work, followed by discussing the criteria for the design of a new
type of NF fluorinating agents. The concluding remarks of this
work are made in Section 4.

2 Computational Methods

Equilibrium geometries and normal vibrational modes of
molecules 1-26 and reference molecules R1-R2 were obtained
using Coupled Cluster theory with singles, doubles, and per-
turbative triples (CCSD(T)) >3 and Dunning’s aug-cc-pVTZ ba-
sis sets. 9496 For radical systems, unrestricted HF wavefunctions
were used as reference. These results were compared with the
fluoroamines (N1-N24) published previously (see Supporting In-
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formation).>> Molecules 21-26 and N16-N24 were re-calculated
at DFT level to verify that the chosen wB97XD functional re-
produces the CCSD(T) results. The results of molecules N16-
N2456 can be found in Table S1 Supporting Information. We
resort to DFT due to the size of our molecules of interest: the
commercial fluorinating agents (SelectFluor). The SelectFluor
compounds and its tetrafluoroborate counteranions 27-32, substi-
tuted chalcogenides 33-50, and corresponding bond strength or-
der (BSO) references R1-R2 were optimized using the ®B97XD 7
with Dunning’s aug-cc-pVTZ basis set.*49¢. For radical systems,
unrestricted U-wB97XD was used.

The normal vibrational modes of a molecule are coupled via
electronic and kinematic (mass) coupling. %7 Electronic decoupled
modes are obtained by solving the Wilson equation,°® where the
resulting normal modes are delocalized in the molecular frame-
work as a result of kinematic (mass) coupling. Previously, Konkoli
and Cremer demonstrated that a mass-decoupled equivalent of
the Wilson equation leads to local vibrational modes which are as-
sociated with a given internal coordinate, ¢,, (bond length, bond
angle, and dihedral angle), solving the mass-decoupled Euler-
Lagrange equations. 67-68 Furthermore, Zou and Cremer showed
that there is a one to one relationship between the local and the
normal vibrational modes, which can be verified with the Adia-
batic Connection Scheme (ACS).”° Therefore, the local (NF) vi-
brational force constant k% (NF) is the appropriate tool for the de-
scription of the NF bond strength via vibrational spectroscopy.

BSO Scaling. The conversion of local mode force constants, k4,
of NF bonds into bond strength order, BSO(NF ), were determined
with using the power relationship:

BSO(NF) = a(k")" @

As reference molecules, H,NOH (R1) and HNO (R2) were used:
the k* associated with the N—O bond in H,NOH (R1) was set to
have BSO = 1 and the k“ associated with N=0 bond in HNO (R2),
was set to have BSO = 2. It was also assumed that & = 0 equals
to BSO n = 0. At the CCSD(T)/aug-cc-pVTZ level of theory: a =
0.402 and b = 0.669, while at ©B97XD/aug-cc-pVTZ: a = 0.369
and b = 0.654 were obtained.

NF BSO Scaling. Further scaling was done to scale the NF bond
in HyN—F (R3) to have BSO = 1. As a result, the scaling factor
feesp(ry = 0.962 was applied for BSO obtained from CCSD(T)
and fgpo7xp = 0.992 for BSO obtained from DFT leading to

BSO(NF)scaled _ fn XBSO(NF)unscaled

where n: @B97XD, CCSD(T).

The CCSD(T) calculations were performed using the
CFOUR%:100 program, while DFT calculations were done
with the Gaussian09 101 package. All CCSD(T) calculations were
carried out using a convergence criterion of 10~/ Hartree Bohr~!
for geometry and for the self-consistent field (SCF) iterations, and
a threshold of 10~ for the CC amplitudes. All DFT calculations
were carried out with an ultrafine integration grid 12 and a tight
convergence criterion for the forces (107>) and displacements in
the geometry optimizations. Each equilibrium geometry obtained
by either CCSD(T) or DFT corresponds to a geometry minimum.

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 NBO charges of molecules 1-50 and N1-N24 in me. The numbers represent the partial atomic charges on N atoms (blue) and F atoms (green)
(for Group 1: H atoms (magenta) and other atoms or functional groups (black), while for Group 2: CH,ClI functional group (magenta), the
—CH,—CH,— group (black), and the tetrafluoroborate counteranions (red), and for group 3 and 4: functional group (magenta) and atoms O, S, and Se
(black)). For Group 1 (molecules 1-26 and N1-N24), NBO charges were calculated at the U/R-CCSD(T)/aug-cc-pVTZ level of theory; (underlined
numbers for molecules 21-26 and N16-N24: U/R-wB97XD/aug-cc-pVTZ NBO charges for comparison). For Group 2 - Group 4 (molecules 27-50)
NBO charges were calculated at the U/R-wB97XD/aug-cc-pVTZ level of theory. The underlined numbers for Group 2 molecules reflect the charge of
methyl group attached to N1 (left) and that of the methyl group attached to N2 (right)).

NF bond dissociation energies and enthalpies were calculated
using the G4 method. 193 The calculated charge distribution was
obtained via the natural population analysis within the natural
bond orbital (NBO) scheme, 194105 where responce densities
were used for CCSD(T). The electron density and the energy
density 106108 4t the NF bond critical points109-111 were calcu-
lated using the AIMAIl program.!12 Local mode force constants
and frequencies®” were calculated using COLOGNE2017.113
The pyramidalization angle of the NR, amines were determined
according to the scheme proposed by Haddon. 114

3 Results and Discussion

The results are organized in the following way: first, the use of
local mode analysis as a measure of intrinsic bond strength is dis-
cussed (Subsection 3.1). Second, the strength of the NF bonds

This journal is © The Royal Society of Chemistry [year]

from strong to weak, which can be tuned by ionization or hyper-
valency, is discussed, followed by factors affecting the strength of
NF bond in fluoroamines (Subsection 3.2). Third, the NF bond in
SelectFluor is discussed (Subsection 3.3), followed by the discus-
sion of the designing of a new class of fluorinating agents (Sub-
section 3.4).

3.1 Local Mode Analysis as A Predictive Tool

Intrinsic vs. Thermodynamic Bond Strength Parameter. Bond
dissociation energy (BDE) and bond dissociation enthalpy (BDH)
are important parameters for the description of chemical reac-
tions. They are also widely used as a measure of chemical bond
strength, where values are calculated by taking the energy (en-
thalpy) difference between the molecule at its equilibrium and
the dissociated molecular fragments in their ground state. How-

Journal Name, [year], [vol.], 1-15 |3
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ever, BDE and BDH are of limited value for the description of the
intrinsic bond strength, because they include geometry relaxation
and electron density reorganization of the fragments, as pointed
out by Cremer et al. 5%56:115 Therefore, the local force constant
k* and the related BSO are the most suitable measure of the in-
trinsic bond strength for covalent bonds”'~74 and weak chemical
interactions. 14.15.75-85

The correlation of k* (BSO) with BDE for many molecules has
shown that a chemical bond may have a large value of k* but low
BDE, or the inverse. >>°6:82 A low BDH value is a consequence of a
large relaxation energy of the one or both dissociated fragments,
while a high BDH value implies there is only little reorganiza-
tion of the electronic structure and geometry upon dissociation.
One striking example is with nitrosyl fluorides 21 (¥ = 1.832
mdyn//ox; BDH(NF) = 61.41 kcal/mol) and difluoroamine oxide
radical 24 (k4 = 2.180 rndyn/A; BDH(NF) = 6.12 kcal/mol) (see
Figure 2), which fluorine dissociates through the following reac-
tions:

O=NF — O=N + F
O=NF, — O=NF + F

The k?(NF) increases in values for about 18%, while the BDH(NF)
increases 10 times higher, which is due to large differences in ge-
ometry and electronic structures between the two radical frag-
ments and the nitrosyl fluoride molecules, while for the difluo-
roamine oxide radical, both the dissociated radical fluorine and
nitrosyl fluoride have similar geometries and/or electronic struc-
tures with the undissociated molecules. 5°:56.73,82,115
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Fig. 2 The NF Bond Dissociation Enthalpy BDE and the corresponding
local mode force constant k(NF) of the molecules 1-26 and N1-N24
calculated at U/R-CCSD(T)/aug-cc-pVTZ level of theory.

