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ABSTRACT: The sulfur(VI) fluoride exchange (SuFEx) reaction is an emerging scheme for R-NH,
connecting molecular building blocks. Due to its broad functional group tolerance and rather
stable resulting linkage, it is seeing rapid adoption in various fields of chemistry. Still, to date the
reaction mechanism is poorly understood, which hampers further development. Here, we show
that the mechanism of the SuFEx reaction for the prototypical example of methanesulfonyl
fluoride reacting with methylamine can be understood as an Sy2-type reaction. By analyzing the
reaction path with the help of density functional theory in vacuo and under consideration of
solvent and co-reactant influence, we identify the often used complementary base as a crucial
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ingredient to lower the reaction barrier significantly by increasing the nucleophilicity of the
primary amine. With the help of energy decomposition analysis at the transition state structures, we quantify the underlying
stereoelectronic effects and propose new avenues for experimental exploration of the potential of SuFEx chemistry.

B INTRODUCTION

The sulfur(VI) fluoride exchange reaction (SuFEx) was
introduced as a new member of the “click chemistry” family'
by Sharpless et al,” thus significantly extending the previous
work on organosulfur fluorides.”* The method has recently
seen a surge in research interest due to its excellent functional
group tolerance, robustness, and reliability in diverse
applications such as dru§ design,”~” polymer chemistry,*’
and materials science.'””"* The SuFEx scheme is mainly used
for linking molecular building blocks by substituting the
fluoride atom of sulfonyl fluorides with a suitable nucleophile
(see Scheme 1 for a typical example investigated here).

Scheme 1. Typical Example of SuFEx Chemistry
Investigated in this Study Reaction of Methanesulfonyl
Fluoride 1 with Nucleophile Methylamine 2 Yields
Sulfonylamine 3 and Hydrogenfluoride

f, 20 W

—§:O —— —ﬁ:o + HF (1)
o o
1 3

From the wealth of available nucleophiles, aryl silyl ethers
have so far received most attention since they lead to high
yields and show a broad substrate scope.'> An alternative to
aryl silyl ethers that promises simpler protocols and stronger
(S—N) links while providing good yields are amine-based
nucleophiles.”'* These characteristics explain the interest in
SuFEx chemistry far beyond the realm of organic synthesis,
e.g, in surface chemistry. But how can this reaction scheme
lead to progress in these fields?
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Controlled organic functionalization of semiconductor
surfaces is a major research goal in materials science with
applications ranging from sensors to molecular devices."
Functionalization can be carried out with solvent being present
and also under ultrahigh vacuum (UHV) conditions more
typical for surface science or even a combination of both.'®

Our long-term goal in this research field is the identification
of suitable reaction schemes for controlled functionalization in
a layer-by-layer fashion from a computational perspective.'”'®
In this context, single-step reaction procedures like SuFEx are
strongly preferred due to the synthetic constraints added by
the surface.'” Furthermore, optimization of reaction conditions
in UHV chemistry is limited since variation of, e.g., solvent or
pH values are not possible. Thus, a “click”type reaction is
sought for. Suitability of SuFEx for surface functionalization
and the “click”-character under typical reaction conditions has
been shown recently in several studies."”™>" It has also been
noted that for surface functionalization, amine-based nucleo-
philes (Scheme 1) are preferred over the standard SuFEx route
since no prior installation of silyl ethers on the surface is
necessary. We thus set out to understand the reaction
mechanism of SuFEx in vacuum as well as wet chemical
conditions to test its feasibility for the scenarios of surface
functionalization mentioned above.
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The main factor limiting the potential of SuFEx chemistry is
the lack of mechanistic insight, e.g., concerning the role of co-
reactants and solvents.”” The current understanding of the
reaction mechanism based on experimental observations states
that stabilization of the fluoride ion in intermediates and
products is the determining factor in achieving high reaction
rates.” There are also suggestions regarding the role of the base
as either attacking the fluorosulfonate moiety to displace
fluorine or act as a fluorine shuttle.'”** Overall, it is observed
that strong bases and H,F™ can act as catalysts for the reaction
but the exact role is unclear up to now.'”'****°