We found for molecules 1-26 and N1-N24 no obvious correla-
tion between local mode force constants k¥ and BDE or BDH. For
EWG- and EDG- substituted fluoroamine chalcogenides, the low
k?(NF) values for both groups of molecules do not necessarily
reflect the BDE(NF): EWG-substituted have low BDE(NF) values
while EDG-substituted BDE(NF) are larger (Figure 2). While both
groups have similar NF bond strength, it seems that the dissocia-
tion products of the EWG-substituted fluoroamine chalcogenides

4| Journal Name, [year], [vol.],1-15

have larger resemblance in terms of the relaxed geometries and
importantly the electronic structure of the chalcogenides with the
dissociated fragements: i.e. the EWG-substituted fluoroamine
chalcogenides have already some (di-)radicaloid characters due
to large negative charges in both of N and F atoms.

3.2 NF bonds: From strong to weak
3.2.1 Strong NF Bonds.

Table 1 and Figure 1 summarize molecular geometries, NBO
charges, and NF bond properties of molecules 1-26 with strong
NF bonds. The different effects that influence the NF strength are
discussed in this section.

[ —
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z 157 o Medium
o 4 _L#
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T 21 22°
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Fig. 3 The NF bond strength order (BSO) n(NF) of molecules 1-26 and
N1-N24 calculated at U/R-CCSD(T)/aug-cc-pVTZ level of theory.

Ionization Effect. The first ionization energy from [N-F] (N1)
to [N-F]'t (1) is 12.16 eV (exp. 12.26 €V, 11 Table S4, Support-
ing Information). The resulting NF bond in [N-F]'* (x)1lisa
shortened NF bond from 1.318 to 1.184 A (exp. 1.180 A) 1 with
NF stretching force constant k*(NF) = 11.742 mdyn/A (bond
strength order, BSO n(NF), 2.008) (see Figure 3). This is stronger
than the CC bond in ethene C,H, (k“(CC) = 9.201 mdyn/A) 117
with predicted BDH(NF) of 175.22 kcal/mol (i.e. a 2.281 BSO
ratio with respect to the neutral NF).

NF bonds become very strong upon second ionization. Through
second ionization, the NF bond in [N-F1*t(1£*) 2, which is
isoelectronic to the molecular nitrogen N,, is shortened from
1.184 to 1.099 A with an NF stretching force constant of 16.890
mdyn/A. This means that the NF bonds are about the same
strength as the CC bond in ethyne C,H, (k*(CC) = 16.191
mdyn/A),17 but weaker than the NN bond in N, (k(NN) =
22.409 mdyn/A).73 The double ionization energy from [N-F]
to [N-F]?* is 35.85 eV (CCSD(T), Table S4, Supporting Infor-
mation). The corresponding NF in [N-F]>*(!£1) 2 has a bond
strength order of 2.561 (BSO n(NF) = 2.561). Based on the com-
posite G4 method, the two-and-half NF bond order is predicted to
have bond dissociation enthalpy BDH of 260.96 kcal/mol, which
is higher than triple ratio (3.39) of the corresponding BDH of
the neutral NF molecule, 76.83 kcal/mol. Furthermore, from a

This journal is © The Royal Society of Chemistry [year]
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Table 1 NF bond distances R(NF), local mode frequencies w“(NF), force constant k“(NF), bond strength order BSO n(NF), electron densities p,,
energy densities H,, the energy density ratio ’;— NF bond dissociation energy BDE and enthalpy BDH for molecule 1-26 and reference molecules

R1-R2, calculated at U/R—CCSD(T)/aug—cc—pV‘TZ level of theory

# Molecule (State), Sym. R(NF) o“(NF) k*(NF) BSO pe(NF) H.(NF) %(NF) BDE* BDH*
A (emh  mdywd) AP (/A 0/AY (hfe) — (hedh) (heat
N-F in Cations
1 [N-FI T (2Z7), Cony 1.184 1572 11.742  2.008 3.436 -6.901 -2.008  177.49 175.22
2 [N-F1?* (1), Cooy 1.099 1886 16.890  2.561 4370  -10.591 -2.424  263.73 260.96
3 [HN-F1*('4), C,, 1.237 1393 9.215 1.708 3.030 -5.021 -1.657  116.20 112.23
4 [FN-F1* (*A}), Cay 1.245 1260 7.539 1.493 3.090 -4.697 -1.520 82.52 80.32
5 [C=N-F]'* (*ID), C.., 1.256 1354 8.705 1.644 2.939 -3.943 -1.341 81.82 78.75
6 [C=N-F12* ('T1), Cooy 1.222 1348 8.628 1.634 3.225 -4.522 -1.403  123.48 121.71
7 [N=N-F]* (1), Cuoy 1.246 1331 8.418 1.607 3.022 -4.080 -1.350 91.52 88.65
8 [H,N-F]+ (24", C, 1.280 1329 8.384  1.603 2.763 -3.772 -1.365  120.02 115.21
9 [H,N-F12+ (A", C 1.202 1510 10.826 1.902 3.388 -5.950 -1.756 164.69 157.79
10 [H(F)N-F]'+ (24", C, 1.276 1260 7.545 1.494 2.846 -3.773 -1.326 78.72 75.61
11 [H(F)N-F12* ('4,), Cy, 1.211 1433 9.756 1.774 3.427 -5.408 -1.578  123.00 117.38
12 [FaN-F1+ (A1), Csy 1.281 1179 6.602 1.366 2.859 -3.591 -1.256 38.70 36.29
13 [FaN-F12F('E), Cs, 1.221 1353 8.693 1.642 3.379 -4.829 -1.429  112.30 109.13
14 [H3;C(H)N-F]' ™ (24), C; 1.301 1140 6.177 1.307 2.613 -3.348 -1.281 88.34 83.14
15 [H3;C(H)N-FI*+(14), C, 1.282 1225 7.127 1.438 2.817 -3.586 -1.273 40.45 37.59
16 [H3C(F)N-F]*+(24"), C, 1.294 1189 6.714  1.382 2.718 -3.442 -1.266 65.01 61.13
17 [H3C(F)N-F]2+ (14", C, 1.250 1263 7.573 1.497 3.121 -4,322 -1.385 89.52 84.14
18 [HN=N-F]2* ('II), Cey 1.214 1196 6.789 1.392 3.310 -4.674 -1.412  141.48 137.62
19 [FN=N-F]?>* ('I1,), Do) 1.230 1138 6.150 1.303 3.158 -4.177 -1.323  117.95 114.43
20 [H,C=N-F12 ('B,), Cy, 1.197 1528 11.087 1.932 3.443 -5.588 -1.623  127.69 122.89
Ch=NF (Ch=0,S,Se)
21 [0O=N-F](?4"), C, 1.514 623 1.832  0.580 1.513 -1.016 -0.671 63.14 61.41
22 [S=N-F] (24", C, 1.436 719 2490  0.712 1.816 -1.559 -0.858 48.32 46.82
23 [Se=N-F](24"), C, 1.413 798 3.034  0.812 1.921 -1.785 -0.929 53.44 51.86
Ch=NF,"
24 [0O=N(F)-FI' ®By), Ca, 1.436 678 2.180  0.651 1.879 -1.543 -0.821 7.95 6.12
25 [S=N(F)-F1'(*B,), Ca, 1.390 860 3515  0.896 2.095 -2.036 -0.972 26.48 24.49
26 [Se=N(F)-FI' ®B), C, 1.390 882 3.693  0.926 2.086 -2.051 -0.983 33.65 31.67
References:
NO bonds
R1  H,N-OH('A), C, 1.443 942 3.905  0.962 1.924 -1.562 -0.812 69.08 62.98
R2  HN=0('4"), C, 1.210 1582 11.007 1.923 3.505 -5.496 -1.568  167.50 164.71

*BDE and BDH are calculated with the G4 method.

high level B3LYP//CCSD(T)/CBS calculation, the enthalpy of for-
mation of [N-F]'* is predicted to be 340.6 kcal/mol '8 and the
results from large multireference calculations show that 2 is ki-
netically stable, 119-121 with a barrier of about 106 kcal/mol. 120
The formation of [N-F]>* has been experimentally detected by
mass spectroscopy, from electron impact ionization of NF,. 122

The ionization of the NF molecule increases the natural bond
orbital (NBO) charges of each N and F atom. In neutral NF N1, as
F is a more electronegative than N (Pauling electronegativity yr =
3.98 and yn = 3.04 ), F has a negative charge of -210 milielectron
(me) while N has a positive charge of +210 me (see Supporting
Information, Table S5). Upon single and double ionization of
N1, F become positive, i.e. +154 (1) and +499 me (2), while
less electronic shielding leads to a larger positive charge on the N
atoms: 123 +846 (1) and +1501 me (2) (see Figure 1).

The strengthening of the NF bond is caused by increasing the
covalent characters. From the electron density analysis of the NF
bond at bond critical point p., there is a significant increase from
2.391 (N1), to 3.436 (1) and 4.370 e/A3 (2), and an increase
of covalent character as indicated by the more negative values

This journal is © The Royal Society of Chemistry [year]

of the energy density ratio

H(‘

o -1.332 (N1), -2.008 (1) and -

2.424 h/e (2) (see Figure 4). "These results are in line with the
trend shown by the (multi)-cation of diatomic molecules.”3:120
The strong electronegativity of the [N-F]'T is considered an im-
portant factor in the plasma etching of the Si/SiO,, where it may
strongly bind to the O atom through the N atom. 24 Moreover,
the less steric hindrance due to the missing (lone pair) electrons
from the non-bonded region also leads to a shorter N-F bond dis-
tance, i.e. the exchange repulsion between lone pairs of N and
F become smaller in 1 and 2 compared to the neutral compound
N1.

Protonation and Fluorination of NF bond. The protonation
and fluorination of the N atom in 1 decreases NF bond strength
order from 2.008 to 1.708 (3) and 1.493 (4) respectively, and also
decreases the covalent character of the NF bonds. The additional
electropositive H (3) decreases the charge of the central N atom
to +511 me, while the electronegative F (4) just slightly increases
the N charge to +848 me (compared to +846 me in 1). The fact
that the charge on the F atoms decreases from +154 (1) to +133
(3) and +76 me (4), indicates that the bond weakening is due to
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Fig. 4 The energy density % at the N-F bond critical point for
molecules 1-26 and N1-N24 calculated at U/R-CCSD(T)/aug-cc-pVTZ
level of theory.

the electrons being more attracted to the F atoms’ domain than
to the NF bond region, which is also confirmed by the electron
density analysis (0.406 (3) and 0.346 e/A3 (4) decrease). With
respect to their neutral counterpart N2 and N3, the NF bonds in
3 and 4 are significantly stronger (Table 1, Figure 1).

NF bonds in N2 and N3 were shown to have a reverse bond
length-bond strength (BLBS) relationship,®® contrary to their
cationic counterparts 3 and 4. The NF bond in N3 is shorter but
weaker than the one in N2, while NF in 4 is longer (R(NF) =
1.245 A) and weaker (BSO n = 1.493) than the one in 3 (R(NF)
= 1.237 A; BSO n = 1.708). The NF bond in N3 is weakened by
the lone pair-lone pair (Ip(F)-1p(F)) repulsion, > which cease to
exist in 4 due to reduced electron densities at F (NBO charges of
+76 me, compared to -206 me in N3). The NF bond in 4 is due to
the (mutual) anomeric delocalization of one of the in-phase (ip)
Ip(F) to the vicinal 6*(NF), which is missing in 3. From the sec-
ond order perturbative analysis of donor-acceptor in NBO basis,
it shows that the anomeric delocalization in N3 (2e-stabilization
AE;; 6.05 kcal/mol) is not as strong as in 4 (AE;; 15.84 kcal/mol)
due to lower electronegativity of its F substituents compared to
the positively charged F atoms in 4.

Carbene- and Nitrene-fluoroamines. The single ionization of
carbene-fluoroamine 5 increases the NF bond strength order from
1.399 in neutral N4 to 1.644. As in the previous case, the NF
bond strengthening is due to an increased in the electron den-
sities at the NF bond critical point (Table 1). Surprisingly, the
further ionization of 5 to 6, slightly decreases the bond strength
order to 1.634, while the electron density at NF bond critical point
are slightly increased by 0.286 /A3 due to a mutual increase of
charges on both N and F (Figure 1). However the BDH(NF) of 6
is 1.5 times higher than 5 due to the lower stabilization-energy of
the dissociated fragment [CN]?>* compared to [CN]*.

The weaker NF bond in 6 (BSO n = 1.634; R(NF) = 1.222
A) is also a shorter bond than in 5 (BSO n = 1.644; R(NF) =
1.256 Z\), thus a reverse BLBS anomaly. This is also observed for
the cationic nitrene-fluoroamine 7, which is isoelectronic with 6,

6| Journal Name, [year], [vol.],1-15

and has a shorter (R(NF) = 1.246) but weaker NF bond (BSO
n = 1.607) than 5. The anomaly can be explained as follows:
(i) The NF bond shortening is due to the increase of the bond
polarization, i.e. the charge of C atom 6 is significantly larger
than the one in 5, while in 7 it is due to electronegativity (N is
more eletronegative than C), which leads to a shortening of 0.010
10{; (i) The NF bond weakening is due to the Ip(F) and 7#(CN) (6)
/ T(NN) (7) repulsion.

Fluoroamines. The reverse BLBS anomaly in neutral fluo-
roamines N5-N7,°° are generally lost upon ionization, except
for one: the shorter NF in cationic difluoroamine 10 (R(NF) =
1.276 A; BSO n = 1.494) is weaker than the NF in cationic 8
(R(NF) = 1.280 f\; BSO n = 1.603). There is a significant hyper-
conjugation (AE;; 56.86 kcal/mol) from Ip(F) to partially filled
Ip(N)(i.e. N(10): +554 me) which shorten the NF bond, and due
to the Ip(F)-1p(F) repulsion (/FNF = 114.1°). In the fluoroamine
8, there is only a small anomeric delocalization of Ip(F) to the
o*(NH).