We challenge and extend this understanding in the present
study. Very recently, the mechanism of the Si-free SuFEx
reaction with phenolate anions was investigated with the help
of density functional theory (DFT), and an addition—
elimination mechanism with very low barriers and early
transition states was found while an Sy2-type reaction could
not be excluded under experimental conditions.”® The authors
also concluded that the very high reactivity of the phenolate
anion probably leads to a different mechanism compared to
less strong nucleophiles, as investigated here.

As a suitable model system comprising all the essential
elements of SuFEx chemistry suitable for surface functionaliza-
tion, we chose the reaction of methanesulfonyl fluoride 1 with
methylamine 2 (reaction (1), Scheme 1). The results should
be transferable to other aliphatic amines and further
nucleophiles, as shown below. The article is structured as
follows: We start with an in-depth analysis of the gas phase
reaction mechanism, including thermodynamic and kinetic
aspects. Following this, the influence of solvent and co-reactant
is investigated with the aid of implicit solvation modeling and
microsolvation elpproac:hes.27‘28 Finally, the electronic structure
of the product and transition state structure are analyzed with
the help of energy decomposition analysis (EDA) to provide a
rationale for the observations.

B RESULTS AND DISCUSSION

First, we discuss gas phase reaction energies (AE°) and energy
barriers (AE®) for the most plausible mechanism proposed in
the literature: nucleophilic substitution at the sulfur atom
(Figure 1).” Reaction (1) proceeds via a weakly-bound pre-
complex 1-2 (dispersion interactions contribute ~50% to the
bonding energy) through a high-lying transition-state structure
(TS) toward a post-complex with hydrogen-bonded HF (3-
HF) that can dissociate in the final reaction step to yield
product 3. The total reaction is computed (PBE0-D3/def2-
TZVPP//PBE-D3/def2-TZVPP) to be slightly exothermic
(AE°® = —8 kJ/mol), while the activation energy to the TS is
high (AE* = 159 kJ/mol). Considering thermodynamic and
entropic corrections leads to a slight increase in barrier (AG® =
—4 kJ/mol, AG* = 170 kJ/mol). But these correction terms
have a significant influence on pre- and post-complexes, which
are significantly destabilized due to the unfavorable entropic
term TAS for association reactions (loss of translational
freedom). The reaction might indeed proceed without these
pre- and post-complexes under typical lab conditions, similar
to the difference in Sy2 reaction profiles between gas-phase
and solution-phase chemistry.”” This will be further discussed
below when solvent effects are presented.

The high barriers computed are in line with the long
reaction times and low yields reported in some studies for
reactions at room temperature.z's’7 In comparison, the
frequently utilized Cu-catalyzed azide—alkyne cycloaddition

1.456 ‘1\2.281 i
1.076 /
-* 2,043“}°
HF
TS

146 (194) [189] =

| | P
a8 = \\ © “\,’t
159 (170) \0

AE (AG) [AGsq]

£ @ /
2 / [157] \ 3 1
w / ' T sl
S AE° = \\ )
13 (24) [33] i—3471](-27) \ P
-50 (-3) [-8]

! 1A61\27<\ b Q
~¢ o * 0.971 ?_

; 3-HF

1.020 ‘
12 _Q,_ &
11725 @ ®

Figure 1. Reaction profile of 1 with 2 yielding 3 and HF. The reaction
energy AE® (PBEO) is the difference between energies of pre-complex
1-2 and post-complex 3-HF. The barrier AE* (PBEO) is the difference
between 1-2 and TS. Gibbs energies AG (PBE) are given in
parentheses and the energies with implicit solvent correction for water
AG,,, (PBE) in square brackets. All calculations with def2-TZVPP
basis set.