The bond elongation and subsequent weakening in trifluo-
roamine cationic radical 12 is due to the large hyperconjuga-
tive effect (AE;; between 17.90 - 133.03 kcal/mol) of mutual de-
localization from o (NF) to o*(NF), which was previously very
small (AE;; = 1.40 kcal/mol) in the neutral counterpart N7 and
is overridden by the stronger anomeric delocalization effect of
7.15 kcal/mol. Thus, there is a direct BLBS relationship for 12
compared to 8 and 10. The cationic trifluoroamine 12, for which
the study of its inversion barrier was of main interest for spec-
troscopists and theorists in the late 1980s12>-135 is an impor-
tant intermediates for plasma etching and cleaning of semicon-
ductors. 136

For dicationic species 9, 11, and 13, the normal BLBS relation-
ship is also observed: The NF bond lengthening in 11 and 13 are
due to bond polarity and anomeric effect Ip(F) — o*(NH) which
consequently weakens the NF bond. The dicationic fluoro- 9 (k¢
= 10.826 mdyn/A; BSO n = 1.902) and difluoro-amine 11 (k*
= 9.756 mdyn/f\; BSO n = 1.774) are among the strongest NF
bonds in the series. The strength of the NF bond in 9 is enhanced
through the strong inductive effect of positively charged N (+483
me) and F (+398 me). The roughly equal positive charge of both
atoms means that electrons delocalized into the NF bond region
will be distributed equally between the two, giving more covalent
character (H./p. = -1.756 h/e). From the NBO analysis of 11,
through the bond delocalization of ip Ip(F) — ¢*(NH) (AE;; 6.82
kecal/mol), N become more positively charged (+821 me) than
the F atoms (4+297), reducing the covalent character of NF bond
(He/p. = -1.578 h/e), and consequently weaken the NF bond,
which is worsened by the delocalization of ip Ip(F) — o*(NF).
For 13, the charge imbalance between N (+1127) and F (+291)
with ip Ip(F) — 6*(NF) is still present. The increase of charge in N
atoms has also been experimentally shown by Olah and cowork-
ers to be due to the inductive effects; the higher number of flu-
orine substituents in NR,F gives higher >N NMR chemical shifts
(deshielding) which thus increase the positive charge on the cen-
tral N atom. 123

Methyl Fluoroamines. Comparing 9 with 15 and 11 with 17,
in which one H atom is substituted with a methyl group that has a

This journal is © The Royal Society of Chemistry [year]
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stronger electron-donating capability, the NF bonds are weakened
for both 15 (k% = 7.127 mdyn/A; BSO n = 1.438) and 17 (k% =
7.573 mdyn/f\; BSO n = 1.497). The electron delocalization from
the methyl unequally decreases the positive charge at N (+241
(15)) and F (+71 (15), +159 me (17)) while slightly increasing
the charge at N in 17 (+831 me), giving a the weaker NF bond
with less covalent character.

The Diazene- and Methene-fluoroamines. The NF bond
strength in diazenes 18-19 can be analyzed against the nitrene
7: the additional proton (18), or fluorine cation (19) on the ter-
minal N atom at nitrene, cause further imbalance of positive N
and F charges, thus NF bond in diazenes are weaker than NF in
nitrene. However, interestingly the methene fluoroamines 20, for
which the NF bond has a local force constant k% 11.087 mdyn/A
and a bond strength order BSO n 1.932, which is only slightly
weaker from the second strongest NF bond in the series, the [N-
FI'* (1). The imbalance of charges between N and F in methene
fluoroamine 20 is much less than in 1. However, due to lack of
surrounding chemical environment in 1, its NF bond has more
covalent character (H./p, = -2.008 h/e) than the NF bond in 20
(He/pc = -1.623 h/e). Looking into the second-order perturba-
tive NBO donor-acceptor analysis reveals that the strong NF 20
is due to the strong delocalization of both in-phase (ip) (AE;;
27.81 kcal/mol) and out-of-phase (oop) (AE;; 10.48 kcal/mol)
Ip(F) — n*(CN).

Effect of the Electron Ionization on Molecular Geometry.
Double ionization of pyramidal (bent) structures leads to a pla-
narization (linearization) of the molecule. Planarization occurs
in [NH,F1?* (9), [NF,H]?* (11), [NF;]2* (13), [MeHNF]**
(15), [MeNF,]2* (17), [HNNF]?* (18), [FNNF]?* (19), and
[HZC:NF]ZJr (20), while linearization is apparent in the cis- or
trans-diazene N11-N14 which become linear diazene 18 and 19.
The planarization/linearization of geometries plays some role in
the NF bond strengthening in cationic species, as has been de-
scribed previously. >>-56:82

In fluoroamine [H,NF] + (8), loss of a single electron results in
a (,, planar structure due to the small size of the hydrogens. For
other pyramidal structures, a single ionization tends to decrease
the pyramidalization 6, angle, 137 while for a bent structure like
N2 and N3, it enlarges the bond angle, i.e. 100.0° (N2) and
103.1° (N3) to become 104.8° (3) and 107.9° (4) respectively
(Supporting Info, Figure S1).

It is also noteworthy that upon an electron pair ionization from
[FN-FIT (3), the resulting [FN-F]3* (!Z}, D..;,) is linear, while
upon the [HN-F]* (2), the resulting [HN-F]3" is dissociated into
NF2* and H*. The [EN-FI** (', D.,;,) has R(NF) = 1.144 A
with k*(NF) = 12.161 mdyn/A n(NF) = 2.056, o(NF) = 1600
em~! and energy density ratio at bond critical point of -1.775
Hartree/electron. However, [FN-F]37 is an exotic species, and is
higher in energy than [FN-F]* by 58.77 eV and [FN-F] by 70.28
eVv.

U/R-CCSD(T)/aug-cc-pVTZ vs. U/R-0B97XD/aug-cc-pVTZ
Figure 5 compares the NF bond strength order (BSO n(NF)) of
molecules 21-26 and N16-N24 calculated at U/R-CCSD(T)/aug-
cc-pVTZ and at U/R-wB97XD/aug-cc-pVIZ levels of theory.
®wB97XD and CCSD(T) results show similar trends. Therefore,

This journal is © The Royal Society of Chemistry [year]

Physical Chemistry Chemical Physics

the restriction to @B97XD for the for remaining molecules 27-50,
including the SelectFlour series, is justified.
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Fig. 5 Comparison of the NF bond strength order (BSO n(NF)) of
molecules 21-26 and N16-N24 calculated at U/R-CCSD(T)/aug-cc-pVTZ
and U/R-wB97XD/aug-cc-pVTZ levels of theory.

3.2.2 Weak NF Bonds.

Table 2 and Figure 1 show the molecular geometries, NBO
charges, and the NF bond properties of weak NF bonds, molecules
21-50. Different types of weak NF bonds will be discussed in this
section.

In a previous study,°® we have found weak NF bonds, with in-
trinsic BSO n < 0.500, when we tried to investigate the nature
of hidden bond strength anomaly, i.e. the shorter the NF bonds
are not necessarily the stronger, in the fluoroamine-chalcogenide
compounds. In this paper, we would like to extend this knowl-
edge by investigating the nature behind these, by systematically
showing how hypervalency and EDG or EWG substitution to these
moiety leads to weaker NF bond. We compared how the NF bond
strength changes upon series of Ch=N—F_, (Ch = O, S, Se; n =
1-3) molecules/radicals. The interesting properties of the weak
NF bonds are that they may have an efficient source for elec-
trophilic fluorine, which is an important tool for synthesis of many
molecules. 918,138

Ch=NF Molecules. Fluoroamine oxide (or nitrosyl fluoride)
21 has a weak intrinsic NF bond strength (k* = 2.046 mdyn/A;
BSO n = 0.585), while stronger NF bonds in fluoroamine sulfide
22 (k* = 2.883 mdyn/A; BSO n = 0.732), and selenide 23 (k4 =
3.446 mdyn//o\; BSO n = 0.822) have lower BDH(NF) than 61.41
kcal/mol (21): 46.82 (22) and 51.86 kcal/mol (23). With heav-
ier chalcogenides, which are more electropositive in nature, the
stronger NF bond is due to stronger inductive effect which gives
higher electron occupation of N atom: +466 (21), -517 (22),
and -712 me (23). The most covalent character is in the NF bond
of 23 due to a balanced distribution of electrons in the bonding
region H./p. = -0.952 h/e, while NF in 21 is weakened due to
electrons that are more localized at the F atoms giving a weaker
covalent bond (H./p. = -0.671 h/e) (see Figure 7). Also from
the NBO analysis, there is some extent of anomeric delocaliza-
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Table 2 NF bond distances R(NF), local mode frequencies w“(NF), force constant k“(NF), bond strength order BSO n(NF), electron densities p.,
energy densities H,, the energy density ratio ’;— NF bond dissociation energy BDE and enthalpy BDH for molecule 21-50 and reference molecules

R1-R3, calculated at U/R—wBQ7XD/aug—cc—pV‘fZ level of theory

# Molecule (State), Sym. R(NF) @*(NF) k*(NF) BSO pc(NF) H.(NF) %(NF) BDE* BDH*
A (em)  mdyn/d)  aNF) (/A (n/AY) (hfe) (ke (heat
Ch=NF (Ch=0,S,Se)
21 [0=N-F](?A), C 1.492 656 2.046 0.585 1.605 -1.077 -0.671 63.14 61.41
22 [S=N-F](24"), C, 1.409 779 2.883 0.732 1.950 -1.728 -0.886 48.32 46.82
23 [Se=N-F1(3A), C, 1.390 852 3.446 0.822 2.040 -1.942 -0.952 53.44 51.86
Ch=NF;"
24 [0O=N(F)-FI (3B,), Cs, 1.419 726 2.506 0.668 1.963 -1.598 -0.814 7.95 6.12
25 [S=N(F)-F1 ®By), Ca, 1.375 901 3.855 0.885 2.173 -2.090 -0.962 26.48 24.49
26 [Se=N(F)-F] (*B,), Co, 1.374 926 4.070 0.917 2.176 -2.133 -0.980 33.65 31.67
SelectFluor
27 [(E-TEDA)] T, ¢ 1.954 493 1.154 0.402 0.535 -0.060 -0.113 18.92 16.62
28 [(F-TEDA)1*t, ¢, 1.367 1077 5.511 1.117 2.246 -2.196 -0.978 64.85 60.81
29 [(F-TEDA) (BF4)T, C, 1.960 493 1.155 0.402 0.529 -0.058 -0.109 25.06 22.82
30 [(F-TEDA) (BF4)1T, C; 1.374 1055 5.282 1.087 2.196 -2.129 -0.969 64.69 60.69
31 [(F-TEDA) (BF4)2] —, C; 1.976 471 1.053 0.379 0.510 -0.050 -0.097 30.44 28.30
32 [(F-TEDA) (BF4)21, C; 1.381 1033 5.072 1.058 2.152 -2.066 -0.960 64.96 61.31
Subst. Chalcogenides
33 0=N((CF3),)-F(*A"), C, 1.579 580 1.598 0.497 1.316 -0.677 -0.515 40.91 38.15
34 S=N((CF3),)-F('A"), C, 1.668 368 0.643 0.274 1.049 -0.394 -0.376 20.20 17.48
35 Se=N((CF3)»)-F(*4"), C, 1.615 169 0.135 0.099 1.197 -0.537 -0.448 14.27 12.24
36 0=N((NO»)»)-F('A4), C, 1.465 656 2.044 0.584 1.745 -1.248 -0.715 47.77 43.44
37 S=N((NO»)»)-F('A), C; 1.408 707 2.377 0.645 1.995 -1.711 -0.858 33.96 32.28
38 Se=N((NO,),»)-F(A), C, 1.381 814 3.146 0.775 2.131 -2.004 -0.940 28.97 27.00
39 0=N((CN)»)-F(*'4"), C, 1.632 487 1.125 0.395 1.156 -0.502 -0.434 25.44 23.64
40 S=N((CN)»)-F(*'4"), C, 1.807 381 0.688 0.287 0.739 -0.160 -0.217 12.88 11.58
41 Se=N((CN),)-F(*A"), C, 1.835 329 0.514 0.237 0.689 -0.130 -0.189 10.51 9.28
42 0=N((CH3),)-F('A"), C 1.669 453 0.974 0.360 1.037 -0.401 -0.386 57.49 54.89
43 S=N((CH3),)-F('A"), C 1.572 303 0.435 0.212 1.319 -0.695 -0.527 39.02 36.97
44 Se=N((CH3),)-F('A"), C, 1.451 652 2.017 0.579 1.782 -1.386 -0.778 38.15 35.98
45 0=N((NH»),)-F('4), C, 1.594 479 1.090 0.387 1.280 -0.639 -0.499 56.89 53.68
46 S=N((NH»),)-F(*4), C; 1.497 375 0.668 0.281 1.623 -1.076 -0.663 42.07 40.06
47 Se=N((NH,),)-F(14), C, 1.450 594 1.678 0.514 1.822 -1.400 -0.768 39.03 37.00
48 0=N((0OH),)-F('A"), G, 1.532 530 1.332 0.442 1.515 -0.902 -0.595 56.15 53.67
49 S=N((OH)»)-F(*4"), C, 1.442 604 1.735 0.525 1.889 -1.455 -0.770 43.70 41.81
50 Se=N((OH),)-F('A"), C, 1.419 700 2.324 0.635 1.998 -1.661 -0.832 46.50 44.48
References:
NO bonds
R1 H,N-OH('A"), C; 1.427 1022 4.594 0.992 2.007 -1.594 -0.794 69.08 62.98
R2 HN=0('4"), C; 1.202 1736 13.264 1.984 3.662 -5.819 -1.589 167.50 164.71
NF bonds, H,N-F
R3 H,N-F('A), C 1.420 990 4.652 1.000 1.907 -1.765 -0.926 73.10 69.27

*BDE and BDH are calculated with the G4 method.

tion of Ip(Ch) (Ch = O, S, or Se) to the 6*(NF), which weakens
the NF bond: strong delocalization is observed for 21 (AE;; 94.56
kcal/mol) but weaker for 22 (AE;; 45.18 kcal/mol) and 23 (AE;;
30.80 kcal/mol).