“click” reaction shows much more favorable thermodynamic
and kinetic signatures (AE° = —254 kJ/mol, AEF = 62 kJ/
mol®®). The strain-promoted azide—alkyne cycloaddition
shows an even lower reaction barrier of AE* = 33 kJ/mol,*’
highlighting the need for further optimization of the amine
SuFEx reaction scheme. We will outline some possibilities for
this optimization in the following.

Next, we analyze the nature of the TS with the help of
reaction force analysis of the potential energy surface (PES)
from 1-2 to 3-HF. This approach based on a fine-grained
intrinsic reaction coordinate (IRC) calculation starting at the
TS yields the reaction force (F, blue line in Figure 2) and the
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Figure 2. Result of reaction force analysis for reaction (1). The
Euclidean distance between steps is tracked on the x axis and energy
relative to 1-2 on the left axis. The reaction force, F (blue) and force
constant, k (green) are the first and second derivative of the energy
with respect to atomic positions, respectively. Changes in the bond
lengths d(SN) (solid) and d(SF) (dotted) are tracked on the right
axis.
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force constant (k, green line in Figure 2) along the IRC. The
roots of k separate the IRC path into regions resembling TS
(gray), reactants (yellow), and products (red) whose shape
and size characterize the phases of a reaction.’>” It thus allows
to characterize the nature of transition states and provides a
microscopic picture on the crucial changes in the molecule
along the minimum energy path with the largest influence on
the reaction barrier.”*

The first finding is an asymmetric profile of the transition
region (gray area). The TS is positioned rather close to the
product, and the minimum of the force constant curve (green)
does not coincide with the maximum of the energy (black
circles). Those characteristics are indicative of a non-concerted
reaction where bond-breaking and bond-making do not
happen simultaneously along the reaction path as has been
found before for the f-H elimination of group 15 alkyls.”* An
analysis of the bond lengths along the reaction path (Figure 2)
confirms that the S—F bond is only slightly elongated at the
beginning of the transition region (deviation from value in 2,
Ad(SF) = +0.227 A) while the S—N bond is already close to
its value at the TS (deviation from value at TS: Ad(SN) =
+0.190 A, see also the animated IRC in the Video S1). At the
TS, the N—H bond is only moderately elongated (Ad(NH) =
+0.056 A, see Figure 1) and cannot be considered broken, yet.
However, after the TS, cleavage of the N—H bond together
with H—F bond formation proceeds fast and simultaneously. It
becomes evident that around TS, the fluorine atom is already
dissociated from S but not yet bound to H. As supported by
partial charge analysis (natural population analysis, NPA), we
have a nearly “naked” fluorine anion at the TS, which explains
the high barrier (q(F): —0.47 (1); —0.70 (TS); —0.54 e (3-
HF)). This seemingly supports the findings in the literature
that stabilization of F~ should lead to a decreased barrier and
in turn, an increase in the reaction rate. We will now show that
the picture is more complex.

B EFFECTS OF SOLVENT, SIDE PRODUCT, AND
CO-REACTANT

After the examination of the gas-phase reaction, we now
include solvent effects by means of (i) a continuum solvation
model (conductor-like screening model, COSMO)** and (i)
microsolvation approaches. Initially, we look at the effect of
H,O since it is a typical solvent for the SuFEx reaction, e.g., for
in vivo studies and biphasic solvent approaches.”’ Further-
more, we investigate the effects of the side product HF and of
N(CHy); as a typical example for the base often used in SuFEx
reactions as co-reactant.”” The results are summarized in
Table 1.

First, we investigate the influence of H,O on thermody-
namic and kinetic signatures of reaction (1) (Table 1). The
stabilizing electrostatic effect of water due to its high dielectric
constant (¢ = 80) is already found with the COSMO approach
(which is not able to capture hydrogen bonding effects), and
the numbers are given in Figure 1 (AG,,, in square brackets).
We discuss the values relative to the Gibbs energy reference
(AG, in round brackets). Notably, the pre-complex 1-2 is
destabilized (AAG = +9 kJ/mol) while the post-complex 3-HF
is slightly stabilized (AAG = —5 kJ/mol). The polar transition
state is stabilized leading to a slightly lower barrier (AAG* =
—13 kJ/mol, Table 1).

Next, we look at the effect of microsolvation by including
one H,0 molecule explicitly in the calculation. The effect on

the barrier is small (AAG* = —5 kJ/mol, Table 1), and the

Table 1. Reaction Free Energies and Barriers of the SuFEx
Reaction Showing the Influence of Solvent (H,0), Side
Product (HF) and Base (N(CHj;);)”

solvent description AG° (AAG®) AG* (AAGY)
in vacuo -27 (0) 170 (0)
+H,0 (implicit) —41 (-14) 157 (-13)
+H,0 (explicit) -32 (-9) 165 (-9)
+HF -2 (+25) 175 (+5)
+N(CH;); —60 (-33) 143 (-27)
+HF and N(CH,), -33 (-6) 143 (-27)

“All energies in kJ/mol at PBE0/def2-TZVPP//PBE/def2-TZVPP.
Solvent correction at PBE/def2-TZVPP. Gibbs free energies (AG®,
AG?) are given with respect to the pre- and post-complexes with the
shortest Euclidian distance to the TS (see Figure S2 in the Supporting
Information for product structures) and chan§es w.r.t. the in vacuo
value are given in parentheses (AAG®, AAG¥). Electronic energies
(AE) are listed in the Supporting Information (Table S2) as well.

thermodynamic driving force is also less strong (AAG® = —§
kJ/mol) compared to the implicit solvent treatment (AAG® =
—14 kJ/mol). Both methods show qualitatively the same
trends, but for a quantitative answer a comprehensive
modeling of several explicit solvation shells (possibly in
addition to an implicit treatment) is needed, which is beyond
the scope of this study. An improved estimate of the reaction
barrier in water is given by combining implicit solvent
modeling and three explicit water molecules in a trimer
structure,”® leading to a barrier of AE* = 153 kJ/mol. This
value is only 6 kJ/mol smaller compared to the gas-phase value
(Table S2), supporting the notion of small solvent influence.

It is likely that the implicit solvation model overestimates the
stabilization of TS and post-complex 3-HF in aqueous solution
when compared to the explicit treatment since structural
changes induced by hydrogen bonds are not accounted for.
Those structural changes can be large, as shown in Figure 3.
Coordination of H,O to the leaving group fluorine (Figure 3a)
leads to longer F—H (+0.162 A), S—N (+0.040 A) distances
and shorter N—H (—0.033 A) and S—F bonds (—0.040 A)
with respect to the in vacuo values (Figure 1). This stabilization
thus leads to an earlier transition state, in accordance with the
Hammond—Leffler postulate and the slightly lower barrier.

Next, we consider the influence of side product HF taking
part in the reaction, which is rather likely due to the
stoichiometric amounts being formed in reaction (1). The
reaction becomes considerably less favorable (AAG® = +25
kJ/mol, Table 1), and the barrier increases slightly (AAG* =
+5 kJ/mol). The changes in bond lengths for the transition
state structure are puzzling at first sight (Figure 3b). While the
longer F—H (+0.276 A) and S—N (+0.058 A) bonds as well as
the short N—H (—0.044 A) bond indicate an even earlier
transition state, the S—F distance is unchanged wrt the in vacuo
calculation. This can be understood by the exceptionally high
stability of the 4e3c bond (1.492 A) in [FHF]", which leads to
a stabilized and almost detached fluorine leaving group rather
early on the IRC.”” The apparent destabilization of TS comes
as a result of choosing the pre-complex where HF is
coordinated to the amine as the reference. When calculating
the barrier with respect to the reactants, a stabilization of 24
kJ/mol is found compared to the gas-phase reaction.
Ultimately, an HF dimer is formed, which has a weaker
hydrogen bond compared to [FHF]™.

https://dx.doi.org/10.1021/acsomega.0c05049
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Figure 3. Optimized transition state structures with selected structural parameters under consideration of (a) explicit solvent (H,0), (b) side

product (HF), (c) base (N(CH,);), and (d) side product and base combined (HF + N(CHj,);). Bond lengths are given in A.