Ch=NF, Radicals. Upon fluorination of the fluoroamine
chalcogenides 21-23, the resulting radical species 24-26 have a
stronger NF bond strength. The reason for this is the significantly
smaller weakening effect of Ip(Ch) (Ch = O, S, or Se) — o*(NF)
for 24 (AE;; 30.26 kcal/mol), 25 (AE;; 12.72 kcal/mol), and 26
(AE;; 7.48 kcal/mol). The other weakening effect of the 1p(F)
— 0*(NF) are very small (less than 1.00 kcal./mol).

Ch=NF; Molecules. Fluorination of 24-26 results in hyperva-
lent fluoroamine oxides N18, sulfides N21, and selenides N24.
This fluorination strengthens the intrinsic NF bond strength in
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N18 but weakens the NF bond in N21, and N24. The addition of
an extra fluorine significantly increases the positive charge of the
central N atom for all chalcogenides (A = +180 (N18), +257
(N21), +361 (N24) me), while slightly reducing the negative
charges among the fluorines (A = +36 (N18), +26 (N21), +62
(N24) me). This increases the inductive effect in NF bonds and
thus weakening the covalent bond. Another weakening factor is
the stronger Ip(Ch) (Ch = O, S, or Se) — 6*(NF) delocalization
as the additional fluorine lower the 6*(NF) energy. However the
strengthening of NF bond in N18 is an exception which might be
caused by the smaller magnitude of induction compared to the
one in N21 or N24.

Ch=NH; ,F,, Molecules. The substitution of one or two flu-
orines with hydrogens, weakens the NF bonds (N16-N17, N19-

This journal is © The Royal Society of Chemistry [year]
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level of theory.

N20, N22-N23), due to smaller induction compared to the tri-
fluoroamine chalcogenides. The inductive effects seems to play
the major role of weakening the NF bond, as in these hydrogen-
substituted molecules the anomeric delocalization Ip(Ch) (Ch =
O, S, or Se) — o*(NH) is preferable to that of o*(NF). With two
substituted fluorines, the extra mutual Ip(F) — o*(NF) will fur-
ther weaken the NF bonds.

EWG-substituted Fluoramine Chalcogenides. Except for
the nitro-substituted 36-38, EWG weaken the NF bonds in
trifluoromethyl- 33-35 and nitril-substituted 39-41 with respect
to the trifluoro oxides N18, sulfides N21, and selenides N24 coun-
terparts, with the weakening effect more significant for the sul-
fides and selenides. Electropositive S and Se cause large negative
charge at the central N atoms, the magnitude of which are large
and comparable to the negative charges at the F atoms, thus re-
sulting in the low electronic density at NF bond critical point. This
consequently decreases the covalent character of the NF bonds.

This journal is © The Royal Society of Chemistry [year]
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The oxides 33 and 39 are the least weakened for the opposite
reason: the electronegative O draws some at the electronic den-
sities from N domain, which in turn causes the positive charge at
N. These positive charges at N are however smaller than those in
trifluoroamine chalcogenides.

Polarized NF bonds due to the positive N and negative F, also
decrease the covalent character of the bond. However, thanks to
the higher electronegativity of N, the electronic densities at the
NF bonds are not as low as those in the sulfides or selenides,
which gives the oxides higher covalency degree thus stronger
bonds than the latter. With the EWG, the BDH(NF) also decreases
significantly if compared to the unsubstituted N16-N24.

In summary, Figure 8 shows that electropositive S or Se induce
back donation to the N resulting in cumulative electronic charges
at N atom. These additional electronic densities are further sta-
bilized by the EWGs and fluorine atoms, keeping the negative
charges at N atoms, thus localized negative charges at both end
of the NF bond weaken the bond.

For the nitro-substituted, only the oxide 36 give NF bond
weakening, which magnitude is smaller if compared to the
trifluoromethyl- 33 and nitril-substituted oxides 39 due to the
existence of competing anomeric delocalization between 1p(O)
— 0*(NN) and Ip(O) — o*(NF). The former causes the weak-
ening of the NN bond, resulting in a peculiarly long NN bonds
for species 36-38 (1.632-1.873 A, Supporting Information, Figure
S3). The sulfide 37 and selenide 38 has NF bond strengthening
due to the larger anomeric delocalization to the antibonding NN.

Ch=0 Ch=S, Se
© ® ©)
Ch Ch Ch
L@ ,{l@ L@/weakly@
v EWG'¥ EDG'¥
®BWNe” F Orwe” Ry @Epa” Ry

Fig. 8 The effect of EWG or EDG to the fluoroamine chalcogenides
33-50.

EDG-substituted Fluoramine Chalcogenides. Surprisingly,
EDG seems to have the same NF intrinsic bond weakening effects
as the EWG, but to a lesser extent (Table 2). This is due to the
EDG tending to give stronger delocalization to the N=Ch bonds,
thus giving negative charges at the chalcogens, even for the elec-
tropositive S and Se (Figure 8). The weakening mechanism with
the EDG is similar with the weakening mechanism of EWG of the
oxides. However, different from EWGs, the EDGs somewhat in-
crease the BDH(NF). The discrepancy between the k?(NF) and
BDH(NF) is discussed previously in Subsection 3.1.

3.2.3 Factors Affecting the Strength of NF Bonds in Fluo-
roamines.

Strong Bonds. From the trends, we discussed previously, NF in-
trinsic bonds strengthening are caused by a combination of mul-
tiple factors and can be achieved by: (i) Increasing the electron
density in the NF bond region by taking density from Ip(N) and
decreasing Ip(N)-1p(F) exchange repulsion via ionization. For ob-
taining strong NF bonds, it is preferable to have equal positive
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charges between N and F, especially if there exists an additional
electron-donating group (EDG) or an electron-withdrawing group
(EWG) attached to the N atom. (ii) The strong electronegativity
of F means that electrons from other less electronegative atoms
will be taken out upon ionization in fluoroamines. The lone pair
electrons of F then may become the source for the “bonding” of
electrons via induction. (iii) By attaching an EDG or EWG, delo-
calization of electron from EDG via hyperconjugation or anomeric
delocalization to N-F may increase electron density at the NF
bond region, if there is equalization of positive charge between
N and F, thus strengthening it. On the contrary, with the EWG,
electrons from N or F may delocalize to the EWG which reduces
the inductive power of the NF domain. (iv) Keeping the number
of substituent as low as possible, which allows one to have the
opportunity to utilize non-bonding electrons by the inductive ef-
fect. (v) Two or more geminal fluorines attached to the same
atom, which may have NF bond weakening effect due to mu-
tual anomeric delocalization of Ip(F) — o*(NF). (vi) Avoiding the
through-space 1p(F)-1p(F), through-bond Ip(F)-lp(N), or through-
bond Ip(F)-7(AX) electron-electron repulsions. (vii) Strong elec-
tronegative atoms like N and O, which are good candidates for
making strong fluorine bond. With the O, strong fluorine bonds
may also be achieved by e.g. OFt. CCSD(T)/aug-cc-pVTZ results
gives the OF bond distance R(OF) = 1.243 A; local mode force
constant k¥ = 8.243; and bond order BSO n = 1.585.

The Weak Bonds. Conversely, the NF bond weakening in fluo-
roamine is caused by: (i) The hypervalency of NR,F, in which
the lone pair electrons at N are exhausted by forming a new
donor-acceptor type bond N—Ch (Ch: O, S, Se). Anomeric de-
localization and larger inductive effects introduced by the chalco-
gens weaken the NF bonds. (ii) Geminal fluorine atoms, which
may further weaken the NF bonds which due to additional
Ip(F) — o*(NF). (iii) Electron withdrawing groups EWG in flu-
oroamine chalcogenides can interact with (especially electropos-
itive) chalcogenes stabilizing negative charge at both N and F
atoms, thus weakening the NF bond by reducing the electron den-
sity along the NF bond path. (iv) Electron donating groups EDG
may also weaken the intrinsic NF bond, with a similar mechanism
as found for the EWG in the fluoroamine oxides.