Common co-reactants in SuFEx chemistry are tertiary amine
bases.” Thus, we consider next the reaction including
N(CH,;);. The added base has the strongest influence on the
reactivity among the additives considered here and leads to a
stronger exergonic reaction (AAG® = —33 kJ/mol, Table 1) as
well as a significantly lower reaction barrier (AAG* = =27 kJ/
mol). The base coordinates to the nucleophile (Figure 3c) and
leads to an unusual transition state structure where the S—F
bond is rather short (—0.092 A) and the F—H distance long
(+0.155 A), indicating an early transition state but the N—S
bond is quite short already (—0.067 A). This can be
understood through the increased nucleophilicity of the
attacking amine as evidenced by the HOMO being higher in
energy with added base compared to the free nucleophile
(AEgomo = +0.63 V).

After traversal of the transition region, structural reorganiza-
tion of the post-complex takes place (see Figure S2). The
thermodynamic driving force of this reorganization is the
formation of a HF/N(CH,); acid/base adduct. This reaction
thus removes the base from the reaction mixture and helps to
rationalize the experimental finding that the base is necessary
in stoichiometric amounts to achieve good yields.””

Finally, we investigate the effect of side product HF and
amine base being present at the same time. The barrier
lowered by the base is not affected by HF being present
(AAG* = =27 kJ/mol), and the transition state structure
(Figure 3d) shows similar features compared to base alone
(Figure 3c). The difference is found for two additional
hydrogen bonds being formed by HF with fluorine and the
amine group, respectively. The hydrogen bond between the
fluorine atom and amine group present in all other transition
state structures is thus broken but there is no net energetic
penalty (AAG” is the same for the last two lines in Table 1).
The final structure is less stable compared to the pure base
adduct (AAG® = —6 kJ/mol) due to an extended H—bond
network (see Figure S2 in the Supporting Information).

From these investigations, we conclude that the largest
influence on the reaction barrier is found for the amine base
increasing the nucleophilicity of CH;NH,. The stabilization of
the leaving group fluorine has a much smaller effect on the
reaction barrier. The solvent effect at the example of water is
moderate and seems to be well captured by an implicit
solvation model.

B BONDING ANALYSIS

Concerning the reaction mechanism, two questions remain
which cannot be answered by total energy calculations alone:
What are the details of bond formation providing the driving
force for the SuFEx reaction? Which (electronic) effect causes

the added base to lower the barrier? The energy decom-
position analysis (EDA) is an ideal tool to address both
questions as it decomposes the interaction energy (AE,)
between two molecular fragments into quantltles that can be
correlated to chemical bonding concepts.”* ™ First, AE,, is
decomposed into an electronic interaction term (AE,(elec))
and a dispersion contribution (AE,,(disp)) that is derived by
semiempirical approximations (DFT-D3).*' The actual EDA
procedure then breaks down AE, (elec) into a quasiclassical
electrostatic contribution (AE,,,), orbital interaction com-
prising charge transfer and polarization (AE,,;), and Pauli
repulsion (AEp,)."”* After including the energy that is
required to deform the fragments into the structure (and
electronic state) they have in the molecule (AE the total
bonding energy (AEy.,q) can be written as

AE,,.4 = AE,, + AE

int prep

prep))

AE,,, = AE, (elec) + AE, ,(disp)
AEint(elec) = AEelstat + AEorb + AEPaluli'

The orbital interaction term (AE,;) can be further
decomposed with the help of natural orbitals for chemical
valence (NOCV).** Here, the major orbital interactions can be
visually identified and their energy contribution quantified.