3.3 NF Bonding in SelectFluor

In this study, we focus on the simple model of SelectFluor (R
= -CH,Cl; X = BF,7), and investigate the NF bonds in closed-
shell (28, 30, 32) and radical form (27, 29, 31), with (29-32) or
without the presence of the tetrafluoroborate salts (27-28). We
conducted all calculations in the gas phase, as preliminary calcu-
lations using continuum solvation model with water, acetonitrile,
and dimethylformamide (DMF), shows only infinitesimal changes
(see Supporting Information Table S6).

NF Bonds. The radical form of SelectFluor ((27, 29, 31), Ta-
ble 2) has significantly weaker intrinsic NF bonds strength than
the closed-shell counterparts (28, 30, 32), with longer NF bonds,
have very low electron density at the bond critical points and are
indicated to have a very low covalent character from the low
energy density values. The BDH(NF) of the radicals are also
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significantly lower than the BDH(NF) in closed-shell molecules.
With the presence of counterions, the NF bond become somewhat
stronger while the BDH(NF) values slightly decrease.

Electron Affinity. The fact that the radicals have weaker NF
bonds, which is an important factor for the efficient fluorination
capability of SelectFluor, can be rationalized in the following way.
We may see that the radical forms of SelectFluor are the counter-
part of the closed-shell system upon receiving one extra electron.
The electron affinities of the closed shell molecules are large and
exothermic: 243.39 (28), 169.66 (30), and 100.17 kcal/mol (32,
Table 3), indicating that radical forms are favored and will eas-
ily be formed if there is an available source for single electron
transfer.

Table 3 The electron affinities EA (kcal/mol) upon capture of one
electron, calculated at U/R-wB97XD/6-31++G(d,p) level of theory*

Reaction  Molecule EAY EA° EA

SelectFluor
28 — 27  [(F-TEDA)]*" —

[(F-TEDA)] * -243.39
30 — 29 [(FE-TEDA)(BF,)]T —

[(F-TEDA) (BF4)T -169.66
32 531 [(ETEDA)(BF4),] —

[(F-TEDA) (BF4)2]1 ™~ -100.17

EWG-Substituted
33 0=N((CF3),)-F('A"), C, -10.98  -41.86 -30.88
34 S=N((CF3),)-F('A"), C, -46.79  -66.41 -19.51
35 Se=N((CF3)»)-F('A"), G, -54.93  -71.59 -16.41
36 0=N((NO»),)-F('4), C, -38.77 -39.98 -1.21
37 S=N((NO»)»)-F('4), C; -44.34  -49.34 -5
38 Se=N((NO,),)-F('A), C; -52.24  -55.34 -3.1
39 0=N((CN),)-F('A"), G, -52.47  -61.71 -9.24
40 S=N((CN)»)-F(*4"), C, -80.29  -79.94 0.36
41 Se=N((CN),)-F('A"), C, -84.95 -83.61 1.34

EDG-Substituted
42 0=N((CH3),)-F('A"), C, 47.72 -26.3 -74.02
43 S=N((CH3),)-F('A"), C, 7.84 -44.92 -52.76
44 Se=N((CH3),)-F(*4"), C, 2.98 -44.48 -47.46
45 0=N((NH,)»)-F(*4), C, 33.05 -34.74 -67.79
46 S=N((NH,)»)-F('4), C; 6.01 -45.64 -51.65
47 Se=N((NH,)»)-F('A4), C, 3.38  -43.41 -46.78
48 0=N((OH)»)-F(*4"), C, 12.07 -25.24 -37.31
49 S=N((OH),)-F(*4"), C, -12.06  -38.01 -25.95
50 Se=N((OH),)-F('4"), C, -13.12  -35.82 -22.7

9 We use here reaction energies, thus negative (positive) EA means energy is re-
leased (needed) upon capture of one electron; ” Undergo the subsequent reaction:
Ch=NR,F LN [Ch=NR,]~ + F-; © Undergo the reaction: Ch=NR,F LN [Ch=NR,]-
+ F~; ¢ Enthalpy difference between homolytic bond dissociation (EA”) and het-
erolytic bond dissociation (EA°)

Upon fluorination, the captured electron is predominantly
shared among the N1 atom, adjacent F atom, and the six methy-
lene groups of the TEDA (Figure 1), e.g. the electron gains for
each are: N1 -388; F: -241; 6Me -308 me (27); N1: -359; F: -
282; Me: -295 me (29); and N1: -338, F: -313, Me: -275 me
(31). Upon presence of the BF,~ ions, the distribution of elec-
trons in the six methylene groups are disrupted, the three atoms
which are attached to N1 atom gain more electronic charges than
those attached to N2: -160 vs. -148 me (27); -179 vs. -116 me
(29); -171 vs. -104 me (31).

This journal is © The Royal Society of Chemistry [year]
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The electron gain by the N1 atom changes its charge from pos-
itive to negative for 27, 29 and 31, which seems to be stabilized
by the positive charges of adjacent methylene groups. The nega-
tive charges at both N and F atoms considerably weaken the NF
bond, which is in conjunction with our previous analysis with the
substituted fluoroamine chalcogenides (Figure 1).

Also, differing from the previous analysis which suggests that
the chloromethylene may have partial double-bond character,®
the CCl bond seems to have only "nearly-single-bond" character.
The MO itself shows that the HOMO has a 7*(CCl) antibonding
character, while the [HOMO-1] is predominantly ¢(CCl). From
the NBO analysis, the Cl atom is close to neutral (either weakly
positive or negative by a few milli-electrons (me)), while the large
positive charges are due to the hydrogens of the methylene.

Effect of R = CICH,~ vs. X = BF,~. The effect of the the
counterions BF,” seems to be stronger than the effect of the
chloromethylene CICH,~ at the N2 position. We can see from the
charge analysis that there is an unequal distribution of electron
between the three methylene groups on N1 and the other three
groups at N2. While it has been reported that different R- or X-
groups can affect the fluorinating strength of the SelectFluor,? it
seems that by changing the counterions, greater effect may be
obtained.

Frontier Orbitals. From molecular orbital analysis, the LUMO
of closed shells shows an ¢* antibonding character on the NF
bond (Figure 9 and Supporting Information Figure S7 and S8).
This means the capture of one electron by these molecules will
put an extra electron in the LUMO orbital (which becomes the
HOMO of the radical SelectFluor). This weakens the NF bond
and gives already some radical character to the N and F atoms as
confirmed by the difference spin density analysis.

The weak NF bond, in relation to the highly-efficient Select-
Fluor (F-TEDA) compounds, acts as electrophilic fluorine source
for fluorination reactions. The radical species of the SelectFluor,
have significantly lower BDH(N-F) than its respective closed shell
analogues, which may explain the ease of forming the radical
species. This may indirectly confirm the results of the compu-
tational study done by Zhang and coworkers that also shows sin-
gle electron transfer is energetically favored over the two-electron
transfer of SN,-type mechanism 139, The efficiency of SelectFluor
might be due to relatively low BDH(N-F) of the radical species
(Table 2). The anionic tetrafluoroboro salts add some stability to
the N-F bond strength by about 6 kcal/mol per salt molecule.