Table 2 shows the EDA results of 3 and TS with and
without base. First, we note that the best description of the
newly formed S—N bond changes along the reaction path. This
finding is in line with chemical intuition but can now be
quantitatively supported by EDA. The TS is best described as a
donor—acceptor complex between closed shell molecules.
Here, the role of the donor is adopted by the nucleophile
methylamine, and the electron poor sulfur atom of the
sulfonylfluoride is the acceptor. Product 3 on the other hand
shows a shared electron S—N bond, which is a consequence of
cleaving the bond homolytically assigning one electron to each
of the fragments. The EDA allows for different fragmentations
favoring either a donor—acceptor or shared electron
description. It is well established that the best description of
a system is given by the EDA fragmentation with the lowest
orbital energy value.”” The EDA can thus help in deciding
which bonding picture is more appropriate. As shown in Table
S3 in the Supporting Information, the alternative fragmenta-
tion scheme for 3 as a donor—acceptor complex shows a
significantly higher AE_, value and is thus the less suitable
description.

The shared electron S—N bond in 3 is strong (AEp.,g =
—293 kJ/mol) and shows only very small contributions from
dispersion interaction; the interaction energy is governed by
large EDA terms AE.y,, AE., and AEp,; The major

https://dx.doi.org/10.1021/acsomega.0c05049
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Table 2. Bonding Analysis (EDA) of 3 and TS with and
without N(CH;),”

bonding analysis

(EDA) 3 TS TS + N(CH,);
AE,, —-308 -152 —-193
AE;(disp)” —12 4% —13 9% —21  11%
AE,,(elec)” —296 96%  —138 91%  —172  89%
AEp 1742 852 957
AE, ¢ —885  43%  —479 48%  —S60  50%
AE ¢ —1153  57% =511 S52%  —569  50%
AE,,(S—N)“ —971  84%  —402 79%  —466 82%
AE,(NH-F)* 55 11%  —34 6%
AE,(rest)? —182  16% —54  11% —69  12%
AE,., 15 260 266
N 293 108 72

“All energies in kJ/mol at PBE/TZ2P. Fragments for 3 are generated
from homolytic cleavage at N—S into neutral doublets. For the TS,
the reactants are used as fragments in a neutral, singlet configuration.
bPercentage values: Relative contributions of dispersion and
electronic effects to the interaction energy AE,,. “Percentage values:
Relative contributions between the attractive EDA terms AE,, and
AE 4. dPercentage values: Relative contributions to the orbital
interaction AE_,. The character of the orbital contribution as S—N
bond or NH--F hydrogen bond is revealed by NOCV analysis, as
shown below. Non-assignable contributions are summed in the “rest”
term.

stabilizing term (57%) is the orbital interaction energy (AE,y,),
which is typical for bonds with a strong covalent character
found in orbital-driven reactions.”” The AE,; term is largely
governed by contributions from the S—N bond (84% of AE,;,)
as indicated by deformation densities (Ap) derived from the
NOCV analysis (Figure 4). The unequal contributions from

a b)
Apy(is0=0.02) Apg(is0=0.01)
AE(=-637, v1=40.83 AEg;=-334, v,=20.55

C “L

Figure 4. Deformation density Ap; shows charge flow between
NOCVs of 3 and associated contributions to the total orbital energy
(AE, in kJ/mol) for a- and f-electrons, respectively. Eigenvalues v,
quantify the amount of transferred electron density (red: charge
depletion, blue: charge accumulation). Iso-values are chosen for visual
clarity. Bonding character of Apl is a polar shared-electron N—§
bond with contributions from the (a) sulfonyl fragment and from the
(b) amine fragment.

the sulfonyl group (Figure 4a; Ap,,, AE,, = —637 kJ/mol) and
the amine group (Figure 4b; Apy, AEj; = —334 kJ/mol)
together with the difference in eigenvalues (v,, = +£0.83, vy, =
+0.55) are characteristics for a shared-electron bond polarized
toward nitrogen, in line with the higher electronegativity of this
element.

In contrast to the product, the S—N bond in the TS with
and without base can be described as a donor—acceptor
interaction (Table 2). Although, fluorine could in principle be
described as being an independent fragment (leading to a
three-fragment EDA), we chose to describe the former
sulfonylfluoride as one fragment based on previous experience
with transition state analysis in similar systems.’* The
interaction energy in the TS is much lower (AE;,, = —152

kJ/mol) as expected for a state where the bond formation
process is still ongoing. Again, the major bonding contributions
are of covalent nature, and dispersion interactions play a minor
role. The nearly equal contribution of electrostatic (48%) and
orbital interaction (52%) to the attractive energy terms are
typical for a donor—acceptor interaction.”> The bonding
energy is positive here due to a high preparation energy
(AEPreP = 4260 kJ/mol) in line with the high energy barrier
described earlier. The major contribution to the orbital
interaction (79%) is given by the charge donation of the
non-bonded electron pair at nitrogen into the acceptor orbital
at the sulfonyl fragment (AE; = —402 kJ/mol, Figure Sa). A

Ap,(is0=0.01)
AE,=-402, v,=+1.06

Ap,(is0=0.01)
AE,=-55, v,=+0.31

Figure S. Selected deformation densities Ap; show charge flow
between NOCVs of TS and associated contributions to the total
orbital energy (AE; in kJ/mol). Eigenvalues v; quantify the amount of
transferred electron density (red: charge depletion, blue: charge
accumulation). Iso-values are chosen for visual clarity. Bonding
character of Ap; is (a) LP(N) — p*(S) donor—acceptor bond, (b)
NH---F hydrogen bond.

further significant stabilization comes from the already forming
hydrogen bond NH---F delivering a further 5$ kJ/mol to the
orbital energy term (Figure Sb). In line with the partial charge
at the fluorine atom discussed above, we find charge flow in
Ap, to F, which is not compensated by the reverse, much
smaller, charge flow in Ap,.

Adding the amine base changes the bonding picture only
gradually (Table 2). But the value of the interaction energy
increases significantly (AAE,,, = —41 kJ/mol), in line with the
lowering of the barrier discussed above. The resulting shorter
S—N distance in the transition state structure leads to all three
EDA terms rising in total value. The resulting balance between
orbital (50%) and electrostatic (50%) energy contributions
indicates an increased significance of the latter term compared
to TS without base. We can reveal the nature of the increased
orbital interaction by NOCV analysis. The deformation
densities are unaltered compared to TS without base and are
thus shown in the Supporting Information (Figure S3).
Significant change is found for the donor-acceptor bond,
where the orbital contribution (AE,;(S—N)) increases by 64
kJ/mol, and the NH---F hydrogen bond (AE,;,(NH--F)) is
weakened by 21 kJ/mol.

Thus, it appears that the major effect of the added base is a
strengthening of the dative S—N bond in the transition state
structure by increasing the nucleophilicity of the amine base.
This local effect should be found in other reactants as well
since it depends only on a local bonding interaction.

Bl CONCLUSIONS

Our computational investigations of the mechanism for the
SuFEx reaction for a prototypical case of fluoride substitution
by a primary amine at the density functional theory level
revealed that the reaction shows a high energy barrier that can
be lowered significantly by an added base. The reaction
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proceeds via a non-synchronous one-step mechanism with
initial weakening of the S—F bond and slightly delayed
nucleophilic attack of the amine. The major effect of the base is
to increase the nucleophilicity of the amine. The influence of a
typical solvent (water) and side product HF on the reaction
barrier is small. But HF can decrease the reactivity by
destabilizing the product and should therefore be scavenged.
As an added side effect, scavenging might reduce the risk of
racemization.*

The results indicate further possibility for experimentally
improving the scope of SuFEx chemistry by adjusting the
strengths and stoichiometry of the base added. Tertiary amine
bases are favorable since they cannot act as nucleophiles in this
reaction scheme themselves due to lack of acidic protons, thus
avoiding side reactions. Possibly, steric effects of the added
base have to be considered when the transition state structure
becomes crowded. Polar solvents that stabilize the leaving
group F~ are able to lower the reaction barrier further. This
study gives some indication from a microsolvation approach
but for a quantitative result, large-scale solvent-shell simu-
lations are a possible next step.