3.4 Fluoroamine Chalcogenides: A New Class of Fluorinat-
ing Agents?

The Design of New Efficient Fluorinating Agent. Based on
this investigation, we suggest some possible hypervalent NF com-
pounds that might be used as a catalyst for fluorination reactions.
The unsubstituted hypervalent amine chalcogenides 39-47 have
relatively weak N-F bonds, if compared to the closed shell Select-
Fluor molecules, either stabilized by counterions (49) or not (50
and 28). The BDH(N-F) are decreased further with the introduc-
tion of EWG.

The dicyano-fluoroamine-selenides Se=N(CN),F 41 give the

This journal is © The Royal Society of Chemistry [year]
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(e) Difference spin density, (F-TEDA)+

Fig. 9 Frontier orbitals of F-TEDA 27-28 calculated at the
©B97XD/aug-cc-pVTZ level of theory. The difference electron spin
density, red denotes positive alpha over beta spin density difference.

(a) 41

(b) 42

Fig. 10 LUMOs of EWG- (41) and EDG-substittued (42) fluoroamine
chalcogenides, calculated at the @B97XD/aug-cc-pVTZ level of theory.

lowest BDH(N-F) of 9.28 kcal/mol, but not necessarily the weak-
est N-F bond strength (BSO nNFy = 0.237). The weakest N-F
bond strength happens to present in Se=N(CF;),F 35 which have
BSO n(yry 0.099 but higher BDH(N-F) 12.24 kcal/mol.

This shows the tunability of NF bond strength by different
EWG or EDG functional group substitutions. EDGs increases the
BDH(N-F), while EWG decreases the BDH(N-F), which confirms
the postulates that EWG substitution to these moieties leads to
more electrophilic N-F fluorinating reagents resulting from the
decrease of the electron density on the NF bonding region.

LUMO of the Substituted Fluoroamine Chalcogenides. The
LUMOs of the substituted fluoroamine chalcogenides also have
NF antibonding character (Figure 10 and Supporting Information
Figure S9), which upon capturing of an electron, will break the
NF bond, i.e. the F will dissociate from the chalcogenides. We
follow here two possibilities of NF bond breaking:

Ch=NR,F <= [Ch=NR,]~ + F:
Ch=NR,F <- [Ch=NR,]- + F~

Journal Name, [year], [vol.],1-15 | 11
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It seems that the EWG-substituted fluoroamine chalcogenides, the
oxides 39-41, energetically favor the creation of electrophilic flu-
orine, with possible competition with the forming of nucleophilic
one.

Possible H-Bond Interactions. Although for the past 25 years,
there have been unsuccessful efforts on the search for pentava-
lent nitrogen molecules, i.e. NFS,MO‘147 the hypervalent amine
chalcogenides, namely trifluoroamine oxide, F;NO, have been
synthesized in 1966 by Stewart and coworkers. 148149 This per-
fluorinated amine oxides has a boiling point of -85° and a melting
point of -160°. It is a strong oxidizing agent but is immune to hy-
drolysis even by strong aqueous bases. This particular compound
has been studied rigorously, both experimentally 150-161
putationally. 1627167 [t is considered as a both oxidizing and flu-
orinating agent. 151:156:157,160 It can also be used as a source for
preparing nitrosyl fluoride 1> and recently, proposed to be used
as substitute gases for semiconductor CVD chamber cleaning 161.
Again however, the unpopularity of trifluoroamine oxide F;NO
as a fluorinating agent might be due to the same reason nitrosyl
fluoride was unpopular: It is in the gas phase at the room tem-
perature, thus is difficult to handle.

Hypervalent amine-chalcogenides 33-50, which have never
been synthesized, contain atoms H, N, O, and F which means
they have a good chance of forming stabilizing hydrogen or halo-
gen bonds between themselves, or with water or polar organic
solvent molecules.

and com-

4 Conclusions

In this work, we investigated a set of 50 NF molecules with the
aim of finding the factors that influence the strength of NF bonds
and designing a new class of fluorinating agents. The NF bonds
are a tunable covalent bonds, with BSO values varying from very
strong 2.5 to merely 0.1, which can be achieved by ionization or
hypervalency on N, using a N — Ch (Ch: O, S, se) donor-acceptor
type bond with different substitution of EWG.

The intrinsic bond strength of the NF bond is caused by a com-
bination of multiple factors, and can be increased by: increasing
the electron density in the NF bond region by taking density from
Ip(N) and decreasing lp(N)-Ip(F) exchange repulsion via ioniza-
tion. A positive charge balance between N and F is important for
obtaining a strong NF bond, especially in the presence of an addi-
tional electron-donating group (EDG) or an electron-withdrawing
group (EWG) attached to the N atom. Delocalization of electrons
from EDG via hyperconjugation or anomeric delocalization to N-
F, may increase electron density at the NF bond region. On the
contrary, with the EWG, electrons from N or F may delocalize to
the EWG which reduces the inductive power of the NF domain.
Strong electronegative atoms like N and O are good candidates
for making strong fluorine bond. With oxygen, a strong fluorine
bond may also be achieved by e.g. OFt, which CCSD(T)/aug-cc-
PVTZ results give OF bond distance R(OF) = 1.243 10\; local mode
force constant k, = 8.243; and BSO n = 1.585.

The NF bond weakening in fluoroamine is caused by the
Ch=NR,F hypervalency, in which the lone pair electrons at N are
exhausted by forming a new donor-acceptor type bond N—Ch
(Ch: O, S, Se). The anomeric delocalizations and larger induc-
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tive effects introduced by the chalcogens weaken the NF bonds.
Geminal fluorine atoms, may further weaken the NF bonds which
due to additional Ip(F), two or more geminal fluorine attached to
the same atom may have NF bond weakening effect due to mutual
anomeric delocalization of Ip(F) — o* (NF). EWGs in fluoroamine
chalcogenides, may have interact with (electropositive) chalco-
gens, for stabilizing negative charges at both N and F atoms, thus
weakening the bond by reducing electron densities along the NF
bond path, while EDG, may also weaken the intrinsic NF bond,
with similar mechanism of the EWG in the fluoroamine oxides.

The understanding of the nature of the strength of the NF
bonds is the key to design a new class of fluorinating agents.
While BDE and BDH are important parameters for synthesis and
chemical reactions, they have the limitation of describing the in-
trinsic strength of a bond, thus dismiss the possibility of the un-
derstanding of the nature of the bond. On the other hand, bond
strength order based on the intrinsic strength obtained from the
local stretching force constant is valuable to enlighten the elec-
tronic nature of a chemical bond. It is predicted that the EWG
(—CF; and —CN) substituted hypervalent fluoroamines chalco-
genides: the oxides 39 and especially sulfides 34, 40 and se-
lenides 35, 41 may be used as efficient electrophilic fluorinat-
ing agents. These proposed hypervalent amine-chalcogenides
can form stabilizing hydrogen or halogen bonds between them-
selves, or with the solvent molecules, resulting in reagents that
are easy to handle, and may become an alternative to other elec-
trophilic fluorinating agents such as SelectFluor (F-TEDA) com-
pounds, which is indicated also to have a weak NF bonds for the
ease of forming radical F for fluorination.
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NF force constants determined with CCSD(T).
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