Our hypothesis can be experimentally probed by kinetic
measurements, testing a dependency of the reaction rate on the
base concentration in SuFEx schemes. Since the main effect of
the base is an increase in nucleophilicity while not changing
the bonding at the transition state structure, this conclusion
can be extended to other typical nucleophiles in SuFEx
chemistry that probably follow the same mechanism (e.g.,
other amines, alcohols).

We show that electronic structure analysis of a prototypical
system via energy decomposition analysis can reveal the
determining factor for an important class of organic reactions.

Computational Methods. Structure optimizations were
performed with TURBOMOLE 7.2 using the generalized
gradient approximation (GGA)-based exchange—correlation
density functional PBE,** including DFT-D3 dispersion
correction with a Becke—Johnson (BJ) type damping
function.*"*” After careful benchmarking against high-
precision wave function-based methods (see Table S1 in the
Supporting Information), the hybrid functional PBE0-D3
was employed for total energy calculations. Throughout this
work, the def2-TZVPP basis set”’ together with a fine
integration grid (m4) was used and the self-consistent field
(SCF) energy convergence criteria set to 10™° E;. All generated
minima (transition states) were verified to have zero (one)
imaginary frequency modes via analytic computation of the
Hesse matrix.

Additionally, the implicit solvation model COSMO™ was
used to compare the response of the solute to the explicit
“microsolvation” method. Default values were taken for cavity
construction. Solvation energies are reported, including the
outlying charge correction.

Gibbs free energies (AG) were calculated at the PBE-
D3(BJ) level. For this purpose the interactive program “freeh”
included in the TURBOMOLE suite was used. The partition
sums were computed in the rigid rotor, harmonic oscillator,
and ideal gas approximations. Vibrational energies were not
scaled and imaginary vibrational modes (at transition states)
were excluded from the analysis. Standard ambient temper-
ature (298.15 K) and pressure (0.1 MPa) (SATP) values were
chosen. Calculated chemical potentials were then added to the
total electronic energy at the hybrid-DFT PBE0-D3 level to
yield Gibbs free energies.

31437

The reaction force F(() = — 0E/d¢ and force constant™™**
k(%) = 0E?/0*¢ were calculated by numerical differentiation
(centered finite differences) of a high-resolution intrinsic
reaction coordinate (IRC) ¢ with PBE-D3. The IRC connects
stationary points on the potential energy surface (PES). Points
of inflection along the IRC separate the reaction into reactant,
product, and transition regions. A symmetrical transition
region indicates a concerted mechanism. The IRC was
generated with the Gaussianl6 (A.03) program52 (CalcAll,
MaxPoints = 150, Tight). Settings used with Gaussian16 were
set to resemble those of TURBOMOLE as close as possible.
While the basis set and functional are identical to those used
with TURBOMOLE, the numerical integration grid was set to
“UltraFine”, and the quadratically convergent SCF procedure
was used.

The energy decomposition analysis (EDA)”* was performed
with the Amsterdam density functional (ADF 2019.301)
package.”*™*° Again, the PBE-D3 functional was used in
conjunction with the triple-zeta Slater-type basis set TZ2P"’
and the frozen core was set to “large”. Scalar relativistic effects
were treated with the zeroth order regular approximation.”®
Within the EDA scheme, the interaction energy between
molecular fragments is decomposed into electrostatic con-
tribution, Pauli repulsion, orbital relaxation, and dispersion.
Together with the fragment preparation energy the bonding
energy is derived as outlined in the manuscript.

The natural orbitals for chemical valence (NOCV)* scheme
is an extension to this method. Here, the orbital relaxation is
further separated into individual deformation densities Ap and
corresponding eigenvalues +v that quantify the electron flow.
This allows for the interpretation of interactions between
fragments by visual inspection of the most important
deformation densities.
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